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ABSTRACT 

Drying characteristics of foods are important in the process of designing appropriate dryers. 

Appropriately designed dryers are crucial in overcoming the challenges associated with drying 

of food products under unhygienic open sun drying. Currently, MW are only dried using the 

open sun drying method with attendant product contamination challenges to this southern 

Africa delicacy. In this study, convective hot air drying of mopane worm (MW) will be 

conducted in a controlled environment climatic chamber to establish the worm’s drying 

kinetics. The physical properties of the MW will be determined prior to conducting the drying 

experiments. Drying of MW will be performed at three temperature levels such as 40˚C, 50˚C 

and 60˚C and three different drying air relative humidity levels of 40, 60 and 80 %. Prior to 

drying, MW will be subjected to four different pre-treatments (i.e.  raw MW, salted MW, MW 

just boiled and MW boiled in salty water). MW should be dried to a moisture content range of 

12-15%. The data drying will be fitted into the existing drying models using appropriate 

computer tool such as Microsoft Excel. The best model that fits well to experimental drying 

data will be selected using coefficient correlation (R2), the chi-square (X2), root mean square 

error (RMSE) and mean bias error (MBE). This study will provide experimental data on the 

physical properties and thin-layer drying equations of mopane worm which is the first study in 

its kind.  
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CHAPTER 1: INTRODUCTION 

Mopane worm (MW) (Imbrasia Belina) is an edible worm that survives mostly on mopane tree 

leaves (colophospermum mopane). MW is generally abundant found in the southern parts of 

Zimbabwe, northern parts of South Africa, Botswana, Angola and Namibia (Gondo et al., 

2010). MW is rich in proteins, vitamins, fats, carbohydrates and minerals such iron and 

phosphorus (Styles, 1995; Bartlet, 1996 and Makhado 2009). MW is an important and cheap 

source of nutrition for most rural households in Africa (Stack et al., 2003; Gardiner, 2005). The 

worm is consumed as a snack and/or a relish. 

 

Mopane worms contribute greatly to the livelihoods of traders and harvesters. Gondo et al., 

(2010) and Stack et al., (2003) state that MW supplements rural households’ income through 

sales and barter trading. Income generated from MW is used to pay school fees, buy food, 

agricultural inputs and implements. The trade value of MW yearly amounts to over $1.6million 

in South Africa and $8million in Botswana (Kwiri et al., 2014). FAO (2013) reports that Africa 

exports MW to European countries such as France Belgium. Exporting MW brings in revenue 

to the African countries therefore increasing the money received from MW. 

 

MW is harvested and processed mainly by rural households and MW traders. MW is harvested 

twice a year, i.e. December – January and April – May (Makhado et al., 2009). Harvesting is 

done at the late larval stage; when MW is about burrow in the ground or climbing down the 

trees (Dube and Dube 2010). After harvesting, MW is degutted, sun dried and stored for future 

use.  

 

Sun drying posses a lot of challenges such as being labour intensive, time consuming, tedious, 

loss is experienced due to unpredictable weather like rain, loss due to contamination by dirt, 

loss due to being eaten by rodents and variations (in uniform) in drying of the MW (Visavale, 

2012). It is with these challenges that need to have a dryer that can be used to dry MW in a 

hygienic and uniform manner is of importance. However, literature shows that there is no 

information on the physical properties and drying kinetics of MW. Such information is vital in 

designing of appropriate processing equipment such as a dryer. The study seeks to add on to 

the current drying literature by investigating the drying kinetics of MW using convective hot 

air drying. 
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Drying is a very important aspect employed in the preservation of different agricultural products 

(Haq et al., 2015). Drying is defined as the removal of liquid by evaporation (Visavale, 2012). 

Erbay and Icier (2009), define drying as a process converting liquids, solids, and/or semi-solid 

material into solid products to a minimal moisture content. Drying has benefits such as 

prolonged product shelf life, reduced volume and weight thus reduced transportation costs, 

enhanced product quality and keeping product in supply even off season (Visavale, 2012). 

There are several drying techniques that have been used in drying food examples being solar d, 

sun, convective, vacuum, freeze, spray, microwave, fluidised and advanced technology drying 

methods.  This investigation will adapt convective hot air drying to establish drying 

characteristics of MW.  

 

Convective drying is associated with the simultaneous heat and mass transfer caused by 

moisture diffusion toward the external surface from the sample, vapour transfer by convection 

and heat transfer by conduction (Haq et al., 2015).  Thin layer drying models are used to 

determine drying kinetics and drying rates of agricultural products. Drying models are 

influenced by sample type, drying temperature, relative humidity and air velocity (Erenturk and 

Erenturk, 2007).  Thin layer drying basically involves drying of sample in a single layer thus 

resulting in faster moisture removal leading to lesser nutrients loss (Haq et al., 2015). According 

to Darvishi (2013), mathematical models in drying are used to design new or improve drying 

systems currently in use and to control the drying process. Products are modelled using thin 

layer drying models and the best performing model is chosen using statistical parameters. The 

model performances will base upon comparing the values of statistical indicators such as 

coefficient correlation - R2, reduced chi-square - X2, the root mean square error - RMSE and 

mean bias error - MBE. The model that best suits the drying process must have the highest 

value of R2 (closer to 1), and the lowest values of X2, RMSE and MBE. (Tunde-Akintunde, 

2011). 

 

Although there is vast information on the physical and drying kinetics of many food products, 

there is however non-documented for MW. Therefore, the present study seeks to investigate the 

physical properties of MW and the drying kinetics. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 The Mopane Worm: an overview 

Mopane worm (MW) are the late-instar caterpillars of the mopane moth (Imbrasia belina) 

(Kozanayi et al., 2010). MW are a non-timber forest product (NTFP) surviving mostly on 

mopane tree leaves (Colophospermum mopane). MW are mostly found in southern parts of 

Zimbabwe, northern parts of South Africa, parts of Botswana, Angola and Namibia (Gondo et 

al., 2010). Mopane worm (MW) are a delicacy to most African countries such as South Africa, 

Zimbabwe, Zambia, Namibia and Angola (Stack et al.,2003). In South Africa MW is mostly 

consumed in Mpumalanga, Northwest, Gauteng and Limpopo provinces (De Foliart, 1995 and 

Taylor, 2003). Some MW native names are amacimbi in Ndebele; madora in Shona; mashonja 

in South Africa; phane in Botswana (Stack et al., 2003). MW is black, yellow and white and 

some species have red speckles as in Figure 2.1. 

 

 

 

 

 

 

Figure 2.1  Fully grown mopane worms (after Dube and Dube 2010; Tshireletso, 2010) 
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2.2 Physical Properties of Mopane Worm 

A physical property is defined as product characteristics that is physical and measurable for 

example area, smoothness, shape, color, weight, volume and hardness. Physical properties 

affect processing, handling and storage agricultural products (Wilhelm et al., 2004). It is of 

great importance to engineers, processors and food scientists to have the knowledge of physical 

properties. Investigating physical properties such as size, colour, shape, surface area, 

appearance, density, weight, porosity and volume are vital in this study. Wilhelm et al., (2004) 

describe MW as bilaterally symmetrical i.e. they have two identical sides. MW is black and has 

white and yellow stripes and some species with red speckles (Dube and Dube, 2010). Dithlogo 

(1996) and Dube and Dube (2010) state that a fully grown MW has a length range of 80-90mm. 

