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Preface

Food Processing and Preservation describes the latest research and knowledge about 
food processing and preservation technologies. Food processing and preservation is 
a major concern for consumers and thus have attracted much attention. They can 
involve one or a combination of various processes during the manufacturing of 
foods, including washing, chopping, pasteurizing, roasting, freezing, fermenting, 
packaging, cooking, and many more.

Food processing and preservation can have many beneficial effects to obtain various 
food products and to stabilize foods against alteration. In recent years, consumer pref-
erences have led to increased demand for high-quality foods in terms of nutritional 
physiology, leading to increased interest in fresh food products. As such, researchers 
and scientists have been working to improve the sustainability and quality of food 
products using new technologies and processes.

This book is an authoritative source of information about food processing and preser-
vation technologies. Chapters address such topics as different preservation processes, 
the effect of these processes on the quality of food products, new perspectives on 
established processes, and innovative and emerging technologies in food processing.

This book is the result of the combined efforts of experts in food processing from 
around the world who are affiliated with industry, research institutions, and aca-
demia. It is unique both in depth and breadth and is a useful reference for profes-
sionals in industry and academia as well as students studying food science and food 
processing. We wish to thank all the authors for their excellent contributions and 
patience throughout the publication process.

Dr. Roua Lajnaf
Alimentary Analysis Unit,

National Engineering School of Sfax,
Sfax, Tunisia

Montpellier University,
UMR IATE,

Montpellier, France
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Chapter 1

Introductory Chapter: Novel 
Thermal and Non-Thermal 
Technologies for Food Processing
Roua Lajnaf

1. Introduction

Food Processing is the set of techniques and methods used to transform raw 
materials into final products. Quality of foods is a great concern when processing 
methods are used for food preservation. Thus, food preservation whilst ensuring its 
quality and safety has been a prime goal of food processors which is mainly attributed 
to the preferences of the consumer which increased the demand for high quality foods 
in terms of nutritional physiology and technological quality. Since prehistoric times, 
processing of food materials including sun drying, salting, fermenting and smoking 
have been used to preserve foodstuffs in order to make them edible [1]. Indeed, food 
processing methods have been developed to inactivate pathogenic bacteria, toxins 
as well as detrimental constituents so that the obtained processed foods can meet 
safety and shelf-stability requirements to the consumer. Nowadays, more emphasis 
was attributed on informatively labeled, high-quality and value-added foods which 
are convenient to use beyond the traditional requirements [2]. In the recent years, the 
awareness of foods that are beneficial to consumer health has increased, especially 
about the effects of processing on the functional components of the various food 
products. Consequently, a number of health-conscious consumers try to more eat raw 
foods. However, many foods are available only when they are processed, furthermore, 
they need to be processed to make them safe for consumption [1]. The purpose of 
this introductive chapter is to provide a general perspective of the novel thermal and 
non-thermal processing technologies currently available in connection with their 
efficiency and their impact once implemented by the food industry. Food processing 
are commonly divided into two main types: thermal and non-thermal processing as 
shown in Figure 1 [1, 3, 4]. Thermal processing is the most common and traditional 
technique because of its ability and efficiency to inactivate microorganisms as well 
as spoilage enzymes [5]. However, severe heat treatments may induce chemical and 
physical changes to food products. These techniques can even induce the formation 
of toxic compounds and can reduce the bioavailability of some importants nutrients. 
Furthermore, an adverse effect on the sensory properties of foods caused by thermal 
processing has been reported [1]. As a consequence, softer processing techniques 
including novel thermal and non-thermal processing has become the new trend. 
Indeed, these processing techniques are claimed to combine the high quality of 
industrial foods and the improved functionality.
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They were also reported to be more cost efficient and environmentally friendly 
compared to classic thermal processing techniques. Therefore, the aim of this intro-
ductory chapter is to provide a critical review of novel food preservation processes 
including both thermal and non-thermal technologies.

2. Thermal food processing methods

Overall, conventional food preservation processes consist of exposing food to a 
very high temperature, leading to the reduction of the contamination or microbial 
load from food.

Thermal processing techniques persists as the most widely used techniques for 
prolonging the shelf life of foods and ensuring their microbiological safety [1]. 
However, these processes result some undesirable changes in food including the loss 
of nutritional components which are temperature-sensitive, the change in the texture 
of food and in the organoleptic characteristics of treated foods [6]. The thermal treat-
ment used for preservation result also in the formation of chemical toxicants in food 
which are carcinogenic and harmful to the human body. However, the amount and 
the type these toxicants formed depend on the treated food and the type of thermal 
method used for cooking food [7, 8].

Furthermore, the functional benefits of thermally processed foods are still doubt-
ful as thermal treatment causes considerable changes in the nutritional attributes 
and the quality of foods [9]. For instance, vitamins are among the most sensitive 
components in foods to be affected by thermal treatments. Heat-sensitive vitamins 
include both of fat-soluble vitamins such as vitamins A (in the presence of oxygen), 
D, E and β-carotene, and water-soluble vitamins such as vitamin C (ascorbic acid), 

Figure 1. 
Thermal and non-thermal food processing methods.
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B1 (thiamine), B2 (riboflavin) in an acid environment, nicotinic acid, biotin C and 
pantothenic acid [10]. Novel thermal processing techniques are characterized by 
novel heating alternatives that can offer quicker heating rates leading to minimization 
of nutrient degradation and adverse reactions. These techniques include ohmic, radio 
frequency and microwave heating.

2.1 Ohmic heating

Ohmic heating is generally included to the group of novel processing technolo-
gies and especially to the novel alternatives to conventional thermal processing. This 
technology has been known since the nineteenth century as it was applied to pasteur-
ize milk [11, 12]. Ohmic heating is direct electro-heating where electrical current is 
applied directly to the food while microwave processing and radio frequency heating 
are indirect electro-heating where the electrical energy is firstly converted to electro-
magnetic radiation that subsequently generates heat within a product [13]. Various 
ohmic heating processes that use electrical current for heating food have been used 
and developed. This technology has been also widely studied and reviewed in many 
scientific publications [11, 14–16].

Generally, most of scientific publications that studied the effect of ohmic heating 
processes on foods were carried out at either 20 kHz or 50 kHz [17–19]. For instance, 
ohmic heating frequency at 10 or 60 kHz on the inactivation kinetics of Geobacillus 
stearothermophilus spores showed an improved antimicrobial efficiency at higher 
temperatures as reported by Somavat et al. [20, 21]. Most commonly studied food 
matrices were meat, processed meat products and liquid foods including fruit, vegeta-
ble juices, milk and milk-analogues. Indeed, the main drawback for this technology 
is that ohmic treatments can alter the textural properties of foods despite a correct 
optimization of the ohmic process conditions [12, 16].

2.2 Radio frequency heating

Radio frequency heating process involves the direct transfer of electromagnetic 
energy into food product, thus, it induced volumetric heating due to frictional inter-
action between different molecules [22]. The allowed frequencies for the applications 
of this technique are 13.56, 27.12, and 40.68 MHz [22]. The greater wavelength at radio 
frequencies compared to those of microwave heating justifies the significant advan-
tages of radio frequencies over microwaves, especially in the case of food processing 
applications [23]. Radio frequencies heating presents similar advantages to ohmic and 
microwave processes when compared with conventional heat-processing technolo-
gies. Some specific advantages of radio frequencies heating over those alternative 
volumetric technologies are noted. However, radio frequencies processing presents 
some disadvantages which are: the higher equipment and operating costs when com-
pared to conventional heating systems, the reduced power density when compared to 
microwave heating, and the limited research efforts regarding the determination of 
food treated by radio frequencies dielectric properties [23, 24].

2.3 Microwave processing

Microwave technique is considered as a novel thermal treatment whose used have 
increased over the last years either in food industry or for domestic use. Domestic 
microwaves generally operate at a frequency of 2.45GHz while industrial microwave 



Food Processing and Preservation

6

systems operate at frequencies that range between 915 MHz and 2.45GHz.The micro-
wave are distinguished by generating heat instantly which significantly reduces the 
processing time and operational cost when compared with the conventional dry-
heating methods [3, 25].

Overall, microwave heating is used in both of pasteurization and sterilization. 
Indeed, pasteurization is a process in which only pathogenic microorganisms in the 
vegetative form are destroyed by thermal treatment in order to enhance food safety 
and shelf life. For microwave processing, the destruction of microbes at sub-lethal 
temperatures was attributed to the selective heating, cell membrane rupture, electro-
poration, and magnetic field coupling [26].

The main advantages of microwaves processing are the less time of the process and 
the fast and efficient heating. Indeed, product quality and food nutritional and sen-
sory qualities are improved with reduced drying time [3]. However, microwaves also 
show disadvantages, such as degradation of treated food products by dry heating and 
food dehydration. However, one of the main disadvantages recognized in microwave 
heating is the non-uniform temperature distribution resulting in hot and cold spots in 
microwave-heated products [12].

3. Non-thermal food processing methods

Recent developments in food preservation processes operations involve novel tech-
nologies that minimize the deleterious effects of heat on the nutritional and sensory 
properties of foods. Promising methods include non-thermal processing which can be 
conducted at ambient or slightly above-ambient temperature and causes no change in 
the nutirional composition of food and the texture which remaines intact [1, 4].

Since the last few decades, various non-thermal technology for food processing 
treatments came into light including pulsed electric field, ultrasonication, cold 
plasma etc. These non-thermal treatments result in the reduction of the microbial 
load in the treated food with an increase in shelf-life and with good sensory and 
textural characteristics as they unmask food to treatment conditions for a fraction 
of seconds [27]. Furthermore, the preservation effects of non-thermal technologies 
are more than those of thermal technologies because there is no risk for the forma-
tion of any toxic or undesirable products in foods since it is not exposed to high 
temperatures [4].

3.1 Ultrasonication processing

Ultrasonication is an emerging non-thermal technology in food industry, whereas 
it is used in other processing sectors [28]. It refers to sound waves at a higher fre-
quency than that of human hearing (between 20 kHz and 10 MHz). The major effects 
of ultrasound on liquid systems is contributed by cavitation phenomena, which is 
the physical processes that create and implode micro-bubbles of gases dissolved in a 
liquid by the compression and decompression of the different molecules that consti-
tute the liquid medium [1]. Ultrasonication is generally used with different frequen-
cies including low-frequency, medium-frequency, and highfrequency ultrasonication, 
with frequencies that range of 20 kHz–100 kHz, 100 kHz − 1 MHz, and 1 MHz–
100 MHz, respectively [29]. Ultrasonication is useful for the process of degassing in 
carbonated beverages. It is also a good replacement for the processes of preservation 
including pasteurization and sterilization in order to reduce the microbial load in both 
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of foods and food products [30]. Ultrasound has successfully proven its usefulness 
in the food sector in various areas such as food preservation, extraction, intensified 
synthesis, and improvement of the physical and chemical properties of food [4]. 
However, this treatment must be studied on bulk food in order to understand its effect 
so that it can be implemented at industrial scale.

3.2 High hydrostatic pressure processing

Application of High hydrostatic pressure mainly deals with pressure as a preserva-
tion method with great potential to produce microbiologically safer food products. 
During this process, the pressure ranging between 100 and 600 MPa is transmit-
ted uniformly and instantly, with a little variation in temperature upon increasing 
pressure regardless of the size of the food (the rate of temperature increase is about 
3°C/100 MPa) [31].

This method causes microbial cell injury and does not alter low-energy covalent 
bonds. As the covalent bonds have low compressibility and would not break within 
the ranges of high pressure used in food processing, the primary structure of mol-
ecules in food such as proteins or fats remains intact [32]. High hydrostatic pressure 
can bring about a significant decimal decrease in the population of pathogenic 
Gram-positive bacteria and Gram-negative bacteria, furthermore, it helps in food 
preservation for a longer duration. However, the reduction in microbial load depends 
greatly on the pressure, temperature during treatment and type of food processed [4]. 
The quality of High hydrostatic pressure-processed food in terms of nutritional com-
ponents, sensory, and texture is excellent due to the short period of food exposure to 
treatment conditions [33].

3.3 Radiation processing

Radiation processing of food is classified as a physical and non-thermal mode of 
food preservation, hence, it is called cold pasteurization [1]. Food produces can be 
exposed to either ionizing radiation or non-ionizing radiation in order to destroy 
pathigenic microorganisms or insects in the food. Ionizing radiation is generated by 
either electron beams, X-rays or gamma rays leading to the inactivation of micro-
organisms by damaging their DNA, while non-ionizing radiation is generated from 
ultraviolet rays, visible light, microwaves or infrared. Applications radiation process-
ing are mostly employed in the food processing sector especially for the preservation 
of food products. This technique is effective against pathogenic microbes including E. 
coli, Salmonella and Staphylococcus [34].

However, the use of radiation processing result in some undesirable changes in 
food if treated at high irradiation doses. For instance, the color of meat as well its lip-
ids have been slightly changed a which may lead to rejection by consumers. Therefore, 
irradiation is usually done with a low dose with the combination of the use of antimi-
crobial agents in order to achieve the desired inactivation in food with no change in 
the food composition and processed food products [35].

3.4 Pulsed electric field processing

Pulsed electric field technology is classified as a non-thermal technology for 
food processing which is capable to inactivate microorganisms and enzymes and to 
retain health-related compounds concurrently [1]. The Pulsed electric field process 
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is commonly applied to liquid foods by the application of a series of short and high-
voltage pulses (25–80 kV/cm) to a liquid food [1]. Since food is exposed to pulsed 
electric field for a very short duration of time ranging between few milliseconds to 
nanosecond, there is no chance of heating and hence, undesirable changes in food due 
to high temperature are eliminated [36].

The mechanism of pulsed electric field causing microorganism inactivation is 
known as electroporation of cells. Indeed, pulsed electric field causes damage to the cell 
membrane of microbes through tension in the cell membrane attributable to electrome-
chanical compression which facilitates the formation of pores in the membrane [37].

The efficiency of this process in reducing microbial load depends on the intensity 
of field applied, temperature, the total exposure time, and energy [4]. Previous 
studies have shown that pulsed electric field process was effective against E. coli in 
flowable food like pineapple and orange juice and coconut water with an intensity of 
5.6 W/cm2 [38]. Similar results reported that pulsed electric field intensity are also 
effective for microbial inactivation in fruit juices [39]. Apart from microbial inactiva-
tion, pulsed electric field process is also effective in the deactivation of food spoilage 
enzymes [4]. For instance, the most common discussed enzymes are polypheno-
loxidase and peroxidase which catalyze oxidation of phenolic compounds leading to 
enzymatic browning of vegetables [1].

3.5 Ozone

Ozone is generally employed as an effective antibacterial agent against many 
bacteria in food in gas form or in ozonated water as it can be mixed with water to form 
[4]. There are many mechanisms by which ozone causes microbial cell death. For 
instance, ozone causes damages of the microbial cell membranes as it alters the per-
meability of cells. Furthermore, ozone is known to damage the structure of proteins 
that leads to the malfunctioning of microbial enzymes, which results in microbial cell 
death [40]. Ozone showed its effectiveness of ozone against Listeria monocytogenes 
present in meat by a treatment of 280 mg O3/m3 for 5 h with pulse of ozone passed 
after 10 min for 30 min duration. Furthermore, ozone was efficient for the inactiva-
tion of Salmonella and spoilage microorganisms [4, 41, 42]. Ozone treatment is also 
effective in the inactivation of toxins present in food [40]. However, this reactive 
molecule reacts with many components in food which could induce undesirable 
changes. It also induces oxidation in food lipids. Further studies are needed in order to 
reduce these undesirable changes in food and to improve its acceptability.

3.6 Cold plasma technology

In the food industry, cold plasma can be used for the reduction of the microbial 
load in food products or on the surface of food which enhances the physical and 
chemical properties of different food constituents including lipids and proteins. Thus, 
it is used for the sterilization of food processing equipment, treatment of food pack-
aging material, inactivation of food spoilage enzymes, and treatment of wastewater 
[43]. There are no risk of thermal damage to heat-sensitive food material as the used 
temperature is ambient. Cold nitrogen plasma shows significant inhibitory action on 
Salmonella enterica after a treatment of 600 W for 2 min [44]. Furthermore, a reduc-
tion of 97.9% and 99.3% in the growth of fungal species such as Aspergillus parasiticus 
and Aspergillus flavus, respectively, after a treatment at 60 W plasma power on the 
ground nut surface [45].
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in Food Processing
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Abstract

Camel milk and its extracted protein fractions were found to provide various 
potential techno-functional properties which can be used in the food industry. This 
chapter summarizes existing knowledge on camel milk protein’s chemistry to explain the 
different reactions and their control for the major processes utilized by the modern milk 
processing industry. The composition and chemical properties of camel milk proteins 
including caseins and whey proteins are investigated. The effect of processing upon 
denaturation, aggregation, and destabilization of milk proteins is updated. Technological 
consequences of thermal processing as well as techno-functional properties of camel 
milk proteins are also described in different techno-functional properties including 
foaming, emulsifying, and gelling properties. This chapter aims to improve camel milk 
production and consumption worldwide not only in the arid countries and the hot 
regions.

Keywords: camel milk, food industry, caseins whey proteins, food processing,  
thermal processing

1. Introduction

According to recent statistics by the statistics of Food and Agriculture Organization 
[1], the total population of camels in the world is estimated to be about 38.6 million, 
with Chad having the largest herd worldwide (8.8 million) followed by Somalia (7.3 
million), Sudan (4.9 million), and Kenya (4.7 million) [1]. Camels live mainly in the 
vast pastoral areas in Asia and Africa, they are divided into two different species 
belonging to the genus Camelus. Dromedary camels (Camelus dromedaries) with 
one-humped and Bactrian camel (Camelus bactrianus) with two-humped [2]. Overall, 
dromedary camels mainly live in desert arid areas including the Middle East, North 
and East Africa, South West Asia and Australia while Bactrian camels prefer liv-
ing in cooler areas such as East to Northern China, West Asia, and Southern Russia 
(Mongolia and Kazakhstan) [2]. Camels are usually considered to be a good source of 
milk and meat, meanwhile they are used for other purposes such as sports racing and 
transportation [3].

Camel milk plays a key role in human nutrition, especially in hot regions and 
arid countries. Indeed, this milk contains all the essential nutrients already found in 
bovine milk [4, 5]. According to the latest FAO statistics, camel milk production (both 
species) in the world is reported to be about 3.11 million tons per year representing 
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0.34% of the total milk production of the world, whereas the cow milk production 
represents 81.2% of total milk production (746 million tons per year) [6].

In Tunisia, total camel milk production is estimated to be around 1099.64 tons per 
year, representing only 0.1% of total milk production in Tunisia [1, 7]. Camel milk is 
popular in Tunisia and consumed as fresh milk as a treatment for a series of diseases 
such as cancer diseases. The produced camel milk in Tunisia is also dedicated to sci-
entific research in various laboratories and research centers. Indeed, recently, camel 
milk was also reported to be an efficient treatment for other diseases, such as dropsy, 
tuberculosis, jaundice, hepatitis, asthma, and leishmaniasis [8]. Camel milk has also 
other potential therapeutic properties, such as anti-carcinogenic, anti-diabetic, and 
anti-hypertensive and has been recommended to be consumed by children who are 
allergic to bovine milk [9–14].

Unfortunately, camel milk has not been given as much attention in research com-
pared with cow milk because of its relatively limited production and consumption 
despite its health benefits and therapeutic properties. Most of the research conducted 
on camels in the past was mainly focused on their physicochemical features. However, 
recent studies have mainly concentrated on the compositional, characteristics and 
technological properties of camel milk and its derived proteins. This review covers 
the recent works on camel milk properties with an emphasis on camel milk proteins. 
The aim of this chapter is to review the currently available information on Dromedary 
camel milk properties, composition as well as camel milk proteins: extraction pro-
cesses, biochemical, and techno-functional properties.

2. Protein composition of camel milk

Overall, milk proteins represent a significant nutritional intake (source of 
essential amino acids). These proteins represent also a source of important techno-
functional properties for the conservation and processing of milk into dairy products 
for human consumption [15].

The total protein content in camel milk ranges from 21.5 to 49 g/L with an aver-
age of 31 g/L of milk [16]. This variation in the composition of camel milk proteins 
depends not only on the race of the producing female but also on seasonal conditions 
[17]. For instance, protein contents in camel milk, which was collected from the 
same breed, were found to vary significantly depending on seasons ranging between 
24.8 g/L of proteins in summer to 29 g/L in winter [18].

As with other milk of different mammalian species, dairy proteins are commonly 
classified according to their solubility in two fractions: caseins (insoluble in acidic 
medium) and whey proteins (called soluble proteins) (Table 1). Indeed, the caseins 
precipitate at their isoelectric pH which is 4.6 and 4.3 for bovine and camel milk, 
respectively, while whey proteins remain soluble in these pH values [19–22].

2.1 Caseins

Camel caseins are phosphoproteins that represent the most abundant protein frac-
tion of milk. They occupy 61.8–88.5% of all camel proteins with an average of 75.4% 
(w/w) against an average content of 80% (w/w) for cow’s milk [23].

Compositionally, caseins in bovine milk are composed of four caseins including 
αS1-, αS2-, β-, and κ-caseins with a molar ratio of approximately 4:1:4:1 in bovine 
milk [22].
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On the other hand, camel caseins consist of the known four sub-fractions including 
αS1-, αS2-, β-, and κ-caseins with proportions approximately being 22, 9.5, 65, and 3.5%, 
respectively in bovine milk (Figure 1) [25]. Recently, Lajnaf et al. [26] found that 
camel sodium caseinates contain four caseins at different percentages 1.1, 45.5, and 
53.4% for κ-, α-, and β-caseins, respectively. The caseins of camel milk are homologous 
to bovine caseins with identity levels that range between 44.6% (αS1-casein) and 67.2% 
(β-casein) [27]. The α- and β-caseins are known as calcium-sensitive caseins or “sensi-
tive calcium caseins” due to their precipitation at a calcium concentration estimated at 
30 mM, while κ-casein remains in solution under these conditions.

Cow’s milk Camel’s milk

Concentration 
(g/L)

MW Concentration 
(g/L)

MW

Fat globules 40 0.1–15 μm 
(average = 3.78 μm)

12–64
(average = 35)

2.99 μm

Caseins 
micelles

26 100–140 nm 
(average = 120 nm)

16.3–27.6 260–300 nm
(average = 280 nm)

Whey proteins 7 3–6 nm 6.3–8 n.d

α-La 1.2 14 kDa >5 14.430 kDa

β-Lg 3.2 18 kDa — —

SA 0.4 66 kDa 3.4 66 kDa

Ig 0.8 150–900 kDa 0.718 80 kDa

Lf 0.1 86 kDa 0.229 75 kDa

Lactose 46 0.35 kDa 24–58
(average = 44)

0.35 kDa

Minerals 7 — 6–9
(average = 7.9)

—

Vitamins 3.2 — 3.7 —

Abbreviations: α-La: α-lactalbumin; β-Lg: β-lactoglobulin; SA: serum albumin; Ig: immunoglobulins; Lf: lactoferrin [15].

Table 1. 
Composition of camel milk in comparison with cow’s milk.

Figure 1. 
Proportions of the different caseins αS1-, αS2-, β and ĸ of the total caseins of cow’s milk (a) and camel’s milk  
(b) [24]. Abbreviation: CN: casein.
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Camel milk is distinguished by the low contents of κ-casein as reported by vari-
ous authors. In the same way, Lajnaf et al. [28] found that no peaks were detected for 
the κ-casein due to its low concentration which probably makes it obscured by other 
caseins.

Overall, the comparison of camel and bovine properties revealed that camel milk 
caseins are less phosphorylated than their bovine counterparts and less negatively 
charged at neutral pH when compared to bovine caprine caseins [29, 30].

2.1.1 α-Casein

The α-casein, which includes both αS1- and αS2-caseins, is the most abundant pro-
tein in cow’s milk and its concentration in milk is estimated at 12.8 ± 2.3 g/L. However, 
the concentration of this protein is lower in camel milk (7.6 g/L) [25, 31, 32].

The αS1-casein, whose concentration is round of 9.5 and 5.3 g/L in bovine and 
camel milk, respectively, representing 38 and 22% of total bovine and camel caseins, 
respectively. Bovine αS1-casein contains 199 amino acid residues with a molecular 
weight (MW) estimated at 22.9 kDa, while camel αS1-casein is slightly bigger with 
215 amino acids and a MW of 25.8 kDa. The isoelectric point (pI) is estimated to be 
around 4.26 and 4.40 for the bovine and camel αS1-caseins, respectively [25, 33]. The 
differences between camel and bovine αS1-caseins result in identity and similarity 
indexes which are around 44.6 and 59.7%, respectively [27]. Bovine αS1-casein is char-
acterized by the absence of cysteine residues. However, it contains 8 serine residues in 
phosphorylated form. Due to the presence of a large number of proline residues (9.2 
and 8.5% proline respectively for camel and bovine αS1-caseins, respectively) [33].

