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ABSTRACT

Freeze-thaw was studied as a waste treatment method for the
concentration and volume reduction of contaminated liquids of high
strength kraft pulp mill effluents and waste concentrates produced from
the use of membrane technology. Unidirectional freezing experiments
were conducted to simulate natural freezing in which the independent
variables: freezing rate, liquid depth, storage time, storage temperature,
freeze layering, concentration, thawing rate and method of thawing were
examined with respect to their relative significance. Method of thawing
followed by freezing rate, rate of thawing, and storage temperature were
identified as the most important independent variables that contribute
significantly to treatment performance. Freeze-thaw was effective in
concentrating and separating the constituent matter of high and moderate
strength effluents originating from the alkaline extraction stage to produce
a relatively clear supernatant in the upper liquid fraction. Identified was a
new field of application for freeze-thaw as a waste treatment process for
the management of high strength liquid wastes amenable to mechanical

coagulation by freezing.

Scanning electron microscopy of frozen effluent samples showed its
constituents were concentrated during freezing into thin layers of
concentrated material with the thickness and morphology of this material
dependent on the freezing conditions. At an initial freezing temperature
of -2 °C, approaching the effluent's minimum freezing point, the
concentrated material produced consisted of thick, porous wafer-like
structures arranged into "honey comb or box" like patterns. At higher rates

of freezing (initial freezing temperatures -15 °C and -25 °C) the



concentrated material produced consisted of very thin, wafer-like
structures. These wafer-like structures were arranged in sheet like patterns
with the spacing between the zones of concentrated material being in part,
determined by the freezing rate. Initial freezing temperature was found to
play an important role in defining the morphology and characteristics of

the concentrated material produced during freezing.

The concentrated material produced during freezing was very
fragile and susceptible to break-up during thawing. The method by which
the frozen effluent was thawed proved crucial in the successful operation
of the process. Thawing of the frozen effluent from predominantly the
bottom up allowed for the release of the concentrated material from its ice
matrix enabling it to settle and be carried downward with the melt water.
The degree by which the melt water assisted settlement of the concentrated
material was dependent on the rate of thawing. High thawing rates was
conducive to establishing a near downward vertical flow pattern which
assisted to rapidly remove and concentrate the material, limiting its
contact time with the bulk solution during which diffusion could occur.
Constituent removal rates of as high as 80 % were achieved in the top 70
% liquid portion of different effluent types under conditions of slow

freezing and rapid thawing from the bottom up.

Over time the concentrated material was observed to diffuse back
into solution to indicate it was not a floc per say but a mixture of dissolved
and stable colloids together with precipitated and flocculated matter, all
dehydrated. Equations were derived to predict the final color

concentration in the top 70 % liquid fraction of the treated effluent and to



estimate the drain time following treatment to obtain a desired treated

effluent quality. These equations were verified using experimental data.



ACKNOWLEDGEMENTS

I would like to thank the members of my advisory committee (Dr.
Daniel Smith, Dr. Steve Stanley, Dr. lan Buchanan, and Dr. Dave Sego) for
providing many helpful suggestions during the course of my research.
More importantly I would like to especially thank Dr. Daniel W. Smith for
his advice, encouragement and patience during my years as a graduate

student.

I would like to extend my great appreciation and thanks to the
numerous people who assisted me throughout the course of my research.
In particular I would like to thank Maria Demeter, Nick Chernuka, and
Carla Schumacher for their assistance in the conduct of the laboratory
work. I am indebted to their help and cooperation. Also I would like to
thank the Geotechnical Group of the Department for the use of their
facilities and to Christine Hereygers for her helpful assistance.

I would also like to acknowledge the support of Weyerhaeuser
Canada Ltd., Grande Prairie Operations for their encouragement, support
and in making the pilot membrane treatment system available for test
sample production. In particular the encouragement of Mr. Steve Cooper

and later Ms. Rhianna Johnson was appreciated.

Finally, I would like to thank my wife and daughter, Maria Augusta
and Carolina, for their patience and understanding.

Financial support for much of this research was initially provided
by Weyerhaeuser Canada Ltd. through a research contract with Dr. Daniel

W. Smith followed by a research grant from the Natural Sciences and



Engineering Research Council of Canada (NSERC) to Dr. Smith. The
balance of the support was provided through the Sustainable Forest
Management Network of Centres of Excellence, Minimal Impact

Technologies theme through a grant to Dr. Daniel W. Smith.



TABLE OF CONTENTS

Chapter Page
L0 INEPOAUCHION. ..ot teaen et cteas s see st ss s s s et s s ssans 1
1.1 BaCkGTOUNd........ceetttcncnas seaaeene e saeesaneessesnsnssen s 2
1.1.1 Statement of the Problem...........cccoccoeceumevienvrenccncnnens. 2
1.1.2 Hypothesis Development............cccceeeeecoenrrcnnmracvecnnenen. 3
1.1.3 Research Development............cccocoucirunicccriencnecncnncn. 6
1.2 Research Objectives...........cccouecrnnerneceneonenrecrinnensas e senesseesnenens 7
1.2.1 Primary Objectives...........cccceveerenvenermernnererenrenmenesrenesanns 8
1.2.2 Secondary Objectives..........cceeeereirrncrincrcerscirascrencecnens 8
2.0 Literature ReVIEW..........c.cviviiiminieiencee e crseese s sesesssesasssnssssrsessens 9
2.1 Pulping Processes............ueemiivcinsinesssincniencseecssecsssen sessesssecssnes 9
2.1.1 Alkaline Extraction Stage Effluent Composition....... 10
2.2 Freeze-Thaw for Treatment of Membrane Concentrates........ 11
2.2.1 Freeze Concentration and Separation........................... 11
2.2.1.1 Freezing of Pure Water.........ccccceevevecevennunne. 12
2.2.1.2 Freezing of Solutions...........ccocvvcieereveennnennas 12
2.2.1.3 Freezing of Colloidal Aqueous
SOIUtIONS. ...t e 14
2.2.1.4 Freezing of Suspensions............cccevueervennnenns 16
2.2.1.5 Freezing of Sludges.........cccceeevrvcervcccnniennnnne. 16
2.2.2 Influencing Variables... .........covrivininccrceiveccsseencanes 19
2.2.2.1 Freezing Rate............urmvriiicnircnenes 19
2.2.2.2 Impurity Size, Shape, and Nature.................. 20

2.2.2.3 Impurity Concentration.............cccceveeveeincnnnen. 22



2.2.2.4 PreSence Of Aul.....ceeeeeeeeeeeeereeeeereeeeeeeeesssesseones 23

2.2.2.5 Effect of SHITING........cccevsrereerererereserraresenrenennn. 24
2.2.2.6 Rate and Method of Thawing...........c............ 24
22.2.7 Method of Freezing..........cccocoveermrmreruereeriercnnns 25
2.2.2.8 Inorganic Electrolytes..........ccoccocervererrrrererrerene 25
2.2.2.9 Liquid Depth..........ccccovoevrnrrmnrernereererseneennne 26
2.2.2.10 Time Frozen (Curing Time)...........cc............. 26
2.2.3 Mathematical Models..........cccoecererurrerrererrecerrccrcrenceanne 27
3.0 Materials and Methods.........cceovmueneierrcnceeeceteece et ees e 29
3.1 Summary of Experimental Tests.........c..coceoeevuervereevsrerresrsenieeancns 29
3.2 Experimental Waters...........cocvvniimeinrercenceeieeieeeneees e 29
3.2.1 Alkaline Extraction Stage Effluent.................... 29
3.2.2 Alkaline Extraction Stage Membrane

Concentrate............ccocvueercreerrrennreneerenesseeseesense e 32

3.2.3 Alkaline Extraction Stage Concentrate Size
FIactions........ccciicnicecnnicieescsrsies e setenassesensenans 32
3.3 Experimental Water Preservation.............co.ecouvveuveeeeniceeeneeenenens 32
3.3.1 Alkaline Extraction Stage Effluent..................cccooue........ 34

3.3.2 Alkaline Extraction Stage Membrane Concentrate.... 34

3.4 Experimental Water Characterization............ccoceevuerueeeeeeceeeunnee. 41

3.4.1 Alkaline Extraction Stage Membrane

CONCENLTALE........ocvreee eecenecnsiersenseesseses e narae b et s 41
3.4.2 Alkaline Extraction Stage Effluent...............c.cc.ceoevueer.. 48
3.5 Analytical and Investigative Methods.........c.cceoereruruereevererncnnnn. 48

3.5.1 Wet Chemistry Analyses........c.ccccccemurererrrereerererecrersennns 48



3.5.1.1 Alkalinity Species.......ccccecoveuremmrmerrerernerenerernennn 48

3.5.1.2 Chemical Oxygen Demand.......c..cccceeoruemnere-. 48

3.5.1.3 COlOT ..t 50

351l PHue ettt e res s naene 50

3.5.1.5 Metals.......ueeeiccrecnrcneeere st 50

3.5.1.6 Total Dissolved Solids........cccccceceurenrrrrncneurannac. 50

3.5.1.7 Total Suspended Solids..........ccccerverrrerrrrrenenee. 51

3.5.1.8 Turbidity.......ccccoceorecnccceccierceeceneernasnreseensanenn. 51

3.5.1.9 Volatile Suspended Solids...........ccccovurveceemnns. 51

3.5.2 Scanning Electron Microscopy........c.ceeesmsesaresssnneesensas 51

3.5.2.1 Specimen Preparation..........ccccceereerneurenerrennans 53

3.5.2.1.1 Ice Specimenns............ccccccevececorencoreneranas 53

3.5.2.1.2 Filter Paper Specimens...................... 63

3.5.3 Freezing Point Determination............cceeeovevereceencunnnn. 63

3.5.3.1 Experimental Samples.........cccecovueurerurnrererenenens 63

3.5.3.2 Cryomatic Cryoscope Instrument..................... 66

3.5.4 X-ray Photoelectron Spectroscopy..........cc.cccoverrrererrernane. 69

3.5.5 Size Fractionation by Ultrafiltration...........cc.cceeveevennees 69

3.6 Experimental Apparatus............cccoueceenersenneseesissersesesnenssssesenes 70

3.6.1 Unidirectional Freezing Apparatus...........cc.ccceoeverennees 70
3.6.2 Experimental Apparatus for Stability Tests

and Sample TRaWing.........coccoiimnircnsiernaenennnenssessssans 74

3.7 Experimental Procedures and Protocols...............ccoueevemeenecee. 74

3.7.1 Sample Colecton...........cccecvuurererernreermennerraerernsscennesenne. 74

3.7.1.1 Frozen Samples..........ccccceiueriucinencnrnrrcnenenenns 74



3.7.1.2 Liquid Samples...........ccciivminrrvcniirincerrcnnnennen. 76

3.7.2 Methods of Thawing...........ccerimineiecnccnesencccscnnees 77
3.7.3 Melt Water Flow Pattern Dye Studies.............ccccccec.ee. 78
3.7.4 Cycled Freeze-Thaw Experiments...........ccccecouurueueunne. 79
3.8 Experimental DesSign...........cocevvevieeenierinmsmcriienic e 79
3.8.1 Selection of Measurement..............cccceuveerreenrcrcrirsenanne 79
3.8.1.1 Alkaline Extraction Stage Effluent................. 79

3.8.1.2 Alkaline Extraction Stage Membrane
Concentrate.............oueereereiiceneininincni e 83
3.8.2 Factorial Design..........mrnvcinsieni e 88
3.9 Isotherm Data........c.cccoevverruvunceerccncnee crrerereets s erarsanaras 91
3.9.1 Freezing Isotherm Data..........ccoceoeimniiiiirninineninnnnes 91
3.9.1.1 Alkaline Extraction Stage Effluent................. 92

3.9.1.1.1 Initial Freezing Temperature -2 °C. 92
3.9.1.1.2 Initial Freezing Temperature -15 °C 92
3.9.1.1.3 Initial Freezing Temperature -25 °C 95

3.9.1.2 Alkaline Extraction Stage Membrane
Concentrate.............cievmmeicncncsncncnenennininenes 95

3.9.1.2.1 Initial Freezing Temperature -2 °C. 95

3.9.1.2.2 Initial Freezing Temperature -15 °C 95

3.9.1.2.3 Initial Freezing Temperature -25 °C 95
3.9.2 Thawing Isotherm Data.........c.ccouveuenrinienarnnincrisenisanee. 100
3.9.2.1 Alkaline Extraction Stage Effluent................. 100

