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PREFACE 

 
Drying is an important unit operation used in numerous industries and well known 

as a dominant industrial consumer of fossil fuel-derived energy in developed countries. 
As standard of living rises in the developing world energy usage for drying operations 
will rise along with the demand for energy-efficient, faster, environmentally friendly 
(minimal carbon foot print) and cost-effective drying technologies will continue to 
increase worldwide. Indeed, the growth in energy consumption for drying will increase 
at a higher pace in the rapidly developing world, in particular the rapidly developing as 
well as very large economies of China, Brazil and India. As the fuel prices rise, it is 
necessary to develop sustainable drying technologies using renewable sources using 
innovative ideas. Drying of food products has been a very important industrial sector for 
many years. This is also reflected in the continuing success of the International Drying 
Symposium (IDS) series and numerous sister conferences as a well as a premier archival 
journal devoted exclusively to drying science, technology and engineering. Drying R&D 
seems to have reached a sustainable level of activity around the globe, still there is 
tremendous scope to carry out R&D in this complex process.    
 

Although a large volume of highly recognized technical literature is available on 
drying of foods, it is still a daunting task to access and assimilate the essence of this 
voluminous literature for researchers in developing and under-developed countries. To 
alleviate this problem, Professor Arun S. Mujumdar has initiated a series of e-books 
which can be made available freely or at minimal affordable cost even in the poorer 
countries with access to the internet. Indeed, the internet has ‘flattened’ the world in 
providing access regardless of the state of the economic development. The first e-book 
of this type is entitled Mathematical Modeling of Industrial Transport Processes, which 
is available for free download at http://serve.me.nus.edu.sg/arun/. This e-book is also a 
part of this activity and provides a simple convenient introduction to the basic 
principles, terminology, selection and classification of dryers, details on commonly used 
dryers and new developments in drying of foods, vegetables and fruits. Our main goal is 
to make useful technical literature available for particularly those who have little access 
to expensive books and journals. Students and faculty members can use these books for 
teaching purposes as well as for research and industrial needs. Contributors of this book 
have tried to put their ideas in simple terms without sacrificing quality. All chapters are 
reviewed by the editors at the same standards as those used by well known 
international publishers. Indeed all authors are writing by invitation and have a strong 
publication record themselves. This is a professional service on their part. We all must 
be grateful for this thankless service they are providing in the name of humanity and 
sustainability of global resources. 
 

It is important to note that authors and editors have made special efforts to ensure 
that this book and its companion books properly credit relevant early work but the 
chapters do not include any copyrighted material. This e-book is carried out as 
professional service by members of our international network of researchers and 
educators in the hope of making the knowledge contained herein available freely 
without geographical or economic barriers. The internet has made the world “flat”; yet 
access to knowledge is generally restricted. We hope that this effort will provide rapid 
and free access to relevant knowledge freely to those who can most benefit from it. We 
are truly grateful for the outstanding effort of our authors and referees for their truly 
thankless contribution in the interest of global dissemination of useful information. We 
believe the e-books we are planning can be used for teaching as well as R&D purposes. 



 
This book is divided in three volumes; the first volume is dedicated to fundamentals 

of drying FVF, second volume has detailed discussion on drying of various types of food,  
while the third volume covers special topics of wide interest. The first volume 
(published in 2010) starts with basic discussion of relevant principles, terminologies 
and introduction to advances in drying of food products followed by a chapter on 
hygrothermal data for various FVFs. This is followed by a comprehensive discussion on 
selection and classification of dryers for food products. This is followed by chapters on 
osmotic pretreatments, quality and safety in food drying, energy optimization and use of 
renewable sources of energy for drying of foods. This is the second volume of this book 
series which covers drying of most of the food variety such as drying of rice, medical 
plants, roots, marine products, exotic tropical fruits, probiotics and recently popularized 
functional food and snack food. The third volume will cover special topics such as low 
temperature drying, spray drying, microwave drying, superheated steam drying, 
extrusion and drying of food materials, vacuum frying and baking of bread. We are 
happy to bring out the second volume of this effort, however, the third volumes will be 
published soon. 

 
We believe this book is suitable for self-study by engineers and scientists trained in 

any discipline and so as for the readers who have some technical background. It should 
also be helpful to industrial users of dryers, dryer manufacturers as well as 
entrepreneurs. The topics chosen are designed to give readers a quick practical 
overview of the subject without going into deep mathematical or theoretical 
considerations. It could serve as a text or supplementary text for professional 
development short courses as well. 

 
We are grateful to a large number of individuals, mainly the contributors of 

individual chapters which are listed following the preface. We are very grateful for their 
support in making this e-book available freely. We hope that this book will be useful to 
researchers working in food dehydration. We hope that the authors of this book have 
succeeded at least partially in achieving goals behind this e-book. We plan to put up 
enhanced editions of these books in due time. Response from readers is always welcome 
along with ideas for new e-books and offers of chapters. 
 
 
Sachin Vinayak Jangam, NUS, Singapore 
Chung Lim Law, Nottingham University, Malaysia Campus 
Arun Sadashiv Mujumdar, NUS, Singapore 
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1.1. INTRODUCTION 

Most fruits contain more than 80% water and the water content varies in different 
types of fruits. Particularly, fruit with such high amount of moisture is highly perishable. 
Fruits are composed of living and metabolising tissues; therefore, fruits cannot with-
stand the stresses of time, temperature and physical handling. For instance, it is re-
ported that ciku(sapota) spoils within thirteen days after harvest due to intense meta-
bolic activity (Mohamed et al. 1996). Substantial portions of fruits are wasted during 
peak production period due to disease, excess production, inadequate cultivar, improper 
harvesting and post-harvest practices, improper transportation conditions and poor 
storage conditions (Paull, 2001).  In addition, this can be also due to some inherent 
attributes of the fruit itself for instance soft in texture which is vulnerable to mechanical 
injury. Mechanical injury of fresh fruit can be caused by (Barkai-Golan, 2001; Atungulu 
et al., 2004): 

• Poor postharvest practices 

• Unsuitable field or marketing containers 

• Over-packing and careless handling   

Splitting of fruits or roots, tubers, internal bruising and scratches occurs during 
transportation and storage.  Damage such as scraping or bruising of the outer skin of 
fruit provides entry points for moulds and bacteria causing decay, increase of respira-
tion rate and thus heat production, which make the fruit highly perishable. 

1.1.1. Applications of freezing or chilling technology 

Fruit commodities vary considerably in their temperature tolerance. They can be 
stored at lower temperature to maintain freshness. However, this method is not appli-
cable to exotic tropical and sub-tropical fruits as they are sensitive to freezing or chilling 
injury (Malik, 2006). The level of tolerance is dependent on the type of the fruit.   

Freezing and chilling may cause injury to fruit. Freezing temperature at 0°C may 
cause the fruit to have a water-soaked and glassy appearance. This storage temperature 
is not suitable as the frozen product is highly susceptible to decay except when the fruit 
is further processed by freeze drying when water removal occurs only by sublimation 
without going through the liquid phase. Chilling injury is another problem which is re-
lated to low temperature storage at certain temperatures, fruit is susceptible to injury at 
low temperatures but not at the freezing temperature. The approximate lowest safe 
temperature for various fruits is given in Table 1.1 (Lutz and Hardenburg, 1966). 
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Table 1.1. The lowest safe temperature for various fruits 

Fruit The lowest safe temperature / oC 

Banana 12-14 
Grapefruit 10 
Lemon 13-15 
lime 7-10 
Watermelon 5 
Okra 7 
Orange 7 
papaya 7 
Pineapple 7-10 
pumpkin 10 
 

1.1.2. Applications of drying technology 

Drying is one of the widely used postharvest technologies which overcome problems 
related to overproduction/ oversupplied, postharvest handling, fruit fly host and short 
shelf life. Drying is applied to lower the moisture content of fruit to a level that can pre-
vent the growth of mould and fungi and thus minimize microbial degradation.  

Different drying techniques can be applied to reduce water activity and thus achiev-
ing the objective of fruit preservation. It can also help in the development of new prod-
uct variants such as dehydrated fruit, dry fruit powder and etc. Sun drying, hot air dry-
ing, spray-drying, microwave drying, osmotic dehydration and freeze drying are widely 
used for drying of fruit. Various modes of heat input and drying conditions can be used, 
which are dependent on the target moisture namely surface moisture and internal mois-
ture. Surface moisture can be easily removed by convective drying especially when it is 
conducted at high temperature and in rapid mode. Internal moisture is normally re-
moved at the later of drying and the removal rate is generally slow. However, if volume-
tric heating is applied, the internal moisture can be removed at the initial of drying at a 
faster rate. Volumetric heating can be achieved in microwave drying (Law et al. 2008).  

Cost-effectiveness and dried product quality vary widely amongst the diverse drying 
techniques. Slower drying techniques operated at lower temperatures often yield better 
quality dried product but at higher cost due to longer drying times requiring larger 
equipment. For different consumer products different quality parameters may be ap-
plied. Starting from the same fruits (or blended fruits) one can obtain dried product that 
may be in the form of slices, granules, powders or leathers. In some cases some additives 
may need to be added to accomplish drying in the desired form. Presence of sugar 
makes drying more difficult as is well known. The dried product is more hygroscopic at 
higher sugar levels which make it more readily perishable if not packaged and stored 
properly. 

The reduction of losses and maintenance of quality of harvested products prior to 
consumption are extremely important. Biochemical properties and physical properties 
of dehydrated fruit vary with different drying techniques. For instance, microwave-
vacuum drying is good in preserving food materials that contain heat- and oxygen-
sensitive phenolic components and ascorbic acid (Wojdyło et al. 2009).  This technique 
can produce dehydrated fruit with improve texture, color and flavor. Hu et al. (2006) 
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and Cui et al. (2008) also reported that combination of microwave and vacuum drying 
can improve the product quality of dehydrated fruit such as color if compared to con-
ventional drying techniques. If pressure superheated steam dehydrated product was 
used as benchmark, definitely this drying technique can produce dehydrated product 
with better color and rehydration capacity than microwave vacuum drying (Devahastin 
et al. 2004). Other than this, modified atmospheric heat pump dehydrated guava and 
papaya were found to be one of the techniques that can produce samples with less 
browning appearance and retain higher amount of vitamin C compared to conventional 
heat pump drying (Hawlader et al. 2006). 

1.2. Exotic fruits 

Fleshy fruits can be classified into four categories based on their physical characte-
ristics viz., stone, pome, tender and berry. Table 1.2 shows the classification scheme for 
fruits. Stone fruit has hard inner layer (endocarp) surrounding the seed; pome fruit has 
fleshy receptacle tissue with core surrounded by edible flesh; tender fruit has a leathery 
rind and parchment-like partitions between sections while the berry fruit has fleshy pe-
ricarp with one or many seeds and the skin is often tough. Obviously, different 
processing and drying techniques are needed to handle different fruit types. The com-
mercial value of dehydrated fruit also affects the choice of dryer as some dryers are feas-
ible for high-margin products. 

Table 1.2. Classifications of fruit 

Fruit Characteristics 

Stone   Fruit with hard inner layer surrounding the seed 
Pome  Fruit with fleshy receptacle tissue surrounding a central core of 

seeds 
Tender Fruit with leathery rind and parchment-like partitions 
Berry Fruit with fleshy pericarp with seeds 

1.2.1. Drying of stone fruits 

Stone fruit has a seed in the centre of fruit pulp. Stone fruits with different characte-
ristics have been identified and it is further classified into three different categories 
namely stone that has high rancidity, stone fruit that is sensitive to heat, stone fruit that 
has hard outer shell (Figure 1.1). 

For stone fruit that has high rancidity, it has been reported that applying chemical 
pre-treatment can minimize the rancidity of the fruit. Different types of pre-treatment 
can be applied prior to stone fruits drying. For instance, avocado (a type of stone fruit) 
develops rancidity throughout the maturity stages. It has been reported that TBHQ (ter-
tiary butylated hydroxyquinone) cum citric acid mixture can be used as an emulsified 
paste for spray drying of avocado to reduce the rancidity of fruit (Grajales-Lagunes et al. 
2009). Osmotic dehydration is widely used as a pre-treatment method as well to im-
prove product quality and modify the functional properties of dried fruit 
(Nanjundaswamy and Madhakrishniak, 1989). This method is applicable to stone fruit 
but it should be noted that this process significantly decreases the vitamin C content of 
the fruit product due to leaching process (Azoubel and Murr, 2003). Leaching also af-
fects the mineral content, color, flavor as well as the taste of the final product. 
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For stone fruit that is sensitive to heat, it recommended to consider to apply low 
temperature or mild drying condition for the drying of stone fruit.  Boubekri et al. (2009) 
reported solar drying with the application of step-wise changing temperature can pro-
duce dehydrated date palm fruit with better quality in terms of texture and color 
(Boubekri et al. 2009). However, other low temperature drying method has not been 
reported on the drying of stone fruit such as date palm. Stone fruits contain high nutri-
tional value and flavor compounds. To reduce to decomposition of these valuable com-
pounds, drying at low temperature and pulsed vacuum osmotic dehydration have been 
recommended.  

Most stone fruits have a relatively hard shell, which may lead to a longer drying du-
ration as it acts as an impediment to water removal as well as heat transfer. Removing 
shell is one of the mechanical treatment methods that can be used to overcome this 
problem (Attabhanyo et al., 1998). 

 
Figure 1.1. Classification of stone according to its characteristics 

The following subtopics discuss the characteristics of some exotic stone fruits and the 
research findings that have been reported in the literature. In addition, some suitable 
drying methods which the author thinks could be applied albeit not reported in the lite-
rature are also recommended. 

1.2.1.1. Avocado (Persea americana Mill.) 

Avocado is native to Mexico, Central and South America and also known as palta, 
aguacate, abacate, butter pear or alligator pear. This fruit belongs to the family of Laura-
ceae. It is high in fiber and rich in vitamins A, B, E, as well as in potassium (Dowling and 
Morton, 1987; Human, 1987). In addition, chlorogenic and p-coumarylquinic acid iso-
mers, catechins, leucoanthocyanidins, isoflavone and caffeic and p-coumaric acids were 
the major polyphenol compounds of avocado (Ramírez-Martínez and Luh, 1973). After 
harvesting, this fruit becomes highly perishable due to the enzyme-mediated oxidation 
process and lipid auto oxidation (Wong, 1989).  

Oil content in avocado complicates the drying kinetics of avocado. It is the major fac-
tor that affects the drying kinetics (Alzamora and Chirife, 1980)  It has been reported 
that the effective diffusivity is inversely correlated with oil content of the avocado pulp 
(Tsami and Katsioti 2000). Pre-treatment processes like blanching and freezing only 

Mechanical pre-
treatment 

Sensitive to heat 

Stone Fruit 

High rancidity 

Chemical pre-treatment Solar drying + 
stepwise drying 

Hard outer shell 
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showed relatively little influence on the drying rate (Alzamora and Chirife, 1980).  To 
control the oxidation activity of fresh avocado, drying techniques including hot air dry-
ing, heat pump-assisted drying and spray drying have been tested and reported in the 
literature. Figure 1.2 summarizes the finding of avocado dehydrated using these drying 
techniques.   

Ceylan et al, (2007) reported the drying kinetics of avocado subjected to heat pump 
assisted drying with thickness of 5 mm, that 360 min was required to dehydrated avo-
cado slice to a moisture content of 0.35 g H2O/ g DM. Hot air drying of avocado resulted 
in significant color change in the dehydrated product (Tsami and Katsioti 2000). Gra-
jales-Lagunes et al. (2009) reported findings on spray drying of avocado juice with the 
inlet temperature and outlet temperatures of 190°C and 80°C, respectively, with air ve-
locity of 27 m/s. In this study, a mixture that contained TBHQ (Tertiary butylated hy-
droxyquinone) and citric acid were added to feedstock at flow rate of 0.642 l/min and it 
was found that lipid in the paste emulsified using TBHQ + Citric acid (0.05 +0.1%) can 
produce samples with highest acceptance score.  In addition, the mixture that contained 
TBHQ and citric acid yield the lowest rancidity development (Grajales-Lagunes et al. 
2009). 

 

 
Figure 1.2. Drying kinetics and product quality of avocado 

Avocado is a fruit that is rich in vitamins and polyphenols. Research on product qual-
ity such as texture, color, rheological properties, antioxidant and polyphenol contents as 
well as sensory assessment flavor and taste of avocado dehydrated are rather scarce. 
New drying techniques including hybrid heat pump vacuum-microwave drying, hybrid 
hot air-cold air drying, cyclic temperature drying and combined microwave-vacuum 
drying techniques have been tested on the drying of avocado. However, the knowledge 
on the effect of oil content and drying kinetics is rather limited. It has been reported that 
in order to reduce the rancidity of avocado, it can be pre-treated by dipping the fruit into 
TBHQ (Tertiary butylated hydroxyquinone) and citric acid mixture before subject to 
drying. However, the effect of dipping the fruit into the pretreatment mixture on the 
product quality is unknown this calls future research. 
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2.2.1.2. Cashew apple (Anacardium occidentale) 

Cashew apple is a high nutritional value fruit which contains high level of ascorbic 
acid and carotenoid. The reported values are 13.7 to 121.7 mg/ 100 g and 8.2 to 
197.8µg/ 100g, respectively (Assunçäo and Mercadante, 2003). Tanins like (-)-
epigallocatechin and (-)-epigallocatechin-O-gallate are major phenolics of cashew apple 
followed by minor quantities of (-)-epicatechin and (-)-epicatechin-3-O-gallate (Michod-
jehoun-Mestres et al., (2009). This fruit is very astringent, therefore treatments such as 
steaming (Akinwale and Aladesuam 1999) and gelatine (Agustin, 1982) are applied to 
remove its astringency. 

Figure 1.3 shows the drying techniques that have been tested on the drying of ca-
shew apple as well as the findings reported by researchers. Azoubel and Murr, (2003) 
found that water losses of cashew apple dried using osmotic solution with concentration 
of 50% is higher than  osmotic solution with concentration of 40% at temperature of 
40ºC. Under ambient temperature cashew apples may lose up to 35% of its initial water. 
In addition, the change of medium of solution also significantly affects the water losses. 
It was reported that the use of corn syrup instead of sucrose reduced the water loss, es-
pecially at higher solution concentrations. The sugar gain was about 66% (Azoubel and 
Murr, 2003).  

 

 
Figure 1.3. Research findings on the drying kinetics and product quality of cashew ap-

ple reported in the literature 

Good retention of vitamin C after osmotic dehydration has been reported. The de-
gradation of vitamin C after subjecting to osmotic dehydration was about 35 to 45% de-
pending on the condition applied. Optimization research done by Martins et al. (2008) 
using response surface methodology showed that osmotic drying of cashew apple for 
four hours in sucrose concentration of 40°Brix at 50°C can retain highest amount of vi-
tamin C. Further to this, sensory attributes of the pre-osmo in solution with different 
concentration, osmotic-convective air and osmotic –vacuum dehydrated cashew apple 
were reported. According to Falade et al. (2003) the color, texture and overall accepta-

 

Water loss of samples in corn syrup 
solution is higher than sucrose 
solution  
Degradation of vitamin C content 
was about 35 to 45% during osmotic 
dehydration 

Sensory assessment results show 
that colour, texture and overall 

acceptability of pre-osmotic 
dehydration at 60OBrix or 68O 
Brix are better than if dried in 

osmotic solution of 51OBrix 

Cashew apple 

Osmotic-convective air drying 
Osmotic-vacuum drying 

 

Osmotic 
dehydration 



Chien Hwa Chong and Chung Lim Law - Drying of Exotic Fruits 

Drying of Foods, Vegetables and Fruits    9 
 

bility of cashew apple dried using pre-osmosed in solution with 60°Brix and 68°Brix 
were better than pre-osmosed solution with 51°Brix. 

Due to the inherent characteristics of cashew apple, direct drying techniques such as 
hot air drying, sun drying, heat pump drying and microwave drying are not suitable. 
Pre-treatment is required for this type of stone fruit, which is astringent. Astringent 
fruits contain tannins, anthocyanins and flavonoids compounds which have been re-
ported to have antitumor effect (Kozubek et al., 2001). However, report on the retention 
of these compounds in dehydrated astringent is rather scarce. Apart from the drying 
techniques given in Fig 1.3, osmo-microwave vacuum and osmo-hybrid heat pump va-
cuum-microwave are possible drying technique that one might look into for future re-
search work as these drying techniques can retain valuable phenolic compounds. 

2.2.1.3. Date palm fruit (Phoenix dactylifera L.) 

Date palm belongs to the family of Palmae and is grown extensively in the region of 
Northern Nigeria. This fruit has a single seed surrounded by a fibrous parchment and is 
well known in this region due to its marketing and nutritional value. Date palm can be 
used in the production of cookies, cakes, candy bars, ice cream, alcoholic beverages, sug-
ar (date sugar) and syrup.  It is also used as one of the ingredients in adulterate coffees. 
According to Vayalil (2001), date palm fruit contains antioxidant and antimutagen prop-
erties in vitro. The major phenolic compounds of the date fruit are cinnamic acids, ferul-
ic, sinapic and coumaric acids (Mansouri et al. 2005). The flesh of date contains 0.2-0.5% 
of oil, 0.9% of potassium, 23 types of amino acids and small amount of vitamins (Al-
shahib and Marshall, 2003).  

The moisture content of fresh date palm fruit is about 60% (wet basis). Generally, 
the safe moisture content for storage of dates is between 24 to 25%. To reduce the mois-
ture content to a safety storage level, drying is commonly used. Figure 1.4 shows the 
findings on drying kinetics and product quality of drying of date palm fruit. Falade and 
Abbo, (2007) reported the effect of hot air drying on the kinetics, heat transfer and re-
hydration. Boubekri et al., (2009) found that solar drying with the application of step-
wise temperature drying can minimize the degradation of date palm fruit in terms of 
color and texture. On the other hand, Al-Farsi et al., (2005) did a comparison study on 
the compositional and sensory characteristics of three native sun-dried date palm fruit 
grown in Oman, viz. Fard, Khasab and Khalas. It was found that Khalas date palm fruit 
gave better quality attribute due to its sugar content, selenium and high energy value 
compared to other varieties. 

Date palm fruit is a nutritional fruit with high amount of polyphenol compounds and 
amino acids. Therefore, low temperature drying such as heat pump drying or hybrid 
drying that employ drying medium at low temperature can be considered as these tech-
nique can prevent Maillard reactions that are responsible for the degradation of poly-
phenol compounds. By applying mild drying temperature, enzymatic activity can be mi-
nimized as well. 
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Figure 1.4. Drying kinetics and product quality of dehydrated date palm fruit reported 

in the literature 

1.2.1.4. Longan (Dimocarpus longan) 

Longan is a subtropical fruit which belongs to the family of Sapindaceae. A ripe lon-
gan has a spherical shape covered by a thin layer of yellow brown shell. The flesh of lon-
gan fruit is translucent and sweet. Longan contains 60.1 mg/ 100g of vitamin C, 324.9 
mg/ 100g of K and 0.26 mg/ 100g of Cu (Wall, 2006). The major polyphenol compounds 
that have been identified in Longan are gallic acid, corilagin (an ellagitannin) and ellagic 
acid (Rangkadilok et al. 2005). In addition, aldehyde, acid, ester and alcohol are the main 
volatile compounds in longan (Lapsongphol et al. 2007). 

Various drying technologies have applied to dry longan. It was reported that the vo-
latile compound of longan is the highest in longan flesh dried at 70°C for samples dehy-
drated from temperature of 60 to 90°C at 10°C interval (Lapsongphol et al., 2007). The 
effects of different drying techniques on drying kinetics and product quality of longan 
are shown in Figure 1.5. Attabhanyo et al. (1998) reported that unpeeled longan fruit 
requires longer drying time than peeled longan fruit. To further reduce the drying dura-
tion, Varith et al. (2007) found that the drying duration of peeled longan using hybrid 
microwave-hot air is shorter compared to conventional hot air drying. In addition, com-
bined microwave hot air drying could produce dried longan with better color compared 
to hot air dried longan at temperature of 65°C (Varith et al. 2007). 

On the other hand, Janjai et al. (2009) design a solar drying technique to reduce the 
drying duration of longan as compared to sun drying. Within the duration of 16 hr, the 
solar dryer could reduce the moisture content from 84% (wet basis) 12% as compared 
to sun drying which is 40%.  In addition, Janjai et al. (2009) found that solar tunnel dried 
longan has better color, taste and flavor compared to natural sun dried longan. 
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Figure 1.5. Drying kinetics and product quality of  longan 

Longan is a highly heat sensitive fruit. Major polyphenol compounds found in longan 
(mentioned earlier) are polyphenol oxidase (PPO) substrates and thus they are suscept-
ible to enzymatic reactions. In addition, it contains high amount of vitamin C and volatile 
compounds that are sensitive to heat. Enzymatic reaction and Maillard reaction oc-
curred during drying process are the major concerns. To dry longan, mild temperature 
drying and hybrid drying techniques can be considered. They can reduce the degrada-
tion of volatile flavor compounds, polyphenol compounds and vitamins. 

1.2.1.5. Lychee (Litchi chinensis) 

Lychee is native to southern China. The lychee or litchi fruit is small with white flesh, 
which is covered by a thin leathery red rind. It contains nutrients such as 0.0276 g/(100 
g of fresh weight) of ascorbic acids, 0.1561 g/(100 g of fresh weight) potassium and 
0.195 mg/(100 g of fresh weight) of copper (Wall, 2006).  In addition, this fruit contains 
polyphenol compounds such as gallic acid, gallocatechin, procyanidin B2, epicatechin 
and epicatechin-3-gallate (Prasad et al., 2008). Lychee has a special flavor and excellent 
texture with red color fruit skin but browning of the skin occurred in a short period of 
time after harvesting. This results in great commercial losses to the fruit handler. Drying 
is one of the postharvest processes that is commonly used to overcome preserve the 
fruit.  

Kuhn (1961) studied the drying kinetics and product quality of hot air drying of ly-
chee. It was reported that lychee fruits dried at 70°C were extremely bitter. This could 
be because of lychee contains high amount of reducing sugars. According to Higgins 
(1917), total sugar content of lychee is 15.3% and the reducing sugar to sucrose ratio is 
4.5:1. Hui et al. (2006) claimed that more 70% of sugars are reducing sugars. According 
to Chong (2010), fruit with high amount of reducing sugars and polypheol oxidase (PPO) 
substrates should apply low temperature drying technique. In order to retain the poly-
phenol compounds, it is recommended to apply two-stage drying where the first stage is 
conducted at low temperature followed by second stage drying that promotes rapid de-
hydration such as vacuum-microwave drying. 

Achariyaviriya and Puttakam (2003) reported that total color change of lychee in-
creased with elevated temperature; therefore, lychee dried at 43°C have better quality in 
terms of flesh color , texture and flavor compared to those dried at 61.5°C (Kuhn, 1961). 
On the other hand, Shah and Nath, (2008) found that by using a mixture of cysteine 
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(0.49% wt/wt), ascorbic acid (0.2% wt/wt) and 4-hexyl resorcinol (0.013% wt/wt) as 
osmotic agent in pulsed vacuum osmotic dehydration (PVOD), the technique could re-
duce the degradation of ascorbic acids content significantly. Figure 1.6 summarizes the 
findings stated above. 

Drying kinetics of lychee in form of peel, flesh and seed have been reported by Kuhn 
(1961). It was found that the moisture level of the peel reduced rapidly, followed by a 
typical falling-rate (Kuhn, 1961). As for flesh, the moisture reduction began after 2 hours 
of drying and the rate was rapid and became constant thereafter. Water loss from seed 
did not occur until after 8 hours of drying, whereupon it was slow and constant. Figure 
1.6 summarizes the research findings of drying of lychee. 

 
Figure 1.6. Drying kinetics and product quality of  Lychee 

Lychee is similar to longan, which has a soft texture and is very sensitive to heat. 
Likewise, it is recommended to use mild temperature drying and hybrid drying tech-
niques in drying of lychee. 

1.2.1.6. Some remarks on the drying of exotic stone fruits 

Exotic stone fruits generally have the following characteristics: 

• High astringency 
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• Major polyphenol compounds are PPO substrates 
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ic convective air drying, osmotic vacuum drying, hybrid microwave air drying and solar 
stepwise temperature drying. It varies among reports and dependant on the types of 
fruits as well as the operating conditions. It has been reported that pre-treatment by 
dipping samples in osmotic solution or pre-dried using osmotic dehydration can minim-
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ize the losses of vitamin. Amongst the drying techniques reported in the literature, hybr-
id microwave vacuum drying and solar drying with stepwise temperature seem promis-
ing in producing dried exotic stone fruit with better texture and flesh color. 

1.2.2. Drying of pome fruit 

Pome fruits are fleshy fruits surrounding a central core seed or with lots of seeds 
such as acelora, ber, guava and snake fruit. Its flesh has a hard texture. Figure 1.7 shows 
the classification of pome fruit based on its characteristics and the recommendation on 
the drying technique or treatment for the drying of pome fruit. 

 
Figure 1.7. Classification of pome fruit according to its characteristics and pre-

treatment/drying technique recommended for the respective class of pome fruit 

1.2.2.1. Acerola (Malpighia punicifolia L.) 

Acerola or West Indian cherry is native to Caribbean and Central America. It is round 
in shape with its diameter ranging from 3 to 6 cm. In the initial stage of ripening, the 
fruit is in full green color, it changes to yellow-reddish during the ripening process and 
finally to red or purple when it is completely ripened. It contains nutrients such as caro-
tenes, thiamin, riboflavin, niacin, proteins, and mineral salts, mainly iron, calcium and 
phosphorus (Assis et al., 2001). The main polyphenol compounds of acelora are pelar-
gonidin, malvidin, 3-5-diglycoside and cyaniding 3-glycoside (Vendramini and Trugo, 
2004). Quercetin, kaempferol, p-coumaric acid, ferulic, caffeic and chlorogenic acid are 
also found in acerola fruit (Vendramini and Trugo, 2004). Its main appealing feature is 
its high Vitamin C content, which is ranging from 1247.10 to 1845.79 mg/100 g DM 
(Lima, 2005). However, these nutrient contents especially vitamin C may degrade after 
cropping due to rapid deterioration. This fruit is highly perishable because of its initial 
high moisture content, which is 91% in wet basis. To overcome the problems, drying is 
applied to extend the shelf life and to retain the nutritional content of acerola. Thus far, 
only two drying methods have been tested on the drying of acerola, which is osmotic 
dehydration and freeze drying and the findings are summarized in Figure 1.8. Of course 
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it is in principle possible to use a number of different drying techniques although they 
have not been reported in the literature. 

Alves et al. (2005) found that for osmotic dehydration of acerola, binary solution of 
60% (w/w) of sucrose or ternary solution of 50% (w/w) of sucrose plus 10% (w/w) salt, 
carried out at temperature of 60OC could give good product quality in terms of solid gain 
and water loss ratio. 

Freeze drying of acerola was carried out by Marques et al. (2007) and it was recom-
mended that the crushed pulps and sliced samples are to be pre-frozen using liquid ni-
trogen. Liquid nitrogen is better than vapor nitrogen as it can maintain the cellular 
structure of the frozen pulps (formation of small size ice crystals). The author also found 
that this drying technique can minimize the shrinkage rate and increase the rehydration 
capacity of acerola. In addition, the retained vitamin C was found to be as high as 153.4 
mg/g DM. 

 
Figure 1.8. Drying kinetics and product quality of acelora 

Other drying techniques such as heat pump drying, microwave drying, microwave 
vacuum drying, modified air heat pump drying, hybrid drying and etc can also be ap-
plied to the drying of acerola. Apart from this, acerola dry powder can also be produced 
from spray drying.  The research on the drying of acerola is limited and the knowledge 
on the product quality of acerola including flesh color, flavor, taste, rheological proper-
ties, retention of polyphenol compounds, etc. are yet to be investigated. 

1.2.2.2. Ber (Zizyphus mauritian L.) 

Ber is cultivated in India, Pakistan, Bangaladesh, Sri lanka, Central to Southern Africa 
and Nothern Australia. According to Bakshi and Singh (1974), ber fruit has high amount 
of protein, phosphorous, calcium, carotene and vitamin C. Figure 1.9 summarizes the 
research findings of drying of ber fruit reported in the literature. Kingsly et al. (2007) 
studied the shrinkage of ber fruits subjected to sun drying. The overall drying time re-
quired to reduce the initial moisture content of 470.13% to the final moisture content of 
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38% (dry basis) was 58 hour. The drying duration is relatively long is because due to the 
fact that it has thicker outer skin compared to other fruit which has thinner skin. Ac-
cording to Yong et al., (2006), mechanical pre-treatments such as drill holes or pin holes 
can overcome this problem. In terms of shrinkage, the percentage of shrinkage was 
higher in lengthwise direction. The shrinkage of ber fruits was not significantly different 
after the moisture content reached 47% (dry basis). This could be because at this mois-
ture content the tugor cell of fruit can withstand the pressure exerting from the sur-
rounding. In terms of product quality, Singh (1992) found that the ascorbic acids of ber 
fruit dried using osmo-air drying are higher than oven or sun-dried ber fruit. In addition, 
osmotic dehydrated ber gave less browning. Further, Khurdiya and Roy (1986) found 
that direct solar dried ber has higher reducing sugar content and acidity as compared to 
indirect solar dried ber. 

 
Figure 1.9. Summary of research findings on drying of ber fruit 

1.2.2.3. Guava (Psidium guajava L., Psidium littorale, Psidium cattleianum) 

Guava is native to Central America, Northern South America and parts of the Carib-
bean. This fruit contains 48.55 to 49.42% of dietary fiber and 2.62 to 7.79% of extracta-
ble polyphenols (Jiménez-Escrig et al. 2001). In addition, it contains 40.1 mg/100 g to 
180.5 mg/100g of vitamin C (Yusof, 1990). Figure 1.10 shows the findings on the effects 
of different drying techniques on drying kinetics and product quality of guava. 

Chua et al. (2002) studied the effects of cyclic temperature profile drying of guava 
using two-stage heat pump dryer. It was found that step change in drying air tempera-
ture with the appropriate starting temperature and cycle time can reduce the total dry-
ing duration and improve product color. The drying duration was reduced up to 25%. In 
terms of product quality, it was reported that the total color change was reduced by 
35.4%.   

Marques and Freira (2005) analyzed the effects of freeze drying of guava and found 
that 9.0 min of freezing is require prior to 19 hr freeze drying in order to ensure the 
formation of small-size ice crystals which can keep the integrity of isodiametric cells of 
parenchymatous tissue and to keep the membranes intact.   
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Figure 1.10. Findings on the effect of various drying methods on the drying kinetics and 
product quality of dried guava 

Product qualities such as physical appearance, browning, rehydration rate and re-
tention of nutrient of guava dried using modified air heat pump (N2 and CO2) drying me-
thod were reported by Hawlader et al. (2006). It was found that the effective diffusivity 
was 44% higher when CO2 was used to replace atmospheric air as the drying medium. In 
addition, the technique produced dehydrated product with less browning, better rehy-
dration property, better physical appearance and more vitamin C retention if compared 
to those obtained from heat pump drying, freeze drying and vacuum drying. This is be-
cause of inert gas could reduce oxidation which is unavoidable when the atmosphere of 
drying chamber contains oxygen. 

Reis et al. (2007) reported that blanching and addition of calcium lactate or ascorbic 
acid did not influence the uptake of sucrose by guavas subjected to an osmotic solution 
at 65ºBrix. In terms of texture, the authors found that blanching process can decrease 
the osmotic dehydrated samples penetration force by 15%, while the addition of ascor-
bic acid and calcium lactate in the osmotic solution increased the penetration force by 
14.6 and 87.9%, respectively. Sensory assessment showed that the guava pre-treated 
with osmotic dehydration was preferred (Queiroz et al. 2007). 
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1.2.2.4. Snake fruit (Salacca edulis) 

Snake fruit is native to Indonesia and Malaysia. It belongs to the family of Arecaceae. 
This fruits named snake fruit because of its brown and scaly skin resembling that of a 
serpent. It grows in clusters at the bottom of a palm tree and it has the size and appear-
ance of a fig. The skin can be peeled after pinching the tip of the fruit. This fruit have 
three garlic-looking lobes and each contained a large seed. Salak tastes sweet and acidic 
at the same time and its consistency can be varied from dry and crumbly to moist and 
crunchy. It has a good source of fibers and carbohydrate (Lestari et al. 2003). According 
to Setiawan et al. (2001), Leong & Shui, (2002), Shui & Leong, (2005) and Leontowiez et 
al. (2007), this fruit contain valuable polyphenol compounds and vitamins, which are 
good for health.  

Figure 1.11 shows the research finding on the drying of salak. To date, the research 
on salak drying is rather limited. Ong and Law, (2009) studied the effect of hot air drying 
on the kinetics of salak fruit with and without a membrane layer covering the flesh. It 
was reported that the effective diffusivity obtained was in the range of 4.19 x 10-11 to 
2.58 x 10-10 m2/ s and activation energy 45.27 to 39.78 kJ/ mol. The samples with 
membrane layer have higher activation energy because membrane layer is a barrier to 
moisture movement. 

 
Figure 1.11. Drying of snake fruit 

Salak is an astringent fruit with high content of phenolic compounds and nutritional 
values. To preserve this type of pome fruit, low temperature drying follow by micro-
wave vacuum drying can be considered for instance hybrid heat pump vacuum-
microwave drying. Salak fruit has a special taste which may not be acceptable to every-
one; therefore, sensory assessment of flavor and taste has to be carried out. 

1.2.2.5. Some remarks on the drying of exotic pome fruit 

Exotic pome fruits typically have hard texture. It is recommended to pre-dry the 
fruits with osmotic dehydration or blanching process to soften the texture of pome fruit. 
Leaching of vitamin C may occur when samples are dipped into the osmotic and blanch-
ing solution. However, if osmotic dehydration or blanching is not desirable, direct drying 
can be applied and the fruit has to be cut into small slices or thin layers before it is sub-
jected to drying. 

1.2.3. Drying of exotic tender fruit 

Tender fruit typically has soft, sticky, strong flavor and seedy flesh. It generally con-
tains high amount of protein, fats, and compounds that are sensitive to heat. Figure 1.12 
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shows the classification of tender fruit based on its characteristics as well as the recom-
mended drying techniques that can be applied to tackle the characteristics of the respec-
tive class when drying is concerned. Generally, tender fruit that has soft, sticky and see-
dy pulp pose a problem in handling. Conventional drying such as hot air drying and sun 
drying can be applied. However for tender fruits that contain heat sensitive compounds 
and high amount of protein and fats, it is recommended to apply low temperature drying 
such as freeze drying, heat pump drying and hybrid drying where at least one of the 
modes/stages is conducted at low temperature. Freeze drying is generally suitable for 
all types of fruit but its capital and operating costs are high. It has been reported that 
freeze drying is suitable for fruit with concentrated aroma compound as aroma loss is 
significant as the volatile compounds that contribute to the aroma are loss due to expo-
sure to heat (Chin et al. 2008).  

 

 
Figure 1.12. Classification of tender fruit based on its characteristics and various drying 

technique recommended for the respective tender fruit class 

1.2.3.1. Breadfruit (Artocarpus altilis, A. incisus) 

Breadfruit is native to Southeast Asia. Ripe breadfruit contains 84.16 (w/w) of total 
carbohydrates, 69.21 (w/w) of starch, 6.27 (w/w) of carbohydrates soluble in alcohol, 
4.07 (w/w) of total sugars and 2.65 (w/w) of reducing sugars (Graham and De Bravo, 
1981). In addition, it contains high amount of minerals (Ca, K and Fe) and vitamins (nia-
cin and riboflavin). Figure 1.13 shows the research findings reported in the literature 
regarding the drying of breadfruit. 

