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ABSTRACT 

 

 

DRYING CHARACTERISTICS AND QUALITY OF LEMON 

SLICES DRIED UNDERGONE COULOMB FORCE ASSISTED 

HEAT PUMP DRYING  
 

 

LEE YONG HONG 
 

 

 

 

 

 

In this research, a Coulomb force assisted heat pump (CF-HP) dryer was 

fabricated for the purpose of improving the drying characteristics and 

product quality of biomaterials such as lemon fruit slices during heat pump 

drying process. Interaction between the lemon slices with the high voltage 

wire mesh (15000V, 50Hz) in the drying chamber generated a positive net 

force (Coulomb force) which successfully enhanced the moisture diffusion 

from core towards the surface of the lemon slices and subsequently 

evaporated by convective air flow generated by heat pump dryer at mild 

temperature (22°C) and low relative humidity (34%). 

 

The research results show that the drying rates of Coulomb force assisted 

heat pump dried lemon slices were up to 25.1% higher than the drying rates 

of heat pump dried slices. On the other hand, the drying rates of these 

hybrid heat pump dried slices were also found to be comparable to oven 

drying at elevated temperature (40°C  50°C). This indicates that assistance 

of Coulomb force in heat pump drying enhanced the drying rate by 

stimulating the moisture transportation through the semi-permeable 

membrane of the lemon slices. Eventually, the effective moisture diffusivity 
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was found to improve by up to 26.4, and the total drying time required by 

CF-HP drying method was shortened by up to 39.9%, as compared to heat 

pump (HP) drying alone. It reduced the total energy consumption by 31.5% 

with the assistance of Coulomb force. 

 

In terms of product quality, CF-HP dried slices were found to retain up to 

116.7 higher vitamin C than other dried products. Mild temperature 

drying condition and high drying rate in hybrid heat pump (CF-HP) drying 

minimized the deterioration of ascorbic acid which could otherwise 

attributed to thermal degradation and enzymatic oxidation. However, the 

total phenolics content (TPC) amount of CF-HP dried slices was found to 

be slightly lower than CF-HP with heater (CF-HT-HP) and oven dried 

slices. Fast drying and short drying time of the lemon slices during CF-HT-

HP and oven drying prevented the degradation of TPC due to volatilization, 

oxidation and heat destruction processes. 

 

Meanwhile, the physical quality analysis of the lemon slices showed that 

area shrinkage of HP, CF-HP, and CF-HT-HP dried slices was lesser than 

oven dried slices. CF-HP drying which was conducted at mild temperature 

and high drying rate minimized the moisture concentration gradient within 

the lemon slices and thus reduced the area shrinkage of the dried products 

by up to 21.11 compared to oven dried slices. In term of colour 

assessment of dried product, both CF-HP and CF-HT-HP dried lemons 

slices showed minimum browning compared to oven and commercial dried 

slices. In fact, their colour was not much different from the fresh and freeze 
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dried lemon slices. This indicated that zero heat generation from the 

Coulomb force during CF-HP and CF-HT-HP drying prevented the heat 

destruction processes such as enzymatic and non-enzymatic reactions. 

  

The findings in this work showed that Coulomb force assisted heat pump 

drying reduced the energy consumption, intensified the drying rates, 

enhanced the moisture diffusivity and consequently shortened the total 

drying time of lemon slices compared to conventional heat pump drying 

method. On the product quality, it appears that CF-HP drying is a highly 

recommended drying method for the preservation of antioxidants and 

physical properties of dried lemon slices. Hence, other than foods and 

agricultural products, the potential of this drying method can also be 

extended to drying of materials with poor heat-transfer characteristics, 

which are difficult to dry with convection heating.   
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CHAPTER 1 

 

1 INTRODUCTION 

 

 

1.1 Research Background 

 

Drying process is required in almost all material processing industries, 

ranging from agriculture to pharmaceuticals. In most cases, it is the most energy-

hungry unit operation of the whole material processing system. Drying technology 

deals not only with removal of liquid to a produce solid product but also with the 

post drying properties of the dried material. Some conventional drying technologies 

may provide high drying rate, but required a great amount of energy and give rise to 

degradation of the product quality (in terms of nutrients, flavour, mechanical strength, 

volume and surface structures, colour, heat conductivity and specific heat capacity) 

due to heating, while others have a moderate drying rate but offer better quality 

control that is desirable for certain products (Chin et al., 2011). Hence, many 

advanced drying technologies have been developed in the past decades to address the 

drying efficiency aspect without affecting the quality of the dried product. These 

advanced drying technologies include inert particles drying (Kutsakova, 2007), 

impinging stream drying (Wang and Mujumdar, 2007), superheated steam drying 

(Haque and Sergeant, 2008), vacu jet drying (Maekawa, 1994), contact-sorption 

drying (Ye et al., 2007), ultrasound-assisted drying (Carcel et al., 2002), pulse 

combustion drying (Kudra, 2008), atmospheric freeze-drying (Alves-Filho et al., 

2007), refractance window drying (Nindo and Tang, 2007), and microwave-vacuum 
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drying (Cui et al., 2004). However, these technologies could be expensive to 

implement in terms of equipment cost and operating cost. 

 

Heat pump drying (HPD) is one of the advanced drying methods that have 

been used for drying of many agriculture products (Pal et al., 2008; Aktaş et al., 2009; 

Ayub Hossain et al., 2013; Shi et al., 2013). It is known as an energy efficient drying 

method with higher coefficient of performance (COP) and produces relatively good 

product quality as drying was conducted at mild temperature and low relative 

humidity (Fatouh et al., 2005; Chua et al., 2010; Marnoto et al., 2012). However, it 

usually requires relatively long drying time as this drying method is conducted at 

mild drying temperature, which in turn limits the moisture diffusion in the drying 

materials. 

 

During drying process, moisture diffusion is driven by mass concentration 

gradient between the core and the surface of the material being dried. Slow process 

of moisture diffusion due to mild temperature heat pump drying eventually limits the 

drying rate, which consequently prolong the drying time. Hybrid drying involving 

heat pump combined with other methods such as ultrasound assisted, radio frequency 

/ microwave heating, infrared heating, solar heating, and hot air also been studied by 

a number of researchers with the purpose to stimulate the drying rates and moisture 

diffusivity of the drying materials during heat pump drying (Kudra and Mujumdar, 

2002; Goh et al., 2011; Mujumdar and Jangam, 2011; Patel and Kar, 2012; Sevik et 

al., 2013; Mohanraj, 2014; Sun, 2014). The application of ultrasound energy is 

limited by the inefficient transmission of ultrasonic energy in the air to the drying 

material which is insignificant for the improvement of drying rate due to the acoustic 
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impedance mismatch (Gallego-Juarez, 2010; Cárcel et al., 2012; Sun, 2014). 

Volumetric heating from radio frequency / microwave drying allows the transmitted 

heat energy to be absorbed by the whole drying samples instead of the surface of 

drying samples. This causes the great improvement in drying rate and effective 

moisture diffusivity and thus, shortens the total drying time (Bradshaw et al., 1998; 

Darvishi et al., 2012; Ghanem et al., 2012). However, there is a limit on the amount 

of drying rate enhancement achievable. For example, the applied microwave power 

must not be too high such that it overheats and destroys the desired properties of the 

material due to volumetric heating (Bantle et al., 2013; Jaroenkit et al., 2013). Other 

hybrid drying methods which involved heating also not suitable for drying of heat 

sensitive materials (Kaya et al., 2010; Sun, 2014; Barzegar et al., 2015). Hence, a 

major breakthrough will be made if an efficient method to move moisture from the 

core to the material surface during heat pump drying is found. 

 

1.2 Problem Statement 

 

As drying process is energy intensive, the desired drying process is preferable 

low energy consumption, short drying time and preserves maximally the physical 

and chemical quality of dried products. In order to improve the product quality while 

increase the energy efficiency of the drying process; heat pump drying has been 

adopted for the drying of heat sensitive materials. However, heat pump drying with 

mild drying temperature tends to prolong the drying process, especially at the late 

phase of drying process, due to slow diffusion of moisture in the drying materials 

which limits the drying rate (Patel and Kar, 2012; Yang et al., 2013; Closas and 

Villanueva, 2014; Kivevele and Huan, 2014). Hybrid heat pump drying method by 
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integrating the heat source such as heating coils, infrared heater, solar radiation, radio 

frequency and microwave into the heat pump dryer could shorten the drying duration 

of heat pump drying. However, heating coil assisted heat pump drying and infrared 

assisted heap pump drying are energy intensive and it usually involves high 

temperature drying whereas solar assisted heat pump drying method tends to heat up 

the drying materials and resulted in uneven temperature distribution of the drying 

materials. Meanwhile, radio frequency / microwave assisted heat pump drying is not 

suitable for drying materials with poor dielectric properties. Furthermore, volumetric 

heating which resulted in rapid increases of inner temperature of food materials also 

produces adverse effects on the bioactive ingredients of dried products. Hence, these 

drying technologies are lack of practical application for drying of heat sensitive 

materials. 

 

In this research, Coulomb force assisted heat pump (CF-HP) drying has been 

proposed as an alternative drying technology to enhance the moisture diffusivity, 

without the need to heat up the drying material. Not only it will save energy, the 

desired properties of the dried material can be preserved as it is non-thermal drying. 

In CF-HP drying, a high voltage wire mesh (15000V, 50Hz) is incorporated in the 

drying chamber of the heat pump dryer in order to enhance the removal rate of bound 

moisture in the drying material, which in turn counteracts the long drying time 

required in a conventional heat pump dryer due to mild temperature drying. The 

working principle of the microwave drying shows that water dipoles are capable to 

re-orient themselves in the rapid reversal of electromagnetic field (the frequency of 

electromagnetic field can be ranged from 3 to 30 ×10
8
Hz) (Bradshaw et al., 1998; 

Bantle et al., 2013; Hemis et al., 2015). As CF-HP drying is conducted at low 
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frequency (50Hz); water molecules can be polarized without heat generation found in 

microwave heating. Owing to the bipolar property of moisture content in the drying 

samples, a positive net force (Coulomb force) can be induced when the samples are 

placed near to the high voltage (15000V), but low frequency wire mesh. Moreover, 

using alternating current in high voltage power supply can avoid the used of 

inefficient AC ‒ DC converter, a common issue reported by researchers when 

assessing an energy efficiency of electrohydrodynamic drying methods (Martynenko 

& Zheng, 2016). Unlike electrohydrodynamic drying which uses high voltage (DC) 

needle-like electrodes that cause localized drying; a low frequency (large wavelength) 

electric field radiated from high voltage wire mesh is approximately a plane wave 

and capable to provide uniform drying rate enhancement across the surface of drying 

materials (Li, Li, Sun, & Tatsumi, 2006; Martynenko & Kudra, 2016). The 

electromagnetic force stimulates the moisture diffusion from the core to the surface 

of the samples which consequently evaporated by convective air flow produced by 

heat pump system at mild temperature and low relative humidity. The quality of the 

drying material can be preserved as CF-HP drying technique operates at mild drying 

temperature, low relative humidity and high drying rate. In the current work, lemon 

fruit slices were used as drying material. CF-HP drying is envisaged to enhance the 

overall drying kinetics of lemon slices as compared to heat pump drying alone, at the 

same time, producing dried lemon slices with high retention of antioxidants, low area 

shrinkage and less browning in terms of optical quality of dried product. 
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1.3 Research Objectives 

 

The objectives of this research were 

 

i. To fabricate the Coulomb force assisted heat pump (CF-HP) drying system. 

ii. To investigate the effect of Coulomb force on the drying characteristics of 

lemon slices during Coulomb force assisted heat pump (CF-HP) drying as 

compared to heat pump drying alone. 

iii. To determine the quality of Coulomb force assisted heat pump (CF-HP) dried 

lemon slices in terms of vitamin C and total phenolics content (TPC), and 

also the effect of CF-HP drying on shrinkage and browning of dried products. 

 

1.4 Research Scopes 

 

(I) To fabricate the drying system. 

A heat pump drying chamber was designed and constructed. The principle of 

the heat pump is similar to the thermodynamic cycle that used in the refrigeration 

system. Firstly, humid air leaving the drying chamber is cooled in an evaporator. 

Consequently, condensation of the moisture from the air stream occurs and the heat 

released is absorbed by the working fluid and causing it to boil in the evaporator. The 

temperature of the vaporised working fluid is increased as it passes through a 

compressor. It is then condensed in a condenser; thus, releasing sensible heat to the 

cold dry air that is blown into the drying chamber for drying purposes. Hence, energy 

can be recovered from the exhaust air when the latent heat of vapour condensation is 

converted into a sensible heat of an air stream. The drying performance of the heat 
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pump dryer was evaluated before it was integrated with high voltage wire mesh to 

form a hybrid drying system. The high voltage wire mesh created Coulomb force 

which enhanced the diffusivity of moisture to the surface of the drying materials. 

Subsequently, the moisture was removed by the convective air flow generated by the 

heat pump system.  

 

(II) To investigate the effect of Coulomb force on the drying characteristics 

of lemon slices during Coulomb force assisted heat pump (CF-HP) drying. 

The drying characteristics of lemon slices were investigated by using heat 

pump drying with and without integration of Coulomb force. Heat pump drying was 

operating at 22.0°Ϲ, relative humidity of 34.0% and air velocity of 1.1ms
-1

 when the 

auxiliary heater was switched off. Whereas, when the auxiliary heater was switched 

on, the operating condition was recorded as 31.0°Ϲ, relative humidity of 24.0% with 

air velocity remained the same. Coulomb force assisted heat pump (CF-HP) drying 

was conducted by incorporating a high voltage wire mesh into the drying chamber of 

heat pump dryer. Lemon slices were loaded on the high voltage wire mesh with a 

determined effective distance between the wire mesh and drying samples (3 × 10
-3

m). 

The reductions of moisture content in the lemon slices were recorded throughout the 

whole process for both drying methods. The drying curves and effective moisture 

diffusivity were obtained from the recorded experimental data. The drying 

characteristics of CF-HP drying were also compared with heat pump and 

conventional drying method of lemon slices which was oven drying. 
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(III) To investigate the effect of Coulomb force assisted heat pump (CF-HP) 

drying on the quality of lemon slices. 

The content of vitamin C and TPC, area shrinkage, and browning effect of 

Coulomb force assisted heat pump dried lemon slices were determined and compared 

with heat pump, conventional (oven dried), freeze dried and commercial dried 

products. In this research, quality of freeze dried lemon slices was used as a 

reference for comparison purpose. 

 

1.5 Significance of Research 

 

This research will be a major breakthrough in drying technology, especially 

in hybrid drying technique. It is energy saving (energy consumption for heating 

element can be reduced), time saving and the quality of dried products can be 

preserved since it foster the drying rates and it does not involve heating of the drying 

samples. Dried products with lower cost of production but relatively good quality 

could improve the sales and increase the profitability of products. Furthermore, this 

drying technique is potential for drying of material with poor heat-transfer 

characteristics, such as glass fibres and ceramics that are difficult to dry with 

convective hot air drying. The outcomes of this research are essential for knowledge 

enhancement in drying technology, especially in the current industry which involved 

drying process. 

  



CHAPTER 2 

 

2 LITERATURE REVIEW 

 

 

2.1 Introduction to Drying 

 

Drying is the most general and diverse unit operation in industrial sectors 

such as agriculture, chemical, biotechnology, food, ceramics, polymer, paper, wood 

processing, mineral processing, pharmaceuticals and etc. Nevertheless, phase change 

of moisture content and production of dry solid as the end product during drying 

process necessitate huge amount of energy for the high latent heat of vaporization. In 

addition, an intrinsic ineffectiveness of commonly used hot air as the drying medium 

makes it as an energy-intensive unit operation (Barba et al., 2013; Zielinska et al., 

2013; Closas and Villanueva, 2014). Energy consumption in drying process ranges 

from around 5% for some chemical processing industries to around 40% for the 

paper processing industries. Thus, this shows that the major costs are falling under 

the drying operation (Mujumdar and Devahastin, 2000). Despite that, drying is still 

an essential unit operation in the production line as it helps to reduce the cost of 

packaging, transportation and storing by reducing the weight and size of the end 

products, at the same time, achieve the desired quality of dried product for the 

preservation purposes. Nevertheless, It has been well known that improper drying 

may cause irreversible damage to either physical or chemical properties of the dried 

product and hence a non-saleable product (Zhang et al., 2006; Vega-Gálveza et al., 

2009; Djendoubi Mrad et al., 2012). 
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Removal of moisture from the moist material is a complex unit operation 

which involves simultaneous heat and mass transfer along with various processes 

like physical or chemical transformations of the dried product. Physical changes, for 

example, shrinkage, puffing, crystallization, phase change and glass transitions may 

occur during the drying process (Le and Jittanit, 2015). Occasionally, undesirable 

chemical reactions may occur and cause the changes in physical appearance, texture, 

and other properties of the dried product (Wu et al., 2007; Koné et al., 2013; 

Paengkanya et al., 2015; Taghian Dinani and Havet, 2015). During drying, there are 

several ways to deliver the heat required for the vaporization of the water content 

inside the moist material, for example, conduction, convection, radiation like 

microwave or radio frequency fields, and combined mode. Yet, most of the industrial 

dryers are convection dryer that uses hot air (Barba et al., 2013; Bardy et al., 2015). 