3.9.2.2 Alkaline Extraction Stage Membrane
Concentrate............oieeieierievensincnncsncsnannes 103

4.0 Unidirectional Freeze-Thaw Studies..........c.ccceevuuieeeercrenreeerarnriesensneenens 106



4.2 Results and DiSCUSSION........cocueuuiiecirceriniiniincncnccicncacnnnaeesecenes 106
4.2.1 Constituent Concentration and Removal by
Freeze-Thaw.........iiicniccencrrecenere s 106
4.2.2 Process Variables and Relative Significance............... 113
4.2.2.1 Rate of Thawing.........cccocoueernvnirniccnnnnccccnrnncnee 113
4.2.2.2 Storage Temperature and Storage Time....... 123
4.2.2.3 Liquid Depthu.......ccoovmvuviivcnieiiriricieceniecnecenenn. 137
4.2.2.3.1 Alkaline Extraction Stage Membrane

Concentrate..........ccocoeovecuemccccnnrcaninnne 137

4.2.2.3.1.1 Initial Freezing
Temperature -2 °C................ 143

4.2.2.3.1.2 Initial Freezing
Temperature -15 °C.............. 148

4.2.2.3.1.3 Initial Freezing
Temperature -25 °C.............. 153

4.2.2.3.2 Alkaline Extraction Stage Effluent... 156

4.2.2.3.2.1 Initial Freezing
Temperature -2 °C................ 158
4.2.2.3.2.2 Initial Freezing
Temperature -15 °C.............. 161
4.2.2.3.2.3 Initial Freezing
Temperature -25 °C.............. 161
4.2.2.4 Freeze Concentration.............cccueeverreercncecrnens 165
4.2.2.4.1 Alkaline Extraction Stage
Membrane Concentrate..................... 167
4.2.2.4.2 Alkaline Extraction Stage
Effluent et sensas s se s serenen 167
4.2.2.5 Cycled Freeze-thaw...........cccccoovuvvicvvniceirnnee 171

4.2.2.5.1 Initial Freezing Temperature -2 °C.. 175



4.2.2.5.2 Initial Freezing Temperature -15 °C 175

5.0 Scanning Electron Microscopy Studies..............cceceveveerevenercnsrarerarannanes 179
S. 1 Procedure..........orierc ettt seaeneeas 179

5.1.1 Ice Specimen Collection.............ccccececeurercncrinconreerernnenn. 179

5.1.2 Method of Measurement...............cccecevereeereneneneneerrennnn. 180

5.2.1 Alkaline Extraction Stage Membrane Concentrate.... 181

5.2.1.1 Initial Freezing Temperature: -2 °C................ 181
5.2.1.1.1 Top Sample Location Results........... 183

5.2.1.1.2 Bottom Sample Location Results.... 186
5.2.1.2 Initial Freezing Temperature: -15 °C.............. 192
5.2.1.2.1 Top Sample Location Results........... 196
5.2.1.2.2 Bottom Sample Location Results.... 199
5.2.1.3 Initial Freezing Temperature: -25 °C.............. 204
5.2.1.3.1 Top Sample Location Results........... 204
5.2.1.3.2 Bottom Sample Location Results.... 209

5.2.1.4 Initial Freezing Temperature Versus
the Thickness of the Concentrated Material. 214

5.2.2 Alkaline Extraction Stage Effluent...........cccccccereueunc.c. 218
5.2.2.1 Initial Freezing Temperature: -2 °C................ 218
5.2.2.1.1 Top Sample Location Results........... 220

5.2.2.2 Initial Freezing Temperature: -15 °C.............. 224
5.2.2.2.1 Sample Location Results................... 224

5.2.2.3 Initial Freezing Temperature: -25 °C.............. 229

5.2.2.3.1 Sample Location Results..................... 229



5.2.2.4 Initial Freezing Temperature Versus
the Thickness of the Concentrated Material. 233

TRAWING....oenrenc ettt senceesseecoeacseneneae 233
5.3.1 Procedure............ccccvuinienenncenirnunneeceerenceneenscanes 236
5.3.2 Results and DiSCuSSION...........ceovuireiseiiriercreinnns 236

5.4 Changes in Concentrated Material Physical Properties
With Respect to Concentration...............coueierincniennce 249
5.4.1 Procedure...........ccooovcieiemnrccnienenenenerscsscsaeneceenenes 249
5.4.2 Results and Discussion........c.cccccceeeeeecerennreceuenanee 250

5.4.2.1 Initial Freezing Temperature: -2 °C... 250
5.4.2.2 Initial Freezing Temperature: -15 °C. 254
5.5 Morphology of the Concentrated Material for

Membrane Concentrate Size Fractionated..................... 277
5.5.1 Procedure..............cccoccevmernnuirsresssnenisessassssessseens 277
5.5.2 Results and Discussion............cuvieecncnecnincane. 278
6.0 Postulated Mechanisms of Removal by Freeze-Thaw......................... 290
6.1 Conceptual Model that Explains Effluent Freezing at the
Initial Freezing Temperature -2 °C.........cccouvemrervreniervenecnnnne. 294
6.2 Conceptual Model that Explains Effluent Freezing at the
Initial Freezing Temperatures -15 °C and -25 °C................. 296
7.0 Concentrated Material Stability Studies.............ccocuoueveerinennninnnannnnnee. 298
7.1 Procedure.......... vt st ens 298
7.2 Results and DiSCUSSION........ccocvenvererinsenisimsnnsesnnininisenesniaesnessaneses 298

7.2.1.1 CONTOL......cccunncirercsnrentenietstesenssnnssansesensasnans 306

7.2.1.2 Initial Freezing Temperature: -2 °C............... 306
7.2.1.3 Initial Freezing Temperature: -15 °C............. 311



7.2.2 Alkaline Extraction Stage Effluent...........ccccccooeeenununse 315

7.2.2.1 CONLIOL....ceeenerirnccnnsctecesaeseceneasaans 317

7.2.2.2 Initial Freezing Temperature: -2 °C............... 317

7.2.2.3 Initial Freezing Temperature: -15 °C............. 322

8.0 Freeze Layering Studies.............cvuiiiuiiierecincmn e nereeetsceeeseesnsenans 328
8.1 PrOCEAUTE.........cocvrtenrenrrernisencsisssinsaessssensssentsemsasessasassnsessssasesses 328

8.2 Results and DiSCUSSION............covueiiemninineciniecriececeeenseessesesennaa 328

8.2.1 Alkaline Extraction Stage Membrane Concentrate... 330

8.2.1.1 Initial Freezing Temperature: -2 °C............... 330

8.2.1.2 Initial Freezing Temperature: -15 °C............. 332

8.2.1.3 Initial Freezing Temperature: -25 °C............. 332

8.2.2 Alkaline Extraction Stage Effluent................cccccn.ec... 335

8.2.2.1 Initial Freezing Temperature: -2 °C............... 335

8.2.2.2 Initial Freezing Temperature: -15 °C............. 337

8.2.2.3 Initial Freezing Temperature: -25 °C............. 337

9.0 Empirical Model Development...........cccoeeevcenerneniceecncncene eveseeesnnnnc. 340
9.1 Factorial Design.......c.ccureieicncnccinncce e cnaee e smeeneees 340

9.2 Boundary Selection and Limitations.........cccccceceeeseccscacocsenunncas 340

9.3 Analysis of Variance for Multiple Linear Regression
Analysis for Each Experimental Water Type........cc.ccccoeveeuennce. 344

9.3.1 Alkaline Extraction Stage Membrane Concentrate... 344
9.3.2 Alkaline Extraction Stage Effluent............ccccooccccuennces 346
9.4 Multiple Linear Regression Modeling...........c.ccceouvmumvvuvuruvunnnne. 348
9.4.1 Alkaline Extraction Stage Membrane Concentrate... 348
9.4.2 Alkaline Extraction Stage Effluent...............ccccuruueee.. 358



9.5 Model TeSHNE..........couieriiiiirciiititeieeeereseee e sraesessaeene

9.5.1 Alkaline Extraction Stage Membrane Concentrate...

9.5.2 Alkaline Extraction Stage Effluent.............ccccocoeveneenen.

10.0 Overall Summary and CONclusions..........cc.ccceecvceenreeseceerenreneseesasnenee

11.0 Conceptual Engineering Design..........ccocuiveeoivinirncvennieniniccnneececennnnes

12.0 Recommendations and Future WOork..........iveniieerieeeereeeeeeaasasanes

13.0 References

APPENDIX A:

APPENDIX B:

APPENDIX C:

APPENDIX D:

APPENDIX E:

APPENDIX F:

APPEDNIX G:

APPENDIX H:

....................................................................................................

Analysis Of Variance And Duncan

Multiple Range Test Results -

Unidirectional Freeze-Thaw Studies,

Membrane Concentrate And Eop
Effluent.........oiieimiiiiiinncnieneeec e

Analysis Of Variance And Duncan
Multiple Range Test Results -
Scanning Electron Microscopy Studies,
Membrane Concentrate And Eop

Stepwise Regression Analysis
Stability Results - Membrane
Concentrate.............cocomerisvninccniinenisisssssccssesssessens

Stepwise Regression Analysis
Stability Results - Eop Effluent............ccoevecveccnnecnnnncne.

Stepwise Regression Analysis
Results - Membrane Concentrate..............ccccevvenenee

Stepwise Regression Analysis
Results - Eop Effluent............cuinnniiccenns

Composite Results - Membrane
Concentrate...........c.ccocieiesninerecnnissiiessssessessssesscscosses

Composite Results - Eop Effluent..............cccuueeee.



Table
3.1
3.2
3.3
34

3.5

3.6
3.7

3.8

3.9

3.10

3.11
3.12

3.13

3.14

LIST OF TABLES

Description Page
Summary of Experimental Tests...........cccccoevvremurinnrenrenererereennnen. 30
Experimental Water Types...........coocvernnimmnennnnrenserineseceeeessnene 31
Ultrafiltration Pilot Plant Design Specifications..............cco.......... 35
Chemical Composition of the Alkaline Extraction Stage
EffIUEIIL. ...ttt e st s s en s s s sssese s sesasassans 47
Chemical Composition of the Alkaline Extraction Stage
Membrane Concentrate............cccoevceucereinecininnecnnneneeeeeensesennes 49
JSM-6301F Scanning Electron Microscope Specifications.............. 52
Summary of Statistical Data Comparing the Sample Means
of Calculated and Measured Color in the Top 70 % Liquid
Volume Using the Paired t-test...........cccccceouonervrvnmrcernnnerenrenenesnenene. 84
Summary of Statistical Data Comparing the Sample Means
of Calculated and Measured Color in the Top 70 % Liquid
Volume Using the Paired t-test...........ccccoeceeiernineerrrereveeee e, 89
24 Factorial Design Matrix for the Alkaline Extraction Stage
Membrane COoncentrate.............ocoeuiereeececrnernnnressnsearrsesesessessssesesens 90
24 Factorial Design Matrix for the Alkaline Extraction Stage
EHIUEI ..ottt st s e s 90
Fixed Variables Applied in Each Factorial Design.............ccceocc..... 90
Thawing Times for Eop Effluent Thawed Predominantly
From the Bottom Up Between the Temperature Range
4 OC 10 24 OC.unetecnsreceseienscesasesssensesessensessesssssessssasenasessessssesese 101
Thawing Times for Eop Effluent Thawed Predominantly
From the Bottom Up at a Temperature of 24 °C for a
Liquid Depth of 250 MM..........omreeiniticiniicnteecece e senene 102
Thawing Times for Membrane Concentrate Thawed
Predominantly From the Bottom Up Between the
Temperature Range 4 °C t0 24 °C..........conueereeverenenrearssrscissneraseens 104



3.15

41

4.2

43

44

45

46

47

48

51

Thawing Times for Membrane Concentrate Thawed
Predominantly From the Bottom Up at a Temperature
of 24 °C for a Liquid Depth of 250 mm...........ccceourreerererrvnrerrerernnnnn.

