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Abstract 
Drying is a technique that involves removal of moisture using heat energy. This heat affects the 
protein components in foods especially the thiosulphide groups, which causes hydrophobic bond 
break that has been attributed greatly to denaturation during drying. Safe moisture content (SMC) 
is the extent to which moisture can be withdrawn from food crops during drying that such crops 
can be considered safe for storage with minimal loss of nutritional qualities. Several reported 
minimum moisture contents, and bulk nutrients’ levels of crops were collected for the purpose of 
this review, and scattered plot graph was employed to determine the levels of bond interaction 
between moisture content and each bulk nutrients in the various dried food categories. The mois-
ture contents in grains, root and tuber crops, fruits and vegetables, and cash crops formed a SMC 
threshold boundary within the 6% - 14%; 0% - 10%; 0% - 22%; and 0% - 30% respectively. Crude 
fibre and most especially the ash content played the most crucial role by providing the strongest 
bond interaction with migrating moisture during drying of all the food crops’ categories, and are 
of utmost important in the determination of SMC. 
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1. Introduction 
Food preservation is the process of treating and handling food to stop or slow down spoilages like loss of quality, 
edibility or nutritional value. Thus, food preservation allows for longer storage [1]. Preservation usually involves 
preventing the growth of bacteria, yeasts, fungi, and other micro-organisms as well as retarding the oxidation of 
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fats, which cause rancidity. It can also include processes that inhibit visual deterioration which can occur during 
food preparation, such as the enzymatic browning reaction in apples after they are cut. Preserving fruit, by turn-
ing it into jam, for example, involves boiling (to reduce the fruit’s moisture content and to kill bacteria, yeasts, 
etc.), sugaring (to prevent their re-growth) and sealing within an airtight jar (to prevent recontamination) [2]. 
Some of the commonly used preservation methods been used include: irradiation, food processing, drying, can-
ning, cooling (e.g. cold room storage, control atmosphere storage, and refrigeration), modified atmosphere 
packaging and so on [2]. 

The technique of drying is probably the oldest method of food preservation ever practiced by mankind. Dry-
ing is a method of food preservation that works by removing water from the food. The removal of moisture pre-
vents the growth and reproduction of microorganisms responsible for decay and reduces the moisture mediated 
deterioration reactions. Drying brings about substantial reduction in weight and volume of products minimising 
packaging, storage and transportation costs. It enables storability of products under ambient temperatures [3]. 
Drying is excellent for most fruits and vegetables. The merit of this procedure is that the dried product weighs 
very little and the size is reduced considerably for easy storage. Also, a plus is that the food retains almost all of 
its nutrients. There are several ways to dry food which includes sun drying, oven drying and drying in a dehy-
drator. The first two methods are difficult. Sun drying can be done with window screens that are washed tho-
roughly. Oven drying is done in a shallow baking pan at a very low temperature for several hours. A dehydrator 
is the best, most effective and easiest way to dry food.  

Drying food using sun and wind to prevent spoilage has been practiced since ancient times, and was the earli-
est form of food curing [2]. Water is usually removed by evaporation (air drying, sun drying, smoking or wind 
drying) but, in the case of freeze-drying, food is first frozen and then the water is removed by sublimation. Bac-
teria, yeasts and molds need the water in the food to grow, and drying effectively prevents them from surviving 
in the food. Drying is quite simple compared with other methods. In fact, most of the equipment required may 
be ready on hand. Dried foods keep well because the moisture content is so low that spoilage organisms cannot 
grow. Food dehydrators are less expensive to operate but are only useful for a few months of the year. A con-
vection oven can be the most economical investment if the proper model is chosen. A convection oven that has a 
controllable temperature starting at 120 degrees F. and a continuous operation feature rather than a timer-con- 
trolled one will function quite well as a dehydrator during the gardening months. For the rest of the year, it can 
be used as a table-top oven. People in warm, dry climates have found it easy to preserve their foods simply by 
properly spacing their produce out and letting the air take the moisture out of the food. Properly dried fruits and 
vegetables will have 80 - 90 percent of their water removed. Because drying does not violently heat food, it does 
not destroy as many of the nutrients as canning or cooking. Dried foods can be reconstituted by adding water or 
often simply consumed to dry. Although there are different drying methods, the guidelines remain the same [2]. 

2. Principles of Drying: Heat and Mass Transfer 
Dried, desiccated, or low moisture foods are those that generally do not contain more than 25% moisture. Dry-
ing involves the application of heat to vaporise water and a means of removing water vapour after its separation 
from food tissues. Hence, it is a combined/simultaneous heat and mass transfer operation for which energy must 
be supplied [3]. A current of air is the most common medium for transferring heat to a drying tissue. The two 
important aspects of mass transfer are: 

1) Transfer of water to the surface of material being dried. 
2) The removal of water vapour from the surface. 
Dehydration prevents problems due to sugar accumulation during storage and eventual browning on-frying 

[4]. One of the most important considerations in preventing fungal spoilage during storage of dried foods is the 
relative humidity of the storage environment. Properly packed dried foods should be stored under conditions of 
low humidity to prevent moisture re-absorption. The following are the factors influencing drying process. 

a) Surface area: Generally, the fruits and vegetables to be dehydrated are cut into pieces or thin layers to 
speed heat and mass transfer. This subdivision speed up drying for two reasons: 

i) Large surface area provided more surface in contact with the heating medium (air) and more surface from 
which moisture can escape; 

ii) Smaller particles or thinner layers reduce the distance through which moisture in the centre of the food 
must travel to reach the surface and escape. 



I. S. Afolabi 
 

 
694 

b) Temperature: The greater the temperature differences between the heating medium and the food, the great-
er will be the rate of heat transfer into the food which provides the driving force for moisture removal. 

c) Atmospheric pressure and vacuum: If food is placed in a heated vacuum chamber the moisture can be re-
moved from the food at a lower temperature than without a vacuum. Alternatively, for a given temperature, with 
or without vacuum, the rate of water removal from the food will be greater in the vacuum. Lower drying tem-
perature and shorter drying times are especially important in the case of heat sensitive foods [3]. 

3. Types of Drying 
3.1. Sun-Drying 
This is the conventional drying method, it involve the spreading of commodity in the sun on a suitable surface, 
hanging it from eaves of buildings, trees etc. Whilst it is a technique which requires little in the way of capital or 
expertise, one can give an acceptable quality in a reliable climate. It is ideal for products where little or no value 
is added. Sun drying does have many limitations, loss  of moisture can be intermittent and irregular, and the 
rate of drying is generally low so increasing the risk of spoilage during the drying process, the final moisture 
content of the dried product can be high because of low air temperature and nutrients level (e.g. vitamins) are 
greatly reduced in the dried product. Crops are also liable to theft and there is need for labour to be on hand to 
scare away would be predators. In most part of Africa, harvested crops are dried by being left in the field for a 
period of about six weeks [5]. At this point, in most instances infestation through rats, goats, weevils, etc would 
have begun. This would arise from the high humidity and rainfall, causing the moisture content to fall around 17% 
for grains at the time of harvest. The drying method is usually unhygienically practice. It is open to contamina-
tion by dust, microbes, rodent and pest infestation. It is totally dependent on good weather. This makes the dry-
ing inconsistent and gives it very slow drying rates with danger of mould growth. Sun drying may be able to dry 
produce to a sufficiently low level of moisture to prevent mould growth. In case of open sun drying, sudden 
rains and strong winds might completely ruin the whole batch. Sun-drying often cause foods to lose some tex-
ture and taste. Foods dried by this method generally require an airtight storage container that includes an oxygen 
absorber. If dried too quickly, the outer cell layer of the food product may harden, causing the product to be-
come tough and rubbery. Sun-dried foods may lose various nutrients, including vitamin C [6]. 

