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ABSTRACT
Canada, particularly Saskatchewan, has increased the export of dehulled red lentil resulting
in more by-product generation. However, the by-product generated is currently
underutilized. This study looked to maximize the usage of lentil by-product using wet and
dry fractionation to produce protein, starch, and fibre concentrates. Two batches of lentil byproduct (S0) were investigated by fractionating with a laboratory aspirator into cotyledonrich fractions (F1) and seed-coat-rich fractions (F4). To produce the starch and protein
concentrates using dry and wet fractionation, both the F1 fraction and S0 were hammer and
pin milled. Air classification and alkaline-isoelectric separation (using a hydrocyclone) were
used to separate the milled samples into protein-rich and starch-rich fractions. Fibre
concentrate production was achieved by the refining of the F4 fraction using water soaking,
washing, alkaline protein solubilization, and sieving. All the concentrates produced in this
investigation were analyzed for proximate composition and physical properties. The
throughput, power and energy consumed in the milling of the fibre concentrate were
investigated. The effect of pH and feed slurry concentration (w/w) on the starch and protein
content of the hydrocyclone fractions were analyzed using central composite design (CCD)
response surface methodology.
There were differences in the proximate compositions of the two S0 samples and these
differences influenced the yield and makeup of the samples. Protein concentrates of up to
49% (db) protein were produced from lentil by-product using air classification. Prior
separation of the by-product with a fractionating aspirator significantly increased the protein
content of the fine fractions and the starch content of the heavy fractions at P<0.05.
Wet fractionation resulted in a protein fraction containing 79% (db) protein and a starch
content of 79% (db) in the underflow fraction. The CCD analysis showed that the effects of
pH and concentration on the protein and starch contents of the overflow and underflow
fractions from the wet fractionation process were not significant at P<0.05. However, pre-
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separation with the grain aspirator significantly increased the protein and starch contents of
these fractions.
The fibre refining process was able to increase the total dietary fibre content of the fibre
concentrates to 62 and 63 %(db). It also decreased the lightness component (L*) whereas
the colour components (a* and b*) were not affected significantly. Fibre refining process
increased the throughput, power and specific energy consumed during milling.

iii

ACKNOWLEDGMENTS
I would like to thank my supervisor Dr. Lope G. Tabil for his guidance, support, and
understanding and for giving me the opportunity to grow. I cannot thank you enough.
I also would like to thank my advisory committee members, Dr. Robert Tyler, and Dr.
Venkatesh Meda, for providing a broad range of expertise and assistance throughout my
project, and Dr. Shahram Emami, for always being ready and willing to give laboratory
assistance, experimental planning and execution, and editorial advice.
I will like to acknowledge Lily Ketabi and Esteban Valdez for their extensive assistance with
laboratory work assistance during this study.
My gratitude also goes to the following people for providing technical assistance during this
research: Majak Mapiour, RLee Prokopishyn and Majid Suleiman in the College of
Engineering; Dr Genaro Argañosa, Connie Briggs and all the staff of the Grain Innovation
Laboratory at the Crop Development Center; Daniel Wiens and Byambatseren Dashnyam of
the Plant Sciences Department; Peter Frohlich and Gina Young of the Canadian International
Grains Institute.
My thanks also goes to organizations and centres that provided the materials and equipment
to needed to complete this project: AGT Food and Ingredients (Saskatoon, SK) for supplying
all the materials used; Canadian International Grains Institute (Winnipeg, MB) for providing
the pin mill and air classifier; The Grains Innovation Laboratory and the Bioprocessing Pilot
plant of the Department of Plant Sciences University of Saskatchewan, for providing drying
and analytical equipment.
Special thanks to the Agriculture Development Fund of the Government of Saskatchewan for
sponsoring this research.
My sincere thanks to my colleagues in Biological Engineering for their support and
friendship: Obiora, Charley, Shola, Dayo, Onu and Austin.

iv

Finally, I would like to thank my family for their support and encouragement throughout this
project: my husband, Afam, who has been my pillar of support and who provided constant
inspiration and motivation; my children, Tochi and Zara, for always bringing joy to my heartyou are my cheerleaders; my mom Cordelia Uzozie; who taught me the ethics of hard work,
and my siblings, Ijeoma, Chima, Chidume, Ugochi, Chioma and Chinenye, whose words of
encouragement continuously ring in my ears.

v

DEDICATION

To God the Father, Son and Spirit for the grace to succeed.
To my husband, Afam, and my children, Tochi and Zara, for motivating me to the end.
To my Dad, although you are no longer here, your memory continues to regulate my life.

vi

TABLE OF CONTENTS

PERMISSION TO USE ...............................................................................................................................i
ABSTRACT ................................................................................................................................................ ii
ACKNOWLEDGMENTS ......................................................................................................................... iv
TABLE OF CONTENTS ......................................................................................................................... vii
LIST OF TABLES....................................................................................................................................... x
LIST OF FIGURES .................................................................................................................................xiii
NOMENCLATURE ................................................................................................................................ xvi
Chapter 1 .................................................................................................................................................. 1
Introduction ........................................................................................................................................................... 1
1.1 Background.............................................................................................................................................. 1
1.2 Research Objective ................................................................................................................................. 4
1.3 Organization of the Thesis................................................................................................................... 4
1.4 Manuscript Content of the Thesis .................................................................................................... 5
Chapter 2 .................................................................................................................................................. 6
A Review of Lentil Production, Processing, By-product, and Fractionating Techniques ..... 6
Contributions of this Paper to Overall Study ...................................................................................... 6
2.1 Abstract ....................................................................................................................................................... 6
2.2 Introduction............................................................................................................................................... 7
vii

2.3 Lentil, Production, Varieties and Seed Properties .................................................................... 8
2.4 Lentil Processing .................................................................................................................................. 17
2.5 Fractionation Techniques Applied to Pulse Crops................................................................. 21
2.6 Summary .................................................................................................................................................. 27
Chapter 3 ................................................................................................................................................ 29
Production of Protein-rich and Starch-rich Fractions from By-product of Lentil Splitting
using Air Classification ................................................................................................................................... 29
The contribution of MSc Student .......................................................................................................... 29
3.1 Abstract .................................................................................................................................................... 29
3.2 Introduction............................................................................................................................................ 30
3.3 Materials and Methods ...................................................................................................................... 32
3.4 Results and Discussion ...................................................................................................................... 43
3.5 Conclusion ............................................................................................................................................... 55
Chapter 4 ................................................................................................................................................ 57
Wet Fractionation of By-product of Lentil Splitting into Protein-rich and Starch-rich
Fractions ............................................................................................................................................................... 57
The contribution of MSc Student .......................................................................................................... 57
4.1 Abstract .................................................................................................................................................... 57
4.2 Introduction............................................................................................................................................ 58
4.3 Material and Methods ........................................................................................................................ 60
4.4 Results and Discussion ...................................................................................................................... 69
4.5 Conclusion ............................................................................................................................................... 76
viii

Chapter 5 ................................................................................................................................................ 77
Production and Analysis of Fibre-rich Fractions From the By-product of Lentil Splitting
.................................................................................................................................................................................. 77
The Contribution of MSc Student.......................................................................................................... 77
5.1 Abstract .................................................................................................................................................... 77
5.2 Introduction............................................................................................................................................ 78
5.3 Materials and Methods ...................................................................................................................... 81
5.4 Results and Discussion ...................................................................................................................... 90
5.5 Conclusion ............................................................................................................................................... 99
Chapter 6 ............................................................................................................................................. 100
General Discussion ......................................................................................................................................... 100
6.1 Overall M.Sc. Project Discussion ................................................................................................. 100
6.2 Challenges Experienced During The research ....................................................................... 104
6.3 Closing the Knowledge Gap ........................................................................................................... 105
Chapter 7 ............................................................................................................................................. 106
Conclusions and Recommendations ...................................................................................................... 106
7.1 Conclusions ........................................................................................................................................... 106
7.2 Recommendations for Future Work .......................................................................................... 108
References .......................................................................................................................................... 110
Appendix A: Supplementary Material for Chapter 4 ........................................................... 120
Appendix B: Supplementary Material for Chapter 5 ........................................................... 143

ix

LIST OF TABLES
Table 1.1 Three largest Saskatchewan field crops in area cultivated (ha), 2011 and 2016. ... 2
Table 2.1 Lentil variety grown in Western Canada. ............................................................................... 10
Table 2.2 Proximate composition of whole dry lentil seeds. .............................................................. 12
Table 2.3 Mean protein and starch content of Canadian lentil .......................................................... 13
Table 2.4 Dietary fibre composition of whole lentil (% db). .............................................................. 14
Table 2.5 Distribution of chemical constituents in the anatomical parts of lentil seed.......... 18
Table 2.6 Export of Lentils, dried, shelled, (dehulled or split). ......................................................... 19
Table 2.7 Isoelectric pH of some pulse protein. ....................................................................................... 24
Table 3.1 Proximate composition of red lentil by-product - sieve fractions (Ketabi et al.
2016)........................................................................................................................................................................... 34
Table 3.2 Proximate composition of batch 1 starting material and fractionated samples.... 43
Table 3.3 Proximate composition of batch 2 starting material and fractionated samples.... 44
Table 3.4 Proximate composition of batch 3 starting material and aspirator samples. ......... 45
Table 3.5 Protein content material balance: B1S0 and aspirator fractions. ................................ 49
Table 3.6 Protein content material balance: B1F1 and air classified fractions. ......................... 49
Table 3.7 Particle size distribution of pin milled and air classified fractions ............................. 50
Table 3.8 Particle density, bulk density, and porosity of samples. .................................................. 53
Table 3.9 Protein separation efficiency for air classified fine fraction. ......................................... 54
Table 3.10 Starch separation efficiency for air classified coarse fraction. ................................... 54
x

Table 4.1 Central composite design of the wet fractionation trials................................................. 61
Table 4.2 Proximate composition of B1F1 underflow fraction. ........................................................ 69
Table 4.3 Proximate composition of B1F1 overflow fraction. ........................................................... 70
Table 4.4 Proximate composition of S0 and F1 fractions. ................................................................... 73
Table 4.5 Optimization pH and concentration for B1F1 overflow fraction.................................. 74
Table 5.1 Proximate composition of lentil by-product and fibre fractions. ................................. 91
Table 5.2 Particle size analysis of seed coat-rich and refined fibre fractions. ............................ 93
Table 5.3 Physical properties and specific energy consumption of lentil fibre. ........................ 94
Table 5.4 Colour difference analysis of lentil by-product fibre-rich fractions ........................... 97
Table A.1 Central composite design ANOVA table for B1F1a overflow protein ....................... 120
Table A.2 Central composite design ANOVA table for B1F1 overflow starch ........................... 120
Table A.3 Central composite design ANOVA table for B1F1 underflow Starch. ....................... 121
Table A.4 Proximate composition of B1S0 underflow fractions. .................................................... 124
Table A.5 Proximate composition of B1S0 Overflow fractions. ...................................................... 127
Table A.6 Central composite design ANOVA table for B1S0 underflow starch. ....................... 128
Table A.7 Optimized pH and concentration for B1S0 protein and starch fractionation. ..... 128
Table A.8 Proximate composition of B2F1 Overflow fractions. ...................................................... 130
Table A.9 Proximate composition of B2F1 underflow fractions. .................................................... 130
Table A.10 Central composite design ANOVA table for B2F1 overflow protein. ..................... 131
Table A.11 Optimized pH and concentration forB2F1 protein and starch fractionation. ... 133
Table A.12 Proximate composition of B2S0 Underflow fractions. ................................................. 134
Table A.13 proximate composition of B2S0 overflow fractions. .................................................... 134
xi

Table A.14 Central composite design ANOVA table for B2S0 overflow protein. ..................... 135
Table A.15 Central composite design ANOVA table for B2S0 underflow starch ..................... 138
Table A.16 Optimized pH and concentration for protein and starch fractions in B2S0. ...... 138
Table A.17 ANOVA for B1F1 and B1S0 underflow at pH 8 and concentration of 1.75(%w/w).
..................................................................................................................................................................................... 139
Table A.18 ANOVA for B2F1 and B2S0 underflow fractionated at pH 8 and concentration of
1.75(%w/w). ......................................................................................................................................................... 140
Table A.19 ANOVA for B1F1 and B1S0 overflow fractionated at pH 8 and concentration of
1.75(%w/w). ......................................................................................................................................................... 141
Table A.20 ANOVA B2F1 and B2S0 overflow fractionated at pH 8 and concentration of
1.75(%w/w). ......................................................................................................................................................... 142
Table B.1 ANOVA of starch, protein, and fibre content of B1S0, B1F4 and B1RF4 ................. 145

xii

LIST OF FIGURES
Figure 2.1. Global lentil production, 1995(FAOSTAT 2018). ............................................................. 11
Figure 2.2. Global lentil production, 2005(FAOSTAT 2018). ............................................................. 11
Figure 2.3 Global lentil production, 2016 (FAOSTAT 2018). ............................................................. 12
Figure 2.4 Original lentil tailing. ..................................................................................................................... 20
Figure 3.1 Fractions obtained from sieve fractionation (Ketabi et al. 2016). ............................. 34
Figure 3.2 Schematic diagram of the dry fractionation process. ...................................................... 35
Figure. 3.3 Fractionating aspirator. ............................................................................................................... 36
Figure 3.4 Hosokawa Alpine pin mill. ........................................................................................................... 37
Figure 3.5 Hosokawa Alpine multiplex 100MZR air classifier........................................................... 38
Figure 3.6 Mass balance of protein particles passing through the air classifier. ....................... 42
Figure 3.7 Yield of cotyledon-rich and seed coat-rich fractions from the aspirator. ............... 45
Figure 3.8 Fractions obtained from the fractionating aspirator. ...................................................... 46
Figure 3.9 Yield of air classified fine and coarse fractions. ................................................................. 47
Figure 3.10 Particle size analysis B1S0 and the air classified fraction. ......................................... 51
Figure 3.11 Particle size analysis B1F1 and air classified fractions. ............................................... 51
Figure 3.12 Particle size analysis B2S0 and the air classified fraction .......................................... 52
Figure 3.13 Particle size analysis of B2F1 and the air classified fractions. .................................. 52
Figure 4.1 Schematic diagram of the hydrocyclone setup (Emami et al. 2007)......................... 62
Figure 4.2 Parts of the hydrocyclone setup. .............................................................................................. 63
xiii

Figure 4.3 Schematic diagram of starch and protein isolation by wet fractionation. .............. 64
Figure 4.4 BÜCHI laboratory spray dryer. .................................................................................................. 67
Figure 4.5 Starch, protein and fibre content of underflow fractions. ............................................. 72
Figure 4.6 Starch, protein and fibre content of overflow fractions. ................................................ 72
Figure 4.7 Influence of pH and concentration on B1F1 overflow protein content. .................. 75
Figure 5.1 Schematic diagram of the refining process of the fibre fraction. ................................ 82
Figure 5. 2 Nutrimill showing the pins......................................................................................................... 85
Figure 5. 3 Laboratory precision mill. .......................................................................................................... 85
Figure 5.4 Malvern Mastersizer 300 used for particle size analysis. .............................................. 87
Figure 5.5 The Konica Minolta CM-700d spectrophotometer. ......................................................... 89
Figure 5.6 Effect of refining on the protein, starch and fibre content of lentil by-product. .. 92
Figure 5.7 Throughput analysis of nutrimill and precision milled fibre concentrate. ............ 95
Figure 5.8 Comparison of power consumed in milling refined and unrefined fibre................ 96
Figure 5.9 Comparison of power consumption between the precision mill and nutrimill. .. 96
Fig 5.10 Colour difference graph of B1F4N and B2F4N ....................................................................... 98
Figure A.1.Influence of pH and concentration on B1F1 underflow protein content.............. 122
Figure A.2 Optimized pH and concentration for B1F1 overflow protein and starch content.
..................................................................................................................................................................................... 123
Figure A.3 Influence of pH and concentration on B1F1 underflow starch content. ............... 125
Figure A.4. Influence of pH and concentration on B1S0 overflow protein content. ............... 126
Figure A.5 Influence of pH and concentration on B1S0 underflow the starch content. ....... 129
Figure A.6 Influence of pH and concentration on B2F1 overflow protein content................. 132
xiv

Figure A.7 Influence of pH and concentration on B2F1 underflow starch content ................ 133
Figure A.8 Influence of pH and concentration on B2S0 overflow protein content. ................ 136
Figure A.9 Influence of pH and concentration on B2S0 underflow starch content. ............... 137
Figure B.1 Comparison of the colour attributes of batch 1 and 2 starting material. ............. 143
Figure B.2 Comparision of the colour attributes of B1F4N and B2F4N....................................... 143

xv

NOMENCLATURE
Abbreviations
ANOVA

Analysis of variance

ASABE

American Society of Agricultural and Biological Engineers

B1F1

Batch one cotyledon-rich fraction of grain aspirator

B1F1AC

Batch one cotyledon-rich air classified coarse fraction

B1F1AF

Batch one cotyledon-rich air classified fine fraction

B1F2

Batch one seed coat-rich fraction

B1F3

Batch one seed coat-rich fraction

B1F4

Batch one seed coat-rich fraction

B1F4N

Nutri-milled batch one seed coat-rich fraction

B1F4P

Precision milled batch one seed coat-rich fraction

B1PR4P

Precision milled refined batch one seed coat-rich fraction

B1RF4N

Nutri-milled refined batch one seed coat-rich fraction

B1S0

Batch one starting material fraction

B1S0AC

Batch one starting material air classified coarse fraction

B1S0AF

Batch one starting material air classified fine fraction

B2F1

Batch two cotyledon-rich fraction

B2F1AC

Batch two cotyledon-rich air classified coarse fraction

B2F1AF

Batch two cotyledon-rich air classified fine fraction

B2F2

Batch two fibre-rich fraction

B2F3

Batch two fibre-rich fraction

B2F4

Batch two fibre-rich fraction

B2F4N

Nutri-milled batch two fibre-rich fraction

B2F4P

Precision batch two fibre-rich fraction

B2RF4N

Nutri-milled refined batch two fibre-rich fraction

B2RF4P

Precision milled refined batch two fibre-rich fraction

B2S0

Batch two starting material

B2S0AC

Batch two starting material air classified coarse fraction
xvi

B2S0AF

Batch two starting material air classified fine fraction

B3F1

Batch three cotyledon-rich fraction.

B3F2

Batch three fibre-rich fraction

B3F3

Batch three fibre-rich fraction

B3F4

Batch three fibre-rich fraction

B3S0

Batch three starting material fraction

CF

Component content in the feed material

CP

Component content in the product;

D10

The diameter of the particle which 10% of the sample mass is smaller than

D50

The diameter of the particle which 50% of the sample mass is smaller than

D90

The diameter of the particle which 90% of the sample mass is smaller than

db

Dry basis

Pm

Pin Milled sample

PSOP

Percent of starting material protein

SE

Separation efficiency

TSF

Total solid in the feed material

TSP

Total solid of the product

Symbols
L*

Lightness attribute (0 =black, 100 =white)

a*

Red/green colour component (+ve =red, -ve =green)

b*

Yellow/ blue colour components (+ve = yellow, -ve blue)

ΔE* Change in visual perception

xvii

Chapter 1
Introduction
1.1 Background
Pulse crops are edible seeds of dry legume crops. Pulses grown in Canada include chickpea,
dry pea, dry bean, and lentil. Lentil is an important pulse crop because of its nutritional
quality, health benefits, environmental impact and economic significance to Canada and the
province of Saskatchewan. The low-fat content, high protein quality and quantity, high
dietary fibre content, the presence of antioxidants, vitamins, and mineral content reflects the
nutritional quality of lentil. The low-fat content of lentil contributes to its low calorific value
and low glycemic index (carbohydrate ranking on how it affects blood sugar) (Muhammad
et al. 2013; Previtali et al. 2014). The total phenolics and dietary fibre mostly present in the
seed coat of lentil are primarily responsible for the health benefit attributed to the
consumption of lentil. These health benefits include the lowering of blood cholesterol level,
maintaining of healthy colon and heart, prevention of many chronic diseases because of the
anti-inflammatory, antioxidant, and anti-carcinogenic properties (Gutiérrez-Grijalva and
Castillo 2016). The environmental implication of lentil production is evidenced in its
nitrogen-fixing capability, which reduces the carbon footprint in food production.
The economic significance of lentil to Canada and the province of Saskatchewan can be seen
in the increased production and export of the seed. Lentil, a crop that was not grown in
Canada before the late 1960s (Boye 2013) became the third largest field crop produced in
Saskatchewan for the year 2016 after wheat and canola as shown by the number of land
acreage cultivated. The lentil acreage increased by 106% (between 2011 and 2016) more
than the increase seen in spring wheat and canola acreage and if this trend continues lentil
might be the most significant field crop of the region.

Table 1.1 Three largest Saskatchewan field crops in area cultivated (ha), 2011 and 2016.
Field crop
Canola
Spring wheat (excluding durum)

2011
3,957,340
3,234,067

2016
4,479,691
2,707,751

Lentils

1,002,322

2,066,505

Source: Statcan (2017).

Saskatchewan lentil export quantity and value increased by 84% (1.11 to 2.01 billion
tonnes) and 148% (835 million to 2.07 billion dollars) (Statcan 2018 Table 980-0007),
respectively between 2011 and 2016. Canada is currently the highest global producer of
lentil. Canada’s production increased from 30% (1.1 million tonnes) of the world production
in 2005 to 51.2% (3.23 million tonnes) in 2016 (FAOSTAT 2018). Canada’s production
increased from 30% (1.1 million tonnes) of the world production in 2005 to 51.2% (3.23
million tonnes) in 2016 (FOASTAT 2018). The province of Saskatchewan handles 95% of
Canadian 2016 lentil export (Government of Saskatchewan 2017; FAOSTAT 2018).
Several varieties of lentil are grown globally, but in Canada, there are 35 registered varieties.
About 80% of global lentil production is of the red market class (Vandenberg 2009; Bruce
2008) and although red lentil can be consumed whole, 95% of the time it is primarily eaten
dehulled (dhal) (Muhammad et al. 2013; Sandhu and Singh 2007) to reduce cooking time
and enhance cooking quality (Yadav et al. 2007). Splitting of lentil seed coat removes some
important nutritional components (like dietary fibre, antioxidants, phenolic compounds)
leaving them in the by-product. The by-product of lentil splitting consists of the broken
cotyledon, fine flour, embryo, seed coat and some straw. Splitting have been found to reduce
the yield of dehulled lentil by a value ranging between 10-21% in commercial lentil
processing (Oomah et al. 2011) and up to 50% in low-grade crops and local processing
(Bakar 1993). The demand for healthy eating, high protein- and high fibre-containing food
has contributed significantly to increased global lentil production. World lentil production
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has almost doubled from 3,910,765 tonnes to 6,315,858 tonnes between the year 2005 and
2016; the implication of this increase in production is a corresponding increase in by-product
generation, which currently has little economic value and contributed to the growing
quantity of food processing waste.
World population is over 7.6 billion this year and is estimated to reach 8.6 billion by the year
2030. The agricultural land available cannot meet the need of this growing population and
so there are growing concerns about food sustainability and security. Hunger and
malnutrition, particularly protein, are prevalent in some part of the world, while food waste
is another concern in some parts. There is a need to find a way of converting and maximizing
the economic value of food waste and by-product for human or animal food/feed production.
Currently, the economic value of legume flours has been increased by producing Fibre
concentrates, protein and starch concentrates, and isolates, using pin milling followed by dry
and wet fractionation.
Dry fractionation involves the use of air stream to separate fibre, starch and protein fraction
according to particle size and shape. It has the advantage over wet fractionation of being
cheaper in terms of time and resources but yields a final product that is less concentrated.
Wet fractionation mostly involves the use of an aqueous medium to solubilize the protein at
a pH of maximum solubility and precipitate at lowest solubility pH. Both dry and wet
fractionation uses a combination of gravitational, drag and centrifugal force to physically
separate the protein, starch and fibre fractions.
These fractionated products have the advantage of being dry (thus having a longer shelf life),
having a high bulk density (for ease of transportation), and having the targeted nutrient
requirement(in case of protein malnutrition). The use of lentil by-product as a value-added
product will help in solving the problem of food security by providing essential food nutrient
to the consumers. The concentrate generated from lentil bye-product can be used in the
beverages, granola bars, veggie burgers, baby food formulation, imitation milk, bean cord,
extruded products, TVPs, animal feed formulation as supplements and additives amongst
others (Boye et al. 2010). Lentil starch improves texture in gluten-free baked goods and has
expansion capacity in extruded products. It can be applied to a wide range of uses, which
3

include but not limited to the following: food industry to produce pasta, baked products,
batters, coatings, extruded snacks, soups, sauces, fillings, dressings, formulation of special
foods (Tulbek 2010); in the pharmaceutical for making tablet and capsules, binders, diluent,
and disintegrants; in paper industries as an adhesive, as a flocculant and retention aid, as a
bonding agent and as a binder for coatings; in the cosmetics; in the textile industries for
binding, sizing, dyeing, and filling. The fibre fraction is rich in antioxidant activity (Oomah et
al. 2011) and can be used as a supplement to ease the smooth movement of a substance
through the gastrointestinal tract. Extensive studies have been done on the fractionation of
starch and protein from pulses and the use of these ingredients in food processing, but no
studies have been done on the extraction of these ingredients from lentil by-product.
Although lentil seed coat fibre has superior antioxidant activity than pea seed coat, because
of the higher flavonoid compounds (Oomah et al. 2011), it has not been adequately
investigated, unlike pea seed coat, which has been commercialized.

1.2 Research Objective
The objective of this study was to develop a process to produce starch-rich, protein-rich, and
fibre-rich fractions from the by-product of lentil splitting. The specific objectives, therefore,
were:
1. to isolate the fibre fraction of by-products and produce a fibre concentrate;
2. to produce a starch and protein concentrate using a dry fractionation method (air
classification); and
3. to isolate starch and protein fractions using a wet fractionation method (alkalineisoelectric pH method using a hydrocyclone)

1.3 Organization of the Thesis
This thesis is organized according to the guidelines of the College of Graduate and
Postdoctoral Studies at the University of Saskatchewan for manuscript-style theses. The
thesis is written in seven chapters, four of which are research manuscripts. Part of the
manuscript presented in chapter 3 was presented at the 2018 ASABE conference. The fourresearch manuscripts in chapter 2, chapter 3, chapter 4, and chapter 5 are yet to be reviewed
4

for publication. The remaining three chapters include an introductory chapter, a general
discussion chapter (chapter 6), and a closing chapter comprising conclusions and
recommendations for future research (chapter 6). The reference list and appendix are
provided after chapter 6. The appendix contains supplementary data for Chapter 4 and 5.

