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M. Sc. 

ABSTRACT 

STANLEYLEUNG 

Bioresource Engineering 

THE EFFECT OF CLINOPTILOLITE PROPER TIES AND 
SUPPLEMENTA TION LEVELS ON SWINE PERFORMANCE 

Clinoptilolite is a zeolite and an aluminosilicate that can be fed to swine in order 

to reduce nutrients being excreted because of their molecular sieving properties, high 

cation exchange capacities, and a high affinity for the ammonium ion (NH4 +). 

Preliminary research has been carried out on utilizing zeolite's unique characteristics for 

dietary supplementation for livestock, however much of this research is limited and is still 

in its infancy. 

The first objective ofthe project was to establish the clinoptilolite particle size 

which would optimize both the feed additive value and the handling of the material. 

Thus, experiments were performed in order to characterize the chemical and physical 

properties of zeolite. The NH4 + adsorption and macro mineraI and heavy metal 

desorption characteristics of several clinoptilolites were evaluated under conservative 

conditions and simulating those found inside a pig's stomach, for different particle size 

distributions and geographic sources of zeolite. Experiments involving physical 

properties of zeolite looked at the relationship between moisture content and particle size 

distribution of the zeolite powder to determine the effect on flowability of zeolite under 

bulk storage conditions. 

The effect of zeolite as a feed additive, at inclusion levels of 0, 2, 4 and 6%, in 

two standard swine diets (high and low protein), was investigated through pig 

performance, carcass quality and organ and tissue heavy metal concentration 

measurements. The 192 grower hogs on test initially weighed 23kg, were randomly split 

into 8 quadruplet groups of 6 (3 females and 3 males) and were fed eight different 

combinations of zeolite levels (0, 2, 4 and 6%) and two different levels of crude protein 

(C.P.) and energy. Body weight, body weight gain, feed intake, feed conversion rate, 
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carcass quality and heavy metal uptake by the liver, kidney and muscle tissue were aU 

measured. 

The results from this study show that the zeolite with a particle size distribution 

either> 250 !-lm or mixed (50% particles greater and smaUer than 250 !-lm) adsorbed the 

most NH4 +. Macro mineraI and heavy metal release was similar among aU particle size 

distributions tested, but varied between sources of zeolite. Handling properties of zeolite 

were not affected by moisture content or particle size. The feed trial indicated that zeolite 

supplementation, combined with a low crude prote in and energy diet and at an inclusion 

level of 4%, showed potential as a feed additive in swine diets for the purposes of nutrient 

reduction. Nevertheless, zeolite seemed to have a greater impact on energy ingestion, as 

compared to crude protein. Even at 6% zeolite inclusion in the feed, hog muscle, kidney 

and liver tissues showed no significant increase in heavy metal contents, as compared to 

those fed any zeolite. 
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M. Sc. 

RESUMÉ 

STANLEYLEUNG 

Génie Bioresouces 

THE EFFECT OF CLINOPTILOLITE PROPERTIES AND 
SUPPLEMENTA TI ON LEVELS ON SWINE PERFORMANCE 

La clinoptilolite est une zéolite de la famille des aluminosilicates qui peut être 

utilisée comme un additif alimentaire dans la ration des porcs afin de réduire les 

nutriments excrétés. La clinoptilolite possède des propriétés moléculaires qui la font agir 

comme un tamis, et qui lui donne une forte capacité d'échange cationique (EC) et une 

affinité spécifique aux ions ammoniums (NH4 +). Des recherches préliminaires ont 

démontrée que la clinoptilolite possède des caractéristiques uniques qui en font un additif 

alimentaire idéal pour les élevages agricoles. 

Le premier objectif de ce projet était d'établir la granulométrie de la poudre de 

zéolite qui optimiserait à la fois sa valeur alimentaire et sa manipulation. Donc, des essais 

furent réalisés afin de caractériser les propriétés physico-chimiques de la clinoptilolite. 

Dans un environnement simulant celui de l'estomac des porcs, le pouvoir d'adsorption du 

NH4 + et de désorption des macro minéraux et des métaux lourds furent évalués pour des 

clinoptilolites de granulométrie et de sources géographiques différentes. Pour évaluer 

l'écoulement de la zéolite dans les silos d'entreposage, son angle interne de friction fut 

mesuré sous diverses teneurs en humidité et avec diverse granulométrie. 

Afin de déterminer le meilleur taux d'inclusion dans la ration de porcs à 

l'engraissement, et l'effet du taux de protéine brute (P.B.) et d'énergie dans la ration 

supplémentée de clinoptilolite, 8 rations furent préparées, en utilisant soit 0, 2, 4 ou 6% 

de clinoptilolite et soit 100 ou 90% du taux normal de P.B. et d'énergie. Huit quadruples 

groupes de 6 porcs de 23kg furent alimentés avec chacune des rations et leur gain de 

poids, et conversion alimentaire furent mesurés pendant 10 semaines. La qualité des 

carcasses et la teneur en métaux lourds de leur muscle, reins et foie fut évaluée à 

l'abatage. 
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Les résultats de cette étude nous montrent qu'une granulométrie de > 250 ~m ou 

mélangée (50% > 250 ~m et 50% < 250 ~m) optimise l'absorption de l'ammonium dans 

l'estomac de l'animal et la manutention du produit en poudre. L'angle de friction interne 

de la clinoptilolite ne fut pas influencé par son taux d'humidité ni sa granulométrie, pour 

la gamme de valeurs testées. 

Les expériences ont aussi démontrées que l'utilisation de la clinoptilolite à un taux 

de 4%, dans une moulée à faible teneur en P.B. et en énergie (90% de la normale) pourrait 

améliorer la conversion alimentaire des porcs à l'engraissement. Cependant, la zéolite 

semble avoir un impact plus important sur l'ingestion de l'énergie comparativement à 

l'ingestion de la P.B. Même à 6% d'inclusion dans la ration, la clinoptilolite n'a pas eu 

d'effet significatif sur la teneur en métaux lourds des muscles, reins et foies des porcs à 

l'essai et en comparaison avec ceux non alimentés de zéolite. 

v 



ACKOWLEDGEMENTS 

1 would like to thank my advisor, Dr. Suzelle F. Barrington for your guidance, 

wisdom, hard work and inspiration throughout my entire graduate studies experience and 

for providing me the wonderful opportunity to study with you. 1 am looking forward to 

any opportunities to work further with you in the future. 

To my co-supervisor Dr. Xin Zhao, 1 thank you for your insight and leadership 

throughout this project, it was a real pleasure to work with you. During my field 

experience 1 had the pleasure ofworking with Mr. Dennis Hatcher for whom 1 would like 

to thank for all the hard work and rides across the bridge! 1 would also like to recognize 

the contribution of Ming Kuei Huang, thank you for all the hard work and sharing your 

knowledge. Thank you Dr. Roger I. Cue for all the statistical direction throughout my 

studies here. 

For lending me your equipment and use ofyou laboratory facilities, Dr. Ferri 

Hassani, Dr. Edward McKyes, Dr. William D. Marshall, Dr. Shiv O. Prasher and Dr. John 

Sheppard 1 thank you aIl. 

Aiso a big thank you to the soon to be Dr. Timothy J. Rennie your help and 

support was inspiring. Mr. Bassam El Husseini thank you very much for all your 

assistance, 1 really appreciate it. For the supply of zeolite 1 would like to thank Mr. 

Guillmain. 

To all the prof essors at the Department of Biosystems Engineering at the 

University of Manitoba thank you for all your hard work and devotion to quality 

education. 

Etemal thanks to my extended Québec family: Johanne Breton, Mathieu Gagné, 

Florence Lachenaud, Céline Monfils, Élizabeth Paulet, Guillaume Pilon, Danaë Pitre and 

Cédrick Pouliot, you have all contributed so much to the enrichment of my life. 

My brothers Jon Brown, Darryl Kinaschuk, JeffMah, Frank Mutya and Marc 

Vermette 1 will always be there for you guys just as you have been for me. 

My parents Albert and Maisie Leung 1 love you both very much, your 

unconditionallove, support and devotion to me is indescribable. None ofthis would be 

possible without you. 

vi 



FORMAT OF THESIS 

The following thesis conforms to the manuscript-based thesis format which has 

been approved by the Faculty of Graduate Studies and Research, McGill University. 

This thesis follows the conditions outlined under "Thesis preparation and submission 

guidelines, section 1, Thesis preparation, part C., Manuscript-based thesis" which 

states: 

"As an alternative to the traditional thesis format, the dissertation can consist of a collection of 
papers of which the student is an author or co-author. These papers must have a cohesive, unitary 
character making them a report of a single program of research. The structure for the manuscript
based thesis must conform to the following: 

1. Candidates have the option of including, as part of the thesis, the text of one or more papers 
submitted, or to be submitted, for publication, or the clearly-duplicated text (not the reprints) of one 
or more published papers. These texts must conform to the "Guidelines for Thesis Preparation" with 
respect to font size, line spacing and margin sizes and must be bound together as an integral part of 
the thesis. (Reprints of published papers can be included in the appendices at the end of the thesis.) 

2. The thesis must be more than a collection of manuscripts. Ali components must be integrated into 
a cohesive unit with a logical progression from one chapter to the next. In order to ensure that the 
thesis has continuity, connecting texts that provide logical bridges preceeding and following each 
manuscript are mandatory. 

3. The thesis must conform to ail other requirements of the "Guidelines for Thesis Preparation" in 
addition to the manuscripts. 

The thesis must include the following: 

1. a table of contents; 
2. a brief abstract in both English and French; 
3. an introduction which clearly states the rational and objectives of the research; 
4. a comprehensive review of the Iiterature (in addition to that covered in the introduction to 

each paper); 
5. a final conclusion and summary; 
6. a thorough bibliography; 
7. Appendix containing an ethics certificate in the case of research involving human or animal 

subjects, microorganisms, living cells, other biohazards and/or radioactive material. 

4. As manuscripts for publication are frequently very concise documents, where appropriate, 
additional material must be provided (e.g., in appendices) in sufficient detail to allow a clear and 
precise judgement to be made of the importance and originality of the research reported in the 
thesis. 

5. In general, when co-authored papers are included in a thesis the candidate must have made a 
substantial contribution to ail papers included in the thesis. In addition, the candidate is required to 
make an explicit statement in the thesis as to who contributed to such work and to what extent. 
This statement should appear in a single section entitled "Contributions of Authors" as a preface to 
the thesis. The supervisor must attest to the accuracy of this statement at the doctoral oral defence. 
Since the task of the examiners is made more difficult in these cases, it is in the candidate's interest 
to c1early specify the responsibilities of ail the authors of the co-authored papers. 

Vll 



6. When previously published copyright material is presented in a thesis, the candidate must include 
signed waivers from the publishers and submit these to the Graduate and Postdoctoral Studies 
Office with the final deposition, if not submitted previously. The candidate must also include signed 
waivers from any co-authors of unpublished manuscripts. 

7. Irrespective of the internaI and external examiners reports, if the oral defence committee feels 
that the thesis has major omissions with regard to the above guidelines, the candidate may be 
required to resubmit an amended version of the thesis. See the "Guidelines for Doctoral Oral 
Examinations," which can be obtained from the web (http://www.mcgill.ca/fgsr). Graduate 
Secretaries of departments or from the Graduate and Postdoctoral Studies Office, James 
Administration Building, Room 400, 398-3990, ext. 00711 or 094220. 

8. In no case can a co-author of any component of such a thesis serve as an external examiner for 
that thesis. " 

V111 



CONTRIBUTION OF AUTHORS 

The work presented in this thesis was performed by the candidate and supervised 

by Dr. S. F. Barrington of the Department of Bioresource Engineering, Macdonald 

Campus of Mc Gill University, Montréal, Québec, Canada. The research project was at 

the Macdonald Campus of McGill University, Downtown Campus of Mc Gill University, 

and Macdonald Campus Swine Complex on the Macdonald Campus of Mc Gill 

University. The authorship for the papers are 1) S. Leung, S. F. Barrington, X. Zhao, and 

B. El Husseini, 2) S. Leung, S. F. Barrington, X. Zhao, M.-K. Huang, R.I. Cue and S.O. 

Prasher for the papers in Chapters IV and V, respectively. 

IX 



TABLE OF CONTENTS 

ABSTRACT ....................................................................................................................... ii 
, 

RESUME ........................................................................................................................... iv 

ACKOWLEDGEMENTS ............................................................................................... vi 

FORMAT OF THESIS ................................................................................................... vii 

CONTRIBUTION OF AUTHORS ................................................................................. ix 

TABLE OF CONTENTS .................................................................................................. x 

LIST OF T ABLES ......................................................................................................... xiv 

LIST OF FIGURES ....................................................................................................... xvi 

NOMENCLATURE ....................................................................................................... xix 

1. GENERAL INTRODUCTION .................................................................................... 1 

II. GENERAL OBJECTIVES AND SCOPE ................................................................. 6 

2.1 Objectives ................................................................................................................. 6 

2.2 Scope ......................................................................................................................... 7 

III. LITERA TURE REVIEW .......................................................................................... 8 

3.1 Use of Manure in Agriculture ................................................................................ 8 

3.2 Composition of Pig Manure ................................................................................... 9 

3.3 Environmental Concerns ...................................................................................... 10 

3.4 Environmental Impacts of Increased Nutrients ................................................. 10 

3.4.1 Forest ecosystems ............................................................................................. 10 

3.4.2 Lake ecosystems ............................................................................................... 11 

3.4.3 Ground water ..................................................................................................... 12 

3.5 Methods to Reduce Nutrient Excretion in Swine ............................................... 14 

3.5.1 Diet manipulation .............................................................................................. 15 

3.5.1 a Phosphorus (Phytase) .................................................................................. 15 

3.5.1 b Nitrogen ...................................................................................................... 16 

3.5.1 b.i Ideal protein concept.. ........................................................................... 17 

3.5.1 b.ii Phase feeding ....................................................................................... 18 

3.5.1c Zeolite .......................................................................................................... 19 

3.5.2 Stimulation ofpractical solutions at the farm level .......................................... 22 

x 



3.5.3 Physieal treatment of animal manure to reduee nutrient los ses ........................ 23 

3.5.3a Solid-liquid separation ................................................................................ 23 

3.5.3b Meehanieal separation ................................................................................. 24 

3.5.3b.i Sloping stationary sereen ...................................................................... 24 

5.3.3b.ii Vibrating sereen ................................................................................... 25 

3.5.3b.iii Centrifuges/hydro-eyclones ................................................................ 25 

3.5.3b.iv Presses ................................................................................................. 26 

3.5.3e Chemieal treatment ..................................................................................... 28 

3.5.3d Anaerobie treatment .................................................................................... 29 

3.5.3d.i Continuously Stirred Tank Reaetor (CSTR) ......................................... 30 

3.5.3d.ii Plug flow digester ................................................................................ 31 

3.5.3d.iii Anaerobie lagoons .............................................................................. 31 

3.5.3e Aerobic treatment ........................................................................................ 32 

3.5.3e.i Aeration proeess .................................................................................... 33 

3.5.3e.ii Triekling filter ...................................................................................... 33 

3.5.3e.iii Aetivated sludge (suspended growth) ................................................. 34 

3.5.3fSequencing Bateh Reaetors (Combined Aerobic/Anaerobie Proeesses) ..... 35 

3.5.4 Transgenie pig ................................................................................................... 36 

CONNECTING TEXT ................................................................................................... 37 

IV. EFFECT OF PHYSIO-CHEMICAL PROPERTIES OF CLINOPTILOLITE 

ON ITS PERFORMANCE AS A FEED ADDITIVE FOR SWINE .......................... 38 

4.1 Introduction ........................................................................................................... 38 

4.2 Objective ................................................................................................................ 40 

4.3 Materials and Methods .................................................................. ....................... 40 

4.3.1 Experimental zeolites ........................................................................................ 40 

4.3.2 Mineral desorption and ammonium adsorption methodology ......................... .41 

4.3.3 Bulk shear test methodology ............................................................................ .42 

4.3.4 Statistieal analysis ............................................................................................. 43 

4.3.4a NH4 + adsorption .......................................................................................... 43 

4.3.4b MineraIs released versus NH/ adsorbed ................................................... .43 

4.3.4e Heavy metal release .................................................................................... 44 

Xl 



4.3.4d Shear test ..................................................................................................... 44 

4.3.4e Parameters of the models ............................................................................ 44 

4.4 Results and Discussion .......................................................................................... 44 

4.4.1 NH4 + adsorption and mineraIs released under neutral pH ................................ 44 

4.4.2 NH/ adsorption and mineraIs released under acidic pH ................................. .47 

4.4.3 Angle of internai and wall friction ofKMI zeolite .......................................... .48 

4.4.4 Storage bin flow pattern ofKMI zeolite .......................................................... .48 

4.5 Conclusions ............................................................................................................ 49 

4.6 Acknowledgements ................................................................................................ 50 

4.7 References .............................................................................................................. 50 

CONNECTING TEXT ................................................................................................... 65 

V. THE EFFECT OF CLINOPTILOLITE ON PIG PERFORMANCE, CARCASS 

QAULITY, AND HEAVY METAL CONCENTRTATIONS IN THE LIVER, 

KIDNEY AND MUSCLE TISSUE ................................................................................ 66 

5.1 Introduction ........................................................................................................... 66 

5.2 Objective ................................................................................................................ 67 

5.3 Materials and Methods ......................................................................................... 68 

5.3.1 Materials ............................................................................................................ 68 

5.3.2 Experimental diets ............................................................................................. 68 

5.3.3 Data collection (growth measurements) ........................................................... 69 

5.3.4 Statistical analysis ............................................................................................. 69 

5.3.4a Final statistical models for overall analysis ................................................ 70 

5.3.4b Final statistical models for weekly analysis ................................................ 70 

5.3.4c Feed intake, feed conversion rate models ................................................... 70 

5.3.4d Carcass quality model (fat percentage, muscle percentage, and carcass 

index) ..................................................................................................................... 70 

5.3.4e Heavy metal concentration in liver, kidney, and muscle ............................ 70 

5.3.4fParameters of the models ............................................................................. 70 

5.3.5 Animal care ....................................................................................................... 71 

5.4 Results and Discussion .......................................................................................... 71 

5.4.1 Pig Performance ................................................................................................ 71 

XlI 



5.4.2 Effect of Zeolite on Pig Performance ............................................................... 72 

5.4.3 Carcass Quality ................................................................................................. 74 

5.4.4 Heavy metal release .......................................................................................... 75 

5.4.5 Ameliorative effects of clinoptilolite ................................................................ 76 

5.4.6 rail biting .......................................................................................................... 76 

5.4.7 Feeder jams ....................................................................................................... 77 

5.5 Conclusions ......................................................................................................... ... 78 

5.6 References ................................. ............................................................................. 79 

VI. GENERAL DISCUSSION AND CONCLUSIONS ............................................... 90 

REFEREN CES ................................................................................................................ 94 

X111 



LIST OF TABLES 

Table 3.1: Nutrient Values in Swine Manure (Live stock waste handbook, 1985) .............. 9 

Table 3.2: Nitrogen consumption, retention and losses in the production of a standard pig 

(kg/pig produced) in Denmark (DK), France (F) and The Netherlands (NL) 

(Dourmad et al., 1999b) ................................................................................... 17 

Table 3.3: Ideal Amino Acid Patterns for Pigs in Three Weight Categoriesa (Baker, 1996) 

.......................................................................................................................... 17 

Table 3.4: The effect ofphase feeding on nitrogen excretion (Honeyman, 1993) ............ 18 

Table 3.5: Effects of Adding 0, 1,2,3% Zeolite A (trial 3) or 0,2.5,5.0, 7.5% 

clinoptilolite of 85 ± 5% purity (Trial 4) to starter diets on nitrogen balancea 

(Shurson et al., 1984) ....................................................................................... 21 

Table 3. 6: Percentage mineraI retentiona in pigs supplemented 0, 1,2,3% Zeolite A 

(Trial 3) or 0, 2.5,5.0, 7.5% clinoptilolite of85 ± 5% purity (Trial 4) in starter 

diets (Shurson et al., 1984) ............................................................................... 22 

Table 3.7: Performance of Mechanical Separators on Swine Manure (Zhang and 

Westerman, 1997) ............................................................................................ 24 

Table 3.8: Hydraulic retention time (days) for weIl mixed -anaerobic digesters operated 

at various temperatures (Miner et al., 2000c) .................................................. 29 

Table 4.1: Bulk composition of aIl three experimental zeolites carried out by XR 

Defraction (weight%) (Core Laboratories Canada Ltd., AB) .......................... 54 

Table 4.2: Statistical analysis (solution·company interaction) ofNH/ adsorption (meq/g 

of zeolite) ......................................................................................................... 54 

Table 4.3: Statistical analysis (company·time interaction) ofNH/ adsorption (meq/g of 

zeolite) .............................................................................................................. 54 

Table 4.4: Statistical analysis (particle size·solution·time interation) ofNH4 + adsorption 

(meq/g of zeolite) ............................................................................................. 55 

Table 4.5: Statistical analysis ofNH/ adsorption (particle size·time interaction) -

MineraIs Released (meq/g of zeolite) .............................................................. 56 

XIV 



Table 4.6: Total heavy metals released at temperature=40°C and pH=1.5 (mg/kg of 

zeolite) .............................................................................................................. 57 

Table 4.7: Heavy metal concentrations considered toxic to swine (mg/kg of zeolite) ...... 58 

Table 5.1: Experimental feed composition ........................................................................ 83 

Table 5.2: Particle size analysis offeeda 
............................................................................ 83 

Table 5.3: Bulk compostion of zeolite (weight%) ............................................................. 83 

Table 5.4: Body weight analysis (kg) ................................................................................ 84 

Table 5.5: Body weight gain analysis (kg) ........................................................................ 85 

Table 5.6: Feed intake analysis (kg) .................................................................................. 86 

Table 5.7: Feed conversion rate analysis ........................................................................... 87 

Table 5.8: Final body weight (kg) to total feed consumption (kg) ratio, crude protein ratio 

and energy ratio ................................................................................................ 88 

Table 5.9: Analysis of the effect of sex and zeolite on carcass fat percentage carried out 

by Olymel Slaughter house (Princeville, PQ) .................................................. 88 

Table 5.10: Analysis ofthe effect ofroom, sex and zeolite on carcass index carried out by 

Olymel Slaughter house (Princeville, PQ) ....................................................... 88 

xv 



LIST OF FIGURES 

Figure 1.1: Trends in residual nitrogen levels between 1981 and 1996 (Environment 

Canada, 2004) .................................................................................................... 2 

Figure 1.2: Documented sites of nutrient enrichment in Canada in 1998 (Chambers et. al. 

