
                       
 

 
 
 

 
                              

OPTIMISING PARTICLE SIZE DISTRIBUTION FOR 

GRAINS AND PROTEIN SOURCES 
 

4B-112 
 

Report prepared for the 
Co-operative Research Centre for High Integrity Australian Pork 

 

 

 

By 

 

Peter A Sopade, Giang T Nguyen, and Michael J Gidley, 
 

The University of Queensland  
 
 
 
 
 

June 2016 
 



  

 i 

Executive Summary 

 Rationale for undertaking the Project 

 

Previous Pork CRC projects had shown that reducing the amounts of milled grain particles 

>1mm in size (for sorghum, or 1.7 mm for barley) improves feed conversion ratios in both 

weaner and grower pigs. This project built on these findings by: 

 

1. Evaluating the particle size distributions of milled grains currently used in feeds by 

both large and small producers, using a custom built hand-held sieving device. 

2. Testing in the laboratory whether the same underlying particle size mechanism applies 

to field peas for both starch and protein digestion. 

3. Testing in weaner pig trials whether variations in particle size below 1 mm have any 

effects on FCR or growth rate for field peas or sorghum. 

4. Investigating the composition and particle sizes of residual feed at the ileum as a 

function of passage time using a cannulation model. 

 

 Outcomes of the project 

 

For the four target areas described above: 

 

a. There is a wide range of particle size (distributions) for milled grains in current 

production, including many with a high percentage of > 1mm particles. Measurement 

of particle size distribution can be simple but is rarely carried out. 

b. The same diffusion-controlled digestion process found for starch in milled cereal grains 

also applies for both starch and protein in field peas as a model legume. 

c. For mean particle sizes between 0.4 and 0.8 mm, there were no significant 

performance differences for weaner pigs on sorghum- or pea-rich diets 

d. The cannulation time course study showed very low levels of starch and no large    

particles (>0.5 mm) at the ileum. Feeds with larger particles had a slower rate of 

passage, suggesting that the negative effect of large particle sizes on feed efficiency 

observed previously may be related to passage rate as well as digestibility effects. 

 

 Relevance of the project’s outcomes to the Australian Pig Industry 

 

I. Particle size management is an important and potentially overlooked aspect of feed 

quality, particularly by smaller producers. A hand-held on-site sieving device prototype 

gave essentially the same results as conventional laboratory sieving analysis, and offers 

the potential for on-site adjustment of milling parameters (particularly to reduce the 

levels of particles greater than 1 mm in size) with predicted impact on animal 

performance.  

II. Starch and protein digestion in field peas follows the same ‘outside-in’ diffusion 

process as in cereal grains, offering a potential new approach to nutrient synchrony by 

combining protein and starch sources with similar enzyme digestion rates. 

III. For diets containing 49% sorghum or 30% pea with milled grain or legume particle size 

distributions in the 0.4 – 0.8 mm range, there is unlikely to be significant differences 

in animal performance efficiency even though up to 40% of sorghum/pea particles are 

1 mm or larger. In contrast, reducing the percentage of sorghum or barley particles 
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larger than 1 mm has previously been shown to improve efficiency in diets containing 

72% of the grain. This suggests that larger particles may be more tolerated in diets 

containing diverse grains than in single grain formulations.  

IV. The current focus on digestion rates as the reason why larger particles reduce animal 

performance needs to be broadened to include gastric emptying rates. 
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1. Introduction 

This project follows on from CRC for an Internationally Competitive Pork Industry Project 1B-117 

‘Processing methods of grains’, which showed that the distribution of particle sizes within milled 

grains affects not only the rate of in-vitro digestion of starch but also the feed conversion ratio 

obtained in feeding trials with both weaner and grower pigs. By selectively reducing the level of 

particles greater than 1 mm (sorghum) or 1.7 mm (barley) without increasing the level of 

potentially harmful dust particles below 0.125 mm in size, FCR values were improved by between 

10 and 20%. This project was designed to obtain the additional information needed to provide 

guidelines for optimal particle size distribution for common cereal grains and protein sources, an 

assessment of the effects of particle size distribution for grains and protein sources and 

recommend a design for a sieving device for use on-farm and by feed manufacturers. 

 

The previous project showed that dietary material appearing at the terminal ileum consisted of 

intact grain particles and that the rate of starch digestion decreased with the square of particle 

size, such that a doubling of particle size decreased digestion rate four-fold. When the largest 

particles were removed from barley and sorghum grains following sieving and regrinding through 

a smaller screen, the efficiency of feed use was significantly improved in grower and weaner pigs 

and by as much as 20% in weaners. However, the effects of different particle size distributions 

were not investigated and it is likely greater improvements in feed use could be made if particle 

size distribution was optimised. Furthermore, it is well known that efficiency of feed use is 

improved by the synchronous delivery of energy and amino acids. Just as particle size distribution 

in cereal grains affects the site and extent of starch digestion (energy availability), particle size 

distribution will affect the site and extent of protein digestion. However, the particle size 

distribution of major protein sources used in the pig industry (peas, soybean meal and canola 

meal) and the effects of different milling procedures are not known.  

 

The rate of digestion of grain particles and protein sources is likely to be affected by the rate of 

passage of digesta. The speed with which digesta passes through the digestive tract is controlled 

by complex interactions between particle size and structure, viscosity of digesta and whether the 

‘ileal’ brake has been stimulated by partially digested feed ingredients appearing at the ileum and 

colon. When the ileal brake is stimulated, the rate of passage of digesta can be reduced several 

fold. Therefore, the interactions between particle size and type, indigestible carbohydrates and 

rates of digestion of grain and protein source particles need to be understood before optimal 

particle size distribution can be recommended to ensure efficient digestion of feed ingredients 

and synchrony of energy and amino acid supply. Once optimal particle size distribution has been 

determined for the major types of cereal grains and protein sources, feed manufacturers need to 

know the particle size distribution of the feed ingredients they are using in diets and the 

consequences of being outside the optimum range. This project plans to provide a recommended 

design for an on-farm sieve for measuring particle size distribution and a ‘ready-reckoner’ for 

assessing the likely consequences on pig performance of particle size distributions outside the 

optimum. 
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2. Methodology 

Laboratory work 

 

 Definition of effects on particle size distributions of milling wheat, barley and sorghum by 

hammer, disc and roller mills under commercial conditions. 

 In-vitro digestion of starch and protein from milled field peas and identification of likely 

optimal particle size and distribution. 

 Development of a prototype sieving device for on-farm particle size distribution 

measurement. 

 Analysis of passage rate animal trial to assess relative importance of digestion rate and 

passage time on FCR. 

 

Animal work 

 

 Weaner feeding trial (Rivalea) on sorghum with defined particle size distributions. 

 Weaner feeding trial (Rivalea) on field peas with defined particle size distributions. 

 Cannulation trial (University of Melbourne) to determine passage rate vs grain particle size 

for both sorghum and field pea. 

 

Testing of an on-farm sieving device for particle size distribution. 

 

Communication of results across the feed manufacturing and on-farm mixing industries. 

 

 

3. Outcomes 

1. There is a wide range of particle size (distributions) for milled grains in current production, 

including many with a high percentage of > 1 mm particles. Measurement of particle size 

distribution can be simple but is rarely carried out. 

2. The same diffusion-controlled digestion process found for starch in milled cereal grains also 

applies for both starch and protein in field peas as a model legume. 

3. For particle sizes between 0.4 and 0.8 mm, there were no significant performance 

differences for weaner pigs on (a) field pea- or (b) sorghum-rich diets. 

4. The cannulation time course study showed very low levels of starch and large particles at 

the ileum, suggesting particle size effects also involve passage rate. 

 

Research results are described in detail in six sections which are included as appendices and which 

cover: 

 

Appendix 3. Variation in particle sizes of commercial pig feeds in Australia and Vietnam (Outcome 

1 above). 

 

Appendix 4. Dependence of in-vitro starch and protein digestions on particle size of field peas 

(Pisum sativum L.) (Outcome 2 above). 

 

Appendix 5. Growth performance of weaner pigs fed diets containing field pea milled to different 

particle sizes (Outcome 3(a) above). 

 

Appendix 6. Growth performance of weaner pigs fed diets containing sorghum milled to different 

particle sizes (Outcome 3(b) above). 
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Appendix 7. Residence time distribution and mixing profile in the gastrointestinal tract of pigs as 

defined by model protein and carbohydrate sources of different particle sizes (Outcome 4 above). 

 

Appendix 8. Particle size effects on ileal starch digestibility in pigs fed carbohydrate and protein 

sources (Outcome 4 above). 

 

These appendices are extracted from the PhD thesis submitted to The University of Queensland 

by Ms Giang Tuyet Nguyen, who was a student on the project. Her PhD thesis is titled ‘Influence 

of Particle Size and Size Distribution of Sorghum and Field Pea on Digestibility and Growth 

Performance of Pigs’. The references cited in the appendices are listed at the end of the 

appendices. 

 

4. Application of Research  

The research revealed large differences in the particle sizes of grains and diets in the Australian 

(and Vietnamese) pig industry. These differences can adversely affect pig production economics. 

It is, therefore, important to control particle sizes of pig diets, particularly mash diets. A number 

of Australian and New Zealand pig feed mills contacted the research team during the project, and 

they were appropriately guided. There was much interest in the manual sieving device, which was 

developed during the project. The device is yet to be commercialized, but the prospect is there. 

Through this project, the Vietnamese pig industry is more aware of the importance of particle size 

in pig production economics. The manual sieving device was also demonstrated in Vietnam, and 

discussions are progressing to adapt this Australian know-how to the Vietnamese situation. 

 

Through an extensive study that involved weaner and grower pigs, and within the particle size 

ranges investigated, the project revealed the optimum particle sizes for field pea and sorghum to 

be in the range of 0.4 – 0.8 mm. Some of the mills surveyed ground or used milled grains outside 

this range. Part of the findings of this project has been made available to the Australian pig 

industry, and the publication of the final project report will further spread the project outcomes 

for wider adoption. 

 

The project applied complex fundamental scientific principles for simplified outcomes that could 

reduce costs of pig feed manufacture or processing, or generally, pig production. For example, 

for both field pea and sorghum, feed mills need not mill below 0.4 mm particle size. Fine milling 

is an expensive operation, and the project emphasized quality control in feed milling to save on 

costs. A durable and user-friendly tool, the manual sieving device, to assist in this important 

quality control is available for commercialisation with an estimated unit cost of less than A$500. 

 

Amongst other findings, the project demonstrated the benefits of matching in-vitro and in-vivo 

techniques to explain pig responses to grain and diet treatments, and applying novel process 

engineering principles to flow and digestibility in the pig gastrointestinal tract. The approach is 

probably amongst the first to study protein and carbohydrate digestion simultaneously. The 

project revealed differences between disc and hammer mills, and within hammer mills, suggesting 

that the design of the hammers can influence mill outputs. Although disc mills are relatively 

automated, hammer mills that can automatically change their sieve sizes are possibly available or 

could be designed. 
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5. Conclusion  

Pig feeds can be formulated from legume/pulse and cereal grains, and for grain-based pig feeds, 

the grains are usually milled. The common mills in the pig industry are hammer, roller and disc 

mills, and disc mills are becoming important because they are relatively easier to automate. There 

are variations in mill and grain types that define particle size characteristics of pig feeds. The 

current study has established that in Australia (and Vietnam), particle size characteristics of pig 

feeds can vary widely, and there is a need to control these for economics of feed manufacture 

and profitability in the pig industry as it affects animal growth performance. From the results 

obtained in the current study, most pig feed mills were found not to be monitoring the particle 

size characteristics of their milled grains, and consequently, pig feeds or diets. Those who were 

monitoring the particle characteristics were relying solely on average particle size, and in most 

cases as approximated by a non-specific manual sieving device. The current study evaluated a new 

manual sieving device that had sieves of known diameters, and established the usefulness of the 

new manual sieving device for feed mill quality assurance (Appendix 3). Importantly, the new 

manual sieving device yielded both particle size and particle size distribution, as respectively 

defined by geometric mean particle size diameter and standard deviation of the geometric mean 

particle size diameter. However, for the pig industry to benefit from this innovation, the new 

manual device must be available at a competitive price. A robust and durable device would find 

uses in feed mills and on pig farms, as well as in the various sectors of the food industry where 

milled grains are used. 

  

The importance of particle size in starch digestion has been extensively studied by in-vitro 

techniques, with relatively limited studies by in-vivo animal studies. The current study, while 

establishing in-vitro particle size-starch digestion dependences for sorghum and field pea, 

extended the understanding to particle size-protein digestion relationships in a pioneering 

approach involving simultaneous investigations of starch and protein digestions in field pea and 

sorghum (Appendix 4). To build on this understanding, the current study supported the in-vitro 

approach with extensive animal studies, using weaner (Appendices 5 & 6) and grower pigs 

(Appendix 8). To replicate field situations, commercial mills were used, and the particle size 

ranges for the grains were as wide as practically possible with the mills, with a particular attention 

to milling machine stability. The current study established the optimum particle size ranges for 

the grains, as neither animal growth performance (weaner pigs) nor ileal starch digestibility 

(cannulated grower pigs) was particle size dependent (Appendices 5, 6 & 8). Establishing these 

optima is important to feed manufacturers and the pig industry, as these grains can now be milled 

to the studied particle sizes with no adverse effects on the pigs. The optima are also important 

for process economy, because the grains do not need to be milled smaller than the smallest 

particle size studied; about 0.4 mm. However, the optimum particle size range should involve a 

broad particle size distribution because a narrow particle size distribution was predicted to 

adversely affect digestibility and functional properties of milled grains (Appendix 4). Getting the 

optimum particle size with a broad particle size distribution requires careful control of mill 

settings, and feed mills should take cognizance of these findings for the benefits of the pig 

industry. 

 

Feed mills and the pig industry need quality control yardsticks that are quick to obtain for prompt 

corrective measures. In the weaner and grower pigs’ experiments, the current study established 

the usefulness of in-vitro digestion parameters and grain functional properties. The in-vitro starch 

and protein digestion parameters were found to reasonably predict animal growth performance 

(Appendices 5 & 6). The former are relatively easy to obtain, and establishing a robust relationship 

between the two sets would enhance pig production. 
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Laboratory approaches to predict animal outcomes are not without their limitations, but they 

continue to be cautiously used to predict and understand animal behaviours, including 

physiological phenomena. While understanding the responses of cannulated grower pigs to field 

pea and sorghum that were milled to different particle sizes, the current study investigated 

(Appendix 7) residence time distribution in the gastrointestinal tract of the pigs up to the terminal 

ileum (end of the small intestine). The distributions were modeled by viewing the gastro intestinal 

tract as consisting of mixing (stomach) and displacement (small intestine) compartments (i.e. a 

compartmental approach). The current study established that there could be much more extensive 

mixing and particle size reduction up to the terminal ileum than earlier reported, and speculated 

that the long residence time in the pig stomach reflected sedimentation of the feed particles. The 

various residence time distribution parameters obtained in the current study (Appendix 7) were 

highly correlated with the particle size parameters, and the trends followed the dependence of 

the terminal velocity of gravitational sedimentation on particle size parameters. The current study 

also showed that the particles in the ileal digesta samples were physiologically ground to about 

the same size, irrespective of the diet treatments, grains and digesta collection times (Appendix 

8). It was thought that such a high particle size reduction ratio, as obtained in the current study, 

yielded the high ileal starch digestibility that was found. 

 

6. Limitations/Risks  

The project did not study enough roller milled samples to critically understand how roller milling 

can influence optimum particle sizes of grains for pig feeds. Moreover, the project concentrated 

on field peas and sorghum, and depending on locations in Australia (and New Zealand), wheat, 

barley, maize (corn), and other cereals and legumes/pulses are important feed grains. With 

differences in their starch characteristics, starch-protein interactions and fracturability, amongst 

others, the optimum sizes that were established for field peas and sorghum might not apply to 

them, but are likely to be a useful guide. However, using the testing procedures from the project, 

other important grains for the Australian pig industry can be investigated. 

 

7. Recommendations  

As a result of the outcomes in this study, the following recommendations have been made: 

 

a. Field pea and sorghum, and possibly other grains need not be milled to a particle size below 

0.4 mm to avoid excessive milling costs. 

b. Within the particle size ranges investigated, field peas and sorghum, and possibly other 

grains, should not be milled coarser than 0.8 mm mean size for mash diets, and based on 

previous work particles larger than 1 mm should be minimized even if the mean size is less 

than 0.8 mm. This might apply to pellet diets too, for ease of pelleting and pellet durability. 

c. Particle size quality control is critical in feed mills, and there should be ‘go-no-go’ alerts 

that can only be adequately defined and monitored by an on-site and rapid measure of 

particle sizes. Feed mills should regularly monitor particle sizes, and a manual sieving device 

should be a must-have, if an electric sieving set-up is not immediately available. 

d. Although the focus was on milled grains that constitute the main proportion of pig diets, the 

particle size of other ingredients is important, because they can change the particle size of 

diets. The project demonstrated the significance of diet ingredients in starch and protein 

digestions, vis-à-vis their chemical constituents (starch and protein). Coincidentally, the 

particle size of the ingredients used in the project did not materially change the particle 

size of the diets from that of the grains. However, this might not apply to all diets and 
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measurement (and potential control) of particle size for all ingredients in pig feed is 

recommended. 

e. Pending information on optimum particle sizes for other grains, the range obtained in this 

study (0.4 – 0.8 mm) is a useful guide. 
  



  

 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. Appendices 

  



  

 8 

Appendix 1 
 
Publications during project 

 

Peer-reviewed papers 

 

Nguyen, G. T., Gidley, M. J. and Sopade, P. A. (2015). Dependence of in-vitro starch and protein 

digestions on particle size of field peas (Pisum sativum L.). LWT-Food Science and Technology, 63, 

541-549. 

 

Nguyen G. T., Bryden, W. L., Gidley M. J. and Sopade P. A. (2015). Pig feed ingredients affect 

enzyme diffusion coefficients. Animal Production Science, 55, 1537. 

 

Nguyen G.T., Bryden, W. L., Gidley M.J. and Sopade P.A. (2015). Variation in particle sizes of 

commercial pig feeds in Vietnam. Animal Production Science, 55, 1565.  

 

Nguyen G. T., Collins, C., Henman, D., Diffey, S., Tredrea, A. M., Black, J. L., Gidley M. J. and 

Sopade P. A. (2015). Growth performance of weaner pigs fed diets containing grains milled to 

different particle sizes. I. Sorghum. Animal Production Science, 55, 1566.  

 

Nguyen G. T., Collins, C., Henman, D., Diffey, S., Tredrea, A. M., Black, J. L., Gidley M. J. and 

Sopade P. A. (2015). Growth performance of weaner pigs fed diets containing grains milled to 

different particle sizes. II. Field pea. Animal Production Science, 55, 1567. 

 

Conference abstracts 

 

Nguyen, G. T., Bryden, W. L, Gidley, M. J., Edwards, A. C., Willis, S., Black, J. L. Wilson, R. H. 

and Sopade, P. A. (2013).  A survey of particle size and particle size variability of milled grains 

available for use in Australian pig feeds. Manipulating Pig Production 14th - Proceedings of the 

Proceedings of the 14th Biennial Conference of the Australasian Pig Science Association (APSA). 

Edited by Pluske, J. and Pluske, J. Australasian Pig Science Association (Inc.), Werribee, Victoria, 

Australia. Pg. 55. 

 

Nguyen, G. T., Bryden, W. L, Gidley, M. J., Edwards, A. C., Willis, S., Black, J. L. Wilson, R. H. 

and Sopade, P. A. (2013).  Design and evaluation of a manual sieving device for monitoring particle 
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size in feed manufacture. Manipulating Pig Production 14th - Proceedings of the Proceedings of the 

14th Biennial Conference of the Australasian Pig Science Association (APSA). Edited by Pluske, J. 

and Pulske, J. Australasian Pig Science Association (Inc.), Werribee, Victoria, Australia. Pg. 56. 

 

Nguyen G. T., Gidley M. J. and Sopade P. A. (2013). Kinetics of protein and starch digestion in field 

pea. Abstract submission to the International Association for Cereal Chemistry (ICC) Conference 

2013 in Association with the 63rd Australian Cereal Chemistry Conference (ACCC), 25 - 28 August 

2013, Fremantle, Perth, Australia. 

 

Nguyen G. T., Zhang, J, Bozec, M., Gidley, M. J. and Sopade, P. A. (2014). Can Fourier Transform 

Infra-Red Spectroscopy Contribute to the Understanding of Protein Digestion? Abstract submission 

to the Australian Institute of Food Science Technology Food Science (AIFST) Summer School 2014, 

5 - 4 February 2014, The University of Queensland, Brisbane, Australia. 
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Appendix 2 
 
Contributions by others to project 

 

Contributor Statement of contribution 

Wayne Bryden (School of Agriculture and Food 

Sciences, The University of Queensland, Gatton, 

QLD 4343, Australia) 

Assisted in design and interpretation of 

experiments. Involved in reviewing and 

editing report appendices. 

Cherie Collins (Rivalea Australia Pty Ltd, 

Corowa, NSW 2646)  

Implemented weaner pig feeding experiments. 

David Henman (Rivalea Australia Pty Ltd, 

Corowa, NSW 2646) 

Formulated animal experimental diets. 

Simon Diffey (Centre for Crop Disease 

Management, Curtin University, Bentley, WA 

6102, Australia) 

Designed experiments and analysed part of 

data. 

Anthony Edwards (ACE Livestock Consulting 

Pty Ltd, Cockatoo Valley, SA 5351, Australia) 

Surveyed feed mills in South Australia. 

Sara Willis (Queensland Department of 

Agriculture, Fisheries and Forestry, Toowoomba, 

QLD 4350, Australia) 

Surveyed feed mills in Queensland, and 

assisted in grain milling for experiments. 

John Black (John L Black Consulting, Warrimoo, 

NSW 2774, Australia) 

Contributed to experimental design, and 

assisted as the sub-program leader of the 

project. 

Rob Wilson (Rob Wilson Consulting, Perth, WA 

6012, Australia) 

Surveyed feed mills in Western Australia, and 

assisted as the program leader of the project. 

Annette Tredrea (Faculty of Agriculture and 

Environment, The University of Sydney, 

Eveleigh, NSW 2015, Australia) 

Coordinated and supplied grains used. 

Jing Zhang (School of Agriculture and Food 

Sciences, The University of Queensland, St 

Lucia, QLD 4072, Australia) 

Assisted in part as a research assistant. 

Marie Bozec (Agrocampus Ouest, 35042 Rennes 

Cedex, France) 

Assisted in part of the research as an 

occupational student. 

Sylvie van Rijt (HAS Den Bosch, University of 

Applied Sciences, s’-Hertogenbosch, 

Netherlands) 

Assisted in part of the research as an 

occupational student. 

Jennifer Waanders, David Appleton and Stephen 

Appleton (School of Agriculture and Food 

Sciences, The University of Queensland, St 

Lucia, QLD 4072, Australia) 

Protein analysis by the Dumas method. 
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Peter Cakebread, Maree Cox and Evan Bittner 

(Melbourne School of Land and Environment, 

The University of Melbourne, Melbourne, VIC 

3010, Australia) 

Sourcing, surgery and supervision of pigs for 

the cannulation experiment. 

Dagong Zhang (School of Agriculture and Food 

Sciences, The University of Queensland, Gatton, 

QLD 4343, Australia) 

Freeze drying of ileal samples. 

Peter Isherwood (School of Agriculture and Food 

Sciences, The University of Queensland, Gatton, 

QLD 4343, Australia) 

Titanium analysis by colorimetry. 
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Appendix 3 
 

Variation in particle sizes of commercial pig feeds in Australia 

and Vietnam 

 

 

3.1 Introduction 

 

Feed manufacture plays an important role in presenting feed nutrients to animals, and one of the most 

common operations in feed manufacture or processing is milling (Choct et al., 2004; Montoya and 

Leterme, 2011; Cools et al., 2014; Paulk et al., 2015). Grinding, milling, comminution or size 

reduction is defined as a unit operation in which solid materials are broken down through the 

application of mechanical forces (Brennan et al., 1990). The purposes of milling include (Brennan et 

al., 1990; Amaral et al., 2014; Ball et al., 2015): 

 

(a) Obtaining a definite particle size or size range for specific products. 

(b) Increasing the total surface area to assist in various post-milling operations and processed.  

(c) Enhancing mixing and blending.  

 

Particle size is affected by many factors, such as milling forces (attrition, compressive and impact), 

grain type/variety and grain properties (type, variety, dimensions and fracturability of grains or degree 

of toughness of grain bran or husks) (Brennan et al., 1990; Sopade et al., 2011; Ortega-Rivas, 2012). 

Milling is important in pig feed manufacture, because unlike poultry, pigs do not comminute ingested 

feeds very well (Flis et al., 2014). The average particle size of pig feed is varied and it depends on 

the mills, grains and ingredients included (Laurinen et al., 2000; Kim et al., 2005; Sopade et al. 2011). 

The main types of mills that are used in food and feed processing include disc-, hammer- and roller-

mills (Svihus et al., 2005; Amerah et al., 2007; Sopade et al., 2011), and the characteristic milling 

forces are depicted in Figure 2.4 (2.3.1).  Grains need to be milled to an optimum particle size for 

maximum feed efficiency. If the particle size is larger than the optimum, feed efficiency is reduced, 

and apart from milling economy, a small particle size can result in a decrease in pig performance due 

to development of lesions and gastric ulceration (Wondra et al., 1995a; Morel and Cottam, 2007). 

Theoretically, grains can be milled to any particle size, but from processing and economic 

perspectives, fine-grinding grains below 400 μm can be wasteful and reduce production capacity 

(Flohr et al., 2012). 
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Despite the importance of particle size in digestion and growth performance (Choct et al., 2004; 

Montoya and Leterme, 2011; Cools et al., 2014; Paulk et al., 2015), results of a survey (Sopade et 

al., 2011) showed that most feed mills in Australia did not regularly monitor the particle size of their 

milled grains prior to use or packaging. Of all the approaches for particle size measurements, sieving 

is the most common, and its efficiency is dependent, amongst others, on particle size and moisture of 

materials, blinding of screens and electrostatic charges (Brennan et al., 1990). Sieving can measure 

from 50 - 3,000 μm, and direct measurements are preferred for larger sizes (Brennan et al., 1990). 

Sieving, as a particle size measurement technique can be done with a set of sieves on an electric 

shaker or by the non-expensive and rapid Bygholm particle size tester (Benz et al., 2006; ASABE, 

2008). 

 

The Bygholm feed sieve was designed as an 11 × 2.3 × 4.3 inch plastic box, which is divided into 

four compartments by three different screen sizes of 3,000, 2,000, and 1,000 μm (Benz et al., 2006). 

The Bygholm particle size tester was found to save time, be cost effective and give a quicker idea of 

particle size than a 13-sieve stack (Benz et al., 2006). However, the tester has only three sieves, which 

yield limited information on particle size distribution and gives empirical particle size parameters 

(Sopade et al., 2011). A manual sieving device (Fig 3.1) was designed (Sopade et al., 2011) to have 

the simplicity of the Bygholm tester, but with improved ergonomics and six sieves of known apertures 

that can calculate particle size parameters with engineering meanings. It is, however, important to 

evaluate the new manual sieving device by comparing its particle size parameters with standard sieve-

stacks, as reported elsewhere (Benz et al., 2006) for the Bygholm tester. For comparative purposes, 

it is advisable to measure and express particle size characteristics using standard parameters that guide 

quality control in feed mills. 

 

The standard procedure uses a shaker, on which there is a set of woven wire-cloth sieves (framed 200 

mm in diameter, and 25 mm in height). Surface area and number of particles per unit mass can be 

calculated from the determined particle size. The average particle size is given as Dgw, the geometric 

mean diameter or median size of particles by mass (mm). Another parameter is Sgw, which is the 

geometric standard deviation (uniformity) of particle diameter by mass (mm), and indicates the 

uniformity of the ground sample to give an idea of the particle size distribution (Sopade et al., 2011). 

These parameters can be measured using a simple manual sieving device (Figure 3.1), which is cost 

effective, easy to apply and with defined sieve sizes (Sopade et al., 2011). The volume of milled 

grains retained on each sieve of the manual device can be used to calculate per cent retention per 

sieve, which can be analysed for particle size parameters with the procedures in ASABE (2008). The 

manual sieving device will, however, need to be evaluated in comparison with conventional sieving, 
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and how the particle size parameters from it correlate with the parameters obtained from conventional 

or standard procedures. 

 

Objective measurements of particle size are valuable for consistent control of milling, which 

indirectly affects milled grains end-use properties, notably among which is digestibility 

(Mahasukhonthachat et al., 2010a). 

 

Figure 3.1  A manual sieving device to evaluate particle size distribution. (Source: Sopade et al. 

(2011). A = lock, B = sliding part (left to right), C = stopper to cover the top sieve while 

filling the device, D = handle. 

 

Consequently, this study was designed to identify the state of knowledge on particle size differences 

of pig diets, and the grains and mills used in the pig industries in Australia and Vietnam. The specific 

objectives of the study were to:  

 

(i) Evaluate the new manual sieving device in determining particle size parameters, and how the 

parameters compared with those from stack sieves on an electric shaker. 

(ii) Investigate the particle size distributions of milled grains in Australia and Vietnam to 

understand any variability in order to make recommendations for grain milling in the two 

countries. 

(iii) Identify how mill types influence particle size parameters of grains and feed. 

 

3.2 Materials and methods 

 

3.2.1 Feed mill survey 

 

3.2.1.1 Survey in Australia 

 

About 100 milled grains and pig diets from 16 feed and research mills in Queensland, South Australia 

and Western Australia were collected and sieved on-site using the new manual sieve (Figure 3.1) or 
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in the lab of the University of Queensland (using an electric shaker with sieves). The types of mills 

in operation were recorded. 

 

3.2.1.2 Survey in Vietnam 

 

Forty-one mash feed samples were collected from 11 mills in the Southeast and Mekong Delta regions 

of Vietnam, and sieved, in duplicate, on-site using the new manual sieving device. The survey was 

conducted and focused on the Southeast and Mekong Delta regions, because this is where the majority 

of feed mills are. These feed mills were visited or contacted to observe the grain milling techniques 

and mill settings. Samples were collected or posted.  

 

3.2.2 Evaluation of particle size by sieving approach 

 

Samples collected from the two surveys were sieved and the geometric mean diameter (Dgw) and 

geometric standard deviation (Sgw) were calculated following standard procedures (ASABE, 2008): 

 

Dgw= log
-1

 [
∑ (Wilog di)

n
i=1

∑ Wi
n
i=1

]                   (3.1) 

 

Slog= [
∑ Wi (log di - log Dgw)

2n
i=1

∑ Wi
n
i=1

]

1/2

                       

 

Sgw ≈ 
1

2
Dgw [log

-1
 Slog - (log

-1
 Slog)

-1
]                                       (3.2) 

 

where, di  = nominal sieve aperture size of the ith sieve. 

di+1 = nominal sieve aperture size of the (i+1)th sieve. 

di̅ = average of size apertures of the ith and (i+1)th sieves. 

Dgw = geometric mean diameter by mass. 

Sgw  = geometric standard deviation of particle diameter by mass. 

Wi  = mass on ith sieve. 

n  = number of sieves + 1 (pan) 
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3.2.2.1 By electric shaker with sieves 

 

Nine sieves (Endecotts Ltd., London, England) with different aperture sizes (Table 3.1) fitted with a 

pan and a cover were used. About 100 g of sample was placed on the largest sieve, and the shaker 

(Extech Equipment Pty. Ltd., Boronia, VIC 3155, Australia) was run mechanically for 30 min. The 

sieves were weighed before and after the sieving to calculate the weight retained on each sieve. The 

samples were sieved in duplicate.  

 

3.2.2.2 By manual sieving device  

 

The milled samples were analysed (in duplicate) for their particle size parameters using the new 

manual sieving device (Figure 3.1), whose sieves were as in Table 3.1. About 100 g of each sample 

was put into the first compartment with the sieve cover on the first sieve. The cover was removed on 

filling the first compartment, prior to shaking. After 5 min. vertical and horizontal shaking or until 

there were no appreciable changes in the fractions in the compartments, the device was held 

horizontally on two flat supports to read the volume or measure the weight of the milled grains 

retained on each sieve. The volume or weight of retained particles was recorded and used to calculate 

the Dgw and Sgw as in Eqn. 3.1 and 3.2. 

 

Table 3.1 Size and order of sieve installation  

 

Order of sieves  Size of sieve (mm) 

Electric shaker with sieves (top-down) 

1 4.00 

2 2.80 

3 1.40 

4 1.00 

5 0.71 

6 0.50 

7 0.25 

8 0.13 

9 0.08 

Manual sieving device (left-right) 

1 2.46 

2 1.40 

3 1.00 

4 0.80 

5 0.40 

6 0.10 
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3.2.3 Statistical analysis 

 

The Dgw and Sgw obtained by electric and manual sieving were analysed by Minitab ver. 16. However, 

feed mill survey results were presented without statistical analyses because feed ingredients were 

varied and not controlled. 

 

3.3 Results and discussion 

 

3.3.1 Evaluation of the manual sieving device 

 

The Dgw and Sgw from the volume retained were not significantly different (p > 0.05) from the values 

from the weight retained (Figure 3.2A). Hence, the volume of the particles retained in each 

compartment can be used to evaluate particle size characteristics in the manual sieving device to a 

high accuracy. The volume retained is quicker to compute as a useful quality control tool in food and 

feed processing and it is recommended for the device. The Dgw and Sgw from the device were also not 

significantly different (p > 0.05) from the values derived from the nine sieves on the electric shaker 

(Figure 3.2B). The geometric mean diameter (Dgw) was about 4% different, while the geometric 

standard deviation (Sgw) was about 9% different. These can be said to be within experimental errors. 

The large difference in Sgw, however, could be due to the use of more sieves in the electric shaker (9) 

than the manual (6). The results indicate that the manual device will be valuable in particle size 

analysis and control in mills. 

  

 

Figure 3.2  The relationship between Dgw () and Sgw () of milled grains obtained in the 

Australian survey. Particle size calculated by percentage of volume and weight 

retained (A) obtained by manual sieving approach; particle size calculated by the 

manual sieving device and electric shaker with sieves (B). Expected line (‒‒‒). 
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3.3.2 Particle sizes of commercial pig feeds in Australia  

 

Disc-, hammer- and roller-mills were the major mill types used in the 16 feed and research mills 

surveyed in Australia (Table 3.2). In an earlier study, Sopade et al. (2011) reported that even though 

most mills used hammer mills, a number of feed mills appeared to be changing to disc mills, while 

some feed mills mixed hammer- and roller-milled grains to formulate their mash diets. Because of 

differences in mills and grains, varied particle sizes and particle size distributions were obtained 

(Figure 3.3 and Table 3.2). While grain and mill differences accounted for this, the results show that 

pig feeds differed in the base grains, as expected, but particle sizes varied widely. 

 

Table 3.2 Particle size characteristics of milled grains and diets collected from the feed mills 

surveyed in Australia  

 

Feed mill 

number 
Mill type Sample Sample type 

Particle size characteristic (mm) 

Dgw Sgw 

1 Hammer Barley Grain 0.91 0.51 

1 Hammer Lupin kernel Grain 0.73 0.64 

1 Hammer Wheat Grain 1.01 0.61 

1 Roller Wheat Grain 0.27 0.31 

2 Hammer Barley Grain 0.68 0.52 

2 Hammer Oats Grain 0.68 0.30 

2 Hammer Peas Grain 0.95 0.54 

2 Hammer Wheat Grain 0.79 0.52 

3 Disc Barley Grain 0.92 0.68 

3 Disc Lupins Grain 0.72 0.64 

3 Disc Triticale Grain 0.79 0.69 

4 Disc Barley Grain 0.68 0.52 

4 Disc Corn Grain 0.67 0.61 

4 Disc Dry sow Diet 0.38 0.35 

4 Disc Lactation sow Diet 0.56 0.56 

4 Disc Peas Grain 0.72 0.64 

4 Disc Sorghum Grain 0.77 0.50 

4 Disc Wheat Grain 0.44 0.45 

5 Hammer Barley Grain 0.68 0.61 

5 Hammer Faba beans Grain 0.86 0.69 

5 Hammer Lupins Grain 0.62 0.57 

5 Hammer Oats Grain 0.54 0.51 

5 Hammer Wheat Grain 0.76 0.68 

6 Hammer Barley Grain 0.90 0.63 

6 Hammer Grower  Diet 0.85 0.63 

6 Hammer Peas Grain 0.97 0.72 

6 Hammer Triticale Grain 0.96 0.63 

6 Hammer Wheat Grain 1.04 0.62 
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Table 3.2 Particle size characteristics of milled grains and diets collected from the feed mills 

surveyed in Australia--contd 

 

Feed mill 

number 
Mill type Sample Sample type 

Particle size characteristic (mm) 

Dgw Sgw 

7 Roller Barley Grain 0.21 0.25 

7 Roller Dry sow Diet 0.21 0.22 

7 Roller Grower Diet 0.21 0.26 

7 Roller Peas Grain 0.21 0.21 

7 Roller Triticale Grain 0.22 0.22 

7 Roller Weaner Diet 0.28 0.29 

7 Roller Wheat Grain 0.26 0.24 

8 Roller Barley Grain 0.30 0.27 

8 Roller Grower Diet 0.30 0.28 

8 Roller Peas Grain 0.39 0.43 

8 Roller Weaner Diet 0.30 0.25 

8 Roller Wheat Grain 0.42 0.43 

9 Disc Barley Grain 0.39 0.46 

9 Disc Corn Grain 0.63 0.56 

9 Disc Wheat Grain 0.65 0.50 

10 Hammer Barley Grain 0.88 0.48 

10 Hammer Lupins Grain 0.88 0.47 

10 Hammer Oats Grain 0.95 0.49 

10 Hammer Wheat Grain 0.93 0.62 

11 Roller Barley Grain 0.27 0.25 

11 Roller Dry sow Diet 0.39 0.50 

11 Roller Grower Diet 0.43 0.56 

11 Roller Lupins Grain 0.26 0.31 

11 Roller Wheat Grain 0.22 0.16 

12 Disc Barley Grain 0.69 0.61 

12 Disc Dry sow Diet 0.31 0.44 

12 Disc Grower Diet 0.51 0.57 

12 Disc Mill mix Diet 0.67 0.59 

12 Disc Red lentils Grain 0.77 0.73 

12 Disc Triticale Grain 0.83 0.60 

12 Disc Wheat Grain 0.65 0.58 

12 Disc Yellow lentils Grain 0.69 0.73 

13 Roller Barley Grain 0.17 0.19 

13 Roller Peas Grain 0.31 0.33 

13 Roller Triticale Grain 0.16 0.16 

13 Roller Wheat Grain 0.27 0.31 

14 Roller Barley Grain 0.31 0.39 

14 Roller Wheat Grain 0.24 0.23 

15 Roller Barley Grain 0.42 0.48 

15 Roller Wheat Grain 0.30 0.32 
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Figure 3.3  Average particle size (Dgw) of similar grains in different feed and research mills 

and mill types and particle size dispersion (Sgw) shown as error bars. DM, HM 

and RM are disc-, hammer- and roller-mills respectively. 

