
ABSTRACT 
 
 

BRINLEY, TIFFANY ANN. Microwave-assisted aseptic processing of 
sweetpotato purees: dielectric properties and microbial safety evaluation. (Under 
the direction of Dr. Van-Den Truong.) 
 
 
 Sweetpotatoes are a natural health food containing high energy, dietary 

fiber, biologically active phytochemicals, vitamins, and minerals.  Sweetpotatoes 

are produced worldwide with variations in their texture, flavor, yield, flesh color 

and chemical composition.  However, during the past forty years there has been 

a vast decline in the overall production and consumption of sweetpotatoes in 

U.S. and other industrialized nations.  This vast declining trend is linked to 

narrow choices of sweetpotato products for consumers beyond the raw root as 

well as difficulties in availability, storage, and handling for food processors.  The 

main focus of the industry is to find ways for expanding the sweetpotato market 

with developing alluring sweetpotato processed products. 

 A process for rapid sterilization and aseptic packaging of sweetpotato 

puree using a continuous flow microwave system operating at 915 MHz has been 

successfully developed.  The developed technology offers an opportunity for 

converting sweetpotato roots into a shelf-stable puree that can lead to increased 

utilization of this commodity in the food industry.  This development offers an 

opportunity to overcome current problems in commercial production of 

sweetpotato purees.   

 The microwave system heats rapidly in a direct manner which is 

generated within the puree by converting the electromagnetic energy into thermal 



energy.  The microwave system provides an overall uniform heating process due 

to relative uniform temperature distribution compared to conventional processes 

which tend to overcook the surface of the material in order to reach a specific 

temperature at the cold point.  For microwave processing, dielectric properties 

have a major role in determining the interaction between food materials such as 

sweetpotato purees and the electromagnetic energy and consequently its heating 

behavior.  Dielectric properties are electrical properties determining the degree 

absorption of microwave energy and consequently the heating behavior of the 

food material during processing.  Previous studies with this technology have 

indicated matching the dielectric properties of the material and the required 

microwave energy for adequate thermal treatment is very important to avoid 

over- or under- heating in aseptic processing of sweetpotato puree.   

This research determined how dielectric properties and specific heat are 

affected by temperature (15 to 145 ˚C) and chemical components of purees 

derived from sweetpotato cultivars with varying flesh colors with developed 

predictive equations.  The study covers the typical conditions utilized in aseptic 

processing of vegetable purees using a continuous microwave heating system 

developed in our laboratory.  The research findings showed sugar and starch to 

have an affect on the dielectric properties within the developed predictive 

equations.  These equations can be utilized in determining the heating patterns 

of sweetpotato puree for industrial microwave processing of sweetpotato purees.   

Establishing a new thermal processing technology for commercial 

production requires performing microbial validation on the process to 



quantitatively demonstrate the commercial sterility of the food material.  Studying 

the microbial inactivation kinetics of processed food materials for validation is 

essential to obtain the time and temperature requirement for adequate thermal 

treatment.  Previous research of microbial validation utilizing inoculated packs 

and bio-indicators containing spores have been reported for various thermal 

processes such as can retorting, high-temperature short-time (HTST) processes, 

and microwave heating. 

This research was to assess the feasibility of using biological indicators 

containing spores for microbial inactivation in a continuous flow microwave 

system, and to develop a setup and protocol for injecting the biological indicators 

into the system.  The research findings from this study would be useful for 

microbial validation of the microwave-aseptic processing of viscous food 

materials and products with particulates. 
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1.1 - INTRODUCTION 

Sweetpotatoes are a natural health food containing; high energy, dietary fiber, 

biologically active phytochemicals, vitamins, and minerals.  Sweetpotato roots have 

a wide variation in flesh color and chemical composition among various cultivars 

grown locally and world-wide.  The roots generally have high moisture content with 

the dry matter content ranging from 20 to 40%.  The average sweetpotato dry matter 

composition consist of 70% starch, 10% total sugars, 10% dietary fiber, 5% protein, 

3% ash and 1% lipids (Woolfe 1992). 

Sweetpotatoes are an excellent nutritious food for consumers.  However, in 

the United States, sweetpotato roots are an occasionally consumed vegetable.  In 

the past forty years there has been a vast decline in the overall production and 

consumption of sweetpotatoes in the U.S. and other industrialized nations.  The 

declining trend is linked to narrow choices of sweetpotato products for consumers 

beyond the raw root as well as difficulties in availability, storage, and handling for 

food processors (Collins & Walter 1992).  This is even more evident when compared 

to the marketplace accomplishments of white potatoes as an ingredient for 

processed products (Kays 1985).  Researchers continue to find further 

improvements and new marketable products to expand consumers’ sweetpotato 

consumption.  The most successful commercial application utilizing the puree is the 

infant foods (Collins & Walter 1992).   The conversion of sweetpotato roots into a 

functional puree can be utilized in process products for natural color colorant, 

vegetable claims, and product lines similar to white potato.  Puree processing, is a 
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productive approach for the sweetpotato industry by utilizing 30-40% of the crop 

normally left in the fields due to off-size and lack of use.   

Current preservation methods for sweetpotato puree are freezing and canning 

with advantages and disadvantages for each form.  In canning, the purees receives 

excessive heat treatment to attain commercial sterilization due to poor heat 

penetration characteristics of the material.  On the other hand, frozen puree is also 

an established method for preservation which provides the better nutrient retention 

and sensory quality than canned products.  Although, freezing involves higher unit 

production cost, high capital investment, and special controlled storage (Oliveria 

2004).   

A newly developed process for rapid sterilization and aseptic packaging of 

sweetpotato puree utilizing a continuous flow microwave system operating at 915 

MHz (Coronel et al 2005) could overcome the problems associated with the canned 

and frozen purees.  The microwave system heats rapidly in a direct manner which is 

generated volumetrically in the puree by converting the electromagnetic energy into 

thermal energy.  The microwave system provides an overall uniform process due to 

relative uniform temperature distribution compared to conventional processes which 

tend to overcook the surface in order to reach a specific temperature at the cold 

point.  This developed technology offers an opportunity for converting sweetpotato 

roots into a shelf-stable puree that can lead to increased utilization of this commodity 

in the food industry.  

Previous studies with this technology have indicated matching the dielectric 

properties of the material and the required microwave energy for adequate thermal 
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treatment is very important to avoid over- or under- heating in aseptic processing of 

sweetpotato puree (Coronel et al 2005).  The variation in chemical composition of 

the sweetpotato purees is due to cultivars and post-harvest handling of raw 

materials which may affect the microwave heating behavior of the purees.  Several 

attempts have been made to model the dielectric properties for a single food 

material as well as combination of different foods materials and components (Calay 

et al 1995, Guan and others 2004, Sun et al 1995, Sipahioglu & Barringer 2003).  

Predictive models describing the dielectric properties as a function of chemical 

composition covering the typical conditions utilized in aseptic processing of 

vegetable purees have not been studied.  In addition, limited information is available 

on correlation of dielectric properties with sugar and starch, which are the major 

constituents in starchy vegetables such as sweetpotatoes.  Thus, it is essence to 

determine how dielectric properties and specific heat will be affected by the 

temperature and chemical components of sweetpotato purees.  Determining these 

affects at the typical conditions utilized in processing of vegetable purees in a 

continuous microwave heating system would therefore be helpful for industrial 

processing.  Thus, the objective of first the study was to determine how dielectric 

properties and specific heat capacity are affected by the temperature from 15 ˚C to 

145 ˚C and chemical components of purees derived from sweetpotato cultivars with 

varying flesh colors.   

The second part of the research dealt with microbial inactivation of 

encapsulated surrogate spores in sweetpotato puree by continuous flow microwave 

processing.  Knowing dielectric properties of the food material and the spore 
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suspension would be necessary for adequate thermal treatment on the biological 

validation process.  Establishing a new thermal processing technology for 

commercial production requires performing microbial validation on the process to 

quantitatively demonstrate the commercial sterility of the food material.  Food 

regulations require processed low-acid food products to be commercially sterile (21 

CFR 108 and 113).  Commercial sterility is the process of a food product being free 

from any microorganisms which is held under normal product storage conditions 

(Heldman & Newsome 2003).  Studying the microbial inactivation kinetics of 

processed food materials is essential to obtain the time and temperature 

requirement for adequate thermal treatment.  The microbial log reduction is of critical 

concern to ensure safety and commercial sterility of the processed product from any 

survival or growth of both spoilage and pathogenic microorganisms.  The lethal 

mechanism for sterilization efficiency of microorganisms is the time and temperature 

history at the coldest location of the product passing through the process being 

verified.  Biological indicators are utilized to evaluate the process effectiveness in 

sterilization of the food material.  This evaluation is completed to ensure the safety of 

preventing the spoilage by Clostridium botulinum.  

In order to evaluate the process, surrogate microorganism must be processed 

in continuous flow microwave system operating at the processing conditions.  The 

SGM self-contained biological indicators utilized in this study are plastic packages 

containing liquid culture medium of calibrated bacterial spores.  The indicators are 

capable of being calibrated to result in total inactivation based on a specific F0 value.  

The culture medium can be evaluated by color change and/or log reduction.  The 
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medium is a liquid culture which contains a pH indicator to remain purple for no 

growth and change to yellow for growth after incubation (Gillis & McCauley 2006).   

Several types of biological indicators containing spores have successfully 

been used in establishing traditional can food processes, high-temperature short-

time (HTST) and microwave heating (Dallyn and others 1977, Pflug et al. 1980, Serp 

et al 2002).  Microbial validation on the continuous flow microwave process utilizing 

biological indicators is a complex progression of many experimental steps.  Several 

technical hurdles of the system are necessary to target in order for a successful 

validation.  These technical hurdles include the injection, pump-ability, monitoring, 

and collection of the biological indicators Thus, the objective of second study was to 

develop a suitable method for injecting the biological indicators into the system for 

microbial inactivation.  



 7

1.2 – REFERENCES 

 
Calay R.K., Newborough, M., Probert D, Calay PS. 1995. Predictive equations for 
the dielectric properties of foods. International Journal Food Science Technology 
29:699-713. 
 
Collins, J. L. and Walter, W. M., Jr. 1992.  Processing and processed products. In 
Fifty Years of Cooperative Sweetpotato Research. 1939-1989. A. Jones and J. C. 
Bouwkamp (Eds.). Southern Cooperative Series Bulletin No. 369, Louisiana 
Agricultural Experiment Station, Baton Rouge, LA.: 71-87. 
 
Coronel, P., Truong, V.D., Simunovic, J., Sandeep, K. P., Cartwright, G. D., 2005. 
Aseptic processing of sweetpotato purees using a continuous flow microwave 
system. Journal of Food Science, 70(9), E531-E536.  
 
Dallyn, H., Falloon W.C., and Bean P.G. 1977. Method for immobilization of 
Bacterial Spores in Alginate Gel. Lab Pract. 26:773-775. 
 
Kays, S. J. 1985.  Formulated Sweet Potato Products. In Sweet Potato Products: A 
Natural Resource for the Tropics.  J. C. Bouwkamp (Ed.).  CRC Press, Inc., Boca 
Raton, FL: 205-218. 
 
Gillis, J.R. and McCauley, K. 2006. A Glass-Free Self-Contained Biological Indicator 
for use in Monitoring the Thermal Sterilization of Foods. SGM Biotech, Inc. 
 
Guan, D., Cheng M., and Tang, J., 2004. Dielectric Properties of Mashed Potatoes 
Relevant to Microwave and Radio-frequency Pasteurization and Sterilization 
Processes. Journal of Food Science. 69 (1): 30-37. 
 
Heldman, D. R. and Hartel, R. W. 1997. Principles of Food Processing.  Chapman & 
Hall, New York, NY: 177-218. 
 
Oliveria, J.C. 2004 Improving the Thermal Processing of Foods. Optimising the 
Efficiency and Productivity of Thermal Processing. P. Richardson (ed.) CRC. Press, 
Inc. Boca Raton, FL: 32-49 
 
Pflug I.J., Smith, G., Holcomb, R., and Blanchett, R. 1980. Measuring Sterilizing 
Values in Containers of Food Using Thermocouples and Biological Indicator Units. 
Journal Food Protection. 43(2): 119.  
 
Serp, D., Stockar U.V., Marison I.W. 2002. Immobilized Bacterial Spores for Use as 
Bioindicators in the Validation of Thermal Sterilization Processes. Journal of Food 
Protection. 65(7):1134-1141. 
 



 8

Sipahioglu, O. and Barringer, S.A. 2003. Dielectric Properties of Vegetables and 
Fruits as Function of Temperature, Ash, and Moisture Content. Journal of Food 
Science. 68: 234-239.  
 
Sun E, Datta A, Lobo S. 1995. Composition-based predictions of proper ties of foods. 
Journal Microwave Power EE 30(4):205-12. 
 
Woolfe, J.  1992.  Sweet potato:  an untapped food resource. Cambridge University 
Press, Cambridge, Great Britain 15-245. 



 

 

 

 

 

 

 

 

CHAPTER 2 

LITERATURE REVIEW 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10

2. Literature Review 

2.1 Sweetpotatoes  

 Sweetpotato (Ipomoea batatas) is a native vegetable to tropical Central 

America (Nonnecke 1989).  This natural health food contains; high energy, dietary 

fiber, biologically active phytochemicals, vitamins, and minerals.  Sweetpotatoes are 

produced worldwide with variations in their texture, flavor, yield, flesh color and 

chemical composition.  These variations are derived from genetic background, 

location, growth conditions and post-harvest handing methods.  Currently, there are 

many breeding programs around the world aiming to develop cultivars with high root 

yield and quality traits suitable for targeted clientele and processing industry 

(Kotecha & Kadam 1998, Woolfe 1992).  

2.1.2 Production 

 Sweetpotatoes are the 7th most important food crop worldwide in total 

production along with being ranked second among root crops in economic 

importance.  Over 127 million metric tons of sweetpotatoes were produced 

worldwide in 2004.  China is a major producer of sweetpotatoes with production in 

2004 of 105 million metric tons (FAO 2005).  However, in the United States 

sweetpotato roots are an occasionally consumed vegetable.  Overall, North Carolina 

is the top producer of approximately 40% of the United States’ sweetpotato crop with 

218 thousand metric tons in 2002 (USDA 2004).  During the past forty years there 

has been a vast decline in the overall production and consumption of sweetpotatoes 

in U.S. and other industrialized nations.  The declining trend is linked to narrow  
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choices of sweetpotato products for consumers beyond the raw root as well as 

difficulties in availability, storage, and handling for food processors (Collins & Walter 

1992).   

For commercial production of sweetpotatoes, the harvest roots are subjected 

to curing and storage at controlled temperature and relative humidity.  Curing 

sweetpotatoes roots is an important method to reduce moisture loss during storage.  

With wound healing, periderm thickening and slowing respiration rate, the shelf-life 

cured sweetpotatoes can be extended up to a year under proper storage conditions.  

Storage life of uncured sweetpotatoes is very short with only four to six weeks before 

the roots begin to decay (Purcell et al 1989).  In the United States, the curing 

method involves the roots being held at 30 - 32 °C and 85 - 90% relative humidity for 

4 to 7 days (Cantwell & Kasmire 2002).  Curing roots also affects the chemical 

composition with loss in dry matter up to 5% weight loss and an increase in the 

sugar content (Rubatzky & Yamaguchi 1997). 

In the United States, storage after curing is normally practice in a controlled 

temperature of 13 - 16 °C and 85 - 90% relative humidity (Cantwell & Kasmire 2002, 

Rubatzky & Yamaguchi 1997).  At lower temperatures sweet potatoes are subjected 

to chilling injury and increase interior tissue pithiness during long term storage.  

Maintaining optimum conditions during storage is needed to protect the roots from 

discoloring and minimize weight lost (Rubatzky & Yamaguchi 1997).  During storage, 

the chemical composition changes for instance starch is converted into reducing  

sugars and sucrose (Kotecha & Kadam 1998).   
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2.1.2 Chemical Composition of Roots 

 Sweetpotato roots have a wide range of chemical composition among various 

cultivars which are grown locally and world-wide.  Effect on the variation in chemical 

composition are due to the genetic background, growing conditions, degree of 

maturity, curing practices, storage duration and processing methods (Woolfe 1992). 