 

2.2 Drying Technology 

 

Drying technology unites the knowledge of transport phenomena and material 

science as it deals not only with the removal of moisture content of drying material, 

but it also ensures the quality of dried product meets the requirement. Removing the 

water from drying material, which can be in the form of solid, semi-solid, or liquid, 

to its final dried product, can lengthen the commercial life of the said product as this 

limits the microbial growth and retards the deteriorating chemical reactions. 

 

As compared to others, demand of food drying for the preparation of 

convenience food as well as nutraceutical products is rapidly increasing in both 

domestic and international markets. Several drying methods are available for food 
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drying; yet, solar drying and hot air convection drying are the most popular drying 

methods which have been used since historic times. 

 

2.2.1 Solar Drying 

 

Solar drying is one of the drying methods that has been broadly used in 

drying of fruits and vegetables. This drying method can be divided into two main 

categories, which are direct or indirect exposure of drying materials to the sun. Direct 

solar drying involves the spread out of the drying materials in the thin layer form on 

the large outdoor free threshing surface (Belessiotis and Delyannis, 2011; Chaudhari 

and Salve, 2014; Sontakke and Salve, 2015). This traditional drying method is 

usually called as open sun drying and it is in practice for fruits and vegetables 

preservation since time immemorial (VijayaVenkataRaman et al., 2012; Toshniwal 

and Karale, 2013). Else, some may also apply passive solar dryer, where the products 

in the hot closed chamber are exposed to the solar energy through the transparent 

plastic or glass covers (Figure 2.1). Conversely, for indirect solar drying, drying 

materials are not directly exposed to the sun; instead, thermal energy collecting 

devices such as concentrated type solar collector is used to collect the thermal energy 

from solar radiation in order to heat up the air which later flows through the materials 

to be dried with either natural convection or force convection (Figure 2.2) 

(Toshniwal and Karale, 2013; Phadke et al., 2015). 
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Figure 2.1: Direct solar dryer. (a) Passive solar dryer covered by transparent 

plastic material. (b) Passive solar dryer with glass covers (Belessiotis and 

Delyannis, 2011). 

 

 

Figure 2.2: Indirect solar dryer (Toshniwal and Karale, 2013). 

 

However, this drying method is accompanied by a multitude of drawbacks 

that greatly reduce its functionality. In direct solar drying process, drying materials 

have to be flipped over or stirred frequently as to provide an even drying process, 
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until the materials have been dried up. Thus, scientific control of equilibrium 

moisture content (EMC) is not possible as it is up to the personnel’s experience to 

decide whether the materials have been dried or not (Ndukwu et al., 2011; Chaudhari 

and Salve, 2014; Jain and Tewari, 2015). Moreover, the portion of solar energy that 

can be absorbed by the materials is depends on the absorptivity of the materials 

(Ramos et al., 2015). Materials with darker surface can be heated up to higher 

temperature which will cause case hardening on the exposed surface as well as 

reduce the quality of the products especially in terms of heat sensitive bioactive 

ingredients (Mustayen et al., 2014). Similarly, deterioration of sugars content and 

vitamin C due to elevated temperature also has been reported by Chen et al. (2005) 

during solar drying of lemon slices. In addition, shrinkage, loss of rehydration ability, 

and surface browning of solar dried products also become prominent (Abano and 

Sam-Amoah, 2011; Finck-Pastrana, 2014; Phadke et al., 2015). 

 

During open sun dying, materials that remain outdoor for long period of time 

are easily contaminated by dirt or dust as well as subjected to climate changes and 

natural attacks such as insect infestation, hail, and etc., which can destroy the drying 

materials (López-Vidaña et al., 2013; Toshniwal and Karale, 2013; Sontakke and 

Salve, 2015). As the drying process is relatively slow, enzymatic reactions, growth of 

microorganisms, and augmentation of mycotoxin will also lead to considerable 

reduction in quality of dried products (Mustayen et al., 2014). According to 

Kouchakzadeh (2013), it was found that longer drying time of pistachios at open 

environment (sun drying) will promote the growth of aflatoxin on pistachios and thus 

cause huge losses in production. On the other hand, Aritesty and Wulandani (2014) 

have shown that moisture content of wild ginger dropped noticeably only for the first 
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six hours of open sun drying from 80% w.b. to 40% w.b.. However, there was a great 

reduction of drying rate in the following 14 hours. This shows that the drying process 

was hardly to proceed after daily sunshine hours. This also promotes the growth of 

unwanted microbes that will destroy the drying materials. Furthermore, huge 

variation in moisture content reduction also reveals the unsteady drying condition of 

open sun drying. Thus, large dependence on the availability of the solar radiation has 

greatly reduced the functionality of this drying method. In other words, this drying 

method can only be practical in Sun Belt, regions where solar radiation is sufficient 

and sunshine duration is long (Belessiotis and Delyannis, 2011).  

 

Indirect solar drying is a new drying method which is yet to be standardized 

and widely commercialized. The type and size of the constructed dryer can be 

customized to suit the drying requirements of food products. However, this could 

increase the initial capital cost of the dryer (Mustayen et al., 2014). Furthermore, 

routine maintenance cost especially for equipments such as collector, thermal energy 

storage system, convective air control system, and skilful personnel to operate drying 

process also enhance the overall operating cost of this drying method (Kalogirou, 

2013; Ramos et al., 2015). Hence, with these hindrances, majority of the solar dryers 

are used mainly for small scale drying of foods (López-Vidaña et al., 2013). Solar 

energy will only serve as a secondary energy sources to facilitate the whole drying 

process in larger food processing industries. 
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2.2.2 Hot Air Convection Drying 

 

Hot air convection drying is another frequently used drying method for 

industrial food drying. In this drying method, the drying kinetics are greatly affected 

by drying temperature and characteristics of drying materials, while all other process 

factors have negligible influence (Haghi and Ghanadzadeh, 2005). Several types of 

hot air dryer such as cabinet / tray dryer and tunnel dryer which usually used for 

different food drying requirements are shown in Figure 2.3. In fact, the basic 

configuration of hot air dryer is similar to solar dryer with its heating element being 

replaced by either electrical coil or combustion gas (Bardy et al., 2015). Inside the 

drying chamber, a mechanical blower provides the circulation of hot convective air 

stream through the drying materials to facilitate the evaporation of moisture content 

on the surface of drying materials as well as to expel vaporized moisture from drying 

chamber. Relative movement of air stream over the product surface is at high 

velocity to ensure that heat and mass transfer proceed in an efficient manner (Ibarz 

and Barbosa-Cánovas, 2003; Paul Singh and Heldman, 2009). 

 

Hot air drying is a “simple and fast drying method”; yet, this drying method 

requires huge amount of energy in processing line. Great amount of energy is 

required to raise up the temperature of the convective air to enhance the drying rate 

(Pati et al., 2015). Also, a significant amount of energy is needed to maintain the 

high temperature inside the drying chamber as well as to provide high convective air 

velocity in the rapid drying process. Nevertheless, energy and exergetic analyses 

show that energy utilization drops when drying rate increases by increasing the 

drying temperature or convective air velocity (Sekone et al., 2015). Besides, low 
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thermal conductivity of drying materials will limit the heat transfer to the interior 

parts of drying materials during falling rate period. As the heat energy of the hot air 

convection dryers is not conserved in the drying chamber, a great deal of thermal 

energy (35  45%) will be wasted with the exhaust air (Motevali et al., 2014). In 

addition, hot air drying at elevated temperature inevitably produces adverse effects 

on the quality of dried products. As reported by Timoumia et al. (2007), drying of 

apple slices at elevated temperature (40 to 70°C) enhanced the degradation of 

vitamin C as well as the aroma compounds in dried products. Similar finding was 

reported by Moraes et al. (2013) during the investigation on the effect of drying 

temperature (55 to 75°C) on vitamin C, TPC and colour of hot air dried pepper. 

Other than deterioration of bioactive ingredients, several undesirable attributes such 

as shrinkage, case hardening and browning of dried product were also caused by hot 

air convection drying (Jiao et al., 2014). The product discolouration and case 

hardening of hot air dried banana foam mat were found significant due to high 

temperature drying (Thuwapanichayanan et al., 2008). 
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Figure 2.3: (a) Cabinet-type tray dryer. (b) Concurrent-flow tunnel dryer. (c) 

Countercurrent-flow tunnel dryer (Paul Singh and Heldman, 2009). 
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2.3 Advanced Drying Methods 

 

Conventional dryers such as hot air dryers with great established records of 

performance may have become the first choice of consideration. Yet, not all of the 

dryers are necessarily superlative regarding of energy efficiency, quality of dried 

products, ability to manipulate drying conditions during drying process, and minimal 

environmental impact. Thus, advanced drying methods are sought to intensify the 

drying rate as well as to overcome the drawbacks of conventional drying methods 

(Kivevele and Huan, 2014). 

 

During drying process, the rate at which wet surface being dried is depends 

solely on the external heat and mass transfer. Consequently, enhancing the rate of 

heat and mass transfer by increasing the convective air velocity, drying temperature, 

or reducing convective air humidity will lead to increased drying rate for 

conventional dryers (Babalis and Belessiotis, 2004; Fatouh et al., 2005; Zarein et al., 

2015). Implementing the mechanical vibrator in advanced drying technologies which 

generated free-stream turbulence or oscillation of the flow will give rise to higher 

drying rate. Also, increasing the effective interfacial areas during impinging stream 

drying can intensify the drying rate (Kudra and Mujumdar, 2002; Nikolopoulos et al., 

2015). However, drying rate drops when slow moisture diffusion is taken place 

during falling rate period. Enhancement of drying rate at this stage requires fast heat 

and mass transfer through the material (Bantle et al., 2013; Başlar et al., 2014). For 

that reason, advanced drying technologies must capable to provide an efficient 

method to move water droplets from the core to the material surface.  
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2.3.1 Microwave Drying 

 

Microwave has similar properties with visible light (its frequency ranges 

from 3 × 10
8
 Hz to 3 × 10

11
 Hz). Depending on the dielectric properties of a material, 

it may be reflected or absorbed by the material (Barba et al., 2013). As microwave 

radiation is a form of field energy, it can penetrate a food, and heating occurs within 

the entire food material (Kudra and Mujumdar, 2002). Thus, heat drying with 

microwave energy has become an eye-catching solution to many problems in 

conventional drying process. Major components in a typical microwave dryer are 

shown in Figure 2.4. 

 

 

Figure 2.4: Basic composition of microwave dryer (Paul Singh and Heldman, 

2009). 

 

Unlike those ionizing radiations such as X-rays and gamma rays, microwave 

itself is non-ionizing radiation. When food is exposed to microwave radiation, 

absorption of microwave energy leads to the ionic polarization and dipole rotation of 

hydronium ions, hydroxide ions, and polar water molecules (Feng et al., 2012). 

Polarized ions will accelerate and collide with each other, which will cause the 
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conversion of kinetic energy into thermal energy. Meanwhile, bipolar water 

molecules which initially have a random orientation will orient themselves in 

accordance with the polarity of the applied electric field. High frequency alternating 

of microwave’s polarity causes fast rotation of the water molecules. While these 

molecules rotate continuously to align with oscillating field, friction between water 

molecules and surrounding medium generates heat energy and eventually increases 

the temperature of the drying material (Kaasová et al., 2002; Zhang et al., 2006). In 

view of the fact that microwave isn’t a thermal energy, therefore heat drying can take 

place only when there is an interaction between the microwave and drying material. 

Thus, electrical properties of the material being heated, as well as size, shape and 

state of the material must be taken into the account when applying microwave drying 

(Berteli et al., 2009).  

 

Microwave drying offers several advantages over the conventional drying 

methods. Increasing microwave field strength has a dramatic effect on the power 

density and thus boosts up the heating speed. As microwave is in the form of field 

energy and is independent of heat transfer by conduction or convection; therefore it 

can penetrate the drying materials and heat up within the materials. Consequently, 

dramatic improvement in drying rate can be seen in materials with poor thermal 

conductivity since the microwave energy is dissipated towards the wet regions of the 

materials being dried (Ibarz and Barbosa-Cánovas, 2003). This volumetric heating 

crafts a temperature gradient within the drying materials and gives rise to a greater 

partial pressure that drives moisture content to the surface for convective evaporation. 

As a result, “case hardening” due to rapid drying at high temperature will not occur; 

instead, the surface remains permeable for moisture content to diffuse out from the 
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interior part (Feng et al., 2012). Paengkanya et al. (2015) found that high microwave 

power could produce dried durian chips with low shrinkage and hardness values. 

Similar results were reported by Talens et al. (2015) during microwave drying of 

orange peel. It was found that dissipation of microwave energy inside the orange peel 

caused internal evaporation and thus induced an internal swelling which would 

lessen the shrinkage of dried product (Talens et al., 2015). Moreover, microwave 

drying is an energy efficient drying method because its energy consumption is much 

lesser as compared to conventional dryers as only the drying materials are heated 

during drying process. Hence, thermal energy loss through the heating of the 

surrounding media such as air, drying chamber, trays and etc. can be eliminated. 

Further heating of the materials also can be avoided once the materials are totally 

dried since dry solids are more “transparent” to microwave radiation than water 

molecules.  

 

Nevertheless, there are few features of microwave heating that will affect the 

feasibility of this drying method in drying process. Although wave energy transfer in 

microwave drying improves drying rate of low thermal conductivity materials; yet, 

not every material can be dried with this drying method. The amount of the energy 

can be delivered is determined by the loss factor and depth of penetration of drying 

materials (Paul Singh and Heldman, 2009). The higher the loss factor, the greater the 

amount of heat can be absorbed by the drying materials for the drying purposes. 

Meanwhile, the penetration depth also has to be in the correct range to allow the 

microwave to penetrate to the center of the drying materials but not passing through 

it. Else, these drying materials will become “transparent” to the microwave generated.  
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Inability to provide uniform energy distribution inside the drying chamber 

has also marked down the outstanding of microwave drying. This inherent non-

uniformity of the electromagnetic field has assembled several “hot” and “cold” spots 

inside the microwave cavity (Kaasová et al., 2001).  Though, rotation of drying trays 

and implementation of waveguides can improve the energy distribution, but it can’t 

solve this problem completely (Zhang et al., 2006). Thus, materials to be dried have 

to be in constant motion inside the drying chamber to avoid any “hot” spots. Non-

uniform shapes, sharp edges and corners of the food materials also contribute to the 

localized heating, causing certain regions to be underexposed and other regions to be 

overexposed (Paul Singh and Heldman, 2009). The excessive temperature build up 

along the edges and corners of the materials may lead to the scorching and 

development of off-flavours (Le and Jittanit, 2015; Pu and Sun, 2015). In addition, 

dielectric and thermophysical properties of drying materials can result in uneven 

heating and its effect is more prominent when processing at low frequencies (Jiao et 

al., 2014). Rapid rise of relative temperature gradient also has an adverse effect on 

the quality and texture of the dried product (Koné et al., 2013; Zielinska et al., 2013). 

This thermal process initiates further degradation of heat sensitive bioactive 

ingredients such as vitamin C and total phenolics content of dried product, 

decomposition of the high-sugar food product, as well as leads to severe damage to 

the physical properties of drying material (Nollet and Toldra, 2008; Kaya et al., 2010; 

Moraes et al., 2013). 

 

Meanwhile, microwave drying is also expensive despite the high capital and 

operating costs. It may not be economical if microwave energy acts as a sole source 

of power, especially for drying materials with high moisture content and long 
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constant rate period (Kudra and Mujumdar, 2002). In addition, microwave radiation 

itself poses a safety hazard. Hence, it is essential to ensure integrity of all the 

microwave joints and doors. Extra care must be taken to shield the operators from the 

microwave radiation power. A radiation flux of 100W / m
2
 at a distance 0.05m from 

the dryer is the acceptable limit (Bradshaw et al., 1998). 

 

2.3.2 Electrohydrodynamic (EHD) Drying 

 

EHD drying is rather a new drying method whereby its drying mechanism involved 

the production of corona wind by high voltage  needle-like electrodes (Cao et al., 

2004; Singh et al., 2012). This corona wind perturbs the boundary layer above the 

grounded surface on which the drying materials are placed, hence amplifying the 

mass transfer between the surface of materials and the ambient air. A typical EHD 

drying system is shown in Figure 2.5. The EHD system consisted of multiple 

vertically mounted high voltage needle-like electrodes pointed toward the grounded 

drying materials (Lai, 2010; Yang and Ding, 2016). A direct current high voltage of 

either polarity is chosen as it is substantially better than alternating current (Li et al., 

2006). 
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Figure 2.5: Electrohydrodynamic dryer. 