 

This observation could be partly due to the degree of hardness of the grain and/or the toughness of 

grain husks (Brennan et al., 1990; Sopade et al., 2011). The Dgw ranged from 0.31 - 0.92 mm for the 

disc mills, 0.54 - 1.04 mm for the hammer mills and 0.16 - 0.43 mm for the roller mills, while the Sgw 

ranged from 0.35 - 0.73 mm for the disc mills, 0.30 - 0.72 mm for the hammer mills and 0.16 - 0.56 

mm for the roller mills. Table 3.2 shows that despite the grain type, the average Dgw and Sgw produced 

by roller milling (Dgw = 0.28 mm; Sgw = 0.30 mm) were the smallest, compared to disc- (Dgw: 0.64 

mm; Sgw: 0.57 mm) and hammer mill (Dgw: 0.84 mm; Sgw: 0.57 mm). This can be explained by the 

dominant compressive force in roller mills, which compresses or flattens, rather than breaks, particles 

as obtained with other mills (Brennan et al., 1990; Sopade et al., 2011).  
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Figure 3.4  Average particle size (Dgw) of similar grains and mill types in different mills with 

particle size dispersion (Sgw) shown as error bars. 1 - 15 are feed mill codes. 

 

Figure 3.4 shows that even though the same type of grains and mills were used, different mills 

produced a wide range of Dgw and Sgw values. Even though different grains were possibly used, from 

the mash feed diets collected (Appendix 3.1), the mash particle size characteristics (Dgw = 0.42 mm; 

Sgw = 0.42 mm) were narrower than the grain samples (Dgw = 0.60 mm; Sgw = 0.48 mm). However, 

one particle size is not proposed for all grains and all diets because ingredients differ in composition 

and morphology, which result in different digestion rates in pigs. 

 

This study also confirmed the earlier observations in Sopade et al. (2011) that most surveyed mills 

did not have a procedure to regularly check the particle size of their milled grains prior to use or 

packaging. Consequently, the mills did not know if the grains had been milled to an optimum size for 

maximum feed efficiency. 

 

3.3.3 Particle sizes of commercial pig feeds in Vietnam 

 

Figure 3.5A shows the regions in Vietnam, from where the samples were collected, while Figure 3.5B 

and Table 3.3 show differences in the particle size characteristics of the samples analysed. It was 
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observed that, in Vietnam, irrespective of the screen sizes, grains and ingredients were usually mixed 

and hammer-milled together, because this is claimed to reduce wastages, energy and labour costs. 

 

Table 3.3 shows that sieve size varied with feed for different types of pigs. A 50% change in the size 

of the hammer mill sieve led to about 60% increase in the particle size characteristics of the feed. 

However, irrespective of the feed, the Dgw did not vary greatly (0.50 - 0.70 mm), and the Sgw was 

0.40 - 0.70 mm (Figure 3.5B). This could be due to the closeness of the screen sizes used by the mills 

(2.0 - 3.8 mm). 

 

In general, the average particle size of commercial mash feeds for different types of pig varied in the 

order weaner < grower < sows. Wondra et al. (1995c; 1995d) reported that reducing the particle size 

of grains from 1.2 to 0.4 mm can improve intake, apparent digestibility and litter performance of 

sows. However, sow feeds are usually coarser than those for weaner and grower pigs, and the reason 

could be due to prevention of constipation, a phenomenon that often occurs in sows.  

 

Table 3.3 Particle size characteristics of diets for various pig types collected from the feed mills 

surveyed in Vietnam 

 

Feed mill 

number 
Pig type 

Hammer-mill 

sieve size (mm) 

Particle size characteristic (mm) 

Dgw Sgw 

1 Grower 2.5 0.58 0.43 

1 Grower 2.5 0.65 0.56 

1 Grower 2.5 0.69 0.53 

1 Grower 2.5 0.65 0.45 

1 Grower 2.5 0.66 0.50 

1 Grower 2.5 0.58 0.41 

1 Lactating sow 3.8 0.69 0.67 

1 Lactating sow 3.8 0.67 0.50 

1 Pregnant sow 3.8 0.67 0.54 

1 Pregnant sow 3.8 0.67 0.46 

1 Weaner 2.5 0.56 0.42 

1 Weaner 2.5 0.57 0.43 

1 Weaner 2.5 0.58 0.43 

2 Grower 2.0 0.69 0.46 

2 Grower 2.5 0.57 0.58 

2 Lactating sow 2.5 0.71 0.48 

2 Pregnant + lactating sow 2.5 0.55 0.59 

2 Pregnant sow 2.5 0.69 0.47 

3 Grower 2.5 0.59 0.43 

3 Grower 2.5 0.60 0.44 

3 Lactating sow 3.5 0.70 0.48 

3 Pregnant + lactating sow 3.5 0.58 0.41 

3 Weaner 2.5 0.68 0.47 
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Table 3.3 Particle size characteristics of diets for various pig types collected from the feed mills 

surveyed in Vietnam--contd  

 

Feed mill 

number 
Pig type 

Hammer-mill 

sieve size (mm) 

Particle size characteristic (mm) 

Dgw Sgw 

     

4 Grower 2.0 0.60 0.44 

4 Grower 2.0 0.62 0.45 

5 Grower 2.5 0.56 0.49 

5 Sow 2.5 0.56 0.46 

6 Dry + pregnant sow 3.2 0.70 0.50 

6 Grower 3.2 0.56 0.49 

6 Lactating sow 3.2 0.67 0.50 

7 Grower 2.5 0.55 0.52 

7 Lactating sow 2.5 0.55 0.55 

7 Pregnant sow 2.5 0.53 0.54 

8 Grower 2.4 0.54 0.41 

8 Weaner 2.4 0.54 0.41 

9 Pregnant + lactating sow 3.6 0.60 0.62 

10 Dry + pregnant sow 3.5 0.67 0.66 

10 Grower 3.5 0.49 0.53 

10 Sow 3.5 0.69 0.68 

11 Grower 3.6 0.65 0.58 

11 Grower 3.6 0.69 0.67 

 

 

 

 

 

Figure 3.5  The collection sites in Vietnam (A) with feed mill codes; Average particle size of 

different commercial feed in selected mills (B). 1 - 11 are the feed mill codes; Sgw 

shown as error bars. 
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3.4 Conclusions 

 

The particle size characteristics from the new manual sieving device were comparable with the data 

from the standard sieves. As expected, particle size is determined by mills and grains, and pig feeds 

in Australia and Vietnam varied in their particle size characteristics. Specifically, the results revealed: 

 

 Particle size and particle size distributions of milled grains from the Australian feed mills 

ranged from narrow to broad, highlighting variability in the milled grains and mash diets. 

 Particle size and particle size distributions of mash feed from the Vietnamese feed mills did not 

vary greatly, but only a limited number of feed mills were surveyed; this calls for a national 

survey and awareness of feed particle size in Vietnam. 

 Despite the importance of particle size in animal digestion, most surveyed mills did not have a 

procedure to regularly check the particle size of their milled grains prior to use or packaging. 

The suitability of the new manual sieving device for particle size analysis could help to drive 

change in quality control for feed mills in both Australia and Vietnam. 
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Appendix 4 

 

Dependence of in-vitro starch and protein digestions on 

particle size of field pea (Pisum sativum L.) 

 

4.1 Introduction 

 

Field pea (Pisum sativum L.) is a good source of nutrients, and contains biologically active 

components with health-promoting properties (Stein et al., 2004; Urbano et al., 2005; Roy et al., 

2010; Wang et al., 2011; Zucco et al., 2011; Clemente et al., 2012). With a higher protein content, 

lower starch bioavailability and higher resistant starch than cereals, legumes/pulses are a valuable 

and environmentally sustainable protein source (Tharanathan and Mahadevamma, 2003; Angioloni 

and Collar, 2013). Field pea has a relatively low content of anti-nutritional factors (Gupta, 1987; 

Wang et al., 2008), and like other legumes/pulses, is important in human and animal nutrition, when 

its nutritional components are made available by various unit operations and processes. One of these 

operations is milling, which is essentially the first processing stage for grains in food and feed 

manufacture. In their studies of morphology of field pea, Pelgrom et al. (2013) observed that milling 

enhances the disentanglement of starch and protein bodies in the cotyledon, making the operation 

important in the separation of these compounds.  

 

A major consequence of milling is the reduction in particle size, and because of differences in 

fracturability of materials, for example grains, a particle size distribution is normally obtained (Indira 

and Bhattacharya, 2006; Tinus et al., 2012). Hammer-, roller-, and disc-mills are the main mills in 

feed and food processing, but ball-, pin-, and cryo-mills are also used for specialised purposes (Dziki 

and Laskowski, 2010). For example, cryo mills are used where frictional heat generation is 

undesirable (Takacs and McHenry, 2006; Ma et al., 2014). The effective milling forces are different, 

and include impact, compressive, shearing or attrition. These forces when combined with different 

extents of frictional heat generation, vary the degree of damage to starch granules in the resulting 

flours or milled products (Shinohara et al., 1999; Gonzalez et al., 2000; Tran et al., 2011; Loubes and 

Tolaba, 2014). In particle size reduction, the internal components are exposed with a concomitant 

increase in surface area for enzyme-substrate interactions, amongst other effects (Al-Rabadi et al., 

2009; Dhital et al., 2010; I'Anson et al., 2012; Pelgrom et al., 2013). Also, milling can release 

viscosity-forming components (like β-glucans) from plant cell walls to an extent that depends on the 
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degree of milling (Pojic et al., 2014). The release of viscosity-forming components will affect enzyme 

flow to substrates, gastrointestinal residence time distribution and, consequently, digestion (Sopade 

and Gidley, 2009).  

 

Using in-vitro and in-vivo approaches, various researchers have emphasised the significance of 

particle size and particle size distribution on grain digestibility (Wondra et al., 1995a; 1995b; 1995c; 

1995d; Choct et al., 2004; Millet et al., 2012; Chen and Sopade, 2013). For example, Montoya and 

Leterme (2011) observed that digestibility of 11 Canadian varieties of field pea decreased with an 

increase in particle size (1,035 - 156 μm), with the 156 μm sample producing the fastest digestion. 

Wondra et al. (1995a) obtained differences in the digestibility of corn that was milled to narrow and 

broad particle size distributions. Using in-vitro starch and protein digestion techniques, particle size-

digestibility relationships of grains also revealed changes in the rates of digestion with particle size 

(Al-Rabadi et al., 2009; Mahasukhonthachat et al., 2010a; Tinus et al., 2012). Although some cereals 

and legumes/pulses have been studied, there are no published studies on the dependence of starch and 

protein digestions on the particle size of field pea, and understanding the digestion of its major 

components (starch and proteins) is essential to control the availability of these components and for 

optimum utilisation of field pea. This study, therefore: 

 

(i) Investigated the kinetics of starch and protein digestion in field pea. 

(ii) Examined the dependence of the rates of starch and protein digestion on particle size. 

(iii) Deduced the relative susceptibility of field pea starch and protein to digestion. 

 

4.2 Materials and methods 

 

4.2.1 Raw material 

 

Two field pea varieties, Maki (blue seed coat) and Walana (dun seed coat), that are popular Australian 

varieties, were used (Figure 4.1), and were obtained from the University of Sydney, Plant Breeding 

Institute, Narrabri NSW 2390, Australia. Only one batch of the varieties was studied, which was 

assumed to be representative. 
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Maki field pea Walana field pea 

 

Figure 4.1 Grains of Maki and Walana field pea. 

 

4.2.2 Physicochemical properties 

 

The physicochemical properties of the grains were measured as below. 

 

4.2.2.1 Physical analysis 

 

The major and minor diameters, and thickness of the grains were measured with Vernier callipers, 

and 20 grains of each variety were used (Mahasukhonthachat et al., 2010a; Tinus et al., 2012). Fifty 

grains of each variety were weighed for the 1000-grain weight, and five replicates were done. 

 

4.2.2.2 Chemical analysis 

 

The field peas were ground through a 1.0 mm-mesh screen hammer-mill (MFC type CFH 48, John 

Morris Scientific Pty. Ltd., Eagle Farm, QLD 4009, Australia), randomised and duplicated in all the 

analyses for moisture, crude protein, ash, fat, and total starch contents using standard procedures that 

are summarised below.  

 

Moisture content 

 

This was determined in an oven (VORD-460-D, Thermoline Scientific Pty Ltd, Smithfield, NSW 

2164, Australia) at 135oC for 3 hr (Al-Rabadi et al., 2009). About 2 g of the samples was weighed 
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into preheated (135oC), cooled and weighed moisture dishes. The samples were thereafter dried, and 

their weight changes were used to calculate moisture contents.  

 

Ash content 

 

About 2 g of the samples was weighed into preheated (600oC), cooled and weighed crucibles. The 

samples were thereafter ashed in a muffle furnace at 600oC for 4 hr. (AOAC, 2012), and the change 

in weight was used to calculate the ash content of the samples. 

 

Protein content  

 

Protein content of the milled grains was determined using a LECO TruSpec CHN combustion 

analyzer (LECO Corporation, St Joseph, MI 49085, USA) following the Dumas method (Waramboi 

et al., 2011). About 100 mg of the samples wrapped in a tin foil boat, was placed in the furnace at 

950oC in the presence of O2 to volatilise NO and NO2
 to N2 gas, which was quantitatively determined 

by changes in thermal conductivity. The equipment was calibrated with 

ethylenediaminetetraaceticacid (EDTA) standard, and the protein content was calculated from (N × 

6.25). 

 

Fat content 

 

The Soxhlet method was used with petroleum spirit as the solvent. Samples were weighed into 

thimbles (25 mm diameter × 80 mm height, internal; ADVANTEC®, Toyo Roshi Kaisha, Ltd., Japan), 

covered with cotton wool and the fat extracted in a Soxhlet apparatus. Upon completion of the 

extraction, the solvent was evaporated and the extracted fat was weighed, and related to the weight 

of the sample.  

 

Total starch 

 

Total starch content was analysed following the Megazyme (Megazyme International Ireland Ltd, 

Wicklow, Ireland) method based on dimethyl sulphoxide (DMSO), thermostable α-amylase and 

amyloglucosidase. About 50 mg of sample was wetted with 80% ethanol before dispersion with 

DMSO in a boiling water bath, followed by adding thermostable α-amylase and amyloglucosidase. 

The glucose content was determined using an enzymatic glucose reagent (TR15104, Enzymatic 

glucose oxidase reagent; Trace Scientific Pty Ltd, Clayton, VIC 3174, Australia), and the absorbance 



  

 29 

(Pharmacia LKB-Ultrospec III UV-Vis Spectrophotometer) was measured at 505 nm against a 

reagent blank (Mahasukhonthachat et al., 2010a; Waramboi et al., 2011).  

 

4.2.3 Milling 

 

The grains were milled using a roller mill (BUHLER-MIAG Pty. Ltd. Melbourne, VIC 3004, 

Australia) with one setting, a hammer mill (MFC type DCFH 48, John Morris Scientific Pty. Ltd., 

Eagle Farm QLD 4009, Australia) with four screen sizes, and a disc mill (BUHLER-MIAG Pty. Ltd., 

Melbourne, VIC 3004, Australia) with five different settings of the gap or nip (Table 4.1). The milling 

was not replicated because of material constraints, but preliminary studies (unpublished) revealed the 

milling was reproducible. Moreover, not more than one setting was technically possible in the roller 

mill. 

 

Table 4.1 Mill settings and codes of the milled field pea 

 

Mill Mill setting/screen size 
Sample code 

Maki Walana 

Roller mill - RM Maki RM Walana 

Disc mill 

4 Maki 4.0 Walana 4.0 

8 Maki 8.0 Walana 8.0 

12 Maki 12.0 Walana 12.0 

16 Maki 16.0 Walana 16.0 

19 Maki 19.0 Walana 19.0 

Hammer mill 

0.5 mm Maki 0.5 Walana 0.5 

1.0 mm Maki 1.0 Walana 1.0 

2.0 mm Maki 2.0 Walana 2.0 

5.0 mm Maki 5.0 Walana 5.0 

 

4.2.4 Particle size analysis 

 

The particle size distributions were analysed by electric shaker with sieves (mm) 4.0, 2.8, 1.4, 1.0, 

0.71, 0.5, 0.25, 0.125, 0.075, and pan as mentioned in (3.2.2.1). The ASABE (2008) approach was 

used to calculate the average particle size (geometric mean diameter, Dgw) and particle size 

distribution (geometric standard deviation of the mean diameter, Sgw) as described in Eqn. 3.1 and 

3.2. Duplicate analyses were carried out.  
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4.2.5 Determination of water absorption and solubility indices 

 

Water absorption (WAI) and solubility indices (WSI) were determined using the method of 

Mahasukhonthachat et al. (2010a). One gram of sample was dispersed in 30 mL milli-Q water, and 

mixed in a suspension mixer (Model RSM7, Ratex Instruments Pty Ltd., Boronia, VIC 3155, 

Australia) at 45 rpm for 30 min., before centrifugation (Centrifuge 5702R, Eppendorf South Pacific 

Pty. Ltd., North Ryde, NSW 2113, Australia) at 2000 × g for 10 min. The supernatant was collected 

and dried overnight (Thermoline VORD-460-D; Thermoline Scientific Equipment Pty Ltd., NSW 

2164, Australia) at 105oC to determine the solids content. The sediment was also weighed, without 

prior drying. Measurements were duplicated.  WAI and WSI were calculated as in Eqn 4.1 and 4.2: 

 

WAI (g per g solids)   =
Weight of water absorbed

Weight of dry solids
           (4.1) 

 

WSI (%, g per 100 g solids)  =
Weight of dissolved solids

Weight of dry solids
 × 100                     (4.2) 

 

4.2.6 In-vitro starch digestion 

 

In-vitro starch digestion was assayed using the glucometry procedure of Chen and Sopade (2013). 

About 500 mg of the samples was treated with artificial saliva containing α-amylase from Aspergillus 

oryzae (250 U per mL; α-amylase from A. oryzae; Sigma 10065; Sigma Aldrich, Castle Hill, NSW 

2154, Australia) and pepsin (1 mg per mL; gastric porcine mucosa, Sigma P6887, in 0.02 mol/L HCl, 

pH 2) before incubation at 37oC for 30 min. (salivary-gastric digestion) prior to neutralisation with 

sodium hydroxide. A sodium acetate buffer was added to the digesta, which was then treated with 

pancreatin (2 mg per mL; porcine pancreas; Sigma P1750) and amyloglucosidase (28 U per mL; 

Aspergillus niger; Sigma A7420), and incubated at 37o C for 240 min. (pancreatic or intestinal 

digestion). Accu-Check® Performa® glucometer (Roche Diagnostics Aust. Pty. Ltd., Caste Hill, NSW 

2154, Australia) was used to measure the glucose concentration at different times (0, 10, 20, 30, 45, 

60, 90, 120, 150, 180, 210, and 240 min.) during the pancreatic or intestinal digestion. Glucose 

concentration in the digesta was measured within the range (0.6 - 33.0 mM L-1) with the glucometer 

and converted to digested starch (g per 100 g dry starch), as described in Eqn. 4.3. 

 

Dt =  
0.9 × GG ×180 ×V

WS × SS (100 -M)
                             (4.3) 

 



  

 31 

where, Dt  = digested starch at time t (g/100 g dry starch). 

   GG  =  Glucometer reading (mM/L). 

  V  =  volume of digesta (mL). 

 WS  =  weight of sample (g). 

 SS  =  starch content of sample (g/100 g solids). 

 M  =  moisture content of sample (g/100 g). 

 180  =  molecular weight of glucose. 

  0.9 = stoichiometric constant for starch from glucose contents. 

 

4.2.7 In-vitro protein digestion 

 

In-vitro protein digestion was assayed using the pH-drop procedure of Hsu et al. (1977) as modified 

by Tinus et al. (2012). Milled samples (containing the equivalent of 62.5 g protein) were rehydrated 

in 10 mL of milli-Q water at 37oC for 1 h, after which the pH was adjusted to about 8.0 with 0.1 

mol/L NaOH and/or HCl. Ten millilitres of a multi-enzyme solution consisting of 16 mg of trypsin 

(Sigma T0303; Trypsin from porcine pancreas Type IX-S), 31 mg of chymotrypsin (Sigma C4129 α-

Chymotrypsin from bovine pancreas) and 13 mg protease (Sigma P5147; Protease from Streptomyces 

griseus Type XIV) were freshly prepared on the day of analysis and kept at 37oC, the pH of the 

solution was adjusted to about 8.0 prior to being added to the rehydrated sample dispersion. The pH 

of the digesta was recorded every 5 s for 15 min. using a programmable pH meter. The change in pH 

at 10 min. of digestion (ΔpH10 min.) was used to calculate the in-vitro protein digestibility as described 

in section (2.4.1.3), and repeated here (Eqn. 4.4) for ease of reference: 

 

IVPD = 65.6 + 18.1 ΔpH10 min.                           (4.4) 

 

where, IVDP  = percent in-vitro protein digestibility. 

ΔpH10 min.  = the change in pH in 10 min. from the initial pH of about 8.0. 

 

4.2.8 Modelling starch and protein digestograms 

 

The modified first-order kinetic model was used for starch (Eqn. 4.5) and protein (Eqn. 4.6) 

digestograms. 
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Starch digestion: 

Dt = D0 + D∞-0 (1 – exp [-KST t])                          (4.5) 

D∞ = D0 + D∞-0 

 

where,  Dt = digested starch at time t (g/100 g dry starch). 

D0 = digested starch at time t = 0 (g 100 g-1 dry starch; gastric digestion). 

D∞ = digested starch at infinite time, t → ∞ (g/100 g dry starch) 

KST = rate of starch digestion (min-1). 

 

Protein digestion: 

pHt = pH0 + pH∞-0 (1 – exp [-KPR t])                          (4.6) 

pH∞ = pH0 + pH∞-0 

 

where,  pHt = pH of protein digesta at time t. 

pH0 = pH of protein digesta at time t = 0. 

pH∞ = pH of protein digesta at infinite time, t → ∞. 

KPR = rate of protein digestion (min-1) from pH changes. 

 

The Microsoft Excel Solver™ was used in the modelling with the constraints that (i) for starch 

digestograms, D0 ≥  0 and D∞ ≤ 100, and (ii) for protein digestograms, pH0 ≤ 8 and pH∞ ≥ 0. 

 

4.2.9 Statistical analysis 

 

General linear model (Minitab statistical software, Version 16, Minitab Inc., State College, PA, USA) 

was used to analyse the variance, with a confidence level of 95%. Samples for the analyses above 

were randomised and, at least, duplicated. Results are presented as means ± standard deviations. 

Regression analysis was also performed to establish relationships between certain parameters, and 

both the coefficients of determination (r2) and levels of significance (p ≤ 0.05) are presented. 
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4.3 Results and discussion 

 

4.3.1 Physicochemical properties 

 

The two field pea varieties were not significantly (p > 0.05) different in most of their physicochemical 

properties, except for moisture and starch content (Table 4.2). The Walana variety had significantly 

higher starch content (48 g/100 g solids) than the Maki variety (44 g/100 g solids). The 

physicochemical properties measured for these varieties are within the range published for P. sativum 

(Frias et al., 2011; Rodrigues et al., 2012). 

 

Table 4.2 Physical properties and chemical composition of the field pea* 

 

Item Maki Walana 

Physical properties 

Major diameters (mm) 7.9 ± 0.4a 8.3 ± 0.5a 

Minor diameters (mm) 7.6 ± 0.2a 7.8 ± 0.5a 

Thickness (mm) 7.1 ± 0.3a 7.4 ± 0.4b 

1,000-grain weight (g) 236 ± 6a 260 ± 4b 

Chemical composition (g/100 g) 

Moisture 12.2 ± 0.1a 11.9 ± 0.1b 

Crude protein 21.2 ± 0.9a 21.0 ± 0.0a 

Starch 39.0 ± 0.3a 42.4 ± 0.0b 

Ash 2.7 ± 0.0a 2.7 ± 0.0a 

Fat 1.5 ± 0.0a 1.5 ± 0.0a 

Non-starch polysaccharides 23.4 ± 1.1a 20.5 ± 0.1a 

*Values with the same letters in the same row are not significantly different (p > 0.05). 

 

4.3.2 Particle size and distribution 

 

Appendix 4.3 shows samples of the milled grains, which qualitatively suggests differences with mill 

types and settings, while Table 4.3 shows the quantitative measures, geometric mean diameter (Dgw) 

and geometric standard deviation (Sgw), of the particle size characteristics of the milled field pea. As 

expected, there were differences due to the mill and sieve or gap. While there were significant 

differences with some settings, the varieties exhibited similar particle size distributions (Figure 4.2) 

irrespective of the mill, sieve or gap. This similarity is also essentially confirmed by the quantitative 

parameters (Dgw and Sgw) of the distributions (Table 4.3).  

 

The disc-milled field pea at the 8.0 setting had about 0.80 mm Dgw, which is about the Dgw for the 

hammer-milled field pea with the 2.0 mm sieve. However, the Sgw for the hammer-milled field pea 

was about 0.70 mm, while the Sgw for the disc-milled field pea was about 0.50 mm. The hammer mill, 
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therefore, appeared to show a broader particle size distribution than the disc mill. With essentially a 

similar Sgw of 0.24 - 0.30 mm, the roller mill yielded the finest particles (Dgw ≈ 0.29 mm) than the 

hammer- (Dgw ≈ 0.39 mm) and disc- (Dgw ≈ 0.48 mm) mills. Even though it is difficult to compare 

mills because of differences in settings, the observation here is in agreement with the deductions from 

the survey of milled grains and diets in Australia (3.3.1), where roller-milled samples were finer than 

samples from the other mill types. A major deduction here also is that particle size (Dgw; fine or 

coarse) and particle size distribution (Sgw; broad or narrow) are both key particle size characteristics, 

as both are expected to influence properties, such as hydration and digestibility, of milled grains or 

samples. 

 

 

 

 

 

Table 4.3 Particle size and particle size distribution of the milled field pea* 

 

Sample 
Particle size  

Dgw (mm) Sgw (mm) 

Roller-milled field pea   

RM Maki 0.28 ± 0.02a 0.24 ± 0.02a 

RM Walana 0.30 ± 0.01a 0.25 ± 0.01a 

Disc-milled field pea   

Maki 4.0 0.48 ± 0.00g 0.30 ± 0.00e 

Walana 4.0 0.48 ± 0.00g 0.29 ± 0.00e 

Maki 8.0 0.80 ± 0.02f 0.48 ± 0.00d 

Walana 8.0 0.78 ± 0.00f 0.49 ± 0.00d 

Maki 12.0 1.37 ± 0.00c 0.79 ± 0.12c 

Walana 12.0 1.18 ± 0.00e 0.92 ± 0.00bc 

Maki 16.0 1.64 ± 0.02b 0.88 ± 0.00bc 

Walana 16.0 1.32 ± 0.01d 1.13 ± 0.01a 

Maki 19.0 1.76 ± 0.02a 0.94 ± 0.05bc 

Walana 19.0 1.73 ± 0.01a 1.02 ± 0.07ab 

Hammer-milled field pea   

Maki 0.5 0.39 ± 0.01d 0.27 ± 0.00c 

Walana 0.5 0.39 ± 0.00d 0.27 ± 0.01c 

Maki 1.0 0.64 ± 0.01c 0.61 ± 0.01b 

Walana 1.0 0.66 ± 0.00c 0.57 ± 0.00b 

Maki 2.0 0.83 ± 0.01b 0.68 ± 0.00b 

Walana 2.0 0.82 ± 0.02b 0.66 ± 0.00b 

Maki 5.0 1.89 ± 0.11a 0.91 ± 0.13a 

Walana 5.0 1.86 ± 0.00a 1.03 ± 0.02a 

*Values with the same letters in the same column for the same mill are not significantly different (p > 0.05). 
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4.3.3 Water absorption (WAI) and solubility (WSI) indices 

 

The WAI indicates the ability of material to absorb water by its hydrophilic constituents, while water 

solubles are reflected in WSI levels, and can indicate molecular degradations (Govindasamy et al., 

1997; Seth and Rajamanickam, 2012). Milling the field pea affected its hydration properties, with 

both hydration indices essentially increasing when the particle size was reduced, due to a higher 

surface area available for hydration (Table 4.4). Singh et al. (2005) reported that milling techniques 

with different mechanical effects can vary Sgw and in turn influence hydration properties of flours. 

Moreover, large particles have more intact cells that limit hydration, as observed in a similar study 

on milled cowpeas (Singh et al., 2005). However, our result contradicts the findings of another study 

on milled cowpeas, where water absorption capacity of, and solids lost in, milled cowpeas decreased 

with a reduction in mill screen size (Kerr et al., 2000). The present study also revealed that the WAI 

and WSI of the hammer-milled field pea were higher than those of the disc- and roller-milled samples. 

This could be due to the mechanical effects of hammer milling. Mill differences were reported when 

sorghum and cowpeas, for example, were ground in hammer- and cryo-mills (Mahasukhonthachat et 

al., 2010a; Tinus et al., 2012), and the thermo-mechanical effects of hammer milling were suggested 

to be responsible. In addition, the hammer-milled samples had a broader particle size distribution than 

the disc-milled samples (Table 4.3), and this could have contributed to the much higher (almost twice) 

values of the WAI and WSI in the former. However, the smallest particle size of the roller-milled 

samples yielded the highest WSI, as the solubles leached more into water from the finely-milled 

grains.  

 

To investigate the contributions of Dgw and Sgw to milled grain properties, a multiple regression 

analysis of the WAI-Dgw-Sgw and WSI-Dgw-Sgw relationships was conducted. Table 4.5 shows the 

significant relationships, highlighting that while the average particle size, Dgw, is usually the focus, 

the particle size distribution as measured by Sgw or other indices, is important to understand the total 

contributions of milling to the characteristics and properties of milled raw materials. Generally, from 

the coefficients of Dgw and Sgw in Table 4.5, the higher the Dgw (the coarser the particles), the lower 

were the hydration properties (WAI and WSI), while the broader the distribution (the higher the Sgw), 

the higher were WAI and WSI. Hypothetical broad and narrow particle size distributions with the 

same Dgw are shown in Figure 4.3 to depict that the former distribution can manifest in relatively 

small differences in per cent retained on test sieves of medium or low sizes, while the latter 

distribution can show test sieves of medium sizes retaining more. Hence, as suggested above, Table 

4.5 confirms that both Dgw and Sgw affect properties of milled grains or samples, and should be used 

to study the effects of milling on grain particle size characteristics, and how to control such. 



  

 36 

 

 
Figure 4.2 Typical particle size distributions of the milled field pea. DM, HM, RM = Disc-, 

Hammer and Roller-mill respectively. Values in ( ) are Dgw.  
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Table 4.4 Hydration properties of the milled field pea* 

 

Sample 
Hydration property 

WAI (g/g solids) WSI (g/100 g solids) 

Roller-milled field pea   

RM Maki 3.4 ± 0.1a 32.7 ± 0.3a 

RM Walana 3.3 ± 0.3a 31.8 ± 0.1b 

Disc-milled field pea   

Maki 4.0 2.9 ± 0.0a 17.8 ± 0.8a 

Walana 4.0 2.5 ± 0.1a 17.9 ± 0.4a 

Maki 8.0 2.9 ± 0.1a 17.0 ± 0.6ab 

Walana 8.0 2.5 ± 0.2a 17.2 ± 0.1ab 

Maki 12.0 2.7 ± 0.0a 14.1 ± 0.4cd 

Walana 12.0 2.6 ± 0.0a 15.3 ± 1.0bc 

Maki 16.0 2.7 ± 0.2a 12.0 ± 0.2de 

Walana 16.0 2.7 ± 0.1a 10.9 ± 0.6e 

Maki 19.0 2.5 ± 0.3a 10.6 ± 0.7e 

Walana 19.0 2.6 ± 0.1a 9.8 ± 0.8e 

Hammer-milled field pea   

Maki 0.5 6.2 ± 0.2a 29.2 ± 0.2a 

Walana 0.5 6.0 ± 0.3a 28.4 ± 0.4a 

Maki 1.0 5.7 ± 0.3ab 24.5 ± 0.8b 

Walana 1.0 5.3 ± 0.2ab 24.6 ± 0.6b 

Maki 2.0 4.8 ± 0.4b 25.9 ± 0.0b 

Walana 2.0 5.3 ± 0.4ab 25.1 ± 0.8b 

Maki 5.0 3.2 ± 0.4c 15.1 ± 0.3d 

Walana 5.0 2.5 ± 0.1c 17.7 ± 0.1c 

*Values with the same letters in the same column for the same mill are not significantly different (p > 0.05). 
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Table 4.5 Regression equations on the hydration properties and particle size characteristics (Dgw and 

Sgw) of the milled field pea* 

 

Mill Field pea  Intercept Equation r2 p-value 

WAI - Dgw - Sgw 

DM Maki Without WAI = – 14.2 Dgw + 29.2 Sgw 0.951 0.03 

Maki and Walana Without WAI = 0.9 Dgw + 1.8 Sgw 0.860 0.001 

HM Maki and Walana With WAI = – 1.9 Dgw – 0.9 Sgw + 7.1 0.966 <0.001 

Without WAI = 7.1 Dgw + 17.3 Sgw 0.792 0.01 

DM-HM Maki Without WAI = – 6.8 Dgw + 16.5 Sgw 0.823 0.004 

Walana Without WAI = – 2.1 Dgw + 7.7 Sgw 0.631 0.04 

Maki and Walana With WAI = – 2.2 Dgw + 1.3 Sgw + 5.1 0.374 0.03 

Without WAI = – 3.4 Dgw + 9.6 Sgw 0.682 <0.001 

DM-

HM-RM 

Maki Without WAI = – 7.2 Dgw + 17.3 Sgw 0.825 0.002 

Walana Without WAI = – 3.0 Dgw + 8.3 Sgw 0.626 0.02 

Maki and Walana With WAI = – 2.1 Dgw + 1.9 Sgw + 4.5 0.293 0.05 

Without WAI = – 3.8 Dgw + 10.3 Sgw 0.680 <0.001 

WSI - Dgw - Sgw 

DM Maki With WSI = – 17.8 Dgw + 24.7 Sgw + 19.1 0.989 0.01 

Without WSI = – 106 Dgw + 208 Sgw 0.929 0.05 

Maki and Walana With WSI = – 4.0 Dgw – 3.7 Sgw + 21.6 0.906 <0.001 

Without WSI = 3.7 Dgw + 9.7 Sgw 0.702 0.001 

HM Maki and Walana With WSI = – 7.3 Dgw – 1.5 Sgw + 31.6 0.941 <0.001 

Without WSI = – 30.9 Dgw + 79.2 Sgw 0.824 0.01 

DM-HM Maki  With WSI = – 15.6 Dgw + 16.1 Sgw + 25.0 0.678 0.03 

Without WSI = – 33.8 Dgw + 81.2 Sgw 0.811 0.01 

Walana Without WSI = – 5.6 Dgw + 27.8 Sgw 0.618 0.04 

Maki and Walana With WSI = – 8.3 Dgw – 0.9 Sgw + 27.8 0.556 0.002 

Without WSI = – 14.7 Dgw + 44.3 Sgw 0.668 <0.001 

DM-

HM-RM 

Maki  With WSI = – 14.6 Dgw + 9.4 Sgw + 28.8 0.701 0.01 

Without WSI = – 40.5 Dgw + 93.9 Sgw 0.747 0.01 

Walana  With WSI = – 4.1 Dgw – 10.3 Sgw + 30.6 0.604 0.04 

Without WSI = – 9.9 Dgw + 35.3 Sgw 0.550 0.05 

Maki and Walana With WSI = – 8.6 Dgw – 3.5 Sgw + 30.5 0.634 <0.001 

Without WSI = – 19.5 Dgw + 53.0 Sgw 0.602 <0.001 
*DM = Disc mill; HM: Hammer mill; RM = roller mill. Non-significant relationships are not shown. 
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Figure 4.3 Hypothetical broad (A) and narrow (B) particle size distributions, showing 

different Sgw and the same Dgw. 
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Figure 4.4 Typical digestograms of the in-vitro starch digestion of the milled field pea 

showing experimental and predicted data. DM, HM, RM = Disc-, hammer- and 

roller-mill respectively. Values in ( ) are Dgw. A = DM Maki, B = DM Walana, C = 

HM Maki, D = HM Walana, E = milled Maki of comparable sizes processed by the 

three mills, F = milled Walana of comparable sizes processed by the three mills. 
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samples being more digestible than cryo-milled samples (Tran et al., 2011; Hasjim et al., 2012; Tinus 

et al., 2012).  