Dry Matter  

Sweetpotato roots, in general, have high moisture content with the average 

dry matter content of 25 to 30%.  There is a wide variation in the dry matter content 

of sweetpotatoes depending on many factors such as cultivar, cultivation practices 

and post-harvest handing conditions.  Bouwkammp (1985) reported that 

sweetpotatoes have a range of 16 to 40% dry matter at harvest.  Purcell and others 

(1989) reported on the solids content of North Carolina sweetpotatoes ranged from 

17.9 to 49.3%.  Studies on sweetpotato lines in Taiwan and Brazil had variation of 

13.6 to 35.1% and 22.9% to 48.2% of dry matter.  On the average, the dry matter of 

sweetpotatoes consists of 70% starch, 10% total sugars, 10% dietary fiber, 5% 

protein, 3% ash and 1% lipids (Kay 1992, Woolfe 1992). 

Carbohydrates 

Carbohydrates which comprise 80-90% of the total dry matter in 

sweetpotatoes are mostly starch and sugars (Woolfe 1992).  Starch contents are 

different among various types of cultivars, and accounted for 60 to 70% of the dry 

matter.  Sweetpotato starch granules consist of amylose and amylopectin (Woolfe 

1992).  The starch contains approximately 17 to 22% amylose and 79 to 83%  
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amylopectin (Kotecha & Kadam 1998, Purcell et al. 1989).  Sugar contents have 

been reported between 2.9 to 5.5% on a fresh weight basis for American cultivars 

and 0.38 to 5.64% for cultivars from the South Pacific (Woolfe 1992).  Sucrose is the 

highest sugar present in raw sweetpotatoes with smaller amounts of maltose, 

glucose and fructose (Collins & Walters 1992).  Storage of the sweetpotato roots has 

shown to affect the carbohydrate composition by decreasing the starch content and 

increasing the contents of fructose, glucose and sucrose over a period of 6 month 

study (Collins & Walters 1992).   

Protein  

Sweetpotatoes are known for the carbohydrate content since it is a starchy 

food material; however sweetpotatoes also have a considerable amount of protein 

(Walter & Purcell 1986).  A greater part of the protein content is found near the peel 

as compared with the fleshy root portion (Kotecha & Kadam 1998, Woolfe 1992).  

There is relatively high protein concentration within the roots as compared to other 

vegetables.  However, the roots have a very small quantity overall of protein 

compared to other common protein sources.  Protein contents sweetpotato cultivars 

grown in North Carolina are from 1.73 to 9.14% on dry weight basis (Purcell et al. 

1972).  For the U.S. sweetpotatoes, the crude protein content ranges from 1.3 to 

10% of dry weight basis (Collins & Water 1992, Purcell et al 1972).  This wide range 

of crude protein content includes substantial amounts of non-protein nitrogen which 

are also accounted for in the Kjeldahl analysis (Purcell et all. 1972, Walter et al. 

1984). 
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Lipids 

Lipid content is extremely low in sweetpotatoes, 0.1- 0.8% on fresh wet basis 

in various published studies.  The United States cultivars have lipid content of 1.21 - 

2.55% on dry weight basis (Woolfe 1992).  The lipids in sweetpotatoes mainly 

consist of highly unsaturated fatty acids (Walter & Purcell 1974).  Walter and others 

(1971) categorized the lipid fraction of American Centennial cultivar into 27.1% 

phospholipids, 30.8% glycolipids, and 42.1% neutral lipids.  

Vitamins & Minerals 

Sweetpotatoes contain several vitamins such as ascorbic acid (C) beta-

carotene (A), thiamin (B1), riboflavin (B2), niacin (B6), pantothenic acid (B5), folic acid 

and some tocopherols (Kotecha & Kadam 1998, Woolfe 1992).  The two well-known 

vitamins which have been researched extensively in sweetpotatoes are ascorbic 

acid and beta-carotene.  Ascorbic acid content of 10 cultivars from a study in Taiwan 

ranged from 32 to 73 mg/100g of fresh weight basis (Woolfe 1992).  Purcell and 

others (1989) reported 23.5 and 33.3 mg/100g fresh weight basis of vitamin C in two 

different cultivars from North America.  Huang and others (1999) completed a study 

on beta carotene content of sweetpotatoes among varying flesh colors with the 

results of 6.7 to 13.1 mg/100g fresh weight for orange-flesh roots and, 0.1 to 0.6 

mg/100g fresh weight for light yellow- and purple-fresh roots.  

The total ash content is consisting of the non-volatile inorganic residue which 

contains various minerals and trace elements.  The total ash content of 

sweetpotatoes is 0.3% to 1.0% of fresh weight or 0.9% to 3.0% of the dry weight.   
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The distribution of minerals and trace elements within the sweetpotatoes are not 

uniform throughout the root.  Cultivar type has shown to have little effect on the 

concentration of minerals as compared to the growing condition (Woolfe 1992).  The 

ash content has been used as a good indicator of total salts within the food material 

(Datta & Anatheswaran 2001).  Potassium has the greatest concentration of all 

elements in sweetpotatoes with an average of 396 mg/100g of fresh weight basis.  A 

significant amount of minerals; calcium, magnesium, phosphorous, iron and sodium 

are present in sweetpotatoes.  The elements, copper, chlorine, iron, manganese 

sulfur, and zinc are also present in the roots in lower concentrations (Woolfe 1992). 

2.1.3 Sweetpotato Processing 

As previously mentioned, sweetpotatoes is an excellent nutritious food for 

consumers.  However, the sweetpotato consumption has gradually declined over the 

years.  There are many factors associated with this decline, but the main focus of 

the industry is to find ways for expanding the sweetpotato market.  Examining the 

white potato progress over the years has revealed an increase in production with 

many developed processed products.  These products have stimulated ideas to 

develop alluring sweetpotato processed products (Kays 1985, Collins & Walter 

1992).  The National Sweetpotato Collaborators Group has spent the past 50 years 

developing new and improved product ideas for utilizing sweetpotatoes.  Some of 

the sweetpotato products were canned products, purees, dehydrated flakes, French 

fries, beverages and snack foods.  However, some of these products were not 

successful in the market place (Collins & Walter 1992, Truong 1992, Woolfe 1992).   
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Even with these difficulties, researchers continue to find further improvements and 

new marketable products to expand consumers’ sweetpotato consumption.  

Sweetpotato puree is a product with multiple uses in addition to having unique 

characteristics, and extensively investigated processing techniques.  

Sweetpotato puree is a functional food ingredient which can be incorporated 

in various processed products such as infant foods, vegetables beverages, soups 

and snack foods.  The most successful commercial application utilizing the puree is 

the infant foods (Collins & Walter 1992).  Puree processing, is a productive approach 

for the sweetpotato industry by utilizing the remaining roots left in the crop fields.  In 

general, approximately 40% of the crop is left in the fields due to lack of use and 

size.  Many methods have been developed for turning raw roots into puree.  

Several puree processing methods have been researched and developed to 

account for variations with cultivars, growth conditions and post-harvest handing 

methods (Kays 1985, Smith et al 1982, Walter & Schwartz 1993, Walter et al 1999).  

The main objective with developing these processing methods was to produce a 

consistent product.  Initially sweetpotato pureeing was a simple method of cooking 

the peeled roots and pureeing the material.  This method was difficult to maintain 

consistence with the sweetpotato puree.  Another method was the addition of alpha- 

and beta-amylase within cooked roots to receive the desired amount of starch 

conversion.  However, this process introduced a food additive to the puree.  The last 

method is an “enzyme activation technique”.  The enzyme activation technique uses 

the native amylolytic enzymes for producing sweetpotato puree (Kays 1985).  
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Puree Production 

Puree production begins by briefly soaking roots in water followed by using a 

revolving drum washer and high pressure water to remove soil and debris.  Peeling 

of the washed roots is completed with either hot lye solution or high pressure steam 

(6.3 Kgcm2 for 90 seconds).  The hot lye treatment is 20 to 22% lye solution at 104 

˚C for 5 to 6 minutes.  After peeling, the roots are rewashed to remove the lye 

residue and/or skins with high pressure water.  Roots are inspected for any defects 

which are trimmed and unacceptable roots are disposed.  Grinding of the peeled 

roots is completed using a pulper with blades which force the puree through a 0.8 

mm screen.  Steam injection is used during processing to heat the sweetpotatoes 

from approximately 70 to 85˚C.  This initial heating step between 70 and 75˚C is 

allowing the hydrolyzing of sweetpotato starch for the natural amylolytic enzymes to 

be activated along with starch gelatinization to occur.  Once the temperature 

reaches approximately 77˚C, the alpha-amylase breaks down the starch molecules 

and beta-amylase further hydrolyzes the molecules into maltose.  Starch molecules 

then continue to be degraded by alpha-amylase into dextrins.  After the starch 

hydrolysis conversion is complete, the inactivation of the enzymes is completed by 

raising the temperature of the puree to between 88 and 100 ˚C in a flash heat 

exchanger.  After processing, the puree is then packaged in containers and stored 

frozen (Bouwkamp 1985, Deobald et al. 1968, Kays 1985, Luh & Kean 1975, Walter 

et al 1999).   
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2.1.4 Change in Chemical Composition Due to Processing 

Prior to processing of sweetpotatoes, all cultivars have shown concentration 

of sucrose in exceeding all other sugars.  High temperatures, peeling and 

processing of sweetpotatoes have an effect on starch as it undergoes enzymatic 

transformations into sugars.  More specifically during processing, the alpha-amylase 

breaks down the starch molecules and beta-amylase further hydrolyzes the 

molecules into maltose.  The starch continues to be degraded by alpha-amylase into 

dextrins.  Overall, carbohydrate composition changes are dependent on cultivar, 

cooking method, and quantity of amylases (Woolfe 1992).  The amyloid 

carbohydrates change due to processing which results up to 95% of the starch 

degrades to dextrin and maltose (Purcell et al 1989).  Truong and others (1986) 

conducted a study on sugars and starch in sweetpotatoes from the Philippines and 

the United States, showing that the maltose content increased and starch decreased 

from steam cooking sweetpotatoes for 30 minutes.  The uncooked roots had a 

maltose content ranged from 1.6 to 8.1mg/g dry weight basis and increased to 21.6 

to 118 mg/g dry weight basis after heating.  In addition, the starch levels decreased 

from 331-636 mg/g to 317-550mg/g dry weight basis.  Nonamyloid carbohydrates 

such as pectins are also decreased during processing.  The conversion of 

carbohydrates varies with cultivar, post-harvest treatment and processing procedure 

(Purcell et al 1989). 

In the puree preparation, the deep peeling of the sweetpotato roots has 

shown to reduce the protein content of the remaining material by 12%, since most 

protein has been shown to be located at the stem, outer layer of the flesh, and close 
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to the skin.  The skin and outer layer of the flesh are removed during the peeling 

process decreasing the protein content of the root (Woolfe 1992). 

Vitamins and minerals are also affected by handling and heat processing of 

the sweetpotato roots.  Oxidation can occur to the carotenoids during heating, 

resulting in the loss of color and pro-vitamin A activity.  The isomerization of beta-

carotene in sweetpotato products occurs with exposure to light, acid and thermal 

processing (Woolfe 1992).  Chandler and Schwartz (1988) published significant 

reductions in beta-carotene content with thermal processes such as steam injection 

8.0% loss; canning 19.7% loss; and microwaving 22.7% loss.  In addition, ascorbic 

acid is also reduced by thermal processing of sweetpotatoes.  Purcell et al. (1989) 

reported vitamin C of sweetpotato roots with 24.5 mg/100g fresh weight basis before 

canning and 7mg/100g after thermal processing and storage.   

2.1.5 Current Commercial Forms of Sweetpotato Puree  

 The current preservation methods for sweetpotato puree are frozen and 

canning. Both methods are well-established; nevertheless there are advantages and 

disadvantages of each form.  Canning is a method of heating the food materials for 

inactivating microorganisms in hermetically sealed containers for safety and to 

extend the shelf life.  Retort processing of canned purees receives excessive 

thermal heat treatment for commercial sterilization due to the poor heat penetration 

characteristics of the material.  The need for excessive thermal treatment is 

essential for the coldest point to receive the required time-temperature process, 

which results in extreme over-processing the outer wall portion of the food material  
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within the can.  The heat transfer process is completed through the container by 

conduction at the center which is significantly a longer process than by convection 

heat transfer.  An example is the institutional-size can size 607x 700 which is 

retorted for over 165 minutes at 121 ˚C (Lopez 1987).  The over-processed canned 

products results in poor quality with dark color, degrading of vitamins and minerals, 

and burnt flavor.  However, canning does not have the need for special storage, 

lower capital investment and unit of production is less when comparing to frozen 

puree.  Frozen puree is an established method for preservation which provides the 

lower degradation on nutritional and sensory quality compared to can processing 

(Oliveria 2004).  The sweetpotatoes are relatively gently cooked compared to retort 

process in sucrose or water solution and pureed to be stored frozen (Bouwkamp 

1985).  Freezing the puree does have disadvantages in higher unit production cost, 

high capital investment, and special controlled storage (Oliveria 2004).   

2.2 Application of Microwave System in Puree Processing 

A process for rapid sterilization and aseptic packaging of sweetpotato puree 

using a continuous flow microwave system operating at 915 MHz has been 

successfully developed (Coronel et al 2005).  This development offers an 

opportunity to over come above mentioned problems in commercial production of 

sweetpotato purees.  The microwave system heats rapidly in a direct manner which 

is generated within the puree by converting the electromagnetic energy into thermal 

energy.  The microwave system provides an overall uniform heating process due to 

relative uniform temperature distribution compared to conventional processes which  
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tend to overcook the surface of the material in order to reach a specific temperature  

at the cold point.  Microwave generators deliver energy efficiently by providing less 

come-up time for processing temperatures and instantaneous power-on and shut-off 

of the microwave energy (Coronel et al 2005).  The developed technology offers an 

opportunity for converting sweetpotato roots into a shelf-stable puree that can lead 

to increased utilization of this commodity in the food industry.  

2.2.1 Microwave Heating 

Microwaves are electromagnetic waves of energy that can be applied in 

heating food materials in addition to many other applications.  The heating effect 

develops from the interaction of the electric field component of the electromagnetic 

wave with charged particles within the food material (Tang 2005).  These waves are 

a part of the electromagnetic spectrum with a frequency range from 300 MHz to 300 

GHz with the corresponding wavelength range from 0.001 to 1m.  Microwave 

heating applications are limited by the Federal Communications Commission to 

permitted frequencies of 915 MHz for industrial processing and 2450 MHz for 

domestic microwave ovens.  Industry microwave processing uses the frequency 915 

MHz for higher penetration depths resulting from longer wavelengths.  This 

frequency provides more uniform processing compared to the domestic microwave 

oven frequency 2450 MHz.  Microwave heating is achieved by a combination of ionic 

conductivity and dipolar polarization.  

2.2.2 Ionic Conductivity 

Ionic conductivity is created from any charged particles in the food material  
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experiencing a force alternating rate of the microwave frequency which accelerates 

the particle in one direction and then in the opposite.  The accelerated particles 

collide with adjacent particles resulting into more agitated motion and heat 

generation.  Ionic conductivity is affected by temperature and frequency and 

increases with increasing temperature.  Ionic conduction has a greater influence at 

lower frequencies.  Ionic conduction has less effect on the dielectric loss factor with 

increasing frequency (Tang 2005).  