2001) .................................................................................................................. 3 

Figure 3.1: Canadian aquifers vulnerable to nitrate contamination (Chambers et al., 2001) 

.......................................................................................................................... 14 

Figure 3.2: Mean phosphorus retention, urinary and faecal excretion for sows, weaners 

and growing pigs in France, The Netherlands, and Denmark (Poulsen et al., 

1999) ................................................................................................................ 16 

Figure 3.3: Arrangements oftruncated cubo-octahedron (sodalite) units to enclose large 

central cavities (cages). Left = sodalite unit connected by double 4-rings of 

oxygen in the structure of synthetic zeolite A. Right = sodalite units 

connected by double 6-ring of oxygen in structure of faujasite and synthetic 

zeolites X and Y (Mumpton and Fishman, 1977) ............................................ 19 

Figure 3.4: Illustration ofmolecular sieving properties of zeolite (Mumpton and Fishman, 

1977) ................................................................................................................ 19 

Figure 3.5: Sloping Stationary Screen (Miner et al., 2000b) ............................................. 25 

Figure 3.6: Vibrating Screen Solid-Liquid Separator (Miner et al., 2000b) ...................... 25 

Figure 3.7: Horizontal decanter centrifuge (Zhang and Westerman, 1997) ...................... 26 

Figure 3.8: Hydro-cyclone (Zhang and Westerman, 1997) ............................................... 26 

Figure 3.9: Roller press (Zhang and Westerman, 1997) .................................................... 27 

Figure 3.10: Screw press separator (Zhang and Westerman, 1997) .................................. 27 

Figure 3.11: Plug flow anaerobic digester (Miner et al., 2000c) ....................................... 31 

Figure 3.12: Anaerobie Lagoon Storage (Miner et al., 2000c) .......................................... 32 

Figure 3.13: Schematic of a fixed film aerobic treatment process (Miner et al., 2000d) .. 34 

XVI 



Figure 4.1: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH4 + adsorption 

under a neutral pH at 22°C for> 250 !lm KMI zeolite in a 0.05M NH4Cl 

solution (meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and 

Zn mineraI desorption ...................................................................................... 59 

Figure 4.2: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH/ adsorption 

under a neutral pH at 22°C for < 250 !lm KMI zeolite in a 0.05M NH4CI 

solution (meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and 

Zn mineraI desorption ...................................................................................... 59 

Figure 4.3: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH4+ adsorption 

under a neutral pH at 22°C for mixed KMI zeolite in a 0.05M NH4CI solution 

(meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and Zn 

mineraI desorption ............................................................................................ 60 

Figure 4.4: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH4+ adsorption 

under a neutral pH at 22°C for> 250 !lm Steel Head zeolite in a 0.05M NH4CI 

solution (meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and 

Zn mineraI desorption ...................................................................................... 60 

Figure 4.5: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH/ adsorption 

under a neutral pH at 22°C for < 250 !lm Steel Head zeolite in a 0.05M NH4CI 

solution (meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and 

Zn mineraI desporption .................................................................................... 61 

Figure 4.6: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH4+ adsorption 

under a neutral pH at 22°C for mixed Steel Head zeolite in a 0.05M NH4CI 

solution (meq/g of zeolite). Total refers to summation of Ca, Cu, Mg, Na and 

Zn mineraI desporption .................................................................................... 61 

XVll 



Figure 4.7: Mineral (Ca, K, Mg, Na and Total) desorption and NH/ adsorption ofmixed 

KMI zeolite under a neutral pH at 22°C and pH of 1.5 at 39°C versus a mixed 

particle size commercial grade zeolite under a pH of 1.5 at 39°C (meq/g of 

zeolite). Total refers to summation of Ca, K, Mg and Na mineraI desporption 

.......................................................................................................................... 62 

Figure 4.8: Shear Stress (kN/m2
) versus Normal Stress (kN/m2

) for mixed KMI zeolite at 

0%,5%, and 10% moi sture content under normalloads of22.6, 33.6, 66.8 

kN/m2 to determine angle of internaI friction .................................................. 62 

Figure 4.9: Shear Stress (kN/m2
) versus Normal Stress (kN/m2

) for <250 /lm KMI zeolite 

at 0%,5%, and 10% moisture content under normalloads of22.6, 33.6, 66.8 

kN/m2 to determine angle of internaI friction .................................................. 63 

Figure 4.10: Shear Stress (kN/m2
) versus Normal Stress (kN/m2

) for >250 /lm KMI 

zeolite at 0%,5%, and 10% moisture content under normalloads of22.6, 33.6, 

66.8 kN/m2 to determine angle of internaI friction .......................................... 63 

Figure 4.11: Shear Stress (kN/m2
) versus Normal Stress (kN/m2

) for mixed KMI zeolite at 

5%, and 10% moisture content under normalloads of22.6, 33.6, 66.8 kN/m2 

to determine angle of wall friction ................................................................... 64 

Figure 5.1: Feed room layout ............................................................................................ 89 

XVlll 



1 

2 

3 

A 

A 
AA 

AAS 

AFM 

Al 

ANOVA 

As 

B 

BW 

BWG 

c 

Ca 

Cd 

CEC 

CH 4 

CO 

Co 

COD 

Cr 

CSTR 

Cu 

DK 

NOMENCLATURE 

Day one (abbreviation for statistical analysis) 

Day two (abbreviation for statistical analysis) 

Day three (abbreviation for statistical analysis) 

Ammonia solution (abbreviation for statistical analysis) 

Angstrom 

Amino acids 

Atomic adsorption spectrophotometer 

Atomic force microscope 

Aluminum 

Analysis of variance 

Arsenic 

Buffer solution (abbreviation for statistical analysis) 

Body weight 

Body weight gain 

company of dependant observation (KMI, Steel Head, and Commercial 

Grade Zeolite X) 

Calcium 

Cadmium 

Cation Exchange Capacity 

Methane 

Carbon Monoxide 

Cobalt 

Chemical oxygen demand 

Chromium 

Continuously stirred-tank reactors 

Copper 

Denmark 

eijk, eijkb eijklm residual error 

residual error 

XIX 



eijklmn, eijklmno residual error 

eijklmnop residual error 

F France 

FCR Feed conversion rate 

Fe Iron 

FI Feed intake 

G Greater than 250 Jlm particle size of zeolite (abbreviation for statistical 

analysis) 

GIT Gastrointestinal tract 

h hour 

H+ Hydrogen ion 

HO High Protein Diet Supplemented with 0% zeolite 

H2 High Protein Diet Supplemented with 2% zeolite 

H4 High Protein Diet Supplemented with 4% zeolite 

H6 High Protein Diet Supplemented with 6% zeolite 

HzS Hydrogen Sulfide 

ha hectare 

ICP Inductively coupled plasma 

K KMI zeolite (abbreviation for statistical analysis) 

K Potassium 

K+ Potassium ion 

L Less than 250 Jlm particle size of zeolite (abbreviation for statistical 

analysis) 

LO 

L2 

L4 

L6 

Li+ 

LS Means 

M Mixed particle size of zeolite (abbreviation for statistical analysis) 

Low Protein Diet Supplemented with 0% zeolite 

Low Protein Diet Supplemented with 2% zeolite 

Low Protein Diet Supplemented with 4% zeolite 

Low Protein Diet Supplemented with 6% zeolite 

Lithium ion 

Least Square Means (abbreviation for statistical analysis) 

xx 



m 

M 

M 

meq 

Mg 

Mo 

MSE 

N 

n 

N2 

Na 

NH3 

NH4+ 

NH4Cl 

Ni 

NL 

NS 

P 

P 

PAM 

Pb 

roomi 

roWij 

RPM 

s 

S 

SBR 

Se 

SE 

moi sture content of dependant bulk shear test observation (D, 5, and 1 D%) 

Any alkali or alkaline Earth cation in chemical formula for zeolite 

Molarity 

Milliequivalence 

Magnesium 

Molybdenum 

Mean square error 

Nitrogen 

Valence of M cation in chemical formula for zeolite 

Nitrogen 

Sodium 

Ammonia 

Ammonium ion 

Sodium Chloride (aqueous solution) 

Nickel 

The Netherlands 

Not statistically significant (P>D.l 0) 

particle size of dependant observation (> 250 Jlm, < 250 Jlm, and mixed) 

Phosphorus 

Polyacrylamide 

Lead 

the fixed effect of the kth protein level (k = H, L) zeo, = the fixed effect of 

the lth zeolite supplementation level (1 = 0,2,4,6) 

the fixed effect of the ith room (i = 1,2) 

the fixed effect of the ith row in the lh room (i = 1,2; j = 1,2). 

Revolutions per minute 

solution of dependant observation (ammonia or buffer) 

Steel Head zeolite (abbreviation for statistical analysis) 

Sequencing batch reactor 

Selenium 

Standard error (abbreviation for statistical analysis) 

XXl 



Si 

S02 

St 

t 

TKN 

TP 

TS 

VFA 

VOC 

VS 

weekn 

x 

XRD 

y 

y 

Y ijk, Y ijk1 

Yijklm 

Zn 

l-l 

the fixed effect of pig gender (m = M, F). 

Silicon 

Sulphur Dioxide 

Strontium 

time of dependant observation (1, 2, and 3 days; 4 and 24 hours) 

Total kjeldahl nitrogen 

Total phosphorus 

Total solids 

Volatile fatty acids 

Volatile organic compounds 

Volatile solids 

the fixed effect ofweek (n = 0, 2, 4,6,8, 10) 

a number from 2 to lOin chemical formula for zeolite 

X-ray diffraction 

Dependent observation 

a number from 2 to 7 in chemical formula for zeolite 

dependant observation 

dependant observation 

Zinc 

overall mean 

XXl1 



1. GENERAL INTRODUCTION 

The pork industry is a very important economic sector for Canada. It has been 

forecasted that Canadian exports of pork products will reach almost one million metric 

tons in 2004. In 2002, Canada's pork industry brought in roughly 2.1 billion dollars and 

exported nearly 800 thousand metric tons ofpork products. This placed Canada's pork 

industry 2nd in the world in net exports of pork products in 2002, only the European 

Union surpassed Canada in net exports ofpork products (USDA FAS 2004). Forecasts 

and predictions show no signs of the pork industry slowing down in Canada. However, 

the swine industry has undergone sorne significant changes in order to get where it is 

today. 

Over the last 25 years the total number of farms producing pigs in Canada has 

decreased significantly and steadily, from 63,602 in 1976 to an estimated 12,405 in 2001. 

Saskatchewan is a province which illustrates this trend very weIl. The Canadian Pork 

Council (2003) has reported approximately 1,280 pig farms in Saskatchewan in 2001, 

compared to the 12,246 pig farms that existed in 1976. This translates to approximately 

only 1/10 of the total number ofpig farms remaining in that province, or a 90% reduction 

in the number of pig farms. The province of Quebec has also seen its fair share of 

decline, going from 9,067 pig farms in 1976 to an estimated 2,430 in 2001. Thus, in 

order to keep the Canadian pork industry growing and competitive the number of animaIs 

per farm has increased tremendously. The average Canadian farm inventory has 

increased from 91 pigs per farm in 1976 to an estimated 995 in 2001. Looking at the 

province of Saskatchewan again, their average inventory increased from 40 pigs per farm 

in 1976 to an estimated 824 in 2001. This represents a staggering increase in the average 

number of pigs per farm in this province by a factor of 20 over the last 25 years. The 

province of Quebec went from an average of 178 pigs per farm in 1976 to approximately 

1,567 pigs per farm in 2001. 

These changes in the pork industry have generated many environmental concems 

coming from both the farming and non-farming rural population, which perceive 

intensive livestock operations as a major contributor to environmental problems. It is 

manure which is at the center of the two large st environmental issues facing the swine 
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industry. They are: an unbalanced nutrient cycle due to excess nutrients in swine manure 

(Nitrogen and Phosphorous in particular) and odour. 

Manure produced by animaIs has been used traditionally as a fertilizer to sustain 

crop production. This nutrient recycling process, including livestock production and the 

crop production to feed those animaIs, is a sustainable way to assure nutrients remain in 

balance. However, due to the recent trend in intensive livestock housing the volume of 

manure that is being produced by the livestock is increasing proportionally. Therefore, 

manure application to fields is putting the nutrient cycle out of balance. In many cases, 

all over Canada, the application of manure as fertilizer to fields has exceeded the nutrient 

requirements of the land at the farm level and in sorne cases, the regionallevel. Every 

province in Canada, with the exception ofB.C. and Alberta, has had an increase in 

residual nitrogen levels on over 50% of agriculturalland of at least 5 kg/ha between 1981 

and 1996 (Figure 1.1). 
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Figure 1.1: Trends in residual nitrogen levels between 1981 and 1996 (Environment 
Canada, 2004) 

Already producers in the L'Assomption, St Hyacinthe and Beauce regions, which 

market over 50% of all Quebec hogs, have exceeded the nutrient requirements of the land 

at the regionallevel. The same problem is observed in the Windsor-Georgian Bay area of 

Ontario, the Fraser Valley in B.C. and the Lethbridge area in Alberta (Figure 1.2). 
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Figure 1.2: Documented sites ofnutrient enrichment in Canada in 1998 (Chambers et. al. 
2001) 

Odours coming from intensive livestock operations may aiso prove to be as just an 

important environmental concem as soil nutrient balance, as urbanization expands onto 

agriculturalland. Methane (CH4), hydrogen sulphide (H2S) and carbon monoxide (CO) 

are gases which can build up in confinement housing of livestock and can be life 

threatening to animaIs and even humans when they reach a certain criticallimit. 

Ammonia (NH3) is another gas which can build up in livestock operations, however it is 

only considered as an irritant and not life threatening (Chénard et al. 1998). AIso, odours 

are one of the main causes of conflicts between livestock producers and their neighbours. 

In most areas hog pro duc ers represent a small minority of the population. Therefore, it is 
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imperative that they maintain a good relationship with their community. If the swine 

industry wishes to 'clean up' its public perception as polluters, solutions must be 

developed in order to control odour. Environmental authorities will not allow the swine 

industry in these regions to expand unless these environmental issues are dealt with. 

There are two possible solutions to this manure problem. One possible solution is 

to treat the manure upon excretion, transport it and distribute the manure to regions where 

nutrients are in deficit (intense cropping areas). However, this solution would not be 

economical because of the high costs involved. 

The other solution is to improve the nutrient digestibility through diet 

manipulation to reduce manure nutrient content (Honeyman 1993; Sutton et. al. 1999). 

Growing Pigs use only 30 to 35% of ingested dietary N (Nitrogen) and P (Phosphorus) 

(Jongbloed and Lenis, 1998). Diet manipulation has clearly been shown to reduce excess 

N and P in swine manure and offers the potential to assist in reducing the real or 

perceived negative effects of odours and other gaseous emissions from swine waste 

(Cromwell et al., 1998; Sutton et. al., 1999; Jongbloed and Lenis, 1998). Sutton et al. 

(1999) reviewed the potential for reduction of odorous compounds in swine manure 

through diet modification and reported that reductions in ammonia emissions by 28 to 

79% through diet modifications have been reported. 

One form of di et manipulation is the use of feed additives to improve nutrient 

utilization. Zeolite is a mineraI which is beginning to gain sorne popularity amongst 

agricultural researchers, because of its Cation Exchange Capacity (CEC), adsorption and 

related molecular sieving characteristics. 

Clinoptilolite, a species of zeolite, has a high affinity for NH4 + and K+ ions which 

is the basis for many uses that are being developed for this zeolite in agriculture. An 

unpublished article from the Manitoba Swine Update reported that through the use of 

clinoptilolite in pig feed, total non-protein nitrogen excretion was reduced by 30-50%. 

This trend was confirmed by Zimmerman (1996) from experiments carried out on feeding 

clinoptilolite to swine, it was discovered that nitrogen and phosphorous contents 

decreased with increasing amounts of clinoptilolite fed to swine. Nakaue et al. (1981) 

incorporated 10% clinoptilolite in the feed ration of poultry and concluded that ammonia 
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levels were significantly reduced. The addition of zeolites to swine diets have resulted in 

decreased NH3 emissions by 9% and H2S emissions by 7% (Cromwell et al. 1998). 
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II. GENERAL OBJECTIVES AND SCOPE 

2.1 Objectives 

The objectives ofthis research project were to evaluate the feasibility of zeolite as 

a feed additive in swine diets in order to reduce the environmental impact of their manure. 

Thus, evaluation was carried out in two main parts: 

1. A test of the chemical and physical properties of zeolite 

The experiments carried out in the chemical analysis of zeolite involved evaluation of 

NH4+ adsorption as well as the desorption of macro mineraIs (Ca, Cu, K, Mg, Na, Zn) of 

KMI zeolite over a three day period under neutral pH. Evaluation of the adsorption 

properties ofNH/ and desorption ofheavy metals (Al, As, Cd, Cu, Co, Cr, Fe, Mo, Ni, 

Pb, Se, St, Zn) of KMI zeolite was also carried out over a 24 hour period under an acidic 

pH of 1.5, in order to simulate conditions inside of a pig's stomach. 

If zeolite is to be used as a feed additive, sorne design specifications are required 

regarding the storage of this material. Therefore, experiments were carried out in order to 

characterize the physical properties of KMI zeolite involving a direct shear apparatus. 

Zeolite samples were c1assified according to partic1e size and moi sture content. Three 

different partic1e sizes were used « 250 ~m, > 250 ~m and mixture) as well as three 

different moisture contents (0%,5% and 10%). The amount ofshear stress need to cause 

a failure plane in the samples of zeolite was measured under three different normalloads. 

From this data angle of internaI friction could be calculated, angle of wall friction was 

also calculated. 

2. A feed trial consisting of feeding pigs a standard pig diet supplemented with 

various concentrations of zeolite to determine the effect on pig performance 

During the feed trial growing-finishing pigs were fed a high and low proteinlenergy diet 

supplemented with four different levels ofKMI zeolite (0, 2, 4 and 6%). Pig performance 
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was determined by measuring the effect of zeolite supplementation on body weight, body 

weight gain, feed intake, feed conversion rate, carcass quality, and heavy metals released 

in the liver, kidney and muscle tissue. Therefore the effect of zeolite supplementation 

level and its interaction with crude protein and energy level could be examined. 

2.2 Scope 

The zeolite used to supplement the pig diets in the feed trial was supplied by the 

company KMI, which cornes from a mine in Nevada, USA. 

Testing the chemical properties of zeolite was limited to ammonia adsorption and 

mineraI desorption. 

Testing the adsorption and desorption characteristics of zeolite was also limited to 

a neutral pH and a pH of 1.5, in order to simulate pH conditions in the stomach of a pig. 

The physical properties were limited to testing angle of internaI friction and angle 

of wall friction of the zeolite using only the KMI zeolite. The direct shear test method 

was employed according to procedures adapted from ASTM D 3080, by Liu and Evett 

(1997b). 

The feed trail was an ad libitum feed trial in which there were 6 pigs, 3 males and 

3 females, housed in each pen and there were 32 pens in total. Therefore this feed trial 

was limited to 24 pigs per treatment (8 different treatments) giving 196 pigs in total. 

The pigs were growing-finishing pigs and their performance was evaluated over a 10 

week period (up to 83.0 ± 5.9 kg). 
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III. LITERA TURE REVIEW 

Nutrients such as Nitrogen (N) and Phosphorus (P) are elements that are essential 

to plant growth and are naturally present in the environment. However, human activities 

such as agriculture have over loaded the amount of these nutrients (N and P) into the 

environment, namely our soil, water and air resources. This has left nutrient cycles 

unbalanced. 

Figure 1.2 of the problem statement illustrates that agricultural activities, in 

Canada, result in soil and water nutrient enrichment. Almost aIl cases of nutrient 

enrichment can be associated with the over application of manure as fertilizer to land. 

This problem results from the specialization trend of agricultural industries. Nutrient over 

loading has brought about many challenges, such as the manure disposaI regulations 

introduced by environmental authorities. Such regulations limit manure applications 

based on nutrient content and often prevent livestock operations from expanding until it 

can be proven that a balanced nutrient cycle can be sustained. This puts livestock 

producers in a difficult position because their operations have expanded so greatly, 

producing much more manure relative to the nutrients which their land base can transfer 

to crops. 

Reducing the input of nutrients into the environment is possible by reducing the amount 

of nutrients in the manure itself, thus balancing the nutrient cycle on individual farms. 

This section will discuss the environmental impacts of nutrient overloading on 

various ecosystems. This literature review will also discuss the methods which can reduce 

the amount of nutrients excreted in manure. 

3.1 Use of Manure in Agriculture 

Aimost aIl manure produced on Canadian Farms is applied to agriculturaIIand. 

Manure is an important additive to agricultural soils because it supplies both nutrients and 

organic matter. Therefore, it is the most practical and economic method of manure 

disposaI. Depending upon the type of Iivestock and the rations being fed, fresh manure 

can contain 65 to 80% of the N and P originally present in the feed. Not aIl nutrients in 
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manure are immediately available to crops, however. Sorne are tied up in organic forms 

and become available over time as the material decomposes, thereby acting as a nutrient 

source over several years. In addition, the organic matter in manure contributes to 

improved soil structure, nutrient and water-holding capacity, and drainage. Nutrients are 

lost from manure between the time it is produced and it is allowed to run off feedlots and 

from manure storage facilities. A large proportion of manure N is in the form of 

ammonium (NH4 +) and, upon exposure to air, can be converted to ammonia gas (NH3) 

and lost to the atmosphere (Chambers et. al., 2001). 

3.2 Composition of Pig Manure 

Pig manure is primarily a mixture of urine and feces, and it contains undigested 

dietary components, endogenous end products, and indigenous bacteria from the lower 

gastrointestinal tract (GIT). Manure contains a variety of organic compounds, complex to 

simple in nature, inorganic compounds, and potentially, feed additives, depending upon 

the makeup of the diet. Presented below is a table (Table 3.1) of the average values for 

the nutrient contents reported in 141 swine manure samples (Chénard et al., 1998). 

Table 3.1: Nutrient Values in Swine Manure (Livestock waste handbook, 1985). 
Swine Size (kg) TSa Na pa Ka 

Nurserypig 15.9 8.70 0.70 0.23 0.43 
Growing pig 29.5 9.29 0.69 0.23 0.47 
Finishing pig 68.0 9.18 0.69 0.22 0.46 

90.7 9.23 0.69 0.23 0.45 
Gestating sow 124.7 9.21 0.70 0.24 0.45 
Sow and litter 170.1 9.09 0.70 0.23 0.46 

Boar 158.8 9.09 0.71 0.24 0.46 
a = % based on total manure production 
TS = Total solids 
N = Total nitrogen 
P = Total phosphorus 
K = Total potassium 

Odorous volatile organic compounds (VOC), short-chain volatile fatty acids (VF A), and 

other volatile carbon-, nitrogen-, and sulfur-containing compounds from microbial 

fermentation in the GIT of pigs can be emitted immediately after feces are excreted 
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(Sutton et al., 1999). Odorous compounds are generaUy grouped as alcohols, carbonyls, 

disulfides, mercaptans, organic acids, phenols, sulfides, and volatile amines. Fifteen 

volatile organic compounds (acetic, propanoic, butanoic, 3-methyl butanoic and pentanoic 

acids, phenol, 4-methyl phenol, indole, 3-methyl indole, methanithiol, dimethyl sulfide, 

dimethyl disulfide, dimethyl trisulfide, and hydrogen sulfide) extracted from swine 

manure have been identified as the primary compounds causing odours (Adeola, 1999). 

3.3 Environmental Concerns 

Environmental concems relating to the over application of animal manure (Figure 

1.2 in Problem Statement for affected regions in Canada) can be divided into three 

categories (Jongbloed and Lenis, 1998; Jongbloed et al., 1999). Concems related to the 

soil (accumulation of nutrients) , the water (eutrophication), and the air (odours and global 

warming). Eutrophication refers to the process of over fertilization of a body of water by 

nutrients that produce more organic matter than self-purification reactions can overcome 

(Chambers et al., 2001). 

3.4 Environmental Impacts of Increased Nutrients 

In 1996, The N surplus in Canada was 7.3 kglha for the total area of agricultural 

land (68 million hectares), similarly the P surplus in Canada in 1996 was 0.8 kglha for aU 

agriculturalland (Chambers et al., 2001). The primary consequence ofnutrient addition 

is similar for aU ecosystems, namely increased plant growth. However the secondary 

consequences (e.g. changes in faunal diversity, effects on nutrient cyc1ing, impacts on 

adjacent ecosystems) differ. Outlined below are three selected types of ecosystems which 

react differently to an increase in, and type of nutrient loading. 

3.4.1 Forest ecosystems 

Fertilization studies involving single N applications have confirmed that N is the 

major limiting element for tree growth in many Canadian forest ecosystems (Weetman et 

al., 1987). Increased N deposition can lead to increases in forest growth and can also 
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change species dominance and diversity by favouring the growth of plants better adapted 

to high concentrations ofN. Forrest ecosystem N saturation occurs when a point is 

reached where N supply, as a result ofN deposition, is in excess of the total plant and 

microbial demand for N. It is further characterized by the conversion of excess N to 

nitrate, which is then leached to surface or ground waters. Nitrate leaching can affect 

downstream waters, cause changes in soil chemistry, and an increase in soil acidity (Aber 

et al., 1995). In Canada, an analysis of nitrate concentrations in runoff water to Turkey 

Lake in central Ontario, and Lac Laflamme in southem Québec, identified the forests 

surrounding these lakes as being in the early stage ofN saturation (Jeffries, 1995). 

Leaching of nitrate associated cations can also cause nutrient imbalances in trees, in 

particular changes in calcium:aluminum and magnesium:nitrogen ratios. These 

imbalances have been linked to reduction in net photosynthesis, photosynthetic N-use 

efficiency, forest growth, and tree mortality (Schulze, 1989; McNulty et al., 1996; Aber et 

al., 1995; Cronan and Grigal, 1995; Chambers et al., 2001). 