According to Ewing (1996), breadfruit can tolerate direct sunlight with good preser-
vation of protein, carbohydrate and nutrients. Drying of breadfruit was conducted by 
George et al. (2007) through sun drying method and the results indicated that the op-
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timal surface area to volume ratio of dried sample was 12 cm-1 within 3 hr with solar 
radiation heat flux of 825 W/m2, ambient temperature of 27-30°C and ambient relative 
humidity of 60-65%. 

Roberts et al. (2007) pre-dried breadfruit with convective drying at temperature of 
60°C for 20 minutes before it is deep fried at temperature of 205°C for 1 to 4 min. It was 
reported that untreated chips (without pre-drying) were lighter and less chromatic than 
pre-dried chips and the sensory assessment showed that untreated chips were pre-
ferred. 

 

Figure 1.13. Research finding summary on the drying kinetics and product quality of 
breadfruit 

1.2.3.2. Chempedak (Artocarpus integer) 

Chempedak (Artocarpus integer) is a seasonal fruit native to Southeast Asia. The 
length is 20 -35 cm and diameter is 10 -15 cm. The outer skin of the fruit is slightly 
sticky. It has to be cut open in order to expose the edible part inside the fruit. The edible 
part encompasses pulp coated seed which is orange-yellow in color. The pulp contains 
3.5-7.0 g of protein, 84.0-87.0 g of carbohydrates, 5.0-6.0 g of fiber and 2.0-4.0 g of ash in 
100 g of serving in dry basis (Suranant, 2001). Figure 1.14 shows the summary of lite-
rature on the drying of chempedak. Thus far, drying of chempedak has been tested only 
with sun drying and hot air drying (Chong et al., 2008a; 2008b). It was reported that 
chempedak dehydrated by sun drying and hot air drying has significant total color 
change and textural change compared to fresh fruit (p<0.05). Total color change for sun-
dried chempedak slabs was 23.64 whereas hot air drying at 50-70oC was 17.6-28.4. In 
term of textural attributes, it was reported that hardness, cohesiveness, and chewiness 
except springiness were significantly changed (p<0.05) for chempedak that underwent 
sun drying. Whereas, hardness and chewiness in hot air drying increased with increas-
ing temperature whilst cohesiveness and springiness remained unchanged with refer-
ence to the fresh chempedak. 
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Figure 1.14. Summary of literature on the drying of chempedak 

1.2.3.3. Durian (Durio sp L.) 

Durian is native to Thailand, Brunei, Indonesia and Malaysia and belongs to family of 
Malvaceae. It is distinctive for its large size, unique smell, taste and formidable thorn-
covered husk. Durian contains high amount of sugars, vitamin C, potassium, serotoni-
nergic amino acid tryptophan, carbohydrates, proteins and fats. In addition, caffeic acid 
and quercetin are the main polyphenol compounds of ripe durian (Arancibia-Avila et al. 
2008). Ripe durian cannot be kept for more than two or three days. Further postharvest 
processing is needed during the seasoning period to overcome the overproduction prob-
lem. Findings on the effects of different drying techniques on product quality and drying 
kinetics of durian are summarized in Figure 1.15.  

Drying may decompose or change the volatile constituents of durian. This especially 
concerns durian as fresh durian pulp contains 30 volatiles constituents (Chin et al. 
2008). It was reported that four esters disappeared after freeze drying and 14 volatile 
constituents diminished after spray drying (Chin et al. 2008). However, new volatiles 
were formed in spray-dried powder, comprising of aldehydes, ketone, furan and pyrrole 
compounds. During freeze drying, 70%-100% major durian aroma such as propanethiol, 
ethyl propanoate, propyl propanoate, ethyl 2-methylbutanoate and diethyl disulfide 
were vanished (Chin et al. 2008). 
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Figure 1.15. Findings on the effects of different drying techniques on the drying kinetics 
and product quality of durian 

Jamradloedluk et al. (2007) attempted to produce low-fat durian chips from hot air 
drying and superheated steam drying conducted at drying temperatures of 130–150°C 
and velocity of drying medium at 2.0 m/s. The results revealed that superheated steam 
drying produced dried durian chip that has better quality in term color and rehydration 
ratio but gave lower drying rate. In addition, the superheated steam dried product has 
less uniform, fewer but larger pores and a dense layer formed on the surface of the du-
rian chip if compared with hot air drying.   

Che Man et al. (1999) studied the effects of spray drying and freeze drying of durian 
where the flesh was blended with water before subjected to freeze and spray drying. It 
was found that durian power dried using freeze drying was better in term of physic-
chemical and sensory assessment as compared to spray dried samples.  

Durian is an exotic tropical fruit with antioxidant capacity higher than that of other 
tropical fruits such as snake fruit, mangoesteen, lychee, guava and mango (Arancibia-
Avila et al. 2008).  The major polyphenol compounds of durian are polyphenol oxidase 
(PPO) substrates and therefore they are susceptible to enzymatic reactions. Thus drying 
at low temperature (except freeze drying) although can is suitable for heat sensitive ma-
terials but it is not suitable for materials that contain high amount of PPO substrates as 
it may lead to decomposition of the compounds due to the enzymatic activity. High tem-
perature drying is also not recommended because durian contains high amount of vita-
min C, proteins and fats. These nutrients may decompose, convert and oxidize at high 
temperature. As such, the best drying strategy is to apply mild temperature drying 
where relatively low temperature drying is carried out at a faster pace. For examples, 
hybrid air drying, freeze drying are recommended to be used in drying of durian or ten-
der fruit with similar characteristics. 
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1.2.3.4. Fig (Ficus carica L. var. tsapela) 

Fig is a tough plant that is easy to grow which sometimes causes over-production. It 
is probably originated in Western Asia and later spread to the Mediterranean. The nutri-
tion contents of fig include carbohydrate, essential amino acids, vitamins and minerals 
(Vinson et al. 2005). According to the literature, cyaniding-3-O-rhamnoglucoside is the 
main anthocyanin in Fig (Solomon et al., 2006). The total anthocyanin content in the 
pulp is 1.5 to 15 µg/g (Duenas et al. 2008). This fruit is very sensitive to microbial spoi-
lage, even when it is stored in cold condition (Hardenburg et al. 1986). Sun drying is the 
most common postharvest method in the current processing practise. However, the risk 
of the development of aflatoxins is a major concern (Piga et al., 2004). Figure 1.16 gives 
the summary of the research findings on the effects of different drying techniques on the 
drying kinetics and product quality of dried fig.   

 

Figure 1.16. Drying kinetics and product quality of fig 

Doymaz (2006) studied the drying kinetics of fig dried using sun drying technique. 
The drying kinetics was fitted to eight thin-layer drying models and it was found that  
Verma model gave a better fit to the experimental data. The effective moisture diffusivi-
ty reported as 2.47 × 10−10 m 2/s. However, the quality parameters of dehydrated fig is 
not reported. On the other hand, Xanthopoulus et al. (2007, 2009) fitted seven thin-layer 
models to simulate convective drying of figs at 46.1–60°C using non-linear regression 
analysis. The statistical analysis revealed that the best model is the Logarithmic model. 

Piga et al., (2004) studied the effects of dehydrating fig using mild temperature hot 
air drying technique with and without pretreatment (by blanching or blanching plus 
sulphuring). it was reported that pretreatment gave good results in terms of flavor and 
chewiness. In addition, the drying duration of fig was shorter compared to the untreated 
fig.  

Fig is a highly heat sensitive tender fruit. Therefore high temperature drying is not 
advisable. However, mild temperature drying may cause a severe loss of vitamin C. Thus, 
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it is recommended to dehydrate fig using low temperature heat pump drying or hybrid 
heat pump vacuum-microwave drying. 

1.2.3.5. Jackfruit (Artocarpus heterophylla) 

For jackfruit, microwave drying was found to be the method that can produce cris-
pier product (Yang et al. 2005). 

Jackfruit is native to India. Nowadays, this fruit grows in many parts of Southeast 
Asian countries. About 23 compounds are found in jackfruit and the major flavor com-
pound is esters. The major esters compound are Isovaleric acid, 3-phenylpropyl ester, 
Isopropyl myristate, 3-phenylpropanol, octadecane and methyl dodecanoate (Ong et al. 
2006). For organic acids, it was reported that the dominant organic acids in jackfruit are 
malic acid and citric acid (Ong et al. 2006). This fruit is also popular and it has yellow 
and orange bulb that contains 18.9 g carbohydrates, 0.8 g minerals and 30 IU vitamin A 
and 0.25 mg thiamine per 100 g of sample (Samaddar, 1985). In addition, it was re-
ported that the carotenoids for 24 different type of jackfruit are ranged from 0.363 to 
0.879 mg/ 100 of sample. Fresh jackfruit can only be stored for 4 to 5 days at tempera-
ture of 25 to 35°C (ICUC, 2004). Therefore, jackfruit is commonly processed into dried, 
leather, pickles and beverage after harvest. Several drying methods have been tested in 
the drying of jackfruit viz. osmotic dehydration, drum drying, microwave drying and the 
findings are summarized in Figure 1.17.  

Sexena et al. (2008) reported that osmotic dehydration of jackfruit using solution 
concentration of 5.9OBrix and temperature of 68.5OC could minimize the color and 
chroma changes of dried jackfruit significantly. In addition, the retention of carotenoid 
compounds and tissues integrity was higher. Mathematical modelling of jackfruit dried 
by osmotic dehydration is reported by Giraldo-Zuñiaga et al. (2004). The effective diffu-
sivity is within 0.446 x 109 to 1.84 x 109 m2/s. On the hand, Yang et al. (2005) studied 
the effect of microwave drying of jackfruit texture. It was reported that 4 hr of micro-
wave dehydration cum hot air drying can produce crispy jackfruit chips. 

Pua et al. (2007) carried out the drying of jackfruit puree in a double drum dryer 
with steam pressure of 2.3 bar and found that 2.65% of soy lecithin and 10.28% of gum 
arabic with jackfruit pruree which concentration was 40% v/w water gave the best re-
sults. 
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Figure 1.17. Summary of the research findings of drying kinetics and product quality of 

jackfruit 

1.2.3.6. Some remarks on the drying of exotic pome fruit 

Most exotic tender fruits contain high amount of proteins, fats, volatile constituents 
and polyphenol compounds. Conventional drying techniques are not suitable to dehy-
drate fruits with these chemical compositions. To prevent oxidation, decomposition and 
change of flesh color, low or mild temperature drying techniques can be considered for 
instances, freeze drying, heat pump drying, hybrid air drying and low temperature com-
bined drying technique. In addition, it is interesting to investigate the change of volatile 
constituents of tender fruit in the future. 

1.2.4. Drying of berry fruit 

Figure 1.18 shows the classification of berry fruit based on its characteristics. rec-
ommended drying techniques for exotic berry fruit with different characteristics. It was 
reported that low pressure superheated steam (LPSSD) required long drying time to 
complete the drying process but this drying method can retain higher amount of ascor-
bic acid (Menthakhup et al. 2005). Therefore a combined drying technique like LPSSD 
cum microwave vacuum drying is recommended. Microwave drying is considered as 
rapid drying technique, as it can reduce the moisture content of the dehydrated product 
in a short period of time. This drying method may also overcome the problem of micro-
wave drying, which is related to the change of textural attributes during drying. 
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Figure 1.18. Classification of berry fruit based on its characteristics 

1.2.4.1. Aonla (Phyllanthus emblica L.) 

Aonla or Indian gooseberry is indigenous to tropical Southeast Asia. It has a very 
short harvesting period, which is from October to January. The pulp of fresh aonla con-
tains 500 to 1500 mg of ascorbic acid per 100 g of samples (Chauhan et al. 2005), which 
is 20 times higher than vitamin C of orange juice (Goyal et al. 2008). Gallic acid, elegiac 
acid and glucose are the main polyphenol conpounds of aonla (Goyal et al. 2008). It also 
contains 3.11% total sugar content, 2.37% reducing sugar and 0.74% non-reducing su-
gars (Goyal et al. 2008). According to Montri (1998), it is commonly consumed as a 
health food in various preserved forms such as pickles, dried fruits and beverage prod-
ucts. This fruit is not consumed in fresh due to its astringent taste. Indian gooseberry tea 
is one of the well-known aonla that is further processed into instant beverage powder 
and pasteurized juice. Generally, thermal treatment such as drying may affect the quality 
of dried product such as ascorbic acid and color, which greatly influence the consumer 
satisfaction. Therefore, suitable drying process is needed to minimize the quality degra-
dation. Figure 1.19 shows the research findings of the drying kinetics and product qual-
ity of aonla.  

Menthakhup et al. (2005) studied the drying kinetics and product quality of Indian 
gooseberry flakes. Drying techniques applied were vacuum drying and low-pressure 
superheated steam drying (LPSSD) drying. The blended pulps were dried by using va-
cuum and low-pressure superheated steam at drying temperature ranging from 65 to 
75ºC with absolute pressure of 7, 10 and 13 kPa. The authors found that LPSSD required 
relative long drying time to complete the drying of aonla because of the existence of the 
condensation period and the lower evaporation rate in LPSSD than that of vacuum dry-
ing. However, the LPSSD could retain ascorbic acid better than the vacuum drying (ex-
cept for vacuum drying at 75 °C and absolute pressures of 7 and 10 kPa) and preserve 
the color of anola.  
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Figure 1.19. Research findings on the drying kinetics and product quality of aonla 

The retention of ascorbic acid in dehydrated aonla was reported to be the highest in 
osmo-air dried aonla (243.74 mg/100 g), followed by oven dried (189.10 mg/100 g), 
direct solar dried (170.17 mg/100 g) and lastly indirect solar dried aonla (159.08 
mg/100 g) (Pragati and Dhawan, 2003). Ascorbic acid content of dehydrated aonla de-
creased further when it was stored for 3 months. The reduction was the highest in os-
mo-air dried fruit followed by oven dried and then direct and indirect solar dried aonla. 
The reduction in ascorbic acid content might be due to oxidation during storage at high 
ambient temperature (Pragati et al. 2003). The authors also reported that the level of 
anti-nutrient such as tannins were lower in osmo-air dried aonla due to leaching and 
browning process. The retention of ascorbic acid in the samples dried in fluidized bed 
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drying was greater compared to those dried under sun and hot air tray drying (Murthy 
& Joshi, 2007). In the dryers mentioned above, volatile chemical compounds along with 
moisture were lost to some extent. But fluidized bed drying was proved to be better 
than the other methods tested for aonla drying. 

1.2.4.2. Ciku / Sapota (Manilkara zapota) 

Leong and Shui (2001) studied the antioxidant capacity of 27 tropical fruits. It was 
reported that ciku (Manilkara zapota) has the highest antioxidant capacity among  all 
tropical fruits. Unripe ciku contains 3396 mg/100 g L-ascorbic acid equivalent antioxi-
dant capacity (AEAC) and 2000 mg GAE/ 100g total polyphenol content (TPC) (Leong 
and Shui, 2001; Shui et al. 2004).  However, the total polyphenol content (TPC) of ciku 
declines significantly from 1300 to 300 mg GAE/100g of sample and changes gradually 
during day four and day five from ripe to the overripe stage (Shui et al. 2004). Drying 
can be applied to convert this perishable fruit into stabilised dehydrated products that 
can be stored for an extended period of time (Chong et al. 2010). Figure 1.20 summa-
rizes the research findings on the drying techniques that were tested in the drying of 
ciku as well as its product quality. 

Ganjyal et al. (2003) found that vacuum-oven drying (14 to 31 hours) of Achras za-
pota was better than convection air-oven drying (15 to 35 hours) at the temperatures 
tested (55OC to 70OC) in terms of drying duration. Chong and Law (2007) found that 
three sunny days were needed if sun drying is to be applied in tropical country. Jain and 
Jain (1998) found that dehydrated sapota (Achras zapota L.) slices at forced air (T<34OC) 
were preferred over the shade (T<30°C) and forced hot air (T<55OC) dehydrated slices. 
Sun drying of ciku, which temperature fluctuated at 28-32OC, reduced significantly the 
retention of antioxidant content. This is due to long exposure to heat during sun drying. 
It was found that total polyphenol content of sun-dried ciku was 28 % lower than that of 
fresh ciku (Chong et al. 2009).  

In addition, textural attributes sun-dried ciku slabs is significantly different (p<0.05) 
from fresh ciku. This is because of the formation of shrunken structure after drying. It 
was found that hardness of sun-dried ciku increased significantly (p<0.05) as compared 
to fresh ciku. On the other hand, total color change of sun-dried ciku is also significant 
where Chong et al. (2009) reported that the total color change was 30. High total color 
change is owing to pigment degradation and long drying duration. Apart from drying of 
Achras zapota slabs, Jangam et al. (2008) carried out the drying of Achras zapota paste. 
The authors found that addition of fiber can increase the overall drying rate.  Under ul-
trasound-assisted osmotic dehydration sapota presented low water loss, which is re-
lated to the starch content of the fruit (16% ± 5%, dry basis), because high amount of 
starch favour water uptake (Witrowa-Rajchert and Lewicki, 2006). Expressive water 
loss (13.2% after 30 minutes) was observed only when an osmotic solution of 70ºBrix 
was employed (Fernandes and Rodrigues, 2008). 

Ciku showed a different behavior regarding sugar gain. In the first 10 minutes under 
ultrasound-assisted osmotic dehydration, ciku lost 12.1% and 11.2% of its soluble solid 
to the osmotic solution, respectively for osmotic solutions of 35 and 70ºBrix. After 30 
minutes, the pre-treatment carried out with an osmotic solution of 35ºBrix still showed 
a slight reduction in sugar loss, whereas when the pre-treatment was carried out with 
an osmotic solution of 70ºBrix the fruit showed a sugar gain of 10.0%. The behavior ob-
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served for ciku might be explained by the physical-chemical composition of the fruit, 
which contain high amounts of sugar and starch (85% dry basis) (Morton, 1987; Brito 
and Narain, 2002). 

 
Figure 1.20. Summary of the research findings on the drying kinetics and product quali-

ty of ciku 

1.2.4.3. Dragon Fruit (Hylocereus undatus) 

Dragon fruit is native to Mexico, Central and South America. It is a seeded fruit cov-
ered by a red or white creamy pulp. The flesh and seed is consumed at the same time. 
Figure 1.21 shows literature report on the effects of different drying techniques on dry-
ing kinetics and product quality of dragon fruit.  

Yong et al. (2006) studied the effects of different non-chemical and mechanical pre-
treatment on the drying kinetics and product quality of dragon fruit. It was found that 
mechanical pre-treatment such as application of pinholes and drilled holes improved the 
drying rate of dragon fruit. The drying rates increased with increase of the diameter of 
the hole. In terms of product quality (color and shrinkage), the pre-treated and non-pre-
treated samples were not significantly different.   

The microwave drying technique was applied in drying of dragon fruit by Nordin et 
al. (2008). It was reported that color change of microwave dehydrated fruit was rela-
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tively high at higher intensity and temperature because of fast browning rate. In addi-
tion, textural analysis results showed that the internal structure collapses during mi-
crowave drying if the field strength is high. 

 

Figure 1.21. Literature report on the drying kinetics and product quality of dragon fruit 

Dragon fruit has seedy creamy pulp that contains high antioxidant value. Conven-
tional drying techniques are not suitable for the drying of dragon fruit. This is because 
the cell structure of the fruit may collapse after the critical moisture content is reached. 
It becomes sticky and very soft. Therefore, drying technique with puffing effect can be 
used in the drying of this fruits. Other options include foam mat drying and spray drying. 

1.2.4.4. Genipap (Genipa americana L.) 

Genipap is native to northern Caribbean, South America and Southern Mexico. It is 
commonly known as jagua, chipara, guayatil, maluco and caruto. This fruit belongs to the 
family of Rubiaceae. It is mainly used in beverage production (liquor) due to its strong 
flavor and its flesh can be used as a substitute for commercial pectin to aid the jellying of 
low-pectin fruit juices. Hexanoic, 2- and 3-methylbutanoic acids, methyl hexanoate, me-
thyl, ethyl octanoate, acetic and 2-methylpropanoic acids are the high potent volatile 
compounds of genipap (Pinto et al. 2006). Figure 1.22 shows literature reports on the 
effects of drying and pre-treatment techniques on product quality of genipap. The find-
ings on the drying of genipaps is rather scarce. 

Andrade et al. (2007) reported that genipaps lost more water to the osmotic solution 
and incorporated less sucrose when a coating agent was applied. According to Fer-
nandes and Rodrigues, (2008), genipaps gained 14.9% of water after 30 minutes when 
ultrasound pre-treatment was applied, which is relative high than other fruits. However, 
the sugar gain was relatively low, which was about 8.2% compared to other fruits (up to 
52.0% for pinha (Annona squamosa L.) and melon (Cucumis melo L.). The use of coat-
ings (alginate and pectin) was proposed by Andrade et al. (2007) and the authors found 
that coatings can reduce the water loss significantly but not the sugar gain during os-
motic dehydration. 
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Figure 1.22. Literature reports on the drying kinetics and product quality of genipap 

1.2.4.5. Gooseberry (Phyllanthus acidus, Phyllanthus distichus) 

Gooseberry is a rare fruit of yellow color, which is grown on tree trunks and 
branches and is native to Southeast Asia. This fruit can be eaten fresh with salt to minim-
ize the acidic taste or made into jelly. Figure 1.23 shows the research findings on the 
drying of gooseberry. 

 

Figure 1.23. Drying kinetics and product quality of gooseberry 

Methakhup et al. (2005) studied the drying of gooseberry using vacuum drying and 
low pressure superheated steam drying (LPSSD) methods. It was reported that the total 
acidity can be reduced through the drying methods. However, the ascorbic acid content 
was also decreased after drying. The retention of ascorbic acid was in the range of 64 to 
94% for vacuum drying and 93 to 96% for LPSSD. Retentions increased with increasing 
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drying temperature and may be due to the shorter drying time. Pressure gave little in-
fluence to the retention of ascorbic acid. 

Gooseberry is also ground into small pieces for the production of tea 
(Kongsoontornkijkul et al., 2006). Grinded samples were dehydrated using hot air dry-
ing, vacuum drying and low pressure superheated steam drying. It was reported that hot 
air drying was the fastest drying process but it gave the lowest retention of total ascor-
bic acid (cumulative ascorbic acid release 79.9 to 83.6%) whilst low pressure super-
heated steam could retain higher amount of total ascorbic acid (cumulative ascorbic acid 
release 66.6 to 74.1%).  According to Kongsoontornkijkul et al. (2006), this is because of 
"oxygenless" environment that prohibited the aerobic degradation of ascorbic acid. 

1.2.4.6. Saskatoon berries (Amelanchier alnifolia) 

Saskatoon berry is native to Canada. It contains high amounts of vitamin C, thiamin, 
riboflavin, pantothenic acid, vitamin B-6, vitamin A, vitamin E, minerals and antioxidants 
(Mazza and Cottrell, 2008, Hu et al. 2005, Mazza, 1986). In addition, it contains 68 to 114 
mg/100g of anthocyanins (Mazza and Davidson, 1993). Immediate preservation of the 
saskatoon berries after harvesting is required because of its highly perishable characte-
ristics. Traditional drying techniques such as hot air drying is not suitable as anthocya-
nins of sakastoon berries are heat sensitive (Green and Mazza, 1986). Figure 1.24 gives 
the summary of the research findings on the drying of Saskatoon berry. 

 

Figure 1.24. Drying kinetics and product quality of saskatoon berry 

Microwave, convection and microwave combination drying process were used by 
Reddy (2006) to dry saskatoon berries with the application of pre-osmosed drying tech-

Preservative and 
reduce the total 
drying time 

 Microwave air 
drying 

Combined va-
cuum and mi-
crowave dry-
ing 

 

Convective air 
drying 

Total color change 
is lower than mi-
crowave and com-
bines drying condi-
tions 

Saskatoon 
berry 

Osmotic de-
hydration 

Drying duration is 1.15 to 2.36 times 
shorter than convective drying 

Total color change of saskatoon ber-
ries dried in microwave at 60OC is 
the lowest 



Chien Hwa Chong and Chung Lim Law - Drying of Exotic Fruits 

32   Drying of Foods, Vegetables and Fruits
                                                                                                   

nique. It was reported that osmotic dehydration can act as a preservative and this drying 
method can effectively reduce the total drying time. It was concluded that microwave 
convective combined drying at 70OC gave the best results in terms of drying rates and 
end-product quality.    

Mitra and Meda (2009) used combined vacuum and microwave drying technique to 
dry saskatoon berries. Based on the response surface methodology results, it was con-
cluded that microwave power of 5.7 –6 kW, drying time of 51.5 –55 min and fruit load of 
10 –9.75 kg is the optimum setting that can be used to reduce the berry moisture con-
tent to 20% (water activity –0.5).   

It was reported that freeze drying of Saskatoon berry could retain higher amount of 
anthocyanin and antioxidant activity as compared to conventional technique (Kwok et al. 
2006).  However, this drying technique is energy intensive. 

1.2.4.7. Passion fruit (Passiflora edulis v. flavicarpa) 

Passion fruit is native to South America. It is one of the seeded exotic berry fruits 
with soft and juicy flesh. It is commonly processed into juice for consumption. According 
to Chan et al. (1972), this fruit is highly acidic and it contains good source of niacin, ri-
boflavin, vitamin C and vitamin A. It contains 14.41 to 21.9% of refractometeric solids, 
21.9 to 69.9 mg/ (100 g samples) of ascorbic acid and 1073-1547 as i.u. of vitamin A/ 
(100g of samples) of carotene (Pruthi and Lal, 1959). 3,7-dimethylocta-1,5-diene-3, 7-
diol, 3,7-dimethylocta-1,7-diene-3.6-doil, 3,7-dimethloct-1-ene-3,7-diol and 3,7-
dimenthyloctene-3,6,7-triol were identified as aroma components from non-volatile 
precursors in passion fruit (Engel and Tressl, 1983). In addition, the authors reported 
that linalool, nerol, geraniol and  - terpineol are present in bound glycosidic form. Fig-
ure 1.25 shows the summary of the literature report on the product quality and drying 
kinetics of passion fruit. 

 
Figure 1.25. Drying kinetics and product quality of passion fruit 
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Angel et al. (2009) studied the effects of lactose-maltodextrin (8:5, 10:5, and 12:5 % 
w/v) on spray-drying of the passion fruit juice. The result revealed that low amounts of 
the lactose-maltodextrin can be used to overcome the stickiness problems of spray dry-
ing. However, due to the utilization of lactose, the powder obtained was highly hygros-
copic. The response surface results showed that the lowest values of the moisture con-
tent and hygroscopicity were reached in the temperature within the range of 188–190°C 
and 12:5 % (w/v) of the lactose-maltodextrin concentration. Spray drying at tempera-
ture and pressure at 180°C and 0.2 MPa, respectively with 10:5% (w/v) of the carrier 
agent could retain 48% of vitamin C.  

Cal-Vidal and Falcone (1985) studied the effects of freezing rate, freeze drying tem-
perature, sucrose and anti-caking agents on freeze dried passion fruit juice. The author 
found that the samples frozen rapidly in liquid nitrogen had lower water absorption 
rates due to re-crystallisation of sugars (exposed to relative humidity of 78%). Besides, 
the addition of anti-caking agents to the juice before freezing had a much less significant 
effect because of the poor crystal coverage and formation.  

Research on vacuum microwave oven drying of passion fruit juice was conducted by 
Hui (2006). The author found that to produce stable foam with small diameter bubbles 
for drying at 45OC and 6-8 torr, sucrose and maltodextrin with 59°Brix must be added to 
the raw material. 

1.2.3.6. Some remarks on the drying of exotic berry fruit 

Exotic berry fruit has extremely soft texture. Drying techniques that can produce a 
“puff texture” is recommended. Further, this fruit has high amount of polyphenol com-
pounds and vitamins, appropriate drying technique should be carefully selected. Drying 
techniques like hybrid heat pump vacuum-microwave drying, hybrid air drying, va-
cuum-microwave drying is recommended for the drying of exotic berry fruit. Apart from 
this, the fruit can be blended and spray dried into powder form. 

Concluding Remarks 

Drying is widely used to extend the shelf life of fruit. Since different exotic fruits 
have different biochemical and physical properties, therefore selection of drying me-
thods must be considered carefully. Table 1.3 shows the recommended drying tech-
niques for the drying of fruit based on the four classes fruits discussed in this chapter. It 
can be concluded that fruit with hard texture should be pre-treated using osmotic dehy-
dration process or blanching process. In addition, mechanical treatment such as cutting 
into thin layer can overcome the problem as well.  On the other hand, fruit with soft tex-
ture can be dried with microwave drying as it can produce dried fruit with puffing struc-
ture. To retain the heat sensitive compounds of fruit such as vitamins, polyphenol com-
pounds and volatile constituent, low temperature heat pump drying followed by short 
microwave vacuum drying and mild temperature drying are recommended. Selection of 
dryer should also be considered from the point of view of techno-economics and quality 
of dried product as demanded by the market. Drying of exotic fruits has not been re-
searched as extensively as other traditional fruits. However, it is expected that as a re-
sult of globalization, exotic fruits native to certain developing regions of the world will 
become known to the other part of the world. 
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Table 1.3. Recommended drying techniques for exotic stone, pome, tender and berry 
fruit 

Types of fruit Characteristics  Possible drying techniques 

Stone  High rancidity, high in 

oil content, heat sensi-

tive and hard outer shell 

Pre-treatments such as osmotic dehydration 

and blanching followed by final drying 

processes such as pulsed vacuum osmotic 

dehydration, hot air drying, solar drying, 

natural sun drying, spray drying, heat pump 

drying, osmotic dehydration, osmotic convec-

tive air drying, osmotic vacuum drying, hybr-

id microwave air drying and solar stepwise 

temperature drying. 

Pome 

 

Hard texture, heat sen-

sitive and hard outer 

shell 

Pre-treatments are osmotic dehydration and 

blanching. This processes including mechani-

cally cut the fruit into thin layer before dry-

ing. Freeze drying, modified air heat pump 

drying and heat pump drying are recom-

mended as final stage drying.  

Tender Soft, sticky, seedy, high 

protein and fat 

Hot air drying, sun drying, freeze drying, 

spray drying, osmotic dehydration, freeze 

drying, heat pump drying and hybrid air dry-

ing (low temperature). 

Berry Soft texture with crea-

my pulp, heat sensitive, 

seeded  

Microwave drying, freeze drying, spray dry-

ing, low pressure superheated steam drying 

and hybrid heat pump vacuum-microwave 

drying 
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ABSTRACT 

Root is a part of a plant body that bears no leaves; often function in storage of food 
and nutrients. Starchy root vegetables are important staple foods, particularly in tropi-
cal regions. Drying is one of the ancient methods of root preservation. It is done by sev-
eral methods like solar, osmotic, convective, freeze, vacuum and microwave drying. A lot 
of research findings are available on drying of various taproots, tuberous roots, corm, 
rhizome, tuber and bulbs. This chapter presents an overview of the recent developments 
in root drying. Various drying techniques suitable for roots and effect of drying method 
on the final quality of dehydrated roots are discussed in the chapter. The details on ma-
thematical modeling of root drying process are also included. Further, the chapter high-
lights on future research needs on root drying. 

2.1. INTRODUCTION 

Roots are generally storage organs, enlarged to store energy in the form of carbohy-
drates. They differ in the concentration and the balance between sugars, starches, and 
other types of carbohydrate (Kays 1996).  All of the root crops are utilized as staple 
foods, vegetables, raw materials for industry and medicinal purposes. Roots are perish-
able as higher temperature causes it to wilt and gives a poor appearance. Therefore, 
preservation of root is essential for keeping them for a long time without further deteri-
oration in the quality of the product. Drying is one of the most common methods to en-
hance the shelf life of roots. The major aim of drying roots is to remove the moisture to a 
level at which microbial spoilage and deteriorative chemical reactions are greatly mini-
mized. Drying extends the availability of seasonal roots, retaining their nutritive values, 
and adds variety to the otherwise monotonous diet. It also adds convenience to the 
products. Roots are thicker than seeds, flowers and leaves which make the drying 
process longer. Several drying methods have been employed on domestic and industrial 
scale to preserve the useful roots. Various roots are dried by several methods like sun, 
hot air, vacuum, freeze, infra-red and microwave hot air/vacuum drying. 

2.2. PRE-PROCESSING OF ROOTS BEFORE DRYING 

Roots are removed from soil; therefore it is required to remove the adhering soil 
particles and convert in to a suitable shape for drying. It includes preparation of raw 
roots and various pretreatments which are discussed below. 

2.2.1. Preparation of Roots Suitable for Drying 

Roots are generally washed in tap water to remove the dirt, dust and soil particles 
and then graded according to size and quality. Rotten and otherwise spoiled roots are 
sorted and removed. The skin of the roots is removed either manually or by peeling. 
Roots and tops may be removed before or after peeling. Peeling may be done by a hand-
knife, flame treatment or abrasion peeler. In case of onions, the flame treatment is given 
and the charred skin is removed by tumbling in a vibrating washer. The tops, crown 
roots and cores are removed by hand positioning each end of the onion against a rotat-
ing knife or by semiautomatic equipment which carries the onion between two parallel 
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revolving circular blades. The onions are next sliced into 2.25-2.50 mm thick slices, at a 
right angle to the vertical axis. High-speed cutters or modifications of kraut-cutters or 
bread-slicing equipment are used. The losses in washing, cutting, trimming and slicing of 
the various roots are about 10-20 per cent. Some of the roots are dried as whole or 
transformed in to various shapes like cubes, shreds, spheres, cylinders etc (Alexander 
Essers et al., 1996). The shapes of various roots used during drying and dehydration are 
given in Table 2.1. It can be seen from Table 2.1 that small roots are dried as it is, whe-
reas, large size roots are converted in to various shapes. It shortens the diffusion path 
during drying and decreases the specific energy consumption. 

Table 2.1. Shape of important roots used during drying 

Name of Root Shape Reference 

Carrots Slices, Cubes, Shreds, Flakes (Uddin et al., 2004; Cui et 
al., 2004; Baysal et al., 
2003; Sutar et al., 2007b) 

2004;  Slices, Cubes Alexander Essers et al., 
1996 

Chicory Slices, Crunched Tubers Park et al., 2007 
Echinacea  Whole Roots Kabganian et al., 2002 
Garlic Slices, Cloves (Cui et al., 2003; Sharma 

and Prasad, 2001; Baysal  
et al., 2003; Madamba et 
al., 1996; Madamba et al., 
1994] 

Ginseng Whole Roots Sokhansanj et al., 1999 
Onion Slices, Rings, Flakes (Rajkumar and Sreena-

rayanan 2001; Sutar et al., 
2007a; Praveen et al., 
2006] 

Parsley Slices Sobiech, 1980 
Potato Cubes, Slices, Shreds, Spheres, Cy-

linders 
(Khraisheh  et al., 1997; 
Lebovka  et al., 2007; Cui 
et al., 2004; Wang and 
Brennan 1995; Srikiatden 
and Roberts 2006; Sutar et 
al., 2009) 

Purslane roots Whole Roots Kashaninejad and Tabil, 
2004 

Sweet Potato Slices, Cubes Singh et al., 2006; Bechoff 
et al., 2009 

Ginger Flakes Hawlader et al., 2006 
Celery root Cylindrical Disks Białobrzewski 2007; Bi-

alobrzewski and Mar-
kowski, 2004 

H. tuberosus and 
C. intybus 

Crunched Tubers Srikiatden et al., 2003 
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2.2.2. Pretreatments 

Almost all the roots are pre-treated before drying. The pre-treatments like blanching, 
alkaline dip, sulphiting, freezing, microwave treatment, high intensity electric field 
pulses (HELP) and high pressure treatment have been attempted by many researchers 
to enhance the dehydration characteristics and minimize the adverse changes in the 
root tissue during drying (Ponting 1973; Grabowski et al, 1994; Ade-Omowaye et al., 
2004) . The pre-treatments practiced during drying of important roots are given in Ta-
ble 2.2. The roots like carrot and potato are subjected to several pre-treatments. Most 
commonly used pre-treatment for roots is hot water blanching. It helps to minimize the 
enzymatic reaction during drying, increases storage stability of dehydrated root product 
and accelerates the rate of drying. Also, final product results with better colour and or-
ganoleptic quality (Lo et al., 2002; Garnicki and Kaleta, 2007; Galindo et al., 2005). How-
ever, blanching causes tissue cell membrane disruption, protein denaturation, turgor 
loss and poor firmness. Heat treatments also cause loss of colour, flavour and nutrients. 
To overcome the drawbacks of water blanching, steam blanching can be used to inacti-
vate the enzyme activity in roots like potato and carrots (Litvin et al., 1998). The pre-
treatments like soaking of roots in solutions of NaCl, sucrose, NaHSO3, potassium meta-
bisulphite and sodium metabisulphite are used to supress the enzymatic reactions, to 
prohibit discolouration resulting from oxidation of polyphenolic compounds during root 
drying (Ghosh et al., 2004; Khraisheh et al., 1997). The roots are also pre-treated using 
Pulsed Electric Field (PEF) at various electric field strengths and different pulse dura-
tions to enhance the drying rate (Lebovka et al., 2007). Recently, it is reported in litera-
ture pulsed microwave blanching with target product temperature retains nutrients bet-
ter than conventional hot water blanching. The microwave blanching is comparable to 
water blanching with higher enzyme inactivation rate than water blanching (Ramesh et 
al., 2002). 