Tests of Hypotheses for the Different Storage Temperatures

-2 °C and -15 °C for Membrane Concentrate Frozen at the
Initial Freezing Temperature -2 °C (Thawed Bottom Up

A 24 PO )uniiiriieeerreereeeteseeree et e et e e e s et en s eeenee s e st ae e s et e ene e nesnnenae

Tests of Hypotheses for the Different Storage Temperatures

-2 °C and -15 °C for Membrane Concentrate Frozen at the
Initial Freezing Temperature -15 °C (Thawed Bottom Up

AE 24 OC ). ectieeeeececeeenrcrereeseeeeressesse st assr st assass st st eeesen e neeeseemeeneaan

Tests of Hypotheses for the Different Storage Temperatures

-2 °C and -15 °C for Membrane Concentrate Frozen at the
Initial Freezing Temperature -2 °C (Thawed Bottom Up

AL 4 OC) ittt et e et et et b b bt een

Tests of Hypotheses for the Different Storage Temperatures

-2 °C and -15 °C for Membrane Concentrate Frozen at the
Initial Freezing Temperature -15 °C (Thawed Bottom Up

AL 4 OC) ettt sttt s bt es e spenessasenaanas

Tests of Hypotheses for the Different Storage Temperatures
-2 °C and -15 °C for Eop Effluent Frozen at the Initial
Freezing Temperature -2 °C (Thawed Bottom Up at 24 °C)..........

Tests of Hypotheses for the Different Storage Temperatures
-2 °C and -15 °C for Eop Effluent Frozen at the Initial
Freezing Temperature -15 °C (Thawed Bottom Up at 24 °C)........

Tests of Hypotheses for the Different Storage Temperatures
-2 °C and -15 °C for Eop Effluent Frozen at the Initial Freezing
Temperature -2 °C (Thawed Bottom Up at 4 °C).......ccceveueeeerevencee.

Tests of Hypotheses for the Different Storage Temperatures
-2 °C and -15 °C for Eop Effluent Frozen at the Initial Freezing
Temperature -15 °C (Thawed Bottom Up at 4 °C)........cc.ccoceverrunce.

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -2 °C,

Sample Set H1........uiiiiiiiicnne ettt e seses



5.2

53

54

5.5

5.6

57

5.8

5.9

5.10

5.11

5.12

5.13

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -2 °C,

Sample Set #2......o ittt et s aare s eranas 187

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -2 °C,

Sample Set #3.......ommi e 188

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample)..........cc.ccvreeeue.. 188

Tests of Hypotheses for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample).........cccceevcveenes 188

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Bottom Sample)................... 191

Tests of Hypotheses for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Bottom Sample).................. 193

Tests of Hypotheses Concerning the Difference in Means
Between the Top and Bottom Sample Locations
(Initial Freezing Temperature -2 °C).......c.cccooviuiurversccrcmseceecsensececes 193

Summary of Statistical Data Concerning the Distances Between

the Concentrated Material as Observed in the Top and Bottom

Ice Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C.......c.coieimeniecncncneacineorecnsassescsssssssenes 198

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Top Sample)............ccceuuce. 198

Tests of Hypotheses for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Top Sample)...........cccceeuc... 200

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Bottom Sample)................. 203

Tests of Hypotheses Concerning the Difference in Means
for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Bottom Sample)................. 205



5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

522

5.23

5.24

5.25

Tests of Hypotheses Concerning the Difference in Means
Between the Top and Bottom Sample Locations
(Initial Freezing Temperature 15 °C).......cccccovererereerveemrreeerreireane.

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Top Sample).......................

Tests of Hypotheses Concerning the Difference in Means
of Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Top Sample).......................

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Bottom
SAMPIL).....veeeeenctr it sttt et e

Tests of Hypotheses Concerning the Difference in Means
of Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Bottom Sample).................

Tests of Hypotheses Concerning the Difference in Means
Between the Top and Bottom Sample Locations
(Initial Freezing Temperature -25 °C).........ccccouweeeerercrsemsursaserssassasns

Summary of Statistical Data Concerning the Cross Sectional
Dimensions of the "Honey Comb" Pattern............ccccccvuvcerierererernns

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample)..........cccoecueuneev

Tests of Hypotheses Concerning the Difference in Means
Between Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample).........ccccccoeuerenee.

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample Portion

of the Ice Column for Eop Effluent Frozen at the Initial
Freezing Temperature 15 °C, Sample Set #1........cccccoeeeerrererererrenn

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample Portion

of the ice Column for Eop Effluent Frozen at the Initial
Freezing Temperature 15 °C, Sample Set #2............cccoooreeerrarnarnane

Data Representing the Average Thickness of the

Concenirated Material Produced in the Top Sample Portion

of the Ice Column for Eop Effluent Frozen at the Initial
Freezing Temperature 15 °C, Sample Set #3..........ccccceecvenreecrsereveenns



5.26

5.27

5.28

5.29

5.30

5.32

5.33

5.34

5.35

5.36

7.1

7.2

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Top Sample)...........ccceeuuee... 227

Tests of Hypotheses Concerning the Difference in Means
Between Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Top Sample,....................... 227

Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Top Sample)....................... 232

Tests of Hypotheses Concerning the Difference in Means
Between Sample Sets 1, 2, and 3
(Initial Freezing Temperature -25 °C, Top Sample)....................... 232

Summary of Statistical Data for Sample Sets 1, 2, and 3
Combined (Initial freezing Temperature -25 °C, Top
SAMPIL)......cuciienercneeenrranrsensssssnseasarsessanis sremsessssssesssssessnsasssesssessasasnssnes 252

Summary of Data Showing the Measure of Dispersion of the
Concentrated Material Thickness for Membrane

Concentrate Diluted by 66 % and Frozen at the Initial Freezing
Temperature -2 OC........c.ccccrecronerrcrrerennsesressteimsseseassissesasssssessssssssenes 264

Summary of Statistical Data Concerning the Concentrated
Material Thickness for Different Dilutions of Membrane
Concentrate Frozen at the Initial Freezing Temperature -2 °C.... 275

Freezing Point Measurements for the Diluted Membrane
Concentrate SOIUHONS.........cccccoveciemerernrerneenirearrreseesssee e senesaeneresesnesenss 275

Average Percent Color Removals in the Top 70 % Liquid

Fraction for Various Dilutions of Membrane Concentrate Frozen
Unidirectionally (Initial Freezing Temperature -2 °C and

Thawed bottom up at 24 °C).......c.cecveerreevenneessesresseessenssesssesssessesseseas 279

Chemical Composition of the Membrane Concentrate and
its Low and High Molecular Weight Fractions..........ccccccovcsceucencen. 279

Best Multiple Linear Regression Model as Determined by

Stepwise Regression Representing the Desired Drain Time to

Begin Collection of the Treated Effluent for Membrane

Concentrate Treated by Freeze-Thaw.............cccevueereeereesneesessnens 302

Change in Treated Effluent Color Concentration with Respect

to Time for Membrane Concentrate Left to Stand Undisturbed
Following Freeze-Thaw (Initial Freezing Temperature -2 °C,

Thaw Bottom-up at 24 °C).......cccoueceeeereereienernrneessneensereseresesssesessesssens 314



7.3

74

75

7.6

9.1

9.2

9.3

9.4

9.6

9.7

Change in Treated Effluent Color Concentration with Respect

to Time for Membrane Concentrate Left to Stand Undisturbed
Following Freeze-Thaw (Initial Freezing Temperature -15 °C,

Thaw Bottom-up at 24 °C).........coeiviorernencenerentreteneesssenseresssesssens 314

Best Multiple Linear Regression Model as Determined by

Stepwise Regression Representing the Desired Drain Time to

Begin Collection of the Treated Effluent for Eop Effluent Treated

by Freeze-Thaw..........ieninne e sent e s iesssss s senssesens 316

Change in Treated Effluent Color Concentration with Respect

to Time for Eop Effluent Left to Stand Undisturbed Following
Freeze-Thaw (Initial Freezing Temperature -2 °C, Thaw

Bottom-up at 24 °C)........coieecrerinieneninesresresesasssne e ssessasssasssnssens 327

Change in Treated Effluent Color Concentration with Respect

to Time for Eop Effluent Left to Stand Undisturbed Following
Freeze-Thaw (Initial Freezing Temperature -15 °C, Thaw

Bottom-up at 24 %C).....ccoceriienecrecerenrreneneneseesenenaesaneessssesssssssesessans 327

Analysis of Variance Table for Membrane Concentrate Frozen
and Thawed Under Different Freeze-Thaw Conditions................ 345

Analysis of Variance Table for Eop Effluent Frozen and
Thawed Under Different Freeze-Thaw Conditions..........cecceeueee... 347

Multiple Linear Regression Model for Prediction
of the Color Concentration in the Top 70 % Liquid Fraction
of Membrane Concentrate Treated by Freeze-Thaw....................... 349

Best Multiple Linear Regression Model as Determined by

Stepwise Regression for Prediction of the Color

Concentration in the Top 70 % Liquid Fraction of Membrane
Concentrate Treated by Freeze-Thaw........cc.ccovoeneeeicreseecnennsenerennns 359

Multiple Linear Regression Model for Prediction
of the Color Concentration in the Top 70 % Liquid Fraction
of Eop Effluent Treated by Freeze-Thaw..........ccccocvveervevcvcnncnecennee 367

Best Multiple Linear Regression Model as Determined by

Stepwise Regression for Prediction of the Color

Concentration in the Top 70 % Liquid Fraction of Eop

Effluent Treated by Freeze-Thaw...........ccccceuecnrenenneernnererecrcsiscsseecnss 375

Prediction of New Observations Using the Best Regression
Model Developed From the Membrane Concentrate.................... 384



9.8

Prediction of New Observations Using the Best Regression
Model Developed From the Eop Data........cccoevvreeerrerererecncenne .



LIST OF FIGURES

Figure Description
3.1  New Logic International V-Sep Ultrafiltration Pilot Plant...........
3.2  Change in Chemical Oxygen Demand with respect to Storage

Time for the Alkaline Extraction Stage Effluent.............................
3.3  Change in Color with respect to Storage Time for the Alkaline

Extraction Stage Effluent...............ccooonieemmnnnenrnr et e
34  Change in pH with respect to Storage Time for the Alkaline

Extraction Stage Effluent..........c..ccmieiceeeeeeee e
3.5  Change in Total Alkalinity with respect to Storage

Time for the Alkaline Extraction Stage Effluent.............................
3.6  Change in Total Dissolved Solids with respect to Storage

Time for the Alkaline Extraction Stage Effluent..............ccoouoe........
3.7 Change in Chemical Oxygen Demand with respect to Storage

Time for the Alkaline Extraction Stage Membrane

CONCENLTALE...........ccteirecerecetee ettt saese s seresesenees s saeas
3.8  Change in Color with respect to Storage Time for the Alkaline

Extraction Stage Membrane Concentrate...............cocovereenrrreseenence..
3.9 Change in pH with respect to Storage Time for the Alkaline

Extraction Stage Membrane Concentrate...................ccocoovcreeremnnne.
3.10 Change in Total Alkalinity with respect to Storage

Time for the Alkaline Extraction Stage Membrane

CONCENUITALE. ..ottt st esseetose s eeseenans
3.11 Change in Total Dissolved Solids with respect to Storage

Time for the Alkaline Extraction Stage Membrane

CONCENUTALE...........coe it eeecnreessiesneessr s ssas e sssressesesssesenemecnn
3.12 High Magnification Electron Microscope Image of a Fractured

Concentrated Material Edge Prior to Sublimation for
Membrane Concentrate Frozen at the Initial Freezing
Temperature -2 °C (PhOtO #1)......ceooouieceeeeeeeeeeeeeeeeeeeeeeeeeeseaeenenans




3.13

3.14

3.15

3.16

317

3.18

3.19

3.20

3.21

3.22

3.23
3.24

3.25

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Prior to Sublimation for

Membrane Concentrate Frozen at the Initial Freezing

Temperature -2 °C (PhOtO #2)...ccoueeeeieeiieeceeeeeeeeeeeeeeree e e 56

Extreme High Magnification Electron Microscope Image of a
Fractured Concentrated Material Edge Showing its Pore
Morphology for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C..........ccccoeuermememmnmnnnreeesetreseeseeese e 58

Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Distilled Water at the Initial
Freezing Temperature -15 °C............cccoecncnrmniiminrnruerinsereseenessssssnnns 59

High Magnification Electron Microscope Image Showing the
Surface Morphology of Frozen Distilled Water....................c........... 60

Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Instantaneously Freezing Membrane
Concentrate in Liquid Nitrogen.............ccccocveecveeesrnesrvseeneeseesersesecnnes 61

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Instantaneously

Freezing Membrane Concentrate in Liquid Nitrogen.................... 62
Electron Microscope Photograph of a Clean Membrane Filter

Paper SUTaCe...........o ittt sseaes et s tsssaaene 64
High Magnification Electron Microscope Image of a Clean

Filter Paper Surface Showing its Pore Morphology........................ 65
Plot of Freezing Point With Respect to Different