3.4.2 Lake ecosystems 

Nutrients are essential to lakes because they provide the raw material for the 

growth of algae, the food source of zooplankton, which in turn are eaten by fish. Surplus 

growth of algae and other effects occur when the inflow of nutrients exceeds the lake' s 

capacity to absorb these nutrients (Chambers et al., 2001). 

Phosphorus in lakes is highly reactive, binding with soil particles and mineraIs in 

the water column. Once this binding has occurred the P is largely unavailable to bacteria 

and algae for growth. It is the amount and rate of turnover of the remaining dissolved 

phosphorus that dictates the extent of algal growth. The ability of a lake to retain P 

depends on net sedimentation, which depends on the flushing rate and depth in the lake. 

Rapidly flushed lakes reflect the concentration of the inflowing waters. Lakes that flush 

very slowly are largely determined by its sedimentation characteristics. Nutrient supply 

strongly affects the growth of aquatic plants in lakes, particularly algae. In the majority 

of north temperate lakes, P is the nutrient most in demand, and algal growth and biomass 

is P-limited (Vollenweider, 1976 as cited by Chambers et al., 2001). Thus, in many lakes, 

al gal growth is a function ofP concentration (Watson et al., 1997). 

11 



Aigai blooms can affect lakes in several ways: increased water turbidity, reduced 

aesthetic appeal and even decreased recreational use. As enrichment continues, erratic 

and sometimes severe outbreaks of different algal taxa (e.g. Chrysophyta, Haptophyta, 

Dinophyta) can negatively affect water quality, the aquatic food web and can even cause 

fish kills (Leeper and Porter, 1995 as cited by Chambers et al., 2001). Highlyeutrophic 

systems (lakes very rich in nutrients) tend to be predominated by blue-green algae that 

form dense, foul-smelling and noxious blooms, often as surface scums, because many of 

these algae are buoyant. Many species of blue-green algae produce potent toxins, which 

can poison zooplankton, fish, avian, waterfowl, terrestrial wildlife, livestock and even 

humans (Carmichael, 1992; Kotak et al., 1993, 1996). AIso, in highly eutrophic lakes 

zooplankton can also undergo boom and bust cycles and diversity may be reduced and 

production limited. So called "coarse" fish species, such as carp, may come to dominate 

the fish population while success of spawning and survival of more desirable species, 

such as trout or bass, becomes more and more tenuous due to the overwhelming organic 

detritus and periodic de-oxygenation as algal blooms decompose. This results in a 

simplified aquatic food web. In addition, the overabundance of organic matter caused by 

excessive algal populations can smother the lake bottom resulting in reduced biodiversity 

of benthic organisms. Organic matter also accumulates in crevices between rocks where 

decay can consume enough oxygen to damage the survival offish eggs (Chambers et al., 

2001). 

3.4.3 Ground water 

Nitrate contamination of ground water is usually associated with over-application 

of manure to agriculturallands however, under fertilization can also result in the leaching 

losses of nitrate. These loses can be as large as those observed for over fertilized crops 

because crop growth is impaired leaving a sizeable amount of moisture in the soil. This 

extra moisture fosters microbial activity resulting in larger net N mineralization 

(Campbell et al., 1993). Nitrate is soluble in water and if it is not assimilated by plants, it 

is free to move with percolating water beyond the root zone and into ground water (Miner 

et al., 2000a). In contrast to nitrate, ammonium concentration is adsorbed onto clay 

mineraIs and is not as prone to leaching; however under aerobic conditions it is subject to 
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bacterial oxidation to nitrate and may be readily mobilized. Normallyammonium 

concentration in soils is very low. Phosphorus movement into ground water is retarded 

through soil adsorption and mineraI precipitation reactions in the unsaturated zone 

(Wilhelm et al., 1994; Harman et al., 1996 as cited by Chambers et al., 2001). 

Approximately 26% of Canadians rely on ground water for their domestic water 

supply. This translates to approximately 8 million Canadians using groundwater for their 

drinking water supply. It is also expected that ground water supplies a significant 

percentage oflivestock drinking-water supplies in Canada (Chambers et al., 2001). 

Certain N forms have been known to cause adverse health effects (Figure 4). Ingestion of 

high quantities of nitrate or nitrite may result in methaemoglobinaemia ("blue baby 

syndrome"), a condition resulting from the oxidation (by nitrite) offerrous (Fe2+) to ferric 

(Fe3+) iron in haemoglobin, the oxygen carrier of mammalian blood. The resulting 

mathaemoglobin has no oxygen carrying capacity. Symptoms are cyanosis, asphyxia, and 

death. The most sensitive subpopulation is infants less than three months of age 

(Chambers et al., 2001; Morse, 1995). Water-bome nitrate or nitrite can also cause 

methaemoglobinaemia problems for terrestrial animaIs. However, nitrogen toxicity in 

terrestrial animaIs is mostly associated either with air pollution (nitrogen dioxide, 

ammonia or nitrate) or the consumption of vegetation with high nitrate levels (Chambers 

et al., 2001). 
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Figure 3.1: Canadian aquifers vulnerable to nitrate contamination (Chambers et al., 
2001) 

3.5 Methods to Reduce Nutrient Excretion in Swine 

The N etherlands was the first country to initiate a large research pro gram to 

reduce the environmental impact of livestock production. Three main solutions were 

proposed by Jongbloed and Lenis (1998). 

1. The first one was a reduction of mineraI input via the feed (diet manipulation). 

2. The second one was a stimulation of practical solutions at the farm level, such as 

distribution and application of manure. 

3. The third solution was to upgrade manure by processing on a large scale for export 

purposes 
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4. Another solution not proposed by Jongloed and Lenis (1998) is the use of 

genetically modified pigs. 

3.5.1 Diet manipulation 

3.5.1 a Phosphorus (Phytase) 

Much work on improving nutrient digestibility in pigs has been carried out in 

France, Denmark, and The Netherlands. Phosphorus losses in growing pigs in the three 

countries averaged 63% (Dourmad et al., 1999a; Fernândez et al., 1999 ; van der Peet

Schwering et al., 1999). It was concluded from the research conducted in the three 

countries, that the major cause of low P utilization in pigs is that dietary P digestibility is 

very low (Figure 3.2). The main reason for that is that up to about 75% of the P in 

feedstuffs is of plant origin and is present as phytate, the salt of phytic acid, which is 

almost indigestible for pigs (Poulsen et al., 1999). Since dietary phytate is not hydrolyzed 

efficiently into inorganic phosphate, large amounts of phosphorus are excreted in feces, 

leading to phosphorus wastage, and environmental pollution (Li et al., 1997). An 

experiment conducted by Veum et al. (2001) illustrates the indigestibility ofphytate P 

weIl. In this experiment the use of a low-phytate hybrid corn resulted in as much as a 

50% P reduction in swine waste as compared with a normal corn diet. Low-phytate corn 

was used in another study (Spencer et al., 2000) and was found to reduce P excretion by 

37%. It was concluded from this study that low-phytate corn contains at least five times 

as much available P as normal éorn. 

As a result of the indigestibility of phytate P traditionally what was done to meet 

the pig's P requirement was that feed manufacturers and farmers added inorganic P to pig 

feeds in excess amounts. However, in the presence of supplementary or intrinsic phytase, 

phytic acid can be hydrolyzed to liberate free orthophosphates and inositol for absorption 

(Jongbloed and Lenis, 1998). Harper et al. (1997) conducted two experiments in which 

phytase was used to supplement corn-soybean meal diets in growing-finishing pigs. It 

was found that overall P digestibility was improved by 33% and 44% in the two 

experiments conducted. It was also concluded in a study carried out by Traylor et al. 

(2001) that the use of supplemental phytase was an effective means of improving Ca and 

P utilization by growing swine fed soybean meal-based diets. Through the use of phytase 
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as a dietary supplement to pig diets farmers and feed manufacturers could stop feeding 

inorganic P in excess amounts since improved phosphorus utilization in pigs would be 

realized. This would result in an improved N:P ratio which makes swine manure more 

environmentaUy and economicaUy suitable as a source of fertilizer (Spencer et al., 2000). 

Sows 

48% 

Wcaucrs 

6% 9% 

36% 

Growing pigs 

[] Retention !!il }<'aecal excretion • Urinary excretion 

Figure 3.2: Mean phosphorus retenti on, urinary and faecal excretion for sows, weaners 
and growing pigs in France, The Netherlands, and Denmark (Poulsen et al., 1999) 

3.5.1 b Nitrogen 

From the nutrient digestibility research carried out in France, Denmark, and The 

Netherlands by Femândez et al. (1999), Dourmad et al. (1999a), and van der Peet

Schwering et al. (1999) nitrogen losses in the three countries averaged 66% in growing 

pigs. Two complementary approaches have been proposed according to Dourmad et al. 

(1999b) for improving the efficiency of utilization of N by pigs and, consequently, 

reducing N excretion. The first approach is to ensure adequate protein and amino acid 

supplies at aU times according to the growth potential of the animal or its physiological 

status (phase feeding). This requires making supplies of energy and prote in (amino acids) 

appropriate to the pig's potential and its stage of production, and to production objectives. 

The second approach is to improve dietary amino acid balance and consequently reduce 

the protein content of the di et (ideal protein concept). This can be achieved through the 

combination of different protein sources and the utilization of industrial amino acids. 

With these cumulative beneficial effects, it is expected that N output in the slurry and in 

the atmosphere can be reduced by 20 to 30%, through better feeding management, 

without any significant increase in feeding costs. The production of a standard pig 

required 7.9,8.7 and 8.4 kg in Denmark, France and The Netherlands, respectively (Table 

3.2). 
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Table 3.2: Nitrogen consumption, retenti on and losses in the production of a standard pig 
(kg/pig produced) in Denmark (DK), France (F) and The Netherlands (NL) (Dourmad et 
al., 1999b) 

Consumption Retention Losses 
DK F NL DK F NL DK F NL 

Pigleta 1.4 1.4 1.2 0.3 0.4 0.3 1.2 1.1 0.9 
Weaner 1.3 1.1 0.8 0.6 0.5 0.4 0.7 0.6 0.4 
Growing pig 5.4 6.1 6.4 2 2 2.1 3.4 4.1 4.3 
Total 

KgN/pig 8 8.6 8.4 2.8 2.9 2.9 5.2 5.8 5.5 
g N/pig 80 80 74 28 27 25 52 53 49 
Relative 100 100 100 35 33 34 65 67 66 

alncluding the contriubution of the sow. 

3.5.1 b.i Ideal protein concept 

The ideal protein concept is the concept of studying dietary amino acids in a 

pattern to match the animal's amino acid needs (Honeyman, 1993), an example ofthis 

concept is given in Table 3.3. 

Table 3.3: Ideal Amino Acid Patterns for Pigs in Three Weight Categoriesa (Baker, 1996) 
Ideal patterns (% of lysine) 

Amino acid 5-20 kg 20-50 kg 50-110 kg 
Lysine 100 100 100 
Threonine 65 67 70 
Tryptophan 17 18 19 
Methionine 30 30 30 
Cystine 30 32 35 
Methionine + cystine 60 62 65 
Isoleucine 60 60 60 
Valine 68 68 68 
Leucine 100 100 100 
Phenylalanine + 
tyrosine 95 95 95 
Arginine 42 36 30 
Histidine 32 32 32 
aratios are expressed on a true digestible basis. 

An important bene fit of the ideal prote in concept is that the requirements for aH 

dispensable amino acids (AA) and total crude protein can be quickly derived after the 

requirements for one amino acid are established. This concept may also be used to reduce 
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amino acid excesses that occur in practical swine diets, without affecting animal 

performance. For an effective use of the ideal protein concept in pig diet formulation, 

ideal protein should be expressed based on available, rather than total amino acid levels in 

the di et (Tuitoek et al., 1997a). Research carried out by Tuitoek et al. (1997a, b), shows 

that the N excretion could be reduced by close to 40% by varying the AA balance in a 

com-soybean diet fed to growing pigs. Dropping crude protein levels along with 

supplementation of amino acids in an ideal protein ratio shows significant reductions in 

Nitrogen excretion. Sutton et al. (1999) reported a reduction in total N in manure by 42% 

by reducing crude protein levels from 18 to 10% crude prote in with synthetic amino 

acids. Reducing the crude protein in practical diets from 21 to 14% crude protein plus 

synthetic amino acids in growing diets (pigs between 35 and 65 kg) and from 19 to 13% 

crude protein plus synthetic amino acids in finishing diets (pigs between 65 and 95 kg) 

reduced N excretion by 40% (Hobbs et al., 1996). 

3.5.1 b.ii Phase feeding 

Phase feeding refers to feeding programs that match the animal' s nutrient 

requirement as the animal's age/size changes. In the U.S., the common practice is to feed 

a grower diet (20-60kg) and a finisher diet (60-110 kg). In calculations using distinct 

grower (30-60 kg) and finisher (60-100 kg) diets, total N excretion was reduced by 10-

14% (Table 3.4) (Koch, 1990 as cited by Honeyman, 1993). Sutton et al. (1999) cite an 

experiment carried out by Boisen et al. (1991) in which N excretion was reduced by 4.4% 

through the use of phase feeding. This concept can be applied more thoroughly by using 

a variety of diets to match closely the nutrient requirements of each growth phase. 

Table 3.4: The effect of phase feeding on nitrogen excretion (Honeyman, 1993) 

Crude Protein, % 
Feed conversion (intake/gain) 
Feed intake/period (kg) 
N intake (kg) 
N excretion (kg) 

Single phase 
16 
3 

210 
5.38 
3.48 

18 

Two phase 
Grower Finisher 

16.5 14 
2.5 3.3 
75 132 

1.98 2.95 
1.16 1.86 

Two phase overall 
14.9 
3.6 
207 
4.93 
3.02 



3.5.lc Zeolite 

According to Mumpton and Fishman (1977) zeolites are crystalline, hydrated 

aluminosilicates of alkali and alkaline earth cations that possess infinite, three

dimensional crystal structures. The oxide empirical formula of zeolite is 

M2/nO'Ah03'XSi02'yH20, where M is any alkali or alkaline earth cation, n is the valence 

of that cation, x is a number from 2 to 10, and y is a number from 2 to 7. They are further 

characterized by an ability to lose and gain water reversibly and to exchange sorne of 

their constituent cations without major change of structure (Figure 3.3). 

Figure 3.3: Arrangements oftruncated cubo-octahedron (sodalite) units to enclose large 
central cavities (cages). Left = sodalite unit connected by double 4-rings of oxygen in the 
structure of synthetic zeolite A. Right = sodalite units connected by double 6-ring of 
oxygen in structure of faujasite and synthetic zeolites X and Y (Mumpton and Fishman, 
1977) 

The large cavities and entry channels of zeolites are generally filled with water 

molecules so that hydration spheres form around the exchangeable cations. If the water is 

removed (heating zeolite for several hours or ovemight at 350 to 400°C) molecules 

having effective cross-sectional diameters small enough to fit through the entry channels 

are readily adsorbed on the inner surfaces of the dehydrated central cavities. Molecules 

too large to fit through the entry channels are excluded and pass around the outside of the 

zeolite particle, giving ri se to the well-known "molecular sieving" property of most 

crystalline zeolites (Figure 3.4) (Mumpton and Fishman, 1977). 

Figure 3.4: Illustration of molecular sieving properties of zeolite (Mumpton and 
Fishman, 1977) 
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An important characteristic of zeolites is cation-exchange capacity (CEC), which 

is a measure of the number of counterions present per unit weight or volume of the zeolite 

and represents the number of cations available for exchange. Crystalline zeolites are 

sorne of the most effective cation exchangers known, commonly having capacities of 2 to 

3 meq/g, twice that of bentonite clays. This high cation-exchange capacity is the most 

important property in agricultural processes (Mumpton, 1984). Clinoptilolite, a species of 

zeolite, is probably the most abundant zeolite in nature and has found many applications 

in agriculture because of its attractive properties, its wide geographic distribution, its wide 

geographic distribution, and the high-grade and large-size nature of many of its deposits 

(Sheppard, 1984). The chemical formula of clinoptilolite is (N'4Kt)(AIsSi4û96)'24H2û 

and the total cation exchange capacity has been reported to be about 2.3 meq/g 

(Mumpton and Fishman, 1977). Semmens (1984) reported values between 1.75 and 2 

meq/g. The cation selectivity for clinoptilolite is K+, NH/ > H+ > Na+ > Sr2+ > Ca2+ > 

Mg2+ > Li+ (Huang and Petrovic, 1994). It can be seen that clinoptilolite has a high 

selectivity for the ammonium ion. The addition of clinoptilolite to feed is assumed to 

have a similar effect to that of antibiotics, as the clay mineraI is able to bind 135 meq 

ammonium equivalent to 1.89 g nitrogen per 100 g clinoptilolite (Poulsen and Oksbjerg, 

1995). This selectivity may result in a more graduaI release of ammonia (Huang and 

Petrovic, 1994) following the breakdown ofingested protein and hence lead to more 

efficient utilization of this nutrient (Mumpton and Fishman, 1977). 

The slow release properties of zeolite have been taken advantage of in 

horticultural applications. It was reported by Hershey et al. (1980) that potassium 

released from a K-clinoptilolite-amended potting medium indicated that this zeolite 

behaved like a slow-release K fertilizer (and probably NH4 + as weIl). This slow release 

property could be advantageous when feeding zeolite to animaIs since it could allow more 

time for the animaIs to more efficiently utilize ingested nutrients for growth. 

Research involving agricultural applications of zeolite is still in its infancy. Most 

of the initial research fist took place in Japan in 1960's, therefore information is limited. 

Zimerman (1996) found that both nitrogen and phosphorus concentrations in the feces of 

clinoptilolite fed pigs (at the 0, 2, 4 and 8% level) decreased with increasing 

supplementation concentrations. It was also noticed from this experiment that the ratio of 
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nitrogen to phosphorus increased with increasing dietary clinoptilolite concentrations. 

The relationship was found to be highly significant and linear suggesting that 

clinoptilolite sequestered nitrogen within the feces but had no effect on phosphorus. Cool 

and Willard (1982) conducted an experiment feeding clinoptilolite of 95% purity as a 

dietary supplement for swine. They found a 34% increase in weight gain-to-feed ratio. 

Shurson et al. (1984) fed zeolite A (a type ofsynthetic zeolite) and clinoptilolite of85 ± 

5% purity to growing pigs and found that daily N retained increased as increasing 

amounts of zeolite A were fed, and net prote in utilization increased with increasing levels 

of zeolite A and clinoptilolite in the feed (Table 3.4). In an experiment carried out by 

Pond et al. (1988) it was concluded that the addition of2% clinoptilolite of90 ± 5% 

purity to the diets of growing swine improved weight gain. Smaller relative liver and 

kidney weights of animaIs fed supplemented diets may have been a response to decreased 

quantities ofNH4 + ion and other metabolites absorbed from the gastrointestinal tract for 

processing, which allowed utilization of a greater percentage of ingested nutrients for 

growth of non-visceral tissues. Poulsen and Oksbjerg (1995) fed Klinofeed (70% 

clinoptilolite content) to growing pigs (30-50 kg) and found that Klinofeed elevated 

nitrogen excretion in faeces and lowered nitrogen excretion in urine. However, the total 

N excreted was reduced by 6.5% and 2%, respectively, when feeding the pigs basal diet A 

and B supplemented with Klinofeed. 

Table 3.5: Effects of Adding 0, 1,2,3% Zeolite A (trial 3) or 0, 2.5,5.0, 7.5% 
clinoptilolite of 85 ± 5% purity (Trial 4) to starter diets on nitrogen balancea (Shurson et 
al., 1984) 

Nitrogen 
Variable 

Trial 3 
Level of zeolite A, % 

o 123 

Trial 4 
Level of Clinoptilolite, % 
o 2.5 5 7.5 MSEb 

Daily N retained, g 4.71 5.77 5.84 6.02 1.64 5.35 5.03 5.25 4.77 0.26 
Net prote in util.de, % 58.7 63.3 63 62.7 20.5 66.3 65.7 65.8 61.2 6.4 
a AIl values presented are mean values from four pigs assigned to each treatment group 
bMSE = mean square error. 
dNet prote in utilization, % = 100(N balance -;- N intake). 
eSignificant linear reduction (P<.05) in trial 4. 

Mumpton and Fishman (1977) refer to an experiment done by Kondo and Wagai 

(1968) were the use of zeolites were evaluated using young and mature Yorkshire pigs in 

60-day and 79-day experiments, respectively. They found a 25 to 29% increase in weight 
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gain in animais ofboth ages receiving diets containing 5% clinoptilolite versus animais 

receiving normal diets. Feed efficiencies were also about 35% greater in animais 

receiving zeolite than those of normal rations when fed to young pigs, but only about 6% 

greater when given to older animaIs. In addition, the digestive process was more 

thorough when zeolites were added to the diet because the partic1e size of the feces of the 

control group was noticeably coarser than that of the experiment group. The feces of the 

animais in the control group were also richer in aIl forms ofnitrogen than zeolite-fed 

animais, indicating that zeolite contributed towards a more efficient conversion of 

feedstuff nitrogen to animal protein. 

In the experiment conducted by Shurson et al. (1984) in general as increasing 

levels of zeolite A and c1inoptilolite were fed to the pigs mineraI retention was decreased 

as increasing amounts of zeolite A or c1inoptilolite were fed. However in the 

c1inoptilolite group, phosphorus mineraI retention was greatest in pigs supplemented with 

2.5% c1inoptilolite. AIso, Potassium mineraI retention was greatest in pigs supplemented 

with 5.0% clinoptilolite, within the clinoptilolite group (Table 3.6). 

Table 3. 6: Percentage mineraI retentiona in pigs supplemented 0, 1, 2, 3% Zeolite A 
(Trial 3) or 0,2.5,5.0, 7.5% clinoptilolite of 85 ± 5% purity (Trial 4) in starter diets 
(Shurson et al., 1984) 

Trial 3 Trial 4 

Level of zeolite A, % Significancebc Level of ClinoEtilolite, % 
P 

Mineral 0 2 3 MSEd value 0 2.5 5 7.5 

Phosphorus 61.7 55.3 55.2 44 24.6 0.01 55.7 59.3 50.4 47.8 

Potassium 54.4 52.3 47.7 45 9.6 0.01 47.4 44 48.3 42.7 

"AU values presented are mean values from four pigs assigned to each treatment group 

bProbability values indicate significant linear reductions at the level shown 

cNS = not significant (P>.lO). 
dMSE = mean square error. 

3.5.2 Stimulation ofpractical solutions at the farm level 

Significancebc 

P 
MSEd value 

26.1 0.05 

29.1 NS 

AlI of the recommendations for stimulation of practical solutions at the farm level 

were concemed with odour reduction. Sources of odour have been identified as the 

animal facilities, manure storage facilities, and land application procedures. According to 

Miner (1999) one of the more frequent sources of odour complaints is the manure 

storage/treatment system (particularly anaerobic storage systems). Another major odour 
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emission source is the sprinkler or nozzle that is used to distribute liquid manure as part 

of land spreading operations. AIso, liquid manure on the surface of the ground continues 

to emit odour until it dries or it is absorbed by the soil. Practical solutions are given by 

Miner (1999) and are as follows: 

There are several options available to producers in order to control anaerobic 

lagoon odour. For example, enclosed anaerobic digesters can reduce organic content by 

90% while producing a biogas that can be converted to electricity. Permeable covers for 

lagoons are also available which greatly decrease odours. 

Field application of manure by injecting manure directly into the soil is another 

possibility for producers to reduce odours. This can be done instead of pumping dilute 

liquid manure through a high-pressure sprinkler which causes significant escape of 

manure odorants to the air due to the spraying surface area created. 

Building odour control can be achieved through the use of slotted floors, flushed 

gutters and fill and dump tanks are among the possibilities. Flushed buildings and the fill 

and dump under-floor storage tanks (pit recharge system) are a special concem if 

recirculated water is being used for flushing. When water is recycled from a lagoon, the 

water may have a sufficient concentration of odourous gasses itself. Under these 

conditions, it may be necessary to aerate or otherwise deodorize the lagoon water (Miner, 

1999). 