The average mass of each worm is 12grams (Dube and Dube, 2010). While some MW physical 

properties are already documented there is still need to determine density, porosity, volume and 

surface area. These physical properties are important in the designing of MW processing 

equipment such as dryers. 

2.3 Life Cycle of Mopane Worm 

The life cycle of MW shown in Figure 2.2 starts in summer when the female moth mates and 

lays a cluster of about 30-335 eggs.  The eggs hatch to a larva- MW (Dilthogo,1996). This larva 

feeds on foliage such as the mopane tree leaves among other leaves and grows to approximately 

80mm long (Glen et al., 1999). After six weeks of feeding MW is considered fully grown and 

ready for harvesting (Dube and Dube 2010). MW then moves down the tree to burrow in the 

ground and rests as a pupa for the next 6-7months. MW later emerges as a moth and cycle 

begins again (Glen et al., 1999). 
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2.4 Harvesting and Processing of Mopane Worm 

Mopane worm is bivoltine i.e. occurs twice in a year; from December to January and April to 

May (Makhado et al., 2009). Harvesting is done at the late larval stage; when MW is about to 

burrow in the ground or climbing down the tree. (Dube and Dube 2010). MW about to burrow 

in the ground has lesser gut content therefore easier to degut (SANS 1546, 2015). Women, 

children, and unemployed rural inhabitats normally harvest MW. A case study of Uukwaluudhi 

area in northern Namibia shows that 85% of harvesters are women while 15% are children 

(Benisiu, 2013). About 71% people harvest MW for subsistence while 29% harvest for income 

generation (Makhado et al., 2009).  MW are gathered by hand from the ground, trucks and tree 

branches and leaves of the host trees (FAO 2010). 

 

Fresh live MW can live up to about 3 days (FAO, 2010). After harvesting, MW are degutted, 

cleaned and dried using various traditional methods. Degutting is done to expel the gut contents 

 

Figure 2.2  The life cycle of Mopane worm [ a) eggs b) larva c) pupa and d) moth] (after 

Dube and Dube, 2010) 
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from the worm. Gut contents are expelled by forcefully squeezing the worm’s body from the 

head towards the anal region as shown in Figure 2.3 (SANS 1546, 2015). Degutting leaves the 

harvesters hands smelly, scratched and itchy (Kwiri et al., 2014). Harvesters who can afford, 

use gloves to prevent the itchiness. Degutting can also be done using sticks though it is very 

slow compared to the hand method (Kozanayi and Frost 2002). Some harvesters also tie clothes 

on their fingers to prevent being hurt. Other degutting methods stated by Gondo et al., (2003) 

are starving MW for at least 2-3 days in a large sack and placing MW in a pit covered by hot 

coals, the heat expels the gut contents from MW.  

 

SANS 1546 (2015) encourages processors to degut MW away from cooking, drying and 

packing areas to prevent contamination. Following degutting, MW is washed using clean water 

to remove soil, impurities and all forms of debris (SANS 1546, 2015). MW is boiled in salty 

water. Mujuru et al., (2014) used salt water proportion as 5% w/w salt and boiled for 

30mins.After boiling, MW is drained and preserved. Preserving of MW can be done by sun 

drying, roasting in the pan or smoking. Defoliart (1995) estimates that it takes about 43 hours 

for MW to completely dry for storage. Degutting and drying MW lengthens MW’s shelf life to 

over a year. This upholds a good supply of protein supplement and income generation to the 

people in rural areas (Dube and Dube, 2010). Packaging follows drying. MW is generally 

packed in sacks for storage and in polythene bags for selling. 

 

 

Figure 2.3  Mopane worm being degutted (Anonymous) 
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Figure 2.4  Summary of MW post-harvest processes 

2.5 Health Benefits of Mopane Worm 

Mopane worm is an important cheap source of nutrition for most rural households in the 

southern parts of Africa (Stack et al., 2003; Gardiner, 2005).  Compared to beef and chicken 

MW contains three times more protein (Moreki et al., 2012). MW contains 58-65% crude 

protein, 8.16% carbohydrates, 8.26% ash and 51% fats and amino acids (Moreki et al., 2012; 

Makhado, 2009; Barlett; 1996; Styles, 1995). A diet supplemented with South Africa’s edible 

bugs and worms such as MW is of benefit to many Aids patients (Toms, 2003).  The high 

protein, crude fat and mineral content found in MW acts as a healthy supplement for 

HIV/AIDS patients. Apart from being a great diet supplement of for HIV/AIDS patients it is 

also a rich diet supplement for vulnerable groups such as pregnant women, lactating mothers 

and children (Morualegomo, 1996). Ohiokphai et al., (1996) recommends MW as a good 

nutritional supplement in infants’ cereals and foods.  
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2.6 Contribution of Mopane Worm to the Livelihood of Traders and Harvesters 

 

Mopane worm contributes greatly to the livelihoods of traders and harvesters. Gondo et al., 

(2010) and Stack et al., (2003) state that MW supplements rural households’ income through 

selling and barter trading. Income generated from MW is used to buy food, agricultural inputs 

and implements and to pay school fees. MW also increases activity in the local economy, 

strengthens social relations in the community, represents a form of ‘gifting’ to household 

members’ resident in the city and creates employment for those collecting for traders 

(Modiselle et al., 2016). 

 

A case study for Limpopo province done by Modiselle et al., (2016) with sample size of 214 

households showed that about 93% of the people interviewed in 6 villages harvested MW. 

Of the 93% of MW harvesters, about 57% stated that they sold MW after harvesting, the rest 

then mainly channelling it to family consumption, barter trading and giving to relatives living 

in the cities. Among other sources of income, MW generates about 59% of income in 

Limpopo villages as shown in Table 2.1. MW is also barter traded with items such as tinned 

food, washing powder, soaps, blankets, clothes and utensils. MW harvesting, consumption 

and trading plays a vital role in empowering rural people’s economic lives. There is need to 

process MW appropriately to maximise its use and benefits. 

 

Table 2.1 Households income sources (after Modiselle, 2016)  

Source % households reporting source 

Social grants 

Remittances 

Crop sales 

Mopani worm sales 

Salary 

80 

28 

8 

59 

18 
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2.7 Trade Value of the Mopane Worm 

MW trading generates $1.6million in South Africa and $3.3 million in Botswana per annum 

(Styles 1995). Trading of MW creates employment and income for about 10 000 people. 

Portigieter (2010) and Kwiri et al., (2014) updated MW trade value in Botswana to a value of 

about $8million annually. FAO (2004) reports that Africa exports MW to European countries 

such as France Belgium.  Exporting MW brings in revenue to the African countries therefore 

increasing the money received from MW. 