Concentration Strengths of Membrane Concentrate ..................... 67
Plot of Freezing Point With Respect to Different Concentration
Strengths of Eop Effluent...........ccococoeveevcenninennerereees e, 68
Unidirectional Freezing Apparatus...........ccccecceeereerseremerasssasesesesncs 71

Plot Showing the Comparison of the Freezing Curves for

Each Experimental Apparatus Representing the Freezing of

City of Edmonton Drinking Water at the Initial Freezing
Temperature -15 °C........eiiieciecieencnenrncnineessetesrasssessesesssnssessaees 73

Experimental Thawing and Stability Apparatus.............cccccoeuu....... 75



3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

3.36

3.37

4.1

Plot Correlating Color to Chemical Oxygen Demand for
Eop Effluent Treated by Freeze-Thaw Under Different Freezing
and Thawing Conditions...........ccccoeueeurerornriereenrees et scsenne. 80

Plot Correlating Color to Total Alkalinity for Eop Effluent
Treated by Freeze-Thaw Under Different Freezing and Thawing
CONAIHONS.......oeecetiitiececcrcnteeetnseetnne s e ess st ssssneseseseneeeseeneaen 81

Plot Correlating Color to Total Dissolved Solids for
Eop Effluent Treated by Freeze-Thaw Under Different Freezing
and Thawing Conditions...........c.cevecermeeenneenernesenennennneenesseeees . 82

Plot Correlating Color to Chemical Oxygen Demand for
Membrane Concentrate Treated by Freeze-Thaw Under
Different Freezing and Thawing Conditions...........c.ccoucvveveevennenec.. 85

Plot Correlating Color to Total Alkalinity for Membrane
Concentrate Treated by Freeze-Thaw Under Different
Freezing and Thawing Conditions...........cccceeeverevunrennnererenencnenan. 86

Plot Correlating Color to Total Dissolved Solids for
Membrane Concentrate Treated by Freeze-Thaw Under
Different Freezing and Thawing Conditions...........cccceeereuevennenee.. 87

Freezing Curve Representative of Freezing Eop Effluent
at the Initial Freezing Temperature -2 °C......ccccceovuereirrernirennencerennens 93

Freezing Curve Representative of Freezing Eop Effluent
at the Initial Freezing Temperature -15 °C.......c.c.ccceveeerrerrreerervrennns 94

Freezing Curve Representative of Freezing Eop Effluent
at the Initial Freezing Temperature -25 °C...........ccccecerrrrrereeerreennnee. 96

Freezing Curve Representative of Freezing Membrane
Concentrate at the Initial Freezing Temperature -2 °C.................. 97

Freezing Curve Representative of Freezing Membrane
Concentrate at the Initial Freezing Temperature -15 °C................ 98

Freezing Curve Representative of Freezing Membrane
Concentrate at the Initial Freezing Temperature -25 °C................ 99

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Initial Freezing Temperature for
Membrane Concentrate Thawed Top Down and Bottom

Up at 24 °C Immediately After Being Frozen...........cc.cccoeeveeeurrenennns 102



4.2

43

44

45

4.6

4.7

4.8

4.9

4.10

4.11

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Initial Freezing Temperature for

Eop Effluent Thawed Top Down and Bottom Up at 24 °C
Immediately After Being Frozen.............ooeuereeueereeeeececeeeeeeenene 108

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Material Thickness (Top Sample
Specimens) for Membrane Concentrate Thawed Top Down

and Bottom Up at 24 °C Immediately After Being Frozen........... 111

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Material Thickness (Top Sample
Specimens) for Eop Effluent Thawed Top Down and

Bottom Up at 24 °C Immediately After Being Frozen.................. 112

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Thawing Temperature for

Membrane Concentrate Thawed Top Down and Bottom Up

for Different Initial Freezing Temperatures....................cccvuuene.... 114

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Thawing Temperature for

Eop Effluent Thawed Top Down and Bottom Up for

Different Initial Freezing Temperatures.............cc.cceceueresernceecrennnen. 115

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Initial Freezing Temperature for
Membrane Concentrate Thawed Top Down and Bottom Up

at24 °C reetere sttt et bt n st st s a e s et tatetan s senes 116

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Initial Freezing Temperature for
Eop Effluent Thawed Top Down and Bottom Up at 24 °C............ 118

Melt Water Flow Pattern As Observed in Dye Studies in
Melting Ice From the Bottom Up at 24 °C...........ucueeeeeruernrrrcnennnene. 119

Melt Water Flow Pattern As Observed in Dye Studies in
Melting Ice From the Bottom Up at 4 °C............cccoveervenrermnnrrecrneee. 120

Melt Water Flow Pattern As Observed in Dye Studies in
Melting Ice From the Top Down at 24 °C.........cccoerevererrerrecnnnnnnces 122



4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Membrane Concentrate Frozen
at the Initial Freezing Temperature -2 °C (Thawed Bottom
UPat 24 %) e e,

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 °C (Thawed Bottom
UP At 24 %C) ...ttt sre e st ssssss s taees s enesen

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Membrane Concentrate Frozen
at the Initial Freezing Temperature -2 °C (Thawed Bottom
UIPabd 0 ettt
Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 °C (Thawed Bottom
UP @t 4 °C)..ecceeereeeeeeeesenescceensaseeeeessesassssans

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Eop Effluent Frozen at

the Initial Freezing Temperature -2 °C (Thawed Bottom

UP at 24 OC) e e
Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Eop Effluent Frozen at

the Initial Freezing Temperature -15 °C (Thawed Bottom

UP @t 24 OC).nttretccnntesessetse e s bes s s sn s ssemsesenes

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Eop Effluent Frozen at

the Initial Freezing Temperature -2 °C (Thawed Bottom

UD At A OC) e e

Plot of Percent Color Removal with Respect to Storage Time
and Storage Temperature for Eop Effluent Frozen at

the Initial Freezing Temperature -15 °C (Thawed Bottom

UP @E 4 OC) e ceencensessesse s ssses s ses s smenses s smssasens

Color Distribution with Respect to Depth for Frozen
Membrane Concentrate and for Concentrate Thawed

Top Down and Bottom Up at a Thawing Temperature

of 24 °C (Initial Freezing Temperature of -2 °C)...........cceeeruerunecne.

Jod
N
>

125

=
1)
1IN

127

jod
2
29

134



4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Color Distribution with Respect to Depth for Membrane
Concentrate Frozen to Different Temperatures and Thawed

Bottom Up at a Thawing Temperature of 24 °C

(Initial Freezing Temperature of -2 °C)........cccocoemevemimiuereneeirernennnn 146

Comparison of Color Distributions with Respect to Depth for
Membrane Concentrate of Different Liquid Depths Frozen

at the Initial Freezing Temperature -2 °C and Thawed Bottom

Up at a Temperature of 24 °C.............c.ccuurmnecniecmrercenessinnereseseenss 147

Color Distribution with Respect to Depth for Frozen

Membrane Concentrate and for Concentrate Thawed

Top Down and Bottom Up at a Thawing Temperature

of 24 °C (Initial Freezing Temperature of -15 °C).........cccceecervrrerenen. 149

Color Distribution with Respect to Depth for Membrane
Concentrate Frozen to Different Temperatures and Thawed

Bottom Up at a Thawing Temperature of 24 °C

(Initial Freezing Temperature of -15 °C).....c.ccceceevveremnerererecerenceensenees 151

Color Distribution with Respect to Depth for Completely

and Partially Frozen Membrane Concentrate Thawed

Bottom Up at a Thawing Temperature of 24 °C

(Initial Freezing Temperature of -15 °C).......ccc.eceerrrerrecrrrrrererrsreerennne 152

Comparison of Color Distributions with Respect to Depth for
Membrane Concentrate of Different Liquid Depths Frozen

at the Initial Freezing Temperature -15 °C and Thawed

Bottom Up at a Temperature of 24 °C...........cccocvuecvrereneisinrnrnsrirernneans 154

Color Distribution with Respect to Depth for Frozen

Membrane Concentrate and for Concentrate Thawed

Top Down and Bottom Up at a Thawing Temperature

of 24 °C (Initial Freezing Temperature of -25 °C)......cc.ccecerererrennnee. 155

Comparison of Color Distributions with Respect to Depth for
Membrane Concentrate of Different Liquid Depths Frozen

at the Initial Freezing Temperature -25 °C and Thawed

Bottom Up at a Temperature of 24 °C.........ccoeuvcueermrcrccecenrrcensencenn. 157

Color Distribution with Respect to Depth for Frozen Eop

Effluent and for Effluent Thawed Top Down and Bottom

Up at a Thawing Temperature of 24 °C (Initial

Freezing Temperature of -2 °C)........ccccccoeeeieevenreerecrneernrsrerenesnrensennens 159



4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

Comparison of Color Distributions with Respect to Depth for
Eop Effluent of Different Liquid Depths Frozen at the

Initial Freezing Temperature -2 °C and Thawed Bottom

Up at a Temperature of 24 °C............uouiincecceercnccnencnrrssererseneensnn

Color Distribution with Respect to Depth for Frozen Eop
Effluent and for Effluent Thawed Top Down and Bottom

Up at a Thawing Temperature of 24 °C (Initial

Freezing Temperature of -15 °C).......c.ccccooveeremverenrnnrrrcsnnesreeeanenss

Comparison of Color Distributions with Respect to Depth for
Eop Effluent of Different Liquid Depths Frozen at the

Initial Freezing Temperature -15 °C and Thawed Bottom

Up at a Temperature of 24 °C............cocuuvriieesensnnrensnencsnsrasssaraeannna

Color Distribution with Respect to Depth for Frozen Eop
Effluent and for Effluent Thawed Top Down and Bottom

Up at a Thawing Temperature of 24 °C (Initial

Freezing Temperature of -25 °C).......cccceerrnrerceeeerernirenesseereereesesesennens

Comparison of Color Distributions with Respect to Depth for
Eop Effluent of Different Liguid Depths Frozen at the

Initial Freezing Temperature -25 °C and Thawed Bottom

Up at a Temperature of 24 °C.............oveeernemnccsininisensnsssenseececssessnnns

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Thawing Temperature for Frozen and
Thawed Membrane Concentrate Frozen at the Initial Freezing
Temperature -2 °C......nininenseeisisetcanase emecsecnescssssmsasasesssen

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Thawing Temperature for Frozen and
Thawed Membrane Concentrate Frozen at the Initial Freezing
Temperature -15 °C........ccccevmrcucececnes

Plot of Average Percent Color Removal in the Top 70 % Liquid
Volume with Respect to Thawing Temperature for Frozen and
Thawed Membrane Concentrate Frozen at the Initial Freezing
Temperature -25 °C SO

Plot of Average Percent Color Removal in the Top 70 %
Liquid Volume with Respect to Thawing Temperature

for Frozen and Thawed Eop Effluent Frozen at the

Initial Freezing Temperature -2 °C...........cccccocnuurenensrecncessasencnecseneneens

168

167



4.39

4.40

4.41

4.42

5.1

5.2

5.3

5.4

5.5

Plot of Average Percent Color Removal in the Top 70 %
Liquid Volume with Respect to Thawing Temperature

for Frozen and Thawed Eop Effluent Frozen at the

Initial Freezing Temperature -15 °C.........ccceeeremerereeereennrereeeenenen

Plot of Average Percent Color Removal in the Top 70 %
Liquid Volume with Respect to Thawing Temperature

for Frozen and Thawed Eop Effluent Frozen at the

Initial Freezing Temperature -25 °C.........ccoccnnmrvennrerneeeerer e

Plot of Average Percent Color Removal in Various Liquid
Fractions with Respect to the Number of Freeze-thaw Cycles
for Membrane Concentrate Frozen at the Initial Freezing
Temperature -2 °C.........niiieirireecnccensensmssnasnssessesssssssasssssesessonss

Plot of Average Percent Color Removal in Various Liquid
Fractions with Respect to the Number of Freeze-thaw

Cycles for Membrane Concentrate Frozen at the

Initial Freezing Temperature -15 °C.........cccocoeceernrvenmrrenrrererrerererenne

High Magnification Electron Microscope Image of the
Concentrated Material Prior to Sublimation for Membrane
Concentrate Frozen at the Initial Freezing Temperature -2 °C....

Electron Microscope Photograph of the Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected
from the Top Ice Column Portion for Membrane Concentrate
Frozen at the Initial Freezing Temperature -2 °C.............cccocouu.....

Electron Microscope Photograph of the Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected
from the Bottom Ice Column Portion for Membrane
Concentrate Frozen at the Initial Freezing Temperature -2 °C....