 

Table 4.6 The parameters of the modified first-order kinetic model for the in-vitro starch digestion 

of the milled field pea* 

 

Treatment Dgw (mm) 

In-vitro starch digestion parameters 

D0  

(g/100 g dry starch) 

D∞  

(g/100 g dry starch) 

KST × 10-3  

(min-1) 

Roller-milled field pea 

RM Maki 0.28 ± 0.02a 4.7 ± 1.1a 91.2 ± 12.4a 6.5 ± 0.5a 

RM Walana 0.30 ± 0.01a 4.9 ± 0.4a 97.2 ± 4.0a 5.7 ± 0.5a 

Disc-milled field pea 

Maki 4.0 0.48 ± 0.00g 4.1 ± 0.2abc 100.0 ± 0.0a 3.3 ± 0.3ab 

Walana 4.0 0.48 ± 0.00g 4.8 ± 0.0a 100.0 ± 0.0a 3.0 ± 0.0ab 

Maki 8.0 0.80 ± 0.02f 4.0 ± 0.2abc 89.5 ± 14.9a 2.9 ± 0.7ab 

Walana 8.0 0.78 ± 0.00f 4.5 ± 0.2ab 100.0 ± 0.0a 1.9 ± 0.0b 

Maki 12.0 1.37 ± 0.00c 3.9 ± 0.1bc 73.8 ± 3.2ab 3.0 ± 0.2ab 

Walana 12.0 1.18 ± 0.00e 3.6 ± 0.2c 51.6 ± 1.0bcd 3.1 ± 0.3ab 

Maki 16.0 1.64 ± 0.02b 4.0 ± 0.5abc 61.0 ± 12.4bc 3.0 ± 0.6ab 

Walana 16.0 1.32 ± 0.01d 3.6 ± 0.2c 28.7 ± 4.5de 3.9 ± 0.6a 

Maki 19.0 1.76 ± 0.02a 3.3 ± 0.1cd 42.1 ± 6.1cde 3.5 ± 0.4a 

Walana 19.0 1.73 ± 0.01a 2.6 ± 0.1d 22.9 ± 0.8e 4.2 ± 0.1a 

Hammer-milled field pea 

Maki 0.5 0.39 ± 0.01d 9.0 ± 0.6a 86.4 ± 0.5a 10.1 ± 0.2ab 

Walana 0.5 0.39 ± 0.00d 7.5 ± 0.4ab 73.6 ± 1.9ab 11.6 ± 0.5a 

Maki 1.0 0.64 ± 0.01c 6.5 ± 0.0b 72.3 ± 5.0b 7.9 ± 0.9c 

Walana 1.0 0.66 ± 0.00c 7.2 ± 0.6b 66.5 ± 0.6b 11.4 ± 0.3a 

Maki 2.0 0.83 ± 0.01b 6.0 ± 0.2b 62.9 ± 3.9bc 7.4 ± 0.4c 

Walana 2.0 0.82 ± 0.02b 6.3 ± 0.0b 53.6 ± 2.2cd 9.2 ± 0.4bc 

Maki 5.0 1.89 ± 0.11a 4.0 ± 0.8c 41.2 ± 1.2d 4.5 ± 0.4d 

Walana 5.0 1.86 ± 0.00a 3.9 ± 0.2c 48.2 ± 5.7d 3.8 ± 0.5d 

*Values with the same letters in the same column for the same mill are not significantly different (p 

> 0.05).  

 

Table 4.6 shows that the hammer-milled samples generally showed a higher salivary-gastric digested 

starch (D0) than the disc- and roller-milled samples at similar particle sizes, and for both hammer- 

and disc-mills, D0 increased as the mill setting was increased. The effect of hammer milling could be 

due to more frictional heat generation in the mill as speculated above, and reported in other studies 

(Mahasukhonthachat et al., 2010a; Hasjim et al., 2012; Tinus et al., 2012). Chen and Sopade (2013) 

measured temperature increases of 5 - 13oC during hammer milling of sweetpotato chips. Hammer 

milling has been known to cause heat-induced changes in physicochemical characteristics, for 

example, damaged starch (Prabhasankar and Rao, 2001; Liu et al., 2013). For about the same particle 

size, the maximum digested starch or digested starch at infinite time (D∞) changed in the order disc 
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mill = roller mill > hammer mill. However, as indicated above (4.3.3), both Dgw and Sgw result from 

milling and can influence grain properties. 

 

Table 4.7 shows the regression parameters of the combined effects of Dgw and Sgw on D0 and D∞. In 

general, from the coefficients of these particle size parameters, D0 increased as Dgw reduced (fine 

particles) and Sgw increased (broad distributions). Because of their small surface areas, fine particles 

digest faster, and with more fine particles in a broad particle size distribution, D0 can be high. 

Therefore, the D0-Dgw-Sgw trend is consistent with theory. However, while D∞ increased with a 

decrease in Dgw (negative coefficient), the negative D∞-Sgw relationship for most of the correlations 

is not expected and it is inconsistent with theory, judging from the D0-Sgw relationships. Nevertheless, 

it is worthwhile stating that a positive D∞-Sgw correlation was obtained with the data from both field 

pea varieties and the mills, and most of the combinations when the intercepts = 0 (without). 

 

Irrespective of the variety and mill, the rate of starch digestion increased with the reduction of particle 

size, in accordance with changes in the surface area available for substrate-enzyme interactions (Al-

Rabadi et al., 2009; Mahasukhonthachat et al., 2010a; Tinus et al., 2012; Chen and Sopade, 2013). 

Generally, the rate of digestion of the hammer-milled samples was the highest of the milled samples, 

and this could be because of more frictional heat during hammer milling, as explained before. 

 

In order to study the mechanisms of starch digestion, various researchers investigated the dependence 

of the reciprocal of digestion rate on the square of the average particle size to obtain the coefficient 

of apparent diffusion of enzymes (Diff) into substrates (Al-Rabadi et al., 2009; Dhital et al., 2010). 

Theoretically, the rate of starch digestion is inversely (1/KST) proportional to the square of the particle 

size (1/KST = Dgw
2/Diff). Hence, a linear regression analysis can be conducted with and without 

intercepts to examine the relationship between the inverse of the rate of starch digestion and particle 

size, with the reciprocal of the slope being equivalent to, a measure of or a function of the apparent 

diffusion coefficient (Diff). Table 4.8 shows that a significant inverse relationship exists for the effects 

of particle size on the rate of starch digestion of the field pea, with mill differences. The hammer 

milling, rather than the disc milling, influenced the digestion rate of both field pea varieties (Figure 

4.5). As discussed above, only one setting of the roller mill was used, and the dependence of the rate 

of digestion of the roller-milled samples on particle size was not investigated. However, the 

dependence of the rates of digestion from all the milled samples on particle size was investigated as 

shown in Table 4.8. 
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Table 4.7 Regression equations on the in-vitro starch digestion parameters (D0 and D∞) and particle 

characteristics (Dgw and Sgw) of the milled field pea* 

 

Mill Field pea  Intercept Equation r2 p-

value 

D0 - Dgw - Sgw 

DM Maki Without D0 = –  20.7 Dgw + 42.4 Sgw 0.950 0.03 

Walana With D0 = – 2.1 Dgw + 0.5 Sgw + 5.7 0.984 0.02 

Maki and 

Walana 

With D0 = – 0.5 Dgw – 0.8 Sgw + 5.0 0.635 0.03 

Without D0 = 1.2 Dgw + 2.4 Sgw 0.768 0.004 

HM Maki With D0 = – 0.3 Dgw – 7.0 Sgw + 11.0 1.000 0.01 

Maki and 

Walana 

With D0 = – 1.1 Dgw – 3.7 Sgw + 9.7 0.932 0.001 

Without D0 = – 8.4 Dgw + 21.0 Sgw 0.768 0.02 

DM-HM Maki Without D0 = – 8.0 Dgw + 20.0 Sgw 0.781 0.01 

Walana Without D0 = – 2.9 Dgw + 9.3 Sgw 0.620 0.04 

Maki and 

Walana 

With D0 = – 2.1 Dgw – 0.3 Sgw + 7.4 0.509 0.01 

Without D0 = – 3.9 Dgw + 11.8 Sgw 0.665 <0.001 

DM-HM-

RM 

Maki Without D0 = – 8.6 Dgw + 21.2 Sgw 0.783 0.003 

Walana Without D0 = – 3.4 Dgw + 10.3 Sgw 0.611 0.03 

Maki and 

Walana 

With D0 = – 2.1 Dgw + 0.4 Sgw + 6.7 0.406 0.01 

Without D0 = – 4.5 Dgw + 12.8 Sgw 0.660 <0.001 

D∞ - Dgw - Sgw 

DM Maki With D∞ = – 137 Dgw + 195 Sgw + 

107 

0.951 0.05 

Walana With D∞ = – 31 Dgw – 62 Sgw + 142 0.954 0.05 

Maki and 

Walana 

With D∞ = – 0.6 Dgw – 92 Sgw+ 134 0.906 <0.001 

HM Maki and 

Walana 

With D∞ = – 10 Dgw – 28 Sgw + 90 0.827 0.01 

Without D∞ = – 78 Dgw + 202 Sgw 0.793 0.01 

DM-HM Maki With D∞ = – 2.5 Dgw – 66 Sgw + 116 0.813 0.01 

Without D∞ = – 87 Dgw + 236 Sgw 0.744 0.01 

Walana With D∞ = 11 Dgw – 88 Sgw + 112 0.757 0.01 

Maki and 

Walana 

With D∞ = 7.3 Dgw – 85 Sgw + 116 0.774 <0.001 

Without D∞ = – 20 Dgw + 103 Sgw 0.582 0.001 

DM-HM-

RM 

Maki With D∞ = – 3.5 Dgw – 60 Sgw + 112 0.821 0.002 

Without D∞ = – 104 Dgw + 269 Sgw 0.723 0.01 

Walana With D∞ = 10 Dgw – 89 Sgw + 114 0.796 0.004 

Maki and 

Walana 

With D∞ = 7.4 Dgw – 84 Sgw + 115 0.802 <0.001 

Without D∞ = – 34 Dgw + 128 Sgw 0.549 <0.001 
*DM = Disc mill; HM: Hammer mill; RM = roller mill. Non-significant relationships are not shown. 
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Table 4.8 Regression equations on the rate of in-vitro starch digestion (KST) and particle size (Dgw) 

of the milled field pea* 

 

Mill Field pea  Intercept Equation Diff-ST **× 

10-7 

r2 p-

value 

DM Maki and 

Walana 

Without 1/KST = 8.0 × 105 Dgw
2 12.5 0.559 0.01 

HM Maki Without 1/KST = 2.0 × 105 Dgw
2 + 6.4 × 

103 

49.8 0.973 0.01 

Walana With 1/KST = 3.3 × 105 Dgw
2 + 4.3 × 

103  

30.1 0.995 0.002 

Without 1/KST = 4.9 × 105 Dgw
2     20.4 0.881 0.04 

Maki and 

Walana 

With 1/KST = 2.6 × 105 Dgw
2 + 5.3 × 

103  

37.9 0.927 <0.001 

Without 1/KST = 4.6 × 105 Dgw
2     21.8 0.801 0.002 

DM-

HM 

Maki Without 1/KST = 6.4 × 105 Dgw
2     15.7 0.641 0.01 

Walana Without 1/KST = 6.8 × 105 Dgw
2     14.8 0.485 0.03 

Maki and 

Walana 

Without 1/KST = 6.5 × 105 Dgw
2     15.3 0.557 <0.001 

DM-

HM-

RM 

Maki Without 1/KST = 6.4 × 105 Dgw
2     15.6 0.621 0.01 

Walana Without 1/KST = 6.8 × 105 Dgw
2     14.7 0.470 0.03 

Maki and 

Walana 

Without 1/KST = 6.6 × 105 Dgw
2     15.2 0.538 <0.001 

*DM = Disc mill; HM: Hammer mill; RM = roller mill. Non-significant relationships are not shown. 
**Diff-ST = Apparent diffusion coefficient (cm2s-1) of the starch digestion.  

 

 

 

 

Figure 4.5  The relationship between the reciprocal of the rate of in-vitro starch (KST) 

digestion and the square of the particle size (Dgw). Disc-milled Maki (); Disc-
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milled Walana (); Hammer-milled Maki (); Hammer-milled Walana (); Best fit 

lines (Maki ‒‒‒, ‒‒‒; Walana ----, ----). 

 

4.3.5 In-vitro protein digestion 

 

Figure 4.6 shows how the pH of the field pea was reduced as amino acids were produced during the 

in-vitro protein digestion. The time-course pH reduction approximates monophasic digestion, and 

neither Maki nor Walana field pea variety reduced in pH as much as casein (control protein) with any 

mill or mill setting. In order to obtain the protein digestion parameters for quantitative analysis of the 

digestion process, the protein digestograms were modelled with the modified first-order kinetic model 

(Eqn. 4.6), and the model adequately (r2 > 0.97; p < 0.001) described the digestograms. Table 4.9 

summarises the parameters from the model and the apparent in-vitro protein digestibility, which was 

calculated using Eqn. 4.4. The in-vitro protein digestibility of the field pea ranged from 86 - 91%, but 

there were no effects of mill, milling condition or particle size. Also, even though Figures 4.6E and 

4.6F show mill differences, there was no particular trend from the digestion and IVPD parameters in 

Table 4.9. 

 

Table 4.10 shows the regression parameters of the combined effects of Dgw and Sgw on the change in 

pH from times t = 0 to t → ∞ (ΔpH) and percent in-vitro protein digestibility (IVPD). In general and 

from the coefficients, ΔpH and IVPD increased as the Dgw reduced, and as the Sgw increased. This 

implies that protein digestion in fine particles or broadly distributed particles is high, and this agrees 

with theory and the general findings from D0-Dgw-Sgw and D∞-Dgw-Sgw in in-vitro starch digestion 

(4.3.4).  

 

The rate of protein digestion significantly (p ≤ 0.05) increased with the reduction of particle size of 

the disc-milled samples, while it was independent of the particle size of the hammer-milled samples 

(Figure 4.7). This observation is contrary to that obtained with the rate of starch digestion. Tinus et 

al. (2012) also did not obtain any significant relationship between the rate of protein digestion from 

pH changes and particle size of a hammer-milled pulse (cowpea), even though cryo-milling the pulse 

revealed a significant relationship, as obtained for the disc-milled field pea in the present study. These 

authors attributed this to a possibly higher sensitivity of proteins to thermo-mechanical damage in 

hammer mills than in other mills. 

 

As done for starch digestion (4.3.4), the relationship between the rate of protein digestion and particle 

size was investigated. Table 4.11 shows the linear equations obtained and the apparent diffusion 
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coefficient for the proteases in field pea. The coefficients for the proteases ranged from 720 - 4,200 

× 10-7 cm2s-1 (Table 4.11), compared to 15 - 50 × 10-7 cm2s-1 for the amylases (Table 4.8).  

 

 

 

 

Figure 4.6 Typical digestograms of the in-vitro protein digestion of the milled field pea 

showing experimental and predicted data. DM, HM, RM = Disc-, hammer- and 

roller-mill respectively. Values in ( ) are Dgw. A = DM Maki, B = DM Walana, C = 

HM Maki, D = HM Walana, E = milled Maki of comparable sizes processed by the 

three mills, F = milled Walana of comparable sizes processed by the three mills. 
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Table 4.9 The parameters of the modified first-order kinetic model for the in-vitro protein digestion 

of the milled field pea* 

 

Treatment Dgw (mm) 

In-vitro protein digestion parameters 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein) 

KPR × 10-3 

 (min-1) 

Roller-milled field pea 

RM Maki 0.28 ± 0.02a 0.56 ± 0.13a 85.4 ± 0.9a 358.4 ± 4.7a 

RM Walana 0.30 ± 0.01a 0.68 ± 0.03a 89.0 ± 2.9a 329.5 ± 7.4b 

Disc-milled field pea 

Maki 4.0 0.48 ± 0.00g 0.76 ± 0.00abc 90.5 ± 0.1a 313.5 ± 1.0a 

Walana 4.0 0.48 ± 0.00g 0.74 ± 0.05ab 89.1 ± 2.2ab 298.9 ± 8.1a 

Maki 8.0 0.80 ± 0.02f 0.77 ± 0.00abc 90.7 ± 0.5a 304.0 ± 3.2a 

Walana 8.0 0.78 ± 0.00f 0.70 ± 0.06a 86.4 ± 1.0b 253.2 ± 3.9b 

Maki 12.0 1.37 ± 0.00c 0.72 ± 0.00ab 89.6 ± 0.0ab 293.0 ± 0.7a 

Walana 12.0 1.18 ± 0.00e 0.77 ± 0.00abc 87.8 ± 0.9ab 215.8 ± 9.0c 

Maki 16.0 1.64 ± 0.02b 0.86 ± 0.00c 87.7 ± 0.3ab 203.0 ± 1.9c 

Walana 16.0 1.32 ± 0.01d 0.76 ± 0.01abc 87.6 ± 0.4ab 206.5 ± 1.9c 

Maki 19.0 1.76 ± 0.02a 0.70 ± 0.01 87.3 ± 0.7ab 211.3 ± 8.5c 

Walana 19.0 1.73 ± 0.01a 0.84 ± 0.03bc 88.4 ± 0.8ab 198.3 ± 8.2c 

Hammer-milled field pea 

Maki 0.5 0.39 ± 0.01d 0.66 ± 0.04a 90.3 ± 0.8a 422.5 ± 9.0a 

Walana 0.5 0.39 ± 0.00d 0.71 ± 0.01a 88.9 ± 0.7a 339.6 ± 1.1b 

Maki 1.0 0.64 ± 0.01c 0.75 ± 0.02a 90.0 ± 1.2a 308.1 ± 4.4c 

Walana 1.0 0.66 ± 0.00c 0.84 ± 0.14a 89.8 ± 2.5a 286.9 ± 8.9cd 

Maki 2.0 0.83 ± 0.01b 0.74 ± 0.03a 90.2 ± 0.9a 298.8 ± 8.8c 

Walana 2.0 0.82 ± 0.02b 0.71 ± 0.01a 89.4 ± 0.9a 298.1 ± 7.9c 

Maki 5.0 1.89 ± 0.11a 0.71 ± 0.06a 88.0 ± 1.5a 261.3 ± 2.1d 

Walana 5.0 1.86 ± 0.00a 0.68 ± 0.09a 87.5 ± 0.8a 284.3 ± 5.2cd 

*Values with the same letters in the same column for the same mill are not significantly different (p > 0.05). IVPD was 

defined relative to casein (casein from bovine milk; Sigma C7078), a control protein (IVPD = 100 g/100 g dry protein; 

ΔpH = 1.21 ± 0.12; KPR × 10-3 = 560.7 ± 13.2).  
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Table 4.10 Regression equations on the in-vitro protein digestion parameters (ΔpH and IVPD) and 

particle characteristics (Dgw and Sgw) of the milled field pea* 

 

Mill Field pea  Intercept Equation r2 p-value 

ΔpH - Dgw - Sgw 

DM Maki Without ΔpH = – 3.3 Dgw + 7.0 Sgw 0.945 0.04 

Maki and Walana Without ΔpH = 0.3 Dgw + 0.5 Sgw 0.878 <0.001 

HM Maki and Walana Without ΔpH = – 0.6 Dgw + 2.0 Sgw 0.907 0.002 

DM-HM Maki Without ΔpH = – 0.5 Dgw + 1.9 Sgw 0.910 <0.001 

Walana Without ΔpH = – 0.1 Dgw + 1.1 Sgw 0.849 0.002 

Maki and Walana Without ΔpH = – 0.2 Dgw + 1.3 Sgw 0.867 <0.001 

DM-HM-

RM 

Maki Without ΔpH = – 0.4 Dgw + 2.1 Sgw 0.904 <0.001 

Walana Without ΔpH = – 0.2 Dgw + 1.2 Sgw 0.826 0.001 

 Maki and Walana Without ΔpH = – 0.3 Dgw + 1.4 Sgw 0.852 <0.001 

IVPD - Dgw - Sgw 

DM Maki With IVPD = – 18 Dgw + 30 Sgw + 90 0.977 0.01 

Without IVPD = – 432 Dgw + 897 Sgw 0.958 0.03 

Maki and Walana Without IVPD = 32 Dgw + 55 Sgw 0.861 <0.001 

HM Maki and Walana With IVPD = – 2.6 Dgw + 2.7 Sgw + 90 0.772 0.02 

Without IVPD = – 70 Dgw + 232 Sgw 0.896 0.002 

DM-HM Maki With IVPD = – 2.1 Dgw + 0.1 Sgw  + 92 0.823 0.01 

Without IVPD = – 69 Dgw + 239 Sgw 0.900 0.001 

Walana Without IVPD = – 7.8 Dgw + 116 Sgw 0.837 0.003 

Maki and Walana With IVPD = – 1.2 Dgw – 0.6 Sgw + 91 0.380 0.03 

Without IVPD = – 22 Dgw + 147 Sgw 0.854 <0.001 

DM-HM-

RM 

Maki Without IVPD = – 83 Dgw + 266 Sgw 0.883 <0.001 

Walana Without IVPD = – 18 Dgw + 133 Sgw 0.805 0.002 

Maki and Walana Without IVPD = – 33 Dgw + 167 Sgw 0.827 <0.001 
*DM = Disc mill; HM: Hammer mill; RM = roller mill. Non-significant relationships are not shown. 

 

 

 

Figure 4.7  The relationship between the reciprocal of the rate of in-vitro protein (KPR) 

digestion and the square of the particle size (Dgw). Disc-milled Maki (); Disc-

milled Walana (); Hammer-milled Maki (); Hammer-milled Walana (); Best fit 

lines (Maki ‒‒‒, ‒‒‒; Walana ----, ----). 
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Table 4.11 Regression equations on the rate of in-vitro protein digestion (KPR) of the particle size 

(Dgw) of milled field pea* 

 

Mill Field pea  Intercept Equation Diff-PR **× 

10-7 

r2 p-

value 

DM Maki With 1/KPR = 3.6 × 103 Dgw
2 + 173 2 759 0.801 0.04 

Without 1/KPR = 10.7 × 103 Dgw
2                          936 0.836 0.02 

Walana With 1/KPR = 3.6 × 103 Dgw
2 + 212 2 804 0.829 0.03 

Without 1/KPR = 13.9 × 103 Dgw
2                          719 0.787 0.03 

Maki and 

Walana 

With 1/KPR = 3.3 × 103 Dgw
2 + 197 3 014 0.639 0.01 

Without 1/KPR = 12.0 × 103 Dgw
2                          834 0.795 <0.001 

HM Maki and 

Walana 

Without 1/KPR = 7.8 × 103 Dgw
2                       1 279 0.515 0.03 

DM-

HM 

Maki With 1/KPR = 2.8 × 103 Dgw
2 + 174 3 535 0.633 0.01 

Without 1/KPR = 9.6 × 103 Dgw
2                       1 045 0.723 0.003 

Walana Without 1/KPR = 11.0 × 103 Dgw
2                          907 0.641 0.01 

Maki and 

Walana 

With 1/KPR = 2.4 × 103 Dgw
2 + 192 4 204 0.412 0.004 

Without 1/KPR = 10.2 × 103 Dgw
2                          980 0.675 <0.001 

DM-

HM-

RM 

Maki With 1/KPR = 2.9 × 103 Dgw
2 + 172 3 450 0.668 0.004 

 Without 1/KPR = 9.6 × 103 Dgw
2                       1 041 0.685 0.002 

Walana Without 1/KPR = 11.1 × 103 Dgw
2                          902 0.609 0.01 

Maki and 

Walana 

With 1/KPR = 2.5 × 103 Dgw
2 + 188 3 946 0.462 0.001 

 Without 1/KPR = 10.3 × 103 Dgw
2                          975 0.640 <0.001 

*DM = Disc mill; HM: Hammer mill; RM = roller mill. 
**Diff-PR = Apparent diffusion coefficient (cm2s-1) of the protein digestion. Non-significant relationships are not shown. 

 

4.3.6 Asynchronous relationship between protein and starch digestions 

 

Starch and protein digestions are rarely studied together in materials, and the present study is amongst 

the pioneering ones. When both digestions are studied together, the relative digestion rates of these 

macromolecules can be examined to contribute to the understanding of nutrient asynchrony in feed 

and food (Figure 4.8). Using the pH drop method, the rate of protein digestion (or diffusion of the 

proteases) was about 65 times the rate of starch digestion (or diffusion of the amylases) for the field 

pea (Tables 4.6 and 4.9). 

 

Using pH changes, Tinus et al. (2012) also reported that proteins in cowpea digested at a much faster 

rate (100 times) than starch digestion. Allowing for the limitations of the digestion methods and 

models used, in materials, including grains, starch presents in association with proteins, many of 

which are relatively hydrophobic. Starch granules are generally bigger than protein bodies, and in 

legumes/pulses and some cereals (e.g. sorghum), pronounced starch-protein interactions exist. Also, 

the protein and cell wall matrices in the grains may inhibit structural degradation of starch granules 

during milling and in turn, digestion process (Hasjim et al., 2013). These interactions can limit starch 

digestion, and have been associated with reduced hydration and hard-to-cook phenomenon in 
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legumes/pulses (Rooney and Pflugfelder, 1986; Chrastil, 1990; Yousif et al., 2007; Tinus et al., 

2012). 

 

 

Figure 4.8  The relationship between the rates of in-vitro digestion of starch (KST) and 

protein (KPR) of the milled field pea. Disc mill (); Hammer mill (); Roller mill 

(); Best fit lines (disc mill ‒‒; hammer mill ‒‒). 

 

In addition, the smaller size of protein bodies might allow them to be better packed in cells, while 

their higher surface area to volume will increase substrate-enzyme interactions much better than for 

starch. The higher rate of protein digestion from pH changes is, therefore, expected and consistent 

with theory. It is worth noting, however, that while starch and protein digestions occur simultaneously 

under in-vivo conditions, the present study investigated them separately with differences in 

substrate:enzyme ratios, the amount of enzyme used and how the in-vitro digested starch (glucose 

released) and proteins (pH changes) were quantified. A validated in-vitro procedure for simultaneous 

assessments of starch and protein digestions would help in understanding the digestion of the two 

macromolecules, since both are digested at the same time in the small intestines of humans and 

animals. Moreover, it is worth noting that assessing feed protein digestibility in animals is not as 

exact as assessing feed starch digestibility, and there are assumptions and approximations because of 

endogenous protein materials from the gastrointestinal tract. Hence, comparisons of relative 

digestibility of starch and protein under in-vitro and in-vivo conditions should be cautiously made. 
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4.3.7 Relationship between hydration and digestion properties 

 

Hydration properties of materials reflect flow and binding of water, as well as solubilisation and 

transfer of soluble components. As indicated above, hydration properties, WAI and WSI, can indicate 

molecular degradations (Govindasamy et al., 1997; Seth and Rajamanickam, 2012), which influence 

digestion. Digestion involves flow of enzymes in solution into materials, where they bind substrates 

and release corresponding low molecular weight components. The WAI and WSI of the milled field 

pea significantly depended (4.3.3) on the particle size characteristics of the milled grains, which also 

significantly affected the in-vitro starch (4.3.4) and protein (4.3.5) parameters of the milled field pea. 

 

Various researchers have investigated the relationship between hydration and digestion properties, 

with WAI and/or WSI inferring digestion characteristics (Bryant et al., 2001; Doucet et al., 2010; 

Mahasukhonthachat et al., 2010b; Waramboi et al., 2011; 2012; 2014; Brennan et al., 2012). Some 

of these authors reported positive relationships (Mahasukhonthachat et al., 2010b; Brennan et al., 

2012; Waramboi et al., 2011; 2012) between WAI and WSI, but negative relationships (Al-Rabadi et 

al., 2011) are also possible when molecular structures are affected to bind more water (high WAI), 

but without a corresponding increase in solubles from depolymerisation. For the milled field pea in 

the present study, both the WAI and WSI showed a significant positive relationship (r2 > 0.4; p < 

0.001; with or without intercepts). 

 

The WAI, WSI, and starch and protein digestion parameters of the milled field pea showed significant 

positive relationships (Table 4.12), which were generally reflected for mill-specific or combined 

milled grains. The significant positive relationships with the rates of digestion are depicted in Figure 

4.9, and they agree with published studies (Brennan et al., 2012; Waramboi et al., 2011; 2012; 2014), 

even when starch digestibility in weaner pigs (in-vivo digestion) was studied (Doucet et al., 2010). 

The measured trend is expected because, as indicated above, hydration and digestion involve liquid 

and enzyme flow and binding with molecules or substrates leading to the release of components that 

are low enough in molecular weight to be transported by the liquid out of the hydrating or digesting 

material. 

 

 

 

 

Table 4.12 Regression equations on the relationship between the hydration and in-vitro digestion 

properties of the milled field pea* 
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Mill Field pea  Intercept Equation r2 p-value 

In-vitro starch digestion 

WAI - D0 

DM-HM-

RM 

Maki With D0 = 1.23 WAI + 0.40 0.923 <0.001 

Without D0 = 1.33 WAI  0.992 <0.001 

Walana With D0 = 1.05 WAI + 1.16 0.826 <0.001 

Without D0 = 1.34 WAI  0.978 <0.001 

Maki and Walana With D0 = 1.14 WAI + 0.80 0.871 <0.001 

Without D0 = 1.34 WAI  0.985 <0.001 

WAI - D∞ 

DM-HM-

RM 

Maki Without D∞ = 17.7 WAI  0.860 <0.001 

Walana Without D∞ = 16.1 WAI  0.759 0.001 

Maki and Walana Without D∞ = 16.9 WAI  0.811 <0.001 

WSI - D0 

DM-HM-

RM 

Maki With D0 = 0.16 WSI + 1.70 0.517 0.02 

Without D0 = 0.24 WSI  0.939 <0.001 

Walana With D0 = 0.17 WSI + 1.41 0.922 0.01 

Without D0 = 0.24 WSI  0.957 <0.001 

Maki and Walana With D0 = 0.17 WSI + 1.56 0.565 <0.001 

Without D0 = 0.24 WSI  0.948 <0.001 

WSI - D∞ 

DM-HM-

RM 

Maki Without D∞ = 3.36 WSI  0.908 <0.001 

Walana Without D∞ = 3.13 WSI  0.892 <0.001 

Maki and Walana With D∞ = 1.79 WSI + 32.6 0.278 0.01 

Without D∞ = 3.24 WSI  0.990 <0.001 

In-vitro protein digestion 

WAI – ΔpH 

DM-HM-

RM 

Maki Without ΔpH = 0.17 WAI  0.869 <0.001 

Walana Without ΔpH = 0.18 WAI  0.873 <0.001 

Maki and Walana Without ΔpH = 0.18 WAI  0.870 <0.001 

WAI – IVPD 

DM-HM-

RM 

Maki Without IVPD = 21.5 WAI  0.896 <0.001 

Walana With IVPD = 0.49 WAI + 86.7 0.432 0.04 

Without IVPD = 21.9 WAI  0.881 <0.001 

Maki and Walana With IVPD = 0.51 WAI + 86.8 0.222 0.04 

Without IVPD = 21.7 WAI  0.888 <0.001 

WSI – ΔpH 

DM-HM-

RM 

Maki With ΔpH = − 0.01 WSI + 0.85 0.413 0.05 

Without ΔpH = 0.03 WSI  0.832 <0.001 

Walana Without ΔpH = 0.03 WSI  0.865 <0.001 

Maki and Walana With ΔpH = − 0.01 WSI + 0.83 0.301 0.01 

Without ΔpH = 0.03 WSI  0.848 <0.001 

WSI -  IVPD 

DM-HM-

RM 

Maki Without IVPD = 3.95 WSI  0.882 <0.001 

Walana Without IVPD = 3.97 WSI  0.895 <0.001 

Maki and Walana Without IVPD = 3.96 WSI  0.888 <0.001 
*DM, Disc mill; HM, Hammer mill; RM, roller mill. Non-significant relationships and individual mills are not shown. 
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Figure 4.9  The relationship between the rates of in-vitro digestion of starch (KST) and 

protein (KPR) and hydration properties of the milled field pea for the combined 

mill data.  

 

 

4.4. Conclusion 

 

Mill types with different settings and screen sizes used resulted in differences in particle size and 

particle size distribution, with the two varieties of field pea studied essentially exhibiting a similar 

behaviour. The hammer-milled samples gave higher hydration and digestion properties than those 

produced by the disc- and roller-mills. Mill differences, milling forces, frictional heat generation, and 

ability to degrade starch and protein molecules could explain the measured effects. Irrespective of the 

mill or variety, both the hydration and digestion properties of the milled field pea were positively 

correlated, and this was highly significant. The measured effects were also shown to be dependent on 

the particle size characteristics (particle size and particle size distribution) of the milled grains. 

Notwithstanding the grain variety, starch digestion in the hammer-milled samples proceeded by 

diffusion mechanisms based on a significant inverse relationship between the rate of starch digestion 

and the square of the average particle size. In contrast, the starch digestion of the disc-milled field 

pea was independent of the particle size. An opposite trend was, however, obtained with the protein 
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digestion as measured by pH changes, where the rate of digestion of the hammer-milled field pea was 

independent of the particle size, but the reciprocal of the rate of protein digestion of the disc-milled 

field pea was significantly dependent on the square of the particle size. Protein digestion, as indicated 

by pH changes, proceeded at a much faster rate than starch digestion in the milled field pea with 

implications for nutrient synergy or asynchrony. However, there were differences in the concentration 

of enzymes used for both digestions, and the measurement techniques. This notwithstanding, since 

studies by other researchers validated both the in-vitro procedures with in-vivo measurements, the 

present study shows that protein and starch digestions possibly do not proceed at the same digestion 

rate, and so also diffusion of proteases and amylases into grains. The results obtained in this study 

lay the foundation for future studies where the interactions between particle size, particle size 

distribution, in-vitro digestion patterns and in-vivo studies (digestibility, rate of passage and residence 

time distribution) will be investigated to understand the roles of particle size characteristics of grains 

during flow and digestion in the gastrointestinal tract.  
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Additional Information: 

 

Samples of milled Maki and Walana field pea grain 

 

 

  

RM Maki RM Walana 

 
 

Maki 4.0 Walana 4.0 

  

Maki 8.0 Walana 8.0 
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Maki 12.0 Walana 12.0 

  

Maki 16.0 Walana 16.0 

  
Maki 19.0 Walana 19.0 

  

Maki 0.5 Walana 0.5 
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Maki 1.0 Walana 1.0 

  
Maki 2.0 Walana 2.0 

  
Maki 5.0 Walana 5.0 
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Appendix 5 
 

Growth performance of weaner pigs fed diets containing field 

pea milled to different particle sizes 

 

 

5.1 Introduction 

 

Field pea (Pisum sativum L.), which belongs to the Leguminosae family, is an important edible pulse 

for human and animal nutrition (Stein et al., 2010; Rodrigues et al., 2012). The world production of 

field pea is rapidly increasing, and the grain is now used for animal feeding because of its nutrient 

profile and low anti-nutritional factors (Mihailović et al., 2005; Jing et al., 2012; Etuk et al., 2012). 

For example, when field pea was fed to grower and finisher pigs, the results revealed that field pea 

can replace up to 100% of soybean meal in corn-based diets with no negative effects on pig 

performance, carcass quality, or pork palatability (Stein et al., 2006). 

 

In animal nutrition, the nutritional value of feed depends not only on the chemical composition and 

structure of feed constituents (Franco and Ciacco, 1992; Black, 1999), but also on feed processing 

which plays a role in modifying the availability of feed nutrients for animal performance (Lawrence 

et al., 2003; Ball et al., 2015). Consequently, milling affects feed digestibility as reported by various 

researchers (Wondra et al., 2005a; Montoya and Leterme, 2011; Ngoc et al., 2011), and highlighted 

elsewhere in this thesis, when both in-vitro and in-vivo studies were conducted on milled grains with 

different particle size characteristics.  

 

These studies on particle size characteristics, however, concentrated on cereals, used one mill type, 

or had an insufficient number of treatment levels to probe performance-size relationships. The 

reported in-vitro studies have been mainly conducted on starch digestion, and when the milled grains 

were used to make animal diets, no effects of feed ingredients were reported. Ingredients in feeds 

supplement grains to achieve a balanced nutritional profile, and can affect feed digestibility.  

In this Chapter, an Australian variety of field pea was hammer- and disc-milled, and pig mash diets 

were prepared from the milled grains and their mixtures, and fed to weaner pigs, to investigate how 

particle size and particle size distribution affected in-vitro digestion and growth performance of the 

pigs. The tested hypotheses were that:  
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i. Within a particle size range of the field pea, weaner pig growth performance is not different. 

ii. Additional pig feed ingredients do not change digestion characteristics of the milled field pea. 

iii. There is a relationship between in-vitro digestion and weaner pig growth performance. 