The content of αS2-casein in camel milk is similar to that of cow’s milk. It rep-
resents 10 and 9.5% of the caseins of bovine and camel caseins, respectively [34]. 
Recently, this content has been reported as 0.3–3.9 g/L as reported by Mohamed et al. 
[35]. The primary structure of αS2-bovine casein has 207 amino acid residues with 
an MW of 24.4 kDa, while camel αS2-casein has a lower MW of 22 kDa as it contains 
178 residues of amino acids. The pI is estimated respectively at 4.78 and 4.58 for both 
bovine and camel αS2-caseins [33].

It is well known that the αS2-casein is the most hydrophilic of the other caseins. It 
has 11 residues of phosphorylated serines and is characterized by the presence of two 
cysteine residues (residues 36 and 40) forming intramolecular disulfide bridges. This 
casein is found in partly milk in dimeric form, the two polypeptide chains of which 
are connected by two disulfide bridges [25]. Its secondary structure contains 32% 
α-helix and 30% β-sheets leading to a more organized and structured conformation 
when compared to those of αS1-casein. Similarly to other milk proteins, the differ-
ences between camel and bovine αS2-caseins result in identity and similarity indexes 
which are around 58.3 and 69.2%, respectively [27].

2.1.2 β-Casein

The β-casein is the main protein in camel milk with a concentration that ranges 
between 12.8 and 15 g/L representing 65% of the total caseins of camel milk accord-
ing to Kappeler et al. [34]. However, recent works noted a minimization of its propor-
tion to 53.4% [26], 44.8%, and even 30% according to Felfoul et al. [36] and Ereifej 
et al. [23], respectively.

The β-caseins of cow’s and camel’s milk showed differences in their structures and 
physicochemical characteristics. In fact, bovine β-casein is composed of 209 amino 
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acid residues with an MW of 23.5 kDa and a pI of 4.49, while camel β-casein is slightly 
bigger than its bovine counterpart as it contains 217 amino acids leading to an MW 
of 24.9 kDa and a pI of 4.66. The rates of similarity (84.5%) and identity (67.2%) of 
the β-caseins are higher than those found for other caseins as reported by Lajnaf et al. 
[27] and Barzegar et al. [37].

The β-casein, the most hydrophobic of all the caseins, is characterized by a very 
high amphipolar character. Indeed, it has a C-terminal part (residues 136–209) which 
is very rich in hydrophobic amino acids, while its N-terminal part is hydrophilic and 
contains phosphorylated residues (residues 1–40) providing additional negative 
charges to the molecule. This protein is also characterized by the absence of disulfide 
bridges, which gives it significant resistance to heat treatment. β-Casein is classified 
as an intrinsically unstructured protein thanks to the large number of proline residues 
(16.7%) preventing the formation of secondary structures. Due to its particular struc-
ture (unordered, high hydrophobicity, relatively low molecular mass and absence of 
disulfide bridges), this casein is often at the origin of the properties sought in “stabi-
lizing” protein food ingredients used in the dairy industry [38].

2.1.3 κ-Casein

The κ-casein is the key milk protein that is involved in the rennet coagulation pro-
cess of milk. Among caseins, the concentration of κ-casein (4.4 ± 0.3 g/L) was found 
the lowest representing 13% of bovine caseins. However, it is found in camel milk at 
a content four times lower than that of cow’s milk varying from 0.1 to 2.4 g/L repre-
senting 3.5% of caseins or even 1.1% [26, 29, 35]. Bovine κ-casein has 169 amino acid 
residues with an MW of 18.9 kDa and a pI of 3.97, while camel κ-casein is composed 
of 162 amino acids with a molecular mass of 18.2 kDa and a pI of 4.11 [33]. These 
differences between both camel and bovine κ-caseins result in similarity and identity 
of 58.4 and 66.3%, respectively.

Similarly to β-casein, κ-casein has a particular amphipolar structure with a 
C-terminal part that contains highly hydrophilic residues and a hydrophobic 
N-terminal part. It is also characterized by a low calcium binding capacity due to the 
presence of a single phosphorylation site at position 149.

It is well known that the partial hydrolysis of bovine κ-casein by chymosin takes 
place at the peptide bond 105(Phe)-106(Met) leading to the release of a very hydro-
philic peptide: the caseinomacropeptide (64 amino acids—molecular mass 6.7 kDa) 
and the formation of paracasein κ, which is very hydrophobic and insoluble. The 
cleavage site of camel κ-casein by chymosin is located at position 97(Phe)-98(Ile) 
(Figure 2) and leads to the release of a macropeptide with a molecular mass of 6, 
77 kDa which is comparable to bovine macropeptide [29].

Figure 2. 
Cleavage sites of camel and bovine κ-caseins by chymosin [15].
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2.2 Whey proteins

Whey proteins represent the second protein milk fraction representing 20–25% 
(w/w) of total milk proteins depending on the milk origin [39]. Camel whey proteins 
accounted on average for 24.51% of the total protein ranging between 11.49 and 
38.82% of total milk proteins [23]. Overall, extracted camel whey after acid precipita-
tion of caseins at pH 4.3 has a white color compared to the yellowish color of bovine 
whey. This is due to the low content of riboflavine in camel whey [2].

Generally, the protein composition of whey varies according to the mammalian 
specie. For instance, the soluble fraction of cow’s milk, the protein composition 
is thoroughly studied: β-lactoglobulin is the main protein (~55%), followed by 
α-lactalbumin (~25%), the albumin serum (SA) (15%), and finally the immu-
noglobulins (5%) (Table 1). Camel whey is distinguished by the total absence of 
β-lactoglobulin similar to human milk [28, 33, 34, 40]. Thus, α-lactalbumin is the 
major protein of camel whey 50–54% of all of the globular proteins in this milk, this 
protein is followed by camel serum albumin (CSA) (36%), lactoferrine (2%), and 
immunoglobulins (8%) (Figure 3) [33].

Several works have shown that camel whey contained other specific protein com-
ponents such as the PGRP (Peptidoglycan Recognition Protein), lactophorine, Wap 
(Whey Acidic Protein), and CWBP (Camel Whey Basic Protein) [29, 33, 41].

2.2.1 α-Lactalbumin

The α-lactalbumin (α-La) is the major protein in camel whey as the β-lactoglobulin 
which is the major protein in bovine whey is totally absent [27, 28, 36, 40, 43]. The 
concentration of this protein in camel milk is significantly higher than that of cow’s 
milk (1.08 g/L) [32] as it ranges between 2.1 g/L according to Omar et al. [32] and 
5 g/L according to El-Agamy [33].

The primary sequence of camel α-La was determined by Beg et al. [42]. As its 
bovine counterpart, camel α-La is composed of 123 amino acids, in which 39 resi-
dues are different when compared to bovine α-La. Consequently, the similarity and 
identity levels between these proteins according to the sequence alignment data are 

Figure 3. 
Proportions of the different whey proteins of cow’s milk (a) and camel’s milk (b) according to El-Agamy [33]. 
Abbreviations: β-Lg: β-lactoglobulin, α-La: α-lactalbumin, SA: serum albumin, Ig: immunoglobulins, Lf: 
lactoferrin.
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82.9 and 69.1%, respectively according to Salami et al. [24]. MW and pI of camel α-La 
(MW = 14.43 kDa and pI = 4.87) are slightly higher than those of bovine α-La [43, 44].

Similarly to its bovine counterpart, camel α-La has a high affinity for the Ca2+ 
ion with a higher exposure of hydrophobic groups upon calcium depletion than the 
bovine α-La [45, 46]. In terms of nutritional properties, several studies have shown 
that camel α-La is characterized by a higher digestibility than that of bovine milk, as 
well as greater antioxidant activity with respect to Ferric-reducing antioxidant power, 
iron chelating, and antiradical activities especially in their apo forms [44]. This 
protein presented in its apo form great antibacterial and antifungal properties toward 
various pathogenic species [43, 44].

2.2.2 Camel serum albumin

Serum albumin (SA) protein is a whey protein characterized by its relatively 
high MW. Indeed, bovine serum albumin (BSA) consists of 583 amino acids with an 
MW of 66.4 kDa, its primary sequence was determined Hirayama et al. [47]. It has 
17 intramolecular disulfide bridges and a free thiol group. On the other hand, camel 
serum albumin (CSA) was identified by SDS-PAGE as a similar protein to its bovine 
counterpart with the same MW (66 kDa) [15, 29].

BSA and CSA were reported to have similar concentrations ~0.4 g/L with differ-
ent proportions among whey proteins (1.5 and 7% of total bovine and camel whey 
proteins fractions, respectively). However, the contents of CSA are higher in camel 
colostrum with concentrations greater than 3.4 g/L [48].

2.2.3 Minor camel whey proteins

Lactoferrin is a glycoprotein that belongs to the transferrin family. It contains two 
binding sites for iron cations and more preferentially the ferric ion (Fe3+). This ability 
to scavenge iron persists even at low pH values in the stomach and intestines, to deplete 
free iron which could slow down bacterial growth in the intestines [29]. The concen-
tration of lactoferrin in milk varies according to the producing animal species and 
according to the stage of lactation. Camel milk is very rich in lactoferrin compared to 
the milk of other mammalian species. This richness is a form of adaptation to difficult 
living conditions for young camels to make them more resistant to infections [49].

Camel lactoferrin is composed of 689 amino acids with an MW of 75.3 kDa. The 
primary sequence of camel lactoferrin has a similarity level of 91.6% with its bovine 
and human counterparts and 91.3% with porcine lactoferrin. It is a basic protein with 
a pI of around 8.14 (compared to a value of 8.18 for bovine lactoferrin) [33].

PGRP or “Peptidoglycan Recognition Protein” is part of a family of proteins 
described recently. It is known for its action on gram-positive bacteria as well as other 
microorganisms such as nematodes. This inactivation of pathogens is carried out by the 
binding of this protein to the peptidoglycan of the bacterial membrane, hence its name 
“Peptidoglycan recognition protein” or PGRP [50]. PGRP is a protein that is not detected 
in cow’s milk. It was isolated from camel milk by Kappeller et al. [50]. It is a protein 
which is characterized by its low molecular mass (19.11 kDa) containing 172 amino acids. 
The PGRP of camel milk is a basic protein, it is very rich in Arg residues whereas it is 
poor in Lys. It is found in camel milk at a concentration of 1.74 g/L [32]. The pI of camel 
PGRP is 8.73 which is higher than that of human PGRP (pI = 7.94). The similarity level 
between PGRP in camel milk and human milk is around 91.2% [33]. The PGRP content 
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increases in camel milk in case of infection of the mammary glands. Also, the high level 
of PGRP in camel milk at the start of lactation contributes to the protection of the mam-
mary gland as well as the transmission of immunity to the newborn [50].

Camel Whey Basic Protein or CWBP (Camel Whey Basic Protein) is also a protein 
specific to camel milk. It was identified from camel whey by SDS-PAGE electrophore-
sis [51] and by ion exchange chromatography [48]. This protein, of relatively low MW 
(20 kDa), has a unique structure and has no analogy with other dairy proteins. It has 
been demonstrated in the whey of camelids of the dromedary and bacterial species.

WAP or Whey Acidic Protein is a soluble protein found in the milk of certain 
mammalian species including rabbits, pigs, rodents, camelids and humans. WAP is 
a whey protein found at a concentration of 0.157 g/L in camel milk. It contains 117 
amino acids with an MW of 12.56 kDa. WAP consists of two domains with four disul-
fide bridges with a pI of 4.5 [33]. Thus, camel milk contains the highest rate of natural 
bioactive components, which explains its long shelf life compared to cow’s milk [33].

3. Effect of processing on chemistry of camel milk proteins

Thermal treatments are important food processes including in most dairy indus-
tries to obtain bacteriologically safe final products and to extend their shelf life. 
However, a number of structural modifications have been reported and noted in the 
milk protein components depending on temperature time, and rate of heating. For 
instance, Singh [52] reported that a range of large heterogeneous protein aggregates 
of milk proteins occurred in heat-treated milk. Indeed, the association of heat-
induced milk proteins which are occurring under different heating conditions has 
been extensively studied by various authors [53].

Overall, both caseins and whey proteins in heat-treated milk are engaged in 
protein denaturation. Furthermore, the formation of intermolecular disulfide bridges 
is mostly responsible for heat-induced protein association in milk. Thermal protein 
denaturation has been acknowledged as the first step of the reactions leading to the 
aggregation of the disulfide-linked milk proteins. The resulted thiol groups of cys-
teine residues which are appearing in unfolded proteins, can initiate thiol-disulfide 
exchange reactions within hydrophobically-linked protein aggregates. On the other 
hand, self-aggregation of heat-denatured β-lactoglobulin in cow’s milk, and heat-
induced association of various whey proteins and their aggregates with caseins have 
been investigated and explained according to this mechanism [54].

3.1 Effect of processing on caseins

Similarly to cow’s milk, camel milk proteins are significantly affected by thermal 
treatment processing. However, only few studies about the effect of heat treatments 
on camel milk proteins including caseins and whey proteins are available in the 
literature [55].

First, Felfoul et al. [36] found using LC-MS and SDS PAGE electrophoreses tech-
niques that after heating camel milk at 80°C for 60 min, various significant modifica-
tions in protein composition were observed.

Indeed, these authors noted that fresh camel milk contains α-La, PGRP, CSA, and 
caseins proteins as major proteins. In the same way as bovine milk, the thermal treat-
ment of camel milk at 80°C for 60 min caused various significant modifications in 
proteins including whey proteins and caseins. However, camel αS2-, β-, and γ-caseins 
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concentrations have not been significantly modified by heat treatment similarly 
to bovine caseins. Other study revealed that the effect of the heating temperature 
increases on camel milk was mild on β-casein and both αS1- and αS2-caseins, whereas 
it was drastic on κ-casein. Indeed, electrophoretic bands of whey proteins including 
CSA and α-La as well as κ-casein decreased at 90°C [56].

On the other hand, Lajnaf et al. [26] investigated the effect of different heating 
temperatures on extracted camel sodium caseinates at neutral pH. RP-HPLC results 
of these authors showed that both bovine and camel caseins peaks including κ-casein, 
α-casein and β-casein remained almost intact upon heating at 70 and 80°C for 30 min. 
However, higher temperatures (90 and 100°C) significantly affected camel casein 
peaks especially α-casein and β-casein, which decreased significantly at these temper-
atures. Furthermore, the degradation of caseins is synchronized by the appearance of 
new protein fractions after heating at 90°C for 30 min. In the same way, new peptides 
were generated upon heating from the parent caseins. Thus, the heat treatment of 
camel caseinates solutions results in the degradation polymerization of proteins as 
well as the liberation of several peptides due to protein degradation [26].

3.2 Effect of processing on whey proteins

The effect of processing on camel whey proteins especially thermal processing 
as well as the acidification process is being studied by many researchers in recent 
scientific works who are interested in the valorization of camel milk and its consump-
tion as a new alternative of bovine whey especially due to the total absence of the 
β-lactoglobulin in camel milk.

First, the work of Felfoul et al. [21] was considered as the first study leading to 
understanding the chemistry of camel whey proteins upon heating and at different 
pH levels as they studied the effect of different heating temperatures on sweet and 
acid camel whey. These authors noted that protein denaturation started after heat-
ing whey for 30 min for all temperatures. The whole phenomenon happened during 
30 min of heating. The obtained results by these authors have shown that heating 
both bovine and camel whey at 60°C does not generate any denaturation phenomena 
as it is already observed by Laleye et al. [40]. The electrophoresis patterns showed 
also that heating camel whey at 90°C during 30 min CSA band disappearance for both 
rennet and acid wheys. On the other hand, α-La concentration decreased as a function 
of heating temperature.

As previously reported, the major camel whey proteins are α-La, CSA, and PGRP 
[36, 41, 48, 50, 57]. These proteins were significantly affected by heat treatment at 
80°C for 60 min as revealed by Felfoul et al. [36]. Indeed, the corresponding peak of 
CSA decreased significantly after heating at this temperature while camel α-La and 
PGRP have completely disappeared from the HPLC-UV chromatograms. Indeed, 
these authors found that the concentration of CSA in fresh camel milk was decreased 
by 42%, while PGRP concentration decreased by 68%, whereas, there was 100% of 
α-La disappeared from camel milk. Thus, the most heat-sensitive whey protein in 
camel milk obviously corresponds to camel α-La followed by PGRP and CSA [21, 36]. 
In the same way, Lajnaf et al. [28] found that the chromatographic peak of the α-La 
began to decline after the heat treatment at 70°C for 30 min, it decreased significantly 
when the heating temperature raises from 80 to 100°C for 30 min. Thus, the reduc-
tion of the chromatogram peaks is the consequence of the protein denaturation and 
aggregation upon heating [28]. However, for bovine milk, the peaks of the α-La and 
the β-Lg started immediately diminished after the heat treatment at 80°C for 30 min. 
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The peak of β-Lg totally disappeared after heating at 90 and 100°C for 30 min,  
unlike the β-Lg dimer peak that increased due to the creation of heat-induced disul-
fide-bonded dimers as intermediates in the whey proteins aggregation [28].

On the other hand, differential scanning calorimetry (DSC) thermograms of 
Felfoul et al. [21] showed that denaturation temperatures of camel α-La were 73.8°C 
in camel rennet whey and 60.5°C for camel acid whey. Atri et al. [45] noted that dena-
turation temperatures of purified camel α-La are 71.7 and 39.6°C in its holo (calcium 
loaded) and apo (calcium depleted) forms. Indeed, the absence of β-lactoglobulin in 
camel milk whose denaturation temperatures are 79.6 and 83.4°C in sweet and acid 
bovine wheys, respectively resulted from different denaturation and aggregation 
phenomena during heat treatment [21].

Other scientific works have shown that the combination of heating treatment and 
acidification of camel wheys induced an immediate disappearance of the α-La and the 
appearance of several intermediate protein species including dimers, trimers of α-La. 
These protein species were formed during heating and before aggregation [20]. These 
authors have found that acid wheys carried higher denaturation levels compared to 
sweet wheys regardless of heating temperature value. These findings confirmed that 
acid whey is characterized by a higher thermal sensitivity than the sweet one with 
the higher thermal sensitivity of camel whey proteins compared to bovine whey 
proteins especially at neutral conditions [20]. In the same way, Laleye et al. [40] noted 
that camel milk whey proteins are slightly more susceptible to heat denaturation 
than bovine whey proteins regardless of pH level. This behavior can be explained by 
the particular structure of camel α-La, especially in acidic conditions. Lajnaf et al. 
[41] reported that the open structure of the camel α-La molecule and the reduced 
electrostatic repulsion of this protein near its pI are all factors that could promote 
the creation of large aggregates. In the same way, Lajnaf et al. [57] observed that the 
purified camel α-La isolated from camel milk was more flexible in acidic conditions, 
regardless of heating temperature, due to the reduced negative charge of this protein 
and its molten globular state at low pH values.

Recently, Lajnaf et al. [43] reported that there are various structural differences 
between the camel and bovine α-La as a function of different denaturing conditions 
in food processing including pH, heating temperature, and guanidine hydrochlo-
ride mediated. Camel α-La showed higher stability toward thermal treatments and 
pH-mediated denaturation. However, it was less stable toward guanidine-mediated 
denaturation with a fast aggregation and a more disordered structure when compared 
to its bovine counterpart [43, 58].

4. Effect of processing on camel milk protein functionality

4.1 Foaming properties

The foaming and stabilizing properties of camel milk as well as its protein 
fractions were investigated by different authors [28, 41, 59–61]. First, Lajnaf et al. 
[26, 28] studied the effect of different heating temperatures ranging between 70 
and 100°C on skimmed camel milk as well as extracted sodium caseinates. These 
authors noted that for the camel milk and sodium caseinates, heating improved 
significantly the foamability in comparison with that of bovine milk and bovine 
caseinates, with better foaming capacity achieved after a heat treatment at 90 and 
100°C due to the presence of higher amounts of β-casein in camel milk. Indeed, this 
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protein is well known as a mobile disordered protein due to its particular flexible 
structure [62]. However, lower foam stability of camel milk and camel caseinates 
foams is observed due to the different protein composition of both milk proteins 
especially the absence of β-Lg and the lower amounts of κ-casein [26, 28]. On the 
other hand, the stability of foam formed from skimmed camel and bovine milk 
increased significantly with increasing preheating temperatures up to 90°C, above 
which lower foam stability is observed [28]. While for camel sodium caseinates, 
foam stability increased as a function of heating temperature even at 100°C [26]. 
The increase in foaming properties of camel milk is attributed to an increase in the 
hydrophobic interactions due to an exposure of hydrophobic groups, which are 
already buried inside the globular structure of whey proteins [28, 63]. Furthermore, 
this behavior can be explained by the increase in the adsorption velocity and the 
diffusion of milk proteins upon heating at the air-water interface as confirmed 
by Dickinson [64]. In the same way, heat treatment significantly ameliorated the 
foaming properties of camel and bovine sodium caseinates especially at high-
temperature values (90 and 100°C for 30 min).

Parallely, the heating process affects the physicochemical properties of caseins 
including the increase of surface hydrophobicity due to the greater exposure of buried 
hydrophobic groups and the increase of the ability to reduce the interfacial tension at 
the air-water interface. The heating process also decreases the electronegative charge 
of proteins leading to a greater flexibility and hence, higher foaming properties of 
heated milk proteins [26].

The foaming properties of camel whey proteins are significantly affected by 
different stabilizing food processing, especially thermal processing and acidifica-
tion. This behavior is mainly explained by scientists as camel milk is totally deficient 
in β-Lg because it is well-known that this protein plays a key role in the process of 
protein aggregation in bovine whey solution [60].

Camel whey foaming properties are reported to depend on both pH value and 
thermal treatments. Camel whey solutions showed the best foamability closed off 
the isoelectric point of camel α-La (around pH 4.3), regardless of heating tempera-
ture. Thermal treatments at 70°C significantly improved the foaming properties of 
both bovine and camel acid wheys. However, the stability of foam greatly increased 
upon heating only for the acid camel whey [41]. Acid camel whey is distinguished 
by its exceptional ability to create foams with the greatest foam stability if compared 
to other whey, with an increase of these properties after a heat treatment. Hence, 
the lack of β-Lg in camel whey leads to exceptional foaming properties of this 
whey, especially with the combination of preheating and preacidification before 
the creation of the foams [41]. In the same way, the foamability of camel α-La in 
solution was maximal in acid conditions, near its effective pI. Indeed, at this acid 
pH, the protonation of the negative groups decreased the electrostatic repulsions of 
the α-La and induced a partial denaturation with the release of its chelated calcium. 
The obtained molten globular state enhanced the foaming properties of this protein. 
Heating processes improved the stability of the foam which is created by camel α-La 
due to the presence of aggregated proteins at the air-water interface. Aggregates are 
reported to contribute to improving foam stability whereas, they slowed the adsorp-
tion of proteins and the creation of foam [43, 57]. In addition to the heating process, 
the effect of the spray drying process on the techno-functional of camel milk 
proteins was investigated by Zouari et al. [65] noted the low denaturation extent of 
camel and bovine milk proteins powders participated in the enhancement of their 
foaming capacity and stability [65].
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4.2 Emulsifying properties

Emulsification is a common food process in the food industry, it is encountered 
with mayonnaise sauces, cream, soups, butter, and margarine [66]. Overall, oil-in-
water emulsions are produced by the homogenization process of oil and aqueous 
phases in the presence of emulsifiers which are adsorbed onto the surfaces of oil-
droplets leading to the reduction of the interfacial tension and emulsion creation. 
In the food industry, the most common emulsifiers used are milk proteins including 
caseins such as β-casein which is the most surface-active dairy protein, and whey pro-
teins including β-Lg and α-La [62, 66]. The effect of food processing on the ability of 
camel milk proteins to create and stabilize emulsions was studied by different authors 
[20, 60, 67]. First, Lajnaf et al. [20] reported that camel whey emulsifying properties 
depended on both pH level and the degree of denaturation of these proteins after a 
heat treatment. Higher emulsifying activity stability was obtained for sweet whey 
especially the sweet camel whey due to the presence of electrostatic repulsive forces 
between proteins. However, acidification reduces these repulsive forces leading to the 
reduction of emulsifying properties of milk proteins.

Laleye et al. [40] reported the lower emulsifying properties of pre-acidified camel 
whey when compared to bovine whey due to the pronounced aggregation of camel 
whey protein molecules. Indeed, the aggregation behavior of camel whey proteins 
at lower pH values is associated to the high content of the α-La [40]. Furthermore, 
thermal treatments of camel whey proteins at 70 and 90°C improved the emulsifying 
properties of these proteins, especially in acidic conditions due to the denaturation 
and aggregation of proteins. Indeed, the size of whey proteins’ aggregates is higher 
in acidic conditions than in neutral pH due to the minimized electrostatic repulsion 
between neigh-boring proteins molecules leading them to interact and aggregate. 
These aggregates are characterized by a greater ability to stabilize foam and emulsion 
compared to native proteins [20, 68].