Collection of High Magnification Electron Microscope Images
of Fractured Concentrated Material Edges Produced by
Freezing Membrane Concentrate at the Initial Freezing
Temperature -2 °C (Top Sample Portion).........ccccccccecnceveereneerncainann.

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C, Sample Set #1.........cccccceceeervecnrerreenns

176

178

182

185



5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C, Sample Set #2...........cccccevvrereererrecec.

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C, Sample Set #3.........cccocevemrremernnne..

Collection of High Magnification Electron Microscope Images
of Fractured Concentrated Material Edges Produced by
Freezing Membrane Concentrate at the Initial Freezing
Temperature -2 °C (Bottom Sample Portion)...........ccecceurrerennene.

Collection of Electron Microscope Photographs of
Concentrated Material Contained Within the Ice Matrix

for Ice Specimens Collected from the Top and Bottom

Ice Column Portions for Membrane Concentrate Frozen

at the Initial Freezing Temperature -15 °C..........cccconeurenrrsreacrnrnnn.

Data Representing the Average Thickness of the Concentrated
Material Produced in the Top Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set #1...........cc.ccceveureerrmrnnne.

Data Representing the Average Thickness of the Concentrated
Material Produced in the Top Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set #2........ccccocvevrrrrrerrernen.

Data Representing the Average Thickness of the Concentrated
Material Produced in the Top Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set #3..........cccccecerrrrevecnnencn.

Collection of High Magnification Electron Microscope Images
of Fractured Concentrated Material Edges Produced by
Freezing Membrane Concentrate at the Initial Freezing
Temperature -15 °C (Top Sample Portion)............cceeuvereeesssreeenens

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set #1.......cccccoeeecrrerranrrerennce



5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

Data Representing the Average Thickness of the Concentrated
Material Structures Produced in the Bottom Sample Portion
of the Ice Column for Membrane Concentrate Frozen at the
Initial Freezing Temperature -15 °C, Sample Set #2......................

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set #3..........ccccecsuevvenrarearannas

Collection of High Magnification Electron Microscope

Images of Fractured Concentrated Material Edges Produced

by Freezing Membrane Concentrate at the Initial Freezing
Temperature -15 °C (Bottom Sample Portion)...........ccceevverennnnae.

Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for Ice Specimens Collected
from the Top and Bottom Ice Column Portions for

Membrane Concentrate Frozen at the Initial Freezing
Temperature -25 °C........oiiicicee e seescse e srsssrasssesenns

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -25 °C,

Sample Set #1.......u ettt et s en st enes

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -25 °C,

Sample Set H2.......ueeei e st s ssa st et e s tesaaaanes

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -25 °C,

Sample Set #3.........c.oiiiiiireeeee st st et s nans

Collection of High Magnification Electron Microscope

Images of Fractured Concentrated Material Edges Produced

by Freezing Membrane Concentrate at the Initial Freezing
Temperature -25 °C (Top Sample Portion)..........cccccecoeetnerecrerenceenes



5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice

Column for Membrane Concentrate Frozen at the Initial

Freezing Temperature -25 °C, Sample Set #1................cccoueeecumn.... 212

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice

Column for Membrane Concentrate Frozen at the Initial

Freezing Temperature -25 °C, Sample Set #2.................co.ucoeue.... 212

Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice

Column for Membrane Concentrate Frozen at the Initial

Freezing Temperature -25 °C, Sample Set #3............cccooereerermeunnnes 213

Collection of High Magnification Electron Microscope

Images of Fractured Concentrated Material Edges Produced

by Freezing Membrane Concentrate at the Initial Freezing
Temperature -25 °C (Bottom Sample Portion)................cceoveunne.... 216

Plot of Concentrated Material Thickness with Respect to
Initial Freezing Temperature for Alkaline Extraction Stage
Membrane Concentrate............cccooererrinennenrverernerenrer e eesseseeesenens 217

Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen

Collected from the Top Ice Column Portion for Eop

Effluent Frozen at the Initial Freezing Temperature -2 °C........... 219

Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -2 °C, Sample

SOt H1.u ettt arsas s s s et s sir s sessassesns . 221

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Eop Effluent Frozen

at the Initial Freezing Temperature -2 °C, Sample

SO 2.ttt sssns s sttt s s sae s s nat e 221

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Eop Effluent Frozen

at the Initial Freezing Temperature -2 °C, Sample

St 3.ttt et s sne st sons 222



5.32 Collection of High Magnification Electron Microscope
Images of Fractured Concentrated Material Edges
Produced by Freezing Eop Effluent at the Initial Freezing
Temperature -2 °C (Top Sample Portion).......ccoceoeooeeieeeerueeeeennenee 223

5.33 Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen
Collected from the Top Ice Column Portion for Eop
Effluent Frozen at the Initial Freezing Temperature -15 °C......... 225

534 Collection of High Magnification Electron Microscope
Images of Fractured Concentrated Material Edges
Produced by Freezing Eop Effluent at the Initial Freezing
Temperature -15 °C (Top Sample Portion)............c.covveeeeerereeeecne.s 228

535 Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen
Collected from the Top Ice Column Portion for Eop
Effluent Frozen at the Initial Freezing Temperature -25 °C......... 230

5.36 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -25 °C, Sample
SEE H Lttt ettt et s et e e s ton 231

5.37 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -25 °C, Sample
SOE H2ce ettt tnae st e as st st as et s rre e s s sns s eae 231

5.38 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -25 °C, Sample
SEE H3eeetee et sste s sssres s s s e smase s srp st sre sasenes s 232

5.39 Collection of High Magnification Electron Microscope
Images of Fractured Concentrated Material Edges
Produced by Freezing Eop Effluent at the Initial Freezing
Temperature -25 °C (Top Sample Portion).............c.cevververeerecmnnneee 234

540 Plot of Average Concentrated Material Thickness with
Respect to Initial Freezing Temperature for Eop Effluent............ 235



541 Electron Microscope Photograph Showing the Morphology
of the Concentrated Material Retained of the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C..........cccovmrnumcmrnrereeiernnsneremseeesssersense 238

542 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the
Filter Paper After Thawing Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 °C.......c.ceccvuerurreeuemvererennnees 239

543 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the
Filter Paper After Thawing Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 °C (Extreme Close-up)... 240

544 High Magnification Electron Microscope Image Showing the
Morphology of Concentrated Material Retained on the
Filter Paper After Thawing Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 °C (Extreme Close-up)... 241

5.45 X-ray Defraction Results of Precipitate Found Associated with
the Concentrated Material Found on Filter Paper Samples
After the Thawing of Membrane Concentrate..............ccccooerveren... 242

5.46  Electron Microscope Photograph of a Filter Paper Surface
to Which Untreated Membrane Concentrate was Applied.......... 243

5.47 Electron Microscope Photograph of a Clean Filter Paper
Sample - CONLTOL.........covuerieietrcee e erenresesns st snrssenes st taesesssessens 244

5.48 Electron Microscope Photograph of Filter Paper Showing the
Morphology of the Concentrated Material Retained on the
Filter Paper After Thawing Membrane Concentrate Frozen
at the Initial Freezing Temperature -2 °C.......cccccccevmrirenenrrnrcnensene. 245

549 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the
Filter Paper After Thawing Membrane Concentrate Frozen
at the Initial Freezing Temperature -2 °C.......ccccccoveurrernenrrrerrneneenn 246

5.50 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained After
Thawing Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C (Extreme Close-up)........c..ccceueseesuennes 247



5.51

5.52

5.53

5.54

5.55

5.56

5.57

5.58

5.59

5.60

Plot of Suspended Solids Concentration with Respect to

Different Freeze-thaw Conditions for Membrane Concentrate...

Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane

Concentrate Frozen at the Initial Freezing Temperature -2 °C....

Frequency Histogram Showing the Measure of Dispersion
of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 50 % and Frozen at the Initial

Freezing Temperature -2 OC.........ccccemmmemeireeeieee et ereesnes

Plot of Average Concentrated Material Thickness Versus
Percent Dilution for Different Concentration Strengths of
Membrane Concentrate Frozen at the Initial Freezing

Temperature -2 °C.........cvineeneicrieirenannesssisiesesesssseseesessesssesssssessoes

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane

Concentrate at the Initial Freezing Temperature -2 °C..................

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 50 % at the Initial Freezing

Temperature -2 °C...... it e

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 66 % at the Initial Freezing

Temperature -2 °C.........uiiiiciniecrenerrenrneessese s sess et es s seseses

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 75 % at the Initial Freezing

Temperature -2 OC...........iieeeereeirinecrse e ersstste s s seastessaens

Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen
Collected from the Top Ice Column Portion Produced by
Freezing Membrane Concentrate Diluted to

50 % at the Initial Freezing Temperature -2 °C.........ccccccouerrrerrrnenne

Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen
Collected from the Top Column Portion Produced by
Freezing Membrane Concentrate Diluted to

75 % at the Initial Freezing Temperature -2 °C.........ccccceoorrrerrenseces

248

251



5.61

5.62

5.63

5.64

5.65

5.66

5.67

5.68

5.69

5.70

Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane
Concentrate Frozen at the Initial Freezing Temperature -15 °C..

Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane
Concentrate Diluted by 50 % and Frozen at the Initial

Freezing Temperature -15 °C.........cccocouimrnenmrnnniecenreresnenneenissenscnns

Frequency Histogram Showing the Measure of Dispersion

of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 66 % and Frozen at the Initial

Freezing Temperature -15 °C..........cccoveierereerrereee e seeenes

Frequency Histogram Showing the Measure of Dispersion

of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 75 % and Frozen at the Initial

Freezing Temperature -15 °C...........ccoemmrrererercmrnssenneresersesesersessssenns

Plot of Percent Dilution Versus Average Concentrate Material
Thickness (Initial Freezing Temperature -15, Top Sample).........

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate at the Initial Freezing Temperature -15 °C................

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 50 % at the Initial Freezing
Temperature -15 °C........iccvrvennrnernies s sesrese s sessssssssnssens

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 66 % at the Initial Freezing
Temperature -15 °C........uiuireeccreenesennseseessanses s essssasses e sesesssnssens

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 75 % at the Initial Freezing
Temperature =15 °C........cccoenerrenecrrersnsnsscsssessseessessesssesssssssssses

High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane
Concentrate Diluted to 80 % at the Initial Freezing
Temperature =15 OC........c.ucccvveenrnencnrenrsenesressnssssessessessesessesessessssesans

262



5.71

572

5.73

5.74

5.75

5.76

5.77

5.78

5.79

5.80

5.81

Electron Microscope Photograph of Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted
to 50 % at the Initial Freezing Temperature -15 °C.........................

Electron Microscope Photograph of Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate
Diluted to 66 % at the Initial Freezing Temperature -15 °C..........

Electron Microscope Photograph of Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted
to 75 % at the Initial Freezing Temperature -15 °C.........................

Electron Microscope Photograph of Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted
to 80 % at the Initial Freezing Temperature -15 °C.........................

Electron Microscope Photograph of the Concentrated

Material Structure Observed for the Above 5000 MW

Fraction for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C (Top Sample Portion)......................

High Magnification Electron Microscope Image of the
Concentrated Material Representative of the Above
5000 MW Fraction.....c.ccovecueeecureernseenureseressesssesssseseeseeenseosenessseesssseesesens

Electron Microscope Photograph of the Concentrated

Material Structure Observed for the Below 5000 MW

Fraction for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C (Top Sample Portion)......................

High Magnification Electron Microscope Image of the
Concentrated Material Representative of the Below
5000 MW FLaCOM.........c.cuuimeemrccneuacransrsssssnsssansasssesesssssssssessssseseeecmssnnes

Electron Microscope Photograph of the Concentrated

Material Structure Observed for the Above 5000 MW

Fraction for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C (Bottom Sample Portion)................

Electron Microscope Photograph of the Concentrated

Material Structure Observed for the Below 5000 MW

Fraction for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C (Bottom Sample Portion,................

High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative
of the Above 5000 MW Fraction (Bottom Sample Portion,)..........