Table 2.2. Pre-drying treatments of important roots 

Name of 
Root 

Pretreatment Reference 

Onion Dipping in 0.2 % potassium metabisulphite solution Sutar et al., 
2007b 

Carrots Blanching at 100°C for 5-6 min 
Steam blanching of carrots for 1 min 
Soaking in 10% NaCl for 30 min and at 20°C and 
blanching in the same solution for 2 min at 96°C. 
Blanching in boiling 5% brine solution, 3 to 6 min 
Blanching in water at 85°C for 4 min  
Blanching in 4.6°Brix sugar solution or 10% sucrose 
Blanching 40°Brix sugar solution at 80 °C for 14 min 

(Srikiatden 
et al., 2003; 
Speck et al., 
1977; Jaya-
raman and 
Gupta, 1992) 

 Blanching in 87°C for 2-4 min 
Blanching in water at 98±1°C for 3 min 

Potato Dipping in 0.45-1% sodium metabisulphate solution 
for one minute  
Soaking in 2% NaHSO3 solution for 5 min 
Blanching in water at 95 °C during 5 min  

(Khraisheh et 
al., 1997; Le-
bovka et al., 
2007; Sutar 
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Blanching in water at 95 °C for 4.5 min. 
Blanching in water at 85°C for 3.5 minutes  
Electric field strength (E) 400 V/cm, pulse duration 
10-3 s, pulse repetition time 10-2 s 
Freezing thawing 
 

et al., 2009; 
Srikiatden 
and Roberts, 
2003) 
 

 Blanching in water at 75°C for 15 min 
Sweet 
Potato 

Immersion in 1 % NaCl solution 
Immersion in KMS and citric acid solutions in the con-
centrations 0.5:0.5%, 0.5:1.0%, 1.0:0.5% and 1.0:1.0% 
for 30 min  
Steam cooking at 85±2 °C for 20 min 

(Singh et al., 
2006) 

Parsley 
Root 
Slices 

Blanching for 3 min in boiling 5% brine solution, 3 
min in boiling water, and 6 min in boiling water 

(Garnicki and 
Kaleta, 2007) 

2.3. TYPES OF ROOT DRYING METHODS 

Roots are dried using several methods falling into various categories like hot air, 
freeze, dielectric, osmotic dehydration and hybrid drying. The drying methods being 
used for roots along with the process parameters are given in Table 2.3. It can be ob-
served from the table that sun/solar drying, hot air, osmotic dehydration, microwave 
assisted drying, infra-red, freeze, vacuum and hybrid drying are most commonly used 
methods for majority of the roots. The foregoing sections illustrate these methods of 
root drying. 
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Table 2.3. Process parameters during drying of roots by various methods 

Root Drying Method and variables Reference 
Onion Hot air drying  

(Temperature 50°-80°C, Velocity 0.25-1 m/s, 
Rh 10-20%) 
Osmotic dehydration  
(NaCl concentration 5,12.5 and 20% w/w, 
Solution temperature 28,43 and 58°C) 
Fluidized bed drying 
(Air temperature  45°,55°,65°,75° and 85°C; 
Air velocity ranging from minimum fluidiza-
tion velocity to 10 m/s) 
Multistage hot air dehydration 
(Temperature 50°-100 °C up to 30-60% 
moisture content level and second stage 
50°C) 
Cross flow dryer (Temperature 50°-70 °C) 
Infrared radiation under vacuum 
Far-infrared radiation intensities (0.50, 0.80 
and 1.00kW/kg of initial mass of onion), 
three initial thicknesses of onion slices (2, 4 
and 6mm), three air velocities (0.10, 0.20 and 
0.35 m/s) and three inlet air relative humidi-
ties (28.6, 36.8 and 43.1%) 

(Rajkumar and 
Sreenarayanan, 
2001; Munde et 
al., 1988; Sutar 
et al., 2007b; 
Sarsavadia et 
al., 1999; 
Mongpraneet 
et al., 2002; 
Wang, 2002)  

Carrots Microwave Vacuum Drying 
(Microwave power density 2-12.66 W/g, 
Pressure 6.66,19.98 and 33.3 kPa) 

(Garnicki and 
Kaleta, 2007; 
Ghosh et al., 
2004; Sutar et 
al., 2007b; Pra-
kash et al., 
2004; Baysal et 
al., 2003; Ma-
damba and 
Bekki, 2001; 
Srikiatden et 
al., 2003; Bays-
al et al., 2003) 

Osmotic Dehydration 
(NaCl 5,10, and 15 % along with sucrose 
50°Brix at 30°C osmotic solution) 
Hot air drying 
(Temperature 50° to 70°C, Air velocity 0.5 - 1 
m/s) 
Solar Cabinet Drying 
(Maximum air temperature 55°C and average 
air flow rate 0.492 m3/min) 
Microwave oven drying 
(Oven levels 2, 3 and 4 at 650 W power) 
Vacuum Drying 
(Temperature 65, 70, 75 °C at 5,10 and 15 
kPa Pressure) 
Freeze drying 
(Pressure 1 mbar and temperature 30, 45 
and 55°C) 
Hot air drying at 60°C in natural convection 
conditions (velocity<0.01 m/s) 
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Convective hot air drying  
(70 °C and 1.5 m/s air velocity) 
Hot air tray drying  
(Air temperature 70 °C and 0.86 m/sec air 
velocity) 

Sweet Potato Open sun  and solar cabinet drying 
(4 h to 5 days drying time) 
Drum drying 
(Steam pressure 6 kg/cm2, Drum rpm 3 and 
drum clearance 0.3 mm) 
Hot air drying 
(Air temperature 50° to 80°C) 
Cross flow dryer  
(Drying air temperature 24° to 45°C) 
Greenhouse solar dryer  
(The temperature/humidity within the solar 
dryer ranged from 27° to 50 °C/14 to 52% ) 
Open sun drying 
(Ambient range of 24° to 36 °C and relative 
humidity 24 to 52% and air velocity 0.04 
m/s) 

(Singh et al., 
2006; Bechoff 
et al., 2009; 
Yadav et al., 
2006) 
 

Echinacea an-
gustifolia 

Hot air drying 
(Air temperatures 15°, 30° and 45 °C, with air 
flow velocities of 0.3, 0.7 and 1.1 m/s) 
A convection oven drying 
(The oven temperatures 30°, 40°, 50°, 60° 
and 70°C) 

(Kabganian et 
al., 2002; Eren-
turk et al., 
2004) 

Ginger Heat Pump Drying 
(Air temperature at 45°C, 10% relative hu-
midity, the circulating air velocity 0.7m/s and 
the drying time 8 h) 
Freeze Drying 
(The freezing at -20°C for 24 h, a heating 
plate temperature 10°C and a pressure of 600 
Pa for 24 h) 
Vacuum Drying 
(Pressure of 1500 Pa and a temperature of 
45°C for 24 h) 

(Hawlader et 
al., 2006) 
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Ginseng roots 
 

Hot air Drying 
(Three stage drying at 38°- 50-38 °C, 12 to 
25% relative humidity and air velocity from 1 
m/s to 3 m/s) 
Forced air drying  
(Air temperature 30°, 50° and 70 °C) 
Freeze drying 
(Freezing at -70 °C for 30 min and drying 
time from 30 min to 20 h) 
Far Infrared radiation drying 
(Temperature 50 °C, drying time 30 min to 
20 h and the outlet air velocity 0.8m/s) 
Hot air Drying 
(Temperature 38° to 40°C) 

(Sokhansanj et 
al., 1999; Mar-
tynenko, 2006; 
Kim et al., 
2008)  

Cassava roots Open Sun Drying (Alexander 
Essers et al., 
1996) 

Celery Roots 
(Apium gra-
veolens, cv. 
Diamond). 

Natural convection drying 
(Air temperature 49 ± 1°C, air humidity of 
12.5%) 

(Białobrzewski, 
2007)  
 

Potato Pulsed fluidized bed drying 
(Drying temperature 70° and 80°C, air veloci-
ty 1.9 and 2.4m/s, and rotating disk velocity 
40 and 80 rpm) 
Hot air drying  
(70 °C and 1.5 m/s air velocity) 

(Srikiatden et 
al., 2003; Reyes 
et al., 2007) 

Chicory (Ci-
chorium inty-
bus L.) 

Hot air drying 
(Temperature 50° to 90°C, Air velocity 0.5 to 
1.3 m/s) 

(Park et al., 
2007) 
 

H. tuberosus 
and C. intybus 

Hot air drying 
(Temperature 30, 40 and 50°C, air velocity 
1.5 m/s) 

(Srikiatden et 
al., 2003) 
 

Garlic Fluidized bed drying 
(Air temperature at 50 °C along with 0.93 
m/s air velocity). 
Far infrared drying 
Temperature 80° to 85°C and 10 to 200 min 
time 

(Cui et al., 
2003, Sharma 
and Prasad, 
2001; Baysal et 
al., 2003)  

2.3.1. Sun/Solar drying 

Sun drying is common method to preserve the root products in tropical countries. 
Sun drying consists of direct and indirect drying. Open sun drying is considered as direct 
sun drying process. It is generally used in the developing and undeveloped countries 
and carried out by spreading roots either on the floor or on supporting structures made 
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from locally available material like wood, bamboo etc. However, this technique is ex-
tremely weather dependent and has the problems of contamination with dust, wind-
blown debris, sand particles and environmental pollution, insect infestation, damage to 
the product by rodents, birds and animals, growth of microorganisms and additional 
losses during storage due to insufficient or non-uniform drying. Also, degradation 
through exposure to direct irradiation of the sun and to rain, storm and dew takes place 
as well as the required drying time can be quite long. Losses during open sun drying can 
be estimated at more than 30% and could be reduced to a great extent by improved me-
thods of solar drying. Therefore, indirect method of sun drying that is use of solar as-
sisted mechanical dryers, which are far more rapid, providing uniformity and hygiene, 
are inevitable for root drying processes. The literature shows that sweet potatoes, 
onions, carrots and cassava roots can be dried using indirect type of solar drying with 
drying time from few hours to 5 days depending upon the root to be dried (Singh et al., 
2006). The Table 2.3 gives the brief overview of drying parameters of the selected roots 
dried using sun drying. Solar drying is a common method to dry onions. Maini et al. 
(1984) used “Forced indirect solar air dryer” with solar energy catchment area 6 m2 
painted with an ordinary black paint. Drying chamber, measuring 2 m × 1.5 m × 1.5 m 
which covered 45 trays with 5 mm thick slices spread on an aluminium tray at 4 kg/m2 
and blower forcing 56.85 m3 of hot air/min were used. They reported drying ratio, re-
constitution ratio, pyruvic acid loss and colour of dehydrated onions of four varieties by 
using solar dryer and concluded that variety ‘Ropali’ was better suited for dehydration 
because of its highest alcohol insoluble solids. Pawar et al. (1988) studied the suitability 
of various solar dryers for drying of sliced white onions and the influence of sulphitation 
on colour retention by the dried onion flakes. They compared physic-chemical characte-
ristics after drying of white onion slices by mechanical dryer, different solar dryers and 
open air drying and found that the drying rates were fastest in mechanical solar cabinet 
dryer followed by those in matrix bed air heater, rock type air heater and open air dry-
ing. They also stated that sulphitation treatment with 0.25% potassium metabisulphite 
for five minutes led to virtually complete prevention of pink discolouration in onion 
flakes dried in solar dryer. Rajkumar and Sreenarayanan, 2001 dehydrated white and 
red onions in a cross flow drier at different temperatures namely, 50°, 60° and 70°C with 
different sulphitation levels as pre-treatments. They reported that drying at 50°C and 
0.4% sulphitation retained more ascorbic acid while, a temperature 60°C and 0.3% sul-
phitation showed less non-enzymatic browning and scored maximum points in organo-
leptic studies. 

2.3.2. Hot Air Drying 

Hot air drying is one of the most common methods of drying in which air is circu-
lated by natural or forced convection though or over the bed of product. The product 
may be spread on the screened trays or in a controlled room or platform. The drying 
medium is air which is heated generally in the temperature range from ambient to 
110°C during root drying depending upon the nature of roots. The most common me-
thods of hot air drying include tray drying/cabinet drying and fluidized bed drying. 
There are several sizes of trays depending on type of product. The root products are 
generally spread on perforated trays in a single layer or multiple layers depending upon 
the required tray loading density in kg product/m2 of the tray area. Air having tempera-
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ture in the range ambient to 100°C is blown either in cross flow or parallel flow mode in 
the dryer in the velocity range 0.1 to 1.9 m/s. Roots like carrots, sweet potato, potato 
and onion are sensitive to temperature, the problem of darkening in colour, loss of fla-
vour and decrease in rehydration ability of the dried product occur during hot air drying 
that can be solved by some pre-treatments like blanching, chemical dipping and osmotic 
dehydration. The range of air temperature and velocity used during hot air drying of 
various roots is given in Table 2.3. It can be observed the table that hot air drying is 
most common method of root drying as compared to other methods. 

Hot air drying of roots can be carried out in single and multiple stages. Literature 
shows that multistage drying of root like onion is more effective than the single stage. 
Munde et al. (1988) developed a process for multistage dehydration of onion flakes. 
They dried 4 mm thick onion slices at 50°, 60°, 70°, 80°, 90° and 100°C temperatures up 
to 30, 40, 50 and 60 per cent cut-off moisture levels and the remaining moisture was 
removed at the control temperature 50°C. On the basis of quality factors and production 
time, they recommended the two stage dehydration process for onions and also stated 
that the four stage dehydration process saves 24% drying time at the cost of very mar-
ginal sacrifice in quality from the possible best two stage dehydration process. 

2.3.3. Fluidized Bed Drying 

Fluidized bed drying is carried out by passing the air at fluidization velocity through 
a bed of product so as to fluidize the material. In fluid bed drying, heat is supplied by the 
fluidization air, but the air flow need not be the only source. Heat may be effectively in-
troduced by heating surfaces (panels or tubes) immersed in the fluidized layer. Uniform 
processing conditions are achieved by passing a gas (usually air) through a product 
layer under controlled velocity conditions to create a fluidized state. Some roots like 
onions, garlic, carrots can be dried using fluidized bed. Sutar et al. (2007) carried out 
fluidized bed drying of osmotically dehydrated onion slices at different temperatures. 
They reported that fluidized bed drying is faster method of drying for onions compared 
to other methods. Prakash et al. (2004) reported the drying characteristics and quality 
of 3 mm thick carrot slices (cv Pusa Kesar) by three drying methods viz., solar, fluidized 
and microwave drying. They used fluidized bed drier with 3 cm initial bed thickness, air 
temperatures of 50°, 60° and 70°C and air velocity 0.049 m3/s to dry the carrots. They 
found that in case of fluidized bed drying, after the initial falling rate period, tempera-
ture no longer controlled the drying rate. They also reported that the fluidized bed dried 
carrots show better colour, rehydration properties, greater retention of β-carotene and 
better overall sensory quality than those dried by solar and microwave oven methods. 

2.3.4. Osmotic Dehydration 

Osmotic dehydration is the process of water removal by immersion of water con-
taining cellular solids in a concentrated aqueous solution. It is gaining attention due to 
its several advantages as a pre-treatment of other drying process. The osmotic pre-
treatment is practiced for roots like potatoes and carrots to improve the organoleptic 
characteristics and to save energy of drying process. The sugar and salt is used as os-
motic agent for roots. Several researchers (Ghosh et al., 2004; Sutar et al., 2007; Uddin et 
al., 2004; Singh et al., 2006) investigated the mass transfer during osmotic dehydration 
of carrots, potatoes and onion. The product obtained by the osmotic process is more 
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stable during storage due to its low water activity by solute gain and water loss. At low 
water activity, the growth and toxin production by microorganisms and all the chemical 
reactions pertaining to deterioration of food are minimal. It also improves colour, fla-
vour and texture of the dehydrated root product and it is less energy intensive process 
than air or vacuum drying as there is no phase change of water. Osmotic pre-treatment 
prior to drying is advantageous as sugar syrup prevents loss of flavour to some extent 
that is generally observed with hot air or vacuum drying. The enzymatic browning is 
also prevented as the product is surrounded by sugar, thus good colour is retained with 
little or no use of sulphur dioxide. Sugar uptake by the root pieces modify the composi-
tion (sugar to acid ratio) and improve the taste and acceptability of the final product. It 
partially removes water, reduces water removal load of the dryer and increases the dry-
ing rate (Islam and Flink, 1982; Chaudhari et al., 1993; Karathanos et al., 1995; Ertekin 
and Cakaloz, 1996). 

The schematic diagram of osmotic dehydration process is shown in Figure 2.1. All 
the steps given in the figure may not be followed as such and are subject to change con-
sidering the types of material being processed. It is usually not worthwhile to use os-
motic dehydration technique for more than 50% weight reduction because of the de-
crease in the osmosis rate with time (Islam and Flink, 1982; Chaudhari et al., 1993). 
Energy consumption in osmotic dehydration process arises from the heating of the ma-
terial and osmoactive solution to the required temperature for solution mixing or pump-
ing and recirculation, dissolution of hypertonic substance in a diluted solution, evapora-
tion of excess water in an appropriate evaporator for reuse (Lewicki and Lenart, 1990). 

2.3.5. Freeze Drying 

Freeze drying is a process by which a solvent is removed from frozen foodstuff or a 
frozen solution by sublimation of the solvent by desorption of the sorbed solvent, gener-
ally under reduced pressure. The freeze drying involves freezing stage and sublimation 
stage. The roots like ginger, carrots, and ginseng are dried using freeze drying. The 
freeze drying parameters of the selected roots are given in Table 2.3. The freezing tem-
perature ranges from -50° to -80°C and for sublimation the frozen roots are kept on 
heating plates having temperature 10° to 55°C with pressure less than 1 mbar. Freeze 
drying produces a high quality product, but being an expensive process, its application 
for root drying is limited. Literature shows several studies on freeze drying of carrots. 
Freeze dried root possess a preferable appearance, due to the excellent structural reten-
tion. Litvin et al. (1998) dried 7-10 mm thick carrot slices by combining the freeze dry-
ing with a short microwave treatment and air and vacuum drying. They first dried carrot 
slices by freeze drying at heating plate temperatures 30°, 45° and 55°C at 10-1 mbar to 
50 % moisture content, then treated by microwaves at 637 W for 30, 40, 50, 60 and 70 s 
and finally dried to 5% moisture content by two drying methods namely, vacuum (45°C 
for 5 h) and air (50°C for 5 h). They concluded that during freeze drying, the rate of dry-
ing was temperature dependent and drying at lower temperature should be preferred. 
The sublimation process ceases at moisture content 45-50%. 
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Figure 2.1. Osmotic dehydration process 

2.3.6. Microwave Assisted Drying 

The application of microwave energy to dry roots is becoming more popular as it is a 
good approach for coping with certain drawbacks of conventional drying. In microwave 
heating, microwaves penetrate to the interior of food and heat is generated by absorp-
tion of electromagnetic radiation by dipolar molecules like water and fat present in 
foods to be heated. The microwave radiation is transformed into kinetic energy, which 
makes water molecules vibrate intensively causing friction and leading to rapid increase 
in temperature and consequently efficient water evaporation. This results in a greatly 
increased vapor pressure differential between the center and surface of the product, al-
lowing fast transfer of moisture out of the food. Hence, microwave drying is rapid, more 
uniform and energy efficient compared to conventional hot air drying. The problems in 
microwave drying, however, include product damage caused by excessive heating due to 
poorly controlled heat and mass transfer (Datta 1990; Ramaswamy et al., 1991). Guna-
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sekaran (Gunasekaran 1999) proposed two strategies to apply microwaves effectively 
for drying and they are by creating a vacuum in the dryer to lower the drying tempera-
ture and applying microwave in a pulsed manner to maximize drying efficiency. In re-
cent years, microwave-vacuum drying (MVD) has been investigated as a potential me-
thod for obtaining high quality dried food products. Microwave-vacuum drying com-
bines the advantages of both vacuum drying and microwave heating. The low tempera-
ture and fast mass transfer conferred by vacuum combined with rapid energy transfer 
by microwave heating leads to rapid and low temperature drying and thus it has the po-
tential to improve energy efficiency and product quality. Some roots have been success-
fully dried by microwave-vacuum drying techniques. The effect of vacuum in microwave 
drying operation is system specific and for successful design and operation of an indus-
trial microwave-vacuum drying system, knowledge of the drying characteristics of the 
material under different conditions is important (Drouzas and Schubert, 1996; Durance 
and Wang, 2002; Cui, 2003). This reduces the time required for complete drying by 
more than 30% as compared to conventional methods [35]. Some researchers have re-
ported the microwave vacuum drying studies of roots like garlic, carrots, potato, and 
parsley root and showed that microwave vacuum drying can be used to dry the roots for 
better product quality (Sutar and Gupta, 2007; Sobiech, 1980; Yongsawatdigul and Gu-
nasekaran, 1996a; Kiranoudis et al., 1997; Krokida and Maroulis, 1999; Cui, 2004). Cui et 
al. (2003) investigated combination of microwave-vacuum drying and air-drying as a 
potential mean for drying garlic slices. They concluded that the quality of garlic slices 
dried by these combination methods was close to that of freeze dried product and much 
better than those of hot air dried products. Lin et al. (1998) dried carrot slices by mi-
crowave vacuum drying and compared product quality to air and freeze dried carrots. 
They found that the microwave vacuum dried carrot slices had higher rehydration po-
tential, higher α-carotene and vitamin C content, lower density, and softer texture than 
those prepared by air drying. They also reported that less color deterioration occurred 
for vacuum-microwave drying. Although freeze drying of carrot slices yielded a product 
with improved rehydration potential, appearance, and nutrient retention, the micro-
wave vacuum dried carrot slices were rated as equal as or better than freeze dried (FD) 
samples by sensory panel for color, texture, flavor and overall acceptability, in both the 
dry and rehydrated state.  

Another approach to use microwaves is combining them with conventional hot air 
drying. Microwaves help to enhance the rate of moisture removal during hot air drying 
by evaporating moisture within product that generates additional pressure gradient for 
moisture movement. Researchers have attempted microwave convective drying of car-
rots, potatoes, garlic and onions. Bouraoui et al. (1994) dried potato slices using com-
bined microwave and convective drying and concluded that microwave drying had a 
potential for producing better quality dried product than convective drying alone. The 
drying time was reduced considerably that is 10 min with microwave-convective drying 
as compared to 10 h in convective drying. No case hardening was observed and shrin-
kage was less than that found in convective drying. Pravanjan et al. (1995) evaluated the 
drying characteristics of carrot cubes by microwave hot air drying and reported that the 
microwave drying results in a substantial decrease (25-90%) in the drying time and bet-
ter product quality than conventional hot air drying. Sharma and Prasad (2001) dried 
garlic cloves by combined microwave convective drying technique. They reported that 
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the microwave convective drying results in saving to an extent of about 91% of total 
drying time. Good quality dried garlic cloves were also obtained by the microwave con-
vective drying technique. The details of microwave drying of various roots are given in 
Table 2.3. 

2.3.7. IR Drying 

One of the ways to shorten the drying time is to supply heat by infrared radiation. 
This method of heating is especially suitable to dry thin layers of material with large sur-
face exposed to radiation. Infrared radiation is transmitted through water at short wave-
length, while at long wavelength; it is absorbed on the surface (Sakai and Hanzawa, 
1994). Hence, drying of thin layers seems to be more efficient at far-infrared radiation-
FIR (25–100 Am), while drying of thicker bodies should give better results at near-
infrared radiation-NIR (0.75–3.00 Am) (Sharma et al., 2005). Sharma et al. (2005) dried 
onion slices at infrared power levels 300, 400 and 500 W, drying air temperatures of 35°, 
40° and 45°C and inlet drying air velocities 1.0, 1.25 and 1.5 m/s. They reported that 
drying time reduced by about 2.25 times on increasing infrared power from 300 to 500 
W, air temperature 35° to 45°C and air velocity from 1.0 to 1.5 m/s. Effective moisture 
diffusivity was significantly influenced by infrared power and air temperature. Baysal et 
al. (2003) dehydrated carrots in a tray drier at 70 °C with 0.86 m/s air velocity, in mi-
crowave oven at power density of 6 W/g (60 s power on and power off for 15 s) and by 
infrared drying at different time temperature combinations of 105°C for 15 min, 100°C 
for 30 min and 95°C for 40 min. The Infrared dehydrated carrot had the best rehydra-
tion capacity. 

2.3.8. Vacuum Drying 

Vacuum drying is an effective way to dry heat-sensitive roots having oxidative prop-
erties. Roots are dried in vacuum chamber having pressure less than 100 kPa at differ-
ent temperatures. The heat is transferred by radiation or conduction to the product in 
vacuum. The lower pressure allows the moisture removal from roots at low temperature 
by preserving the quality. The vacuum dying parameters of carrot and ginger are given 
in Table 2.3. Madamba and Bekki, (2001) studied the effect of vacuum level, slice thick-
ness and drying air temperature on final product quality and drying rate for carrots. 
They used slices of 1, 2 and 3 mm and drying air temperatures of 65°, 70° and 75°C at 5, 
10 and 15 kPa vacuum pressures. They found that final moisture content is affected by 
all the variables, average drying rate is affected by thickness while overall acceptability 
of product by pressure and thickness. The optimum drying conditions of 68°C and 10 
kPa for drying 1.6 mm strips were established by them. 

2.3.9. Hybrid Drying 

The use of hybrid drying technologies is another approach to combine the advantag-
es of different drying methods which are in practice. The combination of the osmotic 
dehydration and hot air drying is one of the important hybrid drying techniques. The 
osmotic dehydration of roots prior to hot air drying partially removes water and thus 
reduces water removal load at the dryer. Also, solute gain creates elevated temperature 
during hot air drying resulting in faster drying rates as well as solid uptake by the root 
pieces modify the composition (sugar to acid ratio), prevent the enzymatic and oxidative 
browning, and improves the sensory attributes (colour, flavour, texture, taste and over-
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all acceptability) of the final product. Roots like onions can be dried using combination 
of osmotic dehydration and fluidized bed drying to get the better quality dehydrated 
onions with less energy consumption (Sutar et al., 2007). Recently, osmotic dehydration 
is combined with microwave drying. Microwave vacuum drying of osmotically pre-
treated roots combines the benefits of both the operations and high quality product can 
be obtained. The combined osmotic and microwave drying results in more homogene-
ous heating of the product by modification of its dielectric properties due to the solute 
uptake, slightly reduced drying time, reduced shrinkage, high porosity and improved 
rehydration characteristics (Ulrich and Schubert, 2001; Torringa et al., 2001) . Litera-
ture shows some studies on the combined osmotic microwave vacuum dehydration of 
carrots and potatoes (Sutar et al., 2007; Sutar et al., 2008).  The value addition in the 
orange coloured carrots can be done by increasing its sweetness using osmotic pre-
concentration and further it can be dried by microwave vacuum drying. The probable 
benefit of the osmotic pre-treatment using sucrose solution is simultaneous sugar gain 
and osmotic dehydration which reduces the water removal load during finish drying by 
microwave vacuum drying. The hybrid drying techniques of roots involve low energy 
unit operations and result into high quality product (Yao and Le Maguer, 1997). 

2.4. MODELING ROOT DRYING PROCESS 

2.4.1. Modeling Osmotic Dehydration Process of Roots 

During osmotic dehydration, two resistances oppose mass transfer, one internal and 
the other external. The fluid dynamics of the solid fluid interface governs the external 
resistance whereas, the much more complex internal resistance is influenced by cell tis-
sue structure, cellular membrane permeability, deformation of root pieces and the inte-
raction between the different mass fluxes. Under the usual treatment conditions, the ex-
ternal resistance is negligible compared to the internal one. Variability in biological 
product characteristics produces major difficulties regarding process modeling and op-
timization. Mass transfer is affected by variety, maturity level and composition of prod-
uct. The complex non-homogenous structure of natural tissues complicates any effort to 
study and understand the mass transport mechanisms of several interacting counter 
current flows (water, osmotic solute, soluble product solids). Literature shows the two 
basic approaches to model osmotic dehydration processes: macroscopic approach and 
microscopic approach (Sutar et al., 2008). 

2.4.1.1. Macroscopic approach 

The macroscopic approach assumes the tissue is homogeneous and the modelling is 
carried out on the lumped properties of cell wall, cell membrane and cell vacuole (Yao 
and Le Maguer, 1997; Azuara et a., 1992). The models available in literature can be clas-
sified under the following approaches: 

1. Estimation of diffusion coefficients for water loss and solid gain by using Fick’s 
second law of diffusion. 

2. Estimation of water loss and solid gain as a function of time, temperature and in-
itial concentration of the medium (Empirical models). 

3. Based on cellular structure according to non-reversible thermodynamic prin-
ciples.  
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4. Prediction of equilibrium moisture loss and solid gain on the basis of short pe-
riod data. 

5. Pressure gradient dependent modeling accounting the capillary and external 
pressure effects (Hydrodynamic mechanism). 

6. Artificial Neural Network (ANN) modeling 
7. Statistical modeling like stochastic approach, Weibull probabilistic distribution 

and multiple regressions. 

The above models can be used in osmotic dehydration process of roots. 

2.4.1.2. Microscopic approach 

The microscopic approach recognizes the heterogeneous properties of the tissue 
and the complex cellular structure is represented by a simplified conceptual model (Yao 
and Le Maguer, 1998). As the solute penetrates the plant tissue, the internal cellular 
structure changes. The modeling of the cellular structural is attempted by very few re-
searchers.  

Yao and Le Maguer (1998) studied the multi-component mass transfer in biological 
tissues immersed in concentrated solutions. They developed a conceptual model to 
represent the cellular structure of a tissue consisting of individual cells embedded in a 
continuous cell wall matrix. The conceptual model comprised basically two layers that 
represent the intracellular and extra cellular volumes, and a semi permeable membrane 
that separates the two layers. The concept of volume average concentration and pres-
sure within the intracellular volume was used to represent the discontinuous properties 
of the concentration and pressure as a continuous function of position. A mathematical 
model was developed that incorporates diffusion, bulk-flow, trans-membrane flux and 
shrinkage of the matrix. Yao and Le Maguer (1996) developed models by taking in to 
consideration the material properties like diffusivity, tortuosity and porosity, properties 
of the solution like density, diffusivity and viscosity and process conditions like  temper-
ature and shape of the sample with shrinkage consideration. In their models, water flow 
and advance of solute front as well as equilibrium conditions were calculated. 

2.4.1.3. Mass transfer kinetics during osmotic dehydration 

A mathematical model developed by Azuara et al. (1992) is being used by used by 
several researchers to study the mass transfer in osmotic dehydration of roots like 
onions, carrots, potatoes etc. The various parameters considered for the model are mois-
ture loss at any time (MLt), moisture loss at equilibrium ( ∞ML ), solid gained at any time 
(SGt), solids gained at equilibrium ( SG∞ ) and the time of osmotic dehydration (t). The 
models are as follows: 

For moisture loss: 

1
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For solid gain: 
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The plots of  
t

t
ML

 vs. t and 
t

t
SG

 vs. t would be linear; the parameters could be de-

termined from the intercept and slope. The Eqs. 2.1 and 2.3 could then be used to pre-
dict the mass transfer kinetics. S1 and S2 are the constants related to the rates of water 
and solid diffusion, respectively. The terms indicate that 

1S
1   or 

2S
1 represent the time 

required for half of the diffusible matter (water or solids) to diffuse out or enter in the 
product, respectively. Further, as the time t becomes much longer (that is, t → ∞) than 
the values of 

1S
1 or 

2S
1 , the water loss or the solid gain, MLt or SGt, approaches equili-

brium value, ML∞ or SG∞, asymptotically. 

In above equations, the values of parameters S1, ML∞, S2 and SG∞ can be estimated 
from short duration osmotic kinetic data by performing linear regression or graphical 
plotting of the above equations in the linearized form. 

2.4.2. Modeling water and solid diffusion using transient solution of Fick’s 
law of diffusion 

The mathematical models used to describe mass transfer during osmotic dehydra-
tion are usually based upon various solutions to Fick’s Law of Diffusion. The solution 
applies to unsteady one dimensional transfer between a plane sheet and a well stirred 
solution with a constant surface concentration, that is, infinite or semi-infinite medium. 
The following Fick’s unsteady state diffusion model (Eq. 2.5) can be applied to describe 
the osmosis mechanism: 

2

2
C CD
t Z

∂ ∂
=
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                       (2.5) 

The effective diffusivity can be determined by solving the above Fick’s diffusion 
model using Newton Raphson method and Crank-Nicholson method (Yao and Le Maguer, 
1996). There are some analytical solutions of Eq. 2.5 and are given by Crank (1979) for 
several geometries and boundary conditions. With the uniform initial water and solute 
concentration, the boundary conditions for a negligible external resistance and varying 
bulk solution concentration with the time, analytical solution of Fick’s equation for infi-
nite slab geometry being placed in a stirred solution of limited volume is given below by 
Eqs. 2.6 and 2.7 for moisture loss and solute gain, respectively. 
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where, MR is the moisture ratio, SR is solid ratio, Mt is moisture in product at any 
time t(g), St is solids in the product at any time t(g), Me is the equilibrium moisture in the 
product (g), Se is the equilibrium solid in product (g), M0 is the initial moisture in the 
product (g), S0 is the initial solid in the product (g), Dew is the effective water diffusivity 
in the product, Des is effective solid diffusivity in the product, t  is the time of osmosis 
(min), l is the half thickness of the slab (m) and qn are the non-zero positive roots of the 
equation: 

n ntan q q= −α                        (2.8) 

and 

L
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α =                         (2.9) 

where, m is the partition coefficient and is defined as: 
L

S
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∞

∞
=                      (2.10) 

where, is volumetric solute concentration (kg of solute/m3) in solution at infinite 
time and SC∞  is volumetric solute concentration (kg of solute/m3) in the product at infi-
nite time. 

Based on the model given by Crank (1979), Azuara et al. (1992) presented an ex-
pression from which the diffusion coefficient (D) can be calculated at different times 
during the osmotic process: 

22 th
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 π   =    +   
                (2.11) 

where, S is the constant related to the rate of ML or SG, X∞th is theoretical equili-
brium value for ML or SG and X∞ex is experimental equilibrium value for ML or SG. 

2.4.3. Modeling Drying Kinetics and Moisture Diffusivity during Root Dry-
ing 

The literature shows the several theoretical, semi-theoretical and empirical models 
to study the drying kinetics during drying of foods. The most commonly used models are 
shown in Table 2.4. In the analysis of falling rate drying period, a simple diffusion mod-
el based on Fick’s second law of diffusion can be considered for the evaluation of mois-
ture transport, which is given by the following equation (Karathanos et al., 1990). 

M MD
t x x

∂ ∂ ∂ =  ∂ ∂ ∂ 
                 (2.12) 
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Table 2.4. Mathematical models used to test the drying kinetics of roots 

Model Name Model Reference 
Newton MR = exp(-kt) 

 
(Liu et al., 1997; 
Nellist, 1987) 

Page 
 

MR = exp(-ktn) 
 

(Agrawal and Singh, 
1977; Bruce, 1985) 

Henderson and Pebis 
 

MR = a exp(-kt) 
 

(Pal and Chakraverty, 
1997; Rahman and 
Perera, 1996) 
 

Two-Term 

 
MR = a exp(bt) + c exp(dt) 
 

(Henderson,1974) 

Asymptotic Logarithmic 
 

MR = a exp(-kt)+b 
 

(Yaldyz and Ertekyn, 
2001) 
 

Wang and Singh MR =1+at+bt2 (Wang and Singh, 
1978) 

Diffusion approximation 
 

MR = a exp(-kt)+(1-a) exp(-kat) 
 

(Henderson, 1974) 
 

Two term Exponential MR = a exp(-kt) + (1-a) exp(-kat) (Wang and Singh, 
1978) 

Verma et. al. MR = a exp(-kx)+(1-a) exp(-gt) (Verma et al., 1985) 

Modified Henderson and 
Pabis 

MR = a exp(-kx)+b exp(-gx)+c 
exp(-gx) 

(Karathanos and Be-
lessiotis, 1999) 

where, M is the free moisture content (kg water/kg dry matter), t is time (s), x is dif-
fusion path or length (m) and D is moisture dependent diffusivity (m2/s). The diffusivity 
varies considerably with moisture content of the food and can be estimated by analyzing 
the drying data using the “method of slopes” technique. 

For an infinite slab being dried from both sides and with the assumptions of (i) uni-
form initial moisture distribution throughout the mass of the sample and (ii) negligible 
external resistance to mass transfer, the following initial and boundary conditions are to 
be fixed for a solution of Eq. 2.12. 

M = M0 at t = 0 for all L 

M = Ms = Me at t > 0, x = ± L/2 at the surface 

where, M0 is the initial moisture content; Ms is the moisture content at the surface; Me is 
the equilibrium moisture content and L is the thickness of the slab. 

The solution of Eq. 2.12 for constant moisture diffusivity (D) in an infinite slab is 
given by Eq. 13. 

( )
( )

2
2e

22 2
n 00 e

M M 8 1 DtMR exp 2n 1
M M 4l2n 1

∞

=

 − π
= = − + − π +  

∑               (2.13) 

where, l is half thickness of slab. 
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When the drying time becomes large and n > 1, Eq. 2.13 can be reduced to the fol-
lowing form after neglecting all other terms of right hand side except the first one. 

For infinite slab 

2
e

2 2
0 e

M M 8 D texp
M M 4l

 − π
= − − π  

                  (2.14) 

The eq. 2.13 is evaluated numerically for Fourier number (F0= D.t / l2). 

The diffusivity calculated would be a lumped value called apparent moisture diffu-
sivity (Da) incorporating factors that are not considered separately but would affect the 
drying characteristics. During drying, moisture transport takes place by one or more 
combinations of the liquid diffusion, vapor diffusion, internal evaporation and surface 
diffusion. Since the exact mechanism of moisture transport is not known, an apparent 
diffusivity, Da, instead of the true diffusivity, should be considered in equation 14. There-
fore, the above equation is simply a model with empirical values for apparent diffusivity 
and not true diffusivity (Sutar et al., 2007). 

2.5. Quality Evaluation of Dehydrated Root Products 

The quality of dehydrated roots is usually accessed by rehydration characteristics, 
colour, shrinkage and density, texture, chemical and sensory quality. Several deteriora-
tive reactions that affect these properties of dehydrated root products are initiated dur-
ing pre-processing and dehydration operations, and continue during storage at a rate 
that is influenced by storage conditions. The above properties of roots are discussed in 
foregoing sections. 

2.5.1. Rehydration Characteristics 

The rehydration process is aimed at the restoration of raw material properties when 
dried materials are conducted with water. During rehydration process, the dry porous 
material submerged in water undergoes several simultaneous changes (Krokida and 
Philippopoulos, 2005). All the dehydrated root products are generally rehydrated in wa-
ter at 25° and 100°C. During rehydration substantial amount of soluble solids can leach 
to solution, which may affect the nutritional quality of the products and simultaneously 
its ability to imbibe water (Lewicki, 1998). Hot air dried roots generally show rehydra-
tion ratio in the range 1:4 to 1:6 whereas microwave vacuum dried roots show very high 
rehydration ratio up to 1:10. Rehydration characteristics are affected by pre-treatment 
as well as method of drying. Osmotically dehydrated roots exhibit lower rehydration 
ratio than roots dried without osmotic pre-treatment. It is due to dissolution of 
salt/sugar during rehydration process (Sutar et al., 2007). Lin et al. (1998) dried the 
carrot slices by air, microwave vacuum and freeze drying methods and found that the 
microwave vacuum dried carrots shows higher rehydration ratio than air dried and 
lower than freeze dried carrots. They concluded that during the microwave vacuum dry-
ing the high internal vapour pressure generated by microwave heating and the low 
chamber pressure provided by vacuum caused the structure of carrot slices to expand 
and puff. Due to this puffing effect a less dense structure had higher capacity to absorb 
water when reconstituted. 
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2.5.2. Colour 

Colour is an important criterion of acceptability of dehydrated root products. Dehy-
drated roots lose colour due to the oxidation of highly unsaturated molecules upon ex-
posure to air. The measurement of colour is usually done by colorimetric techniques 
where the spectrum of light produced by an instrument and reflected on the products 
surface is analyzed. Colour is a three dimensional characteristics of appearance consist-
ing of a lightness attributes, often called “Value”, and two chromatic attributes, called 
“Hue” and “Chroma”. Colour can be distinguished from one another by specifying these 
three attributes (Giri, 2007). Colour difference (∆E) as described by Eq. 2.15 is used to 
describe the colour of dehydrated roots: 

∆E = [(L-L*)2 + (a-a*)2 + (b-b*)2 ]0.5                  (2.15) 

∆E indicates the degree of overall colour change of a sample in comparison to colour 
values of an ideal sample having colour values of L*, a* and b*. Fresh roots are taken as 
ideal sample. Various methods of drying show significant effect on colour retention of 
dehydrated roots. Also, pre-treatments like blanching and osmotic dehydration helps to 
decrease the ∆E values (Krokida and Maroulis, 2000). Lin et al. (1998) observed that the 
air dried carrot slices were darker, with less red and yellow hues than the freeze dried 
and microwave vacuum dried samples. The freeze dried samples had the highest degree 
of lightness with a slightly lower yellow hue than that of microwave vacuum dried sam-
ples. They concluded that the darker appearance of the air dried and microwave vacuum 
dried carrot slices compared to the freeze dried samples may be due to the exposure to 
heat during drying. According to Howard et al. (1996), the lightness of carrot was also 
affected by processing temperatures with higher temperatures causing darker colour. 