 

2.8 Drying 

Drying in simple terms, is removing liquid from a product by evaporation (Visavale, 2012). 

Erbay and Icier (2009), define drying as a unit process applied to transform liquids, solids, or 

semi-solid materials into solid products through the evaporation of the liquid into vapour by 

heat application. 

2.8.1 General Principles and Mechanisms 

The aim of drying is basically to reduce or eliminate microbial activity in a product, food is 

normally inhibited by bacteria, protozoa and fungi (Jangam and Mujumdar, 2010). Bacterial 

activity spoils food products. Visavale (2012) and Mujumdar (1997)  summarise some of the 

benefits of drying as follows: makes product handling easier, preserves the product for longer 

periods, reduces cost of transportation, enhances the product quality and makes products 

available even out of season. 

 

There are many drying methods that are used to dry biological products. Methods include open 

sun drying, solar, convective, use of microwaves to dry, spray, freeze, fluidised, vacuum and 

advanced drying technologies. All these drying methods are suitable for different products and 

different circumstances. Each drying method has its merits and demerits. Table 2.2 summarises 

drying methods, their applications and the advantages and limitations of the methods (Parkash 

et al. (2004); Dirkbasan (2010); Feng et al. (2010); Surat and Thorat (2010)). 

 

Drying generally consists of two basic and simultaneous mechanisms; firstly, the transfer of 

vapour from the product’s interior to product surface and secondly, the evaporation of vapour 

from product to the air close by (Visavale, 2012; Weiss and Buchinger, 2005). The first 

mechanism, is influenced by external conditions such as temperature, humidity and air velocity, 
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exposed surface area, and pressure (Dikbasan, 2007). The second mechanism, is a function of 

the product’s physical nature, product’s temperature, and product’s moisture content (Dikbasan, 

2007). During the drying process, any of the factors affecting the two mechanisms may be 

considered as limiting factors although the mechanisms occur simultaneously. 

Table 2.2 Shows the different drying methods and their applications (after Parkash et al. (2004); 

Dirkbasan (2010); Feng et al. (2010); Surat and Thorat (2010)) 

Drying method Application Benefits Limitations 

Open-sun Outdoor temperature of 

30˚C and higher. 

Small scale operations. 

Drying of fruits, vegetables 

and meat. 

Low capital 

costs. 

Sun is readily 

available. 

Product quality 

compromised, not 

acceptable to 

national standards. 

Not hygienic. 

Hot air Allow for a wide range of 

products and energy 

sources. 

Increased drying 

rate and hygiene 

Poor air circulation 

Microwave Used to enhance other 

methods 

Reduces drying 

time 4-8 times. 

Capital and running 

costs high 

Vacuum Heat sensitive fruit and 

vegetables 

Maintains 

produce quality 

Relatively high 

capital and 

operational costs 

Fluidised-bed Applies to a range of 

produce 

Better produce 

quality 

Only specific 

produce can be 

effectively fluidized. 

Freeze drying Small-scale operations Retains 

produce’s 

structural 

properties 

Expensive for small 

scale farmers 

Advanced 

drying 

technologies 

Applied where high order 

technology is required. 

high quality 

products, reduces 

drying time. 

Capital and running 

costs high 
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Mujumdar and Devahastin, (2000) and Visavale, (2012) point out that transportation of vapour 

within a product may take place by any or more of the following mass transfer mechanisms: 

 Liquid diffusion, occurs if the wet solid is at a temperature that’s below the liquid’s 

boiling point, 

 Vapour diffusion, occurs when the liquid vaporizes within material, 

 Knudsen diffusion, occurs when product is drying at very low temperatures and 

pressures for instance during freeze drying, 

 Hydrostatic pressure differences, and 

 All the mechanisms mentioned. 

 

Drying of biological products can occur in two phases or stages i.e. constant and falling rate 

stage as shown in Figure 2.5 (Schiavone, 2011). The constant period is described by Arata and 

Sharma (1991); Visavale, (2012); Weiss and Buchinger, (2005), as the period of moisture 

evaporation from the product. Moisture is rapidly evaporated from the product to maintain a 

saturated condition on the surface. The food surface at this stage remains wet thus spoiling by 

moulds and bacteria can occur. The rate of moisture removal in the constant period is influenced 

by humidity ratio (moisture content), ambient temperature and air circulation (Arata and 

Sharma, 1991). The falling rate period begins when the product’s surface seems dry and 

moisture content has been reduced to its critical moisture content (Pandey et al., 2015). 

 

The falling period results from diffusion being slower than evaporation at the surface of product 

(Schiavone, 2011). The falling period shows a decrease in moisture removal, a dry surface and 

a smaller risk of food spoilage (Schiavone, 2011; Weiss and Buchinger, 2005). The falling 

period starts at the critical moisture content; just as the constant period ends (Visavale, 2012).  

Pandey et al., 2015 defines the critical moisture content as the point of lowest moisture content 

when the minimum rate of unbound moisture can migrate from the product to the surface 

equivalent to the maximum rate of vapour evaporation from the product’s surface. It is 

recommended that food be quickly dried to a weight corresponding to the end of the constant 

rate period (Weiss and Buchinger, 2005). Most agricultural products generally dry in the falling 

rate period (Taheri-Garavand, 2011).  
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Figure 2.5 Drying curve showing drying periods (after Schiavone,2011) 

 

2.9 Drying Terminology 

2.9.1 Moisture content  

Moisture content affects product shelf life, storage, quality, handling and overall quality. 

Moisture content basically shows the amount of water in a food product expressed in terms of 

dry weight (db) or wet weight (wb) basis. Dry basis moisture content is commonly used for 

research and engineering studies while wet basis moisture content is applied commercially. 

Moisture content was expressed by  Akoy (2015) using the following equations: 

 

𝑀𝐶𝑤𝑏 =  
𝑊𝑤

(𝑊𝑤 + 𝑊𝑑)
 × 100%                                                                                                 (2.1) 

 

𝑀𝐶𝑑𝑏 =  
𝑀𝐶𝑤𝑏

(100 − 𝑀𝐶𝑤𝑏)
                                                                                                            (2.2) 
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Where: MCdb = moisture content in terms of dry basis expressed as a decimal, 

  MCwb = moisture content in terms of wet basis expressed as a percentage, 

  Ww = weight of moisture in the sample expressed in grams and  

  Wd = weight of dry matter in the sample expressed in grams 

   

Moisture content is an important tool used to plot drying and drying rate curves. Drying and 

drying rate curves are used to determine the drying kinetics of a product (Dikbasan, 2007).  

SANS 1546 (2015) recommends MW to be dry up to a minimum moisture content of 12% to 

attain long shelf life and avoid mould development. 