3.2. Oven Drying 
Oven drying is the simplest way to dry food because there is no need for special equipment. It is also faster than 
sun drying or using a food dryer. But oven drying can be used only on a small scale. An ordinary kitchen oven 
can hold only 4 to 6 pounds of food at one time. The oven is set to the lowest possible setting and preheats to 60 
C. Some gas ovens have a pilot right, which may keep the oven warm enough to dry the food. It is important to 
keep the oven temperature at 60˚C to 70˚C. An oven thermometer can be put on the top tray about half way back 
where it can be easily seen and the temperature checked half hourly [7]. Drying food in the oven of a kitchen 
range, on the other hand, can be very expensive. In an electric oven, drying food has been found to be nine to 
twelve times as costly as canning it. A commercial or homemade food dryer or convection oven provides auto-
matically controlled heat and ventilation. Most households will not need a dryer unless they dry large quantities 
of food. A food dryer takes less electricity than drying the same amount of food in an electric oven. However, 
the temperature is usually lower (about 120 degrees F. or 50 C.), so drying takes a little longer than in an oven [8]. 

3.3. Solar Drying 
Solar drying relies as does sun drying on the sun as its source of energy, it differ from drying in that a structure 
often of very simple construction, is used to enhance the effect of the insolation. It is a sensible alternative to sun 
drying [9]. There are mainly three types of solar dryers [10].  

3.3.1. Direct Absorption Dryers 
The absorption or hot box type dryers in which the product is directly heated by sun, Direct drying consists of 
using incident radiation only, or incident radiation plus reflected radiation. Most solar drying techniques that use 
only direct solar energy also use some means to reflect additional radiation onto the product to further increase 
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its temperature. 

3.3.2. Dryers with Solar Air Heaters 
The indirect or convection dryers in which the product is exposed to warm air which is heated by means of a so-
lar absorber, or heat exchanger. Trays are arranged so as to induce air circulation. Measuring devices and control 
may also be incorporated to facilitate air renewal in the system. Fans and internal recycling are usually placed 
inside the chamber produce to allow the air flux to be uniform. The drying system is equipped with solar collec-
tors made of blackened iron plate, protected by a glass cover, which also helps to decrease heat losses 

3.3.3. Combined Direct and Indirect Dryers 
Dryers combining the principles of the above two, where the product is exposed to the sun and a stream of 
pre-heated air simultaneously. Many types of drying systems utilize both direct and indirect solar radiation. In 
these types of systems, radiant energy from the sun falls directly onto the product being dried; however, in addi-
tion, a preheater also is used to raise the air temperature, which in turn, accelerates the drying rate. Acceleration 
of drying rate can occur in two ways: hot air can transfer some of its heat to the product being dried, thus raising 
its vapour pressure causing a faster moisture loss; or as temperature of air mass increases, the water-holding ca-
pacity also increases [10]. 

Solar drying does generate higher air temperature and thus lower relative humidities which are both condu-
cive to improve drying rates, and better lower final moisture content of the dried crops [9]. Hence, the risk of 
spoilage is reduced both during the actual process and in subsequent storage. The higher temperatures are also a 
deterrent to insect and microbial infestation. Additionally, protection against dust, insects and other animals is 
enhanced by drying in an enclosed structure. All these factors contribute to an improved and more consistent 
product quality. Solar drying is faster because inside the dryer it is warmer than outside. It is labour saving as 
the product can be left in the dryer overnight or during rain. The quality of the product is better in terms of nu-
trients, hygiene and colour [11]. However, solar drying is limited in the developing countries because of cost, 
which may be very expensive. The initial investment capital may be too high for small scale processors. The 
dryers are often too complicated and so require expertise in management [12]. Solar drying has a tendency to 
over-dry the products been dried since the internal temperature that cannot be control is always very high. Dry-
ing air temperatures as high as 70˚C - 100˚C may be reached with these dryer, which are excessive for most 
products [13]. Further major drawbacks for natural convection solar dryers are the poor moist air removal which 
reduces drying rate [13]. 

3.4. Freeze Drying 
The freeze-drying method as the names implies involve the combination of freezing process and the drying 
process. The process is usually subdivided in three main steps; the prefreezing, the sublimation drying and the 
secondary drying [14]. 

a) Prefreezing step: here the product is chilled to normal deep freeze temperature, the major part of the water 
content will freeze-out as ice crystals and the total water content is immobilized in its location within the prod-
uct. 

b) Sublimitation drying step: the ice crystals are sublimated into water vapour at the low sublimation temper-
ature and waters vapour removed from the product, this step involve two main transport process; 

i) Heat transfer: here heat is transferred to the product surface through the products layers to the sublimation 
front (point where the temperature equals that sufficient for the water to vapourise). The driving force is the 
temperature difference from the heater surface to the sublimitation front. The transport means are the sum of the 
heat conduction, the heat convection and the heat radiation. The highest temperature will be found on the prod-
uct surface which is closer to the heater surface. 

ii) Water-vapour transport: the water vapour being produced at the sublimation front has to be transported 
first to the product surface and then away from the product surface, otherwise the vapour will rise and the tem-
perature at sublimation front will also rise so that melting of the frozen product will occur. 

c) Secondary drying step: The sublimation drying of the ice crystals leaves a system of pores in a matrix of 
the product. The rest of the water content of the product has not been frozen out as ice crystals and is still distri-
buted within the matrix material. Hence, the secondary drying is aimed at removing the bulk of the remaining 
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moisture. It is similar to the normal drying process. 
When freeze drying is been used to dry food, the normal operation is that sublimation drying and the second-

ary drying takes place simultaneously in different parts of the product and naturally in the same piece of equip-
ment [14]. The method is advantageous  in that; The nutritive and organoleptic quality of freeze dried foods are 
comparable with quick frozen foods because the qualities of the products such as vitamins, taste, flavour and 
appearance have been preserved basically in the same way. When compared to quick frozen foods, the freeze 
dried products have the advantages that they have reduced weight and that they keep their quality at normal am-
bient temperature. When compared to hot air dried products, the main advantages of freeze dried foods are ap-
pearance, flavour retention and rehydration ability. Generally, the fresh colour of the product is maintained and 
the shape is only slightly changed, so that the product can easily be recognised for what it is. However, the most 
recognized feature of the freeze drying process is the amazing quality of aroma retention, the aroma components 
are distributed within the matrix structure. The clean water of the ice crystals can escape without entraining the 
volatiles, the volatile aroma components are trapped because they diffuse much more slower through the matrix 
material than the water vapour, so in the final product the aroma component are practically locked in. The dis-
advantage of the method is that it is an expensive preservation process, compared to hot air drying or quick 
freezing [14]. The long period of time required for the drying operation is a major disadvantage of the freeze 
drying method. Also, during the freeze-drying process, some foods must be pretreated to prevent damage such 
as loss of color [15]. 