 

 High electric field between the electrodes and grounded drying materials 

accelerates the gaseous ions, causing them to collide with non-charged molecules, 

which results in an ion-drag phenomenon commonly known as ionic wind 

(Hashinaga et al., 2007). The generated corona wind impinges on the moist materials, 

produces turbulent, vortex-like motions which lead to the evaporation enhancement 

(Basiry and Esehaghbeygi, 2010; Bai and Sun, 2011). Pirnazari et al. (2014) found 

that increasing electric field strength from 4.5 to 8.5 × 10
5
Vm

-1
 could increase the 

drying rate, reduce the total drying time by 19.2%, and produce dried banana slices 

with low shrinkage. Similarly, high drying rate, porosity, and rehydration ratio are 

the advantages concluded by Taghian Dinani and Havet (2015) during EHD drying 

of mushroom slices with applied voltage up to 30000V. In addition, high electric 

field causes the electrical polarization of water molecules inside the drying materials, 

leading to decreasing of the entropy and thus lowering the temperature of the 

materials being dried. Therefore, this drying method is useful for drying of heat 

sensitive materials (Pirnazari et al., 2014).  
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 The enhancement of mass transfer inside the drying materials during EHD 

drying depends on the strength of the corona wind. Therefore, sole EHD drying is 

less efficient and takes longer time to complete if without the convective air flow, 

which responsible for mass transfer outside the drying materials (Bai et al., 2013). 

Moreover, the generated electric wind velocity has a limitation. It cannot be 

increased beyond the breakdown voltage of the electric field, which is 6 × 10
6
Vm

-1 

(Singh et al., 2012). Although EHD drying consumes small amount of energy as 

compared to the conventional drying methods, inefficient of high voltage AC ‒ DC 

converter has pulled down the energy efficiency of the whole EHD drying process 

(Martynenko and Zheng, 2016). On the other hand, intense electric field right under 

the needle electrodes causes moisture diffusion rate at the area pointed by needle 

electrodes to be higher than other part of the same drying material. Consequently, 

parts that pointed by needle electrodes will be over dried and thus led to the localized 

discolouration of that drying material (Li et al., 2006).   

 

2.3.3 Vacuum Drying 

 

Vacuum drying is another alternative drying method which enables the water 

contain inside the food to be evaporated in the low temperature more easily than the 

atmospheric conditions. Low air density around the food will cause rapid evaporation 

of water inside the food in ambient air temperature. Since air is removed during the 

drying process, oxidation reactions of food can be reduced. Thus, colour, taste, 

aroma and nutritional value of the food can be preserved (Wu et al., 2007; Çelen et 

al., 2013). As shown in Figure 2.6, vacuum dryer is similar with tray dryer, except 

that it is operated under vacuum condition. The trays are enclosed in a vacuum 
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chamber which connected to a mechanical pump with gauge and valves. Usually, 

vacuum chamber is equipped with airtight front doors that having vacuum grease on 

a rubber gasket (Nollet and Toldra, 2008). A condenser with freezing coil will be 

employed to trap the evaporated moisture from ingested into the mechanical pump.  

 

 

Figure 2.6: Composition of vacuum dryer. 

 

 

Figure 2.7: Phase diagram of water. 

 

As illustrated in Figure 2.7, water will change phase when its temperature is 

raised above 373K at 1.01 × 10
5
Pa. However, this phenomenon will occur at lower 
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temperature if the surrounding pressure drops below 1.01 × 10
5
Pa and it can be easily 

proved by the Clausius-Clapeyron equation (equation 2.1). 
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Where P is vapour pressure of water at a specific temperature, T, H is enthalpy of 

vaporization (4.06610
4
Jmol

-1
), R is the ideal gas constant (8.314Jmol

-1
K

-1
). Usually, 

the known values of pressure and temperature will be used as P0 and T0, such as 1.01 

× 10
5
Pa and 373K respectively. Given that the vapour pressure of the water will 

equal to the surrounding environmental pressure when its temperature reaches the 

boiling point. Hence, equation 2.1 can be modified to determine the boiling point of 

the water, TB contained by the food material with the given value of pressure, PV 

inside the vacuum chamber. 
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During vacuum drying, the pressure inside the chamber is reduced below 

atmospheric pressure, which ranges from 6 to 25 × 10
3
Pa (Mitra et al., 2011). Low 

pressure around the food materials will trim down the boiling point of the moisture 

below 373K (or 100°C), which then allows moisture to evaporate without elevating 

the temperature. Obtaining a higher degree of dryness at low drying temperature has 

become a promising factor for this drying method. Drying at lower temperature not 
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only can yield superior quality of dried products, it can also lessen the energy 

consumption and minimize the air pollution due to combustion fuels used. 

Additionally, drying under a vacuum condition can prevent oxidation degradation of 

sensitive product that cannot be dried with the presence of convective air (Çelen et 

al., 2013). Better final product quality such as flavour, texture, colour and retention 

of bioactive ingredients can also be achieved. Hence, vacuum drying is competent to 

provide fast and effective drying of high-value products that are likely to be heat 

sensitive (Mitra et al., 2011). 

 

Nevertheless, vacuum drying comes along with several drawbacks. This 

drying method has higher initial and operating costs as compared to the hot air 

convection dryer (Kivevele and Huan, 2014). This is due to the need for construction 

of airtight vacuum chamber and an expensive vacuum pumping system which need 

to be replaced regularly. Low efficiency of the equipments and small production 

capacity have also offset its advantage in low energy consumption. Moreover, it is 

not convenient to access the drying materials during vacuum drying until the whole 

drying process has been completed. This in turn reduced the flexibility of this drying 

method. In terms of quality preservation, vacuum condition of this drying method 

will cause more losses in volatile organic compounds such as acetic acid, phenolic 

compounds and alcohols in the dried products (Nollet and Toldra, 2008). 

 

Besides, the use of a vacuum alone is not effective for rapid drying of food 

materials as vacuum condition has lesser beneficial effect on the drying rate as 

compared to the drying temperature. This result was found by Wu et al. (2007) 

during their research on the vacuum drying of eggplants. In fact, reducing the 
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pressure inside the chamber will bring down the temperature around the food 

materials, causing these food materials to loss heat energy to the surrounding 

(Piotrowski et al., 2007; Zakipour and Hamidi, 2011; Mitra et al., 2011). Evaporation 

of the moisture will further devour the remaining energy, causing the remaining 

moisture to freeze. Without the supplementary heat sources, drying process becomes 

dawdling as the frozen moisture need to acquire enough energy to liquefy and then 

vaporize (Wu et al., 2007). As there is no air inside the chamber, heat energy can 

only be supplied in the form of radiation (for example, infrared and microwave 

radiation) or conduction (for example, heating up the trays which contain the food 

materials). In addition, drying efficiency will be further reduced when drying 

materials contain high amount of moisture as more energy has to be supplied to 

complete the drying process under vacuum condition (Richter Reis, 2014). Therefore, 

this drying method is often used as a secondary dryer, to reduce the moisture of hot 

air dried product from 20 – 25% to 1 – 3% (Mujumdar, 2014). 

 

2.3.4 Freeze Drying 

 

Freeze drying (technically known as lyophilisation) is well known as the best 

drying method for preserving the freshness and textural quality of the food materials 

such as coffee, strawberries, sliced mushrooms, steaks and chops. This drying 

method is accomplished by reducing the pressure and temperature of the drying 

chamber in order to facilitate the sublimation of ice crystals inside the frozen food 

materials (Adams, 2007; Paul Singh and Heldman, 2009; Nireesha et al., 2013). 

Figure 2.8 shows the sublimation of ice crystals inside the food materials into water 

vapour which later been collected at freezing condenser. 
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Figure 2.8: Freeze drying process (Paul Singh and Heldman, 2009). 

 

Freeze drying and vacuum drying having a similar working principle, yet 

these two drying methods are exploiting different regime of pressures and 

temperatures. Vacuum drying is taken place at pressure and temperature beyond the 

triple point of water (600Pa, 0.01°C); however, freeze drying works at pressure and 

temperature below the triple point of water. Prior to freeze drying, food materials 

need to undergo a quick freezing stage in order to obtain small ice crystals which are 

in an amorphous state. Formation of these amorphous ice crystals can enhance the 

thermal conductivity of food materials by increase the porosity of food matrix (Xiao 

Dong and Mujumdar, 2009). Subsequently, low pressure and temperature inside the 

chamber allow the ice crystals to undergo sublimation and leave the food materials as 

water vapour whereas pores inside the food materials where the crystals of pure ice 



 

31 

 

had been will be maintained (Nollet and Toldra, 2008). Since sublimation is a much 

faster process as compared to the vaporization, there will be a quick reduction in the 

moisture content of the drying materials before reaching as low as 5% of equilibrium 

moisture content. Heat energy required to enhance the sublimation rate can be 

supplied by either radiation or conduction (Ibarz and Barbosa-Cánovas, 2003). 

 

Freeze drying is remarkable in yielding superior product quality which cannot 

be well preserved by any other drying methods. Drying process which conducted at 

low temperature and vacuum condition can prevent deterioration due to oxidation, 

enzymatic and non-enzymatic browning reactions of the food products (Antal, 2015; 

Rudy et al., 2015). As a result, colour, intense flavour, aroma, and bioactive 

ingredients of the food products remain unaltered. Hence, freeze drying is always 

recommended for drying materials that contain heat sensitive bioactive ingredients 

(Rudy et al., 2015). With the adequate packages, greatly reduced water content in 

freeze dried products can be kept for unlimited time, maintaining most of the 

physical and chemical properties of the fresh products (Nireesha et al., 2013). Thus, 

freeze dried product which has the best dried product quality is often used as a 

benchmark for assessing the quality of food products dried by other drying methods 

(Asami et al., 2003; Stawczyk et al., 2004). Furthermore, drying by means of rapid 

sublimation of frozen moisture will not cause shrinkage or toughening of the drying 

material (Paul Singh and Heldman, 2009; Antal, 2015). High porosity constitution of 

freeze dried products allows rapid rehydration to recuperate their original shape and 

structure. 
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Nevertheless, the advantages of freeze drying are compromised by the energy 

intensive aspects especially for rapid freezing and vacuum requirements (Paul Singh 

and Heldman, 2009; Zielinska et al., 2013). Drying at very low temperature and 

pressure requires the employ of heavy duty freezing and vacuum pumping systems; 

consequently, its operating cost can easily boost up to 2 to 5 times greater than other 

drying methods (Ibarz and Barbosa-Cánovas, 2003; Antal, 2015). For this reason, 

food materials with high moisture content can only be cost effectively dried by using 

the combination of freeze drying and other drying methods (Antal, 2015). Similar to 

vacuum drying, low temperature and pressure drying in this drying method prolongs 

the total drying time and promote greater losses in volatile organic compounds 

(Nollet and Toldra, 2008; Antal, 2015). Pei et al. (2014) found that the level of 

compounds such as soluble sugar, free amino acids, 5’-nucleotides and organic acids 

dropped significantly during freeze drying of button mushroom slices. 

 

2.3.5 Other Advanced Drying Methods 

 

There are other advanced drying methods such as pulse combustion drying, 

fluidized bed drying, impinging stream drying, inert particle drying, super heated 

steam drying, ultrasound-assisted drying and etc. Some of the drying methods have 

evolved and demonstrated their potential to compete with the conventional drying 

methods as they improve the drying rate and are capable to produce superb quality of 

dried product in terms of flavour, aroma, texture, colour and precious nutrients 

(Kudra and Mujumdar, 2002). However, these advanced drying methods are usually 

cost intensive due to high equipment and operating costs. Hence, there is a 

preference to employ conventional drying methods in industry due to their mature 



 

33 

 

status and lower initial cost. More R&Ds have to be done to improve the drying 

performance and reduce the operating costs concurrently, before it will readily 

replace the conventional drying methods for industrial acceptance. 

 

2.4 Heat Pump Drying 

 

With lifting in the cost of fuel and global warming issues, it is crucial to 

improve overall energy efficiency of the drying process, which has been proven to be 

an energy intensive process (Chua et al., 2010). Literally, masses of technical papers 

of archival interest are published as researchers are seeking for a desire drying 

technology which has low energy consumption, short drying time and preserves 

maximally the physical and chemical properties of the dried products. Among the 

advanced drying technologies, heat pump drying has become a mature drying 

technology over the past two decades owing to its energy efficient and environmental 

friendly capability. Its ability to recuperate and convert environmental and waste 

energy such as latent heat of vaporization to sensible heat of an air stream that 

passing through the drying materials make it attractive in drying applications. 

 

The operating principle of heat pump system is the same thermodynamic 

cycle that employed in the refrigeration system. As illustrated in Figure 2.9, inlet 

drying air (hot dried air) enters the drying chamber from point A and vaporizes the 

moisture from the moist samples. Then, the humid air (point B) is directed to the 

evaporator coil for cooling and dehumidification as low temperature refrigerant 

entering the evaporator will be vaporized by thermal input from convective air. 

During the dehumidification process at evaporator, the air stream is first cooled down 
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to its dew point. Further cooling process will cause the water vapour being 

condensed from the air stream and the released latent heat is absorbed by the 

evaporator for the boiling of refrigerant. Subsequently, the refrigerant enters the 

compressor (point C) in saturated vapour state and it is compressed to high pressure 

and temperature. The hot, compressed refrigerant vapour enters the condenser that 

uses surrounding air to cool the superheated refrigerant vapour to its saturation 

temperature before fully condense into a liquid state. At the condenser (point D), the 

refrigerant experiences two-phase condensation. During this process, heat is released 

by the condenser to heat up the cooled and dehumidified air. Subsequently, hot and 

dehumidified air is diverted to drying chamber for drying purposes. A throttling 

device like expansion valve is used to reduce the pressure of liquid refrigerant. After 

the abrupt reduction in pressure, the refrigerant is heading to the evaporator in a two-

phase state and the cycle will repeat until the drying process stops (Kudra and 

Mujumdar, 2002; Chua et al., 2010). 

 

 

Figure 2.9: Schematic representation of the heat pump drying system. 
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Heat pump dryer has many advantages over conventional dryers that using 

electric heaters for food drying. It is capable to recover the latent heat by condensing 

water vapour from the convective air. The recovered heat energy is then recycling 

back to the dryer through heating up the dehumidified drying air. With this drying 

method, 40% of heat energy required by food drying can be reused for whole drying 

process, leading to a substantial energy saving (Goh et al., 2011; Patel and Kar, 

2012). Thus, a net reduction in total energy consumption and decreased of the 

emission of greenhouse gases. High coefficient of performance (COP) and well 

controlled drying conditions which lead to possibility of a wide range of operating 

conditions have further increased its competency as the best drying method (Fatouh 

et al., 2005; Marnoto et al., 2012). In addition, heat pump drying which uses cool dry 

air as the convective drying medium is capable to produce a relatively good quality 

of dried products as compared to conventional hot air drying (Chua et al., 2010; Shi 

et al., 2013). This is because drying of heat sensitive food materials requires huge 

amount of low temperature heat energy (Somogyi et al., 1996; Chua et al., 2010). 

The closed system of heat pump is also very useful for retention of volatile bioactive 

ingredients of the drying materials which otherwise are vanished using the common 

convective dryers. 

 

Although heat pump drying offers a simple way of energy efficient drying 

method; this drying method requires relatively long drying time due to ambient 

drying temperature. As discussed in the previous section, mild temperature drying 

will lead to slow moisture diffusion between the core and the surface of the material 

being dried. Eventually, slow process of moisture diffusion will limit the drying rate 

and prolong the total drying time especially at the late phase of the drying process. In 
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consequence, it will be a common practice by combining heat pump system with 

other drying methods in order to enhance the moisture transfer mechanism. Such 

combined drying system is called hybrid drying methods. Wide range of successful 

drying methods fall in this category as they have been developed based on an 

adequate combination of conventional drying methods (Kudra and Mujumdar, 2002). 

 

2.5 Hybrid Heat Pump Drying 

 

Numerous hybrid heat pump drying have been introduced to enhance the 

drying rate during heat pump drying of food materials. The limitation of relatively 

low heat and mass transfer rates in heat pump drying during falling rate period can be 

solved by integrating the heating elements into the conventional heat pump dryer. 

Several heating modes such as radio frequency / microwave heating, solar heating 

and infrared heating as well as non-heating mode such as power ultrasound have 

been used along with convective heating during heat pump drying in order to 

enhance the drying rates, particularly during final stages of drying (Goh et al., 2011; 

Kouchakzadeh, 2013). Various attempts have been made and the suitability of the 

hybrid heat pump systems in food drying operation has been discussed in literatures. 

 

In radio frequency / microwave assisted heat pump drying, both 

electromagnetic fields are capable to volumetrically heat up the food material by the 

combined mechanism of dipole rotation and ionic conduction (Kudra and Mujumdar, 

2002). Such internal heat generation can speed up the drying process because of the 

development of unidirectional temperature, internal pressure and moisture 

concentration gradients (Kudra and Mujumdar, 2002). Thus, materials that are 
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difficult to dry with a convection dryer can be good candidates for radio frequency / 

microwave assisted heat pump drying. However, this hybrid drying system may not 

suitable for drying materials that have poor dielectric properties. Though increasing 

the field energy can enhance the drying rate by increasing the internal temperature of 

food materials; precautions are needed to confine the high energy electromagnetic 

fields inside the dryer. Furthermore, rapid rise of internal temperature will have a 

propensity for degradation of heat sensitive nutrients in drying materials (Kudra and 

Mujumdar, 2002). 