2.2.3 Dipolar Polarization  
 

Food materials contain many molecules which have permanent dipole 

moments and dipolar orientations.  These polar molecule components of the food 

material align their dipole with the electric field.  One of the major components in 

sweetpotato purees is water; which is known as a strong polar solvent.  Water has 

an increasing effect on the dielectric constant as the molecules reorients in response 

to changes from the field polarity (Sumnu & Sahin 2005).  Food materials with 

moisture contents of 35% or above have a substantial amount of free water 

dominating the overall dielectric behavior (Sumnu & Sahin 2005).  The permanent 

dipoles within the food material which attempts to reorient with the oscillating 

electrical field causes intermolecular friction.  The dipoles are rapidly orientating with 

the electric field oscillating at a rate based on the frequencies which can be millions 

to billions of times per second.  As the dipoles are reoriented to align with the 

electromagnetic field, the field has already changed resulting in a phase difference 

between the orientation of the field and the dipole.  This phase difference results in  
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dielectric heating which develops by energy being lost from random collisions of the 

dipole.  The oscillation is generating the heat of which the main component water 

has a significant effect on the response to the microwave field.  This power 

generated within the material is proportional to frequency of the source.  The 

microwave frequency must be low enough for the dipoles within the food material to 

have time to response to alternating field, however should be high enough for the 

rotation not to precisely following the electric field.  This is in order for energy to be 

lost which results in dielectric heating being generated during microwave processing 

(Tang 2005).   

Dipolar polarization is dependent on temperature, chemical composition and 

processing frequency.  Increase in temperature creates more vigorous thermal 

agitation, fewer dipoles are oriented, and therefore dipoles decreases as 

temperature increases.  Polarization is also affected by chemical composition.  

Dipole rotation of water molecules which are bound to protein or carbohydrates is 

hindered (Hasted 1961).  At microwave frequencies, free water within the food 

material is more dielectrically active than bound water (Wang et al 2003).    

2.3 Dielectric Properties of Food Materials 
 

Dielectric properties are electrical properties determining the degree 

absorption of microwave energy and consequently the heating behavior of the food 

material during processing.  The dielectric constant and dielectric loss factor are 

property parameters which explain interaction between the electric field of the 

microwave energy interaction and the food material in terms of electromagnetic field  
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distribution and conversion of electromagnetic energy into thermal energy.  Dielectric 

constant (ε') represents the ability of food material to store electromagnetic energy.  

Dielectric loss factor (ε'') is the ability of the material to convert electromagnetic 

energy into thermal energy.  The dielectric constant is the real part and dielectric 

loss is the imaginary part of the relative complex permittivity (εr) shown in the 

equation 2.3.3.  The permittivity is the energy loss due to the dielectric relaxation 

and ionic conduction.  The imaginary portion (j) is used for calculation of the 

sinusoidal behavior of the electromagnetic waves in the equation 2.3.3. 

[2.3.3] 

The loss tangent is the ratio of dielectric constant and dielectric loss factor of 

permittivity shown in the equation 2.3.4. 

[2.3.4] 

The dielectric constant and dielectric loss factor values are used in estimating 

the penetration depth (Dp) of microwave into the material.  The penetration depth of 

microwaves is based on the depth where the dissipation power is reduced to 1/e 

(Euler’s number e = 2.718) or 37% of the power entering the surface of the food 

material.  The power penetration depth is calculated by equation 2.3.5, where f= 915 

MHz. and c= 3.0 x 108 m/s the vacuum speed of light (Tang 2005).  The frequency is 

comparative with the penetration depth of the microwaves in relation to the 

wavelength as shorter wavelengths penetrate less than longer wavelengths.  

Penetration depth is utilized to assess whether the electromagnetic 

energy at a specific frequency would provide realistically uniform heating to the food  
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material (Datta & Anatheswaran 2001). 

 

[2.3.5] 

 

2.3.1 Measurement of Dielectric Properties 

Several techniques exist for measuring the dielectric properties of materials. 

The selection of the technique is based on dielectric material and frequency of 

electromagnetic field of interest (Table 2.3.1).  The method selection is based on the 

desired frequencies.  Lumped circuit methods are used when the frequency is 

smaller than 108 Hz.  Distributed circuit methods are used when the frequency is 

greater than 108 Hz.  These techniques can be classified as reflection or 

transmission measurements using either a resonant or non-resonant system.  

Microwave frequencies generally use transmission-line measurements with resonant 

cavity systems.  Open or closed structures are used for determining the dielectric 

properties of materials.  Open-ended coaxial-line probes have been used 

successfully for convenient broadband permittivity measurements on the liquid and 

semi-solid materials of relatively high loss factor.  The coaxial line method is most 

commonly used for measurements of dielectric properties in the microwave 

frequency range of 3.0 MHz- 300 GHz (Datta & Anatheswaran 2001). 
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Table 2.3.1 Methods to Determine Dielectric Properties 

Frequency Range (Hz) Method 

10-4 - 10-1 D.C Transient Measurements 

10-2 - 102 Ultra Low Frequency Bridge 

10 - 107 Schering Bridge and Auto Balancing Bridge 

105- 108 Resonance Circuits 

107- 1010 Coaxial line 

109- 1012 Cavity Resonator and Waveguide 

 

2.3.2 Factors Affecting Dielectric Properties of Food Materials 

For microwave processing, dielectric properties have a major role in 

determining the interaction between food materials such as sweetpotato purees and 

the electromagnetic energy and consequently its heating behavior.  Microwave 

frequency, temperature, and chemical constituents such as moisture, salt and ash 

contents have significant effects on dielectric properties of food materials (Sipahioglu 

& Barringer 2003, Sun & Lobo 1995, Wang 2003).   

Microwaves processing of food materials are based on time-temperature 

profiles because the internal heat is generated from the absorption of electrical 

energy with an applied microwave field.  The heat generated is distributed within the 

food material by conduction.  The time-temperature profiles are dependent on the 

dielectric properties, thermal properties and chemical composition of the food 

material.   
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Research has been conducted on the dielectric properties of foods to provide 

information for designing microwave processes and equipment for cooking, 

pasteurizing and sterilizing food materials.  The dielectric properties of food 

materials such as; fruit and vegetables (Sipahioglu & Barringer 2003), ham 

(Sipahioglu et al 2003), mashed potatoes (Regier et al 2001), and sweetpotato 

puree (Fasina et al 2003, Coronel et al 2005) have been reported.   

Several studies have been conducted to correlate the dielectric properties 

with the processing temperature and the physico-chemical composition in food 

materials (Calay et al 1995, Guan and others 2004, Sun et al 1995, Sipahioglu & 

Barringer 2003).  Sun and others (1995) showed poor correlation between dielectric 

properties and combined data of various food commodities including meats, fruits 

and vegetables for composition-based prediction equations.  This study expressed a 

need for smaller data set for each food commodity to reduce variability.  Predictive 

models describing the dielectric properties as a function of temperature, ash and 

moisture content of a variety of 5 fruits and 10 vegetables were developed 

(Sipahioglu & Barringer 2003).  This study showed that some vegetables such as 

yam, spinach and white potato were unable to be reasonably fitted within the 

dielectric constant and dielectric loss factor equations.  Calay and others (1995) 

grouped food materials by grains, meats and vegetables and fruit based on 

moisture, salt, fat and temperature with a majority of the equations had R2 values 

between 0.70 to 0.82.  Guan and others (2004) developed equations for dielectric 

properties of white mashed potatoes as a function of temperatures, moisture and  
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salt contents.  For white mashed potato, moisture content was not a significant 

variable in the predictive equation for the dielectric properties which contradicts 

several studies on other vegetables (Sipahioglu & Barringer 2003, Calay et al 1995).  

Overall, studies have found difficulty to use general composition-based equations to 

predict the dielectric properties of various vegetables and fruits as functions of 

composition and temperature.  This difficulty is attributed to a wide variation of 

chemical composition among the food materials.   

Frequency Effects 

Frequency is the velocity of the wave divided by the wavelength.  Microwave 

frequency ranges from 300 MHz to 300 GHz which has an effect on the materials 

ability to absorb energy.  The frequency dependence is contributed to the dielectric 

properties by dipole moment imposed by the electric field.  The thermal energy 

generates from the inability of the molecules to keep up with the pace of the dipoles 

reorienting with electric field. 

Critical frequency has an effect on the dielectric loss factor in relation to the 

relaxation time.  The high molecular weight molecules decrease the critical 

frequency, along with decreasing the dielectric loss factor.  Larger molecules are 

less mobile within the material, resulting in a longer relaxation time (Meda et al. 

2005).  Overall, the processing frequency is critical for the unit operation.  At 915 

MHz the ionic losses for a food material are much higher than the dipole losses 

when compared to high frequencies such as 2450 MHz.  This, in essence, truly 

affects the dielectric behavior and heating characteristics of the food material in  
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relation to the moisture and ash contents (Sumnu & Sahin 2005).  At microwave 

frequencies, ionic conductivity and dipole rotation of the free water within the food 

material have an effect on the dielectric properties (Tang 2005).  The effects of 

frequencies from 27 MHz to 2450 MHz on the dielectric properties have been 

reported for white mashed potato, surimi and other food materials (Guan et al 2004, 

Mao 2003 et al, Sipahioglu & Barringer 2003, Wang et al 2003).  These studies 

showed decreases in both dielectric constant and dielectric loss factor with increase 

in frequencies  

Temperature Effects 
 

Dielectric properties are dependent on temperature in relation to dielectric 

relaxation at the microwave frequency.  The relaxation time decreases as 

temperature increases as it is associated with time required for the dipoles to revert 

to random orientation when the electric field is removed.  Dielectric constant will 

decrease with increasing temperature as a result of the dielectric relaxation.  The 

dielectric loss factor will either increase or decrease with temperature depending on 

the operating frequency which is higher or lower than the relaxation frequency (Sun 

2005). 

Temperature has shown in many studies to have an effect on the dielectric 

properties.  Temperature affects the internal vibration of the bonds, elongating 

bonds, and increasing the mobility of the molecules in the food materials (Van 

Wylen, 1994).  Sipahioglu and Barringer (2003) reported the dielectric constant of 

fruit and vegetables decreased with increasing temperature because the majority of  
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water within the chemical composition exists as free water.  For the dielectric loss  

factor, initial decrease with temperature is followed by an increase because of the 

temperature dependence on the dipole and ionic loss components.  Coronel and 

others (2005) along with Fasina and others (2003) showed similar effect of 

temperature on dielectric constant and dielectric loss factor of sweetpotato puree. 

Effects of Food Components 
 

Dielectric properties of moist foods with moisture content of 35% or above are 

greatly affected by the microwave frequency and processing temperature.  Water is 

known as a strong polar solvent which has increasing effect on the dielectric 

constant because the molecules reorients in response to changes of the field 

polarity.  In moist food materials with little salt, the dielectric characteristics are 

dominated by the polarized water (Tang 2005).  Dielectric constant decreases and 

the dielectric loss factor increases quadratically with temperature increases for high 

moisture food materials.  This has been reported in several studies with microwave 

frequencies at 915 and 2450 MHz on potato starch (Sipahioglu et al 2003), 

sweetpotato puree (Coronel et al 2005, Fasina et al 2003), and other fruits and 

vegetables (Sipahioglu and Barringer 2003).  Nelson (1980) also showed similar 

results for the raw roots of two sweetpotato cultivars with a difference of 7 or 8% 

moisture content.  The overall dielectric properties of food materials decrease as the 

moisture content decreases (Meda et al. 2005).  The relationship of temperature and 

moisture has shown that high temperatures can reduce the constraint of a critical 

moisture level due to increasing the mobility of bound water molecules.  In 
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conjunction with moist foods containing little salt, the dielectric characteristics are 

dominated by moisture at the microwave (Meda et al. 2005).   

Ash content is a good indicator of the total salts found within the food 

materials.  Literature has shown that an increase in ash content would decrease the 

dielectric constant by binding the free water and restricting the ability to response to 

the changing field polarity (Calay et al 1995, Sipahioglu et all 2003).  Lower salt 

content has shown to increase the dielectric loss factor and the phenomenon was 

attributed to fewer hydrogen bonds are formed and molecules can rotate more freely 

(Mao et al 2002).  

In addition to water and ash, there are major constituents in vegetables such 

as carbohydrates (sugar and starch) which can affect the dielectric properties.  

These constituents have not extensively been researched with their effects on the 

dielectric properties.  Sugar and starch are hydrophilic polymers which affect the 

dielectric properties by binding to water molecules.  Sweetpotatoes have high starch 

and sugar contents compared to other vegetables.  Limited research has been 

conducted on the effect other constituents besides water and salt on the dielectric 

properties of sweetpotatoes.  Sipahioglu and Barringer (2003) stated that 

carbohydrates could have a significant effect on the dielectric constant.  As the 

starch concentration increases the dielectric constant decreases which can be 

attributed to the binding of water molecules by starch through hydrogen bonding.  

The binding of water would decrease the polarization of which similar results were 

reported by Bircan and Barringer (1998) for starch solutions.  Furthermore, the study 

showed the solutions with both starch and salt caused a decrease in dielectric loss 
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factor compared to the starch solutions without salt.  The phenomenon can be 

attributed to the binding or interaction of salt with starch (Bircan & Barringer 1998).  

Starch binding to water and ions also restricts the mobility of both which 

consequently has an affect on the dielectric loss factor (Rozzi & Singh 2000).  

Besides starch, sugar has also shown to have an affect on the dielectric properties 

(Calay et al1995, Yaghmaee et al2001).  The sugar content of sweetpotatoes has an 

effect on the dielectric constant which is attributed to the sugar molecules being 

relatively large, uncharged and non-polar.  The chemical structure of sugar 

molecules inhibits orientation polarization (Calay et al1995, Yaghmaee et al2001).  

Dielectric constant has been shown to decrease with increasing concentration of 

glucose in aqueous solutions (Liao et al 2002) and sucrose solutions (Yaghmaee et 

al 2002).  This is similar to observations reported on carbohydrates affecting the 

dielectric constant by Roebuck and others (1972).  

2.4 Thermal Properties of Food Materials  
 

The thermal properties of food materials are the other physical properties 

which many affect their microwave heating performance.  Overall, the heating rate of 

food materials is dependent on the thermal properties while the absorbed power of 

the food material is determined by the dielectric properties.  Determining the thermal 

properties (specific heat, thermal conductivity, and thermal diffusivity) would assist in 

understanding the heating patterns of the food materials during microwave 

processing.   
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Specific Heat (Cp)  

Specific heat is the amount of energy required to raise the temperature by 

one degree Celsius per unit mass at a given temperature.  It is an essential part of 

thermal analysis in processing of food materials when heating and cooling applied to 

the system.  Specific heat is a function of various components.  Temperature, 

pressure and chemical constituents such as moisture and starch contents have 

significant effects on specific heat of food materials.  The higher the moisture 

contents of a food material the higher the specific heat of the material (Eszes & 

Rajko΄ 2000). 

Specific heat values are helpful in understanding the heating patterns during 

microwave processing of the sweetpotato purees.  A study completed by Fasina and 

others (2003) reported that specific heat of Beauregard purees increased linearly by 

0.1 KJ/Kg in a temperature range of 5˚C to 80˚C.  Sopade and others (2005) found a 

similar trend in honey with a temperature range of 35 ˚C to 165 ˚C.  The majority of 

specific heats determined on moist foods have shown a linear increased response 

over a range of temperatures (Fasina et al 2003, Sweat 1986).  Moisture content has 

been noted to have a direct affect on specific heat.  Shrivastava (1999) reported that 

specific heat of mushrooms increased with moisture content within a wide range 

from 10.24% to 89.68% wet weight basis.  Specific heat capacity is also influenced 

by other chemical components.  Sopade and others (2005) showed significant effect 

on specific heat within a predictive honey model with moisture, temperature, glucose 

and fructose content.  The specific heat of honey could be lower then expected with 

a high moisture content depending on fructose and glucose content (Sopade et al 
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2005).  The effect of sugar molecules is related to the structure containing two 

reactive function groups: the carbonyl and the alcohol group (Murano 2003).  The 

alcohol groups on the sugars such as glucose readily forms hydrogen bond with the 

free water molecules.  Fructose is hydroscopic causing hydrogen bond with water 

molecules and reducing the water activity.  This combination of total sugars 

decreases the specific heat. 