3.5.3 Physical treatment of animal manure to reduce nutrient losses 

3.5.3a Solid-liquid separation 

The most common way to physically treat animal manure is to separate the solid 

fraction from the liquid fraction. According to Zhang and Westerman (1997) effective 

solid-liquid separation that is capable of removing a substantial amount of organic solids 

from fresh liquid or slurry manure will potentially offer the benefits of production of 

nutrient-rich organic solids (reducing the amount ofnutrients in the liquid fraction of the 

manure), odour reduction in anaerobic lagoons, and improvement in the economics of 

subsequent liquid manure treatment processes due to reduced organic loading rates on an 

annual basis. The separated solids can be utilized on nearby intensive crop farms. 
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3.5.3b Mechanical separation 

Screening and centrifugation are the primary means of mechanical separation. 

The maximum total solids separation efficiency for the liquid or slurry manure by 

physical separation is in the range of 48 to 70% (Table 3.7). 

Table 3.7: Performance of Mechanical Separators on Swine Manure (Zhang and 
Westerman, 1997) 

TS in Liquid 
Screen raw TSin flow 

Separation opening manure SeEaration Efficienc~ {%} solids rate 
technigue (mm) (%) TS VS COD TKN TP (%) (Llmin} 
Stationary 1.5 0.2-0.7 9 24 6 235 

Screen 1 0.2-0.7 35 69 9 123 
1 1.0-4.5 6-31 5-38 0-32 3-6 2-12 5 

Vibrating 1.7 1.5 3 6 17 37-103 
Screen 0.841 1.5-2.9 10 1-14 18-19 15-103 

0.516 1.8 27 24 20 37-57 
0.516 3.6 21-52 25-55 17-49 5-32 17-34 9-17 38-150 
0.39 0.2-0.7 22 28 16 16 67 
0.44 1-4.5 15-25 18-38 13-26 2-5 1-15 13 

0.104 3.6 50-67 54-70 48-59 33-51 34-59 2-8 38-150 

Rotating 0.75 2.5-4.12 4-8 4 16-17 80-307 
Screen 0.8 1-4.5 5-24 9-31 2-19 5-11 3-9 12 

Belt Press 0.1 3-8 47-59 39-40 32-35 18-21 14-18 

7.8- 3.4-
Centrifuge 1-7.5 15-61 18-65 44 32 58-68 16-27 

TS = Total Solids 

VS = Volatile Solids 

COD = Chemical Oxygen Demand 

TKN = Total Kjeldahl Nitrogen 

TP = Total Phosphorus 

3.5.3b.i Sloping stationary screen 

The sloping stationary screen (Figure 3.5) has an inclined screen mounted where 

manure (liquid/slurry) is delivered to the top edge. The solid fraction (not large enough to 

pass through the screen) rolls down the incline and is collected. The liquid fraction 

passes through the screen and is collected as well (Zhang and Westerman, 1997). 

Chastain et al. (2001a) found that an inclined stationary screen removed 61 % of the total 

solids (TS), 63% of the volatile solids (VS), 67% of the chemical oxygen demand (COD), 

49.2% of the total kjeldahl nitrogen (TKN), 52% of the organic-N, 53% of the total 
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phosphorous, and 51 % of the total potassium from flushed dairy manure. More 

performance characteristics of the sloping stationary screen are given in Table 3.7. 

l'NFLUENT 

EFFlUENT 

Figure 3.5: Sloping Stationary Screen (Miner et al., 2000b) 

5.3.3b.ii Vibrating screen 

The liquid/slurry manure is brought to the center ofthe vibrating screen (Figure 

3.6). The vibrating motion moves partic1es across the screen that are not large enough to 

pass through. These partic1es eventually get moved off to the side where they are 

collected. The liquid portion flows through and is collected (Zhang and Westerman, 

1997). Performance characteristics of the vibrating screen are shown in Table 3.7. 

Figure 3.6: Vibrating Screen Solid-Liquid Separator (Miner et al., 2000b) 

3.5.3 b.iii Centrifuges/hydro-cyc1ones 

The sloping stationary screen and vibrating screen are out-dated pieces of 

equipment, but may still be found on farms. Today, centrifuges/hydro-cyc1ones are used 

more frequently as a means of mechanical separation. Centrifuges and hydro-cyc1ones 

cause separation between liquid from solid using centrifugaI force. There are horizontal 

and vertical centrifuges. 
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A horizontal decanter centrifuge (Figure 3.7) uses a closed cylinder of continuous 

turning motion. The centrifugaI force separates liquids and solids on the wall in two 

layers. An auger, turning at a slightly higher speed than the cylinder moves the solids to 

the conic part where they are discharged. Liquids leave at the other end of the cylinder 

(Zhang and Westerman, 1997). Performance characteristics of the vibrating screen are 

shown in Table 3.7. 

Effluent Sollds 

Figure 3.7: Horizontal decanter centrifuge (Zhang and Westerman, 1997) 

In a hydro-cyclone (Figure 3.8), manure slurry is pumped tangentially through the 

inlet near the top and a strong swirling motion of the liquid, developed as a result, will 

accelerate the gravity settling of solid particles to the bottomlapex of the cone. The liquid 

is discharged through a cyl indri cal tube fixed in the center of the top (Zhang and 

Westerman, 1997). 
l'HUENT 
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Figure 3.8: Hydro-cyclone (Zhang and Westerman, 1997) 

3.5.3b.iv Presses 

The separated solids, solid cakes, generated from the above methods usually have 

a moisture content too high (85-95%) to be piled for composting purposes. Therefore 

presses are used to further dewater solid cakes. 
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Presses use the principle of pressurizing solids with rollers or screws against an 

opposing screen or a perforated belt, through which the liquid is removed. There are 

three basic types of presses. The roller press uses two concave screens and a series of 

brushes and rollers (Figure 3.9) . 

.,. 
Fiber 

1 Sc:reenlng stage 
2 RoUer pressing stage 
3 Sc:reens 
4 Spring Joaded press roller 
1) BlU$hes 

Figure 3.9: Roller press (Zhang and Westerman, 1997) 

The slurry is brought to the first concave screen where it is delivered by the brushes to the 

second screen where rollers squeeze the slurry against the screen. The belt press uses a 

fiat, woven fabric belt that runs horizontally between two rollers. The liquid is squeezed 

through the belt and collected, the solids continue along the belt where they are dropped 

off and collected. The screw press (Figure 3.10) uses a central screw conveyor housed in 

a cylindrical screen. The screen is used to retain the solids in the manure slurry which is 

pumped into the screen chamber and the screw is used to convey the solids to the 

discharge chute (Zhang and Westerman, 1997). 

Figure 3.10: Screw press separator (Zhang and Westerman, 1997) 

During the transport, the solids are compacted and dewatered. Chastain et al. (2001 b) 

conducted research on the removal of solids and major plant nutrients from swine manure 

using a screw press separator and concluded that a screw press would be expected to 
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remove 14.9% of the TS, 19.6% of the VS, 9.2% of the TKN, 16.0% of the organic-N, 

and 14.8% of the TP added to a typical pit-recharge swine building. More performance 

characteristics ofpresses are given in Table 3.7. 

3.5.3c Chemical treatment 

The purpose of chemical treatments to manure is to increase the particle size 

through flocculation so that separation efficiency can be increased. Separation efficiency 

can be improved significantly (from between 48 to 70% to a level of 85% or higher) by 

pre-treating manure using chemical treatments. Chemical treatment of wastewater 

involves the addition of chemicals to alter the physical state of dissolved and suspended 

solids to facilitate removal by physical separation processes (Zhang and Westerman, 

1997). The chemical treatment can be performed either as a continuous process in 

manure transport pipelines where the chemicals are added and mixed into the manure 

continuously or as a batch process in a mixing tank where the chemicals are added and 

mixed into the manure in batches. Processes involved in chemical treatment are chemical 

precipitation, particle coagulation, and flocculation. 

Chemical precipitation is the formation of insoluble precipitate through the 

chemical reactions between the dissolved ions in the wastewater, and is mostly used for 

removal of dissolved phosphorus. The most commonly used chemicals include chloride 

or sulfate salts of the se metals. Besides forming precipitates with dissolved phosphorus, 

these chemicals also induce coagulation of suspended particles. 

Coagulation is the destabilization of colloidal particles by neutralizing their 

surface charges to form small visible flocs. 

Flocculation is the further agglomeration of coagulated particles upon addition of 

a polyelectrolyte which absorbs the particles in the liquid and bridges the particles to 

allow them to form large flocs. Natural polymers, such as modified starches and chitoson 

and synthetic polymers, such as the polymers derived from polyacrylamide (P AM) are 

available as flocculants. 

When combined with a settling basin and the addition of 300 mg/L PAM with 60 

min of settling, Chastain et al. (2001a) found total solids separation improved from 61 % 

to 92% and phosphorus removal increased from 53% to 86%. Several experiments have 

28 



also been carried out using limestone dust to precipitate solids from swine manure. 

Worley and Das (2000) observed that adding alum (aluminum phosphate) resuIted in 75% 

phosphorus, 20% nitrogen, and 8% potassium removal from a settling basin with a 

solution ofrecirculated lagoon effluent and fresh swine waste. Barrington et al. (2004) 

concluded that fine limestone dust had the potential to effectively precipitate up to 96 and 

90% of the total phosphorus (TP) and total solids (TS) ofhigh TS swine manure (7.4%), 

without significantly altering pH. In another experiment conducted by Barrington et al. 

(2002) the incorporation of lime stone dust to swine manure concentrated 90% of the TS 

and TP into a sludge representing 45% of the initial mass. 

3.5.3d Anaerobic treatment 

Anaerobic treatment is one of the most common processes in wastewater 

treatment and has found applications to the treatment of livestock manure. According to 

McLean (1995), anaerobic digestion is the breakdown of organic matter by the 

coordinated activity of a number of microbial populations, in the absence of oxygen, to 

methane and carbon dioxide. 

The anaerobic process functions optimally over two temperature ranges, the 

mesophilic (30-38°C) and the thermophilic (55-60°C). According to Miner et al. (2000c) 

Thermophilic digestion is more rapid than mesophilic digestion and can therefore be 

conducted in a smaller tank (Table 3.8). Anaerobic digestion can also occur at low 

temperatures, below 35°C, and is called psychrophilic. 

Table 3.8: Hydraulic retenti on time (days) for weIl mixed -anaerobic digesters operated 
at various temperatures (Miner et al., 2000c) 

Temperature (OC) Hydraulic retention time (days) 
55-60 10-15 
35-38 30 
20-25 60-90 

Most anaerobic conversion processes operate optimally at a pH close to neutrality (6-8). 

When the rate of acid generation exceeds the rate of breakdown to methane, a process 

imbalance results in which pH, gas production rate and methane concentration fall. 

Therefore controlling pH ensures methane generation and it is desirable to have sufficient 
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alkalinity in the influent to buffer anaerobic systems. If the buffer capacity is inadequate 

lime, sodium hydroxide or sodium bicarbonate must be supplied. 

Sufficient macro-nutrients are required for bacterial growth. Nitrogen and 

Phosphorus are especially important macro-nutrients, and a chemical oxygen 

demand:nitrogen:phosphorus ratio of 100: 1 0-1 :5-1 is recommended. According to Miner 

et al. (2000c) livestock manure is a plentiful source of these macro-nutrients. Other trace 

elements such as nickel, cobalt, iron and manganese are also important. 

Anaerobic treatment usually occurs in an anaerobic digester, which is an enclosed 

tank that excludes oxygen through which manure is passed and is subjected to anaerobic 

digestion. Conventional digesters used for animal wastewater treatment include 

continuously stirred-tank reactors (CSTR) and plug-flow reactors (Zhang et al. 2000). 

Anaerobic lagoons are also extensively used on farms for animal wastewater treatment. 

3.5.3d.i Continuously Stirred Tank Reactor (CSTR) 

The completely mixed or continuously stirred tank reactor (CSTR) consists of a 

stirred tank into which there is a feed of reacting material entering (collected from a flush 

system for swine manure) and from which there is a discharge of partially reacted 

material. Upon entering the reactor, the feed fluid is almost instantaneously mixed with 

the fluid already present, and the reactor contents are uniform throughout the entire 

reactor volume. As a result of the mixing, the composition of the discharge stream is the 

same as that of the contents in the reactor. The mixing in the CSTR is extremely 

important, and it is assumed that the fluid in the reactor is perfectly mixed. In practice, 

perfect mixing can be obtained if the mixing is sufficient and the liquid is not too viscous. 

If the mixing is inadequate, there will be bulk streaming between the inlet and the outlet, 

and the composition of the reactor contents will not be uniform (Reynolds and Richards, 

1996). 

These types of digesters work best with a manure solids content of 3-1 0% solids. 

Manure is processed in a heated tank above or below ground. A mechanical gas mixer is 

necessary to keep the solids in suspension. 
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3.5.3d.ii Plug flow digester 

The plug flow reactor is non-mixed and the influent passes through a set of baffles 

or trenches (Chynoweth et al., 1999). New influent is added to the digester, which pushes 

oider material through to the discharge end (Figure 3.11) and a coyer is generally 

empIoyed in order to trap biogas which accumulates. Plug flow digesters are typically 

rectangular in cross section and have length-to-width ratios of approximately 10: 1 and are 

generally used to handle influent with a solids content of 8 to 12% (Miner et al., 2000c). 

They are generally built to serve smaller operations in which mixing and heating 

equipment would add significant additional costs to the digester. 

Un.mlxed 
0198 "tlon 

Overflow to further 
Irealment or land 

application 

Figure 3.11: Plug flow anaerobic digester (Miner et al., 2000e) 

3.5.3d.iii Anaerobie Iagoons 

Anaerobie Iagoons (Figure 3.12) were fist built to receive the liquid manure 

flushed or scraped from Iivestock confinement buildings and to retain that manure until 

the manager of the operation could apply it to crop-or pasture1and. However it was 

diseovered that when it was time to apply the manure to crop-or pastureland, the manure 

ehanged in quality over time (solids decreased signifieantly and a deerease in nitrogen 

and phosphorus quantities were aiso noticed). Aecording to Miner et al. (2000e), the 

anaerobie digestion process in a lagoon is essentially the same as what happens in 
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Figure 3.12: Anaerobie Lagoon Storage (Miner et al., 2000c) 

digesters, except there is no temperature control. The rate depends upon the c1imate of 

the lagoon location. Thus, in colder c1imates «5°C), anaerobic digestion essentially 

ceases. This means that organic material that flows into the lagoon during this time is 

stored but very little treatment other than sedimentation occurs. Both soluble and 

particulate organic material accumulates. As the temperature increases (>5°C), activity 

becomes more intense until the backlog of accumulated organic material is processed. It 

is during this warming period that anaerobic lagoons are most likely to evidence odor 

problems because there is a more heavily loaded situation since the routine waste load is 

augmented by the material that was stored during the cold period. Impermeable covers 

can be placed on top of lagoons which traps gas produced during decomposition of the 

manure. 

3.5.3e Aerobic treatment 

Aerobic treatment is a process whereby aerobic bacteria use dissolved and 

suspended organic matter as a source of energy to produce additional bacterial mass and 

to conduct normal biological functions (Miner et al., 2000d). Aerobic bacteria require the 

presence of dissolved free oxygen to sustain their metabolic processes. This type of 

treatment is common in the municipal wastewater field, and has been applied to livestock 

waste treatment. The costs involved in maintaining an adequate oxygen supply have 

tumed most livestock producers away from this treatment option. However due to the 

environmental issues facing livestock producers today aerobic treatment is viewed as a 

potential supplement to anaerobic digestion for reducing odour, ammonia volatilization, 

and as a component in the process to achieve an effluent suitable for discharge. From an 
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experiment carried out by Luo et al. (2001) it was found that when the treatment of swine 

manure consisted of an anaerobic phase followed by an aerobic treatment phase 76% of 

the total phosphorus (TP) was removed while increasing the pH of the manure from 7.5 to 

8.5. Aerobic treatment is also used to reduce nitrogen concentration by denitrification in 

anaerobic reactors that have altemating aerobic and anaerobic conditions (Miner et al. 

2000d). Burton (1994) reported that when aerobic treatment to pig slurry was applied, 

treatment was inhibited at temperatures greater than 47°C and at temperatures lower than 

10°C. N removal by aerobic treatment happens through the dentirification process 

however, the P and K in the manure would remain. According to Miner et al. (2000d) 

there are two basic types of anaerobic treatment: fixed film processes and suspended 

growth processes (activated sludge). 

3.5.3e.i Aeration process 

An outside source of oxygen is essential for aerobic treatment processes since 

oxygen is only slightly soluble in water (7 to10 mglL) and organic matter content in 

liquid animal manure is very high. Miner et al. (2000d) reviews two types of aeration 

systems: diffused aeration in which air is blow in small bubbles into the wastewater, and 

mechanical aeration in which an aerator is installed that beats, pumps, throws, or 

otherwise creates a large surface area of wastewater in contact with the air so that oxygen 

can be absorbed to replace that consumed by aerobic bacteria as they metabolize the 

soluble organic wastes. In addition to supplying the necessary oxygen to maintain the 

aerobic process, aeration equipment provides mixing of the material. 

3.5.3e.ii Trickling filter 

The trickling filter (Figure 3.13) is an example of a fixed film process commonly used in 

agriculture. In this treatment system stones are contained in a cylindrical tank (reactor) 

with air vents along the outside which provide aeration. Wastewater with dissolved 

organic matter is passed over the stones. The stones develop a covering layer of bacteria 

that feed on the organic matter contained in subsequent wastewater waves that come 

along in cycles. Since the air vents along the outside of the reactor provide aeration, the 

bacteria have the oxygen they require as well as food from the organic matter contained 
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in the wastewater. Eventually, the bacteria die and the layer developed on the stones is 

sheared off by waste wastewater waves and the process begins over again. The treated 

wastewater discharges to a settling basin where the solids settle and are removed for 

altemate treatment, usually aerobic (Miner et al. 2000d). There is debate over the 

applicability of this technology for nutrient removal. Bames (1995) states that this 

technique is not applicable to the achievement of nutrient removal while Miner et al. 

(2000d) states that 75 to 90% of the applied organic matter can be removed by the 

trickling filter. 

Oischarg8to __ -------

seltllng tank 

Figure 3.13: Schematic of a fixed film aerobic treatment process (Miner et al., 2000d) 

3.5.3e.iii Activated sludge (suspended growth) 

Activated sludge systems differ from tickling filters in that the aerobic bacteria, 

which decomposes organic matter, is not fixed to any surface but is rather suspended in 

the wastewater that it is treating. Biomass, containing aerobic bacteria, is added to 

incoming wastewater which is sent to an aeration tank where it is held for a certain 

amount oftime to ensure suitable contact time with the wastewater. After the mixture has 

spent a sufficient amount of time in the aeration tank it goes to a sedimentation tank 
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where the biomass (activated sludge) is separated from the effluent and is returned to the 

beginning of the aeration tank to continue the process. Each time the activated sludge 

goes through the process, a build of biomass occurs. Therefore, to avoid overloading the 

system with activated sludge, an amount equal to each day's net growth must be drawn 

off, treated and disposed of to maintain an optimal concentration of aerobic bacteria 

(Barnes, 1995; Miner et al., 2000d). This process has a continuous influent and effluent 

flow. 

3.5.3fSequencing Batch Reactors (Combined Aerobic/Anaerobic Processes) 

For the purposes of nutrient removal most of the treatment of agricultural wastes 

and wastewater treatment technologies involve combined anaerobic/aerobic phases. 

Chynoweth et al. (1999) describe the nutrient removal process as follows: for nitrogen 

removal, ammonia nitrogen resulting from metabolism of nitrogenous organic compounds 

must be oxidized aerobically after which nitrogen may be removed anaerobically by 

denitrification. This is accomplished by recycle of aerobic effluent back through an 

anaerobic denitrification process. Biological removal of phosphorus is sometimes 

accompli shed by the use of anaerobic pre-fermenters which produce volatile acids which 

then enhance uptake of phosphorus by bacteria in subsequent aerobic operations. This 

may be accomplished in a sequencing batch reactor (SBR) which has the capability to 

alternate between aerobic and anaerobic conditions. Since SBRs have this ability to 

alternate in a cyclic fashion, oxidation of ammonia nitrogen is enhanced and a reduction 

of nitrates is achieved (Fernandes at al., 1991). According to the Environmental 

Protection Agency (1999) the SBR works in the following manner: wastewater enters a 

partially filled reactor (tank), containing biomas. Once the reactor is full it behaves like a 

conventional activated sludge system (described in the previous section, 3.5.3) but 

without a continuous influent or effluent flow. The aeration and mixing is discontinued 

(anaerobic phase) after the biological reactions are complete, the biomass settles, and the 

treated supernatant is removed. SBRs have gained wide acceptance for removing 

biochemical oxygen demand and nutrients from wastewaters and is also gaining 

popularity in the treatment of swine wastes (Lee et al., 1997). 
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F emandes at al. (1991), conducted laboratory experiments with screened liquid 

manure on a sequencing batch reactor having aerobic/anaerobic cycles and concluded that 

99% of the ammonia nitrogen, 93% ofthe total Kjeldahl nitrogen (TKN), 97% of the 

chemical oxygen demand (COD) and 97% ofthe Suspended Solids (SS) removal were 

achieved during the treatment. Obaja et al. (2004) also found exceptional nutrient 

removal rates using an SBR and found 99.8% ofN and 97.8% P removal ofpiggery 

wastewater. A total nitrogen and phosphorus removal of 90% and 89%, respectively on 

swine wastewater, were achieved by Lee et al. (1997) when supplementing acetate and 

fermented swine waste were supplemented as organic matter. A control reactor receiving 

no supplementation achieved total nitrogen and phosphorus removals of 76% and 15%, 

respectively. 

3.5.4 Transgenic pig 

A transgenic (or geneticaIly modified) animal is one whose genome contains 

DNA of exogenous origin that has been introduced through experimental manipulation 

(Jacenko, 1997 as cited by Van Reenen et al. 2001). Most of the work on 

environmentally friendly transgenic pigs has been carried out by the University of 

Guelph, conducting studies on the phosphorus utilization capabilities of transgenic pigs 

(called Enviropigs TM) that synthesize phytase in their salivary glands. 

Forsberg et al. (2003) cite work done by Golovan et al. (2001) on the true digestibility of 

dietary Pin soybean meal as the source ofP for weanling and growing-finishing pigs 

from the G 1 generation of one line (W Aline) of transgenic pigs. It was found that the 

transgenic pigs were able to digest 88 and 99% of the dietary P, respectively, compared 

with non-transgenic pigs that only digested 49 and 52% respectively. Fecal material from 

the weanling and growing-finishing transgenic pigs contained a maximum of75 and 56% 

less P, respectively, than that ofnon-transgenic pigs fed the same diet. Unpublished data 

from the University of Guelph (2004), supports these findings. Upon studing several 

lines of Enviropigs ™ in more detail it was found that they produce sufficient phytase to 

digest practically aIl of the phytate in a cereal grain diet. AIso, phosphorus in feces from 

young grower pigs not supplemented with phosphate was reduced by 75% while that in 

finisher pigs was reduced by 56 to 67% when fed diets not supplemented with phosphate. 
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CONNECTING TEXT 

The use of dietary supplements is a nutrient reduction option available to hog 

producers with large operations and limited land base to apply their manure. Very little 

research has been done on eharaeterizing zeolite to determine its suitability as a feed 

additive for swine. In order for zeolite to be eonsidered feasible as a dietary supplement 

for reducing nutrients in swine manure it must have a high affinity for NH4 + and must 

desorb other mineraIs while inside the stomaeh of the pig, namely heavy metals in toxie 

amounts. Furthermore, if produeers are going to use zeolite, it is desirable to use a 

product which has favourable handling charaeteristics. Therefore, the foUowing paper 

investigates ehemieal and physieal properties of different types of zeolite to determine 

whieh zeolite posses the most favourable adsorption, desorption and handling 

characteristies in terms of a dietary supplementation for swine. 
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IV. EFFECT OF PHYSIO-CHEMICAL PROPERTIES OF CLINOPTILOLITE 

ON ITS PERFORMANCE AS A FEED ADDITIVE FOR SWINE 

4.1 Introduction 

The agriculture industry, particularly the swine industry, is facing stricter 

regulations due to increasing concem over the adverse environment impacts of its 

manures, such as the build up of nitrogen and phosphorus in soil and water. Zeolite is a 

natural feed additive which, recently has been proven to improve nutrient digestion in 

animaIs, thus reducing manure nutrient content and therefore reducing these impacts. 