 

On the other hand, performance of conventional heat pump dryer can be 

enhanced through the incorporation of sustainable energy sources such as solar 

energy (Mortezapour et al., 2012; Mohanraj, 2014). The integration of a heat pump 

drying with solar system appears to be more efficient than heat pump drying and 

solar drying alone (Sevik et al., 2013). While solar system can supply thermal energy 

at temperatures higher than surrounding temperature, this energy can be utilized for 

auxiliary heating either by direct heat transfers through solar radiation or heating up 

the convective air by using the stored solar energy. Thus, external auxiliary load 

requirement would be lessened and this hybrid system will be operated more 

economically (Sevik et al., 2013). Nevertheless, it is difficult to control the amount 

of heat energy to be transferred to food materials when direct solar radiation is 

utilized as a heat source as it will lead to uneven temperature distribution of the 

drying materials. Several factors such as weather conditions, absorptivity of food 

material and intensity of solar radiation will affect the amount of heat delivered to 

food materials (Chaudhari and Salve, 2014). Meanwhile, indirect solar system can 



 

38 

 

have better distribution of heat energy, yet it requires much higher start-up cost for 

building up the thermal energy storage system (Chaudhari and Salve, 2014). 

 

Alternatively, infrared heater can also be used as an auxiliary energy source 

for heat pump drying (Song, 2013). The heater transfers its energy to food materials 

to a certain depth via infrared light radiation (Antal, 2015). Therefore, it can raise the 

temperature of food materials without heating up the convective air. Yet, similar to 

coil heating, infrared heating is energy intensive process. Rapid rise of temperature 

on heat-irradiated surface of drying materials tends to cause shrinkage and 

discolouration of dried products, as well as thermal degradation of heat sensitive 

phytochemicals (Vega-Gálveza et al., 2009; Chong et al., 2013). According to 

Kammoun Bejar et al. (2011), the thickness of orange peels shrank significantly at 

elevated temperature (70°C) due to the large quantity of evaporated moisture during 

drying. On the other hand, Gabel et al. (2006) also found that long exposure of 

higher surface heat flux could lead to greater browning of infrared dried onion. 

Similar findings were reported by Barzegar et al. (2015) who found that colour of 

infrared dried green peas turned reddish brown as infrared intensity increased to 

9000Wm
-2

. 

 

Other than incorporation of heating element, the drying rates of low 

temperature heat pump drying can also be enhanced by supplying the non-thermal 

vibrational energy such as power ultrasound to the drying materials. By varying the 

intensity of the applied ultrasound, the internal moisture diffusivity especially at the 

late phase of the drying process can be accelerated. During this period of time, heat 

transfer from the convective air to the material which exposed to ultrasonic field can 
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be increased by approximately 30  60% (Povey and Mason, 1998; Proctor, 2011). 

However, the mechanism of rapid compressions and rarefactions induced by 

ultrasound is only feasible on the materials with high porosity due to the “sponge 

effect”. Meanwhile, for materials with low porosity, its high structural resistance to 

the mechanical stress will lead to the serious ruptures leading to undesirable texture 

damage (Feng et al., 2010; Sun, 2014). Moreover, the acoustic impedance mismatch 

will reduce the efficiency of ultrasound energy transmission to the drying material 

and thus minimize the improvement of drying rate (Gallego-Juarez, 2010; Cárcel et 

al., 2012; Sun, 2014). 

 

Review of hybrid heat pump drying shows that the mainstream of drying rate 

improvement is incorporating of heating elements, which has been proven 

undesirable on heat sensitive bioactive ingredients. In addition, these methods are 

relatively expensive due to high initial and operating costs. For that reason, a novel 

hybrid heat pump drying method with minimum heating and high drying rate has to 

be developed for drying of heat-labile bioactive materials or material with poor heat 

transfer properties. This is not limited to all kinds of agriculture products only, but 

also the materials such as bricks, ceramic, fibers and etc. 

 

2.6 Drying Characteristics of Food Material 

 

Drying characteristics are determined by how the moisture is stored inside the 

material. In the first instance, heat and mass transfer occurs simultaneously on the 

product surface. The moisture adhering to the product surface can be removed by the 

vaporisation or evaporation which is controlled by convective process. Once this 
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moisture has been removed, drying of the water content stored within the capillaries 

and pores begins. Thermal drying requires a sufficient amount of heat to remove 

water content within the material; however, all heating modes except for the 

microwave and radio frequency are supplying the energy at the boundaries of the 

drying material (Thirumaleshwar, 2009). As consequences, heat must be transferred 

into the interior part primarily by conduction, which being confined by the thermal 

conductivity of the product structure. When sufficient thermal energy is provided to 

cause the evaporation of water, the vapours are transported from the water surface 

within the product to the product surface before it can be transported away by the 

convective hot drying air or by the application of low pressure vacuum condition for 

non-convective dryers (Adams, 2007; Mitra et al., 2011; Zakipour and Hamidi, 2011). 

This moisture-vapour diffusion is very much influenced by the vapour pressure 

gradient between the interior and outer surface of the drying product. The drying 

speed will be reduced as moisture-vapour need to overcome the diffusion resistance 

as well as capillary forces (Thuwapanichayanan et al., 2008; Berk, 2013). Moreover, 

crystal water which is kept inside the drying material only can be removed by 

intensive heating in addition to low drying speed. For most products, heat and mass 

transfer inside the product structure will be rate-limiting processes. 

 

There are several mass transfer mechanisms being used for the transportation 

of moisture within the drying sample, as shown in Table 2.1 (Mujumdar and 

Devahastin, 2000). Since the physical structure of the drying material is subjected to 

change during drying, the mechanisms of mass transfer may also vary with drying 

time. 
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Table 2.1: Mass transfer mechanisms during drying process. 

Mechanism of Mass Transfer Condition 

Liquid diffusion 

 Moist sample is at a temperature lower 

than the 100°C. 

 Due to capillary forces and 

concentration gradients. 

Vapour diffusion 
 Liquid vaporises within material. 

 Diffusion in pores filled with air. 

Knudsen diffusion 
 Drying at very low temperatures and 

pressures, for example, freeze drying. 

Hydrostatic pressure differences 

 Vaporisation rate of interior moisture 

exceeds the rate of vapour being 

removed from the drying sample. 

 

The moisture transfer of the material during the drying process is usually 

described by the drying curve, as shown in Figure 2.10 (a) and (b). As both of these 

are used to explain the drying mechanism of food material during the drying process, 

they can be varied according to the drying method, drying conditions and type of 

drying material. 
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Figure 2.10: Drying curve (Geankoplis, 2003). 

 

Generally, a typical drying rate curve can be divided into initial, constant rate 

and falling rate periods. From region A to region B, the drying material is being 

heated up slowly from inlet condition to process condition and sensible heat is 

transferred into the drying material. At this phase, the drying rate increases 

dramatically as heat supplied promotes greater rate of evaporation of the free 
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moisture content on the surface of material. Alternatively, region A’ will be obtained 

if the initial temperature of the product is higher than the drying temperature in the 

drying chamber. Given that the elapsed time from the initial transient period to 

constant rate period is short, therefore, regions A and A’ tend to be neglected in the 

calculation of drying time (Ibarz and Barbosa-Cánovas, 2003). 

 

As the surface temperature of drying material is in equilibrium with drying 

temperature, drying rate becomes constant (region B). In this constant rate period, the 

rate of mass transfer is associated with the removal of free water in the drying 

material. This period continuously occurs even though the surface is wet. The water 

vaporized from the surface is then compensated by the water diffused out from the 

interior of the material, which then causing the rate of evaporation to be close to the 

rate of moisture transfer from core to the surface of material. In this section, the rate 

of evaporation has reached its maximum value and it alters very little as the moisture 

content reduces (Paul Singh and Heldman, 2009; Jangam and Mujumdar, 2011). 

 

When the surface is deficient of water to maintain surface evaporation 

process, transition of high constant drying rate to falling rate period at the so-called 

critical moisture content (a turning point between region B and region C) will occur. 

Usually, falling rate period can be separated into two regions, which are regions C 

and D or known as first falling rate and second falling rate, respectively. During first 

falling rate period (region C), interior moisture needs to diffuse out to the surface in 

order to maintain the moisture vaporization. As a result, the rate of evaporation will 

be controlled by the rate of internal moisture transfer (or known as diffusion 

controlled) and this process will continue until the wetted surface of the drying 
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material is completely dry. After that, the second falling rate period (region D) 

begins. The zone of vaporization recedes slowly below the surface and the remaining 

water inside the drying material vaporizes by the heat conducted through the material 

and diffuses into the air stream. Sometimes, the change between the falling rate 

periods is undetectable (Geankoplis, 2003). Finally, the drying process terminates 

when free moisture content of the product approaches zero and equilibrium moisture 

content is achieved. 

 

2.7 Effective Moisture Diffusivity 

 

Moisture diffusivity is an important criterion in drying process, it describes 

the transportation of water from the interior to the external surface of drying material. 

Movement of water through the drying material is dependent on the product texture 

as well as the interactions of bound water inside the product matrix and it can be 

explained by different mechanisms such as diffusion of liquid which caused by 

concentration gradients, partial vapour pressure, capillary forces, gravity forces, or 

surface diffusion (Dak and Pareek, 2014). For drying of heat sensitive material which 

should be conducted at mild temperature condition, most of the drying technologies 

will rely on mass transfer (eg. moisture diffusion) driven by mass concentration 

gradient between the core and the surface of material being dried. Moisture transfer 

is a slow process and it essentially limits the drying rate. 

 

Fick's second law of diffusion is commonly used in describing the drying 

process of drying material during falling rate period. According to Fick’s second law 
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of diffusion, assuming constant effective moisture diffusivity, rate of change of 

moisture content can be expressed as in equation 2.3: 

 

𝜕𝑀

𝜕𝑡
= 𝐷𝑒𝑓𝑓

𝜕2𝑀

𝜕𝑥2
 

 (2.3) 

 

In this equation, 𝑀 is the moisture content of the drying material, 𝑡 is the drying time, 

𝑥  is the distance in the direction of moisture transfer, and 𝐷𝑒𝑓𝑓  is the effective 

moisture diffusivity (Crank, 1975; Miller et al., 2009). 

 

Depending on the geometry of drying material, the analytical solution to 

Fick's second law of diffusion takes different forms. Few assumptions were made for 

the analytical solution of drying material such as uniform initial moisture distribution, 

constant diffusivity, insignificant of shrinkage effect, mass transfer is symmetrical, 

and resistance of surface mass transfer is insignificant as compared to resistance of 

internal mass transfer. The solutions for simple geometry like slab, cylinder, and 

sphere are shown in equations 2.4, 2.5, and 2.6 (Ibarz and Barbosa-Cánovas, 2003). 

Slab geometry: 

 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒𝑞

𝑀0 − 𝑀𝑒𝑞
=

8

𝜋2
  

1

(2𝑛 + 1)2

∞

𝑛=0

exp  
−(2𝑛 + 1)2𝜋2𝐷𝑒𝑓𝑓 𝑡

𝐿2
   

 (2.4) 
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Spherical geometry: 

 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒𝑞

𝑀0 − 𝑀𝑒𝑞
=

6

𝜋2
  

1

𝑛2

∞

𝑛=1

exp  
−𝑛2𝜋2𝐷𝑒𝑓𝑓 𝑡

𝑟2
   

 (2.5) 

 

Cylindrical geometry: 

 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒𝑞

𝑀0 − 𝑀𝑒𝑞
=

8𝑅𝑐
2

𝐿2
   

1

𝛼𝑖
2𝛽𝑗

2

∞

𝑗 =1

∞

𝑖=1

exp − 𝛼𝑖
2+𝛽𝑗

2  
𝐷𝑒𝑓𝑓 𝑡

𝑟2
   

 (2.6) 

 

Where MR = Moisture ratio 

Mt = Moisture content at time t, kg H2O / kg dry weight 

 M0 = Initial moisture content, kg H2O / kg dry weight 

 Meq = Equilibrium moisture content, kg H2O / kg dry weight 

 r = Radius of sphere, m 

 L = Length, m 

 Rc = Radius of cylindrical, m 

i = Roots of Bessel function of Zeroth order 

j = 
(2𝑗−1)𝑅

2𝐿
 

 

However, equations 2.4 and 2.5 can be simplified into equations 2.7 and 2.8 by 

neglecting the higher order terms, for long drying time, tDeff / L
2
  > 0.2, or MR > 0.6, 

the equations become: 
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Slab geometry: 

 

𝑀𝑅 =
8

𝜋2
exp  −

𝜋2𝐷𝑒𝑓𝑓 𝑡

𝐿2
  

 (2.7) 

 

Spherical geometry: 

 

𝑀𝑅 =
6

𝜋2
exp  −

𝜋2𝐷𝑒𝑓𝑓 𝑡

𝑟2
  

 (2.8) 

 

Subsequently, taking logarithmic on both sides, equations 2.7 and 2.8 will become 

equations 2.9 and 2.10, respectively. The constant effective diffusivity can be 

obtained from the gradient of the straight line of graph ln(MR) against t. 

Slab geometry: 

 

ln 𝑀𝑅 =  −
𝜋2𝐷𝑒𝑓𝑓

𝐿2
 𝑡 + ln  

8

𝜋2
  

 (2.9) 

 

Spherical geometry: 

 

ln 𝑀𝑅 =  −
𝜋2𝐷𝑒𝑓𝑓

𝑟2
 𝑡 + ln  

6

𝜋2
  

 (2.10) 
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However, effective diffusivity could be varied with moisture content as in 

Figure 2.11. Region A represents the monomolecular adsorption on the surface of the 

drying material and also the movement of water via vapour phase diffusion. Region 

B includes multi-molecular desorption in which moisture moves in the liquid phase. 

Both regions A and B exhibits a maximum diffusivity at low moisture content. At 

high moisture content region, liquid phase diffusion coefficient governs the 

mechanism of diffusion. Microcapillarity is influential in region C, the period where 

moisture can easily emigrate from pores structure. In region D, unbound moisture 

exerts its maximum vapour pressure and the mobility of moisture is mainly due to 

the capillarity. Generally, different materials do exhibit different behaviour of 

diffusivity with the decline in moisture content during drying process. The effective 

diffusivity values for some food products are given in Table 2.2. 

 

 

Figure 2.11: Profile of the variation of effective diffusivity with moisture content 

(Ibarz and Barbosa-Cánovas, 2003). 
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Table 2.2: Effective diffusivity of some food products (Mujumdar and 

Devahastin, 2000; Ibarz and Barbosa-Cánovas, 2003). 

Food Moisture Content 

(kg H2O / kg dry 

weight, d.b.) 

T (°C) 𝑫𝒆𝒇𝒇 (m
2
s

-1
) 

Apple 0.10 – 0.15 30 – 70 1.0 × 10−11 −  6.4 × 10−9 

Banana 0.01 – 3.50 20 – 40 3.0 × 10−13 −  2.1 × 10−10  

Biscuit 0.10 – 0.60 20 – 100 8.6 × 10−10 −  9.4 × 10−8 

Carrot 0.01 – 5.00 30 – 70 1.2 × 10−9 −  5.9 × 10−9 

Carrot cube  40 – 100 6.8 × 10−11 −  2.4 × 10−10  

Egg liquid – 85 – 105 1.0 × 10−11 −  1.5 × 10−11  

Glucose 0.08 – 1.50 30 – 70 4.5 × 10−12 −  6.5 × 10−10  

Freeze-

dried apple 

– 25 2.4 × 10−10  

Muffin 0.10 – 0.95 20 – 100 8.5 × 10−10 −  1.6 × 10−7 

Pears 

(slabs) 

– 66 9.6 × 10−10  

Pepperoni 0.16 12 4.7 × 10−11 −  5.7 × 10−11  

Potato – 54 – 68.8 2.6 × 10−11 −  6.4 × 10−11  

Raisins 0.15 – 2.40 25 – 60 4.2 × 10−11 −  2.5 × 10−10  

Rice 0.10 – 0.25 30 – 50 3.8 × 10−8 −  2.5 × 10−7 

Soybeans 0.07 30 7.5 × 10−13 −  5.4 × 10−12  

Starch gel 0.20 – 3.00 30 – 50 1.0 × 10−10 −  1.2 × 10−9 

Wheat 0.12 – 0.30 21 – 80 6.9 × 10−12 −  2.8 × 10−10  

Whole 

milk, foam 

– 35 – 50 8.5 × 10−10 −  2.0 × 10−9 

 

Although Deff varies according to the type of drying material; it should be 

noted that Deff is not an actual property of the materials. Thus, extra care should be 

taken when applying Deff obtained with simple geometric shapes to the more 

complex shapes as it will lead to incorrect calculated results (Bakalis et al., 2005). 

Other than being dependent on geometric shapes, Deff is also dependent on the drying 
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conditions. At high water activity, there might be no differences in terms of Deff; but 

at lower water activity levels, Deff can differ significantly owing to the inherent 

physical structure of the dried product. Furthermore, Deff will show remarkable 

variations if the material experiences glass transition during the drying process 

(Mujumdar and Devahastin, 2000). 

 

The average effective diffusivity along the drying process can be calculated 

by equation 2.11. 

 

𝐷𝑒𝑓𝑓 ,𝑎𝑣𝑒 =
 𝐷𝑒𝑓𝑓 (𝑀) 𝑑𝑀

𝑀𝑓

𝑀𝑜

 𝑑𝑀
𝑀𝑓

𝑀𝑜

 

 (2.11) 

 

However average effective diffusivity also can be determined by dividing the total 

sum of effective diffusivity at different moisture content with the total number of 

data point, N. 