 

2.9.2 Equilibrium moisture content  

Equilibrium Moisture Content (EMC) is described by Hall (1957) and Mujumdar and 

Devahastin (2000) as the point when the moisture content of product is in equivalent to the 

moisture content of the surrounding atmosphere. EMC depends on the relative humidity and 

temperature. EMC is important in determining whether a product is to gain or loss moisture 

under the influence of temperature and relative humidity continues Hall (1957). 

 

2.9.3 Moisture ratio  

Moisture ratio (MR) is usually applied to characterise the drying kinetics of biological 

properties. MR is the dimensionless moisture ratio expressed using different equations 

depending on the thin layer drying theory. According to Goyal et al., (2006) and Akoy (2015), 

MR of drying raw mango slices was expressed by the following equation: 

 

𝑀𝑅   =      
𝑀 − 𝑀𝑒

𝑀𝑜 − 𝑀𝑒
                                                                                                                   (2.3) 

 

Where: MR = dimensionless ratio, 

 M = moisture content at a given time,  

 Mo = initial moisture content and  

 Me  = equilibrium moisture content. 
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However, Me values are quite small in comparison with M and Mo values when drying for 

longer times (Akoy, 2015). Thus, the simpler equation will be: 

 

𝑀𝑅   =      
𝑀

𝑀𝑜
                                                                                                                             (2.4) 

2.9.4 Drying rate  

Drying rate (DR) is defined as the quantity of water/moisture removed from a product per given 

time (Jangam and Mujumdar 2010). DR has been expressed as an equation by Kaya et al., 

(2007) 

 

𝐷𝑅  =      
𝑀𝑡 − 𝑀𝑡+∆𝑡

∆𝑡
                                                                                                           (2.5) 

Where: Mt+Δt = the moisture content of the products after elapsed drying time,  

        Δt = change in time 

      Mt = moisture content at time given t. 

         t = drying time in hours 

 

2.9.5 Water activity 

Water activity is the ratio of vapour pressure of a solution within a product compared with pure 

water’s vapour pressure at a constant temperature (FAO, 1995). In simpler terms it is a measure 

of free unbound water in a product available to aid biological and chemical reactions. Jangam 

and Mujumdar (2010) state the importance of water activity in assessing the availability of 

water for microbial growth, storability of moist food products and as a shelf life indicator. Water 

activity influences the foods’ shelf-life, smell/aroma, safety, texture and  flavour. Water activity 

controls food spoilage thus it is very important to have it at the minimum.  

 

The fundamentals of food preservation principles are based on reducing water activity. This 

can be accomplished by the removal of water or by the addition of solutes like sugar or salt. 

During preservation of MW salt is added and it is dried, and unknowingly water activity is 

minimised.  
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Water activity is expressed in terms of relative humidity as follows: 

 

𝑎𝑤     =       
𝑃

𝑃𝑤
      =         

𝑅𝐻𝑒𝑞

100
                                                                                            (2.6) 

 

Where:  aw = the product water activity,  

 P = partial pressure of water in food material,  

 Pw  = the equilibrium vapour pressure and  

 RHeq = the equilibrium relative humidity. 

 

Water activity can also be expressed in simple terms as: 

 

𝑎𝑤 =
𝑝

𝑝0
                                                                                                                                         (2.7) 

 

Where:  P = partial vapour pressure of the water in the material being measured  

  Po = vapour pressure of pure water at the same temperature.  

Thus, the aw of pure water is 1 as P = Po. 
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The graph in Figure 2.6 shows the relationship of moisture content and water activity. Line B 

is a moisture isotherm for most food products. 

 

          l

 

Figure 2.6 graph showing relationship between moisture content and water activity (after  

McMinn and Magee,1999). 

 

2.10 Mathematically Modelling Drying Curves  

Mathematical models in drying are used to design new or improve drying systems currently in 

use. Furthermore, the models are used to control the drying process (Darvishi 2013). 

Mathematical models play an important role in drying of agricultural products (Murphy and 

Manohar, 2014).  Models are classified into two major groups which are deep bed drying 

models and thin drying models. Thin layer drying simple means the sample is dried in a single 

layer (Murphy and Manohar, 2014).  
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There are three categories of thin layer drying models namely empirical models, theoretical and 

semi-theoretical. Theoretical models focus mainly on the internal moisture transfer in contrast 

to empirical models and semi-theoretical (Lahsasni et al., 2004). Empirical models and semi-

theoretical address external moisture transfer between the food material and surrounding 

atmosphere. Theoretical models encompass the geometry of product material, mass diffusivity 

and heat conductivity thus making it a little complex to use. 

 

Empirical and semi theoretical models give better fit to experimental data. Semi theoretical and 

empirical models are applicable only in instances of specific temperature ranges, air velocity 

and velocity from which they have been originated (Ozdemir and Devres, 1999). The 

importance of empirical and semi theoretical models is to describe thin layer water removal and 

the heat penetration during hot air drying (Da Silva et al., 2014). The commonly used semi 

theoretical and empirical models are presented in Table 2.4. These models have been applied 

in studies to determine the drying characteristics of many agricultural/biological products 

ranging from meat, fish, vegetables, crops and fruits (Darvishi et al., 2013). 
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Table 2.3 Thin layer drying models (after Alibas, 2012) 

No Model Name Model Equation 

1 Parabolic 𝑀𝑅 =  c + bt + 𝑎𝑡2 

2 Lewis  𝑀𝑅 =  exp (−𝑘𝑡) 

3 Page 𝑀𝑅 =  exp (−𝑘𝑡𝑛) 

4 Modified Page 𝑀𝑅 =  exp [(−𝑘𝑡)𝑛] 

5 Henderson and Pabis 𝑀𝑅 =  aexp (−𝑘𝑡) 

6 Logarithmic 𝑀𝑅 =  aexp(−𝑘𝑡) + 𝑐 

7 Two-term 𝑀𝑅 =  aexp(−𝑘𝑡) + (1 − 𝑐) 

8 Approxiamation of diffusion 𝑀𝑅 =  aexp(−𝑘𝑡) + (1 − 𝑎)exp (−𝑘𝑎𝑡) 

9 Wang and Singh 𝑀𝑅 =  1 + at + 𝑐𝑡2 

10 Thomson 𝑡 = 𝑎. 𝐼𝑛(𝑀𝑅) + b[In(𝑀𝑅)]2 

11 Diffusion approach 𝑀𝑅 =  aexp(−𝑘𝑡) + (1 − 𝑎)exp (−𝑘𝑏𝑡) 

12 Verma et al. 𝑀𝑅 =  aexp(−𝑘𝑡) + (1 − 𝑎)exp (−𝑔𝑡) 

13 Modified Henderson and 

Pabis 

𝑀𝑅 =  aexp(−𝑘𝑡) + 𝑏 exp(−𝑔𝑡) + 𝑐𝑒𝑥𝑝(−ℎ𝑡) 

14 Simplified Fick’s diffusion 
𝑀𝑅 =  aexp[−𝑐 (

𝑡

𝐿2
)] 

15 Modified Page equation 2 
𝑀𝑅 =  aexp[−𝑘(

𝑡

𝐿2
)𝑛] 

16 Midilli et al. 𝑀𝑅 =  aexp(−𝑘𝑡𝑛) + 𝑏𝑡] 

17 Weibull distribution               𝑀𝑅 =  a − bexp [−(𝑘𝑡𝑛)] 
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Where: MR = moisture ratio (dimensionless),  

  L = half thickness of sample (meters), 

  k  = drying constant (hr-1), 

  t  = drying time (hours)  

n, a, b and c are model coefficients. 