3.5. Osmotic Drying 
This is a recent method of drying in which sugar is used for the removal of water by osmosis. It is often used 
prior to other methods of drying [16]. The process of osmosis which involves transfer of water from lower con-
centrated solution to higher concentrated solution is used to remove water from a dilute solution contained 
within a semi-permeable membrane by surrounding the membrane with a more concentrated solution. Transfer 
of water by osmosis is applicable to fruits since they contain sugars in solution and their cellular surface struc-
ture acts as an effective semi-permeable membrane [17]. By immersing fruits and vegetables in a concentrated 
sugar solution water can be removed to the extent of over 50% of the initial fruit weight. Some of the advantages 
of osmotic drying are; 

1) The material is not subjected to a high temperature over an extended time, so heat damage to colour and 
flovour are minimized, 

2) A high concentration of sugar surrounding the material prevents discoluration by enzymic browning. 
3) Some of the fruit acid is removed along with it as water is been removed. The lower acid content combined 

with the small amount of sugar added to the fruit during osmosis, produces a sweeter product than ordinary dried 
fruit. 

4) Osmotic drying retained the sensory qualities of dehydrated samples better than air-drying of guavas [18]. 
Osmotic drying has twice ability to preserve the red color appearance, flavor, and texture of guavas than air- 
drying [18]. 

Some of the disadvantages are: 
1) The decrease in acidity mentioned above may be disadvantages in certain products. 
2) A thin film of sugar is left on the surface of the fruit after drying, which may be undesirable. However, this 

can be reduced by a quick rinse in water, 
3) Sugar treated fruit which has been dried to a very low moisture content can become rancid after staring for 

several weeks, which may be caused by the greater retention of flavour oils in osmotically treated fruit. 

3.6. Vacuum Drying 
The basic aim of this drying method is to shorten the drying time at a reduced temperature, which helps in re-
taining the basic quality of food products. Drying under vacuum is especially beneficial to crops, especially the 
fruits and vegetables. Vacuum drying is especially effective for heat sensitive materials and allows for closed 
system benefits where solvent recovery is required. A vacuum dryer is typically used for separating a volatile 
liquid by vaporization from a powder, cake, slurry, or other moist material. This process is fundamentally ther-
mal and doesn’t involve mechanically separating the liquid from the material, such as in filtration or centrifuga-
tion [19]. The method of drying is widely applied in food industry, paper industry, wood industry (as part of 
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timber processing) and for washing powder. It plays an important role in our life [19]. 
The various vacuum drying processes are divided into two categories: the continuous vacuum drying process, 

in which the vacuum is maintained continuously throughout the drying process; and the discontinuous vacuum 
drying process, in which phases of convection heating at atmospheric pressure alternate with phases under va-
cuum. The continuous vacuum drying kilns include hot platen, superheated-steam, air-steam mixture and high- 
frequency heated kilns. This article deals primarily with the continuous vacuum class of dry kilns [20]. 

Principles of the Vacuum Drying Process 
Vacuum kilns dry lumber in an airtight chamber maintaining an air pressure lower than the normal atmospheric 
pressure. The boiling point of water is reduced by these conditions, which increases the rate of evaporation at 
the surface and results in temperature and total pressure gradients favourable to the flow of humidity through the 
thickness of the wood. Wood-drying in oxygen-free or oxygen-reduced environments also has other advantages. 
In particular, the discoloration of wood is partly or completely blocked. The main difference among the various 
continuous vacuum drying kilns relates to the way the wood is heated. The superheated steam and air-steam 
mixture method involves usinq fans to circulate superheated steam or air-steam mixture through lumber piled on, 
stickers (convective heating). The hut platen method (no stickers) involves direct contact with the wood (con-
ductive heating). High-frequency vacuum drying involves the use of a radio-frequency heating field. The rapid 
changes in the direction of the electric field cause the dipolar water molecules in the wood (no stickers) to oscil-
late many millions of times per second [20]. This result in heating, due to molecular friction, and thus a rise in 
temperature and vapour pressure in the wood (heat transfer by electromagnetic radiation). 

The advantages of boiling point reduction brought about by using low pressure are realized in treating mate-
rials which are damaged or decompose at temperature above 40˚C, or even 15˚C. Vacuum drying had been used 
with conventional heating for many years, but is exceptionally slow because convection is virtually absent in a 
vacuum oven. Also, the decompression condition designed by vacuum reduces the boiling point of products to 
be dried, which gives it ability to dry thermo sensitive materials [21]. There's much less oxygen content in low 
pressure than in atmospheric pressure which can avert samples from getting oxidized and also deteriorating [21]. 
Once vacuum drying is usually performed at low pressure, water is evaporated at low temperature (the boiling 
point of water at 101.3 kPa is 100˚C, whereas at 12.3 kPa, it is 50˚C) and consequently the drying can be con-
ducted at low temperature [22]. 

Vacuum drying is ideal for drying materials which will be damaged or changed when exposed to high tem-
peratures. The vacuum removes moisture while preventing the oxidation or explosions that can occur when cer-
tain materials combine with air. There are occasions when a solvent must be recovered or materials must be 
dried to very low levels of moisture, and this is suitable for us to use vacuum drying [19]. Drying at lower tem-
peratures reduces energy consumption. It allows costly solvents to be recovered, and eliminates expenses for 
additional air pollution control, and minimizes product loss caused by atmospheric contaminants, dusting, oxi-
dation, discoloration, and chemical change. The economics of vacuum drying have become more favorable, es-
pecially for drying thick, refractory, high-value species [23]. 

Vacuum drying is faster than conventional processes since it is operated under an effective hydraulic conduc-
tivity of the material (ease with which water circulates through food material) increases at lower pressure, re-
sulting in a greater internal mass transfer in a vacuum [20]. Vacuum drying in an oxygen-free or oxygen reduced 
environment, reduces the incidence of chemical discoloration problems caused by the oxidation of certain natu-
ral compounds in the produce [20]. Energy consumption of vacuum dryers is, in general, less than that of con-
ventional dryers. However, lower consumption does not necessarily mean lower costs since shorter drying times 
and drying lower temperatures minimize heat loss from vacuum drying chambers. Since the drying operation is 
fully enclosed there is no need to introduce and heat fresh air throughout the process, as is the case in conven-
tional dryinq [20]. Vacuum drying technology also offers a highly nutritious instant properties, better flavour, 
and less hydroscopic final product [24] 

Vacuum drying also exhibits its own limitations. Unless the food is packed and maintained at low humidity, 
the process may not totally inhibit the microorganisms that cause food spoilage, or the toxigenic and infectious 
organisms that cause food poisoning. In some cases, the end product may crumble easily and lose aroma. Since 
this process does not change the shape or size of the food item, the finished product requires more space to store 
than other types of dehydrated food [6]. 
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3.7. Microwave Drying 
The terms dielectric heating and microwave heating are used interchangeably. However, it is generally accepted 
that dielectric heating is electromagnetic radiation in the frequency range 1 and 100 MHz and microwave heat-
ing use the radiation in the range from 300 MHz to 300 GHz. The basic principles of heating and drying by di-
electric and microwave frequencies are the same but the generation methods and equipment differs [25]. Mi-
crowave heating and drying for industrial purposes is allocated to the range 915 - 2450 MHz. In many industrial 
heating applications, the frequency is 915 MHz while almost all microwave ovens are at 2450 MHz [25]. 