Momen et al. [60] studied the effect of the heating process at 85°C for 15 min in 
a temperature-controlled water bath on the created emulsions. These authors noted 
that the emulsions prepared with camel whey proteins did not show any visible 
aggregation or gelation after heat treatment, whereas emulsions prepared by bovine 
whey proteins formed a gel-like structure in different protein concentrations. Indeed, 
the limited heat-induced modification in the conformational structure of camel whey 
proteins confirmed that these proteins are not very sensitive to heat-induced disulfide 
bridging and hydrophobic interactions. Thus, this study showed the technological 
viability of camel whey protein for the fabrication of high-protein emulsion. In the 
same way, the emulsifying properties of camel α-La were less sensitive to various 
thermal treatments at 95°C. This behavior was explained by the higher conforma-
tional flexibility of this protein which increased with temperature, contrary to its 
bovine homologous protein [67, 69]. Indeed, bovine α-La enhanced emulsion stability 
as a function of pH and heat treatment, due to hydrophobic interactions and a more 
rigid molecular structure compared to camel α-La [69]. Furthermore, a higher surface 
coverage of the oil droplets was obtained for camel apo α-La which carried the highest 
ability to reduce the surface tension values at the oil-water interface when compared 
to bovine α-La in its holo and apo states. The stability of the created emulsions seemed 
greatest at neutral pH due to the presence of the electrostatic repulsive forces between 
the adsorbed α-La molecules contrary to these molecules in acidic conditions. These 
conditions reduced these repulsive forces leading to the decrease of emulsifying 
properties of camel α-La [43, 44].
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Ellouze et al. [70] reported that camel milk β-casein showed an enhanced ability 
to form softer emulsions and to stabilize oil droplets in acidic conditions, regardless of 
heat treatment compared to bovine β-casein. However, the heating process affects the 
interfacial properties of β-casein. Indeed, the ability of this protein to create emul-
sions did not show any effect upon heating, whereas, stabilization of emulsified oil 
droplets with β-casein is higher without the heating process as proteins retain their 
native structure with no thermal denaturation, which allows intramolecular hydro-
phobic interactions and hence, the maintenance of a stable protein film around the 
created oil droplets. On the other hand, surface pressure was higher in acidic condi-
tions for camel β-casein and after a thermal treatment at 95°C. This phenomenon 
is explained by hydrophobic interactions and a relaxed structure allows proteins to 
be more cohesive under the applied treatments [70]. In the same way, emulsifying 
properties of camel β-casein solutions depended on pH level with or without thermal 
processing. Preacidification affects the physicochemical properties of camel β-casein 
by increasing the surface hydrophobicity and also decreasing the negative charge 
and the efficiency to reduce the interfacial tension. Therefore, casein precipitation 
decreases the emulsifying properties of camel β-casein and its ability to create and 
stabilize emulsions [70].

4.3 Gelling properties

The effect of different food processing on gelling properties of camel milk was 
described by few scientific works. First, Zouari et al. [71] studied the effect of the 
acidification process on the gelation of camel milk and found that the gelation 
behavior of camel milk is mainly controlled by the pI and hydrophobic interactions. 
These authors found that the intermolecular interactions between different camel 
milk caseins are higher and stronger when compared with those in bovine milk. 
The effect of thermal processing on the quality of fermented camel milk products 
including yogurt and cheese is not completely investigated. The fermentation process 
of milk into yogurt requires pre-heating in order to denature the whey proteins and 
form disulfide bridges between these proteins and κ-casein, leading to improved 
yogurt structure. Manufacturing yogurt from camel milk is difficult and the yogurt 
curd produced from camel milk is fragile and has a thin consistency because of the 
presence of bioactive antimicrobial components including PGRP and lactoferrin [2]. 
Furthermore, the different compositions of camel milk whey proteins, such as its 
lack of β-lactoglobulin and the predominance of α-lactalbumin are also the reasons 
for the fragile structure of camel milk yogurt [72]. Pasteurization process of the 
camel at temperatures higher than 65°C for 30 min results in the manufacturing of 
camel cheeses with significantly weaker gels [73, 74]. Furthermore, high-pressure 
processing of milk at 350 MHz for 5 min produces harder cheese than pasteurization 
treatment at 65°C for 30 min [72]. Finally, further studies are needed to understand 
and to explain the effect of various food processing, especially thermal ones on gelling 
properties of camel milk.

5. Conclusion

Camel milk is different in its composition from that of cow’s milk including fats, 
minerals, lactose, and proteins. The main differences in camel milk proteins composition 
are the total absence of the β-Lg and the low amount of κ-casein, leading to confirm 
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that β-casein and α-La are the major proteins in colloidal and soluble fractions of 
camel milk, respectively. Camel milk proteins show different behavior when com-
pared to bovine proteins. For instance, previous studies noted that heating treatment 
of milk significantly affects α-La followed by PGRP and CSA, with a relative thermal 
sensitivity of whey proteins when compared to caseins. However, thermal treatment 
of camel caseinates leads to the degradation and denaturation of individual caseins 
including α-casein and β-casein which is probably associated with liberation of 
resulted peptides. Different techno-functional properties of camel milk proteins are 
significantly affected by food processes including thermal processes and nonthermal 
such as acidification. For instance, the combination of acidification and thermal 
treatments improves the foaming properties of whey proteins, while these processes 
reduced emulsifying properties of camel whey proteins.

Finally, this chapter investigates the interesting techno-functional properties and 
the chemical of camel milk proteins as a function of different food processes. Hence, 
this could confirm the strong potential of camel milk for potential applications in the 
food, pharmaceutical, and cosmetic industries.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Mesquite pods were dried and milled. The physicochemical properties of mesquite
flour were characterized. The pods were dried at 60°C, 15% RH, and 2 m/s airflow.
After drying, two types of milling were applied: (1) industrial blade mill and (2)
Blender, and the nutritional composition was determined. The sorption isotherms
were obtained at 30, 35, 40, and 45°C for a range of water activity of 0.07–0.9. The
particle size distribution and the average particle size of the flours were characterized
by means of diffraction of blue laser light; furthermore, the morphology was analyzed
by (SEM). The powders were also analyzed by DSC. Alveography was applied to study
the rheology of the flour. Mesquite powders are highly hygroscopic, and the (GAB)
model displays a good description of the experimental data. Flours expose different
morphologies depending on the milling technique; a more homogeneous powder was
obtained from the industrial blade mill. Rheological characterization indicates that
mesquite flour decreases the tenacity and extensibility of the flour mixture. According
to DSC, the flours are very stable over a wide temperature range from 0 to 120°C, and
the thermograms indicate a transition of proteins affected by high-molecular-weight
carbohydrates and moisture content.

Keywords: ethnic food, drying, milling, powder properties, nutritional

1. Introduction

Mesquite (prosopis spp) trees grow in dry environmental conditions, counting 44
species in the world [1, 2]. Mesquite tree appertains to genus Prosopis and is present in
semiarid lands of America [3]. It has been documented that Prosopis pods have been
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food intakes of people from arid and semiarid regions in South America [4], and
according to [5], the Prosopis pods are highly palatable to humans.

In Mexico, mesquite is found in different regions of the country. In the past, the
native people utilized mesquite pods as food, to prepare flour, syrups, and bread [6];
nevertheless, the pod’s morphology varied substantially across different regions [7].

According to [1], mesquite pods have a complex morphological structure; the
important protein content and the sucrose content reveal a potential for the produc-
tion of new ethnic foods. As a raw material mesquite pods can be used for baking,
snack food, sweetener, gum, and protein concentrate.

Prosopis pallida and Prosopis juliflora are varieties with especially large and sweet
fruits, and were studied by [8]. The authors explored different applications for every
component of the fruit (exocarp, mesocarp (pulp), and endocarp), the episperm,
endosperm, and cotyledon of the seed. They affirm sucrose is the main sugar compo-
nent in the pulp; galactomannan is the most important polysaccharide in the endo-
sperm, and glutamic acid, arginine, aspartic acid, leucine, proline, and serine were
identified in the seed cotyledon. In the pulp, vitamin C, nicotinic acid, and calcium
pantothenate were identified. In other study [9], authors characterize the phenolic
antioxidants occurring in the pod mesocarp flour of Chilean Prosopis; they conduct an
HPLC-MS/MS analysis identifying the presence of eight anthocyanins and 13 phenolic
compounds including flavonol glycosides, C-glycosyl flavones, and ellagic acid deriv-
atives. The antioxidant activity and the phenolic composition of this product reveal its
potential as a functional food.

The structural and functional properties of P. alba, P. chilensis, and P. flexuosa were
assessed by other author [10]. The flours were characterized by granulometric ana-
lyses, water absorption, oil absorption, solubility, and color. Drying and milling pro-
cess allows ultrastructural changes, modifying the membranes of proteins and
changing their capacity to absorb water. The values of solubility reveal flours can be
used for the elaboration of liquid foods and candies. According to [2], Prosopis meso-
carp flour contributes to the browning, color, aroma, and flavor of baked products.

In other work [11], the authors studied the fruits of Prosopis alba and P. pallida. A
drying process was applied at 60°C for 60 h, then a hammer milling process was used.
The findings reveal proteins, calcium, iron, dietary fiber, and sugars as the principal
constituents of the pulp. The efficiency of the milling and sieving for P. alba and P.
pallida were 54.5% and 55%, respectively. The total sugar content was higher in P.
alba than P. pallida and protein content was higher in P. pallida than P. alba.

In another study, the authors investigated the particle size, morphology, rheology,
physicochemical, and mineral composition of Proposis julifrora [3]. Drying at 60°C was
applied, after that the pods were analyzed. Sieves with a meshing of 32–150 were used.
The flour exhibited an important concentration of fibers, calcium, and phosphorous.
The results of rheology indicated that mesquite flour is suitable for cookie production.

In other work, the genotoxicity of prosopis flour was addressed [4]. The authors
affirm sucrose constitutes the main sugar in flours obtained from P. alba and Prosopis
nigra. Prosopis extracts did not reveal any mutagenic effect with and without meta-
bolic activation. The authors conclude Prosopis flour is a rich source of antioxidant
compounds that could avoid pathologies related to oxidative stress.

For the elaboration of bakery products and/or confectionery, it is indispensable the
use of flours with the ideal characteristics that can satisfy the culinary necessities and
that in turn can be conserved [10]. Currently, the use of mesquite pods in the food
industry is uncommon [2, 5]. Then, the aim of this work was to assess the physico-
chemical and rheological characteristics of mesquite flours (Prosopis laevigata)
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harvested in Oaxaca State (Southern of Mexico) in order to develop foods with
important nutritional value without gluten and take advantage of the agro-food
resources of semiarid zones. The particle size distribution, the particle morphology,
the isosteric heat of sorption, and the thermal stability were also studied.

2. Materials and methods

Pods of P. laevigata were harvested between April and August 2016 in the com-
munity of Santiago Sulchiquitongo (Oaxaca, Mexico). Three stages of maturation
were identified [12]. Pods in stage three of maturity were used for drying. The drying
process of pods was performed using a convective tunnel dryer [13]. The drying
conditions were as follows: an airflow at 60°C, with a relative humidity of 15%, and an
air velocity of 2.0 m/s. After drying, pods were stored in a desiccator.

The pods reached a final moisture content of 0.12 g of water/g dry matter. Once
dried, the mesquite was milled by implementing two techniques; 1) an Osterizer
blender, model 465–15 for 20 seconds and 2) a mill blade pulverizer Model HC-
2000Y, for 20 seconds. The mesquite powder was passed through # 60 (0.250 mm)
and # 80 (0.177 mm) sieves and each mill was stored in low-density polyethylene bags
in a vacuum desiccator for 24 hours. A more homogeneous material was obtained
from the mill blade pulverizer, then, powders from this milling technique were sub-
sequently analyzed.

2.1 Chemical characterization of flours

The chemical-proximal and nutritional composition of the flours were obtained.
The moisture content, the total raw protein content, the reducing and direct sugars,
the total fat extraction, the raw fiber, and the ash were determined by methods
published in [12].

2.2 Particle size distribution

The size distribution of a particulate product is dependent on the shapes of its
particles [13, 14]. The particle size distribution determines the critical chemical and
physical properties of particulate systems [15]. Particle size induces many properties
of powder materials and is a significant indicator of quality and performance. For this
reason, the particle size distribution of mesquite flours was analyzed using the princi-
ple of blue laser light diffraction measurement [16]. For this purpose, we use a
Microtrac Blueray M3551-1 W-BU00 in a humid medium, with a measuring range of
10 nm up to 2000 microns. The method is presented in [12].

2.3 Morphology of flour particles

Images from samples of mesquite flour were obtained. A scanning electron micro-
scope (SEM) JEOL brand, model JIB-4601F, with a spatial resolution of 1.2 nm, a
focused ion beam, and a digital camera (CIIDIR-Oaxaca, Mexico), was used in this
work. The flour samples were placed in small graphite plates and introduced into the
SEM vacuum chamber. In our analysis, a secondary electron detector E-T (Everhart-
Thornley) and a backscattered electron detector were used. A range of magnification
from 50x to 2500x was used for the images.
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2.4 Sorption isotherms

According to [17], powder processing must be conducted under controlled
relative humidity and temperature in order to enhance the storage, handling, and
processing. As the relative humidity of the surrounding air is increased, powders
tend to absorb water, which may form liquid bridges between powder particles and
result in greater powder cohesion. The sorption isotherms of mesquite powders
(Prosopis Laevigata) were assessed by the gravimetric static method with water
activities ranging from 0.07 to 0.97 at four temperatures: 30, 35, 40, and 45°C. The
salts used in this work were the following: NaCl, MgCl2 � 6H2O, KOH, KCl, KI, K2SO6,
and Mg NO3ð Þ2 � 6H2O [18, 19] The details of this method are presented in [12].
Experimental data was fitted to the (GAB) (Guggenheim-Anderson-Deboer) model
(Eq. (1)). The theoretical fundamental for the GAB sorption isotherm is the
assumption of localized physical adsorption in multilayers without lateral interactions
[20]. The parameters for this model were estimated by implementing the equation in
excel (GRG nonlinear).

Xeq ¼ Xm � C � k � aw
1� k � awð Þ � 1� k � awþ C � k � awð Þ (1)

where Xeq is the equilibrium moisture content (g H2O/g dry basis), Xm is the
monolayer moisture content (g H2O/g dry basis), and C is a heat-related constant of
the monolayer, k is a constant related to the sorption heat of the multilayer, and aw is
the water activity.

2.5 Isosteric heat of sorption

The estimation of energy consumption during drying needs the knowledge of the
enthalpy of water sorption in the entire range of moisture contents. Certainly, the
use of the enthalpy of vaporization of pure water can give inaccurate results [21].
The isosteric heat of sorption is a useful expression, notably in the design of drying
operations, as heats of sorption rise well in excess of the heat of vaporization of
water as food is dried to low moisture contents [22]. The net isosteric heat of
sorption measures the binding energy of the forces between the water vapor mole-
cules and the solid phase [23]. It gives information for the comprehension of the
sorption mechanism [20]. The gap between the amount of energy necessary to
remove water from the flour and the amount of energy needed for normal water
vaporization is defined as the net isosteric heat of sorption. The isosteric heat of
sorption (Qst) was estimated by using the equation derived from Clausius Clapeyron
[22–24]; in order to calculate the enthalpy change associated with the sorption
process (Eq. (2)).

∂ ln awð Þ
∂ 1=Tð Þ

� �

CHE
¼ �Qst � λ

R
¼ � qst

R
(2)

where qst is the isosteric heat of sorption, R is the universal constant of the
gases (0.00831 Joules/K�mol), aw is the water activity, T is the temperature (K),
and λ is the latent heat of vaporization of pure water at room temperature. For
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isosteric heat of sorption, we used the experimental information of the sorption
isotherms.

2.6 Differential scanning calorimetry (DSC)

The scanning calorimetry provides a direct estimate of the overall enthalpy
change of transitions without requiring knowledge of the thermodynamic
mechanism; moreover, the sample preparation is minimal [25]. Four samples of
mesquite flours (P. laevigata) previously conditioned at a relative humidity of 7%,
32%, 51%, and 67% were prepared for a DSC analysis (TA Instruments, model
Q2000). 17 mg of flour was placed inside hermetic aluminum capsules and sealed by
a press. The experimental conditions consisted in running the samples at an initial
temperature of 0.0°C, followed by a heating rate of 2°C/min up to an end
temperature of 250°C. The thermograms were analyzed by using the TA
Instruments DSC software.

2.7 Alveography

Alveograph method is useful to estimate the potential performance of flours [26].
The Alveograph test provides a test sample of dough, which, under air pressure, forms
a bubble. The test recreates the deformation of a dough when is subjected to
carbondioxide during fermentation [27].

Alveographic characteristics were analyzed for three mixtures of wheat/mesquite
flour. Experiments were conducted in triplicate in alveographic equipment
(Chopin Technologies, France), following the AACC Method 54–30.02 [28],
quantifying the following parameters: tenacity (P), extensibility (L), and dough
deformation energy (W).

The tenacity is the capacity to resist deformation, extensibility is the maximum
volume of air that the bubble is able to enclose, and deformation energy corresponds
to the dough baking strength.

3. Results and discussion

The pods show different shades of color during maturity; these changes are
accompanied by variations in the organoleptic and physical properties. According to
[12], pods reveal three stages of maturity: pods in stage 1 showed a green coloration, in
stage 2 the pods were brighter with a reddish coloration, and in stage 3 the pods
increased in brightness compared to the previous stages, reddish and yellow colora-
tion was still observed, cream color is characteristic of this last stage. For the study, we
used exclusively pods in stage 3 of maturation.

3.1 Chemical composition of flours

The nutritional composition of mesquite flours is shown in (Table 1). The nutri-
tional compositions of mesquite flours present a complete composition of macronutri-
ents. Some differences according to the type of milling were observed, the fiber content
was higher for milling with a blade mill; however, the proteins decreased slightly. Both
flours are suitable for use as complement flour or as a natural supplement.
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3.2 The particle size distribution

In Figure 1 we show the size distribution of the flours. During the procedure, the
aggregates were dispersed with the help of the sample dispersion accessory, and a
power of 30 watts was applied for 30 s.

For the flour obtained from the blender (Figure 1a), two oblations were identified.
Particles of 1.291 microns with 95% up to 657 microns and a cumulative 10% of
particles of 28.93 microns were measured.

For the blade mill (Figure 1b), the particle size distribution showed a smooth and
unique Gaussian distribution. The sample was dispersed very nicely with the simple
agitation of the circulatory without forming aggregates. The fine particles are
presented from 28.53 microns with a cumulative 10% of particles of 64.23 microns.
There are particles as large as 497 microns, with a cumulative 95% of 302.5 microns.
The powders showed a homogeneous distribution with adequate particle size. Mes-
quite flour can be used for the elaboration of baking and confectionery products.

3.3 Morphology of flour particles

The (SEM) images of flour particles are shown in Figure 2. The two methods of
milling produce different morphologies of powders. Diverse shapes and sizes of mes-
quite particles with irregular surfaces are identified, and the smooth and striated parts
are shown.

Components Blender (1) Blade (2)

Average
(g/100 g)

Standard
deviation

Average
(g/100 g)

Standard
deviation

Energy content (kcal/100 g) 170.97 0.07 198.72 0.50

Carbohydrates (g) 24.27 0.09 26.18 0.08

Sugars (g) 7.48 0.03 10.18 0.02

Proteins (g) 12.4 0.08 11.77 0.12

Fats (Lipids) (g) 2.16 0.03 2.90 0.06

Fiber (g) 16.9 0.2 17.25 0.11

Ashes (g) 3.12 0.01 3.45 0.05

Humidity (g water/g dry matter) 0.10 0.01 0.10 0.01

Table 1.
Nutritional composition of mesquite flour (Prosopis laevigata) obtained by two different grindings.

Figure 1.
(a) Particle size distribution – Blender; and (b) Particle size distribution – Blade mill pulverizer.
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Figure 2a shows the morphology of powders obtained from the blender. It shows a
slight agglomeration and striated parts forming a tortuous, irregular, and rocky
agglomerate. It can be observed the presence of some cavities that can allow the
moisture adsorption. Figure 2b shows the morphology of powders obtained by blade
mill. It reveals the surface of a particle with a rounded structure, better defined, with
smooth surfaces without forced cuts.

3.4 Sorption isotherms

The experimental information and the simulations of the GAB model at 30, 35, 40,
and 45°C are shown in Figure 3, which display a Type II isotherm shape, and indicate
a likely small adsorption force in the monolayer [29, 30]. This type of isotherm has
been presented in materials containing fibers and polysaccharides of cereals (wheat,

Figure 2.
(a) Micrographs of mesquite flour (Blender), 330�; and (b) Micrograph of mesquite flour (Blade mill), 1500� .

Figure 3.
Sorption isotherm of mesquite flour (Prosopis laevigata) and simulated GAB model.

41

Physicochemical Characterization of Mesquite Flour (Prosopis laevigata)…
DOI: http://dx.doi.org/10.5772/intechopen.105902



rice), tubers (potato, cassava), proteins (soybean, maize), and starches, these com-
ponents are present in the mesquite flour. In the experimental curves, it was observed
that the equilibrium moisture content notably increases for aw = 0.67–0.97. The GAB
model correctly represented the experimental data for all experimental conditions,
giving a %Error of 10–15%. Table 2 shows the parameters estimated from the GAB
model.

According to [20], parameter C indicates the strength of binding of water to the
primary binding sites. The larger the C, the stronger water is bound in the monolayer,
and the larger the difference in enthalpy between the monolayer molecules and
multilayer molecules. In the case of parameter K, when it approaches one (our case),
there is almost no divergence between multilayer molecules and liquid molecules. In
that case, the water molecules beyond the monolayer are not structured in a multi-
layer, but have the same characteristics as the molecules in the bulk liquid, as
discussed by [31].

3.5 Isosteric heat of sorption

Figure 4 shows the evolution of isosteric heat (Qst) versus the moisture content
(Xw) of mesquite flour (Prosopis laevigata). We observe Qst decreased rapidly with
the increase of Xw; being the lowest value of Qst at 47.69 kJ/mol at 0.25 of Xw. This
situation indicates a low availability of active sites and liaison forces on the surface of
the powder [23]. When the moisture content is 0.15 g of water/g of dry matter, the
heat needed to evaporate the water from mesquite flour would be 57.03 kJ/mol.,
without affecting the stability of the powder. The net isosteric heat of sorption esti-
mates the binding energy of the forces between the water vapor molecules and the
solid phase. It allows a better comprehension of the sorption mechanism.

Figure 4 depicts positive quantities, manifesting the endothermic behavior of
desorption. The isosteric heat of sorption decreases as moisture content increases. This
fact refers to the intermolecular attraction forces between sorptive sites and water vapor.

The higher the moisture content, the less energy is necessary to remove water
molecules from the flour. As drying continues sorption will perform at active sites
demanding higher interactive energies [20].

3.5.1 Differential scanning calorimetry (DSC)

Since food powders are complicated mixtures of compounds, it is regularly diffi-
cult to identify their phase’s transitions accurately. Figure 5 shows the DSC curves for

Model Parameters 30 °C 35°C 40°C 45°C

GAB Xwa (g water/g dry matter) 0.1039 0.0905 0.0894 0.0824

C 22.1997 19.9075 16.6142 15.2432

k 0.9219 0.9355 0.9475 0.9656

r2 0.9898 0.9772 0.9817 0.9773

s 0.0555 0.0741 0.0592 0.0703

Xwa = Monolayer value; C and k = constants for the model; r2 = correlation coefficient; and s = standard error.

Table 2.
Estimated parameters for the GAB model.
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mesquite flours exposed at four RH (6.3, 31.8, 48.5, and 66.1%). If it is true that flour
contains protein, the heat denaturation temperatures of proteins in solution are nor-
mally below 100°C; nevertheless, proteins become stable toward heat when the mois-
ture content is low. A clear example of moisture effect on protein denaturation is
published in [32]. A DSC thermogram for wheat flour is presented by [17]; in this
work, a crystallization peak was observed near 190°C, which is referred by the authors
as a decomposition of the flour. In our work, the glass transition (Tg) of the mesquite
flour was not observed, due to possible flexibility and mobility of the glucose and
fructose chains, provoked by the increase of moisture content of the powders when
exposed at different RH (6.3, 31.8, 48.5, and 66.1%). According to [33], the glass
transitions of high molecular weight carbohydrates and proteins arise well above
100°C and approach thermal decomposition temperatures of the food powder.
Moreover, the plasticization effect of water leads to depression of the glass transition
temperature causing noticeable changes in the physicochemical and crystallization
properties of the material.