 

The experimental moisture ratio (MR) is termed by Ficks diffusion Equation: 

 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒

𝑀𝑖 − 𝑀𝑒
= 𝑒−𝑘𝑡                                                                                                            (2.8)      

The drying kinetics of agricultural products are described using Fick’s diffusion equation 

(Bagheri et al.,2013). The equation’s solution was developed by Crank (1975) as cited by 

Workneh and Oke (2013) can be used for many different shapes of agricultural products such 

as spherical, rectangular and cylindrical products. The solution for drying over longer periods 

is expressed as: 

 

𝑀𝑅   =     
(𝑀 − 𝑀𝑒)

𝑀𝑜 − 𝑀𝑒
  =   

8

𝜋2
exp (

𝜋2𝐷𝑒𝑓𝑓𝑡

4𝐿2
)                                                                        (2.9) 

Where:  Deff = effective moisture diffusivity (m2/s),  

      t  = drying time (hours) 

      L = half thickness of slice of sample (metres).  

The equation can be simplified further as: 

 

𝐼𝑛(𝑀𝑅)     =         
−𝜋2𝐷𝑒𝑓𝑓

4𝐿2  𝑡     +         𝐼𝑛
8

𝜋2                                                                         (2.10)        

𝑦            =       𝑚𝑥    +       𝑐                                                                                           (2.11) 

Where:𝑦 =   𝐼𝑛(𝑀𝑅) 

 𝑚 =  
−𝜋2𝐷𝑒𝑓𝑓

4𝐿2  

 𝑥 =  𝑡   
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  𝑐 =  𝐼𝑛
8

𝜋2 

Experimental data can be plotted in terms of In(MR) versus time at different temperatures thus 

producing slope Ko, which is used in calculating effective moisture diffusivity. The slope Ko is 

given by: 

 

𝐾0       =         
−𝜋2𝐷𝑒𝑓𝑓

4𝐿2
                                                                                                   (2.12) 

Oyerinde (2016), expresses the link between effective moisture diffusivity values and drying 

temperature using Arrthenius equation: 

 

𝐷𝑒𝑓𝑓       =          𝐷𝑜 exp (−
𝐸𝑎

𝑅𝑇
)                                                                                      (2.13) 

Where: Do  = pre-exponential factor of the Arrhenius equation (m2/s),  

  Ea  = water diffusion activation energy (J/mol),  

  R   = perfect gas constant (8.314J/molK) and  

  T  = air drying temperature (K).  

Do is determined using the graph of In (Deff ) versus the inverse of temperature. 

 

2.11 Application of Thin Layer Drying Models to Agricultural Products. 

Thin layer drying models have been applied to agricultural products such as meat, vegetables, 

fruits and grain crops. Hot air was applied to dry mango ginger using a through-flow dryer 

system at a range of temperature 40-70˚C and an air velocity of 0.84-2.25m/s (Murphy and 

Manohar, 2014). The results were fitted to ten drying models. Midilli et al., best described 

drying conditions of mango ginger.  

 

Drying characteristics of raw mangoes using a pilot plant cross-flow tunnel dryer was 

investigated (Goyal et al.,). Raw mangoes were dried at different temperatures of 55, 60 and 

65˚C and different pre-treatments. The results were modelled into six thin layer drying models. 

The Page model best described the drying kinetics of mango slices. 
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Bananas were dried using a convectional dryer at 40,50, 60 and 70˚C, average air velocities of 

1.5, 1.59, 1.7 and 1.84m/s and average relative humidity of 6.6, 10.4, 20.3 and 30.5% (Da Silva 

et al, 2014). The bananas dried in the falling rate period. Results were modelled into six 

empirical models. Page and Silva et al., models gave a good description of thin layer drying 

kinetics of bananas. Peleg model reasonably described the drying though not as good as Page 

and Silva et al. 

 

El-Beltacy (2007) investigated the thin layer drying characteristics of strawberries in an indirect 

forced convection solar dryer. The maximum temperature recorded in the dryer was 46.8˚C and 

the relative humidity was 1m/s. The temperatures recorded are within the range of the study by 

Tunde-Akintunde, (2011) during solar drying of chilli pepper. El-Beltacy (2007), cut the 

strawberries in different shapes and or sizes (halves, discs, whole, quarters) and had different 

pre-treatments. The results were then fitted into three drying models and the Newton or 

Exponential model had the best fit. 

 

Thin layer drying kinetics of tomato slices 5mm was investigated using microwave power of 

1.13, 2.08 and 3.11W/g combined with air ventilation 50˚C and hot air drying temperature of 

40,50,70 and 80˚C (Workneh and Oke, 2013). The drying results were fitted into six drying 

models. Parabolic model gave the best fit compared to the Logarithmic model. The Logarithmic 

model best suited microwave-assisted drying of tomato slices. 

 

Tunde-Akintunde, (2011) compared drying kinetics for chilli pepper using sun and solar drying. 

The samples were pre-treated using water and steam blanching to enable faster drying. Both 

drying methods enabled the samples to dry in the falling rate period. The mean drying 

temperature in the solar dyer was about 45˚C. Four thin layer drying models were used to fit 

the drying data. Page model best described thin layer drying of chilli pepper using sun and solar 

drying. 

 

Cherono, (2014) investigated the drying kinetics of marinated meat with different thicknesses 

of 5, 10 and 15mm for different durations of 6,12 and 24 hours using an infrared and convective 

drying system. Drying was done under infrared conditions of 2.5μm and 3.5μm peak 

wavelengths and convective drying condition of 25˚C and 60% relative humidity. Meat was 

dried from moisture content of 73.99% ±1.46% wet basis (wb) to moisture content of 20%±1% 



22 

wb.  Among the five drying models applied to model the drying kinetics of meat, the 

Approximate Diffusion Model (ADM) best described the thin layer drying of meat.  

 

Fish is a biological product more or less like MW hence a review for its thin layer drying 

characteristics is of great importance. Just like MW, drying of fish is normally carried out 

traditionally under the open sun, this however has many challenges just as sun drying MW. 

Darvishi et al., (2013) studied the thin layer drying characteristics of sardine fish applying 

microwave heating at power of 200, 300, 400 and 500W. The investigation showed that fish 

dried in the falling rate period and moisture content was reduced from 27.6% to 1% (dry basis). 

As the microwave power was increased the drying time was decreased from 9.5 to 4.25minutes 

which is above 50% in time reduction. Among the five models applied to model the drying 

characteristics of fish, the Midilli model best described the thin layer drying of sardine fish 

using microwave heating. 