Clinoptilolite is the most appropriate zeolite for this purpose because of its specifie 

physical and chemical properties and abundance around the world, ensuring availability at 

low costs (Torracca et al., 1998). 

Zeolites are aluminosilieates with a three dimensional framework structure 

bearing AI04 and Si04 tetrahedra. The tetrahedra are linked together by oxygen 

molecules, forming interconnecting cages and channels (Englert and Rubio, 2004). 

Zeolites are mostly found in specific types of sedimentary rocks (tuffs) in the form of 

small crystals (0.1-100 /lm) associated with clays, other silicate and aluminosilicate 

phases of similar density. 

Clinoptilolite is a species of zeolite that has a relatively 'open' structure with a 

total pore volume of approximately 35% (Godelitsas and Armbruster, 2003) and its 

chemical formula according to Mumpton and Fishman (1977) is 

(N~~)(AI8Si4096)-24H20. Their three-dimensional aluminosilicate framework contains 

narrow four- and five- membered rings constituting intra-framework micro pores or 

channels capable ofhosting extra-framework/exehangeable cations (e.g. Na+, K+, Ca2+) in 

association with mobile H20 molecules (Godelitsas and Armbruster, 2003). The erystals 

of clinoptilolite accommodate two different systems of micro pores interconneeted within 

the lattice, the first has both eight- and ten-membered rings forming A- and B- type 

ehannels (3.3X4.6 and 3.0X7.6 A, respectively), and the second forms eight-membered 

rings forming C-type channels (2.6X4.7 A). Clinoptilolites are also further characterized 
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by having a Si/Al ratio of greater than 4 (Perraki and Orfanoudaki, 2004). Çulfaz and 

Yagiz (2003) reported a Si/Al ratio ofbetween 4 and 5.5 for clinoptilolite. 

These channels give rise to the well-known "molecular sieving" property of 

zeolites. Molecules having effective cross-sectional diameters small enough to fit 

through the channels are readily adsorbed on the inner surfaces. Molecules which are too 

large to fit through the channels are excluded and pass around the outside of the zeolite 

particle (Mumpton and Fishman, 1977). Contained within the channels are mobile water 

molecules and exchangeable cations such as NH/, Na+, K+, and Ca2+. 

The physical structure of clinoptilolite allows for enhanced sorption properties 

towards gases and cations. Clinoptilolite has the ability to adsorb molecules such as 

ammonia, dinitrogen, carbon monoxide, and methane which are small enough to enter 

their channels. Clinoptilolite is also currently being used to adsorb H2S, S02, CO, N2 and 

CH4 (Cincotti et al., 2003). The cation-exchange capacity (CEC) of clinoptilolite can 

theoretically reach 330 meq/100 g. Due to this high CEC, clinoptilolites are excellent 

binding agents for cations dissolved in aqueous solutions. Langella et al. (2000) tested 

the adsorption capability of clinoptilolite for environmental contaminants and found its 

cation selectivity to be NH/>Pb2+>Na+>Cd2+>Cu2+::::Zn2+. Barbarick and Pirela (1984) 

found that clinoptilolite had a high se1ectivity for K+ and NH4+. 

Two important factors which affect ion exchange are temperature and pH 

(Rodriguez-Iznaga et al., 2002; Godelitsas and Armbruster, 2003). Ion-exchange is 

normally enhanced by elevated temperatures (Godelitsas and Armbruster, 2003). 

According to Kithome et al. (1999) the adsorption capability of clinoptilolite for NH4+ 

increased with pH increasing from 4 to 7. Sorne 9.66g NH//kg of zeolite was adsorbed 

at pH 4 while 13.83g NH/!kg was adsorbed at a pH of7. Kesraoui-Ouki and Kavannagh 

(1997) found that optimum heavy metal adsorption with clinoptilolite occurs between a 

pH of 4 and 5. Clinoptilolite is very stable under low pH, compared to other zeolites 

(Shurson et al., 1984) and also has the highest thermal stability (700°C) in air, while 

heulandite, a zeolite with similar structure undergoes structural collapse below 450°C 

(Çulfaz and Yagiz, 2003; Perraki and Orfanoudaki, 2004). 

Because of its high and selective NH4 + adsorption capacity, and its stability under 

high temperatures and low pHs, clinoptilolite has been used as a feed additive (Shurson et 
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al., 1984). Nevertheless, clinoptilolite must be fed in the fonu of a powder, which implies 

that its flowability properties must be known to design proper handling and storage 

systems. 

Limited research pertains to the flowability of zeolites, in powder fonu. Studying 

the inter-particle forces of cohesive powders using an Atomic Force Microscope (AFM), 

Jones et al. (2003) found that zeolite showed adhesion increasing strongly with relative 

humidity and reported an average roughness value of 150 nm. This roughness value 

pertains to the height of irregularities on the surface of zeolite particles, as the surface of 

zeolite particles is not smooth, leading to particle interlocking. Generally, the flowability 

of powders increases with greater particle size, and there appears to be a critical size 

range above which flowability does not show any improvement (Abdullah and Geldart 

1999). 

4.2 Objective 

The objective of this study was to characterize the physico-chemical properties of 

KMI clinoptilolite (Nevada, USA), to compare KMI clinoptiloite's properties to Steel 

Head (Idaho, USA) and a commercial zeolite (Zeolite X), and to detenuine the optimal 

powder particle size distribution for clinoptilolite to be used as a feed additive for hogs. 

A fine clinoptilolite powder is expected to yield better ammonia adsorption characteristics 

because of greater particle surface exposure, and to be better suited as a feed supplement. 

On the other hand, a powder of coarse particle size distribution is expected to demonstrate 

better flowability and ease of handling. Thus, this paper also investigates particle size 

distribution which optimizes both feed efficiency and flowability. 

4.3 Materials and Methods 

4.3.1 Experimental zeolites 

The main experimental zeolite was rich (90% +) in clinoptilolite and was supplied 

by KMI, operating a mine in Nevada, USA. The characteristics ofthis clinoptilolite were 

compared to that of another zeolite (90%+ clinotilolite) supplied by Steel Head, operating 
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a mine in Idaho, USA, and a commercial grade zeolite (35% clinoptilolite). The 

clinoptilolite content of aH zeolite samples was determined by X-Ray Diffraction (XRD). 

The KMI zeolite was found to have an Sil Al ratio of 7. Samples of KMI zeolite were 

mechanically sieved into three different particle size distributions, <250 Ilm, >250 Ilm, 

and al: 1 mixture of the two particle sizes. Such fractions where used to determine both 

the chemical absorption and the bulk shear properties. 

4.3.2 Mineral desorption and ammonium adsorption methodology 

Two tests were conducted which provided data on the adsorption of ammonium 

and the release of macro mineraIs and heavy metals with time, under neutral conditions 

using three particle size distributions «250 Ilm, >250 Ilm, and al: 1 mixture of the two 

particle sizes) of the KMI and Steel Head zeolite. These tests were repeated for KMI and 

the commercial grade zeolite, under conditions simulating the digestive track of a hog 

using the 1: 1 mixture of particle sizes. The release of heavy metals is important in 

predicting the possible contamination of the meat. The first test was conducted at room 

temperature and under a neutral pH to simulate the intestine environment. Room 

temperature instead of body (39°C) temperature was used to measure minimal amounts of 

ammonium adsorption and mineraI release. The second test was conducted under acidic 

conditions (pH = 1.5) and 39°C to better simulate the stomach environment. AH tests 

were conducted using either duplicate or triplicate samples. 

The mineraI adsorption and desorption capability of the KMI and Steel Head 

clinoptilolites, in the intestine of hogs, was simulated by exposing samples to an ammonia 

solution under neutral pH. Rather than the body temperature of the animaIs of 39°C, room 

temperature of 22°C was used to conduct the test to measure the minimal amounts of 

adsorption and desorption, as higher temperatures enhance this effect. U sing aIl three 

particle size distributions, duplicate 2.5g samples ofboth KMI and Steel Head zeolites 

were placed in a 100ml solution of 0.05M NH4CI and 0.05M sodium phosphate buffer 

solution, where the buffer solution maintained a neutral pH. The samples were shaken at 

120rpm and held at a constant temperature of 22°C for 1, 2 or 3 days. Then, the 

supematant liquid was removed and its solids were precipitated by centrifugation for 20 

min at 9000 RPM. The ammonia content of the supematant liquid was then determined 
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using a, selective ammonia probe (Orion 9S-12) to measure the NH4 + adsorbed by the 

zeolite. The supematant liquid was also analyzed for its content in macro mineraIs and 

heavy metals, using an atomic adsorption spectrophotometer (GBC Scientific Equipment 

Pty Ltd, 22 Brooklyn Ave., Dandenong, Victoria, Australia), to quantify their level of 

release by the zeolite. 

An adsorption and desorption experiment was carried out to simulate conditions 

inside a pig's stomach, where the pH is 2.0 (Shurson et al. 1984) and the temperature is 

39°C, in order to compare the structural stability ofKMI zeolite to a commercial grade 

zeolite with much less clinoptilolite content. This time, triplicate 2.Sg samples ofboth the 

KMI and commercial grade zeolite (Zeolite X) were immersed in an NH4CI solution at a 

pH of 1.S, achieved by adding HCL Samples were then shaken at 120rpm for 4 and 24 h, 

at a constant temperature of 39°C+/- 1°C. Feed spends less than one day inside the pig's 

stomach. The 4 and 24h test periods allowed sorne measure of the effect of time on the 

ammonium adsorption behavior of the zeolites, and its release of heavy metals. The 

supematant liquid was separated from the zeolite by centrifugation for 20 min at 9000 

RPM, and analyzed for ammonium using a selective probe, for macro mineraIs, Al and 

Fe, and heavy metals using AAS (GBC Scientific Equipment Pty Ltd, 22 Brooklyn Ave., 

Dandenong, Victoria, Australia). Quantifying the Al and Fe provided data on the stability 

of the zeolites under acidic conditions. 

4.3.3 Bulk shear test methodology 

Since zeolites must be stored and handled when using them as a feed additive, the 

design of such facilities requires sorne knowledge oftheir flowability. This can be 

estimated from their shear properties. Samples of the KMI zeolite were prepared by 

sieving into three particle size distribution sets, as explained above and by adding water 

to obtain three different moisture contents. Before adding water, zeolite samples were 

oyen dried at 10SoC for 24 hours and then rewetted with distilled water to obtain Sand 

10% moisture contents. Dry samples (0% moisture content) were also kept for testing. 

Moisture content of the zeolite was confirmed using the microwave oyen method (Liu 

and Evett 1997a). 
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Samples were placed inside the shear box of a direct shear tester (Wykeham and 

Farrance, Inc., Weston Road, Slough, England). The test procedure was carried out as 

described in Liu and Evett (1997b), along with a calibration of the proving ring. Two 

types of tests were carried out. The first test involved filling both halves of the shear box 

with zeolite, exposing this sample to three different pressures and measuring its resistance 

to shear, thus yie1ding its angle of internaI friction. The second test repeated the first 

procedure, but involved placing a piece of galvanized sheet metal (a common 

construction material for storage bins) in the bottom half of the shear box, flush with its 

top border. This produced the angle of wall friction between zeolite and galvanized steel 

sheeting. 

For both tests, three different normal stresses were applied (22.6,33.6,66.8 

kN/m2
). Triplicate samples were sheared at a rate of 1.09mm/min and the shear box 

displacement and proving ring dial readings were taken every 30 seconds. Proving ring 

dial readings were converted into shear stresses and plotted against shear box 

displacement readings, to find the shear stress at which the specimen failed. The failure 

shear stresses were then plotted against the normal stresses for given particle size 

distributions and moisture contents, to give the force required to cause particles to slide 

against each other or against the wall material of the storage or auger. The y-axis intercept 

gave the cohesion value representing a measure of particle to particle bonding strength. 

4.3.4 Statistical analysis 

All data were analyzed by ANOV A with the mixed mode1 procedure in SAS 

(1999). Adjustments were made to account for all multiple comparisons. The statistical 

models are described as follows: 

4.3.4a NH/ adsorption 

Yijklm = ~ + Pi + Sj + tk + Cl + P·Sij + P·tik + P·Cil + S·tjk + S·Cjl + t·Ckl + P·S·tijk + P·S·Cijl + 

P·t·Cikl + S+Cjkl + p·S·t·Cijkl + eijklm 

4.3.4b MineraIs re1eased versus NH4+ adsorbed 

Yijkl = ~ + Pi + Sj + Ck + p·sij + P·Cik + S·Cjk + P·S·Cijk + eijkl 
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4.3.4c Heavy metal release 

Yijk = !..l + ti + Cj + t'Cij + eijk 

4.3.4d Shear test 

4.3.4e Parameters of the models 

Yijk, YijkI. Yijklm = dependant observation 

!..l = overall mean 

p = particle size of dependant observation (> 250 !..lm, < 250 !..lm, and mixed) 

s = solution of dependant observation (ammonia or buffer) 

t = time of dependant observation (1,2, and 3 days; 4 and 24 hours) 

c = company of dependant observation (KMI, Stee1Head, and Commercial Grade Zeolite 

X) 

m = moisture content of dependant observation (0,5, and 10%) 

eijk, eijkI. eijklm = residual error 

4.4 Results and Discussion 

4.4.1 NH4 + adsorption and mineraIs released under neutral pH 

The adsorption and desorption of mineraIs for both KMI and Steelhead 

clinoptilolites under a neutral pH and at room temperature (to measure desorption under 

minimal temperatures) in the ammonia solution are shown in Figures 4.1 to 4.7. A 

statistical analysis was performed on the results obtained for the ammonia adsorption 

characteristics (Table 4.2 to 4.4). A significant interaction was found between the particle 

size distribution of the zeolite, the type of solution used (ammonia or buffer) and length 

ofexposure time of the zeolite to the solution (days) (P < 0.0001). Significant 

interactions were also found between time and company (KMI or Steel Head) (P < 0.01) 

and solution and company (P < 0.001). The statistical analysis shows that KMI zeolite 

adsorbed more NH/ than Steel Head zeolite (P < 0.0001) when placed in the same 

solution (ammonia or buffer) (Table 4.2). KMI zeolite also adsorbed significantly more 
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NH/ than Steel Head zeolite (P < 0.0001) on days one, two and three (Table 4.3). It can 

also be seen that when exposed to the same solution (ammonia or buffer) for the same 

duration of time, the> 250 !-lm partic1e size adsorbed significantly more NH4 + than < 250 

!-lm partic1e size and the mixed partic1e size on day one (Table 4.4). On days two and 

three the> 250 !-lm and < 250 !-lm partic1e size zeolites did not differ significantly (P > 

0.05) however, both ofthem significantly adsorbed more NH/ than the mixed partic1e 

size (P < 0.05). The mechanism behind this is still unc1ear. The >250 !-lm and mixed 

partic1e size distributions of both the KMI and Steel Head zeolites samples performed 

consistently, reaching almost maximum adsorption of ammonia after one day, and 

peaking after two days. For both KMI and Steel Head, the < 250 !-lm partic1e size 

distribution adsorbed ammonium more slowly, reaching only half and then the full value 

of that adsorbed by the other partic1e size distributions after one and three days, 

respectively. 

Since feed does not stay in the stomach of a pig for more than one day, it is most 

beneficial to use a zeolite which peaks quickly in terms ofNH4 + adsorption. The 

statistical analysis shows that the partic1e size distribution of> 250 !-lm significantly 

adsorbed more NH4 + than the < 250 !-lm or mixed partic1e size (P < 0.05). Furthermore it 

was found that KMI zeolite with a particle size distribution of> 250 !-lm was more 

desirable, in terms of adsorptive capabilities as a feed additive. The NH4 + adsorption 

capabilities after one day for KMI zeolite with a partic1e size distribution of> 250 !-lm 

was found to be 1.58 ± 0.02 meq and 1.49 ± 0.02 meq ofNH//g of zeolite in the 

ammonia and buffer solution, respectively. The KMI zeolite with a mixed partic1e size 

distribution also performed comparably, though statistically not as well (P < 0.05), as the 

> 250 !-lm partic1e size after one day and would also be suitable, in terms of adsorptive 

capabilities as a feed additive, adsorbing 1.43 ± 0.01 meq ofNH//g of zeolite in the 

ammonia solution and 1.31 ± 0.05 meq ofNH4 +/g of zeolite in the buffer solution. 

An analysis of the macro mineraIs (Ca, Cu, K, Mg, Na, and Zn) released over a 

three day period by each partic1e size distribution, for both the KMI and Steel Head 

zeolites was also carried out and compared to the amount of ammonia adsorbed. Since 

the buffer solution that was used in this experiment was a sodium phosphate buffer, the 

sodium values obtained for the mineraIs released from the zeolite were skewed by the 
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sodium in the buffer solution, thus the total mineraIs released analysis excluded buffer 

solution values. Figures 4.1 to 4.7 for NH4 + adsorbed vs. total amount of mineraIs 

released suggest that the total amount of mineraIs desorbed corresponded to the amount 

ofNH4 + adsorbed in nearly a 1: 1 ratio, with the exception of the first day for the particle 

size distribution of < 250 )lm for both KMI and Steel Head zeolites. This indicates that 

the ammonium adsorbed displaced mineraIs which become available in the hog's 

stomach. 

The differences in NH4+ adsorbed and the total amount of mineraIs released (Ca, 

Cu, K, Mg, Na, and Zn) were analyzed using SAS. From the analysis, it was found that 

the effect of the two different companies (KMI and Steel Head) was not significant (P > 

0.05). A significant interaction was found between particle size and time (P < 0.0001) on 

the NH/ adsorbed vs mineraIs released. Table 4.5 shows that with the exception of the < 

250 )lm particle size, there were no significant differences (P > 0.05) between any of the 

NH4+ adsorbed vs mineraIs released within any of the days. For the particle size 

distribution of < 250 )lm for both KMI and Steel Head zeolites, there was a significant 

difference (P<0.05) between NH/ adsorbed vs MineraIs released on day 1 vs day 2 or 3. 

The values obtained for NH4 + adsorbed and total mineraIs released, indicate that 

significantly more (approximately twice as many) mineraIs were released compared to 

NH4 + adsorbed. 

The reason for this low NH4 + adsorption in relation to the other samples tested is 

still uncertain. Likely, the particle size played a significant role. Although> 250 )lm 

particle size distribution has a lower surface area for the same amount of total weight, 

allowing for less NH4 + adsorption, its inter particle flow channels may allow for a faster 

diffusion ofions. For the finer particle size distribution, the surface of the clinoptilolite 

particles and the openings of the pores within their crystalline structure could have been 

blocked by dust produced during the grinding process, leading to slower ion exchange 

rates (Inglezakis et al. 1999; Zorpas et al. 2002). To increase ion exchange rates, rigorous 

washing of clinoptilolite powders has shown to be effective (Inglezakis et al. 1999). The 

clinoptilolite regains part of its natural porosity, leading to higher uptake rates. 

Increasing the agitation speed has also been proven to increase ion exchange rates. 

Inglezakis et al. (1999) found that increasing agitation from 210 to 650 rpm helped to 
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unclog the pores of the clinoptilolite. The release of mineraIs (Ca, Cu, K, Mg, Na, and 

Zn) was not affected by this clogging phenomenon because their release does not depend 

on diffusion. 

4.4.2 NH4 + adsorption and mineraIs released under acidic pH 

A pH of 1.5 and a temperature of 39°C simulated the conditions inside a hog's 

stomach. Under such conditions, samples of the KMI zeolite and the commercial grade 

zeolite released limited amounts ofheavy metals (Table 4.6). In terms of minerais 

released versus ammonium adsorbed, there were no significant differences between the 4 

and 24h results (P < 0.05) (Figure 4.7). Overall, KMI zeolite was more acid resistant, 

releasing a lower percentage for 4 out of 6 mineraIs (Al, Cu, Fe, and Pb) compared to the 

commercial grade zeolite (Table 4.6). With the exception of 3 heavy metals, Al, Fe and 

Pb, based on the total content released and Al released after 24hrs, the KMI clinoptilolite 

was lower than the level of heavy metals considered toxic to swine (Table 4.7). If the 

KMI zeolite was to be fed to hogs at a level as high as 6%, it is expected that the amounts 

ofheavy metals released after even 24h would not be high enough to exceed the toxicity 

threshold (Table 4.7). 

According to Tomazovic et al. (1996), a greater Sil Al ratio makes the zeolite more 

stable and more resistant to acids. The relative percentage of Al release under acidic 

conditions indicates that the KMI zeolite was more stable than the commercial grade 

zeolite. Effectively, the commercial zeolite had a greater Al content, compared to the 

KMI zeolite. 

In terms of ammonia adsorption capabilities under these specifie conditions, KMI 

zeolite was found to adsorb 1.23 ± 0.01 meq ofNH/lg of zeolite and the commercial 

grade zeolite was found to adsorb 0.77 ± 0.02 meq ofNH/lg of zeolite, only about half 

as much as the KMI zeolite. Under acidic conditions (Figure 4.7) the KMI zeolite is 

capable of significantly adsorbing more NH4 + (P< 0.05) while releasing less total 

mineraIs per NH/ adsorbed. The KMI zeolite adsorbed 47 meq ofNH//lOOg more 

ammonium and desorbed 12 meq/100g of zeolite more macro-mineraIs (total of Ca, K, 

Mg, and Na) compared to the commercial zeolite (Figure 4.7). Therefore, KMI zeolite is 

quite adequate as feed supplement when used as a powder with a mixed particle size 
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distribution. It is resistant to acidic conditions as shown in Figure 4.7 by its limited 

release of Al and Fe thus allowing ammonium adsorption in the stomach ofhogs without 

structural break down. 

4.4.3 Angle of internaI and wall friction of KMI zeolite 

The values for the angle of internaI friction were found to be smaller for the> 250 

~m particle size, as compared to that of the < 250 ~m particle size (Figures 4.8, 4.9 and 

4.10), though not statistically significant (P < 0.05). This finding is consistent with those 

of Abdullah and Geldart (1999) who reported that in general, the flowability ofpowders 

increases with particle size. Nevertheless, neither particle size, moisture content, nor the 

interaction of the two factors was found to have a significant effect on the angles of 

internaI friction, under consolidation pressures of23, 34 and 67 kPa. The average 

internaI angle of friction for KMI zeolite was calculated as 78.25 ± 0.65°. Cohesion 

values were all assumed to be zero. This was possible since bulk solids such as zeolite 

can be considered cohesionless by soil mechanics terminology (Jenike 1994), and a direct 

shear apparatus originally designed for soil mechanics was used. 

From Figures 4.8, 4.9 and 4.1 0, the angle of internaI friction is observed to 

increase with load, implying that zeolite is compressible and that a greater storage depth 

can lead to a higher angle of internaI friction. Since there was no significant effect (P > 

0.05) of treatment (particle size and moisture content) on angle of internaI friction, only 

the mixed particle size KMI zeolite at 5% moisture content was used to measure the angle 

of wall friction with galvanized steel. This angle was found to be 78.40 ± 0.34° (Figure 

4.11) and under consolidation pressures of23, 34 and 67 kPa, is compressible. 

4.4.4 Storage bin flow pattern ofKMI zeolite 

Regarding flow ofbulk materials within storage bins, there are two hopper flow 

patterns which are recognized (Jenike, 1987). Mass flow, which occurs when the solid 

flows throughout the hopper whenever any of it is withdrawn (Jenike, 1987) and funnel 

flow which occurs when a solid drawn through an outlet of a bin forms a channel within 

the stored mass, and flows toward the outlet within that channel while the mass around it 

and against the walls remains stationary (Jenike, 1994). 
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Drescher (1992) graphically related the wall friction angle and the angle of 

internaI friction to the maximum slope angle of a hopper wall (against the vertical) which 

ensures mass flow for a conical hopper. The larger the wall friction angle, the steeper the 

hopper has to be in order to achieve mass flow. The results obtained from the present 

experiment showed that when storing zeolite in a conical silo, no matter how steep the 

hopper angle, mass flow is not achievable and funnel flow should be expected. Rat-holes 

are the most common flow problem associated with funnel flow bins. A rathole is a 

stable pipe or vertical cavity that empties above the bin outlet. The material is left 

stranded in stagnant zones that usually remain in place until an external force is applied to 

dislodge it (Pre scott and Bamum, 2000). Finally, the depth of storage of zeolite, affecting 

the angle of internaI friction of this compressible material, becomes irrelevant, as it would 

not affect funnel flow conditions. 