1.4 Manuscript Content of the Thesis
This M.Sc. research program has contributed to knowledge on the utilization of the byproduct of lentil splitting. The outcome of this study will help to create more demand for
lentil and lentil by-product. In Chapter 2, an extensive literature review was conducted to
understand lentil production, processing, utilization, economic implications, by-product
generation, and studies and techniques available for the fractionation of pulse ingredients.
Chapter 3 investigated the production of starch and protein concentrates from the byproduct of lentil splitting using a grain aspirator and the air classifier. The proximate
composition, particle size and particle density of the resulting concentrates were analyzed.
In Chapter 4, alkaline-isoelectric precipitation using a hydrocyclone was used in the
production of protein- and starch-rich fractions from lentil by-product. The starch- and
protein-rich fractions generated from both dry and wet fractionation could be used in food
and feed formulations. The fibre-rich fraction produced from the grain aspirator (Chapter 3)
was further refined in Chapter 5 using water soaking, sieving, alkaline protein solubilization
and vacuum drying. The proximate composition, particle size, particle density, bulk density,
and the colour of the refined fibre was analyzed. Also analyzed in Chapter 5 were the
throughput of lentil fibre on a precision mill (hammer mill) and nutrimill (domestic Pin mill),
and the power and specific energy consumption required to mill the fibre concentrate.
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Chapter 2
A Review of Lentil Production, Processing, By-product, and
Fractionating Techniques
Contributions of this Paper to Overall Study
The compilation and development of this literature review were done to evaluate and
summarise the available literature to provide a reference resource for information on lentil
production, processing, fractionation techniques for pulse ingredients and potential uses of
lentil by-products. The manuscript was written by Chidinma Afam-Mbah, while Dr. Shahram
Emami and Dr. Lope Tabil provided editorial input.

2.1 Abstract
Lentil is a pulse crop with many health and nutritional benefits. Consumption of lentil-based
food will help reduce illness like type 2 diabetes, colon cancer, obesity among others. Lentil
has about 25% protein, making it the second highest source of plant protein after soybean.
The increase in global lentil production reflects a growing awareness of the nutritional and
health benefits of lentil consumption. However, the processing of lentil generates a
significant by-product that currently has little economic value.
Lentil by-product contains most of the total phenolics, fibre and antioxidant present in lentil;
furthermore, it includes the embryo, which has about 71.1% protein. This paper reviews
pulse ingredients processing technologies to ascertain the possibility of using existing
techniques to produce a value-added product like fibre, starch, and protein
concentrate/isolates from lentil by-product. This review provides an overview of lentil,
varieties, and global production. It also investigates the causes of variation in by-product
composition, the proximate, and non-nutritional constitution, and the potential use of the
fractionated products.
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2.2 Introduction
Lentil is an important pulse crop because of its nutritional quality, health benefits, and
economic effect on Canada and the province of Saskatchewan. The nutritional quality of
lentil is seen in its high protein quality and quantity, high dietary fibre, antioxidants,
vitamins, mineral content, and low-fat content. The health benefits of consuming lentil
include lowering of blood cholesterol level, maintaining of healthy colon and heart, and
preventing of neural tube defect in infants.
There are several lentils market classified based on size, shape, and genotype, but the
predominant market class is the red lentil. According to Vandenberg (2009) and Bruce
(2008), 80% of lentil produced globally has red cotyledon. Although red lentil can be
consumed whole without splitting, about 95% is split, named dhal, (Muhammad et al. 2013;
Sandhu and Singh 2007) before consumption. Splitting is done to reduce cooking time and
enhance cooking quality (Yadav et al. 2007); however, splitting removes some of the
essential nutritional components of lentil (like dietary fibre, antioxidants, phenolic
compounds) leaving them in the by-product. The by-products generated from lentil splitting
has a mixture of whole seed, broken cotyledon, fine flour, embryo, seed coat, and some straw.
It reduces the yield of processed lentil by 10 to 21% in commercial lentil processing (Oomah
et al. 2011) and up to 50% when lower grade crops are milled. There is a need to find a way
of maximizing the economic value and use of this by-product for human or animal food/feed
production.
The current healthy eating trend, which focuses on the consumption of high protein and high
fibre containing food, has contributed significantly to an increase in global lentil production.
World lentil production is increasing annually as well as Canada’s lentil production. The
implication of this production increase is a corresponding increase in by-product. The byproduct that currently has little economic value can be turned into a value-added product
like protein, starch, and fibre concentrates/isolates using the techniques already available
for pulse fractionation. Both dry and wet fractionating techniques have been employed by
many researchers and industries to produce food ingredients from pulses. Protein isolates
containing 91.2% protein using wet fractionation (Chakraborty et al. 1979) and protein
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concentrate with 62% protein using dry fractionation (Boye et al. 2010) of pulses has been
achieved in the past.
Although there have not been many studies on the use of lentil by-products in the production
of food ingredients, this study tried to review and explore the possibilities of maximizing the
value of the by-product of lentil splitting by fractionating into value added products. This
chapter will attempt to provide an overview of lentil and, its nutritional, health, and
economic benefits. Lentil processing, by-products of lentil splitting and some pulse food
ingrident fractionating techniques will be reviwed to ascertain the best technique to employ
in the fractionation of lentil by-product. A summary of the potential use of food ingridents
obtained from the fractionation of lentil by-product will also be presented.

2.3 Lentil, Production, Varieties and Seed Properties
2.3.1 Lentil
The name of lentil came from a Latin world lens derived from the shape of the double convex
lens-shaped seed. Lentil (Lens culinaris Medikus) is the oldest pulse crop and one of the first
crops that was domesticated. Although lentil is believed to have originated from the Near
East and Central Asia, it is currently cultivated in more than thirty-five countries on five
different continents (Sandhu and Singh 2007).
Lentil is a pulse crop. Pulses are dried seeds of edible legume crop except for the oilseeds.
Other pulses grown in Canada include chickpeas, dry peas, and dry beans. Lentil as a pulse
crop helps in the mitigation of climate change by replenishing nitrogen lost in the soil,
thereby improving the sustainability of agriculture. Lentil has low fat, low glycemic index
(carbohydrate ranking according to how it affects blood sugar), high-quality protein, high
dietary fibre, high probiotic carbohydrates, and starch. Lentil is also a useful source of
vitamins and minerals (Muhammad et al. 2013; Previtali et al. 2014). According to Duane
(1997), pulse consumption was found to lower total serum cholesterol level by an average
of 5% and low-density lipoprotein (LDL) level by about 9%. Furthermore, lentil flour and
lentil-based products are gluten-free, which makes it an excellent nutritious alternative to
wheat products for people who have celiac disease.
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2.3.2 Lentil Seed
Lentil is dicotyledonous, with smaller seed and lower bulk density than other pulses, but,
interestingly, it has a higher kernel density than other crops except for pinto bean (Urbano
et al.2007). Lentil seeds are lens-shaped with a diameter ranging from 2 to 9 mm (Saxena
2009) and a mean diameter of 4.45 to 6.82 mm, mean thickness of 2.36 to 2.255 mm, and a
volume of 56 mm3 (Urbano et al. 2007). Lentil seed appears in different diameter to thickness
ratio; it may have a globe shape with a mean ratio of 1.5 to 2.5mm or flattened shape with a
ratio of 2.5 to 4.0mm (Saxena 2009).
Lentil has a thinner seed coat when compared with other pulses, and the seed coat
constitutes about 6 to 7% of the seed weight (Vandenberg 2009: Bruce 2008). Although the
weight of lentil seed coat varies according to species, size, and colour, the primary function
is the protection of the cotyledons and embryo from insect, weather, handling, and harvest.
A cross-sectional view of the seed coat reveals a layer of cuticle followed by a thin epidermis
layer and a hypodermal layer under the epidermis. Layers of parenchyma tissue follow the
hypodermal layer. The structure of the lentil seed coat and the way it is attached to the
cotyledon influences the choice of the splitting process. A gum or lignin layer usually binds
the seed coat to the cotyledon (Vandenberg 2009). The cotyledon is made up of a thin layer
of epidermis and large storage cells (Saxena 2009).
2.3.3 Lentil Varieties and Market Classes
Lentil has different varieties and market classes based on seed coat and cotyledon colour.
The colour ranges from black, solid grey, brown/tan, and green; it may also exhibit different
patterns (Bruce 2008, Sandhu and Singh 2007).
Lentil was initially classified into two broad groups based on seed size: small seed
(microsperma) with a diameter of 3 to 6 mm, and large seed (macrosperma) with a diameter
of 6 to 9 mm. Domestication, mutation, and genetic breeding programmes have made the
two groups indistinguishable; hence this classification is not frequently used in recent years
(Sexane 2009). In Canada, there is about 35 registered variety of lentil, but the two main
market classes are red and green. The red class have a cotyledon that is reddish orange with
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seed coat that can be grey, brown or pale green while the green class has a green cotyledon
with seed coat colour of grey, green brown or black (Boye 2013). Furthermore, these
predominant colour classes are subdivided based on size into three diverse groups within
each class. The red lentil, which is in the small seed category, is graded as extra small, small,
and medium seed while the green lentil, from the large-seeded category, are graded as small,
medium, and large seed (Stefaniak and McPhee 2015). The green lentil is usually eaten whole
while the red lentil can be eaten whole or dehulled and split. Global lentil production and
marketing is mostly in the red market class and is the predominate lentil produced in
Western Canada (Mcvicar et al. 2017). Table 2.1 shows a list of the lentil varieties grown in
Western Canada.
Table 2.1 Lentil variety grown in Western Canada.
Colour
Green

Size
Small
Medium
Large (Laird)

Red

Variety
Eston, Milestone, Viceroy
Richlea, Vantage, Meteor
Glamis, Grandora, Plato, Sedley, Sovereign
Blaze, Crimson, Robin, Redcap, Redberry, Rouleau, Rosetown

Source: Ghosh et al. (2007).

2.3.4 Global Lentil Production and Economic Implication of Lentil to Canada
The world consumption of lentil is on the rise due to changes in lifestyle and widespread
interest in the development of healthy foods. The current healthy eating life style that
promotes high protein and fibre-containing diet has contributed significantly to increased
global lentil production.
In 1995, the global lentil production was 2.8 million tonnes; ten years later it rose to 3.9
million tonnes, and with the current demand the global production almost doubled to 6.3
million tonnes in 2016; (FOASTAT 2018). Canada plays a key role both in production and
exportation of lentil. In 1995, Canada produced only 15% of the total world lentil production,
behind turkey and India (Fig. 2.1); however, in 2005 Canada became the most significant
global producer of lentil, producing 30% of the total production (Fig. 2.2). By 2016, Canada
is producing more than half (51%) of worldwide lentil production (Fig 2.3), and the province
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of Saskatchewan accounted for about 95% (2.7 million tonnes) of Canadian lentil production
for the year (Government of Saskatchewan 2017; FAOSTAT 2018).
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Figure 2.1. Global lentil production, 1995(FAOSTAT 2018).
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Figure 2.2. Global lentil production, 2005(FAOSTAT 2018).
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Figure 2.3 Global lentil production, 2016 (FAOSTAT 2018).

2.3.5 Proximate Composition of Lentil
The proximate composition of lentil is dependent on its genetic makeup and the way it
utilizes environmental resources (Grusak 2009; Urbano et al. 2007).
Table 2.2 Proximate composition of whole dry lentil seeds.
Component
Range of published values
Energy (kJ)
1418.0 -2010.0
Protein (N x 6.25) (g)
15.9- 3.0
Carbohydrates (g)
43.4 -74.9
Fat (g)
0.3 - 4.3
Total Fibre (g)
5.0- 26.6
Ash (g)
2.2- 6.4

Reported mean value
1638 .0
28.2
67.1
2.5
12.2
2.2

Source: Boye (2015); Boye et al. (2010); Grusak (2009); Wang (2008); Urbano et al. (2007); Yadav et al.
(2007); Sandhu and Singh (2007); Monsoor and Yusuf (2002).
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There are slight variations in the literature on the proximate composition of lentil; however,
most of the existing research and publication have reported the proximate composition
within the range presented in Table 2.2 below. Studies on Canadian grown lentils showed
the following average of starch and protein content (Table 2.3).
Table 2.3 Mean protein and starch content of Canadian lentil
Constituents (% db)
Protein (% db)
Starch (% db)

Green lentil
Small
Medium
25.9
25.7
48.2
48.7

Red lentil
Large
26.5
47.9

28.7
46.1

Source: Ghosh et al. (2007).

2.3.5.1 Protein
Pulse protein is superior to cereal both in quantity and quality because it is high in some
human essential amino acids like leucine, aspartic acid, glutamic acid, arginine, and lysine
(the limiting amino acid in cereals). Lentil has low sulphur containing amino acids
(methionine and cysteine) and tryptophan, which are high in cereal grain. Lentil protein can
be used to complement cereal food product to get a fully balanced amino acid profile (Grusak
2009). Not only does its 25% protein content make lentil the vegetable with the highest
protein content after soybean (Yadav et al. 2007), but its gluten-free protein also makes it
the best alternative to wheat-based food for vegans and people who have celiac disease,
gluten intolerant disease (Muhammad 2013).
The crude protein content of a food material is analyzed by the determination of the nitrogen
content using combustion or digestion method and subsequent multiplication of the
nitrogen with a factor to determine the crude protein content. Since the 19th century, a factor
of 6.25 has been used based on the assumption that all the amino acids in food contain16%
nitrogen. This assumption is erroneous because from recent studies, it has been proven that
amino acids have unique protein composition and each food material is composed of
different amino acids; varied species of the same food commodity have variations in the
amino acid profile. A critical review of recent finding on nitrogen protein conversion factor
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by Mariotti et al. (2008) concluded that a conversion factor of 5.4 should be used for most
pulse crops.
2.3.5.2 Carbohydrate
Carbohydrate is the sum of all the monosaccharides, disaccharide, oligosaccharides, and
polysaccharides; however, this study will be limited to the polysaccharides- starch and
dietary fibre.
2.3.5.2.1 Starch
Studies show that lentil contains a minimal amount of mono and disaccharides, small
oligosaccharide, and a high amount of starch (35-65%), which is the primary source of
energy (Grusak 2009). Enzymes digest starch in the human pancreases and intestine by
breaking down to glucose; however, not all starch in lentil is broken down because of some
inhibitory components in the seed. The starch that escapes digestion in the small intestine is
called resistant starch. De Almeida et al. (2006) reported a resistant starch content of 3.7%
dry matter in lentil.
2.3.5.2.2 Dietary fibre
while the cotyledons consist of hemicelluloses, pectin, and gums (Dalgetty and Baik 2003).
The composition of the whole lentil dietary fibre is shown in Table 2.4.
Table 2.4 Dietary fibre composition of whole lentil (% db).
Component
Dietary fibre (as NDF)
Cellulose
Total Dietary Fibre
Soluble
Insoluble Fibre
Source: Urbano et al. (2007).

Range
16.2 - 21.3
6.0 - 15.7
11.0 - 26.9
1.2 - 6.7
8.8 - 31.4

2.3.5.3. Minerals and vitamins
Lentil mineral content, which is reported as ash is between 2.2 and 6.4% db. Twelve out of
the seventeen essential minerals needed by humans have has so far been found in lentil
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(Grusak 2009). Most of the minerals found in lentil except for calcium and iron are in the
cotyledon (Urbano et al. 2007); it is a useful source of calcium phosphorus, iron, and
magnesium (Sandhu and Singh 2007). The magnesium in lentil helps it to act as a calcium
channel blocker by relaxing the blood vessels, thereby increasing the supply of oxygen and
blood to the heart blood; additionally, magnesium deficiency in the human body promotes
free radical injury to the heart following a heart attack (Yadav et al. 2007).
Lentil has all vitamins except vitamin B12 and D, which is not synthesized by plants. It is an
excellent source of folate (vitamin B9 or folic acid), which is particularly essential in
pregnancy. Folate deficiency can lead to neural tube defect in infants and has been linked to
a higher incidence of a specific type of cancer and heart disease (Grusak 2009; Yadav et al.
2007). The high folic acid content of lentil contributes to a healthy heart and reduction in the
level of homocysteine in the bloodstream; an elevated level of homocysteine in the blood can
damage artery walls and contributes to heart disease (Yadav et al. 2007). Conversely, lentil
is not a useful source of the fat-soluble vitamins (A, D, E, and K) and this can be attributed to
its low-fat content (Grusak 2009).
2.3.6. Non-nutritive Components
Most of the non-nutritive components found in Lentil are present in the seed coat. They
include the phenolics, phytoestrogen, phytate, flavonoids, saponins, enzyme inhibitors,
lectins. The phenolic (6.56 mg gallic acid equivalent g-1) flavonoid, and condensed tannin
(1.30 and 5.97 mg catechin equivalents g-1, respectively) content of lentil are the highest
found in any pulse crop (Campos-Vega et al. 2010).
2.3.6.1 Dietary phenolics
Dietary Phenolics or polyphenolics are a group of important secondary plant metabolites
that have been linked with various health benefits like obesity, diabetes, cancer, and
cardiovascular diseases (Dueñas et al. 2002; Vu et al. 2018). These phenolics possess
antioxidant property which play a vital role in human nutrition due to the ability to scavenge
reactive oxygen species, called free radicals. The part played by phenolic compounds in the
reduction of some chronic diseases can be attributed to this interaction with free radicals in
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the human system (Grusak 2009; Seifried et al. 2003). Most of the phenolics found in lentil
are localized in the seed coat with only a few compounds found in small concentration in the
cotyledon and splitting removes most of the phenolic compounds (Grusak 2009).
2.3.6.2 Anti-nutritional Factors
Several studies (Yadav et al. 2007; Sandhu and Singh 2007; Urbano et al. 2007) have
reported the presence of anti-nutritional factor like lectins (phytohemagglutinins), saponins,
Trypsin, and chymotrypsin inhibitors, α-amylase inhibitors oxalate, and α-galactosides
(raffinose, stachyose, and verbascose), that cause flatulence when lentil seed coat is
consumed. Lentil seed coat also contains a high concentration of tannin, which imparts a
bitter taste to the seed coat. Urbano and co-workers (2007) suggested that heating, soaking
in water, and sprouting can also be used to minimize these anti-nutritional factors. In the
commercial splitting of lentil, a tempering process, which involves steeping and heating
(Vandenberg 2007) is employed to manage the moisture content differential between the
seed coat and the cotyledon for ease of splitting; this steeping process also helps in removing
or reducing the concentration of the anti-nutrition factors. William and co-workers (1994)
reported that the level of the anti-nutritional factors in lentil is lower than other pulses; faba
bean contained the highest. Roy and co-workers (2010) have shown that antinutritional
compounds like lectins and protease inhibitors may have beneficial properties as an antiinflammatory agent, in the cancer treatment and obesity management.
2.3.7 Functional Properties
The functional properties of pulse proteins, like solubility, foaming, water and fat
binding/absorption capacity, gelation, and emulsifying ability, play an essential role in food
formulation and processing especially with the structure and texture of the food. Food
texture and structure also affects the properties of protein and its interaction with other
components in the diet (Joshi et al. 2012). The functional property of lentil protein is
comparable with that of soy and whey proteins, which are the commercially acceptable
proteins used for the functions mentioned above in food formulations (Boyle et al. 2010;
Duane 1997). Suleiman and co-workers (2006) confirmed that lentil protein isolate showed
good forming, emulsifying, and fat absorption capacity; however, the isoelectric pH of lentil,
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(4.0-6.0), which is related to the protein solubility, affected the inclusion of lentil in a variety
of products (Urbano et al. 2007). Bora (2002) discovered that succinylation could be used
to improve the solubility of lentil protein by moving the isoelectric pH to the acidic range.
Succinylation improved the solubility, the water absorption while reducing the oil
absorption, and it also increased the apparent viscosity, emulsifying activity, and stability.
2.3.8 Animal Nutrition
Lentil is nutritionally beneficial not only to human but also to livestock. Currently, the byproduct of lentil splitting is sold as animal feed along with the dried leaves, stem, low grade,
and damaged seeds, screenings (a by-product of lentil seed cleaning). Fractionation of the
by-product of lentil processing will generate more feed and feed supplement for livestock.

2.4 Lentil Processing
Lentil processing can be classified into primary and secondary processing.
2.4.1 Primary Processing
This processing refers to all the steps involved from the farmyard to the splitting stage or
consumption if eaten whole seed. Primary processing also includes all the cleaning,
separation, grading, and packaging steps needed to deliver the whole seed to the consumer.
The objective of primary processing is to separate lentil seeds into quality classes
determined by colour, size, shape density, diameter, and thickness. Primary processing
involves the use of various screens, gravity separators, and airflow separation systems,
destoning machine, colour sorters to remove unwanted materials and sort the retained seeds
(Vandenberg 2009).
2.4.2 Secondary Processing
This stage of processing is the removal of the seed coat followed by polishing and splitting of
the seed.
Lentils are primarily eaten dhal although it can also be consumed whole. Dhal is a term used
to describe pulse seeds that are decorticated and split before consumption (Yadav et al.
2007). According to Vandenberg (2009) and Bruce (2008), about 80% of lentil produced
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globally is the red cotyledon and 95% of the red lentil produced is usually dehulled into split
or football, whole decorticated lentil, before consumption (Muhammad et al. 2013;
Vandenberg and Bruce 2008; Sandhu and Singh 2007). splitting is done mostly to reduce
cooking time and enhance cooking quality by making it easier for the lentil to absorb flavour
from spices and other food ingredients (Yadav et al. 2007). Although splitting lessens the
cooking time, it also reduces the yield of lentil seed. The splitting process removes the seed
coat and embryo thereby reducing some of the essential nutritional components of lentil, like
the dietary fibre, protein, antioxidants, and phenolic compounds.
Table 2.5 shows that most of lentil crude fibre is concentrated in the seed coat while the
embryo is extremely rich in protein.
Table 2.5 Distribution of chemical constituents in the anatomical parts of lentil seed.
Component

P.W.S. a

Seed Coat
Cotyledon
Embryo
Whole seed

8.0 -20.0
80 -90.0
2.0
100.0

Protein
(% db)
14.3
26.5 -30.1
71.1
29.6

Fat
(% db)
0.6
3.0
8.2
3.1

C.F.b
(% db)
29.4
1.0
2.4
3.2

Ash
(% db)
1.94
2.45
3.94
2.40

N.F.E c
(% db)
53.7
63.4
14.4
61.7

Source: Urbano et al. (2007); a Proportion to the whole seed; b Crude fibre; c Nitrogen-free extract.

2.4.3 Economic Impact of Lentil Production and Processing to Saskatchewan
The province of Saskatchewan is currently producing about 95% of the total Canadian lentil
according to 2016 production (Government of Saskatchewan; FAOSTAT 2018). Most of the
lentil produced in Canada is exported majorly to India, Turkey, Bangladesh, Pakistan, and the
United Arab Emirates. The province accounts for over 83% of the total lentil shipped out of
Canada as illustrated in Table 2.6.
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Table 2.6 Export of Lentils, dried, shelled, (dehulled or split).
Year

Canada
Value: (CAN$)

Saskatchewan
Quantity:
Quantity:
Value: (CAN$)
(tonnes)
(tonnes)
2017
1,638,581
1,472,639,202 1,360,055
1,236,915,243
2016
2,052,674
2,125,045,229 2,006,583
2,074,159,567
2015
2,629,009
2,493,276,377 2,606,566
2,471,244,160
2014
2,113,915
1,462,029,829 2,075,900
1,437,022,704
a
Source: Statistics Canada (2018); Percentage Saskatchewan Export Contribution.

P.S.E.C. a
(%)
83.00
97.75
99.15
98.20

The growing and processing of lentil from seeding to the dining table involves several
intermediaries and economic activities, which have generated employment and revenue
both to the people and government of Saskatchewan. The planting, weeding, harvesting, and
drying are mostly done by the farmers after which the lentils are sent to a primary processing
facility for cleaning and storage. Grain grading is conducted by Canada Grain commission
licensed companies who are responsible for grading either at the processing facility or the
warehouse. Splitting of lentil is a significant economic activity in the province Since about
95% of the red lentil produced is split. The splitting operation has resulted in the
establishment of multi-million lentil splitting companies in the province. Other lentil
production and processing economic activities that have affected the province include
marketing, transportation, and food services.
2.4.4 By-product of Lentil Splitting
The by-product of lentil splitting reduces the yield of processed lentil by a value ranging from
10 to 21% in commercial lentil processing and up to 50% in lower grade seeds. This amount
is considered a significant loss (Oomah et al. 2011). The by-product of lentil splitting is a
mixture of the seed coat, endosperm, broken seeds, germ (embryo), flour (fines), whole seed
(Shrivelled seed), and foreign materials like straw (Figure 2.4).
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Figure 2.4 Original lentil tailing.
There is variation in the proximate and physical composition of lentil by-product. Several
factors have been identified as responsible for the differences in quality of by-product and
splitting loss:
1. The seed size: in large seed lentil, splitting losses are lower than that of small seed
because of the lower proportion of seed coat per unit mass.
2. The milling efficiency of the lentil splitting mill determines the percentage of byproduct generated. Splitting or dehulling efficiency can be defined as the ratio of the
split and whole cotyledons recovered after splitting to the starting material lentil
(Vandenberg 2009; Bruce 2008; Wang 2005).
3. The dehulling efficiency is also affected by the setup of the splitting plant. According
to Vandenberg (2009), no two splitting plants are setup the same way, and there is
considerable variability in the setup of commercial splitting plants depending on
environmental conditions, economics, primary processing capability, availability of
lentil, cost of purchase, maintenance, and operation of the machine.
4. A seed moisture content of 12% and above during splitting can result in breakages
into small fragments of seeds, which can get lost in the by-product (Bakr 1993).
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5. The grade of the seed split also affects the dehulling efficiency. Grade I seed gives seed
recovery of about 85% while grade IV can provide recovery of about 50% (Bakar
1993).
6. The genotype and environmental growing factors influence the recovery percentage
of dehulled lentil. Erskine et al. (1991b) found that a variation of 6.9% (between 80.8
to 87.7%) in dehulling efficiency was due to the genotypical difference.
7. Tempering time affects dehulling efficiency. Erskine and co-workers (1991a)
discovered that tempering seeds for 24 hours increased the yield of split lentil by 5%
compared to splitting immediately after wetting. The dehulling efficiency of large
seed lentils decreased by 0.31% while that of the small seed decreased by 0.16% for
every minute of immersion. Not drying the seeds after immersion in water resulted
in the highest dehulling efficiency.