2.5.3. Shrinkage and Density 

Roots undergo volumetric changes upon water loss which is expressed as shrinkage. 
Such modifications occurring during drying process affect the moisture transport prop-
erties as well as structure of the product (Hatamipour and Mowla, 2002). Some of the 
researchers have shown a linear relation for shrinkage of foods as a function of moisture 
content. However, it is observed that there is no direct correlation between shrinkage 
and the amount of water evaporated. Rather the shrinkage behaviour is different for 
various systems, dependent on the material type, the characteristic cell and tissue struc-
ture, and also operating conditions (Baysal, 2003; Hatamipour and Mowla, 2002) 

Roots classified as capillary porous are known to undergo volume changes upon up-
take or loss of water. During drying, when there is loss of water, the volume change is 
expressed as shrinkage. Shrinkage is often considered negligible during modeling of the 
root drying processes. However, shrinkage is seldom negligible in these foods. Rahman 
(2001) presented various theories explaining the process of shrinkage and collapse dur-
ing drying. Among the various factors affecting pore formation such as glass transition 
temperature, surface tension, structure, environmental pressure and mechanism of 
moisture transport, he hypothesized that the capillary force (suction) created by a re-
ceding liquid meniscus is the main force of collapse and counterbalancing this force 
causes formation of pores and lower shrinkage. The counterbalancing force could be 
strengthening the solid matrix (ice formation, case hardening, and matrix reinforce-
ment), generation of internal pressure, mechanism of moisture transport, and environ-
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mental pressure. Thus, the extent of shrinkage also depends upon methods and rate of 
drying, and drying environments like presence of air, vacuum or any inert gas (Ratti, 
1994; Wang and Brennan, 1995; Rahman and Perera, 1999). Shrinkage affects the phys-
ical properties of materials such as bulk density and porosity. Changes in shape and size 
during drying modify both the dimensions and transport properties of individual par-
ticles and also thickness and porosity of the packed bed in the dryer (Ratti, 1994; Kara-
thanos and Saravacos, 1993). A study of the shrinkage phenomena is thus important for 
a better understanding of the drying process and to control the characteristics of the 
product. Shrinkage, density and porosity of garlic during drying were investigated by 
Madamba et al. (1994). Shrinkage was based on dimensional changes in garlic slabs and 
it was found to be fiber-oriented and different from the reported isotropic shrinkage of 
fruits and vegetables. They also proposed a general density model. 

2.5.4. Texture 

A compression test is one of the most common techniques for the estimation of the 
texture of dehydrated roots. The simplest approach is to measure the maximum applied 
force or stress at fracture of the root. The quantification of difficult terms such as hard-
ness and chewiness has been made by a methodology called Texture Profile Analysis. 
Texture analyzer fitted with a load cell is used for textural analysis of the dehydrated 
roots. Compression test is carried out to generate a plot of force (N) vs. time (s) which is 
used to obtain hardness values. Compression plate is used to compress the dehydrated 
root slice to 30% of its original thickness. The pre-speed as well as post-speed of the 
probe are to be fixed during compression. For dehydrated slices, only hardness value is 
relevant. The hardness is expressed as peak force (N) in the first compression. The 
probes of various diameters are generally available with various texture analyzers. For 
rehydrated roots, puncture test is to be performed. Researchers have reported that os-
motic pre-treatment to root can increase the hardness of root due to solid gain. Also mi-
crowave drying can result in to less hardness values (Sutar et al., 2007; Krokida and Ma-
roulis, 2000). 

2.5.5. Scanning Electron Microscopy (SEM) 

All drying techniques destroy or change the native structure with little hope of it be-
ing fully regained. Drying causes cells to rupture and dislocate which usually results in a 
dense, collapsed structure with varying porosity. Products with higher porosity have a 
higher rehydration value and moisture diffusivity also increases with porosity (Marabi 
and Saguy, 2004). The microstructure of roots dried by various techniques is observed 
to improve our understanding of the effect of drying on morphology. The structure of 
the dehydrated root sections is examined using a scanning electron microscope (SEM). 
Thin slices of dehydrated roots are cut and fixed on the SEM stub, which are subsequent-
ly coated with gold in order to provide a reflective surface for the electron beam. Gold 
coating is carried out in a sputter coater (BIO-RAD E-5200) under a low vacuum with 
the presence of the inert gas (argon). The gold coated samples are subsequently viewed 
under the scanning electron microscope (Giri and Prasad, 2007). 

2.5.6. Sensory Quality 

The sensory evaluation of dried root samples is carried out by panel of 50 members. 
The panelists are given a proforma for sensory evaluation and asked to indicate their 
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preference for each sample based on the quality attributes such as taste and overall ac-
ceptability. On 9-point hedonic scale, where 9 denotes "liked extremely" and 1 "disliked 
extremely" are used for all the attributes to be evaluated (Ranganna, 1986). Freeze dried 
roots possess a preferable appearance, which may be due to the excellent structural re-
tention. Recent research trend shows that the microwave vacuum dried roots receive 
significantly higher ratings for texture and overall acceptability, and can be rated as high 
as freeze dried samples for colour and aroma/flavour by sensory panel. Colour, appear-
ance, texture, aroma or flavour and overall acceptability of air dried carrot slices are 
greatly improved when rehydrated. Non-significant differences in texture and overall 
acceptability among the rehydrated microwave vacuum, air and freeze dried carrot 
samples is reported in literature (Lin et al., 1998). 

2.5.7. Chemical Quality 

Chemical quality of dehydrated roots includes the retention of vitamins (Vit. C, Caro-
tenoids), sugars (total and reducing sugars) and other specific components for which 
root is used. Majority of dehydrated roots are analyzed for the retention of above chemi-
cal components. The various drying methods significantly affect the retention of ascor-
bic acid and β-carotene since the drying temperature degrades these vitamins. Sutar et 
al. (2007) studied effect of drying temperature on ascorbic acid and sugars retention of 
onions. They found that vit. C degradation takes place at higher drying temperature. Lin 
et al. (1998) compared the retention of β-carotene and ascorbic acid in the carrots dried 
by different techniques like air drying, freeze drying and microwave vacuum drying and 
found that the microwave vacuum dried carrots retained the β-carotene and ascorbic 
acid more than air dried and less than freeze dried. Hawldar et al. (2006) studied reten-
tion of 6-gingerol at various drying operations. Their evaluation included dried samples 
obtained by heat pump, modified atmosphere heat pump, freeze drying, and vacuum 
drying. They reported retention of 6-gingerol increased in the order of normal air drying, 
freeze drying, nitrogen drying, carbon dioxide drying, and vacuum drying. 

2.6. Research Needs in Root Drying 

Literature shows drying data of selected roots like carrots, potatoes, onions and 
sweet potatoes,  whereas, remaining roots are still to be explored for drying by new me-
thods. The roots like Parsley, Chicory, Cassava, Ginseng etc. require drying studies using 
modern drying technologies. It is needed to study the effects of pre-treatments on dry-
ing kinetics as well as moisture diffusivity of the roots. Also, the simulation studies of 
several roots are not available which leaves ample scope for researchers. Further, the 
physico-chemical and nutritional quality is to be evaluated for several roots. 
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3.1. INTRODUCTION 

Rice, which is an important food crop in the world, can be categorized based on its 
amylose content into four groups, namely, high-amylose rice (> 25% amylose content), 
medium-amylose rice (20% <amylose content < 25%), low-amylose rice (10% < amy-
lose content < 20%) and waxy rice (0 < amylose content < 2%). High- to medium-
amylose rice is mainly consumed around the world, while waxy rice is consumed only in 
some of the South East Asian countries; however, waxy rice is widely used as a raw ma-
terial for producing various kinds of food products such as sweets, desserts, rice cakes 
and rice crackers.  

After harvesting, rice needs to be dried in order to avoid deterioration of its quality, 
mainly due to microorganisms and respiration. However, if the selected drying methods 
and conditions are not suitable, the supplied energy may be utilized ineffectively and the 
rice quality may be very poor. Crack formation inside rice kernels during drying is in-
deed an important problem in the rice industry. The cracked kernels may be broken 
during subsequent milling and thus decrease the head rice yield; this naturally leads to a 
significant loss of the commercial value of dried rice. In addition to cracks, drying can 
induce interactions amongst moisture and other components such as lipid, starch and 
proteins, which subsequently lead to changes in the physicochemical properties of rice; 
the susceptibility of rice to hydrolysis by amylase enzyme would also be altered and 
hence the modified glycemic response of rice.  

In order to obtain higher quality of rice with minimal energy consumption, selection 
of drying methods and conditions is very important. Suitable drying conditions can vary 
for different types of dryers; nevertheless, this chapter focuses mainly on fluidized bed 
drying of rice. The chapter firstly describes various grain dryer types as well as the 
working principles and performance of a fluidized bed grain dryer. This is followed by a 
brief discussion of a heat- and mass-transfer model as well as a model for head rice qual-
ity prediction. Applications of fluidized bed drying for waxy rice and the use of the tech-
nology to accelerate rice aging as well as to produce healthy rice with low-glycemic re-
sponse and parboiled rice are also discussed. 

3.2. GRAIN DRYER TYPES 

Convective drying of grains may be carried out using either continuous grain flow 
dryers or fixed bed grain dryers. Both techniques have certain advantages and disadvan-
tages. The types of continuous grain flow dryers frequently used in Thailand are cross 
flow dryers, mixed flow dryers and fluidized bed dryers. Illustrations of the mixed flow 
and fluidized bed dryers are given in Figure 3.1a and b, respectively. A mixed flow 
dryer is designed to provide uniform heat treatment of grain when it flows down 
through the dryer. Mixed flow dryer has rows of ducts through which air is supplied to 
and removed from the moving grain bed. The ducts are aligned in a horizontal plane and 
every inlet duct is surrounded by four exhaust ducts. A part of air entering the grain bed 
below each inlet duct flows upwards and towards the two exhausts located above. A 
contact between the drying grain and the air in this area is called counter flow. The oth-
er part of the air moves downward to the two exhausts in the row located below, thus 
creating concurrent flow between the grain and the air. Drying temperature ranging 
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from 65 to 85°C is normally recommended for grains. The airflow rate of 45-78m3/min-
ton grain is commonly used in this type of dryer.  

A fluidized bed dryer differs from a mixed flow dryer in that grain kernels are sus-
pended in the drying air; good contact between the kernels and the drying air is 
achieved. This allows a fluidized bed dryer to operate at a high temperature, thus en-
hancing the drying capacity and reducing the equipment size. In a fluidized bed dryer 
(Figure 3.1b), grain moves across the air stream and exits at the dryer end. Since ex-
haust air still has capability to carry more moisture (low-relative humidity and high-
temperature exhaust air), the exhaust air is generally recycled. By recycling the exhaust 
air, energy consumption of a fluidized bed dryer is minimized compared to the other 
types of dryers. 

 

Figure 3.1. Typical grain dryer types 

In-store drying or fixed-bed grain drying system shown in Figure 3.1c has numer-
ous advantages such as effective energy utilization, less mechanical parts and lower pos-
sibility of stress cracking of grain since low-temperature drying is performed. Besides, 
the system has a capability of storing dried grain for a long period without much deteri-
oration of quality. This can be achieved by ventilating ambient air only for 2 or 3 h per 
week through the grain bulk in order to remove heat being generated by the respiration 
of the grain. A major limitation of this drying system is that it cannot be applied with 
high temperature and high air flow rate because of high pressure drop and high mois-
ture gradient that may be generated in the grain bed. With such a limitation, this drying 
technique is not suitable for drying grain at high initial moisture content since drying 
may take excessively long (several weeks) and this may lead to risk of grain spoilage. It 
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is recommended that the initial moisture content of grain should be lower than 18% w.b. 
(wet basis) and air flow rate should be around 1.0 m3/min per ton of paddy when this 
drying technique is to be used. 

3.3. WORKING PRINCIPLE OF FLUIDIZED BED GRAIN DRYERS 

In addition to knowing the minimum fluidization velocity for a certain grain drying 
application, the pressure drop across the bed of particles during the fluidization state is 
also very important primary information for sizing of a fan and duct system. If the fan 
can generate sufficient air flow but cannot provide adequate pressure, the particles in 
the bed or drying chamber cannot be fluidized. This information also provides a rough 
indication of the fluidization quality, especially when visual observation is not possible. 
The pressure drop can simply be approximated by the weight of particles in the bed or 
drying chamber divided by the cross sectional area of the bed. Figure 3.2 shows a typi-
cal change of the pressure drop across the bed of paddy at different superficial air veloc-
ities and different bed depths. Initially, the pressure drop rises rapidly with increasing 
air velocity; nevertheless the bed of particles still remains in a static state. When the su-
perficial air velocity increases to a certain value, depending on the bed depth, the pres-
sure drop reaches the highest value, ∆Pmax. With further increase in the air velocity, the 
pressure drop starts to decrease to the steady pressure of the bed, ∆Pmf, as the voidage 
increases from εm (voidage of particles in the static bed) to εmf. The superficial air veloci-
ty at ∆Pmf  is called the minimum fluidization velocity, umf, at which the bed of particles 
expands slightly and the particles start behaving like a fluid. At air velocities beyond the 
minimum fluidization value, the bed expands and gas bubbles in the bed can be differen-
tiated, resulting in an inhomogeneous bed. In spite of the increased air velocity, the 
pressure drop remains unchanged during this stage of fluidization. 

 The minimum fluidization velocity shown in Figure 3.2 is approximately 1.6 
m/s for paddy with a moisture content of 16% d.b. (dry basis), which is safe for pro-
longed storage. However, the moisture content of paddy after harvesting ranges be-
tween 28 and 33% d.b. and in this moisture range paddy kernels tend to agglomerate. 
Agglomeration results in difficult fluidization at a superficial air velocity of 1.6 m/s. In 
order to have complete mixing between paddy kernels and drying air, the superficial air 
velocity should be in the range of 2.2-2.4 m/s. Using higher superficial air velocity than 
the recommended range may not improve drying and instead lead to higher energy con-
sumption due to excessive pumping and heating of the drying air. 
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Figure 3.2. Relationship between bed pressure drop and superficial air velocity at dif-
ferent bed depths (Prachayawarakorn, 1991) 

Table 3.1 shows the performance of two commercial fluidized bed dryers, with dry-
ing capacities of 2.5-5 t/h and 5-10 t/h. The recycle of exhaust air ranged between 53 
and 69% for these particular dryers; most energy was consumed for the fluidized bed 
drying, approximately 90% of the total supplied energy. The thermal energy consump-
tion was in the range of 2.2-2.6 MJ/kg water evaporated for drying paddy with initial 
moisture contents of 28-30% d.b. at 120-130°C. The thermal energy consumption was 
higher, about 7.8 MJ/kg water evaporated, when the paddy had an initial moisture con-
tent of 22% d.b. and the drying air temperature was 115°C. The larger energy consump-
tion indicates that the drying technique is inappropriate for paddy with lower initial 
moisture content.  

 In addition to the energy consumption, the quality of a dried product is an im-
portant factor to evaluate the dryer performance. Any dryer types that result in the poor 
product quality are not suitable. In rice drying, the important parameters used to assess 
the dryer performance are the yield of head rice and rice color. As presented in Table 
3.1, fluidized bed drying slightly affected the head rice yield; the head rice yields of all 
the tested samples, except for Test sample no. 5, were slightly lower than the reference 
head rice yield obtained by ambient air drying. The drop in the head rice yield was due 
to stresses induced by moisture gradients, which led to cracks in the kernels, resulting in 
less resistance to abrasive force during subsequent milling. 
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Table 3.1. Performance test results of commercial fluidized bed paddy dryers (a = 2.5-5 
t/h; b = 5-10 t/h) (Soponronnarit et al., 1996) 

The color of milled rice after high-temperature drying changed slightly as compared 
to the color of the reference rice. The milled rice was pale yellow as indicated by the 
lower whiteness values. The change of the milled rice color is due to non-enzymatic 
browning reactions. These browning reactions are generally enhanced when higher dry-
ing temperatures are used. However, the color of milled rice after drying at the reported 
temperatures was still acceptable from a commercial point of view. 

Test condition Test no. 

1 2 3 4 5 

Drying air temperature (°C) 115 116 120 130 150 

Drying air recycled (%) 69 69 69 69 53 

Inlet moisture content of paddy (% dry basis) 22.0 26.0 28.7 30.6 27.0 

Outlet moisture content of paddy (% dry basis) 20.1 22.5 22.5 23.0 21.0 

Outlet paddy temperature (°C) 54.0 52.0 54.0 57.0 63.0 

Electrical energy consumed (MJ/kg-water evap.) 0.83 0.43 0.26 0.21 0.15 

Thermal energy consumed (MJ/kg-water evap.) 7.80 3.13 2.57 2.21 3.90 

Head rice yield (%) 

- Dried in fluidized bed dryer 

- Dried by ambient air (reference) 

 

53.2 

57.4 

 

54.3 

57.2 

 

53.9 

53.9 

 

57.0 

57.0 

 

48.1 

56.2 

Rice whiteness 

- Dried in fluidised bed dryer 

- Dried by ambient air (reference) 

 

40.3 

44.4 

 

40.7 

44.2 

 

40.0 

40.1 

 

43.7 

43.8 

 

36.8 

42.6 

Test time (h) 5.0 35.0 46.0 51.0 29.0 

Drying capacity (tons/h) 9.5b 9.5b 9.5b 9.5b 4.8a 
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Figure 3.3. Relationship between head rice yield and final moisture content in fluidized 

bed drying at different temperatures (initial moisture content = 45.3% d.b.) 
(Soponronnarit and Prachayawarakorn, 1994) 

Using a drying temperature of 150°C to reduce the paddy moisture content from 27% 
to 21% d.b. resulted in 8% reduction of the head rice yield, which was the higher reduc-
tion than at other test conditions. Nevertheless, when the initial moisture content of 
paddy increased to 45% d.b., drying at 150°C could improve the head rice yield as 
shown in Figure 3.3. The relative head rice yield, defined as the ratio of head rice yield 
of paddy after drying to the reference head rice yield, was significantly higher than 
100%, approximately 1.4 times of the reference sample. The improved head rice yield is 
due to starch gelatinization where the starch granules swelled and disrupted. Amylose 
subsequently leached out to the outer spaces inside the kernels, providing strong inter-
molecular binding forces between granules hence the higher head rice yield (Atwell et 
al., 1988; Adhikaritanayake and Noomhorm, 1998).  

Soponronnarit and Prachayawarakorn (1994) recommended that for production of 
high-quality head rice, the drying temperature should be limited to 115-120°C, and the 
paddy should not be dried to below 23-25% d.b. (from an initial moisture content lower 
than 30% d.b.) When the initial moisture content of paddy is higher than 30% d.b., the 
drying temperature can be increased up to 150°C without any drop in the head rice 
quality even if the grain after fluidized bed drying is not tempered. In addition, it is also 
recommended that the exhaust air should be recycled since the exhaust air temperature 
is generally still high; otherwise the energy consumption would be very high. The frac-
tion of the recycled air could be up to 0.8, with no effect on the drying capacity. The rec-
ommended bed height is in the range of 10-15 cm. 
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3.4. MATHEMATICAL MODELS FOR DRYING, TEMPERING AND 
VENTILATION OF PADDY 

During drying of paddy, the moisture gradient exists inside the kernels, leading to 
development of stresses; stresses are more severe as the moisture content of the grain 
decreases. The stresses provoke grain fissuring and posterior breakage (Kunze, 1979; 
Cnossen et al., 2003). To reduce the stresses and the number of cracked kernels, temper-
ing is commonly required between drying stages (Shei and Chen, 1998; Li et al., 1999; 
Poomsa-ad et al, 2002). During tempering, the moisture gradient created during drying 
would reduce and diminish if the paddy is tempered for a sufficiently long period of time. 
To calculate the required tempering time, a model of heat and mass transfer is needed. A 
model to predict the level of head rice yield can also be coupled to the heat and mass 
transfer model.  

It can be assumed that the paddy drying process consists of a drying unit, tempering 
unit and ambient-air ventilation unit. A mathematical model for each stage needs to be 
developed. 

The formulation of the mathematical model is based on the following assumptions: 

• Paddy kernels have a uniform size of a finite cylindrical shape. 
• The bed kernels are perfectly mixed such that each individual kernel has the 

same moisture content at any time. 
• Internal diffusion is the dominant mechanism for moisture transport within each 

kernel. 
• The drying air is in thermal equilibrium with the exiting kernels, so that the ker-

nel temperature is equal to the exhaust air temperature. 
• The temperature gradient inside the kernel as well as the kernel shrinkage are 

negligible.   

A model of the drying process with the above-mentioned assumptions consists of 
three governing equations, i.e., mass balance, energy balance between air and grain bed 
and the drying-rate equation. 

3.4.1. Heat and mass balances 

Over a small interval of time ∆t, a certain amount of moisture evaporates from the 
grain bed into the drying air, resulting in a change in the humidity ratio. This moisture 
balance can be written as 

Wf = R(Mi - Mf) + Win        (3.1) 

where  Wf  =  exhaust-humidity ratio of air, kg water/kg dry air 

  Win  = inlet-humidity ratio of air, kg water/kg dry air 

Mi  = average moisture content at time t, decimal d.b. 

Mf  = average moisture content at time t+ t, decimal d.b. 

R = ratio of dry mass of grain to mass of air , 

               Decimal 
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The exhaust air temperature can be determined by Eq. (3.2),  

 Tf = (CaTin+Win(hfg+CvTin)-Wihfg+RCpwθin)/(Ca+WfCv+RCpw)              (3.2) 

where   Tf = exhaust air temperature, °C 

   Tin = inlet air temperature, °C 

   θin = inlet grain temperature,°C 

   Ca = specific heat of dry air, kJ/kg °C 

   Cv = specific heat of water vapor, kJ/kg °C 

   Cpw = specific heat of moist grain, kJ/kg °C 

   hfg = latent heat of moisture evaporation, kJ/kg 

At inlet, the grain temperature is equal to the ambient-air temperature. 

3.4.2. Drying kinetics of a single kernel 

Moisture migration within a kernel is described by mass diffusion both during the 
drying and tempering stages. For a finite cylinder, the partial differential equation for 
moisture diffusion in a single paddy kernel can be written as: 
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where   D  =  effective moisture diffusion, m2/s 

   M = moisture content, decimal d.b. 

   r = co-ordinate along the radius of cylinder, m 

   t = time, min or s 

    z = length of cylinder, m 

The expression for D as proposed by Poomsa-ad et al. (2002) is given as: 

-6 28436.45.41141 10 exp
 

= × −  
 abs

D
T

      (3.4) 

where Tabs is the absolute air temperature (K). Equation (3.4) is valid over the tem-
perature range of 373.15 to 443.15 K. The average air temperature between the inlet 
and exhaust conditions is used to calculate the effective diffusion coefficient. 

3.4.3. Initial and boundary conditions for drying kinetics simulation 

Moisture content within a paddy kernel at the dryer inlet can be assumed to be spa-
tially uniform. The gas-film resistance around the kernel surface is presumed negligible, 
allowing the moisture content at the surface to equilibrate with the drying air: 

 ,0t =  orr0 ≤≤   inMM =  

         l z l− ≤ ≤ +    inMM =  

 ,0t >  orr =    eqMM =  
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           z l= ±     eqMM =  

   ,0t >   0r =     0
r

M
=

∂
∂  

where  Min  = initial moisture content, decimal d.b.  

  Meq = moisture content at the equilibrium, decimal d.b.  

  l = half height of cylinder representing the kernel, m 

The moisture equilibrium equation used in the present study is given by: 
{ }397.2

eqabs
6 )M100(T)10584.4(expΦ1 −×−=−          (3.5) 

Eq. (3.3) can be solved by various numerical methods, e.g., the finite difference me-
thod. The average moisture content of a single kernel can then be determined by 

∫∫= drdz)t,z,r(Mπ2
V
1M
p

av                    (3.6) 

where   Mav =  average moisture content at time t, decimal d.b. 

  Vp = volume of a single kernel, m3 

By assuming the exhaust air temperature, the amount of water evaporated from a 
paddy kernel into the air can be determined by Eqs. (3.3)-(3.6). The value of Wf in Eq. 
(3.1) allows recalculation of the exhaust air temperature Tf using Eq. (3.2). Iterative cal-
culation eventually leads to the final values of Mf  and Tf at time t. 

3.4.4. Initial and boundary conditions for tempering stage simulation 

During the tempering stage, moisture inside a paddy kernel transports to the exte-
rior surface but does not evaporate due to lack of air movement. The validity of this as-
sumed behavior has been noted by Sabbath (1970) and Steffe (1979). The initial and 
boundary conditions for the tempering period are as follows: 
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3.4.5. Head-rice yield prediction 

The relative head rice yield equation was proposed by Poomsa-ad et al. (2005) as: 

RHY = A + B t + C t2                    (3.7) 

where RHY  =  relative head-rice yield  

t  =  tempering time, min 

  A  =  -39.232 + 8.4227 M – 0.34060 T – 0.029105 T M 
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  B  =   25.945 – 1.1878 M – 0.24443 T + 0.012302 T M 

  C  = -0.33610 + 0.015028 M + 0.0032590 T – 0.00015762 T M 

  M  =  preset moisture content, per cent dry basis 

t, M and T are the tempering time in min; moisture content in percent dry basis; and 
tempering temperature in °C, respectively. The equation is valid over 15.5% d.b.< M < 
30% d.b. After determining the required tempering time, head rice can be calculated by 
Eq. (3.7). 

3.4.6. Ambient-air ventilation simulation 

The analogous equations of heat and mass balances throughout the thin bed as pre-
viously represented can also be used during the ventilation stage by replacing θin in Eq. 
(3.2) by the tempering temperature or grain temperature after the first stage; the mois-
ture content is then solved via the use of Eq. (3.3). At this stage, the grain temperature is 
much higher than the ambient air temperature, so the grain temperature is used as an 
input parameter for calculating the effective diffusion coefficient. The grain temperature 
and the inlet air humidity are used to calculate the equilibrium moisture content using 
Eq. (3.5). Initial and boundary conditions for a single paddy kernel during this step are 
given by: 

0=t     )z,r(MM =  

 ,0t >  orr =    eqMM =  

           z l= ±     eqMM =  

  ,0t >   0r =     0
r

M
=

∂
∂  

3.4.7. Mathematical model validation 

Experimental data of Soponronnarit et al. (1999) were used to validate the above-
mentioned models. Figure 3.4 shows a comparison between the experimental and pre-
dicted data for kernel moisture content, kernel temperature and head-rice yield during 
the drying, tempering and ambient-air ventilation stages. The results show that the pre-
dictions are in good agreement with the experimental observations. As is seen in Fig. 4b, 
the temperature dropped sharply during the small interval of ventilation, thus causing 
high reduction in the head rice yield if the grain did not pass through the tempering 
stage (even though the first-stage outlet moisture content of paddy was not low). This 
behavior can be seen clearly in Figure 3.4c for case (B) where the initial moisture con-
tent of paddy was 30% d.b. However, such behavior is not significant for case (A) where 
the initial moisture content was relatively higher than in case (B). This is because the 
high kernel moisture content, along with the high kernel temperature, enhances the de-
velopment of a polymeric network of starch in the paddy structure, thus making the 
kernel more strengthened. 
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Figure 3.4. Comparison between simulated and experimental moisture content, grain 
temperature and relative head rice yield (Poomsa-ad et al., 2005) 

Poomsa-ad et al. (2002) used the above-mentioned mathematical model to suggest a 
suitable way to dry paddy. The drying time and energy consumption along with the head 
rice yield were used as decisive factors for optimization. From the simulation results, 



 
Prachayawarakorn, S., Devahastin, S. and Soponronnarit, S. Paddy Drying and Rice Parboiling  

88   Drying of Foods, Vegetables and Fruits 
 

paddy after fluidized bed drying at 110-150°C should be tempered for 35 min and the 
moisture content of paddy before tempering should not be lower than 19.5% d.b. for the 
paddy that has the initial moisture in the range of 26-32% d.b. Under these operating 
conditions, the thermal energy consumptions was noted to be 5-7 MJ/kg water evapo-
rated, while the electric energy consumed was 0.5-0.6 MJ/kg water evaporated 
(Prachayawarakorn et al., 2005). 

3.5. SENSORY EVALUATION OF COOKED RICE 

The texture of cooked rice is a very important parameter besides the head rice yield 
and the color for consumer’s acceptability. The drying temperature may detrimentally 
affect the textural property of the dried rice. Tirawanichakul et al. (2004), for example, 
studied the effects of drying temperature and initial moisture content of paddy on the 
acceptability of cooked rice. Two paddy varieties, Pathumthani and Suphanburi 1, hav-
ing amylose contents of 15-18% and 25-27%, respectively, were fluidized bed dried at 
40-150°C to a moisture content of 22% d.b., tempered for 30 min and dried by ambient 
air until the samples reached moisture content of 16% d.b. The rice was then cooked 
and its texture was evaluated by the trained panelist using a hedonic scale ranging from 
1 to 9. The results presented in Table 3.2 show the overall acceptability of the cooked 
rice. The overall acceptability of the cooked rice was insignificantly different among the 
paddy samples obtained either from high- or low-temperature drying, indicating that 
the drying temperature did not affect the cooked rice texture.  

Based on the aforementioned results, higher drying temperatures are preferred for 
paddy drying in order to enhance the drying capacity. Drying temperature of 150°C is 
recommended. However, the recommended temperature may not be used with other 
types of grain dryers since the characteristics of heat and mass transfer of other grain 
dryers are different from those of the fluidized bed dryer. Any dryer types that provide 
poor contact between the drying medium and grain would affect the quality of paddy, in 
particular color, if the grain is subject to high-temperature drying for a long period of 
time. 

Table 3.2. Effects of drying air temperature and initial moisture content on overall ac-
ceptability of cooked rice for Suphanburi 1 and Pathumthani 1 varieties (Tirawanichakul, 

2004) 

Overall acceptability of cooked rice 

Inlet air temperature  

(°C) 

Initial moisture content (% d.b.) 

Pathumthani 1  Suphanburi 1 

25.0 28.8 32.5  25.0 28.8 32.5 

Control 6.94b 5.98a 4.96b  6.46a 4.53a 4.97a 

40 7.54a 6.40a 8.38a  5.54a 4.57a 4.43b 
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Different superscripts in the same column mean that the values are significantly dif-
ference (p < 0.05). Control = Rewetted rice which was gently dried by ambient air venti-
lation in thin layer. The meaning of hedonic score is as follows: Hedonic scale from 1-9: 
1 = Extremely dislike;  2 = Very much dislike; 3 = Moderately dislike; 4 = Slightly dislike; 
5 = Like nor dislike; 6 = Slightly like; 7 = Moderately like; 8 = Very much dislike; 9 = Ex-
tremely like 

3.6. DRYING OF WAXY RICE 

The above suitable conditions for drying rice containing amylose in the range of 15 
to 28% are not suitable for drying waxy rice, which mostly consists of amylopectin. This 
is because waxy kernels would change from opaque to translucent kernels when being 
dried at temperatures above 130°C; such appearance is not acceptable to rice mills. The 
formation of translucent kernels is caused by starch gelatinization during drying. Jai-
boon et al. (2009) reported that the quantity of translucent kernel formation depended 
on the drying temperature and tempering time as presented in Table 3.3. Drying waxy 
rice at temperatures of 90 and 110°C did not lead to translucent kernels throughout the 
tempering time of 120 min. As the temperature increased to above 130°C, however, 
translucent kernels were formed, around 3% or higher depending on the tempering 
time. Figure 3.5 shows the morphology of opaque and translucent waxy rice kernels 
obtained at different conditions. The starch granules of reference waxy rice, obtained by 
shade drying, showed characteristically irregular polygons with diameters of approx-
imately 2 µm. (see Figure 3.5a). When waxy rice was dried at 90°C, the morphology of 
most starch granules (as shown in Figure 3.5b and Figure 3.5c) was rather similar to 
that of the reference waxy rice although there was some degree of starch gelatinization 
(3.8-10.4%). Irreversible loss of their shape was evident when the drying temperatures 
of 110 and 130°C were used (see Figure 3.5d-Figure 3.5e); some starch granules were 
fused and closely connected. Such starch granule modification enabled the kernels to 
withstand abrasive forces during subsequent milling.  

Figure 3.5f shows the microstructure of translucent kernels obtained under the 
same drying conditions as that shown in Figure 3.5e; the polygonal shape of starch gra-
nules disappeared in the translucent kernels. This implies that all starch granules in 
waxy rice were disrupted and completely gelatinized.  

60 7.21b 5.44b 7.92a  5.17b 4.55a 5.05a 

80 7.18b 5.27b 7.83a  5.58a 4.46a 4.67a 

100 7.37a 6.32a 4.96b  5.38b 4.05b 4.38b 

120 7.52a 5.82b 6.63b  4.63b 4.05b 4.67a 

140 7.52a 5.77b 4.92b  4.58b 4.51a 4.13b 

150 7.37a 5.86a 7.08a  4.67b 4.86a 4.09b 
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 To prevent translucent kernel formation, it is recommended to dry waxy rice at a 
temperature lower than 130°C. At the recommended temperature, the head rice yield 
and color of milled waxy rice is also noted to be acceptable. 

Table 3.3. Percentage of translucent kernels at various drying temperatures and tem-
pering time (Jaiboon et al., 2009) 

Condition Translucent kernels (%) 

T = 90 °C, Mi = 28.8% d.b., without tempering 0 

T = 90 °C, Mi = 28.8% d.b., tempering 30 min 0 

T = 90 °C, Mi = 28.8% d.b., tempering 120 min 0 

T = 110 °C, Mi = 28.8% d.b., without tempering  0 

T = 110 °C, Mi = 28.8% d.b., tempering 30 min 0 

T = 110 °C, Mi = 28.8% d.b., tempering 120 min 0 

T = 130 °C, Mi = 28.8% d.b., without tempering  2.9 ± 0.2 

T = 130 °C, Mi = 28.8% d.b., tempering 30 min 7.8 ± 0.0 

T = 130 °C, Mi = 28.8% d.b., tempering 120 min 10.4 ± 0.3 
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Figure 3.5. Morphology of waxy rice at various drying temperatures and tempering 
time (Jaiboon et al., 2009) 

3.7. ACCELERATED RICE AGING AND PRODUCTION OF HEALTHY 
RICE 

In addition to the preservation of head rice yield, high-temperature fluidized bed 
drying can also change the rice property in a way similar to the aging process, which 
generally takes about 4-6 months. Aged rice has important characteristics of non-
stickiness and large volume expansion; both properties are preferred by people in some 
Asian countries including Thailand. The changes of such cooking properties are caused 
by changes in lipid, protein and other substances produced by enzymatic activities and 
oxygen during rice storage (Chrastil et al., 1994). In addition to the conventional storage 
method, thermal processing such as steaming in an autoclave and high-temperature 
fluidized bed drying is an alternative method to produce aged rice (Bhattacharya et al., 
1964; Soponronnarit et al., 2008). During thermal processing, some starch granules in 
rice are gelatinized; this results in changes in the cooking properties. To accelerate rice 
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aging via the use of a fluidized bed drying technique, the initial moisture content, tem-
pering time and drying temperature are the important parameters. Table 3.4 shows the 
cooking properties of Khao Dawk Mali 105 after high-temperature fluidized bed drying 
and tempering. The water uptake and volume expansion of the cooked rice increased, 
while the solid loss decreased. The increase in the water uptake and the corresponding 
volume of the cooked rice can be explained by the fact that the cell walls of the accele-
rated aged rice are more strengthened, due to starch gelatinization, and could maintain 
the hexagonal shape, which provides higher water absorption (Desikachar & Subrahma-
nyan, 1959). These cooking property changes are similar to those changes of rice during 
conventional storage (see Table 3.5), indicating that high-temperature fluidized bed 
drying, in combination with tempering, can accelerate the rice aging process. Drying 
temperature and tempering time was noted to influence the cooking properties, while 
the initial moisture content of rice in the range of 27-33% d.b. did not affect the cooking 
properties. To achieve the cooking properties similar to those obtained from the con-
ventional aging process, paddy at such initial moisture content should be dried at 150°C 
and tempered for at least 90 min. 

Table 3.4. Water uptake, volume expansion and solid loss of Khao Dawk Mali 105 after 
processing under different conditions (Soponronnarit et al., 2008) 

Drying 
tempera-
ture 
(°C) 

Initial 
mois-
ture 
(% d.b.) 

Temper-
ing time 
(min) 

Water uptake  
(%) 

Volume  expan-
sion 
(mm3) 

Solid loss 
(%) 

130 
 
 
 

27.7 0 331.04 ± 8.89a 466.89 ± 1.4ab 2.74 ± 0.03rm 

  30 341.44 ± 12.08abcd 474.17 ± 
20 74b d  

2.67 ± 0.02lm 

  60 357.21 ± 5.17cde 481.72 ± 14.43cdef 2.55 ± 0.04ij 

  90 356.75 ± 15.97cde 505.06 ± 4.80fgh 2.28 ± 0.02ef 

  120 369.15 ± 13.51fg 505.52 ± 12.08fgh 2.15 ± 0.03d 

 33.2 0 341.2 ± 14.96abcd 426.17 ± 14.52a 2.80 ± 0.04n 

 30 341.44 ± 7.25abcd 454.60 ± 12.36bc 2.65 ± 0.03kl 

 60 358.19 ± 5.2de 477.94 ± 10.11cdef 2.47 ± 0.02hi 

 90 355.81 ± 10.89bcde 490.71 ± 11.92defg 2.34 ± 0.08fg 

 120 371.52 ± 14.06ef 502.31 ± 14.50fg 2.04 ± 0.06c 

150 
 

27.7 0 335.45 ± 9.27abc 460.34 ± 22.86bc 2.74 ± .05rmn 

  30 356.14 ± 12.5cde 478.05 ± 14.81cdef 2.62 ± 0.08jkl 

  60 357.85 ± 10.02cde 477.63 ± 17.51cdef 2.46 ± 0.03h 

  90 375.01 ± 10.92ef 509.46 ± 22.09gh 2.31 ± 0.06ef 

  120 383.92 ± 11.59f 539.42 ± 27.42i 1.92 ± 0.09b 

 33.2 0 330.75 ± 4.87a 428.67 ± 10.81a 2.60 ± 0jkl 

 30 342.88 ± 8.26abcd 467.20 ± 11.31bcd 2.56 ± 0.03jk 
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 60 361.9 ± 6.31de 498.39 ± 3.87efg 2.42 ± 0.07gh 

 90 377.38 ± 12.98ef 511.85 ± 8.66gh 2.25 ± 0.04e 

 120 402.50 ± 11.05g 531.37 ± 6.41hi 1.78 ± 0.04a 

Different superscripts in the same column mean that the values are significantly differ-
ent (p < 0.05). Cooking properties of reference rice at: Mi = 27.7% (d.b.), water uptake 
(%) = 333.92 ± 14.39ab, volume expansion (mm3) = 461.37 ± 12.57bc, solids loss (%) = 
2.74 ± 0.02rmn, Mi = 33.2% (d.b.), water uptake (%) = 342.01 ± 6.99abcd, volume expan-
sion (mm3) = 58.94 ± 14.73bc, solid loss (%) = 2.81 ± 0.05n 

Table 3.5. Cooking properties of Khao Dawk Mali 105 after ambient storage for 6 
months (Soponronnarit et al., 2008) 

Storage 
time  
(month) 

Water uptake 
(%) 

Volume expan-
sion 
(mm3) 

Loss of sol-
ids 
(%) 

0 377.38 ± 11.21a 474.30 ± 8.22a 2.60 ± 0.02f 

1 381.93 ± 1.39ab 481.07 ± 22.14ab 2.52 ± 0.05e 

2 402.13 ± 20.3abc 505.98 ± 4.62bc 2.43 ± 0.05d 

3 397.5 ± 17.56abc 526.89 ± 19.28cd 2.38 ± 0.01d 

  4 404.62 ± 7.11bc 532.86 ± 14.54 cd 2.27 ± 0.02c 

5 414.44 ± 7.88c 547.36 ± 0.28d 2.17 ± 0.06b 

6 418.83 ± 11.32c 548.81 ± 27.42d 1.84 ± 0.06a 

Different superscripts in the same column mean that the values are significantly 
different (p< 0.05). 