 

𝐷𝑒𝑓𝑓 ,𝑎𝑣𝑒 =  
𝐷𝑒𝑓𝑓 (𝑀𝑖)

𝑁

𝑁

𝑖=0

 

 (2.12) 

 

Both, equations 2.11 and 2.12 are often used to describe the drying characteristics of 

food material as it varies considerably with moisture content and drying temperature 

(Panda, 2013; Chin and Law, 2014). 

  



CHAPTER 3 

 

3 METHODOLOGY 

 

 

3.1 Sample Preparation 

 

Fresh Eureka lemons (Figure 3.1) which used as drying samples in this 

project were purchased from Aeon Hypermarket at Wangsa Maju, Setapak, Kuala 

Lumpur. Ripe lemon fruits were chosen as they contain high antioxidant capability. 

Lemon fruits with diameters of 5.5  1.0 × 10
-2

m were washed thoroughly with tap 

water before they were sliced crosswise into circular slices. The average thickness of 

slices was measured as 3.0  0.5 × 10
-3

m, using vernier calliper (MarCal-16 EXV, 

range 0  2 × 10
-1

m, with an accuracy of  3 × 10
-5

m). The seeds were removed and 

the initial weight of each slice was recorded as 8.20  0.05 × 10
-3

kg, using precision 

balance (A&D-GX1000, capacity up to 1.1kg with an accuracy of  1 × 10
-6

kg). 

Average surface area of the slices was calculated as 2.38 × 10
-3

m
2
. 
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Figure 3.1: Fresh lemon slices prior to the drying process. 

 

3.2 Drying Methods 

 

Drying of lemon slices was conducted using various drying methods. The 

drying methods included heat pump drying, hybrid heat pump drying, hot air 

circulation oven drying, and freeze drying. 

 

3.2.1 Heat Pump Drying 

 

In this research, a laboratory scale heat pump dryer was designed and 

fabricated by I-Lab Sdn. Bhd., Selangor, Malaysia (Figure 3.2). The heat pump dryer 

consists of a drying chamber of dimensions 0.8m  0.6m  0.6m and a heat pump 

system is comprised of an expansion valve, two heat exchangers (condenser and 

evaporator) and a compressor (415 AC, 1120W). The refrigerant used in the heat 

pump system is R22 Freon gas. Mild temperature dehumidified air produced by the 



 

53 

 

heat pump system is used as a drying medium and forced circulation of convective 

air is done by a blower (fan diameter: 0.15m, speed: 5 ‒ 950 × 10
-4

m
3
s

-1
).  The 

schematic diagram of the heat pump dryer is shown in Figure 3.3. 

 

Heat pump dryer was switched on for 30 minutes prior to the start of the 

experiments to produce drying air with stable drying condition. During drying, lemon 

slices were placed on a string mesh (0.08m  0.08m) before being rested on the wire 

mesh with size of 0.2m  0.3m in the drying chamber. The dryer was operated at 

drying temperature of 22.0  1.0°C and 34.0  0.5% relative humidity (RH) when the 

auxiliary heater was turned off, whereas the drying temperature was 31.0  1.0°C 

and 24.0  0.5% RH when the auxiliary heater was on. The average air velocity in 

the chamber was maintained at 1.1  0.1ms
-1

. 

 

 

Figure 3.2: Laboratory scale heat pump dryer.

Heat Pump System  

Drying Chamber 

Control Panel 

Drying Samples  
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Figure 3.3: Schematic diagram of the heat pump (HP) dryer.
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3.2.2 Hybrid Heat Pump Drying 

 

For hybrid heat pump drying, a high voltage system was incorporated inside 

the drying chamber, as shown in Figure 3.4. The high voltage source which 

determined to be 15000V and 50Hz, was generated by using a Neon Transformer 

FART (RESINBLOCK 2000). The output of the transformer was connected to the 

wire mesh, where the string meshes and lemon slices were being loaded on. The 

distance between the slices and wire mesh was varied from 1 ‒ 5 × 10
-3

m during 

preliminary drying in order to determine the effective distance. Water droplets on the 

bottom surface were attracted to high voltage wire mesh and a water bridge was 

formed between the wire mesh and slices when the distance was less than 3 × 10
-3

m. 

Meanwhile, drying rate enhancement was not significant when the distance was more 

than 3 × 10
-3

m. Hence, the effective distance was determined to be 3 × 10
-3

m and it 

was used for henceforward drying processes. The drying condition of the hybrid heat 

pump dryer is similar to the heat pump dryer during drying process. 
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Figure 3.4: Schematic diagram of Coulomb force assisted heat pump (CF-HP) dryer.
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3.2.3 Oven Drying 

 

A laboratory scale hot air convection oven (Memmert 100800, temperature range 

5°C above room temperature up to 250°C, with an accuracy of  0.5°C) was used to 

study the drying process of lemon slices. The lemon slices were dried at three 

different temperatures which were 40.0°C, 50.0°C, and 60.0°C, at the corresponding 

relative humidity (RH) of 33.4%, 20.2% and 12.6%, respectively. The average air 

velocity inside the chamber was determined as 0.6ms
-1

. Prior to drying experiments, 

the hot air oven was turned on under selected operating condition for approximately 

30 minutes to allow it to achieve steady-state condition. Lemon slices were placed on 

aluminium foil before being loaded into the oven for drying purpose (Figure 3.5). 

 

 

Figure 3.5: Laboratory scale hot air circulation oven. 

 

Incoming air is warmed in a preheated chamber before entering the chamber 

through ventilation slots; the ventilation fan located at the back of the drying 

chamber wall can produce a larger air throughput and forced circulation of 

Drying Samples 

Control Panel 

Drying Trays  

Ventilation 

Fan 



 

58 

 

convective air to dry the samples on the drying tray with natural convection. Lemon 

slices dried by oven drying were used as reference samples which meant for the 

comparison with samples dried by heat pump and hybrid heat pump drying in term of 

drying kinetics, vitamin C and TPC analysis, area shrinkage and browning effect of 

dried lemon slices. 

 

3.2.4 Freeze Drying 

 

Lemon slices were pre-frozen in a deep freezer (ARDO-CV382 Upright 

Freezer) at 40°C for 24 hours, before freeze dried in a laboratory scale freeze dryer 

(Labconco FreeZone-7670530), as shown in Figure 3.6. Pre-freezing temperature 

was typically set at about 15°C below the eutectic temperature of lemon slices. 

Before loading the sample into the drying chamber, the water in the chamber was 

drained off to remove all the condensates that had been defrosted. The frozen slices 

were placed on drying trays in freeze dryer when the temperature of the freeze dryer 

reached 40°C. Thereafter, the vacuum pump was turned on until the pressure in the 

chamber achieved 13.3Pa. The samples were subsequently freeze dried under the 

designated temperature and pressure. The total drying time for freeze drying of 

lemon slices was set at 48 hours to obtain the optimum vitamin C and TPC retention 

in freeze dried lemon slices (Lai, 2014). The freeze dried slices were used as a 

benchmark regarding the retention of vitamin C and TPC in the dried slices subjected 

to different drying methods (Varzakas and Tzia, 2016). 
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Figure 3.6: Laboratory scale freeze dryer. 

 

3.2.5 Dryer Temperature, Relative Humidity and Air Velocity 

 

The temperature and relative humidity inside the drying chamber were 

measured by hygrometer (Rotronic Hygrolog HL-NT2-D, range 30  70°C / 0  

100%RH with an accuracy of  0.2°C / 1.5%RH) whereas the velocity of air 

circulation was measured using hot wire anemometer (LT Lutron YK-2005AH, 

range 0.2  20.0ms
-1

, with an accuracy of  0.1ms
-1

). 
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3.2.6 Energy Consumption 

 

Total energy consumption for heat pump and hybrid heat pump drying was measured  

by the power meter (D02A, ± 1W) in order to study the energy efficiency of the 

newly developed Coulomb force assisted heat pump drying. 

 

3.3 Drying Kinetics 

 

3.3.1 Moisture Content 

 

For each of the drying experiments, moisture content in the samples was 

determined in triplicate following the method prescribed by AOAC Official Method 

934.06. The initial moisture content of the slices was 7.56 kg H2O / kg dry weight. 

The weight of the slices was measured with precision balance (A&D-GX1000, 

capacity up to 1.1kg with an accuracy of  1 × 10
-6 

kg) at 5 minutes interval for the 

first 30 minutes, 10 minutes interval for the next one hour, 30 minutes interval in the 

following 3 hours and 1 hour interval for the rest of drying period. The drying 

processes were terminated when the slices achieved equilibrium moisture content 

(EMC), which is indicated by the constant weight of the dried slices at a certain 

drying condition. The moisture content was expressed in bone dry basis (d.b.), a 

decimal ratio with the unit of kilogram H2O per kilogram dry weight. The dry weight 

was acquired by subjecting the sample that reached EMC to the oven drying at 

105°C for 24 hours (AOAC, 1996). 
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The initial moisture content (Mo), moisture content at a given drying time t  

(Mt), and equilibrium moisture content (Meq) of the lemon slices were calculated by 

equation 3.1, 3.2, and 3.3, respectively. 

 

𝑀0 =
𝑊0 − 𝑊𝑑

𝑊𝑑
 

 (3.1) 

 

𝑀𝑡 =
𝑊𝑡 − 𝑊𝑑

𝑊𝑑
 

 (3.2) 

 

𝑀𝑒𝑞 =
𝑊𝑒𝑞 − 𝑊𝑑

𝑊𝑑
 

 (3.3) 

 

Where Wo, Wt, Wd, and Weq refers to initial weight of the sample, weight of the 

sample in the middle of drying process at time t, bone dry weight of the sample, and 

equilibrium weight of the sample, respectively. Meanwhile, moisture ratio (MR) at a 

given drying time t can be evaluated by equation 3.4 below: 

 

𝑀𝑅𝑡 =
𝑀𝑡 − 𝑀𝑒𝑞

𝑀0 − 𝑀𝑒𝑞
 

 (3.4) 
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3.3.2 Mathematical Modeling 

 

The drying kinetics of thin layer samples are often used to describe the heat 

and mass transfer during the drying process and it is affected by the drying 

conditions. Single layer semi-empirical expressions are sufficient to describe the 

drying kinetics when the resistance to the heat and mass transfers is minimum 

(Midilli et al., 2002; Rayaguru and Routray, 2012). In the current work, drying 

kinetics of lemon slices were modelled with few empirical equations tabulated in 

Table 3.1. The constants of tested models were determined by multiple regression 

technique. 

 

Table 3.1: Mathematical models to describe thin-layer drying curve. 

Model Name Model Equation Constants References 

Newton MR=exp(-kt) k 
(O’Callaghan et al., 

1971) 

Page MR=exp(-kt
n
) k, n 

(Agrawal and 

Singh, 1977) 

Modified Page MR=exp(-(kt)
n
) k, n (White et al., 1981) 

Henderson & 

Pabis 
MR=aexp(-kt) a, k 

(Cihan et al., 2006) 

Logarithm MR=aexp(-kt)+a1 a, k, a1 
(Artnaseaw et al., 

2010 ) 

Two-term MR=aexp(-kt)+a1exp(-k1t) a, k, a1, k1 (Henderson, 1974) 

Two-term 

exponential 

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

kat) 
a, k 

(Midilli et al., 

2002) 

Wang and Singh MR=1+at+a1t
2
 a, a1 

(Wang and Singh, 

1978) 

Approximation 

of Diffusion 

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

kbt) 
a, k, b 

(Sangamithra et al., 

2014) 
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Non-linear regression analysis was executed to determine the constants of the 

models and to evaluate the validity of the models with the experimental drying 

kinetics. The fitness of each mathematical model to the experimental data was 

assessed by the statistical test methods such as root mean square error (RMSE), 

coefficient of correlation (r) and reduced chi-square (2
) as described by equations 

3.5, 3.6, and 3.7. 

 

RMSE =    𝑀𝑅𝑝𝑟𝑒 ,𝑖 − 𝑀𝑅𝑒𝑥𝑝 ,𝑖 
2𝑁

𝑖=1

𝑁
 

 (3.5) 

 

𝑟 =
𝑁   𝑀𝑅𝑝𝑟𝑒 ,𝑖𝑀𝑅𝑒𝑥𝑝 ,𝑖 −   𝑀𝑅𝑝𝑟𝑒 ,𝑖

𝑁
𝑖=1    𝑀𝑅𝑒𝑥𝑝 ,𝑖

𝑁
𝑖=1  𝑁

𝑖=1

 𝑁   𝑀𝑅𝑝𝑟𝑒 ,𝑖 
2𝑁

𝑖=1 −   𝑀𝑅𝑝𝑟𝑒 ,𝑖
𝑁
𝑖=1  

2
 𝑁   𝑀𝑅𝑒𝑥𝑝 ,𝑖 

2𝑁
𝑖=1 −   𝑀𝑅𝑒𝑥𝑝 ,𝑖

𝑁
𝑖=1  

2
 

 (3.6) 

 

2 =
  𝑀𝑅𝑝𝑟𝑒 ,𝑖 − 𝑀𝑅𝑒𝑥𝑝 ,𝑖 

2𝑁
𝑖=1

𝑁 − 𝑛
 

 (3.7) 

 

Where MRexp,i is the i-th experimentally obtained moisture ratio, MRpre,i the i-th 

predicted  moisture ratio, N is the total number of data points and n is the numerical 

constants. The higher the r value and the lower the RMSE and 2
 values indicated 

the better fitness of the curves (Midilli et al., 2002; Cihan et al., 2006; Rayaguru and 

Routray, 2012). The model which gave the best fitness was used to represent the 
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drying kinetic of the lemon slices. The dimensionless predicted moisture ratios were 

used to plot the drying curve of the sample against the time. 

 

3.3.3 Drying Rate 

 

Drying rates of the samples were determined using equation 3.8 at constant 

drying condition (Geankoplis, 2003). 

 

𝑅 =
𝑊𝑑

𝐴𝑠
 
𝐹𝑡+1 − 𝐹𝑡

𝑡𝑖+1 − 𝑡𝑖
  

 (3.8) 

 

Where 𝑊𝑑  is bone dry weight of the sample, 𝐴𝑠 is denoted as the surface area of the 

sample exposed to the drying condition. 𝐹𝑡  is the free moisture content of the sample 

at time 𝑡 (kg H2O / kg dry weight), which is calculated from equation 3.9.   

 

𝐹𝑡 = 𝑀𝑡 − 𝑀𝑒𝑞  

 (3.9) 

 

Subsequently, equations 3.8 and 3.9 can be rewritten in terms of predicted moisture 

ratio at given drying time 𝑡  ( 𝑀𝑅𝑝𝑟𝑒 ,𝑡 ), as shown in equations 3.10 and 3.11, 

respectively. 

 

𝐹𝑡 = 𝑀𝑅𝑝𝑟𝑒 ,𝑡(𝑀0 − 𝑀𝑒𝑞 ) 

 (3.10) 
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𝑅 =
𝑊𝑑(𝑀0 − 𝑀𝑒𝑞 )

𝐴𝑠
 
𝑀𝑅𝑝𝑟𝑒 ,𝑡+1 − 𝑀𝑅𝑝𝑟𝑒 ,𝑡

𝑡𝑖+1 − 𝑡𝑖
  

 (3.11) 

 

3.3.4 Effective Moisture Diffusivity 

 

Effective moisture diffusivity, Deff of the samples was obtained by assuming 

the lemon slices to be of the shape of slab. The first one hundred terms in the Fourier 

series of simplified mathematical Fick’s second model (equation 3.12) (Reyes et al., 

2013; Shi et al., 2013; Richter Reis, 2014) were taken into account to determine the 

Deff of the lemon slices along the drying process. 

 

𝑀𝑅𝑡ℎ𝑒𝑜 =
8

𝜋2
  

1

(2𝑛 + 1)2

99

𝑛=0

exp  
−(2𝑛 + 1)2𝜋2𝐷𝑒𝑓𝑓 𝑡

𝑙2
   

 (3.12) 

 

Where l is the sample's thickness, t is the drying time, and n is the positive integer. 

 

The values of Deff at different moisture contents were determined by using 

Solver program in Microsoft Excel, by fitting each of the moisture ratio of the 

diffusion model, MRtheo to the predicted moisture ratio, MRpre. Subsequently, the 

mean relative error, E(%), between MRtheo and MRpre was determined by equation 

(3.13). Generally, E(%) less than 10% is considered as a good fit (Garau et al., 2006). 

However, smaller E(%) indicates a better precision of the predicted Deff during the 
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drying process. The average effective diffusivity, Deff,ave, for each of the drying 

condition was determined based on equation 3.14 (Singh and Gupta, 2007). 

 

𝐸 % =   
𝑀𝑅𝑝𝑟𝑒 ,𝑖 − 𝑀𝑅𝑡ℎ𝑒𝑜 ,𝑖

𝑁 × 𝑀𝑅𝑝𝑟𝑒 ,𝑖
 

𝑁

𝑖=1

× 100% 

 (3.13) 

 

𝐷𝑒𝑓𝑓 ,𝑎𝑣𝑒 =  
𝐷𝑒𝑓𝑓 (𝑀𝑖)

𝑁

𝑁

𝑖=1

 

 (3.14) 

 

3.4 Quality Analysis 

 

3.4.1 Vitamin C 

 

For vitamin C analysis of dried lemon slices, metaphosphoric acid-acetic acid 

(HPO3-CH3COOH) extracting solution and indophenols standard solution (IS 

solution) were prepared as described in AOAC Official Method 967.21, 45.1.14. 