Thermal Conductivity (k) 

Thermal conductivity is the amount of heat conducted per unit of time through 

the thickness of the food material.  It is an important property to understand the rate 

of heat transfer within a food material.  Unlike specific heat, the thermal conductivity 

is dependent on the mass density.  Overall, most high moisture food materials have 

similar values near the water with a thermal conductivity of 0.597 W/(m·°C) at 20 °C 

(Eszes &Rajko΄ 2000).  Two different studies on thermal conductivity of sweetpotato 

puree and sweetpotato roots showed a general increase with increasing temperature 

(Fasina et al 2003, Stewart et al 2000).  Other food materials, such as tomato paste 

and mushrooms have exhibited similar relationship between thermal conductivity 

values and temperature (Drusas and Saravacos 1985, Shrivastava and Datta 1999) 

Thermal Diffusivity (α)  

Thermal diffusivity is the ratio of thermal conductivity (k), density (p) and 

specific heat (cp) shown in equation 2.5.1.  The thermal diffusivity is the rate at which 

heat diffuses by conduction through the food material.  This is based on a rate of the 

temperature changing in a certain volume of food material while heat is being 
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conducted.  In a physical sense, this relates food materials ability to conduct heat to 

its ability to store the heat (Barbosa-Canovas 2005, Eszes &Rajko΄ 2000). 

 

[2.5.1] 

 

As with specific heat and thermal conductivity, thermal diffusivity is affected 

by moisture content of a food material.  Gabas and others (2005) investigation on 

plums with moisture content ranging from 14.2% to 80.4%, they observed the 

increase in thermal diffusivity with increasing moisture content.  Studies on thermal 

diffusivity of sweetpotato puree and sweetpotato roots have also shown a general 

increase with increasing temperature (Fasina et al 2003, Stewart et al 2000).  

However, the thermal diffusivity was 2 to 4 times greater within the puree than the 

roots.  Fasina and others (2003) attributed this increase to the reduction in density of 

the sweetpotato starch granules during heating.  

2.5 Thermal Processing and Microbial Inactivation 
 
 Thermal processing of food materials is an essential method for food 

preservation by eliminating microorganisms for safety, prevent spoilage and 

extending shelf life.  Studies have been reporting on the effects of microwave energy 

by inactivating Bacillus cereus, Campylobacter jejuni,Clostridum perfringens, 

pathogenic Esherishiz coli, Enterococcus, Listera monocytogenes, Staphylococcus 

aureus and Salmonella (Eszes & Rajko΄ 2000). 

 

 

ppc
k

=α
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2.5.1 – Kinetics of Microbial Inactivation 

Microbial inactivation kinetics of thermally processed food materials is 

essential to obtain the time and temperature requirement for a desired log reduction 

of a given microorganism population.  Understanding the inactivation kinetics is 

important to determine the amount of heat required to inactivate microorganisms in a 

food material subjected to a specified process.  The lethal mechanism is the time 

and temperature history at the coldest location within a product passing through the 

process being verified.  Within a microwave system the lethal mechanism are 

functions of the food material composition (ionic content, moisture, density, and 

specific heat), microwave processing frequency, and the microwave applicator 

design.  The time length of the process is determined by the microwave dielectric 

properties which significantly change during the process as the temperature of the 

food material changes (IFT 2000). 

2.5.2 – D and Z values 

Intial studies on the calculation of processes and starlizination values for 

microbial destruction were conducted by Bigelow, Ball, Esty and others in the early 

20th century.  The microbial destruction calculations showed that when 

microorganisms are subjected to heating at constant temperatures during 

processing there would be a decrease in the number of suriving microorganisms 

(Andress, 1998).  This decrease at a constant temperature follows the first order 

kinetics with a staight line on a logarithmic plot.  These studies also observed the 

decrease of the population is dependent on (N0) the initial population, (t) the time of 

exposure to the processing temperature, (k) a constant denoting the specific each 
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microorganism.  The kinetics of the destruction on the microgranism can be modeled 

with an Arrhenius type model as shown in equation 2.5.5 to calculate (N) number of 

surviving microorganisms (Eszes &Rajko΄ 2000, Heldman & Hartel 1997). 

 [2.5.5] 

The following equation was derived from equation 2.5.5 with the use of 

common logarithms (Eszes &Rajko΄ 2000).   

 

[2.5.6] 

Decimal reduction time or D-value has been utilized in thermal processing to 

quantify the amount of time a food material receives at a specific temperature to kill 

90% of any target microorganism.  With a reduction of 1 logarithmic cycle or 1 D, the 

population is decreased by 90% of the original microorganisms (Eszes &Rajko΄ 

2000, Heldman & Hartel 1997). 

D-value is dependent on the processing temperature. D-value has been 

determined for many different types of vegetative microorganisms, spore 

populations, food spoilage microorganisms, and microbial pathogens.  The larger the 

D-value of a microorganism, the higher in the thermal resistance would be.  The 

thermal resistance curve for any microorganism has a linear relationship with 

temperature and D-value.  As the processing temperature increases the D-value will 

decrease for microorganism.  Furthermore, the same microorganism at different 

processing temperatures follows the Arrhenius type kinetics in equation 2.5.7(Eszes 

&Rajko΄ 2000, Heldman & Hartel 1997). 

DtNN /
010−=

kteNN −= 0
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[2.5.7] 

 

where Ea = apparent activition energy, K = the constant denoting the specific 

microorganism, R = universal gas constant, T = Temperature.  The equation 2.5.7 

was modfied to simplify use logarithmics and parameters with D0 is the reference 

temperature and z is the thermal resistance of microorganism.  

 
 

[2.5.8] 
 
where Do= d-value at reference temperature, To=reference temperature, z=thermal 

resistance of the microorganism.  Z-value is the increase in temperature required to 

change the D-value by one log cycle on the thermal destruction curve.  The larger 

the z-value implies a given increase in the processing temperature of exposure will 

have a small change in the decimal reduction time.  The reference temperature of 

121.1 ˚C (250 ˚F) and reference microorganism Clostridium botulism with z value of 

10 ˚C have been used as the standard in validating the process for sterilization 

(Eszes &Rajko΄ 2000, Heldman & Hartel 1997). 

2.5.3 – Thermal Death Time 

Thermal death time (TDT) or F-value uses the described parameters to 

evaluate the efficiency of the processing method in its reduction of a microorganism 

and therefore, assessing the heat resistance of the microorganism.  The F-value is 

based on time required to achieve the specific reduction in the population at a given 

temperature shown in equation 2.5.9.  The specific reduction can be targeted for 

z
TT

DD
0

100

−
−

=

RT
Ea

KeD
−
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microorganism causing product spoilage, to obtain a desire product shelf life, and/or 

population reduction of pathogens (Eszes & Rajko΄ 2000, Heldman & Hartel 1997).   

 
 

[2.5.9] 
  

The reference temperature of 121.1 °C with a z-value of 10°C for Clostridium 

botulinum which is denoted in equation 2.5.9 by the subscript “0” for a reference 

microorganism (Eszes & Rajko΄ 2000, Heldman & Hartel 1997).   

2.5.4 – Microbial Inactivation  

Food regulations require processed food products to be commercially sterile 

(21 CFR 108 and 113).  Commercial sterility is the process of a food product being 

free from any microorganisms which is held under normal product storage conditions 

(Heldman & Newsome 2003).  The log reduction is of critical concern to ensure 

safety and commercial sterility of the processed product from any survival or growth 

of both spoilage and pathogenic microorganisms.  The main criterion for the log 

reduction by microbial death of the cells is a method to ensure there is no growth 

and reproduction of the microorganism.  From the food processing standpoint, the 

destruction of microorganisms to obtain commercial sterility is essential to delay food 

perishing and inhibit food spoilage.  

Biological indicators are utilized to evaluate the process effectiveness in 

sterilization of the food material.  This evaluation is completed for comparison and 

ensures the safety of preventing the spoilage of Clostridium botulinum.  

dt
z

TtT
Fo

t
0

0

)(
10

−
= ∫
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The SteriFlex Biological Indicators are self-contained plastic packages, a new 

product introduced by SGM Biotech, Inc. (Bozeman, Montana) containing liquid 

culture medium of calibrated bacterial spores.  The indicators are capable of being 

calibrated to obtain a total inactivation based on a specific Fo value.  The culture 

medium can be evaluated by color change and/or plating for log reduction 

determination.  The liquid culture medium contains a pH indicator to remain purple 

for no microorganism growth and change to yellow for growth after incubation at the 

appropriate temperature (Gillis & McCauley 2006). 

Several spore-forming microorganisms including Clostridium sporogenes, 

Bacillus subtillis, and Bacillus stearothrmophilus have been used as biological 

indicators.  Bacillus subtillis is a gram-positive, rod spore-forming microorganism.  

The microorganism is commonly found in soil and water.  It has been unitized in 

several industrial processes.  The spores are heat resistance which allows it to 

survive thermal treatments usually.  B. subtilis is known as a laboratory model 

organism often used as the gram-positive equivalent of Escherichia coli.  Bacillus 

subtillis inactivation of the microorganism of a thermal process is 0.6 minutes at 

121˚C (Eszes & Rajko΄ 2000).  The thermophilic Bacillus stearothermophilus is a 

gram-positive, rod spore-forming microorganism.  The microorganism is commonly 

found in soil, food, and hot springs and grows at 65 ˚C and is acid tolerant.  Thermal 

resistances of the spores are able to survive the thermal processing in commercially 

sterile food materials (Feeherry et al, 1987).  B. stearothermophilus is heat-

resistance which allows the microorganism to survive thermal processing of a 

particular time and temperature combination normally destroying the highly non-heat 
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resistant microorganisms.  B. stearothrmophilus is more heat resistant than the 

pathogen Clostridium botulinum, the most heat-resistance of all pathogens.  With 

assurance, a particular set of processing parameters that inactivates B. 

stearothrmophilus would also kill all other spoilage microorganisms as well as 

pathogens receiving the heat treatment.  The heat-resistance of B. 

stearothermophilus is useful to monitor and evaluate sterilization processes of moist 

foods (Murano 2003, Zmidzinska 2004).  Bacillus stearothermophilus inactivation in 

a thermal process is 4 minutes at 121˚C (Eszes & Rajko΄ 2000). 
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2.6 List of Symbols 

C Velocity of the Radiation 

cp Specific Heat at Constant Pressure (KJ/kg·K) 

D Thermal Death Time (s) 

F0 Sterilization Value (s) 

F Frequency (Hz) 

frel Relaxation Frequency (Hz) 

k Thermal Conductivity (W/m·K) 

mm Millimeter 

T Temperature (˚C) 

T Time (s) 

V Volume (m3) 

Z Thermal Resistance of Microorganisms (˚C) 

Greek Letters 

α Thermal Diffusivity (m2/s) 

 Penetration depth (m) 

ΔT Change in Temperature (˚C) 

ε Permittivity (F/m) 

ε' Dielectric Constant Relative to Vacuum 

ε'' Loss Factor Relative to Vacuum  

λ Wavelength (m)  

ν Frequency (915 MHz) 

 

δ
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3.1 – ABSTRACT 

 A process for rapid sterilization and aseptic packaging of sweetpotato puree 

using a continuous flow microwave system operating at 915 MHz has been 

successfully developed.  This development offers an opportunity for converting 

sweet potato roots into a functional ingredient for the food industry.  In microwave 

processing, dielectric properties have a major role in determining the interaction 

between purees and the electromagnetic energy.  Specific heat values assist in 

understanding the critical process effect on the time-temperature history during 

microwave processing of the sweetpotato purees.  

 The objective of this research was to determine how dielectric properties and 

specific heat are affected by the temperature and chemical composition of purees 

derived from thirteen sweet potato cultivars with varying flesh colors.  

Starch, sugars, ash, protein, minerals and moisture content were determined 

following AOAC methods.  Fat content was determined with a pulsed proton NMR 

(nuclear magnetic resonance) using a Maran pulsed NMR.  Dielectric constant (ε’) 

and dielectric loss factor (ε”) were measured from 15 ˚C to 145 ˚C at 915 MHz using 

an open ended coaxial probe equipped with a network analyzer.  Specific heat (cp) 

was measured from 15 ˚C to 145 ˚C using a differential scanning calorimeter. 

 The chemical composition of sweetpotato purees (wet weight basis) was in 

the following ranges: ash (0.68% - 1.20%), fat (0.09 -0.17%), protein (0.28 - 0.73%), 

moisture (64.37% - 81.83%), sugar (5.29 -15.45%), and starch (1.83 - 15.73%).  

Temperature, moisture, sugar and starch content had a pronounced effect (p<0.001)  
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on dielectric properties.  Dielectric constant linearly decreased with increasing 

temperature, while dielectric loss factor increased quadratically.  Specific heat of all 

cultivars increased linearly with temperature.  Power penetration depth of all 

cultivars will decrease with increasing temperature.  Predictive equations were 

developed for dielectric constant (R2 = 0.82) and dielectric loss factor (R2 = 0.90) as 

a function of temperature, moisture, sugar, and starch.  The predictive equations 

would be useful in determining the dielectric properties of sweetpotato purees for the 

microwave processing technology.  
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3.2 INTRODUCTION 

Sweetpotatoes (Ipomoea batatas) are a highly nutritious vegetable containing 

high energy, dietary fiber, biologically active phytochemicals, vitamins, and minerals 

which offers great benefit for use as a functional ingredient.  A process has been 

recently developed for converting sweetpotato roots into a high-quality puree 

wherein the material can be rapidly sterilized in a continuous flow microwave system 

operating at 915 MHZ, and aseptically packaged into flexible containers [1].  The 

developed technology provides an alternative method to convert sweetpotatoes into 

a shelf-stable ingredient.  The processed material would be readily available for 

incorporating in formulated products by the food industry, which could result in 

increased consumption of this nutritious vegetable.  

For microwave processing, dielectric properties have a major role in 

determining the interaction between the food material being processed and the 

electromagnetic energy, and consequently affecting the degree of heating.  The  

dielectric properties of importance in determining power absorption and penetration 

depth (Dp) during microwave processing are dielectric constant (ε’) and dielectric 

loss factor (ε”).  Dp is an important parameter in characterizing the temperature 

distribution within a food heated using microwaves.  Microwave frequency, 

temperature, and chemical constituents such as moisture, salt and ash contents 

have significant effects on ε’, ε” and Dp of food materials [2].  

Several attempts have been made to model dielectric properties as a function 

of processing variables and chemical composition.  These attempts include  
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modeling a single food item as well as a combined data of a wide range of food 

commodities [3, 4, 5, 6].  Sun and others [5] compiled the literature data on dielectric 

properties, moisture, and ash contents of fruits, vegetables, fish, and meats to 

develop predictive equations.  They concluded that it was difficult to develop a 

generic composition-based equation for dielectric properties for all food products.  

Therefore, it is necessary to develop the equations for a specific product or a group 

of products.  Calay and others [3] grouped food materials into grains, meats, 

vegetables, and fruits to develop the predictive equations of the dielectric properties 

based on moisture, salt, fat, and temperature.  The authors obtained the equations 

with relatively low coefficients of determination (R2 values between 0.70 to 0.82).  

Sipahioglu and Barringer [6] developed predictive models describing the dielectric 

properties at 2,450 MHz as a function of temperature (5 – 130 ˚C), ash, and 

moisture content of a variety of 5 fruits and 10 vegetables.  This study showed that 

the dielectric properties of some vegetables such as yam, white potato, and spinach 

did not fit within the developed equations.  The problem was attributed to the 

transition in the physical properties of the carbohydrate components in these 

vegetables during heating.  Guan and other [4] developed equations for dielectric 

properties of white mashed potatoes with a range of moisture and salt contents 

subjected to pasteurization and sterilization by radio-frequency and microwave 

processes (1 -1,800 MHZ and 20 – 120 ˚C).  However, the major constituents in 

starchy vegetables such as starch and sugars content were not considered in the 

developed regression equations.  
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Dielectric properties of Beauregard sweetpotato puree as affected by 

microwave frequency (900 – 2,500 MHz) and temperature within a limited range of 5 

to 80 ˚C were reported by Fasina and others [7].  Both temperature and frequency 

had significant effects on the dielectric properties of the sweetpotato puree 

evaluated.  Specific heat, which is an important parameter associated with the rate 

of heat transfer [8] was also measured within a range of 10 to 90 ˚C for the puree [7] 

and the uncooked roots of several orange-fleshed sweetpotato cultivars [9].  