4.5 Conclusions 

From the chemical characteristics observed, it can be concluded that the KMI 

zeolite with a > 250 /-lm particle size distribution provided the most favorable 

characteristics, adsorbing the most NH/ (1.58 ± 0.02 meq ofNH//g of zeolite under 

neutral pH and a temperature of 22°C). Though not performing statistically as well (P < 

0.05), the mixed particle size was comparable to that of the > 250 /-lm particle size 

distribution adsorbing 1.43 ± 0.01 meq ofNH//g of zeolite under neutral pH and a 

temperature of 22°C. Grinding zeolite to a fine dust powder « 250 /-lm) is not 

recommended, as ammonium adsorption is significantly lower (P<0.05), after one day, 

the time which feed generally spends in the stomach of hogs. As ammonium is being 

adsorbed, the zeolite releases an almost equivalent amount of mineraIs, thus providing 

added nutrition to the animal. The KMI zeolite demonstrated excellent stability under 

high acidic conditions simulating that existing in si de a hog's stomach, as it released 

limited amounts of Al and Fe and was found to adsorb 1.23 ± 0.01 meq ofNH//of 

zeolite. 

The angle of internaI friction of the KMI zeolite does not vary significantly for the 

range ofparticle size distribution (> 250 /-lm, < 250 /-lm, and mixed) and moi sture content 

(between 0 and 10%) tested. The angle of internai friction was observed to increase with 
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load, indicating that the KMI zeolite is a compressible material. Furthermore, the angle of 

wall friction measured indicates that storing zeolite in a silo, irregardless of particle size, 

load or moisture content, wi11lead to funnel flow. 

The results ofthis study indicates that the KMI zeolite with a particle size 

distribution of> 250 !lm and mixed particle size are appropriate zeolites, in terms of 

adsorptive capabilities, quality, and handling characteristics, for use as a dietary 

supplement in pig feed. 
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Table 4.1: Bulk composition of aH three experimental zeolites carried out by XR 
Defraction (weight%) (Core Laboratories Canada Ltd., AB) 

Quartz (Si02) 
Plagioclase (NaAISbOs - CaAlzSi20 s) 
Calcite (CaC03) 
Dolomite ([CaMg]C03) 
Clinoptilolite 
(KNa2Ca2(SizsAI7)072'24H20) 
Opal (Si02 .nH20) 
Muscovite/Illite (KAh[AIShOIO][OH]z) 

KMI Zeolite Steel Head 
Trace-1 0 
Trace-1 2 

1 1 
Trace-1 1 

97-98 
o 
o 

94 
2 
o 

Zeolite X 
12 
41 
1 
o 

37 
o 
9 

Table 4.2: Statistical analysis (solution-company interaction) ofNH4+ adsorption (meq/g 
of zeolite) 
sol'company LS Means SE 

AKa 1.4599 0.006184 
A'Sb 1.31 0.006184 
B'Kc 1.3409 0.006184 
B'Sd 1.2381 0.006184 

abcd = interactions with different letters differ significantly from one another (P < 0.05) 
A = Ammonia Solution 
B = Buffer Solution 
K = KMI zeolite 
S = Steel Head zeolite 
LS Means = least square means 
SE = standard error 

Table 4.3: Statistical analysis (company-time interaction) ofNH4+ adsorption (meq/g of 
zeolite) 
company·time LS Means SE 

K-1 a 1.184 0.00757 
S'l b 1.0267 0.00757 
K-2c 1.5156 0.00757 
S'2d 1.411 0.00757 
K-3c 1.5016 0.00757 
S'3d 1.3845 0.00757 

abcd = interactions with different letters differ significantly from one another (P < 0.05) 
K = KMI zeolite 
S = Steel Head zeolite 
1 = Day one 
2=Daytwo 
3 = Day three 
LS Means = least square me ans 
SE = standard error 
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Table 4.4: Statistical analysis (partic1e sizeesolutionetime interation) ofNH4 + adsorption 
(meq/g of zeolite) 

ps·soHime LS Means SE 
G·A·l a6cd 1.5028 0.01312 
G·A·2a 1.5462 0.01312 
G·A3abcd 1.4902 0.01312 
G·B·l cdef 1.4136 0.01312 
G·B·2abcd 1.4953 0.01312 
G·B·3bcde 1.4287 0.01312 
L·Al i 0.7111 0.01312 
L·A·2a(b) 1.5349 0.01312 
L·A·3a 1.5745 0.01312 
L·B·l j 0.4142 0.01312 
L·B·2abcd 1.4964 0.01312 
L·B·3abc 1.5136 0.01312 
M·Al efg 1.3569 0.01312 
M·Aid)efg 1.3939 0.01312 
M·A·3efg 1.354 0.01312 
M·B·1 h 1.2335 0.01312 
M·B·2fgh 1.313 0.01312 
M·B·3gh 1.2973 0.01312 
(6) =should be omitted when considering the comparison between GB3 and LA2 
(d)= should be omitted when considering the comparison between GAI and MA2 
abcdefgh = interactions with different letters differ significantly from one another (P < 0.05) 
G = > 250 ~m partic1e size zeolite 
L = < 250 ~m partic1e size zeolite 
M = Mixed partic1e size zeolite 
A = Ammonia Solution 
B = Buffer Solution 
1 = Day one 
2 = Daytwo 
3 = Daythree 
LS Means = least square means 
SE = standard error 
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Table 4.5: Statistical analysis ofNH4 + adsorption (particle sizeetime interaction) -
mineraIs released (meq/g of zeolite) 
ps·time LS Means SE 
G'l abc 0.2122 0.02933 
G·2abc 0.2098 0.02933 
G'3abc 0.153 0.02933 
L·1 d -0.6095 0.02933 
L·2a 0.2837 0.02933 
L'3ab 0.2375 0.02933 
M·1 c 0.03938 0.02933 
M'2bc 0.07746 0.02933 
M'3c 0.03468 0.02933 

abc = interactions with different letters differ significantly from one another (P < 0.05) 
G = > 250 /Jm particle size zeolite 
L = < 250 /Jm particle size zeolite 
M = Mixed particle size zeolite 
1 = Day one 
2 = Daytwo 
3 = Daythree 
LS Means = least square means 
SE = standard error 

56 



Table 4.6: Total heavy metals released at temperature = 40°C and pH = 1.5 (mglkg of zeolite) 

KMI Zeolite X 
LS Means LS Means LS Means LS Means 

Element Total 4h SE 24h SE Total 4h SE 24h SE 

As 34 42.972 Il.539 38.997 Il.539 54.707 Il.539 35.723 Il.539 

Al 650 707.150 71.848 765.580 71.848 17000 760.010 71.848 784.220 71.848 

Cd 1 0.1015a 0.014 0.1499a 0.017 1.0 0.06826b 0.014 0.06233b 0.014 

Cu 28 0.9881 a 0.255 1.3057a 0.255 12 2.0451 b 0.255 1.6619b 0.255 

Co* 3.8 3.0 

Cr* <2.0 6.0 

Fe 3800 7.4278a 5.631 8.4477a 5.631 8600 105.14b 5.631 97.0186b 5.631 

Mo* 8 <2.0 

Ni 1.4 6.0 

Pb 50 2.812 0.226 2.693 0.226 12 3.212 0.226 2.862 0.226 

Se 0.64 41 

St 151 

Zn 231 92.4594a 5.511 76.1609a 5.511 6.0608b 5.511 5.5963b 5.511 
* = release of this heavy metal was below the detection limit. 
a,b = different letters differ signficantly (P < 0.05) from one another within element group 
LS Means = least square means 
SE = standard error 
NOTE: total heavy metal release was carried out by Body Cote Laboratories (Pointe Claire, PQ) 
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Table 4.7: Heavy metal concentrations considered toxic to swine (mg/kg of zeolite) 
Tolerable Tolerable 

Element Level! Levee,3 
As 50 50 
Al 200 
Cd 0.5 0.5 
Cu 250 100-250 
Co 150 
Cr 3 000 1 000 - 3 000·· 
Fe 500-3000 600 
Mo 100 20 
Ni 100 100 
Pb 30 30 
Se 2 
St 3000 
Zn 1 000 1000 

1 = Agriculture Canada et al. (1985) 
2 = National Academy of Science (1980) 
3 = National Academy of Science (1998) 
•• = dependant on type of salt 
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Figure 4.1: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH/ adsorption 
under a neutral pH at 22°C for> 250 !lm KMI zeolite in a 0.05M NH4CI solution (meq/g 
of zeolite). Total refers to summation of Ca, Cu, Mg, Na and Zn mineraI desorption 
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Figure 4.2: Mineral desorption (Ca, Cu, Mg, Na, Zn, and Total) versus NH/ adsorption 
under a neutral pH at 22°C for < 250 !lm KMI zeolite in a 0.05M NH4CI solution (meq/g 
of zeolite). Total refers to summation of Ca, Cu, Mg, Na and Zn mineraI desorption 
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CONNECTING TEXT 

The characterization of the chemical and physical properties of zeoltie has shown 

that this mineraI possesses great potential for nutrient reduction. However, hog producers 

will not likely supplement their feed with zeolite unless this mineraI can enhance or 

benefit their product. Therefore, the following paper investigates the effect of zeolite 

supplementation to standard pig diets on pig performance, carcass quality and heavy 

metal concentrations in the liver, kidney and muscle tissue. 
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V. THE EFFECT OF CLINOPTILOLITE ON PIG PERFORMANCE, 

CARCASS QAULITY, AND HEAVY METAL CONCENTRTATIONS IN THE 

LIVER, KIDNEY AND MUSCLE TISSUE 

5.1 Introduction 

The specialization trend of the livestock industry, particularly the swine industry, 

has lead to fewer but more intensive operations. Swine manure is a valued source of 

fertilizer for crop production, yet many of the large swine production units do not have an 

adequate land base to apply the manure they pro duce at sustainable rates (Grandhi, 2001). 

Nevertheless, producers continue to apply their manure at normal rates which has lead to 

nutrient overloading, particularly nitrogen (N) and phosphorus (P). In Canada, the 

application of manure as fertilizer to fields has exceeded the nutrient requirements of the 

land at the farm level and in sorne cases, the regionallevel. Already producers in the 

L'Assomption, St Hyacinthe and Beauce regions, which market over 50% of aU Quebec 

hogs, have exceeded the nutrient requirements of the land at the regionallevel. The same 

problem is observed in the Windsor-Georgian Bay area of Ontario, the Fraser Valley in 

B.C. and the Lethbridge area in Alberta (Chambers et al., 2001). Deterioration of air and 

water quality which can lead to reduced biodiversity in ecosystems and can even threaten 

human health are sorne of the consequences of nutrient overloading that have been weU 

documented (Chambers et al., 2001; Jongbloed and Lenis, 1998; Morse, 1995). The three 

main concerns about animal manure is air quality (odours), eutrophication (nitrates 

leaching into ground water) and accumulation of nutrients in the soil (Jongbloed and 

Lenis, 1998). 

There are two possible solutions to this problem. One solution would involve 

farmers applying the manure they produce according to the nutrient requirements of the 

land. The excess manure would then be distributed to areas that are experiencing a 

nutrient deficit (intensely cropped areas). However, this is costly and uneconomical. The 

other solution is to improve the nutrient digestibility through diet manipulation to reduce 

manure nutrient content (Honeyman, 1993; Sutton et. al., 1999). 
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Only until recently have zeolites been exploited in the agricultural and 

environmental industry for their physical and chemical properties. Zeolites are, by 

definition, crystalline, hydrated aluminosilicates of alkali and alkaline earth cations that 

possess an infinite, three-dimensional crystal structure (Mumpton and Fishman, 1977). 

Clinoptilolite is a species of zeolite which contains a ten-member ring channel pore 

system with eight-member ring cross-channels (Zhao et al., 1998). These channels give 

ri se to the well-known "molecular sieving" property of zeolites. Molecules having 

effective cross-sectional diameters small enough to fit through the channels are readily 

adsorbed on the inner surfaces. Molecules which are too large to fit through the channels 

are excluded and pass around the outside of zeolite particle (Mumpton and Fishman, 

1977). Clinoptilolite is further characterized by having an Sil Al ratio greater than 4 and 

being thermally stable in excess of 500°C (Zhao et al., 1998). Their high cation exchange 

capacities (2 to 3 meq/g as reported by Mumpton (1984)), affinity for NH4 + ions 

(Barbarick and Pirela, 1984; Langella et al., 2000), and abundance aIl over the world 

(Torracca et al., 1998) make clinoptilolite an ideal feed additive for the purposes of 

improving nutrient digestibility, hence reducing manure nutrient content in livestock. 

Although still in its infancy, as a feed additive, zeolites have been shown to 

improve weight gain in growing swine (Pond et al., 1988; Coffey and Pilkington, 1989), 

broilers (Fethiere et al., 1994), beef cattle and sheep (Tsitsishvili et al., 1984), and lead to 

a better feed efficiency and egg productivity in laying hens (Olver ,1997). However sorne 

researchers have observed either no effect (Pearson et al., 1985) or an adverse effect 

(Poulsen and Oksbjerg, 1995) when using zeolite as feed supplement. Zeolite purity, 

geographic source, particle size, supplementallevels used in diets, health status and 

weight range of the treated animaIs are aIl factors which can contribute to variations in 

observed results (Mumpton and Fishman, 1977; Pond and Yen, 1982; Pond et al., 1988). 

5.2 Objective 

The objective ofthis study was to ivestigate the effect of zeolite supplementation 

at the 0, 2, 4 and 6% inclusion level in both a high or low crude protein and energy level 

pig diet on body weight, body weight gain, feed intake, feed conversion rate and carcass 
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quality of swine. The optimal zeolite supplementation level was also deterrnined. The 

effect of feeding zeolite, up to a feed supplementation level of 6%, on the heavy metal 

concentration in the liver, kidney and the muscle tissues of the pigs from the starter to 

finishing phase was carried out as weIl. 

5.3 Materials and Methods 

5.3.1 Materials 

One hundred and ninety two crossbred pigs (12 Duroc, Y4 Landrace and Y4 

Yorkshire) with an average weight of23.9 ± 1.0 kg (standard deviation) at the start of the 

experiment, participated in this ad libitum feed trial at the Macdonald Campus Swine Unit 

(Ste-Anne-de-Bellevue, PQ). Six pigs (3 male and 3 female) were randomly assigned to a 

3m x 1.8m concrete slatted floor pen inside one oftwo rooms having two rows each. 

There were 8 pens per row in each room, with 2 rows per room and 2 rooms, resulting in 

a total of32 pens (Figure 5.1). 

5.3.2 Experimental diets 

Before the feed trial started, each pen within each row and room was randomly 

allocated one of the 8 different types offeed (rations), from Lyrco Nutrition, Inc. (St

Valérien de Milton, PQ) which primarily consisted of corn and soybean meal (described 

in Table 5.1 and 5.2). The first four rations had a regular crude protein (C.P.) and energy 

level while the last four rations had a low C.P. (92%) and energy level. The zeolite used 

as a dietary supplement in this experiment was supplied from the KMI mine in Nevada, 

USA. An analysis of the bulk composition of the zeolite used to supplement the diets is 

provided in Table 5.3. The ammonium adsorption capacity ofthis zeolite was assayed in 

Chapter IV (Leung et al. 2004). The pigs were fed the starter ration for the first six 

weeks, then the grower ration was fed between weeks six and ten, the finisher ration was 

then used throughout the remainder ofthe experiment (Table 5.1). 

Each pen had its own individual feeder and even though it was an ad libitum feed 

trial, the number of 25 kg feed bags put into the feeders to ensure that the animaIs could 
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eat as desired, was recorded everyday. Bence, the weight offeed put into each feeder 

was recorded so that feed intake could be recorded. 

5.3.3 Data collection (growth measurements) 

Initially the pigs had an average body weight of23.9 ± 1.0 kg and were weighed 

every two weeks along with the weight ofthe feeders (with feed inside) in order to 

calculate feed intake. The pigs remained on their respective diets until they were of 

appropriate weight for slaughter. At week 14 the pigs reached a market weight of 110.9 ± 

9.0 kg, and were sent to the Olymel slaughter house in Princeville, PQ where carcass 

quality evaluation was carried out. 

Twenty samples of the muscle, twenty samples of the liver and twenty four 

samples of the kidney were taken at the Olymel Slaughter house and brought back to the 

laboratories of Mc Gill University where they were digested at 500°C, using sulphuric 

acid and hydrogen peroxide and analyzed for heavy metals using Inductively Coupled 

Plasma (lCP) analysis (Varian, VISTA-MPX, CCD Simultaneous: ICP-OES, Australia 

Pty. Ltd.) . 

5.3.4 Statistical analysis 

Body weight, body weight gain, feed intake, feed conversion ratio, carcass quality 

and heavy metal concentration released in the liver, kidney, and muscle were analyzed by 

ANOV A with the mixed model procedure in SAS (1999) using a factorial models. 

Bodyweight, body weight gain, and carcass quality were measurements taken on 

individual pigs. Feed intake, feed conversion ratio, protein intake, and prote in conversion 

ratio were measurements taken on the pens. The statistical models are described as 

follows: 
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5.3.4a Final statistical models for overall analysis 

1. Body weight and body weight gain models 

y ijklmnop = J..l +roomi + rOWij + prOk + zeol + seXm + weekn + Pro'zeOkl + prO'SeXkm + 

pro'weekkn + zeO'SeXlm + zeo'week1n + sex'weekmn + pro'zeO'SeXklm + pro·zeo·weekkln + 

pro'seX'Weekkmn + zeo'sex'week1mn + pro,zeo'seX'Weekklmn + pigijklmno + eijklmnop 

2. Feed intake, feed conversion rate 

Yijklmn = J..l + roomi + rOWij + prOk + zeol + weekm + prO'zeOkl + prO'Weekkm + zeo'week1m + 

pro·zeO·Weekklm + eijklmn 

5.3.4b Final statistical models for weekly analysis 

1. Body weight and body weight gain models 

Yijklmno = J..l + roomi + rOWij + prOk + zeol + seXm + prO'zeOkl + Pro'SeXkm + zeO'SeXlm + 

pro'zeO'SeXklm + penijkln + eijklmno 

5.3.4c Feed intake, feed conversion rate models 

Yijklm = J..l + roomi + rowij + Prok + zeol + prO'zeOkl + eijklm 

5.3.4d Carcass quality model (fat percentage, muscle percentage, and carcass index) 

Yijklmno = J..l + roomi + rOWij + Prok + zeol + seXm + prO'zeOkl + prO'SeXkm + zeO'SeXlm + 

pro'zeO'SeXklm + penijkln + eijklmno 

5.3.4e Heavy metal concentration in liver, kidney, and muscle 

Yijkl = J..l + Proi + zeoj + seXk + eijkl 

NOTE: insufficient samples to conduct a factorial analysis 

5.3.4fParameters of the models 

y = Dependent observation 

J..l = overall mean 
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roomi = the fixed effect of the ith room (i = 1,2) 

rowij = the fixed effect of the ith row in the /h room (i = 1,2; j = 1,2). 

prok = the fixed effect ofthe kth protein level (k = H, L) zeol = the fixed effect of the lth 

zeolite supplementation level (l = 0,2,4,6) 

sexm = the fixed effect of pig gender (m = M, F). 

weekn = the fixed effect ofweek (n = 0, 2, 4, 6 , 8, 10) 

eijkb eijklm, eijklmn, eijklmno, eijklmnop = residual error 

5.3.5 Animal care 

The study was approved by the Macdonald Campus Animal Care Committee 

(Appendix A) and animaIs were cared for in accordance with the guidelines of the 

Canadian Council on Animal Care (1993). 

5.4 Results and Discussion 

5.4.1 Pig Performance 

The pigs appeared to be healthy and readily consumed their feed allocation 

throughout the entire data collection period which lasted 10 weeks. The effect of the 

room was analyzed for body weight, body weight gain, feed conversion rate and feed 

intake. Tables 5.4 to 5.7 show that placing the pigs in two different rooms with identical 

environmental conditions had a significant impact on the final body weight of the pigs, 

overall body weight gain, and feed intake. The fact that the pigs in room 2 performed 

significantly better (P < 0.05) than pigs in room 1 can be attributed to the use ofroom 1 to 

ship out various pigs from the barn (pigs not in this experiment), every Tuesday. This was 

standard practice at the Macdonald Campus Swine Unit. This caused a mixing type of 

effect to take place, between pigs being transported and pigs participating in this feed trail 

and undoubtedly caused undue stress on the pigs being housed in the first room. Pigs 

under stress have been reported by researchers as having significantly lower average daily 

gains, live body weights and altered feed patterns than pigs under stress free conditions 

(Hyun et al. 1998; Ekkel et al. 1995). 
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The effect of the different rows within the rooms and zeolite and on body weight, 

body weight gain, feed conversion rate and feed intake was analyzed and found to have 

no significant effect on any of the pig performance parameters. The effect of sex, week 

and protein aH had a significant effect on body weight, body weight gain, feed intake, and 

feed conversion rate. These results were expected since it is a well known fact that sex, 

prote in and time (week) all have a significant impact on the growth of living organisms 

such as pigs. 

5.4.2 Effect of Zeolite on Pig Performance 

On a biweekly basis, zeolite supplementation had no significant effect (P > 0.05) 

on pig performance (body weight, body weight gain, feed intake and feed conversion 

rate) within the high C.P. (crude protein) and energy group (Table 5.4 to 5.7). Within the 

low C.P. and energy group, the pigs fed the 4% zeolite diet (L4) had a significantly (P < 

0.05) greater body weight than pigs on the 2% zeolite diet (LO) on week six (Table 5.4). 

In terms of body weight gain, feed intake and feed conversion rate, there were no 

significant differences amongst the different treatments (interaction between high and low 

protein diets supplemented with 0, 2, 4 or 6% zeolite) used throughout this experiment (P 

> 0.05). 

Table 5.4 also shows that from the start of the experiment until week 6, pigs on 

the L4 ration consistently performed better than the pigs on the LO and L2 ration though 

not statistically significant (P > 0.05). Significant differences (P < 0.05) were not seen 

until week 6 between the L4 and L2 rations. However, on week 6 the starter ration was 

substituted for a grower ration which contained less protein. This change had an effect on 

hog performance, and reduced the differences in body weight between pigs on the L4 and 

L2 rations. Differences in body weights remained and continued to increase throughout 

weeks 8 and 10, though not statistically significant (P > 0.05). 

Interestingly, no significant differences (P>0.05) in feed intake (Table 5.6) 

amongst treatments (prote in by zeolite interaction) was observed throughout this 

experiment, meaning that pigs on the L4 ration ate the same amount of feed as the pigs on 

the LO, L2, and L6 rations but ended up having a greater body weight at week 6 compared 
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to pigs on the other rations. Therefore, zeolite supplementation had sorne beneficial 

effect on body weight and nutrient ingestion. 

On a biweekly basis and for all pig performance factors, no significant difference 

was found between rations HO and LO, although all pigs on the HO ration performed better 

than those on the LO ration. But, in the overall results, there were significant differences 

in feed conversion rate (Table 5.7) including that between pigs on the LO ration, 

compared to those on the HO rations. 

The overall analysis offeed conversion rate (Table 5.7) did produce interesting 

results. It was found that pigs fed the HO, H2, and H6 diets all had a statistically better 

feed conversion rate (P < 0.05) than pigs on the LO, L2 and L6 diets, which was to be 

expected since they were fed a higher level of protein. However, pigs on the HO, H2 and 

H6 diets failed to produce significantly better (P > 0.05) feed conversion rates than pigs 

fed the L4 diet, when the L4 ration offered 8 and 10% less C.P. and energy than any of 

the H ration. AIso, pigs fed the H4 ration had the best feed conversion rate out of all 8 

rations and had a significantly better feed conversion rate (P < 0.05) than pigs fed LO, L2, 

L4 or L6 rations. These findings indicate that supplementing pig diets at the 4% zeolite 

inclusion level allows pigs to utilize feed more efficiently for growth. Table 5.8 shows a 

trend between final body weight to total feed consumption, for each treatment. Pigs 

receiving diets H4 and L4 had the highest final body weight to feed consumption ratio, 

within their respective protein groups. Furthermore, H4 had the highest ratio out of aU 8 

different treatments. The amount of protein and energy that was consumed by the pigs 

was adjusted to account for lower prote in and energy diet (92% C.P. and 90% energy of 

the high protein and energy diet). From the analysis (Table 5.8) it was observed that hogs 

on the HO, H6 and L6 diets had almost identical final body weights compared to hogs fed 

the L4 ration, however hogs on the HO, H6 and L6 rations had to consume more crude 

protein and energy to achieve this body weight. This data suggests that zeolite 

supplemented at the 4% level helps pigs utilize nutrients more efficiently for growth. 