The transitions shown in Figure 5 display a first-order behavior. The transition
phase that was observed in all the flour samples was the crystallization peaks (Tc)
from 140–157°C. Likewise, the heat flow of the endothermic transitions increased as
the moisture of the flours increased, corroborating the effect of the relative humidity
in the modification of the structure of the flours. It is also well-known sugars affect
the protein thermal properties [25]. The thermograms of mesquite flour showed
significant endotherms in the range of 130–180°C, being associated with a melting of
the simple sugars present in the flour.

According to Barba de la Rosa et al. [34], sugars such as glucose, maltose,
L-arabinose, and sucrose are found in high proportion in mesquite pods, so the
transitions for this food can be related to a binary water-carbohydrate system.

The thermograms in Figure 5 show the transition of proteins affected by high
molecular weight carbohydrates and moisture content of powders.

Figure 4.
Isosteric heat of sorption.

43

Physicochemical Characterization of Mesquite Flour (Prosopis laevigata)…
DOI: http://dx.doi.org/10.5772/intechopen.105902



3.6 Alveography

The water absorption of mesquite flour can significantly affect the rheological
properties of a mixture. According to our results (Table 3), the dough’s tenacity
ranged 18–83 mmH2O, decreasing with the increase of mesquite flour content of
0–15% (wt). According to [35], tenacity values for standard wheat quality range 60–
80 mm H2O, and very good wheat quality 80–100 mm H2O, then mesquite flour
decrease the quality of the mixture, for this reason, it should be mixed at low concen-
trations for baking applications.

Extensibility characterizes the average length of the alveogram from the point at
which the bubble starts to inflate to the point at which the bubble breaks. Extensibility
(L) decreases as mesquite content increases, so mesquite flour impacts the handling
properties of the dough. According to [3], when the concentration of mesquite flour is
increased, tenacity and extensibility are reduced, and this fact can be explained by the
weakening of glutenin protein (a protein responsible for elasticity and extensibility),
and also due to a lower water absorption due to the high fiber content of mesquite
flour. The higher the addition of mesquite flour with wheat flour, the dough may have
a lower capacity to retain the gas generated during fermentation and rising of the
bread. The energy of deformation (W) ranged 2.6–4.2, indicating that as mesquite

Mixture % wt Wheat flour +
% wt Mesquite flour

Tenacity (P)
Average � SD

Extensibility (L),
Average � SD

Deformation energy (W),
Average � SD

100% + 0% 83.0 � 6.0415 74.6 � 7.8930 4.20 � 3.2985

95% + 5% 35.4 � 2.6076 81.0 � 6.2449 2.63 � 2.5467

90% + 10% 22.4 � 5.0793 50.4 � 32.9135 2.74 � 0.8354

85% + 15% 18.4 � 3.1304 19.0 � 5.3385 2.67 � 2.0255

Table 3.
Results of the alveography.

Figure 5.
DSC curves of mesquite flours (Prosopis laevigata).
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proportion increases the baking strength decreases. W is frequently referred to as
flour strength, dough strength, baking strength, or flour protein strength [36]. W is
one of the industrially most applied alveograph parameters, as it is used for prediction
of processing behavior of flour cultivars [35]. For example, according to [37] bread
flours are characterized by larger W values compared to biscuit flours. W is positively
related to the water absorption of the flour [38]. According to our results, an increase
in mesquite flour content reduces water absorption, then, this effect should be con-
sidered on the type of application, either in baking or as biscuits.

4. Conclusions

Dried pods were milled by two milling techniques. The two techniques of milling
produce different morphologies of powders. Particles from the blade mill were more
homogeneous, they showed a smooth and unique Gaussian distribution, and SEM
images reveal a rounded structure, better defined, without rocky parts nor forced
cuts. The flour from blade mill has an adequate particle size to be used as flour for
baking and confectionery products. Flours from the two different grindings have an
important content of protein, sugar, and fibers. Mesquite flours showed a type II
isotherm for the three experimental temperatures, indicating a possible small adsorp-
tion force in the monolayer. Flours are notably hygroscopic, and this phenomenon is
related to the sugar content and the powder’s microstructure. The isosteric heat
reveals the endothermic behavior of desorption and the energy required to remove the
water molecules from the powder.

The calorimetric data of the flours showed thermal stability in a wide temperature
range; however, for temperature > 130°C crystallization peaks (Tc) were observed
(from 140–157°C), which show the transition of proteins affected by sugars and
moisture content.

Our results confirm that, as the mesquite flour proportion increases in the mixture,
the flour became poorer. Tenacity values for standard wheat quality range 60–80 mm
H2O, whilst our mixtures showed lower values. According to the values for extensi-
bility, the presence of mesquite flour affects the handling properties of the dough. The
values of deformation energy show mesquite flour develop a weak baking strength,
then it should mix at low concentrations for baking applications since an increase in
mesquite flour content reduces water absorption. The nutritional composition of the
flour releases useful attributes for many applications in food industry, however, this
information should be carefully studied, depending on the application of mesquite
flour, either in baking or as biscuits.
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Chapter 4

Development and Optimization of
Flakes from Some Selected Locally
Available Food Materials
Samuel Tunde Olorunsogo and Bolanle Adenike Adejumo

Abstract

Flakes are one of the most popular ready-to-eat breakfast cereals meals. Most
traditional instant breakfast meals are from mono-cereals. This work aims to develop,
characterize and optimize value-added instant cereal breakfast flakes using flours of
rice, sorghum, and soybean. A three-component constrained optimal (custom) mix-
ture experimental design was employed for the formulation. The formulation design
constraints were: rice flour (30%–35%), sorghum flour (20%–25%), and soybean flour
(5%–10%). Other ingredients were water (19%), sugar (8%), malt (2%), egg (3%),
sweet potato (3%), ginger (2%) and moringa seed powder (3%). The formulated
samples were analysed and evaluated based on standard procedures for quality char-
acteristics. Numerical optimization gave the optimal product's overall desirability
index of 0.519 obtained from 31.9 % rice flour, 22% sorghum flour, and 6.05% soy-
bean flour; with quality properties as follows: 3.67% moisture content, 3.18% fat
content, 3.08% ash content, 1.44% crude fibre, 30.0% crude protein, 58.6% nitrogen-
free extract, 384 kcal energy value, and 7.28 overall acceptability. The result of
the study showed that the nutritional qualities of cereal flakes can be improved
through food-to-food composite formulations, employing numerical optimization
technique.

Keywords: instant flakes, multigrain, breakfast cereals, optimization, development

1. Introduction

The food manufacturing process is the transformation of raw ingredients into edible
end products for human consumption. It has been a popular method of producing
convenient and accessible food since ancient times. Knowing the formulation and
processing profile of a food or beverage and how it quantitatively relates to consumer
perceptions opens up a world of development, quality, and marketing opportunities
for a food manufacturer. Methodical exploration of product features, known
commonly as “response surface methodology” (RSM) is vital to manufacturing of
quality products.

Cereals are the basis of many staple foods and have been used in flaking for over a
century. They provide over half of the dietary energy globally and are a major source
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of carbohydrates in the diet. Most traditional instant breakfast meals are produced
from mono-cereals and these mono-cereals consist of carbohydrate as its major con-
stituent. The nutritional and energy level gotten from the consumption of these mono-
cereals is minimal. Besides, the production involves many processes and during these
processes, nutrient losses occur therefore reducing its nutritional content. Major con-
stituents of breakfast cereals are whole or broken cereal kernels (flaked, cracked) or
ground (flours or meals). Importantly, new technology, like extrusion, enabled higher
production rates and lowered manufacturing costs, but ended up having an impact on
where cereals are today [1, 2].

Flakes are convenient and relatively shelf stable breakfast cereals, primarily pro-
duced from corn, wheat, rice, and/or oats, and processed with added flavor and
fortified with vitamins and minerals. Flaking process is a relatively simple process of
cooking fragments of cereal grains (or in some cases whole grains) with water, flat-
tening the particles between large steel rollers and toasting the resultant flake at high
temperature. In flaking the starch in gelatinized and probably slightly hydrolyzed. The
particle then undergoes dextrinization and caramelization.

There are other grains that can be used but are presently unexploited. Soybean
contains about 40% protein; it is higher than other legumes in protein. Sorghum is
rich in carbohydrates and fiber. Moringa greens (leaves) are an excellent source of
protein. Dry, powdered leaves indeed are a much-concentrated source of many qual-
ity amino acids. Sweet potatoes contain a wealth of orange-hued carotenoid pigments,
it has been shown to be a better source of bioavailable beta-carotene than green leafy
vegetables, has a high amount of Vitamin A, Vitamin B5, Vitamin B6, Thiamin and
Riboflavin. Corn flakes, wheat flakes, and rice flakes are typical examples of flaked
cereals. Extruded flakes differ from those made by the traditional process in that the
grit for flaking is formed by extruding mixed flour ingredients through a die hole and
cutting off pellets of the dough in the desired size [1, 2].

Ready-to-eat breakfast cereals are increasingly gaining acceptance in most devel-
oping countries due to their convenience, ease of preparation, and nutritional values.
There is an increasing demand for convenient foods and variety as well as nutritional
quality and affordability. Nutritional properties and health relevance are a key driving
force in flakes manufacturing, the nutritional quality depends both on their composi-
tion and structure. The market is further driven by changing food habits, consumers
want more transparency on food sourcing, and are increasingly looking for more
convenience and healthier options that are instant, high in fiber or protein, low in
carbohydrates, and free of artificial colors and flavors. Governments globally are also
tightening regulations on nutrition. The flaked cereals business needs to meet con-
sumer expectations in terms of nutrition, health, and taste. Population growth con-
tinues and the rate of consumption of instant breakfast is on the increase. New ways
will need to be discovered to sustainably grow more breakfast cereals that promotes
health, convenient, and meet consumer’s nutritional needs [2].

The traditional method used to prepare flaked cereals involves direct cooking of
intact grain kernels or parts of kernels with water and flavor in a steam cooker. The
basic raw material for the traditionally cooked corn flake comes from the dry milling
of regular field corn. The second method involves cooking of finer materials, such as
grain flour, in an extruder where mechanical energy is applied for the formation of the
grits for flaking [3–7]. There is a current trend of using non-traditional grains, novel
ingredients for production of flakes; scientific research into the use of multigrain and
fiber is on the increase [8–12]. Unfortunately, practical application in these areas
remains proprietary information to each food manufacturer.
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Due to changes in lifestyle and urbanization, the consumption of instant flaked
cereals has increased in Nigeria. There is the need to formulate value added flakes so
as to eliminate the issue of nutrient imbalance in flakes. Formulation of flakes from
different grains is one of the ways to improve flasks quality. Hundreds of people have
worked on the development of new cereals and the improvement of older ones. There
have been new types of raw materials for cereal making introduced over the years [2].
In this study, nutritionally improved, value-added instant flakes were developed,
characterized and optimized, via constrained optimal (custom) mixture experimental
design, from blends of rice, sorghum, soybean, sweet potato, moringa seed powder
and ginger.

2. Materials and methods

2.1 Materials

The major components used for the formulation of the flakes were rice, sorghum
and soybean which comprises 60% of the mixture. The other ingredients were water,
sugar, malt, egg, sweet potato, ginger and moringa seed powder. All these materials
were purchased from Kure Market, Minna, Nigeria.

2.1.1 Processing of the rice, sorghum, and soya beans into flours

Properly clean rice and sorghum grains were milled until fine flour is achieved
using a bore mill. Cleaned, sorted soybeans grains were roasted until a golden brown
color was observed, and the roasted soybeans were dehulled in a commercial attrition
mill, winnowed manually, milled into flour. The flours were sieved using a laboratory
sieve mesh of 0.75–1 mm.

2.2 Methods

2.2.1 Experimental design for flakes grits formulation

A three-component constrained optimal (custom) mixture experimental design,
with 30 randomized experimental runs, was employed. The formulation design con-
straints were: rice flour 30%≤ x1 ≤ 35%ð Þ, sorghum flour 20%≤ x1 ≤ 25%ð Þ, and soy-
bean flour 5%≤ x1 ≤ 10%ð Þ. These major components comprise 60% of the total
mixture and other ingredients were water (19%), sugar (8%), malt (2%), egg (3%),
sweet potato (3%), ginger (2%) and moringa seed powder (3%). The design matrix
used for the formulation experiment were presented in Table 1. The samples or runs
were prepared based on the design matrix. The other minor components were added
to each of the 30 samples and mixed together thoroughly, to obtained homogeneous
mixture. The samples were then subjected to an electrical steam pressure cooking at
temperature of 80°C for 1 hours and then the samples were removed and allowed to
cool down for 5 minutes. Each of the samples were then rolled or pressed into flat, thin
flakes using a rolling pin, and then were subjected to an electrical oven drying at
temperature of 66°C for 1 hours. On removal from the toasting machine, the flakes
were allowed to cool down and later packaged in different clean transparent, plastic
packaging containers.
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x1 x2 x3 ymc yfat yac yfc ypc ynfe yev yt yf ys yc ytx yo

Run % % % % % % % % % k/cal

1 33.4 20.8 5.8 3.20 3.50 2.50 1.25 29.1 60.5 381 6.8 7.0 7.1 7.4 7.0 7.1

2 33.4 20.8 5.8 3.22 3.51 2.50 1.23 29.0 60.5 381 7.2 7.2 7.3 7.5 7.1 7.3

3 33.4 20.8 5.8 3.20 3.51 2.51 1.25 29.0 60.5 381 7.4 7.3 7.5 7.6 7.5 7.5

4 32.5 20.0 7.5 4.00 2.00 1.50 1.88 30.4 60.2 376 7.8 7.3 7.4 7.2 7.6 7.5

5 32.5 20.0 7.5 4.01 2.02 1.51 1.89 30.5 60.1 376 6.5 6.9 7.0 7.2 6.9 6.9

6 32.5 20.0 7.5 4.00 2.01 1.50 1.87 30.4 60.2 376 7.2 7.1 7.1 7.3 7.1 7.2

7 30.0 25.0 5.0 2.20 3.50 2.50 1.25 29.2 61.3 385 8.0 7.4 7.2 7.5 7.7 7.6

8 30.0 25.0 5.0 2.20 3.51 2.52 1.25 29.2 61.3 385 7.1 7.0 7.3 7.8 7.6 7.4

9 30.0 25.0 5.0 2.21 3.50 2.51 1.26 29.2 61.3 385 6.8 7.1 7.4 7.5 7.1 7.2

10 30.0 22.5 7.5 2.40 4.00 3.00 1.88 28.0 60.7 382 7.0 7.1 7.2 7.6 7.3 7.2

11 30.0 22.5 7.5 2.40 4.01 3.01 1.89 28.0 60.7 382 6.8 7.0 7.1 7.4 7.0 7.1

12 30.0 22.5 7.5 2.42 4.00 3.03 1.88 28.0 60.6 382 7.2 7.2 7.3 7.5 7.1 7.1

13 35.0 20.0 5.0 5.00 3.50 3.50 1.88 28.9 57.2 376 7.4 7.3 7.5 7.6 7.5 7.5

14 35.0 20.0 5.0 5.02 3.50 3.51 1.87 28.9 57.2 376 7.8 7.3 7.4 7.2 7.6 7.5

15 35.0 20.0 5.0 5.01 3.51 3.50 1.88 28.9 57.2 376 6.5 6.9 7.0 7.2 6.9 6.9

16 32.5 22.5 5.0 3.40 3.50 2.50 1.88 26.3 62.5 377 7.2 7.1 7.1 7.3 7.1 7.2

17 32.5 22.5 5.0 3.42 3.51 2.50 1.88 26.2 62.5 377 8.0 7.4 7.2 7.5 7.7 7.6

18 32.5 22.5 5.0 3.41 3.50 2.52 1.87 26.3 62.5 377 7.1 7.0 7.3 7.8 7.6 7.4

19 30.8 20.8 8.4 2.60 4.00 4.00 1.25 17.5 70.7 389 6.8 7.1 7.4 7.5 7.1 7.2

20 30.8 20.8 8.4 2.61 4.00 4.02 1.24 17.5 70.6 389 7.0 7.1 7.2 7.6 7.3 7.2

21 30.8 20.8 8.4 2.60 4.01 4.01 1.25 17.5 70.6 389 6.8 7.0 7.1 7.4 7.0 7.1

22 30.8 23.4 5.8 2.80 3.50 4.00 1.25 26.3 62.2 390 7.2 7.2 7.3 7.5 7.1 7.3

23 30.8 23.4 5.8 2.80 3.53 4.00 1.24 26.3 62.2 390 7.4 7.3 7.5 7.6 7.5 7.5

24 30.8 23.4 5.8 2.82 3.51 4.03 1.25 26.2 62.1 390 7.8 7.3 7.4 7.2 7.6 7.5

25 31.7 21.7 6.6 4.20 3.00 3.00 1.88 29.2 58.7 379 6.5 6.9 7.0 7.2 6.9 6.9

26 31.7 21.7 6.6 4.23 3.01 3.02 1.87 29.2 58.6 379 7.2 7.1 7.1 7.3 7.1 7.2

27 31.7 21.7 6.6 4.22 3.00 3.01 1.88 29.2 58.6 379 8.0 7.4 7.2 7.5 7.7 7.6

28 30.0 20.0 10.0 3.80 2.00 3.00 1.25 328.9 61.1 387 7.1 7.0 7.3 7.8 7.6 7.4

29 30.0 20.0 10.0 3.82 2.01 3.00 1.24 28.9 61.1 387 6.8 7.1 7.4 7.5 7.1 7.2

30 30.0 20.0 10.0 3.81 2.01 3.01 1.25 28.9 61.1 387 7.0 7.1 7.2 7.6 7.3 7.2

x1 ¼ Rice flour %ð Þ, x2 ¼ Sorghum flour %ð Þ, x3 ¼ Soybean flour %ð Þ
ymc ¼ Moisture Content %ð Þ; ypc ¼ Protein Content %ð Þ; yfat ¼ Fat Content %ð Þ, yac ¼ Ash Content %ð Þ
ynfe ¼ Nitrogen Free Extract %ð Þ; yev ¼ Energy value k=calð Þ
yfc ¼ Fibre Content %ð Þ; yt ¼ Taste; yf ¼ Flavor; ys ¼ Sweetness; yc ¼ Colour; ytx ¼ Texture;
yo ¼ Overall acceptability

Table 1.
The design matrix, proximate compositions and the sensory evaluation average scores of the formulated flakes.
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2.2.2 Proximate analysis and sensory evaluations

The quality characteristic of the flakes which were determined using the method
described by the Association of Analytical Chemist [13] include moisture content, ash
content, fat content, crude fiber, crude protein, nitrogen free extract, and energy
value. Sensory evaluations of the formulated flakes were also conducted using 30
trained panelists. A 9-point hedonic scale ranging from 9 = like extremely and
1 = dislike extremely was used to evaluate the samples for taste, flavor, sweetness,
color, texture and overall acceptability. Table water was used for mouth rinsing
intermittently to minimize the carry over effects.

3. Experimental results

The proximate composition of the formulated flakes from rice, sorghum, and soy
beans were presented in Table 1.

The photos of some of the formulated instant cereal breakfast flakes are presented
in Figure 1.

Figure 1.
Figure of formulated flakes.
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3.1 Statistical analysis of experimental results

The experimental data were analyzed and appropriate Scheffe canonical models
were fitted to the mean proximate property data. The statistical significance of the
terms in the Scheffe canonical regression models were tested using analysis of vari-
ance (ANOVA) for each response, and the adequacy of the models were evaluated by
coefficient of determination, F-value, and model p-values at the 5% level of signifi-
cance. The models were also subjected to lack-of-fit and adequacy tests. The fitted
models for each of the response was used to generate 3-D response surface as well as
the contour plots using the DESIGN EXPERT 13.0 statistical software.

3.2 Generating the optimal formulation

A numerical optimization approach, exploiting the desirability function technique,
was utilized to generate the optimal formulation with the anticipated responses. Opti-
mization goals are assigned to parameters and these goals were used to construct
desirability indices (di). Desirability index range from zero to one for any given
response and individual desirability for all the responses, in the case of multi-response
optimization, are combined into a single number known as overall desirability index. A
value of one represents the case where all goals are met perfectly. A zero indicates that
one or more responses fall outside the set desirable limits. Under this approach, each ith
response is assigned a desirability function, di, where the value of divaries between 0
and 1. The function, is defined differently based on the objective of the response.

If the response is to be maximized, then di is defined by equation1. If the response
is to be minimized, as in the case when the response is cost, is then di is defined by
Eq. 2. There may be times when the experimenter wants the response to be neither
maximized nor minimized, but instead stay as close to a specified target as possible. In
such cases, the desirability function is defined by Eq. 3. Once a desirability function is
defined for each of the responses, assuming that there are m responses, an overall
desirability function is obtained by Eq. 4. The objective is to now find the settings that
return the maximum value of D: The rationale for using a geometric rather than an
arithmetic mean is that if any individual desirability di is equal to zero, then the
overall desirability will also be equal to zero.

di ¼
0 yi <L

yi�L
T�L

� �w
L≤ yi ≤T

1 yi >T

8>><
>>:

9>>=
>>;

(1)

where T represents the target value of the ith response, yi,L, represents the
acceptable lower limit value for this response and w represents the weight. When w ¼
1 the function is linear. If w> 1 then more importance is placed on achieving the target
for the response, yi. When w< 1, less weight is assigned to achieving the target for the
response, yi.

di ¼
1 yi <T

U�yi
U�T

� �w
T ≤ yi ≤U

0 yi >U

8>><
>>:

9>>=
>>;

(2)
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where U represents the acceptable upper limit for the response.

di ¼

0 yi <L
yi�L
T�L

� �w1

L≤ yi ≤T

U�yi
U�T

� �w2

T ≤ yi ≤U

0 yi >U

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(3)

D ¼ dr11 :d
r2
2 :d

r3
3 … … … drmm

� �1=r1þr2þr3þ::… …þrmð Þ (4)

where the ri’s represent the importance of each response. The greater the value of
ri, the more important the response with respect to the other responses.

Numerical optimization solutions are given as a list, in their order of desirability,
detailing the components proportions and process variables values that satisfies the set
criteria and the overall desirability. The numerical solution can be presented in the
form of desirability contour and 3-D Surface plots, optimal bar graph and graphical
optimization overlay contour plot; showing the optimized formulation compositions
and/or regions that meet specifications [14–17].

4. Results of statistical analysis of experimental data and discussion

The summary of the analysis of variance (ANOVA) for the formulated flake’s
proximate compositions and the energy value are presented in Tables 2–8.

Source Sum of Mean Squares df Square F-value p-value

Model 17.5 8 2.19 11.1 5.22E-06 significant

Linear Mixture 14.4 2 7.22 36.6 1.45E-07 significant

x1x2 0.148 1 0.148 0.749 0.397

x1x3 0.487 1 0.487 2.47 0.131

x2x3 0.943 1 0.943 4.78 0.0403 significant

x21x2x3 0.240 1 0.240 1.22 0.283

x1x22x3 2.25 1 2.25 11.4 0.00287 significant

x1x2x23 0.0835 1 0.0835 0.423 0.523

Residual 4.15 21 0.197

Lack of Fit 4.14 4 1.04 9.87E+03 2.31E-28 significant

Pure Error 0.00178 17 0.000105

Cor Total 21.7 29

Std. Dev. 0.4443 R2 0.8087

Mean 3.3677 Adjusted R2 0.7359

C.V. % 13.19295 Predicted R2 0.6566 Adeq Precision 11.5341

Table 2.
ANOVA for moisture content of multigrain flakes.
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Sum of Mean Source Squares df Square F-value p-value

Model 13.3 8 1.66 14.2 7.02E-07 significant

Linear Mixture 0.359 2 0.179 1.53 0.240

x12 0.392 1 0.392 3.35 0.0815

x13 5.69 1 5.69 48.6 6.98E-07 significant

x2x3 0.209 1 0.209 1.78 0.196

x21x2x3 1.28 1 1.28 10.9 0.00339 significant

x1x22x3 1.68 1 1.68 14.3 0.00108 significant

x1x2x23 2.66 1 2.66 22.7 0.000105 significant

Residual 2.46 21 0.117

Lack of Fit 2.46 4 0.615 4.90E+03 8.93E-26 significant

Pure Error 0.00213 17 0.000125

Cor Total 15.7 29

Std. Dev. 0.3423 R2 0.8437

Mean 2.9573 Adjusted R2 0.7841

C.V. % 11.5740 Predicted R2 0.7193 Adeq Precision 10.7149

Table 3.
ANOVA for fat content of multigrain flakes.