However, dielectric properties and specific heat (cp) of a group of cultivars with a 

large variation in chemical composition at temperatures above 100 ˚C have not been 

studied.  The variation in chemical composition of the purees by different cultivars, 

growing conditions and post-harvest handling of raw materials may affect the 

microwave heating behavior of the purees.  In microwave-assisted aseptic 

processing, temperatures above 120 ˚C are required for sterilization.  Ohsson and 

Bengtsson [10] measured the dielectric properties of commercially processed foods at 

a temperature range of 40 – 140 ˚C at different frequencies.  They observed that  

the dielectric data could not be extrapolated from low temperatures to sterilization 

temperatures.  Previous studies have also indicated that matching the dielectric 

properties of the material with the required microwave energy for adequate thermal 

treatment is very important to avoid over- or under- heating in aseptic processing of 

sweetpotato puree [1].   

The objective of this research was to determine how dielectric properties and 

specific heat are affected by temperature (15 to 145 ˚C) and chemical components 
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of purees derived from sweetpotato cultivars with varying flesh colors.  The study 

covers the typical conditions utilized in aseptic processing of vegetable purees using 

a continuous microwave heating system developed in our laboratory.  

3.3 MATERIALS AND METHODS 

Sample Preparation 

Thirteen sweetpotato cultivars grown at two experimental stations of the 

Horticultural Science Department at NC State were used in this study.  The 

harvested roots were cured at 30 ˚C, 80 to 90% relative humidity for 7 days, and 

stored at 13 to16 ˚C, 80-90% relative humidity for 3 months.  Roots were hand-

peeled and cut into 1 cm thick slices.  One kilogram of sweetpotato slices were 

steamed in a vegetable steamer for 1 hour.  The steamed samples were cooled to 

room temperature in a closed container to prevent moisture loss.  Pureeing of the 

steamed samples was accomplished using a food processor and the puree was 

packaged in glass jars for frozen storage at -20 ˚C.  The flesh color of the 

sweetpotato cultivars and the color characteristics of the puree samples are shown  

in Table 1 and Figure 1.  The color values (L*, a*, b*) of the purees were measured 

with a Hunter colorimeter (Model DP9000 Hunter, Associated Laboratory Inc., 

Reston, VA) as described by Coronel and others [1].  

Dielectric properties 

 An open-ended coaxial probe (HP 85070B, Agilent Technologies, Palo Alto, 

CA) and an automated network analyzer (HP 8753C, Agilent) were used to 

determine the dielectric properties of sweetpotato puree.  The calibration of the  
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system was performed using short block, air, and water (Agilent 1998).  The 

samples were heated in an oil bath (Model RTE111, Neslab Instruments Inc, 

Newington, NH) and the dielectric properties were measured from 15 ˚C to 145 ˚C at 

5 ˚C intervals at 915 MHz.  Three repetitive measurements were performed at each 

temperature for the puree samples in duplicates. 

Power Penetration Depth 

The power penetration depth is the depth within a product where the power is 

reduced to 1/e (Euler number e = 2.718) or 37% of the power at the surface of the 

food material.  The power penetration depth is calculated by equation (1) where f = 

915 MHz, c = 3.0 x 108 m/s and loss tangent = ε”/ε’ [11, 12]. 

 

(1) 

Specific Heat   
 

A Perkin-Elmer DSC7 differential scanning calorimeter equipped with an 

intracooler II refrigeration unit and a dry box was used to measure the specific heat  

(Perkin Elmer Corp., Norwalk, CT) of sweet potato purees.  The DSC was calibrated 

using indium (melting onset temp = 156.6 ºC; enthalpy = 28.45 J/g) and mercury 

(melting onset temp = -38.8 ºC).   The reference pan was an empty stainless steel 

pan weighing within 0.3 mg of the sample pan.  The purge gas was nitrogen at a 

flow rate of 30 cc/min.  

Approximately 30 mg sweet potato puree was individually loaded into the 

manufacturer’s large volume stainless steel pans using a spatula taking care not to  
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incorporate air.  The pans were sealed with the crimping tool and accurately 

weighed. Individual samples were heated in the DSC at 3 ºC/min from 5 ºC to 155 

ºC with 3 min isothermal holds at each extreme temperature.  Specific heat was 

calculated from heat flow curves using the two curve (sample and empty pan) 

method of Pyris software version 5.0 (Perkin Elmer Instruments, LLC, Norwalk, CT) 

with no baseline (no sample pans in the DSC) subtraction.  The specific heat of 

distilled water was measured (instead of sapphire) and used to adjust for the 

curvature in the measured specific heat curves according to the method of 

Wunderlich [13].  The unadjusted specific heat of water was measured within +/- 2.6 

% of known values [14].  

Moisture Content 

Moisture content was determined by drying 5 g of the puree sample in a 

convection oven for 6 hours at 70 ˚C followed by 18 hours at 105 ˚C [15].  

Measurements were preformed in triplicates for all puree samples. 

Sugar and Starch 

Sweetpotato puree samples (15 g) were tissumized with 30 ml of 95% ethanol 

using a Tekmar Tissumizer (Tekmar Company, Cincinnati, OH) for 1 minute.  Next, 

the tube was centrifuged for 10 minutes at 5,000 rpm and the supernatant was 

collected with a filtering funnel with a coarse frittered disc (40C).  The extraction was 

repeated 2 more times, the sugar extracts were combined in a 100 ml volumetric 

flask, filled to volume with ethanol, and stored frozen at -20 ˚C.  The alcohol 

insoluble solids (AIS) residue was collected from the filter and placed on the tared 
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aluminum pan and dried at 100 ˚C for 24 hours in a convection oven to be used in 

determination of starch content.   

A 2 ml aliquot of sugar extract was transferred into a 10 ml beaker and the 

ethanol was allowed to evaporate off overnight.  The residue was dissolved with 1 ml 

of internal standards (cellobiose solution) to prepare for analysis by high 

performance liquid chromatography (HPLC).  A Fifty microliter aliquot of the solution 

was transferred into a small test tube and diluted to 2 ml with deionized water.  

Analyses of sugar content were completed using a Dionex BioLC AD 50 HPLC 

system (Dionex Co., Sunnyvale, CA).  Ten microliter of the sample was injected and 

eluted through a Carbo PAC PA-1 column (250 x 4.6 mm id) (Dionex Corporation, 

Sunnyvale, CA) at 30 ˚C with the mobile phase consisting of 200 mM sodium 

hydroxide at an isocratic flow rate of 1.0 ml/minute.  A Dionex PAD (pulse 

amperometric detector) was utilized to detect the peak and identified sugars based 

on the retention time.  The sugar content was determined by the peak heights of  

sucrose, glucose, fructose, and maltose which were compared to the standard 

solution of cellobiose [16].  The total sugar content was obtained by summation of the 

individual sugars from each chromatogram. 

Starch content was determined according to AOAC Method 996.11 with an 

assay kit (Megazyme International Ltd, Bray, Co. Wicklow, Ireland) [17].  The AIS 

milled residue (100 mg) was first washed with 0.2 ml of 80% ethanol.  The residue 

was then dissolved in 2 ml of dimethyl sulfoxide and incubated at 100 ˚C to account 

for any resistant starch.  Thermostable alpha amylase (3 ml) was added to the tube  
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and incubated at 100 ˚C for 5 minutes to partially hydrolyze and solubilize the starch.  

Subsequently, the samples were treated with amyloglucosidase and incubated for 

30 minutes at 50 ˚C to hydrolyze the starch dextrins to glucose.  The entire content 

of the tubes was then transferred to 100 ml volumetric flasks followed by filling to 

volume with distilled water and an aliquot to be centrifuged at 3,000 rpm for 10  

minutes.  The supernatant was then transferred to a glass test tube and mixed with a 

glucose determination reagent and incubated at 50 ˚C for 20 minutes.  A 

spectrophotometer (Cary 300 UV-Visible Spectrophotometer, Varian Inc., Palo Alto, 

CA) was used to determine the absorbance of the solution at 510 nm against a 

reagent blank.  Calculation of starch content was based on the absorbance of the 

sample with reference to a glucose standard.   

Lipids  

Lipid content was determined on freeze-dried puree samples (5 g) by a 

pulsed  proton NMR using a Maran pulsed NMR (Resonance Instruments, Witney,  

Oxfordshire, UK) by the Field Induction Decay-Spin Echo procedure [18].  Lipid and 

moisture content were measured and percent of lipid based on dry weight was 

determined by correcting for moisture content.  Measurements were preformed in 

triplicates for all puree samples. 

Protein, Minerals, and Ash 

Protein, ash, and mineral contents of the sweetpotato purees were 

determined by the Department of Soil Science Analytical Services Lab at NC State.  

Protein content determination was completed using the Kjeldahl analysis with a  
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protein factor of 6.25 according to the AOAC Method 991.20.1.  Ash content was 

determined by AOAC Method 925.51A [17].  The minerals; phosphorous, calcium, 

magnesium, potassium, iron, and sodium content were analyzed following the 

procedure described by Walter and others [19].  The freeze-dried puree samples 

underwent dry combustion and dissolution of the residue in acid.  The mineral digest 

was then analyzed on a Perkin Elmer Ion Coupled Plasma (ICP) Spectrometer 

(Perkin Elmer Corp, Norwalk, CT).  Duplicate measurements were performed on 

each puree sample.   

Statistical Analysis  

The SAS software (SAS Release 8.02, Cary, NC) was used to perform 

regression analysis and develop the predictive equations.  The response variables, 

dielectric constant and dielectric loss factor, were fitted using Mallows C(p) to select 

initial models prior to performing the multiple linear regressions [20].  The selected 

models from Mallows C(p) were then used to perform a multiple regression with a 

mix model (fixed and random effects). The fixed effects were temperature, moisture, 

sugar, fat, protein, and, ash with all experimental data being of interest and cultivar 

was the random effect with a sample of 13 cultivars selected from larger population 

of sweetpotato cultivars.  The equations and all predictors included in the equations 

had a significance of p < 0.001 and the quality of fit was determined based on the 

adjusted R2.  Testing simultaneous hypotheses was completed to compare the 

reduced model and the full model to ensure significance (p < 0.05) for the additional 

predictors based on the F value.  Multiple pair-wise comparisons were completed 
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with the Tukey test at 5% probability level for determining whether the means are 

significantly different for the chemical composition data. 

3.4 RESULTS AND DISCUSSION 

Chemical Composition 

As indicated in Table 1, the sweetpotato purees derived from the 13 cultivars 

had a wide range of the chemical components analyzed: moisture, 65.6% to 80.5 %,  

starch, 2.3% to 12.5%, total sugars, 3.8 % to 14.5%, protein, 0.3% to 2.0%, and 

lipid, 0.09% to 0.16%.  Significant differences (p < 0.05) were observed among the 

cultivars with regard to the contents of these components.  These results were within 

the ranges reported in the literature for various sweetpotato genotypes [21; 22].  

Similar to other starchy vegetables, sweetpotatoes have low protein and lipid 

content.  For moisture content, Collins and Walter [23] reported a range of 60% to 

84% (16% to 40% dry matter) for raw roots of various sweetpotato cultivars at 

harvest which is similar to the values we obtained.  Of the dry matters, starch was 

the major fraction in raw sweetpotatoes.    

During steam cooking in the pureeing process, starch granules were 

gelatinized and hydrolyzed into maltose and dextrins by the amylolytic enzymes 

naturally present in sweetpotatoes.  Walter and others [24] reported that 

approximately 52 - 82% of starch in Jewel sweetpotatoes was hydrolyzed, 

depending on the heat treatment.  With these levels of starch hydrolysis, the sugar 

content and the remaining starch in the purees were in the range of 8.2 -11.7% and 

1.7 – 4.5%, respectively.  In general, the cooking process affects the carbohydrate  
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composition of the purees by decreasing the starch fraction and increasing the sugar 

content [25; 26; 27].  The starch and sugar contents in the sweetpotato purees shown in 

Table 1 were comparable with the values reported by Walter and others [24] for 

orange-fleshed sweetpotatoes and by Chattopadhyay and others [28] for cultivars 

with other flesh colors.  Maltose was the predominant sugar in the purees from all 

the cultivars (Table 2) followed by sucrose, glucose, and fructose.  The results are in 

accordance with the values of the cooked roots of several Filipino and American 

sweetpotato cultivars [29], and the world-wide collected clones from the U.S. 

Department of Agriculture National Plant Germplasm System Collection [30]. 

Ash content has been used as a good indicator of total salts within food 

materials [2].  The ash contents of the purees from the evaluated cultivars were 0.69 

– 1.05% (Table 2).  Statistical analysis indicated that the differences among the 

cultivars were not significant (p > 0.05).  Low concentrations of these components 

have been reported for various sweetpotato cultivars [22].  The mineral composition in 

the sweetpotato purees are shown in Table 3.  Sweetpotatoes are known to be a 

relatively good source of potassium, phosphorus, magnesium, and calcium [25].   

Dielectric Constant  

The dielectric constants of sweetpotato purees from Covington, Bon 99, and 

Suwon 122 decreased with increasing temperature (Figure 2).  The purees from 

other cultivars exhibited a similar trend (data not shown).  The samples presented in 

Figure 2 covered the upper (80%) and lower (65%) moisture contents in the purees 

of the cultivars included in this study.  In general, the higher the moisture content,  
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the higher the dielectric constants.  These results are in accordance with previous 

reports on the effects of temperature and moisture on the dielectric constant of 

various food materials [4; 6; 5; 31].  It has been known that increase in temperature 

causes a decrease in dielectric relaxation time which results in lower dielectric 

constant [32].  The relaxation time decreases as temperature increases because it is 

associated with the time for the dipoles to revert to random orientation when the 

electric field is removed.  As in other fruits and vegetables, most of the water in  

sweetpotato purees exists as free water.  Therefore it was anticipated that the 

dielectric constant would increase with increasing moisture content, especially when 

the moisture level was higher than 35% [32].  Water is a strong polar molecule and 

tends to reorient with the changes in electromagnetic polarity, resulting in elevation 

of dielectric constant. 

The dielectric constant values for the purees from the orange-fleshed 

cultivars, Beauregard, Covington and Hernandez were 69.7, 68.9, and 68.1 at 15 ˚C  

and gradually decreased to 49.4, 48.0, and 48.6 at 145 ˚C, respectively.  These 

results were comparable to the dielectric constant values at the corresponding 

temperature reported for the Beauregard sweetpotato purees by Coronel and others, 

and Fasina and others [1, 7].  For the purees from the cultivars with cream, white, 

yellow, and purple flesh color with moisture content less than 70% such as FTA 94, 

Okinawa, Suwon 122 and NC 415, the dielectric constant values were 56.58, 55.21, 

59.64, and 56.31 at 15 ˚C and 47.58, 46.93, 47.39, and 47.58 at 145 ˚C, 

respectively.  In comparison with the dielectric constant of other food materials, the 
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results for sweetpotato purees in this study were within the ranges reported for other 

common fruits and vegetables [4; 6; 33].  

The predictive model describing dielectric constant as a function of 

temperature and moisture content in sweetpotato purees is as follows: 

 

                MT00461.0T2223.0M005607.05876.64' −−+=ε    (2) 

                                         [M = Moisture (%), T = Temperature (˚C)]                                  

 

Both moisture and temperature had a significant effect (p<0.001) on the 

dielectric constant.  However, the regression equation had a R2 value of only 0.76, 

indicating that other components within the material possibly affected the dielectric 

constant within the predictive equation.  The squared correlation between observed 

and predicted values was 0.87.  For starchy vegetables such as sweetpotatoes, it is 

imperative to examine the contribution of sugar and starch contents in the dielectric 

constant model.  The information on this aspect is limited in the literature.   

The predictive model describing the dielectric constant as a function of 

temperature, moisture, sugar, and starch of sweetpotato purees is shown in 

equation 3.  This model had a R2 value of 0.82 and sugars and starch did have an 

effect on the model for the dielectric constants.  The squared correlation between 

observed and predicted values was 0.89.  In addition, a test statement (proc 

command) comparing the initial and final models had a high F value, indicating the 

additional variables had a significant effect (p < 0.001) on the model.  