Microwave drying is based on the so called dielectric heating, in which energy is absorbed by ions or mole-
cules that are either induced or permanent dipoles. As the electromagnetic wave travels through the medium the 
electric and the magnetic field oscillates about zero at each location. The frequency remains unchanged but the 
wave length is influenced by the medium. The periodic variation of the electric and the magnetic field causes a 
stress on ions, atoms and molecules, which is converted to heat [25]. When exposed to the microwave field, po-
lar molecules and ions align themselves with the rapidly changing direction of the field, during which heat is 
generated throughout the material. The energy conversion occurs by two mechanisms, which are ion conduction 
and dipole rotation. The latter is the most dominant in a large number of materials. Ion conduction designates 
the phenomena that ions are accelerated by the electric field. When the ions move they collide with other bodies 
by which kinetic energy is transferred. The collisions are repeated and extended to other bodies, in the field that 
is changing polarity many millions of times per second. 

The electric energy is converted to an ordered kinetic energy which is in turn converted to disordered kinetic 
energy that can be regarded as heat. Many molecules are dipoles and others become induced dipoles when the 
molecule is exerted to an electrical field. In a liquid the molecules are normally randomly oriented. However, in 
the electric field they tend to align with the field-dipole rotation. As the field decays to zero the dipoles returns 
to the random orientation and are then pulled into the other direction as the field builds up again during each pe-
riod [25]. With the fluctuations of the field this alignment and relaxation occurs many million times per second. 
The electric energy is first converted into potential energy which then converts into random kinetic energy (i.e. 
into heat). In general, polar substances absorbs more energy than nonpolar, however the intensity of vibration 
depends on the molecular structure, viscosity, temperature and intermolecular bonding. Hence, the energy ab-
sorbed depends on the dielectric constant of the material and on a parameter called the “loss tangent”. Four dis-
tinct regions can be identified in terms of drying rate versus time: initial warming-up, constant drying rate, and 
two falling-rate periods [25]. During the first falling-rate period a significant quantity of free water is present 
and hence the power is selectively absorbed and a high drying-rate prevails. As the drying progresses, the mois-
ture content decreases and the solid phase gradually absorb more and more of the energy. In the second fall-
ing-rate period, the total absorbed power is low. Agitation of the material improves the drying rate [25]. 

Microwave and dielectric drying possesses potential advantages over the conventional drying method. They 
are more rapid processes with more uniform heating that can lead to improve quality and higher yield, higher 
energy efficiency, better and more rapid process control, less floor space and more selective heating [25]. Mi-
crowave drying can be used for extremely thermolabile materials with no damage to the product. The micro-
wave drying can be used as a pretreatment, as additional heating during the falling rate period or as a finish dry-
ing. Microwave heating can be combined with freeze drying and vacuum drying, even though negative effects of 
the microwaves at least previously had to be encountered at low pressures. The operational cost of microwave 
vacuum drying is said to be between that of spray and freeze drying [25]. Microwave irradiation can interact 
with substances, which are in the liquid, solid and gaseous states. The absorption of microwave energy is ob-
served when polar liquids and solutions are irradiated [26]. This absorption is especially high in the case of wa-
ter and aqueous solutions. When one irradiates solids with microwaves, the microwaves can be reflected, ab-
sorbed, or simply pass through the sample with no absorption occurring. The penetration of microwaves is de-
pendent on the nature of the substance and specifically its dielectric properties [26]. 

During the microwave drying process in many cases the material being dried does not absorb or absorb a low 
level of microwave irradiation but the water molecules associated with it do. Thus the microwave drying process 
is caused by the property of water to absorb microwave irradiation. Consequently, removing of the water mole-
cules from the drying materials eliminates the heating effect. In such a way the microwave drying appears to be 
self-regulative process. Finally selective heating of polar molecules of water results in a great time and energy 
saving [26]. Microwave Drying has a big advantages compared with conventional drying, because in microwave 
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drying, heat is generated by directly transforming the electromagnetic energy into kinetic molecular energy, thus 
the heat is generated deep within the material to be dried [24]. Microwaves drying offer advantages on dielectric 
materials since it there is high conversion of microwave energy into thermal energy, independence on thermal 
conductivity, selectivity, and due to its self-regulation during drying [26]. The main disadvantages of microwave 
drying are that the cost per energy unit is rather high and the capital cost is high [26]. 

3.8. Infrared Radiation Drying 
The water molecules in the food evaporate because they absorb infrared energy, which causes them to become 
thermally excited. The infrared energy penetrates into the sample, rather than having to be conducted and con-
verted inwards from the surface of the sample [27]. Infrared radiation is applied to several dryers because it has 
advantages of increased drying efficiency and space saving [28]. Decreased drying time, high energy efficiency, 
high quality product, uniform temperature in the product and reduced necessity for air flow across the product 
are some of the advantages provided by the use of infrared radiation technology in dehydrating foods [28]. 
Infrared radiation drying has the unique characteristics of energy transfer mechanism [29]. During Infrared radi-
ation, the energy in the form of electromagnetic wave is absorbed directly by the product without loss to the en-
vironment, leading to considerable energy savings. 

It is commonly known that infrared radiation is divided into three classes according to the wavelength, i.e., 
near-infrared radiation (NIR), midinfrared radiation (MIR) and far-infrared radiation (FIR), which have wave-
length in the ranges of 0.78 to 1.4, 1.4 to 3 and 3 to 1000 μm, respectively. During infrared radiation the ab-
sorbed energy may induce changes in the electronic, vibrational and rotational states of atoms and molecules of 
a product. The infrared dried product quality is also improved when compared to the case of hot air drying. For 
example, lower losses of vitamin C, volatile components and flavours, lower loss of β-carotene and better color 
retention have been reported [29]. Although infrared radiation can accelerate a drying process, foods and agri-
cultural materials, which are heat-sensitive in nature, may be damaged or degraded if radiation intensity, which 
is the main factor influencing the product temperature, is not properly applied. The drying process should be 
performed at a lower temperature in order to speed up the drying process without deteriorating the dried product 
quality [29]. 

3.9. Drum Drying (Roller Drying) 
Drum drying is a technique where a heated surface is used to provide the energy and aspirators draw the vapor 
outside the room. This method of drying involves slowly rotating hollow a steel drums that are heated internally 
by pressurised steam to 120˚C - 170˚C. A thin layer of food is spread uniformly over the outer surface by dip-
ping, by spraying, by spreading or by auxiliary feed rollers. Before the drum has completed 1 rev (within 20 s - 
3 min), the dried food is scraped off by a “doctor” blade, which contacts the drum surface uniformly along its 
length [30]. The capacity of a drum dryer is a function of the drying rate of the thin layer of material and the 
amount of product that adheres to the drum surface. The drying rate depends on the type of feed device, steam 
pressure within the drum, and the drum speed. Preheating and pre-concentration of the feed can reduce the dry-
ing load. Properties that affect drum adherence are viscosity, surface tension, and wetting power. The four va-
riables that govern the operation of drum dryers are steam pressure, rotational speed, film thickness, and feed 
material characteristics. The steam pressure, or heating medium temperature, will regulate the drum’s tempera-
ture. The rotational speed of the drum determines contact time. The wet material is applied to the drum from 
below by splash feeders that splash the product onto the drums by rotary blades, by dip feeders where the drum 
dips into a tank and the concentrated material adheres to the drum, or from below by a pendulum feed pipe. 
Dryers may have a single drum, or double drums or twin drums. The products dries as the drums rotate and is 
then scraped off by the knives. The drum drying method is advantageous because it can handle a wide range of 
products, it has high production rates, and it has low labour requirements. The method is highly applicable to 
heat-sensitive liquids and pastes, which can be quickly rehydrated from the resulting flakes or powders.  