2.5 Fractionation Techniques Applied to Pulse Crops
Pulse crops including lentil are rich in protein, fibre, starch, phenolics, and antioxidants and
have been fractionated into these ingredients using both dry and wet fractionation methods.
Lentil has been fractionated into food ingredients like protein, starch, and fibre. The
fractionating of lentil/pulse is based on the theory that the chemical constituents of cereals
and pulse are often separated from each other by cell walls or other barriers (Delcour and
Hoseney 2013) and that there exists a difference in the shape and size of these constituents
especially starch and protein granules (Tyler 1882). This size and shape difference coupled
with particle size and density variations form the basis for wet and dry fractionating of
protein, starch, and fibre fractions. Protein particles are smaller and lighter than starch.
When a dry food sample is pin milled, the particles passing through a sieve opening of less
than 17 µm will contain protein particles while the ones retained will have a higher
concentration of starch (Delcour and Hoseney 2013). For efficient separation of protein and
starch from a pulse flour, the seed must be finely milled to break the connection between
starch and protein without damaging the starch granules.
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2.5.1 Dry Fractionation and Milling
Dry fractionation includes all separation techniques employed in the separation of flour
ingredients without the use of the liquid medium. Dry milling in the fractionation of pulse
ingredient involves a great deal of particle size reduction using a combination of hammer
mill and pin mill to break the protein matrix holding the starch granules (Hoover et al. 2010;
Tyler et al.1984). The predominant dry fractionation methods employed in both industrial
processing and laboratory studies is the air classification.
Air classification and pin milling have been used to fractionate lentil flour into starch, and
protein concentrates for utilization in food and feed processing (Bhatty 1988; Muhammad
et al. 2013). Air classification is the process of dispersing fine particles into a stream of spiral
air for separation into high starch (coarse) and high protein (fine) fractions based on particle
size. Air flows through a classifying wheel in a centripetal direction, producing a centrifugal
force like a cyclone; the dense material is pushed down by gravitational force generating a
drag force that causes the fine material to move upward. Subsequently, the fine material is
discharged into the fine material collector while the heavy material that is moving
downward is washed intensively again by the air stream to remove the leftover fines before
being released to the collection vessel. The separation efficiency of an air classifier can be
improved by repeated pin milling and classification (Boye et al. 2010; Tyler et al. 1984);
however, it is still difficult to separate some adherent proteins from starch granules
especially the proteins originating from the membrane and stroma of the chloroplasts where
the starch granules developed (Boye et al. 2010; Tyler 1984). Therefore, air classification
does not wholly remove the protein from the starch fraction and vice versa.
The purity of starch and protein fractions obtained by air classification varies from crop to
crop. Tyler et al. (1981) air classified lentil, pea, cowpea, great northern, mung, navy, and
faba beans and reported that lentil gave the lowest protein content of 49-65% in the fine
fraction while faba bean gave the highest 71 to 75%. Another study on the air classification
of some pulse crops obtained a protein content of 49.7% from lentil and 75.1% from Faba
bean (Elkowicz and Sosulski 1982). A review of the protein content of air classified lentil fine
fractions by Boye and co-workers (2010) showed a range of 49.1% to 62%.
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2.5.2 Wet Fractionation Method
Like dry fractionation, wet fractionation needs a finely milled flour because the same
principle employed in the dry fractionation of protein and starch also applies here. Some of
the method used by researchers to produce the concentrates and isolates are briefly
reviewed here.
2.5.2.1 Simple water and centrifuge method
According to Johnston and Fellers (1971), a simple method of starch-protein separation
using a centrifuge was first reported by Fellers and co-workers (1969). In this Simple
method, the slurry was fed to a decanter-type centrifuge. Prime starch was obtained, and
liquid protein concentrates were decanted and dried. The dried protein concentrate
contained about 20 to 40% protein. Since then there have been many modifications to
increase the enrichment and separation efficiency such as taking advantage of protein
isoelectric pH point and solubility at different pH values.
2.5.2.2 Acid/alkaline extraction with isoelectric precipitation
This fractionation method is based on the high solubility of the protein in liquid at alkaline
or acid pH and the significant reduction of solubility at isoelectric pH, which is around 4.5
for lentil. The slurry containing the dissolved protein in the acid or alkaline pH solution is
centrifuged and decanted to separate the protein-rich fraction in the supernatant and starchrich fraction in the precipitate. The pH of the supernatant is then adjusted to the isoelectric
pH to precipitate the protein out of the solution for further drying and milling (Boye et al.
2010a; Boye et al. 2010b; Emami et al. 2007a).
Pulse proteins, in general, have significant variations in their solubility depending on the pH
of the solution. Emami and co-workers (2007b) found that starch-protein separation
efficiency of chickpea was highest when the sample was dissolved at pH 9.0. Protein
solubility of close to 100% was achieved by Ma et al. (2011) at pH 10 to 12 for lentil, chickpea
and yellow pea with protein solubility increasing sharply on either side of the isoelectric pH.
Equally, Anderson and Romo (1976) found that pulse protein has a high solubility at both
ends of the pH scale and can, therefore, be extracted from food substances at any of this pH
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range. However, there is a consensus among many researchers to use a pH range of 5.5 to
9.5 because extraction at an acidic range can result in the hydrolysis of the starch and strong
alkaline pH can results in the reduction of the nutritive value of protein due to racemization
of amino acids (Emami 2007). Researchers in starch-protein separation have employed
higher pH; Tulbek (2010) proposed a pH of 10.5 to 11.0 for fractionating of lentil, peas, and
chickpea, while Monsoor and Yusuf (2002) extracted protein isolates from lathyrus bean,
chickpea, and lentil at pH 11.0. The isoelectric pH (pH of minimum solubility) for some pulse
crop has been found by several studies to be within the pH range of 4.0 to 6.0 as shown in
Table 2.6
Table 2.7 Isoelectric pH of some pulse protein.
Pulse
Lentil
Lentil
Lentil
Lentil, Chickpea, and Lathyrus
bean
Lentil, Chickpea, and Yellow pea
Chickpea

Isoelectric pH
4.0 - 6.0
5.0
4.4
5.4

Reference
Urbano et al. (2007)
Suliman (2006)
Anderson and Romoe (1976)
Monsoor and Yusuf (2002)

5.0
4.3

Ma et al. (2011)
Emami et al. (2007)

According to Anderson and Romo (1976), the pH employed in fractionation did not affect the
efficiency of starch recovery but altered the colour of the starch produced. Lentil flour
obtained at pH 5.5 was close to pure white while the starch extracted at pH 9.5 showed pale
cream. The use of a hydrocyclone has improved the separation efficiency and enrichment of
the protein fraction obtained through wet fractionation of starch and protein.
A hydrocyclone has the same working principle with the centrifuge except that it is
stationary. The slurry to be separated is injected at a tangential angle through the
hydrocyclone inlet located at the cylindrical upper section of the cyclone. The angle of
injection impacts a rotational motion on the slurry producing a downward spiral (primary
vortex) towards the underflow outlet. As the slurry moves downward, the narrowing of the
conical section of the cyclone causes resistance to flow, which generates a secondary upward
vortex through the center of the cyclone to the overflow. The dense slurry particles (starch)
are moved downward by gravitational force and ejected through the outlet while the light
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particles (protein) are pushed upwards and discharged through the overflow outlet by the
secondary vortex. (Ko et al. 2013; Martinez et al. 2008; Emami 2007).
2.5.2.3 Other separation methods
Salting out methods have been used to precipitate protein from solution followed by
centrifugation and freeze-drying (Boye et al. 2010; Paredes-Lopez et al. 1991). This method
works on the principle that salts dissociate into ions in aqueous solution. The salt ions are
attracted to the water ions reducing the number of water ions available for interaction with
the ionic protein molecules. Increasing the concentration of salts causes the solution to have
more of protein-protein bonding than protein water bonding thereby causing the
precipitating of protein from the solution.
Another method employed in the precipitation of protein from the supernatant is
ultrafiltration using membrane separation. Ultrafiltration method is based on particle size
difference; it is used in separating fine dissolved solids from a liquid solution. Molecules
smaller than the filter size pass through while bigger ones are retained. Ultrafiltration has a
similar function as isoelectric precipitation because both are used to recover solubilized
proteins from solutions, but ultrafiltration has the disadvantage of being slower and having
constant clogging of the membrane (Boye et al. 2010; Emami 2007).
2.5.3 Fractionation of Lentil By-product
Lentil by-product can be separated into fibre-starch-, and protein-rich fractions using some
of the method outlined above. However, the seed coat portion in the by-product will
significantly reduce the purity of the fractions. To mitigate against the above, it is necessary
to first reduce the seed coat content before air classifying or wet fractionating.
The lentil by-product can be separated into a seed coat-rich fraction and a cotyledon-rich
fraction with the aid of a fractionating aspirator. The grain aspirator uses terminal velocity
to separate materials based on the density gradient. Since the density of the seed coat is
lower than that of the cotyledon, the aspirator will easily concentrate the fractions. The seed
coat-rich fraction can be further processed into fibre supplement while the cotyledon
fraction can be milled and fractionated into a protein and starch concentrates or isolates.
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2.5.4 Uses of Products of Lentil Fractionation
The demand for pulse and pulse product is on the rise due to reported health benefits
attributed to pulse consumption. A significant challenge to the use of pulses is the long
cooking time, which is not a concern for lentil as it is mostly dehulled before cooking thereby
reducing the cooking time. However, the increase in demand means a rise in the available
by-product. These by-products, like the seeds, can be fractionated into protein- starch-, and
fibre-rich fractions using either wet or dry fractionating methods. The fractions obtained
from fractionating of lentil products and by-products can be used in the following way:
1. As food fortification or as a supplement. The fractions obtained from lentil by-product
can be used in making pregnancy and infant food supplement. Special dietary snacks
have been developed from lentil to reduce the prevalence of some health conditions
like for Type 2 diabetes, obesity, cancer, heart disease, and gluten intolerant, using
extrusion technology. The snacks were cholesterol-free, rich in protein, and fibre but
low in fat. (Muhammad et al. 2013)
2. It can be used as a pasta fortification ingredient. Addition of lentil will increase both
the protein and fibre content. It can be used as an ingredient in an extruded food
product such as spiced snack mixes (Vandenberg 2009). Bamdad et al. (2006) as
reported by Urbano (2009) has used a lentil protein isolates in the preparation of
proteins films for food packaging. In the study, an aqueous solution of glycerin and
lentil protein (5%) was mixed to produce a protein film. The film had similar
characteristics with soy pea or whey protein film.
3. Currently, there is a breakfast cereal called bran flakes made from a mixture of whole
wheat and wheat bran; it has 20% fibre. The high fibre fraction of lentil by-product
can be used in this case instead of wheat bran to get healthier flakes as the product
will have the complete essential amino acid profile.
4. Lentil as a plant food with the highest protein content after soybean can be used in all
food application where soy is currently used like imitation milk, bean curd, an
ingredient in the formulation of meat product, and extenders in meatballs and
sausages.
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5. The fibre fraction obtained from lentil by-product is rich in antioxidant (Oomah et al.
2011) and contains protein. It can be used as a dietary supplement to help ease the
passage of food in the gastrointestinal tract and reduce the incidence of the pile and
other colon health issues.
6. Lentil starch improves texture in gluten-free baked goods and has expansion capacity
in extruded products. It can be applied to a wide range of uses, which include but not
limited to the food industry to produce pasta, baked products, batters, coatings,
extruded snacks, soups, sauces, fillings, dressings formulation of special foods
(Tulbek 2010), pharmaceuticals, paper cosmetics and textile industries for binding,
sizing, dyeing, filling, and so on.
7. The fractionated products can also be used in fortifying livestock feed.

2.6 Summary
The study of lentil production, processing, by-product, and fractionating technique has
shown that as the demand and production of lentil are increasing so also is the generation of
the by-product. During this review, it was discovered that no prior research had been done
on the fractionation of pulse by-product into food ingredients, therefore this review
investigated the possible ways of maximizing the value of lentil by-product through
fractionation into protein-, starch-, and fibre-rich fractions.
A study of the existing fractionation method showed that the most popular separation
method for pulses is the air classifier, which has the advantage of being cheaper (time,
energy, resources) when compared with wet fractionation, and the isoelectric separation
using alkaline pH, preferred because it gives higher protein enrichment and separation
efficiency when compared to other methods available. Extraction pH of between 5.5 and 9.5
and isoelectric pH in the range 4 to 5 has been found to maximize the yield of the fractions.
Apart from identifying the best fractionating techniques for lentil by-products this review
also identified some challenges to the production of starch, protein, and fibre fraction from
the by-product of lentil processing for human and animal consumption:
1. Variations in the proximate and physical properties of the lentil by-product and the
factors responsible for these variations. An understanding of the factors responsible
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for these variations will help in the development of a process for the fractionation of
lentil by-product.
2. Presence of anti-nutritional factors in the seed coat of lentil, which needs further
investigation before the fractions can be used as human food.
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Chapter 3
Production of Protein-rich and Starch-rich Fractions from Byproduct of Lentil Splitting using Air Classification
The contribution of MSc Student
The M.Sc. candidate Chidinma Afam-Mbah performed the literature review, experimental
design, data analysis and manuscript preparation for this investigation of the production of
protein-rich, starch-rich, and fibre-rich fractions from the by-product of lentil splitting using
air classification. She executed the experimental procedures with assistance from some team
members mentioned in this section. Lily Ketabi assisted with the fractionating aspirator
separation and proximate analysis. Bob Tyler, a committee member, gave technical guidance
on air classification procedures and result interpretations. Shahram Emami, a committee
member, provided advice during experimental preparation and procedure. He also assisted
in the air classification stage of the experiment at the Canadian International Grains Institute
(CIGI). Her research supervisor, Lope G. Tabil, provided guidance all through the planning
and execution of the research; he also offered editorial advice during manuscript
preparation. The grain Innovation laboratory at the University of Saskatchewan gave
equipment for protein and total dietary fibre. The Canadian International Grain Institute
(CIGI) provided the air classifier, hammer mill and pin milled used in this investigation.

3.1 Abstract
The use of dry fractionation methods to produce a protein- and a starch-rich product was
investigated. Three batches (B1S0, B2S0, and B3S0) of the by-product of lentil splitting were
fractionated with a laboratory aspirator to produce a cotyledon-rich fraction (F1) and seedcoat-rich fractions (F2, F3, and F4). The F1 sample and the starting material (S0) were
hammer milled and pin milled to reduce the D50 (D50 or median is the size in microns that
divides the particles size distribution into two halves) of the particle size distribution to 24
µm for F1 and 66.7 µm for S0. Air classifier was used to fractionate the milled samples into
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fine, (protein-rich) and coarse (starch-rich) fractions. Variations were seen in the proximate
compositions of the various batches analyzed, and these variations influenced the yield of
the fractions. Cotyledon-rich fraction could not be obtained from batch three starting
material (B3S0) because there were no cotyledon pieces present. The protein content of the
fine fractions from both cotyledon-rich air classified fine fraction (F1AF) and Stating material
air classified fine fraction (S0AF) samples was enriched about two times for batch1 (B1)
while batch 2 (B2) had 3.89- and 5.2-times protein enrichment. The starch content of the
F1AC (cotyledon-rich air classified coarse fraction) was enriched 2.3 times while that of S0AC
(starting material air classified coarse fraction) was reduced due to high seed coat content.
A negative correlation was observed between the particle size and the protein content of the
fractions. Prior aspiration of lentil by-product significantly increased the protein content of
the fine fractions and the starch content of the coarse fraction at P<0.05.

3.2 Introduction
Red lentil accounts for about 80% of world lentil production, and about 95% of red lentil is
dehulled (dhal) before consumption (Muhammad et al. 2013; Vandenberg 2009; Bruce 2008;
Yadav et al. 2007; Sandhu and Singh 2007). The by-product generated from the splitting
process reduces the yield of processed lentil by a value ranging from 10 to 21% in
commercial lentil processing (Oomah et al. 2011) and up to 50% in lower grade seeds (Bakr
1993). Currently, lentil splitting by-product is used as a low value animal product and there
is a need to maximize the economic value for food and feed production. The generation of
lentil by-product is on the increase because of the healthy eating trend which has led to the
increasing awareness of the benefits of eating plant foods with high fibre and protein quality.
This healthy eating habit has fostered the expansion of the ingredient markets like protein,
fibre, antioxidants, minerals, and vitamins. Pulse crops, which fall into this food
classification, have seen a rapid increase in demand for its products. Currently, the economic
value of pulse flours has be increased by the production of protein and starch concentrates
and isolates using dry and wet fractionation (Emami et al. 2007; Sosulski et al. 1987; Tyler
et al. 1984; Tyler 1982; Aguilera 1982; Tyler et al. 1981; Vose et al. 1976). Protein
concentrates are in high demand because of the functional properties (solubility, water, and
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fat binding, emulsifying, foaming and gelation properties) they add to food/feed formulation,
for health reason (people that are allergic to cereal protein - celiac disease), and because of
needs to build lean muscle (health and fitness conscious individuals).
Dry fractionation employs sieves, fractionating aspirator, air classifier, gravity separator,
and magnetic separator, to fractionate the constituents of a sample according to its particle
size, shape, weight, mechanical property, and density gradient. This method has been
employed for years in food processing. Air classification has been used to produce food
ingredients like protein and starch from pulse flours. In this separation method, fine particles
are dispersed into a stream of air flowing through a classifying wheel in a centripetal
direction (Tyler et al. 1984). The centrifugal force generated by the classifying wheel and
gravitational force pushes the heavy materials down the cyclone-shaped classifier
generating a drag force (air resistance to flow). The drag force causes the light particles to
move upwards and discharged in the fine discharge collector. The heavy materials moving
downwards are washed intensively again by the air stream to remove the leftover fines
(Tyler et al. 1984). Air classification of flours into food ingredients is based on the principle
that cell walls or other barriers often separate the chemical constituents of crops from each
other and that differences exist in the shape and size of these constituents particularly starch
and protein granules (Delcour and Hoseney 2013). Cotyledon starch is granular with size
and shape that depends on the part of the seed where it is located, while protein occurs as a
continuous matrix in which the starch is embedded (Tyler 1982). Protein particles are
smaller (finer) than starch (coarse). The relationship between the particle size of flour and
its protein content form the basis for air classification (Tyler et al. 1984). A better separation
efficiency and enrichment are achieved with liquid-based fractionating methods (Vose
1978); however, air classification produces protein and starch concentrate at a lower
processing cost (time, energy, and water) (Sosulski et al. 1987). Furthermore, wet
fractionation destroys some of the native functionality in protein concentrate due to changes
in pH and drying temperature (Pelgrom et al. 2015).
The yield of a fractionated flour is affected by the protein content of the original flour sample;
best fractionation condition might give high separation efficiency but low protein yield.
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Another factor that affects the quantity and protein enrichment of the fine fraction is the
particle size of the starting sample. Optimum protein enrichment will be achieved with
particle size reduced in a way that the protein particles are detached from the starch
molecules but not too fine to break the starch granules and fibre molecules (Pelgrom et al.
2015). This quality of size reduction is achievable in pulse milling because most pulses are
known to have easy milling characteristics and uniform starch granule size (Tyler et al.
1984). The cut size of the air classifier is another factor that influences the fraction yield of
the fractionated flour.
To increase the protein enrichment of the lentil by-product in the fine fraction and starch
enrichment in the coarse fraction, reduction of the seed coat concentration using a
fractionating aspirator is required. Fractionating aspirator uses terminal velocity to separate
materials based on specific gravity and density gradients; the fractionating aspirator is used
to separates the by-product into seed-coat-rich (F2, F3, F4) and cotyledon-rich fractions (F1)
before air classification.
The objective of this chapter is to develop a process of producing a protein-rich and starchrich fractions from the by-product of lentil splitting using dry fractionation techniques.

3.3 Materials and Methods
3.3.1 Materials
Three batches (B1S0, B2S0 and B3S0) of the by-product of red lentil splitting were obtained
from AGT Food and Ingredients (Saskatoon, SK, Canada) on three separate dates and stored
at laboratory condition to equilibrate. The samples were subjected to air fractionation and
sieve analysis.
3.3.2 Preliminary Sample Separation
An initial study was conducted by team members to find a way of reducing the fibre (seed
coat) content of the red lentil by-product and enrich the protein and starch content of the air
classifier feed material. Sieve analysis and fractionating aspirator were both used in the
separation, and the results were compared.
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3.3.2.1 Separation by Sieving
A set of six sieves (U.S. sieve number of 16, 20, 30, 40, 50, and 60 corresponding to sieve
opening sizes: 1.190, 0.841, 0.595, 0.425, 0.297, and 0.250 mm, respectively) and a collection
pan was used to separate the by-product according to particle size resulting in seven
fractions (Figure 3.1). To effectively separate the particles a ro-tap shaker (W.S. Tyler Inc.,
Mentor, OH) was employed. The choice of sieve was based on the size range of the particles
present. The proximate composition of the seven fractions resulting from the sieve analysis
(Table 3.1) did not have a consistent and distinct trend; it also did not have the desired
aesthetic appeal.

33

Figure 3.1 Fractions obtained from sieve fractionation (Ketabi et al. 2016). F1 to F7
represents the seven fractions obtained from sieve analysis.
Table 3.1 Proximate composition of red lentil by-product - sieve fractions (Ketabi et al.
2016).
Sample
Sample 1

Sieve
number
Original
16
20
30
40
50
60
Pan

Fraction
Number
--F1
F2
F3
F4
F5
F6
F7

Protein
(% db)
17.9 ± 0.0
22.4 ± 0.1
15.3 ± 0.1
17.0 ± 0.3
14.9 ± 0.1
15.3 ± 0.1
17.5 ± 0.6
23.3 ± 0.2

Starch
(% db)
9.0 ± 1.8
28.7±3.0
4.0 ± 0.9
2.0 ± 1.5
0.9 ± 0.0
3.7 ± 0.0
7.9 ± 0.4
20.1 ± 0.2

Fibre
(% db)
68.09
43.22
72.28
71.88
76.05
72.27
69.81
50.28

Ash
(% db)
2.77 ± 0.1
2.63 ± 0.1
2.55 ± 0.0
2.74 ± 0.2
2.69 ± 0.2
2.70 ± 0.1
2.78 ± 0.1
3.19 ± 0.1

F1, F2, F3, F4, F5, F6, and F7 represents the seven fractions generated from sieve analysis

3.3.3 Air Fractionation
In this study, dry fractionation includes the use of both the fractionating aspirator and the
air classifier. The fractionation aspirator was used to separate lentil by-product into seedcoat-rich fractions and a cotyledon-rich fraction, while the air classifier was used to
fractionate both the cotyledon-rich fraction (F1) and the starting material (S0) into proteinand starch-rich fractions as shown in Figure 3.2.
3.3.3.1 Separation using the fractionating aspirator
The starting material (S0) was separated into four fractions (F1, F2, F3and F4) using a
fractionating aspirator (Carter-Day fractionating aspirator, Zero-Max, Minneapolis, MN). The
fractionating aspirator (Figure 3.3) comprises of four collection trays and a dust collector. It
uses terminal velocity to provide a four-stage high-pressure aspiration, which separates
materials according to density gradient and ejects the fractions into four collection trays. The
sample was continuously fed into the aspirator hopper manually, at airflow setting of 4.3.
The fine fractions are collected as dust in the dust collector and are not, therefore, accounted
for in the yield and separation efficiency calculations.
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Lentil byproduct(S0)

Fractionating
aspiration
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mill and pin
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F3 fraction

Hammer
mill and pin
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Air
classification

Air
classification

Coarse
fraction

Fine fraction

Fine fraction

Figure 3.2 Schematic diagram of the dry fractionation process.
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Coarse
fraction

Figure. 3.3 Fractionating aspirator.
The nutritional property, yield, physical properties, and particle size of each fraction was
analyzed according to the methods described later in this section. The result, when
compared with sieve analysis, had a better aesthetic appeal, a more consistent and distinct
trend; therefore, fractionating aspirator was chosen as the first method of separation.
3.3.3.2 Particle size reduction
This operation was done at Canadian International Grain Institute (CIGI). Two mills were
used to reduce the particle size to a distribution range suitable for air classification.
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3.3.3.2.1 Hammer milling
The starting material (S0) and F1 were hammer milled using Jacobson hammer mill (Model
120 B, Jacobson Machine Works Inc. Minneapolis, MN) to reduce the particle size distribution
to a range that is compatible with the pin mill. The hammer mill is an impact mill, which
consists of a rotating shaft with swinging hammers. The material was fed through a hopper
to the drum housing the hammers. The high-speeding rotor caused the swinging hammers
to crush the feed by the impact. The sample was reduced to a particle size distribution that
can pass through a screen with an opening of 1.5 mm.
3.3.3.2.2 Pin milling

Figure 3.4 Hosokawa Alpine pin mill.
The hammer milled samples (S0 and F1) were further passed through a pin mill (Model 100
UPZ, Hosokawa Alpine, Augsburg, Germany) (Figure 3.4) to reduce the sample to a particle
size distribution suitable for the air classifier. The pre-weighed samples were poured into
the feed hopper and are subsequently feed by gravity into the milling chamber. The
centrifugal force created by the high-speed rotating disc caused the acceleration of the
material and subsequent impaction by a series of concentric pins (Figure 3.4) as it traveled
from the center of the milling chamber to the periphery. The milling chamber consists of a
stationary outer disc and a rotating inner disc both having four sets of alternate concentric
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pins at the edge. Because of the small particle size requirement of the air classification, the
sample was pin milled at a speed of 19000 rpm and a mass flow rate of 3.9x 10-4 kg/s for the
F1 fraction and 3.2 x 10-4 kg/s for S0 (dosing/flow rate at knob 7).
3.3.3.3 Air classification
The pin milled sample was passed through the Hosokawa Alpine laboratory air classifier
(Model no 100MZR, Hosokawa Alpine, Augsburg, Germany) (Figure 3.5) located at the
Canadian International Grain Institute (CIGI). A speed of 8036 rpm and air flow rate of