 



 65

MSt09414.0MT00461.0Su1375.1St0604.6T2223.0M7218.09421.27' −−−+++=ε    (3) 

[M = Moisture (%), T = Temperature (˚C), A = Ash (%), S t= Starch (%), Su = Sugar (%)] 

 

The average percent error of the predicted values of dielectric constant was 

9.96 %.  The best model fit was for the Covington puree (4.21%).  The largest outlier 

for the model was the Okinawa sample (16.70%).  The outliners were the low 

moisture samples at the low temperature range.  As the temperature increased, the 

fit improved for the purees.  Similar results were reported by Sipahioglu and 

Barringer [6].   

Starch, and starch-moisture interaction significantly affected the dielectric 

constant (p<0.001).  The dielectric constant was negatively affected by the 

interaction between moisture and starch (equation 3).  Starch binds water molecules 

through hydrogen bonding and therefore, increasing the starch concentration 

decreases the dielectric constant of starch solutions [34].  Similar results were 

reported by Bircan and Barringer for starch solutions [35].  Mao and others reported  

that potato starch and corn starch had no effect on the dielectric constant of surimi 

[36].  However, our results for starch had a positive effect within the dielectric 

constant model which is not in accordance with the previous studies.  Roebuck and 

others [37] observed that gelatinized starch bounds less to water to its structure, and 

therefore the solutions containing gelatinized starch had higher dielectric constant 

than native starch suspensions. The starch in sweetpotato purees were gelatinized 

during the pureeing process.  Cultivars with higher starch content would affect the  
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volume fraction of free water, viscosity, and density of the purees.  Further studies 

are required to elucidate the effects of these parameters on dielectric constant of 

starchy materials.  

The sugar content of the purees has a negative effect on the dielectric 

constant (Equation 3).  A similar trend was seen for glucose solutions at 2,450 MHz 

and sucrose solutions at 2,450 MHz [38, 39].  Sugar molecules which are relatively 

large, uncharged, and non-polar can inhibit orientation polarization by the 

electromagnetic energy [3, 39].   

Ash content is a good indicator of the total salts found within the sweetpotato 

puree.  Previous studies indicated that an increase in ash content would decrease 

the dielectric constant.  Ash binds the free water which restricts its ability to 

responsed to the changing field polarity [3, 5, 40].  However, the ash content did not 

have a significant effect in the dielectric constant model (p>0.05).  This can be 

attributed to the non-significant difference among the ash content within the puree 

samples (Table 2). 

Dielectric Loss Factor  

The dielectric loss factor of the sweetpotato purees from Covington, Bon 99, 

and Suwon 122 increased quadratically with temperature (Figure 3).  Similar trends 

were obtained for the purees from other cultivars (data not shown).  The cultivars 

presented in Figure 3 covered the range of moisture contents (65% - 80%) in the 

purees.  Similar to dielectric constant, dielectric loss factor increases with moisture 

content.  These results are in agreement with the previous reports on the effects of  
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temperature and moisture on the dielectric loss factor of different food materials [2, 4; 

6].  The increase in dielectric loss factor with increasing temperature is attributed to 

the reduction in viscosity of the puree resulting in increased mobility of ions and 

higher electrical conductivity [41].  The combination role of ionic conductivity and 

dipole rotation of free water within the food material contributed to the increase in 

dielectric loss factor [42].  At the microwave processing frequency of 915 MHz, dipole 

rotation decreases with temperature and ionic conductivity increases, thereby 

affecting the dielectric loss factor [40, 42].   

The dielectric loss factor values for the purees from the orange-fleshed 

cultivars (Beauregard, Covington and Hernandez) were 14.55, 18.41, and 16.04 at 

15 ˚C and gradually increased to 41.49, 52.41, and 43.37 at 145 ˚C, respectively.  

These dielectric loss factor values were comparable to the results reported by 

Coronel and others, and Fasina and others [1,7] for Beauregard sweetpotato purees.  

For the purees from the cultivars with cream, white, yellow, and purple flesh color 

with moisture content less than 70%, such as FTA 94, Okinawa, Suwon 122, and 

NC 415, the dielectric loss factor values were 15.37, 14.34, 16.06, and 13.46 at 15 

˚C and 42.14, 37.48, 38.29, and 35.45 at 145 ˚C.  Dielectric loss factor of the 

sweetpotato purees were comparable with the reported ranges for other fruits and 

vegetables [4; 6, 33].  

The dielectric loss factor as function of temperature and moisture content of 

sweetpotato purees is shown in equation 4.  
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                              T2041.0M2360.02227.8'' ++−=ε    (4) 

[M = Moisture (%), T = Temperature (˚C)] 

 

Moisture and temperature had a significant effect (p<0.001) on the dielectric 

loss factor with a R2 value of 0.85.  The squared correlation between observed and 

predicted values was 0.91.  However, other chemical components could possibly 

effect the dielectric loss factor within the predictive equation.   

The predictive model shown in equation 5 describes the dielectric loss factor 

as a function of temperature, moisture, sugar, and starch content of sweetpotato 

purees.  Similar to dielectric constant, the ash content also did not have significant 

affect within the dielectric loss factor model.  This model had a R2 value of 0.90 and 

sugars and starch had significant effect (p<0.001) on the dielectric loss factor model.  

The squared correlation between observed and predicted values was 0.96.  As with 

the dielectric constant models, a test statement (proc command) comparing the 

initial and final models was performed with a high F value being obtained. This 

indicated that the additional predictors except for temperature (T) have a significant 

effect (p < 0.001) on the model.  T2 had a significant effect on dielectric loss factor 

based on the quadratic trend of the data over the temperature range shown in Figure 

3.  

 

MSt1135.0Su9263.0St5518.6T001247.0T004576.0M7553.07449.20'' 2 −−++++−=ε   (5) 

[M = Moisture (%), T = Temperature (˚C), St = Starch (%), Su = Sugar (%)] 
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The predicted values of dielectric loss factor had an average percent error of 

16.03%.  The best fit within the model was FTA 94 (1.95%).  The largest outlier 

within the model was Okinawa (30.68%).  The fit of the model improves with higher 

temperatures of which comparable findings were reported by Sipahioglu and 

Barringer [6].  Similar to the dielectric constant, the model fit was better at higher 

temperatures for dielectric loss factor than dielectric constant.  Studies have shown 

that it is more difficult to predict dielectric loss factor [3, 5, 6].  

The starch, and starch- moisture interaction both significantly affected the 

dielectric loss factor (p<0.001) as previously mentioned for dielectric constant.  The 

negative effect the starch-moisture interaction on dielectric loss factor can be 

attributed to the binding or interaction of water molecules with starch which 

decreased water polarization [34, 35].  However, the dielectric loss factor model also 

demonstrated starch to have a positive effect which is not in agreement with these 

previous studies.  Further studies are necessary to clarify the effects of higher starch 

in relations to volume fraction of free water, viscosity, and density of the purees on 

dielectric loss factor of starchy materials.  

The sugar content of the purees had a negative effect on the dielectric loss 

factor, and similar findings were true for dielectric constant.  This effect was 

attributed to the sugar molecules which form hydrogen bonding with the free water 

which decreasing the ability for polarization of water molecules [3, 39].  Therefore, an 

increase in the sugar content of the purees decreases the dielectric loss factor.  

Similar findings were reported for glucose solutions at 2,450 MHz and sucrose 

solutions at 2,450 MHz [38, 39].   
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Power Penetration Depth 

The microwave penetration depth at 915 MHz is valuable information to gain 

understanding of the effective depth of microwave power dissipation.  This 

parameter characterizes and controls the temperature distribution in microwave 

processed food materials; it is the depth where power decreases to the point that 

any further penetration would result in negligible heating due to the weak waves.  

The penetration depth range was 15.75 to 22.23 mm at 70 ˚C, 11.65 to 16.64 mm at 

100 ˚C and 8.60 to 13.16 mm at 130 ˚C for microwave processing temperatures.  

The values for all cultivars are reduced by nearly half from 70 to 130 ˚C.   

The decreasing trend of the power penetration depth in relation to increasing 

temperature is shown in Figure 5.  Apparently, the purees with lower moisture 

content had a higher penetration depth.  Similar results were reported for 

Beauregard sweetpotato puree at 915 MHz by Fasina and others [7].  Guan and 

others also reported comparable values ranging from 11.1 to 14.4 mm at 100 ˚C, for 

white mashed potatoes at 915 MHz [4].  Both studies reported a decrease in power 

penetration depth with increase in temperature [4, 7].  

Specific Heat 

Specific heat values are helpful in understanding the heating patterns during 

microwave processing of the sweetpotato purees.  Specific heat values obtained by 

Fasina and others for an orange flesh sweetpotato cultivar were within the range of 

this study [7].  Specific heat for all purees increased linearly by an average of 0.6 

KJ/Kg·K over the temperature range of 5 to 155 ˚C.  Spode and others as well  
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reported an increase of 0.6 KJ/Kg·K for specific heat of honey between 35 ˚C and 

165 ˚C [43].  The specific heat of the sweetpotato purees from Covington, Bon 99, 

and Suwon 122 increased with temperature (Figure 4).  The specific heat values 

presented in Figure 4 includes the moisture content ranges (65% to 80%) of the 

purees for this study.  Moisture content had a direct effect on specific heat as shown 

in Figure 4.  In general, the higher the moisture contents, higher the specific heat [44].   

The equation below describes the specific heat as a function of temperature  

and moisture content of sweetpotato purees.  

 

                    cP = 2.9282 +0.004553 M +0.002461 T       (6) 

 [M = Moisture (%), T = Temperature (˚C)]  
 
 

The equation had a R2 value of 0.56, but moisture and temperature were 

significant (p <0.05).  The squared correlation between observed and predicted 

values was 0.80.  Other variables were investigated within the model using Mallows 

C(p).  Starch content had a significant (p <0.0001) effect on the model with a 

increase of R2 value to 0.67 and the squared correlation between observed and 

predicted values was 0.89.  

 

cP = 3.3267 +0.006367M -0.00194T+0.000028T2+0.1563St-0.00309MSt.+0.001271Su    (7) 
 

[M = Moisture (%), T = Temperature (˚C), Su = Sugar (%), St = Starch]  
 

 
The average percent error of prediction was 4.73%.  The best model fit was 

Suwon (0.70%).  The largest outlier for the model was Okinawa (11.23%).  However, 
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the model had a low R2 value which could be a result of a low change in variance 

with the specific heat values.  

Specific heat is influenced by chemical composition of the sweetpotato 

purees.  In conjunction with high moisture content, a lower specific heat could be 

obtained depending on sugar and starch content [43].  Our overall results for starch 

and sugar had a positive effect within the specific heat which is not in accordance 

with the previous studies.  Further studies are required to clarify the effects of these 

chemical components on specific heat of starchy materials.  

3.5 CONCLUSIONS 

A wide variation in the chemical composition among the sweetpotato cultivars 

may have an effect on dielectric properties and specific heat of the purees.  

Dielectric constant linearly decreased with increasing temperature and dielectric loss 

factor increased quadratically.  Sugar and starch contents were found to be 

significant in affecting the dielectric properties of sweetpotato purees.  However, in 

contrast to previous studies, ash did not have a significant effect on the dielectric 

properties.  The dielectric constant was better predicted by the model than dielectric 

loss factor.  Specific heat was affected by temperature in a linear fashion by 

increasing as temperature increases. Specific heat was typically higher for 

sweetpotato purees with a higher moisture content.  In addition, specific heats of the 

sweetpotato purees were affected significantly by starch content.   

Overall, the developed predictive equations can be utilized in determining the 

heating patterns of sweetpotato puree for industrial microwave processing of  
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sweetpotato purees.  In contrast to previous studies, developing predictive equations 

based on the analysis of the full chemical composition may be deemed necessary 

for each product or a group of products. 
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3.8 Appendices 
 
Table 1. Flesh Color of the Sweetpotato Cultivars and Hunter Color Values of the Purees 
 

Puree Color Values 
Cultivar  

Flesh Color L* a* b* 

Beauregard  Orange 52.09b 17.43a b c 59.68a 

Bon 99-447 Cream 59.22a b -4.28d 23.85d 

Covington Orange 52.87b 18.02a b c 61.16a 

FTA 94 White 70.13a -4.845d 21.62d 

Hernandez Orange 50.96b 24.29a 61.58a 

NC 415 Purple 16.23d 19.37a b -8.09d 

Norton Yellow 63.70a b -3.28d 47.62b c 

O’Henry Yellow 63.55a b -5.56d 39.17c 

Okinawa Purple 28.65c d 11.73c -11.79d 

Picadito White 57.23a b -1.06d 13.21d 

Porto Rico Orange 54.78b 12.33b c 56.91a b 

Pur 01-192 Purple 31.27c 15.98b c -3.74d 

Suwon 122 Yellow 55.29a b -5.31d 39.70c 
Different letters within columns indicate a significant difference at p<0.05. 
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Table 2. Chemical Composition of Sweetpotato Purees 

Cultivar Moisture Starch Total 
Sugar Protein Lipid Ash 

Beauregard 80.52a 2.28c 14.49a b 0.39b c 0.09d 0.69a 

Bon 99-447 75.27a b c 10.65a b 10.6b 1.96c 0.11b c d 0.97a 

Covington 80.66a 1.88c 12.42a b 0.44a b c 0.10d c 0.84a 

FTA 94 66.87c d 10.20a b 5.36c 0.67a 0.16a b 1.05a 

Hernandez 76.71a b 3.83c 15.42a 0.51a b c 0.11b c d 0.99a 

NC 415 70.04b c d 11.99a b 13.77a b 0.56a b c 0.13a b c d 0.88a 

Norton 74.14a b c d 6.63b c 12.66a b 0.40a b c 0.12b c d 0.84a 

O’Henry 79.42a 2.74c 12.89a b 0.42a b c 0.10d c 0.81a 

Okinawa 68.02b c d 3.23c 5.79c 0.59a b c 0.14a b c d 0.92a 

Picadito 68.68b c d 12.46a 6.24c 0.34c 0.15a b 0.85a 

Porto Rico 73.15a b c d 2.79c 14.52a b 0.51a b c 0.13a b c d 0.82a 

Pur 01-192 67.53c d 13.24a 5.32c 0.43a b c 0.16 a b 0.96a 

Suwon 122 65.59d 11.30a b 5.53c 0.64a b 0.16a b 0.96a 
Different letters within columns indicate a significant difference at p<0.05.  
*Units: % Wet Weight Basis 
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Table 3. Sugar Content of the Sweetpotato Purees 

Cultivar Glucose Fructose Sucrose Maltose 

Beauregard 2.18a b 1.79a b 3.31a b 7.21b c 

Bon 99-447 0.75d e f 0.46b c d e 2.23b c 7.21b c 

Covington 1.51b c 1.12a b c d e 3.73a 6.06c 

FTA 94 0.26f 0.18e 1.15c 3.77d 

Hernandez 2.76a 2.30a 2.98a b 7.37 a b c 

NC 415 1.57b c 1.18 a b c d e 1.70c 9.32a 

Norton 1.46 b c d 1.77a b c 2.32b c 7.30b c 

O’Henry 1.89b c 1.71a b c d 1.69c 7.59 a b c 

Okinawa 0.48f 0.29c d e 1.29c 3.73d 

Picadito 0.63e f 0.40b c d e 1.14c 4.07d 

Porto Rico 1.34c d e 1.06a b c d e 3.32a b 8.80a b 

Pur 01-192 0.34f 0.23d e 1.14c 3.61d 

Suwon 122 0.21f 0.11e 1.26c 3.95d 
Different letters within columns indicate a significant difference at p<0.05.  
*Units: % Wet Weight Basis 
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Table 4. Mineral Content of Sweetpotato Purees 