In addition to the ability to accelerate the rice aging process, high-temperature flui-
dized bed drying, in combination with tempering, can induce formation of amylose-lipid 
complexes in rice. Jaisut et al. (2008) studied the effects of the drying temperatures and 
tempering time on amylose-lipid complexes formation in Khao Dawk Mali 105 brown 
rice. It was found that the first phase transition temperature (see Table 3.6) was in the 
range of 69-83ºC, representing the melting of starch; and in the range of 109 to 137ºC 
for the second transition, corresponding to the melting of amylose-lipid complexes 
(Derycke et al., 2005). The enthalpy of the second transition peak of a reference sample 
was 0.9 J/g; the enthalpy was observed to increase when the sample was dried and tem-
pered. The largest amount of the enthalpy for melting amylose-lipid complexes was 3 
J/g when using the drying temperature of 150ºC and tempering time of 120 min. Al-
though it is still not clear about the amount of complexes formed during drying and 
tempering, the results from the thermograms showed that the total enthalpy for com-
plexes melting was higher than for the treated brown rice. Thus, the total complexes 
formation was hypothesized to be enhanced by the higher drying temperature and long-
er tempering time.  
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Table 3.6. Effect of inlet drying temperature, initial moisture content and tempering times on gelatinization and amylose-lipid complex properties 
of Khao Dawk Mali 105 brown rice (Jaisut et al., 2008) 

Condition Transition temp. 
of the first peak 
(°C) 

∆H1 % SG Transition temp. of the 
second peak (°C) 

∆Η2 

  To1 Tp1 Tc1 (J/g) To2 Tp2 Tc2 (J/g) 

T = 130 °C, Mi = 33.3% d.b., tempering 30 min 69.2 73.8 81.5 4.4 ± 0.05 34.7 ± 0.3 109.5 114.5 123.9 1.4 

T = 130 °C, Mi = 33.3% d.b., tempering 60 min 69.4 73.9 81.8 4.2 ± 0.05 36.6 ± 0.4 N/A N/A N/A N/A 

T = 130 °C, Mi = 33.3% d.b., tempering 120 min 69.5 74.2 82.2 4.1 ± 0.07 38.9 ± 0.5 111.0 119.3 124.0 1.5 

T = 150 °C, Mi = 33.3% d.b., tempering 30 min 69.7 74.5 82.7 3.8 ± 0.04 43.3 ± 0.2 123.0 130.4 136.8 2.5 

T = 150 °C, Mi = 33.3% d.b., tempering 60 min 69.8 74.7 82.7 3.7 ± 0.01 44.7 ± 0.1 N/A N/A N/A N/A 

T = 150 °C, Mi = 33.3% d.b., tempering 120 min 69.9 74.9 82.9 3.7 ± 0.01 45.1 ± 0.1 120.0 130.0 137.0 3.0 

Reference, Mi = 33.3% d.b. 64.0 71.7 79.6 6.5 ± 0.40 0 127.0 132.0 134.0 0.9 

Reference: paddy dried by ambient air aeration from Mi = 33.3% (d.b.) to 16% (d.b.), N/A: not available

Drying of Foods, Vegetables and Fruits 
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The glycemic index (GI) has been used to indicate the effects of carbohydrates on the 
blood glucose levels (Jenkins et al, 1981). Carbohydrate-based foods that can be di-
gested easily, providing rapid release of glucose into blood stream, have high values of 
GI, while slowly digested carbohydrates are considered to have lower values of GI. The 
amylose-lipid complexes formed during drying of brown rice were found to limit starch 
digestibility and, in turn, improve the glucose control in blood stream of consumers who 
suffer from Type 2 diabetes mellitus. The GI value of reference brown rice obtained by 
shade drying was 70. After thermal processing, the GI values of the treated brown rice 
samples were found to be in the range of 59 to 64 (see Table 3.7). The effect of drying 
temperature on the GI was remarkable, whilst the effect of tempering time was smaller. 
It is therefore suggested to dry brown rice at temperatures higher than 130ºC to reduce 
the GI of brown rice. 

Table 3.7. Effects of drying temperature and tempering time on glycemic index (GI) of 
Khao Dawk Mali 105 brown rice starch samples (Jaisut et al., 2008) 

Condition glycemic index 
(GI) 

Reference, Mi = 33.3% d.b. 70.3 ± 0.00g 

T = 130 °C, Mi = 33.3% d.b., tempering 30 min 63.6 ± 0.01f 

T = 130 °C, Mi = 33.3% d.b., tempering 60 min 62.9 ± 0.01e 

T = 130 °C, Mi = 33.3% d.b., tempering 120 min 62.6 ± 0.00d 

T = 150 °C, Mi = 33.3% d.b., tempering 30 min 61.0 ± 0.02c 

T = 150 °C, Mi = 33.3% d.b., tempering 60 min 60.7 ± 0.00b 

T = 150 °C, Mi = 33.3% d.b., tempering 120 min 59.9 ± 0.03a 

Different superscripts in the same column mean that the values are significantly dif-
ferent (p< 0.05). 

3.8. APPLICATION OF FLUIDIZED BED DRYING FOR PRODUCING 
PARBOILED RICE 

Parboiled rice provides several advantages over non-parboiled rice. Some of the ad-
vantages are strengthening of kernel integrity, high milling yield and decreased solid 
loss upon cooking. Other important characteristics of parboiled rice are that it is firmer 
and has less sticky texture. Conventionally, parboiled rice is produced by first soaking 
paddy in excess water to a moisture content of 33-50% d.b. The steeping water is 
drained and the soaked paddy is steamed at a temperature of 100-130°C to gelatinize 
the rice starch. The steamed paddy is then dried and cooled. To obtain white parboiled 

94 



 
Prachayawarakorn, S., Devahastin, S. and Soponronnarit, S. Paddy Drying and Rice Parboiling  

96   Drying of Foods, Vegetables and Fruits 
 

rice, the husk and outer bran layer are removed by dehusking and milling processes. The 
white parboiled rice contains 78% starch, 4.5-10% protein and a small quantity of lipid 
(0.5%) (Champagne et al., 2004). 

Figure 3.6 shows an example of a conventional parboiling process that is currently 
operated in some countries including Thailand. Several units of hot air fluidized bed 
dryers (No. 4), which are attached to tempering and air ventilation units (No. 5), are first 
used to dry paddy from an initial moisture content of 50% d.b. to 21% d.b, after which 
an LSU dryer is used to dry the rice until the moisture content reaches 16% d.b. This 
process takes about 3-4 h. 

 

Figure 3.6. Conventional parboiled rice production process (Rordprapat et al., 2005b) 

Recently, Taechapairoj et al. (2004) found that if paddy with initial moisture content 
in the range of 41-42.5% d.b. was subject to superheated-steam fluidized bed drying at a 
temperature of 150-170°C, gelatinization of rice starch and evaporation of water oc-
curred simultaneously. The gelatinization kinetics of rice starch in this drying system 
could adequately be described by a zero-order reaction: 

( )

o

C t kt
C

=          (3.8) 

where C is the percentage of non-gelatinized starch (%), k is the rate constant (s-1) 
and t is drying time (s). The rate constant was related to the bed depth and drying tem-
perature through the following correlation: 

2 1518.62630.34026 3.1920113 0.109836bed bedk H H exp
T

 = − + − − − 
 

 (3.9) 
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where Hbed is the static bed depth (cm) and T is the drying temperature (K). The rate 
of starch gelatinization could be accelerated by increasing the drying temperature or 
using thinner bed depth; the latter factor nevertheless has only a minor effect. The gela-
tinization occurred completely within 5-6 min at temperature of 150-160°C and within 4 
min at 170°C for a bed depth of 10-15 cm. At these conditions the corresponding mois-
ture content of paddy was around 18% d.b, at which the head rice yield was still as high 
as 65-70% (see Figure 3.7). Further decrease in the moisture content led to a rapid 
drop in the head rice yield due to moisture-induced stresses, which led to the kernel 
cracks. Therefore, it is recommended to decrease the moisture content of paddy to 18% 
d.b.  

Rordprapat et al. (2005a) compared the conventional method and the newly-
proposed superheated steam drying method to produce parboiled rice. It was found that 
the head rice yield of a sample from the superheated steam drying method was signifi-
cantly higher than that of a sample produced conventionally (see Figure 3.8). The im-
proved head rice yield reflected the fact that the rice starch gelatinized more completely 
during superheated steam drying as steam condensation during an early period of su-
perheated steam drying allowed rapid rise in the kernel temperature and induced gel 
formation. From the superheated steam drying experiments, the kernel temperature 
reached slightly above 80°C during the first minute of drying and then rose to 100°C 
within 3-4 min. Such temperature history, in combination with the adequate availability 
of moisture during an early period of drying, promoted starch gelatinization. 
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Figure 3.7. Relationship between head rice yield and final moisture content during su-
perheated steam fluidized bed drying (Taechapairoj et al., 2004) 
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Figure 3.8. Drying curves and head yield of rice dried by hot air and superheated steam. 
(a) Superficial velocity of 1.3umf and (b) Superficial velocity of 1.5umf (Rordprapat et al., 

2005a) 

The above-mentioned superheated steam paddy drying process represents a signifi-
cant progress in the parboiling process as superheated steam itself can act as both 
steaming and drying media at the same time, thereby reducing some of the steps in-
volved in the parboiling process. With superheated steam as the drying medium, the 
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steaming and drying can be combined into one step. Thus, all the units from No. 2 to No. 
5, inter-connected in Figure 3.6 by the dotted line, could be replaced by a single super-
heated steam dryer. Additionally, the processing time would be much shorter compared 
to the conventional method; it takes only 5 min to reduce the moisture content of paddy 
from 41% d.b. to 18% d.b.  

Soponronnarit et al. (2006) successfully fabricated and tested a pilot-scale conti-
nuous superheated steam fluidized bed dryer with a capacity of 100 kg/h. A cyclonic rice 
husk furnace was used as a heating source to generate steam for the dryer. A schematic 
diagram of the pilot-scale dryer is shown in Figure 3.9. The equipment was also in-
stalled and demonstrated to some parboiled rice factories. Table 3.8 shows the paddy 
quality after drying with superheated steam. Before drying, paddy was soaked with hot 
water at 70°C for 7-8 h. The head rice yield of the reference paddy, which was dried in 
shade, was 56.6%, and the white belly, representing incomplete gelatinization, was 5.6%. 
After drying, the head rice yield improved, being in the range of 63 to 68%, and the 
white belly was not observed. Moreover, the hardness of dried parboiled rice significant-
ly increased, while less water was adsorbed upon cooking. 

 

Figure 3.9. Schematic diagram of a pilot-scale superheated-steam fluidized bed dryer 
(Soponronnarit et al., 2006) 
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Table 3.8. Quality of paddy (Chainat 1 variety) soaked at 70 °C for 7-8 h and dried at different inlet steam temperatures (Soponronnarit et al., 2006) 

Drying Con-

dition 

Feed rate 

(kg/h) 

Moisture content 

(kg/kg dry basis) 

Head rice yield 

(%) 
Whiteness 

White belly 

(%) 

Hardness 

(N) 

Water adsorp-

tion 

(g water/g rice) 

After soaking  0.456 ± 0.008 56.6 ± 1.1a 39.0 ± 0.2a 5.7 ± 0.6*a 37.9 ± 1.3a 3.51 ± 0.07a 

128 °C 106 0.290 ± 0.008 63.5 ± 0.6b 32.2 ± 0.8b 0b 48.6 ± 0.9b 2.82 ± 0.05b 

144 °C 98 0.230 ± 0.004 66.9 ± 0.6c 29.4 ± 0.5c 0b 51.9 ± 0.6c 2.19 ± 0.01c 

160 °C 120 0.218 ± 0.004 67.9 ± 0.6c 28.0 ± 0.6c 0b 55.0 ± 1.3d 1.99 ± 0.05d 
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3.9. Concluding remarks 

• Fluidized bed drying technique can be applied to dry paddy without any adverse 
effect on head rice and color when the technique is managed properly. To pre-
serve the quality, it is recommended that paddy should be dried to the lower 
moisture content of 22-23% d.b. and tempered for at least 30 min before drying 
again using ambient air to decrease the moisture content of paddy to 16% d.b. 
Under such conditions, the utilized drying temperature can be up to 150°C for 
high- or medium-amylose paddy. Drying paddy at such a temperature affects the 
cooked rice texture insignificantly as indicated by sensory evaluation. For low-
amylose paddy or waxy rice, on the other hand, the drying temperature should 
be lower than 130°C. This is because some waxy kernels change their appear-
ance from opaque to transparency due to starch gelatinization.  

• Fluidized bed drying, in combination with the tempering step, can modify the 
rice properties, i.e. elongation ratio, whiteness, volume expansion, water uptake, 
solids loss and pasting properties, to be similar to those of naturally aged paddy. 
Appropriate condition for accelerating the rice aging process is the use of the 
drying temperature of 150°C; this should be followed by tempering for at least 
90 min. The paddy initial moisture content should be around 33% d.b. In addi-
tion to the modified properties, drying paddy at such recommended conditions 
could reduce the GI value of brown rice from high to low-medium category be-
cause of the formation of amylose-lipid complexes. 

• Paddy dried by superheated steam fluidized bed drying has physicochemical 
properties similar to those of parboiled rice. The drying temperature of 150°C is 
recommended. To maintain high head rice yield, the final moisture content of 
paddy should not be lower than 18% d.b. 
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4.1. INTRODUCTION 

Medicinal plants are usually used as medicines, spices, flavors, etc. To date, a world-
wide increasing demand for medicinal plants has been observed (Tambunan et al., 2001; 
Souza and Oliveira, 2006; Perumal, 2009). Bioactive ingredients in medicinal plants are 
essential for human’s health. As prevention is better than curing, people nowadays are 
paying more attention to improve the body immune system to prevent the attack of dis-
eases. According to a World Health Organization survey, about 70% - 80% of the world’s 
population relies on non-conventional medicine for their primary health care, instead of 
consuming synthetic drugs (Cordeiro and Oliveira, 2005). Medicinal plants can be classi-
fied as medicinal mushrooms, root based medicinal plants and herbs (Figure 4.1). Dry-
ing is one of the important post harvest processes for medicinal plants to prevent spoi-
lage of the plants by lowering the amount of moisture in the products during storage. In 
addition, drying of medicinal plants must be accomplished immediately after harvesting 
to retain the quality of the plants and to prevent contamination and losses caused by 
insects, birds and fungi (Yahya et al., 2001). However, improper thermal drying can 
cause a significant loss of the active ingredients in medicinal plants as they are thermo-
labile. Furthermore, adverse effect on the quality of medicinal plants such as browning 
and degradation of essential oil content occur when they are exposed to high tempera-
tures (e.g. hot air drying) during the drying process (Arabhosseini et al., 2007; Arslan 
and Ozcan, 2008). Hence, proper drying techniques are important to enhance the quality 
of the dried medicinal plants especially in terms of the contents of active ingredients. 
Table 4.1 shows the thermolabile active ingredients of selected medicinal plants re-
ported by researchers. 
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Medicinal Plants

Medicinal Mushrooms Root Based Medicinal 
Plants

Herbs

Ganoderma species Oyster 
Mushrooms

Shiitake 
Mushrooms

Ginger Ginseng root

Javanese pepper Green sweet pepper Mint leaves Sage / Hop Meadowsweet / white 
willow

Kaffir lime leaves

Rosemary leaves Pitangga cherry leaves French Tarragon 
leaves

Oregano Gentianaceae

Ganoderma 
tsugae

Ganoderma 
lucidum

Maitake 
Mushrooms

 

Figure 4.1. Classification of medicinal plants 
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Table 4.1. Medicinal plants and thermolabile active ingredients of interest 

Medicinal plants  Thermolabile Nutrient / ac-
tive ingredients 

Therapeutic effects Reference 

Medicinal 
mushrooms 

Ganoderma tsugae Mur-
rill 

Water – soluble polysaccha-
rides, 

Crude ganoderic acids, total 
phenolic content 

Anti-tumor, anti-cancer, anti-
viral, anti-HIV, anti inflamma-
tory, antioxidant. 

Paterson, 2006; Mau et 
al., 2005 

Oyster mushrooms (pleu-
rotus sp.) 

Protein, carbohydrate, free 
amino acid. 

Anti-kwashiorkor. Gothandapani et al., 
1997. 

Maitake mushrooms (Gri-
fola frondosa) 

Polysaccharides Anti-cancer, anti-tumor, anti-
viral and immunomodulating. 

Yoshikawa et al., 1999; 
Wasser and Weis, 1999; 
Mau et al., 2002 

Shiitake mushrooms 
(Lentinus edodes) 

Ergosterol, Vitamin D. Treatment of rickets disease, 
hyperproliferative disease, 
malignancies, osteomalacia 
and osteoporosis. 

Perera et al., 2003; Peleg, 
1997; Easter and Riggs, 
1997 

Root based 
medicinal 
plants 

Ginger rhizomes (Zingi-
ber officionale Roscoe) 

6-Gingerol. Antioxidant and anti-cancer. Yogeshwer and Madhuli-
ka, 2007 

Ginger leaves (Alpinia 
zerumbet, Etlingera ela-
tior, Curcuma longa, 

Total phenolic content (TPC), 
ascorbic acid content (AA),  

Antioxidant. Chan et al., 2009 
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Kaempferia galangal) 

America ginseng (Panax 
quinquefolius) roots  

Ginsenoside  Anti-fatigues, anti-cancer, an-
ti-inflammatory, immunosup-
pressive and platelet inhibi-
tion. 

Jung et al., 1998; Cho et 
al., 2002; Surh et al., 
2002; Lee et al., 2003 

 

 

 

 

 

 

 

 

 

 

 

 

 

Green sweet peppers Ascorbic acid. Antioxidant. Pal et al., 2008 

Mint (Mentha piperita), 
sage (Salvia officinalis) 
and Hops (Humulus lupu-
lus) 

Ethereal oil, alpha acid. Antioxidant. Muller et al., 1989 

Meadowsweet (Filipendu-
la ulmaria L.), 

White willow (Salix alba) 

Total phenols, simple phenols, 
flavonoids, Hydrolysable tan-
nins, condensed tannins. 

Antioxidant, anti-
inflammatory. 

Harbourne et al., 2009 

Kaffir lime leaf (Citrus 
hystric DC.) 

Citronellal. Antioxidant, anti-cancer. Yoshida et al., 2005 

Betel leaves (Piper betle 
L.) 

Hydroxychavicol and eugenol. Anti-mutagenic and anti-
diabatic. 

Amonkar et al., 1986; 
Arambewala et al., 2005 

Mint (Mentha longifolia 
L.) 

Essential oil such as pulegone, 
menthone and limonene. 

Decongestant, antispasmodic 
and antibiotic. 

Wyk and Gericke, 2000; 
Mimica et al., 2003; Oye-
deji and Afolayan, 2006 

Rosemary leaves (Rosma- Essential oils and mineral con- Antioxidant and basic source Lozak et al., 2002; Mah-
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Herbs 

 

 

 

 

 

rinus officinalis L. Lamia-
ceae) 

tent (such as K, Ca, Na, Mg, P 
etc.). 

of minerals for human health. moud et al., 2005 

Pitanga cherry (Eugenia 
uniflora) leaves  

Total phenolic contents, flavo-
noids 

Antioxidant, xanthine-oxidase 
inhibitory (treatment of 
gout). 

Schmeda-Hirschmann et 
al., 1987; Amic et al., 
2003 

French Tarragon (Arte-
misia dracunculus L.) 
leaves 

Camphene, Sabinene, Myrcene, 
E- β-ocimene, Estragole, Gera-
nyl acetate, Methyl eugenol. 

Anti-bacterial, anti-fungal, 
anti-tumor 

Deans and Svobada, 
1988; Meepagala et al., 
2002 

Oregano (Origanum vul-
gare)  

Total phenolic content (TPC) Antioxidant, anti-bacterial. Sagdic and Oscan, 2003; 
Jaloszynski et al., 2008 

Gentianaceae (Enicos-
temma littorale) 

Total phenolic content (TPC) Antioxidant Sthishkumar et al., 2009 
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4.1.1. Medicinal mushrooms 

Mushrooms are in increasing demand due to its extensive used in culinary prepara-
tion. It is now regarded as an important export commodity. They are orient for their fla-
vor and reputed medicinal values. Most of the edible mushrooms such as oyster (Pleuro-
tus flavus), button (Agaricus bisporus) and shiitake mushrooms (Lentinus edodes) are 
rich in nutrients including free amino acids, protein, carbohydrate, vitamins and miner-
als (Casalicchio et al., 1975; Bano and Rajarathnam, 1988; Gothandapani et al., 1997). 
Besides nutritional values, mushrooms are also found to be medically active in several 
therapeutic effects such as anti-cancer, anti-tumor, anti-viral, antioxidant and immuno-
modulating (Wasser and Weis, 1999; Mau et al., 2002) due to their bioactive ingredients 
content. 

Ganoderma is a famous Chinese medicinal mushroom which belongs to the basidi-
omycotina class of fungi. Over the past two millennia, Ganoderma has been used as a 
folk medicine especially in Asian countries to cure various human diseases based on the 
bioactive ingredients in the fruit bodies, cultured mycelia and basidiospores (Shiao et al, 
1994; Lai and Yang, 2007). It contains pharmacologically active constituents, including 
polysaccharides, triterpenoids, nucleosides, protein, organic germanium and other trace 
elements such as fiber (Cui et al., 2006; Wang et al., 2006). These active constituents 
could lower blood pressure, blood sugar, enhance immune function, exhibit anti cancer, 
anti inflammatory, anti oxidant, anti tumor and anti HIV effects (Paterson, 2006; Mau et 
al., 2005). 

4.1.2. Medicinal Gingers 

Ginger is the rhizome of Zingiber officinale Roscoe (Zingiberaceae). It is famous for 
its culinary and medicinal properties. Ginger is exported in the form of volatile oil and 
powder. Apart from flavoring, it is normally used as an ingredient for traditional herb 
medicines which could stimulate the appetites, calm the stomach and to prevent vomit-
ing (Hawlader et al., 2006). Balladin et al., (1998) reported that ginger contains phyto-
chemical groups such as n-gingerol, zingerone, n-shogaol and paradols (main pungent 
principles of gingers) which are good sources of antioxidant. Besides ginger rhizomes, 
ginger leaves of different species such as Alpinia zerumbet, Etlingera elatior, Curcuma 
longa and kaempheria galangal are also used as food flavoring, traditional medicine and 
herbal tea. 

4.1.3. Ginseng roots 

Ginseng, the genus Panax which belongs to the family of Araliaceae is known as high 
value herbal medicine among Asian. Asian ginseng (Panax ginseng C. A. Meyer) and 
North America ginseng (Panax quinquefolius L.) are commercially important species in 
Asian markets (Sokhansanj et al., 1999). Ginseng roots are the most valuable part of the 
plants which contain active ingredients namely Rb group ginsenosides (majority), Rg 
group ginsenosides, and polyacetylenes (Davidson et al., 2004; Christensen and Jensen, 
2009). These active ingredients are found to be medically active with therapeutic effects 
such as anti-fatigues, anti-cancer, anti-inflammatory, immunosuppressive and platelet 
inhibition (Jung et al., 1998; Cho et al., 2002; Surh et al., 2002; Lee et al., 2003). The mar-
ket value of ginseng roots (USD31.30/kg in 2007) is dependent on a number of factors 
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including age of roots, moisture content, shape of dried roots and ginsenoside levels 
(Davidson et al., 2004; Davidson et al., 2009). 

4.1.4. Herbs 

Herbs are medicinal plants which provide the raw material for food, cosmetic and 
pharmaceutical industries to produce spice, essential oil and drugs (Oztekin et al., 1999). 
They are harvested as leaves, blooms or roots. Herb leaves are usually use in culinary to 
enhance taste and appearance due to their attractive color, aroma and flavor. They are 
excellent source of mineral constituents which is important in human diet (Arslan and 
Ozcan, 2008). Peppers, mint leaves, lime leaves and Meadowsweets are some of the 
herbs which contain bioactive ingredients such as piper, ethereal oil, phenolic contents, 
carotinoid, citronellal and ascorbic acid. Most of these active ingredients are function as 
antioxidant and anticancer (Phoungchandang et al., 2008). 

4.2. DRYING OF MEDICINAL PLANTS 

Drying is the most important operation in postharvest processing to preserve the 
quality of those valuable, but perishable medicinal plants. Most bioactive ingredients in 
the medicinal plants are heat sensitive, hence drying techniques which could retain the 
bio-active ingredients is essential in the medicinal plants processing industry. To date, 
many drying methods have been investigated and used for drying of medicinal herbs, 
such as hot air tray drying, vacuum drying, freeze drying, jet spouted bed drying, micro-
wave-convective drying and heat pump drying (Tambunan et al., 2001; Soysal and Ozte-
kin, 2001; Cordeiro and Oliveira, 2005; Fatouh et al., 2006; Chan et al., 2009; Harbourne 
et al., 2009; Pal et al., 2008; Soysal et al., 2009). The effect of drying methods and drying 
parameters is prominent in terms of quality of dried medicinal plants. Generally, the se-
lection of proper drying methods or drying strategies in handling the drying of medicin-
al plants are depending on the classification and the part of the medicinal plant (e.g. frut-
ing body, slices, leaves, root based materials, etc.), the classification of the medicinal 
plant is shown in Figure 4.2. Traditional drying methods such as open air drying and 
sun drying are still practicing in tropical and subtropical countries, due to the abundant 
solar energy which is renewable, cheap and environmental friendly (Basunia and Abe, 
2001; Akpinar, 2006). Despite of this, these drying methods are unable to achieve the 
high quality standards required for the medicinal plants due to contamination and long 
drying time, which cause inverse effect to the quality of dried medicinal plants. (Fargali 
et al., 2008).  
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Drying of Medicinal Plants

Medicinal Mushrooms Root Based Medicinal 
Plants

Herbs

Ganoderma species Oyster 
Mushrooms

Shiitake 
Mushrooms

Ginger Ginseng roots

Javanese pepper Green sweet pepperMint leaves Sage / Hops

Meadowsweet / 
white willow

Kaffir lime 
leaves

Rosemary leaves

Pitangga cherry 
leaves

French Tarragon 
leaves

Oregano

Gentianaceae

Ganoderma 
tsugae

Ganoderma 
lucidum

Slices Fruiting bodies Crude Extract
Rhizome Leaves

Leaves Whole plant Fruits Crude Extract

Bauhunia forcicate Maytenus ilicifolia
Red pepper

Maitake
Mushrooms

 

Figure 4.2. Classification for drying of medicinal plants 
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4.2.1. Drying of medicinal mushrooms 

Drying of medicinal mushrooms is simple and economical as compared to canning 
and freezing (Rama and Jacob John, 2000). Pre-drying treatment of medicinal mu-
shrooms such as washing in water with chlorine, pretreatment with potassium metabi-
sulphite (KMS), blanching with salt solution, soaking in curd and fermented whey are 
normally applied in order to stabilize the color, enhance flavor retention and maintain 
the texture properties during the drying process (Gothandapani et al., 1997; Walde et al., 
2006). However, most of the pre-drying treatment tends to prolong the total drying time 
(Gothandapani et al., 1997; Pal et al, 1997; Martinez-Soto et al., 2001; Walde et al., 2006). 
In addition, Gothandapani et al. (1997) reported that blanching increased the loss of cer-
tain nutrients of mushrooms such as protein, carbohydrate and free amino acid content 
due to the removal of soluble nutrients. Hence, untreated medicinal mushroom is pre-
ferable for preservation of soluble nutrients and reduction of total drying time during 
the drying process. In this regard, sun drying which requires pretreatment is not a pre-
ference. 

Research findings on drying of different species of medicinal mushrooms are shown 
in Table 4.2. Heat pump drying, fluidized bed drying and microwave vacuum drying are 
reported to be suitable for drying of medicinal mushrooms which are in the form of 
fruiting body. These methods can be carried out at low drying temperature (28 to 40°C) 
but higher drying rate can be obtained which results in shorter total drying time; as 
compared to other drying methods. This in turn produces good product quality in terms 
of active ingredients content (e.g. water soluble polysaccharides in Gandoerma species), 
rehydration characteristics and color of dried products.  

Medicinal mushrooms in form of slices can be dried by microwave vacuum drying. It 
has been reported that low microwave power level and operating pressure improved 
the quality attribute of mushrooms slices in terms of internal structure and lead to a bet-
ter rehydration characteristics (Giri and Prasad, 2007). On the other hand, hot air drying 
of Ganoderma slices at mild temperature (e.g. 60°C) is suitable for the preservation of 
basidiospores, which is a valuable medicinal product. However it should be noted that 
hot air drying at 60°C may cause nutrient loss to the bioactive ingredients that are con-
tained in the mushroom slices. In addition, medicinal mushroom also contains water 
soluble active ingredients such as polysaccharides and triterpenes in crude extract of 
medicinal mushrooms. Rapid drying can minimize the loss of these ingredients. Since 
high temperature is detrimental to heat sensitive ingredients. High temperature is ruled 
out from the drying strategy. In this regard, two stage drying method could be consi-
dered to allow rapid drying at the initial stage for a short period of time followed by low 
temperature drying such as heat pump drying. 
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Table 4.2. Research findings on drying of medicinal mushrooms in the form fruiting body, slices and crude extract. 

Medicinal mushrooms Drying method  Findings Reference 

Gandoerma tsu-
gae Murrill 

Fruiting 
bodies 

 

Oven drying. Drying at low temperature (50oC) with air circulation 
could retain higher amount of crude ganoderic acids. 

Chin et al, 2009 

Heat pump (HP) drying 
(continuous / intermit-
tent). 

Continuous HP drying preserved higher amount of water 
soluble polysaccharides with shorter total drying time 
required as compared to intermittent HP drying.  

Chin and Law, 
2010 

Slices Oven drying. Drying of Ganoderma slices at 60oC produced better 
quality of basidiospores as compared to drying tempera-
ture of 50oC and 70oC. 

Chin et al, 2008 

Ganoderma luci-
dum 

Crude 
Extract 

Vacuum drying, freeze 
drying, combined mi-
crowave – vacuum and 
vacuum drying. 

Combined microwave – vacuum and vacuum drying re-
sulted in 90% shorter drying time than the conventional 
drying methods with high retention of total water so-
luble polysaccharides and triterpenes. 

Cui et al., 2006 

Hot air drying, vacuum 
drying, freeze drying. 

The effect of drying methods on the rheological proper-
ties and chemical compositions of polysaccharides did 
not differ significantly except for Uronic acid. 

Lai and Yang 
2007 

Oyster mu-
shrooms 

Fruiting 
body 

Hot air cabinet drying, 
fluidized bed drying, 
vacuum drying and mi-
crowave oven drying. 

Fluidized bed drying is a better choice as it required 
shorter drying time compared to hot air and vacuum 
drying. Microwave drying caused case hardening al-
though short drying time was required. 

Walde at al., 2006 

Hot air drying. Drying at air temperature of 50oC and at an air velocity 
of 0.9 ms-1 appears to be suitable for drying of both 

Pal et al., 1997 
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treated and untreated oyster mushrooms. The rehydra-
tion ratio, texture and appearance of untreated mu-
shrooms were better but treated mushrooms were bet-
ter in terms of color and flavor. 

Sun drying, fluidized 
bed drying and hot air 
drying. 

Drying methods and pretreatment did not have signifi-
cant effect over the constituents of mushrooms, except 
blanching which retained lesser amount of protein and 
carbohydrate, and decreased free amino acid content by 
nearly 75%. 

Gothandapani et 
al., 1997 

Hot air drying. Increasing hot air drying temperature enhanced the 
hardness but reduced the cohesiveness of dried prod-
ucts. Pre-drying treatment such as sulphitation helped in 
reduction of darkening of mushrooms during drying 
process whereas blanching caused deterioration of color 
and texture of dried mushrooms. 

Kotwaliwale et 
al., 2007 

Button mu-
shrooms 

Slices Microwave vacuum dry-
ing, hot air drying. 

Microwave – vacuum drying resulted in a 70 – 90% de-
crease in drying time and the dried products had better 
rehydration characteristics as compared to hot air dry-
ing. Microwave power level affected the drying rate whe-
reas system pressure was found to be strongly affected 
the quality attribute.  202 W microwave power level, 6.5 
kPa pressure and 7.7 mm slices are the optimum drying 
conditions for this drying method. 

Giri and Prasad, 
2007 

Microwave vacuum dry-
ing, freeze drying. 

Freeze drying and microwave vacuum drying with inter-
nal controlled temperature produced dried slices with 
excellent internal structure. Freeze dried slices at 3 mm 

Rodriguez et al., 
2005 
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Hg pressure produced favorable rehydration value whe-
reas satisfactory sorption values were obtained for mi-
crowave vacuum dried slices with temperature con-
trolled at 30oC. 

Low temperature De-
humidified air drying. 

Drying of thicker samples at higher temperature showed 
more than one falling rate period implying that the water 
diffusivity was not constant and drying rate decreases 
with time.  

Seyhan and Evra-
nuz, 2000 

Shiitake mu-
shrooms 

Fruiting 
body 

Vacuum heat pump dry-
ing. 

Low drying temperature and high vacuum pressure en-
hanced the color degradation of dried product due to 
long drying time required. The rehydration capacity of 
vacuum heat pump dried mushroom does not affect sig-
nificantly by drying temperature but it was found to in-
crease with decreases in vacuum pressure.  

Artnaseaw et al., 
2009 

Vacuum desiccator dry-
ing with UV-B irradia-
tion.  

During drying, optimum conversion of ergosterol to vi-
tamin D was found when the moisture content of shii-
take mushrooms reached 70% (wet basis). Beyond this 
level of moisture, the conversion of ergosterol to vitamin 
D decreased significantly. 

Perera et al., 
2003 

Maitake Mu-
shrooms 

Fruiting 
body 

Bubbling type thermo-
hygrostatic drying. 

A simulation method was developed by using modified 
plate drying model and it was found to simulate the dry-
ing characteristics of maitake mushrooms accurately for 
both continuous and intermittent drying process in this 
dryer for all drying conditions. 

Cao et al., 2003; 
Cao et al., 2004 
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4.2.2. Drying of medicinal gingers 

Ginger rhizomes are normally dried to extend their shelf life and for the ease of 
transportation due to the excess of production in certain countries such as Thailand. Ma-
tured ginger rhizome contains about 82.6% to 90% moisture content and it is normally 
dried until about 10% (wet basis) final moisture content (Hawlader et al., 2006). How-
ever, the moisture content of ginger rhizome has been found to decrease with the age of 
the plant (Phoungchandang et al., 2009). 

Table 4.3 summarizes the research findings reported in the literature. Based on the 
findings given in Table 4.3, heat pump drying of ginger rhizomes could retain higher 
amount of 6-gingerol as compared to other drying methods. Heat pump drying using 
inert gas such as nitrogen and carbon dioxide replacing atmospheric air could improve 
water diffusivity, consequently enhanced the drying rate of ginger rhizomes. In addition, 
low oxygen level during heat pump drying of ginger rhizomes in modified atmosphere 
could preserve most of 6-gingerols by prohibiting the destruction of gingerols. Osmotic 
dehydration pretreatment can be applied to assist the removal of moisture. It has been 
reported that the concentration of osmotic solution affects the drying kinetics. Higher 
concentration of permeating agent could reduce the total drying time where the initial 
transient period is shortened in the subsequent drying operation. For drying of ginger 
leaves, non thermal drying methods such as normal air drying are preferable as it could 
preserve higher amount of antioxidants. In addition, its operating cost is relative lower 
but drying time is longer; as compared to thermal drying methods. In this aspect, low 
temperature drying such as freeze drying and heat pump drying can be considered as 
well. 

4.2.3. Drying of ginseng roots 

Ginseng is normally grown wild in the forest and in the mountains. It is a delicate 
herb which quality is mostly dependent on the age and the content of bioactive ingre-
dients. Most of the harvested ginseng roots are dried and sold for export to Asian coun-
tries. Fresh ginseng roots contain approximately 70% moisture content (wet basis). In 
typical industrial operations, they have to be dried to a low moisture content of about 8 
– 10% (wet basis) in a short time after harvested (Chen and Mujumdar, 2007; Davidson 
et al., 2004). However, Dalfsen, (1998) suggested that good quality of dried roots should 
have final moisture content in the range of 5.5 to 7.5% depending on the size of roots. 

In terms of the color of the dried roots, the suitable drying temperature for drying of 
ginseng roots was ranged from 29.4°C to 43°C and 38°C was found as optimum tempera-
ture to avoid color degradation (Dalfsen et al., 1995; Li and Morey, 1987). However, hot 
air drying at low drying temperature requires long drying time, which may promote the 
browning effect of dried roots. In this regard, heat pump drying may be considered. 
Combined drying methods such as microwave convective drying) and variable tempera-
ture drying (e.g. 38-50-38°C) has been reported to reduce the drying time of ginseng 
drying up to 55.2% as compared to continuous hot air drying at 38°C (Ren and Chen 
1998; Davidson et al., 2004). Moreover, the color of the dried ginseng roots were found 
to be improved without having significant effect on the retention of ginsenoside if com-
pared to continuous hot air dried ginseng roots. 
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Table 4.3. Research findings on drying of root based medicinal plants, ginger and ginseng 

Root Based Medicinal Plants Drying method  Findings Reference 

Ginger Rhizomes Tray drying, heat pump 
dehumidified drying, 
mixed mode solar dry-
ing. 

Mixed mode solar drying of ginger at 62.82oC required 
shorter total drying time up to 42.3% as compared to 
other drying methods and it could retain 6-gingerol as 
high as heat pump dehumidified dried product.  

Phoungchandang 
et al., 2009 

Modified atmosphere 
heat pump drying, nor-
mal air drying, freeze 
drying, vacuum drying. 

Modified atmosphere heat pump drying using inert gas 
such as nitrogen and carbon dioxide improved the effec-
tive diffusivity and resulting in better retention of 6-
gingerol, which is 43.5 and 45.4% as compared to nor-
mal air dried products. 

Hawlader et al., 
2006 

Freeze drying. Short primary drying time was observed with an in-
crease in the sample surface temperature under constant 
chamber pressure and freezing rate. As compared to the 
fresh ginger, there was a slight decrease in the quality of 
freeze dried ginger such as the content of ashes insoluble 
in acid and solute in alcohol. However, the content of so-
lute in water was increased. 

Tambunan et al. 
2001 

Osmotic dehydration 
pretreatment following 
by oven drying. 

Drying time was reduced as shorter “warm up” period 
can be observed when higher concentration of permeat-
ing agent was used, as compared to those pretreated 
with lower concentration of permeating agents and 
without osmotic dehydration pretreatment.   

Pan et al., 2003 

Leaves Microwave, oven and 
sun drying. 