Source Sum of Mean Squares df Square F-value p-value

Model 12.1 8 1.51 18.3 7.84E-08 significant

Linear Mixture 3.99 2 1.99 24.1 3.67E-06

x12 0.00472 1 0.00472 0.0570 0.814

x13 0.954 1 0.954 11.5 0.00273 significant

x2x3 3.41 1 3.41 41.2 2.30E-06 significant

x21x2x3 0.00182 1 0.00182 0.0220 0.883

x1x22x3 1.58 1 1.58 19.1 0.000269 significant

x1x2x23 2.22 1 2.22 26.8 3.94E-05 significant

Residual 1.74 21 0.0827

Lack of Fit 1.74 4 0.434 6.61E+03 7.01E-27 significant

Pure Error 0.00112 17 6.57E-05

Cor Total 13.8 29

Std. Dev. 0.2876 R2 0.8743

Mean 3.2557 Adjusted R2 0.8264

C.V. % 8.8350 Predicted R2 0.7743 Adeq Precision 13.0502

Table 4.
ANOVA for ash content of multigrain flakes.
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Sum of Mean

Source Squares df Square F-value p-value

Model 1.47 8 0.183 2.53 0.0422 significant

Linear Mixture 0.515 2 0.258 3.55 0.0469 significant

x12 0.142 1 0.142 1.96 0.176

x13 0.142 1 0.142 1.96 0.176

x2x3 0.679 1 0.679 9.36 0.00596 significant

x21x2x3 0.214 1 0.214 2.95 0.101

x1x22x3 0.00529 1 0.00529 0.0730 0.790

x1x2x23 0.0108 1 0.0108 0.148 0.704

Residual 1.52 21 0.0725

Lack of Fit 1.52 4 0.381 9.03E+03 4.95E-28 significant

Pure Error 0.000717 17 4.22E-05

Cor Total 2.99 29

Std. Dev. 0.2693 R2 0.4908

Mean 1.563 Adjusted R2 0.29675

C.V. % 17.2298 Predicted R2 0.0855 Adeq Precision 4.2265

Table 5.
ANOVA for crude fiber of multigrain flakes.

Source Sum of Mean Squares df Square F-value p-value

Model 276 8 34.5 7.56 9.49E-05 significant

Linear Mixture 24.1 2 12.1 2.65 0.0943

x12 19.8 1 19.8 4.35 0.0494 significant

x13 2.52 1 2.52 0.553 0.465

x2x3 4.28 1 4.28 0.939 0.344

x21x2x3 63.3 1 63.3 13.9 0.00125 significant

x1x22x3 17.9 1 17.9 3.92 0.0610

x1x2x23 204 1 204 44.8 1.28E-06 significant

Residual 95.7 21 4.56

Lack of Fit 95.7 4 23.9 2.03E+04 5.00E-31 significant

Pure Error 0.0200 17 0.00118

Cor Total 371 29

Std. Dev. 2.1346 R2 0.7423

Mean 27.37 Adjusted R2 0.6442

C.V. % 7.7989 Predicted R2 0.5375 Adeq Precision 9.9719

Table 6.
ANOVA for crude protein of multigrain flakes.
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Source Sum of Mean Squares df Square F-value p-value

Model 241 8 30.2 6.07 0.000426 significant

Linear Mixture 66.7 2 33.4 6.71 0.00558 significant

x12 26.4 1 26.4 5.31 0.0316 significant

x13 4.21 1 4.21 0.847 0.368

x2x3 0.0221 1 0.0221 0.00445 0.947

x21x2x3 34.6 1 34.6 6.96 0.0154 significant

x1x22x3 32.3 1 32.3 6.50 0.0187 significant

x1x2x23 133 1 133 26.7 4.04E-05 significant

Residual 104 21 4.97

Lack of Fit 104 4 26.1 1.40E+04 1.19E-29 significant

Pure Error 0.0317 17 0.00186

Cor Total 346 29

Std. Dev. 2.2294 R2 0.6981

Mean 61.4867 Adjusted R2 0.5831

C.V. % 3.6259 Predicted R2 0.4580 Adeq Precision 8.6721

Table 7.
ANOVA for nitrogen free extract of multigrain flakes.

Source Sum of Mean Squares df Square F-value p-value

Model 488 6 81.3 6.85 0.000288 significant

Linear Mixture 387 2 194 16.3 3.86E-05 significant

x12 18.1 1 18.1 1.52 0.230

x13 51.9 1 51.9 4.37 0.0478 significant

x2x3 18.6 1 18.6 1.57 0.223

x1x2x3 85.6 1 85.6 7.22 0.0132 significant

Residual 273 23 11.9

Lack of Fit 273 6 45.5

Pure Error 0.000 17 0.000

Cor Total 761 29

Std. Dev. 3.4447 R2 0.6413

Mean 382.2 Adjusted R2 0.5477

C.V. % 0.9013 Predicted R2 0.4912 Adeq Precision 7.0182

Table 8.
ANOVA for Energy Value of multigrain flakes.

60

Food Processing and Preservation



The moisture content fitted model in terms of L_Pseudo Components is presented
in Eq. (5):

ymc ¼ 4:92x1 þ 2:11x2 þ 3:73x3 � 1:09x1x2 � 1:97x1x3
�2:74x2x3 � 29:2x21x2x3 þ 89:3x1x22x3 � 17:2x1x2x23

�
(5)

The results of the analysis showed that the moisture content model of the formu-
lated instant flakes is significant with F-value of 11.1 and p-value of 5.22E-06. The
moisture content is significantly influenced, at 5% level of significance, by the pro-
portions of rice, sorghum, and soybean flours in the formulations (with linear mixture
F- and p-values of 36.6 and 1.45E-07, respectively). The moisture content is also
significantly influenced, at 5% level of significance by the sorghum/soybean flours
interaction (with F-value of 4.78 and p-value of 0.0403); and rice/the second order of
sorghum/soybean flours interaction (with F-value of 11.4 and p-value of 0.00287).
The Lack of Fit F-and p-value of 9.87E+03 and 2.31E-28 implies that the Lack of Fit is
significant. The moisture content model R2 and the Adjusted R2 are 0.8087 and 0.7359,
respectively. The predicted R2 of 0.6566 is in reasonable agreement with the adjusted
R2 of 0.7359; i.e. the difference is less than 0.2. Adequacy of precision ratio of 11.534
indicates an adequate signal. This model can be used to navigate the design space and
can be used to make predictions about moisture content for given levels of each factor.

The fat content fitted model in terms of L_Pseudo Components is presented in
Eq. (6):

yfat ¼ 3:57x1 þ 2:58x2 þ 3:06x3 � 1:77x1x2 � 6:73x1x3

þ1:29x2x3 � 67:4x21x2x3 þ 77:2x1x22x3 þ 97:0x1x2x23

)
(6)

The results of the analysis showed that the fat content model of the formulated
instant flakes is significant with F-value of 14.2 and p-value of 7.02E-07. The fat
content is not significantly influenced, at 5% level of significance, by the proportions
of rice, sorghum, and soybean flours in the formulations (with linear mixture
F- and p-values of 1.53 and 0.240, respectively). The fat content is significantly
influenced, at 5% level of significance by the rice/soybean flours interaction (with
F- value of 48.6 and p-value of 6.98E-07); the second order of rice/sorghum/soybean
flours interaction (with F-value of 10.9 and p-value of 0.00339); rice/the second order
of sorghum/soybean flours interaction (with F-value of 14.3 and p-value of 0.00108),
and rice/sorghum/the second order of soybean flours interaction (with F-value of 22.7
and p-value of 0.000105). The Lack of Fit F-and p-value of 4.90E+03 and 8.93E-26
implies that the Lack of Fit is significant. The fat content model R2 and the Adjusted
R2 are 0.8437 and 0.7841, respectively. The predicted R2 of 0.7193 is in reasonable
agreement with the adjusted R2 of 0.7841; i.e. the difference is less than 0.2. Adequacy
of precision ratio of 10.715 indicates an adequate signal. This model can be used to
navigate the design space and can be used to make predictions about the fat content
for given levels of each factor.

The ash content fitted model in terms of L_Pseudo Components is presented in
eq. (7):

yac ¼ 3:56x1 þþ3:56x2 þ 2:06x3 þ 0:194x1x2 � 2:76x1x3
þ5:21x2x3 � 2:54x21x2x3 � 74:9x1x22x3 þ 88:7x1x2x23

�
(7)
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The results of the analysis showed that the ash content model of the formulated
instant flakes is significant with F-value of 18.3 and p-value of 7.84E-08. The ash
content is significantly influenced, at 5% level of significance, by the proportions of
rice, sorghum, and soybean flours in the formulations (with linear mixture F- and p-
values of 24.1 and 3.67E-06, respectively). The ash content is also significantly
influenced, at 5% level of significance by the rice/soybean flours interaction (with F-
value of 11.5 and p-value of 0.00273); sorghum/soybean flours interaction (with F-
value of 41.2 and p-value of 2.30E-06); rice/the second order of sorghum/soybean
flours interaction (with F-value of 19.1 and p-value of 0.000269); and rice/sorghum/
the second order of soybean flours interaction (with F-value of 26.8 and p-value of
3.94E-05). The Lack of Fit F-and p-value of 6.61E+03 and 7.01E-27 implies that the
Lack of Fit is significant. The ash content model R2 and the Adjusted R2 are 0.8743 and
0.8264, respectively. The predicted R2 of 0.7743 is in reasonable agreement with the
adjusted R2 of 0.8264; i.e. the difference is less than 0.2. Adequacy of precision ratio of
13.05 indicates an adequate signal. This model can be used to navigate the design space
and can be used to make predictions about ash content for given levels of each factor.

The crude fiber fitted model in terms of L_Pseudo Components is presented in eq.
(8):

yfc ¼ 1:82x1 þ 1:20x2 þ 1:20x3 þ 1:07x1x2 þ 1:06x1x3

þ2:33x2x3 � 27:6x21x2x3 � 4:33x1x22x3 � 6:17x1x2x23

)
(8)

The results of the analysis showed that the crude fiber model of the formulated
instant flakes is significant with F-value of 2.53 and p-value of 0.0422. The crude fiber
is significantly influenced, at 5% level of significance, by the proportions of rice,
sorghum, and soybean flours in the formulations (with linear mixture F- and p-values
of 3.55 and 0.0469, respectively). The crude fiber is also significantly influenced, at
5% level of significance by sorghum/soybean flours interaction (with F-value of 9.36
and p-value of 0.00596); The Lack of Fit F- and p-value of 9.03E+03 and 4.95E-28
implies that the Lack of Fit is significant. The crude fiber model R2 and the Adjusted
R2 are 0.4908 and 0.29675, respectively. The predicted R2 of 0.0855 is not close to the
adjusted R2 of 0.2967; i.e., the difference is more than 0.2. This indicates a possible
problem with the fitted model. Adequacy of precision ratio of 4.227 still indicates an
adequate signal. Thus, the model can still be used to navigate the design space and to
make predictions about crude fiber for given levels of each factor.

The crude protein fitted model in terms of L_Pseudo Components is presented in
Eq. (9):

ypc ¼ 28:5x1 þ 28:8x2 þ28:5 x3 �12:6 x1x2 þ4:48 x1x3

�5:84 x2x3 þ 474:x21x2x3 þ252: x1x22x3 �850: x1x2x23

)
(9)

The results of the analysis showed that the crude protein model of the formulated
instant flakes is significant with F-value of 7.56 and p-value of 9.49E-05. The crude
protein is not significantly influenced, at 5% level of significance, by the proportions
of rice, sorghum, and soybean flours in the formulations (with linear mixture F- and
p-values of 2.65 and 0.0943, respectively). The crude protein is significantly
influenced, at 5% level of significance by rice/sorghum flours interaction (with
F- value of 4.35 and p-value of 0.0494); second order of rice/sorghum/soybean flours
interaction (with F-value of 13.9 and p-value of 0.00125); and rice/sorghum/the
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second order of soybean flours interaction (with F-value of 44.8 and p-value of 1.28E-
06). The Lack of Fit F-and p-value of 2.03E+04 and 5.00E-31 implies that the Lack of
Fit is significant. The crude protein model R2 and the Adjusted R2 are 0.7423 and
0.6442, respectively. The predicted R2 of 0.5375 is in reasonable agreement with the
adjusted R2 of 0.6442; i.e. the difference is less than 0.2. Adequacy of precision ratio of
9.972 indicates an adequate signal. This model can be used to navigate the design and
can be used to make predictions about the crude protein for given levels of each
factor.

The nitrogen free extract fitted model in terms of L_Pseudo Components is
presented in Eq. (10):

ynfe ¼ 57:6x1 þ 61:7x2 þ61:5 x3 þ14:5 x1x2 þ 5:79x1x3

�0:42x2x3 �351: x21x2x3 �339: x1x22x3 þ 686:x1x2x23

)
(10)

The results of the analysis showed that the nitrogen free extract model of the
formulated instant flakes is significant with F-value of 6.07 and p-value of 0.000426.
The nitrogen free extract is significantly influenced, at 5% level of significance, by the
proportions of rice, sorghum, and soybean flours in the formulations (with linear
mixture F- and p-values of 6.71 and 0.00558, respectively). The nitrogen free extract
is also significantly influenced, at 5% level of significance by rice/sorghum flours
interaction (with F-value of 5.31 and p-value of 0.0316); second order of rice/sor-
ghum/soybean flours interaction (with F-value of 6.96 and p-value of 0.0154); rice/
second order of sorghum/soybean flours interaction (with F-value of 6.50 and p-value
of 0.0187); and rice/sorghum/the second order of soybean flours interaction (with F-
value of 26.7 and p-value of 4.04E-05). The Lack of Fit F-and p-value of 1.40E+04 and
1.19E-29 implies that the Lack of Fit is significant. The nitrogen free extract model R2

and the Adjusted R2 are 0.6981 and 0.5831, respectively. The predicted R2 of 0.4580 is
in reasonable agreement with the adjusted R2 of 0.5831; i.e. the difference is less than
0.2. Adequacy of precision ratio of 8.672 indicates an adequate signal. This model can
be used to navigate the design space and can be used to make predictions about
nitrogen free extract for given levels of each factor.

The energy value fitted model in terms of L_Pseudo Components is presented in
Eq. (11):

yev ¼ 376x1 þ 386:x2 þ 388:x3 � 11:9x1x2 �20:2 x1x3
�12:1x2x3 þ172x1 x2x3

�
(11)

The results of the analysis showed that the energy value model of the formulated
instant flakes is significant with F-value of 6.85 and p-value of 0.000288. The
energy value is significantly influenced, at 5% level of significance, by the proportions
of rice, sorghum, and soybean flours in the formulations (with linear mixture F- and
p-values of 16.3 and 3.86E-05, respectively). The energy value is also significantly
influenced, at 5% level of significance by rice/soybean flours interaction (with F-value
of 4.37 and p-value of 0.0478); and rice/sorghum/soybean flours interaction (with F-
value of 7.22 and p-value of 0.0132). The energy value model R2 and the Adjusted R2

are 0.6413 and 0.5477, respectively. The predicted R2 of 0.4912 is in reasonable
agreement with the adjusted R2 of 0.5477; i.e. the difference is less than 0.2. Adequacy
of precision ratio of 7.018 indicates an adequate signal. This model can be used to
navigate the design space and can be used to make predictions about energy value for
given levels of each factor.
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Figure 2.
The contours and 3-D plots for the proximate compositions, nitrogen free extract, and energy value of multigrain flakes.
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The contours and 3-D plots for the proximate compositions (moisture content, fat
content, ash content, crude fiber, crude protein, nitrogen free extract, and energy
value) are summarized in Figure 2.

Table 9 presents the summary of the optimization constraints employed in the
optimization module. The five desirability solutions that were found are presented in
Table 10. The numerical solution desirability contour plot and 3-D Surface were
presented in Figure 3. The numerical solution, presented in the form of optimal flake’s
bar graph and the graphical optimization overlay contour plot, showing the optimized
formulation compositions with the respective quality parameters, are summarized in
Figure 4.

The result of the flakes optimization gave optimized multigrain instant flakes with
overall desirability index of 0.519, based on the set optimization goals and individual
quality desirability indices. Formulating instant flake with 31.9% rice flour, 22%
sorghum flour, 6.05% soybean flour yielded an improved instant flake with optimal
quality properties.

5. Conclusions

Instant flakes were developed, characterized and optimized, via constrained
optimal (custom) mixture experimental design, from blends of rice, sorghum and
soybean. Some concluding observations from the investigation are given below.

Name Goal Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight

Importance

Rice in range 30 35 1 1 3

Sorghum in range 20 25 1 1 3

Soybean target = 10 5 10 1 10 5

Moisture Content target = 2.5 2.2 5 1 1 3

Ash Content target = 3 2 4 1 1 3

Fat Content in range 1.5 4 1 1 3

Crude Fiber target = 1.8 1.23 1.89 1 1 3

Crude Protein target = 30 20 30.5 1 10 5

Nitrogen Free Extract minimize 57.2 60 1 1 3

Energy Value target = 390 376 390 1 10 5

Taste in range 6.5 8 1 1 3

Flavor in range 6.9 7.4 1 1 3

Texture in range 7 7.5 1 1 3

Color in range 7.2 7.8 1 1 3

Sweetness in range 6.9 7.7 1 1 3

Overall Acceptability maximize 6.9 7.56 1 1 3

Table 9.
Optimization constraints for instant flakes formulation.
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• The optimal flake was obtained from 31.9% rice flour, 22% sorghum flour, 6.05%
soybean flour.

• The quality properties of the optimal flake were: 3.67% moisture content, 3.18%
fat content, 3.08% ash content, 1.44% crude fiber, 30.0% crude protein, 58.6%
nitrogen free extract, 384 kcal energy value and 7.28 overall acceptability

• A The optimal flake from blends of rice flour, sorghum flour, and soybean meal
has high nutritional qualities suitable for improving and solving the problems of
malnutrition especially in the African continent.

The research has shown that composite food formulation is an excellent way to
achieve nutrition revolution, the road to healthier diets and optimal nutrition in
Africa: The continent is blessed with vast varieties of agricultural produce seasonally
(tubers, roots, cereals, pulses, fruits, vegetables, etc.), yet hunger, malnutrition,

Figure 3.
The numerical solution desirability contour plot and 3-D surface.

Figure 4.
The bar graph and the graphical optimization overlay contour plot for the optimal formulated flake.

68

Food Processing and Preservation



dietary deficit, concurrent diseases and food insecurity persists. Additive food
manufacturing and/or composite food formulation, dietary diversification, food for-
tification and increasing access to varieties of nutritionally adequate foods are vital
strategies to tackle these lingering problems. However, this study encouraged that
further study be carried out on formulation of instant flakes using other nutritionally
rich blends (grains and legumes).
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Chapter 5

Recent Developments in Processing
Technologies for Roasted, Fried,
Smoked and Fermented Food
Products
Olugbenga Ben Ogunmoyela and Musa Omotayo Jimoh

Abstract

Progress in the research efforts to upgrade various traditional processing technol-
ogies, especially roasting, deep-fat frying, smoking, and fermentation, is presented in
this chapter. The importance of these studies is in the need for more user-friendly,
adaptable, and affordable low-cost machinery and equipment for sustainable food
processing, especially in communities where electricity is a challenge, and alternative
energy sources such as gas and charcoal are critical. The design considerations and
characteristics of the various types of machinery as well as the design calculations and
performance evaluation results aimed at standardizing the upgraded machinery are
therefore presented from various studies. The effects of these technologies on the
quality of the resulting products are discussed particularly in relation to the variations
in process losses of micronutrients in the fortified products, with examples of vitamin
A and iron losses in pan bread and fried doughnuts obtained from baking fortified
wheat flours.

Keywords: roasting, frying, smoking, fermentation, product quality, fortification

1. Introduction

Recent progress in the research efforts to upgrade four traditional processing
technologies of roasting, frying, smoking, and fermented products is examined in this
chapter. Most food processing activities in rural and urban areas in developing coun-
tries, whether at the household level or especially at the micro- and small-scale busi-
ness levels, have for centuries depended on the use of these technologies at the rural
scale for human existence [1, 2]. These upgrade efforts are therefore aimed at making
life less burdensome by developing more user-friendly and affordable low-cost
machinery, in recognition of changing socioeconomic circumstances [3]. This interest
has continued to engage the focus of agricultural engineers and food scientists in the
last two decades, especially with the prevalence of electricity challenges in most rural
communities all over the world and the need for alternative sources of energy.

75



However, many research studies reported in the literature had until recently been
aimed at standardizing the processing technologies for traditional crops like cassava
and plantain into dry flour forms to extend their shelf-life [2, 4, 5]. However, in recent
years, work has shifted to standardizing the engineering parameters applicable to each
of these processing technologies through a better understanding of the fundamentals
of the design characteristics, design calculations, and performance evaluation, to
enable the construction of such upgraded devices for markets. Testing and validation
results of the functionality of these upgrades have also shown the tremendous
advances that have been made in the achievement of these objectives [6–8].

The effects of these technologies on the quality of fortified products, in the face of
the increasing role of fortification in addressing micronutrient deficiencies in many
developing countries, are also examined in this chapter. The likely process losses
associated with roasted, fried, baked, and fermented products are discussed, and
examples of the associated process losses of baked fortified products, namely pan
bread and fried doughnuts, are presented. Losses in vitamin A and iron in these
products are shown to be as high as 30–40%, which shows the importance of the type
of vitamin-mineral premixes suitable for use in different products and the relationship
with the type of processing technology to be adopted.

1.1 Roasting

In roasting, various agricultural products such as yams, plantains, maize, and
potatoes are exposed to dry heat over a fire, or in an oven, and cooked to a state in
which sufficient moisture has been removed to make the products suitable for imme-
diate consumption. For example, the traditional method of roasting plantain is to
place a metal grill on top of a metal pot containing burning charcoal, which supplies
the heat to roast the plantain. The use of uncontrolled heat sources [9] has been the
most common application of this technology, with an emphasis on convective heat
transfer, rather than on a more efficient process by a combination of conduction,
convection, and radiation. However, it is noteworthy that recent research reports have
examined the application of emerging and more novel techniques such as infra-red
heating to the roasting of nuts. The limitations of these technologies have also been
highlighted [10, 11].

The increasing demand for roasted products such as semi-ripe plantains has
brought about recent interest to upgrade the local method of roasting to be more user-
friendly, hygienic, and versatile. In fact, studies on the development of a low-cost and
affordable multi-heat source plantain roaster have been undertaken and the perfor-
mance characteristics of such roaster examined from the effects of using different heat
sources, namely, charcoal, gas, and electricity, on the proximate and micronutrient
composition of the roasted product. The roasting process has been reported to prevent
toxic hydrocarbons as well as microbial contamination. One other advantage reported
is the suitability of such products for diabetics [12, 13].

Many studies have also been reported on the development of roasting machines
[6, 7, 9]. During the roasting process, there is a transmission of energy from the heat
source to the plantain as a result of a temperature gradient. This alters the quality of
the food with an enhanced flavor due to some desirable physical and chemical
changes. This desirable quality has been attributed to the reduction of the water
activity at the surface of the food [14]. Whether the source of heat is gas, electricity,
or charcoal, the use of high temperature in roasting facilitates complex changes in the
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components of the food at the surface and retention of moisture in the interior of the
food product. A specific example of such an upgraded and versatile technology is
given here, which has high commercial potential in many rural communities as it can
employ either charcoal, gas, or electricity, as heat sources for the roasting of plantains,
traditionally known as “Booli” [15].

1.1.1 Methodology

1.1.1.1 Design characteristics of the multi-heat source plantain roaster

The plantain roaster was designed to use any of the three alternative energy
sources, namely, electricity, gas, and standard charcoal. The major components
(Figure 1) have been described in detail [14] and comprise a cylindrical stainless steel
basket, a thermostat, heater, and fan, among others. Separate sections are provided
for a gas burner, electric heater, and charcoal departments, while the roasting net is
held by a stainless steel standing support and designed in such a way as to enable free
movement of the turning handle, which fits into a fabricated frame. Free movement
of the heat by conduction, convection, and radiation was found possible with this
arrangement [14]. The electric heater is welded to the frame, fitted with an electric
heater with a power of 1800W and a sensor to detect changes in temperature and trip
off automatically at the set temperature. The design also holds a load of 2 kg charcoal
for heating the plantain in the compartment provided, while the gas cylinder is
connected to the burner with a long hose (Figure 1).

1.1.1.2 Performance Trials

The plantain roaster was observed to be heated to 200°C while empty with both
electric and gas sources and to 190°C when using charcoal as the heat source. Tem-
perature regulation is achieved for the electric heater with an electric switch that
regularly trips off and switches back on as necessary. The cycle of pressure decrease

Figure 1.
The design of the plantain roaster: G—chimney, H—the turning handle, I—roasting basket, J—door handle,
K—the tyre, L—fan compartment, M—lid cover, N—hinges, O—control switch.
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and increase is used to control the rate at which the gas flows, with gas regulated on
the basis of the color of the flame produced, while the charcoal is tested by the level of
heat it produces when empty. The efficiency of the charcoal when it produces energy
is tested compared to the volume of charcoal in the compartment [14].

The optimum temperature for both electric and gas sources was observed to be
200°C while that of charcoal was 190°C, these being the temperatures at which the
plantain attained an acceptable color in the shortest time. The ambient temperature
was 30°C.