Figure 3.5 Hosokawa Alpine multiplex 100MZR air classifier.
1.278 X 10-3 m3/s (46 m3/h) was used to fractionate the sample into protein-rich (fine) and
starch-rich (coarse) fractions. The air flow rate and classifier speed were set to achieve the
desired cut point reached; this setting had been studied and set by CIGI team. One hundred
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grams of the sample was passed through the air classifier using the specifications outlined
above. The coarse and fine fractions were collected and weighed.
3.3.4 Proximate Composition Analysis
The proximate composition of the fractions obtained from both the fractionating aspirator
and the air classifier were analyzed.
3.3.4.1 Moisture content
Moisture content was analyzed according to AACC Method 44–15.02 (AACC 2014). A twogram Sample was dried in a convection oven at 130˚C for one hour. The weight loss was
reported in percentage as moisture content.
3.3.4.2 Protein content determination
The protein content was analyzed by the combustion method (LECO Model FP-528
Nitrogen/Protein Determination (LECO Corporation, St. Joseph, MI)) which is based on AACC
method 46-30 (AACC 2014). A factor of 5.4, as proposed by Mariotti et al. (2008), was used
to convert nitrogen to protein content.
3.3.4.3 Total starch content determination
The total starch content was analyzed following AAOC method 996.11(AAOC 1998) and
AACC method 76-13.01 (AACC 1976) as developed in the Megazyme (Megazyme 2017) total
starch assay kit (Megazyme International Ireland Ltd., Bray, Ireland). In this method, the
sample was first washed with 80% alcohol, to remove the free glucose. Starch was
hydrolyzed using thermostable α-amylase at 100°c to soluble branched and unbranched
maltodextrins. The maltodextrins produced were quantitatively hydrolyzed to D-glucose
using the amyloglucosidase. D-glucose was further oxidized to D-gluconate with the release
of hydrogen peroxide, which was quantitatively measured in a colourimetric reaction with
peroxidase resulting in the production of quinoneimine dye (Megazyme 2017).
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3.3.4.4 Total dietary fibre
The total dietary fibre (TDF) was analyzed according to AOAC approved method 991.43
(AOAC 1991) as modified by ANKOM technology (ANKOM Technology 2017) using an
automated ANKOM dietary fibre analyzer (ANKOM Technology, Macedon, NY). This method,
like the total starch method, uses both the α-amylase and the amyloglucosidase to hydrolyze
the starch to D-glucose, which is later washed off with alcohol; the protein in the sample was
digested with a protease and washed off. The soluble dietary fibre (SDF) was precipitated
from the solution with ethanol and filtered with the aid of diatomaceous earth, both the SDF
and the sample residue, consisting of ash and insoluble dietary fibre (IDF), were dried, and
weighed. The ash content was accounted for using a modification of the AACC method 0801.01 for ash determination as described by ANKOM Technology (2017). The Protein that
escaped digested was determined using Leco protein analyzer. The TDF was calculated as
described in ANKOM Technology Manual (2017).
3.3.4.5 Ash content determination
The ash content was measured on dry basis per AACC method 08-01.01 (AACC 2000). Two
grams of the sample was weighed into a dried crucible of known weight. The crucible and
sample were placed in a muffle furnace (Model F-A1T30, Thermolyne Sybron Corp.,
Dubuque, IA) and burnt for four hours at 600°C. The sample was cooled for about 30 min
before being transferred. The ash content was calculated as the percentage of residue left.
3.3.4.6 Fat content determination
The fat content was analyzed using the AOCS official procedure AM 5-04 (Rapid
determination of oil/fat using high-temperature solvent extraction) as described by ANKOM
technology method using ANKOMXTI5 extraction system (ANKOM 2017).
3.3.5 Yield Analysis, Separation Efficiency and Material Balance
The yield of the fractionating aspirator and the air classifier were analyzed to study the
separation efficiency of the fractionation process.
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3.3.5.1 Yield analysis
The yield of the fractions (in percentage) generated from the air classifier and fractionating
aspirator was analyzed to find the proportion of the starting material in the fractions. One
hundred gram of the sample was feed to the grain aspirator and air classifier. The fractions
were weighed and calculated as a percentage of the starting material.
3.3.5.2 Separation efficiency calculation
Both the protein and starch separation efficiency of the air classifier was calculated by the
method stated by Emami (2007) and Tyler et al. (1981) to determine the effectiveness of the
air classifier as fractionation unit.
𝑆𝐸 =

𝑇𝑠𝑝 ×𝐶𝑝
𝑇𝑠𝑓 ×𝐶𝑓

(3.1)

× 100

where: SE = separation efficiency (%); Tsp = total solid of product (kg);
Cp = component content in the product (% d.b.); Tsf = total solid of feed material (kg); and
Cf = component content in the feed material (% db).
3.3.5.3 Material balance calculation
The material balance was calculated using the law of conservation of mass. This balance was
done to understand the proportion of protein or starch in the original fraction that is
recovered in the fractions and to also account for the losses. An example is used below
(Figure 3.6) to illustrate the quantity (in gram) of the protein in the starting material that
was recovered after air classification.
𝑃 × 100 𝑔 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑃 × 16.70 𝑔(𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤) + 𝑃 × 82.45g(𝑢𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤) +
𝑃 × 0.85 g(𝑙𝑜𝑠𝑠)

( 3.2)
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sample weight =100 g
protein = 24.78%
protein weight =24.78 g

fraction weight = 82.45 g
protein = 15.54%
protein weight = 12.81 g

Lentil by-product

Air Classifier

Coarse fraction

Fine fraction

fraction weight = 16.70 g
protein = 51.45%
protein weight = 8.59 g

Figure 3.6 Mass balance of protein particles passing through the air classifier.
3.3.6 Physical Property Analysis
3.3.6.1 Bulk density determination
The bulk density of the pin milled samples was determined using a standard 0.5 L cylindrical
steel container (SWA951, Superior scale Co. Ltd., Winnipeg, MB) that is filled using a funnel
with an opening located 55 mm above the top of the cylinder (Emami 2007). A cylindrical
stainless-steel bar was rolled lightly across the top to level the container. The weight of the
container was measured before and after filling and bulk density calculated.
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3.3.6.2 Particle density determination
Particle density of the pin milled, and air classified samples were determined using a gas
pycnometer (Multipycnometer Model MVP-2, Quantachrome, Boynton Beach, FL) to
measure the solid volume of the particle. The mass was also measured using a scale and the
particle density calculated according to the method described by Emami (2007).
3.3.6.3 Particle size analysis.
The pin milled samples (F1 and S0), the air classified coarse fraction (AC) and the air
classified fine fraction (AF) were analyzed to determine the particle size distribution using
the laser beam diffraction pattern of particles using the Malvern Mastersizer 3000 Particle
Size Analyzer (Malvern Instruments Ltd., Malvern, Worcestershire, UK).

3.4 Results and Discussion
3.4.1 Variation in Batches of Lentil By-product Starting Material
Table 3.2 Proximate composition of batch 1 starting material and fractionated samples.
Sample
B1S01
B1F15
B1F22
B1F32
B1F42
B1S0AF3
B1S0AC4
B1F1AF6
B1F1AC7

Starch
(% db)
23.88 ± 0.10
46.24 ± 0.40
14.79 ± 0.38
12.54 ± 0.69
15.80 ± 0.52
11.35 ± 0.49
21.94 ± 0.74
13.77 ± 0.22
55.36 ± 0.43

Protein
(% db)
21.41±0.13
26.94±0.03
19.46±0.08
18.57±0.44
19.20±0.24
44.45±0.23
13.42±0.05
45.75±0.16
17.92±0.30

Fibre
(% db)
39.81±0.98
17.98 ± 0.40
46.21 ± 0.23
48.58 ± 0.25
47.62 ± 0.27
27.51 ± 0.16
46.45 ± 0.70
22.36 ± 0.20
10.88 ± 0.13

Ash
(% db)
3.72 ± 0.05
3.51 ± 0.03
3.51 ± 0.03
3.29 ± 0.07
2.81 ±0.17
3.16 ± 0.50
3.12 ± 0.14
5.82 ± 0.16
2.88 ±0.15

Fat
(% db)
0.81 ± 0.06
1.33 ± 0.33
0.52 ± 0.04
0.59 ± 0.07
0.61 ± 0.02
3.82 ±0.15
1.60 ± 0.10
3.97 ± 0.13
1.91 ± 0.16

Protein correction factor = 5.4; Values are presented as mean ± standard error of measurement where n is 3; 1
batch 1 starting material; 2 batch 1 seed coat-rich fraction; 3 air classified fine fraction of batch 1 starting
material; 4 air classified coarse fraction of batch 1 starting material; 5 batch 1 cotyledon-rich fraction; 6 air
classified fine fraction of batch 1 cotyledon-rich fraction; 7 air classified coarse fraction of batch 1 cotyledonrich fraction.
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It was observed that different batches of lentil by-product received from the supplier have
different proximate composition and physical properties. This difference was reflected in the
yield obtained in the fractionating aspirator and the air classifier fractions and therefore
affected the suitability of the batch for subsequent protein and starch separation. This
variation is shown in Tables 3.2 to 3.4 and Figures 3.7 and 3.9.
The observed difference is due to the efficiency of recovery of dhal during splitting; the better
the recovery efficiency achieved, the less cotyledon-rich fraction was obtained from the byproduct. According to Bakr (1993), about 60-85% dhal is recovered after splitting but lower
grade seeds may give a recovery rate of 50%. He stated that moisture content, seed size, and
uniformity of seed contributes to the recovery rate.
Table 3.3 Proximate composition of batch 2 starting material and fractionated samples.
Sample
B2S01
B2F15
B2F22
B2F32
B2F42
B2S0AF3
B2S0AC4
B2F1AF6
B2F1AC7

Starch
(% db)
7.79 ± 0.12
47.30 ± 1.82
1.78 ± 0.13
1.46 ± 0.04
1.39 ± 0.03
12.47 ±0.19
5.73 ± 0.04
11.25 ± 0.26
55.67 ± 0.73

Protein
(% db)
9.41±0.02
28.50±0.06
11.42±0.32
10.01±0.26
9.58±0.08
36.63±0.16
9.20±0.01
48.99±0.41
18.53±0.11

Fibre (% db)

Ash (% db)

Fat (% db)

57.39 ± 0.12
20.93 ± 0.44
55.60 ± 0.14
56.45 ± 0.09
57.63± 0.59
34.23 ± 0.17
53.58±0.44
21.60 ± 0.02
10.83 ± 0.16

2.61± 0.02
3.09 ±0.08
2.58± 0.09
2.29± 0.08
2.07± 0.37
4.17 ± 0.85
2.54 ± 0.15
5.47 ± 0.10
2.18 ± 0.28

1.23 ± 0.26
1.61 ± 0.16
0.44± 0.11
0.55± 0.03
0.84± 0.15
3.11 ±0.23
0.89 ± 0.12
4.68 ± 0.30
2.10 ±0.22

Protein correction factor = 5.4; Values are presented as mean ± standard error of measurement where n=3; 1
batch 2 starting material; 2 batch 2 seed coat-rich fraction; 3 air classified fine fraction of batch 2 starting
material; 4 air classified coarse fraction of batch 2 starting material; 5 batch 2 cotyledon-rich fraction; 6 air
classified fine fraction of batch 2 cotyledon-rich fraction; 7 air classified coarse fraction of batch 2 cotyledonrich fraction.
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Table 3.4 Proximate composition of batch 3 starting material and aspirator samples.
Sample
B3S0a
B3F2b
B3F3b
B3F4b

Starch
(% db)
0.56±0.09
1.06±0.22
1.31±0.10
1.13±0.25

Protein
(% db)
9.47±0.06
10.61±0.04
10.12±0.24
9.13±0.06

Fibre
(% db)
57.25±0.70
57.51±1.60
58.01±1.42
58.16±0.68

Ash
(% db)
0.54±0.05
0.40±0.08
0.38±0.15
0.60±0.16

Fat
(% db)
2.75±0.07
2.67±0.02
2.70±0.10
2.77±0.08

Protein correction factor = 5.4; Values are presented as mean ± standard error of measurement where n=3; a
batch 3 starting material; b batch 3 seed coat-rich fractions.

3.4.2 Air Classifier and Grain Aspirator Yield
3.4.2.1 Fractionating aspirator

60
B1S0

B2S0

50

Yield (%)

40

30

20

10

0
F1

F2

F3

F4

Sample

Figure 3.7 Yield of cotyledon-rich and seed coat-rich fractions from the aspirator. B1SO =
batch 1 starting material; B2S0= batch 2 starting material, F1 = cotyledon rich fraction, F2,
F3, F4 = seed coat-rich fractions. Error bars are ±standard deviation.
Figure 3.7 shows the yield of the four fractions obtained from the fractionating aspirator.
The yield analysis highlighted the difference in composition and makeup of both batches
analyzed; this difference played a significant part in the proximate composition and yield of
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the fractions obtained with both the aspirator and the air classifier. The starting material of
batch 1 (B1S0) yielded 31.54% of cotyledon-rich fraction (F1) while the starting material for
batch 2 (B2S0) yielded only 6.64% of the same fraction. Fractionation of batch three starting
material (B3S0) (Table 3.4) did not produce any F1 fraction and therefore was not included
in the later analysis.

Figure 3.8 Fractions obtained from the fractionating aspirator. F1 = cotyledon-rich fraction;
F2, F3 and F4 = fibre-rich fractions.
The four fractions obtained from the fractionating aspirator is shown in Figure 3.8. The F1 is
very distinct from the other three fractions that are seed coat-rich. The protein and starch
are concentrated in the F1 fraction, as shown in the proximate composition table (Tables 3.2
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and 3.3), while the fibre is concentrated more in the other three fractions (seed coat-rich
fraction).
3.4.2.2 Air classification of lentil by-product

Fine

100

Coarse

90
80

Yield (%)

70
60
50
40
30
20
10
0
B1S0

B2S0

B1F1

B2F1

sample

Figure 3.9 Yield of air classified fine and coarse fractions. B1S0 = batch 1 starting material;
B1F1 = batch 1 cotyledon-rich fraction; B2S0 = batch 2 starting material; B2F1 = batch 2
cotyledon-rich; Error bars are ±standard deviation.
Figure 3.9 shows the yield of the air classified fractions from both the partially fractionated
samples (F1) and starting material (S0) samples. The F1 fractions obtained from the
aspirator for both samples yielded close to 30 and 70% fine and coarse fractions,
respectively, while a variation was noticed in the yield of the starting materials for the two
samples. This variation was attributed to the difference in composition of both samples.
B1S0 had a fine fraction yield of 16.70% and a coarse fraction yield of 82.45% while B2S0
has a 10.55 and 89.3% yield of fine and coarse fractions, respectively.
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3.4.3 Effect of Fractionation on the Proximate Composition of Lentil By-products
Tables 3.2 to 3.4 show the proximate composition (dry basis) of the starting lentil samples
(B1S0, B2S0, and B3S0), the fractions obtained from the fractionating aspirator (F1, F2, F3
and F4) and the air classifier (AF and AC). As noted earlier, some variations were seen in the
proximate composition of the three S0 samples of lentil by-product studied; B1S0 had a
higher starch and protein contents while B3S0 had more fibre content. Fractionating with
the aspirator helped to concentrate starch and protein in the F1 fractions and fibre in F2, F3,
and F4 for B1 and B2; however, B3S0 could not be fractionated into cotyledon-rich and fibrerich fractions because of the absence of cotyledons. The air classifier further increased the
protein content in the fine fraction (AF) and the starch content in the coarse fraction (AC).
Overall, air classification was able to concentrate protein in the fine fraction from 21 (B1S0)
to 45% (db, B1S0AF) and from (27. B1F1) to 46% (db, B1F1AF). The same trend was noticed
in B2. For the coarse fraction, there was an increase in the starch concentration for the F1AC;
however, due to high fibre concentration in the starting materials and the low starch content
of B2S0, air classification did not enrich starch in the coarse fractions. The fine fraction
protein content is comparable to reported values; Tyler (1982) obtained a protein
concentrate of between 49- 65% (db) from lentil cotyledon flour using air classification;
therefore, the protein content of 47% (db) (57% if 6.25 nitrogen conversion factor was used)
obtained from B2F1AF (the fraction with the narrowest particle size distribution) was very
good considering the high fibre concentration in the starting material.
3.4.4 Protein Content Material Balance
Table 3.5 and 3.6 was used to illustrate the material balance of samples passing through the
fractionating aspirator and the air classifier using the protein balance of B1 as an example.
This illustration helped to fully understand the proximate composition tables.
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Table 3.5 Protein content material balance: B1S0 and aspirator fractions.
Sample Weight
(g)
B1S0b
100.00
c
B1F1
27.33
d
B1F2
16.33
B1F3d
10.00
d
B1F4
33.00
Loss
13.34

Fraction
weight(g)
21.41
7.35
3.21
1.86
6.34
3.10

Protein
(% db)
21.41
26.89
19.64
18.57
19.20
23.23

P.S.O.P. a
100.00
34.33
14.98
8.67
29.59
14.47

Protein conversion factor = 5.4; a percent of starting material protein; b batch 1 starting material; c batch
1cotyledon-rich fraction; F2, F3 and F4 = batch 1 seed coat-rich fractions.

Table 3.6 Protein content material balance: B1F1 and air classified fractions.
Sample

Weight (g)

B1F1b
100.00
c
B1F1AF 30.10
B1F1ACd 69.65
Loss
0.25

Fraction
weight (g)
26.89
13.77
12.48
0.02

Protein
(% db)
26.89
45.75
17.92
9.44

P.S.0.P. a
100.00
51.21
46.42
0.09

Protein conversion factor = 5.4; a percent of starting material protein; b batch 1 cotyledon-rich fraction; c air
classified fine fraction of batch 1 cotyledon-rich fraction; d air classified coarse fraction of batch 1 cotyledonrich fraction.

3.4.5 Particle Size
Table 3.7 shows the mean (mathematical average of the distribution), standard deviation,
D10, (particle diameter that 10% of distribution is smaller.) D50 (the median of the
distribution) and D90 (particle diameter that 90% of distribution is smaller.) of the particle
size distribution, while Figures 3.10 to 3.13 show the curves of the distributions of the S0
and F1 fractions plotted with the respective air classified fractions. There was a negative
correlation between the particle size distribution and the protein content of the sample; this
supports previous findings that protein molecules are finer than starch and fibre granules
(Delcour and Hoseney 2013; Tyler et al. 1984; Tyler 1982).
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Table 3.7 Particle size distribution of pin milled and air classified fractions.
Sample

D101 (μm)

D502 (μm)

D903 (μm)

B1S0Pma
B1S0AFb
B1S0ACc
B1F1Pmd
B1F1AFe
B1F1ACf
B2S0Pmg
B2S0AFh
B2S0ACi
B2F1Pmj
B2F1AFk
B2F1ACl

10.70 ± 0.23
4.41 ± 0.11
18.00 ±0.42
7.70 ±0.08
3.94 ±0.10
12.60 ±0.07
16.20 ±0.59
4.93 ±0.15
40.20 ±3.14
7.83 ±0.14
4.00 ±0.04
11.70±0.15

67.70 ±1.49
15.00 ± 0.47
114.00 ± 2.46
24.90 ± 0.19
13.00 ±0.13
28.70 ± 0.52
135.00 ±1.89
19.10 ±0.59
159.00 ± 5.53
24.20 ± 0.72
12.30 ±0.144
27.10 ±0.819

264.00 ±2.15
40.10 ± 3.32
269.00 ± 16.70
89.30 ± 2.82
35.40 ±1.44
120.00 ±5.71
291.00 ±5.34
56.60 ± 3.70
305.00 ±9.64
92.70 ±4.95
30.80 ±1.10
105.00±3.17

Mean particle
size (µm)
67.72
14.21
114.02
24.74
13.12
29.13
135.04
19.32
154.31
24.22
12.34
26.40

Values after ± shows standard deviation where n = 5; 1 particle size diameter that 10% 0f the distribution is
less than;

2

particle size diameter that 50% of the distribution in less than; 3 particle size diameter that 90%

of distribution lies below it; a pin milled batch 1 starting material, b air classified fine fraction of batch1
starting material; c air classified coarse fraction of batch 1 starting material; d pin milled batch 1 cotyledonrich fraction; e air classified fine fraction of batch 1 cotyledon-rich fraction; f air classified coarse fraction of
batch 1 cotyledon-rich fraction; g pin milled batch 2 starting material, h air classified fine fraction of batch2
starting material, i air classified coarse fraction of batch 2 starting material; j pin milled batch 2 cotyledon-rich
fraction; k air classified fine fraction of batch 2 cotyledon-rich fraction; l air classified coarse fraction of batch 2
cotyledon-rich fraction.

Among the air classified fine fractions, B2S0AF had the highest D50 particle size, (19.1 µm)
and the lowest protein content (36.80%) while B1F1AF and B2FIAF have a similar particle
size of 13 and 12.3 µm and protein content of 45.75 and 48.99%, respectively. The air
classified fine fraction (protein-rich) has the narrowest particle size distribution while the
coarse (starch-rich) fraction has the most extensive distribution of particle size.
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Figure 3.10 Particle size analysis B1S0 and the air classified fraction. *B1S0 = Starting
material of batch 1.
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Figure 3.11 Particle size analysis B1F1 and air classified fractions. *B1F1 = Cotyledon-rich
fraction of batch 1.
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Figure 3.12 Particle size analysis B2S0 and the air classified fraction. *B2S0 = starting
material of lentil by-product batch 2.
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Figure 3.13 Particle size analysis of B2F1 and the air classified fractions. *B2F1 = Cotyledonrich fraction of batch 2.
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3.4.6 Bulk and Particle Density
Table 3.8 shows the bulk density, particle density, and porosity of the pin milled S0 and F1
samples and the particle density of the air classified coarse and fine fractions. The bulk
density of the air classified fractions was not determined because of the small sample by the
air classifier.
Table 3.8 Particle density, bulk density, and porosity of samples.
Sample

Particle density

Bulk density

Porosity

(kg/m3)

(kg/m3)

(%)

B1S0PMa

1500±0.00

459.83

69

B1S0AFb

1490±0.01

ND

B1SOACc

1490±0.00

ND

B1F1Pmd

1510±0.00

410.13

B1F1AFe

1470.±0.01

ND

B1F1ACf

1500±0.00

ND

B2S0Pmg

1510±0.00

488.25

B2SOAFh

1510±0.00

ND

B2SOACi

1510±0.00

ND

B2F1Pmj

1510±0.00

405.95

B2F1ACk

1500±0.00

ND

B2F1AFl

1490 ±0.03

ND

73

68

73

Values after ± are standard error of measurement where n =5. a pin milled batch 1 starting material; b air
classified fine fraction of batch1 starting material; c air classified coarse fraction of batch 1 starting material; d
pin milled batch 1 cotyledon-rich fraction; e air classified fine fraction of batch 1 cotyledon-rich fraction; f air
classified coarse fraction of batch 1 cotyledon-rich fraction; g pin milled batch 2 starting material, h air
classified fine fraction of batch2 starting material; I Air classified coarse fraction of batch 2 starting material; j
pin milled batch 2 cotyledon-rich fraction; k air classified fine fraction of batch 2 cotyledon-rich fraction; l air
classified coarse fraction of batch 2 cotyledon-rich fraction; ND = not determined.
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3.4.7 Separation Efficiency
Tables 3.9 and 3.10 show both the starch and protein separation efficiency of the air
classifier. The protein separation efficiency was higher with the F1 fraction, which had less
seed coat because of a prior fractionation with the grain aspirator. The highest protein
separation efficiency of 51.21(B1F1AF) is lower than 87.2% reported for lentil by Tyler et al.
(1981) this can be attributed to the high proportion of seed coat protein, which cannot be
fractionated by the air stream. The air classification process gave a higher starch separation
efficiency when compared to protein and the highest starch separation efficiency was also in
the F1 fractions.
Table 3.9 Protein separation efficiency for air classified fine fraction.
Sample

Feed
(g)

B1S0AFf
B1F1AFg
B2S0AFh
B2F1AFj

100
100
100
100

f air

Protein
content of
feed (% db)
21.41
26.89
9.38
28.5

Fine
fraction
(g)
16.70
30.10
10.55
29.40

Protein content
of fine fraction
(% db)
44.45
45.75
36.8
48.99

Protein
separation
efficiency (%)
34.67
51.21
41.39
50.54

classified fine fraction of batch 1 starting material; g air classified fine fraction of batch 1 cotyledon-rich

fraction; h air classified fine fraction of batch 2 starting material; j air classified fine fraction of batch 2
cotyledon-rich fraction.

Table 3.10 Starch separation efficiency for air classified coarse fraction.

f

Sample

Feed (g) Starch content
of feed (% db)

Coarse
fraction (g)

B1S0ACf
B1F1ACg
B2S0ACh
B2F1ACi

100.00
100.00
100.00
100.00

82.45
69.65
89.30
71.65

23.84
46.28
7.75
47.30

Starch content
of coarse
fraction (% db)
21.94
55.44
5.73
55.68

Starch
separation
efficiency (%)
75.88
83.44
66.02
84.34

air classified coarse fraction of batch 1 starting material; g air classified coarse fraction of batch 1 cotyledon-

rich fraction; h air classified coarse fraction of batch 2 starting material; I air classified coarse fraction of batch
2 cotyledon-rich fraction.
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3.5 Conclusion
Production of protein-rich and starch-rich fractions from the by-product of lentil splitting
using dry fractionation process was investigated, and the following conclusions were drawn:
1.

Every batch of lentil by-product generated is different in physical properties and

proximate composition. These variations are due to the efficiency of dhal recovery during
the splitting operation.
2.

The fractionating aspirator can be used to produce a fibre-rich fraction, which can be

further processed into dietary fibre supplements, and a cotyledon-rich fraction, for further
processing into protein and starch concentrates.
3.

Protein concentrates of up to 49% (57% using 6.25 nitrogen conversion factor) (db)

protein can be produced from lentil by-product using pin milling and air fractionation. Prior
separation of the by-product with a fractionating aspirator resulted in higher protein
enrichment in the fine fraction obtained from air classifier.
4.

If starch is a product of interest in air classification, a fractionating aspirator should be

used to reduce the seed coat content of the starting material.
5.