The layer of material on the heated drum is thin and presents no restriction to the vaporizing water. Three 
stages of heat transfer occur in this thin layer: the first stage consist of heating the thin layer up to its boiling 
point, the second stage when the water is vaporized and the material gradually changes from a liquid to a solid 
sate, and a final stage where the temperature of the product approaches that of the drum. Drum drying involves 
heat transfer from condensing steam through the metal drum to the product layer. The rate of heat transfer de- 
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pends on the resistance to the removal of water at lower moisture contents and product characteristics [30]. 
Drum dryers have high drying rates and high-energy efficiencies. The main disadvantages of using the drum 
drying method is due to the high capital cost of the machined drums, and heat damage to sensitive foods from 
high drum temperatures [30]. Drums may however be enclosed in a vacuum chamber to dry food at lower tem-
peratures, to improve the sensory and nutritional qualities of dried food. High velocity air may be applied to in-
crease the drying rate or chilled air may be applied to cool the product during drying [30]. 

4. Controlling the Quality of Dried Food Products 
In general, the only effective and controllable heat transfer mechanism is conduction from heated elements. 
When carried out correctly, the nutritional quality, colour, flavour and texture of rehydrated foods are slightly 
less than fresh food [31]. For most people, this has only minor nutritional significance as dried foods form one 
component in the diet. However, if drying is carried out incorrectly there is a greater loss of nutritional and eat-
ing qualities and more seriously, a risk of microbial spoilage and possibly even food poisoning [32]. For effec-
tive drying, air should be hot, dry and moving. These factors are inter-related and it is important that each factor 
is correct (for example, cold moving air or hot, wet moving air is unsatisfactory). The dryness of air is termed 
“humidity”—the lower the humidity, the drier the air. Low relative humidity (or dry) air must be blown over 
foods so that it has the capacity to pick up water vapour from the food and remove it. The temperature of the air 
affects the humidity since higher temperatures reduce the humidity and allow the air to carry more water vapour. 
The relationship between temperature and relative humidity is conveniently shown on a psychrometric chart 
(Figure 1). 

Adiabatic cooling lines are the parallel straight lines sloping across the chart, which show how absolute hu-
midity decreases as the air temperature increases. 

The psychrometric chart is useful for finding changes to air during drying and hence the efficiency of a drier 
[33]. The “constant” and “falling” rate periods are the two distinct phases of drying (Figure 2). In the constant 
rate, the surface of the food remains wet and it can therefore be spoiled by moulds and bacteria. In the falling 
rate the surface is dry and the risk of spoilage is much smaller. The food should therefore be dried to a weight 
that corresponds to the end of the constant rate period as quickly as possible. To ensure safe storage the final 
moisture content of the food should be less than 20 % for fruits and meat, less than 10 % for vegetables and 10% 
- 15% for grains [33].  

Low moisture content is only an indication of food stability and not a guarantee. The availability of moisture 
for microbial growth, usually referred to as “Water Activity” (aw) is very important in food preservation [34]. 
Water Activity varies from 0 - 1.00 and the lower the value the more difficult it is for micro-organisms to grow 
on a food. Examples of moisture contents and aw values for selected foods and their packaging requirements are 
shown in Table 1. Food constituents like the low molecular weight species (LMW) such as sugars, salts and or-
ganic acids and of high molecular weight (HMW) hydrocolloids, contained in a water insoluble cellular matrix 
of macromolecules, mostly carbohydrates, including insoluble pectic substances, hemicelluloses and proteins, 
interact with water to a different extents, and have the ability to lower its vapour pressure (Figure 3). 

This is mainly through polar binding with large biopolymers, through surface interactions and capillary ef-
fects [34]. Similarly, some constituents will have a strong effect on phase transition temperatures, while others 
will not. The relationships between aw and reactions of both enzymatic and chemical nature may be rather com-
plex, due to the different ways that water can react in foods, among these are: 

a) Hydrating of polar or ionic groups, which can affect their reactivity; 
b) Dissolution and mobilization of chemical species, allowing them to react; 
c) Hydrating and swelling of biopolymers, exposing new reactive sites; 
d) Increasing diffusion of reactants (plasticization effect); 
e) Decreasing reactant concentration at high water contents (dilution effect). 
It is worthy of note that moisture migration in multidomain foods obey aw and not moisture content [34]. The 

effect of moisture migration on retardation of baked goods staling has been proposed to result from their interac-
tion with starch [35], retarding the retrogradation process, and their blocking of moisture migration between 
gluten and starch which prevents starch from taking up water [35]. A decrease in the amount of water imbided 
by the starch makes more water available for hydratation of the gluten, and this too is thought to contribute to 
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Figure 1. Psychrometric chart showing the relationship between temperature and relative humidity [33].                   
 

 
Figure 2. Graphical illustration of drying pha- 
ses [33]. The dotted line is the margin between 
the two phases of drying.                    
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Table 1. Food Type characteristics and packaging requirements.                                                   

Food Moisture 
content % 

Water 
Activity Degree of protection required 

Fresh meat 
Bread 

Marmalade 

70 
40 
35 

0.985 
0.96 
0.86 

Package to prevent moisture 
Loss 

Rice 
Wheat flour 

Raisins 
Macaroni 
Marzipan 

Oats 
Nuts 

15 - 17 
14.5 
27 
10 

15 - 17 
10 
18 

0.80 
0.72 
0.60 
0.45 
0.75 
0.65 
0.65 

Minimum protection or no  
packaging required 

Toffee 
Boiled sweets 

Biscuits 
Milk 

Potato crisps 
Spices 

Dried vegetables 
Breakfast cereal 

8 
3.0 
5.0 
3.5 
1.5 

5 - 8 
5 
5 

0.60 
0.30 
0.20 
0.11 
0.08 
0.50 
0.20 
0.20 

Packaged to prevent moisture  
dried uptake 

 

 
Figure 3. Basic structural elements of fruits and vegetables Soured from [34].                                       
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staling retarding [35]. 
Water activity equilibrium (thermodynamics) and rate of diffusion (dynamics of mass transfer) are the two 

main factors influencing moisture migration in a multi-domain food. Multi-domain foods with regions formu-
lated to different water activities cause the whole system to be in a non-equilibrium state [35]. The smaller the 
pores size in the matrix of the food domain, the slower the moisture migration. In addition, membranes, crystals, 
and lipids all contribute as barriers to moisture migration in a multi-domain system. The more the crystals or li-
pid interferences in a system, the slower the diffusion of water [35]. The three properties that are important for 
moisture barrier selection are: 1) the barrier should have pores small enough to not allow water to pass through 
or to slow down the diffusion process, 2) the barrier should not contain structures similar to the permeant mole-
cules and 3) the barrier must be adhesive to the food system. Moisture migration in multi-domain food systems 
can lead to both physical and chemical changes that reduce the shelf-life of the food. The transfer of moisture is 
controlled by both thermodynamics and dynamics. Knowledge of these factors leads to several factors that can 
be used to reduce the rate of transfer of moisture. 