These solutions were prepared as follows: 

 

Extracting solution: Metaphosphoric acid – acetic acid (HPO3-CH3COOH) 

7.5 × 10
-3

kg of HPO3 pellets or freshly pulverized stick HPO3 is dissolved, with 

shaking, in 0.02ℓ of CH3COOH and 0.1ℓ of H2O. Subsequently, it is diluted to 0.25ℓ 

as well as filtered rapidly through fluted paper into a glass-stopped bottle and then 

stored in the refrigerator. 
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Indophenols standard (IS) solution 

5 × 10
-5

kg of 2,6-dichloroindophenol Na salt is dissolved in 0.05ℓ of H2O which has 

been added with 4.2 × 10
-5

kg  of  NaHCO3. Solution is shook vigorously and diluted 

to 0.2ℓ after the dye has dissolved. Then, solution is filtered through the fluted paper 

into a glass-stopped bottle and stored in refrigerator. 

 

The steps performed for the determination of vitamin C content in dried 

lemon slices are summarized in Figure 3.7. 

 

 

Figure 3.7: Flow chart of vitamin C analysis. 

 

Dried lemon slices (at EMC) were cut into small pieces of equivalent size and 

subjected to the extraction process at 4°C for 24 hours using 0.05ℓ of 

metaphosphoric acid-acetic acid (HPO3-CH3COOH) as extracting solvent. After 

Dried lemon slices were cut into pieces. 

Removal of solid slices by vacuum filtration. 

Titration of supernatants into IS solution. 

Volume of supernatants used to decolourize IS solution (Vs) was recorded. 

Concentration of vitamin C in the extract was determined using standard 

curve.  

Vitamin C in dried lemon slices was determined quantitatively by 

equations 3.15 and 3.16. 

Solvent extraction using HPO3-CH3COOH. 
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removal of solid slices by vacuum filtration, the supernatants were titrated into 5 × 

10
-3

ℓ of IS solution. The amount of supernatants, Vs used to decolourize the IS 

solution was recorded. 

 

The standard curve for quantitative analysis of vitamin C content in the dried 

lemon slices was obtained using Ascorbic acid as standard solution (Nielsen, 2010). 

Ascorbic acid solutions (AAS) were prepared by dissolving the L(+) – Ascorbic acid 

into extracting solution to obtain five solutions with different concentrations (CAAS), 

which were 1, 2, 3, 4, and 5 × 10
-4

kg of Ascorbic acid per ℓ of extracting solution. 

Subsequently, these solutions were titrated into 5 × 10
-3

ℓ of IS solution. The amount 

of AAS used, Va to decolourize the IS solution for each concentration was recorded. 

The graph of Va against 1 / CAAS was plotted and shown in Figure 3.8. 

 

 

Figure 3.8: Standard curve of reciprocal of ascorbic acid concentration which 

varies linearly with Va. 
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The concentration of vitamin C in each dried sample extract (CAAS) can be 

determined based on the volume of supernatant (Vs) used to decolourize the IS 

solution (equation 3.15). Vitamin C of the dried samples was expressed in kg of 

Ascorbic acid / kg dry weight of dried sample according to equation 3.16. 

 

𝐶𝐴𝐴𝑆 =
0.310 

𝑉𝑠
 

 (3.15) 

 

Vitamin C =  
𝐶𝐴𝐴𝑆 × 𝑉

𝑊𝑑
  

 (3.16) 

 

Where V is the volume of the extracting solution used. 

 

3.4.2 Total Phenolics Content (TPC) 

 

The steps performed for the determination of TPC in dried lemon slices are 

summarized in Figure 3.9 (Genwali et al., 2013; Shirazi et al., 2014). 
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Figure 3.9: Flow chart of TPC analysis. 

 

Similar to the vitamin C analysis, dried lemon slices (at EMC) were cut into 

small pieces of equivalent size and subjected to the extraction process at 4°C for 24 

hours using 0.05ℓ of solvent which made up of hydrochloric acid, distilled water  and 

acetone in volume percentage of 3%, 22% and 75%, respectively. After removal of 

solid slices by vacuum filtration, 1 × 10
-3

ℓ of supernatants were titrated into 5 × 10
-3

ℓ  

of 0.2N Folin-Ciocalteau reagent and held for 3 minutes. Then, 4 × 10
-3

ℓ  of 7.5% 

sodium carbonate solution (Na2CO3) was added into the mixture and incubated in 

dark at room temperature for half an hour to allow colour development. Subsequently, 

the extract was adjusted with 0.04ℓ of distilled water and the absorbance (A) of the 

Dried lemon slices were cut into pieces. 

Removal of solid slices by vacuum filtration. 

Mixing of supernatants with Folin-Ciocalteau reagent. 

Mixture was added with Na2CO3 solution and kept in dark. 

Absorbance of the extract was obtained by spectrophotometer.  

Concentration of TPC in the extract was determined using standard curve. 

TPC in dried lemon slices was determined quantitatively by equations 3.17 

and 3.18. 

Extract was diluted with distilled water.  

Solvent extraction using C3H6O-H2O-HCl. 
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extract was measured at 7.65 × 10
-7

m in a single beam spectrophotometer (JENWAY 

6320D, range 3.2  10 × 10
-7

m  with an accuracy of  2 × 10
-9

m). 

 

The standard curve for quantitative analysis of TPC in the dried lemon slices 

was obtained using Gallic acid (2  8 × 10
-5

kg / ℓ) as standard solution (Mukherjee et 

al., 2011; Saha et al., 2013). The standard curve is shown in Figure 3.10. 

 

 

Figure 3.10: Standard curve of concentration of Gallic acid which varies 

linearly with absorbance at 7.65 × 10
-7

m. 

 

TPC of the dried sample extract was determined in term of the concentration 

of Gallic acid (CGA) based on equation 3.17 whereas the TPC of the dried sample was 

expressed quantitatively in kg of Gallic acid / kg dry weight of dried samples 

according to equation 3.18. 

 

𝐶𝐺𝐴 =
𝐴

9.02 
 

 (3.17) 
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TPC =  
𝐶𝐺𝐴 × 𝐷𝑓 × 𝑉

𝑊𝑑
  

 (3.18) 

 

Where Df is dilution factor and V is the volume of the extracting solution used. 

 

3.4.3 Shrinkage 

 

The internal and external diameters of lemon peels for both fresh and dried 

lemon slices were measured and applied in area calculation. Subsequently, the area 

shrinkage of lemon pulp cells and peels was calculated based on the percentage of 

area reduction as shown in equation 3.19. 

 

Shrinkage =
𝐴0 − 𝐴𝐹

𝐴0
× 100% 

 (3.19) 

 

Where 𝐴0 and 𝐴𝐹  are the surface area of the lemon slices before and after drying, 

respectively. 

 

3.4.4 Colour Assessment 

 

Visual evaluation of the fresh and dried lemon slices was conducted. The 

photos of fresh and dried lemon slices were captured and compared with freeze dried 
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and commercial dried lemon slices in order to evaluate the browning effect of the 

dried lemon slices (Pathare et al., 2013). 

 

3.5 Statistical Analysis 

 

The results were analyzed with a completely randomized design in triplicate. 

Analysis of variance (ANOVA) was conducted by using SAS statistical analysis 

package (SAS Institute Inc, SAS / STAT 9.2, 2008). Means were compared with 

Tukey’s Studentized Range test at 95% confidence level. 

 



CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

 

4.1 Energy Consumption 

 

Table 4.1: Power and total energy consumption of heat pump and hybrid heat 

pump drying. 

Drying Method Power (W) 
Total Energy Consumption 

(×10
8
J) 

HP 1723.07 9.20 

CF-HP 1726.62 6.30 

CF-HT-HP 3150.11 10.11 

 

 Experimental results in Table 4.1 indicate that CF-HP drying is more efficient 

in terms of energy saving as it required the least energy, which is only 68.5% and 

62.3% of the total amount of energy required by HP and CF-HT-HP drying, 

respectively.  Indeed, introducing the high voltage wire mesh to the heat pump dryer 

only raised the power consumption by 3.55W, which is only 0.2% of the power 

requirement for the heat pump dryer. During its unique drying mechanism, 

interaction between Coulomb force and moisture content caused a negligible amount 

of electrical energy of high voltage wire mesh to convert to the kinetic energy of 

moisture content. Consequently, it improved the moisture diffusion rate and thus 

shorten the total drying time. However, when the auxiliary heater was turned on (CF-

HT-HP), power consumption of hybrid heat pump dryer was amplified by almost 

83%. This is because vast amounts of energy was converted to thermal energy and 
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subsequently latent heat for moisture vaporization. Eventually, it tumbled the energy 

efficiency of this drying method.  This is in agreement with the analysis of energy 

efficiency reported by other researchers (Daghigh et al., 2010; Wankhade et al., 

2012). The energy efficiency dropped with the increased of drying temperature. 

 

4.2 Mathematical Modeling 

 

Thin layer drying models were used to predict the drying kinetics of lemon 

slices at different drying conditions. According to Table 4.2 to 4.7, nine 

mathematical models were analyzed and the suitability of these models was 

evaluated according to the statistical analysis. The model parameters (e.g. k, a, and n) 

were determined by using non-linear regression analysis while the best fit model was 

chosen based on the goodness of fit between mathematical models and experimental 

data according to the coefficient of correlation (r), root mean square error (RMSE), 

and reduced chi-square (2
) parameters. Based on the statistical results showed in 

Table 4.2 to 4.7, Two-term model was found to adequately describe the drying 

kinetics of lemon slices at all drying condition of oven, HP, CF-HP, and CF-HT-HP 

with r, RMSE, and 2
 ranged from 0.99315 to 0.99950, 0.01057 to 0.03637 and 

0.00011 to 0.00134, respectively. For all drying methods, the drying constants, k and 

k1 increase with increasing drying temperature, range from 3.358  10
-4

 to 5.729  

10
-2

. This is attributed to higher drying temperature enhances the driving force of 

heat transfer (Chin et al., 2009). 
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Table 4.2: Statistical analysis of mathematical models for 40°C oven drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 4.484E-03 0.05871 0.99308 0.00349 

Page 
k 2.591E-02 

0.01861 0.99850 0.00035 
n 6.570E-01 

Modified Page 
k 3.848E-03 

0.01861 0.99850 0.00035 
n 6.570E-01 

Henderson & 

Pabis 

a 9.011E-01 
0.04423 0.99309 0.00198 

k 3.646E-03 

Logarithm 

a 3.743E-02 

0.03725 0.99365 0.00141 a1 8.725E-01 

k 4.045E-03 

Two-term 

a 4.932E-01 

0.01308 0.99922 0.00017 
k 1.463E-03 

a1 4.889E-01 

k1 1.253E-02 

Two-term 

Exponential 

a 1.681E-01 
0.04032 0.99661 0.00165 

k 2.062E-02 

Wang & Singh 

a 
-3.745E-

04 
0.36226 0.81181 0.13298 

a1 
-2.070E-

08 

Approximation 

of Diffusion 

a 4.908E-01 

0.01380 0.99915 0.00019 
k 1.388E-02 

b 1.080E-01 
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Table 4.3: Statistical analysis of mathematical models for 50°C oven drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 6.498E-03 0.06335 0.98677 0.00407 

Page 
k 2.358E-02 

0.03721 0.99286 0.00140 
n 7.336E-01 

Modified Page 
k 6.045E-03 

0.03721 0.99286 0.00140 
n 7.336E-01 

Henderson & 

Pabis 

a 9.090E-01 
0.04907 0.98765 0.00244 

k 5.465E-03 

Logarithm 

a 1.772E-02 

0.04851 0.98778 0.00239 a1 8.951E-01 

k 5.717E-03 

Two-term 

a 7.176E-01 

0.03637 0.99315 0.00134 
k 3.996E-03 

a1 2.777E-01 

k1 2.964E-02 

Two-term 

Exponential 

a 1.686E-01 
0.04335 0.99168 0.00191 

k 3.011E-02 

Wang & Singh 
a 

-1.591E-

03 0.29014 0.85686 0.08533 

a1 5.081E-07 

Approximation 

of Diffusion 

a 2.771E-01 

0.03639 0.99314 0.00134 k 3.098E-02 

b 1.299E-01 
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Table 4.4: Statistical analysis of mathematical models for 60°C oven drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 9.856E-03 0.04248 0.99381 0.00183 

Page 
k 2.035E-02 

0.03022 0.99553 0.00093 
n 8.396E-01 

Modified Page 
k 9.670E-03 

0.03022 0.99553 0.00093 
n 8.396E-01 

Henderson & 

Pabis 

a 9.373E-01 
0.03491 0.99406 0.00124 

k 8.874E-03 

Logarithm 

a 1.079E-02 

0.03458 0.99412 0.00121 a1 9.303E-01 

k 9.162E-03 

Two-term 

a 8.394E-01 

0.02916 0.99583 0.00086 
k 7.780E-03 

a1 1.648E-01 

k1 5.729E-02 

Two-term 

Exponential 

a 1.561E-01 
0.02936 0.99578 0.00087 

k 5.059E-02 

Wang & Singh 
a 

-3.858E-

03 0.19521 0.92856 0.03863 

a1 2.207E-06 

Approximation 

of Diffusion 

a 1.618E-01 

0.02917 0.99583 0.00086 k 5.520E-02 

b 1.408E-01 
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Table 4.5: Statistical analysis of mathematical models for HP drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 5.233E-03 0.06569 0.99200 0.00434 

Page 
k 4.240E-02 

0.04613 0.99114 0.00214 
n 5.384E-01 

Modified Page 
k 4.542E-03 

0.06378 0.99382 0.00409 
n 5.638E-01 

Henderson & 

Pabis 

a 9.643E-01 
0.06468 0.99145 0.00421 

k 4.815E-03 

Logarithm 

a 6.228E-02 

0.04171 0.99209 0.00175 a1 9.110E-01 

k 5.493E-03 

Two-term 

a 7.679E-01 

0.01345 0.99919 0.00018 
k 7.525E-03 

a1 2.214E-01 

k1 3.358E-04 

Two-term 

Exponential 

a 2.636E-01 
0.06251 0.99227 0.00393 

k 1.321E-02 

Wang & Singh 
a 

-3.624E-

04 0.26769 0.87936 0.07206 

a1 2.975E-08 

Approximation 

of Diffusion 

a 7.748E-01 

0.01383 0.99916 0.00019 k 7.767E-03 

b 4.397E-02 
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Table 4.6: Statistical analysis of mathematical models for CF-HP drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 5.685E-03 0.04381 0.99626 0.00193 

Page 
k 1.414E-02 

0.03966 0.99622 0.00158 
n 8.013E-01 

Modified Page 
k 4.916E-03 

0.03966 0.99622 0.00158 
n 8.013E-01 

Henderson & 

Pabis 

a 9.671E-01 
0.04190 0.99605 0.00177 

k 5.271E-03 

Logarithm 

a 3.843E-02 

0.03160 0.99626 0.00100 a1 9.323E-01 

k 5.661E-03 

Two-term 

a 7.806E-01 

0.01871 0.99869 0.00035 
k 7.698E-03 

a1 2.045E-01 

k1 4.569E-04 

Two-term 

Exponential 

a 2.282E-01 
0.04023 0.99649 0.00163 

k 1.731E-02 

Wang & Singh 
a 

-4.716E-

04 0.27166 0.89887 0.07429 

a1 4.409E-08 

Approximation 

of Diffusion 

a 7.776E-01 

0.01940 0.99862 0.00038 k 8.282E-03 

b 5.882E-02 
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Table 4.7: Statistical analysis of mathematical models for CF-HT-HP drying. 

Model 
Model 

Parameter 
Value 

Root Mean 

Square 

Error 

(RMSE) 

Coefficient 

of 

Correlation 

(r) 

Reduced 

Chi-

square 

(2
) 

Newton k 6.361E-03 0.04962 0.99504 0.00249 

Page 
k 1.491E-02 

0.04573 0.99472 0.00212 
n 8.188E-01 

Modified Page 
k 5.879E-03 

0.04573 0.99472 0.00212 
n 8.188E-01 

Henderson & 

Pabis 

a 9.687E-01 
0.04846 0.99455 0.00238 

k 5.994E-03 

Logarithm 

a 4.759E-02 

0.03267 0.99518 0.00108 a1 9.298E-01 

k 6.689E-03 

Two-term 

a 7.993E-01 

0.01057 0.99950 0.00011 
k 9.422E-03 

a1 2.028E-01 

k1 5.140E-04 

Two-term 

Exponential 

a 2.757E-01 
0.04564 0.99534 0.00211 

k 1.622E-02 

Wang & Singh 
a -2.816E-05 

0.51115 0.63271 0.26458 
a1 -3.033E-08 

Approximation 

of Diffusion 

a 7.985E-01 

0.01059 0.99950 0.00011 k 9.361E-03 

b 5.464E-02 
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The Two-term model equations for drying of lemon slices at different drying 

conditions are expressed in Table 4.8. 