A negative correlation exists between the particle size of the fraction and the protein

content; the smaller the particle size, the higher the protein content of the fraction.
6. Air classification has been used in the past to produce a concentrate of about 65% protein
(Sosulski et al. 1987; Tyler et al. 1981); however, the protein contrate in this study had lower
protein content due to the presence of seed coat in lentil by-product.
Further studies should aim at
1. Adjusting the air classifier speed, air flow rate and pin milling conditions to determine
the best conditions for the fractionation of lentil by-product to increase the yield of
the protein fractions.
2. Investigating the reasons for the variations seen in the starting material with the view
of developing a process that will be suitable for fractionation of the by-products.
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3. Extensively investigation of the effect of the anti-nutritional (bioactive components)
factors present in the by-product before application of ingredients in human food
formulation.
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Chapter 4
Wet Fractionation of By-product of Lentil Splitting into Proteinrich and Starch-rich Fractions
The contribution of MSc Student
The M.Sc. candidate Chidinma Afam-Mbah performed the literature review, experimental
design, data analysis and manuscript preparation. She executed all the experimental trials
with assistance from some team members. Lily Ketabi assisted with the proximate
composition analysis. Her committee members Lope Tabil, Shahram Emami, Bob Tyler and
Venkatesh Meda, gave technical guidance on research procedures and result interpretations.
Her research supervisor, Lope G. Tabil, also offered editorial advice during manuscript
preparation. Majak Mapiour, a staff of the Department of Chemical and Biological
Engineering of the University of Saskatchewan, assisted in the setting up and running of the
hydrocyclone equipment.

4.1 Abstract
Two batches of lentil by-product B1S0 and B2S0 with a protein content of 21.4 and 9.4%,
and starch content of 23.9 and 7.8%, respectively, were investigated in the development of
a process to produce a protein-rich and starch-rich fractions from a by-product of lentil
splitting using hydrocyclone separation and isoelectric precipitation. To develop a process
that will require fewer resource and give high protein and starch enriched fractions, a
portion of the sample was separated to generate a cotyledon-rich fractions (F1) with a
fractionation aspirator before pin milling and hydrocyclone separation. A second portion
was pin milled as is (S0) and hydrocyclone separated. The pH and slurry concentration range
of 6.59 - 9.41 and 0.69 – 2.81% w/w, respectively were used to analyze the effect of pH and
concentration of the slurry on the protein and starch content of the resulting fraction. Initial
separation with the aspirator resulted in a starting material (F1) with similar protein (27
and 29% db) and starch (46 and 47% db) composition and gave the highest protein and
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starch enrichment in the overflow and underflow fractions of the hydrocyclone respectively.
The hydrocyclone separation process resulted in an overflow protein content of between 71
and 79% (db) and underflow starch content of 69 to 79% (db) for the F1 sample. Variations
were noticed in the starch and protein content of the S0 fractions because of the different
composition of starting material. The effect of pH and concentration on overflow protein and
underflow starch enrichments did not significantly differ (P<0.05) between samples;
however, a significant difference exists between the F1 and S0 fractions enrichment at P<
0.05.

4.2 Introduction
Lentil has high quantity and quality protein, starch, and dietary fibre and contributes
significantly to the diet of some countries. Red lentil, which is the predominant lentil market
class is usually consumed as decorticated and split. The by-product generated from the
splitting operation of red lentil is also rich in protein, starch, and fibre. Food ingredients can
be extracted from the by-product for use as nutritional supplements and functional food
ingredients. Wet and dry fractionation method has been used in food ingredient extraction
from pulse crops especially starch and protein fraction (Ma et al. 2011; Monsoor and Yusuf
2002; Suliman et al. 2006; Emami et al. 2007a, 2007b; Sosulski et al. 1987; Tyler et al. 1984;
Aguilera 1982; Elkowicz and Sosulski 1982; Tyler 1982; Tyler et al. 1981; Vose et al. 1976;
Anderson and Romo 1976).
Wet fractionation involves the breaking of the protein-starch bond (by making a slurry or
dispersion of a milled flour), solubilizing of the protein in liquid (to complete the breaking of
the protein-starch bond) and the precipitation of the protein from the solution. Wet
fractionation has the added advantage of higher separation efficiency and protein
enrichment over dry fractionation because the adhesion of some fine protein particle to large
starch granules can only be separated using fluid (Dijkink et al. 2007).
Common wet fractionation methods include salting out, hydrophobic out, foam fractionation,
ultra-filtration, acid extraction, alkaline extraction with isoelectric precipitation. The wet
fractionation method highly favoured by researchers and industries for pulse crop is the
alkaline extraction method followed by isoelectric precipitation.
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Alkaline extraction method with isoelectric precipitation is used to separate two phases of
dissolved solids by adjusting the slurry/solution to the alkaline pH and later precipitating
the dissolved protein at the isoelectric pH. Variations exist in the reported pH of maximum
solubility and Isoelectric pH of pulses. Anderson and Romo (1976) found that maximum
solubility pH for most pulses has been reported to be at the end of the pH scale; however,
because of the risk of the reduction of the nutritive value of protein due to racemization of
amino acids (Emami 2007), there is a consensus among researchers to use not more than pH
9.5(Anderson and Romo 1976). Lentil isoelectric pH has been reported to be between 4.4 to
5.4 (Suliman 2006; Anderson and Romo 1976; Monsoor and Yusuf 2002; Ma et al. 2011). To
increase the purity of the fractions obtained centrifugation, hydrocyclone, ultrafiltration, and
sieving have been combined with isoelectric precipitation (Emami 2007).
Hydrocyclone are used in food, pharmaceutical, chemical, and mineral processing,
wastewater, and effluent treatment industries to separates particles in a solution based on
density and particle size. Conventional design of a hydrocyclone is made up of a cylindrical
and a conical section. The slurry to be separated is injected at a tangential angle through the
hydrocyclone inlet located at the cylindrical upper part of the cyclone. The angle of injection
impacts a rotational motion on the slurry producing a downward spiral (primary vortex)
towards the underflow outlet. As the slurry moves downward, the narrowing of the conical
section of the cyclone causes resistance to flow (drag force), which generates a secondary
upward vortex through the center of the cyclone to the overflow. The heavy particles
(Starch) are moved downward by gravitational force and ejected through the outlet while
the light particles(protein) are pushed upwards and discharged through the overflow outlet
by the secondary vortex. (Emami 2007; Martinez et al. 2008; Ko et al. 2013). Hydrocyclone
has the advantage of having low installation, running and maintenance cost, simple in design
and structure, flexible in application, high throughput, and small physical size of the unit.
(Emami 2007; Vakamalla et al. 2017).
The separation efficiency and purity of the fractions obtained in the alkaline-isoelectric
fractionation method using a hydrocyclone can be affected by the following factors: the
composition of the starting feed, particle size of the milled flour, fat content of the feed,
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separation medium, the concentration of the slurry, specification and design of the
hydrocyclone, operating pressure, pH of solubilization, Isoelectric pH precipitation and the
drying method.
The composition of the hydrocyclone starting feed is the most key factor that influences the
protein and starch content of the fractions. A high seed coat starting material with low
protein and starch content will yield fractions with low protein and starch content. Since the
by-product of lentil splitting is high in the seed coat, a fractionating aspirator is used to
concentrate the cotyledon and germ thereby increasing the protein and starch concentration
of the starting sample. To understand the effect of some of these factors on the enrichment
and purity of both fraction and to also design an experimental model for best fractionation
conditions, the central composite design (CCD) of Response Surface Methodology (RSM) was
employed as a statistical tool to generate a range of variables to fit the model.
The main aim of this part of the thesis is to develop a process to produce starch-rich, proteinrich fractions from the by-product of lentil splitting by wet fractionation using the isoelectric
method and hydrocyclone separation. The second goal was to investigate the effect of slurry
pH and concentration on the protein and starch content of the fractions.

4.3 Material and Methods
4.3.1 Material
Two batches (B1 and B2) of the by-product of red lentil splitting were obtained from AGT
Food and Ingredients (Saskatoon, SK, Canada) on two different dates and stored at
laboratory conditions to equilibrate with the environmental moisture.
4.3.2 Fractionating Aspiration and Milling
To reduce the seed coat content of the hydrocyclone feed material the fractionating aspirator
was used to fractionate the lentil by-product starting material (S0) into seed-coat-rich
fractions and a cotyledon-rich fraction (F1). The S0 were continuously fed into the
fractionating aspirator (Carter-Day fractionating aspirator, Zero-Max, Minneapolis, MN)
hopper for partitioning into four fractions (F1, F2, F3 and F4) at an airflow setting of 4.3. The
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S0 and the F1 samples were milled to a fine particle size distribution using a hammer mill
and pin mill to break the protein and starch bonds.
4.3.3 Experimental Plan
Table 4.1 Central composite design of the wet fractionation trials.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13

Concentration
(w/w)
1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

To effectively study the effect of two independent variables (concentration and pH) on the
starch and protein composition of the hydrocyclone fractions and to develop a model that
could explain the variations in data, the central composite design (CCD) was used. The CCD
experimental design generated 13 combinations of variable levels (Table 4.1).
The CCD is one of the techniques of response surface methodology (RSM). Response surface
methodology is a collection of statistical techniques used in designing experiments, building
models, evaluating effects of factors based on the fit of a polynomial equation to the
experimental data with the objective of improving the performance of the system (Bezerra
et al. 2008; Agu et al. 2017). The pH range of 6 - 9 was selected to avoid a reduction in the
nutritive value of protein if separated at high alkaline pH. Due to the fibrous nature of the
sample higher concentration was wearing down the pump linings and clogging the pipes;
therefore, a concentration range of less than 3% w/w was chosen.
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4.3.4 Hydrocyclone Setup
The hydrocyclone used in this starch protein fractionation consist of a feed tank connected
to a positive displacement pump (part no BF4n001-2c, SN 561060317148, Brook Crompton,
Toronto, ON) running at 1710 rpm. The pump is connected to 10 mm hydrocyclone
(Dorrclone, GL&V Canada Inc., Orillia, ON) and a bypass channel between the pump and feed
tank. The by-pass is for continuous circulation of the slurry to prevent settling and clogging
of the pipes by solids. A valve was fitted to the by-pass for control of the separation pressure.
A schematic diagram of the hydrocyclone and picture of the hydrocyclone setup and parts
are shown in Figures 4.1 and 4.2.
4.3.5 Hydrocyclone Separation and Isoelectric Precipitation

Figure 4.1 Schematic diagram of the hydrocyclone setup (Emami et al. 2007).
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Figure 4.2 Parts of the hydrocyclone setup.
The pin milled S0 (original sample), and F1 (cotyledon-rich fraction) were separated into
starch and protein-rich fractions using hydrocyclone, isoelectric precipitation and drying.
Figure 4.3 shows a schematic diagram of the hydrocyclone separation process. In this
separation method, a slurry of known concentration and pH (Table 4.1) was made with
distilled water and pH was adjusted using 6M NaOH; the buffer effect of the protein reduced
the impact of the alkaline medium (Emami 2007). The slurry was stirred for one hour with
an electric mixer and allowed to stand for four hours. The combination of the shear force
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Figure 4.3 Schematic diagram of starch and protein isolation by wet fractionation.
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generated by the mixer and the hydration time of five hours helped to further break the
protein and starch bond.
A slight drop in pH of the slurry was observed after the five hours hydration period. The pH
was readjusted, and the slurry transferred to the hydrocyclone feed tank and stirred for
twenty minutes. The slurry was pumped through the by-pass for three minutes, with the
hydrocyclone inlet valve closed, to stabilize the system. The hydrocyclone inlet valve was
opened, and the inlet pressure was adjusted to 275.79 kPa (40 psi), by changing the opening
of the bypass valve, with the overflow and underflow valves fully opened. The protein
(overflow) and starch (underflow) fraction were collected from the outlets. Starch granules
being denser than protein particles were majorly in the underflow while protein particles
were in the overflow. The hydrocyclone did not entirely separate the starch and protein
fractions; there was contamination of both fractions which necessitates further purification
of the fractions.
4.3.5.1 Underflow purification and drying
The pH of the underflow fraction was adjusted to solubilize the remaining protein and stirred
for twenty minutes followed by centrifugation at 6,500 x g for 10 minutes. The supernatant
was combined with the overflow fraction for further purification. The resulting residue was
dried at 600c in a vacuum oven (Model 281a, Isotemp oven, Fisher Scientific, Ottawa, ON)
that is attached to a freeze dry condenser (Serial no. 011117495Q, Cat no. 7750000.
Labconco, Kansas City, MO). The dried underflow fraction was milled using a Nutrimill
(Model HS4. 100500605, Nutrimill Home Mill, Salt Lake City, UT). The choice of the vacuum
oven was because of the difficulty experienced with spray drying during the preliminary
studies. The nozzle of the spray dryer was clogged by the starch and fibre particles in the
sample. Secondly, due to the density of the starch particles, it was difficult for the air stream
to move it from the drying chamber into the cyclone; it was instead deposited on the drying
cylinder.
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4.3.5.2 Overflow purification
The pH of the overflow and underflow supernatant was adjusted to 4.5 (minimum solubility
pH) with 6M HCl and allowed to stand for 30 minutes to precipitate the proteins from the
solution. The solution was stirred for twenty minutes and centrifuged at 6,500 x g for 15 min.
The residue was resuspended in water, pH was readjusted with 6 M NaOH and centrifuged
at 6,500 x g for 15 minutes. The resulting residues made up of starch, and fibre
contaminations are discarded, and the supernatant is further purified by second isoelectric
precipitation of the protein followed by centrifugation. The protein concentrate obtained
was dried with a spray dryer. The schematic diagram of the separation, purification and
drying steps employed in the production of starch and the protein-rich fraction is shown in
Figure 4.3.
4.3.6 Spray Dryer Setup and Procedure
The protein-rich fraction from the hydrocyclone was suspended in water to a concentration
of about 20% solids and pH adjusted to 7. The sample was spray dried using a laboratory
spray dryer (Model B-290, BÜCHI Labortechnik AG, Flawil, Switzerland). The dryer was set
at an aspirator rate of 100%, the inlet temperature of 1450C, which resulted in an outlet
temperature of between 56 and 700C (outlet temperature fluctuation was caused by the
difference in sample concentration and humidity of compressed air). The compressed air
flow rate was set to 9.722 x 10-3m3/s (35m3/h) and pressure of 799.79 kPa (116 psi). The
peristaltic pump that regulates the spray of the solvent was set at a rate of 35%, and the
automatic nozzle cleaner was set to 4 to prevent clogging of the nozzle. The spray dryer
started by carrying out an automatic self-check. Water was pumped through the feed tube
until a stable operating condition was reached and the feed tube was switched from water
to a protein sample. The sample was atomized into a mist as it passed through the nozzle to
the drying cylinder. The atomization increased the drying surface area for easy access to the
heated air.
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Figure 4.4 BÜCHI laboratory spray dryer.
When the droplets contacted the co-currently running heated air in the drying cylinder, the
droplet released its moisture to the air (causing cooling of the air) and turn to a powder. The
mixture of powder and air travelled downwards towards the bottom of the drying cylinder,
which has a narrow base. The shape of the base forced the mixture to enter a cyclone at a
high velocity and tangential angle. At this point, some of the fibre and starch particles that
escaped the hydrocyclone and purification process are dropped off or deposited on the
cylinder. The mixture of air and fine protein powder in the cyclone was further separated by
the centrifugal force generated at the cyclone entrance and the reduction of the air velocity
inside the cyclone, which allowed the settling of the protein solids by gravity. The air was
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collected via the air collector system, and the protein powder is deposited on the product
collector at the base of the cyclone see Figure 4.4. The presence of the seed coat in the sample
caused the clogging of the nozzle and deposit of materials on the drying cylinder prolonging
the drying time and making it difficult to measure the yield of the protein fraction.
4.3.7 Proximate Composition of Overflow and Underflow Fractions
The proximate composition of the protein powder and milled flour was determined using
the methods below.
4.3.7.1 Moisture content
The moisture content was analyzed according to AACC method 44-15.2 (AACC 2014). The
sample (2-3 g) was dried in a convection oven at 130˚C for one hour. The weight loss was
recorded in percentage as moisture content.
4.3.7.2 Protein content analysis
The crude protein content was analyzed by the combustion method using LECO Model FP528 Nitrogen/Protein Determination (LECO Corporation, St. Joseph, MI) based on AACC
method 46-30 (AACC 2014). A factor of 5.4, as proposed by Mariotte et al (2008), was used
to convert nitrogen to protein content.
4.3.7.3 Total starch content determination
Total starch was analyzed following AAOC method 996.11 (AACC 1998) and AACC method
76-13.01 (AACC 1976) with improvement as developed in the Megazyme total starch assay
kit (Megazyme 2017).
4.3.7.4 Total dietary fibre content
Total dietary fibre (TDF) on a dry basis was analyzed using AOAC approved method 991.43
as modified by ANKOM technology using an automated ANKOM dietary fibre analyzer
(ANKOM Technology, Macedon, NY). Protein and ash corrections were applied on the
samples using Leco protein analyzer and modification of AACC method 08-01.01. for ash
determination as described by ANKOM Technology (2017).
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4.3.7.5 Ash content determination
Ash was measured per AACC method 08-01.01. (AACC 2000) by incineration in a muffle
furnace (Model F-A1T30, Thermolyne Sybron Corp., Dubuque, IA) for 4 h at 600oC.
4.3.7.6 Fat analysis
Analysis of fat was performed by the AOCS official procedure AM 5-04 (Rapid determination
of oil/fat using high-temperature solvent extraction) as described by ANKOM Technology
method using ANKOMXTI5 extraction system. (ANKOM 2017).

4.4 Results and Discussion
4.4.1 Proximate Composition
A sample of the proximate composition of the F1 and S0 samples of the two batches
investigated at different combinations of pH and concentrations is shown in Tables 4.2 and
4.3 (refer to appendix A to for other Tables).
Table 4.2 Proximate composition of B1F1 underflow fraction.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13

X1
(Conc. %
w/w)
1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

X2
(pH)
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Y2
(Starch)
(% db)
76.52±0.81
75.64±1.86
77.50±0.74
78.49±0.46
71.58±0.46
74.61±1.92
77.59±0.81
79.44±1.22
73.45±1.75
74.64±1.28
77.54±0.11
78.80±1.50
72.07±0.02

Y1
(Protein)
(% db)
5.53 ± 0.03
6.22 ±0.03
6.24 ± 0.09
6.17 ± 0.02
5.91 ± 0.06
6.75 ± 0.68
8.31 ± 0.09
5.90 ± 0.22
6.14 ± 0.05
8.97 ± 0.15
7.25 ± 0.01
9.85 ± 0.03
6.75 ± 0.06

Ash
(% db)

Fibre
(% db)

Fat

0.33 ± 0.02
0.76± 0.01
0.72 ± 0.05
0.96 ± 0.07
0.97 ± 0.04
1.06 ± 0.01
0.69 ± 0.05
0.70 ± 0.01
0.82 ± 0.04
0.83 ± 0.01
1.47 ± 0.10
0.55 ± 0.02
1.36 ± 0.07

10.60±1.36
11.52±0.30
12.10±0.20
13.03±0.11
12.80±0.04
13.37±0.42
12.04±0.01
12.15±0.01
13.16±0.20
13.08±0.38
13.16± .15
12.61±0.23
12.77±0.51

0.06±0.00
0.18±0.02
0.24±0.01
0.37±0.21
0.58±0.10
0.24±0.24
0.91±0.10
0.20±0.08
0.59±0.04
0.59±0.17
0.17±0.09
0.42±0.16
0.27±0.19

Protein conversion factor =5.4; numbers after ± indicates standard error of measurement where n =2; B1F1 =
cotyledon-rich fraction of batch 1; Conc. = concentration of the slurry.
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A similarity was noticed in the protein and starch content of the F1 fractions while the S0
fractions have lower starch and protein enrichment. Protein concentrates ranged from 7478% (db) were obtained for the F1 overflow fractions. For the S0 overflow fractions, batch1
(B1) has a protein content that ranged from 63 to 69% (db), while the protein content of
batch 2 (B2) was the lowest (36-45% db), The difference in the S0 fractions was reflective of
the difference in the composition of the starting material.
Table 4.3 Proximate composition of B1F1 overflow fraction.
Run

X1 (Conc.
% w/w)

X2
(pH)

1
2
3
4
5
6
7
8
9
10
11
12
13

1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Y2
(Starch)
(% db)
0.31±0.09
0.27±0.13
1.13±0.05
0.16±0.05
0.18±0.07
0.14±0.01
0.28±0.14
0.09±0.02
0.69±0.04
0.21±0.02
0.30±0.15
0.96±0.08
0.50±0.03

Y1
(Protein)
(% db)
75.10 ± 0.1
74.16 ±0.27
74.43 ±0.29
74.16 ± 2.98
75.51 ±0.34
73.70 ± 0.34
76.14 ± 0.36
78.54 ± 0.34
77.36 ± 0.05
78.29 ± 0.04
77.04 ± 0.09
77.04 ± 0.10
77.47 ±0.06

Ash
(% db)

Fibre
(% db)

Fat
(% db)

4.02 ± 0.07
3.73± 0.00
3.46 ± 0.01
3.92 ± 0.13
4.83 ± 0.40
4.74 ± 0.60
3.72 ± 0.03
4.77 ± 0.06
3.79 ± 0.07
3.20 ± 0.03
3.52 ± 0.28
3.02 ± 0.09
3.14 ± 0.03

22.13±0.61
21.75±1.24
22.40±0.80
21.10±0.36
20.17±0.24
20.82±0.36
22.91±0.38
23.24±0.10
22.95±0.16
23.56±0.00
22.87±0.20
22.00±0.39
22.92±0.37

2.56±0.21
2.28±0.08
2.82±0.02
3.11±0.12
2.60±0.30
2.79±0.08
3.48±0.62
3.76±0.43
2.77±0.05
3.15±0.29
3.37±0.06
3.38±0.07
3.28±0.28

Protein conversion factor =5.4; numbers after ± indicates standard error of measurement where n =2; values
are in % db; B1F1 = cotyledon-rich fraction of batch 1; Conc. = concentration of the slurry (% w/w).

A similar trend was observed in the underflow starch. The F1 fractions had similar starch
content (72 - 79% db), while there was a difference in the S0 fractions. The protein content
of 74 to 79% db (91% when 6.25 nitrogen conversion factor is used) was comparable to the
89.3% lentil concentrate reported by Chakraborty and coworkers (1979). It is worthy of note
that a lower nitrogen protein conversion factor of 5.4 was used in arriving at this protein
content while most of the previous studies overestimated the protein composition using a
factor of 6.25. The high protein content was obtained because of the double purification
following the hydrocyclone separation and the purification step done by the spray dryer.
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4.4.2 Comparison of Starch, Protein, and Fibre Fractions
A comparison of the fibre, starch and protein content of overflow and underflow fractions of
both batches fractionated at pH 8.0 and concentration of 1.75% (center point of the CCD)
showed that the separation process could not entirely concentrate the fibre in one fraction.
Dietary fibre was more in the overflow as shown in the F1 fractions. The reason for the high
value seen in the S0 was because of the high seed coat concentration in the feedstock; seed
coat fibre is denser because of the higher level of cellulose, hemicellulose, and lignin. The
high fibre content of the overflow might be because of the presence of fine fibre particles,
soluble dietary fibre in both seed coat and cotyledon and the presence of cotyledon fibre,
which comprises of lighter weight non-structural polysaccharides like hemicellulose, pectin,
and gum (Dalgetty and Baik 2003) and the ability of the fibre to absorb water and float.
As expected, the starch content of the underflow fractions was enriched, because starch is
denser than protein, except for B2S0, which has low starch in the feedstock. The overflow
starch was less than 2% in all four samples investigated meaning that the separation and the
purification process was able to concentrate and clarify the fractions.
The overflow protein fractions were enriched as expected from literature. This protein found
in the underflow fraction might be seed coat protein, or other nitrogen-containing
compounds presents in the seed coat.
4.4.3 Effect of Batch Variation and Pre-treatment on Protein and Starch Enrichment
The difference in the protein and starch content of the feedstock affected the enrichment of
the concentrates as shown in Fig 4.5 and 4.6. B2S0 had the lowest protein and starch content
(Table 4.4) in both starting material and concentrate. The F1 fractions had a similar
composition in their starting material and concentrate. A positive correlation was observed
between the composition of the feedstock and the final concentrate.
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Figure 4.5 Starch, protein and fibre content of underflow fractions.B1S0 = batch 1 starting
material; B2S0 = batch 2 starting material; B1F1- batch 1 cotyledon-rich fraction; B2F1=
batch 2 cotyledon-rich fraction; Error bars are ±standard deviation.
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Figure 4.6 Starch, protein and fibre content of overflow fractions. B1S0 = batch 1 starting
material; B2S0 = batch 2 starting material; B1F1- batch 1 cotyledon-rich fraction; B2F1=
batch 2 cotyledon-rich fraction; Error bars are ±standard deviation
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Table 4.4 Proximate composition of S0 and F1 fractions.
Sample
B1S0a
B1F1b
B2S0c
B2F1d

Starch
(% db)
23.88 ± 0.10
46.24 ± 0.40
7.79 ± 0.12
47.30 ± 1.82

Protein
(% db)
21.41±0.13
26.94±0.03
9.41±0.02
28.50±0.06

Fibre
(% db)
39.81± 0.98
17.98 ± 0.40
57.39 ± 0.12
20.93 ± 0.44

Ash
(% db)
3.72 ± 0.05
3.51 ± 0.03
2.61± 0.02
3.09 ±0.08

Fat
(% db)
0.81 ± 0.06
1.33 ± 0.33
1.23 ± 0.26
1.61 ± 0.16

Protein conversion factor = 5.4; value represent mean of two replicates; values after ± indicates standard
error of measurement where n = 2; a batch 1 starting material; c batch 2 starting material; b batch 1 cotyledonrich fraction; d batch 2 cotyledon-rich fraction.

Analysis of variance using SPSS (statistical package for social science) showed that there was
a significant difference between the underflow starch and overflow protein content of F1 and
S0 samples of both batches at 95% confidence level; however, due to the purification stages
employed in the processing of the overflow fraction no significant difference was observed
in the starch content at P<0.05. This result has demonstrated that initial separation of the
by-product with the fractionating aspirator resulted in higher protein and starch enrichment
as seen in the F1 fractions. (Appendix A for ANOVA table).
4.4.4 Effect of Extraction pH and Concentration on Protein and Starch Enrichment
The use of central composite design to develop a model and analyze the effect of pH and
concentration on the protein and starch content of the overflow and underflow fractions of
the hydrocyclone gave nine possible solutions (for both B1F1 overflow and underflow
fractions (Table 4.5)) of slurry pH and concentration combination to achieve maximum
protein and starch content in the overflow and underflow fractions, respectively.
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Table 4.5 Optimization pH and concentration for B1F1 overflow fraction.
Number Sample

Concentration pH

Protein

Starch

(% db)

(% db)

Desirability

1 Overflow

1.00

7.00

77.29

0.40

0.724

2 Overflow

2.50

8.37

76.28

0.29

0.657

3 Overflow

2.50

8.39

76.26

0.28

0.657

4 Overflow

2.50

8.33

76.31

0.30

0.657

5 Underflow

1.00

9.00

5.65

77.35

0.845

6 Underflow

1.00

8.96

5.64

77.33

0.845

7 Underflow

1.00

8.90

5.62

77.29

0.843

8 Underflow

2.50

7.65

7.03

76.97

0.669

9 Underflow

2.50

7.72

6.91

76.72

0.667

B1F1 = Batch one cotyledon-rich fraction.