 

5.2 Materials and methods 

 

5.2.1 Raw material 

 

Walana variety of field pea, with a dun seed coat (Figure 5.1), was obtained from the University of 

Sydney, Plant Breeding Institute, Narrabri NSW 2390, Australia. The physical properties of the 

grains, using the procedures described in 4.2.2, were (mean ± SD); major diameter = 8.1 ± 0.4 mm, 

minor diameter = 7.7 ± 0.4 mm, thickness = 7.2 ± 0.5 mm, 1000-grain weight = 252 ± 3 g. The 

chemical properties of the grains using the standard procedures in 4.2.2 were (g/100 g); moisture = 

11.4 ± 0.3, total starch = 41.7 ± 0.3, protein = 22.0 ± 0.1, ash = 3.1 ± 0.1, and fat = 1.5 ± 0.0. 

 

Figure 5.1  Grain of Walana field pea 

 

5.2.2 Milling 

 

The grains were milled using two types of mills, hammer- and disc-mills, located in two commercial 

feed mills. The hammer-mill (Baltic Simplex 8G; Baltic Simplex Machinery Co., Hall Street, 

Spotswood VIC 3015, Australia), at Sligo, Bell QLD 4408, Australia, was operated with four screen 

sizes, while the disc-mill (SKIOLD 5000; SKIOLD A/S Kjeldgaardsvej 3, DK-9300 Sæby, 

Germany), at Neuendorf Farming, Kalbar QLD 4309, Australia, was operated with four settings of 

the gap or nip (Table 5.1). The milling was randomised and duplicated. The finest and coarsest sizes 

from the mills were mixed for four additional treatments to yield a total of 12 treatments (Table 5.1). 
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Table 5.1 Mill settings and codes of the disc- and hammer-milled field pea 

 

Mill Mill setting/screen size Treatment/Code 

Disc mill 

0.5 Fine 

1.0 Medium 

1.2 Coarse 

1.5 Very coarse 

Hammer mill 

2 mm 2 mm 

3 mm 3 mm 

4 mm 4 mm 

5 mm 5 mm 

Mixture* 

- Fine - 2 mm 

- Fine - 5 mm 

- Very coarse - 2 mm 

- Very coarse - 5 mm 
*The mixtures were prepared by mixing the stated treatments on a 1:1 ratio by weight. 

 

 

 

 

5.2.3 Experimental diet 

 

A total of 20 field-pea based experimental diets were made consisting of 16 hammer- and disc-milled 

grains (2 mills × 4 mill settings/gaps × 2 replicates) and four mixtures of hammer- and disc-milled 

grains (Fine - 2 mm, Fine - 5 mm, Very coarse - 2 mm, and Very coarse - 5 mm). The diets were 

formulated (Table 5.2) to contain 13.9 MJ DE/kg and 0.09 g available lysine/MJ DE (Rivalea 

Australia Pty Ltd., Corowa NSW 2646, Australia). 
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Table 5.2 Composition of the experimental diet (as fed) of the field pea 

 

Item Weaner diet  

Ingredients, g/100g 

Milled field pea 30.0 

Wheat 28.7 

Barley 23.3 

Meat and bone meal (< 7.5% fat) 7.4 

Soybean meal (48% CP) 7.0 

Tallow 2.0 

Mixture of vitamin and trace mineral* 0.4 

L-Lysine HCl 0.4 

DL-Methionine 0.3 

L-Threonine 0.2 

Sodium chloride 0.2 

L-Trytophan 0.1 

Total 100.0 

Calculated composition 

DE, MJ/kg 13.9 

Available lysine/DE, g/MJ 0.09 

Analysed composition, g/100g† 

Moisture 10.5 ± 0.3 

Crude protein 20.4 ± 0.4 

Total starch 43.6 ± 0.6 

Ash 5.2 ± 0.2 

Ether extract 4.7 ± 0.2 
*Premix provided per tonne of mixed feed: vitamin A 7.5 MIU, vitamin D3 1.1 MIU, vitamin E 39.5 g, vitamin K 1.6 g, 

niacin 16.0 g, Ca-D-pantothenate 8.0 g, riboflavin 4.0 g, vitamin B6 2.4 g, vitamin B12 16.0 mg, Antioxidant 31.0 g, 

betaine 100.0 g Se 0.3 g, Cu 15.0 g, Fe 60.0 g, Mn 50.0 g, Mg 50.0 g, Zn 50 g, I 1.0 g, Co 0.5 g. 
†
Analysed using the procedures described in 4.2.2.2, and values are means ± standard deviations. 

 

5.2.4 Particle size analysis 

 

The particle size distributions were analysed by the manual sieving device and electric shaker as 

described in 3.2.2.1. The data from the electric shaker was used (ASABE, 2008) to calculate the 

average particle size (geometric mean diameter, Dgw) and particle size distribution (geometric 

standard deviation of the mean diameter, Sgw) as described in Eqn. 3.1 and 3.2. Duplicate analyses 

were carried out. 

 

5.2.5 In-vitro starch and protein digestions 

 

The milled grains and experimental diets (5.2.3) were used in in-vitro starch and protein digestion 

studies. The rapid in-vitro digestibility assay based on glucometry, described in 4.2.6, was used for 

starch digestion and the digested starch (g per 100 g dry starch) was calculated as in Eqn. (4.3). The 

pH-drop procedure (4.2.7) was used for the protein digestion, and the in-vitro protein digestibility 
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was calculated as before (Eqn. 4.4). The modified first-order kinetic model was used to describe the 

starch (Eqn. 4.5) and protein (Eqn. 4.6) digestograms of the samples. The model for the starch 

digestion is reproduced here for ease of reference: 

 

Starch digestion: 

 

Dt = D0 + D∞-0 (1 – exp [-KST t])                          (5.1) 

D∞ = D0 + D∞-0 

 

where,  Dt = digested starch at time t (g/100 g dry starch). 

D0 = digested starch at time t = 0 (g 100 g-1 dry starch; gastric digestion). 

D∞ = digested starch at infinite time, t → ∞ (g/100 g dry starch) 

KST = rate of starch digestion (min-1). 

 

In order to calculate the hydrolysis index (HI) as an indicator of the potential glycaemic index (GI) 

of the samples, the area under the digestograms (AUC) from t1 to t2 was computed with Eqn. 5.2, 

which is the integral form of Eqn. (5.1). 

 

AUC = [D∞t + 
D∞-0

KST
exp (-KST)]

t1

t2
               (5.2) 

 

Glycaemic indices obtained from human trials are normally expressed relative to white bread or 

glucose, and the indices from both references are related (Foster-Powell et al., 2002; Atkinson et al., 

2008; Giuberti et al., 2012a; 2012b). In the present study, the hydrolysis index (HI) of each sample 

was calculated (Goñi et al., 1997) by dividing the AUC of the sample from 0 to 240 min. by the AUC 

(≈13,000 min g/100 g dry starch) of white bread (Yong et al., 2011). The in-vitro starch digestion of 

the white bread followed the same procedure used in the present study (4.2.6). The HI was then used 

to calculate GIHI from equation GIHI = 39.51 + 0.57 HI (Yong et al., 2011; Waramboi et al., 2012). 

The single-point measurement of starch digestion at 90 min. (D90) was also used to calculate GIH90 

(GIH90 = 39.21 + 0.803D90), as adapted from Goñi et al. (1997). The average predicted glycaemic 

index of the samples, GIAVG, was defined as (GIHI + GIH90)/2.  
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5.2.6 Weaner feeding experiment 

 

Male pigs (Large White × Landrace, PrimeGro Genetics) were used in a 21-day feeding trial. The 

pigs were weaned at 28 days, with an average weaning weight of 6.5 ± 1.1 kg. After adaptation for 

six days, 400 pigs with an average weight of 7.3 ± 0.1 kg were selected, and fed the dietary treatment 

using a randomized block design with some incomplete blocks. There were effectively 20 pigs for 

each of the 20 diets, or 33 pigs for each of the 12 milled grain treatments. 

 

The pigs were housed individually in a temperature-controlled room containing wire mesh pens 0.5 

m wide by 0.5 m high by 0.9 m deep. The pens had plastic mesh flooring and were fitted with a 

heating lamp shared between two adjacent pens. Pigs had access to water ad libitum from a single 

nipple drinker in each crate. Mash feed was supplied ad libitum and the weight was recorded. The 

feed remaining in the feeder was collected, weighed and recorded weekly to calculate average daily 

feed intake (ADFI), average daily gain (ADG) and feed conversion ratio (FCR) as below: 

 

ADFI  = 
feed offered – feed residue 

number of observed day
                                                    (5.3) 

 

ADG  = 
weight gain  

number of observed day
                                         (5.4) 

 

FCR  = 
ADFI  

ADG
                                             (5.5) 

 

The animal experiment was conducted at Rivalea Australia Pty Ltd., Corowa NSW 2646, Australia, 

with approval (13N023C) from its animal ethics committee (Appendix 5.2).  

 

5.2.7 Statistical analysis 

 

The Minitab statistical software, Version 16 (Minitab Inc., State College, PA, USA) was used for 

analysis of variance (ANOVA) with a confidence level of 95%. Results are presented as means ± 

standard deviations. The Pearson correlation was used to investigate the relationship between 

parameters of the in-vitro digestion and growth performance of the pig.  
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5.3 Results and discussion 

 

5.3.1 Particle size characteristics 

 

The particle size distributions of the milled field pea grains and diets differed with mill types and 

settings (Figure 5.2), and Table 5.3 shows the quantitative measures (geometric mean diameter, Dgw; 

geometric standard deviation, Sgw) of the particle size characteristics.  The milling conditions 

influenced the particle size (Dgw) and particle size distribution (Sgw) of the milled grains and diets, 

with the disc-mill producing a wider range of Dgw and Sgw than the hammer-mill (Figure 5.2 and 

Table 5.3). The feed ingredients did not materially change the particle size characteristics of the diets 

(D) from that of the milled grains (G) as can be seen in Figure 5.3; DgwD = 0.92 DgwG; SgwD = 0.79 

SgwG; r² = 0.990, p < 0.001). This observation agrees with the conclusions of Wondra et al. (1995a), 

even though they used three milling levels (DgwD = 0.94 DgwG; SgwD = 0.97 SgwG; r² > 0.998, p ≤ 0.05).  

 

5.3.2 In-vitro starch digestion 

 

Irrespective of the mill and mill settings, the samples exhibited a monophasic starch digestogram, 

which agrees with the results reported in Appendix 3 for two Australian varieties of field pea. This 

suggests that the laboratory and commercial mills used in the present study did not alter the general 

digestion behaviours or profiles of the grain. The modified first-order kinetic model (Eqn. 5.1) 

adequately described (r2 > 0.99; p < 0.001) the digestograms (Figure 5.4 and Figure 5.5), while Table 

5.4 shows the digestion parameters for both the milled grains and diets. From Figures 5.4 and 5.5 (A 

and B), the coarse samples (either grain or diet) were digested slower than the fine samples, 

irrespective of the mills. Generally, the digestograms of the mixed samples did not show any 

particular trend with the individual components.   

 

Table 5.4 shows parameters of the in-vitro starch digestion for both the milled grains and diets. In 

general, no significant difference was observed in the parameters among the milling treatments and 

within each mill. Moreover, the digestion parameters of the mixed sample were not significantly 

different from their individual components (Table 5.4), showing that mixing the hammer- and disc-

milled grains did not have any deleterious effects. It is worth noting that the range of particle sizes 

from the laboratory mills in Appendix 2 was Dgw = 0.30 - 1.86 mm; Sgw = 0.25 - 1.13 mm, while a 

narrower range (Dgw = 0.53 - 0.81, Sgw = 0.37 - 0.74 mm) was obtained from the commercial mills 

because of operational limitations.  
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Figure 5.2 Typical particle size distributions of the field pea samples. Grain (  ); 

Experimental diet (    ). 

 

Table 5.3 Particle size characteristics of the milled field pea grain and diets 
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Treatment Milled grain Diet 

DgwG (mm) SgwG (mm) DgwD (mm) SgwD (mm) 

Disc mill 

Fine 0.58 ± 0.01Da 0.44 ± 0.01Ea 0.53 ± 0.03Fa 0.37 ± 0.06Da 

Medium 0.71± 0.01Bb 0.59 ± 0.01CDb 0.60 ± 0.01DEb 0.44 ± 0.01BCDab 

Coarse 0.75 ± 0.01ABc 0.66 ± 0.03ABCc 0.60 ± 0.01Db 0.46 ± 0.03ABCbc 

Very coarse 0.81 ± 0.01Ad 0.74 ± 0.02Ad 0.71 ± 0.03Ac 0.53 ± 0.02Ac 

Hammer mill 

2 mm 0.57 ± 0.01Da 0.45 ± 0.02Ea 0.55 ± 0.01Fa 0.42 ± 0.03CDab 

3 mm 0.58 ± 0.05Dab 0.45 ± 0.08Ea 0.56 ± 0.01EFa 0.41 ± 0.04CDa 

4 mm 0.60 ± 0.01CDab 0.48 ± 0.01Eab 0.60 ± 0.00DEb 0.39 ± 0.01Da 

5 mm 0.67 ± 0.08BCb 0.57 ± 0.06CDb 0.67 ± 0.01Bc 0.47 ± 0.01ABCb 

Mixture 

Fine - 2 mm 0.56 ± 0.01Da 0.44 ± 0.01Ea 0.62 ± 0.02CDa 0.39 ± 0.02CDa 

Fine - 5 mm 0.59 ± 0.01CDb 0.48 ± 0.00DEb 0.65 ± 0.02BCab 0.44 ± 0.00BCDb 

Very coarse - 2 mm 0.69 ± 0.00BCc 0.60 ± 0.01BCDc 0.61 ± 0.01CDa 0.44 ± 0.00BCDb 

Very coarse - 5 mm 0.81 ± 0.00Ad 0.70 ± 0.01ABd 0.69 ± 0.00ABb 0.52 ± 0.00ABc 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). 

Values with the same lower case letters in the same column for the same mill are not significantly different (p > 0.05). 

 

 

 

 

Figure 5.3  The relationship between the particle size characteristics (Dgw;  and Sgw, ) of 

the milled field pea grains and experimental diets. 
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Figure 5.4  Digestograms of the in-vitro starch digestion of the milled field pea grains. Disc-

milled grain (A); Hammer-milled grain (B); Mixture Fine - 2mm (C); Mixture Fine - 

2mm (D); Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in 

( ) are DgwG. 
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Figure 5.5  Digestograms of the in-vitro starch digestion of the experimental field pea diets. 
Disc-milled diet (A); Hammer-milled diet (B); Mixture Fine - 2mm (C); Mixture Fine 

- 2mm (D); Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values 

in ( ) are DgwD. 
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Table 5.4 Parameters of the modified first-order kinetic model for the in-vitro starch digestion of the milled field pea grain and diet* 

Treatment Milled grain Diet 

DgwG  

(mm)# 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g 

dry starch) 

KST × 10-3  

(min-1) 

DgwD  

(mm) # 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g dry 

starch) 

KST × 10-3  

(min-1) 

Disc mill 

Fine 0.58 2.6 ± 0.4Aa 82.2 ± 12.8Aa 2.4 ± 0.1ABa 0.53 3.6 ± 0.6ABa 81.3 ± 11.1ABCa 3.3 ± 0.3ABa 

Medium 0.71 2.9 ± 0.4Aa 72.4 ± 12.4Aa 1.9 ± 0.1Cb 0.60 3.9 ± 0.4ABa 93.2 ± 5.3ABCab 3.0 ± 0.3ABCab 

Coarse 0.75 2.9 ± 0.2Aa 81.0 ± 8.0Aa 1.9 ± 0.1Cb 0.60 3.7 ± 0.3ABa 96.2 ± 4.7ABa 2.8 ± 0.1BCbc 

Very coarse 0.81 3.1 ± 0.5Aa 66.1 ± 7.6Aa 1.7 ± 0.1Cc 0.71 3.2 ± 0.1Ba 98.7 ± 2.5Ab 2.5 ± 0.2Cc 

Hammer mill 

2 mm 0.57 2.4 ± 0.5Aa 83.7 ± 5.8Aa 2.5 ± 0.3Aa 0.55 3.6 ± 0.1ABa 76.9 ± 6.3BCa 3.5 ± 0.1Aa 

3 mm 0.58 2.7 ± 0.2Aa 76.7 ± 14.6Aa 2.4 ± 0.1ABab 0.56 3.5 ± 0.4ABa 75.2 ± 9.0Ca 3.5 ± 0.3Aa 

4 mm 0.60 2.4 ± 0.5Aa 77.8 ± 18.3Aa 2.4 ± 0.3ABab 0.60 3.6 ± 0.1ABa 86.4 ± 9.4ABCa 3.0 ± 0.1ABCb 

5 mm 0.67 2.8 ± 0.5Aa 77.3 ± 14.3Aa 2.0 ± 0.2BCb 0.67 3.6 ± 0.4ABa 85.0 ± 9.0ABCa 2.9 ± 0.4BCb 

Mixture 

Fine - 2 mm 0.56 2.4 ± 0.2Aa 72.9 ± 0.5Aa 2.4 ± 0.1ABa 0.62 3.7 ± 0.0ABa 84.7 ± 6.8ABCa 3.3 ± 0.3ABa 

Fine - 5 mm 0.59 2.3 ± 0.0Aa 76.9 ± 3.7Aa 2.6 ± 0.2Aa 0.65 4.4 ± 0.6Aa 93.4 ± 7.8ABCa 2.8 ± 0.3ABCa 

Very coarse - 2 mm 0.69 2.6 ± 0.2Aa 80.2 ± 26.4Aa 2.1 ± 0.2ABCab 0.61 3.7 ± 0.5ABa 98.3 ± 2.4ABa 3.0 ± 0.0ABCa 

Very coarse - 5 mm 0.81 2.8 ± 0.1Aa 75.6 ± 3.9Aa 1.5 ± 0.4Cb 0.69 3.8 ± 0.1ABa 94.5 ± 7.4ABCa 2.9 ± 0.1ABCa 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same mill are not significantly different (p > 0.05).  
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 5.3 for ease of reference. 
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Irrespective of the treatments, the rate of starch digestion increased with the reduction of particle size 

(Table 5.4), in accordance with changes in the surface area available for substrate-enzyme interactions 

as discussed elsewhere (Al-Rabadi et al., 2009; Dhital et al., 2010; Mahasukhonthachat et al., 2010a; 

Tinus et al., 2012; Chen and Sopade, 2013). Figure 5.6 shows the relationship between the reciprocal 

of digestion rate and the square of the average particle size, while Table 5.5 shows the coefficient of 

apparent diffusion of the amylases (Diff) into the substrates for both the milled grains and diets. 

Although this relationship is consistent with the one in Appendix 4 (Table 4.8), the Diff for the Walana 

variety for both the laboratory hammer- and disc-mills was much higher (15 - 30 × 10-7 cm2 s-1) than 

for the variety from the commercial mills (1 - 3 × 10-7 cm2s-1). This implies that the amylases diffused 

faster into the laboratory- than the commercial milled samples, and the commercial milled samples 

provided about 10 times more hindrance to the apparent diffusion of the amylases. This may be 

because the laboratory mills impacted higher frictional heat damage to the milled grains than 

commercial milling. From Tables 4.6 and 5.4, it can be observed that the laboratory disc-milled 

Walana field pea with Dgw of about 0.78 mm (Walana 8.0) had D0 of 4.5 g/100 g dry starch (Table 

4.6) compared to D0 of 2.9 g/100g dry starch from the commercial disc-milled sample (Coarse) with 

Dgw of about 0.75 mm (Table 5.4). Moreover, the hammer-milled Walana field pea with Dgw of about 

0.66 mm (Walana 1.0) had D0 of 7.2 g/100 g dry starch and KST of 11.4 min-1 (Table 4.6) compared 

to the commercial hammer-milled sample (5 mm) with D0 of 2.8 g/100 g dry starch and KST of 2.0 

min-1 (Table 5.4). The laboratory and commercial mills were not manufactured by the same 

companies, and there could be differences in designs (e.g. disc roughness and type and number of 

hammers), but the observation in this study generally shows the complexity of scaling-up in food and 

feed processing.  

 

Table 5.5 shows the diet ingredients nominally (χ2-test, p > 0.05) increased the apparent amylase 

diffusion coefficients (cm2s-1) into the milled grains by about 30%. Table 5.2 shows that the 

ingredients had protein materials (e.g. soybeans) that could have contributed exogenous proteins that 

aided the starch digestion (Basha and Palanivelu, 1998; Sopade and Gidley, 2009). More importantly, 

there were barley and wheat amongst the ingredients, and being cereals, were better digested than the 

field pea, which is a legume/pulse. Generally, a hard-to-cook phenomenon has been reported in 

legumes/pulses as a result of pronounced starch-protein interactions, which could also adversely 

affect starch digestion in the grains (Jenkins et al., 1987; Liu et al., 1993; Yousif et al., 2007; Tinus 

et al., 2012; Souilah et al., 2014), and the observation with the ingredients are consistent with these 

theories.  
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Figure 5.6  The relationship between the reciprocal of the rate of starch (1/KST) digestion, and 

the square of the particle size (Dgw
2) for the field pea samples. Grain (), Diets (); 

Best fit lines (Grain ‒‒‒, Diet ‒‒‒). 

 

 

Table 5.5 Linear equation between the square of the particle size and the reciprocal of the rate of 

starch digestion of the field pea samples* 

 

Sample Intercept Equation Diff-ST × 10-

7 

r2 p-value 

Milled field pea grain 

Disc mill With 1/KST = 32.2 × 105 DgwG
2 + 14.5 × 103                         3.1 0.959 0.02 

Without 1/KST = 58.9 × 105 DgwG
2                       1.7 0.988 0.004 

Hammer 

mill 

With 1/KST = 42.7 × 105 DgwG
2 + 10.2 × 103                      2.3 0.912 0.04 

Without 1/KST = 69.6 × 105 DgwG
2                       1.4 0.996 0.001 

Mixture  With 1/KST = 49.9 × 105 DgwG
2 + 7.1 × 103                      2.0 0.952 0.02 

Without 1/KST = 64.4 × 105 DgwG
2                       1.6 0.993 0.002 

Disc- and 

hammer-mill 

With 1/KST = 34.4 × 105 DgwG
2 + 13.3 × 103                       2.9 0.960 <0.001 

Without 1/KST = 62.5 × 105 DgwG
2                       1.6 0.985 <0.001 

All 

treatments 

With 1/KST = 40.7 × 105 DgwG
2 + 10.8 × 103                      2.5 0.920 <0.001 

Without 1/KST = 63.2 × 105 DgwG
2                       1.6 0.988 <0.001 

Experimental diet 

Disc mill With 1/KST = 27.7 × 105 DgwD
2 + 10.1 × 103                      3.6 0.902 0.05 

Without 1/KST = 52.8 × 105 DgwD
2                       1.9 0.989 0.004 

Hammer 

mill 

Without 1/KST = 52.1 × 105 DgwD
2                       1.9 0.992 0.003 

Mixture  Without 1/KST = 48.3 × 105 DgwD
2  2.1 0.994 0.002 

Disc- and 

hammer-mill 

With 1/KST = 29.4 × 105 DgwD
2 + 8.9 × 103                      3.4 0.828 0.002 

Without 1/KST = 52.5 × 105 DgwD
2                       1.9 0.991 <0.001 

All 

treatments 

With 1/KST = 25.1 × 105 DgwD
2 + 10.0 × 103                      3.9 0.717 <0.001 

Without 1/KST = 50.9 × 105 DgwD
2                       2.0 0.990 <0.001 

*Diff-ST = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the starch digestion. Non-significant relationships are not shown. 
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5.3.3 In-vitro protein digestion 

 

Figures 5.7 and 5.8 show the pH values reduced as amino acids were produced during the in-vitro 

protein digestion of the samples, and monophasic protein digestograms were obtained. The modified 

first-order kinetic model adequately described the monophasic digestograms (r2 > 0.98; p < 0.001), 

irrespective of the sample type (grain or diet), mill type (hammer- or disc-mill) and mill settings. 

Table 5.6 summarises the parameters from the model and the apparent in-vitro protein digestibility 

(IVPD) of the milled grains and diets, which was calculated using Eqn. (4.4). While the pH change 

(ΔpH) and IVPD were not significantly (p > 0.05) different, the rate of protein digestion significantly 

(p ≤ 0.05) increased with the reduction of the particle size of the milled grains and diets. Figure 5.9 

shows the relationship between the reciprocal of the rate of in-vitro protein digestion (1/KPR) and the 

square of particle size (Dgw
2). A significant relationship was obtained, and the apparent diffusion 

coefficients (Diff-PR) are summarised in Table 5.7. This indicates that the proteases diffused into the 

milled grains at a rate from 160 - 540 × 10-7 cm2s-1, and the ingredients reduced this to 100 - 140 × 

10-7 cm2s-1 in the diets.  

 

As highlighted above, although the protein sources in the ingredients nominally (χ2-test, p > 0.05) 

enhanced starch digestion, the results from Table 5.7 showed that the protein sources adversely (χ2-

test, p < 0.001) affected protein digestion. The non-field pea proteins digested slower than the field 

pea protein, and apart from chemical differences, there could have been protein-protein interactions 

(e.g. cross-linking), which reduced the digestion. Some of the protein-containing ingredients, for 

example meat and soybean meals, could have been heat-moisture treated, and this could have 

modified the primary protein structure as a result of denaturation, to reduce their digestibility. Kuo et 

al. (2013) reported on endogenous and exogenous factors that affect protein digestibility in grains. 

With reference to cooking sorghum in excess water, endogenous factors including disulphide and 

non-disulphide cross-linking and changes in protein secondary structure reduce protein digestibility 

(Oria et al., 1995; Ezeogu et al., 2005; Kuo et al., 2013).  

 

In 5.3.2, the laboratory and commercial mills were shown to produce different starch digestion 

parameters, possibly because of more frictional heat damage from the former. These differences are 

also shown in the protein digestion parameters, with the laboratory mills yielding substantially (700 

- 2,800 cm2s-1) higher apparent diffusion coefficients of the proteases than the commercial mills (97 

- 540 cm2s-1). The results with the apparent protease diffusion are consistent with those of the apparent 

amylase diffusion, within the limitations of the in-vitro procedures for starch and protein digestion. 
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Figure 5.7  Digestograms of the in-vitro protein digestion of the milled field pea grains. Disc-

milled grain (A); Hammer-milled grain (B); Mixture Fine - 2mm (C); Mixture Fine - 

5mm (D); Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in 

( ) are DgwG. 
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Figure 5.8  Digestograms of the in-vitro protein digestion of the field pea diets. Disc-milled 

diet (A); Hammer-milled diet (B); Mixture Fine - 2mm (C); Mixture Fine - 5mm (D); 

Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in ( ) are 

DgwD. 
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Table 5.6 The parameters of the modified first-order kinetic model for the in-vitro protein digestion of the milled field pea grain and diet* 

 

Treatment Milled grain Diet 

DgwG  

(mm)# 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein)† 

KPR × 10-3 

 (min-1) 

DgwD  

(mm) # 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein) 

KPR × 10-3 

 (min-1) 

Disc mill 

Fine 0.58 0.75 ± 0.06ABab 90.3 ± 1.1Aa 323.4 ± 14.4Aa 0.53 0.72 ± 

0.08ABa 

85.2 ± 1.6ABa 306.8 ± 25.8Aa 

Medium 0.71 0.72 ± 0.04ABa 88.8 ± 0.8ABa 269.6 ± 30.3BCDb 0.60 0.64 ± 

0.11ABa 

83.3 ± 2.2ABa 199.5 ± 26.1DEb 

Coarse 0.75 0.64 ± 0.08Aa 85.4 ± 0.8Bb 222.5 ± 6.0EFc 0.60 0.63 ± 

0.08ABa 

83.0 ± 1.5ABa 190.3 ± 12.5DEb 

Very coarse 0.81 0.87 ± 0.06Bb 87.9 ± 1.7ABa 215.4 ± 15.6Fc 0.71 0.59 ± 0.05Aa 81.8 ± 1.4Ba 136.7 ± 5.8Fc 

Hammer mill 

2 mm 0.57 0.64 ± 0.05Aa 87.0 ± 1.5ABa 284.3 ± 23.7BCa 0.55 0.74 ± 

0.13ABa 

85.5 ± 2.7ABa 258.3 ± 22.4ABCa 

3 mm 0.58 0.68 ± 0.03Aa 87.2 ± 0.5ABa 256.2 ± 5.8CDEb 0.56 0.71 ± 

0.10ABa 

85.0 ± 2.0ABa 245.0 ± 27.0BCDa 

4 mm 0.60 0.69 ± 0.07Aa 86.8 ± 2.1Ba 249.6 ± 7.5CDEFb 0.60 0.68 ± 

0.08ABa 

84.2 ± 1.3ABa 217.4 ± 14.1CDa 

5 mm 0.67 0.66 ± 0.01Aa 86.3  ± 1.6Ba 252.2 ± 7.4CDEFb 0.67 0.62 ± 

0.05ABa 

82.8 ± 0.6ABa 159.9 ± 27.7EFb 

Mixture 

Fine - 2 mm 0.56 0.71 ± 0.01ABa 89.3 ± 0.0ABa 308.1 ± 8.9ABa 0.62 0.88 ± 0.08Ba 88.0 ± 1.4Aa 296.8 ± 7.2ABa 

Fine - 5 mm 0.59 0.70 ± 0.03ABa 88.3 ± 1.5ABa 274.1 ± 1.1BCDb 0.65 0.76 ± 

0.15ABa 

85.8 ± 2.8ABa 246.6 ± 16.5ABCDab 

Very coarse - 2 

mm 

0.69 0.75 ± 0.00ABa 86.2 ± 0.7Ba 253.7 ± 3.7CDEFbc 0.61 0.78 ± 

0.11ABa 

86.0 ± 2.7ABa 187.1 ± 19.1DEFbc 
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Very coarse - 5 

mm 

0.81 0.75 ± 0.10ABa 87.0 ± 1.2ABa 226.1 ± 9.9DEFc 0.69 0.67 ± 

0.02ABa 

83.8 ± 0.2ABa 150.7 ± 17.7EFc 

*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same mill are not significantly different (p > 0.05). 
†This was defined relative to casein (casein from bovine milk; Sigma C7078), a control protein IVPD = 100 g/100 g dry protein; ΔpH = 1.58 ± 0.07; KPR × 10-3 = 522.2 ± 0.1. 
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 5.3 for ease of reference. 
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Table 5.7 Linear equations relating the square of the particle size and the reciprocal of the rate of 

protein digestion for the field pea samples 

 

Sample Intercept Equation Diff-PR *× 10-7 r2 p-value 

Milled field pea grain 

Disc mill With 1/KPR = 30.4 × 103 DgwG
2 + 82                         329 0.931 0.04 

Without 1/KPR = 45.6 × 103 DgwG
2                       219 0.992 0.003 

Hammer mill Without 1/KPR = 61.4 × 103 DgwG
2                       163 0.986 0.01 

Mixture  With 1/KPR = 18.4 × 103 DgwG
2 + 

146                         

543 0.931 0.04 

Without 1/KPR = 48.4 × 103 DgwG
2                       207 0.966 0.01 

Disc- and 

hammer-mill 

With 1/KPR = 19.2 × 103 DgwG
2 + 

150                       

521 0.638 0.02 

Without 1/KPR = 50.9 × 103 DgwG
2                       197 0.969 <0.001 

All treatments With 1/KPR = 18.8 × 103 DgwG
2 + 

149                       

531 0.713 <0.001 

Without 1/KPR = 50.0 × 103 DgwG
2                       200 0.967 <0.001 

Experimental diet 

Disc mill With 1/KPR = 103.5 × 103 DgwD
2 − 

78                         

  97 0.965 0.02 

Without 1/KPR = 83.9 × 103 DgwD
2                       119 0.995 0.002 

Hammer mill With 1/KPR = 96.7 × 103 DgwD
2 − 63                       103 0.992 0.004 

Without 1/KPR = 79.4 × 103 DgwD
2                       126 0.998 <0.001 

Mixture  Without 1/KPR = 70.6 × 103 DgwD
2                       142 0.960 0.01 

Disc- and 

hammer-mill 

With 1/KPR = 102.3 × 103 DgwD
2 − 

78                      

  98 0.969 <0.001 

Without 1/KPR = 81.8 × 103 DgwD
2                       122 0.996 <0.001 

All treatments With 1/KPR = 91.2 × 103 DgwD
2  − 54 110 0.671 0.001 

Without 1/KPR = 77.5 × 103 DgwD
2                       129 0.979 <0.001 

*Diff-PR = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the protein digestion. Non-significant relationships are not shown. 
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Figure 5.9  The relationship between the reciprocal of the rate of protein (1/KPR) digestion, 

and the square of the particle size (Dgw
2) of the field pea samples. Grains (); Diets 

(); Best fit lines (Grains ‒‒‒, Diets ‒‒‒). 
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The rates of starch and protein digestion for the commercial milled samples were different (Figure 

5.10), with the latter being more than 70 times the former, and there were ingredient effects (grain, 

120 times; diet, 70 times). This is because the ingredients differently affected (increase for starch, 

decrease for protein) the apparent diffusion of the amylases and proteases into the milled grains. 

 

 

 

Figure 5.10  The relationship between the rates of digestion of starch (KST) and protein (KPR) 

of the field pea samples. Grains (); Diets (); Best fit lines (Grains ‒‒‒, Diets ‒‒‒

). 

 

5.3.4 Effect of particle size on growth performance of weaner pigs 

 

The milling (mills and mill settings) had no significant effects (p > 0.05) on either feed intake (ADFI), 

growth rate (ADG) or feed conversion ratio (FCR) during the observation periods (Table 5.8). 

However, with age, the daily feed intake and body weight increased to show that the diets did not 

adversely affect the pigs. The absence of any significant effects on the FCR could be because of the 

narrow particle size range of the milled grains (0.56 - 0.81) or the diets (0.53 - 0.71). The Sgw of the 

milled grains and diets respectively ranged from 0.44 - 0.74 and 0.37 - 0.53. As pointed out before 

(5.3.2), a wider range of the milled grains, and consequently the diets, could not be obtained because 

of operational limitations of the commercial mills used. However, the absence of significant effects 

of the diets on the growth performance of the pigs, suggests the particle size range of 0.5 - 0.8 mm to 

be within the optimum size of the field pea variety at the 30% inclusion studied for weaner pigs. This 

range is within the optimum sizes that can be deduced from published studies on various grains, even 

though cereals were mostly reported. 
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Various researchers have milled grains to particle sizes that are finer than 0.6 mm (Table 2.4). With 

particular reference to pulses or legumes (e.g. soybean and field pea), particle sizes down to about 

0.2 mm had been studied (Fastinger and Mahan, 2003; Lawrence et al., 2003; Montoya and Leterme, 

2011). Apart from gastrointestinal issues (e.g. ulcers), fine particles can also lead to respiratory 

discomforts and can increase milling costs. Although these authors reported effects on digestibility, 

there were limited data on ADG and FCR to understand the animal growth benefits of milling to fine 

particles. 

 

5.3.5 Relationship between in-vitro digestion and growth performance parameters 

 

Because of the relative ease of obtaining in-vitro digestion parameters, they have been used to predict 

animal performance (Boisen and Fernández, 1995; Regmi et al., 2009; Lee et al., 2011). The present 

study investigated in-vitro starch and protein digestion parameters, and ADG, ADFI and FCR of the 

weaner pigs (Table 5.9). Generally, the in-vitro digestion parameters were expected to have a positive 

relationship with ADG and a negative relationship with ADFI and FCR. This is because in the absence 

of any physiological impediments, diets that are digestible will supply appropriate nutrients for 

growth, and as such may not need to be consumed in large quantities, possibly due to satiety and 

ileal/colonic brake, to yield a high feed efficiency or low FCR (less feed intake for high growth). 

Although Table 5.9 reveals some relationships that are inconsistent with theories, even though tending 

towards significance (p ≤ 0.20), it is worth highlighting from the table that: 

 

a. A high D0, D∞, D240, GIAVG or IVPD would reduce ADFI. 

b. ADG could be enhanced if diets had a high protein digestibility as indicated by high KST or 

ΔpH. 

c. Feed efficiency (or low FCR) would be improved by high D240, D∞, GIAVG or IVPD of the diets. 