 

2.12 Summary and conclusion 

Mopane worm contributes greatly to the livelihood of rural communities. Both harvesters and 

traders benefit in terms of the cheap nutritional value MW adds to their diets and the income 

that they generate from the sale of MW.  MW is also a delicacy to many in the rural areas, urban 

areas and international community.  Literature reveals that the post-harvest processes done on 

MW especially drying are unhygienic, which is done predominantly using the open sun drying 

method.  

 

Open sun drying posses the following challenges hygiene, quality deterioration, uncontrolled 

drying rates and the risk of food poisoning. These challenges among many others need to be 

addressed. One way of addressing these challenges is by developing a drying equipment that 

will address the open sun drying challenges. However, the design and optimisation of a MW 

dryer is only possible when the knowledge of its physical properties and thin layer drying 

kinetics of MW are known.  Currently information on these two vital design aspects for a dryer 

is lacking for the MW. The viability of scientifically sound information on these two aspects 

will enable designers to develop appropriate dryer for MW . Available literature reveals that 

there dearth of knowledge on the drying kinetics and physical properties of the MW. This study 

is motivated by the need to fill-in this knowledge gap on MW. 
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CHAPTER 3: PROJECT PROPOSAL 

3.1 Introduction 

Mopane worm (MW) is a caterpillar of the emperor mopane moth (Imbrasia = Gonimbrasia, 

belina). MW is a non-timber forest product (NTFP) that survives mostly from leaves of the 

mopane tree (colophospermum mopane) mostly found in the southern parts of Zimbabwe, 

northern parts of South Africa, Namibia, Botswana and Angola (Gondo et al., 2010). MW is a 

delicacy in most southern African countries such as Zimbabwe, Zambia, South Africa, Namibia 

and Angola (Stack et al.,2003). In South Africa MW is mostly consumed in Mpumalanga, 

Northwest, Gauteng and Limpopo (De Foliart, 1995 and Taylor, 2003). MW has local names 

amongst local communities that consume and trade it. In Zimbabwe, it is called madora by the 

Shona people and amacimbi by the Ndebele people. In South Africa, it is called mashonja and 

in Botswana it is phane. 

 

MW is harvested during March-April and December- January. The harvest is affected by the 

amount of rainfall received in an area, higher rainfall results in a bountiful harvest. Low, erratic 

and irregular rainfall lower the harvest of MW (Gondo et al., 2010). Generally, MWs are 

harvested mostly by women, older citizens and children. MW is collected from the ground and 

tree leaves and branches. Following harvesting, MW is degutted, washed, boiled in salty and 

sun/fire dried or roasted. (Kozanayi and Frost, 2002). Open sun drying (OSD) is generally used 

to preserve MW.  

 

While OSD is generally used to dry MW, the method has a lot of challenges. Research shows 

that much has not been done to improve the methods from harvesting to consumption especially 

in terms of drying MW. OSD is labour intensive, unhygienic, a threat to health, wasteful, has 

non-uniform drying patterns and time consuming. There is need to design a dryer suitable to 

dry MW. Designing this dryer is achievable with the aid of data on the drying kinetics and 

physical properties of MW. However, literature has little or no information on the drying 

kinetics/characteristics and physical properties of MW hence the need to do this study.  

3.2 Rationale 

Research that has been done so far on MW dwell much on where it’s found, how it is processed 

from collection to the market, how it affects the livelihoods of people, how MW 

commercialisation is affecting its sustainability and how deforestation has been rampart due to 
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overharvesting of MW. However, to date there is lack of documented information on MW in 

terms of its physical properties and drying kinetics. Investigating the physical properties and 

drying kinetics of MW will help as a guideline for the future design and fabrication of a suitable 

dryer that will be used to dry MW. 

  

Currently MW is dried using the sun by spreading the MW on an open surface and leaving it to 

dry. This method has several constraints. OSD results in insufficient and non-uniform drying; 

it is limited to sunshine hours and is largely dependent on weather conditions. Harvesting and 

drying of MW coincides with the rainy season thus increasing the drying time as rain interrupts 

drying and wets the product. OSD is also labour intensive and time consuming. One also must 

constantly keep an eye on the product during drying to keep birds, rodents and animals away 

from the drying MW. Furthermore, OSD is unhygienic because the MW are left exposed to 

rain, dust, insects, bacteria and animals resulting in contamination. Bacteria growing on 

exposed MWs can cause food poisoning and quality deterioration. OSD challenges can be 

addressed by designing an appropriate MW dryer. However, the designing of the dryer can be 

accomplished with the aid of the knowledge of MW physical properties and drying kinetics. 

The research seeks to determine the physical properties and drying kinetics of MW. 

3.3 Research Questions 

Laboratory drying experiments will be carried out to answer the following questions: 

(a) What are the physical properties of MW? 

(b) Does pre-treatment influence drying characteristics of MW? 

(c) Which drying model best describes drying characteristics of MW? 

3.4 Aim and Objectives 

The aim of this project is to investigate the drying kinetics of MW under special pre-treatments 

and different drying conditions. To realise this aim, it is necessary to: 

(a) Determine the physical properties of MW.  

(b) Investigate the effects of drying parameters (temperature and relative humidity) and pre-

treatments on the drying kinetics of MW. 

(c) Study the goodness of fit of drying data into well-established thin-layer drying models. 

(d) Evaluate some quality parameters of dried MW. 

  



25 

3.5 Materials and Methods 

The experiments will be carried out at the Food Science laboratory at the University of Kwazulu 

Natal in Pietermarisburg, South Africa.  

3.5.1 Raw Materials 

Ten kilograms fresh, degutted and washed MW will be purchased in December-January 2016-

17 from Giyani Municipality (Limpopo, South Africa). Two kilograms iodised salt (sodium 

chloride main ingredient) will be purchased at any retail shop. The salt is used for pre-treating 

MW before drying.  

3.5.2 Determining MW physical properties 

Physical properties of MW will be measured before and after drying. Length, thickness, width, 

surface area, volume, mass, density, porosity and moisture content will be determined for MW. 

A micrometre calliper (Mitutoyo Digital Micrometer, Series - 193) with accuracy 0.001mm 

will be used to measure the thickness, T (minor diameter); length, L (major diameter) and width, 

W (intermediate diameter) of MW (Bashar et al., 2014; Pereira and Ferreira 2010). These 

parameters will be used to estimate the surface area (S) of MW: 

 

𝑠 =
𝜋𝐵𝐿2

2𝐿 − 𝐵
                                                                                                                                         (3.1) 

 

𝐵 = (𝑊𝑇)
1
2                                                                                                                                         (3.2) 

The volume of MW will be determined using the liquid displacement technique (Wilhlem, 

2004). The following equation calculates the volume of displaced water: 

 

𝑉𝑜𝑙𝑢𝑚𝑒(𝑚3) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 (𝑘𝑔)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (
𝑘𝑔
𝑚3)

                                                               (3.3) 

 

A digital electronic balance (Model CQT 202, Adam Core, UK) will be used to weigh MW 

samples before, during and after drying (Cherono, 2014). An average weight of one MW will 
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be determined by dividing total weight by number of MW in the sample. Each sample will 

weight ±50grams which is about four to five MW. 