These include: 
1) Formulate the domains to as close to the same aw as possible through the use of selected solutes. 
2) Use ingredients with a high moisture content monolayer and high excess surface binding energy to inhibit 3. 

Mechanically treat the product to create as small a pore size and pores size distribution as possible. 
4) Add ingredients that increase the local viscosity so as diffusion and mobility. 
5) Add an edible barrier between the domains. 
Water activity is one of the most critical factors in determining quality and safety of the goods you consume 

every day. Aw affects the shelf life, safety, texture, flavor, and smell of foods [36]. It is also important to the 
stability of pharmaceuticals and cosmetics. While temperature, pH and several other factors can influence the 
rate at which organisms will grow in a product, water activity may be the most important factor in controlling 
spoilage. Most bacteria, for example, do not grow at water activities below 0.91, and most molds cease to grow 
at water activities below 0.80 [36]. Water activity—not water content—determines the lower limit of available 
water for microbial growth. In addition to influencing microbial spoilage, aw can play a significant role in de-
termining the activity of enzymes and vitamins in foods and can have a major impact on their color, taste, and 
aroma [36]. Aw is a measure of the energy status of the water in a system. There are several factors that control 
water activity in a system. Colligative effects of dissolved species (e.g. salt or sugar) interact with water through 
dipole-dipole, ionic, and hydrogen bonds. Capillary effect, where the vapor pressure of water above a curved 
liquid meniscus is less than that of pure water is because of changes in the hydrogen bonding between water 
molecules. Surface interactions in which water interacts directly with chemical groups on undissolved ingre-
dients (e.g. starches and proteins) through dipole-dipole forces, ionic bonds (H3O+ or OH-), van der Waals 
forces (hydrophobic bonds), and hydrogen bonds [36]. It is a combination of these three factors in a food prod-
uct that reduces the energy of the water. These factors can be grouped under two broad categories osmotic and 
matric effects [36]. 

Due to varying degrees of osmotic and matric interactions, water activity describes the continuum of energy 
states of the water in a system. The water appears “bound” by forces to varying degrees. This is a continuum of 
energy states rather than a static “boundness”. Water activity is sometimes defined as “free”, “bound”, or 
“available water” in a system. Although these terms are easier to conceptualize, they fail to adequately define all 
aspects of the concept of aw [36]. As a potential energy measurement, it is a driving force for water movement 
from regions of high water activity to regions of low water activity. Examples of this dynamic property of aw 
are; moisture migration in multidomain foods (e.g. cracker-cheese sandwich), the movement of water from soil 
to the leaves of plants, and cell turgor pressure. Since microbial cells are high concentrations of solute sur-
rounded by semi-permeable membranes, the osmotic effect on the free energy of the water is important for de-
termining microbial water relations and therefore their growth rates [36]. 

The water in a sample appears to be “bound” by forces to varying degrees. This is a continuum of energy 
states, rather than a static “boundness”. Water activity instruments measure the amount of free (sometimes re-
ferred to as unbound or active) water present in the sample. A portion of the total water content present in a 
product is strongly bound to specific sites on the chemicals that comprise the product [36]. These sites may in-
clude the hydroxyl groups of polysaccharides, the carbonyl and amino groups of proteins, and other polar sites. 
Water is held by hydrogen bonds, ion-dipole bonds, and other strong chemical bonds. Some water is bound less 
tightly, but is still not available (as a solvent for water-soluble food components). Transition of amorphous ma-
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terials from the glassy state to the rubbery state or vice versa is influenced by plasticization by water or other in-
gredients, the molecular weight of ingredients and the amount and type of bonding interactions [35]. The reten-
tion of the nutritional value of food products is dependent mainly on the freshness of the raw material and op-
timal control of associated drying conditions [37]. The heat effects involve in drying affect the protein compo-
nents in foods especially the thiosulphide groups [38]. Its causes changes in the solubility of proteins, hydro-
phobic bond break has been attributed greatly to denaturation during drying compared with hydrogen and ionic 
bonding, which rarely contribute any effect [38].  

Safe moisture content (SMC) is the extent to which moisture can be withdrawn from food crops during drying 
that such crops can be considered safe for storage. The SMCs varied from food crops to another. This report in-
dicates that the earlier reported SMCs of some food crops categories like roots and tuber crops (Table 2), fruits 
and vegetables (Table 3), grains and legumes (Table 4) and cash crops (Table 5). It is observed that each of the 
bulk nutrients of foods may play a major role in determining the eventual SMC of such drying crops. The effects 
exerted by each nutrient may however become synergistic. Of course, each bulk nutrients contribution should 
vary remarkably depending on their ability to interact with migrating moisture with food system. This work is 
therefore aimed to determine the levels of each bulk nutrients contributions to dehydration process, which may 
eventually led to the SMC in dried crops. Graphical tool (scattered plots) was employed to determine the 
strength of association between moisture content and each of the bulk nutrients in various dried food categories. 
The scatter plots were obtained by plotting the minimum moisture levels and that of other bulk nutrients earlier 
reported (Tables 2-5). These were used to evaluate the association between each of the bulk nutrients and min-
imum moisture content. It was hypothesised that the levels of nutrients interaction with a migrating moisture is 
inversely proportional to the amount of each nutrients above the threshold boundary formed by the minimum 
moisture content of foods in the scattered plot graphs. 

More so, the nutrients levels that were found below the threshold boundary formed by the moisture levels 
provides stronger bond association with moisture contents of the dried products, which shows better level of 
contributions to the eventual SMCs of crops. The reverse is the case for the nutrients levels that were higher than 
the SMC boundary. Therefore the areas above the SMC threshold indicate weak interactions between moisture 
and such macromolecules, and the areas below indicate the existence of strong association. The type of associa-
tion contributed by each nutrients could be ionic, vander waal, or covalent bonds. The level of each nutrient 
above the SMC threshold was determined by calculating the percentages of the number of each nutrient above 
the SMC threshold boundary over that of the total number of such nutrients collected. 

It was observed that the several moisture contents formed a boundary within the 6% - 14% in grains (Figure 
4). 84%, 19.048%, 16%, 0%, and 0% of the carbohydrate, protein, lipid, crude fibre and ash contents collected 
were respectively found to be above the SMC threshold boundary. Thus, carbohydrate, protein, and lipid con-
tribute to SMC of grains in decreasing order with lesser interactions with moisture. Carbohydrate levels were 
mostly found above the SMC boundary (Figure 4). This indicates the poor interaction of carbohydrate with 
moisture during its migration in drying grains. The crude fibre and the ash content were found to play the most 
remarkable influence in the level of moisture migration in grains, and hence their eventual safe moisture levels. 