Contradictory results have been obtained from researchers who have fed zeolite to 

swine. Shurson et al. (1984) found that feeding clinoptilolite at 0.5% did not significantly 

effect average daily gain, average daily feed intake and feed/gain ratio. However, when 

feeding clinoptilolite at 5% level, in a second trial, feed/gain ratio was significantly 
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improved (P < 0.02) over the control diet containing no zeolite. Pond and Yen (1982) 

found that supplemented pig diets with % and 10% clinoptilolite at 5 and 10% had no 

effect on weight gain or gainlfeed values obtained with animaIs fed a basal diet. 

The findings of Shurson et al. (1984) correspond to the present findings indicating 

that clinoptilolite has a significant effect on pig feed conversion when fed at a level 

ranging between 2 and 6%. Pond and Yen (1982) found non significant improvement in 

feeding 5 and 10% zeolite (85% clinoptilolite) and the same amount ofC.P. and energy, 

to hogs weighing from 15 to 45kg, and 15 to 75kg. These findings correspond to the 

present results obtained with the rations H4 and H6 compared to HO indicating that, to get 

an advantage with feeding zeolite, the feed content has to be lowered to compensate for 

the great nutrient ingestion. 

5.4.3 Carcass Quality 

Carcass fat percentage (Table 5.9) was significantly affected by zeolite (P < 0.01) 

and sex (P < 0.0001) but not by room, row within rooms or prote in levels (P < 0.05). AIl 

the interactions tested for did not show any significance (P > 0.05). There were no 

significant effects on muscle percentage (P > 0.05). Female pigs were found to have 

significantly less (P < 0.0001) fat % than male pigs, and as a result ended up with a 

significantly better (P < 0.0001) carcass index (Table 5.10). Pigs supplemented 0 and 2% 

zeolite in their diet, regardless of c.P. and energy levels, had significantly (P < 0.05) less 

fat than pigs supplemented 4 and 6% zeolite. Therefore, supplementing more than 2% 

zeolite can lead to fat % in carcasses (P < 0.05) in diets containing similar C.P. and 

energy levels of this experiment. This means that zeolite may have a greater impact on 

energy digestion, compared to protein. 

Carcass index (Table 5.10) was significantly affected by zeolite (P < 0.01), sex (P 

< 0.0001) and room (P < 0.05), but not by row within rooms (P > 0.05) and protein (P > 

0.05). Room 2 had a better carcass quality index than room 1, most likely due to the 

stress experienced by pigs in room 1 (as discussed in the pig performance section of the 

results and discussion). The dietary treatments (high and low C.P. and energy diets 

supplemented with 2, 4 or 6% zeolite) did not significantly affect the carcass index 

compared to the pigs fed 0% zeolite (P > 0.05). 
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Pigs fed diets supplemented with zeolite at the 2% inclusion level had the best 

carcass index (Table 5.10), for both low and high C.P. and energy, although not 

statistically different from those fed at the 0 and 4% inclusion level but statistically better 

than pigs fed at the 6% inclusion level (P < 0.05). Beyond 2% zeolite supplementation, a 

trend of decreasing carcass index was observed (Table 5.10), most likely due to increased 

fat percentage (Table 5.9). This suggests that zeolite would have a greater effect on 

energy compared to prote in ingestion. Therefore, zeolite supplementation requires not 

only the adjustment of C.P. in the diet, but also the balancing of C.P. to energy. 

Other swine feeding studies reported contradictory results on carcass quality. 

Pearson et al. (1985) and Coffey and Pilkington (1989) found that feeding clinoptilolite 

to swine at the level of 4 to 8% and 0.2 to 0.6%, respectively, did not alter carcass 

characteristics in anyway. However, Ward et al. (1991) found that with the inclusion of 

sodium zeolite-A at the 0.5% level, carcass length was significantly increased (P < 0.06). 

In this study, 2% zeolite supplementation optimized carcass index, compared to 

the other levels of supplementation. However, if carcass fat % is not a concem then 4% 

zeolite supplementation is suitable. This reinforces the fact that clinoptilolite may have a 

greater impact on energy digestion, compared to protein. Thus, for the effective use of 4% 

clinoptilolite supplementation, not only should lower C.P. and energy levels be fed but 

lower than standard energy to C.P. ratios should be used. 

5.4.4 Heavy metal release 

Sarnples of the liver, kidney and muscle were taken from the pigs at the Olyrnel 

slaughterhouse and analyzed for macro-nutrients and heavy metal content, to measure the 

effect of feed prote in and zeolite level, and animal sex. From the mineraIs tested, (Al, Ca, 

Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, and Zn), there was a significantly greater 

effect (P < 0.05) for Co level in the muscle tissue and for Zn level (P < 0.05) in the liver 

tissue for the pigs fed the low C.P. and energy diets than pigs fed the high C.P. and 

energy diet. 

Significantly different heavy metal concentrations were found in pigs fed the high 

and low prote in diet, as those the pigs on the low C.P. and energy diet consumed more 

feed than those on the high c.P. and energy diet, thus also consuming more zeolite. 
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However, zeolite supplementation even at 6% had no significant effect (P > 0.05) on 

tissue heavy metal content. Thus, zeolite was found to play any role in tissue mineraI and 

heavy metal content, indicating an insignificant release of such elements during the 

digestion process. 

These results agree with those found by Pond et al. (1988) who found that the 

addition of2% clinoptilolite to pig diets did not significantly affect Al, Ca, Cu, Fe, Mg, 

Mn, Na, Zn concentrations in the liver. 

5.4.5 Ameliorative effects of clinoptilolite 

Pearson et al. (1985) reported that the addition of clinoptilolite to the diet of pigs 

did not significantly improve their growth performance and carcass quality, citing the fact 

that disease-control effect is a widely accepted explanation for the growth responses 

observed in pigs after the inclusion of antibiotics, such as zeolites. The reports of marked 

growth responses (34%) with inclusion of clinoptilolite in the diet of growing pigs (Cool 

and Willard 1982) suggest that clinical disease was being controlled by the additive and 

that the response in growth rate was not strictly a true growth-promoting effect. 

In the majority of studies where dietary zeolites have improved pig performance, 

(Cool and Willard 1982), the control pigs had significantly more water in their feces (P < 

0.02). The ameliorative effects of clinoptilolite was also reported by Vrzgula and Bartko 

(1984) who observed that pigs having diarrhea, after having been given a feed mixture 

supplemented with clinoptilolite, produced compact feces after 48 hours and the appetite 

of the pigs became normal, and they began to gain weight normally. In contrast, diarrheic 

pigs in a control group continued to scour and lose weight. 

During the entire course of this feed trial, the pigs appeared to be healthy and 

showed no visible signs of diarrhoea or any other adverse health symptoms over other 

pigs receiving zeolite. This could also explain why less significant differences were 

observed in pig performance, as compared to other trials. 

5.4.6 Tail biting 

Tail biting did occur amongst 4 pigs in this feed trial in pens receiving LO, L6 and 

H2 diets. Fortunately, this phenomenon occurred after the data collection period (week 
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10). Schmder-Petersen and Simonsen (2001) have cited factors such as gender, age and 

weight, rearing environment, absence of rooting materials, indoor and outdoor climate 

and feed type as sorne of the factors which trigger tail biting. Since tail biting was 

observed in a pen which received a 0% zeolite diet (LO), it is highly improbable that 

feeding zeolite contributed to tail biting, although a piges) from one of the adjacent pens 

could have been responsible for the biting. 

During this experiment, indoor and outdoor climate was not a factor since both 

rooms in which the pigs were housed were temperature controlled. This was in the 

summer time and when fall cornes, room temperature falls. Schmder-Petersen and 

Simonsen (2001) also cite the fact that tail biting is more frequent in pigs 130 days old, 

which was approximately the age of the pigs when severe tail biting occurred. Pigs 

housed on slatted floors have been reported as having a 27% increase in incidences of tail 

biting as opposed to pigs housed on concrete floors (Schmder-Petersen and Simonsen 

2001). This evidence suggests that zeolite did not play a role in the promotion oftail 

biting, although more detailed research is required. 

5.4.7 Feeder jams 

Feeder jams occur when a piges) urinates or defecates inside the trough ofthe 

feeder, which when mixed with the feed, forms a solid lump clogging and impeding flow 

of fresh feed. Since fresh feed is unable to flow from the reservoir to the trough, the 

trough is left devoid of food until the feeder is 'un-jammed'. In this experiment, feeder 

jams of significant proportion started as early as day 29 (week 4) and increased in 

frequency as the pigs matured and grew in size, which added variablility to the feed 

intake and feed conversion rate data. 

Pen inspections were carried out at the end of each day, implying that less than 

16h was spent before a pen would have gone without feed. The effect of such feeder jams 

on body weight and feed intake was not measured. However, these feeder jams may have 

add an impact on the variability of the data. 
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5.5 Conclusions 

The results obtained from this feed trial indicate that zeolite supplementation, with 

KMI (Nevada, USA) zeolite at the 4% inclusion level (supplied by Lyrco Nutrition, Inc.; 

St-Valérien de Milton, PQ) showed the most potential for improving body weights and 

feed conversion rate of pigs. When feeding the low protein diet supplemented with 4% 

zeolite (L4), a statistically greater (P < 0.05) body weight of pigs over those 

supplemented with 2% zeolite (L2) in the same prote in group on week 6 was observed. 

Pigs on the low protein and 4% zeolite feed consistently performed better than pigs on LO 

and L2 rations in terms of body weight throughout the entire experiment. There were no 

significant differences observed in the amount of feed consumed by the pigs on the L4 

ration versus any of the other rations (LO, L2, and L6) which suggests a real beneficial 

effect of nutrient utilization. Supplementing pig diets with 4% zeolite is also beneficial 

for feed conversion rate. Pigs on the H4 ration showed the best feed conversion rate 

while pigs fed the L4 ration did not statistically have a lower feed conversion rate than 

pigs fed the HO, H2 and H6 rations. These findings clearly indicate that feeding zeolite at 

the 4% inclusion level improves nutrient utilization of pigs for growth. 

Feeding zeolite at the 4% inclusion level to pigs did not significantly (P > 0.05) 

alter carcass index from 'zeolite-free' pigs. The zeolite used in this experiment (KMI, 

Nevada, USA) also did not significantly (P > 0.05) contribute to heavy metal 

concentrations in the liver, kidney or muscle tissue. 

From the feed trial carried out, it can be seen that supplementing standard pig 

diets with zeolite at the 4% inclusion level shows sorne potential for improving nutrient 

utilization in swine without significantly reducing carcass index and increasing heavy 

metal concentrations in the liver, kidney and muscle tissue, making zeolite a suitable feed 

additive for nutrient reduction. 
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Table 5.1: Experimental feed composition 

Starter (20-50kg) Grower (50-80kg) 
Zeolite Prote in Energy Prote in Energy 

Feed Level Level Level Level Level 

Diet Name (%) (%) (kcal/kg) (%) {kcal/kg} 

1 HO 0 17.2 3450 15.5 3450 

2 H2 2 17.2 3450 15.5 3450 

3 H4 4 17.2 3450 15.5 3450 

4 H6 6 17.2 3450 15.5 3450 

5 LO 0 15.5 3200 14.4 3200 

6 L2 2 15.5 3200 14.4 3200 

7 L4 4 15.5 3200 14.4 3200 

8 L6 6 15.5 3200 14.4 3200 
Note: the ration was made mainly of soybean meal and corn. 

Table 5.2: Particle size analysis of feeda 

Sieve Size (mm) % of feed particles 
l 45.49 

0.84 5.33 
0.5 13.74 

0.295 8.62 
0.25 1.89 
o 12.03 

a = average of 4 values 

Std Dev 
1.37 
1.51 
4.26 
2.41 
0.32 
1.30 

Table 5.3: Bulk compostion of zeolite (weight%) 

Element Weight (%) 
Quartz (Si02) Trace-l 
Plagioclase (NaAlSi30 s - CaAbSi20 S) Trace-l 
Calcite (CaC03) 1 
Dolomite ([CaMg]C03) Trace-l 
Clinoptilolite (KNa2Ca2(Si28Ah)On'24H20) 97-98 
Opal (Si02 .nH20) 0 
Muscovite/Illite (KAb[AISi30 JO][OHh) 0 
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Finisher {50-80kg} 
Prote in Energy 
Level Level 

{%} {kcal/kg} 
14 3450 
14 3450 
14 3450 
14 3450 
13 3200 
13 3200 
13 3200 
13 3200 



Table 5.4: Body weight analysis (kg) 

Week 

0 2 4 6 8 10 
LS LS LS LS LS 

Effect Means SE Means SE Means SE LS Means SE Means SE Means SE 

Pro·Zeo 

HO 23.904a 0.237 35.696a 0.376 47.050" 0.723 61.079"bede 0.704 71.129" 0.992 83.558a 1.072 
H2 24.808a 0.237 36.108" 0.376 47.529a 0.723 61.683ae 0.704 72.267" 1.011 84.949a 1.096 

H4 24.167a 0.237 35.829a 0.376 48.421 a 0.723 61.500e 0.704 72.496a 0.992 84.921a 1.072 

H6 23.721a 0.237 35.704a 0.376 48.029" 0.723 60.658"bede 0.704 71.154" 0.992 83.741a 1.072 

LO 23.804a 0.237 34.704" 0.376 46.158a 0.723 58.683abede 0.461 68.008a 0.744 80.208a 1.072 

L2 23.558a 0.237 34.579a 0.376 45.912" 0.723 58.133bd 0.461 69.675a 0.744 81.35a 1.072 

L4 24.146a 0.237 35.550a 0.376 47.754" 0.723 60.658e 0.461 70.600a 0.744 83.592a 1.072 
L6 24.079a 0.237 35.650a 0.376 47.941 a 0.723 60.238abede 0.461 70.971" 0.744 83.232a 1.096 

Room 

1 23.834 0.118 35.085 f 0.188 46.699f 0.362 59.759f 0.292 70.119f 0.436 82.403 f 0.539 

2 24.032 0.118 35.870g 0.188 48.000g 0.362 60.899g 0.292 71.457g 0.434 83.977g 0.539 
abede = values with different letlers differ significantly from one another within Pro·Zeo interaction effect and week (P<0.05) 

fg = values with different letlers differ significantly from one another within Room effect and week (P<0.05) 

Pro·Zeo = protein by zeolite interaction 

H, L = high and low protein diet, respectively 

0, 2, 4, 6 = zeolite % supplementation 

LS Means = least square means 

SE = Standard Error 

NOTE: Feed change at week 6 (starter to grower) 

NOTE: Measurement taken on individual pigs 
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Table 5.5: Body weight gain analysis (kg) 

Week 

2 4 6 8 10 Overall 
LS LS LS LS LS LS 

Effect Means SE Means SE Means SE Means SE Means SE Means SE 

Pro·Zeo 

HO 11.791a 0.232 Il.354- 0.557 14.029a 0.591 10.050a 0.526 12.429a 0.473 11.931 a 0.295 

H2 12.021a 0.232 11.421a 0.557 14.154- 0.591 10.522- 0.530 12.676a 0.483 12.160" 0.303 

H4 11.663- 0.232 12.592- 0.557 13.079- 0.591 10.996" 0.526 12.425- 0.473 12.151" 0.267 

H6 11.983" 0.232 12.325" 0.557 12.629" 0.591 10.496- 0.526 12.588- 0.473 12.004" 0.291 

LO 10.900- 0.232 11.454- 0.557 12.525- 0.591 9.325" 0.526 12.200- 0.473 11.281a 0.295 
L2 11.021" 0.232 Il.333- 0.557 12.221- 0.591 II.542- 0.526 11.675" 0.473 11.558- 0.302 

L4 11.404" 0.232 12.204- 0.557 12.904- 0.591 9.942" 0.526 12.992- 0.473 Il.889" 0.267 
L6 11.571 " 0.232 12.292" 0.557 12.296" 0.591 10.733- 0.526 12.350" 0.483 11.849- 0.292 

Room 

1 11.251 b 0.116 11.614 0.279 12.874 0.296 10.459 0.263 12.356 0.234 11.534b 0.125 

2 II.838c 0.116 12.130 0.279 13.085 0.296 10.446 0.263 12.471 0.234 12.172c 0.125 

"= values with different letters differ significantly from one another within Pro·Zeo interaction effect and week (P<0.05) 

bc = values with different letters differ significantly from one another within Room effect and week (P<0.05) 

Pro·Zeo = protein by zeolite interaction 

H, L = high and low protein diet, respectively 

0, 2, 4, 6 = zeolite % supplementation 

LS Means = least square means 

SE = Standard Error 

NOTE: Feed change at week 6 (starter to grower) 

NOTE: Measurement taken on individual pigs 
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Table 5.6: Feed intake analysis (kg) 

Week 

2 4 6 8 10 Overall 
LS LS LS LS LS 

Effect Means SE Means SE Means SE Means SE Means SE LS Means SE 

Pro'Zeo 

HO 21.350a 0.403 26.025a 0.658 31.250a 0.715 30.175a 0.749 35.150a 0.888 28.790abcd 0.433 

H2 21.800a 0.403 26.675a 0.658 31.150a 0.715 31.350a 0.749 35.175a 0.888 29.230abcd 0.433 

H4 21.075a 0.403 27.000a 0.658 30.500a 0.715 30.800a 0.749 35.775a 0.888 29.030a 0.433 

H6 21.275a 0.403 26.650a 0.658 29.875a 0.715 30.000a 0.749 36.200a 0.888 28.800ac 0.433 

LO 21.500a 0.403 28.475a 0.658 31.500a 0.715 30.925a 0.749 37.850a 0.888 30.050abcd 0.433 

L2 21.175a 0.403 28.250a 0.658 32.475a 0.715 34.000a 0.749 39.025a 0.888 30.985abcd 0.433 

L4 22.100a 0.403 28.850a 0.658 32.075a 0.715 31.650a 0.749 38.325a 0.888 30.600abcd 0.433 

L6 23.000a 0.403 29.250a 0.658 33.125a 0.715 32.950a 0.749 39.625a 0.888 31.590b 0.433 

Room 

1 21.181e 0.201 26.975e 0.329 30.894e 0.357 31.450 0.374 36.569 0.444 29.402e 0.215 

2 22.138f 0.201 28.319f 0.329 32.094f 0.357 31.513 0.374 37.713 0.444 30.367f 0.215 

abcd= values with different letters differ significantly from one another within Pro'Zeo interaction effect and week (P<0.05) 

ef= values with different letters differ significantly from one another within Room effect and week (P<0.05) 

Pro'Zeo = protein by zeolite interaction 

H, L = high and low protein diet, respectively 

0, 2, 4, 6 = zeolite % supplementation 

LS Means = Least square means 

SE = Standard error 

NOTE: Feed change at week 6 (starter to grower) 

NOTE: Measurements taken on pens (6 pigs per pen: 3 male and 3 female) 

86 



Table 5.7: Feed conversion rate analysis 

Week 

2 4 6 8 10 Overall 
LS LS LS LS LS 

Effect LS Means SE Means SE Means SE Means SE Means SE Means SE 

Pro·Zeo 

HO 1.810ad 0.028 2.320a 0.089 2.240a 0.088 3.00Sa 0.106 2.830ab 0.091 2.441 ac 0.031 

H2 1.81Sad 0.028 2.368a 0.089 2.210a 0.088 3.000a 0.106 2.79Sa 0.091 2.438ac 0.031 

H4 1.808ad 0.028 2.140a 0.089 2.332a 0.088 2.80Sa 0.106 2.888ab 0.091 2.39Sa 0.031 

H6 1.77Sa 0.028 2.163a 0.089 2.36Sa 0.088 2.868a 0.106 2.878ab 0.091 2.4lOac 0.031 

LO 1. 97Sb(d)e 0.028 2.49Sa 0.089 2.S20a 0.088 3.33Sa 0.106 3.10Sab 0.091 2.686bd 0.031 

L2 1.920abc 0.028 2.S08a 0.089 2.68Sa 0.088 2.983a 0.106 3.360b 0.091 2.691 bd 0.031 

L4 1.938bd 0.028 2.36Sa 0.089 2.488a 0.088 3.190a 0.106 2.9S0ab 0.091 2.S86cd 0.031 

L6 1.990(b)ce 0.028 2.380a 0.089 2.708a 0.088 3.080a 0.106 3.21Sab 0.091 2.67Sbd 0.031 

Room 

1 1.885 0.014 2.338 0.044 2.413 0.044 3.024 0.053 2.964 0.046 2.537 0.013 

2 1.873 0.014 2.346 0.044 2.474 0.044 3.043 0.053 3.041 0.046 2.543 0.013 

abcde = values with different letters differ significantly from one another within week (P < 0.05) 

(d) =remove when comparing HO and H4 with LO 

(b) = include when comparing L4 and L6 

Pro·Zeo = protein by zeolite interaction 

H, L = high and low protein diet, respectively 

0, 2, 4, 6 = zeolite % supplementation 

LS Means = Least square means 

SE = Standard error 

NOTE: Feed change at week 6 (starter to grower) 

NOTE: Measurements taken on pens (6 pigs per pen: 3 male and 3 female) 
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Table 5.8: Final body weight (kg) to total feed consumption (kg) ratio, crude protein ratio 
and energy ratio 

Total feed Final Final weight 
consumption weight to total feed C.P. Energy 

Pro'Zeo (kg) (kg) ratio ratio ratio 
HO 215.8 83.6 2.42 1.02 1.05 
H2 217.4 84.9 2.44 1.02 1.04 
H4 218.9 84.9 2.44 1.03 1.05 
H6 215.6 83.7 2.42 1.02 1.05 
LO 206.9 80.2 2.21 0.99 0.99 
L2 209.2 81.4 2.19 1.01 1.01 
L4 214.9 83.6 2.28 1.00 1.00 

L6 213.9 83.2 2.21 1.02 1.02 
Pro'Zeo = Protein by Zeolite interaction 
C.P. = Crude protein 

Table 5.9: Analysis of the effect of sex and zeolite on carcass fat percentage carried out 
by Olymel Slaughter house (Princeville, PQ) 
Sex LS Means SE Zeo LS Means 
F 16.783a 0.508 0 17.355a 

M 21.096b 0.502 2 18.059ad 

4 19.942bd 

6 20.402bc 

SE 
0.750 
0.683 
0.594 
0.664 

Table 5.10: Analysis of the effect ofroom, sex and zeolite on carcass index carried out 
by Olymel Slaughter house (Princeville, PQ) 

LS LS LS 
Room Means SE Sex Means SE Zeo Means SE 

1 3.344a 0.156 F 2.687a 0.115 0 2.930ab 0.171 
2 2.942b 0.104 M 3.581 b 0.114 2 2.893a 0.156 

4 3.316ab 0.136 
6 3.343b 0.152 

ab = values with different letters differ signficnantly from one another 
LS Means = Least square me ans 
SE = Standard error 
F = Female 
M=Male 
0, 2, 4, 6 = zeolite % supplementation 
NOTE: Smaller carcass index numbers = better carcass quality 
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Figure 5.1: Feed room layout 
NOTE: Both rooms in the Macdonald Campus Swine Unit had the exact same layout. 
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VI. GENERAL DISCUSSION AND CONCLUSIONS 

Clinoptilolite is a species of zeolite which shows great potential as a feed additive 

for standard pig diets for the purpose of reducing nutrient excretion, due to their high 

cation exchange capacity, molecular sieving properties, and stability under high 

temperatures and acidity (conditions found inside the pig's stomach). Therefore zeolite 

could reduce nutrient overloading and sorne of the harmful environmental impacts 

associated with intensive swine operations. Zeolite' s natural formation, occurrence and 

abundance aIl over the world also make its distribution feasible and economical. Thus 

experiments were carried out to characterize the chemical and physical properties of 

zeolite from different geographic sources for the purposes of nutrient reduction as a feed 

additive in pig diets. From these experiments an appropriate zeolite was used to 

supplement standard pig diets at an inclusion rate of 0, 2, 4, and 6% for a standard farrow

to-finish swine operation to test the feasibility ofusing zeolite as a dietary supplement 

and to determine optimal zeolite supplementation levels. 