The bulk density (ρ) of MW will be determined from the mass and volume of MW (Pereira and 

Ferreira 2010) by the following equation: 

 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑘𝑔

𝑚3
) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑊 (𝑘𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑀𝑊 (𝑚3)
                                                                     (3.4) 

 

Porosity (ε) of MW will be calculated per Pereira and Ferreira (2010) using the following 

equation: 

 

𝜀 = 1 −
𝜌𝑎𝑝

𝜌𝑠
                                                                                                                                     (3.5) 

Where ρs is, the true density defined by Pereira and Ferreira (2010) as ratio of MW mass to 

volume occupied by MW excluding the volume of pore spaces. It is measured using Helium 

pycnometer.   

Moisture content will be measured using the Infrared Moisture Balance (Sartorius Moisture 

Analyzer Model MA35, Germany).  

 

3.5.3 Pre-treatments 

Raw MW will be grouped into four different pre-treatment groups i.e. 

(a) Raw MW. 

(b) Boiled MW for about 30 minutes, drained and left to cool to room temperature. 

(c) Boiled with 5% salt (sodium chloride) for 30minutes, drained and left to cool to room 

temperature. 

(d) Raw salted MW for six hours (salt acting as a marinade, Cherono, (2014)). 
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3.5.4 Storage of Mopane Worms 

The 4 MW sample groups will be vacuum sealed with a vacuum sealer (Genesis Verimark 

vacuum sealer) in air tight high density polythene bags and stored in cooler boxes (with ice 

bags) (Mujuru et al., 2014). MW will be transported from Limpopo to UKZN, Pietermarisburg. 

Prior to experiments the samples will be stored in a cold room at 4˚C (Da Silva et al., 2013). 

3.6 Drying of Mopane Worms 

MW stored at 4˚C in the cold room is taken out and left at room temperature for two hours to 

stabilise before drying starts (Da Silva et al., 2013).  Climatic chamber (model C-40/100, 

Controltechnica, Germany) will be let to run for an hour before experiments start to enable 

uniformity of conditions in the climatic chamber (Lamlert, 2010). 

 

Experimental runs will begin after measuring the initial content of each sample. The 

experimental runs comprise 108 samples.  During drying the factors under consideration will 

be temperature at 40, 50 and 60˚C, relative humidity of 40, 60 and 80% and pre-treatments as 

follows: raw MW-control, boiled MW, MW boiled in salty water and salted MW. 

 

Weighing of the samples will be done at 10 minute intervals during the first two hours of drying 

then hourly until the sample weight is now constant. Lamlert (2010) suggests that weighing 

should be done in 30seconds so that there are negligible variations in terms of chamber 

conditions. Final moisture content will be measured after every drying experiment. 

 

3.7 Experimental design and Statistical Analysis 

A Randomised Complete Block Design (RCBD) with three factors (four pre-treatments, three 

temperatures and three relative humidity) will be used for the experiments. This experimental 

set up will yield 108 samples of MW. Each sample will weigh ±100grams amounting to ±11 

kilograms of MW needed for the experiments.  
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    RH1 = 40% 

    Temp 1 RH2 = 60% 

    RH3 = 80%  

RH1 = 40%  

MW Sample   Temp 2 RH2 = 60%   

    RH3 = 80% 

  RH1 = 40%  

  Temp 3 RH2 = 60%  

    RH3 = 80%  

 

Factor A Factor B Factor C  Replications 

 

Figure 3.1 Schematic presentation of experimental design with three factors (factor A= 3 Pre-

treatments samples and a raw sample, factor B= 3 Temperature and factor C= 3 

Relative Humidity) and three replications. 

3.8 Drying curves 

Drying curves will be plotted from the moisture loss data using Excel. Mean moisture content 

of each sample at different times will be calculated and plotted against drying time. Moisture 

ratio will be calculated from the moisture loss data using equation 2.3. The drying rate will also 

be obtained using equation 2.5. 

3.9 Mathematical Modelling 

Several semi theoretical and empirical drying models are available for use to determine the 

drying characteristics of agricultural products. In this study, experimental data will be fitted in 

five thin layer models used for drying of biological products such as fish (Darvishi et al., 2013).  

The models to be used are as follows: 

(a) Parabolic model 

(b) Wang and Singh model 

(c) Page model 
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(d) Midilli model 

(e) Logarithmic model 

The model performances will be evaluated by comparing the values of statistical indicators such 

as coefficient correlation - R2, reduced chi-square - X2, the root mean square error -RMSE and 

mean bias error - MBE. The model that best describes the drying process must have the highest 

value of R2, and lowest values of X2, RMSE and MBE. (Tunde-Akintunde, 2011). 

 

3.10 Quality Parameters 

Dried food products should undergo quality evaluation to ascertain which drying method will 

best preserve the quality of the product. In this study MW, will undergo quality analysis such 

as rehydration, shrinkage, texture, colour and nutritional analysis tests. 

 

3.10.1 Rehydration  

Rehydration characteristics are used to show the physical and chemical changes that occur 

while drying. Dried MW is rehydrated before it is cooked for consumption therefore it is 

essential to do a rehydration test.  A small sample of the dried MW will be soaked in a beaker 

containing some boiling distilled water. The water is then filtered through filter paper and the 

filtrates are measured. The rehydration ratio as described by Akoy (2014), has an equation: 

 

𝑅𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜           =                 
𝑊2

𝑊1
                                                                          (3.6) 

 

 

Where W2 (g) the drained material weight and W1 is the weight of the dried material. 

 

3.10.2 Shrinkage 

Shrinkage normally occurs after drying showing the chemical and physical changes occurring 

within a structure (Cherono,2014). Mayor and Sereno (2004) represent shrinkage as bulk 

shrinkage by the equation of: 
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     𝑆𝑏   =     
𝑉

𝑉𝑜 
                                                                                                                                (3.7) 

Where Sb is the bulk shrinkage, V is the final volume and V0 the initial volume of the product. 

Sb values range from 0 to 1. 

3.10.3 Texture 

The texture of a product after drying indicates the product quality. A panel of 12 untrained MW 

harvesters will be used to assess the texture of MW. The panel will use their drying experience 

to give scores for the dried MW. The panel will give each sample a score on a 

6-point numerical (6 for very large difference and 0 for no difference) scale (Kemp et al., 

2009) for taste and softness (Cross et al., 1978). A difference from control test will be carried 

out based on the method suggested by (Kemp et al., 2009). 

 

3.10.4 Chemical Analysis 

Methods by AOAC,1990 will be used to determine protein, ash and total fat in MW before and 

after drying. According to SANS- 1546 (2015), MW should have Protein of 58-62%, Ash 7.6-

9.3% and Fat 14-16%. 