Figure 4.7 shows a 3D plot of the effect of concentration and pH on the protein content of
B1F1 overflow fraction (Plot of other samples in Appendix A). Analysis of variance using
design expert software shows that there is no significant difference for protein and starch
content of overflow and starch content of underflow in the various pH and concentration
combination at 95% confidence level; however, the model was significant in the underflow
protein content. (appendix B for ANOVA table). Several factors might be responsible for the
result:
1. The narrow range of pH selected: The pH range was chosen to avoid extraction at high
alkaline pH, which can lead to loss of nutritive value of the protein and hydrolysis of
the starch.
2. Concentration investigated: Because this investigation was done at a lab scale and
because of the fibrous nature of the sample, the hydrocyclone pump could not
effectively pump high concentration of slurry.
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3. Spray drying operation: The spray dryer was another purification step. The dryer did
not allow heavy particles to enter the cyclone separator. It deposited the starch and
fibre particles on the drying cylinder wall.
4. It can also be that pH and concentration does not have much effect on protein and
starch enrichment.

Figure 4.7 Influence of pH and concentration on B1F1 overflow protein content.
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4.5 Conclusion
The study of the production of starch and protein-rich fractions from the by-product of lentil
splitting and the effect of slurry pH and concentration on the fraction enrichment using
isoelectric precipitation method and hydrocyclone yielded the following conclusions:
1. Protein and starch concentrate of 78% (db) (91% if 6.25 nitrogen conversion factor
is used) can be obtained from red lentil by-product when second protein purification
step is employed.
2. Initial separation into seed coat- and cotyledon-rich fractions resulted in high protein
and starch enrichment of the overflow and underflow fractions respectively.
3. Different batches of lentil by-products generated had different proximate and
physical compositions, which affected the yield of the fraction. To mitigate the
variation and get uniform sample fractionation aspiration stage is recommended.
4. There is more concentration of fibre in the overflow than underflow for the F1
fraction showing that the cotyledon fibres are less dense that starch and therefore
separated with the light protein fractions.
5. Because of the presence of seed coat fibres, S0 underflow fractions have higher fibre
content than the overflow fractions.
6. The experimental model developed for investigating the effect of pH and
concentration on the protein and starch enrichment was not significant at P < 0.05
and therefore could not explain the data variations.
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Chapter 5
Production and Analysis of Fibre-rich Fractions From the Byproduct of Lentil Splitting
The Contribution of MSc Student
The MSc student Chidinma Afam-Mbah performed the literature review, planning, execution
of the project and manuscript preparation for the write up of the production and analysis of
fibre-rich fraction from the by-product of lentil splitting. Another MSc student in the
Department of Chemical and biological engineering Esteban Valdez who also doubled as a
research assistant for this project assisted in the grinding and physical properties analysis.
Her committee members Lope Tabil, Shahram Emami, Bob Tyler and Venkatesh Meda, gave
technical guidance on research procedures and result interpretations. Shahram Emami also
gave editorial advice and reviews during manuscript preparation. Her research supervisor,
Lope G. Tabil, guided the planning of experiments and editorial advice during manuscript
preparation.

5.1 Abstract
The production of fibre -rich concentrate from the by-product of lentil processing and the
analysis of the grinding process was investigated. Two batches of lentil by-product were first
concentrated into a cotyledon-rich and seed-coat-rich fractions using a fractionating
aspirator. The seed-coat-rich fraction was refined using wet fractionation method. The
refined fibre concentrate was dried and milled with Nutrimill (Model HS4. 100500605,
Nutrimill home mill, Salt Lake City, UT), a domestic pin mill, and precision mill (LM 3100
Type 120, Perten instrument AB, Huddinge, Sweden), laboratory scale hammer mill. To have
an idea of the milling cost (energy and time) and visual characteristics of the product, the
specific energy consumption of the mills, the throughput and colour change of the refined
fibre concentrate were analyzed. The refining process increased the TDF of both batches
from 39.8 and 57.6% db to 63% and 62% db respectively; it also increased the specific
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energy and throughput of both mills. The precision mill had a lower specific energy
consumption and higher throughput than the nutrimill. A significant colour variation (ΔE)
was observed between the starting material of both batches, but the refining drastically
reduced this variation. The fibre refining process caused a ΔE of 17.88 between batch one
starting material, and the precision milled refined fibre. All samples had a reduction in the
L* value of the refined fibre concentrate, but the change in a* and b* components were
minimal. A visually perceivable difference (ΔE value) was observed between the nutrimill
and precision milled samples with the latter mill producing a lighter coloured concentrate.

5.2 Introduction
Lentil is an edible legume crop that is rich in protein, minerals, vitamins, antioxidants and
fibre, but low in calories and fat. Among the phenolics found in lentil, the flavonoid
compounds are almost exclusively found in the lentil seed coat while the non-flavonoid are
distributed between the seed coat and the cotyledon (Dueñas et al. 2002). The predominant
lentil market class is the red lentil, which is mostly consumed split, and the splitting process
generates a by-product made up of the seed coat, germ, broken and whole (low quality)
cotyledon, straws, and fine flour. The lentil by-product is rich in minerals, antioxidants,
phenolics and dietary fibre. Lentil splitting, therefore, reduces important health and
nutritional components of lentil crop.
Cereal bran and pulse seed coats have been used as dietary fibre supplement/additives in
food processing. Wheat bran is the predominant source of dietary fibre in the market.
Another source of dietary fibres, like sugar beet fibre, oat hull, almond skin, spent brewer's
grain, peanut, sunflower, soy, and pea seed coats, are found suitable for incorporation in food
processing (Dhingra et al. 2012; Ralet et al. 1993a). Among the pulse crops, several studies
of pea cotyledon and seed coat fibre have been carried out (Dalgetty and Baik 2003; Ralet et
al. 1993a and b; Longstaff & McNab 1989), but not much has been studied on the use of lentil
seed coat as a fibre supplement even though it has superior antioxidant activity because of
the higher flavonoid compounds (Oomah et al. 2011).
Dietary fibre is the edible part of plant material that is resistant to hydrolysis by the enzymes
in the human digestive system. Dietary fibre includes cellulose, hemicellulose, pectic
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substances, gums, mucilage, lignin, waxes, and resistant starch (Tosh and Yada 2010; Elleuch
et al. 2011). Due to the current lifestyle of depending on processed food, and the prevalence
of disease like atherosclerosis, obesity, diabetes, colon cancer, and gastrointestinal disorders
(constipation, diverticular disease, irritable bowel syndrome and Crohn's disease), the fibre
content of food has been enhanced via supplementation to help reduce the incidence of these
diseases (Tosh and Yada 2010 Elleuch et al. 2011). Ranhotra and coworkers (1988) reported
that insoluble dietary fibre present in seed coats is most effective in improving intestinal
dysfunctions caused by low fecal bulk. Aside from its physiological functions, dietary fibre
has some physicochemical properties, which can be used to improve the viscosity, texture,
sensory characteristics, and shelf-life of products. These technological properties include
water holding, swelling and water retention capacity, oil holding capacity, viscosity,
texturizing, stabilizing, gel-forming capacity, and antioxidant capacity (Tosh and Yada 2010
Elleuch et al. 2011). Addition of fibre-rich ingredients as binders to ground and emulsified
meat products has resulted in the production of better textured and stable low-fat meat
product (Pietrasik and Janz 2010). Pietrasik and Janz (2010) also confirmed that insoluble
fibre fraction of plant mostly present in the seed coat has high functional properties such as
high water and fat binding capacity, making them choice ingredients for achieving high yields
at a reduced cost. Dietary fibre can be incorporated into the processing of various food
products like breakfast cereal, drinks, bakery product, beverages, extruded foods (pasta),
meat product, and special foods. Currently, cereal-based products like crackers, cookies,
breakfast cereal, imitation meat and cheese, beverage, sauces (Dhingra et al. 2012) made
with dietary fibre additives are readily available in supermarket shelves.
The moisture content, bulk density, and particle size of a fibre food ingredient are essential
for blending and incorporation of the material into a food formulation. The particle size of a
fibre concentrate plays a vital role in the incorporation of the seed coat as dietary fibre
additives in human or animal feed formulation. Size reduction is a necessary unit operation
in the processing of any food or feed material because it increases the total surface area, pore
size (Mani et al. 2004); it eliminates the limitations and challenges in stability, blending,
textural and rheological properties met during further processing of the material. Size
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reduction is an energy-intensive operation essential for the conversion of the seed coat into
powdered fibre-rich food ingredient.
Energy consumption during grinding depends on the particle size of starting material,
moisture content, sample composition, the feed rate of the material, machine variables
(Adapa et al.2011), the efficiency of the milling process and the desired particle size.
Understanding the specific energy required to reduce the particle size will help in the
planning and cost estimation of fibre concentrate production. Specific energy consumption
for grinding of biomass using a hammer mill has been investigated by several
authors((Adapa et al. 2011; Phanphanich and Mani 2011; Mani et al. 2004), but none has
studied the energy consumed in the finer milling of food ingredients.
Another cost factor involved in the milling of fibre concentrate is the throughput. The
throughput shows the efficiency of a mill and the milling process. It measures the flow rate
of a material through a production process by comparing the input and output within the
system and analyzing the rate at which a given quantity of material is milled per unit time.
Beside the production cost and physical attribute, another factor that can influence the
production and incorporation of seed coat fibre in food processing is the organoleptic appeal.
Colour is one of the crucial characteristics of a food material evaluated by consumers; it
influences their preferences and acceptance of products because the sense of sight is usually
the first sense used in assessing a product. It has a high capacity to control consumers
choices and opinion of food quality. (Pathare et al. 2013; Nisha et al. 2011; León et al. 2006).
All food commodities have acceptable colour attributes and colours that fall outside this
acceptable range can cause a rejection of the product by consumers. Colour measuring
instruments, like the Konica Minolta spectrophotometer CM- 700d, is used in the food
industry for a consistent product, ingredient standardization and process control. The colour
measuring devices work on the principle of the trichromatic theory of colour vision, which
states that normal human vision must have at least three retinal receptors, that detects the
short-(blue), mid- (green) and long-(red) wave regions of the visible spectrum and the
combination of these colours are used to form any of the visible spectrum colour
(MacDougall 2002).
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During this study, it was observed that although studies have been done on the use of some
cereal bran and pulse crops seed coat as dietary fibre concentrates, no research has been
done on the use of lentil seed coat fibre to produce dietary fibre supplements or
supplements. The objective of this part of the thesis, therefore, was to refine the fibre
fraction of lentil by-product at a bench-scale and produce a dietary fibre concentrate for use
in food processing.

5.3 Materials and Methods
5.3.1 Materials
Two batches (B1 and B2) of red lentil by-product were obtained from AGT Food and
Ingredients (Saskatoon, SK) on two different dates and stored at laboratory conditions to
equilibrate with the atmospheric moisture.
5.3.2 Fractionation of Lentil Splitting By-product
The original sample (S0) was continuously fed into the fractionating aspirator (Carter-Day
fractionating aspirator, Zero-Max, Minneapolis, MN) hopper for partitioning into a
cotyledon-rich fraction(F1) and seed-coat-rich fractions (F2, F3 and F4) at an airflow setting
of 4.3.
5.3.3 Fibre Refinement/Purification Process
The schematic diagram of the fibre refining process is shown in Figure 5.1. A slurry of the F4
fraction was made using distilled water at a concentration of 20% w/w. The slurry was
stirred for 20 minutes at a speed of 500 rpm and allowed to stand at room temperature for
twenty-four hours (to allow the swelling of the starch molecules). The difference in swelling
capacity of starch and fibre was utilized here in the removal of starch molecules; fibre swells
more at room temp than starch. A 1mm mesh sized screen was used to sieve the slurry. The
seed coat portion (high fibre) was retained on the sieve for further refining while the portion
that passed through, which contains water, starch and other solubles, was discarded. The
residue was washed three times with distilled water and sieved. A 20% slurry of the retained
portion of the sieve was made with distilled water and the pH adjusted to 8 to solubilize the
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F1 fraction
Lentil by-product
F2 fraction
Separation with
fractionating
aspirator
F3 fraction

F4 fraction

Distilled
water
Stir for 20 min at 500
rpm and stand for 24 h
6M NaOH
Distilled
water

Adjust pH to 8, stir for 20
min and screen

Wash and screen with 1
mm sieve (3 times)

Resuspend in
water,wash,stir and
screen(twice)
Dry in vacuum oven
o
at 60 c

Purifined fibre
fraction

Figure 5.1 Schematic diagram of the refining process of the fibre fraction.
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protein. The slurry was stirred for 20 minutes at 500 rpm and screened with 1 mm screen.
The retained portion is washed twice by resuspending in water, stirring and screening to get
a refined fibre fraction. The refined fibre fraction was dried in a vacuum oven (model 281a,
isotemp oven, Fisher Scientific, Ottawa, ON), attached to a freeze dry condenser, (Cat no
7750000. Labconco, Kansas City, MO) at 60°c, milled and analyzed for proximate
composition.
5.3.4 Proximate Composition
The refined fibre obtained from the by-product of lentil splitting is milled using a Nutrimill
grinder (Model HS4. 100500605, Nutrimill Home Mill, Salt Lake City, UT) at the finest setting
5.3.4.1 Moisture content
Moisture content was analyzed according to the AACC method 44-15.2 (AACC 2014). Sample
(2-3 g) was dried in a convection oven at 130˚C for one hour. The weight loss was recorded
in percentage as moisture content expressed in % dry basis.
5.3.4.2 Protein analysis
The protein content was analyzed by the combustion method using LECO Model FP-528
Nitrogen/Protein Determination (LECO Corporation, St. Joseph, MI) that is based on AACC
method 46-30 (AACC 2014). A factor of 5.4, as proposed by Mariotte et al. (2008), was used
to convert nitrogen to protein.
5.3.4.3 Total starch determination
The total Starch content was analyzed following AAOC method 996.11 and AACC method 7613.01 (AACC 2014) with improvement as developed in the Megazyme total starch assay kit
(Megazyme International Ireland Ltd., Bray, Ireland).
5.3.4.4 Total dietary fibre
The total dietary fibre (TDF) was analyzed using AOAC approved method 991.43 as modified
by ANKOM technology using an automated ANKOM dietary fibre analyzer (ANKOM
Technology, Macedon, NY). Protein and ash corrections were done on the samples using Leco
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protein analyzer and modification of AACC method 08-01.01. For ash determination as
described by ANKOM Technology (2017).
5.3.4.5 Ash content determination
Ash content was measured on a % dry basis per AACC method 08-01.01. (AACC 2000). 2.0g
of the sample was weighed into a dried crucible of known weight. The crucible and sample
were placed in a muffle furnace (Model F-A1T30, Thermolyne Sybron Corp., Dubuque, IA,
USA) and burnt for four hours at 600°C. The sample was cooled for about 30 minutes before
being transferred to a desiccator to cool. The ash content was calculated as the percentage
of residue left after drying.
5.3.4.6 Fats
Analysis of fat was performed by the AOCS official procedure AM 5-04 (Rapid determination
of oil/fat using high-temperature solvent extraction) as described by ANKOM technology
method using the ANKOMXTI5 extraction system. (ANKOM 2017).
5.3.5 Grinding Trials
To understand the cost (time and energy) required to mill the refined fibre fraction (RF4),
the (RF4) and the F4 fractions of both batches (B1 and B2) were milled with a Nutrimill
(Model HS4. 100500605, Nutrimill Home Mill, Salt Lake City, UT) (Figure 5.2) at its finest
setting and a precision mill (LM 3100 Type 120, Perten instrument AB, Huddinge, Sweden)
(Figure 5.3) fitted with 1 mm mesh size sieve. The throughput, specific energy used in the
milling were analyzed.
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Figure 5. 2 Nutrimill showing the pins.

Figure 5. 3 Laboratory precision mill.
5.3.5.1 Throughput
The refined fibre fraction was manually fed into the hopper of the nutrimill and precision
mill while it was running. The milling time was calculated with a stopwatch. The milled
sample is collected and weighed using an electronic balance. The time required to mill
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sample and sample weight was recorded. Throughput in kg/s was calculated using the
following formula
Throughput =

Weight of milled sample
Milling time

(5.1)

5.3.5.2 Specific energy consumption
The energy required to mill the fibre samples was determined by connecting the mills
(nutrimill and precision mill) into a data logger (watts up pro data logger, model 99333,
Electronic educational device Inc, Denver, CO) connected to a 110- 120 volts socket and a
personal computer. Power consumption data was recorded every two seconds by the data
logger and displayed on the computer output unit. The power required to run both mills
empty was measured before the introduction of the sample. This allowed the determination
of the net power needed to grind the material. A known quantity of sample was manually fed
into the mill and the time used in milling was recorded along with the power drawn by the
mills. The total energy required to mill the sample with respect to time was recorded and the
energy consumed per unit time was calculated. Each test was conducted in triplicates.
5.3.6 Physical Property Analysis
The precision milled and nutrimill milled samples of the RF4 and the F4 fractions were
analyzed to determine the particle size distribution using the laser beam diffraction pattern
of particles as employed in Malvern Mastersizer 3000 Particle size analyzer. (Malvern
Instruments Ltd., Malvern, Worcestershire, UK). In this method, a laser beam was passed
through dispersed particles, and the angular variation in the scattered light intensity is
measured. The smaller the particles, the larger the light scattering angle in relation to the
laser beam. Data obtained from the variations in the intensity of the scattering light is used
to calculate the particle size by applying the Mie theory of light scattering, and the particle
size reported as a volume equivalent sphere diameter (Malvern Mastersizer 2018).
The Mastersizer was connected to a wet dispersion unit (Hydro LV/MV/EV/SM) and a
computer equipped with Malvern software (Figure 5.4). The sample is dispersed in reversed
osmosis water (RO) at an obscuration level of between 4 to 7%. Obscuration measures the
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proportion of laser light lost by the introduction of a sample within the particle size analyzer
(Emami 2007). The equipment takes five measurements of each sample, and the average was
calculated.
5.3.6.1 Particle size analysis of milled fibre fraction

Figure 5.4 Malvern Mastersizer 300 used for particle size analysis.
5.3.6.2 Particle density
The particle density of the grind RF4 and F4 samples were determined using a gas
multipycnometer (Model MVP-2, Quantachrome Corporation, Boynton Beach, FL) The actual
volume of the sample was obtained by measuring the pressure difference when a known
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quantity of nitrogen is made to flow from a known reference volume (VR) into a sample cell
(VC) containing the milled sample. The volume of the sample (VP) was calculated using the
equation below. The mass was also measured using a scale, and the particle density of the
sample is calculated by dividing its mass with VP and expressed in kg/m3.
𝑉𝑃 = 𝑉𝐶 − 𝑉𝑅 (

P1
− 1)
P2

Where VP= is the volume of the sample,

(5.2)
VC =the volume of the sample cell

VR= the reference volume,

P2 = the final pressure reading.

P1 the pressure reading after pressurizing the reference volume (Mani et al. 2004)

5.3.6.3 Bulk density
The bulk density of the milled fibre materials was determined using a grain bulk density
apparatus. A 0.5L cylindrical steel container (SWA951, Superior scale Co. Ltd., Winnipeg, MB,
Canada) was filled using a funnel with an opening located 55 mm above the top of the
cylinder (Emami 2007). A cylindrical stainless-steel bar was rolled lightly across the top to
level the container. The difference in the weight of the container before and after filling was
measured to obtain the weight of the sample. Bulk density was calculated as mass per unit
volume in kg/m3.
5.3.7 Colour Evaluation
The colour of the starting lentil by-product, F4 fraction and refined fibre was analyzed using
a spectrophotometer (CM-700d, Konica Minolta Sensing Americas, Inc, Ramsey, NJ). The CM700d is a handheld device with an output monitor that was connected to a computer monitor
as shown in Figure 5.5.
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Figure 5.5 The Konica Minolta CM-700d spectrophotometer.
Light from a xenon light located inside the device is diffused in the integrating sphere and
illuminates the sample uniformly, The light reflected by the sample and the one diffused by
the integrating sphere are both received by the specimen-measuring optical system and the
optical illumination system respectively. The received lights within the wavelengths of 400
to 700 nm divided into 10 nm components were subsequently sent to the sensors for
processing of the colourimetric data. The result was presented in the display unit as L* a*
and b* readings. This instrument uses the formulas and improvements of CIE1976, CIE 1994,
CIE DE2000, CMC and Hunter ΔE to measure the colour difference (ΔE or dE), which is a
measure of change in visual perception between two materials. (Konica Monilta 2014)
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∆E = √(L2 ∗ −L1 ∗)2 + (a2 ∗ −a1 ∗)2 + (b2 ∗ −b1 ∗)2

(5.3)

∆𝐸 = √∆𝐿 ∗2 + ∆𝑎 ∗2 + ∆𝑏 ∗2

(5.4)

ΔE value is considered analytically very distinct if it is higher than 3, distinct if it is between
1.5 and 3 and small difference if it is less than (Pathare et al. 2013; Adekunte et al. 2010).
L* =lightness value (0 =black, 100 =white)
a*= colour channel (0 =grey, +ve =red, -ve =green)
b* =colour channel (0= grey, +ve = yellow, -ve blue

A 50 X 15mm Petri dish was filled with sample and placed on top of the spectrophotometer
aperture (MAV), and software was set to measure target and sample. Colour measurement
was taken by clicking the measurement button on the equipment. Several sections of the
sample were measured by rotating the petri dish and taking a picture from different angles.
Average measurement is recorded and compared to the target measurement.

5.4 Results and Discussion
5.4.1 Effect of Processing on the Proximate composition of Lentil By-product
The starch, protein, and fibre composition of the starting lentil by-product (S0), the F4 and
refined fibre fractions (RF4) samples were compared in Table 5.1 and Figure 5.6.
The findings showed that refining reduced both the starch and protein content, which led to
an increase in the TDF content of the samples. The difference in swelling capacity of fibre
and starch at room temperature, the solubility of starch in water and solubility of protein at
an alkaline pH were exploited in the soaking, sieving, and washing stage of the fibre refining
process and this is majorly responsible for the reduction in starch content and increment of
the TDF.
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Table 5.1 Proximate composition of lentil by-product and fibre fractions.
Sample
B1S02
B1F43
B1RF44
B2S05
B2F46
B2RF47

Protein (% db)
21.41(0.13) c
19.20(0.24) b
12.29(0.12) a
9.41(0.02) c
9.58(0.08) b
8.67(0.01) a

Starch (% db)
23.88(0.10) c
15.80(0.52) b
0.38(0.040) a
7.79(0.12) c
0.22(60.05) b
0.43(0.07) a

TDF (% db)1
39.80(0.98) a
47.62(0.27) b
62.63 (0.05) c
57.39(0.12) a
57.63(0.58) a
61.63(1.87) b

Fat (% db)
0.81(0.06)
0.61(0.02)
0.61(0.09)
1.23(0.26)
0.84(0.150
0.54(0.23)

Ash (% db)
3.72(0.05)
3.16(0.50)
2.25(0.64)
2.61(0.020
2.07(0.37)
1.34(0.260

Protein conversion factor = 5.4; Values are means ± standard error of two determinations; Values of a-c are
significantly different within the same column (P< 0.05); 1 total dietary fibre; 2 Batch 1 starting material; 3
batch one seed coat-rich fraction of grain aspirator; 4 batch one refined seed coat-rich fraction of grain
aspirator; 5 batch two starting material; 6 batch one seed coat-rich fraction of grain aspirator; 7 batch two
refined seed coat-rich fraction of grain aspirator.

The TDF in B1 was significantly increased from 39.8 to 47.6% (db) using the fractionating
aspirator, and the fibre refining process increased the TDF further by an additional 15%. For
B2 aspirating the S0 sample had no significant effect on the TDF content because of the low
starch and protein content of the S0 sample; however, refining significantly increased the
TDF from 58 to 62% (db). The TDF content of 63 and 62% (db) for B1RF4 and B2RF4
respectively that was obtained in this study was comparable to or higher than most reported
as having good functional properties, sesame husk (69%), rice bran (27%), defatted rice
bran (65%), flaxseed (30%), apple fibre (62%), wheat bran (38-43%), extruded wheat bran
(44) and oat bran (24%) (Nandi and Ghosh 2015; Yan et al. 2015; Abdul-hamid and Luan
1988; Chen et al. 1988), FIBREX (commercial sugar beet fibre) has 67% fibre suggesting that
lentil-by-product is a good source of dietary fibre.
Despite the variation in the starting material composition, processing of the lentil by-product
generated a uniform proximate composition in the finished product (Fig 5.4). Although
refining of fibre was able to remove most of the starch in the sample, it could not remove a
substantial amount of protein. The leftover protein might be part of cell wall proteins or
other nitrogen-containing substances found in the seed coat. Refining of the fibre reduced
the ash content of the sample due principally to leaching of the minerals during washing.
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5.4.2 Effect of Processing on Particle Size of the Fibre Fractions
The refined fibre fractions (RF4) from the two mills showed bigger particle size distributions
particularly at the D10 and D50 size range when compared with the F4 fractions; this might
be attributed to the lentil cotyledon flour particles, which are easily reduced to small particle
size by grinding. Another reason might be that the addition of water, alkaline and the drying
process toughened the fibre and increased the resistance to milling as shown in Table 5.2.
Protein
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Starch

Fiber

Proximate composition(%)
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0
B1S0

B2S0

B1F4

B2F4

B1RF4

B2RF4

-10

Processing procedures

Figure 5.6 Effect of refining on the protein, starch and fibre content of lentil by-product.
B1S0= batch one starting material; B1F4 =batch one seed coat rich fraction; B1RF4= batch
one refined fiber fraction; B2S0 = batch two starting material; B2F4= batch two seed coat
rich fraction; B2RF4 = batch two refined fiber fraction. Error bars are +/- standard deviation.
As expected nutrimill samples had smaller particle size distribution than the precision mill
because it is a domestic pin mill that generates fine particles. The nutrimill was able to mill
both the F4 and RF4 sample to a particle size distribution below 500 µm, which is less than
the average particle size distribution of durum semolina. The precision mill produced a
particle size distribution that has 50% less than 500 µm and 90% less than 865 µm. This
particle size distribution is in the range found to have better water retention, oil retention
and swelling capacity by Yan and coworkers 2015 (fibre with size 380 to 830 µm were better
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compared to fibres with particle size less than 250). Sosulski and Wu (1988) used wild oat
and corn bran of particle size 265 to 630 µm in preparing a composite flour used in baking
bread that gave acceptable bread quality. The commercially available sugar beet fibre
Table 5.2 Particle size analysis of seed coat-rich and refined fibre fractions.
Sample

D101 (μm)

D502 (μm)

D903 (μm)

B1F4Pa

31 ± 5.35

430 ± 29.80

972 ± 107.0

178 ± 7.25

454 ± 24.10

924 ± 79.4

17 ± 0.37

186 ± 6.10

467 ± 24.3

B1RF4Nd

100 ± 2.50

266 ± 5.78

522 ± 12.1

B2F4Pe

154 ± 4.86

496 ± 20.40

1010 ± 61.10

B2RF4Pf

195 ± 7.53

452 ± 16.70

865 ± 35.00

53 ± 1.94

241 ± 3.68

474 ± 9.91

130 ± 1.10

271 ±1.97

503 ± 7.80

B1RF4Pb
B1F4Nc

B2F4Ng
B2RF4Nh

Values are means ± standard error of two determinations; 1 particle size diameter that 10% 0f the
distribution is less than ; 2 particle size diameter that 50% of the distribution in less than; 3 particle size
diameter that 90% of distribution lies below it ; a batch one precision milled sample; b batch one refined and
precision milled sample; c batch one nutri-milled sample; d batch one refined and precision milled sample; e
batch two precision milled sample; f batch two refined and precision milled sample; g batch two nutri-milled
sample; h batch two refined and precision milled sample.