5.82

5.83

6.1

6.2

6.3

7.1

7.2

7.3

74

7.5

7.6

High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative
of the Below 5000 MW Fraction..........cccceeoeveosuerneernenrrerecereeee e 288

High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative
of the Membrane Concentrate (Bottom Sample Portion,).............. 289

Conceptual Model for High Strength Pulp Mill Effluent
FI@EZING ..ottt et e 291

Steps Describing the Development of the Concentrated
Material Observed at the Initial Freezing Temperature -2 °C....... 295

Steps Describing the Development of the Concentrated
Material Observed at the Initial Freezing Temperatures
215 9C aNd -25 OCunniiriericiricnincnieneeesessaeereasessssnasssssssssstsnsassnsssssesraens 297

Plot of Residuals Against Estimated Time for Concentrate
Stability Produced From Freeze-Thaw of Membrane
CONCENLTALE.......ooeectt ettt enns s ss st benes 303

Plot of Residuals Against Color Concentration Ratio for
Concentrate Stability Produced From Freeze-Thaw of
Membrane Concentrate...............ccccueerecneseenererenrnsesessnsesnsessesesnsenes 304

Plot of Residuals Against Initial Freezing Temperature for
Concentrate Stability Produced From Freeze-Thaw of
Membrane Concentrate..............cocecvreecntrmrrenrenessosiersasesnassessessesenesenns 305

Change in Color Concentration in the Top, Middle, and
Bottom Sample Portions of the Control Sample Over Time....... 307

Plot of Change in Color Concentration in the Top and Middle
Sample Portions with Respect to Time for Membrane

Concentrate Frozen at the Initial Freezing Temperature -2 °C,
Thawed Bottom Up at 24 °C and Then Left to Stand

Undisturbed at 24 °C..........ccovieieeiinieeeerneressesnscsessenstsssssessassssesesene 309

Plot of Change in Color Concentration in the Bottom

Sample Portions with Respect to Time for Membrane

Concentrate Frozen at the Initial Freezing Temperature -2 °C,
Thawed Bottom Up at 24 °C and Then Left to Stand

Undisturbed at 24 °C...........coioicmcineccneccecsscesceesencnecsaenssssansenans 310



7.7

7.8

7.9

7.10

7.11

7.12

713

7.14

7.15

Plot of Change in Color Concentration in the Top and Middle
Sample Portions with Respect to Time for Membrane

Concentrate Frozen at the Initial Freezing Temperature -15 °C,
Thawed Bottom Up at 24 °C and Then Left to Stand

Undisturbed at 24 °C............oiorevrnenrinnrree e 312

Plot of Change in Color Concentration in the Bottom

Sample Portions with Respect to Time for Membrane

Concentrate Frozen at the Initial Freezing Temperature -15 °C,
Thawed Bottom Up at 24 °C and Then Left to Stand

Undisturbed at 24 °C.............ccorermrrreeeeneceesee e eecsseeeneens 313

Plot of Residuals Against Color Concentration Ratio for
Concentrate Stability Produced From Freeze-Thaw of Eop
EffIUENLE. ...ttt sttt st ene s 318

Plot of Residuals Against Initial Freezing Temperature for
Concentrate Stability Produced From Freeze-Thaw of Eop
EffIUENL ...ttt resrssssne s sse st aeseeene 319

Plot of Residuals Against Estimated Time for Concentrate
Stability Produced From Freeze-Thaw of Eop Effluent.................. 320

Change in Color Concentration in the Top, Middle, and
Bottom Sample Portions of the Control Sample Over Time....... 321

Plot of Change in Color Concentration in the Top and Middle
Sample Portions with Respect to Time for Eop Effluent
Frozen at the Initial Freezing Temperature -2 °C, Thawed
Bottom Up at 24 °C and Then Left to Stand Undisturbed

Plot of Change in Color Concentration in the Bottom
Sample Portions with Respect to Time for Eop Effluent
Frozen at the Initial Freezing Temperature -2 °C, Thawed
Bottom Up at 24 °C and Then Left to Stand Undisturbed

Plot of Change in Color Concentration in the Top and Middle
Sample Portions with Respect to Time for Eop Effluent
Frozen at the Initial Freezing Temperature -15 °C, Thawed
Bottom Up at 24 °C and Then Left to Stand Undisturbed



7.16  Plot of Change in Color Concentration in the Bottom
Sample Portions with Respect to Time for Eop Effluent
Frozen at the Initial Freezing Temperature -15 °C, Thawed
Bottom Up at 24 °C and Then Left to Stand Undisturbed

8.1  Plot Showing the Comparison Between Color Distributions
for Membrane Concentrate Frozen in Single and Multiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature -2 °C.........ccereeereeiereeeneemseeseneeseceeeeessesssess e

8.2  Plot Showing the Comparison Between Color Distributions
for Membrane Concentrate Frozen in Single and Multiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature -15 °C........ccooommuiereeeeeeee e eeeeeeessseessess e

8.3  Plot Showing the Comparison Between Color Distributions
for Membrane Concentrate Frozen in Single and Multiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature -25 °C....... seetstses ettt e ne s et s ass s et s e s e s b neas

8.4  Plot Showing the Comparison Between Color Distributions
for Eop Effluent Frozen in Single and Muitiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature -2 °C.........ceieomeemrrrrerrnraeenseemssssecsseesssesssessssessessesessesees

8.5  Plot Showing the Comparison Between Color Distributions
for Eop Effluent Frozen in Single and Multiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature -15 °C..........coovriemmrrreereereeseeseceeseseeeeeeeeessess e

8.6  Plot Showing the Comparison Between Color Distributions
for Eop Effluent Frozen in Single and Multiple
Layers for Different Liquid Depths at the Initial Freezing
Temperature ~25 OC........cccoreererereennrenereseecessessessseceseseesseessssssssesenen

9.1  Normal Plot of Effects for the Regression Model Developed
for the Membrane Concentrate..............c..oeeeeevurremmeeeenseneseessresrrnenn

92  Plot of Residuals Against Estimated Color..........ccoocorveveerrnnnnn......
93  Plot of Residuals Against Initial Freezing Temperature...............

94  Plot of Residuals Against Thawing Temperature...........................

9.5  Plot of Residuals Against Storage Temperature............................
9.6  Plot of Residuals Against Storage Time.............cccococoeereeuereorernnn.....



9.7

9.8

9.9

9.10

9.11

9.12

9.13

9.14
9.15
9.16
9.17
9.18
9.19

9.20

9.21

9.22

9.23

Normal Plot of Effects for the Revised Regression Model
Developed for the Membrane Concentrate...............c.cocoueernnn....... 360

Plot of Residuals Against Estimated Color for the Revised
Model (Membrane Concentrate)...........c.oeeeeeeeeeeeeeeeeeeeeeeeeeoeeeeeseeo 361

Plot of Residuals Against the Independent Variable Storage
Time for the Revised Model (Membrane Concentrate)................ 362

Plot of Residuals Against the Independent Variable Thawing
Temperature for the Revised Model (Membrane Concentrate).. 363

Plot of Residuals Against the Independent Variable Storage
Temperature for the Revised Model (Membrane Concentrate).. 364

Plot of Residuals Against the Independent Variable Initial
Freezing Temperature for the Revised Model (Membrane

CONCENETALE).......ccvereeeeeeeeeeeeeeeeeeeeeeeeeseeresenese e se s ee e e s 365
Normal Plot of Effects for the Regression Model Developed for

the EOP EffIUnt............ecuiececceesereeien et ceseecene s anssesenns 368
Plot of Residuals Against Estimated Color..............co.couoreemrceeunnnnnn. 369
Plot of Residuals Against Initial Freezing Temperature............... 370
Plot of Residuals Against Thawing Temperature......................... 371
Plot of Residuals Against Storage Temperature............................. 372
Plot of Residuals Against Storage Time..........c..cocoeevemeeereeececnnnn. 373

Normal Plot of Effects for the Revised Regression Model
Developed for the Eop Effluent.............c.eouevvvrveieeeeiereeeeeenceeeeeesenen, 376

Plot of Residuals Against Estimated Color for the Revised
Model (EOpP EffIuent)..........ocuceremeeunrneerensrneeres s seseeseseesnns 377

Plot of Residuals Against the Independent Variable Storage
Time for the Revised Model (Eop Effluent)...............c..ceorueeuenn... 378

Plot of Residuals Against the Independent Variable Thawing
Temperature for the Revised Model (Eop Effluent)...................... 379

Plot of Residuals Against the Independent Variable Storage
Temperature for the Revised Model (Eop Effluent)...................... 380



9.24 Plot of Residuals Against the Independent Variable Initial
Freezing Temperature for the Revised Model (Eop Effluent)..... 381



CcobD

GLOSSARY OF ABBREVIATIONS AND SYMBOLS
chemical oxygen demand, mg/L
initial color concentration, CU

color concentration in the top 70 % liquid volume at
time t, CU

solute concentration as function of time and position relative
to the crystal interface, mg/L

diffusion coefficient, cm2/sec

alkaline extraction stage effluent

crystal growth, cm/sec

inductively coupled plasma

solid-liquid partition coefficient

thermal conductivity of ice, J/(mm?2)(sec)
constant, m4/sec

latent heat of freezing, J/g

probability

freezing temperature of ice less the air temperature, °C
total exposure time, sec

density of ice (91.7 g/ mm?2)

particle radius, m

sample variance

scanning electron microscopy

storage time, days

storage temperature, °C

total dissolved solids, mg/L



TSS

total suspended solids, mg/L

calculated t-Test value

steady state time characterization term, sec
ice sheet thickness, mm

time to drain supernatant after thawing, hrs
initial freezing temperature, °C

thawing temperature, °C

sample mean

volatile suspended solids, mg/L

critical velocity, m/s

distance, m

texture parameter

Initial Freezing Temperature, °C

Thawing Temperature, °C



1.0 INTRODUCTION

Color causing pollutants found present in the wastewaters of kraft
pulp mills originate almost exclusively from the bleaching process.
Although the pulp industry has markedly improved the quality of its
effluents from the application of new technologies, they are still faced with
the technical and economical challenges to reduce further the discharge of
materials to the environment. To meet future effluent regulatory
requirements, the industry has been evaluating innovative water
management schemes involving both internal and end of pipe effluent
treatment technologies. Significant research efforts are currently being
directed towards the development and integration of zero liquid effluent
technologies into mill treatment processes. Unproven at this time, the
industry has been hesitant in adopting these new technologies partly
because of the economic uncertainties surrounding them. As an
alternative some facilities have opted to evaluate specialized treatment
methods for only the high strength process streams, namely the bleachery
effluents. Among the most promising is the application of membrane
technology for treatment of the alkaline extraction stage effluent. The
application of a physical separation process to concentrate the
contaminates results in the production of smaller volumes of high
concentration liquid wastes which in regards to their disposal offers
several key advantages. The most obvious is affordability. Its reduced
volume will likely make it easier and cheaper to treat and dispose of,
which may ultimately make zero liquid effluent technologies more

economically accessible.



Membrane technology is a physical separation process designed to
split a given waste stream into two components, producing a permeate
and a concentrate. The concentrate, containing a majority of the
contaminants, is still in need of treatment and disposal. The disposal of
membrane concentrates in a simple, cost effective manner has not been
adequately addressed in the context of pulp mill operations. Of the possible
solutions available, on-site incineration is preferred. However, on-site
disposal by incineration of concentrates for large pulp mills would likely
not be economical because of the large volumes of contaminated liquid.
Under these circumstances the use of additional technologies or a more
elaborate water management scheme would be prudent with the goal to
further reduce the liquid volume of contaminated waste in need of

treatment and disposal.
1.1 BACKGROUND
1.1.1 STATEMENT OF THE PROBLEM

The application of membrane technology does not eliminate the
problem of waste disposal and therefore consideration of the disposal
method for contaminated liquids is necessary. Its purpose is to reduce the
volume of contaminated liquids to quantities that are more manageable
and can be effectively disposed of on-site. For membrane technology to be
adopted and used by the pulp industry it will have to be designed in the
context of pulp mill operations whereby small volumes of membrane
concentrates can be economically disposed of on-site. In the case of large
pulp mills this may require designing the concentration process to consist

of membrane technology and other cost effective treatment processes to



ensure small manageable volumes of contaminated liquids are produced.
Among the possible complementary technologies available, a simple, cost
effective method for treatment of membrane concentrates to further
reduce the volumes of contaminated liquids involves using a freeze-thaw

operation.

Natural freeze-thaw is well documented as a cost effective
treatment method for conditioning and dewatering sludges. Little
literature exists about the use of freeze-thaw as a method for concentrating
for volume reduction liquid waste streams consisting primarily of
complex dissolved and colloidal organics. Waste streams of this chemical
composition that are treated by freezing methods are done so typically

using freeze concentration.