Most of the bulk nutrients were distinctly separated for the cash crops (Figure 5). This indicates that there is a 
very little association among bulk nutrients and also moisture in the cash crops. 88.0% of the carbohydrate le-
vels reported for cash crops were found above the SMC threshold boundary. Hence, carbohydrates may provide 
weak bond interaction during moisture migration within the dried cash crops. The carbohydrates contribution to 
the eventual SMC of most dried cash crops is most certainly the least of all the nutrients. This observation is 
similar to the observation for grains in this report. However, 0%, 0%, 16.67%, and 20% of ash, crude fibre, lipid, 
and protein respectively were also found above the threshold boundary. Thus, protein and lipid provides high 
bond interaction with migrating moisture than carbohydrates in drying cash crops. Similar to the report obtained 
for grains, the other macromolecules (ash, and crude fibre) exhibits the most bond interaction during moisture 
migration within the cash crops. The two nutrients therefore have the strongest bond contributions to the even-
tual levels of SMC of dried cash crops. 

The proportion of carbohydrate, lipid, protein, crude fibre, and ash above the SMC threshold boundary were 
respectively at 100%, 60%, 34.29%, 17.39%, and 0% in fruits and vegetables collected (Figure 6). Unlike the ob-
servation found in grains and cash crops, where both crude fibre and ash plays equally the most important role. 

Crude fibre provides the highest bond interaction with migrating moisture in drying fruits and vegetables. The 
contribution of ash content to the overall bond interaction with moisture in fruits and vegetables can still not be 
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Table 2. Safe moisture content and proximate composition of dried root and tuber crop and their products.                 

Type of crop Safe moisture  
content (%) 

Protein  
(%) 

Carbohydrate  
(%) 

Crude  
fiber (%) 

Lipid  
(%) 

Ash content  
(%) References 

Yellow bitter yam 59.3 3.13 26.97 1.73  2.8 [39] 
White bitter yam 64.97 2.5 21.33 1.79  2.53 [39] 

Yam 64.9  24.3   2.69 [40] 
Yam 62.3  26.1   2.77 [40] 
Yam 62.9  24.8   2.64 [40] 

D. alata 65 - 73 1.1 - 2.8 22 - 29  0.1 - 0.3  [41] 
D. rotundata 58 - 80 1.1 - 2.0 15 - 23  0.1 - 0.2  [41] 
D. esculenta 67 - 81 1.3 - 1.9 17 - 25  0.1 - 0.3  [41] 
D. bulbifera 63 - 67 1.1 - 1.5 27 - 28  0.1  [41] 

Ipomea batatas (Potato) 50 - 81 1.0 - 24 8.0 - 29  1.8 - 6.4 0.9 - 1.4 [41] 
Solanum tuberosum (Potato) 50 - 81 1.0 - 24 8.0 - 29  1.8 - 6.4 0.9 - 1.4 [41] 

Yam 10.87 7.14 77.03 1.17 1.13 1.66 [42] 
Yam chips (Gbodo) 9.85 6.13 80.32 1.19 1.09 1.66 [42] 
Yam flour (Elubo) 9.1 6.11 80.95 1.23 1.01 1.6 [42] 

Cocoyam/Cassava/Cocoyam flour 
composite        

1:00:00 0.216 0.074 0.457  0.142 0.014 [43] 
8:01:01 0.224 0.069 0.5  0.228 0.019 [43] 
14:03:03 0.226 0.065 0.544  0.23 0.02 [43] 
3:01:01 0.202 0.08 0.46  0.208 0.01 [43] 

Cassava TMC 30572 (fufu) 7.31 2.45 89.47 0.14 0.28 0.35 [44] 
Cassava chips (Afisiafi) 9.3 1.64 83.12 1.78 0.6 2.82 [45] 
Cassava chips (Yebesi) 8.95 1.36 84.53 1.65 0.75 2.46 [45] 

 

 
Figure 4. Safe moisture levels of different dried grains, and its interactions with their proximate contents.                 
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Figure 5. Safe moisture levels of different dried cash crops, and its interactions with their proximate contents.              
 

 
Figure 6. Safe moisture levels of different dried fruits and vegetables, and its interactions with their proximate contents.      
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Table 3. Safe moisture contents and proximate composition of dried fruits and vegetable.                               

Crop type Safe Moisture  
Content (%) Protein (%) Carbohydrate (%) Crude fibre (%) Lipid (%) Ash (%) References 

Carrot 12.7 11.9 47.5 1.1  7.5 [46] 
Sweet potato 5.9 4.8 75   2.3 [46] 

Peas 6.2 28.3 33.1 2.2  4 [46] 
Irish potato 6.2 7.3 77.2   3.3 [46] 

Cabbage 21.6 15.2 26.9   7.3 [46] 
Lettuce 12 16 30.5 0.6  8 [46] 
Turnip 16.6 15.2 40.9   8.6 [46] 

Spinach 4.7 28.8 7.9   19.9 [46] 
Corn 9.1 16.2 60 0.9  3.3 [46] 

Corn flour 12.6 11.3 70.6   0.4 [46] 
Dried tomato 18.28      [47] 

Papaya seed coat 0.013 32.68 21.493 30.451 6.23 9.042 [48] 
Mango chip (Unripe) 8.74 4.9 78.95 1.52 0.09 5.8 [49] 

Mango chip (Semi-ripe) 9.74 4.46 75.55 1.73 0.15 8.37 [49] 
Mango chip (Fully ripe) 11.43 4.01 73.91 1.8 0.27 8.58 [49] 

Dried Mango chip 5.1 2.1 68.3 2.1 2.5 3.1 [49] [50] 

Mango chip  
(Ogbomoso variety) 15.585 4.01 73.91 1.8 0.27 8.58 [49] [51] 

Mango chip (Indicina) 14.87 4.01 73.91 1.8 0.27 8.58 [49] [51] 
Mango chip (Julie) 15.665 4.01 73.91 1.8 0.27 8.58 [49] [51] 

Mango chip (Peach ) 16.415 4.01 73.91 1.8 0.27 8.58 [49] [51] 
Mango chip (Peter) 17.178 4.01 73.91 1.8 0.27 8.58 [49] [51] 

Mango seed 9.147 0.06 70.12 2.4 13.511 2.732 [52] [53] 
Almond seed 5.006    59.195 4.605 [52] 

Castor seed (wild) 3.5    67.807 2.833 [52] 
Palm kernel seed 4.87    33.49 1.903 [52] 

Bananna 9.95 3.26 69.97 62.52 0.4692 2.89 [54] 

Plantain 9.97 2.86 80.14 73.52 0.3568 1.85 [54] 

Plantain chip 4.67 4.42 87.45 0.67 0.78 2.06 [55] 

Nutmeg seed 8.02 14.13 8.82 32.46 33.94 2.63 [56] 

Tigernut (cyperus  
esculentus l.) 4.69 4.27 47.9 13.35 27.44 2.32 [57] 

Water melon seed 5.5 24.51 19.75 2.1 40 3.9 [58] 
Melon (Sun-dried) 9.26 28.63  5.27 53.85 6.84 [59] 

Melon (Oven dried) 6.24 28.55  5.19 53.33 6.92 [59] 
Melon (Smoke dried) 7.42 28.55  5.25 53.62 6.87 [59] 
Melon (Solar dried) 8.68 28.28  5.16 52.92 6.99 [59] 

Guava 6.94 9.78 33.0 40.0 4.52 5.6 [18] 

 
under estimated. Earlier reports had also implicated that mineral salts and crude fibre prevents moisture loss 
during drying [77] [78]. The SMCs and proximate composition of some dried root and tuber crops, including 
products derived from them are as indicated in Table 2. It was difficult to predict the interaction between their 
nutrients and migrating moisture content for root and tuber crops using the scattered plot graph method. 