 

Because of the effects of the diet ingredients on the apparent diffusion of the amylases (Table 5.5) 

and proteases (Table 5.7), it is not surprising that the in-vitro starch and protein digestion of the diets 

correlated more with the growth performance parameters. It should be stressed that Pearson 

correlation analysis offers a simplified approach, and the mechanisms of feed intake and animal 

growth are complex.  
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Table 5.8 Effect of the field pea diet particle size on the growth performance of weaner pigs in a 21-day experiment* 

 

Treatment 
DgwD 

(mm)# 

0 - 7 days 7 - 14 days 14 - 21 days 0 - 21 days 

ADFI ADG FCR ADFI ADG FCR ADFI ADG FCR ADFI ADG FCR 

(kg/day) (kg/kg) (kg/day) (kg/kg) (kg/day) (kg/kg) (kg/day) (kg/kg) 

Disc mill 

Fine 0.53 
0.34 ± 

0.13Aa 

0.26 ± 

0.12Aa 

1.43 ± 

0.47Aa 

0.56 ± 

0.15Aa 

0.43 ± 

0.12Aa 

1.35 ± 

0.33Aa 

0.75 ± 

0.19Aa 

0.55 ± 

0.13Aa 

1.40 ± 

0.26Aa 

0.55 ± 

0.14Aa 

0.41 ± 

0.10Aa 

1.34 ± 

0.13Aa 

Medium 0.60 
0.32 ± 

0.11Aa 

0.24 ± 

0.11Aa 

1.67 ± 

1.55Aa 

0.57 ± 

0.17Aa 

0.42 ± 

0.13Aa 

1.37 ± 

0.39Aa 

0.75 ± 

0.22Aa 

0.55 ± 

0.15Aa 

1.30 ± 

0.36Aa 

0.54 ± 

0.17Aa 

0.40 ± 

0.12Aa 

1.30 ± 

0.34Aa 

Coarse 0.60 
0.36 ± 

0.13Aa 

0.28 ± 

0.11Aa 

1.43 ± 

0.49Aa 

0.59 ± 

0.16Aa 

0.43 ± 

0.13Aa 

1.40 ± 

0.35Aa 

0.80 ± 

0.20Aa 

0.57 ± 

0.14Aa 

1.41 ± 

0.31Aa 

0.58 ± 

0.15Aa 

0.43 ± 

0.11Aa 

1.37 ± 

0.26Aa 

Very coarse 0.71 
0.34 ± 

0.10Aa 

0.25 ± 

0.10Aa 

1.57 ± 

0.78Aa 

0.59 ± 

0.15Aa 

0.44 ± 

0.12Aa 

1.41 ± 

0.37Aa 

0.77 ± 

0.20Aa 

0.59 ± 

0.16Aa 

1.29 ± 

0.30Aa 

0.56 ± 

0.15Aa 

0.42 ± 

0.11Aa 

1.29 ± 

0.24Aa 

Hammer mill 

2 mm 0.55 
0.34 ± 

0.10Aa 

0.25 ± 

0.11Aa 

1.52 ± 

0.61Aa 

0.58 ± 

0.15Aa 

0.44 ± 

0.14Aa 

1.37 ± 

0.28Aa 

0.77 ± 

0.17Aa 

0.56 ± 

0.14Aa 

1.45 ± 

0.44Aa 

0.56 ± 

0.12Aa 

0.41 ± 

0.10Aa 

1.38 ± 

0.18Aa 

3 mm 0.56 
0.35 ± 

0.09Aa 

0.25 ± 

0.10Aa 

1.63 ± 

1.14Aa 

0.57 ± 

0.13Aa 

0.43 ± 

0.13Aa 

1.43 ± 

0.47Aa 

0.75 ± 

0.17Aa 

0.53 ± 

0.15Aa 

1.49 ± 

0.50Aa 

0.56 ± 

0.11Aa 

0.40 ± 

0.09Aa 

1.39 ± 

0.12Aa 

4 mm 0.60 
0.33 ± 

0.07Aa 

0.24 ± 

0.09Aa 

1.67 ± 

1.32Aa 

0.55 ± 

0.15Aa 

0.43 ± 

0.12Aa 

1.31 ± 

0.42Aa 

0.77 ± 

0.17Aa 

0.57 ± 

0.10Aa 

1.38 ± 

0.20Aa 

0.55 ± 

0.11Aa 

0.41 ± 

0.08Aa 

1.33 ± 

0.14Aa 

5 mm 0.67 
0.35 ± 

0.11Aa 

0.27 ± 

0.12Aa 

1.54 ± 

0.77Aa 

0.60 ± 

0.15Aa 

0.45 ± 

0.10Aa 

1.34 ± 

0.30Aa 

0.77 ± 

0.20Aa 

0.52 ± 

0.15Aa 

2.10 ± 

3.86Aa 

0.57 ± 

0.13Aa 

0.41 ± 

0.09Aa 

1.39 ± 

0.19Aa 

Mixture 

Fine - 2 mm 0.62 
0.36 ± 

0.11Aa 

0.27 ± 

0.15Aa 

1.50 ± 

0.42Aa 

0.60 ± 

0.11Aa 

0.44 ± 

0.09Aa 

1.39 ± 

0.28Aa 

0.48 ± 

0.10Ba 

0.35 ± 

0.08Ba 

1.37 ± 

0.18Aa 

0.58 ± 

0.11Aa 

0.43 ± 

0.08Aa 

1.34 ± 

0.12Aa 

Fine - 5 mm 0.65 
0.34 ± 

0.09Aa 

0.26 ± 

0.11Aa 

1.52 ± 

0.65Aa 

0.59 ± 

0.13Aa 

0.45 ± 

0.09Aa 

1.33 ± 

0.23Aa 

0.46 ± 

0.10Ba 

0.35 ± 

0.08Ba 

1.32 ± 

0.15Aa 

0.57 ± 

0.12Aa 

0.44 ± 

0.10Aa 

1.31 ± 

0.12Aa 

Very coarse - 2 mm 0.61 
0.33 ± 

0.12Aa 

0.27 ± 

0.13Aa 

1.78 ± 

2.19Aa 

0.57 ± 

0.21Aa 

0.40 ± 

0.17Aa 

1.46 ± 

0.23Aa 

0.45 ± 

0.16Ba 

0.33 ± 

0.13Ba 

1.42 ± 

0.34Aa 

0.55 ± 

0.17Aa 

0.41 ± 

0.12Aa 

1.36 ± 

0.14Aa 

Very coarse - 5 mm 0.69 
0.34 ± 

0.08Aa 

0.25 ± 

0.09Aa 

1.42 ± 

0.35Aa 

0.60 ± 

0.25Aa 

0.44 ± 

0.17Aa 

1.33 ± 

0.43Aa 

0.46 ± 

0.18Ba 

0.34 ± 

0.12Ba 

1.30 ± 

0.37Aa 

0.54 ± 

0.20Aa 

0.40 ± 

0.13Aa 

1.30 ± 

0.35Aa 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same mill are not significantly different (p > 0.05). Value for ADFI and FCR expressed are in fed basis. 
#DgwD = diet’s particle sizes were repeated from Table 5.3 for ease of reference. 
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Table 5.9 Pearson correlation analysis between the growth performances and in-vitro digestion parameters of the field pea samples 

 
 In-vitro starch digestion In-vitro protein digestion 

D0 D∞ KST D240
# GIAVG ΔpH IVPD KPR 

Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet 

0 - 7 days 

ADFI 0.03 - 0.17 - 0.35 - 0.17 0.08 0.07 0.06 - 0.25 0.04 - 0.24 0.16 - 0.21 - 0.07 0.18 0.04 0.18 

ADG 0.00 0.07 - 0.02 0.18 0.02 - 0.12 0.12 0.19 0.07 0.15 0.20 - 0.20 - 0.28 0.17 - 0.01 0.04 

FCR - 0.01 - 0.11 0.04 0.12 0.09 - 0.04 0.09 0.17 0.02 0.14 - 0.12 - 0.06 - 0.20 0.05 - 0.12 - 0.18 

7 - 14 days 

   ADFI 0.22 0.14 - 0.48† 0.29 - 0.37 - 0.34 - 0.46† 0.06 - 0.45† - 0.03 - 0.10 - 0.01 - 0.09 - 0.05 - 0.22 - 0.29 

   ADG - 0.11 0.14 - 0.36 - 0.20 0.10 - 0.15 0.00 - 0.55‡ 0.04 - 0.56‡ 0.20 0.12 0.05 - 0.12 0.01 0.01 

   FCR 0.28 - 0.34 - 0.08 0.12 - 0.10 0.12 - 0.04 0.27 - 0.11 0.25 - 0.19 - 0.18 - 0.17 0.14 - 0.11 - 0.04 

14 - 21 days 

   ADFI 0.38 - 0.56‡ 0.18 - 0.35 - 0.01 - 0.09 0.16 - 0.58* 0.11 - 0.60* 0.21 0.64* - 0.11 - 0.59* - 0.12 - 0.06 

   ADG 0.39 - 0.57* 0.13 - 0.28 - 0.01 0.04 0.13 - 0.54‡ 0.07 - 0.58* 0.11 0.64* - 0.06 - 0.60* - 0.13 - 0.06 

   FCR 0.09 - 0.17 0.10 - 0.32 0.04 0.04 0.15 - 0.51‡ 0.12 - 0.49‡ 0.40† 0.22 - 0.35 - 0.21 - 0.01 - 0.18 

0 - 21 days 

   ADFI - 0.17 0.15 - 0.16 - 0.00 0.27 - 0.08 0.28 - 0.11 0.24 - 0.11 0.36 - 0.20 - 0.21 0.17 0.03 0.15 

   ADG - 0.39 0.37 - 0.28 0.10 0.44† - 0.20 0.35 - 0.06 0.32 - 0.06 0.11 - 0.29 0.12 0.26 0.16 0.30 

   FCR - 0.18 - 0.26 0.40† - 0.58* 0.38 0.54‡ 0.55‡ - 0.36 0.52‡ - 0.21 0.65* - 0.15 - 0.44† 0.20 0.15 0.23 
#D240 = predicted digested starch at 240 min. 

Values in bold presumably follow theories, and are significant at p ≤ 0.05 (*), p ≤ 0.10 (‡) or p ≤ 0.20 (†). For animal studies, a significance level of  p ≤ 0.20 has been reported to be 

acceptable to cater for large animal variations (Hiss and Sauerwein, 2003; Alexander et al., 2010). 
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Various authors  (Zijlstra et al., 1999; Choct et al., 2004; Nyachoti et al., 2004; Black et al., 2009; 

De Jong et al., 2012; Millet et al., 2012) have investigated the complex interactions between feed 

properties (e.g. particle size, processing, liquid/wet feeding, and nutrient density), animal 

characteristics (e.g. feed digestion and metabolism, animal physiology, passage rate, and 

gastrointestinal response), environmental (e.g. temperature, humidity and air circulation), social (e.g. 

space and size), and animal health (e.g. disease, stress and pen hygiene) in controlling voluntary feed 

intake. This complexity has been summarised by Nyachoti et al. (2004), as shown in Figure 5.11. In 

the present study, environmental, social and animal health factors were standardised to a large extent, 

and feed and animal factors could be judged to have dominated the results obtained. Grain and diet 

properties play a role in feed intake, and it is beneficial to be able to predict animal performance for 

profitable production by manipulating these. 

 

 

 

 

Figure 5.11  A simplified relationship between various factors that control voluntary feed 

intake in pigs. (Source: Nyachoti et al. (2004)). 
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5.4 Conclusion 

 

Disc- and hammer-milling of an Australian variety (Walana) of field pea varied the particle size 

characteristics, which affected the in-vitro starch and protein digestibility of the milled grains. The 

significant relationship between the reciprocal of the rates of the in-vitro digestion and the square of 

the particle size revealed diffusion-controlled mechanisms for the amylases and proteases into the 

milled grains. The resulting apparent diffusion coefficients were affected by the ingredients in the 

diets fed to the weaner pigs, while the particle size characteristics of the milled grains and diets were 

essentially the same. However, the growth performance of the weaner pigs was independent of the 

particle size of the milled field pea, and this was judged to be because of the narrow range of the 

particle size of the milled grains. The particle size range (0.5 - 0.8 mm) possibly defines or is within 

the optimum particle size range for the field pea at a 30 % level in a weaner pig diet. Consequently, 

the field pea can be milled within this range with no adverse effect on growth performance of weaner 

pigs. The growth performance of the weaner pigs was reasonably predicted by the in-vitro digestion 

parameters of the milled grains, and specifically the in-vitro protein digestion parameters were found 

to be useful, in addition to the in-vitro starch digestion parameters. Both pulses or legumes and cereals 

are used to formulate weaner pig diets, and the results here are on a pulse or legume. The situation 

with cereals needs to be understood as well for proper feed processing, and Appendix 6 discusses the 

behaviours of weaner pigs when sorghum was used as an example of a cereal grain. 
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Additional information: 

 

Samples of milled Walana field pea grain 

 

  

Fine field pea Medium field pea 

  

Coarse field pea Very coarse field pea 

  

2 mm field pea 3 mm field pea 
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4 mm field pea 5 mm field pea 

  

Fine - 2 mm field pea Fine - 5 mm field pea 

  

Very coarse - 2 mm field pea Very coarse - 5 mm field pea 
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Appendix 6 
 

Growth performance of weaner pigs fed diets containing 

sorghum milled to different particle sizes 

 

6.1 Introduction 

 

With increasing prices of major cereal grains for animal feed, pig producers are seeking alternative 

feedstuffs to reduce diet costs. For example, in 2012, the prices ($/tonne) for wheat, barley and 

maize/corn were respectively 234, 216 and 259. During the same period, sorghum sold for about 195 

$/tonne (FAOSTAT, 2015). Under these relative price conditions, sorghum is therefore an 

economical replacement for these major cereals, and, if properly processed, it has been reported to 

have a similar feed value to maize/corn, and has the potential to be fully utilised as a feed grain 

(O’Brien, 1990; Douglas et al., 1990; Selle et al., 2010; Paulk et al., 2015). 

 

Sorghum is a summer crop in Australia, with about 530,000 ha cultivated in 2014 yielding about 1.3 

million MT, with both Queensland (67.5%) and New South Wales (32.3%) contributing the bulk of 

the grain (ABS, 2016). Sorghum is economically suitable for production in relatively hot and dry 

climates, and the current focus on global warming and declining global grain inventory (Selle et al., 

2010) projects sorghum as an alternative cereal. Like other cereals, sorghum grains need to be 

processed before mixing into diets for pigs, and milling is the first operation to break the intact kernel 

and reduce its particle size. The effects of reduced particle size on nutritional value are not the same 

for all cereal grains. Al-Rabadi et al. (2009) hammer-milled barley and sorghum, they obtained 

differences in the particles sizes of the grains due to grain fracturability differences, and their in-vitro 

starch digestion data revealed significantly higher apparent diffusion rates of amylases into the barley 

than the sorghum milled grains. The effects of particle size of milled cereal grains on in-vitro and in-

vivo digestion characteristics have been discussed. For example, reducing the average particle size of 

corn from 650 to 320 μm improved feed and caloric efficiency (De Jong et al., 2012). However, small 

differences in the particle size of wheat (760 vs 664 μm) had no effect on pig performance (I’Anson 

et al., 2012). With barley-based diets, a variation in average particle size from 400 to 1,100 μm had 

no effect on pig performance, but the fine dietary particle size affected the integrity of the stomach 

and the structure of the small intestine, to thereby compromise overall gut health (Morel and Cottam, 

2007). When reducing average particle size of sorghum in pelleted diets from 724 to 319 μm, the feed 

efficiency improved by about 5% (Paulk et al., 2015). However, heat treatments during pelleting 
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could have contributed to this improvement. Effects of sorghum particle size on animal performance 

or in-vitro digestion characteristics are, therefore, better investigated with no secondary effects for a 

clear understanding of the particle size factor. 

 

Digestibility of sorghum has been studied by various authors, who highlighted the various grain 

characteristics that affect sorghum starch and protein digestibility. Sorghum starch granules are 

tightly packed and surrounded by protein bodies, and the presence of phenolic compounds in the 

grain, lead to its low starch digestibility (Ezeogu et al., 2005; Wong et al., 2009; Yousif et al., 2012; 

Khan et al., 2014). Various studies have reported that cross-linked proteins in sorghum decrease its 

digestibility (Oria et al., 1995; Selle et al., 2010). Wet heat treatments (e.g. cooking in excess water) 

were reported to enhance protein-protein interactions in sorghum to the detriment of its digestibility 

(Duodu et al., 2002; Correia et al., 2010). 

 

Consequently, the treatment of sorghum and the processing steps it experiences prior to being fed, 

are important in understanding its digestibility, and how these influence animal performance. There 

are limited studies, with no confounding secondary factors, on how sorghum particle size affects pig 

growth performance, and the relationships between in-vitro starch and protein digestion, and animal 

performance, when milled sorghum is a major energy component for pigs. Therefore, this study was 

conducted with the objective to elucidate the effects on performance of weaner pigs, fed by diets 

containing an Australian variety of sorghum that was milled to different particle sizes. The tested 

hypotheses were that:  

 

i. Within a particle size range of the sorghum, weaner pig growth performance is not different. 

ii. Pig feed ingredients do not change digestion characteristics of the milled sorghum. 

iii. There is a relationship between in-vitro digestion and weaner pig growth performance. 

 

6.2 Materials and methods 

 

6.2.1 Raw material 

 

Sorghum (MR43 var.) was obtained from the University of Sydney, Plant Breeding Institute, Narrabri 

NSW 2390, Australia. Its major and minor diameters, and thickness were respectively 4.4 ± 0.4, 3.6 

± 0.2, and 2.7 ± 0.2 mm, while its 1000-grain weight was 27.4 ± 8.0 g. On a fresh weight basis (g/100 

g), the moisture, total starch, protein, ash and fat contents were respectively 11.1 ± 0.1, 57.4 ± 0.3, 
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13.2 ± 0.3, 1.3 ± 0.2 and 3.3 ± 0.1. These physicochemical parameters were obtained following the 

procedures described in 4.2.2, and Figure 6.1 shows a sample of the grain. 

 

Figure 6.1  Grain of MR43 sorghum 

 

6.2.2 Milling 

 

The grains were milled using two types of mills, hammer- and disc-mills, located in two commercial 

feed mills. The hammer-mill (Baltic Simplex 8G; Baltic Simplex Machinery Co., Hall Street, 

Spotswood VIC 3015, Australia), at Sligo, Bell QLD 4408, Australia, was operated with four screen 

sizes, while the disc-mill (SKIOLD 5000; SKIOLD A/S Kjeldgaardsvej 3, DK-9300 Sæby, 

Germany), at Neuendorf Farming, Kalbar QLD 4309, Australia, was operated with four settings of 

the gap or nip (Table 6.1). As described in Chapter 5, the milling was randomised and replicated, 

while the finest and coarsest sizes from the mills were mixed for four additional treatments to yield a 

total of 12 treatments (Table 6.1). The mixing of the hammer- and disc-milled samples was to 

replicate industrial practices. 

 

Table 6.1 Mill settings and codes of the disc- and hammer-milled sorghum 

 

Mill Mill setting/screen size Treatment/Code 

Disc mill 

0.5 Fine 

1.0 Medium 

1.2 Coarse 

1.5 Very coarse 

Hammer mill 

2 mm 2 mm 

3 mm 3 mm 

4 mm 4 mm 

5 mm 5 mm 

Mixture* 

- Fine - 2 mm 

- Fine - 5 mm 

- Very coarse - 2 mm 

- Very coarse - 5 mm 
*The mixtures were prepared by mixing the stated treatments on a 1:1 ratio by weight. 
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6.2.3 Experimental diet 

 

A total of 20 experimental diets were made with the milled sorghum to consist of 16 hammer- and 

disc-milled grains (2 mills × 4 mill settings/gaps × 2 replicates) and four mixtures of hammer- and 

disc-milled grains (Fine - 2 mm, Fine - 5 mm, Very coarse - 2 mm, and Very coarse - 5 mm). The 

diets were formulated (Table 6.2) to contain 14.8 MJ DE/kg and 0.1 g available lysine/MJ DE 

(Rivalea Australia Pty Ltd., Corowa NSW 2646, Australia). 

 

6.2.4 Particle size analysis 

 

The particle size distributions were analysed by the manual sieving device and electric shaker as 

described in 3.2.2.1. The data from the electric shaker was used (ASABE, 2008) to calculate the 

average particle size (geometric mean diameter, Dgw) and particle size distribution (geometric 

standard deviation of the mean diameter, Sgw) as described in Eqn. 3.1 and 3.2. Duplicate analyses 

were carried out. 

 

6.2.5 In-vitro starch and protein digestions 

 

The milled grains and experimental diets (6.2.3) were used in in-vitro starch and protein digestion 

studies. The rapid in-vitro digestibility assay based on glucometry, described in 4.2.6, was used for 

starch digestion and the digested starch (g per 100 g dry starch) was calculated as in Eqn. (4.3). The 

pH-drop procedure (4.2.7) was used for the protein digestion, and the in-vitro protein digestibility 

was calculated as before (Eqn. 4.4). The modified first-order kinetic model was used to describe the 

starch (Eqn. 4.5) and protein (Eqn. 4.6) digestograms of the samples. The calculation for average 

glycaemic index of the samples, GIAVG, was followed as in Eqn. 5.2.  
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Table 6.2 Composition of the experimental diet from the milled sorghum 

 

Item Weaner diet  

Ingredient, g/100 g    

Milled sorghum 48.7 

Dehulled oat 10.0 

Lupin kernel (33 % CP) 5.0 

Canola meal (36 % CP) 5.0 

Soybean meal (48 % CP) 5.0 

Meat meal (65 % CP) 6.8 

Fish meal (64 % CP) 3.2 

Blood meal 1.5 

Whey powder (11 % CP) 10.0 

Water 1.0 

Natuphos 5000* 0.01 

Tallow mixer 2.1 

DL-Methionine 0.1 

Lysine  0.5 

Threonine  0.2 

Tryptophan 0.1 

Zinc oxide  0.3 

Sow replace pak# 0.1 

Vitamin A 0.04 

Vitamin B 0.01 

Vitamin E  0.01 

Ronozyme‡ 0.03 

Endox‡‡ 0.02 

Salt  0.2 

Mixture of trace minerals†  0.05 

Total 100.0 

Calculated composition  

DE, MJ/kg 14.8 

Available lysine/DE, g/MJ  0.10 

Analysed composition,  g/100 g††    

Moisture 10.2 ± 0.56 

Crude protein 22.8 ± 0.47 

Total starch 32.9 ± 0.67 

Ash 5.3 ± 0.16 

Ether extract 5.6 ± 0.20 
*Phytase enzyme included at 500FTU/tonne feed. 
#This the trace mineral premix containing organic minerals in the levels 
‡Xylanase enzyme used to reduce the negative effects of arabinoxylans using seen in wheat. 
‡‡Mixture of antioxidant products including butylated hydroxytoluene (BHT) and ethoxyquin. 
†The mixture was provided per tonne of mixed feed: betaine 100.0 g, Se 0.3 g, Cu 15.0 g, Fe 60.0 g, Mn 50.0 g, Mg 50.0 

g, Zn 50 g, I 1.0 g, Co 0.5 g. 
††Analysed using the procedures described in 4.2.2.2. 
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6.2.6 Weaner feeding experiment 

 

Male pigs (Large White × Landrace, PrimeGro Genetics) were used in a 21-day feeding trial. The 

pigs were weaned at 28 days, with an average weaning weight of 5.5 ± 1.0 kg. After adaptation for 

six days, 289 pigs with an average weight of 9.2 ± 1.9 kg were selected, and fed the dietary treatment 

using a randomized block design with some incomplete blocks. There were effectively 14 pigs for 

each of the 20 diets, or 24 pigs for each of the 12 milled grain treatments. 

 

The pigs were housed individually in a temperature-controlled room containing wire mesh pens 0.5 

m wide by 0.5 m high by 0.9 m deep. The pens had plastic mesh flooring and were fitted with a 

heating lamp shared between two adjacent pens. Pigs had access to water ad libitum from a single 

nipple drinker in each crates. Mash feed was supplied ad libitum and the weight was recorded. The 

feed remaining in the feeder was collected, weighed and recorded weekly and the calculations for 

average daily feed intake (ADFI), average daily gain (ADG) and feed conversion ratio (FCR) were 

followed as in Eqn. 5.3 - 5.5. 

                                      

The animal experiment was conducted at Rivalea Australia Pty Ltd., Corowa NSW 2646, Australia, 

with an approval (14N009C) from its animal ethics committee (Appendix 6.2).  

 

6.2.7 Statistical analysis 

 

The Minitab statistical software, Version 16 (Minitab Inc., State College, PA, USA) was used for 

analysis of variance (ANOVA) with a confidence level of 95 %. Results are presented as means ± 

standard deviations. The Pearson correlation was used to investigate the relationship between 

parameters of the in-vitro digestion and growth performance of the pig.  

 

6.3    Results and discussion 

 

6.3.1 Particle size characteristics 

 

Appendix 6.3 shows images of the milled sorghum grains, which qualitatively suggests differences 

with mill types and settings, while Figure 6.2 shows typical particle size distributions of the milled 

sorghum grains and diets, which qualitatively varied with mill types and settings. Table 6.3 shows 

the quantitative measures, geometric mean diameter (Dgw) and geometric standard deviation (Sgw), of 

the particle size characteristics of the milled sorghum grains and diets.  
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The milling conditions influenced the particle size (Dgw) and particle size distribution (Sgw) of the 

milled grains and diets, with the disc-mill producing a wider range of Dgw and Sgw than the hammer-

mill (Figure 6.2 and Table 6.3). The feed ingredients did not materially change the particle size 

characteristics of the diets (D) from that of the milled grains (G) as can be seen in Figure 6.3 (DgwD = 

1.09 DgwG; SgwD = 1.07 SgwG; r² > 0.970, p < 0.001). This observation agrees with the findings in 

Chapter 5 for field pea, even when the milled field pea was about 30% of the diets, compared to the 

milled sorghum being 50% of the diets. Hence, the particle size of the milled sorghum, rather than 

the feed ingredients, can be inferred to control the resulting in-vitro and animal parameters that 

depended on the particle size characteristics.  

 

6.3.2 In-vitro starch digestion 

 

Irrespective of the mill and mill settings, the samples exhibited a monophasic starch digestogram. 

The modified first-order kinetic model (Eqn. 5.1) adequately described (r2 > 0.99; p < 0.001) the 

digestograms (Figures 6.4 and 6.5), while Table 6.4 shows the digestion parameters for both the 

milled grains and diets. This shows that the first-order kinetic model is always suitable for modelling 

starch digestograms, irrespective of grains (field pea or sorghum), milling techniques (disc-, hammer- 

or roller-mills) or particle sizes (0.30 - 1.90 mm). Apart from cereals and legumes, the model has also 

been found suitable for modelling starch digestograms from roots and tubers (Waramboi et al., 2012; 

Chen and Sopade, 2013) to underline its versatility for the three classes (A - cereals, B - roots and 

tubers and C - legumes or pulses) of starch granule crystalline structure. 

 

From Figures 6.4 and 6.5 (A and B), the coarse samples (either grain or diet) digested less than the 

fine samples, irrespective of the mills and in line with surface area to volume exposed to amylolysis. 

Generally, the digestograms of the mixed samples did not show any particular trend with the 

individual components.  Table 6.4 shows parameters of the in-vitro starch digestion for both the 

milled grains and diets. In general, no significant difference was observed in the parameters among 

the milling treatments and within each mill.  
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Figure 6.2 Typical  particle  size  distributions  of  the  sorghum samples.  Grain  (      );  

Diet (      ). 
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Table 6.3 Particle size characteristics of the milled sorghum grain and diet* 

 

Treatment Milled grain Diet 

DgwG (mm) SgwG (mm) DgwD (mm) SgwD (mm) 

Disc mill 

Fine 0.44 ± 0.01Fa 0.29 ± 0.01Fa 0.61 ± 0.00Fa 0.40 ± 0.02Fa 

Medium 0.58 ± 0.01EFb 0.45 ± 0.01Cb 0.67 ± 0.00Cb 0.51 ± 0.01Ca 

Coarse 0.66 ± 0.01BCc 0.56 ± 0.01Dec 0.71 ± 0.01ABc 0.56 ± 0.02Bc 

Very coarse 0.82 ± 0.00Ad 0.70 ± 0.02Ad 0.73 ± 0.01Ad 0.64 ± 0.02Ad 

Hammer mill 

2 mm 0.54 ± 0.02Ga 0.32 ± 0.04Fa 0.58 ± 0.01Ga 0.43 ± 0.02Fa 

3 mm 0.57 ± 0.02Fb 0.42 ± 0.01Eb 0.63 ± 0.00EFb 0.47 ± 0.02Deb 

4 mm 0.61 ± 0.01Dc 0.41 ± 0.01Eb 0.65 ± 0.01Dc 0.50 ± 0.01CDc 

5 mm 0.64 ± 0.01Cd 0.48 ± 0.01Dc 0.68 ± 0.01Cd 0.52 ± 0.01Cc 

Mixture 

Fine - 2 mm 0.45 ± 0.00Ha 0.28 ± 0.00Fa 0.57 ± 0.01Ga 0.44 ± 0.01EFa 

Fine - 5 mm 0.51 ± 0.00Gb 0.40 ± 0.00Eb 0.64 ± 0.00DEb 0.51 ± 0.00Cc 

Very coarse - 2 mm 0.61 ± 0.00DEc 0.49 ± 0.00Dc 0.69 ± 0.01BCc 0.59 ± 0.01Bb 

Very coarse - 5 mm 0.69 ± 0.01Bd 0.63 ± 0.01Bd 0.73 ± 0.00Ad 0.51 ± 0.00CDc 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). 

Values with the same lower case letters in the same column for the same mill are non-significant (p > 0.05). 

 

 

 

 

Figure 6.3  The relationship between the particle size characteristics (Dgw;  and Sgw, ) of 

the milled sorghum grain and diet. 
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Figure 6.4  Digestograms of the in-vitro starch digestion of the milled sorghum grain. Disc-

milled grain (A); Hammer-milled grain (B); Mixture Fine - 2mm (C); Mixture Fine - 

2mm (D); Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in 

( ) are DgwG. 
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Figure 6.5  Digestograms of the in-vitro starch digestion of the sorghum diet. Disc-milled diet 

(A); Hammer-milled diet (B); Mixture Fine - 2mm (C); Mixture Fine - 2mm (D); 

Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in ( ) are 

DgwD. 

0

10

20

30

40

50

60

0 40 80 120 160 200 240

DM Fine diet (0.61 mm)

HM 2mm diet (0.58 mm)

Mixture Fine-2mm diet (0.57 mm)

C

0

10

20

30

40

50

60

0 40 80 120 160 200 240

DM Fine diet (0.61 mm)

HM 5mm diet (0.68 mm)

Mixture Fine-5mm diet (0.64 mm)

D

0

10

20

30

40

50

60

0 40 80 120 160 200 240

DM Very coarse diet (0.73 mm)

HM 2mm diet (0.58 mm)

Mixture Very coarse-2mm diet (0.69 mm)

E

0

10

20

30

40

50

60

0 40 80 120 160 200 240

DM Very coarse diet (0.73 mm)

HM 5mm diet (0.68 mm)

Mixture Very coarse-5mm diet (0.73 mm)

F

0

10

20

30

40

50

60

0 40 80 120 160 200 240

DM Fine diet (0.61 mm)

DM Medium diet (0.67 mm)

DM Coarse diet (0.71 mm)

DM Very Coarse diet (0.73 mm)

Predicted line

A

0

10

20

30

40

50

60

0 40 80 120 160 200 240

HM 2mm diet (0.58 mm)

HM 3mm diet (0.63 mm)

HM 4mm diet (0.65 mm)

HM 5mm diet (0.68 mm)

B

D
ig

es
te

d
 s

ta
rc

h
 (

g
/1

0
0

 g
 d

ry
 s

ta
rc

h
)

Time (min.)



  

 99 

 

 

 

Table 6.4 The parameters of the modified first-order kinetic model for the in-vitro starch digestion of the milled sorghum grain and diet* 

Treatment Milled grain Diet 

DgwG  

(mm)# 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g 

dry starch) 

KST × 10-3  

(min-1) 

DgwD  

(mm) 

# 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g 

dry starch) 

KST × 10-3  

(min-1) 

Disc mill 

Fine 0.44 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.6 ± 0.2Aa 0.61 3.9 ± 0.3Aa 100.0 ± 0.0Aa 3.4 ± 0.2Aa 

Medium 0.58 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.1 ± 0.1BCb 0.67 4.3 ± 0.4Aab 100.0 ± 0.0Aa 2.9 ± 0.2ABCb 

Coarse 0.66 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.0 ± 0.1CDb 0.71 4.4 ± 0.3Aab 100.0 ± 0.0Aa 2.8 ± 0.1BCb 

Very coarse 0.82 0.0 ± 0.0Aa 100.0 ± 0.0Aa 1.7 ± 0.1Ec 0.73 4.7 ± 0.4Ab 100.0 ± 0.0Aa 2.8 ± 0.1Cb 

Hammer mill 

2 mm 0.54 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.6 ± 0.0Aa 0.58 3.7 ± 0.2Aa 100.0 ± 0.0Aa 3.3 ± 0.2ABa 

3 mm 0.57 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.2 ± 0.0BCb 0.63 4.2 ± 0.4Aa 100.0 ± 0.0Aa 3.2 ± 0.2ABab 

4 mm 0.61 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.3 ± 0.1Bc 0.65 4.1 ± 0.8Aa 100.0 ± 0.0Aa 3.2 ± 0.1ABCab 

5 mm 0.64 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.0 ± 0.1BCDd 0.68 4.4 ± 0.4Aa 100.0 ± 0.0Aa 2.9 ± 0.2BCb 

Mixture 

Fine - 2 mm 0.45 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.6 ± 0.0Aa 0.57 3.8 ± 0.5Aa 100.0 ± 0.0Aa 3.2 ± 0.1ABCa 

Fine - 5 mm 0.51 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.3 ± 0.0ABab 0.64 3.9 ± 0.0Aa 100.0 ± 0.0Aa 3.2 ± 0.0ABCa 

Very coarse - 2 mm 0.61 0.0 ± 0.0Aa 100.0 ± 0.0Aa 2.1 ± 0.3BCDab 0.69 4.6 ± 0.5Aa 100.0 ± 0.0Aa 3.0 ± 0.1ABCa 

Very coarse - 5 mm 0.69 0.0 ± 0.0Aa 100.0 ± 0.0Aa 1.7 ± 0.1DEb 0.73 4.4 ± 0.6Aa 100.0 ± 0.0Aa 3.0 ± 0.1ABCa 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column 

for the same mill are not significantly different (p > 0.05).  
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 6.3 for ease of reference. 
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Importantly, it can be observed in Table 6.4 that the milled sorghum grains revealed negligible 

salivary-gastric digested starch (D0). Sorghum is generally referred to as a low digestible cereal, 

because, as pointed out above, its starch is associated with protein bodies and largely within plant cell 

walls that hinder accessibility of its starch granule to amylolysis. Compared to the field pea in Chapter 

4, where D0 varied from 2.3 - 3.1 g/100 g dry starch, the negligible D0 with the sorghum showed the 

sorghum to be more resistant to salivary-gastric starch digestion than the field pea. The protein bodies 

associated with sorghum starch granules could be responsible for the initial impediment to digestion. 

However, pancreatic starch digestion of the sorghum was higher than the field pea (Table 5.4), whose 

starch as a legume or pulse generally digests less than cereals’ (Madhusudhan and Tharanathan, 

1995). It is worth noting that both grains were not heat-moisture treated, and the differences measured 

in their starch digestibility for about the same particle size characteristics, could be due to differences 

either in their starch crystalline structures or the relative ease of apparent enzyme diffusion to the 

starch granules (Tinus et al., 2012; Edwards et al., 2014). As highlighted above, cereals generally 

have a class A crystalline structure, while legumes/pulses are mostly of the type C crystalline structure 

(Gernat et al., 1990; Leszczyński, 2004; Sandhu and Lim, 2008; Xu et al., 2013). 

 

Irrespective of the treatments, the rate of starch digestion increased with the reduction of particle size 

(Table 6.4), in accordance with changes in the surface area available for substrate-enzyme 

interactions. Figure 6.6 shows the relationship between the reciprocal of the digestion rate and the 

square of the average particle size, while Table 6.5 shows the apparent coefficient of apparent 

diffusion of the amylases (Diff-ST) into the substrates for both the milled grains and diets. The Diff-ST 

for the hammer- and disc-milled sorghum grains ranged from 1.2 - 3.7 × 10-7 cm2 s-1 (Table 6.4). This 

is higher than the values obtained for hammer-milled Buster variety of sorghum (0.76 x 10-7 cm2 s-1) 

by Al-Rabadi et al. (2009), and also for cryo- and hammer-milled Buster variety of sorghum (0.4 - 

0.9 × 10-7 cm2s-1) by Mahasukhonthachat et al. (2010a). Varietal and mill differences are expected to 

influence apparent enzyme diffusion into grains, as physicochemical properties and milling effects, 

amongst others, vary.  

 

The diet ingredients increased the in-vitro starch digestion parameters (Table 6.4) of the milled grains, 

because they nominally (χ2-test, p > 0.05) enhanced apparent amylase diffusion (Table 6.5) into the 

milled sorghum grains by about 50%. This is not surprising because the diet ingredients had, for 

example, dehulled oats (Table 6.2), which is more digestible than sorghum (Giuberti et al., 2012a).  

 

6.3.3 In-vitro protein digestion 
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Figures 6.7 and 6.8 show the pH values reduced as amino acids were produced during the in-vitro 

protein digestion of the samples, and monophasic protein digestograms were obtained. This is 

consistent with the protein digestion patterns in preceding Chapters. The modified first-order kinetic 

model adequately described the monophasic digestograms (r2 > 0.98; p < 0.001), irrespective of the 

sample types (grain or diet), mill types (hammer- or disc-mill) or mill settings. Table 6.6 summarises 

the parameters from the model and the apparent in-vitro protein digestibility (IVPD) of the milled 

grains and diets, which was calculated as before (Eqn. 4.4). 