 

Table 4.8: Two-term model equations for different drying methods. 

Drying Method Two-term Model Equation 

HP Drying MR=7.67910
-1

exp(-7.52510
-3

t)+ 2.21410
-1

exp(-3.35810
-4

t) 

CF-HP Drying MR=7.80610
-1

exp(-7.69810
-3

t)+ 2.04510
-1

exp(-4.56910
-4

t) 

CF-HT-HP Drying MR=7.99310
-1

exp(-9.42210
-3

t)+ 2.02810
-1

exp(-5.14010
-4

t) 

Oven 40°C MR=4.93210
-1

exp(-1.46310
-3

t)+ 4.88910
-1

exp(-1.25310
-2

t) 

Oven 50°C MR=7.17610
-1

exp(-3.99610
-3

t)+ 2.77710
-1

exp(-2.96410
-2

t) 

Oven 60°C MR=8.39410
-1

exp(-7.78010
-3

t)+ 1.64810
-1

exp(-5.72910
-2

t) 

 

4.3 Drying Kinetics 

 

Figure 4.1 shows the drying curves of lemon slices under different drying 

methods. Moisture content of lemon slices for all tested drying methods decreased 

exponentially and stopped when samples reached equilibrium moisture content 

(EMC). Among all tested drying methods, oven drying at 60°C showed the highest 

drying rate with total drying time found to be up to 90.2% shorter as compared to 

those oven and heat pump dried slices at lower drying temperature. It is clearly 

observed that elevated drying temperature enhances the kinetics of water molecules 

and eventually excites the rate of evaporation of the free moisture content on the 

surface of lemon slices. Moreover, higher drying temperature intensifies the drying 

rate by enhancing the vapour pressure within the lemon slices which stimulates the 

diffusion of moisture to the product surface and consequently evaporated by 

convection. Hence, shorter total drying time is needed. However, drying of lemon 
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slices at elevated temperature tends to impose a negative impact on the quality 

attributes of dried slices. 

 

 

Figure 4.1: Drying curves for different drying methods. 

 

On the other hand, moisture ratio declines rapidly on the beginning stage of 

drying process for all drying methods. This is due to the greater evaporation rate of 

the free moisture content on the product surface by convective process. However, the 

drying kinetics of Coulomb force assisted heat pump (CF-HP and CF-HT-HP) dried 

lemon slices which conducted at 22°C and 31°C respectively, are seen to be 

comparable with oven drying at elevated temperature (40°C and 50°C) within the 

first 8.33 hours. Low relative humidity condition and the notable effect of Coulomb 

force in hybrid heat pump dryers enhance the moisture evaporation of the sample 

although it was conducted at mild drying temperature. The effect of low relative 

humidity which intensified the drying rate also has been observed by Pau et al. (2008) 

during drying of green sweet pepper with heat pump dryer. 
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 [MR=7.67910
-1

exp(-7.52510
-3

t)+ 2.21410
-1

exp(-3.35810
-4

t)] 

       [MR=7.80610
-1

exp(-7.69810
-3

t)+ 2.04510
-1

exp(-4.56910
-4

t)] 

            [MR=7.99310
-1

exp(-9.42210
-3

t)+ 2.02810
-1

exp(-5.14010
-4

t)] 

               [MR=4.93210
-1

exp(-1.46310
-3

t)+ 4.88910
-1

exp(-1.25310
-2

t)] 

               [MR=7.17610
-1

exp(-3.99610
-3

t)+ 2.77710
-1

exp(-2.96410
-2

t)] 

               [MR=8.39410
-1

exp(-7.78010
-3

t)+ 1.64810
-1

exp(-5.72910
-2

t)] 
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Nevertheless, when moisture content of the sample further decreases along 

the drying process, drying temperature dominates the drying process and prolongs 

the total drying time required as compared to oven drying at elevated temperature. 

Mild temperature drying of heat pump and hybrid heat pump dryers required longer 

total drying time, especially at the late phase of drying process, due to slow internal 

diffusion of bound moisture in the lemon slices which limits the drying rate. Unlike 

other porous drying materials, the moisture content was encapsulated in the semi-

permeable membrane of lemon pulp, which in turn resisted the diffusivity of 

moisture to the surface of the lemon slices through the semi-permeable membrane 

(Geankoplis, 2003). Similar behavior of drying process was reported by Chen et al. 

(2005) during drying process of lemon slices by using closed-type solar dryer. 

 

Meanwhile, total drying time of CF-HP dried slices was shorter than HP dried 

slices by 31.6% even though both HP and CF-HP drying were conducted at same 

drying temperature. This could be explained as the Coulomb force generated by CF-

HP drying excited the moisture diffusion from core to product surface and 

consequently offered a better mass transfer which led to the reduction of total drying 

time.  Yet, among heat pump and hybrid heat pump drying, total drying time required 

for CF-HT-HP dried lemon slices was the shortest, which was found to be 12.1% and 

39.9% shorter than CF-HP and HP dried lemon slices, respectively. The assistance of 

auxiliary heater during CF-HT-HP drying increased the drying temperature and 

consequently intensified the drying rate by stimulating the surface vaporization. 

Greater moisture content gradient produced a resultant driving force (Mujumdar, 

2014) with Coulomb force which drove the moisture from the core to the surface of 

lemon slices. Hence, this eventually shortened the total drying time required by CF-



 

85 

 

HT-HP drying as compared to CF-HP drying and HP drying alone. Likewise, total 

drying time was shortened by 72.5% as drying temperature increased from 40°C to 

60°C during oven drying of lemon slices. It is clearly observed that higher drying 

temperature promoted greater heat transfer and eventually increased the rate of 

moisture vaporization (Gupta et al., 2011). Thus, shorter total drying time was 

required. The total drying time for lemon slices dried with heat pump, hybrid heat 

pump and oven drying methods is summarized in Table 4.9 and 4.10. 

 

Table 4.9: Total drying time of heat pump and hybrid heat pump dried lemon 

slices. 

Drying Method Total Drying Time (h) 
Reduction of Total Drying Time 

as Compared to HP Drying (%) 

HP 148.27  

CF-HP 101.40 31.6 

CF-HT-HP 89.17 39.9 

 

Table 4.10: Total drying time of oven dried lemon slices. 

Drying Method Total Drying Time (h) 

Reduction of Total Drying Time 

as Compared to Oven Drying at 

40°C (%) 

Oven 40°C 52.77  

Oven 50°C 23.78 54.9 

Oven 60°C 14.50 72.5 
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Table 4.11: Equilibrium moisture content of oven, heat pump and hybrid heat 

pump dried lemon slices. 

Drying 

Method 

Drying 

Temperature (°C)  

Relative Humidity 

(%) 
EMC (d.b.)* EMC (w.b.)** 

HP Drying 22.0 34.0 28.39 22.11 

CF-HP 

Drying 
22.0 34.0 27.58 21.62 

CF-HT-HP 

Drying 
31.0 24.0 25.84 20.53 

Oven 40°C 40.0 33.4 23.08 18.75 

Oven 50°C 50.0 20.2 20.17 16.79 

Oven 60°C 60.0 12.6 15.51 13.43 

d.b.*   = dry basis 

w.b.**  = wet basis 

 

Table 4.11 shows the equilibrium moisture content of heat pump, hybrid heat 

pump and oven dried lemon slices. Based on Table 4.11, equilibrium moisture 

content of lemon slices dried by different drying methods was found in the range of 

0.258 to 0.284 kg H2O / kg dry weight for heat pump and hybrid pump drying, and 

0.155 to 0.231 kg H2O / kg dry weight for oven drying method. The EMC was found 

to decrease as drying temperature increased. This shows that EMC of the dried 

lemon slices is inversely proportional to the drying temperature (Ibrahim et al., 2009). 

Drying at elevated temperature promotes greater rate of moisture vaporization which 

consequently lead to a lower final moisture content of dried product. At the same 

drying condition, the EMC of CF-HP dried lemon slices is relatively lower than 

those HP dried lemon slices. This indicates that the assistance of Coulomb force at 

mild drying temperature stimulated the moisture diffusivity from the core to the 

product surface for vaporization process which in turn reduced the EMC of the dried 

product. Low relative humidity of heat pump and hybrid heat pump also contributed 
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to lower EMC of dried lemon slices, although it was conducted at mild temperature 

(Sarker et al., 2015). As a result, EMC of heat pump and hybrid heat pump dried 

slices were found to be comparable to EMC of oven dried slices. However, the EMC 

of all dried lemon slices is within the food safety range, which is less than 25% (w.b.) 

(Salunkhe and Kadam, 1995; Kudra and Mujumdar, 2002). 

 

4.4 Drying Rate 

 

Variation of drying rate with free moisture content of lemon slices subjected 

to different drying methods is illustrated in Figure 4.2 whereas the average drying 

rate of heat pump, hybrid heat pump, and oven dried slices are tabulated in Table 

4.12 and 4.13. Highest average drying rate was found for oven drying of lemon slices 

at 60°C, which recorded at 21.83 × 10
-5

kg H2O / m
2 
 s, followed by oven drying at 

50°C and 40°C, CF-HT-HP, CF-HP and HP drying recorded at 14.00, 8.17, 6.67, 

5.83, and 5.33 × 10
-5

kg H2O / m
2 
 s, respectively. As expected, oven drying recorded 

the highest drying rate as drying was conducted at elevated temperatures. On the 

other hand, the effect of Coulomb force on hybrid heat pump drying significantly 

improved the average drying rate of lemon slices up to 25.1%. The induced Coulomb 

force in lemon slices during hybrid heat pump drying decreased external mass 

transfer resistance rendered by the high electric field, which consequently enhanced 

the moisture transportation through the semi-permeable membrane. As a result, there 

was an improvement in terms of average drying rate for CF-HP and CF-HT-HP 

drying of lemon slices as compared to heat pump drying alone, which in turn 

shortened the total drying time required as discussed in the previous section. 
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Figure 4.2: Graph of drying rate against free moisture content for different 

drying methods. 

 

Table 4.12: Average drying rate of heat pump and hybrid heat pump dried 

lemon slices. 

Drying Method 
Average Drying Rate 

(×10
-5

kg H2O / m
2 
 s) 

Increment of Average Drying Rate 

as Compared to HP Drying (%) 

HP 5.33  

CF-HP 5.83 9.4 

CF-HT-HP 6.67 25.1 

 

Table 4.13: Average drying rate of oven dried lemon slices. 

Drying Method 
Average Drying Rate 

(×10
-5

kg H2O / m
2 
 s) 

Increment of Average Drying Rate 

as Compared to Oven Drying at 

40°C (%) 

Oven 40°C 8.17  

Oven 50°C 14.00 71.4 

Oven 60°C 21.83 167.2 
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According to Figure 4.2, only two falling rate periods were found in the 

drying of lemon slices; first falling rate and second falling rate, which designates the 

entire drying process was dominated by the internal moisture diffusion. The absence 

of constant rate period for all tested drying methods implies that interior part of 

lemon slices could not maintain a constant supply of moisture to the surface for rapid 

thin layer drying process (Singh and Gupta, 2007). Turning point of the two falling 

rate periods for lemon slices dried with heat pump and hybrid heat pump is 

determined as 1.5 kg H2O / kg dry weight, whereas for oven drying of the slices at 

40
o
C, 50

o
C, and 60

o
C, the turning points are recorded as 4.2, 5.0, and 5.6 kg H2O / 

kg dry weight, respectively. The turning point of the first falling rate was found at 

high free moisture content of the lemon slices which dried at elevated drying 

temperatures, as high initial rate of unbound moisture evaporation of the slices 

occurred before the bound moisture vaporized at the later stage of drying. At free 

moisture content higher than 3.0 kg H2O / kg dry weight, CF-HT-HP and CF-HP 

drying of lemon slices showed relatively high drying rate as it overtook the drying 

rate of oven dried slices at 40°C. Whereas, when the free moisture content of the 

slices reduced from 4.5 kg H2O / kg dry weight to 2.0 kg H2O / kg dry weight, the 

drying rate of hybrid heat pump dried slices was found to be comparable with the 

drying rate of oven dried slices at 50
o
C. For free moisture content below 2.0 kg H2O 

/ kg dry weight, drying rate for each drying method was almost equal to each other, 

except for oven drying of the slices at 60
o
C. 
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4.5 Effective Diffusivity 

 

Generally, moisture diffusivity of drying material is affected by its moisture 

content, drying conditions, as well as its composition and porosity (Luikov, 1970; 

Chin et al., 2009). However, for drying of lemon slices, the effective moisture 

diffusivity was investigated based on the effect of drying conditions and its moisture 

content when dried under different drying methods. As shown in Table 4.14 and 4.15, 

the average effective diffusivity values were found in the range of 2.95 to 3.73     

10
-11

m
2
s

-1
 for heat pump and hybrid heat pump drying and 3.52 to 10.63  10

-11
m

2
s

-1
 

for oven drying of lemon slices. These values fall within the range of the reported 

moisture diffusivity values for most of the food and biological materials, which is in 

the range of 10
-13 

to 10
-9

m
2
s

-1
 (Madamba et al., 1996; Zogzas et al., 1996). 

 

As compared among heat pump and hybrid heat pump drying methods, there 

is a significant increment in average effective diffusivity up to 26.4% and it is in 

accordance with the increment of drying rates of hybrid heat pump drying. The 

induced Coulomb force in lemon slices during CF-HP and CF-HT-HP drying 

provoked greater internal moisture diffusion through the semi-permeable membrane 

of the slices. On the other hand, increasing in drying temperature of oven drying also 

increased the average effective diffusivity of lemon slices. This is because drying at 

elevated temperature produced larger moisture concentration difference between the 

interior and surface of lemon slices which consequently intensified the rate of 

moisture diffusivity from the interior to the surface for evaporation. 
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Table 4.14: Average effective diffusivity of heat pump and hybrid heat pump 

dried lemon slices. 

Drying Method 
Average Effective Diffusivity 

(10
-11

m
2
s

-1
) 

Increment of Average 

Effective Diffusivity as 

Compared to HP Drying (%) 

HP 2.95  

CF-HP 3.25 10.2 

CF-HT-HP 3.73 26.4 

 

Table 4.15: Average effective diffusivity of oven dried lemon slices. 

Drying Method 
Average Effective Diffusivity 

(10
-11

m
2
s

-1
) 

Increment of Average 

Effective Diffusivity as 

Compared to Oven Drying at 

40°C (%) 

Oven 40°C 3.52  

Oven 50°C 6.35 80.6 

Oven 60°C 10.63 202.0 

 

Figure 4.3 shows the variation of effective diffusivity against moisture 

content for different drying methods. 

 

 

Figure 4.3: Variation of effective diffusivity with moisture content for different 

drying methods. 
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The effective diffusivity of each drying method was found to increase to 

maximum as moisture content decreased to about 3.0 kg H2O / kg dry weight for heat 

pump and hybrid heat pump dried lemon slices and 4.6 kg H2O / kg dry weight for 

oven dried lemon slices. In addition, the profile of effective diffusivity of all drying 

methods was similar to Region A and Region B of the diffusion model which was 

proposed by Luikov (1970) in Chapter 2, Section 7, which indicated that vapour 

phase diffusion dominated the mechanism of internal diffusion. During oven drying, 

as the temperature of the lemon slices rose at early stage of the drying process, the 

water vapour pressure inside the lemon slices increased. This resulted in rapid 

transportation of moisture content through the semi-permeable membrane and 

pressure induced opening of pores which in turn enhanced the moisture diffusivity of 

lemon slices (Darvishi et al., 2012). Whereas for mild temperature hybrid heat pump 

drying, induced Coulomb force and low relative humidity condition stimulated the 

moisture diffusion by “pulling out” the moisture towards the surface of lemon slices 

for vapour evaporation process. Furthermore, convective air which generated by the 

heat pump dryer also induced the moisture concentration difference between the core 

and surface of the lemon slices and thus facilitated the transportation of moisture to 

the surface of drying product. 

 

Nevertheless, rapid declined in effective diffusivity was observed in both heat 

pump and hybrid heat pump drying methods when moisture content dropped below 

3.0 kg H2O / kg dry weight. This could be due to the shrinkage effect as the collapse 

of interior structure of lemon slices mitigated the moisture diffusion and only a small 

amount of moisture was able to diffuse out to the surface when the moisture content 

of the slices was near to EMC (Chin et al., 2009). Meanwhile, effective diffusivity 
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was found to drop mildly in all oven dried slices. This showed that drying with 

sufficient heat energy promotes greater vapour pressure inside the lemon slices for a 

better vapour phase diffusion. However, drying at elevated temperature will induce 

prominent shrinkage effects on the dried slices. 

 

A third order polynomial relationship (equation 4.1) was found to be well 

correlated with effective moisture diffusivity with the moisture content of lemon 

slices dried with different drying methods. The coefficients of the correlation for 

each drying methods were determined by non-linear regression method and they are 

tabulated in Table 4.16. 

 

𝐷𝑒𝑓𝑓 =  𝑎𝑖𝑀
𝑖

3

𝑖=0

 

 (4.1) 

 

Table 4.16: Coefficients of equation 4.1 for different drying methods. 