The level of interaction of these nutrients is not so evident in root and tuber crops (Figure 7) since only the 
moisture contents of the fresh tubers are been reported. This may be due to the fact that roots and tubers are 
rarely preserved by drying, except for their eventual processed products like fufu, gari, and chips. 

The main root and tuber crops are cassava (Manihot esculenta Crantz), yam (Dioscorea spp.), potato (Sola- 
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Table 4. Safe moisture contents and proximate composition of some dried grains.                                    

Crop SMC (%) Protein (%) Carbohydrate (%) Lipid (%) Crude  
fibre (%) Ash (%) References 

Maize 13 9.2 73 4.6 2.8 1.2 [60] 

Sorghum 13 10.4 70.7 3.1 2 1.6 [60] 

Wheat 14 11.5 1 42.3 6.1 1.6 [60] 

Brown raw rice 14 7.9 76 2.7 1 1.3 [41] [60] 

White-rice unenriched 14 7.1 70.95 0.6 1.3  [41] [60] 

Enriched Parboiled 14 6.7 8.4 0.5 4.1  [41] [60] 

Enriched Instant 14 8 8.359 0.29 1.6  [41] [60] 

Common millet 12 12.5 63.8 3.5 5.2 3.1 [60] 

Barnyard millet 12 7.7 72.6 1.5 3.6 2.6 [60] 

Little millet 12 11.8 67 4.8 2.3 2.2 [60] 

Kodo millet 12 11.2 63.2 4 6.7  [60] 

Oats 12 13.19 33.61 3.88 12.77 2.75 [61] [62] 

Rye 12 10.84 59.71 1.52 2.17 1.81 [61] [62] 

Whole sorghum 10.6 10.5 79.1 3.4  1.6 [63] 

Sorghum flour ND 12.25 74.68 4.24 1.71 1.75 [64] 

Durum wheat 11.92 13.3 80.97 2.52 1.69 1.51 [65] 

Hard wheat 13.61 11.81 80.38 2.52 3.46 1.81 [65] 

Groundnut seed (Dried) 5.8 38.61 1.81 47 3.7 3.8 [52] [66] 

Winged bean 9.22 33.83 22.3 17.51 12.23 4.91 [67] 

Jack bean 6.44 26.2 57.83 1.95 1.07 6.51 [68] 

African locust bean 11.21 27.9 41.1 15.48 11.23 4.24 [69] 

Sweet corn 13 8.7 69.25 0.5 8 0.5 [70] 

Pop corn 11 7.88 74.12 1 5.5 0.5 [70] 

White corn 8 7 76 1.5 6.5 1 [70] 

Yellow corn 12.5 7.88 76  2.5 0.5 [70] 

Barley 12      [61] 

Millet 9      [61] 

Soybean 11      [61] 

Non-oil Sunflower 10      [61] 

Sunflower, 30% - 50% Oil 8      [61] 

 
num spp.), sweet potato (Ipomoea batatas L. (Lam), and the edible aroids (Colocasia spp. and Xanthosama sa-
gittifolium). Differences between each of these crops, and their different species are usually sufficient to merit 
separate treatment [79]. A general SMC cannot be recommended for root and tuber crops, since the relative hu-
mitity for certain storage methods of root and tubers should never be below 80% [80]. Root and tuber crops, 
producing root or stem tubers, have special requirements with respect to storage, because of the high moisture 
content of the tubers (60% - 80% when fresh). They have a certain dormancy period. They start to sprout after 
this dormant period [80]. Without cooling, the keeping quality of tubers decreases in the following order: Yam, 
cocoyam, sweet potato, and cassava. Also for each root crop, varieties are known that keep well and others that 
do not [80]. Some species of yam, like Dioscorea alata have 3 - 4 months dormant periods, while cassava has no 
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Table 5. Safe moisture contents and proximate composition of some dried cash crops.                                 

Type of crop Safe moisture  
content (%) Protein (%) Carbohydrate (%) Fat (%) Ash (%) Crude  

fibre (%) Reference 

Cocoa 1.1 20.85 58.74 11.21 5.1  [71] 

 1.44 20.1 59.74 10.5 6.22  [71] 

 1.12 18.92 60.01 12.01 4.88  [71] 

 1.78 22.01 58.16 10.21 5.84  [71] 

 1.35 22.54 58.31 10.25 5.55  [71] 

 1.26 21.5 58.86 11.12 4.26  [71] 

 1.65 20.1 58.55 10.25 6.45  [71] 

 0.84 22.1 56.41 11.5 6.15  [71] 

 2.51 20.8 58 10.45 5.24  [71] 

 1.66 21.25 59.08 10.33 4.68  [71] 

 1.15 21.1 57.92 11.43 5.4  [71] 

 1.22 20.55 56.63 11.5 6.1  [71] 

 1.68 21.25 56.81 11.01 5.25  [71] 

 1.3 20.95 56.88 12.72 5.15  [71] 

 1.68 21 58.97 10.45 4.9  [71] 

 1.45 20.1 56.29 11.4 4.26  [71] 

 1.62 21.15 57.06 11.25 4.92  [71] 

 0.92 22.1 58.5 10.4 5.28  [71] 

 1.86 21.22 54.02 12.5 6.4  [71] 

 1.45 20.2 55.2 11.55 4.9  [71] 

 1.84 22.01 55.66 10.2 5.29  [71] 

 1.32 21.01 54.55 12.1 6.02  [71] 

 1.92 21.25 54.66 11.5 5.5  [71] 

 0.8 22 58.87 11.56 5.96  [71] 

Groundnut 7 25.2 11.5 48.2 1.38 2.1 [72] 

 5.529 25.2 21.26 46.224 2.577 1.149 [72] 

Rubber 29.7 11.5 6.3 24   [73] 

Rubber seed cake 9.1 30 19.9  6.5 8 [73] 

Kolanut  7.18 28.56 5.71 1.5 7.13 [74] 

Bitter kola (Garcinia cola)  2.48 35.64 4.51 0.79 5.23 [74] 

Alligator pepper  
(Afromomum melegueta) 14.53 7.18 73 2.55 2.49 5.5 [74] 

Tea 6.8 1.43  10.16 6.3 15.79 [75] 

Coffee 11.23 10.0 - 13.0  13.27 3.92  [76] 

 
natural dormancy.  
 
5. Summary 
In summary, the moisture contents formed an SMC threshold boundary that may be considered as an appropriate 
SMC for the several categories of dried crops. The SMC threshold boundary for grains, fruits and vegetables,  
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Figure 7. Safe moisture levels of different dried roots and tubers, and its interactions with their proximate contents.         
 
cash crops, and root and tuber crops was within 6% - 14%, 0% - 22%, 0% - 30%, and 0% - 10% respectively. 
The levels of crude fibre and ash provide the strongest bond interaction with migrating moisture in drying food 
crops, and are of utmost important in the determination of SMC. The carbohydrate level of food crops was of no 
significance for contribution in the determination of SMC of food crops. 
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