1.1.1.3 Performance calculations

Using the eq:Q ¼ �KA
dt
dx

(1)

where Q is heat transferred by conduction, K is the thermal conductivity of the
stainless steel roasting net, and the minus sign indicates that it obeys the second law of
thermodynamics, A is the cross-sectional area of the roasting net through which heat
flows to the plantain, and ∂T/∂x is the temperature gradient in the direction of heat flow.

Q ¼ Qconv þQcond þQrad (2)

Q ¼ hA ts � tf
� �þ �KpA

dt
dx

� �� �
þQrad (3)

where Qconv, Qcond, and Qrad represent heat transfer by convection, conduction,
and radiation, respectively; h is the convective heat transfer coefficient of
31.77 W/m2°C [16]; Kp is the thermal conductivity of the plantain 0.594 W/m°C; tf is
average room temperature before heating in °C; and ts is surface temperature of the
plantain in °C.

The mass (m1) of different unripe plantains was weighed to an average of 130 g.
A maximum load of seven fingers of unripe plantain per cycle averaged 0.91 kg. The
selection of unripe plantain for this study is in line with the WHO recommendation
for diabetes patients, arising from current global health challenges and the exponential
growth of chronic diseases [17].

Machine Capacity kg=hð Þ ¼ W
T

(4)

where W is the weight of plantain fingers (kg), and T is the time taken to roast the
plantain (h).

Efficiency of the machine %ð Þ ¼ E1

E2
�100 (5)

where E1 is the energy output, and E2 is the energy input.
The force required to turn the weight of the plantain during roasting.

F ¼ m1g (6)

P1 ¼ m2gL (7)
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where P1 is the power requirement to turn the empty basket, m2 is the mass of the
rod, g is the center of gravity, and L is the length of the roasting basket.

¼ 100:33 W:

P ¼ m2gLþ F (8)

where P is the power requirement to turn the basket with plantain.

¼ 100:33þ ð0:91� 9:8� 0:273Þ
¼ 102:77 W:

Thus, the power requirement to turn the handle is 102.77 W. This falls within the
sustainable human potential power of 70–500 W.

1.1.2 Sensory evaluation of results

Consumer assessment of the overall acceptability of the roasted plantain was
carried out following the method described [15]. Twenty male and twenty female staff
of Bells University of Technology, Ota, Nigeria, were selected randomly from regular
consumers of roasted plantain for the evaluation. Coded samples were placed in
separate identical tight polythene bags and assessed using a questionnaire among the
forty respondents for color, flavor, hardness, moisture release, and chewiness on a
hedonic scale of 1–5 points where: 1 = poor and 5 = excellent.

1.1.3 Performance evaluation results

From the experimental trials, the plantain roaster was observed to take 20 minutes
for electric and gas sources and 25 minutes for the charcoal heat source to reach the
desired temperatures of 200°C and 190°C, respectively, for the seven fingers of plantain
per roasting cycle per compartment. The chamber temperatures were observed to drop
by 20, 15, and 15°C, respectively, for the electric, gas, and charcoal sources after loading

Figure 2.
Snapshot of plantain roaster.
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[14]. The plantain roaster is shown (Figure 2) below, with the color gradually changing
to brown as shown in the figures a, b and, c for gas, electric, and charcoal heat sources,
respectively. The interplay of heat by conduction on the roasted product (booli) as well
as by convection and radiation has been well explained [14].

While the average capacity of the machine was 3.74 kg/h and the machine effi-
ciency was 96.32% in each of the three compartments, radiation heat loss was 31.07,
31.07, and 29.23 W for the gas, electric, and charcoal heat sources, respectively;
Figure 3 below also shows the roasted products obtained.

The results of the performance evaluation of the roaster on the different heat
sources are presented in Tables 1–4 below.

From the heat transfer rates (Table 1) above, it is evident that over 60% of the
heat supplied is derived from conduction. From the results of the proximate analysis
(Table 2), moisture loss is the highest in the charcoal-roasted product, while sensory

Figure 3.
Roasted plantain using a gas heat source (a), electric heat source (b), and charcoal heat source (c).

Roaster
compartment

Heat supplied
(W)

Heat of conduction
(W)

Heat of convection
(W)

Heat of radiation
(W)

Gas 846.28 538.02 277.19 31.07

Electric 846.28 538.02 277.19 31.07

Charcoal 793.60 506.37 258.00 29.23

Table 1.
Heat transfer rate for the roasting machine.

Test
sample

Moisture
(%)

Ash
(%)

Crude fiber
(%)

Carbohydrate
(%)

Fat
(%)

Protein
(%)

Fresh 58.27a � 0.58 5.89c � 0.13 2.83a � 0.07 23.80a � 0.24 2.16a � 31 6.90a � 16

Gas 46.26b � 0.40 7.45b � 0.53 3.27b � 28 33.41d � 0.38 4.52c � 0.03 8.11b � 0.15

Electric 45.94b � 0.21 8.30a � 0.12 3.41b � 0.22 32.35b � 0.45 4.68b � 0.32 8.35b � 0.14

Charcoal 39.59c � 0.53 7.00b � 0.05 3.43b � 0.17 43.02c � 0.14 4.64c � 0.44 5.38c � 0.30

Data expressed as mean� SD (n = 3). Means with different lowercase letters a, b, c, are significantly different (P < 0.05).

Table 2.
Proximate composition of fresh and roasted plantain.
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evaluation of the products (Figure 4) showed the preference of the panelists for the
charcoal-roasted plantain, perhaps because gradual roasting influenced by prolonged
residence time using the charcoal heat source produced the sweetest smelling flavor
found the most acceptable in the product. The changes in selected micronutrients of
the fresh and roasted products, namely, potassium, magnesium, and vitamin B6 are
also presented (Table 3).

The sensory results showed a trend of higher scores from female panelists com-
pared to males, suggesting a higher sensory acuity of the female panelists.

1.2 Frying

Deep-fat frying has been employed for centuries. Dogan et al. [18] noted that the
Latin and Greek words for “frying” originated from the word “roasting,” suggesting

Test sample Potassium mg/100 g Magnesium mg/100 g Vitamin B6 mg/100 g

Fresh plantain 240.70a 111.35a 0.21a

Electric 309.43b 119.21b 0.26b

Gas 305.75c 119.87b 0.25c

Charcoal 312.10d 120.39b 0.27d

Means with different lowercase letters are significantly different (P < 0.05), n = 3.

Table 3.
Analysis of selected micronutrients in fresh and roasted plantains.

Oil Groundnut Corn Soya

Weight of cup (g) 44.95 44.95 43.56

Weight of samples (g) 2 2 2

Weight after extraction (g) 45.44 45.36 43.99

Weight of oil (g) 0.49 0.41 0.43

Table 4.
Fat uptake of chin-chin after frying using electricity.

Figure 4.
Effect of roasting method on sensory attributes of plantain.
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that frying may have developed from roasting. Today, it is an extremely popular
technology employed in various kitchens all over the world and in about 85% of food
service establishments for cooking chicken, fish, breaded vegetables, specialized pas-
tries, French-fried potatoes, and other foods.

The simplest traditional process of deep-fat frying uses a kettle of oil heated on a
stove or over an open fire in which small portions of the food are immersed in hot oil
and removed when fried as determined by the experience of the cook. However, the
first real breakthrough in the technology was the introduction of a continuous cooking
process, which involves the immersion of the food in hot oil or fat for a specified
period, followed by draining, cooling, and further processing or consumption [19].

The cooking medium during frying is the hot oil, also known as shortening, frying
compound, or fat. The quality of the final food product largely depends on the quality
of the oil. During the frying process, the inner moisture in the product is converted to
steam, creating a pressure gradient. The surface dries out, causing the oil to adhere to
the product surface and enter the surface of the damaged area [20]. Many factors have
been reported to affect oil absorption in fried foods [21], including the quality and
composition of the oil, temperature, time, product composition, moisture content,
shape, porosity, pre-frying treatment, surface treatment, initial interface tension, and
crust size [21].

The type of frying fat influences the quality of the finished product in terms of
flavor, texture, shelf life, and nutritional attributes. Oils that have been exposed to a
high temperature when left in the open air are subject to thermolytic and oxidative
reactions [22]. These result in their partial conversion to volatile chain-scission prod-
ucts, nonvolatile oxidative derivatives, and dimeric, polymeric, or cyclic substances.

This is why the quality of fried foods depends not only on the type of food and
frying condition but also on the nature of the oil used for frying. Selection of a stable
frying oil is therefore of great importance in maintaining minimum product deterio-
ration during frying and consequently a high-quality of the fried product [23].

Heating of the oil aids heat transfer by conduction and convection, the latter being
caused by free water boiling at the surface upon immersion of the moist food in the
hot oil. The moisture vaporizes and creates a path known as capillary pore, through
which hot oil enters the food. The influence of oil uptake in this reaction is significant,
with crust formation, shrinkage, and swelling occurring, thus inducing macro- and
microstructural changes. This influences the vapor and liquid diffusion and safety
assurance, and yields final products with the taste and textural characteristics
expected by the consumer.

Typically, deep-fat frying is conducted at temperatures ranging from 120 to 180°C
[24]. It is a complex process that involves simultaneous heat and mass transfer. It
induces a variety of physicochemical changes in both the food and the frying medium.
The principles underlying the mechanisms of oil absorption and water evaporation
have been shown to be intimately related [25].

In fact, an extensive review of recent developments in the use of innovative
methods for efficient frying of foods has been reported [26].

Various prototypes of deep fat fryers have been developed, including open fryers.
These have been either single heat or double heat sources. Pressure fryers have also
been designed to retain the vapor inside the fryer while cooling. The frying vessel
captures the steam from the cooked food and increases the internal pressure until no
more moisture is released from the food. The pressure usually ranges from 34473.80
to 82737.12 N/m2 [20]. At such high pressures, it is not surprising that deep-fat fried
products retain more flavor, and this constitutes a significant reason why they are
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widely popular across the globe. However, there are many areas where the energy
source available may only be gas or charcoal; hence, the concept of a triple heat source
has been developed in this study [15, 25].

1.2.1 Methodology

The desire for a deep-fat frying process equipment that is more user-friendly,
efficient, and versatile led to the development of a simple, low-cost, and affordable
multi-heat source deep fat fryer. Ogunmoyela et al. [8] reported the design and
development of the multi-heat source deep fat fryer and its performance characteris-
tics, as well as the methodology for determining oil uptake and vitamin A retention in
the products, which are summarized below.

1.2.1.1 Design development and component characteristics of the multi-heat source
deep fryer

The design, fabrication, and performance evaluation, including the major
components as well as the controls of the fryer, have been described in detail in
the literature studies [15, 25] and are as shown in Figure 5. The plain and front
views, as well as the pictorial representations of the deep fat fryer, are also shown in
Figures 6–8, respectively.

Figure 5.
Major components of the machine. A: Stainless steel frying pot, and B: stainless steel frying basket.

Figure 6.
Plain view of the machine. I: Stainless steel pot, J: basket lifter, K: stainless steel basket, and L: hinges.
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The frame is divided into three rectangular but equal sections to facilitate a stand-
ing support to the pot hinged to the frame and connected to the frying pot for easy
swing movements. The rectangular-shaped frying pot is made of stainless steel and
sits on the frame. It can easily be removed for cleaning, while the frying basket is of
the same shape, also made of stainless steel but smaller than the frying pot for free
movement when hinged, apart from the need to allow free movement of hot air by
convection.

Figure 7.
Front view of the machine. P: Thermostat, Q: fan switch, C: charcoal compartment, R: gas control, and S: electric
hot plate.

Figure 8.
Pictorial representation of the multi-heat source deep fat fryer (MSDFF).
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The electric plate has a power of 1500 watts and is fitted with a sensor to detect
changes in temperature, while the gas burner is welded to the frame support for the
electric radiation plate. When the set temperature is attained, it cuts off automatically
and vice versa. The charcoal compartment is also designed in this case to have a load-
bearing capacity of 2 kg of charcoal for heating the fryer.

The fryer was developed using low-cost, locally available materials for affordabil-
ity, at a total overall cost of about N50,000 (ca.$150.00) only but ensuring stainless
steel for all contact surfaces to enable easy cleaning and to prevent corrosion and
contamination.

The machine design considered the need for easy assembling, dismantling,
adjustment, and operation, as well as the safety of the operator in the positioning of
the various component parts. With a power requirement of 1.43 Kw, it is designed to
be minimally efficient for processing any type of food material using good quality
frying oils.

1.2.1.2 Performance Characteristics and Validation

The multi-heat source deep fat fryer was designed to use multiple heat sources,
namely, charcoal, gas, and electricity, as sources of energy tested in different frying
oils, namely, groundnut, soya, and corn oils. Heat is driven by conduction during
deep-fat frying in the medium in line with the second law of thermodynamics. It is
transmitted into the oil by convection and by conduction into the interior of the food.
Part of it also escapes to the atmosphere by radiation since the process usually occurs
in an open system.

The performance of the fryer was tested using wheat flour, sugar, eggs, baking
powder, salt, and margarine mixed into a dough and fried with the different oils to
obtain different products. Performance in each of these oils was tested using the
different heat energy sources, namely, charcoal, gas, and electricity, respectively.

The fryer was successfully tested and validated in deep-fat frying of fried wheat
flour chips, known as chin-chin; wheat flour balls known as puff-puff; as well as
plantain chips, bean flour, and yam chips.

1.2.2 Performance Measurements and Process Chemistry

Deep-fat frying is a complex process that involves simultaneous heat and mass
transfer. The process induces a variety of physicochemical changes in both the dough
and the frying medium. As foods are hygroscopic and carry significant quantities of
bound water in their porous matrices, the water diffuses from the matrix during
frying, creating pathways usually referred to as “capillary pores.” The formation of
these capillary pores enhances oil absorption. As the food is fried, the moisture is
converted to steam and released under pressure.

The type of product, process, and intensity of heating, coupled with the initial
moisture content of the food product influences the final pore structure. Various
studies have reported that the relationship between moisture loss and fat absorption is
proportional and linear [27]. The diffusion rate of the moisture into the fat and that of
the fat through the capillary pores depend on the temperature gradient across the
heating medium. Since the two are proportional to one another, the basic equation for
mass flux is applicable.
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The mechanisms of water evaporation and oil absorption have been well described
in the literature. As the product is immersed into the hot oil, the initial fat absorption
takes place through surface wetting, by capillary action. As the product heats up,
moisture is converted to steam, migrating to the surface and eventually into the frying
medium due to a pressure differential. The vapor being released from the dough
surface impedes the intrusion of fat into the product during surface boiling. Thus, the
color of the dough gradually changes to brown (Figure 9) with heat conduction by the
frying pot, transfer by convection within the hot oil, conduction into the interior of
the food, as well as radiation heat losses.

The capacity of the machine using groundnut, corn, and soya oils (Figure 10) was
found to be 6.90, 8.50, and 7.68 kg/h using electricity as the energy source; 8.50, 8.60,
and 8.46 kg/h using gas as an energy source; and 5.60, 6.80, and 5.60 kg/h with
charcoal as the energy source. From these results, the conductive heat requirement of
the machine was found to be 1428 W, while the heat required for effective frying was
1392 W, and heat loss by radiation was only 36 W.

The results of the fat uptake (Tables 4–6) of the chin-chin fried with the fryer,
using different compartments of electric, gas, and charcoal energy sources, respec-
tively, are also presented.

The chin-chin fried with corn oil gave the least fat uptake followed by the soya oil
when using gas. Corn oil also gave the highest vitamin A retention (Figure 11) given

Figure 9.
F: Gradual changes during frying operation; G: chin-chin produced ready for packaging.

Figure 10.
Machine capacity (kg/h) using different oils and different heat sources.
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the mandatory vitamin A level of 3000 IU/kg in flour and 2000 IU/kg in vegetable oils
under the National Food Fortification Programme in Nigeria.

Given the implications of high fat intake on the increasing incidences of cardio-
vascular diseases, the figures obtained here indicate the significant promise of the use
of this equipment in the control of fat uptake in deep-fat fried products.

1.3 Smoking

Smoking is the practice or process of seasoning, to preserve food either by expos-
ing it to smoke from a burning or smoldering substance, usually wood, or by cold

Oil Groundnut Corn Soya

Weight of cup (g) 44.43 44.71 44.83

Weight of samples (g) 2 2 2

Weight after extraction (g) 44.94 45.17 45.30

Weight of oil (g) 0.51 0.46 0.47

Table 5.
Fat uptake of chin-chin after frying using gas.

Oil Groundnut Corn Soya

Weight of cup (g) 44.82 44.96 44.83

Weight of samples (g) 2 2 2

Weight after extraction (g) 45.49 45.53 45.46

Weight of oil (g) 0.67 0.57 0.63

Table 6.
Fat uptake of chin-chin after frying using charcoal.

Figure 11.
Vitamin A retention in chin-chin during frying using different heat sources.
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smoking at a reduced temperature of 12–25°C. This is to impart flavor and ensure the
adequacy of preservatives added to the product. Smoking can also be done by bringing
food into contact with vaporized liquid smoke. In many African countries, smoking is
the most significant method for preserving fish and wildlife. Wood smoke is made up
of a variety of organic chemical components, some of which have antibacterial prop-
erties [28]. When wood smoke is condensed into water, it produces liquid smoke,
which can be utilized for food smoke flavoring. The dangers associated with the illegal
use of chemically preserved wood are one of the concerns associated with smoked
foods, and this is why gas systems have been advocated in recent years by developed
countries. In fact, the current trends of using green technologies in food production
and processing have been reported [29]. In particular, a recent review has shown the
technological advances in Ghana which led to the development of such smoking
methods as the FAO-Thiaroye technique of processing (FTT), and Abuesi gas fish
smoker for fish smoking and drying, with results of lower PAH4 levels and uniform
appearance of end products [30]. However, there is no doubt that wood-smoked foods
are still preferred in many developing countries of the world, and they are safe if they
are made from fresh raw materials that are free of natural toxins, chemical pollutants,
pathogens, and parasites; and if the storage conditions do not promote microbial
proliferation or toxin production [31]. In addition, the sensory characteristics of such
products are usually more intense and better than those of gas-smoked products.

Thus, there is no doubt that smoking is a unit operation that has gained over-
whelming acceptance across the globe. But the conventional methods for smoking are
often laborious, stressful, and unhygienic, thus posing health risks to processors.
Based on these limitations, more modern, low-cost, and effective smoking kilns suit-
able for small- and medium-scale quality production of fish and meat have been
investigated in various studies.

Smoking is a combination of salting, drying, and heating of fishery products. The
regulation of physicochemical parameters such as pH, VBN, TBARS, fatty acid con-
tent, and texture profiling using the smoking preservation process increases sensory
quality, allowing for longer storage times of high-quality fish products. Smoking of
the food considerably slows down oxidative changes and prevents microbial growth.
When smoke from incomplete combustion of wood or sawdust is deposited on the
surface of processed fish, volatile chemical compounds are released, which help to
suppress bacterial growth [32]. Due to the unique color and flavor, smoked items have
a high demand among consumers. It has been reported that smoking of wood or
sawdust releases a variety of complex chemicals such as phenols, ethers, esters,
hydrocarbons, acids, alcohols, and ketones, which are responsible for the subsequent
color and flavor development [33].

Smoking has also been classified into three types based on temperature: cold
(12–25°C), warm (25–45°C), and hot (40–100°C). The type of heating procedure
selected is critical to product quality. However, heating can promote protein denatur-
ation in such products, resulting in reduction of both nutritional and functional
qualities. To obtain a premium-grade smoked product, optimizing the time, tempera-
ture, and sawdust material in the hot smoking procedure has therefore been shown to
be vital [34]. Sensory evaluation (color, texture, odor, flavor, and overall acceptance),
physicochemical assessment (pH level, VBN level, TBARS level, and TMAO and fatty
acid content), and microbial growth are also important parameters for establishing the
qualities of smoked fish products [34]. Many smoked products have, however, been
found to be mutagenic and carcinogenic due to polycyclic aromatic hydrocarbons
(PAHs) found in wood smoke. In recent years, wood-smoked foods have been
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increasingly investigated for potential genotoxicity and carcinogenicity. However, it
has been reported that PAHs are processed by enzymes in the human body, resulting
in premutagenic and carcinogenic DNA adducts [35, 36]. Nevertheless, it is important
to stress that these concerns are associated with improperly wood-smoked products,
which is why the smoking process requires standardization, rather than being
discarded as has been advocated in some developed countries.

In many regions of the world, fish processing via hot smoking or kiln has been
practiced for centuries. In fact, smoked fish is one of the most popular delicacies in
many developing countries, with various types of smoking kilns ranging from
traditional open-fire to mud-brick and cylindrical drums.

Despite this fact, the absence of suitably controlled process has long been a chal-
lenge to the quality of smoked fish frommany developing countries. Locally accessible
technologies like mud bricks, stone, and firewood are commonly employed, but with
negative impact on the quality of the finished product. The market value of the
product declines due to smoke damage and unappealing appearance of processed fish,
while standard conditions for quality assurance and hygiene remain a challenge [37].

To reduce the stress, drudgery, and health risks to processors associated with the
conventional methods of smoking, a low-cost and effective smoking kiln suitable for
small- and medium-scale quality production of fish and meat was developed and
evaluated.

1.3.1 Design characteristics of low-cost smoking kiln

The smoking kiln is a double-jacketed cabinet with a thickness of 15 mm. It is made
from mild steel and lagged with a fiber glass insulator purposely to prevent heat loss to
the environment during smoke drying. The smoking chamber consists of set trays
arranged into three rows and a smoking rack with the same length and breadth. The
overall dimension of the cabinet is 600 � 515 � 650 mm, and the dimension of the
trays is 425 � 325 � 150 mm. The fabrication and assembly of the smoking kiln was
done at our Mechanical Engineering workshop of Bells University of Technology, Ota,
Nigeria.

The trays have a trough fabricated to their ends to allow for a flow out of food
product drippings during smoking without accumulation. This trough is connected to
a pipe that runs from the top to the bottom at the back of the smoking kiln through
which the troughs of the other trays connect, collecting all product drippings and
expelling them to the outer part of the smoking kiln. The heat source of the smoking
kiln is charcoal, which is contained in two pots, each with a dimension of
484 � 120 � 70 mm, placed by the sides of the rack system that carries the trays.

The design allows for air circulation by convection in the combustion chamber
with heated air carried in all directions of the loaded trays, and air inlets at the lower
front of the smoking kiln facilitate the flow of heat. The chimney is fitted with an
adjustable valve that controls the heat buildup within the smoking kiln and conducts
the smoke to the external environment. The isometric and orthographic projections of
the smoking kiln assembly (Figures 12 and 13) are presented below.

The machine was designed with a tray arrangement at the center of the kiln, to
allow for proper air circulation via an indirect mode of heating. The region between
the charcoal pots was perforated to allow the inflow of fresh air to support the
combustion and mobility of smoke in the kiln. A tray system slightly sloped backward
was adopted to allow oil leaching from product flow into a trough where it is collected.
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1.3.2 Design calculations

Volume of the fish tray (VT) is calculated as:

VT ¼ l� b� h (9)

where l = length of the tray = 42.5 cm, b = width of the tray = 32.5 cm, and
h = height of the tray = 150 cm

Volume of the charcoal pot (VC): is calculated as:

Figure 12.
Isometric projection of smoking kiln assembly.

Figure 13.
Orthographic projection of smoking kiln assembly.
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VC ¼ l� b� h (10)

where l = length of charcoal pot = 48.4 cm, b = width of charcoal pot = 12 cm, and
h = height of charcoal pot = 7 cm.

Determination of heat transfer by conduction, convection, radiation, and thermal
resistance is in accordance with Ref. [38].

Heat transfer (q) by conduction is obtained as:

qcond ¼
�KA T2 � T1ð Þ

l
(11)

where K = thermal conductivity of the material (45 W/m oC), A = area of the fish
tray (0.41 m2), l = thickness of fish tray (0.0015 m), T1 = temperature of the inside
smoking kiln (280°C), T2 = temperature of the inside smoking product (90°C), while
negative sign of K is to take care of the decrease in temperature along the direction of
heat flow.

Heat transfer (q) by convection is obtained as:

qconv ¼ hA ts � tf
� �

(12)

where h = coefficient of convective heat transfer (free convection) (20 W/m2°C),
A = area of the charcoal pot (0.12m2), Ts = surface temperature (280°C), and Tf = fluid
temperature (90°C).

Heat transfer (q) by radiation is obtained as:

qrad ¼ FδA T1
4 � T2

4� �
(13)

where F = emissivity coefficient of mild steel (0.20), δ = Stefan Boltzmann’s
constant (5.67 � 10�8), A = area of the charcoal pot (0.12 m2), T1 = temperature of the
inside smoking kiln (553 K), and T2 = temperature of the outside smoking kiln
(303 K).