Microwave drying gave a prominent effect on the de-
composition of antioxidants as compared to other drying 

Chan et al., 2009 
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methods. Non thermal drying such as normal air drying 
preserved higher amount of antioxidants. Freeze drying 
of Alpinia zerumbet and Etlingera elatior leaves had sig-
nificant gains in TPC and antioxidant activity as com-
pared to fresh leaves and dried leaves of other species. 

Ginseng Roots Hot air drying, com-
bined microwave-hot 
air drying. 

Combined microwave-hot air drying (60W and 38oC) 
reduced the drying time significantly by 55.2% and 
28.7% for both large and small roots as compared to hot 
air drying at 38oC. This method produced better quality 
of dried roots in terms of color, as compared to hot air 
dried products. 

Ren and Chen, 
1998 

Cabinet hot air drying. Drying of ginseng roots (38 to 40oC) with skin epidermis 
delayed the drying and act as barrier in controlling the 
moisture loss and center temperature of ginseng root. 
This in turn controls the degree of root shrinkage. 

Sokhansanj et al., 
1999 

Three stage air convec-
tive drying. 

Three stage drying process (38-50-38oC) of ginseng 
roots in a force air convection dryer was found to reduce 
the drying time to about 40% as compared to drying at 
constant temperature of 38oC. The color and degradation 
of ginsenoside components in three stage dried ginseng 
roots have no significant difference with those dried at 
constant drying temperature. For three stage drying 
process, the suitable point to change the drying air tem-
perature was found at the area ratio (AR) of 0.70 and 
0.50 of the roots which equivalent to moisture content of 
1.0 and 0.3 g / g (d.b.).  

Davidson et al., 
2004; Davidson 
et al., 2009 
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4.2.4. Drying of herbs 

The demand for medicinal herbs and spices increased worldwide during the last 
decade whereas the total world production of herbs was amounted to 378,000 tons with 
a value of USD 8.42 billion in 2003 (Khairallah, 2006). Drying is one of the important 
post harvest processes for the herbs for storage and export purpose. Hence, good drying 
technique should be adopted to enhance the quality of herbs. The quality of herbs de-
pends very much on the contents of active ingredients (Chen and Mujumdar, 2007). As 
most of the active ingredients are temperature sensitive, the drying temperature for 
herbs is always limited to 35 to 50°C, at atmospheric pressure. Herbs contain high initial 
moisture content up to 85% (wet basis) and usually are dried until the final moisture 
content which is less than 11% (wet basis). Since the amount of moisture in drying of 
herbs is huge, it is indeed an energy intensive process (Muller et al., 1989).   

Several drying methods such as solar drying, normal air drying, hot air drying with 
step up drying temperatures, heat pump dehumidified air drying and microwave drying 
have been reported for the drying of herbal leaves (Table 4.4). High drying capacity and 
relatively low specific energy consumption exhibited by these drying methods promote 
energy saving for drying of leafy materials. 

In terms of product quality, low temperature drying and short heat treatment time 
by these drying methods could produce dried leaves with low color degradation and 
higher retention of phytochemical content as compared to sun dried and continuous 
tray drying. In addition, microwave drying of herbal leaves shows optimum color values 
in dried products as this method could minimize browning reaction resulted from short 
heat treatment time. However, the retention of phytochemicals in microwave drying of 
herbal leaves remains unknown. 

For drying of whole medicinal plants such as meadowsweet and willow, oregano and 
Gentianaceae, convective air drying at low temperature could retain higher amount of 
total phenolic content in the dried medicinal plants. Low temperature convective air 
drying rapidly inactivates the degradative enzymes of polyphenols, namely polyphenols 
oxidases (PPO) in medicinal plants, which in turn preserves higher amount of polyphe-
nols and flavonoids as compared to sun drying and microwave drying. Solar drying has 
been suggested for drying of sage and hops as the dried products contain higher amount 
of ethereal oil and alpha acid content compared to continuous air drying. 

Heat pump drying and intermittent microwave convective drying are emerging dry-
ing methods for drying of fruits of medicinal plants such as pepper. High drying rate and 
high specific moisture extraction rate reduce the energy consumption and produce rela-
tively good product quality as compared to conventional drying methods. 

On the other hand, spray drying and jet spouted drying have been suggested for the 
drying of crude extracts of herbs. In this regard, retention of nutrient in powder as well 
as the retention of flavanoid is important quality attributes. Process parameters are to 
be optimized to maximize the retention of these groups of compound. 
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Table 4.4. Research findings on drying of herbs which are in the form of leave, whole plant, fruit and crude extract 

Herbs Drying method  Findings Reference 

Leaves 

Mint leaves Closed system solar dry-
ing. 

Solar dried mint contained 40% higher ethereal oil con-
tent and more intensive in terms of color as compared to 
fuel heated batch dried product. The operating cost was 
reduced in term of the heating cost as compared to fuel 
heated batch dryer.  

Muller et al., 1989 

Hot air tray drying. In terms of technical and economic performance, heated 
air dryer shows high drying capacity, short payback pe-
riods and relatively low specific heat energy consump-
tion values during drying at 46oC as compared to the so-
lar green house drying of mint. 

Soysal and Ozte-
kin, 2001 

Heat pump (HP) dryer. The specific energy consumption (SEC) of heat pump 
dryer for drying of herbs was about 15% lower than the 
average SEC of conventional dryer. 

Baker, 1997 

Hot air drying with step 
up drying temperature. 

Step up drying strategy was introduced for energy sav-
ing, by using low temperature (30oC) at the beginning of 
drying and higher temperature (50oC) at the later stage 
of the drying process. 

Lebert et al., 1992 

Tray drying Peleg model was found to best describe the desorption 
isotherms of mint whereas the drying curves were fitted 
with page’s empirical model, for all drying conditions. 

Park et al., 2002 
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Hot air cabinet drying. The effective moisture diffusivities were found to in-
crease considerably with increase in drying temperature 
and the activation energy of the mint leaves were deter-
mined. The drying kinetic of air dried mint leaves was 
well described by the logarithmic model. 

Ibrahim Doymaz, 
2006 

Microwave drying. The effective moisture diffusivities increased with the 
increase of microwave output power and decrease of 
material load, which the relationship could be described 
by Arrhenius type exponential model. 

Ozbek and Dadali, 
2007 

Air drying, sun drying 
and oven drying. 

Oven drying of Mentha longifolia leaves at 40oC is rec-
ommended to reduce the amount of pulegone, men-
thone, and 1,8-cineole, which is harmful to human’s 
health.  

Asekun et al., 
2007 

Kaffir lime leaves Tray drying, heat pump 
dehumidified drying. 

Heat pump dehumidified drying reduced the total the 
total drying time from 15.2% to 30% as compared to 
tray drying method. Furthermore, heat pump dehumidi-
fied dried kaffir leaves could retain up to 30% higher 
citronellal content as compared to tray dried kaffir 
leaves.  

Phoungchandang 
et al., 2008 

Pitannga cherry leaves Air drying, sun drying. Air dried pitanga cherry leaves (room temperature) con-
tain significantly higher total phenolic content as com-
pared to those sun dried leaves. 

Kade et al., 2008 

French Tarragon leaves Hot air drying. Hot air drying of tarragon leaves at low temperature 
(45oC) is recommended to maintain the quality of dried 
leaves in terms of color and essential oil content, espe-

Arabhosseini et 
al., 2007; Ara-
bhossseini et al., 
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cially during storage period. The total drying time was 
inversely proportional to the drying temperatures and 
Page model was selected as best fit model to describe the 
drying kinetic.  

2009 

Rosemary leaves Sun drying, oven drying 
and microwave oven 
drying. 

Microwave oven drying of rosemary leaves shortened 
the drying time more than 99% to reach equilibrium 
moisture content, as compared to sun drying and oven 
drying methods. It shows optimum color values in the 
dried product. However, the highest mineral values were 
determined in oven dried samples due to the convective 
energy and wave strength of the oven during the drying 
process enhanced the solubility of the elements of the 
mineral contents. 

Arslan and Ozcan, 
2008 

Citrus aurantium leaves Force convection solar 
dryer. 

The drying air temperature significantly influenced the 
drying kinetic of the leaves, as compared to relative hu-
midity and the drying air flow rate in the dryer. The dry-
ing process was controlled by internal moisture diffusion 
of the leaves. 

Mohamed et al., 
2005 

Parsley leaves Microwave drying Microwave drying of Parsley leaves mainly took place in 
constant period following by a rapid decrease of falling 
rate for all drying conditions. Increasing the drying ma-
terial load during microwave drying could enhance the 
cumulative drying efficiency and reduce the specific 
energy consumption of the microwave dryer, at constant 
microwave output power. Highest power level (900W) 
reduced the drying time and able to maintain the color 

Soysal, 2004; 
Soysal et al., 2006 
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which close to the original fresh parsley leaves. 

Betel leaves Oven drying Drying process took place mostly in the falling rate pe-
riod and Logarithmic model was found to be the most 
suitable model to describe the drying kinetic for all the 
studied temperatures (40 to 80oC). Drying of betel leaves 
at 70oC retained the highest concentration of hydroxy-
chavicol and eugenol as compared to other drying tem-
peratures. 

Pin et al., 2009 

Basil leaves Microwave drying Increase of microwave output power from 180W to 
900W enhances the total color change and browning in-
dex. However, this could be mitigated by drying in larger 
amount of sample.  

Demirhan and 
Ozbek, 2009 

Whole plant 

Meadowsweet and willow Freeze drying, air dry-
ing, oven and tray dry-
ing. 

Tray drying at low temperature (40oC) is preferred dry-
ing method as the drying rate of this method was twice 
those of the air drying and oven drying method. In addi-
tion, tray drying at low temperature could retain most of 
the flavonoids content of dried meadowsweet and wil-
low. 

Harbourne et al., 
2009 

Sage and hops Closed system solar dry-
ing. 

Apart from low operating cost, solar dried sage and hops 
were found to contain 25% and 70% higher ethereal oil 
content, respectively, whereas the alpha acid content of 
solar dried hops was 30% more than the hops dried by 
fuel heated continuous conveyor dryer. 

Muller et al., 1989 
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Oregano Freeze drying, convec-
tive drying and vacuum 
microwave (VM) drying. 

Reducing the drying temperature in convective drying 
whereas increasing the microwave power in VM me-
thods tend to gain higher amount of phenolic content 
and antioxidant in dried products. 

Jaloszynski et al., 
2008 

Gentianaceae Normal air drying, sun 
drying, microwave dry-
ing. 

Both Sun drying and normal air drying of Gentianaceae 
retained highest amount total phenolic content (TPC) 
and possessed highest antioxidant power as compared to 
microwave dried products. 

Sthishkumar et 
al., 2009 

Fruits 

Javanese pepper Freeze drying, oven dry-
ing. 

At the constant surface temperature of the sample, high-
er chamber pressure and lower freezing rate tended to 
shorten the primary and secondary drying time. The pi-
per content of freeze dried Javanese pepper was about 
0.6% higher than the oven dried product at 35 to 40oC.  

 

Tambunan et al., 
2001 

Green sweet pepper Heat pump drying, hot 
air drying. 

Heat pump drying at 40oC with low relative humidity 
(19%) of drying air required shorter drying time with 
the highest drying rate and specific moisture extraction 
rate as compared to other drying conditions and hot air 
drying at 45oC. Due to the constraint of energy consump-
tion and degradation of product quality at higher drying 
temperature, heat pump drying of green sweet pepper 
was suggested to be conducted at drying temperature of 
35oC with relative humidity of 27%. 

Pal et al., 2008 
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Red pepper Microwave convective 
drying, convective hot 
air drying, commercial 
belt drying. 

Intermittent microwave-convective drying reduced the 
energy consumption and retained the original colors of 
red peppers. The hardness was comparable with the 
convective air dried and commercial belt dried samples, 
which are are favorable based on the sensory evaluation.  

Soysal et al., 2009 

Crude Extracts 

Bauhinia forficate Link ex-
tract 

Spray drying. The product loss on drying of dried extract was found to 
inversely proportional to the inlet gas temperature and 
the feed flow rate of the drying gas, but it increases with 
the ratio between the feed flow rate of the extract to the 
evaporation capacity of the dryer. The increase in the 
feed flow rate of drying gas stimulates the thermal de-
gradation of the flavonoids compounds in the final prod-
ucts. 

Souza and Olivei-
ra, 2006 

Maytenus ilicifolia leaves ex-
tract 

Jet spouted bed drying. Low values of product loss on drying were obtained at 
high temperature of drying gas with an increment of 
static bed height. However, it was found that the degra-
dation rate of flavanoid tends to increase with the static 
bed height increment, due to the longer time of heat 
treatment on the concentrated extract. 

Cordeiro and Oli-
veira 2005 
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4.2.5. Effective moisture diffusivity of medicinal plants 

Effective moisture diffusivity of the materials during drying process is predominated 
by the drying methods and drying conditions. Based on the reported drying characteris-
tics, most of the medicinal plants showed falling rate period, indicating the drying 
process is controlled by internal moisture diffusion. Effective moisture diffusivity values 
of medicinal plants are scarcely reported in the literatures. Table 4.5 presents the effec-
tive moisture diffusivity for some species of medicinal mushrooms and herbs reported 
in the literature. 

Table 4.5. Effective moisture diffusivity of several medicinal plants 

Classification Medicinal 
plants 

Drying me-
thods 

Drying condi-
tions 

Diffusivity / 

×1010 m2s-1 

Medicinal mu-
shrooms 

Ganoderma 
tsugae Murrill 

 

Oven drying 50oC – 80oC 7.20 – 139.72 

Button mu-
shrooms (Aga-
ricus bisporus) 

Dehumidified 
air drying 

20oC – 40oC 0.26 – 1.20 

Microwave 
drying 

60 W – 240 W 1.15 – 29.0 

Vacuum drying 50oC (0.26 mbar 
– 40 mbar) 

1.05 – 1.60 

Herbs Kaffir lime leaf 
(Citrus hystric 
DC.) 

Tray drying  40oC – 60oC 0.43 – 2.41 

Heat pump 
drying 

40oC – 60oC 0.55 – 5.40 

Mint leaves 
(Mentha spica-
ta L.) 

Cabinet drying 35oC – 60oC 30.67 – 194.10 

Microwave 
drying 

180 W – 900 W 0.31 – 2.07 

Garden mint 
leaves (Mentha 
crispa L.) 

Tray drying 30oC – 50oC 0.005 – 0.03 

4.3. CLOSING REMARKS 

A general overview on the drying of various medicinal plants is provided. The effect 
of drying on the quality of medicinal plants is covered. Generally, low temperature dry-
ing is preferred to preserve the quality of the dried medicinal plants, but the technical 
and economic performance of the drying process are equally important and must be 
considered for a viable economic venture. Hence, emerging drying techniques such as 
two-stage drying, step-up temperatures drying, heat pump drying, intermittent drying 
and superheated steam drying have attracted the attention of researchers to improve 
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the drying performance at the same time to enhance the quality of dried medicinal 
plants. It should be noted that medicinal plants have a wide range of size, shape and cha-
racteristics; hence proper selection of dryer is key to the success of drying of medicinal 
plants whilst maintaining high product quality. 
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ABSTRACT 

A functional food appears similar to or is a conventional food that is consumed as 
part of a usual diet and has a physiological benefit or assists in the management or pre-
vention of chronic and/or degenerative disease. Functional food products are mainly 
cereals, fruits and vegetable based.  In the manufacture of most of the functional food 
products, drying is one of the most important unit operations. The main losses in bioac-
tive substances occur due to water solubility, mass transfer, heat sensitivity, and enzy-
matic oxidation during drying. During the process of drying, changes in quality parame-
ters in dried products takes place. The extent of the change depends on type of drying 
process and levels of the process parameters selected. This chapter presents an over-
view of the various drying techniques used in the development of various functional 
foods. The details on effect of drying technique on the retention of bioactive components 
in functional foods are discussed in the chapter. Also, future research needs in applica-
tion of drying process in functional food manufacture are mentioned 

5.1. INTRODUCTION 

With increased life expectancy and greater media coverage of health care issues, 
consumers are more interested in the potential benefits of nutritional support for dis-
ease control or prevention. At the same time, advances in food/ingredient technologies, 
coupled with a better understanding of specific nutrient properties have stimulated an 
explosion of innovative nutrition products by food manufacturers [1]. There is growing 
recognition of the potential role for functional foods in helping to reduce health risks 
and improve health quality. In the global market, functional foods have become a multi-
billion dollar industry. Functional foods are the fastest growing segment of today’s food 
industry. Functional foods defined as “a food similar in appearance to conventional food, 
consumed as a part of the usual diet which contains biological active components with 
demonstrated physiological benefits and offers the potential of reducing the risk of 
chronic disease beyond basic nutritional functions”. Foods that may have health benefits 
beyond the traditional nutrients that they contain are often called “functional foods”. 
The concept of functional foods has become popular, first in Japan and later in other 
countries, including U.S [2]. As a working definition, a food can be said to be functional if 
it contains a component (whether or not a nutrient) that benefits one or a limited num-
ber of functions in the body in a targeted way that is relevant to either the state of well-
being and health or the reduction of the risk of a disease [3], or if it has physiologic or 
psychologic effect beyond the traditional nutritional effect [4]. A functional food compo-
nent can be a macronutrient if it has specific physiological effects (e.g. Omega-3 fatty 
acids) or an essential micronutrient if its intake is more than the daily recommendations. 
Indeed, beyond its nutritional (metabolic requirements) value and function of providing 
pleasure, a diet provide consumers with components able to both modulate body func-
tions and reduce the risk of some diseases [5]. Selected examples of functional foods, 
their functional components and health benefits are presented in Table 5.1. Production 
of functional foods is being recognized as the number one global food industry as chang-
ing trends in population demography, consumer affluence, increased education, life ex-
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pectancy and improved health care give rise to rapidly emerging diet and health con-
scious consumer clientele [12]. 

Table 5.1. Health benefits of various functional components 

Type of functional food Functional component Benefit to health and well 
being 

Whole oat products Beta - glucan Lower cholesterol levels 

Psyllium  Soluble fiber Lower cholesterol levels 

Whole soy foods and foods 
made with soy protein 

Soy protein Lower cholesterol levels 

Special fortified margarines 
or salad dressings 

Plant stanol or sterol es-
ters 

Lower cholesterol levels 

Sugarless chewing gums 
and candies 

xylitol Helps prevent dental caries 

Fatty fish Omega-3 fatty acids Reduced risk of heart disease 

Cranberry juice Proanthocyanidins, Phe-
nolic acid, anthocyanins, 
flovonols,procyanidins, 
proanthocyanidins 

Reduced urinary tract infec-
tions, Antioxidant, antibac-
terial, antiinfl ammatory 

Garlic Organo sulphur com-
pounds  

Lower cholesterol levels 

Green tea Catechins    Reduced risk of some types of 
cancer 

Tomatoes and tomato prod-
ucts 

Lycopene, Carotenoids, 
insoluble 
fi bers, vitamin A  

Reduced risk of some types of 
cancer, especially prostate 
cancer, Antioxidant, 
prooxidant, 
hypoglycemic  

Dark green leafy vegetables Lutein Reduced risk of age related 
macular degeneration 

Meats and dairy products Conjugated linoleic acid Reduced risk of breast cancer, 
increased muscle mass 

Eggs Omega-3 content Reduced risk of heart disease 

Cruciferous vegetables Isothiocyanates, indoles Reduced risk of some types of 
cancer 

Fermented dairy products Probiotics Support gastrointestinal tract 
health, boost immunity 

Blueberries Phenolic acids, 
anthocyanins, 

Antioxidant, 
antiinflammatory, 
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fl avonols, fl avanols, 
procyanidins, 
proanthocyanidins, 
tannins 

antiedemic, 
astringent, 
regeneration of 
rhodopsin 

Reference [2,5,6, 7, 8, 9, 10,11] 

 

5.1.1. Economic Opportunities from Functional Foods 

Functional foods entered the global markets with force in past decade and rapidly 
gained market share conservatively esteemed to exceed that for organic foods. Thus, in 
addition to health benefits, functional foods present new economic opportunities. More-
over, demand for functional foods within the developing countries is growing, present-
ing lucrative opportunity to develop domestic market. Besides the opportunity for di-
versified and high value production, farming for the functional foods industry can bene-
fit primary producers and rural communities in other ways. Even though developing 
countries are rich source of raw materials for functional food product because of their 
vast biodiversity and cost advantages in crop production, developing a functional food 
industry in these countries faces significant barriers. The cost of bringing new product 
to the market can be significant, especially the upfront costs associated with high value 
food processing and exporting (search for markets, product research and certification, 
meeting regulatory demands, consumer research and public relations) [13]. 

5.1.2. Disease/ Target Functions 

This section includes the concepts of functional foods by focusing on major target 
functions and the science base required for providing evidence that specific nutrients 
positively affect function. Functional foods have nutritional and physiological benefits 
and are applicable in disease prevention and management. The application of biotech-
nology techniques for the development of functional food plants with higher levels of 
bioactive components or increased availability of nutrients would greatly benefit most 
populations in developing countries and improve the health and nutritional status over-
all [14]. Probiotics (lactobacilli and bifidobacteria) and prebiotics (inulin and its hydroly-
sate oligofructose) are recent concepts in nutrition that have already and will in the fu-
ture be used to support the development of functional foods targeted towards gastroin-
testinal functions. Different studies evidenced that plant based diets, in particular those 
rich in vegetables and fruits, provide a great amount of antioxidant phytochemicals such 
as Vitamin C and E, glutathione, phenolic compounds and vegetable pigments which give 
defence against cellular damage. Lifestyle factors including a diet high in saturated fat, in 
energy and in cholesterol have an important role in risk of cardiovascular disease. Con-
suming a diet rich in natural antioxidants has been associated with prevention and/or 
treatment of Cardio Vascular Disease [15]. 

5.2. DRYING AND FUNCTIONAL FOODS 

Drying is one of the important unit operations used in formulation of a functional 
food product. Many food ingredients are heat labile and thus the effect of various tem-
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peratures on these ingredients is the focus. Drying can be done basically by two methods, 
natural and artificial, sun drying is considered for natural and artificial – by means of 
heat from other sources in specially constructed dryers. Mainly artificial method of dry-
ing is used as it gives good quality product than sun drying method, since it gives faster 
processing and less exposure time to enzymatic changes which may injure the 
processing material like fruits, vegetables etc. Some of the major criteria for the quality 
of the products are; shrinkage of cells, less rehydration ratio,  wettability,  movement of 
solids, case hardening, and loss of volatile aroma components. Several functional food 
ingredients are subjected to various drying methods during product formulation. Most 
of the functional components are temperature sensitive. Therefore, to maintain the nu-
tritional as well as the pleasing appearance of the functional food product, selection of 
suitable drying method with the temperature control is very important. 

5.3. DRYING METHODS USED TO MANUFACTURE FUNCTIONAL 
FOODS 

Literature shows several studies on drying applications in functional food manufac-
ture.  

Functional food like garlic, tomatoes, grapes, berries, oats, mushroom, fortified milk, 
probiotic foods etc. are dried using methods like freeze, spray, fluidized bed, spouted 
bed, kiln, osmotic, foam mat, hot air and microwave drying. Literature review indicates 
that the process variables in the drying plays major role in retention of functional com-
ponents and therefore, detailed study of drying process is important during design and 
formulation of functional food. Summary of the different drying techniques applicable to 
functional food formulation is given in Table 5.2 [13], [16], [17], [18], [19], [20], [21], [22], [23], [25], [26], [27], 

[28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40] and the important methods are discussed in 
foregoing subsections. 

Table 5.2. Drying methods suitable for various functional foods 

Functional Food Product  Drying Method Reference 

Probiotic, Flavonoids in cen-
tella asiatica 

Freeze Drying [16] 

Egg White Powder Foam Mat Freeze Drying [17] 

Calcium Fortified Milk 

Probiotic Bacteria 

Spray Dring [13, 18, 19] 

Carrots, Canberries, Blueber-
ries 

Fluidized Bed Drying and 
Encapsulation 

[20, 21] 

Soyabean, Blueberries Spouted Bed Drying [22] 

Oats Kiln Drying [23, 24] 

Blueberries, Cranberries Osmotic Dehydration [25] 
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Maitake Mushroom Thin Layer Drying [27] 

Whole Button Mushroom, 
Carrot, garlic, garlic cloves 

Microwave Drying [28, 29, 30] 

Mushroom, Carrot, Bitter 
gourd, Red Sweet Pepper 

Convective Drying [31, 32, 33] 

Carrot Microwave Vacuum Dry-
ing 

[34, 35, 36] 

Seaweed Sun, oven, and freeze-
drying 

[37] 

Passion flower Spray and spouted bed [38] 

Echinacea Freeze-drying, vaccum–
microwave, 
and convective drying 

[39] 

Chives Freeze-drying, vacuum– 
microwave, vacuum– 
microwave _ convection, 
vacuum–microwave _ va-
cuum, 
and convection drying 

[40] 

5.3.1. Freeze drying 

Freeze drying (Lyophilization) works on the principle of freezing the material and 
reducing the surrounding pressure to allow the frozen water in the material to subli-
mate directly from the solid phase to gas. This minimizes compositional changes during 
dehydration and contributes to obtain very low levels of final moisture content. Freeze 
drying is well known drying technique for its ability to produce excellent quality dehy-
drated product. Therefore, it is commonly used in functional food formulation. The func-
tional food industry requires an improvement of probiotic strain stability during storage, 
especially when they are stored at room temperature. Freeze drying is one of the most 
common methods to dry the probiotic strain. Savini et al. [16] studied the viability of 
freeze-dried Lactobacillus rhamnosus IMC 501® and Lactobacillus paracasei IMC 502® 
using different protective agents (i.e., glycerine, mannitol, sorbitol, inulin, dextrin, Crys-
talean®) and compared with semi skimmed milk (SSM) control. They observed no sig-
nificant differences between the tested protectants and the control (SSM) during storage 
at refrigerated conditions. At room temperature storage conditions, they found that only 
glycerine had stabilized the viability better than other tested substances. Mohd Zainol et 
al. [41] compared the freeze drying with hot air oven and vacuum drying in the degrada-
tion of flavonoids in Centella asiatica and reported that air oven method results in high-
est total flavonoids degradation followed by vacuum oven and freeze dried with percent 
degradation of 97, 87.6 and 73 % respectively. Catechin and rutin were found to be the 
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most stable flavonoids with percent degradation up to 35 %, 66 % and 76 % for freeze 
dried, vacuum oven and air oven respectively.  

Retention of total and individual ginsenosides in ginseng roots was verified for 
freeze drying by Popovich et al. [42]. Freeze-drying system provides better retention and 
extraction efficiency of total ginsenosides than convective drying at 70°C [43]. 

5.3.1.1 Foam Mat Freeze Drying 

The high cost of operation associated with freeze drying can restricts its usage to 
functional foods. Foam-mat drying can be used for the functional products that can be 
foamed to increase the surface area to improve the mass transfer rate. Foam-mat freeze 
drying is one of the promising methods of drying of, which tries to utilize the advantages 
of both freeze drying and foam-mat drying to produce better quality functional food 
products like egg white powder. Muthukumaran [17] used foam mat drying technique to 
prepare egg white powder. He used different stabilizers (Methyl cellulose, Propylene 
glycol alginate and Xanthan gum) to optimize foam stability and determined the bubble 
size distribution using microscopy to understand foam structure. His results showed 
that Xanthan gum at 0.125% provide sufficient stability for freeze drying. Also, he con-
ducted experiments to study foam-mat freeze drying of egg white, in an effort to deter-
mine the suitability of their method. His results indicated that the addition of Xanthan 
Gum during foaming had a positive impact in reducing the total drying time producing 
excellent quality egg white powder. The addition of stabilizer also plays an important 
role in improving drying. 

5.3.2. Spray drying 

Spray drying has important application in functional food formulation. The spray 
drying process consists of the conversion of a spray of pumpable liquid (i.e., juices, slur-
ries, and purees) into a dry particulate (i.e., powder, granules, or agglomerate) by expo-
sure to a hot (150 to 200°C) medium [44]. Operating and dryer components that influence 
the final product include the feed rate, temperature of the inlet drying air, pressure of 
compressed air at the nozzle, air flow (i.e., cocurrent, counter current, or mixed flow), 
atomizer design, and air heating method. Spray dryers are the most widely used drying 
systems for the formation of powdered food additives and flavors in the dairy, beverage, 
and pharmaceutical industries. This drying method has been investigated for many 
products including milk, tomato pulp, flaxseed gum, medicinal plant extracts, and field 
pea protein [45]. 

The preparation of spray dried calcium fortified milk powders with functional salts 
is evident from literature. The choice of appropriate calcium salts for fortification of milk 
or milk powders is a challenge for the dairy industry. Depending on the form of salt used, 
the addition of calcium to dairy products has the potential to influence the colour, tex-
ture, stability, flavour, and processing characteristics of the final product [46]. A new 
technique was developed by Williams et al. [46] for the calcium fortification of liquid milk 
and calcium-fortified milk powders, based on results obtained in liquid milk systems. 
The process involved adding a combination of orthophosphates with a soluble calcium 
salt (calcium chloride) to milk, subjecting the milk to low-heat (72 °C/30 s) or high-heat 
(90 °C/10 min) treatment, concentrating the milk to approximately 450 g total solids•kg 
-1 and spray drying the concentrate to produce powders with approximately 50 g•kg -1 
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moisture. They prepared calcium-fortified skim and milk powders with up to an extra 8 
g of calcium per kg of powder. The calcium fortified skim and milk powders easily re-
constituted in water to give skim milk solutions (100 g total solids•kg-1) with a total 
calcium content of between 2000 and 2300 mg Ca•L-1. They found that the total concen-
tration of calcium in the fortified powder was dependent on the level of calcium in the 
base milk from which it was produced. Recovery rates of at least 97% obtained in the 
final powders produced using spray drying. 

5.3.2.1. Spray Drying of Probiotic Cultures 

Probiotic cultures are described as live microbial feed supplements that improve in-
testinal microbial balance and are intended for maintenance of health or prevention, 
rather than the curing of disease. Probiotic strains and their key beneficial traits can 
withstand the stresses involved in the manufacture of Cheddar cheese and spray-dried 
powders. Spray drying is a cost effective method for producing large quantities of some 
probiotic cultures in a form suitable for functional food applications [18]. The potential of 
environmental adaptation as a survival mechanism enabling a human-derived probiotic 
Lactobacillus strain to withstand heat stress during spray drying was investigated. They 
reported that viability of the heat-adapted L. paracasei NFBC 338 in RSM (Response Sur-
face Methodology) was enhanced 18-fold during spray drying at outlet temperatures of 
95 to 105 °C, while salt-adapted cultures exhibited 16-fold greater viability than controls. 
They highlighted the potential of preconditioning treatments for maximizing survival of 
probiotic bacteria during development of probiotic functional foods. The cross protec-
tion afforded by salt against thermal stress may indicate that certain common protective 
mechanisms are induced by both heat and salt stress. The alternative probiotic prepara-
tion is easily scalable for commercial operations in eco- friendly and cost effective man-
ner. Spray drying being a proven technology compared to convective current, infra red 
exposure and lyophilization, it can make visible impact on production, sale and use of 
bacillus coagulans as an effective probiotic preparation [19]. 

5.3.2.2 Spray Drying Encapsulation 

Another application for spray drying includes the encapsulation of functional foods 
and flavours. Spray drying microencapsulation includes preparation and homogeniza-
tion of dispersion, atomization of the in-feed dispersion, and dehydration of the ato-
mized particles. Shell materials are limited to gum acacia, maltodextrin, hydrophobically 
modified starch, and their mixtures because of solubility in water [19]. With different ma-
terial preparations and operating conditions, other less water-soluble casings like poly-
saccharides (alginate, carboxymethylcellulose, and guar gum) and proteins (whey, soy, 
and sodium caseinate) can be used. According to [18], the advantages of spray drying en-
capsulation are: low operating cost; high quality, stability, and rapid solubility of the 
capsules; and small size. 

5.3.3. Fluidized Bed Drying 

Functional foods like diced carrots, cranberries and blueberries can be dried using 
fluidized bed which have a perforated drying stage through which air flows at a specific 
velocity to fluidize the product. It is mainly used for granular solid and particulate prod-
ucts. A fluidized bed is induced when a fluid, liquid or gas, flows upward through a bed 
of suitably sized particles at a velocity high enough to suspend/disperse the particles 
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and impart them a turbulent motion. High heat transfer rates can be achieved in flui-
dized systems resulting in savings in processing time and this is the main reason why 
they are used in a variety of food processes like freezing and drying [47]. Now a day, with 
the modern technology different types of fluidized bed dryers such as pulsed fluidized, 
vibrated fluidized, spouted bed, and rotary dryers are available. They can be of batch 
type or continuous type. These dryers are designed such that heat sensitive and oxygen 
sensitive  materials can be dried easily while maintaining their quality as the drying time 
are less, also drying can take place at low temperatures. The pulsed fluidized bed and 
the vibro-fluidized bed dryer gives better results than the normal fluidized bed dryer for 
those  products which  have  stickiness [20].  

The various advantages of fluidization as reported by research workers are as fol-
lows [20, 66] 

(a) Efficient gas-solid contact leads to compact units and relatively low capital cost. 

(b) The handling of the particles is quite easier compared to some other types of 
dryer. 

(c) The lack of moving parts, other than feed and discharge keeps reliability high and 
maintenance cost low.  

(d) Thorough mixing of solids leads to uniform drying. 

(e) Heat and mass transfer rates between gas and particles are high when compared 
with other models resulting in high rates of transport processes. 

(f) Several processes can be combined in the process. 

Besides these advantages there are some limitations associated with fluidized bed 
drying. The main limitation is that the material being dried must be fluidizable. Follow-
ing are other limitations [20]: 

(a) Wide size distribution of product may lead to loss of small size particles from the 
bed due to high velocity. 

(b) The process demands extra expenditure of power for fluidization. 

(c) The dynamics of bed is not sufficiently well understood, so as to scale up labora-
tory data into commercial reality. 

(d) If material is wet, it is difficult to fluidize initially. 

(e) Minimum fluidization velocity changes with time as moisture is lost and particles 
become lighter. 

High Temperature Fluidized Bed (HTFB) can be used in finish drying of osmotically 
dehydrated blueberries which is carried out at 170° C for 8 minutes and 150° C for 4 
minutes with air velocity of 15 m s-1. It results in reduced dehydration time compared 
to conventional air dehydration and simultaneously puff the blueberries during the 
process. HTFB increases drying rate and prevents sticking of berries to each other thus 
facilitating the final drying of osmotically dehydrated blueberries [21]. 
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5.3.3.1. Fluid Bed Encapsulation 

Encapsulation is one of the important methods of commercializing valuable nu-
trients, bioactive components, additives and functional foods. Specially designed flui-
dized bed dryer are modified for the encapsulation of these food components. The dif-
ferent types of fluidized bed dryers for encapsulation are; top spraying (Figure 5.1) 
mostly used for the microencapsulation of droplets as small, bottom spray coating type 
used for similar particles. The rotating drum fluidized dryer also can be used which en-
hances gravitational forces and assists in fluidizing smaller particles. This is also used in 
coating process, where the core particles are fluidized, coating solution is sprayed, eva-
poration from the coating solution, and adherence of the coating material. Coating mate-
rials may be carbohydrates (e.g., starch, maltodextrins, and corn syrup solids), cellulose 
(hemicellulose), gums (e.g., gum acacia, agar, and carrageenan), lipids (e.g., wax, paraffin, 
and oils), and proteins (e.g., gluten, casein) [20]. 

 

Figure 5.1. Top spray fluidized bed processor (Courtesy: SB. Panchal and Company 
Mumbai, India) 

5.3.4. Kiln drying 

Oat flakes are nowadays becoming popular breakfast cereals falling in category of 
functional foods. Generally kiln dryers are used for pre-processing in oat flake manufac-
turing. The most important quality parameters of oat flakes are the absence of lipid hy-
drolysing enzymes, specific weight, thickness, break¬age (fines), water absorption. At 
the mill, oats are often kilned to stabilise the product by inactivating lipid hydrolysing 
enzymes. Almost invari¬ably steaming is used during flaking, to soften the groats and 
reduce flake breakage [23]. The falling number determination is a potential tool for esti-
mating the adequacy of kiln drying of oats. Kaarlheto and Salovaara [24] studied the sui-
tability of falling number method for oats using 4.5 to 8 g sample of oat groats, oat bran, 
oat endosperm flour and rolled oats. Their result showed that a standard 7 g sample fall-
ing number determination would be suitable for oats, the falling number of oat samples 
varying from 328 to 721 seconds. Oat groat samples from two separate kiln drying 
processes showed that kiln drying increased the falling number values by 30 – 89 %. 

5.3.5. Osmotic Drying 

Osmotic dehydration plays an important role in drying of functional foods like 
grapes, berries, tomato, carrots and mushrooms. It is an attractive dehydration tech-
nique due to its mild heat treatment to product which helps to minimise the losses of 
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functional components.  Osmotic drying removes the water from the fruit with the help 
of osmotic solution (sugar or salt solution). This consists of two counter current flows 
with water diffusion from the product to the surrounding solution and migration of so-
lutes from the solution to the product. A third transfer process, leaching of product so-
lutes (sugars, acids, minerals, vitamins) into the medium, although recognized as affect-
ing the organoleptic and nutritional characteristics of the product, is considered quanti-
tatively negligible [48]. The driving force for water removal is the concentration gradient 
between the solution and the intracellular fluid. If the membrane is perfectly semi per-
meable, solute is unable to diffuse through the membrane into the cells. Selective prop-
erties of cell membranes make it possible for water and low-molecular cell sap compo-
nents diffuse into the surrounding solution of higher osmotic pressure. However, it is 
difficult to obtain a perfect semi permeable membrane in food systems due to their 
complex internal structure, and there is always some solid diffusion into the food, which 
means that osmotic dehydration is actually combination of simultaneous water and so-
lute diffusion process [24, 49]. 

Some functional foods like grapes, cherry tomatoes (Lycopene) and berries (Proan-
thocyanidins) have a coating of wax for its protection from external factors. This waxy 
layer does not allow the moisture to move from inside the fruit to its surface, thus in-
creases the osmotic dehydration drying time. These fruits offer health benefits beyond 
basic nutritional requirements, and may require special pre-treatment(s) to reduce the 
impermeability of their skin to moisture movement. A system which minimizes expo-
sure to light, oxidation and heat, (i.e. high heat (70̊C) and shorter time duration) may 
help conserve critical bioactive compounds George et al. (2004). Carrot is osmotically 
dehydrated using sucrose (50° to 80°Brix) and salts solution (5 to 15%). The range of 
osmotic solution temperature, sample to solution ratio and time are 30° to 55°C, 1:4 to 
1:5 and 0 to 240 min, respectively. Solution temperature does not show significant effect 
on mass transfer. The effective diffusivity of water range between 1.594× 10-9 and 
2.078×10-9 m2s-1 and that of solute between 1.175×10-9 and 1.645×10-9 m2 s-1 [49, 50, 51]. 
Osmotically pre-treated carrot cubes (11% salt concentration, 30 ºC solution tempera-
ture and 120 min process duration) dried in a cabinet dryer (65 ºC air temperature) and 
then rehydrated in water at ambient temperature for 8–10 h results in to product with 
better rehydration ratio, colour and overall acceptability and minimum shrinkage. Os-
motic dehydration of carrots can also be done using pulsed microwave vacuum to en-
hance the mass transfer with minimal sugar gain and to avoid the leaching of functional 
component from carrot along with soluble solids. Also, substantial decrease in osmotic 
dehydration time takes place.  It results in to 40.46 % water loss and 11.58 % solid gain 
at microwave time per minute of 36 seconds during initial five minutes and osmosis 
time of 12.48 min. In comparison to the osmotic dehydration of carrots at atmospheric 
pressure, the application of combined pulsed microwave vacuum increases water loss 
[52]. 