Drying 

Method 
a0 a1 a2 a3 R

2
 E(%) 

HP Drying -1.555E-3 2.961E-3 -5.301E-4 2.337E-5 0.946 0.30 

CF-HP 

Drying 
-1.068E-3 2.832E-3 -4.762E-4 1.682E-5 0.957 0.16 

CF-HT-HP 

Drying 
-1.062E-3 3.024E-3 -4.526E-4 9.635E-6 0.944 0.40 

Oven 40°C 1.339E-3 2.458E-4 1.689E-4 -2.867E-5 0.986 0.37 

Oven 50°C 3.760E-3 -1.621E-4 2.272E-4 -3.460E-5 0.992 0.10 

Oven 60°C 7.136E-3 -4.111E-4 2.066E-4 -3.401E-5 0.998 0.65 
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4.6 Quality Analysis 

 

Among the tested drying methods, quantitative determination of bioactive 

ingredients reveals that freeze dried lemon slices with total drying time of 48 hours 

possesses relatively high amount of vitamin C and TPC contents as compared to 

other drying methods. Freeze drying is widely known as the best drying method for 

food preservation seeing that it can yield dried products with good sensory quality 

and superior level of bioactive ingredients retention (Pei et al., 2014; Paengkanya et 

al., 2015). Therefore, it was used as control sample when analysing the quality of 

heat pump, hybrid heat pump, and oven dried lemon slices. 

 

4.6.1 Vitamin C Content of Dried Lemon Slices 

 

Vitamin C analysis of the oven and heat pump dried lemon slices at different 

drying conditions were conducted. The vitamin C content in lemon slices was 

calculated using the standard curve in Chapter 3, Section 4.1, Figure 3.8. Based on 

Figure 4.4, except for freeze dried samples, CF-HP dried lemon slices showed the 

highest amount of vitamin C among all samples with the value of 6.74 × 10
-3

kg 

Ascorbic acid / kg dry weight. The vitamin C content of CF-HP dried slices is 

significantly higher (p0.05) than oven dried slices due to mild temperature drying 

condition and relatively fast drying rate. Similar to this, the amount of vitamin C in 

heat pump and CF-HT-HP dried samples was found to be 2.5% to 93.2% higher than 

oven dried samples. 
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Figure 4.4: Comparison of vitamin C in lemon slices for different drying 

methods. Different superscript letters indicates there is a significant difference 

(p<0.05) of vitamin C content. 

 

In other words, oven drying of lemon slices at elevated temperature degraded 

the vitamin C content drastically as compared to heat pump and hybrid heat pump 

drying of lemon slices at mild temperature. This indicates drying of lemon slices at 

mild temperature could retain high amount of vitamin C during the dying process.  

Similar results were concluded by Kaya et al. (2010) when study the effect of drying 

conditions on the retention of vitamin C in Hayward kiwifruits. Prominent 

degradation of vitamin C in 50
o
C and 60

o
C oven dried lemon slices could be due to 

combination of thermal degradation and enzymatic oxidation of vitamin C. Thus, 

heat pump and hybrid heat pump drying preserved most of the vitamin C content in 

the dried lemon slices as mild drying temperature with relatively high drying rate 

(especially CF-HP and CF-HT-HP drying) could minimize the deterioration of 

vitamin C which attributed to thermal degradation as well as enzymatic oxidation. In 
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addition, integration of Coulomb force in heat pump drying (CF-HP) enhanced the 

drying rate and shortened the total drying time required compared to HP drying 

which lead to a better vitamin C retention in dried lemon slices. As compared with 

CF-HP and HP, the used of auxiliary heater in CF-HT-HP drying method which 

raised the temperature to 31
o
C further reduced the vitamin C content of lemon slices 

to 5.77 × 10
-3

kg Ascorbic acid / kg dry weight, which was insignificant difference 

(p0.05) with the vitamin C content of lemon slices dried at 40
o
C. This further 

proved the retention of vitamin C in lemon slices could significantly deteriorated by 

increased drying temperature. Meanwhile, the amount of vitamin C found in heat 

pump and hybrid heat pump dried lemon slices was lesser as compared to the freeze 

dried lemon slices. This could be due to the minimum oxidation degradation of 

vitamin C during freeze drying process which conducted at high vacuum condition. 

In addition, thin layer drying of lemon slices through the convective process will 

intensify the losses of vitamin C due to greater exposure of slices to the oxygen 

(Burg and Fraile, 1995; Hui, 2008). The retention of vitamin C in all tested drying 

methods is summarized in Table 4.17 with freeze dried lemon slices as control 

samples. 

 

Generally, vitamin C of hybrid heat pump dried lemon slices was found to be 

up 73.7% higher than commercial dried lemon slices. Commercial dried products 

which commonly dried by solar drying or hot air drying method are found to produce 

dried slices with low content of vitamin C attributed to thermal degradation of this 

active ingredient. Likewise, longer exposure of commercial dried product to the high 

intensity solar radiation such as ultraviolet rays during solar drying process could 
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also be the cause for prominent oxidative destruction of vitamin C (Ndawula et al., 

2004). 

 

Table 4.17: Retention of vitamin C of lemon slices dried with different drying 

methods. 

Drying Method 

Retention of Vitamin C as 

Compared to the Freeze 

Dried Slices (%) 

HP Drying 67.8 

CF-HP Drying 76.1 

CF-HT-HP Drying 65.1 

Oven 40°C 63.5 

Oven 50°C 47.6 

Oven 60°C 35.1 

Commercial Dried Slices 43.8 

Freeze Drying ‒ 

 

4.6.2 TPC Content of Dried Lemon Slices 

 

TPC analysis of lemon slices dried with different drying methods was 

conducted and the results were shown in Figure 4.5. In contrast to the results shown 

in Vitamin C analysis of dried lemon slices, oven dried slices at elevated temperature 

(50
o
C) retained the highest amount of TPC, followed by oven dried slices at 60

o
C 

and 40
o
C, hybrid heat pump and heat pump dried slices. The result is in accordance 

with the findings of Vega-Galvez et al. (2009) and Moraes et al. (2013) for drying of 

peppers, where high retention of TPC in lemon slices dried at elevated temperature 

(50
o
C and 60

o
C) might be due to the conversion of phenolic molecules from other 

forms of phenolic compounds, which led to greater amount detected. 
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Figure 4.5: Comparison of total phenolics content (TPC) in lemon slices for 

different drying methods. Different superscript letters indicates there is a 

significant difference (p<0.05) of TPC. 

 

Furthermore, fast drying rate of the lemon slices at 50
o
C and 60

o
C also 

prevents the degradation of TPC due to volatilization, oxidation and heat destruction 

process. The TPC found in freeze dried slices was slightly lower than those in oven 

dried slices at 50
o
C as a high vacuum condition in freeze drying can promote losses 

of volatile compounds (e.g. TPC) during the drying process (Nollet and Toldra, 

2008). The amount of TPC in 50
o
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higher (p0.05) than those in 40
o
C oven dried slices and both heat pump and hybrid 
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shorter total drying time required by hybrid heat pump drying as compared to heat 

pump drying of lemon slices which prevented the deterioration of TPC. The results 

also indicated that overall drying rate and drying duration significantly affected the 

TPC of lemon slices as compared to drying temperatures. This also contributed to a 

higher amount of TPC found in oven dried slices as compared to heat pump and 

hybrid heat pump dried slices. Similar to the results of vitamin C analysis, TPC in 

commercial dried lemon slices was the lowest among of all (p0.05). Greater loss of 

TPC of commercial dried slices could be attributed to low drying rate and longer 

drying time of open sun drying or solar drying. The retention of TPC in all tested 

drying methods is tabulated in Table 4.18 with reference to the TPC content found in 

freeze dried lemon slices. 

 

Table 4.18: Retention of TPC of lemon slices dried with different drying 

methods. 

Drying Method 

Retention of TPC as 

Compared to the Freeze 

Dried Slices (%) 

HP Drying 68.4 

CF-HP Drying 75.1 

CF-HT-HP Drying 77.3 

Oven 40°C 87.9 

Oven 50°C 101.9 

Oven 60°C 98.9 

Commercial Dried Slices 58.5 

Freeze Drying ‒ 
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4.6.3 Shrinkage 

 

The area shrinkage of oven, heat pump and hybrid heat pump dried lemon 

slices has been determined experimentally and results are presented in Figure 4.6 

below. 

 

 

Figure 4.6: Area shrinkage of lemon slices for different drying methods. 

 

According to Figure 4.6, shrinkage of heat pump and hybrid heat pump dried 
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o
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slices at 60
o
C shrank significantly (p<0.05) as compared to slices dried by other 

methods. Since higher drying temperatures promote a greater rate of moisture lost 

through the vaporization; lemon slices which contain high initial moisture could 

suffer alternation from their original structure which lead to significant cell collapse 

(Thuwapanichayanan et al., 2008; Touil et al., 2014; Coradi et al., 2015). As 

expected, shrinkage of freeze dried lemon slices was found to be the lowest among 

the tested drying methods, which is less than 10% for freeze dried product (Ratti, 

2008). Removal of moisture by lyophilization tends to prevent cell collapse and 

produces dried product with high porosity (Hui, 2008; Xiao Dong and Mujumdar, 

2009). 

 

Furthermore, the shrinkage of the different parts of lemon slices which 

subjected to oven, heat pump and hybrid heat pump drying also has been determined 

and tabulated in Table 4.19. As overall, the shrinkage of lemon peel was found 

higher than lemon pulp cells for all tested drying methods. This could be due to the 

greater loss of moisture in lemon peel than lemon pulp cells during drying, where 

higher porosity of lemon peel enhanced the moisture vaporization and caused greater 

shrinkage of lemon peel (Taylor, 2004; Manjarres-Pinzon et al., 2013). On the other 

hand, the rate of moisture vaporization of lemon pulp was essentially limited by the 

moisture diffusivity across the pulp membranes. Thus, lower rate of moisture lost 

prevented the collapse of cells which in turn reduced the shrinkage of lemon pulp. 

Instead, lemon pulp cells were deflated when dried. 
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Table 4.19: Shrinkage of the parts of lemon slices dried with different drying 

methods. 

Drying Method 

Shrinkage (% area reduction) 

Peel  Pulp Cells Total 

Oven 40°C 14.77 6.46 21.23 

Oven 50°C 15.65 8.39 24.04 

Oven 60°C 19.54 6.94 26.48 

HP Drying 10.36 10.82 21.18 

CF-HP Drying 11.47 9.64 21.11 

CF-HT-HP 

Drying 
13.85 9.29 23.14 

Freeze Drying -1.58 3.89 2.31 

 

In a nutshell, high shrinkage degrades quality, texture and rehydration 

properties of dried product and thus affects its marketability (Shekofteh et al., 2012). 

 

4.6.4 Colour Assessment 

 

Browning of biological material can be either caused by enzymatic or non-

enzymatic (Caramelization or Maillard reaction) process (Gupta et al., 2011). 

Enzymatic browning occurs when oxidation of phenolic compounds in drying 

materials is catalyzed by polyphenol oxidase (PPO) to form quinones which 

consequently polymerized to form brown pigment (melanins). On the other hand, 

Caramelization occurs due to decomposition of carbohydrates or sugars in the drying 

material and form brown pigment, whereas Maillard reaction produces brown 

nitrogenous polymers and melanoidins from the reaction between amino acid and 

reducing sugar in the drying material. Both enzymatic and non-enzymatic browning 

reactions above involve the presence of heat during drying process (Berk, 2016). 
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Picture of fresh lemon slices before undergone drying process is illustrated in 

Figure 4.7 whereas pictures of dried lemon slices subjected to different drying 

methods are shown in Figure 4.8 to 4.14. Based on Figure 4.10 to 4.11, CF-HP and 

CF-HT-HP dried lemon slices showed bright yellowish colour with minimum 

browning at the outer part of lemon peel. Furthermore, the colour of lemon slices 

dried by hybrid heat pump drying method was found insignificantly different as 

compared to heat pump dried slices (Figure 4.9). This shows that both heat pump and 

hybrid heat pump drying at mild temperature could minimize enzymatic and non-

enzymatic browning of lemon slices. Zero heat generation from the Coulomb force 

during CF-HP and CF-HT-HP drying also decelerated the enzymatic reaction of 

polyphenols to form brown pigments (melanin) with the presence of PPO (Bennett et 

al., 2011; Djendoubi Mrad et al., 2012; Chong et al., 2013). Moreover, the colour of 

hybrid heat pump dried lemon slices was also found insignificantly different with the 

fresh and freeze dried lemon slices (Figure 4.7 and 4.8). Thus, this also shows that 

the absence of heat in drying process minimizes the Maillard reaction and produces 

dried product with lower browning effect. However, when oven drying at elevated 

temperature from 40°C to 60°C, the browning effect of the dried slices was 

prominent as the colour of dried lemon slices changed from light brown to dark 

brown (Figure 4.12 to 4.14). Thus, it demonstrated that elevated drying temperature 

is the main factor to exaggerate both enzymatic and non-enzymatic browning 

reactions in dried lemon slices. Likewise, prominent browning also found in 

commercial dried lemon slices which usually dried at elevated drying temperature or 

long drying time, as shown in Figure 4.15. On the other hand, it is also noticeable 

that the colour change mainly occurred on lemon pulp instead of lemon peel. This 

could be due to higher concentration of catalyst such as PPO in lemon pulp which 
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had stimulated the enzymatic reactions (Santos and Silva, 2008; Bonazzi and 

Dumoulin, 2011). 

 

 

Figure 4.7: Fresh lemon slices. 

 

 

Figure 4.8: Freeze dried lemon slices. 
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Figure 4.9: HP dried lemon slices. 

 

 

Figure 4.10: CF-HP dried lemon slices. 

 

 

Figure 4.11: CF-HT-HP dried lemon slices. 

 

 

Figure 4.12: Oven dried lemon slices at drying temperature of 40°C. 
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Figure 4.13: Oven dried lemon slices at drying temperature of 50°C. 

 

 

Figure 4.14: Oven dried lemon slices at drying temperature of 60°C. 

 

 

Figure 4.15: Commercial dried lemon slices. 

 

 



CHAPTER 5 

 

5 CONCLUSION AND FUTURE WORK 

 

 

5.1 Conclusion 

 

This thesis reports on the drying characteristics and quality of lemon slices 

dried by an advanced drying method called Coulomb force assisted heat pump drying. 

The drying characteristics of lemon slices showed that induced Coulomb force in the 

hybrid heat pump drying could decrease external mass transfer resistance rendered 

by the electric field. It stimulated greater rate of moisture diffusion from the core to 

the surface of lemon slices which was subsequently evaporated by the mild 

temperature and low relative humidity air generated within the heat pump system. 

Thus, greater rate of moisture evaporation and shorter total drying time were 

achieved during the drying process. This Coulomb force improved the drying rate by 

up to 25.1% and shortened the total drying time and energy consumption by 39.9% 

and 31.5%, respectively. 

 

Meanwhile, vitamin C and TPC analyses of dried lemon slices revealed that 

Coulomb force assisted heat pump drying was suitable for drying of fruit slices with 

heat-labile antioxidants. Negligible amount of heat generated by the Coulomb force 

in hybrid heat pump drying minimized the thermal degradation of vitamin C and 

resulted in higher retention of vitamin C in Coulomb force assisted heat pump dried 

lemon slices (up to 116.7%) compared to other dried product. Furthermore, fast 
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drying rate and shorter drying time of Coulomb force assisted heat pump drying also 

prevented the degradation of TPC due to volatilization, oxidation and heat 

destruction processes which eventually produced dried slices with relatively high 

retention of TPC (77.3%) as compared to heat pump dried slices (68.4%). With 

respect to the physical properties of dried lemon slices, it was found that Coulomb 

force assisted heat pump drying method which operated at mild drying temperature 

and relatively fast drying could minimize the shrinkage of dried slices by up to 

21.11 %  area reduction from original wet slices. On the other hand, minimum 

browning was observed for Coulomb force assisted heat pump dried slices and the 

colour of dried product was not much different from fresh and freeze dried slices. 

 

From the findings, it is concluded that Coulomb force assisted heat pump 

drying is an effective drying method for heat sensitive biomaterials such as food 

products. 

 

5.2 Future Work 

 

The following are some of the recommendations for future work. 

 To study the effects of Coulomb force on the retention of other active 

ingredients in lemon slices such as vitamin B, vitamin E, bioflavonoids, and 

essential volatile oils. 

 To investigate the effect of Coulomb force on the morphology of dried lemon 

slices with the application of scanning electron microscope (SEM). 

Understanding the morphology of dried product is essential to optimize the 

extraction and yield of antioxidants in lemon slices. 
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 To investigate the effect of Coulomb force on the moisture diffusion 

mechanism with the impedance analyzer (a devise used to calculate cell 

permeabilization index). 

 To investigate the effect of Coulomb force at voltage higher than 15kV on 

drying kinetics and also product quality of dried lemon slices.  

 To integrate ultrasonic system into Coulomb force assisted heat pump dryer 

for the purpose of further improve the drying kinetics and also the quality of 

heat sensitive biomaterials. 

 To study the potential of Coulomb force assisted heat pump drying method 

for materials with poor heat-transfer characteristics such as bricks, ceramic, 

and glass fibres. 
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