(FIBREX 595 and FIBREX 600) used in whole bread making has a particle size within this
range (Nordic Sugar, 2014).
5.4.3 Physical Properties
Table 5.3 shows a comparison of the specific energy required to mill the RF4 and the F4
samples using both the nutrimill and the precision mill. It also shows the throughput of the
mills, the bulk density, particle density and porosity.
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5.4.3.1 Throughput specific energy and power consumption in fibre milling
Table 5.3 Physical properties and specific energy consumption of lentil fibre.
Sample
B1F4P 1
B1RF4P2
B1F4N3
B1RF4N4
B2F4P5
B2RF4P6
B2F4N7
B2RF4N8

Throughput
(kg/s)
0.0191
0.1960
0.0030
0.0031
0.0203
0.0209
0.0030
0.0031

Specific energy
(kWh/t)
0.0825
0.0841
0.2271
0.2413
0.0919
0.0930
0.2311
0.2482

Particle density
(kg/m3)
1457.99
1454.98
1473.37
1465.55
1485.30
1471.55
1486.00
1474.65

Values are means ± standard deviation of 3 determination;

1

Bulk Density
(kg/m3)
531.13 ±1.80
471.67 ±0.81
538.00 ±2.12
517.87 ±1.48
468.87 ±0.66
414.27 ±2.82
500.20 ±2.32
503.60 ±1.02

Porosity
(%)
99.96
99.97
99.96
99.96
99.97
99.97
99.97
99.97

batch one precision milled sample; 2 batch one

refined and precision milled sample; 3 batch one nutri-milled sample; 4 batch one refined and precision
milled sample; 5 batch two precision milled sample; 6 batch two Refined and precision milled sample; 7 batch
two nutri-milled sample; 8 batch two refined and precision milled sample; F4 = seed coat-rich fraction of
grain aspirator.

A comparison of the throughput of the F4 and the RF4 fractions using nutrimill and precision
mill is shown in Figure 5.7, and the specific energy consumption required to mill the samples
investigated is shown in Table 5.3. The findings indicated that the precision mill has a higher
throughput than the nutrimill meaning that it mills faster than the nutrimill. The precision
mill also uses less specific energy when compared to nutrimill. Since the particle size
distributions of the precision mill samples are bigger than that of nutrimill, this result is in
line with the findings of Adapa and coworkers (2011) that specific energy consumption is
negatively correlated with screen size. The data also shows that more energy is required to
grind the RF4 than the F4 samples indicating that the milling cost will increase if the fibre
fraction is refined.
The power consumption power pattern in Figure 5.8 and 5.9 also shows that B1RF4N
consumed more power when compared to the unrefined B1F4N and precision milled
B2RF4P used more power than the Nutri-milled B2RF4N.
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B1RF4P
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B2F4P

B2RF4P

B2F4N

B2RF4N

Sample

Figure 5.7 Throughput analysis of nutrimill and precision milled fibre concentrate. B1F4P =
batch one precision milled sample; B1RF4P = batch 1 refined and precision milled
sample;B1F4N = batch one nutri-milled sample;B1RF4N= batch one refined and nutri-milled
sample; B2F4P = batch two precision milled sample; B2RF4P = batch two Refined and
precision milled sample; B2F4N = batch two nutri-milled sample; B2RF4N = batch two
refined and precision milled sample; F4 = seed coat-rich fraction of grain aspirator.
5.4.3.2 Porosity, bulk, and particle density
The bulk and particle density of the F4 samples were slightly higher than the RF4 samples
from both mills; the nutri-milled samples have higher bulk and particle density than the
precision milled ones. This difference in bulk and particle density corresponds to the particle
size difference between the samples. The decrease in particle size is inversely proportional
to bulk and particle density because of the reduction of inter and intraparticle void during
milling (Phanphanich and Mani 2011).
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Figure 5.8 Comparison of power consumed in milling refined and unrefined fibre. B1F4N,
Batch 1 nutri-milled sample; B1RF4N, Batch 1 refined and nutri-milled sample.
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Figure 5.9 Comparison of power consumption between the precision mill and nutrimill.
B2RF4P, Batch 2 refined and precision milled sample; B2RF4N, Batch 2 refined and nutrimilled sample.
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5.4.4 Colour Attributes of Refined Milled Fibre Fraction
Analysis of the effect of fibre refining, grinding and variation in batches on the colour of
refined lentil fibre is presented in Table 5.4.
Table 5.4 Colour difference analysis of lentil by-product fibre-rich fractions
Sample
B1S0
B1F4P
B1F4N
B1RF4N
B1RF4P
B2F4
B1F4P
B1F4N
B2F4P
B2RF4P
B2F4N
B1F4N
B2F4N
B1RF4N
B2RF4N
B1S0
B1S0
B2S0
B2S0

Target
B2S0
B2F4P
B2F4N
B2RF4N
B2RF4P
B2S0
B1RF4P
B1RF4N
B2RF4P
B2F4P
B2RF4N
B1F4P
B2F4P
B1RF4P
B2RF4P
B1RF4N
B1RF4P
B2RF4N
B2RF4P

ΔL*
10.58
10.2
8.3
2.59
0.34
-1.32
19.1
17.84
9.24
-9.24
11.16
3.57
4.23
4.56
2.31
13.25
17.81
5.26
7.57

Δa*
0.41
-0.62
-0.55
-1.61
0.33
0.23
-1.98
-2.11
-1.03
1.04
-0.93
-0.14
-0.09
-0.02
-0.19
1.21
-0.92
-1.31
-1

Δb*
-2.27
-0.32
-0.56
-0.11
-0.83
0.86
-0.48
-0.98
-0.99
0.98
0.8
0.73
1.2
1.11
-0.59
1.12
1.25
-2.13
-1.85

ΔE(dE*ab)
10.83
10.22
8.34
3.05
0.96
1.59
19.21
17.99
9.35
9.35
11.23
3.65
4.40
4.69
2.39
13.35
17.88
5.82
7.86

L*= (0 =black, 100 =white); a*= (+ve =red, -ve =green); b*= (+ve = yellow, -ve blue). ΔE*=√ΔL2 +Δa2 +Δb2;
ΔL= ΔL* sample – ΔL* target; Δa*=Δa* sample – Δa* target;
Δb* =Δb* sample – Δb* target.
B1S0 =batch one starting material;B1F4P = batch one precision milled sample; B1F4N = batch one nutrimilled sample; B1RF4P = batch one refined and precision milled sample; B1RF4N = batch one refined and
precision milled sample; B2S0 = batch two starting material;B2F4P = batch two precision milled sample;
B2F4N =batch two nutri-milled sample; B2RF4P = batch two refined and precision milled sample; B2RF4N =
batch two refined and precision milled sample; F4 = seed coat-rich fraction of grain aspirator. B2F4 = batch 2
seed coat-rich fraction of grain aspirator.

The colour attributes L*(lightness), a* (red/green) and b*(yellow/blue) of the lentil byproduct varied significantly with the processing, across batch and between the mills. The
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notable change in visual colour perception ΔE between sample and target is mostly
attributed to change in L* while the colour components a* and b* were minimally affected.
Starch content of the sample was found to influence the L*. The higher the starch content,
the more the L* and this is because cotyledon flour is lighter than the seed coat fibre. The ΔE
between B1S0 and B2S0 is 10.83(Table 5.4) corresponding to a starch content difference of
13.83 (Table 5.1). Fibre refinement process produced similar colour attributes and starch
content for both samples as seen in B1RF4 and B2RF4 (nutri-milled or precision milled). In
all cases refining of the fibre produced a perceivable colour difference; however, the colour
difference observed between the F4 and RF4 was bigger in B1 than in B2 because of the
higher starch content of B1 starting material.

Fig 5.10 Colour difference graph of B1F4N and B2F4N. L* = (0 = black, 100 = white); a*,
(+ve = red, -ve = green); b*, (+ve, yellow, -ve,blue); ΔE*ab(ΔE),√ΔL2 +Δa2 +Δb2 ;
ΔL*,ΔL*sample – ΔL*target; Δa*, Δa*sample – Δa*target; Δb* = Δb*sample – Δb*target.
The type of mill and particle size also affected the colour attributes of the samples. Nutrimilled samples with smaller particles size distribution (Table 5.2) tends to be lighter than
precision milled samples. ΔE value of between 2.39 and 4.69 was observed between nutri98

milled samples and precision milled samples; the colour difference is attributed to the
difference in particle size of the samples.
A sample of the colour difference graph is shown in figure 5.10. See Appendix 3 for the other
colour difference graph.

5.5 Conclusion
Investigation of the production process and analysis of the dietary fibre concentrate of the
by-product of lentil splitting provided the following conclusions:
1. The use of fractionation aspirator to concentrate the fibre-rich fraction followed by
the refining process increased the TDF content of the finished product from 39 to
62% (db).
2. The dietary fibre concentrate can be milled to a particle size of about 500 µm, which
is suitable for blending and incorporation into processed foods.
3. Fibre refining reduced the milling time but increases the specific energy consumption
of the mills.
4. Nutrimill generated material with smaller particle size, needed higher specific energy
and power, and had a lower throughput when compared to the precision mill.
5. Grinding of the by-products increased the L* value, which is due to the fine milling of
the starch present and increased surface area.
6. Refining reduced the colour variation between batches; however, it also reduced the
lightness value of the samples making it darker. The reduction in lightness is
attributed to both the loss of flour and some phenolic oxidation reactions.
7. Since not much investigation has been carried out on the use of lentil seed coat for
production of dietary fibre, there is a need for further studies on the anti-nutritional
(bioactive compounds) factors present in the seed coat of lentil and the possible
phenolic reactions and by-products, generated during the refining process, before
using the refined fibre for human consumption.
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Chapter 6
General Discussion
This chapter aims to discuss the overall results obtained from this investigation on the
production of protein-rich, starch-rich, and fibre-rich fractions from the by-product of lentil
splitting and how the research objectives listed in chapter one has been achieved over the
course of the M.Sc. Project.

6.1 Overall M.Sc. Project Discussion
This M.Sc. thesis investigated the process of production of protein-rich, starch-rich, and
fibre-rich fractions from the by-product of lentil processing. Fractionating aspiration, air
classification, alkaline-isoelectric with hydrocyclone separation method, and water/alkaline
fibre refining methods were employed to achieve the set objectives. The proximate
compositions, which include moisture, starch, protein, fat, and fibre, where studied in all
samples produced, while physical properties like particle size, bulk density, particle density,
and colour were also investigated. The grinding of the fibre concentrates was investigated to
understand the throughput, power, and specific energy consumption.
The lentil by-product is a seed-coat-rich fraction containing embryo, cotyledon pieces and
flour. To find the best process of producing a protein and a starch concentrate or isolate using
either the wet or dry fractionating method a portion of the lentil starting material (S0) was
pre-separated into cotyledon-rich (F1) and seed-coat-rich (F2, F3, and F4) fractions using a
fractionating aspirator. Both the starting material of the lentil by-product and the cotyledonrich fraction were subjected to wet and dry fractionation to compare the results and
determine the best method with regards to yield and cost. The three seed coat-rich fractions
were found to have similar physical and chemical composition; therefore, F4 was used in the
fibre concentrate production in Chapter 5.
Analysis of the lentil by-product starting material reveals that no two batches of starting
material received from the commercial splitting plant have the same chemical and physical
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composition. These variations were seen in the proximate composition of the starting
materials and in the result of the fractionating aspirator where all three batches studied gave
different yields of the cotyledon-rich fraction: batch 1=31.54%; batch 2= 6.64, batch 3= 0%.
The difference in starting material composition is responsible for the variations observed in
fractions obtained. The preliminary separation with the fractionation aspirator resulted in a
consistent starch and protein concentrates for both wet and dry fractionation as seen in the
F1 samples. The variations in the physical and chemical properties of the by-product starting
material are related to the efficiency of the splitting process. The dehulling efficiency is
dependent on several factors: the grade of the seed, seed size, the setup and effectiveness of
the splitting mill, the genotype and environmental growing conditions of the seed, the seed
moisture content, and the tempering time (Vandenberg 2009; Bruce 2008; Wang 2005;
Bakar 1993; Erskine and co-workers 1991a and1991b).
To achieve the first research objective of producing a starch-rich and protein-rich
concentrate using dry fractionation. The lentil starting material and the cotyledon-rich
samples were pin milled and subjected to air classification. The air classification of the lentil
starting material yielded a fine and coarse fraction of 16.7 and 82.5% for batch1 and 10.6
and 89% for batch 2. Prior separation of the sample with the fractionating aspirator before
air classification yielded a fine and coarse fraction of 30 and 69% in batch 1 and 29 and 72%
in batch 2. The protein content of fine fractions from both cotyledon-rich fractions and
starting material samples were enriched about two times for batch1 while batch 2 had 3.9
for starting material and 5.2 times protein enrichment for cotyledon-rich samples. For the
air classified coarse fractions, the starch content of the cotyledon-rich fraction was enriched
2.3 times while that of the lentil starting material was reduced due to high seed coat content.
The air classified fine fractions had protein content ranging from 37 to 49% (db). The protein
content obtained is comparable to that reported by Sosulski et al. (1987) and Tyler et al.
(1981) from lentil cotyledon flour. Compared to earlier studies the low starch content of the
coarse fraction is reflective of the high proportion of seed coat present in the starting
material. Both the protein and starch separation efficiency were lower than previously
reported however considering the presence of the seed coat in the sample it can be regarded
as a good separation efficiency. Another observation made in this chapter is that particle size
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played a part in the protein content of the fractions generated from the air classifier.
Fractions with smaller particle size distributions had more protein than samples with bigger
particles. Secondly, the total dietary fibre content of the fine fraction was higher than that of
the coarse fraction, particularly in the F1 samples. This result is due to the presence of
soluble dietary fibre in both seed coat and cotyledon and the presence of cotyledon fibre,
which comprises of lighter weight non-structural polysaccharides like hemicellulose, pectin,
and gum (Dalgetty and Baik 2003).
For the second research objective of producing a starch and protein concentrate using wet
fractionation, the pin milled lentil starting material, and cotyledon rich-fraction were
fractionated using alkaline-isoelectric pH precipitation followed by hydrocyclone separation
and spray drying. To analyze the effect of pH and concentration on the protein and starch
enrichment of the overflow and underflow fractions of the hydrocyclone, the central
composite design (C.C.D.) of the response surface methodology was used in designing the
statistical analysis.
The hydrocyclone separation did not effectively remove the fibre particles due to the
similarity in density and size between the protein and fibre particles. Because of the presence
of these fibre particles, two purification steps were employed after alkaline solubilization
and hydrocyclone fractionation. The spray drying served as another purification step. Here
most of the fibre and starch particles that escaped the previous fractionation and purification
processes were either deposited at the atomizing nozzle (clogging) or on the wall of the
drying cylinder. The separation at the spray dryer is uncontrolled and made it impossible to
calculate the separation efficiency of the wet fractionation process. The positive outcome of
the above purification steps is the generation of a high protein containing concentrate ,78%
db (91% if 6.25 conversion factor is used). The C.C.D analyses of the effect of concentration
and pH on the protein and starch content of the overflow and underflow fractions showed
that the model is not significant at 95% confident level; however, statistical analysis (SPSS)
of the effect fractionating aspirator separation on the protein and starch content of the
fractions was significant at 95% confident interval.
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The decision to use either the lentil by-product starting material ‘’as is’’ or to employ a preseparation operation to reduce the seed coat content depends on the intended use of the
final product and the cost-effectiveness of the process with regards to the final product. Preseparation with the fractionating aspirator resulted in a more consistent starting material
and higher protein and starch content in fine and coarse fractions respectively. Equally the
use of wet or dry fractionation of lentil by-product also depends on the intended use of the
final product. Dry fractionation is less costly but gave a less concentrated protein and starch
fractions when compared to wet fractionation.
To achieve the third objective of isolating the fibre fraction of by-products to produce a fibre
concentrate, the F4 fraction (seed coat-rich) of the grain aspirator was refined by soaking
and washing with distilled water, solubilizing the protein in alkali, sieving, and drying in a
vacuum oven. The refining process resulted in products with a uniform proximate
composition despite the variations in the makeup of the starting material. Additionally,
refining resulted in the reduction of protein and starch content of the fibre fraction and the
increase of total dietary fibre (TDF) from 39.8 to 62.6% db in Batch one sample. The TDF
content of the refined seed coat sample is comparable to or higher than most found to exhibit
good functional properties: Sesame husk (69%), rice bran(27%), defatted rice bran (65%),
flaxseed(30%), apple fibre (62%), wheat bran (38-43%), extruded wheat bran (44%) and
oat bran (24%) (Yan et al. 2015; Nandi and Ghosh 2015; Abdul-hamid and Luan 1988; Chen
et al. 1988),FIBREX (Commercial sugar beet fiber) has 67% TDF content. For successful
blending and incorporation of the refined fibre in food formulations, particle size reduction
is needed. Size reduction improves stability, blending, textural and rheological properties of
fibre incorporated food materials; it also reduces handling challenges by increasing bulk
density. The result of the particle size analysis indicates that the refining process increases
the resistance of the seed coat fraction to milling. Particle size distribution of the F4 samples
was smaller when compared to the refined fibre samples. The throughput, power and energy
consumed during milling also increased with the refining of the sample. One reason for the
difference in milling properties between the F4 sample and the refined sample might be due
to the higher presence of starch particles, which has less resistance to milling when
compared to fibre particles. Secondly, the soaking and drying might have changed the
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configuration of the fibre particles making it harder and resistant to milling. The effect of the
fibre refining was noticed on the colour attributes of the refined fibre when the S0 sample is
compared with the F4 fractions. Refinement of the seed coat sample reduced the lightness
attribute (L*) but had no significant effect on the colour components (a* and b*). The change
in visual perception(ΔE) observed was principally due to the reduction in L*. The difference
in L* is not surprising because the fibre refining process reduces the amount of starch
(White) particles in the sample. The large ΔE observed between the starting material of both
batches was decreased significantly in the two finished products implying that refining leads
to product uniformity.
It is interesting to note that none of the fractionating and refining process employed in this
study could entirely remove the protein content of the starch and fibre fraction. The presence
of this protein content could indicate the presence of insoluble protein in the seed coat of
lentil.

6.2 Challenges Experienced During The research
6.2.1 Hydrocyclone Pump
The fibrous nature of the sample and the ability of the seed coat to swell when soaked in
water resulted in the constant clogging and abrasion of the inner linings of the pump that
reduced the operating pressure of the pump. This problem necessitated the reduction of our
proposed operating pressure from 827.37 kPa (120 psi) to 275.79 kPa (40 Psi).
6.2.2 Spray Drying System
The two fluid Pneumatic nozzle used in the Buchi B-290 mini spray dryer was not effectual
in the drying of the hydrocyclone overflow fraction. Due to the presence of fibre particles in
the sample, there was constant clogging of the nozzle and the depositing of samples on the
wall of the drying cylinder. This sample separation caused variations in the weight of dried
samples and made it difficult to calculate the separation efficiency. The use of an ultrasonic
nozzle, which self-cleans and can handle viscous and heavy particles can be employed in
future studies.
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6.3 Closing the Knowledge Gap
Previous studies have been done on the fractionation of starch, protein and fibre ingredients
from pulse crop including lentil, but none has been done on the production of these food
ingredients from the by-products of the splitting process. The production of dietary fibre
concentrate has been extensively studied in pea cotyledon and seed coat, but there is no
study on lentil by-product fibre. The result obtained from this investigation has shown that
it is possible to get protein concentrates from a by-product of lentil splitting. The result also
indicates that lentil seed coat can be used as a source of dietary fibre supplements and
additives in food processing.
This study has tried to bridge the knowledge gap and uncovered some other unanswered
questions on the utilization of lentil by-product.
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Chapter 7
Conclusions and Recommendations
This chapter presents all the conclusions drawn from the various parts of this study and
some recommendations for future studies.

7.1 Conclusions
The main objective of this study was to produce fibre-rich, starch-rich, and protein-rich
products from the by-product of red lentil processing. The specific objectives of the studies
were as follows:
1. to isolate fibre fraction of by-products and produce a fibre concentrate;
2. to produce starch and protein concentrate using dry fractionation method (air
classifier);
3. to produce starch and protein fractions using a wet fractionation method (alkalineisoelectric pH method with hydrocyclone).
The experimental trials and analysis of the products and procedures led to the following
conclusions:
1. That every batch of lentil by-product generated is different in physical properties and
chemical properties. These variations are due to the efficiency of dhal recovery during
the splitting operation. These variations affect the consistency, proximate
composition and yield of the final protein and starch fractions.
2. The fractionation aspirator, which severed as preliminary separation equipment in
the production of these three food ingredients resulted in a consistent starting
material and predictable final product in both dry and wet fractionation (protein and
starch concentrate) as seen in the cotyledon-rich fractions. This stage is crucial in the
production of high protein and starch concentrates. The use of the fractionating
aspirator is also essential in the production of seed coat-rich fraction, for further
processing into dietary fibre supplements.
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3. Dry fractionation process resulted in a lower Protein and starch content (49 (57%
with 6.25 conversion factor) and 55% db) of protein-rich and starch-rich fractions
respectively when compared to wet fractionation process that has 79% (db) protein
(91% with 6.25 conversion factor) and 78% db starch in the overflow and underflow
fractions respectively.
4. Air classification has been used in the past to produce a concentrate of about 65%
protein (Sosulski et al. 1987; Tyler et al. 1981); the protein-rich fraction produced in
this study was comparable in protein content giving the high seed coat content of the
feed material.
5. Particle size distribution of the pin milled sample influenced the protein content of
the fine fraction. A negative correlation exists between the particle size of the fraction
and the protein content; the smaller the particle size, the higher the protein content
of the fraction.
6. The effect of pH and concentration on the protein and starch content of the overflow
and underflow fractions respectively was not significant at p-value < 0.05 and
therefore, could not explain the variations seen in the central composite design
model.
7. In both dry and wet fractionation of the cotyledon-rich fraction, the total dietary fibre
was more in the protein-rich than the starch-rich fractions. The higher fibre
concentration shows that cotyledon fibre is less dense than starch and therefore
separated with the lighter protein fractions. This high fibre concentration is a
limitation to the production of protein isolate using this fractionation method.
8. The fibre refining process and milling can yield a fibre-rich fraction with TDF content
of up to 62% (db)and particle size comparable to the commercially available dietary
fibre concentrate that has been found suitable for blending and incorporation into
processed foods. The process also darkens the colour of the fibre concentrate;
however, it leads to colour uniformity between the batches investigated. Fine milling
was found to increase the lightness value(L*) of the concentrate.
9. Nutrimill grinds products with smaller particle size distribution; however, it needs
higher specific energy and lower throughput than the precision mill.
107

7.2 Recommendations for Future Work
All through this investigation and the review of different literature and web searches, it has
been discovered that not much investigation has been carried out on either the use of lentil
seed coat for production of dietary fibre or the production of protein and starch food
ingredients from the by-product of lentil process. The following recommendations have been
put forward for future studies on the use of lentil splitting by-product:
1. Further studies need to be done on the anti-nutritional factors present in the seed
coat of lentil before using the refined fibre for human consumption.
2. An understanding of the factors responsible for the variations in the proximate and
physical properties of the lentil by-product will help in the development of a process
for the fractionation of lentil by-product. For this reason, more studies should be
carried out on different batches of the by-product from different splitting companies
to understand the pattern.
3. The air classifier setting used in this study is the one previously studied for pulse
cotyledon flour, which has low fibre and seed coat content. To get the best yield and
enrichment of the protein, starch and fibre fractions, different air classifier speed, air
flow rate and pin milling conditions needs to be studied.
4. From the studies conducted in both chapter 3 and chapter 4, it was concluded that
Different batches of lentil by-product have different proximate and physical
composition, which affects the yield, composition, and consistency of the final
product. To mitigate these variations and generate a uniform final product
fractionation aspirator stage is recommended. Secondly, for high protein and starch
content of the final product, this stage is also recommended.
5. As explained in section 6.2 a hydrocyclone slurry pump designed with a strong lining
that can withstand the abrasions caused by the fibrous slurry should be used in future
studies to avoid the pressure drops, and project disruptions experienced.
6. To calculate the yield and separation efficiency of the wet fractionation process an
ultrasonic nozzle, which self-cleans and can handle viscous and heavy particles,
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should be used in the spray dryer to control the purification step taking place in the
spray dryer is needed.
7. A techno-economic analysis is required to understand the cost and profitability of the
process.
8. There is a need to study the amino acid profile of red lentil to avoid the over or
underestimation of the protein content and to characterize the protein.
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Appendix A: Supplementary Material for Chapter 4
Table A.1 Central composite design ANOVA table for B1F1a overflow protein
Source

Sum of Squares

df

Mean Square

F Value

Prob > F

Model
A-conc
B-pH
AB
A2
B2
Residual
Cor Total

28.1
6.04
14.57
2.19
5.29
0.066
42.72
70.83

5
1
1
1
1
1
7
12

5.62
6.04
14.57
2.19
5.29
0.066
6.1

0.92
0.99
2.39
0.36
0.87
0.011

0.5193
0.3529
0.1662
0.568
0.3827
0.9202

Std. Dev.
Mean
C.V. %
PRESS

2.47
87.9
2.81
177.08

R-Squared
0.3968
Adj R-Squared
-0.0341
Pred.R-Squared -1.5002
Adeq. Precision 3.362

a= Cotyledon-rich sample of batch one

Table A.2 Central composite design ANOVA table for B1F1 overflow starch
Source
Model
A-conc
B-pH
AB
A2
B2

Sum of Squares
0.43
2.38E-03
0.17
1.00E-02
0.25
5.95E-03

df
5
1
1
1
1
1

Mean Square
0.086
2.38E-03
0.17
1.00E-02
0.25
5.95E-03

Std. Dev.
Mean
C.V. %
PRESS

0.35
0.4
87.6
2.57

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.3317
-0.1457
-0.9798
2.299

B1F1= Cotyledon-rich sample of batch one
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F Value
0.69
0.019
1.36
0.081
2.01
0.048

Prob > F
0.6442
0.8936
0.2819
0.7844
0.1988
0.8326

Table A.3 Central composite design ANOVA table for B1F1 underflow Starch.
Source
Model
A-conc
B-pH
AB
A2
B2
Residual
Cor
Total
Std. Dev.
Mean
C.V. %
PRESS

Sum of
Squares
32.42
1.39
12.64
15.56
2.74
5.02E-03

df

Mean Square

F Value

Prob > F

5
1
1
1
1
1

6.48
1.39
12.64
15.56
2.74
5.0E-03

0.4902
0.6605
0.2092
0.1688
0.5399
0.9788

46.27
78.69

7
12

6.61

0.98
0.21
1.91
2.35
0.42
7.60E04

2.57
75.99
3.38
132.38

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.412
-0.008
-0.6824
3.698
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Figure A.1.Influence of pH and concentration on B1F1 underflow protein content.