Button mushroom is osmotically dehydrated in the salt solution temperature range 
of 25º to and 55°C. The rates of moisture loss, salt gain and solid loss are mainly influ-
enced by temperature and more pronounced between 25º and 40°C compared to 40º 
and 55°C [53]. 
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5.3.6. Microwave drying 

Microwaves are a form of electromagnetic radiation; that is, they are waves of elec-
trical and magnetic energy moving together through space falling into the radio fre-
quency band of electromagnetic radiation (300 MHz to 300 GHz). They are produced 
inside the oven by an electron tube called a magnetron. The microwaves bounce back 
and forth within the metal interior until they are absorbed by food and cause the water 
molecules in food to vibrate, producing heat that cooks the food. Microwave dehydration 
benefits include minimal change to flavour, colour and texture; more uniform tempera-
ture and moisture profiles, improved yields and enhanced product performance [54]. Mi-
crowaves are generally combined with conventional hot air or vacuum dryers. Litera-
ture shows some functional foods like mushroom, carrots and garlic have been success-
fully dried using microwave assisted drying techniques. 

5.3.6.1. Microwave vacuum drying 

Microwave vacuum drying, the emerging food dehydration method is done by incor-
porating microwave radiation in a conventional vacuum dryer for heating and evapora-
tion of moisture instead of heating by conduction and convection. Microwave vacuum 
drying combines the advantages of the rapid volumetric heating by microwaves and the 
low temperature evapsoration of moisture with faster moisture removal by vacuum [55, 

56, 57]. Typical arrangement of microwave vacuum drying is shown in Figure 5.2 [52]. 
This reduces the time required for complete drying by more than 30% as compared to 
conventional methods [57]. Some researchers have done the microwave vacuum drying 
studies of functional fruit and vegetables like cranberries, carrots, mushrooms and 
showed that microwave vacuum drying can be used to dry the functional fruit and vege-
tables with better quality.  

Figure 5.2. Experimental setup of microwave vacuum dryer [52] 

(1.Food material 2.Vacuum chamber 3.Fiber optic cables with sensors  4.Signal con-
ditioner 5.Microwave timer 6.Microwave power on/off switch 7.Turn table controller 

8.Electric power switch 9.Manual microwave power control 10.Microwave power level 
indicator 11.Remote power control 12.Heat extractor fan switch 13.Moisture condenser 
14.Vacuum pump 15.Pressure gauge 16.Pressure control valve in moisture suction line 

17.Heat extractor fan 18.Turn table 19.RS-232 cable 20.Personal computer) 
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Microwave vacuum drying of carrot slices at 2.45 GHz frequency and 4 kW power 
results in to higher rehydration potential, α –carotene and vitamin C content, lower den-
sity and softer texture than other samples prepared by air (70°C air temperature) or 
freeze drying (1.6 mmHg, chamber temperature 20 °C and condenser temperature – 
55 °C) [34]. Microwave vacuum drying helps in uniform temperature distribution in small 
thickness product which avoids the degradation of temperature sensitive functional 
components.  During microwave vacuum drying carrots slices  (thickness ≤ 8 mm) at 
wide range of microwave power and vacuum pressure levels the core temperature of 
sample attains the same as its surface temperature with uniform temperature distribu-
tion within the sample and for the thickness > 8 mm, temperature gradient develops 
along the thickness of the sample [35].  The microwave vacuum drying of carrot slices can 
also be carried out with and without osmotic pretreatment. As compared to the micro-
wave power density, the chamber pressure is less effective on the drying rates of carrot 
slices. The osmotic pretreatment is beneficial in retention of β-Carotene and ascorbic 
acid in microwave vacuum dried carrot slices, whereas, it reduces the rehydration ratio. 
The quality parameters of microwave vacuum and osmotic microwave vacuum dried 
carrots fall in between air and freeze dried carrots [67]. 

Microwave-vacuum drying of button mushroom results in 70 to 90 % reduction in 
the drying time as compared to hot air drying and shows 8 to 10 folds higher mean ef-
fective moisture diffusivity. Microwave power and slice thickness of mushroom shows 
significant effect (p ≤ 0.05) on drying efficiency whereas the system pressure strongly 
affect the quality of the dehydrated products such as colour, hardness, rehydration ratio 
and sensory scores. An optimum drying conditions of 202 W microwave power; 6.5 kPa 
system pressure; and 7.7 mm thickness results in to better quality dehydrated sliced 
mushrooms [28]. 

5.3.6.2. Microwave Hot Air drying 

Microwaves can be combined in the existing hot air dryer to increase the heating 
rate of the product. In addition to the heat supply from hot air, heat is generated volu-
metrically by microwaves. Due to the internal heat generation the moisture gets evapo-
rated and creates additional pressure gradient for moisture removal. Therefore, micro-
wave assisted hot air drying results in to faster drying. The schematic diagram of the 
microwave hot air dryer is shown in Figure 5.3. Due to shorter drying time, the losses 
due to oxidation can be minimized during drying of functional products like carrots and 
garlic. The quality parameters like rehydration ratio, moisture content, water activity, 
particle density, bulk density, porosity and colour are higher in microwave hot air dried 
carrots and garlic compared to infrared and hot air dried products [29]. Microwave con-
vective drying of garlic can be done at power of 40W, air temperature of 70°C and air 
velocity of 1.0 m/s. It results in to superior product attributes like flavour, colour, vita-
min C content and rehydration ratio than commercially dehydrated samples. Also, mi-
crowave convective drying requires very low specific energy for moisture removal [30]. 
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Figure 5.3. Schematic diagram of microwave convective dryer [30] 

An alternative two-stage microwave power system using varying microwave power 
during drying of functional food products was recommended by Wang and Xi [36]. They 
used a two-stage microwave power system, using a first and second stage power input 
for varying times during drying. They described microwave drying characteristics of 
carrot and discussed the effect of sample thickness, power applied during first-stage 
(first-stage power), power applied during the second-stage (second-stage power) and 
duration of first-stage on β -carotene content, and rehydration ratio. The study showed 
that dehydration rate increased and the drying energy consumption decreased, as the 
thickness of the sample decreased, power level increased and mass load decreased. They 
observed that slice thickness, first-stage power, second-stage power, and duration of the 
first-stage affected β-carotene content and rehydration ratio. The rehydration ratio of 
the dried products decreased with increase in duration of the first-stage and slice thick-
ness. β-carotene content decreased with increase of power applied during the second-
stage and duration of the first-stage. 

5.3.7. Convective drying 

Conventional air-drying is the most frequently used dehydration operation in func-
tional food industry. They are mainly of the kind, cabinet and tunnel dryers, in which 
heating is done by warm air moving over or across the surface of a layer of product 
spread on perforated trays. Functional foods and ingredients like tomatoes, mushrooms, 
carrots, garlic, Eschinacea roots, and E. angustifolia roots are dried using these methods. 
It can be also used for drying of semisolid products such as tomato purees, slurries and 
pomace of fruit or vegetables. Due to high temperature and longer drying times convec-
tive drying may result in quality and product degradation [58]. Since convective drying is 
one of the most economical methods of drying. Few researchers have attempted drying 
of functional fruit and vegetables and showed that convective drying at low temperature 
can result into acceptable quality dehydrated functional foods. The Oyster Pleurotus va-
riety of mushroom can be dried in thin layer. Drying air temperature of 50 °C and air 
velocity 0.9 m s-1 is suitable for pre treated (steam blanching followed by sulphating 
and citric acid dip) mushroom dehydration process [31]. Similarly, the drying of Maitake 
mushroom (Grifola frondosa), which has high initial moisture content is dried in tem-
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perature range 35° to 55°C and relative humidity 30-70% to obtain good quality dehy-
drate product [27].  

A low cost forced convection greenhouse drier that is the Tunnel Greenhouse Drier 
is also used for functional food like garlic. Its main parts are: a plastic greenhouse cover 
containing a drying tunnel made with transparent plastic walls; a line of carts with sev-
eral stacked trays containing the product and moved manually inside the tunnel and an 
electrical fan that moves the hot air from the greenhouse into the tunnel. The trays re-
ceive solar radiation through the transparent walls, increasing the product temperature. 
Heat losses from the tunnel are low since greenhouse temperatures are higher than am-
bient temperature [33].  

Garlic slices (2-4 mm) can be dried using hot air in the temperature range 50- 90 ºC, 
relative humidity 8- 24 % and airflow range 0.5- 1 m s-1. During drying only tempera-
ture and slice thickness affect the drying rate of garlic whereas there is no significant 
effect of relative humidity and airflow rate. Page model gives better prediction of drying 
kinetics of garlic slices [59].  

Convective drying of tomato at 80 ºC air temperature preserves substantial amount 
of the lycopene, ascorbic acid and antioxidant activity. Oxidative heat damage to tomato 
takes place at high temperature (> 100 ºC) during hot air drying. Colour and ascorbic 
acid degrade severely by heat damage during drying whereas lycopene shows high sta-
bility. Lycopene content decreases to a maximum of 10 % after drying at 110 ºC and did 
not change during drying at 80 ºC [60]. 

The roots of Echinacea are widely accepted for their potential role in boosting of the 
immune system. Alkamides 1 and 2, echinacosides, and cynarin, some of the many bioac-
tives identified in echinacea, are used as marker compounds for the evaluation of post-
harvest processing effects [61]. The times achieved for moisture removal from 57 to 10% 
moisture content for roots dried in a convective oven at 23, 30, 40, 50, 60, and 70°C 
were 103.4, 55.7, 13.1, 11.2, 6.5, and 5.3 h, respectively. Echinacoside losses of 28 to 45% 
at temperatures of 30 to 65°C, respectively, were significant, whereas the effect on the 
other marker compounds was inconclusive.  Shiu [62] studied the suitability of forced air 
thin-layer dryer for the dehydration of E. angustifolia roots by examining the drying 
characteristics of the roots and evaluating the quality of dehydrated roots with echina-
coside as a reference compound. They examined drying temperatures (30° and 50°C), 
air velocities (0.7 and 1.1 m s-1 for forced-air thin layer dryer) and root sizes (small and 
medium) drying experiments. Drying air temperature and root size are important para-
meters affecting the drying rate in thin-layer drying. Page equation appeared to fit the 
experimental data (R2>0.96). They found that thin-layer drying was better able to pre-
serve the echinacoside in the roots as compared to fluidized-bed drying- They observed 
no significant difference in echinacoside loss between the two drying temperatures or 
air velocities specified in this study. Another important functional ginseng root can be 
dried at 38°C which is recommended by British Columbia Ministry of Agriculture, Food, 
and Fisheries [43], because higher temperatures are associated with degradation of gin-
senosides and colour and with higher energy costs. 
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5.4. MODELLING DRYING PROCESS 

Several theoretical, semi-theoretical and empirical models are available to study the 
drying kinetics of functional foods and their ingredients during drying. The most impor-
tant models applicable to the drying of functional foods are given below: 

Exponential Model [63] 

kMR e θ−=
                     (5.1)

 

where, MR is  moisture ratio, (Mo-M)/Mo-Me) in fraction, Mo is initial moisture con-
tent, (% db), M is intermediate moisture content (% db), Me is equilibrium moisture con-
tent (% db),  k is drying constant (% M/min), θ is time period (min). 

Page Model [63], 

nkMR e θ−=
                     (5.2) 

where, k and n are model constants 

Henderson and Pabis Model [31] 

kMR Ae θ−=
         (5.3) 

where, A and k are model constants 

Food dehydration generally occurs in the falling rate period of drying during which 
moisture movement from the interior to the surface by diffusion is considered as the 
principal moisture transport mechanism. In the analysis of falling rate-drying period, a 
simple diffusion model based on Fick’s second law of diffusion is considered for the 
evaluation of moisture transport, which is given by the following equation [64]. 

M MD
t x x

∂ ∂ ∂ =  ∂ ∂ ∂          (5.4) 

Where, M is moisture content (kg water/kg dry matter), t is time (s), x is diffusion 
path or length (m), D is moisture dependent diffusivity (m2/s) 

The diffusivity varies considerably with moisture content of the food and can be es-
timated by analyzing drying data, using the “method of slopes” technique [65]. 

CONCLUSIONS 

The progress has been made recently in developing new drying technologies and 
pre-treatments to reduce the energy and costs associated with the process and to en-
hance quality aspects of dried functional foods. The literature shows that freeze and 
spray drying are the most important methods of drying used in development of func-
tional foods. Also, selection of the drying method for development of the functional food 
should be based on the stress of the drying process parameters on the particular func-
tional component. 
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RESEARCH NEEDS 

The available functional foods drying processes are specific to a particular situation 
requiring pilot-scale optimization/investigation in order to attain the better results. Hy-
brid drying technologies have good potential to cope with present trends in functional 
foods drying, but they still require numerous research works to practically apply their 
results. 
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6.1. INTRODUCTION 

The modern western lifestyle is characterized by significant alterations in food con-
sumption, stress, lack of physical exercises, use of alcohol, tobacco and pharmaceuticals, 
and increasing exposure to environmental chemicals also seem to contribute to the bur-
den of chronic disease in western society. Foods that are consumed refined and calorie-
condensed food products contain large amounts of saturated and trans fatty acids, sugar 
and starch, and bioactive peptides such as gluten and are low in omega-3 PUFA, plants 
antioxidants, and health promoting plant fibres and bacteria. Common to most of the 
above mentioned food ingredients are that they affect the function of the innate immune 
system, the inflammatory response and the individuals’ resistance to disease [1]. Apart 
from the modern lifestyle, infectious diseases are still the biggest problem for humans to 
solve in the 21st century. Intestinal infectious diseases caused by pathogenic microor-
ganisms including Shigella, Vibrio cholera, pathogenic Escherichia coli, Campylobacter, 
and rotavirus are the main causes of death in developing countries. Even in a developed 
country, the USA, 21-37 million cases of diarrhea occur annually in a population of 16.5 
million children [2], and Salmonella, Campylobacter, and enterohemorrhagic E. coli 0157 
have been problematic as etiologic bacteria of food borne infection. Moreover, overuse 
of antibiotics has allowed the spread of nosocomial infections with antibiotic-resistant 
bacteria, particularly multidrug-resistant bacteria, as adverse effects. Under these cir-
cumstances, some useful bacteria contained in yogurt, lactobacillary beverages, and oth-
er fermented foods have been medically found useful and recognized as probiotics [3, 4]. 
Probiotics have been identified mainly by experience of their ingestion as foods, but 
there is growing scientific evidence supported by mechanistic and clinical studies that 
probiotics can provide health benefits [5-9]. Probiotic therapy has been investigated for 
its effectiveness against a range of gastrointestinal diseases and disorders such as:  

• In relief of lactose maldigestion 

• To combat diarrhoea 

• For the treatment of IBD (Inflammatory Bowel Disease) 

• Impact on CRC (Colorectal cancer) 

• Impact on immune function 

• To combat pancreatitis  

• Helicobacter pylori infection 

With rapidly increasing knowledge of intestinal microbiota and modulating factors, 
interest in supplementing various types of food products with probiotic bacteria has 
grown significantly [10]. The term probiotic refers to a preparation of defined microor-
ganisms or a product containing viable microorganisms, in sufficient numbers to alter 
the micro flora in a compartment of the host and bring beneficial health benefits [11, 12]. 

Lilly and Stillwell first coined the term probiotic in 1965 in reference to substances 
produced by protozoa, which stimulated the growth of other organisms. But the dietary 
use of live microorganisms has a long history. Elie Metchnikoff, the father of modern 
immunology, spoke highly about the possible health benefits of lactic acid bacteria (LAB) 
Lactobacillus bulgaricus and Streptococcus thermophillus in his writing at the consump-
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tion of live bacteria, such as S. thermophillus and L. bulgaricus, in the form of yogurt was 
beneficial for gastro intestinal health as well as for general health and for longevity [13]. 

6.1.1. Definition and guidelines for use of the term ‘probiotic’ 

A number of definitions of the term ‘probiotic’ have been used over the years but the 
one derived by the Food and Agriculture Organization of the United Nations–World 
Health Organization (FAO–WHO) and endorsed by the International Scientific Associa-
tion for Probiotics and Prebiotics best exemplifies the breadth and scope of probiotics as 
they are known today: ‘‘Live microorganisms, which when administered in adequate 
amounts, confer a health benefit on the host’’. This definition retains the historical ele-
ments of the use of living organisms for health purposes but does not restrict the appli-
cation of the term only to oral probiotics with intestinal outcomes. This is important 
considering that vaginal applications of probiotics have existed for >20 years. The guide-
lines that stipulate what is required for a product to be called a probiotic were published 
by FAO–WHO in 2002. They require that strains must be designated individually, spe-
ciated appropriately and retain a viable count at the end of their shelf life in the desig-
nated product formulation that confers a proven clinical end-point. Although member 
nations were encouraged to use these guidelines, the fact that some products continue 
to be of dubious quality and claim health benefits that are not supported by appropriate, 
peer-reviewed human studies suggests that many regulatory authorities are not yet 
aligned. Although companies often genuinely try to inform consumers of the attributes 
of probiotics, some might consider new approaches so that evidence-based outcomes 
take precedence and product recommendations can be supported by well-designed hu-
man studies [14]. 

6.1.2. Mechanism of probiotic action 

The mode of action of probiotic strains is likely to be multifactorial and, from exist-
ing evidence, appears to be strain specific. Enhancement of colonization resistance 
and/or direct inhibitory effects against pathogens is likely to be important in situations 
in which probiotics have reduced the incidence and duration of gastroenteritis. The 
main function of the gut microbiota, from the host’s point of view is to prevent coloniza-
tion by potentially pathogenic microorganisms. It does so efficiently by outcompeting 
invading pathogens for ecological niches and metabolic substrates. Microbial metabol-
ism also serves as an important source of energy for the gut wall, providing up to 50% of 
the daily energy requirements of colonocytes by fermentation of carbohydrates to or-
ganic acids, mainly butyrate. The defense mechanisms afforded by a healthy gut micro-
biota might be overcome when compromised by chemotherapy (especially antibiotics) 
or chronic disease [e.g. colon cancer and inflammatory bowel disease (IBD)]. This reali-
zation has lead to the development of foods specifically designed to fortify the gut mi-
crobiota [15]. Probiotic strains have inhibited pathogenic bacteria both in vivo through 
several different mechanisms. These include production of directly inhibitory com-
pounds (e.g. bacteriocins), reduction of luminal pH through short chain fatty acid pro-
duction (which could themselves be directly inhibitory to certain pathogens), competi-
tion for nutrients and adhesion sites on the gut wall, modulation of the immune re-
sponse and regulating colonocyte gene expression (e.g. expression of mucin genes) [16-18]. 
The gut microbiota acts as an important modulator of the immune system, not only edu-
cating the naïve infant immune system but also serving as an important source of non-
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inflammatory immune stimulators throughout life in healthy individuals. Applying pro-
biotics to stimulate immune function, especially in individuals with underdeveloped or 
dysregulated immune function, appears to be sound, considering the positive outcomes 
of feeding studies targeting viral infections, IBD and allergic diseases. 

Probiotics influence digestive processes by the improvement of the microbial popu-
lation that is beneficial for the microorganism, by enhancing its enzyme activity, by im-
proving digestibility and feed utilization. The antitumour activity of probiotics may be 
realized in three ways: (a) the inhibition of tumour cells, (b) the suppression of bacteria 
producing β-glucosidase, β-glucuronidase, and azoreductase, which catalyze the conver-
sion of procarcinogens to proximal carcinogens and (c) by the destruction of carcino-
gens such as nitrosamines, and by the decrease of nitroreductase activity which is in-
volved in their synthesis. Probiotics influence blood cholesterol level by the inhibition of 
cholesterol synthesis, or decrease its level directly by assimilation [19]. 

6.2. PROBIOTIC PRODUCT DEVELOPMENT 

Probiotics are commonly included in fermented milks, yoghurts and cheese, but are 
also available in the form of dietary supplements where the probiotic is in the form of a 
dried product. Probiotic-containing foods can be categorized as functional foods, and 
along with prebiotics represent the largest segment of functional foods market in Eu-
rope, Japan and Australia. The market for this food category continues to expand, in pa-
rallel with growing consumer awareness of the role of diet in health maintenance [20], 
and represents an exciting market opportunity for the food and dairy industries. 

Human intestinal isolates, many of which are obligatively anaerobic grow very poor-
ly outside their natural habitat, the human gut. Indeed, much of the human intestinal 
flora is uncultivable and can only be studied using culture-independent approaches. 
Consequently, the large-scale cultivation and subsequent storage of probiotic lactobacilli 
and bifidobacteria in high numbers often presents a major bottle neck to the realization 
of their commercial potential. For this reason, intensive research efforts have recently 
focused on protecting cultures both during product manufacture and storage and during 
gastric transit. These studies have demonstrated that cultures can be significantly pro-
tected via encapsulation in a variety of carriers, which include milk proteins and com-
plex (prebiotic) carbohydrates. The physiological state of the probiotic cultures being 
added to a product can also be a major factor affecting overall culture viability. In this 
respect, the induction of stress responses in probiotic strains can have a dramatic effect 
on the ability of cultures to survive processing, such as freeze drying and spray drying 
and during gastric transit. 

These micro-organisms share a number of common traits, such as generally re-
garded as safe (GRAS) status, acid and bile tolerance, and ability to adhere to intestinal 
cells [21]. For successful delivery in foods, probiotics must survive food processing and 
storage during product maturation and shelf-life. 

6.2.1. Stabilization of probiotics by desiccation technology 

Dehydration is commonly used as a means to stabilize probiotics for their ease of 
storage, handling, transport and subsequent use in functional food applications. Freeze-
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drying is the most widespread technique for dehydration of probiotic and dairy cultures, 
while spray-drying has been applied to the dehydration of a limited number of probiotic 
cultures. 

6.2.1.1. Freeze drying 

Freeze-drying has been used to manufacture probiotic powders for decades and is 
based upon sublimation, occurring in three phases; freezing, primary, and secondary 
drying. Typically, cells are first frozen and then dried by sublimation under high vacuum 
[22]. As the processing conditions associated with freeze-drying are milder than spray-
drying, higher probiotic survival rates are typically achieved in freeze-dried powders [23]. 
Interestingly, it has been shown that cellular inactivation occurs mostly at the freezing 
step [24]. Indeed, To and Etzel (1997) demonstrated that 60-70% of cells that survived 
the freezing step can live through the dehydration step [25]. During freezing, the forma-
tion of extracellular ice causes an increase in extra-cellular osmolality, so, as soon as ice 
forms outside of the cell in solution, the cell begins to dehydrate. The intracellular and 
extra-cellular solution concentrations will increase as temperature drops until a eutectic 
point is reached. There are as such two kinds of freezing methods, i.e. slow freezing and 
fast freezing. During slow freezing, the process of gradually dehydrating the cell as ice is 
slowly formed outside the cell leads to extensive cellular damage, while fast freezing can 
avoid solute effects and excessive cellular shrinkage [26]. It has been reported that the 
higher the surface area of the cell, the higher the membrane damage owing to extracellu-
lar ice crystal formation during freezing [27]. Consequently, cell size has a strong influ-
ence on survival of probiotics during freeze-drying, with small spherical cells such as 
enterococci being more resistant to freezing and freeze-drying than larger rod shaped 
lactobacilli [27]. Removal of bound water from bacterial cells during drying leads to dam-
age of surface proteins, cell wall and the cell membrane. Bound water plays an impor-
tant role in stabilizing structural and functional integrity of biological macromolecules 
through different types of weak bonding, including those present on the cell wall and 
cell membrane. Consequently, water removal during desiccation can lead to destabiliza-
tion of the structural integrity of these cellular components, resulting in loss or impair-
ment of function [28]. It has been proposed that the lipid fraction of the cell membrane is 
the primary target area for damage during drying, where lipid peroxidation may occur 
[28, 29]. In addition, the secondary structures of RNA and DNA destabilize, resulting in re-
duced efficacy of DNA replication, transcription, and translation [30]. Therefore, in order 
to achieve optimum results during the desiccation of probiotics, attention must be 
strongly focused on approaches to minimize damage to these cellular components. 

6.2.1.2. Spray-drying 

Commercial scale production of freeze-dried cultures is an expensive process with 
low yields, and as such spray drying offers an alternative inexpensive approach yielding 
higher production rates [31]. The spray-drying process involves the injection of the spray-
drying medium at high velocity at temperatures up to 200ºC, which then blasts through 
a nozzle leading to formation of granules. Consequently, this process results in exposure 
of the drying medium to high temperatures for a short time, which can be detrimental to 
the integrity of live bacterial cells. During spray-drying, bacterial cells encounter heat 
stress, in addition to the other stresses already mentioned during freeze-drying, i.e. de-
hydration, oxygen exposure and osmotic stress [28, 32]. The effect of spray-drying on the 
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cell membrane can lead to increased cell permeability which may result in the leakage of 
intracellular components from the cell into the surrounding environment [33]. The cytop-
lasmic membrane is among the most susceptible sites in bacterial cells to the stresses 
associated with spray-drying, while the cell wall, DNA and RNA are also known to be af-
fected, leading to loss of metabolic activity [32, 34]. Removal of hydrogen-bonded water 
from the head group region of phospholipid bilayers increases the head group packing 
and forces the alkyl chains together. As a result, the lipid component may undergo a 
transition from lamellar to gel phase, which can be seen as a dehydrated lamellar phase 
in which the chains are stiff and fully extended. Furthermore, certain phospholipids un-
dergo a transition from lamellar to hexagonal phase as water is removed [35, 36]. A num-
ber of studies have reported on the performance of a variety of probiotics during spray-
drying, and in general, the survival rate of probiotic cultures depends on such factors as 
the particular probiotic strain used, outlet temperature, and drying medium among oth-
ers. Using a rifampicin resistant variant of Lactobacillus paracasei NFBC 338, it was 
shown that survival rate of >80% was achievable during spray-drying in RSM (Reconsti-
tuted Skim Milk), at outlet temperatures of 85–90ºC [37], while under similar conditions 
(outlet temperature of 80ºC), Ananta and Knorr (2003) reported a survival rate of >60% 
for L. rhamnosus GG [38]. It has been shown that different bacterial species vary with re-
spect to spray-drying tolerance, highlighting the importance of strain selection, for ex-
ample L. paracasei NFBC 338 survived significantly better than L. salivarius UCC 118 at 
similar spray-drying conditions, which may be attributed to the greater thermal toler-
ance of strain L. paracasei NFBC 338 compared to L. salivarius UCC 118 [39]. When the 
heat and oxygen tolerance of a number of Bifidobacterium species, and the relative per-
formance of selected strains during spray-drying were compared, it was found that 
closely related species exhibiting superior heat and oxygen tolerance performed best, 
notably Bifidobacterium animalis subsp. lactis which survived spray-drying at 70% or 
greater in RSM (20% w/v) at an outlet temperature of 85–90ºC [40]. Outlet air tempera-
ture is a major processing parameter affecting the number of survivors during spray-
drying. For example, Kim and Bhowmik (1990) reported that numbers of Streptococcus 
salivarius subsp. thermophilus and L. debrueckii subsp. Bulgaricus decreased with in-
creasing outlet or inlet air temperatures and atomizing air pressure, while similar find-
ings were reported by Gardiner et al., 2000 for both L. paracasei NFBC 338 and L. saliva-
rius UCC 118 [39, 41]. Consequently, improved viability can be achieved by reducing the 
outlet temperature during spray-drying, but beyond probiotic viability, powder quality 
is also influenced by these parameters, with moisture content of 3.5% being preferred 
for shelf-stable products [42]. 

6.2.1.3. Fluidized bed drying 

When compared with spray drying, publications on drying bacterial starter cultures 
with a fluidized bed are rare. Most of the fluidized-bed work is related to yeast drying. In 
a fluidized-bed dryer the drying time can be much longer than in a spray dryer (e.g. 60 
min vs. 30s). Because the dimensions of the drying apparatus and the required ratio air 
flow/moisture flow to reach a certain final water concentration are no longer coupled, 
the residence time in the fluidized bed can be chosen freely. This also means that the air 
inlet temperature can be controlled without influencing the minimal obtainable water 
concentration after drying. 
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The free choice of residence time makes it possible to use relative low air tempera-
tures, which will help to minimize thermal inactivation. The thermal inactivation can 
also be minimized by controlling the product temperature, instead of the inlet tempera-
ture of the bed. The process design can help to minimize the thermal inactivation. For 
example, yeast can be dried with a constant air inlet temperature of 80ºC at the first 
stage where charges of 1500 kg compressed yeast (2.3 kg kg-1) are dried in 45 min to 
water concentrations of 0.4 kg kg-1. At the second stage, where water concentrations of 
0.1 kg kg-1 are reached in 45 min, the air temperature can be controlled in such a way, 
that the product temperature never exceeds 38ºC. In the final stage of the process the air 
humidity can also be controlled, thereby limiting the dehydration and thus the inactiva-
tion of the yeast cells. These control schemes can be used to minimize both thermal and 
dehydration inactivation. By accurate control of temperature and water concentration, 
in relation to particle diameter, an optimum between inactivation and drying time can 
be reached.   

Due to the usually large distribution in residence time, a continuous fluidized-bed 
drying process can be disadvantageous for the drying of microorganisms. At higher dry-
ing temperatures, a distribution in residence time can cause significant thermal inactiva-
tion. In a batch-operated process there is no variation in residence time but such a 
process is less attractive from an economical view point. Generally, series of batch-
operated fluidized beds are used.  

Several additional advantages/disadvantages of the fluidized-bed drying process can 
be mentioned. A general problem during fluidized-bed drying can be the stickiness of 
the granulated material. This can influence the survival rate after fluidized-bed drying. 
Sticky particles agglomerate easily, which can result in a substantial increase in particle 
size, inhomogeneous beds, and decreasing drying rates. This problem can possibly be 
avoided by adjusting the initial water concentration, using the disintegration forces of a 
vibrating grid under the bed, a right choice of the support material, and/or the use of 
fluidizing agents. Another drawback is that only materials which can undergo granula-
tion can be dried. Bacterial cells are not readily obtained in a granular form and there-
fore, support materials have to be used. One possibility is to mix the cells with a support 
material such as starch or wheat bran and to extrude the paste formed. Gel-like mate-
rials are also used, such as xanthan gum, carrageenan or alginate. Unfortunately, these 
materials can be considered unacceptable in the (food) substance to be inoculated. Con-
centration, mixing and granulation are unavoidable processes preceding the fluidized-
bed drying process. In these preceding steps, it is possible that inactivation of the cells 
may occur. However, there is no known literature about this effect.  

Another disadvantage can be the poor reconstitution properties of the fluidized bed-
dried product. Usually, the product is less porous when compared to a spray or freeze-
dried product and rehydration times can be relatively long. To facilitate the rehydration 
(and dehydration) process, the paste-like material is extruded as very small particles 
with diameters of 0.2 mm. After drying, particles of 0.1 mm diameter remain which are 
small enough for direct addition into the dough, without the need of a separate rehydra-
tion step. 

An advantage of the fluidized-bed process, compared to the spray drying process, is 
that it can be modelled relatively easily. The insights into the influence of the parame-
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ters on the drying and inactivation process, obtained with the modeling and simulation, 
can be readily implemented. The measurements and calculations practiced with a labor-
atory or pilot plant drying installation can be translated to an industrial scale process [43]. 

6.2.1.4. Vacuum drying 

The survival ratio of Lactobacillus acidophilus during vacuum drying was found to 
be the lowest as compared to freeze drying and controlled low temperature vacuum 
drying. Since the culture was maintained at 40ºC during vacuum dehydration, cell dam-
age was inevitable and vacuum drying under these conditions was not a method appro-
priate for culture preservation. Cultures dehydrated by controlled low-temperature va-
cuum dehydration possessed a survival ratio close to that dehydrated by freeze-drying, 
and that of freeze dried culture could be higher owing to the beneficial conditions during 
drying. The time required for the controlled low-temperature vacuum dehydration op-
eration was much less than that for freeze-drying. Compared to 24 hours for freeze-
drying, controlled low-temperature vacuum dehydration took only four hours for drying 
to a final moisture content of 5% and drying cost could be greatly reduced. However, 
there were still several aspects of controlled low-temperature vacuum dehydration re-
quiring improvement as compared with freeze-drying [44]. 

6.2.1.5. Heat pump drying 

Heat pump drying is a low temperature convective drying technique which utilizes 
dehumidified air for dehydration. This technique is useful for drying of bacteria because 
the drying can be carried out at low temperatures. It is a comparatively economical and 
comparable drying method as compared to freeze drying. But not many references are 
available in the literature for drying of probiotics using heat pump drying. A lot of work 
has been carried out in our lab for drying of Lactobacillus acidophilus and Saccharomyc-
es boulardii. The inactivation kinetics data proved that the HP-FBD is a superior drying 
technique to FBD for drying of probiotics (unpublished). It was found that with HP-FBD, 
there is less than one log cycle reduction in viability of bacteria and probiotic yeast 
which proves it to be a comparable drying technique against freeze drying. HP-FBD is 
also a more economic option as compared to freeze drying and hence can be used for 
large scale production. As HP-FBD uses dehumified cold air, any heat sensitive biological 
material (biotechnological, pharmaceutical, food products) can be dried using this tech-
nique with or without additives. 

6.2.2. Protectants used during drying 

Probiotic cultures for food applications are frequently supplied in frozen, or dried 
form, either as freeze-dried or spray-dried powders [43, 45]. The successful drying of lac-
tobacilli and bifidobacteria has previously been reported for a number of different 
strains, including Lactobacillus paracasei [39, 46], Lactobacillus curvatus and Lactobacillus 
sp. 8Z [47], Lactobacillus acidophilus (Prajapati et al. (1987) [48], Lactobacillus bulgaricus 
[33], Lactobacillus helveticus [49], Lactobacillus rhamnosus GG [50] and Bifidobacterium 
ruminantium [51]. Most probiotic lactobacilli do not survive well, however, during the 
temperature and osmotic extremes to which they are exposed during the spray-drying 
and freeze drying processes [39,52,53]. When used for the preservation of potential probi-
otic cultures much of their activity is typically lost after a few weeks of storage at room 
temperature. This is associated with stress that is induced by temperature changes, 
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phase changes and drying, a combination of which tend to damage cell membranes and 
proteins. 

A variety of protectants have been added to the drying media before freeze-drying 
or spray-drying to protect the viability of probiotics during dehydration, including skim 
milk powder, whey protein, trehalose, glycerol, betaine, adonitol, sucrose, glucose, lac-
tose and polymers such as dextran and polyethylene glycol [54, 55]. 

6.2.2.1. Protectants used for spray drying 

Spray-dried powder harbouring high numbers of viable probiotics is a convenient 
means of storage and transport of probiotic cultures and their subsequent application in 
functional foods. While spray drying is an economical process for the large-scale prepa-
ration of these cultures, and is commonly used for the preparation of food ingredients, it 
suffers from the disadvantage of causing bacterial cell injury and death, which has been 
attributed primarily to the effects of heat and dehydration leading to destruction of the 
properties and performance characteristics of probiotic cultures [25, 33]. One approach 
used by a number of workers to improve probiotic performance in food systems is the 
addition of protectants to the media prior to drying. For example, the incorporation of 
thermoprotectants such as trehalose [56], non-fat milk solids and/or adonitol [50, 52], 
growth-promoting factors, including various probiotic/prebiotic combinations [50, 57-59] 
and granular starch [60] have been employed in efforts to improve culture viability dur-
ing drying, storage and/or gastric transit. The incorporation of the soluble fibre, gum 
acacia in milk-based medium prior to spray drying the probiotic Lactobacillus paracasei 
NFBC 338, increased probiotic viability during powder storage, compared with milk 
powder alone [59]. However, other prebiotics investigated, including inulin and polydex-
trose did not enhance probiotic viability during spray drying or powder storage [50].  

The use of gum acacia in the spray-drying medium resulted in enhanced probiotic 
survival of L. paracasei NFBC 338, which displayed 10- fold greater survival than control 
cells (20% RSM) when grown in a mixture of RSM (10% w/v) and gum acacia (10% w/v) 
prior to spray-drying at air outlet temperature of 100–105ºC [59]. RSM appears to be a 
very suitable media for efficacious spray-drying of probiotic cultures [50,59,61] as skim 
milk protein can prevent cellular injury by stabilizing cell membrane constituents [62]. 
Furthermore, it may form a protective coating on the cell wall proteins, while calcium in 
milk increases survival after dehydration [63]. Corcoran et al. (2004) reported that the 
inclusion of the prebiotics polydextrose and inulin in the spray-drying medium (RSM) 
did not enhance viability during spray-drying or powder storage [50]. Compatible cryo-
protectants may be added to media prior to fermentation to assist in the adaptation of 
probiotics to the environment [64]. As compatible cryoprotectants accumulate within the 
cells, the osmotic difference between the internal and external environments is reduced 
[65]. 

On the other hand, survival of L. helveticus during vacuum drying was improved by 
the addition of 1% sorbitol [22]. It is well documented that carbohydrates have protective 
effects for probiotic bacteria during freeze-drying, given that these cryprotectants can 
raise the glass-phase transition temperature, and therefore viable cells can reach the 
glassy phase without nucleating intracellular ice [26]. It also has been demonstrated that 
trehalose is an effective cryoprotectant during freezing and freeze-drying, enabling 
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higher survival of L. acidophilus [56], due to the remarkably high glass transition temper-
ature (Tg) of trehalose, and the strong ion–dipole interactions and hydrogen bonding 
between trehalose and the biomolecule [66]. In a recent study, the protective effects of a 
series of disaccharides on L. rhamnosus GG survival during freeze-drying and storage 
were compared and it was found that trehalose, trehalose/lactose and lactose/ maltose 
were the most efficacious disaccharides during both freezing and freeze-drying. Compat-
ible solutes have also proven beneficial in probiotic viability protection in acidic envi-
ronments. For example, the presence of 19.4 mM glucose resulted in up to 6-log10-
enhanced survival following 90 min of exposure to simulated gastric juice at pH 2.0 
compared with the control [67]. In this study, it was reported that the presence of glucose 
resulted in the provision of ATP to F0F1-ATPase via glycolysis, thus enabling proton ex-
clusion from the cell and thereby enhancing survival in simulated gastric environments. 

6.2.2.2. Protectants used for freeze drying 

The addition of cryoprotectants during freeze drying of lactobacilli has been used to 
help overcome inactivation during drying and stabilization during storage. In a recent 
study, freeze-dried Lactobacillus bulgaricus survived better during storage at 20ºC over 
10 months when cells had been grown in the presence of fructose, lactose or mannose or 
when glucose, fructose or sorbitol were added to the drying medium [68]. In particular, 
trehalose, a disaccharide of glucose, has been found to be effective at protecting proteins 
during freezing and drying [69]. 