Heat capacity qtotal of the machine is obtained by:

qtotal ¼ qcond þ qconv þ qrad (14)

Value of thermal resistance is obtained by:

Rthð Þrad ¼
T1 � T2

qrad
(15)

Heat required for smoking products:

q ¼ M� Cp � ΔT (16)

where M = mass of sample in the smoking kiln at a time (fish = 5.20 kg,
beef = 5.85 kg, and chicken = 8.20 kg), ΔT = change in temperature (°C), and
Cp = specific heat capacity of products: fish = 3.60 kJ/kg°C, beef = 2.85 kJ/kg°C, and
chicken = 3.22 kJ/kg°C [39].

The heat capacity qtotal of the machine is given as 2337.57 kJ, and this exceeds the
heat requirement for each of the products smoked: fish = 1123.20 kJ, beef 1000.35 kJ,
and chicken = 1584.24 kJ.
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1.3.3 Performance Evaluation of results

Heat capacity of the machine was calculated to be 2337.57 Kw, while the heat
requirements for smoking fish, beef, and chicken were calculated to be 1123.20,
1000.35, and 1584.24 kJ, respectively. The rates of moisture removal (Table 7) in the
smoking kiln were 25.87%/hr., 23.37%/hr., 28.05%/hr., and 24.51%/hr. for Atlantic
mackerel, herring fish, beef, and chicken, respectively. Smoking temperature was
determined to be 90°C, which was in accordance with the findings of Rahman [40]
that the smoking temperature range suitable for effective drying is 80–90°C. It was
observed that at the various tray levels of the smoking kiln, there was a slight tem-
perature difference, probably due to hot air being of lighter density than cold air and
floating upward. In the smoking kiln, since the heat source is not directly under the
rack system, it floats to the upper part of the smoking kiln, and the products at upper
tray dry faster. The performance results for different products are summarized in
Tables 7 and 8 below.

The results of the sensory evaluation of different products in the machine
(Table 8) also showed that there was no significant difference (p > 0.05) except
for the texture. Although there was no significant difference in overall acceptability
of the samples, there was a clear preference for Atlantic mackerel fish. However, at
5% level of significance, panelists did not find any significant difference (p ˃ 0.05)
in the sensory attributes of the smoked products. Figure 14 shows an exploded view
of the kiln.

Samples Time taken
(hrs)

Initial weight
(kg)

Final weight
(kg)

Moisture loss
(%)

Rate of moisture
removal (%/hr)

Beef 2 5.85 2.57 56.10 28.05

Atlantic
mackerel

2 5.20 2.51 51.73 25.87

Chicken 2 8.20 4.18 49.02 24.51

Herring fish 2 5.20 2.77 46.73 23.37

Table 7.
Machine evaluation.

Sample Appearance Aroma Taste Texture Overall acceptability

SMBE 6.95 � 1.36a 7.35 � 1.28a 7.45 � 0.83a 7.10 � 1.41a 7.65 � 0.88a

SFTI 7.50 � 1.10 a 7.75 � 1.16a 7.95 � 1.00a 8.10 � 0.79ab 8.00 � 0.79a

SMCH 7.07 � 1.08 a 7.30 � 1.30a 7.50 � 1.28a 7.40 � 1.47ab 7.65 � 1.04a

SFSH 7.45 � 1.28 a 7.50 � 1.19a 7.55 � 1.19a 7.45 � 1.19b 7.50 � 1.15a

SMBE: smoked beef, SFTI: smoked Atlantic mackerel fish, SMCH: smoked chicken, SFSH: smoked herring fish. Values
are means � standard deviation of duplicate determinations. The mean values of the samples within a column with
different superscripts (letters) are significantly different (p < 0.05).

Table 8.
Sensory evaluation of smoked samples.
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1.4 Fermentation

West African food cultures, like many other parts of the world, are rich in sponta-
neously fermented foods, the majority of which have been passed down from one
generation to another. The fermentation process involves the conversion of starch or
sugar into an alcohol or acid. This is the basis of several foods, including baked
products. During the fermentation of wheat flour dough, for example, carbon dioxide
is produced and trapped as pockets of air within the dough, causing the dough to rise.
During subsequent baking, the carbon dioxide expands and causes the dough to rise
further, with the alcohol produced evaporating during this baking step.

The fermentation of foods in West Africa is said to account for 40% of the
population’s diet, a percentage that increases with decreasing income. Africans usually
ferment cereal-based foods such as sorghum, millet and maize; roots such as cassava;
fruits; vegetables; and less commonly meat and fish [41]. Fermentation also covers
leguminous plants and oilseeds, to produce fermented condiments that are used as
flavorants in soups. Such fermented condiments include “ogiri” from castor bean
(Ricinus communis), “dawadawa” from African locust beans (Parkia biglobosa), and
“ugba” from African oil bean (Pentaclethra macrophylla).

One of the major advantages of fermentation is the enhancement of both nutri-
tional and sensory quality of foods by the conversion of macronutrients such as pro-
teins and sugars into easily digestible compounds and the development of flavour
compounds. Fermented African locust bean seeds, for example, are a rich source of
protein and consist of oil, dietary fiber, vitamins (vitamin B, riboflavin, and vitamin
A) and minerals. The most common groups of microorganisms involved in food
fermentation are bacteria, yeasts, and mold [42]. Spices and condiments are plant-
derived substances (from dried seeds, fruit, root, bark, and leaves) used in minute
quantities as food additives to stimulate flavor and taste in foods, beverages, and

Figure 14.
Exploded view of the smoking kiln.
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drugs; improve color; and in some cases, serve as preservatives [43] and overall
sensory acceptability of foods. Condiments are applied in the form of a sauce powder
to contribute calorie and protein intake and are generously added to soups as low-cost
meat substitutes by low-income families [44]. Thus, the awareness of the benefits of
eating food products with little or no chemical food additives or preservatives for
healthy living and life expectancy is increasingly being promoted all over the world.
This is why microbial fermentation technology has become such a promising, rapidly
growing, revolutionary field involving the use of microbes for the production of
compounds that are of immense use in the production of biofuels, pharmaceutical,
environmentally friendly materials, energy, fine chemicals, and the food industry in
the quest for a bio-based society, with an eye on the sustainability factor [45].

Foods prepared with chemical additives and preservatives are susceptible to
chronic and noncommunicable diseases. Therefore, this global shift to naturally
processed foods calls for indigenous food processing techniques that will guarantee
consumer safety, healthy living, and storability. An example of recent developments
in the packaging and commercialization of fermented African locust beans to cube
form using a locally fabricated machine is presented in this chapter. The production
and cubing of African locust beans using a prototype cubing machine fabricated in the
Mechanical Engineering Workshop of Bells University of Technology, Ota, in Nigeria
is described below.

Using the traditional fermentation process, the dried locust beans are inspected,
and removal of immature seed and broken and damaged locust beans takes place to
avoid poor quality and unsafe finished products. Prewashing is done before the locust
beans are placed in clean pots. They are then allowed to boil for 6 hours so as to
partially de-shell the locust beans. The boiled locust beans are then drained and
allowed to cool for easier mashing. The cooled locust beans are placed in the mortar
and hand-mashed with the addition of potash. The de-shelled locust beans are there-
after hand-sorted, washed with water and placed in a calabash containing washed
banana leaves, and then allowed to ferment for 24 hours. In order to facilitate the
fermentation process, a little amount of salt is added. The locust beans are then dried
using hot air oven at 60°C for 24 hours to reduce the bulkiness by 29%. The dried
locust beans ware dry-milled with using a hammer mill, and the resulting milled locust
beans are sieved to obtain a homogenous size.

The locust beans’ powder is then divided into two equal parts. One of them is
subjected to cubing using the prototype cubing machine with addition of lecithin to
serve as the binding agent in ratio 3:1 (locust bean powder: lecithin). The powdered
and cubed locust beans are then packaged for further analyses. In the design of
prototype cubing machine, various factors were considered in the selection of mate-
rial, including material availability, suitability, durability, and cost of materials to
meet the desired quality performance. The process flow diagram for the production of
fermented, dried, and cubed African locus beans is shown (Figure 15) below.

1.4.1 Prototype cubing machine design

The major components of the prototype machine (Figure 15) are u-beam, cubing
unit, mold, cylinder, and the frame. The u-beam made from mild steel was cut and
shaped into 1500 mm � 210 mm � 26 mm; the cubing unit consists of cutting blade
made from stainless steel and a cylinder spring and handle; the mold houses the blade
and is made from stainless steel with dimension 110 mm � 100 mm � 21.5 mm and
capable of producing 200 cubes per hour; the cylinder consist of iron rod that is
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10 mm tall and 2 mm in radius and made from mild steel. The outer part of the
cylinder is lined with flat metal connected to the handle, and as the handle moves
downward, it presses the spring, while the mold is in contact with the condiment on
the table to form cubes. The frame unit made from angle iron provides support to
other components of the machine. The upper part of the frame is the working table

Figure 15.
Flow diagram for the production of fermented, dried, and cubed African locust beans.
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that has direct contact with food made from stainless steel. The snapshot of the
machine is shown below in Figure 16.

1.4.2 Design calculations and performance evaluation

The design analysis for the spring support (Figure 17), power requirement
(Figure 18), machine capacity, and efficiency are considered as follows:

Selected design data are as stated:
Spring free length, L = 120 mm, Diameter of the wire, d = 2.5 mm, Number of

active coils, N = 14, Diameter of the coil, D = 28 mm, Mass of the handle, m = 170 g,
Mass of the connecting rod = 550 g, Allowable stress (δs) induced in the spring due to
twisting for industrial spring = 6.25 � 105 Nm�2 [46].

The compression load of the spring, F was obtained using the relationship
reported [47].

F ¼ δs2πrL (17)

where r = d
2.

F ¼ 6:25 x 105 x 2 x
22
7
x 0:00125 x 0:12:

F = 589 N.
Selected weight of the handle,

W ¼ mg: (18)

Figure 16.
Snapshot of the prototype cubing machine.
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where m is the mass in kg, and g is the acceleration to gravity.
Therefore, W = 0.170 � 9.81.
W = 1.67 N.
Machine compressive force,

Fs ¼ F þW (19)

Fs = 589 + 1.67.
Fs = 590.67 N.
The maximum deflection of the spring, E was obtained from the relationship given

in Ref. [48].

Figure 17.
Design for spring support.

Figure 18.
Design for machine power requirement.
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L� E ¼ nþ 2ð Þd (20)

where n is the number of active coils.
E = 0.12 – E = (14 + 2) 0.0025.
E = 80 mm.
Therefore, the maximum deflection of the spring is 80 mm.
The torque T required to overcome friction in spring was obtained using the

relationship as stated in Ref. [47].

T ¼ πδsd
2

16K
(21)

where K is stress concentration factor = 1.225.

T ¼
22
7 �6:25�105� 0:0025ð Þ2

16�1:225

T = 0.63 Nm.
Therefore, the torque require to overcome friction in spring is 0.63 Nm.
Stiffness of spring was obtained from the relationship given in Ref. [46].

σ ¼ πR4G
2L

(22)

where σ = stiffness of spring in Nm�1.
R = radius of coil in m.
G = mild steel modulus of rigidity = 8.2 x 106 Nm�2 [49].

σ ¼
22
7 � 0:014ð Þ4�8:2�106

2�0:12

σ = 4.13 Nm�1.
Therefore, stiffness of the spring is 4.13 Nm�1.

μ ¼ Tanθ (23)

where μ is the coefficient of friction, and θ is the angle of deflection

Tanθ ¼ x
y

(24)

where x is the maximum compressive force, and y is the weight of handle + weight
of connecting rod.

Tanθ ¼ 590:67
1:67 þ 5:40

Tanθ ¼ 83:55

θ ¼ Tan�183:55

θ ¼ 89o
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To calculate angular speed, S

S ¼ rθ
t

(25)

where θ is in radian, r is the length of plate base = 100 mm, and t is the time of
deflection = 1 second.

S ¼ 0:1�89π
180

S = 0.16 ms�1.
To calculate machine power requirement for cubing, P

P ¼ FsS (26)

P = 590.67 � 0.16.
P = 94.51 W.
Conclusively, the power required by the machine for effective cubing falls within

sustainable human potential power is 70–500 W.
Design for machine efficiency

Efficiency ¼ Output
Input

� 100 (27)

During machine evaluation, five batches in triplicate were carried out, and average
value for each batch was recorded (Table 9). The weight of the cubes was determined
by analytical weighing balance, and time taken for each experiment was taken using a
stopwatch.

Machine capacity is calculated as follows:

Capacity ¼ N
t

(28)

where N is the number of cube produced, and t is the time taken in the production.
Average machine capacity = 191 cubes/hr.

Input (g) Output (g) Eff. (%) Number of cube produced Time taken (sec.)

500 422 84.40 84 1500

400 358 89.50 72 1320

350 326 93.14 65 1200

300 290 96.67 58 1110

250 246 98.40 49 1020

Average machine efficiency = 92.42%.

Table 9.
Machine performance evaluation.
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1.4.3 Product weight control

The weights of fermented African locust bean cubes produced were found to be
slightly different from one another even from the same batch production. This varia-
tion could be from the mixing or machine settings among others, and further
improvements in machine performance are possible with the investigation of the
actual cause of the problem using appropriate statistical control chart design.

Procedure for x control chart
Below is the step-by-step procedure to determine the control limit using x chart

i. Draw a sample x1, x2, x3, … … … … xkf g of size k at a stage of the production
process.

ii. Repeat (i) for n samples at equal intervals of time.

iii. Calculate the sum
P

x for each sample.

iv. Calculate the mean x ¼
P

x
k for each sample.

v. Calculate the mean of the mean () in (iv) for all observations where x ¼
P

�x
n .

vi. Calculate the variance s2 ¼
P

x�xð Þ2
k for each sample.

vii. Calculate the standard error (S) for every S2 in (vi)

viii. Calculate the mean �s ¼
P

s
n for all standard errors in (vii)

ix. Obtain the control limit for x as follow:

a. x - Central control limit.

b. xþ 3sffiffiffiffiffiffi
n�1

p - Upper control limit.

c. x� 3sffiffiffiffiffiffi
n�1

p - Lower control limit.

Table 2 shows triplicate weight readings of cubed fermented African locust beans
for each batch production as illustrated for the determination of the control limits.

From Table 10,

x ¼ 5:012

Si ¼ 0:0162

Control limits:
Central control limit = 5.012.
Upper control limit = 5.024.
Lower control limit = 4.989.
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1.4.4 Performance evaluation results

For the machine design analysis, some parameters were selected, while some were
calculated using mathematical relationships. Those that were calculated are:
compression load of the spring, F = 589 N; machine compressive force, Fs = 590.67 N;
maximum deflection of the spring, E = 80 mm; torque, T = 0.63 Nm; stiffness of the
spring, σ = 4.13 Nm�1; angle of deflection of the machine, Ɵ = 89o; the angular speed
of the machine, S = 0.16 ms�1; machine power requirement, P = 94.51 W; average
efficiency of the machine = 92.42%; and the average capacity of the machine = 191
cubes/hour. However, as the input of the machine increased from 250 to 500 g, the
efficiency also decreased from 98.40 to 84.40%, while machine capacity increased
from 175 cubes/hr. to 200 cubes/hr.

This means that the higher the input, the longer is the residence time and the rate
at which efficiency drops, implying that more losses could be incurred. From the cube
control chart (Figure 19), it is evident that in all the batches, the production process is

Batches Cube weight (g)

1 2 3
P

x1 x s2 S

1 5.01 5.02 5.03 15.06 5.02 6.70 � 10�5 0.0082

2 4.98 4.99 5.03 15.00 5.00 4.67 � 10�4 0.0216

3 4.99 5.02 5.04 15.05 5.02 4.33 � 10�4 0.0208

4 4.98 5.00 5.02 15.01 5.00 2.67 � 10�4 0.0163

5 5.01 5.01 5.04 15.06 5.02 2.00 � 10—4 0.0141

25.06 0.081

Table 10.
Statistical control of batch production of fermented, dried, and cubed African locust beans.

Figure 19.
Production control chart.
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in a state of statistical control. No significant assignable variation is detected. Slight
differences observed in the weight of the product are due to inherent chance
variations that are inevitable in any production process. Cubes produced from
different batches as they are released from the cubing unit are shown (Figure 20).

1.5 Effects of processing on product quality

The results of proximate analysis of the cubed and un-cubed powder (Table 11)
show a rapid decrease compared with 42.65% reported in Ref. [50]. The reduced
moisture content could be the result of the drying process at 60°C for 24 hours, and
this might improve the storability of the condiment. The crude fat content of the
un-cubed sample was 12.13%, while that of cubed sample was 12.12%. These values
are closely related to 10.65% reported in Ref. [51]. The results show that the values of
crude protein for un-cubed African locust beans sample was 80.25% while that for
cubed sample was 80.18%. The result of 37.32% obtained for the protein content of
naturally fermented African locust beans is, however, in line with that reported in Ref.
[50], while the increase in the fiber content of the cubed sample over the un-cubed
sample could be traced to be an effect of the hydrophilic and lipophilic tendency of
lecithin used as binding agent [52].

Figure 20.
Cube production from different batches.

Nutrient Un-cubed locust beans (%) Cubed locust beans (%)

Moisture content 6.43 5.43

Crude fat 12.13 12.12

Crude protein 80.25 80.18

Crude fiber 0.48 0.86

Total Ash content 0.61 0.92

Carbohydrate content 0.12 0.50

Table 11.
Proximate composition of un-cubed and cubed fermented African locust beans.
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1.6 Processing Losses

The process of transforming raw ingredients into food through any of these tech-
nologies usually leads to nutrient losses. These losses may arise due to sensitivity to
heat, light, oxygen or pH of the solvent, or a combination of these. Food fortification,
which is the addition of one or more essential nutrients to food, is often employed as
one way of restoring such losses occurring during processing or correcting a demon-
strated deficiency in the population. Vitamin A, iodine, and iron remain three of the
most important micronutrients from a public health perspective, and wheat flour,
sugar, vegetable oils, and salt are some of the commonest vehicles for carrying these
nutrients in food products. We have studied in our laboratories, in particular, the
effects of baking and frying on the vitamin A and iron contents of pan bread and
doughnuts [53]. The results obtained showed slight variations in vitamin A and iron
levels of treated and market flour samples (Table 12), vitamin A content of pan bread
(Table 13), vitamin A content of fried doughnuts (Table 14), as well as iron levels of
baked pan bread (Table 15) and fried doughnuts (Table 16), respectively.

From these results (Tables 13–16), the baking process at 175°C for 45 minutes
using dough proofed for 60 minutes retained more vitamin A than deep-fat frying at
1850 C for 5 minutes using dough proofed for 45 minutes, while process losses of iron
were comparable [54]. Nevertheless, a 25–35% vitamin A loss was recorded during
baking compared to a 33–40% vitamin A loss recorded after deep-fat frying.

Clearly, these results confirmed that iron is more stable under various processing
conditions except in the presence of moisture. Similar baking and deep-fat frying
studies also showed that during baking at 175°C for 45 minutes with dough proofed for
60 minutes, only a 6–10% loss of iron was recorded. The iron retention was better in
dough proofed for 90 mins compared with deep-fat frying at 185°C for 5 mins where a
6–15% loss in doughnuts was obtained.

Flour type Vitamin A content (2 g) Iron levels (ppm)

Blank 6000 IU 58

Treated 35,000 IU 66

Market 27,500 IU 68

Table 12.
Vitamin A and iron levels of blank, treated, and market wheat flour samples.

Flour type/Proofing time
(mins.)

Vitamin A level before baking
(IU)

Vitamin A level after baking
(IU)

%
loss

Blank: 30 5000 3500 30

60 4000 3000 25

Treated: 30 27,500 18,000 35

60 33,000 24,000 27

Market: 30 24,000 16,000 33

60 28,000 22,000 21

Table 13.
Vitamin A content of pan bread before and after baking at 175oC for 45 minutes.
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Similarly, marked differences are observed in the effects of different ingredients
on vitamin A retention in pan bread from fortified flour samples (Table 17), as well as
under different storage conditions (Table 18).

One of the benefits of dough proofing has been reported to be in helping to reduce
the level of phytic acid in bread. This is because phytic acid is a known inhibitor of
micronutrients present in cereals. Yeast fermentation has also been reported to sig-
nificantly reduce the phytic acid concentration in bakery products [55], thus increas-
ing the bioavailability of these micronutrients [56, 57]. This is why proofing of dough
should be encouraged as a standard practice before baking, deep fat frying, or other

Flour type/Proofing time
(mins.)

Vitamin A level before frying
(IU)

Vitamin A level after frying
(IU)

%
loss

Blank: 45 5000 3000 40

90 3000 2000 33

Treated: 45 24,000 15,000 38

90 27,500 17,000 38

Market: 45 15,000 10,000 33

90 17,000 9000 47

Table 14.
Vitamin A content of fried doughnuts before and after deep frying at 185oC for 5 minutes.

Flour type/Proofing time
(mins.)

Iron level before baking
(ppm)

Iron level after baking
(ppm)

%
loss

Blank: 30 32 29 8

60 35 33 6

Treated: 30 54 49 9

60 56 52 7

Market: 30 53 47 11

60 66 61 7

Table 15.
Iron levels of baked pan bread before and after baking at 175oC for 45 minutes.

Flour type/Proofing time
(mins.)

Iron level before frying
(ppm)

Iron level after frying
(ppm)

%
loss

Blank: 45 50 47 6

90 41 34 8

Treated: 45 63 57 10

90 78 65 6

Market: 45 60 55 8

90 68 57 15

Table 16.
Iron levels of fried doughnuts before and after deep frying at 185°C for 5 minutes.
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processing methods, as this helps to increase the bioavailability of the iron by reducing
the level of phytic acid and its inhibitory effects in the product.

2. Conclusion

Significant advances in the upgrade of traditional processing technologies of roasting,
frying, smoking, and fermentation have been recorded in the recent years. The design
development and evaluation of a manually operated multi-heat source roaster, which
shows significant promise from the evaluation of the proximate, mineral, and vitamin B6
compositions of roasted plantains using gas, electric, or charcoal as the heat sources, has
been reported in this review. Consumer perception of the roasted plantain indicated that
the product from charcoal roasting was the most acceptable to the panelists. From all
indications, the multi-heat source plantain roaster is affordable and could be easily

Flour Control High yeast Low yeast High salt Low salt

Treated 26,817 27,066 17,652 21,235 27,282 20,334

Market 10,640 15,207 14,260 15,646 15,950 12,070

Blank 1864 6286 4833 6523 6658 4644

Table 17.
Effect of ingredients on vitamin A retention in pan bread from flour samples (IU).

Day Sunlight Shelf Refrigerator

1 A 1430 1452 1469

B 27,653 27,830 27,819

C 11,829 11,935 11,917

2 A 1409 1419 1421

B 27,624 27,641 27,646

C 11,812 11,817 11,823

3 A 1392 1408 1414

B 27,588 27,628 27,637

C 11,793 11,801 11,814

4 A 1376 1399 1405

B 27,565 27,613 27,629

C 11,777 11,794 11,805

5 A 1357 1386 1397

B 27,526 27,572 27,614

C 11,754 11,783 11,798

A—Bread from blank flour containing 1000 IU; B—Bread from treated flour containing 30,000 IU of vitamin A/1 kg;
C—Bread from standard market sample (fortified).

Table 18.
Effect of storage on vitamin A retention in pan bread from flour sample (IU).
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adopted for the purpose of upgrading the rural technology of plantain roasting and
eliminating the associated drudgery and likely contamination of such products.

The application of frying technology to traditional deep-fat fried products like
chin-chin has also been evaluated. Here, it is noted that conductive heat transfer is
equal to the combination of convective heat transfer within the hot oil, with conduc-
tive heat transfer to the interior of the food and heat losses as a result of radiation. The
results show that chin-chin fried with corn oil gave the least fat uptake followed by
soya oil. This is significant given the knowledge that high fat intake in the human
system causes various noncommunicable diseases, especially of a cardiovascular
nature [58]. The results also show that vitamin A retention is highest when electric
heat is used, compared to other heat sources, with the machine capacity ranging from
5.60 to 8.60 kgh�1 depending on the heat source.

From the evaluation of the performance of the smoking kiln for the production of
smoked fish and meat products, the efficiency of moisture loss per unit time showed
that charcoal is the most efficient as a source of heat by conduction and convection
within the smoking chamber as well as by radiation. From the design calculations, it is
estimated that the heat capacity of the kiln exceeds the heat requirement for each of
the smoked products. The smoking kiln is specifically designed to be relatively cheap,
affordable, and easy to maintain for small- and medium-scale processors. The use of
fiber glass as an insulator between the double-jacketed walls of the kiln helps to
minimize heat losses, thereby increasing efficiency. Consumer perception of various
smoked products also showed high acceptability to panelists.

The processing of fermented, dried, and cubed African locust beams has also been
shown to be a very significant technology upgrade, with the resulting cubed product
being more hygienic and storable, with high nutrient retention compared to the
traditional powdered product.