 

 

 

 

 

 

 

Figure 6.6  The relationship between the reciprocal of the rate of starch (1/KST) digestion, and 

the square of the particle size (Dgw
2) for the sorghum samples. Grain (), Diets (); 

Best fit lines (Grain ‒‒‒, Diet ‒‒‒). 
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Table 6.5 Linear equation between the square of the particle size and the reciprocal of the rate of 

starch digestion of the sorghum samples * 

 

Sample Intercept Equation Diff-ST × 10-7 r2 p-value 

Milled sorghum grain 

Disc mill With 1/KST = 26.9 × 105 DgwG
2 + 18.6 × 

103                      

3.7 0.974 0.01 

Without 1/KST = 65.2 × 105 DgwG
2                       1.5 0.940 0.02 

Hammer 

mill 

Without 1/KST = 76.0 × 105 DgwG
2                       1.3 0.993 0.002 

Mixture With 1/KST = 41.2 × 105 DgwG
2 + 14.6 × 

103                      

2.4 0.983 0.01 

Without 1/KST = 81.7 × 105 DgwG
2                       1.2 0.976 0.01 

Disc- and 

hammer-mill 

With 1/KST = 28.7 × 105 DgwG
2 + 17.3 × 

103                      

3.5 0.895 <0.001 

Without 1/KST = 69.3 × 105 DgwG
2                       1.4 0.958 <0.001 

All 

treatments 

With 1/KST = 30.5 × 105 DgwG
2 + 17.1 × 

103                      

3.3 0.873 <0.001 

Without 1/KST = 72.6 × 105 DgwG
2                       1.4 0.959 <0.001 

Experimental diet 

Disc mill With 1/KST = 26.2 × 105 DgwD
2 + 8.2 × 103                      3.8 0.975 0.01 

Without 1/KST = 43.4 × 105 DgwD
2                       2.3 0.997 <0.001 

Hammer 

mill 

Without 1/KST = 46.7 × 105 DgwD
2                       2.1 0.993 0.002 

Mixture Without 1/KST = 43.1 × 105 DgwD
2  2.3 0.980 0.01 

Disc- and 

hammer-mill 

With 1/KST = 21.6 × 105 DgwD
2 + 10.3 × 

103                      

4.6 0.893 <0.001 

Without 1/KST = 44.8 × 105 DgwD
2                       2.2 0.994 <0.001 

All 

treatments 

With 1/KST = 15.8 × 105 DgwD
2 + 12.7 × 

103                      

6.3 0.753 <0.001 

Without 1/KST = 44.3 × 105 DgwD
2                       2.3 0.989 <0.001 

*Diff-ST = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the starch digestion. Non-significant relationships are not shown.  
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Figure 6.7  Digestograms of the in-vitro protein digestion of the milled sorghum grain. Disc-

milled grain (A); Hammer-milled grain (B); Mixture Fine - 2mm (C); Mixture Fine - 

5mm (D); Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in 

( ) are DgwG. 
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Figure 6.8  Digestograms of the in-vitro protein digestion of the sorghum diet. Disc-milled diet 

(A); Hammer-milled diet (B); Mixture Fine - 2mm (C); Mixture Fine - 5mm (D); 

Mixture Very coarse - 2mm (E); Mixture Very coarse - 5mm (F). Values in ( ) are 

DgwD. 
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Table 6.6 The parameters of the modified first-order kinetic model for the in-vitro protein digestion of the milled sorghum grain and diet* 

 

Treatment Milled grain Diet 

DgwG  

(mm)
# 

ΔpH  

(= pH0 − 

pH∞) 

IVPD (g/100 

g  

dry protein)† 

KPR × 10-3 

 (min-1) 

DgwD  

(mm) # 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein) 

KPR × 10-3 

 (min-1) 

Disc mill 

Fine 0.44 0.35 ± 0.1Aa 73.1 ± 1.2Aa 218.0 ± 3.3Aa 0.61 0.60 ± 0.0Aa 80.3 ± 0.6Aa 201.2 ± 5.9ABa 

Medium 0.58 0.39 ± 0.1Aa 72.9 ± 1.4Aa 180.7 ± 3.6Bb 0.67 0.60 ± 0.0Aa 79.7 ± 0.7Aa 175.0 ± 5.3CDEb 

Coarse 0.66 0.39 ± 0.0Aa 73.3 ± 0.8Aa 171.5 ± 8.3BCb 0.71 0.62 ± 0.1Aa 79.9 ± 1.4Aa 166.7 ± 2.4DEb 

Very coarse 0.82 0.37 ± 0.1Aa 72.8 ± 0.7Aa 133.4 ± 2.4DEc 0.73 0.60 ± 0.0Aa 79.2 ± 0.4Aa 160.9 ± 3.4DEb 

Hammer mill 

2 mm 0.54 0.37 ± 0.0Aa 74.2 ± 0.3Aa 190.5 ± 8.1Ba 0.58 0.59 ± 0.0Aa 80.2 ± 1.2Aa 217.7 ± 5.1Aa 

3 mm 0.57 0.38 ± 0.1Aa 73.4 ± 0.4Aa 160.0 ± 3.8BCDb 0.63 0.57 ± 0.1Aa 79.0 ± 1.6Aa 180.5 ± 6.5BCDb 

4 mm 0.61 0.41 ± 0.1Aa 73.6 ± 0.9Aa 152.3 ± 7.3CDEb 0.65 0.58 ± 0.0Aa 79.2 ± 0.8Aa 170.8 ± 4.7CDEbc 

5 mm 0.64 0.40 ± 0.0Aa 73.2 ± 0.2Aa 127.5 ± 8.5Ec 0.68 0.60 ± 0.0Aa 79.3 ± 1.1Aa 155.3 ± 1.6Ec 

Mixture 

Fine - 2 mm 0.45 0.41 ± 0.1Aa 73.9 ± 1.2Aa 191.1 ± 3.8ABa 0.57 0.58 ± 0.0Aa 79.6 ± 0.9Aa 196.5 ± 0.1ABCa 

Fine - 5 mm 0.51 0.45 ± 0.1Aa 73.7 ± 1.4Aa 165.0 ± 5.9BCDab 0.64 0.56 ± 0.0Aa 78.9 ± 0.3Aa 187.2 ± 0.8BCDab 

Very coarse - 2 

mm 

0.61 
0.35 ± 0.0Aa 72.2 ± 0.4Aa 134.0 ± 6.0DEbc 0.69 

0.59 ± 0.1Aa 79.6 ± 2.0Aa 177.2 ± 9.0BCDEb 

Very coarse - 5 

mm 

0.69 
0.34 ± 0.1Aa 72.8 ± 0.6Aa 129.3 ± 1.9DEc 0.73 

0.60 ± 0.0Aa 79.1 ± 0.4Aa 148.4 ± 1.4Ec 

*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same mill are not significantly different (p > 0.05). 
†This was defined relative to casein (casein from bovine milk; Sigma C7078), a control protein IVPD = 100 g/100 g dry protein; ΔpH = 1.45 ± 0.12; KPR × 10-3 = 489.0 ± 0.0. 
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 6.3 for ease of reference. 
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While the pH change (ΔpH) and IVPD were not significantly (p > 0.05) different, the rate of protein 

digestion significantly (p ≤ 0.05) increased with the reduction of the particle size of the milled grains 

and diets. Although both the field pea and sorghum were milled by the same mills and under identical 

mill conditions, the parameters of the in-vitro protein digestion (IVPD and KPR) of the field pea grains 

were much higher than those for sorghum, for similar particle size characteristics. This suggests that, 

in the absence of heat-moisture treatments, the field pea proteins digested better than the sorghum 

proteins. Hsu et al. (1977) measured higher protein digestibility (in-vitro and in-vivo) in some 

legume- than cereal-based products. The presence of tannins, an anti-nutritional factor in sorghum 

and other cereals, can reduce protein digestion in cereals (Selle et al., 2010; Gilani et al., 2012; 

Giuberti et al., 2012a). Starch digestion is the main focus in cereals because of their high starch 

contents, and the relatively low starch digestibility in sorghum is mainly associated with pronounced 

starch-protein interactions in the grain. The present study is amongst the limited ones on separate 

analyses of starch and protein digestion in the same grain, and using the same procedures for cereals 

and legumes/pulses. Perhaps, the pronounced starch-protein interactions in sorghum (and other 

grains), affect not only starch but protein digestibility as well. 

 

Figure 6.9 shows the relationship between the reciprocal of the rate of in-vitro protein digestion 

(1/KPR) and the square of particle size (Dgw
2). The apparent diffusion coefficients (Diff-PR) are 

summarised in Table 6.7, to indicate that the proteases diffused into the milled grains at a rate from 

80 - 280 × 10-7 cm2s-1, and the ingredients changed this to 120 - 220 × 10-7 cm2s-1 in the diets. 

Although the ingredients contained protein materials (Table 6.2), the apparent protease diffusion into 

the diets was not much different (2% change) from the sorghum grains, probably because of the high 

level of sorghum (≈ 50 %) in the diet.  The 2% change was, however, significant (χ2-test, p < 0.001). 

 

The rates of starch and protein digestion for the commercial milled samples were different (Figure 

6.10), with the latter being more than 60 times the former, and there were ingredient effects (grain, 

60 times; diet, 75 times). As with the field pea (Chapter 5), the ingredients exercised different effects 

on the apparent diffusion of the amylases and proteases into the milled grains, but the ingredients 

affected the relative rates of starch and protein digestion in the field pea (grain, 120 times; diet, 70 

times) more than the sorghum. The differences in the in-vitro digestion of the two grains were 

highlighted above. Moreover, while the milled field pea grains were about 30% of the field pea-based 

diets, the milled sorghum grains were about 50% of the sorghum-based diets. 
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Figure 6.9  The relationship between the reciprocal of the rate of protein (1/KPR) digestion, 

and the square of the particle size (Dgw
2) of the sorghum samples. Grains (); Diets 

(); Best fit lines (Grains ‒‒‒, Diets ‒‒‒). 

 

Table 6.7 Linear equation between the square of the particle size and the reciprocal of the rate of 

protein digestion of the sorghum samples 

 

Sample Intercept Equation Diff-PR  × 10-7 r2 p-value 

Milled sorghum grain 

Disc mill With 1/KPR = 35.7 × 103 DgwG
2 + 205                      280 0.990 0.01 

Without 1/KPR = 77.9 × 103 DgwG
2                       128 0.949 0.02 

Hammer mill With 1/KPR = 119.3 × 103 DgwG
2 − 28                       84 0.935 0.03 

Without 1/KPR = 111.5 × 103 DgwG
2                         90 0.999 0.01 

Mixture  With 1/KPR = 56.8 × 103 DgwG
2 + 212                       176 0.917 0.04 

Without 1/KPR = 115.6 × 103 DgwG
2                         87 0.973 0.01 

Disc- and 

hammer-mill 

With 1/KPR = 35.3 × 103 DgwG
2 + 236                        283 0.559 0.03 

Without 1/KPR = 90.7 × 103 DgwG
2                       110 0.945 <0.001 

All treatments With 1/KPR = 36.7 × 103 DgwG
2 + 245                       272 0.532 0.01 

Without 1/KPR = 97.4 × 103 DgwG
2                       103 0.943 <0.001 

Experimental diet 

Disc mill With 1/KPR = 46.8 × 103 DgwD
2 + 126                      214 0.993 0.004 

Without 1/KPR = 73.4 × 103 DgwD
2                       136 0.998 <0.001 

Hammer mill With 1/KPR = 81.3 × 103 DgwD
2 + 9                        123 0.994 0.003 

Without 1/KPR = 83.4 × 103 DgwD
2                       120 0.999 <0.001 

Mixture Without 1/KPR = 76.8 × 103 DgwD
2                       130 0.991 0.003 

Disc- and 

hammer-mill 

With 1/KPR = 48.8 × 103 DgwD
2 + 128                       205 0.779 0.003 

Without 1/KPR = 77.7 × 103 DgwD
2                       129 0.995 <0.001 

All treatments With 1/KPR = 46.3 × 103 DgwD
2 + 139 216 0.781 <0.001 

Without 1/KPR = 77.4 × 103 DgwD
2                       129 0.994 <0.001 

*Diff-PR = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the protein digestion. Non-significant relationships are not shown. 
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Figure 6.10  The relationship between the rates of digestion of starch (KST) and protein (KPR) 

of the sorghum samples. Grains (); Diets (); Best fit lines (Grains ‒‒‒, Diets ‒‒‒

). 

 

6.3.4 Effect of particle size on growth performance of weaner pigs 

 

The milling (mills and mill settings) had no significant effects (p > 0.05) on either feed intake (ADFI), 

growth rate (ADG) or feed conversion ratio (FCR) (Table 6.8) in the observation periods (0 - 7, 7 - 

14, 14 - 21, and 0 - 21 days). However, with age, the daily feed intake and body weight increased to 

show that the diets did not adversely affect the pigs, as observed with the field pea (Chapter 5). The 

absence of any significant effects on the FCR could be because of the narrow particle size range of 

the milled grains (0.44 - 0.82) and the diets (0.57 - 0.73). The Sgw of the milled grains and diets 

respectively ranged from 0.28 - 0.70 and 0.40 - 0.64. As pointed out before in Chapter 5, a wider 

range of the milled grains, and consequently the diets, could not be obtained because of the 

operational limitations of the commercial mills used. However, the absence of significant effects of 

the diets on the growth performance of the pigs, suggests the particle size range of 0.4 - 0.8 mm to be 

within the optimum size of the sorghum variety at the 50% inclusion studied for weaner pigs. With 

particular reference to sorghum, particle sizes up to about 0.3 mm had been studied (Healy et al., 

1994; Paulka et al., 2015). Comparing to corn, milling sorghum requires less energy because of its 

relatively easier fracturability (Healy et al., 1994).  
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6.3.5 Relationship between in-vitro digestion and growth performance parameters 

 

This study investigated in-vitro starch and protein digestion parameters, and ADG, ADFI and FCR 

of the weaner pigs (Table 6.9). Because of the same values of D0 (of grains, 0 g/100 g dry starch) and 

D∞ (100 g/100 g dry starch) among treatments (Table 6.4), the Pearson correlations with the growth 

performance were not computed for these parameters. The in-vitro digestion parameters were 

expected to have a positive relationship with ADG and a negative relationship with ADFI and FCR. 

However, the correlations (0.05 ≤ p ≤ 0.2) from Table 6.9 tend to suggest: 

 

a. A high KST, D240, GIAVG or KPR would reduce ADFI. 

b. Feed efficiency (or low FCR) would be improved by high KPR of the grains. 

 

Because of the effects of the diet ingredients on the in-vitro starch (Table 6.5) and protein (Table 6.7) 

digestion, it is not surprising that the parameters of the diets correlated more with the growth 

performance parameters. A non-animal parameter that can reasonably predict animal performance 

would be of immense importance in animal nutrition, and the in-vitro parameters that have been 

highlighted are good leads in understanding animal performance. The complex interactions (Zijlstra 

et al., 1999; Nyachoti et al., 2004) between feed properties and animal performance (5.3.5) should, 

however, be understood to correctly interpret the relationships between in-vitro and animal 

performance parameters.   Building this understanding can involve investigating changes to feed 

properties during passage through the gastrointestinal tract (GIT), as well as flow profiles in the GIT. 

The use of cannulated pigs would be valuable in these areas, and succeeding sections address these 

issues. 
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Table 6.8 Effect of the sorghum diet particle size on the growth performance of weaner pigs in a 21-day experiment* 

Treatment 
DgwD 

(mm)# 

Days 0 - 7 Days 7 - 14  Days 14 - 21 Days 0 - 21 

ADFI ADG FCR ADFI ADG FCR ADFI ADG FCR ADFI ADG FCR 

(kg/day) (kg/kg) (kg/day) (kg/kg) (kg/day) (kg/kg) (kg/day) (kg/kg) 

Disc mill 

Fine 0.61 
0.44 ± 

0.10Aa 

0.29 ± 

0.10Aa 

1.74 ± 

0.85Aa 

0.66 ± 

0.13Aa 

0.53 ± 

0.09Aa 

1.25 ± 

0.19Aa 

0.86 ± 

0.11Aa 

0.53 ± 

0.09Aa 

1.65 ± 

0.31Aa 

0.66 ± 

0.10Aa 

0.45 ± 

0.06Aa 

1.45 ± 

0.11Aab 

Medium 0.67 
0.50 ± 

0.18Aa 

0.37 ± 

0.12Ab 

1.36 ± 

0.32Aa 

0.67 ± 

0.20Aa 

0.53 ± 

0.16Aa 

1.28 ± 

0.20Aa 

0.87 ± 

0.20Aa 

0.53 ± 

0.12Aa 

1.67 ± 

0.25Aa 

0.68 ± 

0.17Aa 

0.48 ± 

0.11Aa 

1.43 ± 

0.11Aa 

Coarse 0.71 
0.50 ± 

0.11Aa 

0.33 ± 

0.10Aab 

1.59 ± 

0.30Aa 

0.68 ± 

0.24Aa 

0.51 ± 

0.12Aa 

1.32 ± 

0.28Aa 

0.93 ± 

0.22Aa 

0.54 ± 

0.09Aa 

1.72 ± 

0.23Aa 

0.71 ± 

0.16Aa 

0.46 ± 

0.19Aa 

1.53 ± 

0.14Ab 

Very coarse 0.73 
0.51 ± 

0.15Aa 

0.36 ± 

0.09Aab 

1.49 ± 

0.45Aa 

0.69 ± 

0.17Aa 

0.53 ± 

0.14Aa 

1.45 ± 

0.83Aa 

0.94 ± 

0.13Aa 

0.57 ± 

0.09Aa 

1.68 ± 

0.26Aa 

0.71 ± 

0.12Aa 

0.49 ± 

0.17Aa 

1.47 ± 

0.12Aab 

Hammer mill 

2 mm 0.58 
0.49 ± 

0.14Aa 

0.33 ± 

0.12Aa 

1.59 ± 

0.45Aa 

0.65 ± 

0.14Aa 

0.49 ± 

0.13Aa 

1.39 ± 

0.34Aa 

0.86 ± 

0.18Aa 

0.53 ± 

0.17Aa 

1.89 ± 

1.33Aa 

0.67 ± 

0.13Aa 

0.45 ± 

0.11Aa 

1.51 ± 

0.21Aa 

3 mm 0.63 
0.48 ± 

0.13Aa 

0.31 ± 

0.13Aa 

2.07 ± 

2.10Aa 

0.70 ± 

0.17Aa 

0.52 ± 

0.10Aa 

1.34 ± 

0.21Aa 

0.89 ± 

0.17Aa 

0.52 ± 

0.12Aa 

1.73 ± 

0.25Aa 

0.69 ± 

0.13Aa 

0.45 ± 

0.09Aa 

1.54 ± 

0.18Aa 

4 mm 0.65 
0.53 ± 

0.13Aa 

0.36 ± 

0.09Aa 

1.50 ± 

0.37Aa 

0.68 ± 

0.13Aa 

0.49 ± 

0.12Aa 

1.46 ± 

0.45Aa 

0.92 ± 

0.17Aa 

0.57 ± 

0.12Aa 

1.65 ± 

0.25Aa 

0.71 ± 

0.12Aa 

0.47 ± 

0.08Aa 

1.50 ± 

0.15Aa 

5 mm 0.68 
0.45 ± 

0.13Aa 

0.32 ± 

0.11Aa 

1.51 ± 

0.43Aa 

0.64 ± 

0.17Aa 

0.51 ± 

0.15Aa 

1.69 ± 

2.35Aa 

0.88 ± 

0.14Aa 

0.54 ± 

0.09Aa 

1.66 ± 

0.23Aa 

0.66 ± 

0.12Aa 

0.45 ± 

0.09Aa 

1.47 ± 

0.14Aa 

Mixture 

Fine - 2 mm 0.57 
0.49 ± 

0.16Aa 

0.33 ± 

0.14Aa 

1.62 ± 

0.49Aa 

0.70 ± 

0.25Aa 

0.52 ± 

0.14Aa 

1.34 ± 

0.29Aa 

0.90 ± 

0.16Aa 

0.53 ± 

0.11Aa 

1.72 ± 

0.29Aa 

0.70 ± 

0.17Aa 

0.46 ± 

0.10Aa 

1.50 ± 

0.14Aa 

Fine - 5 mm 0.64 
0.45 ± 

0.14Aa 

0.31 ± 

0.13Aa 

1.66 ± 

0.96Aa 

0.66 ± 

0.20Aa 

0.53 ± 

0.12Aa 

1.23 ± 

0.20Aa 

0.88 ± 

0.13Aa 

0.51 ± 

0.09Aa 

1.76 ± 

0.39Aa 

0.66 ± 

0.14Aa 

0.45 ± 

0.08Aa 

1.47 ± 

0.11Aa 

Very coarse - 2 mm 0.69 
0.49 ± 

0.11Aa 

0.33 ± 

0.11Aa 

1.56 ± 

0.36Aa 

0.65 ± 

0.15Aa 

0.49 ± 

0.10Aa 

1.34 ± 

0.26Aa 

0.84 ± 

0.17Aa 

0.52 ± 

0.15Aa 

1.68 ± 

0.35Aa 

0.66 ± 

0.11Aa 

0.45 ± 

0.07Aa 

1.47 ± 

0.14Aa 

Very coarse - 5 mm 0.73 
0.49 ± 

0.17Aa 

0.29 ± 

0.11Aa 

1.96 ± 

1.66Aa 

0.63 ± 

0.18Aa 

0.52 ± 

0.12Aa 

1.22 ± 

0.24Aa 

0.89 ± 

0.16Aa 

0.53 ± 

0.11Aa 

1.69 ± 

0.16Aa 

0.67 ± 

0.14Aa 

0.45 ± 

0.09Aa 

1.49 ± 

0.16Aa 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column 

for the same mill are not significantly different (p > 0.05). Value for ADFI and FCR expressed are in fed basis. 
#DgwD = diet’s particle sizes were repeated from Table 6.3 for ease of reference. 
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Table 6.9 Pearson correlation analysis between the growth performances and in-vitro digestion parameters of the sorghum samples# 

 
 In-vitro starch digestion In-vitro protein digestion 

D0 D∞ KST D240 GIAVG ΔpH IVPD KPR 

Grai

n 

Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet Grain Diet 

Days 0 – 7 

ADFI nc 0.35 nc nc - 0.34 - 0.39 - 0.34 - 0.38 - 0.34 - 0.38 - 0.03 0.11 - 0.01 - 0.16 - 0.28 - 0.25 

ADG nc 0.27 nc nc - 0.16 - 0.37 - 0.15 - 0.37 - 0.16 - 0.38 0.27 - 0.02 0.00 - 0.04 - 0.14 - 0.09 

FCR nc - 0.18 nc nc - 0.01 0.34 - 0.01 0.35 - 0.01 0.36 - 0.27 - 0.18 0.08 - 0.30 - 0.00 - 0.01 

Days 7 – 14 

   ADFI nc - 0.08 nc nc 0.19 0.06 0.19 0.05 0.19 0.05 0.34 - 0.24 0.27 0.00 0.33 0.19 

   ADG nc 0.04 nc nc - 0.13 - 0.11 - 0.14 - 0.12 - 0.14 - 0.12 0.06 - 0.00 - 0.14 - 0.12 0.26 - 0.10 

   FCR nc 0.25 nc nc - 0.14 - 0.26 - 0.13 - 0.26 - 0.14 - 0.25 0.17 0.16 0.08 - 0.10 - 0.43† - 0.28 

Days 14 – 21 

   ADFI nc 0.29 nc nc - 0.40† - 0.45† - 0.41† - 0.46† - 0.40† - 0.47† 0.25 0.20 0.19 - 0.30 - 0.19 - 0.44† 

   ADG nc 0.35 nc nc - 0.29 - 0.31 - 0.31 - 0.32 - 0.30 0.30 -0.13 0.33 - 0.04 - 0.05 - 0.24 - 0.34 

   FCR nc - 0.55‡ nc nc 0.34 0.31 0.34 0.29 0.34 0.25 0.15 - 0.16 0.67* 0.12 0.29 0.62* 

Days 0 – 21 

   ADFI nc 0.25 nc nc - 0.25 - 0.34 - 0.26 - 0.34 - 0.25 - 0.35 0.22 - 0.04 0.18 - 0.21 - 0.08 - 0.23 

   ADG nc 0.37 nc nc - 0.31 - 0.46† - 0.31 - 0.46† - 0.31 - 0.46† 0.17 - 0.13 - 0.08 - 0.11 - 0.09 - 0.26 

   FCR nc - 0.17 nc nc 0.05 0.14 0.06 - 0.14 0.06 0.13 0.03 0.07 0.46† - 0.12 - 0.03 0.08 
#D240 = predicted digested starch at 240 min., nc = not calculated. Values in bold presumably follow theories, and are significant at p ≤ 0.05 (*), p ≤ 0.10 (‡) or p ≤ 0.20 (†). For animal 

studies, a significance level of p ≤ 0.20 has been reported to be acceptable to cater for large animal variations (Hiss and Sauerwein, 2003; Alexander et al., 2010). 
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6.4 Conclusion 

 

The results suggest that when an Australian variety (MR43) of sorghum was disc- and hammer-milled, 

the reduced particle size affected the in-vitro starch and protein digestibility of the milled grains and 

diets. There are significant relationships between the reciprocal of the rates of the in-vitro digestion 

and the square of the particle size, consistent with diffusion-controlled mechanisms for the amylases 

and proteases into the milled grains. The resulting apparent diffusion coefficients were affected by 

the ingredients in the diets fed to the weaner pigs, while the particle size characteristics of the milled 

grains and diets were essentially the same. However, there is no significant difference in the growth 

performance of weaner pigs in 0 - 21 days of observation. Although the results of in-vitro protein and 

starch digestion reflected the effect of particle size, there was not a clear relationship between the in-

vitro digestion and the growth performance of weaner pigs. Consequently, the results suggest 0.4 - 

0.8 mm to possibly be the optimum particle size range for sorghum when fed to weaner pigs and that 

sorghum can be milled within this range with no adverse effect on growth performance of weaner 

pigs. Both the field pea (a legume/pulse) and sorghum (a cereal) showed similar responses to the in-

vitro digestion and growth performance of the weaner pigs. 

 

Growth performance is the result of flow and digestibility of feed, and release/absorption of nutrients 

in the gastrointestinal tract. Each of these factors can depend on particle size, and investigating this 

will contribute to the understanding of particle size-feed efficiency relationships. Field pea and 

sorghum, respectively representing legume/pulse and cereal, are the focus grains. Disc milling is 

gradually becoming the preferred milling technique for feed grain processing because of its technical 

advantages (e.g. ease of automation, flexibility and versatility) over other milling techniques. 

Irrespective of milling or feed treatment, the flow of feed in the gastrointestinal tract, its mixing 

profile and, consequently, its passage rate define its digestibility. The next section, therefore, reports 

residence time distribution of field pea and sorghum that were disc-milled to different particle sizes, 

and fed to ileal-cannulated grower pigs, in order to understand the flow and mixing profiles of these 

grains in the pig gastrointestinal tract. 
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Additional information: 

Samples of milled MR43 sorghum grain 

 

  

Fine sorghum Medium sorghum 

  

Coarse sorghum Very coarse sorghum 

  

2 mm sorghum 3 mm sorghum 
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4 mm sorghum 5 mm sorghum 

  

Fine - 2 mm sorghum Fine - 5 mm sorghum 

  

Very coarse - 2 mm sorghum Very coarse - 5 mm sorghum 
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Appendix 7 
 

Residence time distribution and mixing profile in the 

gastrointestinal tract of pigs as defined by model protein and 

carbohydrate sources of different particle sizes 

 

 

7.1 Introduction 

 

Feeds pass through the gastrointestinal tract during which their nutrients, such as proteins and 

carbohydrates, are digested and absorbed for animal growth. During the passage, feeds are subjected 

to mixing and they exhibit flow profiles from ingestion through digestion to egestion. It has long been 

recognised that knowledge of passage rate in the gastrointestinal tract of animals is paramount to 

understanding, amongst others, rate and extent of feed digestion (Huhtanen et al., 1995; Le Goff et 

al., 2002; Kim et al., 2007; Partanen et al., 2007; Wilfart et al., 2007a; 2007b; Valente et al., 2008). 

With special reference to pigs, various studies have investigated the dependence of these flow and 

mixing parameters on type of pigs (weaner, grower, finisher or sow), feed composition, and feed 

additives (Imbeah and Sauer, 1991; Bruce and Sundstol, 1995; Albin et al., 2001; Le Goff et al., 

2002; Owusu-Asiedu et al., 2006; Lewis and McGlone, 2008). However, relatively little is known 

about how feed processing influences passage rates in pigs. 

 

Residence time distribution (RTD) is usually studied by introducing indigestible markers in feeds, a 

stimulus, and a time record of the markers is obtained as the markers leave the duodenum, terminal 

ileum or at egestion (Kim et al., 2007). This is a stimulus-response approach with a pulse signal input 

(single dosage), as done in RTD studies of reactors. A step signal input is also used in studying RTD 

in chemical reactors (Martínez del Rio et al., 1994; Fogler, 2006). The use of indigestible markers 

(pulse signal input) in feed studies is, however, based on the assumption that feed nutrients and 

markers flow in an identical manner in the gastrointestinal tract. Consequently, liquid and/or solid 

markers are used in animal studies to approximate physiological changes (Bruce and Sundstol, 1995; 

Mroz et al., 1996; Dung et al., 2002; Wilfart et al., 2007b; Sola-Oriol et al., 2010). The use of 

indigestible markers is non-invasive, and allows mixing and flow regimes in different sections of the 

gastrointestinal tract to be investigated (Krawielitzki et al., 1990; Leterme et al., 1991; Albin et al., 

2001; Kim et al., 2007). The resulting concentration-time data can be appropriately analysed to obtain 
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relevant RTD parameters that can be used to model gut functions, and the dependence of such on feed 

sources and treatments. 

 

There are two main approaches, compartmental and non-compartmental (product of moments), that 

have been used to model gut functions in pigs (Martínez del Rio et al., 1994; Le Goff et al., 2002; 

Wilfart et al., 2007b; Régnier et al., 2013). These approaches have generated many equations or 

models, whose characteristics and limitations have been discussed (Martínez del Rio et al., 1994; 

Wilfart et al., 2007b). The non-compartmental approach uses equations that yield a single value for 

the residence time, and the standard deviation of the RTD, which is a measure of mixing, is defined 

by another value. The non-compartmental approach is mainly used in defining chemical reactors, for 

example, extruders (Yeh and Jaw, 1998; Fogler, 2006), but the compartmental approach appears to 

be used more for animal studies (Pond et al., 1986; Le Goff et al., 2002; Wilfart et al., 2007b; Partanen 

et al., 2007; Régnier et al., 2013). The compartmental approach models the gastrointestinal tract as a 

combination of chemical reactors in series. Generally, there are three basic types of idealised chemical 

reactors (Martínez del Rio et al., 1994; Fogler, 2006): 

 

 Batch reactors. Reactants are mixed and processed in a discrete manner in reaction tanks. 

Reaction products are retrieved, and reactants refilled upon shut down. While concentration of 

products increases with holding time, the reactants are depleted. 

 Continuous-flow stirred tank reactors. Reactants continuously flow into reaction tanks, where 

they are well mixed yielding reaction products that continuously flow out of the tanks with 

unreacted materials. The concentration of reactants and products, and rate of reaction are 

constant with time. 

 Plug flow reactors. Reactants continuously flow into tube-like vessels, where there is relatively 

little or no mixing, leading to high reactant concentrations upstream and decreasing 

concentrations downstream. 

 

Martínez del Rio et al. (1994) gave examples of animals, whose guts approximate these reactor types, 

singly or in combinations, and analysed the characteristics of these single or combined ideal reactors. 

These authors likened the stomach and intestines to Continuous-flow stirred tank and Plug flow 

reactors respectively. Various authors have modelled residence time distributions in pigs with this 

compartmental approach, and obtained parameters for the stomach, small intestine and large intestine 

(Pond et al., 1986; Le Goff et al., 2002; Wilfart et al., 2007b; Partanen et al., 2007; Régnier et al., 

2013). 
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Possibly because of differences in studies and modelling approaches, residence time distribution 

parameters such as passage rate, retention time, transit time, and (mean) residence time are used 

interchangeably (Latymer et al., 1990; Freire et al., 2000; Albin et al., 2001; Kim et al., 2007; Lewis 

and McGlone, 2008). However, these parameters do not necessary mean the same, and Martínez del 

Rio et al. (1994) explained the possible differences, as they involve a combination of Continuous-

flow stirred tank and Plug flow reactors in series: 

 

 Transit time. This is the time of first appearance of the test marker, and it does not equate to the 

mean residence time. It approximates the time in the idealised Plug flow reactor in the series. 

 Mean retention time is the arithmetic mean residence time, and it is the sum of the transit time 

(mean residence time in the Plug flow reactor) and mean residence time in the Continuous-flow 

stirred tank reactor. This can include when the feed is not in contact with the digestive enzymes 

or surfaces. This is particularly relevant for pigs that mainly swallow their feeds, having 

minimal contact with digestive enzymes in the mouth before flowing through the oesophagus 

to the stomach. 

 Passage time, passage rate, turnover time, and mean retention or residence time. These 

essentially mean the same parameter. 

 Clearance time. This is the time elapsed for a completely empty gastrointestinal tract after 

feeding. Although this is reported (Martínez del Rio et al., 1994) to be used for mean retention 

time, it is unknown if an empty tract can be obtained in animals under practical (and ethical) 

conditions. 

 

Despite the volume of studies on residence time distributions in pigs, for example, there are still 

questions on mixing and flow characteristics of feeds, most especially differences, if any between 

cereal- and legume/pulse-based feeds, and how particle size affect these. Consequently, this Chapter 

reports residence time distributions in the gastrointestinal tract of grower pigs, when fed diets 

containing milled field pea (as a protein source) and sorghum (as a carbohydrate source) of different 

particle sizes. The hypotheses were: 

 

i. Time course of ileal appearance of milled field pea and sorghum particles can be modelled 

using an engineering pipe flow approach.  

ii. Digesta exits the small intestine of pigs at a rate that is dependent on the particle size and particle 

size distribution of the diets. 

iii. Irrespective of the particle size and particle size distribution of diets, there are no changes in 

the extent of mixing in the pig gastrointestinal tract. 
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7.2 Materials and methods 

 

7.2.1 Raw material 

 

Field pea (var. Walana) and sorghum (var. MR43) were obtained as before, from the University of 

Sydney, Plant Breeding Institute, Narrabri NSW 2390, Australia. Samples of the grains are shown in 

Figure 7.1, and Table 7.1 summarises their physicochemical properties that were measured using the 

procedures described in 4.2.2. Despite possible differences in planting, harvesting, handling, and/or 

storage over a three-year period (2012 - 2014), these properties are essentially identical (χ2-test, p > 

0.05) to those reported in 4.3.1, 5.2.1 and 6.2.1 for these grains and varieties. 

 

 

 

  

Figure 7.1  Grains of Walana field pea (A) and MR43 sorghum (B) 

 

  

A B 
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Table 7.1 Physical properties and chemical composition of field pea and sorghum grains 

 

Item Field pea Sorghum 

Physical properties 

Major diameters (mm) 8.4 ± 0.4 4.4 ± 0.4 

Minor diameters (mm) 7.9 ± 0.4 3.6 ± 0.3 

Thickness (mm) 7.1 ± 0.4 2.7 ± 0.2 

1,000-grain weight (g) 244 ± 24 26 ± 4 

Chemical composition (g/100 g) 

Moisture 11.2 ± 0.5 13.0 ± 0.3 

Crude protein 23.6 ± 0.0 13.4 ± 0.1 

Starch 42.2 ± 0.5 55.8 ± 0.1 

Ash 3.0 ± 0.1 1.3 ± 0.0 

Fat 1.6 ± 0.1 3.2 ± 0.1 

 

 

7.2.2 Milling 

 

The grains were disc-milled (SKIOLD 5000; SKIOLD A/S Kjeldgaardsvej 3, DK-9300 Sæby, 

Germany) in a commercial feed mill at Neuendorf Farming, Kalbar QLD 4309, Australia, with four 

settings of the gap or nip (0.5, 1.0, 1.5, and 2.0). These settings were used to respectively represent 

Fine, Medium, Coarse and Very Coarse treatments for a total of eight (2 grains × 4 mill settings) 

treatments for the experiment. The milling treatments were randomly done within each grain, but 

were not replicated because of limitations (available pigs and experimental time) of the subsequent 

animal study.  

 

7.2.3 Experimental diet 

 

The dietary treatments were formulated (Table 7.2) to contain ≈ 14.5 MJ DE/kg and 0.1 g available 

lysine/MJ DE. (Rivalea Australia Pty Ltd., Corowa NSW 2646, Australia). There were eight mash 

experimental diets based on the eight milled grains (field pea, 4; sorghum, 4). 
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Table 7.2 Composition of the experimental diets from the milled field pea and sorghum 

 

Item Field pea diet  Sorghum diet  

Ingredient, g/100 g   

Field pea 44.0 - 

Sorghum - 90.0 

Wheat starch 49.1 - 

Casein 2.5 5.5 

Limestone 1.4 1.4 

Dicalphos bin add 1.8 1.9 

DL-Methionine 0.2 0.1 

Valine 0.01 - 

Pig grower premix* 0.2 0.2 

Lysine 0.3 0.5 

Threonine  0.2 0.2 

Tryptophan  0.07 0.01 

Salt  0.2 0.2 

Total 100.0 100.0 

Calculated composition 

DE, MJ/kg 14.5 14.4 

Available lysine/DE, g/MJ  0.08 0.07 

Analysed composition,  g/100 g†   

Moisture 10.4 ± 0.3 12.2 ± 0.2 

Crude protein 13.1 ± 0.4 15.3 ± 1.0 

Total starch 65.9 ± 0.6 53.1 ± 0.8 

Ash 5.3 ± 0.1 4.8 ± 0.1 

Ether extract 0.7 ± 0.1 2.5 ± 0.1 
*Premix provided per tonne of mixed feed: vitamin A 2.5 MIU, vitamin D3 1.0 MIU, vitamin E 30.0 g, niacin 10.0 g, Ca-

D-pantothenate 5.0 g, riboflavin 2.0 g, vitamin B12 5.0 mg, Se 0.2 g, Cu 10.0 g, Fe 60 g, Mn 25.0 g, Zn 50.0 g, I 0.2 g, 

antioxidant 20.0 g. 
†Analysed using the procedures described in 4.2.2. 