Chemical characterization of zeolite consisted in measuring NH4 + adsorption 

capabilities, and desorption of macro mineraIs on heavy metals of different types of 

zeolite under a neutral pH and temperature of 22°C, as weIl as under a pH of 1.5 and a 

temperature of 39°C, simulating conditions found inside the stomach of a pig. Due to the 

slightly higher clinoptilolite content, KMI zeolite was compared to Steel Head zeolite and 

a commercial grade zeolite of po or clinoptiolite content. KMI zeolite slightly out 

performed Steel Head zeolite in terms ofNH4 + adsorption capabilities and under acidic 

conditions released a lower percentage of 4 out of 6 mineraIs (Al, Cu, Fe, and Pb) 

compared to the commercial grade zeolite. With the exception of Al released after 24hrs, 

the KMI clinoptilolite was lower than the level of heavy metals considered toxic to swine 

(National Academy of Science and Agriculture Canada). Even if KMI zeolite was fed to 

hogs at a level as high as 6%, it is expected that the amounts of heavy metals released 

after 24h, even for Al, would not be high enough to exceed the toxicity threshold. 

The bulk shear tests carried out for the physical characterization of the zeolite 

indicated that neither particle size nor moisture content (between 0 and 10%) significantly 

affected internaI angle of friction, a measure of inter particle forces. A measure of the 
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angle of wall friction was also carried out, in order to investigate the forces between the 

zeolite and a piece of galvanized steel, a material commonly used in storage bins. 

Looking at these two results together showed that no matter how steep the hopper angle 

of the storage bin, funnel flow should be expected. Therefore particle size and moisture 

content (between ° and 10%) had no effect on the flow properties of zeolite. 

Zeolite showed favourable chemical and physical characteristics in the laboratory. 

However, it was important to find out how pigs being managed under standard farrow-to

finish practices would perform if fed this material. If the pigs responded po orly to zeolite 

(body weight, body weight gain, feed intake, feed conversion rate, and carcass quality) or 

showed a build up or elevated concentrations of heavy metals in their organs and tissues 

after slaughter, this product would not be viable as a feed additive since producers would 

not use this product no matter how efficient the manure nutrient removal. Therefore, a 

feed trial was carried out to determine how supplementing standard pig diets (high and 

low prote in) at the zeolite inclusion level of 0, 2, 4 and 6% levels to pigs in a typical 

farrow-to-finish operation would impact pig performance (body weight, body weight 

gain, feed intake and feed conversion rate), carcass quality, and heavy metal 

concentrations in the liver, kidney and muscle tissue. From this feed trial, pigs given a 

low protein di et and zeolite supplementation of 4% performed better, in terms of body 

weight than other pigs within the low prote in group supplemented 0, 2, or 6% zeolite. 

This finding may suggest that these pigs utilized mineraIs within their feed more 

efficiently for growth. If this is the case, one would expect to find less phosphorus and 

definitely less nitrogen in their manure. AIso, pigs on the low protein ration and 4% 

zeolite supplementation did not statistically consume more feed than the pigs fed the 

same low protein ration on the 0, 2, and 6% zeolite supplementation level, but gained as 

much weight. Therefore, supplementing a low protein pig diet, such as the one used in 

this experiment, with 4% zeolite shows potential for nutrient reduction. It was also 

shown that the best feed conversion rates were produced in pigs supplemented 4% zeolite 

in their diets .. This indicates that nutrient digestion is more efficient for the purposes of 

weight gain when pig diets are supplemented 4% zeolite. 

91 



From the carcass index evaluation, pigs on the 2% zeolite supplementation 

showed the best carcass index. There was a trend of decreasing carcass index as zeolite 

supplementation increased beyond 2%. However, the carcass index of pigs 4% zeolite 

was not significantly different (P > 0.05) from pigs fed 2% zeolite. Carcass index of pigs 

fed the 2% supplementation level produced significantly better (P < 0.05) carcasses than 

pigs on 6% zeolite supplementation. This indicates that the threshold for zeolite 

supplementation lies between 4 and 6% before carcass index of the pigs significantly 

deteriorates. Samples of the liver, kidney and muscle tissues were taken from the 

carcases at the abattoir and analyzed for heavy metal concentrations (Al, Ca, Cd, Co, Cr, 

Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, and Zn). There were no significant differences in 

heavy metal concentrations between (P > 0.05) pigs fed zeolite at the 2, 4 and 6% 

inclusion level and pigs fed no zeolite. This feed trial has shown that zeolite can be used 

in the supplementation of pig diets at the 4% inclusion level giving better feed conversion 

rates without adversely affecting carcass quality or heavy metal concentrations in the 

liver, kidney and muscle tissue. 

These experiments have demonstrated that zeolite is definitely a viable mineraI for 

feed supplementation of pig diets in order to remedy the environmental impacts of swine 

manure, both in terms of physical and chemical properties in theory and in practice. 

Using this feed additive would bene fit the environment as well as be advantageous for 

swine producers since it has shown the potential to improve pig performance through 

more efficient use ofnutrients. In theory, this would result in lowered concentrations of 

nitrogen and phosphorus in the manure, alleviating the environmental impacts associated 

with swine operations, in particular nutrient over loading and odour. 

The results obtained from these experiments have built a foundation from which 

further research may be carried out. In the bulk shear experiments moisture contents 

greater than 10% should be used to investigate its effect on angle of internaI friction. 

AIso, different silo wall materials should be used in determining angle ofwall friction. 

During the feed trial various limitations did not allow for any nutrient concentration 

measurements of nitrogen and phosphorus in manure samples. Measuring these 

properties is crucial to research involving zeolite as a dietary supplement as a means of 

nutrient reduction. Quantifying ammonia gas also needs to be carried out along with a 
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complete odour panel in order to asses the effect of zeolite on odourous compounds. Due 

to the strict regulations that govem feed companies the feed used in this experiment could 

not be pelleted. Looking at the effect of pelletization of feed with zeolite should also be 

carried out as well as supplement pig diets with > 250 Ilm particle size zeolite in the feed. 

For future feed trials conducted in the Macdonald Campus Swine Unit, pigs should all be 

housed in room 2, since other pigs move through room 1 on their way to slaughter, 

causing undue stress on pigs housed in room 1. A complete economic, cost to benefit 

analysis must also be carried out to determine if the extra money gained in the increase in 

carcass quality (if any) of the pigs can offset the cost of using zeolite as a feed additive in 

pig diets. 
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McGill University 
Animal Use Protocol- Research 

Guidelines for completing the form are available at 
www.mcglll.ca/fgsr/rgo/animall 

Protocol #: t.tlt te> \ 

Investigator #: ~)' 

o Pilot o New Application ~ Renewal of Protocol # 4461 

Approval End Date: ~\ 1\--'\ ), l "~(Cy 
Facility Committee: k<6 ~\ 

Title (must match the title of the funding source application): Zeolite as naturà1 swine feed additive to reduce the environmental 

~~~e ~n ft 
\)'llA~ 

1. ..' Investigator Data: 

Principal Investigator: SuzeUe Barrington and Xin Zhao 

Department: Agricultural and Biosystems Engineering 

Address: MS 1 024, Macdonald Campus 

Office #: 7776 and 7975 

FaX#: 8387 and 7964 

Email: barrington@macdonald.mcgill.ca 

2." "'EJnergelléy Contacts: Two people must be designated to handle emergencies. 

Name: Suzelle Barrington 

Name: Denis Hatcher 

3.:;' i'~ding ~o~ce: 
External ~ 
Source (s): NSERC and FPPQ 

1 Peer Reviewed: 181 YES DNOu 

Status: ~ Awarded o Pending 

Funding period: May 2001-May 2005 

Work #: _3;:,;9:...:8~-7:...:7...:..76-=--_____ Emergency #: 450-825-2530 

514-457-9276 Work #: 398-8644 Emergency #: 

Internai 0 ~>~":-'--:."--·:-'--~:F~~~; 
Source (s): ~":~:-'~~'-':~Tj\:~:a~\ 

0 DNo** 
]--"; _ j 1 .-:.'--) ~~ 

Peer Reviewed: YES ,j ~ ~I ~ : 
~ l... j 1. ~ 

Status: o Awarded o Pending ! ,'" ,,..,cPtJ\ !r:E0 : l !,"''r ,""" 1 . _.1 , 

Funding period: 
** AIl projects that have not been peer reviewed for scientific merit by the funding source require 2 Peer Review Forms to be completed . 
e.g. Projects funded from industrial sources. Peer Review Forms are available at www.mcgill.ca/fgsr/rgo/animall 

Proposed Start Date of Animal Use (d1m1y): May Ist 2003 or ongoing 181 
Expected Date of Completion of Animal Use (d1m1y): May Ist 2005 orongoing D 

Investigator's Statement: The information in this application is exact and complete. 1 assure that ail care and use of animaIs in this 
propoSaI will he in aœordance with the SlYdelines and policies of the Canadian Council on Animal Care and those of McGill University. 1 sbaIl 
request the Animal Care Committee's approval prior to any deviations from this protocol as approved. 1 understand that this approval is vaUd for 
one' and must he a roved on an annti.al-l>asis.--

Principal Investigator: .' f,>~,- ." S 

Chair, Facility Animal Care Committee: Date: 

University Veterinarian: Date: 

Chair, Ethics Subcommittee(as per UACC 
li Date: 

h==o;--____________ ~B_egI_·_nn_in_g_: ~~~ E: t. '1- C\: ~ i Ending: t-'\ 1\ '\ 7) l) j-I.~( if 
roved with the modifications noted in Sectlbn 13. 

FE8 2: 20OJ. 
l~-..Jf). 



Stanley Leung 
Another student 
Denis Hatcher 

Oassification 

Graduate student 
Mac Fann swine 
barn operator 

Stanley Leung is a graudate student presently 
under training with Denis Hatcber, at the pigegery, 
from Jan to April 2003. Another graduate student 
will be joining Stanley in May 2003, but this 
student bas not been named yet; this student will 
he an M. Sc. student in animal science. 

name ... complete column, 
role of the student 

untlrO\rtn2 carcass and 

b) SPECIFIe OBJECTIVES OF THE STUDY: Summarize in point form the priniary objectives of this study. 

-establish optimum zeolite feed dosage of zeolite, based on the weight range of animals, for best feed conversion and carcass 
quality; using.the ideal zeolite levels found in the first part of the project, measure the impact of zeolite on manure mass and 
nutrient content N losses and odour produced, as weIl as berd productivity. 

From July 2001 to June 2002, three metabolic cage tests were conducted, each test using 12 - 60kg grower bogs. The fust test 
demonstrated that 5% and 7,5% zeolite in the feed improved rate of gain and feed conversion. The 2002 did not show any effect 
because of a low of zeolite 45%' and because of animal bealth 

d) SUMMARY OF PROCEDURES FOR ANIMAL USE REPORT TO THE CCAC: Using KEY WORDS ONLY, 
list the procedures used (e.g. anaesthesia, breeding colony, injection !P, gavage, drug administration, major 
survival surgery, euthanasia by euanguination, behaviouralstudies). Refer to Appendix lofthe Guidelines for a 

Feeding zeolite; Frequent weighing ;Metabolic cage 

6. Animais To Be Used 

a) ,Purpose of Animal Use (Check one): 
1. ~ Studies of a fundamental naturelbasic research 
2. 0 Studies for medica1 purposes relating to humanlanimal diseases/disorden 
3. 0 Regulatory testing 
4. 0 Development of products/appliances for humanlveterinary medicine 

b) Will the project involve breeding animals? NOI8I YES 0 
Will the project involve the generation of genetically altered animais? NO 181 
Will field studies be conducted? NO ~ YES 0 

YEsO 

1 e) Description of Animais 

Sp/strain 1 Sp/strain 2 Sp/strain 3 Sn/strain 4 Sp/strainS Sp/strain 6 
Specles & strain growerbogs 

Supplier/Source 
Haybay 
ftA.--a+.,..('I 

2 



page 3 

1 Strain 
Duroc x 
Landracex 

1 
Yorkshire 

1 femalesand 
I
Sex males 

! AgelWt 20to 105 kg 

Il To be purehased 192x2 (max) 

Il Produced by in-
1 house breedin2 
! IIOther 
· (e.g.tield studies) 

##needed at one time 192x 2 (max) 
6 per pens and 

· Il percage 1 per 
metabolic 
cage 

1 TOTAL## IYEAR 384 (max) 

: 0uaIity Control Assurance: To prevent introduction ofinfections diseases into animal faclIiûes, a bealth statos report or veterinary l inspedioncertificate ma)' be required prior to reœiving animais from aU non-tommercial sources or from commercial sources wbose 
auimal health status is unknown or ouestionable. Ouarantine and further testin2 may be reGuired for these animais. 

a) Please justify the number of animais requested for each speeies described in the table 6c above,BASED ON THE 
EXPERIMENTAL OBJECTIVES OF THE PROJECT. Include information on experimental and control groups, Il per 
group, and faJlure rates. Also justify in terms of statisticalrequirements, pi-oduct yield, etc. For breeding, specify how 
man' adults are used, number of offspring produced, and how many offspring are used in experûDentalprocedures. 

! The.numben of animais are for one year only, not the iength offunding. Use the tablebelow when applicable (space 
• will. andas needed • . . 
For experimental design for the ficst test is makes use of the 32 pens in the piggery (16 pens per grower room) each pen holding 

· 6 hogs. The experimental design is : 4levels of zeolite (0,2.5, 5 and 7.5%) x two feed levels x 4 pens x 6 hogs per pen: 4 x 2 x 
4 x 6= 192, sinee each pen is an experimental unit. The optimum level ofzeolite is know to increase with hog live weight. 
Thus, no one treatment (zeolite level) is expected to produce the best results at aIl weights; each zeolite level is expected to 
produee the best results for a live weight range of20 to 30kg. Ex. the 5% may be best for live weights of 40 to 70Kg. 

Since we only have 12 metabolic cage, tbis test can only compare four treatments in triplicate. The hogs will be brought into 
the pens and allowed to settle in for 5 days, before strating to collect the urine and feces for the next 5 days. Since males will be 
used. and they shoot their urine forward while making their feces at the back end, two trays will be used to collect the urine and 
feces separately, one at the front and the other at the back iof the pen. The. animaIs are always held in place over the length of 
the pen, in the metabolic cages. 

For the third test, if we havetime to conduct it, we need to apply one treatment per room, and each room holds 96 hogs; this 
will allow us to compare one group ofhogs feed the optimum amount of zeolite (determines above and known to vary with live 
weight) against a control; by using one room as control and the other for the zeolite group, we will be able to compare odor 
emissions and manure quality. 

Test Agents or 
Procedures 
e.g. IDrngs 

Zeolite 

Il of Animais and 
Species Per Group 
e.g. 6 rats 

i# of endpoints Other variables (i.e. sel 

weight, genotypes,etc.) 
e.g. Male, Female 
rou s l variables 

1 per cage x 12 males (60kg) 
cages 96 males and 96 

Total nomber of 
animais 
e.g. lx6x4xJx2= 
188 

12 

6/ x 32 0 .5 5 and 7.5% 14 weeks females 2 tests oflx 96 = 384 
* For the Aboye table, énter the first agent/procedure, press 'enter', then the lad agent ••• complete the first column, then the lH, 
then the JN... . 

b) Please justify the need for live animais versus altemate methods (e.g. tissue culture, computer simulation). 



live animais give us the troe digestion test which we need to test. 

e)Deseribe tbe charaderistics oftbe aDimaispedes seleeted thatjustifies itsuse in the proposed study (consider 
~a such u bod)'sÎZe, spedes, strain, data from previoUlstudiesor unique anatoDiiclphysiologiea1 features) 
. . . '.' '".. 
Grower bogs are the major consumers offeed and the majour source ofmanure production for the swine industry . 

.. 8. ·Animal Husbandry and CaR 
a) Special cages NO 0 YES IZI Specify: metabolic cages 

Special diet NO 0 YES ~ Specity: sUpplemented with zeolite, a natural minerai in a normal commercial 
pigfeed. 

Special handling NO ~ YES ~ Specity: weighing the hogs once every 7 to 14 days. 

b) Is there an)' component to the proposed procedures which will result in immunosuppression or decreased immune 
function (e.g. stress, radiation, steroids, chemotherapeutics, genetic modification of the immune system)? 

NO ~ YES 0 Specify: 
e) 
Multiple institution facHit)' housing: NO ~ YES 0 
Indicate aU facHities where animais will be housed: 

Indicate area(s) where animal use procedures will be 
condueted: 

Building: Macdonald piggery Room No: 2 

Building: Macdonald piggery Room No: 2 

1 If animal housing and animal use are in dift'erent locations, briefly describe procedures for transporting animais: 

Complete this section if)'ou plan to use an)' of the UACC SOPS listedbelow. rr IS UACC POLICY THAT THESE 
SOPS BE USED WHEN APPLICABLE. An)' proposed variation of the SOPs must be described and justified. The 
Standard Operating Procedures can be foundat the UACC website ai nw.mcgiD.qlfarlmllDimaV. The completed 
and signed SOP form must be attached to the protocoL 

Check ail SOPs that will be used: 

Blood CoUedion (UACC#I ) o Production of Monoclonal Antibodies (UACC#7 ) o 
Anaesthesia (rodents) (UACC#2) o Production of Polyclonal Antibodies(UACC#8 ) o 
Analgesia (rodents/larger species) (UACC#3) o CoUection of Amphibian Oocytes (UACC#9 ) o 
Breeding (transgenicslknockouts) (UACC#4 ) o Rodent Surgery (UACC#10 ) o 
Transgenic Generation (UACC#5) o o 
Knockoutliu Generation (UACC#6 ) o o 

a) FOR EACH EXPERIMENTAL GROUP, DESCRIBE ALL PROCEDURES AND TECHNIQUES IN THE 
ORDER IN WHICH THEY WILL DE PERFORMED - surgical procedures, immunizations, behavioural tests, 
immobilization and restraint, foodlwater deprivation, requirements for post-operative care, sample colledion, 
substance administration, special monitoring, etc. IF A PROCEDURE IS COVERED DY AN SOP, WRITE "AS 
PER SOP", NO FURTHER DETAIL IS REQUIRED. Appendix l of the Guidelines provides a sample Iist of points 
that sbould be addressed in this section. . 

page .. 



geS pal 
shoot their urine towards the front of the cage while producing their feces at the back. Thus a front tray and back tray can 
he used to collect the feces and urine without contamination. Ifjust implies being in the metabolie room at a specifie time 
when the bogs get up to eat for example', to collect fresh specimens. This method is used by the Lennoxville AAC researcb 
station with satisfaction and is mucb easier on the animais. 

b) Field Studies - Provide ail relevant details. Procedures to be conducted (e.g. surgery, blood coUection, tagging ete.) 
should be described above. 

Method of capturelrestraint, duration of captivity, potential injury/mortality, monitoring frequency: 
N.A 

Transportation and lor housing of animais in the field: 

Special handlingrequired: 

Capture of non-target species, potential injury/mortality: 

Wiu captured animais be released at or near the capture site YES D NO D 
If not, specify if they wiU be relocated to other locations and/or populations. 

Describe any potential ecological disruption this study may cause: 

Itis the respoDSibiiity of the investigator to obtainaU necessary permits for workwith wildlife. Copies of these permits 
must be fonvardedto the Research Ethics Officer (Animal Studies) when thèy are obtained. 

. c)Pre-Anaesthetic/AnaestheticlAnaigesic Agents: List aU drogs that will be used to minimize pain, distress or 
discomfort. TablewiU expand as needed. ("complete 1- column pressing 'enter' after each species, then r-' column ••• ) 

Species Agent Dosage (mglkg) Total volume(lnI) per Route Frequency 
administration 

d) Administration of non-anaesthetic substances: List aU non-anaestheticagents under study in the experimental 
component of the protocol, induding but notlimited to drogs, infectious agents, viroses (table wiUexpand as needed). 
("complete 1- column pressine 'enter' after each specles, then 2- column ••• ) 
Species Agent Dosage (mglkg) Total volume (ml) per Route Frequency 

administration 

e) Endpoints: 1) Experimental- for each experimentai group indicate survival time • 
2) CIinical- describe the conditions, complications, and criteria (e.g. >20% wt.loss, tumour size, 

vocalizÎng, lack of grooming) that would lead to euthanasia of an animal before the expected completion of the 
experiment (sPedfy per species and project if multipleprojects involved). 
For the metabolie cage test, ail animais are retumed to the main swine grower roOInS, after the 10 day test. These animals and 
those of the large group test wiII be fed zeolite from 20 to 80kg, then fed a standard ration from 80 to 105kg and then sent for 
slaughter at a commercial slaughter house. 
Specify penon(s) who wiu be responsible for animal monitoring and post-operative care 
Name: Denis Hatcher and Stanley Leung. Phone#: 514-457-9256 and 514-398-8644. 

t) Method of Euthanasia - According to CCAC guidelùies, justification must be provided for use of Any physical 
metbod oreuthanasiawithout prior use ofanaesthesia (justify bere): . 



Soecify Species 
D anaesthetic overdose, Iist agent/dose/route: 

U euanguination with anaesthesia, Iist agent/dose/route: 

D decapitation without anaesthesia LJdecapitation with .anaesthesia,1ist agent/dose/route: 

U cervical dislocation 

0 C01dwnber 

D other (specify) 

LJ not applicable (explain) 

Categories of Invasiveness (from the CCAC Coteg01'Ù!s ollnvasiveness in Animal Experiments). Please refer to tbis document for a 
more detaUed descriptiou of categories. 
Categoa A: Studies or experiments on most invertebrates or no entire living materiaL 

pa 

Categoa B: Studies or experiments causing little or no discomfort or stress. These might include holding animais captive, injection, 
percutaneous blood sampling, occeptetl euthanasia lor tissue harvest, acute non-flurvival experiments in which the animais are conrpleteLy 
anaesthetiu4. 
Categorv C: Studies or experiments involving minor stress or pain of short duration. These might include cannuhltion or 
ctltheteriz,ations 01 blood vesseLs or body cavities under anaesthesia, minor surgery under anaesthesia, such as biopsy; short periods 01 
restraint, overnight lood and/or water deprivation which exceed periods 01 abstinence in nature; behavioural experiments on conscious 
animals that involve short-term stressful resuaint. 
Categoa D: Studies or experiments that involve moderate to severe distress or discomfort. These might include major surgery under 
anaesthesia with subsequent recovery, prolongetl (several hours or more) periods 01 physical restraint; induction 01 behavioural stresses, 
immuni:atüm with conrpkte Freund's adjuvant, appliclltion 01 noxious stimuli, procedures that produce pain, production 01 transgenics 
(in accordance with University poIicy). 
Categon E: Procedures tbat involve inflicting severe pain, near, at or above the pain threshold of unanaesthetized, conscious 
anim!,'s. Not conjinetl to but may inc/ude exposure to noxious stimuli or agents whase eJfecls are unknown; exposure to drugs or 
chemicals at levels that (may) marke4Iy impair phyaiological systems and which CIUlSe death, severe pain or extreme distress or physical 
trauma on unanaesthetized animais. Accordin to Univers' olic, E level studies are not rmitted. 

··~&~~~~_i_'~l_ 
No hazardous materials will be used in this stndy: [8l 

a) Indicate which of the following will be used in animais: 
DToxic chemicals DRadioisotopes DCarcinogens DInfectious agents DTransplantable tumours 

b) Complete the following table for each agent to be used (use additional page as required). 

Dosage· 

Route of administration 

Frequency of administration 

Duration of administration 

Number of animais involved 

Survival time after administration 

c) After administration the animais will be housed in: bJ the animal care facility 
o laboratory under supervision of laboratory personnel 

P1ease note that cages must be appropriately labeled at aU times. 

d) Describe potential heatth. risk (s) to humans or animais: 

ge6 



~ ________________________________________________________________________ ~~ge7 

e) Describe measures that will be used to reduee risk to the environment and aU project and animal facllity penonnel: 