Preliminary test results using mechanical freeze-thaw showed that
liquid waste streams that are comprised of dissolved and colloidal organic
material are amenable to mechanical coagulation, where freezing to
concentrate and mechanically flocculate the organics sufficiently produces
a settleable concentrated mass that can be effectively removed upon rapid
thawing. So promising were the results that freeze-thaw conducted
naturally was investigated as a simple, cost effective solution for treatment

of high strength kraft pulp mill bleachery effluents.
1.1.2 HYPOTHESIS DEVELOPMENT

Initial laboratory work lead to the development of the research
hypothesis that liquid waste streams comprised of complex
dissolved/colloidal organics are amenable to mechanical flocculation and

separation brought about by freeze-thaw. Membrane concentrates derived



from the alkaline extraction stage effluent with oxygen and hydrogen
peroxide reinforcement (Eop) are complex organic aqueous liquids. Their
treatment by freeze-thaw is believed to be primarily dependent on the
transformations that occurs to the concentrate's colioidal and dissolved
organic and inorganic constituents during freezing. Postulated is that
during freezing the constituents are concentrated and mechanically
flocculated into thin wafer-like structures to produce settleable masses that
can be separated from the bulk solution under ideal thawing conditions.
Separation efficiency is believed to be, in part, dependent on the freezing
and thawing conditions, as well as on the degree of compression related
flocculation that occurs during their time frozen. Based on initial studies,
the concentrated mass produced during the freezing of membrane
concentrates is very fragile and susceptible to break-up during thawing.
Removal of this fragile concentrated material from the bulk solution is
believed to be controlled predominantly by the rate at which this material
is initially thawed to separate it from its ice matrix. Other factors of
importance include particle interlocking resulting from mechanical
compression, and the degree of disturbance to the concentrated mass
during thawing. Optimum treatment conditions believed necessary to
achieve high separation efficiencies involves slow freezing rates coupled
with long storage times at cold temperatures followed with minimal
disturbance to the concentrated material upon thawing. The mechanism
responsible for and the resultant morphology of the concentrated material
from the growth of ice crystals during solidification during slow freezing is
believed to be critical in producing a concentrated material that is readably
separated from the ice matrix during thawing. Long frozen periods at low

temperatures are necessary to freeze as much as possible of the free



available water to mechanically compress the concentrated material into
tightly, compact zones reducing the material's fragile nature and
susceptibility to break-up during thawing. Finally, minimal disruption to
the structural integrity of the concentrated material during thawing by the
melt water flow is critical in achieving high separation efficiencies. The
chemical composition of the Eop effluents is also believed to be important
from the point of view that it must be amenable to mechanical
coagulation. That is there occurs a physical transformation to the
constituents which is in part, retained after thawing that will permit their
removal. Equally important is the concentration present in the waste
stream must be of sufficient strength to produce sufficient amounts of
concentrated material that can be readily separated from the ice matrix

during thawing.

Although there exists a substantial amount of literature on freeze
separation of organic and inorganic aqueous systems, lacking is
information on the morphological changes that occurs to the effluent's
constituents during freezing and how these transformations directly relate
to separation efficiency. This absence of information formed the basis of
the second research hypothesis. Postulated is separation by freeze-thaw of
aqueous liquids that are organic in nature are dependent not only on those
parameters that enhance freeze separation, but also on those parameters
that enhance thaw separation. Both groups of parameters are believed to

be equally important in achieving high separation efficiencies.



1.1.3 RESEARCH DEVELOPMENT

Several specialized treatment options were investigated as part of
this research study for treatment of Eop membrane concentrates. Initial
tests were conducted to investigate ozonation and coagulation (cationic
polymers only), separately and in combination. As part of the coagulation
studies metal based coagulants were not considered because of the
operational problems the resultant sludge would pose to the mill's
incinerator contemplated for disposal of the waste constituents. This is in
lue of the fact that alum and lime have been demonstrated as effective
coagulants in removal of nearly all of the color from waste streams of this
nature. Results from using ozonation and a cationic polymer were
unfavourable. Little or no improvement in color reduction was measured
in the alkaline extraction stage membrane concentrate treated separately
with ozonation. Ozone dosages as high as 300 mg/L were trialed with the
reported changes in color being below the detection limit. Likewise
extremely high cationic polymer dosages, in excess of 1,500 mg/L, were
required to obtain marginal reductions of less than 10 % in color by
coagulation alone. Ozonation was also trialed in combination with
coagulation, whereby concentrate samples were preozonated followed by
coagulation and flocculation. Results from these tests were also
unfavourable. Observed was low to moderate dosages of ozone (< 100
mg/L) and polymer (< 150 mg/L) produced no or little reduction (< 5 %) in
color. Based on these results it became apparent that the use of cationic
polymers to treat pulp mill membrane concentrates would not be
economical and therefore technologies of this nature were not further

investigated.



Freeze concentration was initially studied for concentration and
separation of the constituents of membrane concentrates. The
experimental technique employed was the method developed by Baker
(1967). This technique consisted of mixing the membrane concentrate in a
round bottom Pyrex flask submerged in a temperature controlled ice/salt
bath. The problems observed, which are common for this method of
freezing, related to the difficulty of separating the ice crystal from the
solute. Small additions of a highly charged, high molecular weight
polyamine (< 100 mg/L) to the membrane concentrate was reported to
improved separation. However, at coagulant dosages above 100 mg/L the
separation efficiency was observed to deteriorate regardless of having
vigorously mixed the sample. Flash freezing was problematic, greatly

reducing solute separation and recovery.
12 RESEARCH OBJECTIVES

The research study was developed to evaluate the natural freeze-
thaw process as a simple, cost effective method for treatment of high
strength kraft pulp mill effluents. The method is applicable for kraft pulp
mills located in cold regions only. As part of this investigation, the study
focused on the fundamentals of the process and the mechanisms
responsible for concentration and removal of the effluent's
dissolved/ colloidal organic and inorganic constituents from its bulk
solution during freeze-thaw. Specifically, the following objectives were

defined as relevant to achieving the above goals:



1.2.1 PRIMARY OBJECTIVES

1)

2)

3)

4)

5)

6)

Evaluate freeze-thaw as a waste treatment process for alkaline

extraction stage effluents and its membrane concentrates,

Characterize the frozen and thawed physical state properties
of the concentrated material produced during freezing under

different freeze-thaw conditions,

Postulate the mechanism(s) of removal for the concentrated

material by freeze-thaw,

Identify those process variables that significantly affect
treatment performance and whether they are controllable or

non-controllable,

Determine the relative stability of the concentrated material
removed by freeze-thaw under different freezing and

thawing conditions; and

Develop empirical mathematical models that will predict
treatment performance by freeze-thaw for treatment of Eop

effluents and its concentrates.

122 SECONDARY OBJECTIVES

1)

Discuss conceptual engineering design for the application
of natural freeze-thaw for treatment of high strength kraft
pulp mill effluents.



2.0 LITERATURE REVIEW

This chapter reviews the theory of freeze-thaw and the mechanisms
responsible for concentration and separation with respect to different
waste types. Research objectives that address freeze separation of organic-

inorganic aqueous systems by freeze-thaw will be presented and discussed.
2.1 PULPING PROCESSES

The objective of a pulping operation is to separate the wood fibers
by dissolving the lignin. The methods used vary depending on the type of
wood and end quality requirements of the pulp. One of the most
commonly used pulping methods is the kraft process. The kraft pulping
process is of special interest, simply because it accounts for approximately
90 percent of U.S. woodpulp production. The process involves cooking
woodchips, under pressure, in a solution of sodium sulfide and caustic
soda. These chemicals dissolve most of the lignin to produce a woodpulp
consisting primarily of cellulose fibers. Lignin is an amorphous substance
that is partly aromatic in nature and contains methoxyl, aliphatic, and
phenolic hydroxyl groups plus minor amounts of various aromatic acids
in ester-like combination. The pulp then passes through a series of
washing stages to remove and recover most of the dark cooking chemicals
referred to as a the black liquor. When kraft pulp is used to produce fine
papers or white board grades it must be bleached. Bleaching involves a
series of chemical treatments and extractions varying in number and
sequence of steps, employing chlorine, caustic soda, hyochlorites, chlorine
dioxide, and oxygen and hydrogen peroxide. The bleaching extracts

released consist of both acidic and alkaline waste streams, with the



alkaline extraction stage effluent accounting for about 75 % of the color
released from the bleach plant. The bleachery process is the principle
contributor in the total amount of color released from both pulping and
bleaching with the percentage between 80 to 90 % of the total color.

2.1.1 ALKALINE EXTRACTION STAGE EFFLUENT COMPOSITION

The color constituents of the alkaline extraction stage effluent
consists of oxidized lignin fragments commonly referred to as "color
bodies” (Bonsor et al., 1988; Cook et al., 1973). Color bodies consist of
partially degraded lignin fragments and brown-colored materials which
are complex mixtures of acidic polymers ranging in molecular weight
from less than 300 to as high as 30,000. Also associated with this waste can
be other colorless compounds with molecular weights ranging up to about
150,000. Color causing bodies with molecular weights around 5,600 are
responsible for the largest portion of the color reading. The original lignin
material, through oxidation and chlorination, loses most of its methoxyl
and phenolic hydroxyl groups, gaining a high carbonyl and carboxyl
content (Katuscak et al. 1971; Smith et al., 1976; Kovacs et al. 1986). Color
bodies are aromatic in nature, possessing a negative charge and existing
primarily as soluble sodium salts in aqueous solutions. The acidic groups
(carboxyl and enolic) of the color bodies dissociate in water and form
anionic sites to impel them into the colloidal or soluble state. For alkaline
extraction stage effluents the acidic groups are more dissociated because of
the high pH. As a result the system is more stable and the color intensity

increased.
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Color bodies are not easily biodegradable. In fact, color intensity has

been found to increase during biological treatment.

2.2 FREEZE-THAW FOR TREATMENT OF MEMBRANE
CONCENTRATES

Freeze-thaw is a method that is typically used to dewater and
condition sludges. Well documented are the effects of freezing and
thawing on the dewaterability of water and wastewater sludges. Poorly
understood are the mechanisms by which freeze-thaw alters the
dewaterability of high solids suspensions. Numerous attempts to
commercialize the beneficial effect of natural freeze-thaw have not been
largely successful (Vesilind and Martel, 1991). Unfortunately, natural
freezing is perceived as unreliable or technically unfeasible for all but in
the coldest climates. The systems that have been successful are those
related to the treatment of sludges which depend largely on natural
freezing and thawing in open or covered beds. The near-universal limited
success in the commercialization of natural freeze-thaw has resulted in it
being neglected over alternative technologies or methods such as freeze
crystallization or freeze concentration as methods for treatment of
industrial wastewaters. Consequently, the application of freeze-thaw as
proposed in this study for the near natural treatment of high strength

waste streams represents a new field of application for this technology.
22.1 FREEZE CONCENTRATION AND SEPARATION

The fundamental phenomenon of the interaction between a solute
or suspended particle and the ice-water interface during freezing are

described extensively below.
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2.2.1.1 FREEZING OF PURE WATER

When water freezes, it changes its chemical structure, expands, and
forms ice crystals. Unique among materials, water expands immediately
before freezing, with its maximum density being +3.96 °C. Chalmers (1959)
studied the freezing of water and stated that for each temperature there is a
critical radius of curvature at which the ice and water are in equilibrium.
The temperature is precisely zero degrees Celsius only when the surface of
the ice is essentially flat. On corners that juts outward there are more
loosely bound surface molecules per unit volume of ice, and the melting
process tends to predominate. Conversely, at corners that extend inward
the surface-to-volume relationship is reversed, and freezing is in the
ascendant. It follows that the temperature is lower for a small sphere of ice

than for a larger sphere.
22.1.2 FREEZING OF SOLUTIONS

Chalmers (1959) described ice formation as ice crystals growing from
the addition of water molecules to its structure, in a manner similar to the
construction of a brick wall. The structure of the ice crystal was found to
have great regularity and symmetry. When a growing ice crystal comes in
contact with impurities, it rejects them in favor of water molecules.
Because of its highly organized structure ice crystals cannot accommodate
other atoms or molecules without very severe local strain. To understand
the theory of ice formation, it is useful to consider what is known of the
distribution of an ideal solute ahead of a growing crystal interface. Smith
et al. (1955) developed transport equations to describe the unidirectional

crystal growth at rate G (cm/s) of a planar crystal interface into a solution
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of an initial solute concentration C,. The dependent solute concentration,
C(x,t), as function of its time and position relative to the crystal interface is

given below in equation (2.1).
Coot)/Co= 1+((1-k)/2K) - (Gx/D)erfcl/2(1/Dt) -1/ 2(x-Gt)
-1/2erfc1/2(1/Dt)-1/2(x + Gt) + ((2k - 1)/ 2k) -(1 -k)(G/D)
(x + kGt) erfc 1/2(1/Dt)-1/2 (x + 2k - 1) Gt)  (2.1)