122

Figure A.2 Optimized pH and concentration for B1F1 overflow protein and starch content.
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Table A.4 Proximate composition of B1S0 underflow fractions.

1
2
3
4
5
6
7
8
9
10
11
12
13

*Conc.
(w/w)
1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Starch
(% db)
37.43±0.55
36.15±0.65
36.62±0.36
36.59±0.07
39.68±0.28
36.03±0.33
35.89±0.61
39.36±0.71
36.14±0.59
39.99±2.61
34±1.73
38.57±0.61
34.96±0.09

Protein
(% db)
9.48 ±0.00
12.24±0.01
11.40±0.10
10.69±0.00
9.64±0.02
11.65±0.05
13.81±0.03
11.11±0.03
12.70±0.04
15.41±0.04
14.33±0.05
15.75±0.05
11.59±0.05

Ash
(% db)
3.38 ± 0.01
2.77 ± 0.11
2.89± 0.13
3.19 ± 0.07
2.71 ± 0.01
3.00 ± 0.03
2.39 ± 0.19
1.82 ± 0.11
2.42 ± 0.22
1.11 ± 0.05
1.96± 0.48
2.35 ± 0.04
2.73 ± 0.01

Fibre
(% db)
43.08±1.14
44.17±0.43
42.55±0.33
43.36±0.22
39.88±0.01
46.44±0.06
41.25±0.04
43.14±0.50
44.30±0.29
43.25±0.02
44.33±0.84
42.85±2.11
40.46±0.10

Fat
(% db)
0.65±0.15
0.71±0.08
0.96±0.20
0.88±0.17
0.25±0.10
2.73±0.10
2.46±0.17
0.43±0.04
1.27±0.08
0.32±0.14
0.26±0.09
0.40±0.11
0.62±0.14

Values after ± indicate Standard error of measurement where n =2; B1S0 = lentil starting material sample of
batch 1; * Concentration.

124

Figure A.3 Influence of pH and concentration on B1F1 underflow starch content.
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Figure A.4. Influence of pH and concentration on B1S0 overflow protein content.
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Table A.5 Proximate composition of B1S0 Overflow fractions.
Run

*Conc.

pH

(w/w)

Starch

Protein

Ash

Fibre

Fat

(%db)

(%db)

(%db)

(%db)

(%db)

1

1.00

9.00

0.97±0.19

73.12±1.40

3.48 ± 0.01

32.64±0.97

2.12±0.04

2

1.75

8.00

0.05±0.01

75.16±0.10

3.54 ± 0.02

31.07±0.20

2.75±0.14

3

1.75

8.00

0.61±0.10

74.25±0.14

3.61 ± 0.14

32.44±0.36

2.41±0.09

4

0.69

8.00

0.96±0.09

77.30±0.11

2.75 ± 0.02

33.06±0.42

2.47±0.06

5

2.50

9.00

0.23±0.01

74.65±0.02

3.64 ± 0.07

31.71±0.07

2.47±0.11

6

1.75

9.41

1.03±0.02

69.58±0.04

3.87 ± 0.05

34.08±0.34

2.27±0.20

7

2.50

7.00

2.25±0.63

75.96±0.05

3.54 ± 0.17

32.83±0.23

2.13±0.27

8

1.75

8.00

0.79±0.08

77.43±0.05

2.80 ± 0.08

32.12±0.10

2.12±0.05

9

1.75

8.00

1.33±0.04

73.36±0.03

3.42 ± 0.17

31.49±1.60

2.79±0.12

10

1.00

7.00

0.38±0.08

79.04±0.11

2.63 ± 0.23

33.56±0.81

2.31±0.11

11

2.81

8.00

1.56±0.97

75.22±0.03

3.35 ± 0.18

33.62±0.16

1.90±0.18

12

1.75

6.59

1.36±0.02

74.59±0.05

3.75 ± 0.22

29.80±0.60

2.08±0.12

13

1.75

8.00

2.52±0.13

75.60±0.03

3.62 ± 0.50

29.85±0.18

1.65±0.10

Values after ± indicate Standard error of measurement where n =2; BISO = lentil starting material sample of
batch 1; * Conc. = Concentration.
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Table A.6 Central composite design ANOVA table for B1S0 underflow starch.
Source
Model
A-conc
B-pH
AB
A2
B2
Residual
Cor Total

Sum of Squares
19.8
3.8
0.7
10.08
0.25
4.62
21.63
41.44

Df
5
1
1
1
1
1
7
12

Mean Square
3.96
3.8
0.7
10.08
0.25
4.62
3.09

Std. Dev.
Mean
C.V. %
PRESS

1.76
37.03
4.75
94.41

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.4779
0.105
-1.2782
3.812

F Value
1.28
1.23
0.23
3.26
0.08
1.49

Prob > F
0.3685
0.3042
0.6492
0.1139
0.7861
0.2613

Table A.7 Optimized pH and concentration for B1S0 protein and starch fractionation.
Number sample
1
2
3
4
5
6
7
8

overflow
overflow
overflow
overflow
overflow
underflow
underflow
underflow

Conc. (%
w/w)
1.00
1.00
1.00
1.00
2.50
1.92
1.00
1.00

pH

Protein
(% db)
65.87
65.90
65.83
66.04
65.17
9.25
10.04
10.11

8.13
8.12
8.15
8.07
7.32
9.00
7.93
7.90
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Starch
(% db)
1.81
1.82
1.80
1.84
1.85
37.36
37.28
37.34

Desirability
0.50
0.50
0.50
0.50
0.46
0.67
0.60
0.60

Figure A.5 Influence of pH and concentration on B1S0 underflow the starch content.
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Table A.8 Proximate composition of B2F1 Overflow fractions.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13

*Conc.
(w/w)
1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Starch
(% db)
0.97±0.18
0.78±0.05
1.42±0.05
1.53±0.09
1.61±0.07
1.12±0.05
0.41±0.04
0.07±0.01
0.52±0.02
1.57±0.07
0.55±0.04
0.76±0.11
0.06±0.01

Protein
(% db)
76.23 ± 0.08
75.04 ± 0.10
75.45 ± 0.12
74.33 ± 0.07
74.33 ± 0.07
72.79 ± 0.05
76.75 ± 0.27
76.65 ± 0.05
78.65 ± 0.07
77.54 ± 0.15
76.22 ± 0.07
77.36 ± 0.06
76.44 ± 0.01

Ash
(% db)
3.22 ± 0.02
3.29 ± 0.11
3.03 ± 0.07
2.96 ± 0.14
4.27 ± 0.00
3.41 ± 0.06
2.88 ± 0.04
3.71 ± 0.06
2.33 ± 0.38
2.83 ± 0.12
3.08 ± 0.04
2.52 ± 0.10
2.74 ± 0.12

Fibre
(% db)
25.19±0.21
23.51±0.56
21.54±0.41
22.80±0.21
22.81±0.20
23.97±0.24
22.44±0.03
22.51±0.74
22.58±0.59
22.04±0.42
22.17±0.15
24.28±1.36
23.31±0.10

Fat
(% db)
4.63±0.01
4.40±0.18
3.94±0.13
4.71±0.18
4.26±0.06
4.74±0.11
3.80±0.12
4.69±0.14
3.47±0.03
4.72±0.06
4.98±0.56
4.67±0.07
4.44±0.16

Protein conversion factor = 5.4; Values after ± indicate Standard error of measurement where n =2; B2F1 =
cotyledon-rich sample of batch 2; * Conc. = Concentration.

Table A.9 Proximate composition of B2F1 underflow fractions.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13

*Conc.
(w/w)
1.00
1.75
1.75
0.69
2.50
1.75
2.50
1.75
1.75
1.00
2.81
1.75
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Starch
(% db)
74.10±0.49
75.78±0.97
76.55±0.40
75.50±0.99
71.69±0.12
72.09±0.88
75.34±1.10
76.18±0.30
75.83±1.19
74.09±0.25
76.49±0.83
74.50±0.50
77.83±0.48

Protein
(% db)
3.47 ± 0.05
7.03 ± 0.20
7.48 ± 0.10
6.69 ± 0.01
6.23 ± 0.04
7.91 ± 0.00
7.06 ± 0.04
6.75 ± 0.03
3.12 ± 0.09
9.06 ± 0.04
4.04 ± 0.08
9.86 ± 0.10
7.30 ± 0.06

Ash
(% db)
0.63 ± 0.01
0.14 ± 0.03
0.15 ± 0.0.1
0.51 ± 0.01
0.81 ± 0.03
1.05 ± 0.22
0.35 ± 0.02
4.06 ± 0.04
0.30 ± 0.10
0.50 ± 0.02
1.03 ± 0.01
0.47 ± 0.12
0.18 ± 0.00

Fibre
(% db)
13.47±0.15
10.60±1.36
13.31±0.32
12.73±0.11
12.90±0.26
15.53±0.07
11.95±0.10
13.29±0.27
12.64±0.51
11.18±0.24
11.48±0.57
12.95±0.20
12.99±0.37

Fat
(% db)
2.05±0.02
2.26±0.13
2.34±0.11
2.62±0.40
2.11±0.09
2.39±0.07
1.73±0.17
0.96±0.01
0.56±0.03
0.79±0.10
0.64±0.20
0.89±0.12
0.83±0.01

Protein conversion factor = 5.4, Values after ± indicate Standard error of measurement where n =2; B2F1 =
cotyledon-rich sample of batch 2; * Conc. = Concentration.
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Table A.10 Central composite design ANOVA table for B2F1 overflow protein.
Source
Model
A-conc
B-pH
AB
A2
B2
Residual
Cor
Total
Std. Dev.
Mean
C.V. %
PRESS

Sum of
Squares
8.43
0.11
6.19
0.4
1.54
0.069
14.45
22.88

Df

Mean
Square
1.69
0.11
6.19
0.4
1.54
0.069
2.06

1.44
88.25
1.63
44.29

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

5
1
1
1
1
1
7
12
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0.3683
-0.0829
-0.9359
3.203

F
Value
0.82
0.051
3
0.2
0.75
0.033

Prob > F
0.574
0.8278
0.1269
0.6719
0.4163
0.8604

Figure A.6 Influence of pH and concentration on B2F1 overflow protein content.
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Figure A.7 Influence of pH and concentration on B2F1 underflow starch content.
Table A.11 Optimized pH and concentration forB2F1 protein and starch fractionation.
Number

sample

pH

overflow

Concentration
(% w/w)
2.50

Starch
(% db)
0.24

Desirability

7.00

Protein
(% db)
77.24

1
2

overflow

2.49

7.00

77.25

0.24

0.82

3

overflow

2.47

7.00

77.26

0.24

0.82

4

overflow

2.39

7.00

77.29

0.27

0.82

5

overflow

2.38

7.00

77.30

0.27

0.82

6

underflow

2.06

7.65

6.16

76.60

0.80
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0.82

Table A.12 Proximate composition of B2S0 Underflow fractions.
Run *Conc.
(w/w)
1
1.00
2
1.75
3
1.75
4
0.69
5
2.50
6
1.75
7
2.50
8
1.75
9
1.75
10
1.00
11
2.81
12
1.75
13
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Starch
(% db)
7.39±0.21
4.56±0.26
5.96±0.01
7.31±0.21
9.92±0.01
7.89±0.18
6.76±0.12
4.49±0.67
5.88±0.08
6.50±0.22
6.25±0.02
5.44±0.39
6.11±0.39

Protein
(% db)
8.82 ± 0.03
9.96 ± 0.02
9.92 ± 0.03
9.95 ± 0.01
9.55 ± 0.05
8.79 ± 0.05
10.68 ± 0.02
9.16 ± 0.00
9.15 ± 0.06
9.52 ± 0.36
10.42 ± 0.04
10.81 ± 0.38
9.78 ± 0.03

Ash
(% db)
2.70 ± 0.04
2.11 ± 0.03
1.60 ± 0.18
1.93 ± 0.19
2.67 ± 0.07
2.96 ± 0.10
2.04 ± 0.01
2.04 ± 0.09
1.71 ± 0.12
1.81 ± 0.18
1.70 ± 0.28
1.76 ± 0.34
1.82 ± 0.24

Fibre
(% db)
57.84±0.13
57.85±0.57
57.59±0.165
54.89±0.83
56.19±0.19
56.14±0.0.99
55.39±0.47
56.12±0.52
57.24±0.43
56.43±0.47
57.48±0.59
55.73±2.59
55.07±1.65

Fat
(% db)
0.09±0.03
0.21±0.02
0.29±0.06
0.10±0.04
1.60±0.05
0.25±0.01
0.32±0.00
0.11±0.08
1.05±0.05
0.30±0.05
0.50±0.17
0.20±0.06
0.18±0.01

Protein conversion factor = 5.4; Values after ± indicate Standard error of measurement where n =2; B2S0 =
lentil starting material sample of batch 2; * Conc. = Concentration.

Table A.13 proximate composition of B2S0 overflow fractions.
Run Conc.
(w/w)
1
1.00
2
1.75
3
1.75
4
0.69
5
2.50
6
1.75
7
2.50
8
1.75
9
1.75
10
1.00
11
2.81
12
1.75
13
1.75

pH
9.00
8.00
8.00
8.00
9.00
9.41
7.00
8.00
8.00
7.00
8.00
6.59
8.00

Starch
(% db)
0.57±0.10
0.47±0.01
0.91±0.03
0.97±0.04
1.12±0.42
1.01±0.01
0.90±0.01
0.79±0.14
0.57±0.02
0.94±0.23
1.05±0.27
1.12±0.03
0.74±0.12

Protein
(% db)
43.98 ± 0.20
44.59 ± 0.01
44.71 ± 0.35
45.56 ± 0.13
37.47 ± 0.00
40.44 ± 0.03
36.75 ± 0.04
40.66 ± 0.09
41.30 ± 0.59
38.83 ± 0.05
36.44 ± 0.00
41.57 ± 0.33
41.88 ± 0.54

Ash
(% db)
3.37 ± 0.24
3.45 ± 0.09
2.78 ± 0.20
0.49 ± 0.49
3.62 ± 0.09
3.09 ± 0.70
2.77 ± 0.01
3.47 ± 0.01
2.65 ± 0.43
3.36 ± 0.01
2.94 ± 0.21
3.05 ± 0.08
2.61 ± 0.39

Fibre
(% db)
41.07±0.19
36.32±0.49
38.64±0.73
44.56±0.34
43.09±0.16
43.37±0.77
40.14±0.43
43.65±0.20
42.09±1.21
39.84±0.43
40.09±0.84
38.71±0.74
39.89±0.46

Fat
(% db)
0.75±0.02
1.35±0.11
1.24±0.05
1.28±0.10
1.49±0.15
0.31±0.01
0.32±0.01
0.82±0.00
1.05±0.04
0.43±0.01
0.32±0.01
0.80±0.13
0.91±0.10

Protein conversion factor =5.4; Values after ± indicate Standard error of measurement where n =2; B2S0 =
lentil starting sample of batch 2; * Conc. = Concentration.
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Table A.14 Central composite design ANOVA table for B2S0 overflow protein.
Source

df

Mean Square

F Value

Prob > F

Model
A-conc
B-pH
AB
A2
B2
Residual
Cor Total

Sum of
Squares
113.18
77.28
3.03
6.58
14.86
14.86
40.76
153.94

5
1
1
1
1
1
7
12

22.64
77.28
3.03
6.58
14.86
14.86
5.82

3.89
13.27
0.52
1.13
2.55
2.55

0.0525
0.0083
0.4941
0.3231
0.1542
0.1542

Std. Dev.
Mean
C.V. %
PRESS

2.41
47.57
5.07
178.43

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.7352
0.5461
-0.1591
5.735
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Figure A.8 Influence of pH and concentration on B2S0 overflow protein content.
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Figure A.9 Influence of pH and concentration on B2S0 underflow starch content.
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Table A.15 Central composite design ANOVA table for B2S0 underflow starch
Source
Model
A-conc
B-pH
AB
A2
B2
Residual
Cor Total

Sum of Squares
18.35
0.21
7.06
1.29
5.89
5.17
6.62
24.96

df
5
1
1
1
1
1
7
12

Mean Square
3.67
0.21
7.06
1.29
5.89
5.17
0.95

Std. Dev.
Mean
C.V. %
PRESS

0.97
6.5
14.96
32.73

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.7349
0.5456
-0.3111
5.224

F Value
3.88
0.22
7.47
1.36
6.23
5.47

Prob > F
0.0527
0.653
0.0292
0.2813
0.0412
0.0519

Table A.16 Optimized pH and concentration for protein and starch fractions in B2S0.
Number

Sample

conc

pH

Protein

Starch

Desirability

1.00 overflow

1.09

8.58

44.48

0.68

0.77

2.00 underflow

2.50

8.70

9.65

7.95

0.52

3.00 underflow

2.50

8.73

9.62

8.04

0.52

4.00 underflow

2.50

8.49

9.78

7.44

0.52

5.00 underflow

2.50

7.00

10.83

5.84

0.50

6.00 underflow

1.00

7.00

9.98

6.65

0.48
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Table A.17 ANOVA for B1F1 and B1S0 underflow at pH 8 and concentration of 1.75(%w/w).
Source

Dependent
Type III Sum of
Df
Variable
Squares
Corrected
Starch
12614.573a
1
Model
Fibre
4885.868b
1
c
Protein
35.532
1
Intercept
Starch
16742.009
1
Fibre
12020.089
1
Protein
849.9
1
Sample
Starch
12614.573
1
Fibre
4885.868
1
Protein
35.532
1
Error
Starch
5.401
8
Fibre
10.5
8
Protein
18.611
8
Total
Starch
29361.983
10
Fibre
16916.457
10
Protein
904.043
10
Corrected
Starch
12619.974
9
Total
Fibre
4896.368
9
Protein
54.143
9
a. R Squared = 1.000 (Adjusted R Squared = 1.000)
b. R Squared = .998 (Adjusted R Squared = .998)
c. R Squared = .656 (Adjusted R Squared = .613)
aBatch 1 cotyledon-rich fraction; bbatch 1 starting material.
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Mean
Square
12614.573
4885.868
35.532
16742.009
12020.089
849.9
12614.573
4885.868
35.532
0.675
1.313
2.326

F

Sig.

18684.381
3722.481
15.274
24797.833
9157.954
365.335
18684.381
3722.481
15.274

0
0
0.004
0
0
0
0
0
0.004

Table A.18 ANOVA for B2F1 and B2S0 underflow fractionated at pH 8 and concentration of
1.75(%w/w).
Source

Dependent
Type III Sum of
df
Mean
Variable
Squares
Square
Corrected Starch
12614.573a
1
12614.573
b
Model
Fibre
4885.868
1
4885.868
c
Protein
35.532
1
35.532
Intercept Starch
16742.009
1
16742.009
Fibre
12020.089
1
12020.089
Protein
849.9
1
849.9
Sample
Starch
12614.573
1
12614.573
Fibre
4885.868
1
4885.868
Protein
35.532
1
35.532
Error
Starch
5.401
8
0.675
Fibre
10.5
8
1.313
Protein
18.611
8
2.326
Total
Starch
29361.983
10
Fibre
16916.457
10
Protein
904.043
10
Corrected Starch
12619.974
9
Total
Fibre
4896.368
9
Protein
54.143
9
a. R Squared = 1.000 (Adjusted R Squared = 1.000)
b. R Squared = .998 (Adjusted R Squared = .998)
c. R Squared = .656 (Adjusted R Squared = .613)
B2F1= Batch 2 cotyledon-rich fraction; B2S0= batch 2 starting material.
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F

Sig.

18684.381
3722.481
15.274
24797.833
9157.954
365.335
18684.381
3722.481
15.274

0
0
0.004
0
0
0
0
0
0.004

Table A.19 ANOVA for B1F1 and B1S0 overflow fractionated at pH 8 and concentration of
1.75(%w/w).
Source

Dependent
Type III Sum of
df
Mean
Variable
Squares
Square
a
Corrected Starch
.686
1
0.686
b
Model
Fibre
191.319
1
191.319
c
Protein
444.356
1
444.356
Intercept Starch
6.368
1
6.368
Fibre
7304.047
1
7304.047
Protein
66954.943
1
66954.943
Sample
Starch
0.686
1
0.686
Fibre
191.319
1
191.319
Protein
444.356
1
444.356
Error
Starch
4.148
8
0.518
Fibre
5.411
8
0.676
Protein
32.256
8
4.032
Total
Starch
11.202
10
Fibre
7500.776
10
Protein
67431.555
10
Corrected Starch
4.834
9
Total
Fibre
196.73
9
Protein
476.612
9
a. R Squared = .142 (Adjusted R Squared = .035)
b. R Squared = .972 (Adjusted R Squared = .969)
c. R Squared = .932 (Adjusted R Squared = .924)
a= Batch 2 cotyledon-rich fraction; b= batch 2 starting material.
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F

Sig.

1.324
282.865
110.206
12.283
10799.052
16605.744
1.324
282.865
110.206

0.283
0
0
0.008
0
0
0.283
0
0

Table A.20 ANOVA B2F1 and B2S0 overflow fractionated at pH 8 and concentration of
1.75(%w/w).
Source

Dependent
Type III Sum of df
Mean
Variable
Squares
Square
Corrected
Starch
.040a
1
0.04
Model
Protein
3823.589b
1
3823.589
c
Fibre
759.338
1
759.338
Intercept
Starch
4.007
1
4.007
Protein
47507.935
1
47507.935
Fibre
9862.112
1
9862.112
Sample
Starch
0.04
1
0.04
Protein
3823.589
1
3823.589
Fibre
759.338
1
759.338
Error
Starch
1.403
8
0.175
Protein
30.623
8
3.828
Fibre
35.449
8
4.431
Total
Starch
5.449
10
Protein
51362.147
10
Fibre
10656.899
10
Corrected
Starch
1.442
9
Total
Protein
3854.212
9
Fibre
794.787
9
a. R Squared = .028 (Adjusted R Squared = -.094)
b. R Squared = .992 (Adjusted R Squared = .991)
c. R Squared = .955 (Adjusted R Squared = .950)
a= Batch 2 cotyledon-rich fraction; b= batch 2 starting material.
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F

Sig.

0.226
998.878
171.365
22.852
12411.014
2225.653
0.226
998.878
171.365

0.647
0
0
0.001
0
0
0.647
0
0

Appendix B: Supplementary Material for Chapter 5

Figure B.1 Comparison of the colour attributes of batch 1 and 2 starting material. B1S0 =
batch one starting material; B2S0 = batch two starting material; dE*ab (ΔE) =Change in
visual perception

Figure B.2 Comparision of the colour attributes of B1F4N and B2F4N. B1F4N = Nutri-milled
seed coat-rich fraction of batch 1; B2F4N = Nutri-milled seedcoat-rich fraction of batch 2;
dE*ab (ΔE) =Change in visual perception.
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Figure B.3 Comparison of the colour attributes of Nutri-milled and precision milled sample.
B1F4N = Nutri-milled seed coat-rich fraction of batch 1; B1F4P = Precision-milled seed coatrich fraction of batch 2; dE*ab (ΔE) =Change in visual perception.

Figure B.4 Comparison of the colour attributes of refined and unrefined sample. B1F4N =
Nutri-milled seed coat-rich fraction of batch 1; B1RF4N =refined Nutri-milled seedcoat-rich
fraction of batch 1; dE*ab (ΔE) =Change in visual perception.
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Table B.1 ANOVA of starch, protein, and fibre content of B1S0, B1F4 and B1RF4.
Source

Dependent
Type III Sum
Variable
of Squares
Corrected Model Protein
167.278a
Fibre
540.244b
Starch
578.348c
Intercept
Protein
2363.927
Fibre
14976.759
Starch
1061.849
Sample
Protein
167.278
Fibre
540.244
Starch
578.348
Error
Protein
0.257
Fibre
2.156
Starch
0.557
Total
Protein
2531.463
Fibre
15519.159
Starch
1640.755
a. R Squared = .998 (Adjusted R Squared = .997)
b. R Squared = .996 (Adjusted R Squared = .993)
c. R Squared = .999 (Adjusted R Squared = .998)
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df Mean
Square
2 83.639
2 270.122
2 289.174
1 2363.927
1 14976.759
1 1061.849
2 83.639
2 270.122
2 289.174
3 0.086
3 0.719
3 0.186
6
6
6

F

Sig.

974.869
375.831
1557.298
27553.13
20837.74
5718.407
974.869
375.831
1557.298

0
0
0
0
0
0
0
0
0