Cultivar P K Ca Mg Fe Na 

Beauregard 62.32e 680.59a 36.08a 38.35b 1.26a 45.30a 

Bon 99-447 117.89a b c 934.77a 54.29a 61.33a b 0.74a 19.77a b 

Covington 82.16c d e 838.55a 59.20a 61.64a b 1.79a 30.53a b 

FTA 94 147.70a b 989.88a 55.45a 80.08a b 1.13a 16.70a b 

Hernandez 100.34c d e 865.09a 68.49a 70.02a b 0.93a 32.53a b 

NC 415 125.87a b c 761.26a 62.28a 62.90a b 1.61a 10.92b 

Norton 94.66c d e 800.27a 30.81a 42.72a b 0.92a 20.27a b 

O’Henry 64.84d e  708.23a 34.35a 35.97b 0.92a 17.37a b 

Okinawa 158.25a 895.12a 56.41a 88.20a 1.06a 21.57a b 

Picadito 113.66a b c  989.88a 55.45a 80.08a b 1.13a 16.70a b 

Porto Rico 95.36c d e 787.55a 38.90a 46.36a b 0.99a 26.11a b 

Pur 01-192 107.60b c d 814.83a 48.25a 56.09a b 0.86a 28.66a b 

Suwon 122 115.55a b c 944.41a 30.00a 70.19a b 0.97a 11.5b 
Different letters within columns indicate a significant difference at p<0.05.  
*Units: % Wet Weight Basis 
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Figure 1. Puree Samples from Thirteen Sweetpotato Cultivars 
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Figure 2. The Effect of Moisture and Temperature on the Dielectric Constant of Sweetpotato Purees 
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Figure 3. The Effect of Moisture and Temperature on the Dielectric Loss Factor of Sweetpotato 

Purees 
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Figure 4. The Effect of Moisture & Temperature on the Specific Heat  
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Figure 5. The Effect of Moisture & Temperature on the Penetration Depth  
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3.8 NOMENCLATURE 

a* CIE Lab Color Redness 

b* CIE Lab Color Yellowness 

cp Specific Heat at Constant Pressure (KJ/kg·K) 

f Frequency (Hz) 

frel Relaxation Frequency (Hz) 

g gram 

L* CIE Lab Color Lightness 

mg milligrams 

k Thermal Conductivity (W/m·K) 

T Temperature (˚C) 

t Time (s) 

V Volume (m3) 

Greek Letters 

α Thermal Diffusivity (m2/s) 

ε' Dielectric Constant Relative to Vacuum 

ε'' Loss Factor Relative to Vacuum  

λ Wavelength (m) 
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4.1 – ABSTRACT 

Continuous flow microwave processing is an emerging processing 

technology.  Establishing the new processing technology requires evaluating the 

microbial inactivation of food materials.  Microbial validation utilizing inoculated 

packs and bio-indicators containing spores have been successful for various thermal 

processes such as can retorting, high-temperature short-time (HTST) processes, 

and microwave heating. 

The objective of this research was to assess the feasibility of using steriflex 

biological indicators containing G. stearothermophilus (ATCC 7953) and B. subtilis 

(ATCC 35021) for microbial inactivation of vegetable puree in a pilot scale 60 kW 

continuous flow microwave heating unit and to develop a setup and protocol for 

injecting the biological indicators into the system. 

Sweetpotato puree with bio-indicators was subjected to 3 processing levels 

based on fastest particle: under-target process (F0~0.65), target process (F0~2.8), 

and over-target process (F0~10.10).  The microbial results for B. subtilis were 

equivalent to the calculated degrees of sterilization (F0).   

Overall, processing the sweetpotato puree containing the biological indicators 

for feasibility studies on microbial inactivation of spores in continuous flow 

microwave system is feasible.  An appropriate technique for injecting the biological 

indicators into the continuous flow microwave system was developed.  The findings 

generated from this study would be useful for microbial validation of the microwave-

aseptic processing of viscous food materials and products with particulates. 
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4.2 INTRODUCTION 

Continuous flow microwave processing is an emerging technology which has 

potential in thermal processing of foods.  A process for rapid sterilization and aseptic 

packaging of sweetpotato puree, vegetable purees, and other viscous products 

using a continuous flow microwave system operating at 915 MHz has been 

successfully developed at North Carolina State University (Raleigh, NC).  This 

technology has the ability to produce a high-quality, shelf-stable sweetpotato puree 

with no detectable microbial growth based on a 90 day storage study of the product 

at ambient temperature (Coronel et al. 2005).  However, further research is needed 

to establish the process for microbial safety in commercial production.   

Establishing a new thermal processing technology requires performing 

microbial validation on the process to quantitatively demonstrate the commercial 

sterility of the food material.  Studying the microbial inactivation kinetics of 

processed food materials is essential to obtain the time and temperature 

requirement for adequate thermal treatment.  For microwave processing, dielectric 

properties play a major role in determining the thermal treatment based on the 

interaction between the food material and electromagnetic energy.  The exposure 

time to electromagnetic energy during the process is determined by the dielectric 

properties which significantly change during the process as the temperature of the 

food material changes (IFT 2000).  The lethal kill for sterilization efficiency is the time 

and temperature history at the coldest location of the product being microwave 

processed.  Within a microwave system, critical process factors affect lethality are  
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the food material composition (ionic content, moisture, density, and specific heat), 

temperature, microwave processing frequency, and the microwave applicator 

design.  Studies have shown that the effect of microwave heating on the inactivation 

of viable spores is indistinguishable from conventional heating (Welt and Tong 

1994).  Thus, the sporicidal activities of the microwave energy are simply a function 

of thermal heat converted from the microwave energy (Jeng et al. 1987).  The 

effects of microwave heating on Bacillus subtilis and other Bacillius species have 

shown to be as effective as the conventional heating in killing the spores (Celandroni 

et al. 2004, Wang et al. 2003). Currently there are no microorganisms with unique 

resistance which have been reported for microwave processing (IFT 2000).  

Microbial validation utilizing inoculated packs and bio-indicators containing 

spores have been reported for various thermal processes such as can retorting, 

high-temperature short-time (HTST) processes, and microwave heating (Pflug et al. 

1980, Smith and Kopelman 1982, Guan et al. 2003).  Several researchers have 

studied a variety of encapsulated spores in a carrier for thermal processing of 

canned products (Pflug and Smith 1977, Jones et al. 1980).  Smith and Kopelman 

(1982) reported the commercial sterility of sweetpotato puree utilizing inoculated test 

packs of Bacillus subtilis, Bacillus stearothrmophilus, and Clostridium sporogenes for 

steam flash sterilization and aseptic filling.  The inoculated pack technique was also 

utilized by Guan and others (2003) for microbiological validation of a pilot scale 915 

MHz microwave-circulated water combination heating system.  However, this 

technique is not suitable for continuous flow processes.  Pflug and others (1980)  



 93

developed biological indicators made of plastic to validate the sterilization processes 

for canned products.  For biological indicators, there are different types which can be 

used for microbial verification of aseptically processed foods.  Immobilization of 

bacterial spores in calcium alginate gel beads was used to evaluate the lethal effects 

of ultra high temperature (UHT) processing (Dallyn and others 1977).  Spores of 

Bacillus subtilis and Bacillus stearothrmophilus immobilized in alginate gel were also 

successfully utilized for validating a microwave system (Serp et al. 2002).  The spore 

immobilized bio-indicators were placed throughout the sterilization chamber for 

reliable multipoint mapping of the thermal treatment and full recovery of bio-

indicators.  The spore immobilized alginate gel has several disadvantages for 

validating the process for low acid foods (pH>4.6).  Alginate gels form at a pH of 4.0- 

4.5 and therefore, the spores are not tested at the same low acid environment as 

that of the foods.  Moreover, the tested alginate beads need to be disintegrated for 

microbial enumeration (Dallyn et al. 1977, Smith and Kopelman 1982, Plug et al. 

1980, Pflug 1990, Lucechapattanaporn 2004).  

Recently, steriflex biological indicators (SGM Biotech, Inc., Bozeman, MT) 

containing bacterial spores have been developed in the thermoplastic polymer 

polypropylene.  This material allows the indicators to tolerate high temperature 

processes.  The bio-indicators contain growth media with a color indicator to aid in 

the early detection of growth.  In addition, the growth media can be evaluated for log 

reduction of the spores.  The spore suspension within the bio-indicators has a buffer 

pH of 6.85.  The bio-indicators have potential effectiveness as a convenient method  
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for evaluating the thermal process validation.  SGM Biotech, Inc. has reported 

successful utilization of the biological indicators worldwide by medical and industrial 

facilities to monitor an array of thermal processes. However, these biological 

indicators have not been utilized for monitoring or evaluation for microwave 

processing.  

The objectives of this study were to assess the feasibility of using biological 

indicators containing spores for microbial inactivation in a continuous flow 

microwave system, and to develop a setup and protocol for injecting the biological 

indicators into the system.   

4.3 MATERIALS AND METHODS 

Sweetpotato Puree 

Sweetpotato puree was purchased from the Bright Harvest Sweet Potato Co. 

(Clarksville, AK).  The puree was made from the orange-fleshed Beauregard cultivar 

and had approximately 82% moisture content.  The puree was packed in 20 lb bag-

in-box containers, shipped frozen and stored at -20 ˚C until use.   

Biological Indicators 

The steriflex biological indicators from SGM Biotech, Inc. (Bozeman, MT) 

containing 0.1 ml spore suspension of G. stearothermophilus (ATCC 7953) or B. 

subtilis (ATCC 35021) were sealed in polypropylene (PP) tubing.  These totally self-

contained indicator pouches were 15 mm in length and 2 mm in thickness (Figure 1).  

The spore suspension had a pH of 6.85.  The spore crops of these microorganisms 

were utilized with sufficient concentration to determine their log reduction for under 

target (126 ˚C), target (132 ˚C) and over target (138 ˚C) processing temperatures 
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completed in triplicates.  Bacillus subtilis indicator contained approximately 4.85x106 

viable spores and G. stearothermophilus indicator contained approximately 1.8 x 106 

viable spores.   The Sterilflex biological indicators were stored under refrigeration (4 

˚C) prior to use to prevent germination and outgrowth of the spores.   

D and Z value Determination 

The determination of D and Z values were performed by SGM Biotech, Inc. 

on the biological indicators.  For the fraction negative (FN) analysis and most-

probable-number (MPN) were used to calculate the D-values based on the Stumbo-

Murphy-Cochran method (Pflug 2003).  The fraction negative analysis, replicate 

biological indicators units are subjected to lethal stress sufficient enough for some 

units with growth and some without growth.  The fraction negative (FN) analysis 

consists of a series of tests with each test having a different stress level (heating 

time) and everything else was held constant.  Determining the fraction of replicate 

biological units were negative, assisted in estimating critical parameters of the 

surviving microbial population.  Each stress level had 10 replicates completed, with 

level exposure period differed from the previous exposure period by a constant 

interval of time.  The exposures were preformed in a steam biological indicator 

evaluator resistometers (BIER) vessel (Joslyn Corporation, Macedon, NY) at the 

specific temperatures.  After completion of each exposure, test units were incubated 

for 7 days at 55 ˚C for G. stearothermophilus and 35 ˚C for B. subtilis.  During the 

incubation period the spore test units were monitored for growth.  The plate count 

data were collected after incubation  
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to determine the most-probable-number (MPN).  The Stumbo-Murphy-Cochran 

(SMC) procedure was used to calculate the D-values.  This analysis was based on 

most-probable-number of survivors.  D values were determined at 115.6 ˚C, 118 ˚C, 

121.1 ˚C, 124 ˚C and 126.7 ˚C for G. stearothermophilus and at 110, 115.6 ˚C and 

121.1 ˚C for B. subtilis.  The data collected during the determination of the D-values 

were used to calculate the z-values for both spores by log linear regression.   

Measurement of Dielectric Properties 

 An open-ended coaxial probe (HP 85070B, Agilent Technologies, Palo Alto, 

CA) equipped with an automated network analyzer (HP 8753C, Agilent 

Technologies, Palo Alto, CA) was used to determine the dielectric properties of the 

spore suspension and sweetpotato puree  The calibration of the system was 

performed using a short block, air, and water (Agilent 1998).  The spore suspension 

was heated in an oil bath (Model RTE111, Neslab Instruments Inc, Newington, N.H., 

U.S.A.) at a range of temperatures (20 ˚C, 75 ˚C, 90 ˚C, 100 ˚C, 110 ˚C, 120 ˚C, 125 

˚C and 130 ˚C) with 915 MHz frequency.  The sweetpotato puree was heated in an 

oil bath (Model RTE111, Neslab Instruments Inc, Newington, NH) from 15 ˚C to 145 

˚C in 5 ˚C intervals with 915 MHz frequency.  The dielectric constant and dielectric 

loss factor were calculated using the software provided with the probe by the phase 

shift and magnitude of the reflected signal.  Three repetitive measurements were 

performed for each duplicate sample. 

Measurement of Viscosity 

Viscosity of the puree was determined using a controlled stress rheometer  
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(Stress Tech Rheological Instruments AB, Lund, Sweden) equipped with a 

pressurized sealed cell and a covette bob and cup.  Compressed air was applied to 

the sealed cell at 29 psi to prevent boiling and excessive moisture loss of the 

sweetpotato puree.  All measurements were performed in duplicates.  Samples were 

pre-sheared for 30 s at 50 s-1 and allowed to equilibrate for 25 s before testing 

began.  Shear rate sweeps were performed on the samples at 70 ˚C and 130 ˚C with 

shear rate ramped up and down from 1 to 250 s-1.   

60 kW Continuous Flow Microwave Heating Unit 

A pilot scale 60 kW continuous flow microwave heating unit (Industrial 

Microwave Systems, Research Triangle Park, NC) operating at 915 MHz was used 

in this study.  The temperatures were measured with thermocouples positioned at 

the inlet of the system, the inlet and exit of each applicator and the holding tube as 

shown in Figure 2a.  The temperatures were recorded using a datalogging system 

(HP 3497A, Agilent Technologies, Palo Alto, CA).  The microwave power supplied to 

the microwave system was adjusted to control the experimental temperatures of 126 

˚C, 132 ˚C, and 138 ˚C.  The system was preheated by pumping hot water at 130 ˚C 

and recirculated for approximately 30 minutes.  The sweetpotato puree was then 

loaded into the system and recirculated as carrier of the biological indicators.  The 

puree was heated to each processing temperature, with a residence time of 25 s in 

the holding tube and then rapidly cooled in a tubular heat exchanger to 70 – 80 ˚C.  

Biological indicators were collected at the end of the cooling tubes, placed in an ice 

slurry, and immediately taken to the laboratory for enumeration and incubation.  
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Color Reading for Spore Growth in Biological Indicators 

Biological indicators were placed in sterile whirl pak bags and immediately 

incubated for 48 hours at 55 ˚C and 35 ˚C for B. subtilis, to detect color change of 

the spore suspension.  After incubation of the indicators, if the color remained 

purple, this indicated all spores were inactivated.  For biological indicators containing 

surviving spores, acid production associated with bacterial growth caused a change 

in the pH, resulting in a color change from purple to yellow. 

Microbial Enumeration 

The biological indicators were pooled into 2 sets of 5 for each processing run 

for enumeration.  Indicators were placed in a hypochlorite solution for 1 minute, and 

then removed to be air dried.  Dissecting scissors sterilized with 70% ethanol and 

flamed were used to cut open the indicator pouches. A 200 µl micropipette was used 

to remove 75 µl of the indicator spore suspension from the pouch.  The suspension 

was added to a 1.0ml eppendorf microcentrifuge tube.  This was repeated five times 

with a total of 375 µl of spore suspension for a pooled sample set.  Dilutions were 

carried out to 10-5 using fluid D (Millipore, Billerica, MA) and spread plated in 

duplicate on brain heart infusion (BHI) agar (Becton Dickinson, Franklin Lakes, NJ).  

Samples were incubated for 48 hours at 55 ˚C for G. stearothermophilus and 35 ˚C 

for B. subtilis. 