6.2.3. Encapsulation 

Encapsulation, as a means of protecting live cells from extremes of heat or moisture, 
such as those experienced during drying and storage is a technique that is increasingly 
used in the probiotic food industry [51,70,71]. This technique allows the active core ingre-
dient, or substrate, to be separated from its environment by a protective film or coating. 
This separation occurs until the release of the functional ingredient is desired. For the 
incorporation of probiotics into food products, micro-encapsulation offers protection to 
fine particles such as those produced during the spray drying of probiotic concentrates. 
Several methods of microencapsulation of probiotic bacteria have been reported and 
include spray drying, extrusion, emulsion and phase separation [72,73]. In a study by Gue-
rin et al. (2003), Bifidobacterium bifidum cells encapsulated in gel beads composed of 
alginate, pectin, and whey proteins, and surrounded by two membranes exhibited good 
survival at pH 2.5 for up to 2 h, while free cells did not survive under these conditions, 
and furthermore protection was also afforded by this system, when the cells were ex-
posed to bile salt solutions [74]. Furthermore, it was found that encapsulating lactobacilli 
in calcium-alginate beads improved their heat tolerance [52], while this technology has 
also been shown to prolong the viability during storage of a spray-dried Bifidobacterium 
ruminatium [51]. The incorporation of gum acacia in the drying medium has also been 
successfully used to improve the stability of dried Lactobacillus paracasei NFBC 338 
during powder storage at 15 and 30ºC, by up to 1000-fold, and also afforded protection 
to bifidobacteria [75]. Furthermore, viability of probiotic lactobacilli in gum acacia-
containing powders was 100-fold higher when exposed to porcine gastric juice over 120 
min, compared with the control spray dried culture [59]. In addition, it has been reported 
that exopolysaccharide-producing strains of bifidobacteria may be naturally protected 
[76].  
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O’Riordan, Andrews, Buckle, and Conway (2001) prepared microencapsulated Bifi-
dobacterium PL-1 with starch by spray-drying, however the starch-coated cells did not 
display any enhanced viability compared with free PL1 cells when exposed to acid con-
ditions for 6 h or in two dry food preparations over 20 days storage at ambient tempera-
ture (19–24ºC). Hence, the efficiency of microencapsulation of probiotics depends on 
the encapsulating materials and techniques of micro-encapsulation [51]. 

6.3. PREBIOTICS 

Future challenges include the incorporation of one or more probiotics together or in 
combination with suitable prebiotic substrates to enhance the efficacy of the prepara-
tions for clinical use [77]. A prebiotic is a non-digestible food ingredient that beneficially 
affects the host by selectively stimulating the growth and/or activity of one or a limited 
number of bacteria in the colon. In order for a food ingredient to be classified as prebiot-
ic, it must (1) be neither hydrolyzed nor absorbed in the upper part of the gastrointes-
tinal tract, (2) be a selective substrate for one or a limited number of beneficial bacteria 
commensal with the colon, which are stimulated to grow and/or are metabolically acti-
vated, (3) consequently, be able to alter the colonic flora in favour of a healthier compo-
sition, and (4) induce luminal or systemic effects that are beneficial to the hosts health. 
The examples of prebiotic oligosaccharides are; Fructo-oligosaccharides, Inulin, Galacto-
oligosaccharides, Lactulose, Lactosucrose, Isomalto-oligosaccharides, Soybean oligosac-
charides, Xylo-oligosaccharides, Gentio-oligosaccharides.  

The resident gut microbiota ferments substances that cannot be digested by the host 
in the small gut, these include resistant starch, non-digestible carbohydrates, oligosac-
charides, proteins and mucins. The two main types of fermentation that are carried out 
in the gut are saccharolytic and proteolytic. Saccharolytic activity is more favourable 
than a proteolytic fermentation due to the type of metabolic end products that are 
formed. The main end products of saccharolytic fermentation are the short chain fatty 
acids (SCFA), acetate, propionate and butyrate. All contribute towards the host’s daily 
energy requirements. Acetate is metabolized in systemic areas like muscle, while pro-
pionate is transported to the liver and used to generate ATP. Butyrate is an important 
source of energy for the colonocytes and is thought to have anti-tumour properties. The 
end products of proteolytic fermentation on the other hand, include nitrogenous meta-
bolites (such as phenolic compounds, amines and ammonia) some of which are carcino-
gens. 

6.4. SYNBIOTIC CONCEPT 

A synbiotic can be defined as ‘a mixture of probiotics and prebiotics that beneficially 
affects the host by improving the survival and implantation of live microbial dietary 
supplements in the gastrointestinal tract, by selectively stimulating the growth and/or 
by activating the metabolism of one or a limited number of health-promoting bacteria, 
and thus improving host welfare’. Synbiotics aim to enhance the survival and activity of 
proven probiotics in vivo as well as stimulating indigenous bifidobacteria. 

Few studies have been carried out in humans on the effectiveness of synbiotics. The 
effect of a synbiotic mix containing inulin and Bifidobacterium spp. in healthy volunteers 
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was monitored. Although an overall increase in faecal bifidobacterial numbers was ob-
served, the authors concluded that no additional increase in the numbers of bifidobacte-
ria was observed solely due to the prebiotic component. A fermented milk product con-
sisting of yoghurt starter strains and L. acidophilus plus 2.5% FOS decreased total serum 
cholesterol levels, as well as decreasing low density lipoprotein (LDL)-cholesterol and 
the LDL/high density lipoprotein (HDL) ratio. More recently, it was showed that long-
term (7 weeks) consumption of synbiotic yoghurt (L. acidophilus 145, B. longum 913 
plus FOS) led to a significant improvement in LDL/HDL cholesterol ratios in 29 healthy 
women. Further convincing evidence for the enhanced performance of synbiotics com-
pared with either their probiotic or prebiotic moieties taken alone has been forthcoming 
from animal models of CRC. Synbiotics products containing B. longum and lactulose or 
inulin reduced the incidence and size of aberrant crypt foci in rats challenged with the 
carcinogen azoxymethane.   

Synbiotic products have the potential for enhanced health promotion over either 
probiotics or prebiotics alone but require further investigations in human feeding stu-
dies [77]. 

6.5. THE IMPORTANCE OF SAFETY WITHIN THE GUIDELINES 

Safety is the state of being certain that adverse effects will not be caused by an agent 
under defined conditions. The reciprocal of safety is risk. The issue of safety for any 
product is arguably paramount during pregnancy and in newborn babies. The best ex-
ample of the safe use of probiotics during pregnancy is that of Lactobacillus rhamnosus 
GG, which was used in 132 women who were at high risk of their newborn babies devel-
oping atopic dermatitis [78]. Two interesting outcomes relevant to adults and children 
emerged from this study. There were no reports of adverse effects in the mothers, which 
indicated that ingestion of the probiotic was safe. This is further supported by the long-
term use of this probiotic in Finland (since the late 1980s) and the low rate of cases of 
bacteremia potentially associated with its use [79] (<0.05 cases per 100 000 in Finland 
[80]). Nevertheless, cases of bacteremia have been reported following intake of this pro-
biotic and some deaths have occurred in patients with severe underlying disease [81]. The 
question of how to relay a perceived risk on labels of products that contain L. rhamnosus 
GG or other strains remains unresolved, in part because it is not clear which type of per-
son should be advised not to take a probiotic. The case for advising immunocompro-
mised or seriously ill surgical patients against taking L. rhamnosus GG is countered by 
studies that show it can be used safely (twice a day for two weeks) in HIV/AIDS patients 
[82]. In addition, studies have shown the benefits of Lactobacillus plantarum 299 v in 
patients undergoing major abdominal surgery [83]. Benefits have also been seen in pa-
tients with inflammatory conditions of the intestine who received the high-dose, eight-
strain probiotic VSL#3 [84], L. rhamnosus GG [85], Saccharomyces boulardii lyo [86], and 
even a gram-negative probiotic, Escherichia coli Nissle 1917 [87]. Nevertheless, invasive 
fungemias associated with S. boulardii lyo [88], and endocarditis apparently caused by 
Lactobacillus paracasei subsp. paracasei [89] and L. rhamnosus GG [81], demonstrate that a 
proportion of recipients of probiotics, however small, seem to be at risk of adverse ef-
fects. The reasons for susceptibility in some individuals remain unclear. Regulatory 
agencies might consider requiring probiotic products to include an insert, which could 
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state that anyone who has a serious underlying medical condition of the intestine or 
bloodstream should inform their physician that they are consuming a particular probiot-
ic, and immediately report any episodes of fever, chills or vomiting that arise. Although 
the Finnish study resulted in a significant reduction in babies born with atopic dermati-
tis, a small number of newborns who were administered L. rhamnosus GG during the 
first six months of life later developed asthma [90]. In other studies of premature babies 
treated with probiotics to prevent necrotizing enterocolitis and death, no such asthma 
cases were reported; safety was assessed against risk of disease and by the lack of ad-
verse effects on height or weight-for-heights [91, 92]. Future use of probiotics in newborns 
should have long-term end points (of at least five years) in an attempt to determine that 
no significant increased risk of conditions like diabetes, allergies or inflammatory dis-
eases arises. Such studies would probably be expensive and logistically difficult, howev-
er, in countries like Finland and Sweden they could be feasible because probiotics are 
readily available and patients are often particularly well monitored in studies. Only then 
can the true risk–benefit analysis be assessed. The link between probiotics and safety 
also requires that true probiotic products are evaluated. In one case, the issue of probi-
otic safety was raised by authors who neither cited clinically proven products and the 
extent of their use, nor took into account underlying medical conditions in subjects in 
which adverse effects occurred [93]. This only damages the reputation of the research 
field and does not help to identify cause and effect [94]. 
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7.1. INTRODUCTION 

7.1.1. Fish Statistics 

Fish is a very important foodstuff due to its high protein content and nutritional val-
ue. The spoilage of freshly caught fish proceeds at very rapid rate. The storage tempera-
ture and the humidity are the two important factors accelerating the process of fish 
spoilage. Fresh fish contains up to 80% water and have a short storage life (Kakatkar et 
al., 2003). According to the FAO statistics in 2006 (Table 7.1) the global production 
from fishing and aquaculture combined reached approximately 144 million tons, of 
which 110 million tons were used for human consumption. More than three-quarters of 
the world’s fish production is consumed by humans and the remaining portion is fed to 
animals, particularly in the form of fishmeal. Fish consumption has undergone major 
changes in the past four decades. Overall, consumption per person per year has been 
increasing steadily, from an average 9.9 kg in the 1960s to 16.4 kg in 2005. In the last 
years, China has accounted for most of the global growth in fish consumption, and the 
Chinese per capita fish supply was about 26.1 kg in 2005. Out of three quarters fish pro-
duction half of the fish is consumed fresh by humans while the other half undergoes 
some processing. When fish is processed, it is often frozen, but it can also be canned, 
cured, dried, salted, or smoked.  

Since ages, the drying of fish and agricultural products has been practiced as a 
means of preservation. Drying in earlier times was done in the open sun but over the 
last 50 years or so, considerable efforts have been made to understand physical, chemi-
cal and biochemical changes occur during drying for preventing undesirable nutritional 
losses and the methods of food preservation has changed with the introduction of new 
techniques and technologies (Rehman et al., 1999). Conventional use of sun drying is 
being replaced these days with solar dryer to assure the quality aspects of the dried food 
products. Although, the changeover of the technology for food dehydration has been 
slow over the period, it is however necessary to hasten this process with cost effective 
and modern drying technologies.  

Fish muscular tissue consists mainly of muscle fibers or cells (86-88%, v/v) and 
some extracellular space (interstitial space, 9-12% and capillary space, 2-3 %). The 
muscle cell consist of mainly fibrils (working unit of cell, 65%), Sarcoplasma (transport 
and regulatory space filled with liquid and functional units, 20-3-%), and finally connec-
tive tissue (6%). The muscle cells or fibers, each has a diameter 0.1 to 0.2 mm (Walde 
2003). 
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Table 7.1. World fisheries and aquaculture production and utilization) Source FAO 
STAT 

YEAR 2002 2003 2004 2005 2006 

 PRODUCTION (MILLION TONNES) 

INLAND      

Capture 8.7 9.0 8.9 9.7 10.1 

Aquaculture 24.0 25.5 27.8 29.6 31.6 

Total inland 32.7 34.4 36.7 39.3 41.7 

MARINE  

Capture 84.5 81.5 85.7 84.5 81.9 

Aquaculture 16.4 17.2 18.1 18.9 20.1 

Total marine 100.9 98.7 103.8 103.4 102.0 

TOTAL CAPTURE 93.2 90.5 94.6 94.2 92.0 

TOTAL AQUACUL-
TURE 

40.4 42.7 45.9 48.5 51.7 

TOTAL WORLD 
FISHERIES 

133.6 133.2 140.5 142.7 143.6 

UTILIZATION 

Human consump-
tion 

100.7 103.4 104.5 107.1 110.4 

Non-food uses 32.9 29.8 36.0 35.6 33.3 

Population (bil-
lions) 

6.3 6.4 6.4 6.5 6.6 

Per capita food 
fish supply (kg) 

16.0 16.3 16.2 16.4 16.7 

 

7.2. Salting 

Salting, alternatively termed as Curing, is one of the oldest processes for preserva-
tion of fish. Salting is either used as pretreatment for drying or can be used as single step 
in fish preservation. Both lean and fatty fishes can be salted, though methods of salting 
vary for lean and fatty fishes. As a pretreatment, salting is the most common process and 
is used for pretreating fish for drying as well as smoking process. Depending on type of 
fish, final product characteristics and desired form, regional variations and technological 
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advancements, number of salting methods are evolved over the period of time, though 
principle of preservation by salting remains the same. 

7.2.1. Principle of Preservation by Salting 

During salting, fish is kept in contact with dry salt or salt solution. Over the period of 
time, salt penetrates into fish tissues, moisture comes out and tissue cells shrink. De-
pending on process chosen, at the end of salting, certain salt concentration is built in fish 
and moisture content is reduced. Both these conditions create adverse conditions for 
microbial growth. In short, salting acts as preservative method as well as it provides 
sensory and flavor characteristics (Rahman, 2007). 

7.2.2. Methods of Salting 

Before salting, fish is cleaned. Depending on desired form of final salted fish and 
species to be salted, fish can be salted entirely or it can be beheaded, skinned, split, de-
boned or filleted. Number of variations does exist for preparation of fish for salting. Fish 
may be cleaned and washed before further processing. 

Number of variations exists in salting procedure as well, but broadly salting can be 
classified in two ways: 

Drying salting 

In dry salting, fish is led down between few centimeter thicknesses of 7%-8% salt 
(Ronsivalli and Learson, 1973). As time progresses, moisture come out and forms brine. 
Depending upon whether self brine of fish is drained out or not, dry salting can be fur-
ther classified. In case of lean fishes, self brine is allowed to drain out, while in case of 
fatty fishes, fish is immersed in self brine as self brine is not drained out. This is particu-
larly important because in case of fatty fishes, fats undergo oxidation due to atmospheric 
oxygen producing rancidity. To avoid rancidity, in case of fatty fishes, care should be 
taken that contact of fish with air is avoided. Some form of weight can be used for keep-
ing fish immersed in brine. After predefined period that may vary from few hours to 
days salted fish are taken out, laid in stacks to press out water and processed further. In 
case of dry slating, though moisture content decreases considerably, salt absorption is 
not uniform throughout the fish. 

Brine Salting 

It is a wet salting method, in which fish are soaked in salt solution. This treatment is 
preferred for fatty fishes and care should be taken that fish remains immersed in brine 
without having contact with air.  When fish are kept in stack, rearrangement of fish is 
needed so that every layer experiences pressure created at bottom equally. 

Depending on salt percentage in final dried fish, salting can be classified as Light 
Curing and Hard Curing. Light curing produces lower salt content fish and they are more 
popular due to better organoleptic properties. Hard curing produces salted fish with salt 
content up to 30% (Ronsivalli and Learson,1973). 

7.2.3. Process Parameters 

Temperature 
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Increase in salting temperature raises salting rate. But it should be noted that during 
salting, microbes are still present and rise in temperature may enhance their growth 
leading to spoilage. Hence to avoid possibility of spoilage, temperature should not be 
raised to take advantage of higher salting rate. Though temperature selection is arbi-
trary, low temperatures and even brine made from ice are preferred for salting with 
temperature range of 0°C to 38°C (Rahman, 2007). 

Salt Concentration 

Initially depending on light curing or hard curing, one can decide desired salt con-
centration, which in turn decides final salt content in salted fish. Salt concentration de-
cides osmotic pressure created by brine and decides salt uptake rate and moisture re-
moval rate.  Higher the salt concentration, higher is the salting rate. But this higher rate 
may lead to non-uniform salt distribution in salted fish. Appropriate salt concentration 
should be chosen looking at final salt content, desired organoleptic properties, preserva-
tion, uniform salting and salting time. 

Fat Content 

Fats in fish get oxidized by atmospheric oxygen producing rancidity. Hence type of 
salting should be chosen by considering type of fish either lean or fatty. As fat content 
increases in species, salting rate decreases. But total salt content intake in final dried fish 
is higher in lean fish and more in fatty fish. Hence, for fatty fishes though salting rate is 
low, it may happen that salting times are low as total salt intake in them is lower. 

Salting Time 

Typically, salting is carried out till equilibrium is established. But when salting is 
used as pretreatment, one doesn’t rely on salting alone for preservation. In those cases, 
salting time may be reduced. Temperature, thickness of fish, fish species, salt concentra-
tion and rest of the parameters together determines salting time. 

Final Moisture Content 

In salting, salt content and moisture content in final product decides preservation. 
For longer shelf life, higher salt content is desired. Again, final moisture content to be 
achieved at the end of salting depends on whether salting is the only preservation step 
or it is a pretreatment for further processing. 

Thickness of Fish 

Salting is inversely proportional to thickness of fish. For fatty fishes, fillets or cuts 
are required to enhance salting rate. But in real sense, it is the desired form of final 
product that decides the shape, size and thickness of salted fish. Uniformity of salting 
throughout the fish is important aspect in preservation perspective, but it is complex 
phenomenon as it not only depends on thickness but also on species, various body parts 
of same fish and variation of thickness with respect to length. 

Salt types 

Sodium chloride, sodium and potassium nitrite and nitrate are the commonly used 
salt for salting. Sodium chloride is the most common salt used in salting. Purity of salt is 
another concern. Calcium and magnesium are impurities in sodium chloride. These im-
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purities create desired effects like better color and texture characteristics while unde-
sired effects like reduction in salt uptake, bitter flavor and may lead to spoilage. Copper, 
which is the minor contaminant, leads to enhancement in rancidity and discoloration. As 
these impurities create both desired and undesired effects, it is the desired parameter 
that decides purity level of salt. Still, pure salt is preferred in general. Source of salt de-
cides impurities present and microbial contamination. Certain microbes are observed 
only in sea salt and not in rock salt and inland salt; hence they can be used as alternative 
salt sources to sea salt (Ronsivalli and Learson, 1973). 

7.2.4. Variations in Salting Method 

Long salting times, quality variations and regional variations do exist in salting me-
thod. Some of these variations are summarized below: 

Salting and Pressing 

In this method, fish is either dry salted or wet salted. After required salting time, fish 
is pressed to decrease the moisture content. These types of salted and pressed fish 
products can be stored at ambient conditions in sealed packs with storage life of few 
weeks. 

Sealed Salted Fishes 

In this method, fish is sealed with salt and water in air free plastic bag. The bag is sealed 
and kept in that position for certain time, after which characteristic flavor is created 
(Mendelsohn, 1974). 

Cooked Salted Fish 

A combination of cooking, grinding and salting yields cooked salted fish. They are 
processed by alternatively arranging salt and fish layer in boiling water (Iljas and Ronsi-
valli, 1969; Nitibhaskara and Dollar, 1967). 

Del Velle and Nickerson Method 

In this method, fish flesh is ground with addition of salt. Due to ground flesh, salting 
period is considerably reduced. The mix is then pressed to remove water and pressed 
cakes are formed. These cakes are then dried under open sun or in mechanical dryers. 
Proper salt concentration should be maintained to avoid disintegration of dried cake 
(Del and Nickerson, 1968). 

7.3. Smoking 

Smoking is a fish preservation technique as old as drying and salting. The smoke 
from wood is used to partially dehydrate and preserve fish in smoking process. The pe-
culiar smell and odor distinguish smoked products and creates a special market. De-
pending on temperature of smoking, it is classified as hot and cold smoking. Lot of varia-
tions does exist in terms of forms of fish to be smoked, smokehouse development and 
pretreatment for smoking. Though smoked products have a special market, the microbi-
ological quality aspect of smoked products has been a controversial subject. A better 
control and standardization of smoking procedure is desired to obtain safe products 
from health perspective. 
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7.3.1. Principle of Preservation by Smoking 

Wood smoke is a complex mixture of volatiles. Fish products exposed to the smoke 
get preserved mainly by following principles: 

a) Dehydration: During smoking, partial dehydration of fish occurs. The reduction 
in moisture content acts as one of the preservation method. 

b) Smoking: Smoke contains various volatiles. These volatiles contain bactericidal 
and antioxidants compounds, which act as preservative. Apart from microbiological as-
pect, smoke imparts flavor and color to smoked product. Additionally, smoke deposition 
on surface avoids surface spoilage. 

c) Pretreatment: Sometimes salting is used as pretreatment for smoking. The salt 
equilibrium is achieved during smoking process and salting acts as additional preserva-
tive step. 

d) Cooking: In hot smoking, fish product is cooked at about 63°C, this leads to con-
siderable reduction in microbial count (Rahman, 2007). 

7.3.2. Methods of Smoking 

For smoking, on broader basis, steps those are followed are enlisted (Ronsivalli and 
Learson,1973): 

a) Preparation: Depending on fish species and desired product form, viscera is re-
moved, fish is scaled, beheaded, split, cut or filleted and finally washed. 

b) Fish Form: For smoking, entire fish or beheaded and split or filleted fish can be 
used. 

c) Pretreatment: Fish can be lightly salted before smoking. 

d) Prior Drying: After salting, fish is washed and dried either under open sun or 
mechanical dryer. 

e) Smoking: In smoke house, smoking is carried out mainly by two types: 

• Hot smoking: In this method, fish is smoked and partially dehydrated along 
with cooking at 630C for at least 30 minutes. The cooking results in decrease 
in microbial count (Rahman, 2007). 

• Cold Smoking: Cold smoking is carried out at temperatures below 320C, 
where smoking and partial dehydration is carried out. Due to lower temper-
atures, cooking doesn’t take place (Rahman, 2007). 

f) Storage: Smoked products are rapidly cooled at refrigeration temperature and 
stored in that condition. Dehydrated and hard smoked products can be stored at room 
temperatures. 

7.3.3. Process Parameters 

Fish Arrangement 

Fish as a whole, viscera removed, split or filleted can be used for smoking. Depend-
ing on form of fish, it is arranged in smoke house. S-hooks, threads or nails can be used 
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for whole fish. For filleted fish, wire mesh trays can be used. Sometimes coatings are 
given to avoid sticking and breakage of fish flesh during processing. 

Wood for Smoking 

Smoke is the complex mixture and its components vary with respect to raw wood 
used for smoking. Wood giving slow burning and large smoke is desired for smoking 
purpose. Though in general hard wood is preferred, for short time smoking processes, 
soft wood can be used. The desired color and flavor characteristics decide final choice of 
wood. 

Temperature and Time of Smoking 

Depending on method of hot or cold smoking, temperatures below 32°C and above 
63°C are used (Rahman, 2007). Smoking time varies from few hours to week but most of 
processes are completed within 24 hours. Cold smoking requires comparatively lower 
time that hot smoking. 

Smoke House Conditions 

Typical conditions desired in smoke house are high smoke density, lower humidity 
and desired temperature. For good smoking, high smoke density is desired while lower 
humidity is desired for higher drying rate. One of the main constraints demand retention 
of air while other demands rejection of air. Optimum value of air rejection has to be cho-
sen for good smoking and higher drying rate. Inside smoke house, proper air distribu-
tion should be provided so that uniform exposure is provided to all fish. For maximum 
smoke deposition, 60% relative humidity and 71.1°C temperature is suggested (Chan et 
al.,1975). Traditional and new smoke houses are available for meeting needs of smoking 
conditions. 

Smoke generated from wood contains tar. To remove tar electrostatic precipitation 
or passage of smoke over water is suggested. To provide color and flavor, colorants and 
spices can be added. 

Liquid Smoke 

Health aspect and lack of control over smoking process are serious concerns in 
smoking. Liquid smokes are seen as a solution to these problems. Either condensed and 
treated smoke or artificial liquid smoke is considered to be possible alternatives to 
smoke. Liquid smoke is easy to use and its properties and composition can be easily con-
trolled. In case of liquid smoke, fish samples are dipped in smoke for desired time and 
temperature and then further processing is carried out. 

7.4. Drying 

Drying alone or in combination with salting is one of the most practiced, low cost 
fish preservation techniques. With technological development and improvement in life 
style, dried products demand is falling in developed world. But, in developing world due 
to it’s low processing and storage cost, dried fish are preferred. To trap developed 
world’s market, newer technologies giving better quality are under focus, though they 
are costlier than air drying. 
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Fish are generally dried under open sun at atmospheric conditions. Mechanical 
dryers are developed for processing fish under controlled and hygienic conditions. 
These dryers also include solar dryers. Freeze, vacuum and heat pump dryers are being 
used with specific applications giving better quality dried fish. 

7.4.1. Principle of Preservation by Drying 

Main reason for degradation of fish is microbial growth.  The environment for 
growth of microbes is indicated by moisture content and a better parameter that does so 
is water activity. To inhibit the growth of microbes water activity should be lower than 
0.7. Water activity of 0.6 is truly desired but 0.7 values are sufficient for preservation. 

Water activity of flesh fish is 0.99 and that of salted fish is generally greater than 0.7. 
In both of these cases, drying is carried out to reduce moisture content and water activi-
ty of fish flesh. It is also important to decrease water activity to 0.7 with respect to sto-
rage temperature and not with respect to processing temperature (Sen, 2005). Reduced 
water activity of 0.7 suppresses growth of microbes and hence increases shelf life of 
product. Proper care should be taken during packaging to create moisture entry barrier 
to increase shelf life of dried product. 

Salting is the most common pretreatment for drying of fish, as salting alone is incap-
able of providing long storage life. 

7.4.2. Methods of Drying 

Pretreatment 

After catching, fish can be directly dried or beheaded, eviscerated, cleaned and ei-
ther cut into halves or filleted. Salting is generally used as pretreatment but sometimes 
drying is carried out without salting as well. 

Open sun drying 

It is the most common process of drying of fish but offer little control over process. 
Fish are either led on ground or sand or they are simply hanged in blowing air using S-
hooks or threads. Open sun drying depends on atmospheric conditions and fish may de-
grade before drying completes. Contamination by insects, birds is another challenge. But 
being the cheapest drying method, it is commonly practiced in developing world. Fish 
containing fat less than 2% are suitable for open sun drying (Ronsivalli and Learson, 
1973). 

Solar drying 

This category of driers includes dryers operated on solar energy. They offer in-
creased rate of drying, hygienic conditions of operation, control over temperature, hu-
midity and flow rate of air. They are capital cost intensive, require high collector area. 
Both natural convection and forced convection based dryers operating with or without 
electricity are available. They provide higher temperature and lesser dependency on 
environmental conditions than open sun drying. Apart from increase in drying rate, 
these are used preferably because of hygienic and almost zero contamination they offer. 

Enhanced open sun drying 
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Blackened surfaces either black painted terrace or black plastic sheets are tried to 
increase drying rate. Black surfaces being better absorber increase the surface tempera-
ture up to 17°C-25°C above ambient conditions, increasing drying rate. But they don’t 
offer solution to contamination (Garg et al.,1984). 

Mechanical dryers 

Traditional mechanical dryers used in food industry are now being used for fish dry-
ing. Unlike solar dryers, they can be operated throughout the year and shows much less 
effect of environmental conditions. They offer control over air temperature, humidity 
and flow rate inside dryer. These parameters help to increase drying rate in initial con-
ditions but in later part of drying temperature is the key parameters which is again de-
termined by quality parameters. 

Accelerated mechanical dryers 

It is suggested that as drying progresses, moisture content drops, drying tempera-
tures can be increased to increase rate of drying. Temperatures above 100°C can be 
used in final stage (Jason, 1959; Jason, 1965(a); Jason, 1965(b)). 

Other techniques 

Heat pump dryer, vacuum dryer and freeze dryers are also tried for fish drying. But 
its high cost is the determining factor for their commercialization. 

It is the cost, fish species, value of final product, environmental suitability that de-
cides choice of particular dryer for given application. There is no best dryer as such in 
general. 

Heat Pump Dryer 

Because drying is energy intensive operations, new drying methods those are more 
energy efficient are being tried. Heat pump dryer is one of the technologies in this do-
main. Drying being heat and mass transfer operation both, rate of drying can be im-
proved by either raising temperature or increasing mass transfer driving force. In heat 
pump dryer, air is dehumidified, thus increasing mass transfer driving force. It allows 
drying to be carried out at lower temperature giving better quality product. Additionally, 
they are less affected by ambient conditions, providing better process control. Heat 
pump dryers are tried for fish and marine products as well. 

Shi et al. (2008) carried out heat pump drying using R134a as working fluid and 
suggested that it is a good drying method for intermediate moisture content products. 
For mackerel, authors found that heat pump drying delivers quality products. Optimum 
conditions found to be surface load of 6kg/m2, temperature range of 20°C-30°C and air 
velocity to be 2-3m/s. 

Solar assisted heat pump dryers 

Solar drying and heat pump drying both possess their own advantages and disad-
vantages. Solar energy is free but dependency on atmospheric conditions and high col-
lector area required are associated challenges. Heat pump dryers are popular for low 
and medium temperature applications. Solar assisted heat pump dryer (SAHPD) pro-
vides a system that can take benefit of both solar and heat pump dryer. In SAHPD, vapor 
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compression cycle unit is coupled with solar collector. This system operates with high 
coefficient of performance (Chaturvedi and Shen, 1984). Results and observation from 
the studies of solar assisted heat pump dryer systems indicated that for heat sensitive 
materials; improved quality control, reduced energy consumption, high coefficient of 
performance and high thermal efficiency of the dryer were achieved (Daghigh et al., 
2010). Strommen and Kramer (1994) carried out drying of marine products (fish) in 
SAHPD. They found that high quality product is the remarkable advantage of SAHPD. 

7.4.3. Process Parameters 

Air humidity and quality 

Relative humidity of air and fish flesh decides driving force for moisture transfer. 
With increase in temperature, relative humidity decreases and drying rate increases. Air 
with lower relative humidity is preferred for drying. To maintain lower relative humidi-
ty in drying chamber air rejection should be adjusted. Relative humidity of around 40% 
is generally used, though 10%-40% has shown only marginal difference (Rahman, 2007). 

Air quality is also important for drying of marine products. The ambient air if direct-
ly used for solar drying carried considerable amount of spores and microbes along with 
it. These microorganisms may stay as it is on the dried products and damage the product 
quality mainly by microorganism growth. Air cleaning, hence is very important for ma-
rine products as these are more susceptible for microbial growth. 

Air flow 

Air flow is required to provide heat and remove moisture. Typical values of local air 
velocity are 0.5 m/s to 1.5 m/s. The higher air airflow increases heat transfer and drying 
rate in constant drying rate period. In falling rate period, where resistance to mass 
transfer lies inside fish flesh, air velocity shows little effect. To maintain humidity at de-
sired level, air rejection plays role. However, use of excess air can sometime result in 
increased pumping cost and heater load which reduces the performance of dryer unne-
cessarily. It is necessary to select or control the air flow depending on the drying kinet-
ics. The drying of most of the food products fall in falling rate period and hence the air-
flow has little effect on drying rate. 

Drying temperature 

Drying temperature increases drying rate. Temperatures ranging from 30°C to 90°C 
are suggested. Some researchers have suggested that progressive temperature rise as 
drying progresses (Jason, 1959; Jason, 1965(a); Jason, 1965(b)) while some researchers 
have suggested initial high temperatures (Rahman,2007). Finally, it is the only quality 
that decides drying temperature. Marine products are also sensitive to the drying tem-
perature, hence very high temperature are not preferred. The product quality, in terms 
of color and texture can be highly affected by use of high temperature for enhancing dry-
ing rates. In this situation, use of heat pump dryers with controlled temperature and 
humidity (to enhance the drying rate) could be a better choice provided the availability 
of market to compensate the increased drying cost as a result of using refrigeration sys-
tem. 

Fish arrangement 
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The arrangement of marine products is very important to get uniformly dried prod-
uct. The whole fish can be hanged using S hooks or threads with bamboo support. How-
ever, the Fish fillet can be dried on perforated trays. Air flow can be channeled horizon-
tally or vertically providing equal exposure to all drying surface. Frequent change of fish 
orientation may be required for uniform drying. Arrangement should be such that max-
imum surface area is exposed to the drying area. 

Drying time 

Drying is carried out till moisture content drops corresponding to water activity of 
0.6 or less. Dried product should be removed at conditions when relative humidity is 
low as final moisture content depends on surrounding air humidity. Generally the drying 
time for certain drying conditions is decided by laboratory scale experiments for similar 
arrangement of product in a drying chamber. In conventional try dryer the product may 
not have uniform drying conditions at all locations of the dryer if the air distribution is 
not proper. This can sometime result in unacceptable product which is more susceptible 
to microbial growth. Hence the proper distribution of drying air is crucial with the 
dryers used for marine products. 

Fish characteristics 

Fish flesh thickness, texture, fat percentage, salt content for salted fish decides dry-
ing time. Higher the salt content, higher is the final moisture content. Increase in fat con-
tent reduces the drying rate. 

Though increased temperatures, increases drying rate, fast heating may result into 
case hardening due to crust of dried soluble protein. Case hardening should be avoided 
as it decreases drying rate considerably. 

7.5. Drying of Selected Fish products 

7.5.1. Drying of Bombay Duck (Harpadon nehereus) 

Bombay duck is native to the waters between Mumbai and Kutch in the Arabian Sea, 
and a small number are also found in the Bay of Bengal. Traditionally this fish is dried in 
the open ground hanging on bamboo sticks. Nooralabettu,  (2008) carried out drying of 
Harpadon nehereus by salting and unsalting in open sun and artificial drying and found 
that salted fish in artificial dryer at 45°C has better quality compared to unsalted and 
open sun dried. Visavale, (2009) developed the solar cabinet dryer for drying of fish 
products. In this system drying is carried out hygienically in completely closed chamber 
with Bombay duck in hanging position. It takes around 8 to 10 hours for drying of Bom-
bay duck. Compared to other dryers like hot air dryer, heat pump dryer and freeze dryer 
solar cabinet drying found low energy intensive process with acceptable quality dehy-
drated fish. The quality is far superior compared to traditional open sun drying.  

In a typical experimental run by Bala and Janjai, (2005) Bombay duck was dried in a 
solar tunnel dryer from initial moisture content of 89.8% to 15% in 9 hours as com-
pared to 20 hours of drying in the traditional method and concluded that the use of solar 
tunnel dryer leads to considerable reduction of drying time in comparison to sun drying 
with better quality Bombay duck. 
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Picture 1 shows traditional drying of Bomaby duck in open sun drying in India and Pic-
ture 2 shows drying of Bombay duck in solar cabinet dryer developed by Visavale. 

7.5.2. Drying of Sardines 

Sardines (Sardinella aurita, Sardina pilchardus, Sardinella gibbosa, Sardinella longi-
ceps) are rich in omega-3 fatty acids, which reduce the occurrence of cardiovascular dis-
ease. Sardines are found in coastal parts of France, Norway, Portugal, India, Spain and 
Turkey. Sardines are canned, but fresh sardines are often grilled, pickled or smoked. For 
drying of sardines dry salting and wet salting methods followed by hot air drying are 
preferred. Bellegha et al., (2007) carried out brine salting (21% w/w NaCl) at ambient 
temperature (20°C approximately) and dry salting was run by inserting a salt layer with 
a fish layer. After 24 hours salting these salted fish are dried in a convective dryer at 
40°C with air velocity at 1.5 m/s and relative humidity varied from 13% to 17%. Both 
the salting methods give low аw (0.6-0.7) but 21% brined sardines shows higher accep-
tability than dry salted. Goddard and Al-Yahyai, (2001) prepared the acid sardine silage 
and co-silage (prepared by adding wheat bran in 3:1 ratio with silage) and dried in a so-
lar cabinet dryer (34 to 56°C) and in open air (28 to 36°C). The solar cabinet drying of 
co-silaged sardines was found more effective with soft textured product compared to 
silaged in open air drying. 

7.5.3. Drying of Mackerel 

Mackerels are found in all tropical and temperate seas. Most live offshore in the 
oceanic environment but a few, like the Spanish mackerel. Mackerel is well known for its 
high fat content, especially unsaturated fatty acid. However, due to high content of pro-
tein and dark muscle, it is susceptible to deterioration during processing and storage. Qi-
Long Shi et al., (2008) carried out drying of mackerel by osmotic dehydration followed 
by heat pump drying. The mass ratio of fish to osmotic solution was 1:3 which contains 
10% NaCl (w/w), 15% sugar (w/w), 1% pure ginger juice (w/w), 2% yellow wine 
(w/w), 0.1% sodium glutamate (w/w), Osmotic drying was carried out for 1 hour fol-
lowed by heat pump drying at different temperatures, different air velocities and differ-
ent relative humidity. Chavan et al., (2008) carried out drying of Indian mackerel in so-
lar biomass hybrid cabinet dryer and compared with open sun drying.  In solar biomass 
hybrid dryer the temperature of air was 32.39-57.69°C, relative humidity 23.9-85.8%, 
and air flow rate of 0.20-0.60 m/s. To reduce initial moisture content of 72.50±0.44% 
(w.b.) to 16.67±0.52% (w.b.) in S-BHCD it takes 24 hours whereas to remove same 
amount of moisture in OSD it takes more than 44 hours. At nighttime, in S-BHCD drying 
was carried out by combusting biomass 
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7.5.4. Drying of Shrimps 

Shrimps are mainly found in East Asia and in Southeast Asia. Dried shrimp are used 
quite frequently for their sweet and unique flavor that is very different from fresh 
shrimp. Traditionally these shrimps are dried by sun drying or roasting in open air. Pra-
chayawarakorn et al., (2002) carried out shrimp drying in two stages, initially boiling 
the raw shrimps in 2% NaCl for 30 minutes at room temperature followed by drying us-
ing superheated steam with steam velocity of 1.6 ± 0.2 m/s and varying the steam tem-
perature from 120 to 180°C. The drying is also carried out by using hot air instead of 
steam with the same velocity with temperatures in the range from 70 to 140°C. The 
quality of shrimps dried with superheated steam found better compared to air drying in 
terms of shrinkage and color. Namsanguana et al., (2004) also performed two-stage dry-
ing of shrimps. Initially drying of shrimps carried out with superheated steam dryer fol-
lowed by heat pump dryer or hot air dryer. The quality of shrimps dried in two stage 
superheated steam followed by heat pump is better and more efficient than alone su-
perheated steam drying. Also drying with superheat steam followed by hot air gives bet-
ter red color than superheat steam followed by heat pump but shrinkage and rehydra-
tion properties are retained better in the heat pump dryer. 

7.5.5. Drying of Prawns 

For drying of prawns a comparative study was carried out by Visavale (2009). 
Prawns are dried in various dryers like hot air dryer, solar cabinet dryer, freeze dryer 
and open sun drying. Moisture diffusivity values for prawns dried in hot air dryer 
showed highest moisture diffusivity followed by solar cabinet dryer and freeze dryer 
whereas, open sun drying showed lowest diffusivity values. In case of quality parame-
ters, prawns dried in freeze dryer exhibited highest color retention, lowest shrinkage 
and soft textured compared to other processes but it is high energy intensive process. So 
solar cabinet drying was found low energy process compared to other processes with 
acceptable quality prawns 
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