 

7.2.4 Particle size analysis 

 

The particle size distributions of the milled grains and diets were analysed by the manual sieving 

device and electric shaker as described in 3.2.2.1. The data from the electric shaker was used 

(ASABE, 2008) to calculate the average particle size (geometric mean diameter, Dgw) and particle 

size distribution (geometric standard deviation of the mean diameter, Sgw) as described in Eqn. 3.1 

and 3.2. Duplicate analyses were carried out. 

 

7.2.5 Residence time distribution experiment 

 

A total of 10 male pigs (Large White × Landrace, PrimeGro Genetics) was used in this experiment. 

The pigs were 12 weeks old at the start of the experiment, with an initial body weight of 55.5 ± 4.4 

kg. After surgery to insert a cannula at the terminal ileum (2.4.2.1), the pigs were fed a commercial 
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diet before an eight-day adaptation period on the test diet. During the adaptation, the pigs were housed 

(temperature, 21oC; relative humidity, 50%) in individual pens (1.2 m2 per pig) with solid sides to 

prevent cannula damage and allow free movements. The pens were raised off the ground level with 

flooring of hard plastic mesh and adequate spaces for faeces and urine to pass through. 

 

The pigs were randomly allocated to the eight experimental diets (7.2.3), and there were four 

experimental periods, in which eight pigs were used for the eight treatments, and an additional two 

pigs were used to replicate two treatments per period. For each period, after the adaptation, the pigs 

were moved to metabolism cages (0.56 m wide × 1 m long) that were maintained at a temperature of 

about 21oC and relative humidity of about 50%, and designed for digesta and faecal collections. The 

pigs were provided ad libitum access to water, and fed respective experimental diets that were 

calculated using Eqn. 7.1.  

 

WFEED = 3 x (0.7 x BW0.75)/14.5                 (7.1) 

 

where, 3 = maintenance time 

0.7 = average available lysine of the two diets (MJ DE kg-1) 

BW0.75 = metabolic weight of the pig (kg) 

14.5 = average digestible energy (DE) of the two diets (MJ kg-1).  

 

The calculated diets were divided into two, and fed at 08:00 hr and 15:00 hr during the adaptation 

period. However, on the one-day digesta collection period, the pigs were fed at 08:00 hr and 20:30 

hr. The 08:00 hr feed included 0.5% titanium dioxide (TiO2) as a maker, which was manually mixed 

with the feed. Ileal digesta was collected at the terminal ileum at (after feeding) 0, 30, 60, 90, 120, 

150, 180, 240, 300, 360, 420, 480, 600, and 720 min. for about 30 min. each time. The digesta 

collection was extended to more than 5 hr for passages through the stomach and small intestine. 

Wilfart et al. (2007b) estimated the mean retention times in the stomach and small intestine as 1 and 

4 hr respectively, and Zhang et al. (2015) have reported similar times for pig feeds with and without 

soluble fibres (arabinoxylan). The collected digesta were immediately freeze-stored at -20°C, before 

freeze-drying prior to further analysis. The weight of freeze-dried samples was assumed to represent 

the dry matter of the digesta.  

 

The animal experiment was conducted at The University of Melbourne, VIC 3010, Australia, with an 

approval (1112335.5) from its animal ethics committee.  
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Titanium dioxide (TiO2) is one of the indigestible markers that are used in animal studies (Titgemeyer 

et al., 2001; Myers et al., 2004; Bhuiyan et al., 2010; Sola-Oriol et al., 2010), and it is relatively easy 

to analyse. Some of the other markers that have been used in residence time and nutrient digestibility 

studies are summarised in Table 7.3. 

 

Table 7.3 Common indigestible makers used in pig residence time and nutrient digestibility studies 

 

No. Marker Phase Source 

1 Cr2O3 Solid Owusu-Asiedu et al. (2006) 

Lewis and McGlone (2008) 

2 Cr2O3  Solid  Bruce and Sundstol (1995) 

Cr-EDTA  Liquid 

3 Yb2O3  Solid  Wilfart et al. (2007b) 

Cr-EDTA Liquid 

4 Neutral detergent fibre (NDF) Solid  Dung et al. (2002) 

Co-EDTA Liquid 

3 Polyethylene glycol (PEG) Liquid Deglaire et al. (2009) 

4 Cr2O3 and acid-insoluble ash ns* Moughan et al. (1991) 

Lærke et al. (2012) 

5 Dysprosium (Dy) ns Imbeah and Sauer (1991) 

Imbeah et al. (1995) 

6 YbCl3 and Cr2O3 ns Albin et al. (2001) 

7 Indigo carmine and Cr2O3 ns Kim et al. (2007) 

8 TiO2 ns Short et al. (1996) 

Wilfart et al. (2007a) 

Sola-Oriol et al. (2010) 

9 NDF ns Schulze et al. (1994) 

10 Fe2O3 ns Kavanagh et al. (2001) 
*ns = not stated 

 

7.2.6 Physicochemical properties 

 

The grains and diets were analysed for chemical composition as described in 4.2.2, which also 

contains the procedure followed for determining the starch content of the ileal digesta. Bulk density 

(ρ) of the milled grains and diets was determined (mass/volume) by manually compacting a known 

weight (10 g) in a 50-mL measuring cylinder (until no volume changes). 

 

The moisture content of the digesta (MCDIGESTA) was estimated by weighing the digesta before and 

after freeze-drying: 

 

MCDIGESTA = 100 ×  
Weight of wet digesta - Weight of dried digesta

Weight of wet digesta
           (7.2) 
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Titanium content was determined by a colorimetric assay (Myers et al., 2004; Sharif et al., 2015). 

About 0.5 g of the dried digesta was weighed into a Kjeldahl digestion tube with 3.5 g of K2SO4 and 

0.4 g of CuSO4.  Concentrated H2SO4 (13 mL) was added, the sample was digested at 420oC for 2 hr 

and cooled for 30 min., before 10 mL of 30% H2O2 was added. The volume was made up to 100 mL 

with milli-Q water and filtered (Whatman No. 541) to remove any precipitate. The absorbance (410 

nm) of the samples was measured against a reagent blank. A calibration curve was obtained with 

TiO2, from which the concentration of titanium in the samples was calculated. Analysis was partially 

replicated (1 in 6 samples) because of the large number of digesta samples. 

 

7.2.7 Calculation of residence time distribution parameters 

 

As discussed above, Martínez del Rio et al. (1994) proposed a combination of Continuous-flow 

stirred tank (CSTR) and Plug flow (PFR) reactors in series to respectively represent the stomach and 

small intestine (up to the terminal ileum; 7.2.4). This model (Figure 7.2) has been applied in various 

studies to model residence time distribution in the gastrointestinal tract of pigs (Pond et al., 1986; Le 

Goff et al., 2002; Wilfart et al., 2007b; Régnier et al., 2013). This model essentially considers the 

stomach as a holding tank (a mixing compartment), and the (small and large) intestines (a 

displacement compartment) as a tube that simply introduces a delay in the passage through the tract. 

While the intestines can be approximated to a tube, Wilfart et al. (2007b) inferred that digesta can 

undergo mixing in the intestines too, but possibly to a lesser extent than in the stomach. The residence 

time of digesta from ingestion to egestion can, therefore, be viewed as a function of the passage 

through the oesophagus (usually negligible in case of pigs because they swallow their feeds), rate of 

release from the stomach and the speed of passage along the small and large intestines with the 

pyloric/duodenal and ileocaecal valves controlling the release of digesta respectively into the small 

and large intestines. Although biological systems or physiological phenomena cannot be completely 

described by mathematical modelling, this model has provided quantitative parameters that are useful 

in understanding residence time distributions in animals. 

 

As discussed in 7.1, the compartmental approach is widely used in animal or pig studies, and it is 

based on a gamma-two distribution of residence times in a single-age dependent mixing and 

displacement compartments (Pond et al., 1986; Le Goff et al., 2002; Wilfart et al., 2007b; Régnier et 

al., 2013). From cumulative marker excretions: 
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Figure 7.2 Distribution of marker residence time for an idea reactor consisting of a Plug 

Flow (PTR) and Continuous-stirred tank (CSTR) reactors in series (Adapted 

from Martínez del Rio et al. (1994)). 

 

Mt = M∞ (1 – [exp {- λ (t – τ)} (1 + λ (t – τ))])              (7.3) 

for t ≤ τ, Mt = 0 

t → ∞, Mt = M∞ 

Г = 
2

λ
 

MRT = τ + Г 

σMRT = √
2

λ
2 

where, Mt  =  cumulative marker concentration at time t  

 M∞ = cumulate marker concentration at time t→∞; maximum cumulative marker    

concentration 

λ =  time dependent rate parameter for compartment turnover 

 τ  =  time delay between the introduction and first appearance of the marker; residence 

time of the marker due to the displacement flow or compartment (intestines) 
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Г  =  residence time of the marker in the mixing compartment (stomach) 

 MRT  = mean residence time in the mixing and displacement compartments (gastrointestinal 

tract) 

 σMRT = standard deviation of the mean residence time in the mixing and displacement 

compartments (gastrointestinal tract) 

 

The amount of titanium (Ti) in the dried digesta for each collection time per pig was calculated, and 

was divided by the amount of Ti added to the feed to correct to Ti (g) per 100 g Ti intake. A sample 

calculation is shown in Table 7.4. The Microsoft Excel Solver™ was used for Eqn. 7.3 to model the 

residence time distributions of the digesta, with the constraints that (i) M∞ ≤ 100 g/100 g Ti intake, 

(ii) λ ≥ 0 and (iii) τ ≥ 0. 

 

Table 7.4 Typical calculation of the titanium concentration (g Ti/100 g Ti intake) in an experimental 

period for a pig* 

 

Collection 

time 

Ti (g/kg 

DM) 

Weight of dried 

digesta (g) 

Total Ti in 

digesta (g) 

Ti (g/100 g 

Ti intake) 

Cumulative Ti 

(g/100 g Ti intake) 

0 0.0 1.0 0.0 0.0 0.0 

30 0.0 10.6 0.0 0.0 0.0 

60 0.0 11.3 0.0 0.0 0.0 

90 0.0 4.5 0.0 0.0 0.0 

120 1.0 0.8 0.0 0.0 0.0 

150 0.9 11.8 0.0 0.1 0.1 

180 3.1 9.3 0.0 0.2 0.3 

240 8.7 10.2 0.1 0.7 1.0 

300 13.9 10.9 0.2 1.2 2.2 

360 12.1 17.8 0.2 1.7 3.9 

420 14.2 17.1 0.2 1.9 5.8 

480 8.6 25.1 0.2 1.7 7.5 

600 9.2 15.1 0.1 1.1 8.6 

720 1.4 35.1 0.1 0.4 9.0 
*Titanium intake was 12.63 g 

 

7.2.8 Statistical analysis 

 

The Minitab statistical software, Version 16 (Minitab Inc., State College, PA, USA) was used for 

analysis of variance (ANOVA) with a confidence level of 95%. Results are presented as means ± 

standard deviations.  
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7.3    Results and discussion 

 

7.3.1 Particle size characteristics 

 

Figure 7.3 shows images of the milled field pea and sorghum grains, which qualitatively suggests 

differences with mill types and settings, while Figure 7.4 shows typical particle size distribution of 

the milled grains and diets, which qualitatively varied with mill types and settings. Table 7.5 shows 

the quantitative measures, geometric mean diameter (Dgw) and geometric standard deviation (Sgw), of 

the particle size characteristics of the milled grains and diets. 

 

The mill settings influenced the particle size (Dgw) and particle size distribution (Sgw) of the milled 

grains and diets, with the disc-mill producing a similar range of Dgw and Sgw for both grains (Figure 

7.5 and Table 7.5). The feed ingredients did not materially change the particle size characteristics of 

the diets (D) from that of the milled grains (G) as can be seen in Figure 7.5 (field pea, DgwD = 0.89 

DgwG; SgwD = 0.89 SgwG; sorghum, DgwD = 0.88 DgwG; SgwD = 0.92 SgwG; r² > 0.980, p < 0.01). This 

observation agrees with the findings in Appendix 5 for field pea and Appendix 6 for sorghum, where 

the grains were disc- and hammer-milled, and used at 30% and 49% respectively, as against 44% for 

the field pea and 90% for the sorghum. 
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Fine field pea Medium field pea 

  

Coarse field pea Very coarse field pea 

  

Fine sorghum Medium sorghum 

  

Coarse sorghum Very coarse sorghum 

Figure 7.3 Samples of the milled field pea and sorghum grains used in the cannulation 

experiment 
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Figure 7.4 Typical particle size distributions of the field pea and sorghum samples. 
Grain (       ); Diet (        ) 
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Table 7.5 Characteristics of particle size and bulk density of the field pea and sorghum samples* 

 

Treatment Milled grain Diet 

DgwG (mm) SgwG (mm) ρG (kg/m3) DgwD (mm) SgwD (mm) ρD (kg/m3) 

Field pea 

Fine 0.52 ± 0.01Fa 0.41 ± 0.01Da 801 ± 2Aa 0.59 ± 0.00Da 0.49 ± 0.02Ca 862 ± 19Aa 

Medium 0.63± 0.00Eb 0.53 ± 0.01Cb 751 ± 12Bb 0.63 ± 0.01Cb 0.51 ± 0.00Ca 831 ± 20ABab 

Coarse 0.88 ± 0.01Bc 0.80 ± 0.01Ac 751 ± 3Bb 0.72 ± 0.00Bc 0.66 ± 0.00Bb 834 ± 20ABab 

Very coarse 0.92 ± 0.01Ad 0.86 ± 0.02Ac 744 ± 15BCb 0.75 ± 0.01Ad 0.73 ± 0.00Ac 793 ± 32BCb 

Sorghum 

Fine 0.51 ± 0.00Fa 0.37 ± 0.01Da 722 ± 6CDa 0.47 ± 0.01Ea 0.37 ± 0.00Da 832 ± 9ABa 

Medium 0.71 ± 0.01Db 0.53 ± 0.03Cb 705 ± 8Da 0.63 ± 0.01Ca 0.48 ± 0.01Cb 830 ± 32ABa 

Coarse 0.83 ± 0.01Cc 0.72 ± 0.01Bc 666 ± 15Eb 0.75 ± 0.00Ab 0.66 ± 0.01Bc 780 ± 9BCb 

Very coarse 0.90 ± 0.00Ad 0.80 ± 0.00Ad 638 ± 3Fc 0.77 ± 0.00Ac 0.74 ± 0.02Ad 739 ± 18Cb 

*Values with the same capital letters in the same column for all the treatments (both grains) are not significantly different (p > 0.05). Values with the same lower case letters in the 

same column for each grain are non-significant (p > 0.05). 
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Figure 7.5  The relationship between the particle size characteristics of the field pea and 

sorghum samples. Dgw - field pea (); Sgw - field pea (); Dgw - sorghum (), Sgw - 

sorghum (); Best-fit of field pea (Dgw, ‒‒; Sgw, ‒‒); Best-fit of sorghum (Dgw, ---; 

Sgw, ---). 

 

The bulk density (kg/m3) of the milled grains and diets ranged from 740 - 800 for the milled field 

pea, 640 - 720 for the milled sorghum, 790 - 860 for the field pea diet, and 740 - 830 for the sorghum 

diet (Table 7.5). The result is consistent with other studies (Chand et al., 2016; Zhong et al., 2016), 

which reported that the smaller the particle size and particle size distribution were, the higher was the 

bulk density.  Both particle size and density will influence gravitational sedimentation, and Wilfart et 

al. (2007b) observed that gravitational sedimentation in the stomach could influence release of digesta 

from it (gastric emptying). From physical principles (e.g. Stokes’ law) and assuming a laminar flow, 

terminal velocity of sedimentation (Vt) is directly proportional to the square of particle size (Vt α d2) 

and to particle density (Vt α ρS): 

 

Vt = 
d

2
g (ρ

S
- ρ

L
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18 η
                  (7.4) 

 

where,   Vt = terminal velocity of sedimentation 
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  ρS = density of solids (feed) sedimenting 
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  ρL = density of sedimentation (gastric) liquid 

  η = viscosity of sedimentation (gastric) liquid 

 

The release of digesta from the stomach, gastric emptying, will influence residence time distribution 

of the digesta. 

 

7.3.2 Residence time distribution 

 

Figures 7.6 and 7.7 show typical relationships between the concentrations of the titanium marker 

recovered with time, respectively for the field pea and sorghum feeds at the four particle sizes. These 

relationships appear to reveal more than one peak for the marker in the ileal digesta. Although 

Martínez del Rio et al. (1994) explained the significance of publishing concentration-time curves in 

the overall understanding of gut functions, many studies did not publish this data and it is not possible 

to widely compare the present observations with published ones. However, Figure 7.8 shows multi-

peaks from some studies on pigs for duodenum, ileal and faecal collections, and for both liquid and 

solid phases. While collection and experimental errors could be a possible reason, the consistency of 

this observation in the present and published studies could indicate biological phenomena in both 

solid and liquid phases of the digesta in its passage through the gastrointestinal tract. Wilfart et al. 

(2007b) observed multi-peaks in duodenal and ileal digesta when both solid (YbO2) and liquid (Cr-

EDTA) markers were used. According to these authors, multi-peak RTD curves in animals can mainly 

result from marker dilution by pulsative excretions of dry matter or endogenous pancreatic and/or 

gall bladder secretions. In addition, the authors suggested gravitational sedimentation to influence 

marker retention and release by the stomach. Although these authors thought gravitational 

sedimentation could be of a less influence, an examination of the simplified sedimentation equation 

(Eqn. 7.4) shows an inverse relationship between the terminal velocity of sedimentation and viscosity 

of sedimentation medium (Vt α 1/η). It is plausible that with gastric excretions (dilution), the viscosity 

of the gastric liquid reduces, terminal velocity of sedimentation increases, more particles sediment 

and fewer markers are released. This will be in addition to the particle size and density effects on the 

terminal velocity of sedimentation discussed above (7.3.1). It is possible that both gastric secretions 

and gravitational sedimentation are important in explaining multi-peaks in RTD curves. In the present 

study, the apparent multi-peaks were independent of the grain and particle size, even though the field 

pea was heavier than the sorghum, and the fine samples were generally denser than the coarse ones 

(Table 7.5). It can also be observed in Figures 7.6 and 7.7 that the apparent multi-peaks did not occur 

at the same times within and between the diets, and they could indicate physiological phenomena, 
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rather than experimental variations. We are, however, aware that more data are required to fully 

associate these apparent multi-peaks to physiological phenomena. 

 

Although concentration-time curves have been used to model RTD in pigs, cumulative marker 

concentration-time curves are more used. Figures 7.9 and 7.10 show typical cumulative 

concentration-time curves for the grains and the particle sizes studied. The figures show a sigmoid 

trend with a time-delay before an appreciable concentration of the marker was measured. The time-

delay was also evident in the concentration-time curves (Figures 7.6 - 7.7). 

 

Equation 7.3 adequately described the experimental data with r2 > 0.786 (p < 0.01), and the plots of 

the residuals (experimental - predicted) revealed no pattern (Figure 7.11). The absence of patterns in 

residual plots shows goodness of models in describing experimental data (Moreira and Bakker-

Arkema, 1989; Sopade, 2001). However, other predictive parameters like the mean relative deviation 

model and accuracy factor as defined in Tinus et al. (2012), showed some erroneous values with the 

RTD data. Hence, within the limits of experimental errors, and the limitations of describing animal 

physiological changes with mathematical models, Eqn. 7.3 is useful in describing the RTD data for 

the purpose of this study. As mentioned above, although other models have been used to describe 

RTD in pigs (Freire et al., 2000; Wilfart et al., 2007a; Lewis and McGlone, 2008; Sola-Oriol et al., 

2010), and can be investigated in future studies, Eqn. 7.3 is most widely used for RTD in pigs (Pond 

et al., 1986; Le Goff et al., 2002; Wilfart et al., 2007b; Régnier et al., 2013).  
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Figure 7.6 Concentration (Ti)-time relationships for the field pea diet (average five pigs per 

treatment) 

 

Figure 7.7 Concentration (Ti)-time relationships for the sorghum diet (average five pigs per 

treatment) 
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Figure 7.8 Examples of multi-peak residence time distribution. Adapted from: Wilfart et al., 

2007b (A, solid phase); Wilfart et al., 2007b (B, solid phase); Imbeah and Sauer, 1991 

(C, solid phase); Imbeah et al., 1995 (D, solid phase); Pond et al., 1986 (E, liquid 

phase); and Imbeah et al., 1995 (F, solid phase). 
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Figure 7.9 Cumulative concentration (Ti)-time relationships for the field pea diet (average 

five pigs per treatment) 

 

Figure 7.10 Cumulative concentration (Ti)-time relationships for the sorghum diet (average 

five pigs per treatment) 
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Figure 7.11 Plot of residuals of the compartment modelling (Field pea, ; sorghum, ) 

 

Table 7.6 shows the residence time distribution parameters of the ileal digesta, and there were no 

significant (p > 0.05) grain or particle size effects, despite some means (e.g. Sorghum-Medium) being 

more than five times as much as others (e.g. Sorghum-Coarse). We associate this non-significance to 

the large standard deviations in the values due to large animal variations. As discussed above (7.2.5), 

four experimental periods and 10 pigs were used per period to cater for animal variations and for 

robustness of the analysis. It seems the large number of animals did not reduce the experimental 

errors, to consequently lower the standard deviations of the resulting data.  

 

As a result, the nominal trends displayed by the data in Table 7.6 will be discussed to examine any 

mechanisms of the flow and mixing profiles in the pigs as affected by grains and particle sizes: 

 

a. The theoretical maximum recovery (M∞) of the marker in the ileal digesta ranged from 6 - 40%. 

Although Le Goff et al. (2002) suggested marker recoveries do not influence calculated RTD 

parameters, it should be noted that in ileal digesta collections, as done in the present study, only 

a fraction of digesta exits through ileal cannulae. This implies that only a fraction of the fed 

markers can be recovered at the terminal ileum, while the rest of the digest and markers transit 

as usual through the large intestine. 
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Table 7.6 Residence time parameters obtained by compartmental approach*  

 

Treatment Residence time parameters 

τEXP (min.) M∞ (g/100g Ti intake) Г (min.) τ (min.) MRT (min.) σMRT (min.) 

Field pea 

Fine 173 ± 86Aa 9.0 ± 6.7Aa 221 ± 121Aa 198 ± 79Aa 419 ± 72Aa 156 ± 86Aa 

Medium 225 ± 145Aa 11.0 ± 5.4Aa 388 ± 477Aa 250 ± 151Aa 638 ± 586Aa 274 ± 337Aa 

Coarse 216 ± 54Aa 16.5 ± 20.3Aa 344 ± 448Aa 221 ± 60Aa 565 ± 441Aa 243 ± 316Aa 

Very coarse 165 ± 57Aa 6.1 ± 3.1Aa 184 ± 170Aa 180 ± 120Aa 363 ± 60Aa 130 ± 120Aa 

Sorghum 

Fine 162 ± 55Aa 20.9 ± 24.6Aa 806 ± 1134Aa 193 ± 90Aa 999 ± 1075Aa 570 ± 802Aa 

Medium 173 ± 15Aa 41.4 ± 41.1Aa 1293 ± 1125Aa 135 ± 92Aa 1428 ± 1069Aa 915 ± 796Aa 

Coarse 198 ± 59Aa 8.4 ± 5.7Aa 238 ± 190Aa 267 ± 113Aa 505 ± 127Aa 168 ± 135Aa 

Very coarse 144 ± 78Aa 24.8 ± 42.0Aa 774 ± 1195Aa 169 ± 126Aa 943 ± 1176Aa 548 ± 845Aa 
*Values with the same capital letters in the same column for all the treatments (both grains) are not significantly different (p > 0.05). Values with the same lower case letters in the 

same column for each grain are non-significant (p > 0.05). There was an average of 45 samples (9 samples x 5 pigs) per treatment 
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However, ileal or faecal recoveries can be affected by (i) losses during collections, (ii) 

assumption that all the marked diets were instantaneously consumed by the pigs or completely 

flowed to the collection point, (iii) inability of the stomach to release all the fed marker during 

the collection period, (iv) experimental errors in marker analysis, which were minimal though 

in the present study, because of high (101 ± 5.7%) TiO2 recovery for the standard curve (six 

replicates). In some published studies (Pond et al., 1986; Le Goff et al., 2002; Régnier et al., 

2013) on faecal collections, marker recoveries were measured or predicted to range from 77 - 

100%, for example, and Le Goff et al. (2002) advanced possible reasons for incomplete 

recoveries of diet markers. 

b. The mean residence time (MRT) of the treatments ranged from 363 - 1,428 min. This range 

falls within values by other researchers for pigs at the terminal ileum (Wilfart et al., 2007a; 

2007b). The MRT is made up of two parameters (MRT = Г + τ); residence time in the stomach 

(Г) and the small intestine (τ). Г ranged from 180 - 1,290 min., while τ ranged from 130 - 270 

min., to generally indicate that the stomach residence time was longer than the small intestine’s. 

These results are contrary to previous studies (Wilfart et al., 2007a; 2007b) that generally 

reported a lower residence time in the stomach (mixing compartment) than in the small intestine 

(displacement compartment). It is unknown if the results in the present study indicated a 

dominant mixing than displacement effects. Although the stomach is responsible for the bulk 

of the mixing effects in the gastrointestinal tract, mixing has been reported to also occur in the 

small and large intestines (Martínez del Rio et al., 1994; Wilfart et al., 2007b). The overall 

mixing effects in the gastrointestinal tract is indicated by σMRT, and can be shown in Eqn. 7.3 

to be a function of Г (σMRT = Г/√2). 

c. The predicted (τ) and experimental (τEXP) times of first appearance of the marker significantly 

correlate (τ = 1.1 τEXP; r2 = 0.982, p < 0.001). 

d. Even though the ranges for the Dgw and Sgw of the milled grains and diets are not wide (Table 

7.5), Table 7.7 summarises the dependence of the RTD parameters on these particle size 

characteristics, and Figures 7.12 - 7.15 are x-y-z plots (3D) of the dependence. Although 

essentially none of the relationships showed any significant effect at p ≤ 0.05, a higher p-value 

(e.g. p ≤ 0.2) has been used (Dung et al., 2002; Hiss and Sauerwein, 2003; Alexander et al., 

2010) to assess animal data. Based on p ≤ 0.2, the RTD parameters essentially increased with 

Dgw and reduced with Sgw (Table 7.7).  
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Table 7.7 Relationship between the particle size characteristics and residence time parameters 

 

Item Equation r2 p-value 

Field pea 

First appearance of the marker 

(experimental data) 

Grain τEXP = 1358 Dgw – 1241 Sgw 0.988 0.08 

Diet τEXP = 877 Dgw – 660 Sgw 0.993 0.06 

Maximum cumulative marker 

concentration 

Grain M∞ = 71.8 Dgw – 64.9 Sgw 0.906 0.22 

Diet M∞ = 49.8 Dgw – 38.1 Sgw 0.903 0.23 

Residence time of the marker in the 

stomach 

Grain Г = 2302 Dgw – 2172 Sgw 0.935 0.18 

Diet Г = 1828 Dgw – 1579 Sgw 0.958 0.15 

Residence time of the marker in the 

small intestine 

Grain τ = 1619 Dgw – 1511 Sgw 0.991 0.07 

Diet τ = 1049 Dgw – 825 Sgw 0.997 0.04 

Mean residence time of the marker 

in the gastrointestinal tract 

Grain MRT = 3922 Dgw – 3683 Sgw 0.965 0.13 

Diet MRT = 2878 Dgw – 2404 Sgw 0.980 0.10 

Standard deviation of mean 

residence time  

Grain σMRT = 1628 Dgw – 1536 

Sgw 

0.935 0.18 

Diet σMRT = 1293 Dgw – 1116 

Sgw 

0.958 0.15 

Sorghum 

First appearance of the marker 

(experimental data) 

Grain τEXP = 714 Dgw – 593 Sgw 0.980 0.10 

Diet τEXP = 725 Dgw – 546 Sgw 0.988 0.08 

Maximum cumulative marker 

concentration 

Grain M∞ = 205 Dgw – 210 Sgw 0.906 0.22 

Diet M∞ = 173 Dgw – 160 Sgw 0.847 0.29 

Residence time of the marker in the 

stomach 

Grain Г = 7174 Dgw – 7442 Sgw 0.922 0.20 

Diet Г = 5924 Dgw – 5539 Sgw 0.848 0.29 

Residence time of the marker in the 

small intestine 

Grain τ = 423 Dgw – 207 Sgw 0.920 0.20 

Diet τ = 473 Dgw – 216 Sgw 0.933 0.19 

Mean residence time of the marker 

in the gastrointestinal tract 

Grain MRT = 7596 Dgw – 7649 Sgw 0.965 0.13 

Diet MRT = 6397 Dgw – 5755 Sgw 0.914 0.21 

Standard deviation of mean 

residence time  

Grain σMRT = 5072 Dgw – 5262 

Sgw 

0.922 0.20 

Diet σMRT = 4189 Dgw – 3917 

Sgw 

0.848 0.29 

 

This implies that the coarse samples were possibly mixed longer in the mixing compartment 

(higher Г) and exited the terminal ileum slower than the fine samples. Also, the broadly-

distributed samples (higher Sgw) appeared to exit the terminal ileum rapidly with relatively less 

mixing than the narrowly-distributed samples (lower Sgw). Although the mechanisms behind 

this observation might be more complex than the mathematical exercise revealed, it appears 

that gravitational sedimentation in the stomach might be the over-riding factor, assuming the 

absence of any deleterious effects. 

 

From the gravitational sedimentation concept, the coarse samples are expected to have a higher 

terminal velocity of sedimentation (Vt α dgw
2) and, therefore, sediment faster than the fine 

samples (Eqn. 7.4). With a higher tendency to rapidly sediment, the coarse samples might 

undergo higher mixing effects mainly in the stomach, and to a lesser effect in the small intestine. 



  

 140 

Resultantly, the RTD parameters might be higher than the fine samples as observed. However, 

the coarse samples also have a lower bulk density than the fine samples (Table 7.5), and based 

on this, the terminal velocity of sedimentation (Vt α ρS) is expected to be lower than the fine 

samples, and consequently sediment less than the fine samples. A lower sedimentation tendency 

might reflect in a more rapid emptying, mixing or flow in the gastrointestinal tract, and 

consequently lower RTD parameters than the fine samples. While the density effects conflict 

with the particle size effects, Eqn. 7.4 reveals: 

 

(i) The density effects are reduced by the density of the sedimentation liquid (gastric liquid) 

(Vt α [ρS – ρL]). The density of the sedimentation liquid can change with physiological 

secretions. 

(ii) Physiological secretions can dilute the sedimentation liquid, and possibly reduce its 

viscosity. Rearranging Eqn. 7.4 reveals the viscosity of the sedimentation liquid is 

inversely proportional to the density of the sedimentation liquid at a constant density of 

the sedimenting particles (η α 1/ρL). In the absence of opposing effects, a low viscosity 

of the sedimentation liquid (possibly due to physiological secretions) could lead to a high 

density of the liquid to further reduce the density effects ([ρS – ρL]). 

(iii) The particle size factor is squared, and this might magnify the particle size effects. 

(iv) Consequently, the particle size effects might be relatively dominant, and influence the 

flow, mixing or residence time distribution in the gastrointestinal tract more than the 

density effects. 

 

Moreover, Table 7.7 reveals grain differences in the coefficients of the particle size parameters 

(Dgw and Sgw), and consistently within the grains, the coefficients of both parameters are 

essentially the same. Hence, the grain types affected mixing and flow profiles in the 

gastrointestinal tract of the pigs, and Dgw and Sgw were both important in defining the particle 

size effects. Even though this mathematical exercise appears to clarify the particle size 

characteristic-RTD parameter trends (Table 7.7), it is worthwhile re-stating that physiological 

activities are complex with an inter-play of mechanisms. For example, churning, mixing and 

secretions in the stomach, while changing the density and viscosity of gastric liquids, would 

affect particle size of digesta and, consequently, digesta density. 
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Figure 7.12 Relationship between residence time parameters and particle size characteristics 

of the field pea diet 

  



  

 142 

  

  

  
 

Figure 7.13 Relationship between residence time parameters and particle size characteristics 

of the sorghum diet 
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Figure 7.14 Relationship between residence time parameters and particle size characteristics 

of the milled field pea grain 
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 Figure 7.14 Relationship between residence time parameters and particle size characteristics 

of the milled sorghum grain   
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7.4 Conclusion 

 

When fed as components of pig feeds, field pea and sorghum exhibited similar mixing and flow 

patterns in the gastrointestinal tract up to the terminal ileum. Both grains displayed apparently multi-

peaked residence time distributions that were independent of particle sizes. The residence time 

distributions were effectively modelled using a compartmental approach that is likened to 

continuously-stirred tank and plug flow reactors in series, to respectively represent the stomach 

(mixing compartment) and small intestine (displacement compartment). The model revealed the mean 

residence time varied from about 6 to 24 hr for the treatments. The calculated residence time in the 

small intestine, the displacement component, (2 - 4 hr) was lower than in the stomach, the mixing 

component (3 - 20 hr). The latter values are much higher than the published value of 1 hr for the 

stomach, and most of the published studies also reported the residence time in the small intestine to 

be higher than in the stomach. A contrary trend was obtained in the present study, and this could 

indicate a more extensive mixing in the stomach than reported by others, and a strong possibility of 

mixing in the small intestine. 

 

The residence time distributions in the present study showed apparent multi-peaks to possibly lend 

credence to the speculated extensive mixing and pronounced gravitational sedimentation of the 

digesta particles. From physical principles, sedimentation is dependent on the size and density of 

particles, and the density and viscosity of sedimentation medium. The bulk density of the milled grain 

and diets increased (p ≤ 0.05) with the reduction of particle size, and multiple regression analysis 

showed the residence time distribution parameters correlated (p ≤ 0.2) with the geometric mean 

diameter (positive) and geometric standard deviation of the mean diameter (negative). Consequently, 

the coarse samples were possibly mixed longer in the mixing compartment(s) and exited later than 

the fine samples, and samples with a broader distribution exited the terminal ileum rapidly with 

relatively less mixing than the narrowly-distributed samples. The nominal relationships of the 

residence time distribution and particle size distribution parameters pointed to possible dominant 

effects of particle size, as to be expected from particle size effects on terminal velocity of 

sedimentation (Vt α dgw
2). While the theoretical or mathematical approach adopted is not without its 

limitations in describing animal (and human) physiological activities, its appeal is in revealing 

quantitative objective parameters that aid comparisons and guide the understanding of gut functions. 

In the present study, the quantitative approach will be useful in engineering feed processing that 

maximises nutrient digestibility and animal performance. How the differences in the residence time 

distribution of the digesta impact on starch digestibility of the diets, is the focus of the next section.   
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Appendix 8 

 

 

Particle size effects on ileal starch digestibility in pigs fed 

carbohydrate and protein sources 

 

 

8.1 Introduction 

 

Starch obtained from cereal grains is the major energy source in pig diets, and its characteristics 

(biochemical and physicochemical) influence its digestion in the gastrointestinal tract (Knudsen et 

al., 2006). Because of different sources, starches vary in granular size, amylose content, molecular 

chain length, organisational structures, crystallinity and crystalline patterns, and they exhibit different 

digestive characteristics (Franco and Ciacco, 1992; Sang et al., 2008; Man et al., 2012; Syahariza et 

al., 2013). For example, van der Meulen et al. (1997) observed that maize starch digested faster than 

pea starch, and the rate of appearance of glucose (a product of starch digestion) in the portal vein of 

pigs was higher for maize starch. As discussed before (6.3.2), legume/pulse starches (e.g. pea starch) 

are less digestible than cereal starches (e.g. maize). 

 

Several non-starch components, which are associated with starch granules, or added to diets 

containing starch, also affect starch digestion (Svihus et al., 2005). These components, such as lipids 

and proteins, influence digestion both directly by reducing contact between digestive enzymes and 

starch (Yousif et al., 2007), and indirectly through a reduced swelling of the starch granule (Debet 

and Gidley, 2006) and through interactions with milling and gelatinisation properties during 

processing (Hasjim et al., 2013; Amaral et al., 2014). These components can be a source of exogenous 

proteins that can affect starch digestion by interacting with amylases or the starch. Regarding 

processing, previous studies have shown that due to milling, in-vitro starch and protein digestion rates 

of milled grains increase with inverse square of particle sizes of the grains (Al-Rabadi et al., 2009; 

Mahasukhonthachat et al., 2010a; Tinus et al., 2012). Because of milling, surface area increases as 

particle size is reduced (Mavromichalis et al., 2000), with the result that the contact of endogenous 

enzymes will increase, and hence digestibility is improved (Kim et al., 2005). This will, however, 

depend on time of digestion. 
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For ileal starch digestibility, Amaral et al. (2014) found that 90 % of the starch was digested in the 

ileum, and no differences were observed when maize was milled between 550 and 850 μm particle 

sizes. Kim et al. (2005) observed that although reducing particle sizes (580 - 920 μm) improved total 

tract starch digestibility, there were no significant effects on pig growth performances (daily gain, 

feed intake, and feed efficiency).  