Thermal Death Time Determination 

Thermal death time or F-value was determined to evaluate the efficiency of 

the processing method in its reduction of a population of the heat resistant  
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microorganism.  The recorded temperature profile was utilized to calculate F0 to 

establish the sterilization value in equation 1 where T is temperature (˚C) and t is the 

processing time (minutes).  The sterilization value is used to ensure safety for low-

acid (pH ≥ 4.6) foods.  Sweetpotato puree has a pH of 5.8 to 6.0.  The reference 

temperature used was 121.1 °C with a z-value of 10°C for Clostridium botulinum 

(Eszes and Rajko΄ 2000, Heldman and Hartel 1997).   

 

(1) 

 

Calculated D values at Processing Temperatures 

Decimal reduction time or D-value has been utilized in thermal processing to 

quantify the amount of time a food material receives at a specific temperature to kill 

90% of any target microorganism.  With a reduction of 1 logarithmic cycle or 1 D, the 

population is decreased by 90% of the original microorganisms (Eszes and Rajko΄ 

2000, Heldman and  Hartel 1997).  D-value is dependent on the processing 

temperature.  Equation 2 uses the reference temperature (T2) and the thermal 

resistance of the specific microorganism (z) to determine the D-value at another 

processing temperature (T1).  

 

(2) 

 

 

 

dt
z

TtT
Fo

t
0

0

)(
10

−
= ∫

z
TT

DD
12

10*21

−

=



 100

4.4 RESULTS AND DISCUSSION  

Dielectric Properties and Apparent Viscosity of the Processing Materials 

The dielectric properties of the spore suspension and sweetpotato puree were 

measured at 915 MHz and a temperatures range from 20 ˚C to 130 ˚C are shown in 

Figure 3.  Dielectric constant and dielectric loss factor were similar to the values 

reported by Fasina and others (2003) and Coronel and others (2005).  Similar trends 

were reported by Guan and others (2004) for mashed potatoes and other food 

materials by Nelson and Datta (2001).  The dielectric constant values for the spore 

suspension and the puree had similar values.  However, dielectric loss factor values 

for sweetpotato puree were higher than those of the spore suspension, which was 

desirable because the indicators did not receive more heat treatment than the carrier 

fluid during microwave processing.  The apparent viscosity was measured at 70 ˚C 

and 130 ˚C (Figure 4).  The viscosity decreased as temperature increased, which 

exhibited a similar trend reported by Grabowski and others (2006).  There are 

possible applications of this developed technique for other viscous materials with 

similar flow properties under microwave heating. 

Thermal Resistance of B. subtilis and G. stearothermophilus 

The z- and D-values at 121.1 ˚C, 126 ˚C, 132 ˚C, and 138 ˚C are shown in 

Table 2 and 3 for Bacillus subtilis (ATCC #7953) and Geobacillus 

stearothermophilus (ATCC # 35021) respectively.  The D-values for Bacillus subtilis 

and Geobacillus stearothermophilus were much higher than those of Clostridium 

botulinum, which generally has been reported to be 0.25 at 121.1 ˚C.  The thermal  
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process guides aimed to have a microbial survival rate for Clostridium botulinum in 

low acids foods which corresponded to a 12D process.  The 12D process is 

equivalent to the full exposure of 121.1 ˚C for 3 minutes (Holdsworth 1997).  In this 

study, at the target process temperature of 132 ˚C, an 8.55 D inactivation of Bacillus 

subtilis and 2.5 D inactivation of Geobacillus stearothermophilus were equivalent to 

a 12 D inactivation of Clostridium botulinum.  

Injection of the Biological Indicators into the Microwave System  

An initial experimental was carried out by mixing 40 biological indicator units 

in the puree (60 - 70 ˚C) and loading the material into a tube (1.7 cm in diameter, 

110 cm in length).  The injection tube was inserted in to the base of the hopper filled 

with sweetpotato puree being pumped at a rate of 3.79 l/min.  The mixture of puree 

and biological indicators was inserted into the system for processing.  The operation 

was not successful since only small portions (20% from 3 replicated runs) of the 

injected indicators were collected at the end of the cooling tube with a side-entry 

strainer (W25E15SCC420B, Waukesha Cherry Burrell, Delavan, WI).  A few 

problems were identified with the initial experiment.  A portion of the indicators were 

trapped in the bottom of the hopper, which were never processed.  In addition, the 

large number of indicators inserted per run caused indicators adhering to each other 

which caused major blockages within the system.  The smooth surface of the 

biological indicators also adhered to the side of the pipe walls and blades of the 

static mixer in the system.  However, the static mixers located after each microwave 

applicator are necessary to generate the uniform temperature distribution of the  
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puree (Coronel et al. 2005). 

To overcome these hurdles, a better injection method was developed for the 

biological indicators.  The designed insertion method is shown in Figures 2a and 2b.  

The injection tube was 0.91 m in length with an internal diameter of 22.91 mm.  

There are two injection tubes to maintain the flow of the puree while loading and 

unloading the tubes (Figure 2b).  The larger diameter facilitated the loading of the 

puree containing bio-indicators into the tube.  The number of indicators per replicate 

run was decreased to minimize adhering among units.  The tube was held in a warm 

bath to maintain the temperature of the puree carrying the biological indicators at 

between 60 and 70 ˚C.  Maintaining the puree temperature assisted in avoiding a 

cold slug being inserted into the system.  The injection tube was quickly inserted into 

the system shown in Figure 2b.  In addition, for increasing collection the flow rate 

was increased from 3.79 l/m to 5.68 l/m in order to push the indicators past the static 

mixers.  The increase in flow rate assisted in overcoming the increased viscosity of 

sweetpotato puree in the cooling tube.  Due to the increase in viscosity of the 

sweetpotato puree increases as temperatures decreased from 130 ˚C to 70 ˚C 

(Figure 4), and reducing the number of bio-indicators trapped in the cooling section.  

Lastly, decreasing the number of bio-indicators from 40 to 30 was done to provide 

more space between each indicator.  As previously stated, the biological indicators 

warped and adhered to each other causing blockages and prevented the flow of the  

indicators through the system.  The warping of the biological indicators was due to 

processing near the polypropylene melting point of160 ˚C after the second 
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microwave applicator (Kissel et al 2003).  These improvements increased our 

retrieval of indicators from 20% to 60% (Table 2 and 3).   

Temperature of the sweetpotato puree was measured with thermocouples 

positioned at the inlet of the system, the inlet and exit of each applicator, and the 

inlet and exit holding tube (Figure 2a).  Figures 5a and 5b are representative of 

typical time-temperature profiles recorded during the microwave processing of 

sweetpotato puree containing biological indicators.  The inlet temperature of the 

puree fluctuated between 60 and 70 ˚C (Figure 5a).  The temperature was 

approximately 100 ˚C at the exit of first applicator and the target processing 

temperature after the exit of second applicator.  The heating profile at the outlet of 

the second applicator for a target temperature was fluctuated around of 132 +/- 4˚C 

and the temperature at the outlet of the holding tube was 132 +/- 4 ˚C.  The outlet 

temperature of the puree after the cooling tube was cooled to between 70 and 80 ˚C 

as shown in Figure 5b.  The sweetpotato puree (2.32 liters) containing the indicators 

had a residences time of 25 s in a 2.44 m long holding tube with an internal diameter 

of 22.91 mm.  The temperature profile distribution for processing temperatures 132 

˚C and 138 ˚C were similar to the temperature profile reported by Coronel and others 

(2005).  The average hold time within the holding tube for the volumetric flow rate 

was 25 s and that of the fast particle (center of the tube) was 12.50 s.  The F0-value 

was calculated based on the hold time required to achieve the specific log reduction 

in the population at the set processing temperatures.  The thermal treatment for 

fastest fluid elements (center) at the under target process at 126 ˚C received a 

thermal treatment equivalent of Fo = 0.65 min, the target process at 132 ˚C received 
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a thermal treatment equivalent of Fo = 2.80 min, and the over target process at 138 

˚C received a thermal treatment equivalent of Fo = 10.10 min (Table 2 and 3).  The 

reference temperature of 121.1 ˚C with a z-value of 10 ˚C for Clostridium botulinum 

was based on the studies by Eszes and Rajko΄ (2000), and Heldman and Hartel 

(1997). The target F0 value in this study for the specific microbial reduction is to 

obtain a desire product shelf life, and/or population reduction of pathogens (Eszes 

and Rajko΄ 2000, Heldman and Hartel 1997). 

Microwave Heating of Biological Indicators 

 The results on the growth indicators and microbial enumeration of the 

biological indicators collected during the test runs from the microwave system are 

shown in Tables 2 and 3.  The biological indicators containing Bacillus subtilis for the 

under target, target, and over target process had log reductions of >4.26 (Table 2).  

The Bacillus subtilis units subjected to target and over target process temperatures 

did not have any positive color changes for spore growth. The negative color 

indicators and a log reduction of >4.26 indicated a total destruction of viable 

microorganisms for target and over target process.  These results matched the 

degrees of sterilization (F0 value) with over a 12 D log reduction.  However, the  

Bacillus subtilis bio-indicators subjected to the under target process did have 

positive color changes (10 positive and 43 negative) for spore growth.  The positive 

color changes of the biological indicators verified that there were viable spores at the 

end of the 126 ˚C thermal treatment.  These results were anticipated because the 

calculated average degree of sterilization for 126 ˚C process was 10.5 D log 

reduction for the fluid element and 5.32 D log reduction for the fastest particle. 
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The biological indicators containing Geobacillus stearothermophilus for the 

under target process had a range in log reductions from 1.34 to >4.26 (Table 3).  

The under target processed indicators had positive color changes for spore growth 

(29 positive and 8 negative) (Table 2).  G. steraothermophilus should not have total 

inactivation at the under-target process, there should have only been approximately 

1.3 to 2.5 log reduction.  The total inactivation at the under-target process was 

obtained due to several indicators were probably adhering within the system which 

received a longer process.  The biological indicators containing G. 

stearothermophilus for target and over target process had log reductions of >4.26 

(Table 3), of which total inactivation correlates with the log reductions achieved from 

this process.  The target processed indicators had positive color changes for spore 

growth for almost all indicators (15 positive and 15 negative) (Table 2).  The over 

target processed indicators did not have positive color changes for spore growth and 

a log reduction of >4.26 indicating the destruction of all viable spores matched the 

degrees of sterilization (F0 value).   

Further improvements are necessary for the processing of biological 

indicators in a continuous flow microwave processing system for viscous food  

materials.  Increasing the retrieval of the biological indicators is necessary for 

establishing microbial validation for sterilization of the food material to file a 

scheduled process with the U.S. Food and Drug Administration.  Furthermore, 

knowledge of where the biological indicators are during the process is deemed 

important to establish the amount of heat treatment each indicator receives.   
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4.5 CONCLUSIONS 

The incorporation of plastic biological indicators in a continuous flow 

microwave process of viscous food material for microbial inactivation evaluation is 

feasible.  A setup and injection procedure for testing the biological indicators in a 

continuous flow microwave system has been developed.  The protocol resulted in 

recovering approximately 60% of the indicators injected into the system.  The 

enumeration of the spore suspension for log reduction and color indication were 

consistent in verifying microbial inactivation of the microorganisms within the 

sweetpotato puree.  The log reduction results for B. subtilis were equivalent to the 

pre-designed degrees of sterilization (F0).  However, further research is considered 

necessary for establishing microbial validation for sterilization of the food material to 

file a scheduled process with the U.S. Food and Drug Administration.  Further 

improvements of the developed method are necessary to increase the efficiency of 

recovering indicators and monitoring their residence time within the holding tube.  

The generated information would be useful for microbial validation of the microwave-

aseptic processing of viscous food materials and products with particulates.  
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4.8 Appendices 
 
Table 1. D-values of Bacillus subtilis and Geobacillus stearothermophilus at Processing 
Temperatures 
 
 D-value 

(minutes) 
Z-value 

(˚C) 
 121.1˚C 126˚C 132˚C 138˚C  
B. subtilis 0.4 0.12 0.029 0.006 9.5 
G. stearothermophilus 2.0 0.51 0.097 0.018 8.3 
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Table 2. Growth Indicators and Count Reduction of Biological Indicators containing B. subtilis  
 

Initial 
Spore 
Count 

Process 
Level 

Degree of 
Sterilization 

F0
a 

Degree of 
Sterilization 

F0 b 
Reps 

Log 
Reduction 

valuec 

Indicators 
Positive 

Indicators 
Negative 

1a >4.26 4.85x106  1.29 0.65 1b >4.26 4 14 

2a >4.26 
4.85x106 

Under 
target 

process 
1.29 0.65 2b >4.26 2 13 

3a >4.26 4.85x106  1.29 0.65 3b >4.26 4 16 

4a >4.26 4.85x106  5.13 2.80 4b >4.26 0 12 

5a >4.26 4.85x106 Target 
process 5.13 2.80 5b >4.26 0 16 

6a >4.26 4.85x106  5.13 2.80 6b >4.26 0 13 

7a >4.26 4.85x106  20.41 10.10 7b >4.26 0 9 

8a >4.26 
4.85x106 

Over 
target 

process 
20.41 10.10 8b >4.26 0 10 

9a >4.26 4.85x106  20.41 10.10 9b >4.26 0 10 
 

aFo, based on volumetric holding time (Unit: minutes) 
bFo, based on fastest particle/element (Unit: minutes) 
cLog10 reduction for Bacillus subtilis 
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Table 3. Growth Indicators and Count Reduction of Biological Indicators containing  

  G. stearothermophilus  
 

Initial 
Spore 
Count 

Process 
Level 

Degree of 
Sterilization 

F0
a 

Degree of 
Sterilization 

F0 b 
Reps 

Log 
Reduction 

valuec 

Indicators 
Positive 

Indicators 
Negative 

1a 1.34 1.8 x 
106  1.29 0.65 1b >4.26 14 0 

2a >4.26 1.8 x 
106 

Under 
target 

process 
1.29 0.65 2b 1.57 11 3 

3a 1.68 1.8 x 
106  1.29 0.65 3b 2.99 4 5 

4a >4.26 1.8 x 
106  5.13 2.80 4b >4.26 7 3 

5a >4.26 1.8 x 
106 

Target 
process 5.13 2.80 5b >4.26 5 8 

6a >4.26 1.8 x 
106  5.13 2.80 6b >4.26 3 4 

7a >4.26 1.8 x 
106  20.41 10.10 7b >4.26 0 9 

8a >4.26 1.8 x 
106 

Over 
target 

process 
20.41 10.10 8b >4.26 0 1 

9a >4.26 1.8 x 
106  20.41 10.10 9b >4.26 0 10 

 

aFo, based on volumetric holding time (Unit: minutes) 
bFo, based on fastest particle/element (Unit: minutes) 
cLog10 reduction for Geobacillus stearothermophilus  
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Figure 1. Bio-indicators Containing Spores of the Tested Microorganisms  
(A = Unprocessed, B = Processed with Negative Result, C = Processed with Positive Result) 
 

A B C 
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Figure 2a. Schematic Diagram of the Processing System (Adapted from Cornel and others, 2005, with modifications) 
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Figure 2b. Injection Tubes (A and B for the Biological Indicators 

A B 
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Spore Suspension ε' = -0.0016T2 + 0.1123T + 97.7

Spore Suspension ε" = 0.0084T2 - 0.1618T + 96.1

Puree ε" = 0.0011T2 + 0.0385T + 13.069

Puree ε' = -5E-05T2 - 0.1551T + 72.845
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Figure 3. Dielectric Properties of the Biological Indicators Spore Suspension and Sweetpotato Puree 
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Figure 4. Apparent Viscosity of Beauregard Sweetpotato Puree  
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Figure 5a. Typical Temperature-Time History at the inlet of the Microwave and Exit of Second 
Microwave Heating Applicator 
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Figure 5b. Typical Temperature-Time History at the Exit of Holding and Cooling Section 
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4.8 – NOMENCLATURE 
 
D Thermal Death Time (s) 

F0 Sterilization Value (s) 

F Frequency (Hz) 

T Temperature (˚C) 

t Time (s) 

V Volume (m3) 

Z Thermal Resistance of Microorganisms (˚C) 

ΔT Change in Temperature (˚C) 

 
 
 
 
 