 

Crude protein (AOAC 962.09) 

One gram of MW sample placed in a digestion flask will be weighed. Ten grams of potassium 

sulphate, 0.7g mercuric oxide and 20cm3 concentrated sulphuric acid will then be added to the 

sample in the digestion flask. The flask will be heated gently at an inclined angle until frothing 

subsides and boiled for half an hour until the solution becomes clear. A small amount of paraffin 

wax will be added if there is excessive frothing. On cooling, 90ml of distilled water will be 

added and mixed and a little piece of pumice added to prevent bumping. 80ml of 2M sodium 

hydroxide solution will be added while tilting the flask so that two layers are formed. The 

condenser unit will then be connected, heated and the distilled ammonia collected in 50ml boric 

acid/methyl red indicator. Fifty millilitres of the distillate will be collected and titrated against 

0.1M hydrochloric acid solution. The percentage nitrogen content will be calculated as shown 

in Equation 3.7 and 3.8. 

 

% 𝑁  =    
(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑐𝑖𝑑 × 𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑐𝑖𝑑) × 0.014

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 
 × 100   (3.7) 
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% 𝐶𝑟𝑢𝑑𝑒 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡  =     𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 ×   6.25                                 (3.8) 

 

Fat Content (Extraction / gravimetry Type I method) 

Fat content will be determined according to FSSAI (2015). Four grams of well mixed MW 

sample will be weighed in a 100ml beaker. A few drops of Ammonium hydroxide (NH4OH) 

will be added and mixture warmed over a steam bath. 10ml of cone Hydrochloric acid will be 

added and mixture let to boil for approximately 30 minutes. The mixture will then be allowed 

to cool and filtered using a wet filter paper. Filter paper will be washed using hot water.  

The filter paper will be dried, rolled and inserted in an extraction thimble. Fat will be extracted 

in a soxhlet apparatus using either ethyl ether or petroleum ether and will then be transferred to 

another flask. Solvent will be removed. Flask is then kept in an air oven maintained at 100°C 

for 30 minutes to remove any residual solvent. Flask is then transferred to a desiccator to allow 

it to cool. The residue is weighed and the total fat calculated using the following equation: 

 

% 𝐹𝑎𝑡    =      
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 
    ×     100                                                   (3.6) 

 

Ash content (AOAC 923.03)  

Two grams of MW will be weighed into a dry porcelain dish and heated in a muffle furnace at 

600˚C for six hours. The sample will then be cooled in a desiccator and reweighed (AOAC, 

1992). The percentage ash content will be calculated as in Equation 3.10.  

 

% 𝐴𝑠ℎ =   
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑠ℎ

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 
  ×   100                                                   (3.10) 

3.11 Data analysis 

Data collected from the drying experiments will be analysed to yield the drying kinetics of MW 

under special treatments and different parameters. Drying curves will be developed for each 

drying run to establish the relationship between moisture content and drying rates during drying 
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of MW. A regression analysis will be done using Microsoft Excel on the data from experiments 

to establish the model coefficients as well as the R2, X2, MBE and RMSE values. The values 

will be used to determine the best model of drying MW. An analysis of variance (ANOVA) 

will be performed to test the effect of pre-treatment, temperature and relative humidity on the 

drying rate of MW. An analysis of variance (ANOVA) will again be carried out on the quality 

assessment data to answer the formulated research questions. 

Fisher’s Least Significance Difference (LSD) will be used in determining mean differences at 

a P≤0.05 significance level. 

3.12 Resource Planning 

The project funding was availed by Centre for Coordination of Agricultural Research and 

Development for Southern Africa (CCARDESA) through the Agricultural Research Council 

(ARC). Table 3.1, 3.2 and 3.3 show the equipment and budget for the research project. 

 

Table 3.1 Equipment required for experiments and means of acquisition 

Equipment Quantity Means of acquisition 

Electrical digital balance 1 Available at UKZN 

Storage Freezer / cold room 1 Available at UKZN 

Forced Air oven 1 Available at UKZN 

Moisture analyser 1 Available at UKZN 

Cooler box 2 To be acquired 

Micrometer caliper 1 Available 

Vacuum sealer 1 To  be acquired 

Laptop 1 Available 
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Table 3.2 Research Project Budget of items that need to be acquired 

Item Quantity Unit Unit Price (R) Total Price (R) 

Mopane worms 20 kg 60 1200 

Salt 2 kg 15 30 

Pots 2 piece 300 600 

Cooking sticks 2 piece 30 60 

Fire wood 2 bags 50 100 

Labels 1 roll 100 100 

Cooler boxes 2 piece 800 1600 

Vacuum sealer 1 piece 1500 1500 

Vacuum sealer plastic roll 2 piece 300 600 

Plastic trays 12 piece 30 360 

Gloves 3 pairs 100 300 

Sealable polythene bags 2 packs 200 400 

Laboratory coats 2 pieces 150 300 

Laptop 1 piece 12 000 12 000 

Grand total 19 150 
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Table 3.3 Projected costs for transport, accommodation, labour and other operational costs 

during studies. 

Item Purpose Number of 

participants 

Rate 

(Rands) 

Duration Cost (Rands) 

Transport + 

accommodation 

PTA-UKZN + 

return 

(Registration) 

1 Already 

done 

3 days and 

2nights 

8 179.48 

Transport + 

accommodation 

PTA-UKZN + 

return 

(Presentation of 

Proposal) 

2 9000/person 3 days and 

2nights 

18 000.00 

Transport PTA-Limpopo + 

return (to collect 

MW) 

2 3.80/km 

(1000km) 

To and 

FRO 

3 800.00 

Accommodation PTA – Limpopo+ 

return (while 

collecting MW) 

2 960/day 3 days and 

2 nights 

5 760.00 

Labour Helping to source 

MW 

2 150/day 3 days 900.00 

Transport PTA- UKZN + 

return (to run 

experiments) 

1  To and 

FRO 

12 000.00 

Transportation of 

MW 

PTA- UKZN  2 500 1 trip 2 500.00 

Accommodation UKZN (while 

running 

Experiments) 

1 960/day 1 month = 

31 days 

29 760.00 

Data Analysis 

Software 

Analyze results 

from experiments 

1  3 months Accessed at 

ARC/UKZN 

Other Resources Support system to 

do the research 

1  24months Accessed at the 

ARC and 

UKZN 

Transport + 

accommodation 

PTA – UKZN+ 

return 

(to submit Thesis) 

1  5 days and 

4 nights 

12 000.00 

Grand total 92 899.48 

The Research is estimated to have a total cost of R112 049.48. 
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3.13 Research Project Schedule 

 

 

 

 

 Activities and deliverables 

2016 2017 

  J J A S O N D J F M A M J J A S O N D 

1. 

Literature review and project proposal (presentation 

purpose) 
                   

2. Literature Review                    

3. Sourcing of experiment materials                    

4. MW purchasing and preparation                    

5. Running Experiments                    

6. Data Analysis                    

7. Thesis write-up                    

8. First draft Submission                    

9. Corrections                    

10. Final draft Submission                    
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