 

These reported studies effectively based their results on a single-point collection of digesta or faeces, 

with limited or no data on evolution of starch digestibility with time of digestion. It is plausible that 

with differences in particle size, starch digestibility will vary with time of exit from the small intestine, 

after the digesta is released from the stomach. In Appendix 7, the stomach is reported as the main 

mixing compartment; although there might be mixing in the small intestine, it is essentially a 

displacement compartment. Both compartments were demonstrated in Chapter 7 to influence 

residence time distribution in the gastrointestinal tract of pigs, and they are therefore expected to 

influence starch digestibility. Interestingly, although time-course studies in pigs have been reported 

(Leterme et al., 1991; Albin et al., 2001; Owusu-Asiedu et al., 2006; Kim et al., 2007; Lewis and 

McGlone, 2008), these researchers either did not investigate nutrient, specifically starch, digestibility 

or effects of particle size of the diets. With starch constituting a high proportion of pig feeds, time-

course changes in its digestibility need to be understood. This will provide clearer knowledge of 

particle size effects, and identification of a grain optimum particle size for high feed efficiency. 

Therefore, this Chapter reports starch digestibility of Australian varieties of field pea (a protein 

source) and sorghum (an energy/carbohydrate source) that were disc-milled to different particle sizes, 

when fed to ileal-cannulated grower pigs. Using the knowledge of residence time distribution from 

the previous section, this section examines the dependence of starch digestibility on time after 

feeding, and correlates in-vitro and in-vivo digestion parameters. The following hypotheses were 

tested:  

 

i. Irrespective of particle size of the diet, ileal starch digestibility of starch is not affected.  

ii. Ileal starch digestibility is independent of collection time of ileal digesta.  

iii. Ileal starch digestibility can be predicted by in-vitro starch digestibility parameters. 

iv. Starch content of ileal digesta depends on the particle size of the digesta. 
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8.2 Materials and methods 

 

8.2.1 Water absorption index 

 

Water absorption index (WAI) of the milled grains and diets was determined by weight approach as 

described in 4.2.5. Volume change was also determined as: 

 

Volume change (∆V) = 
(Volume of wet sample-Volume of dry sample)

Volume of dry sample
                 (8.1) 

 

8.2.2 In-vitro starch and protein digestions 

 

The milled grains and experimental diets (7.2.3) were used in in-vitro starch and protein digestion 

studies. The rapid in-vitro digestibility assay based on glucometry, described in 4.2.6, was used for 

starch digestion and the digested starch (g per 100 g dry starch) was calculated as in Eqn. (4.3). The 

pH-drop procedure (4.2.7) was used for the protein digestion, and the in-vitro protein digestibility 

was calculated as before (Eqn. 4.4). The modified first-order kinetic model was used to describe the 

starch (Eqn. 4.5) and protein (Eqn. 4.6) digestograms of the samples. The calculation for average 

glycaemic index of the samples, GIAVG, was followed as in Eqn. 5.2.  

 

8.2.3 Ileal starch digestibility 

 

Ileal digesta samples collected from the cannulation experiment (7.2.5) were analysed for starch 

content (4.2.2.2). The ileal starch digestibility was calculated using TiO2 as an indigestible marker:  

 

Ileal starch digestibility (%) = 100 − (100 ×
Starchileal × Tidiet
Starchdiet × Tiileal

)                     (8.2) 

 

8.2.4 Microscopy 

 

Light microscopy 

 

Dry sample of ileal digesta was spread onto a glass slide and covered with a glass slip and observed 

using a light microscope (Axio Scope.A1 for Polarized Light Microscopy, Zeiss, Oberkochen, 

Germany). Images obtained were thresheld to detect the boundary at particle-to-particle cross-over 
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area. By using the Analyze Particle Tool of ImageJ (http://imagej.nih.gov/ij/), the number of particles 

in the image was determined. The particle size of the digesta was defined using three parameters: 

 

a. Feret’s diameter (DF). This is the longest distance between any two points on the particle. 

b. Perimeter.  Assuming spherical particles, the perimeter of a sphere is π DP, from which the 

diameter of the particle (DP) was estimated. 

c. Area. Assuming spherical particles, the surface area of a sphere is π DA
2, from which the 

diameter of the particle (DA) was estimated. 

 

The average ([DF + DP + DA]/3) of these three diameter indices was used to estimate the particle size 

of the digesta. It is recognised that there would be particle agglomerates, but these three parameters 

were judged to best describe the particles in the digesta. Image J outputs of these three parameters 

were exported to Microsoft ExcelTM, and its histogram function was used to categorise the diameters. 

The frequency (apparent weight retained) and midpoint diameter (apparent sieve size) were then used 

to calculate the geometric mean diameter (Dgw) and geometric standard deviation (Sgw) following the 

procedures in ASABE (2008).  

 

Confocal Laser Scanning Microscopy 

 

The samples (milled grains, diets and ileal digesta) were stained by adding two types of fluorescent 

dyes: Fluorescein isothiocyanate (FITC - F7250 Sigma, Sigma Aldrich, Castle Hill, NSW 2154, 

Australia; 0.05% (w/v) in absolute ethanol) and Rhodamine B (R6626 Sigma, Sigma Aldrich, Castle 

Hill, NSW 2154, Australia; 0.05% (w/v) in milli-Q water). This allowed simultaneous observation of 

starch and protein under confocal laser scanning microscopy (CLSM). The Fluorescein stained the 

starch components, and the Rhodamine B stained the protein structures as reported by Kim et al. 

(2008). The diet samples were stained with fluorescent dye Pontamine (Pontamine Fast Scarlet 4BS, 

S479896 Sigma Aldrich, Castle Hill, NSW 2154, Australia; 50 mg of Pontamine powder to 50 mL of 

50mM NaCl solution) to visualise the cell wall components. Samples were then rinsed in absolute 

ethanol by centrifuging (10,000 × g for 5 min.) and discharging the supernatant. The mixture was 

spread onto a glass slide and covered with a glass slip and observed using an LSM 700 confocal laser 

scanning microscope (CLSM, Zeiss, Oberkochen, Germany). The excitation wavelength of the argon-

ion laser was set at 488 nm, operated at 2% of capacity power, and the emission light was detected at 

492 - 600 nm. The images of optical sections of granules were recorded with ZEN 2011 software 

(Zeiss, Oberkochen, Germany). 

8.2.5 Statistical analysis 
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The Minitab statistical software, Version 16 (Minitab Inc., State College, PA, USA) was used for 

analysis of variance (ANOVA) with a confidence level of 95%. Results are presented as means ± 

standard deviations. The Pearson correlation was used to investigate the relationship between 

parameters of the in-vitro digestion and the ileal starch digestibility.  

 

8.3    Results and discussion 

 

8.3.1 In-vitro digestions 

 

8.3.1.1 In-vitro starch digestion 

 

Irrespective of the mill and mill settings, the samples exhibited a monophasic starch digestogram, and 

the modified first-order kinetic model (Eqn. 5.1) adequately described (r2 > 0.99; p < 0.001) the 

digestograms (Figures 8.1 and 8.2), while Table 8.1 shows the in-vitro starch digestion parameters 

for both the milled grains and diets.  

 

Figures 8.1 and 8.2 show the coarse samples (either grain or diet) digested less than the fine samples, 

irrespective of the mills and in line with the surface area to volume exposed to amylolysis. While all 

the starch digestion parameters (D0, D∞ and KST) of the milled field pea grain depended on the particle 

size (Table 8.1), there were no significant particle size effects on some (D0 and D∞) of the starch 

digestion parameters from the milled sorghum grain. The particle size of the milled grains ranged 

from 0.5 - 0.9 mm (Table 8.1), and the results showed the milled field pea starch digestion to be more 

sensitive to particle size than the milled sorghum. Also, in spite of the low salivary-gastric digested 

starch (D0), the predicted maximum in-vitro digestibility (D∞) of the sorghum was higher than that of 

the field pea. This result is consistent with the general knowledge that legumes/pulses digest to a 

lesser extent than cereals, and they have a lower glycaemic index (Tinus et al., 2012; Edwards et al., 

2014). For example, in their study on chick pea (a legume/pulse) and durum wheat (a cereal), Edwards 

et al. (2014) reported that legume/pulse cell walls encapsulate starch and the thick legume/pulse cell 

walls impede amylolysis more than in cereals, to thereby delay starch digestion. Confocal microscopy 

showed differences in the cell walls of the field pea and sorghum samples (Figure 8.3). Moreover, 

there is the potential for pronounced starch-protein interactions in legumes/pulses that have been 

associated with hard-to-cook phenomenon and low starch digestion in legumes/pulses (Tinus et al., 

2012).  
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Irrespective of the treatments, the rate of starch digestion increased with the reduction of particle size 

(Table 8.1), in accordance with changes in the surface area available for substrate-enzyme. Figure 8.4 

shows the relationship between the reciprocal of the digestion rate and the square of the average 

particle size, while Table 8.2 shows the apparent coefficient of diffusion of the amylases (Diff-ST) into 

the substrates for both the milled grains and diets. The Diff-ST for the disc-milled grains ranged from 

2.2 to 5.8 × 10-7 cm2 s-1 for the field pea and from 1.9 to 5.8 × 10-7 cm2 s-1 for the sorghum. Using the 

starch digestion parameters and the apparent diffusion coefficients of the disc-milled grains in 

Appendices 5 and 6, and in the present section, we analysed for year (2013 and 2014) effects, and 

found no significant differences (χ2-test, p > 0.05).  

 

The diet ingredients increased the rate of in-vitro starch digestion (Table 8.2) of the milled grains. 

However, different from the sorghum samples, the apparent Diff-ST of the field pea diet was higher 

than that for the milled field pea grain. It is noteworthy that while the starch contents of the milled 

sorghum grain (55 g/100 g solids) and diet (53 g/100g solids) were essentially the same, those for the 

milled field pea grain (42 g/100 g solids) was substantially less than the field pea diet (66 g/100g 

solids). The starch digestion procedure used excess amylases, so the measured differences or not in 

the starch digestion parameters were not due to limiting amylase:substrate ratios in the milled grains 

and diets. The differences were most likely a reflection of the different digestion behaviours of the 

milled grains and the added ingredients in full diets. Hence, the observed increased effects of the diet 

ingredients on the starch digestion parameters of the field pea grain (Table 8.2) could have resulted 

from the wheat starch added as an ingredient of the field pea diets (Table 7.2), which as pointed out 

before, as a cereal starch, is more digestible than legume/pulse starches (Gernat et al., 1990; 

Madhusudhan and Tharanathan, 1995; Hoover and Zhou, 2003; Sandhu and Lim, 2008; Xu et al., 

2013). The major ingredient of the sorghum diet was sorghum grains (90%), and this was the main 

source of starch, and the ingredients in the sorghum diet (Table 7.2) minimally affected the starch 

digestion parameters.  
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Figure 8.1  Digestograms of the in-vitro starch digestions of the milled field pea (A) and 

sorghum (B) grain. Values in ( ) are DgwG. 

 

 

 

 

 
 

Figure 8.2  Digestograms of the in-vitro starch digestions of the field pea (A) and sorghum 

(B) diet. Values in ( ) are DgwD. 
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Table 8.1 The parameters of the modified first-order kinetic model for the in-vitro starch digestion of the field pea and sorghum samples * 

Treatment Milled grain Diet 

DgwG  

(mm)# 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g 

dry starch) 

KST × 10-3  

(min-1) 

DgwD  

(mm) # 

D0 (g/100 g 

dry starch) 

D∞ (g/100 g dry 

starch) 

KST × 10-3  

(min-1) 

Field pea 

Fine 0.52 3.0 ± 0.1Aa 95.8 ± 4.7ABa 2.6 ± 0.1Aa 0.59 1.3 ± 1.8Aa 73.8 ± 4.9Ca 12.1 ± 0.9Aa 

Medium 0.63 2.5 ± 0.1Bb 75.9 ± 0.8Cb 2.4 ± 0.1ABa 0.63 1.0 ± 1.4Aa 70.6 ± 0.7Ca 11.7 ± 0.2Aa 

Coarse 0.88 3.0 ± 0.1Aa 91.5 ± 2.4Ba 2.0 ± 0.0Cb 0.72 1.1 ± 1.5Aa 71.2 ± 5.9Ca 10.9 ± 0.5Aa 

Very coarse 0.92 2.9 ± 0.1Aab 100.0 ± 0.0Aa 1.8 ± 0.0Db 0.75 0.0 ± 0.0Aa 80.1 ± 1.1BCa 10.6 ± 0.1Aa 

Sorghum 

Fine 0.51 0.0 ± 0.0Ca 100.0 ± 0.0Aa 2.2 ± 0.0Ba 0.47 0.0 ± 0.0Aa 100.0 ± 0.0Aa 3.3 ± 0.1Ba 

Medium 0.71 0.0 ± 0.0Ca 100.0 ± 0.0Aa 1.8 ± 0.1CDb 0.63 0.0 ± 0.0Aa 92.5 ± 6.1ABa 3.0 ± 0.1Bb 

Coarse 0.83 0.0 ± 0.0Ca 100.0 ± 0.0Aa 1.7 ± 0.0Db 0.75 0.0 ± 0.0Aa 100.0 ± 0. 0Aa 2.6 ± 0.1Bc 

Very coarse 0.90 0.0 ± 0.0Ca 100.0 ± 0.0Aa 1.7 ± 0.1Db 0.77 0.0 ± 0.0Aa 100.0 ± 0. 0Aa 2.5 ± 0.0Bc 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column 

for the same grain are not significantly different (p > 0.05).  
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 7.5 for ease of reference. 
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Figure 8.3 Cell walls in the milled field pea (A) and sorghum (B) grains 

 

 

 

 

Figure 8.4  The relationship between the reciprocal of the rate of starch (1/KST) digestion, 

and the square of the particle size (Dgw
2) for the field pea and sorghum samples. 

Field pea grain (); Field pea diet (); Sorghum grain (), Sorghum diet (); Best-

fit of field pea (Grain, ‒‒; Diet, ---); Best-fit of sorghum (Grain, ‒‒; Diet, ---). 

  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

20 30 40 50 60 70 80 90

1
/K

S
T
 

1
0

4
(s

)

Dgw
2  10-4 (cm2)

A B 



  

 155 

Table 8.2 Linear equation between the square of the particle size and the reciprocal of the rate of 

starch digestion of the field pea and sorghum samples * 

 

Sample Intercept Equation Diff × 10-

7 

r2 p-value 

Milled grain 

Field pea With 1/KST = 17.3 × 105 DgwG
2 + 18.5 × 103                         5.8 0.954 0.02 

Without 1/KST = 44.9 × 105 DgwG
2                       2.2 0.936 0.02 

Sorghum With 1/KST = 17.2 × 105 DgwG
2 + 22.9 × 103                         5.8 0.938 0.03 

Without 1/KST = 52.7 × 105 DgwG
2                       1.9 0.941 0.02 

Experimental diet 

Field pea With 1/KST = 3.3 × 105 DgwD
2 + 3.8 × 103                         30.7 0.998 0.001 

Without 1/KST = 11.4 × 105 DgwD
2                       8.8 0.982 0.01 

Sorghum With 1/KST = 15.6 × 105 DgwD
2 + 14.4 × 

103                      

6.4 0.966 0.02 

Without 1/KST = 44.8 × 105 DgwD
2                       2.2 0.954 0.02 

*Diff-ST = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the starch digestion. Non-significant relationships are not shown 

 

8.3.1.2 In-vitro protein digestion 

 

Figures 8.5 and 8.6 show that the pH values reduced as amino acids were produced during the in-

vitro protein digestion of both grain and diet samples, and that monophasic protein digestograms were 

obtained. This is consistent with the protein digestion patterns in previous chapters. The modified 

first-order kinetic model adequately described the monophasic digestograms (r2 > 0.98; p < 0.001), 

irrespective of the sample types (grain or diet), grain types (field pea or sorghum) or mill settings. 

Table 8.3 summarises the parameters from the model and the apparent in-vitro protein digestibility 

(IVPD) of the milled grains and diets, which was calculated as before (Eqn. 4.4). The values of the 

in-vitro digestion parameters obtained from this study are similar to those from Appendices 5 and 6, 

where the same varieties of field pea (var. Walana) and sorghum (var. MR43) were used.  

 

Table 8.3 shows that mill settings significantly (p ≤ 0.05) affected the rate of in-vitro protein 

digestion, while the other digestion parameters were not significantly (p > 0.05) dependent on the 

mill settings. Although there was a grain difference, Table 8.3 also shows that with about the same 

particle size, the field pea proteins digested more than the sorghum proteins. The interactions of 

sorghum starch-protein could have affected not only starch but protein digestibility, as discussed 

before (6.3.3), but this is less widely emphasised in the literature. The present study is amongst the 

pioneering ones on simultaneous starch and protein digestion of sorghum and grains, and the results 

obtained are valuable in understanding in-vitro digestion of these grains. 
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Figure 8.5  Digestograms of the in-vitro protein digestion of the milled field pea (A) and 

sorghum (B) grain. Values in ( ) are DgwG. 

 

 

 

 

 

Figure 8.6  Digestograms of the in-vitro protein digestion of the field pea (A) and sorghum 

(B) diet. Values in ( ) are DgwD. 
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Table 8.3 The parameters of the modified first-order kinetic model for the in-vitro protein digestion of the field pea and sorghum samples * 

 

Treatment Milled grain Diet 

DgwG  

(mm)# 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein)† 

KPR × 10-3 

 (min-1) 

DgwD  

(mm) # 

ΔpH  

(= pH0 − pH∞) 

IVPD (g/100 g  

dry protein) 

KPR × 10-3 

 (min-1) 

Field pea 

Fine 0.52 0.89 ± 0.05Aa 91.3 ± 1.1Aa 330.8 ± 0.5Aa 0.59 0.63 ± 0.01Aab 84.0 ± 0.0Aa 352.3 ± 41.4CDa 

Medium 0.63 0.86 ± 0.13Aa 90.3 ± 3.2Aa 287.3 ± 1.5Bb 0.63 0.65 ± 0.06Aa 83.1 ± 1.3Aa 309.2 ± 19.5Da 

Coarse 0.88 0.77 ± 0.02Aa 88.7 ± 0.2Aa 257.0 ± 8.2Cc 0.72 0.75 ± 0.02Ab 86.1 ± 0.6Aa 303.4 ± 20.0Da 

Very coarse 0.92 0.77 ± 0.13Aa 85.9 ± 1.5Aa 203.5 ± 2.6Dd 0.75 0.67 ± 0.04Aab 84.6 ± 1.3Aa 277.0 ± 19.7Da 

Sorghum 

Fine 0.51 0.33 ± 0.01Ba 78.9 ± 0.4Ba 189.7 ± 13.2DEa 0.47 0.67 ± 0.06Aa 85.0 ± 1.1Aa 599.9 ± 15.9Aa 

Medium 0.71 0.39 ± 0.16Ba 79.0 ± 1.4Ba 165.4 ± 5.3EFab 0.63 0.64 ± 0.00Aa 84.1 ± 0.6Aa 508.4 ± 7.7ABab 

Coarse 0.83 0.40 ± 0.03Ba 79.2 ± 1.0Ba 148.6 ± 3.1FGbc 0.75 0.66 ± 0.03Aa 84.5 ± 0.1Aa 479.0 ± 12.8Bab 

Very coarse 0.90 0.37 ± 0.09Ba 79.2  ± 1.9Ba 130.7 ± 5.7Gc 0.77 0.68 ± 0.11Aa 84.6 ± 2.4Aa 432.3 ± 56.3BCb 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same grain are not significantly different (p > 0.05). 
†This was defined relative to casein (casein from bovine milk; Sigma C7078), a control protein IVPD = 100 g/100 g dry protein; ΔpH = 1.58 ± 0.07; KPR × 10-3 = 522.7 ± 0.11. 
#Dgw for the grains (DgwG) and diets (DgwD) were repeated from Table 7.5 for ease of reference. 
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Figure 8.7 shows the relationship between the reciprocal of the rate of in-vitro protein digestion 

(1/KPR) and the square of particle size (Dgw
2), a significant relationship was obtained for both the field 

pea and sorghum. The apparent diffusion coefficients (Diff-PR) are summarised in Table 8.4, to indicate 

that the proteases diffused into the milled grains at an apparent rate of 270 × 10-7 cm2s-1 for the field 

pea and 160 × 10-7 cm2s-1 for the sorghum. The ingredients changed this to 240 × 10-7 cm2s-1 for the 

field pea diet and 390 - 1,110 × 10-7 cm2s-1 for the sorghum diet. Although the ingredients contained 

protein materials (Table 7.2), the apparent protease diffusion into the field pea diet was not 

significantly different from the field pea grain. Therefore, there were minimal effects of non-field pea 

proteins on the protein digestion of the field pea diet. The protein ingredients (e.g. casein) in the 

sorghum diets were relatively highly digestible, and probably enhanced the protein digestibility of 

the sorghum diets, such that the apparent Diff-PR values into the milled grains were different with and 

without the diet ingredients. 

 

The rates of starch and protein digestion for the samples are different (Figure 8.8), with the latter 

being higher than the former (grain, field pea - 124 times, sorghum - 85 times; diet, field pea - 27 

times, sorghum - 177 times).  

 

As done for the starch digestion parameters, we analysed year (2013 and 2014) effects on the protein 

digestion parameters of the grains, and while there was a difference (χ2-test, p ≤ 0.05) in the apparent 

diffusion coefficient, there were no significant differences (χ2-test, p > 0.05) in the other parameters. 

In the absence of pronounced year effects on the starch and protein digestions of the field pea and 

sorghum grains, we examined the relationship between the rates of the digestions reported in 

Appendices 4 - 6 and 8. Consistently, the rate of protein digestion was much higher than the rate of 

starch digestion: 

 

Field pea (var. Walana): 

KPR-FIELD PEA (2012-2014) = 48.4 KST-FIELD PEA (2012-2014) (r
2 = 0.651, p < 0.001) 

 

Sorghum (var. MR3): 

KPR-SORGHUM (2013-2014) = 76.8 KST-SORGHUM (2013-2014) (r
2 = 0.989, p < 0.001) 
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Figure 8.7  The relationship between the reciprocal of the rate of protein (1/KPR) digestion, 

and the square of the particle size (Dgw
2) of the field pea and sorghum samples. 

Field pea grain (); Field pea diet (); Sorghum grain (), Sorghum diet (); Best-

fit of field pea (Grain, ‒‒; Diet, ---); Best-fit of sorghum (Grain, ‒‒; Diet, ---). 

 

 

Table 8.4 Linear equation between the square of the particle size and the reciprocal of the rate of 

protein digestion of the field pea and sorghum samples 

 

Sample Intercept Equation Diff 
*× 10-7 r2 p-value 

Milled grain 

Field pea Without 1/KPR = 36.6 × 103 DgwG
2                       273 0.940 0.02 

Sorghum Without 1/KPR = 62.6 × 103 DgwG
2                       160 0.952 0.02 

Experimental diet 

Field pea Without 1/KPR = 41.9 × 103 DgwD
2                       239 0.986 0.005 

Sorghum With 1/KPR = 9.0 × 103 DgwD
2 + 81                    1111 0.915 0.04 

Without 1/KPR = 25.4 × 103 DgwD
2                       394 0.954 0.02 

*Diff-PR = 1/slope = Apparent diffusion coefficient (cm2 s-1) of the protein digestion. Non-significant relationships are not shown. 
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Figure 8.8  The relationship between the rates of digestion of starch (KST) and protein (KPR) 

of the field pea and sorghum samples. Field pea grain (); Field pea diet (); 

Sorghum grain (), Sorghum diet (); Best-fit of field pea (Grain, ‒‒; Diet, ---); Best-

fit of sorghum (Grain, ‒‒; Diet, ---). 

 

8.3.2 Particle size characteristics of ileal digesta 

 

Ileal digesta contain residual diet components and endogenous animal particles/secretions. In a study 

of wet-sieving of ileal digesta, Sopade et al. (2011) observed that wet fully-rehydrated diet particles 

were retained on about 125 μm sieve. In the present study, dry ileal digesta was dry-sieved, and the 

particle size of the dry ileal digesta that would be equivalent to 125 μm was estimated to know the 

cut-off size to use for the particle size characteristics of the dry digesta. 

 

Table 8.5 shows the water absorption index and volume change of the milled grains and diets, and it 

reveals no significant (p > 0.05) effects of grain, milling or diet ingredients. Assuming spherical 

particles are retained during wet- and dry-sieving, the volume of a sphere is defined as in Eqn. 8.3, 

while the volume (VD) of a dry spherical particle of size dD (or rD) that uniformly hydrates to a known 

wet particle size (dW or rW) is estimated by Eqn. 8.4. Eqn. 8.4 uses the volume change, and although 

water absorption index (WAI) is based on weight changes, it can be used (Eqn. 8.5), to a reasonable 

approximation, to estimate the volume of a dry spherical particle that uniformly hydrates to a known 

wet particle size. 
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V = 
4

3
 π r3 or  

1

6
 π d

3
                     (8.3) 

 

 

 

VD∆V = 
VW

∆V + 1
                     (8.4) 

 

 

 

VDWAI ≈ 
VW

WAI + 1
                     (8.5) 

 

where, V =  volume of a sphere 

 r =  radius of a sphere 

 d =  diameter of a sphere 

 VD =  volume of a dry spherical particle of diameter dD (or radius rD); based on volume 

change (subscript, ∆V) or water absorption index (subscript, WAI) 

 VW =  volume of a wet spherical particle of diameter dW (or radius rW) 

 

Figure 8.9 shows typical light micrographs of the ileal digesta, and it reveals a range of particles in 

the digesta. Both Eqn. 8.4 and 8.5 were used to calculate the cut-off diameter for the ileal digesta 

particle size, and the average is reported in Table 8.5. From the particle size analysis (microscopy) of 

the ileal digesta, a cut-off minimum diameter of 75 μm was selected, and particle sizes below this 

value were judged to be due to endogenous particles and, therefore, discarded in the analysis. Table 

7.5 shows that the particle sizes of the diets ranged from 470 - 770 μm, and a particle size of 1,000 

μm was used as the cut-off maximum diameter. Using these boundaries (75 - 1000 μm), Figure 8.10 

shows typical particle size distributions of the ileal digesta, which was used (ASABE, 2008) to 

calculate the particle size characteristics (Dgw and Sgw) of the ileal digesta. 
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Fine field pea - 480 min. Fine sorghum - 480 min. 

  
Medium field pea - 480 min. Medium sorghum - 480 min. 

  
Coarse field pea - 480 min. Coarse sorghum - 480 min. 

  
Very coarse field pea - 480 min. Very coarse sorghum - 480 min. 

 

Figure 8.9 Ileal digesta samples of field pea and sorghum  

100 μm 
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Table 8.5 Hydration properties of the field pea and sorghum diets* 

 

Treatment DgwD 

(mm)# 

Water absorption index Average cut-off 

Dgw(μm)† By weight (g/g solids) By volume (mL/mL) 

Grain Diet Grain Diet 

Field pea 

Fine 0.59 2.71 ± 0.06Aa 1.38 ± 0.08Aa 3.05 ± 0.00Aa 3.72 ± 0.41Aa 84 

Medium 0.63  2.63 ± 0.03Aa 1.36 ± 0.07Aa 2.80 ± 0.11Aa 3.19 ± 0.17Aa 86 

Coarse 0.72 2.62 ± 0.13Aa 1.33 ± 0.06Aa 3.01 ± 0.00Aa 3.25 ± 0.17Aa 86 

Very coarse 0.75 2.58 ± 0.01Aa 1.34 ± 0.07Aa 3.26 ± 0.23Aa 3.34 ± 0.16Aa 85 

Sorghum 

Fine 0.47 1.86 ± 0.04Ba 1.75 ± 0.08Aa 2.66 ± 0.27Ba 3.83 ± 0.43Aa 82 

Medium 0.63 1.83 ± 0.03Ba 1.75 ± 0.01Aa 2.60 ± 0.29Ba 3.17 ± 0.30Aa 83 

Coarse 0.75 1.81 ± 0.10Ba 1.72 ± 0.11Aa 2.72 ± 0.08Ba 3.05 ± 0.27Aa 84 

Very coarse 0.77 1.71 ± 0.00Ba 1.71 ± 0.09Aa 2.69 ± 0.06Ba 3.21 ± 0.02Aa 84 
*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). Values with the same lower case letters in the same column for 

the same grain are non-significant (p > 0.05). 
# DgwD of the diets were repeated from Table 7.5 for ease of reference 
†
Cut-off diameter was calculated relative to 125 μm wet diameter as dW (or 2 x rW) for use in Eqn. 8.4 and 8.5. 
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Figure 8.10 Typical particle size distributions of the ileal digesta collected at 600 min.  
Error bars are + SD. 
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The particle size distribution of the digesta revealed a similar pattern (Figure 8.10), with most 

particles of about 200 μm or less in size, and this was independent of the diet treatments or grains. 

This indicated a substantial particle size reduction in the gastrointestinal tract. Churning, grinding and 

particle-particle collusion, which result from physiological changes in the tract, normally reduce feed 

particle size. Gastric emptying is reported not to occur until feed particles are less than 2 mm (Low, 

1990), and residence time distribution of the diets (Appendix 7) revealed extensive mixing 

particularly in the stomach, and this could have substantially reduced the diet particle sizes.  

 

The particle size characteristics (DgwI and SgwI) of the ileal digesta samples were independent of the 

collection times (Figure 8.11), and grains and diet treatments (Table 8.6).  The largest particles from 

the ileal digesta ranged from 0.4 - 0.5 mm, and also showed no grain, diet treatment or digesta 

collection time effects. As highlighted above, the ileal digesta particles were substantially smaller 

than the corresponding diets, with the size reduction ratio (DgwD/DgwI) that varied from 3 - 5. This 

points to an efficient particle size reduction phenomenon, and the high mixing index calculated from 

the residence time distributions of the diets could have been responsible for the high size reduction 

ratios. We are unaware of any simultaneous study of residence time distribution and particle size 

reduction that could be compared to the results in this thesis. Various studies on residence time 

distribution did not report on particle size of digesta. It is worth noting in Table 8.6 that the standard 

deviation of the geometric particle size (SgwI), an index of particle size dispersion, was effectively 

identical, irrespective of the grains, digesta collection times and diet treatments.  

 

Table 8.6 Particle size characteristics of the ileal digesta and starch digestibility of the diets* 

 

Treatment Particle size of diet  Particle size of ileal digesta Largest 

particle size 

retained (mm) 

Ileal starch 

digestibility 

(%) 
DgwD 

(mm)# 

SgwD 

(mm)# 

DgwI 

 (mm) 

SgwI  

(mm) 

Field pea 

Fine 0.59Da 0.49Ca 0.16 ± 0.04Aa 0.11 ± 0.05Aa 0.43 ± 0.17Aa 95.3 ± 14.4Aa 

Medium 0.63Cb 0.51Ca 0.16 ± 0.05Aa 0.12 ± 0.07Aa 0.41 ± 0.16Aa 98.0 ± 0.9Aa 

Coarse 0.72Bc 0.66Bb 0.16 ± 0.04Aa 0.11 ± 0.04Aa 0.41 ± 0.14Aa 97.5 ± 1.9Aa 

Very 

coarse 

0.75Ad 0.73Ac 0.18 ± 0.06Aa 0.12 ± 0.06Aa 0.42 ± 0.15Aa 96.6 ± 5.0Aa 

Sorghum 

Fine 0.47Ea 0.37Da 0.16 ± 0.05Aa 0.11 ± 0.07Aa 0.40 ± 0.14Aa 97.0 ± 3.6Aa 

Medium 0.63Ca 0.48Cb 0.16 ± 0.05Aa 0.11 ± 0.06Aa 0.47 ± 0.17Aa 96.7 ± 3.3Aa 

Coarse 0.75Ab 0.66Bc 0.17 ± 0.05Aa 0.12 ± 0.06Aa 0.43 ± 0.17Aa 97.0 ± 3.1Aa 

Very 

coarse 

0.77Ac 0.74Ad 0.16 ± 0.04Aa 0.12 ± 0.04Aa 0.47 ± 0.15Aa 94.6 ± 8.4Aa 

*Values with the same capital letters in the same column for all the treatments are not significantly different (p > 0.05). 

Values with the same lower case letters in the same column for the same grain are non-significant (p > 0.05). 
# DgwD and SgwD of the diets were repeated from Table 7.5 for ease of reference. 
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Figure 8.11 Particle size characteristics of the ileal digesta by time. Dgw (), Sgw ().
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 8.3.3 Ileal starch digestibility 

 

The ileal starch digestibility of the diets ranged from 95 - 98% (Table 8.6), and this was independent 

of the grains and settings. Although starch digestibility values (not shown) were obtained from 

samples before the first appearance of the marker (transit time, τ, Table 7.6), these were regarded to 

be from the diets without the marker. Canibe and Knudsen (1997) studied ileal starch digestibility of 

field pea, and obtain high values (> 90%), which are consistent with the results from the present study. 

 

Figure 8.12 shows that the ileal starch digestibility of the field pea and sorghum was also not 

dependent on the digesta collection time. The results on the ileal digestibility appeared to be a 

consequence of other measured characteristics of the digesta. Appendix 7 discussed the high 

residence time distribution parameters that indicated extensive mixing in the stomach, where the feed 

particles could have been substantially broken down. The particle size characteristics of the ileal 

digesta showed a high size reduction ratio, as highlighted above. Although starch digestion or 

amylolysis is limited in the stomach, the reduced particle size would have increased the surface area 

of the feed particles available for digestion. Hence, the measured high starch digestibility of the 

samples is not unexpected for the sizes of particles surviving to the ileum. Moreover, the particle 

sizes of the milled grains (Dgw = 0.50 - 0.90 mm, Sgw = 0.40 - 0.90 mm) and diets (Dgw = 0.50 - 0.80 

mm, Sgw = 0.40 - 0.70 mm) are narrow, and they possibly indicate that the particle size range 

investigated, was within the optimum for the grains. As indicated in Appendices 5 and 6, field pea 

and sorghum could be milled to this range with minimum particle size effects on growth performance 

and digestibility. The residence time distribution, particle size and digestibility (in-vitro and in-vivo) 

parameters were not correlated possibly because they are all within the optimum particle size ranges 

for the grains. 

 

In order to understand the status of starch and other diet components during the course of passage in 

the gastrointestinal tract, confocal microscopy was done, and Figures 8.13 and 8.14 reveal pockets of 

starch granules that were independent of the collection time. Starch granules (green bodies) can be 

seen in intact cells (Figures 8.13 and 8.14), and there appeared to be more intact cells in the ileal 

digesta from the field pea than the ileal digesta from the sorghum. This is expected because of more 

robust cell walls in legumes/pulses than cereals. There were also starch granules separated from the 

cells in the ileal digesta (Figures 8.13 and 8.14). Red colourations were seen in both figures, and these 

could indicate cell wall remnants and/or protein bodies were observable, but in no particular pattern. 
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Figure 8.12  Ileal starch digestibility by time of the field pea and sorghum samples. 

First appearance of the marker, τ (⁞).  
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Fine pea - 60 min. Fine pea - 120 min. Fine pea - 240 min. Fine pea - 420 min. 

    
Coarse pea - 90 min. Coarse pea - 480 min. Coarse pea - 600 min. Coarse pea - 720 min. 

 

Figure 8.13 Confocal laser scanning micrographs of digesta samples of field pea (Green bodies are starch granules) 

  

20 μm 
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Medium sorghum - 90 min. Medium sorghum - 240 min. Medium sorghum - 360 min. Medium sorghum - 720 min. 

    
Very coarse sorghum - 0 min. Very coarse sorghum - 300 min. Very coarse sorghum - 420 min. Very coarse sorghum - 600 min. 

 

Figure 8.14 Confocal laser scanning micrographs of digesta samples of sorghum (Green bodies are starch granules) 

  

20 μm 
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8.4 Conclusion 

 

The in-vitro digestion results suggest that when an Australian variety of field pea (Walana) and 

sorghum (MR43) was disc-milled under commercial conditions, the reduced particle size affected 

the rate of starch and protein digestion of the milled grains and diets. However, the particle size 

reduction did not affect the ileal starch digestibility, the values of which were all high and ranged 

from 95 - 98%. High ileal starch digestibility has been reported previously, but the values in this 

present study could be consequences of the high surface area for pancreatic digestion due to a high 

size reduction ratio of the ileal digesta. The particle sizes of the ileal digesta samples were 

independent of the grains, diet treatments and digesta collection times; the three factors that did 

not significantly affect the ileal starch digestibility. Despite possible particle agglomerations, the 

largest ileal particle size retained ranged from 0.4 - 0.5 mm, while the particle sizes of the diets 

that were fed varied from 0.5 - 0.8 mm on average. The particle size of the ileal digesta samples 

did not correlate with that of the diets. The high ileal starch digestibility was also thought to be 

due to extensive mixing that was inferred from the residence time distributions of the diets 

(Appendix 7). However, there were no correlations between the ileal starch digestibility, particle 

size characteristics of the ileal digesta and residence time distribution.  

 

The results indicate that the particle size range (0.5 - 0.9 mm) of the milled field pea and sorghum 

grains studied was within the optimum for the grains. Hence, from the results in Appendices 5 and 

6 for weaner pigs, and in this section for grower pigs, when field pea and sorghum are milled to 

their optimum particle size ranges, there are no substantial effects on growth performance and 

digestibility, irrespective of the mill types, grains and animal stages. 
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