It is concluded therefore that these various advances in the development of
affordable, functional, and adaptable technologies offer significant opportunities for
small- and medium-scale processors, especially in low- and middle-income countries
where adaptability to various energy supply conditions is critical. With the ease of
operation, maintenance, and durability, these equipment hold significant promise for
use by food processors at small- and medium-scale levels, while with the assurance of
high nutrient retention, the benefits of consuming fortified products processed by
these traditional technologies will be realizable.
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Chapter 6

Formulation of Edible Bigel with 
Potential to Trans-Fat Replacement 
in Food Products
Sunita Mishra and M.A. Firdaus

Abstract

A new issue for the scientific community is to find efficient replacements for 
unhealthy fat without damaging the organoleptic qualities of the food product in 
light of growing concerns about the consumption of harmful trans fats in the diet. 
Bigel is supposedly a novel structured fat system utilised for industrial purposes due 
to their nutritional advantages, one of numerous solutions intended to replace trans 
fats in food. These have a lot of potential in the food industry, and are composed of an 
aqueous phase known as a hydrogel and an organic phase known as an organogel or 
oleogel. A gel known as an oleogel has oil as its liquid component. Oleogelators, which 
aid in the development of gels, frequently have low molecular weight, whereas typical 
hydrogelators have large molecular weight since they are polymeric. A hydrogel is a 
gel in which water serves as the immobilised phase. Therefore, a bigel is a biphasic 
system made up of an oleogel and a hydrogel. This chapter will concentrate on the 
various bigel formulation techniques and chemistry, as well as their latest food uses, 
and other industries that fit their requirements.

Keywords: bigel, organogel, hydrogel, food applications, trans-fat replacement

1. Introduction

For several food products, fats and oils are important raw materials with some 
beneficial minerals and vitamins. Saturated fatty acids (SFAs) and trans fatty acids 
(TFAs), which are present in the form of triacylglycerols, cause the assembly of a 
colloidal or supracolloidal particle network, which is responsible for structuring the 
fat into a solid or solid-like substance. This network is largely responsible for the 
functionality and properties of solid fat [1]. However, solid fats, specifically SFAs 
and TFAs, raise certain health issues [2]. An increase in low-density lipoprotein 
cholesterol levels is associated with the consumption of SFAs and TFAs rather than 
polyunsaturated fatty acids (PUFAs). There is still dispute over the harmful effects of 
SFAs on health, but if we assume that customers want food free of SFAs, then alterna-
tive oil structurants are urgently needed [3]. Since consuming TFAs, a subgroup of 
unsaturated fatty acids, is associated with increased levels of low-density lipoprotein 
cholesterol and decreased levels of high-density lipoprotein, they are particularly 
detrimental [4]. There are few solutions now for removing TFAs while preserving 
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the desired physical characteristics of foods. In this context, the bigel (also known as 
hybrid gel) is a unique formulation that resembles a solid and is created by combining 
an oleogel and a hydrogel at a high shear rate [5].

Gels are semisolid mixtures that typically contain two ingredients: liquid and 
solid, where the solid component is referred to as a gelling agent or gelator and the 
liquid component is referred to as a solvent. The gelator raises surface tension and 
is frequently employed at concentrations below 15% w/v to stop solvent flow. Gels 
are divided into two categories based on the polarity of the solvent: hydrogel and 
organogel [6, 7]. In contrast to organogels (also known as oleogels), which have apolar 
liquids as their continuous phase such organic solvents or mineral or vegetable oils, 
hydrogels are gels whose continuous phase is often a polar solvent, such as water. 
Cross-linked hydrogels may absorb large amounts of water without dissolving them-
selves in it. Hydrogels are 3D hydrophilic networks of homopolymeric or heteropoly-
meric chains. An organic liquid is confined inside a thermoreversible 3D network to 
create an organogel, a system that resembles a solid. Organogels are extremely simple 
to make and naturally greasy [8, 9]. Numerous organogelators have been studied, 
including fatty acids, fatty alcohols, lecithin, physterol and oryzanol mixtures, waxes, 
steroids, 12-hydroxystearic acid (HSA), L-lysine-based gelators, cyclodextrins, and 
others. For this type of system, a number of solvents including benzene, hexane, and 
food oils like sunflower oil, corn oil, sweet almond oil, cod liver oil, and olive oil have 
also been investigated as liquid phases [10–12].

Bigels’ main advantages include the capacity to distribute both hydrophilic and 
hydrophobic agents, spread easily, be prepared easily, be more stable at room tem-
perature, and be used to control the system’s properties by varying the proportion 
and structural distribution of each phase. Bigels are an appropriate and intriguing 
formulation for a variety of applications, including medicinal, cosmetic, and food 
systems [13–15]. These systems can be divided into three categories based on how 
both phases (organogel and hydrogel) are distributed within bigels: 1. Organogel-in-
hydrogel type 2. Hydrogel-in-organogel type 3. Bi-continuous/matrix-in-matrix type. 
The system that contains organogel as a dispersed phase and hydrogel as a continuous 
phase is known as an organogel-in-hydrogel system, and it may be the most studied 
type in the literature. Various researches extensively discussed this kind of bigel. In 
this bigel type, the oleogel is present as dispersed phase and the hydrogel is present in 
the continuous phase (Figure 1).

This type of bigel has been reported by various researchers by taking into account 
various hydrogel systems with various hydrogelators/gelling agents, such as gelatin-
agar mixture, guar gum, xanthan gum, and acacia gum, gelatin, whey protein, 
pectin, starch, sodium alginate, sodium carboxy methyl cellulose, hydroxyl propyl-
methylcellulose, polyvinyl alcohol, and polyvinyl pyrrolidone. Different organogel 
systems were also taken into consideration to construct bigels in addition to these 
hydrogels [16–20].

In the last 10 years, a number of researchers have conducted substantial study 
on bigels, which are developed by combining organogel (oil phase) and hydrogel 
(aqueous phase) [21, 22]. As a result, this study will focus mostly on this bigel system 
type. This book chapter’s objective is to give readers a solid understanding of various 
bigel systems. Types and properties of bigels, various bigel synthesis procedures, and 
various characterisation techniques that can be used to evaluate these systems are 
the key subjects covered. Additionally, the characterisation techniques of bigel are 
also discussed using specific instances from the literature as a special system for food 
applications.
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2. Preparation of Bigel

Figure 2 illustrates the methods for making bigels by combining hydrogel and 
organogel. The three most crucial variables for synthesising bigels by combining 
hydrogel and organogel are the bigels’ storage conditions, mixing speed, and tem-
perature. The temperature needs to be held steady during mixing for making bigel. 
In order to prevent degradation of the hydrogelators during the mixing process, the 
hydrogelators must be very thermostable. While other study found at mixing the two 
phases at room temperature while stirring continuously, others reported inclusion of 
the aqueous phase/hydrogel into the organic phase/organogel at a significantly higher 
temperature (like 50°C) [23].

The way gels are stored before or after mixing can also have an impact on the 
final bigels’ characteristics. Some bigel systems, as documented in the literature, 
have been manufactured by storing the final bigel system for a specific amount of 
time and at a specific temperature after storing the component gels separately for a 
specific amount of time (e.g., 24 hours). The second strategy, which involves storing 
the final system after mixing, may result in a more stable system for characterisation. 
Storing individual gels before combining may assure complete gelling of the indi-
vidual system [24, 25].

In order to prepare bigels, Satapathy et al. [26] described mixing the individual 
systems at a somewhat high temperature (50°C), as well as mixing the two phases 
at room temperature while stirring continuously. Rehman et al. [27] looked at the 
characteristics of bigels made by combining the two separate systems (hydrogel and 
organogel) after storing them separately at a specific temperature and time interval. 
On the other hand, bigels systems can also be made by mixing the various gels before 
storing the finished product [28]. Figure 3 depicts the experimental block design for 
the synthesis of bigels utilising two various approaches. Recent research by Fasolin 
and Vicente [29] describes how the rheological and microstructural characteristics of 
bigels are affected by the speed of mixing. To create the bigel system, emulgel/emul-
sion hydrogel was also combined in various proportions with the organogel phase at 
room temperature in place of hydrogel. Additionally, a number of models have been 

Figure 1. 
a. Oleogel dispersed in hydrogel. b. Hydrogel dispersed in oleogel.
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Figure 2. 
Schematics of preparation of bigels by mixing hydrogel and organogel.

Figure 3. 
Flow diagram for synthesis of bigels (a) by storing individual gels before bigel preparation and characterisation 
(b) by mixing individual phases and then storing bigel formulations before characterisation.
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mentioned that can be used to relate the various characteristics of bigels, in particular 
the rheological models that have recently been proposed in the literature to relate the 
rheological characteristics of bigels with the dispersed phase fraction as well as with 
the characteristics of individual phases (organogel and hydrogel) [30, 31].

Lupi et al. [32] discovered olive oil as a solvent and mixture of glyceryl stearate 
and policosanol as an organogelator, sorbitan monopalmitate-sunflower oil based 
organogels were investigated by Behera et al. [33], sorbitan monostearate and sesame 
oil were utilised to prepare organogels as studied by Singh et al. [34], span 60, cetyl 
alcohol and lecithin-pluronic as organogelators and soya-bean oil as a solvent were 
found by Ibrahim et al. [7], soya-bean oil-stearic acid based organogels were inves-
tigated by Sagiri et al. [35] and Wakhet et al. [36], sorbitan monostearate/medium 
chain triglyceride based organogels were discovered by Rodrigues et al. [37], sorbi-
tan monostearate as an organogelator and almond oil as a solvent was reported by 
Andonova et al. [38].

The hydrogel-in-organogel system is a second type of bigel in which the hydrogel 
phase is dispersed throughout the continuous matrix of the organogel. According to 
Patel et al. [39], the examination of bigels made by combining organogels made of 
silica and sunflower oil-fumed organogels at various ratios was done. The results of 
confocal microscopy supported the morphology of bigels that is of the hydrogel-in-
organogel type. The third form of bigel can be thought of as a system with a complex 
structure where it is challenging to distinguish between the continuous and dispersed 
phase. A cosmetic system (O/W) was combined with organogels that contained 
monoglycerides of fatty acids as the organogelator and olive oil as the solvent to 
create bigels, according to Lupi et al. [30]. The results demonstrated the presence of a 
complex matrix-in-matrix structure at the highest fraction of organogel.

3.  Different formulation methods of edible bigel with potential to replace 
trans-fat

A novel edible biphasic gel system known as bigel was developed and its 
 mechanical, microstructural, and thermal characteristics was studied by Acevedo & 
Saffold [40]. The bigel was created using a gelatin hydrogel, a rice bran wax (RBW)-
based oleogel, and soybean oil. Bigels were created using three different concen-
trations of gelatin (5, 7, and 10% (w/w)) and four different oleogel-to-hydrogel 
(OG:HG) ratios (50,50, 40,60, 30:70, and 20:80). The 10% (w/w) concentration of 
RBW remained steady. Bigels were examined using confocal laser scanning micros-
copy (CLSM), small deformation rheology, diferential scanning calorimeter (DSC), 
and Fourier transform infrared spectroscopy (FTIR). For all bigel formulations, 
CSLM pictures confirmed an oleogelin-hydrogel system, with an increase in oleogel 
proportion resulting in larger oleogel droplets and improved stability. All bigel 
formulations, regardless of gelatin concentration and the ratio of oleogel to hydrogel, 
exhibited more solid than liquid (G′ > G′′) behaviour and frequency independence at 
20°C, according to rheological analysis of the systems. Greater elastic modulus (G′) 
values were consistently seen in bigels with higher OG:HG ratios, such as 50:50 and 
40:60, than in those with lower OG:HG ratios, demonstrating that increased oleogel 
droplet contact results in improved mechanical properties. The Boltzmann Sigmoidal 
model successfully described the rheological behaviour of all bigels. In all bigel 
samples, FTIR and DSC analyses revealed discrete peaks for the oleogel and hydrogel 
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phases without any additional thermal events, demonstrating a lack of interactions 
between the parts of both phases. Overall, the system benefits from having two 
separate phases and is kinetically stable, making it a “true” bigel.

By combining gelatin hydrogel and stearic acid-based organogel using a heated 
emulsification technique, Pal et al. [35] created bigel. Sesame oil and soy bean oil 
based stearate organogels were used to create two distinct types of bigels. Sesame oil 
and soy bean oil-based gelatin-based emulgels served as the controls. Microscopic 
examinations showed that the emulgels displayed distributed droplets inside the 
continuum phase, in contrast to the bigels, which retained droplet clumps. While the 
interior phase of the bigels barely leached at all, the emulgels revealed a higher level of 
oil leaching. By using XRD, FTIR, and DSC techniques, the presence of an organogel 
matrix within the bigels was verified. In comparison to emulgels, bigels demonstrated 
higher mucoadhesive and mechanical qualities. Studies on cyclic creep-recovery and 
stress relaxation supported the formulations’ viscoelastic properties. The cyclic creep-
recovery data were analysed using the four-element Burger’s model. Studies on cyclic 
creep-recovery revealed that the presence of organogels within the structure of bigels 
may have reduced the amount of deformation. The formulations’ nearly complete 
recovery following the creep stage can be attributed to their increased elastic nature. 
According to a stress-relaxation study, emulgels had a longer period of relaxation 
than bigels. Additionally, emulgels had a higher relaxation percentage, indicating a 
fluid dominance. Human epidermal keratinocyte cell line was used to test the bigels’ 
in vitro biocompatibility (HaCaT). Bigels and emulgels were both biocompatible 
substances. Based on the findings, it was determined that the created bigels may have 
a very high potential for usage as emulgel substitutes.

By combining a glycerol monostearate (GMS) oleogel with a gelatin hydrogel with 
the addition of lecithin and glycerol as surfactant and co-surfactant, respectively, Pinhas 
et al. [41] developed a unique in-situ bigel system. A bi-continuous system made up of 
an oleogel crystalline network and a hydrogel polymeric network was created as a result 
of this combination. On bigel structure, hardness, and stability, the effects of bigel com-
position, water:oil ratio, and homogenisation time were investigated. Gel hardness and 
stability were shown to be positively correlated with structuring agent concentration, 
with the maximum enhancement occurring at 2% weight gelatin and 25% weight GMS. 
At 5%wt. of the oil phase, lecithin showed maximal strength increase and stabilisation; 
above that point, a considerable drop was seen. Hardness increased with an increase in 
oil concentration up to 50%wt, but producing stable bigels was impossible with higher 
oil contents. When the samples were homogenised for 3 min, better mechanical and 
stability qualities were seen. With a slight decline in OBC, optimised bigel systems kept 
their mechanical integrity after 90 days. In addition, compared to the oil sample, low 
PV, < 10 meqkg-1, was sustained for 30 days at 4°C, 25°C, and 40°C. However, the TBA 
readings showed a distinct pattern, pointing to a variable transition kinetics between the 
main and secondary oxidation products. These findings offer a thorough picture of the 
composition-structure-function relationship of the bigel system and should be taken 
into account when creating textured food products in the future.

Bigel was created by homogenising at high shear an oleogel emulsion made of soy 
lecithin, stearic acid, soybean oil, and water, as well as a hydrogel made of whey pro-
tein concentrate and water, according to Acevedo et al. [42]. Small angle x-ray scatter-
ing, rheology, and fluorescence microscopy were used for characterisation. The oleogel 
emulsion kept its fundamental structural properties with the addition of the hydrogel 
component but lost higher order structuring. It was discovered that the bigels’ G’ 
values were temperature-dependent. Despite their susceptibility to temperature, the 
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bigels displayed G > G at all ranges from 8 to 98°C. At equal ratios of oleogel emulsion 
and hydrogel, fluorescence microscopy showed that a bi-continuous bigel was cre-
ated; however, as either of those phases increased, one of them became the dominant 
continuous phase. The oleogel emulsion and hydrogel may have interacted to some 
extent at 10 weight percent water and 15 weight percent protein usage, respectively. 
This synergy enhanced the mechanical properties of the bigel. On the other hand, the 
connection between phases changed to be hostile to the mechanical properties of the 
bigel at protein and water contents outside of those mentioned above.

The objective of the study conducted by Pal et al. [43] was to create and charac-
terise novel bigels for controlled drug delivery applications by combining guar gum 
hydrogel and sorbitan monostearate-based organogel. The confocal microscopy 
revealed the presence of a bigel composed of the aqueous and oil phases. Shear-
thinning and viscoelastic properties of the bigels were indicated by micro-scale 
deformation (viscometric) analyses in combination with macro-scale deformation 
research. Thermal analysis revealed that as the quantity of organogel in the bigels 
increased, so did their thermal stability.

The bigels that were created had a biocompatible composition. According to an in 
vitro drug release investigation, the amount of ciprofloxacin (a lipophilic medication) 
released rose as the amount of organogel content decreased. Further investigation 
revealed that all of the bigels’ drug releases adhered to zero order diffusion kinetics, 
which is ideal for a controlled release system. The drug-loaded gels effectively com-
batted Bacillus subtilis’ microbes. Finally, the created bigels might be used as matrices 
for topical medication administration.

In their study, Quilaqueo et al. [44] assessed how the type of hydrogel affected the 
creation of bigels that would be utilised to substitute fat in cookies. Beeswax/canola 
oil oleogel, sodium alginate, and carboxymethylcellulose hydrogels were used to make 
bigels. The outcomes demonstrated that the type of hydrogel utilised had an impact 
on the peroxide value and binding ability of bigels. They did not change in terms 
of fatty acid composition, p-anisidine value, oxidative stability, or texture, though. 
Cookies made with bigels as fat substitutes had a hardness equivalent to that of cook-
ies made with shortening, demonstrating the potential of bigels for usage in food.

4. Characterisation technique

4.1 Organoleptic evaluation

Bigels is left undisturbed once the formulation phase is complete until it reaches 
room temperature. They are then assessed for a number of factors, including unifor-
mity, colour, pH, viscosity, and phase segregation [30]. Bigel has a high spreading and 
white colour intensity when the oleogel concentration is high.

4.2 Determination of pH

Digital pH meter are used to determine the pH of the formulation [45].

4.3 Spreadability

The spreadability of the formulation is assessed by layering 0.1 g of gel between 
two glass slides with the same dimensions (e.g., 25 mm, 1 mm, or 75 mm). Following 
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that, specific weights of 10 g, 20 g, 50 g, or 100 g are loaded for 60 seconds on the 
upper glass slide. The initial and final spreading diameters are measured before and 
after each weight is placed [46].

 ( ) = − × Percentage Spreading / 100Di Df Di  (1)

4.4 Extrudability

A particular quantity of gel is placed into an ointment tube. The length of the gel 
ribbon that emerged from the ointment tube after uniform pressure was applied is 
used to calculate the extrudability of the gel [47]. In (cm/s), extrudability is measured.

Extrudability = Distance travelled by gel in cm/10 s

4.5 Thermal analysis

To ascertain the gel-sol transition temperature of organogels, the falling ball 
method is applied (Tgs). The surface of the organogel is securely supported by a 
metal ball that weighed around 250 mg. The gel is then heated at a specified rate while 
a thermometer is inserted, causing the temperature to rise by 1°C per minute-by-
minute until it reached 70°C. The temperature of the gel-sol transition is determined 
as the point at which the ball started to travel through the gel (Tgs). Bigel situations 
prevent the use of this approach over 50°C because phase separation develops and 
they become unstable [48].

4.6 Drug content determination

To completely allow for drug leaching, the drug-incorporated bigel is dissolved 
in phosphate buffer and left undisturbed for at least 48 hours. The drug-containing 
dispersion is then filtered using Whatmann filter paper. The resulting solution is suit-
ably diluted, and the absorbance is evaluated using a UV spectrophotometer set to the 
drug’s maximum wavelength [49].

4.7 In vitro drug release

A modified Franz diffusion apparatus is used to assess the in vitro release of the 
medication from the gels using a dialysis membrane (HIMEDIA® LA 330-5MT). A 
specified quantity of the drug-loaded sample is deposited in the donor compartment, 
and the phosphate-containing chamber (also known as the receptor chamber) is kept 
at 32 0.5°C. For 7 hours, a sample of 1 ml is taken every hour, replaced with a new 
buffer system, and the process repeated. The acquired data is further examined using 
the Higuchi equation, zero-order, first-order, and Korsmeyer-Peppas models [50].

4.8 Accelerated stability studies

The accelerated stability data are gelled using freeze-thaw (F-T) thermocycles 
(20 minutes of freezing at 20°C and 20 minutes of thawing at 70°C). The bigels is 
examined for colour change, viscosity, phase segregation, and homogeneity after each 
of the five cycles of this procedure. These investigations provide forecasts for long-
term stability [51].
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4.9 Droplet size distribution

The distribution of droplet size is one of the most important factors in determin-
ing how well a medicine is absorbed from gels. Smaller droplet sizes provide us more 
interfacial surface area, which increases medication absorption and offers great 
stability. To analyse the droplet size distribution, utilise ImageJ programme [52].

 ( )= −Formula used to calculate : SPAN D90 D10 / D50  (2)

4.10 Optical microscopy

The mutual arrangement of oleogel and hydrogel within the bigels is investigated 
using a variety of microscopic techniques, including confocal microscopy, scanning 
electron microscope (cryo-SEM), and transmission electron microscopy. To distin-
guish between oleogel and hydrogel, fluorescent dyes are added into both phases [53].

4.11 Fourier transform infrared (FTIR)

The functional groups that are present in the bigel formulation are evaluated 
using this spectroscopy. Almost majority of the molecules’ functional groups absorb 
infrared light between the wavelengths of 4000 and 1500 cm−1. The spectrum, which 
was captured in this precise range, is utilised to ascertain if the mixture is lipophilic 
and hydrophilic. The hydrogel’s intra- and intermolecular hydrogen bonding cause a 
noticeable hump to be present in the range of 3300 to 3200 cm−1 [54].

4.12 Mechanical properties

Different approaches are used by viscometers and rheometers to study differ-
ent mechanical properties of bigels, such as viscosity. The viscosity of the bigels is 
measured and recorded using a cone and plate viscometer. The measurement is often 
carried out with a shear rate ranging from 20 to 100 s−1 at conventional room tem-
perature (i.e., 25°C). Data are calculated and measured using the Ostwald-de-Waele 
power law. The viscosity profiles of non-Newtonian fluids are represented by this law.

τ = K.γn (τ-shear stress, γ-shear rate, K-flow consistency coefficient and n-rate 
index).

The aqueous and organic phases’ interpenetrating network has a synergistic effect 
on the bigels’ rheological properties. Bigel formation will not happen if the hydrogel 
content in the formulation is greater than 50% of the organogel [55].

4.13 Electric conductivity

The electrical characteristics of the bigels are examined in order to appreciate 
the conductivity profiles. The electrical profiles of the bigel can be calculated using 
a computer-controlled impedance analyser. A specified frequency range is used to 
measure the data while it is at room temperature. We are better able to comprehend 
their transport behaviour when we consider how the current affects the formula-
tion’s conductivity. The biggerels with a higher fraction of hydrogel display stronger 
conductivity because of the ions that are present in the water phase [56].
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4.14 Photostability study

To evaluate the stability profile of the bigels in the presence of light, photostability 
investigations are carried out. This further aids us in choosing the kind of packaging 
that will be applied to the finished commodity (i.e Primary or secondary packaging). 
The ICH Q1B guideline has been followed in the execution of these research. The 
product is tested under four distinct conditions: first, it is wrapped in aluminium 
foil; second, it is packed in cardboard; third, it is kept in a container with a label; and 
fourth, it is kept in a container without a label. The formulation is assessed for differ-
ent characteristics, including pH, contaminants, assay, and appearance after exposure 
to a certain amount of light [57].

5. Conclusion and future perspective

Different bigel systems have recently been created and modified to suit the require-
ments of various applications. This book chapter discussed the modelling of these 
systems in detail and presented the literature on the significant bigel properties. 
Additionally, it has been considered to use these systems for food applications. Bigels 
are a new class of materials, hence thorough analysis of these systems is necessary for 
applications in industry. Storage of bigels, mixing speed, mixing temperature, the 
amount of hydrogelator and organogelator used, the ratio of hydrogel to organogel, the 
addition of emulsifiers, and the use of emulgels in place of either organogel or hydrogel 
are some of the variables that are crucial in the synthesis of bigels. Researchers need 
to focus further on how the aforementioned criteria affect the final attributes of the 
created formulation. While the hydrogel-in-organogel and bi-continuous forms of 
bigels have received less attention from researchers, the organogel-in-hydrogel type 
has been extensively examined in the literature. In order to better propose a model to 
precisely anticipate the features of such a complicated system, more research is required 
to comprehend the reliance of the rheological properties of bigels on the moduli of 
dispersed and continuous phase as well as on the particle size distribution. Additionally, 
such systems can be simulated to compare the outcomes with real-time responses. 
Furthermore, bigel formulations can be created and examined for a wide range of 
culinary applications in the future, in addition to medicinal and cosmetic applications.
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