D is the diffusion coefficient of the solute; k is the solid-liquid partition
coefficient. The initial time over which the system reaches steady state

configuration is characterized by t* in equation (2.2).
t* =D/ (kG?2) (2.2)

At steady state growth conditions, the concentration profile of the solute

ahead of the interface is given in equation (2.3).
C@Ex)/ Co=1+((1-k)/k) - (G/D)x) (2.3)

The distance over which the concentration gradient exists is characterized
by the texture parameter 9 defined in equation (2.4) in terms of the

diffusion coefficient D and the crystal growth rate, G.
0=D/G (2.4)

Mullins & Sekerka (1964) found the existence of a solute concentration
gradient ahead of a crystal interface causes the planar interface to become
unstable. The planar interface breaks down into an array of cellular
projections. The nature the organics and inorganics and their resultant

ratio was postulated by Baker (1967) as affecting organic inclusion by ice



formation. At high solute concentration, low temperature gradients and
rapid growth rates, the instability leads to the development of a cell
structure at the interface whose dimensions have been calculated from a
theoretical point of view by Bolling & Tiller (1961). Sekerka et al. (1968)
studied the formation of ice crystals in sodium chloride solutions and
found, at growth rates of 2.8 x 10-3 mm/sec in tap water and at much
lower growth rates in concentrated NaCl, the interface between the crystal
and liquid was unstable. The instability caused the ice to grow in the form
of thin planes separated by regions of concentrated brine, that extended
over long distances into the solidified ice. Unlike sludges or suspensions,
if the water contains only dissolved impurities, the ice front advances in
an orderly fashion. The hypertonic solution at the advancing surface of
the growing ice crystal slows down the freezing part of the liquid-solid
molecular exchange by decreasing the availability of water molecules. The
result is a lowering of the temperature at which the freezing and melting
processes balance; a depression of the freezing point (Halde, 1979).

22.1.3 FREEZING OF COLLOIDAL AQUEOUS SOLUTIONS

In contrast to solute solutions such as brine, colloidal aqueous
solutions are complex fluids containing a wide spectrum of solutes, low
and high molecular weight organics, short chain polymers, oils and
suspended gel particles. Compounds found in colloidal aqueous solutions
aside from the electrolyte concentration contribute only minimally to the
constitutional undercooling of the solution during freezing. It is the
electrolyte concentration that strongly influences the freezing process. The
fundamental phenomenon of the interaction between a colloidal particle

and an ice-water interface during freezing was described in detail by
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Ezekwo et al. (1980). At the ice-liquid interface, the water will diffuse from
the liquid. Since the center of mass of the crystallizing system is not
changing as the crystal grows by diffusion, all of the other noncrystallizing
solutes must be moving away by a diffusive process in the opposite
direction. Based on the work by English & Dole (1950) the diffusive
mobility of the low molecular weight species in the colloidal solution,
particularly at moderate solids contents, will not be substantially different
from their values in free solution. However, as the colloidal solutes
become dehydrated at the ice interface their mobility may be reduced due
to the approach of a vitreous transition. Freezing can affect many colloidal
solutions in an irreversible manner to flocculate and enhance the
sedimentation of the colloidal suspensions (Farrell et al., 1970; Stanczyk et
al., 1971; Hadzeriga, 1972; Murphy, 1973).

Documented in the literature are many investigations of ice crystal
growth at isothermal or near isothermal conditions (Harrison & Tiller,
1963; Oleneva, 1973). However, natural freezing processes would occur
under nonisothermal conditions. Ezekwo et al. (1979) used a modified
directional solidification procedure in freezing colloidal aqueous
solutions. Under steady state growth in a temperature gradient, nucleation
of new crystals were inhibited and the continuous growth of ice crystals
over large distances occurs. Ezekwo et al. (1979) was the first to examine
the redispersal of the colloidal component of a sludge during thawing.
Previous work in sludge dewatering paid little attention to these

fundamental aspects of freeze flocculation.
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2.2.1.4 FREEZING OF SUSPENSIONS

At sufficiently small ice growth velocities, particles of nearly all
materials are rejected by a moving solid-liquid interface. In the case of
suspensions, Hoekstra and Miller (1967) envisioned ice as extracting water
molecules from a thin layer of surface water on the surface of particles as
first postulated by Taber (1930) with the water at the particle surface
constantly being replenished as the ice crystals grow. Continuous rejection
requires both a force preventing incorporation and a constant addition of
fresh matrix material to the region behind the particle. Uhlmann et al.
(1964) in the freezing of suspensions found this applies equally well
whether the particle be Brownian or non-Brownian in size. The authors
showed that within a certain range of crystal growth rates, an exclusion at
the crystal-melt interface due to surface energy effects can cause particulate
matter to be convectively carried ahead of the growth front as it advances.
Cisse & Bolling (1971a) in their consideration of inert particles in front of a
growing interface, found particles are acted upon by forces of gravity and
viscous drag to promote contact. For particles that are in contact with an
interface at more than one point, the share of the force developed at each
point will be less than the total force. The suggested effect is less distortion
to the particle surface and easier diffusion at each point of contact. As well,
an increase in contact area at a constant particle size causes increased

migration (Halde, 1980).
22.1.5 FREEZING OF SLUDGES

Vesilind and Martel (1991) developed a conceptual model to

describe sludge freezing. Sludge, unlike colloidal aqueous solutions, is
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visualized as consisting of particles aggregated into flocs that act
hydrodynamically as single particles. These flocs can be in suspension or
they may form a solids matrix whereby individual flocs cannot be
identified and the sludge mass forms a continuum. Water exists in sludge
in several readily identifiable forms, although various classifications have
been used and the measurements can vary. Water that is not associated
with sludge solids is defined as free water. Free water surrounds the sludge
flocs and does not move with the solids. Water that is trapped within the
floc structure or is held by capillary forces between the particles is defined
as interstitial water. If the floc particles are broken-up, the interstitial water
becomes free water. Water that is associated with the individual particles
and can be released only by thermochemical destruction of the particles is
defined as surface water. Water that is chemically bound to the particles
and can be released only by thermochemical destruction of the particles is
defined as bound water. Based on visual experimental evidence Vesilind
and Martel (1991) observed that when sludge with high suspended solids
concentrations freezes unidirectionally, irregular ice needles are projected
into the water. The ice needles seek available free water molecules for
growth by projecting down into the sludge, bypassing the sludge solids. As
the ice needles thrust into the sludge they push aside the solids, seeking
more free water molecules for continued growth. As ice growth continues,
some sludge solids cannot be pushed in front of the ice and are trapped
within the frozen mass. In time, the ice crystals dehydrate captured sludge
flocs, pushing the particles into more compact aggregates. Finally, if the
temperature is low enough, the surface water also becomes frozen, further

compacting the individual particles into tight, large solids.
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Vesilind and Martel's conceptual model suggests that once the free
water surrounding the flocs has frozen, the water molecules inside the
flocs are extracted and used to build the crystalline structures, forcing the
particles into more tightly compacted solids. For this model freezing
temperature should affect the movement and aggregation of solids. If the
temperature is sufficiently low, the surface water surrounding the particles
eventually freezes and is incorporated into the ice crystals. This forces the
particles together to the point that they come under the influence of
surface attractive forces, causing them to aggregate into larger particles.
Thus freeze-thaw conditioned sludges have a significantly larger particle
size distribution and better dewaterability.

Logsdon and Edgerley (1971) schematically illustrated solids
entrapment in sludge freezing. The authors characterized the resistance of
water flow through the accumulated solids pushed by an interface and the
concentration of electrolyte above the freezing isotherm. Under conditions
of high resistance the cake buildup and sludge dewatering during freezing
decrease the flowing ability of the water. The result is the repeated
trapping of sludge solids in layers and that this is referred to rhythmic
banding. Organic polyelectrolytes used in normal sewage sludge
dewatering have been found to reduce the resistance to flow in the
accumulated cake and can be used to improve migration of solids of thick

sludges.

The effect of high dissolved solute concentrations in sludges, is the
more concentrated solute concentration near the ice-water interface causes
a depression in the freezing point of the liquid. This causes the

temperature to fall below the freezing point in the rest of the solution, and
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a subsequent breakdown of the constitutional supercooling causing
freezing at some distance from the ice-water interface, trapping the layer

high in solute.

Sludge dewatering has been found to be dependent on freezing
temperature, time frozen, initial moisture content, freezing rate, solution
strength, zeta potential and chemical composition. The degree of influence

of each parameter is discussed below.
2.2.2 INFLUENCING VARIABLES
2.2.2.1 FREEZING RATE

Freezing rate and its effect on particle distribution of sludges has
been widely studied (Vesilind & Martel, 1991, Knock & Trahern, 1988;
Logsdon & Edgerley, 1971; Cheng et al., 1970; Clements et al., 1950). A
common conclusion that can be made from the above work is sludge
dewatering greatly improves when allowed to freeze slowly. Vesilind &
Martel (1991) conceptualized that sludge must be frozen slowly for long
periods of time to promote the growth of ice crystals that will exclude the
solid particles and promote particle aggregation. Research by Knocke &
Trahern (1989) supported this view by finding that rapid rates of freezing
(characterized by freeze contact times < 45 minutes) caused significant fine

particle production, possibly due to floc rupture.

Freezing rate and its effect on the constituents of solutes comprised
of dissolved and colloidal organics is a topic that has not been widely

examined. As an objective of this study, freezing rate was examined for its
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effect on solute concentration and recovery as well as on the changes to

the constituents of solute during freezing.
2.22.2 IMPURITY SIZE, SHAPE AND NATURE

Particle migration during freezing is in part dependent on the type,
size, and shape of the particle and the area in contact with the interface.
Halde (1980) studied the separation of different sizes of impurities by
freezing suspensions or solutions containing calcium carbonate, kaolin
clay, glucose, and NaCl. To his surprise, coarser particles like calcium
carbonate (where 75 % of the mass of the calcium carbonate consisted of
particles larger than 5 x 10-6 m and smaller than 15 x 106 m) were more
easily separated than fine clay particles. As well the solution of glucose was
easier to concentrate than dissolved NaCl. The author attributed this
finding to the fact that glucose was a larger molecule and more easily
pushed and concentrated by the interface. Corte (1962) showed an
important factor in particle migration was its shape and contact area.
Particles with large contact areas were easier to displace. Similarly, Cisse
and Bolling (1971) reported that those particles which had a greater
number of points in contact with the interface were more easily rejected.
Several investigators have developed theoretical explanations for how the
ice front rejects particles. Uhlmann et al. (1964) reported that each particle
has a critical velocity below which the particle will be rejected by the ice
front depending on its size and shape. Particles smaller than 100
Angstroms were found to have critical velocities independent of particle
size. Where as particles larger than 100 Angstroms were found to have
critical velocities that were shape dependent. Particles with irregularities

were found to have higher critical velocities in a given matrix than



smooth particles of the same size. For rough particles the interaction with
the interface takes place over several irregularities. Their effect was to
make easier liquid transport, both in and to the region of contact. For
smooth particles, a 1/Rq? size dependence of the critical velocity was
suggested where R, is the particle diameter. Shape dependence that arises
for rough particles results from the viscous drag term, and becomes
effective only for fairly large particles. In the range of particle sizes greater
than 100 um, this dependence was suggested to be proportional to 1/R,
assuming the average irregularity size to be independent of R,. Cisse and
Bolling (1971) proposed a mathematical model where the critical velocity
of the ice front is related to the size of the particles as (equation 2.5):

V = KR-3 (2.5)

where V is the critical velocity above which particles of radius R will be
trapped in the ice. K is a constant that takes into account the physical and
chemical nature of the water and solid particles.

The theory of particle migration developed by Uhlmann et al. (1964)
is based on the assumption that a very short range repulsion exists
between the particle and the solid. This repulsion occurs when the
particle-solid interfacial free energy is greater than the sum of the particle-
liquid and liquid-solid interfacial free energies. The particle is pushed
along ahead of the advancing interface and becomes incorporated into the
solid if liquid cannot diffuse rapidly to the growing solid behind the
particle. Reasonable agreement was obtained between calculated and
experimental observed critical velocities. However, the estimated particle

critical velocities were calculated assuming bulk diffusion coefficients that
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did not consider modification of the water structure at the interface by the
solute. Uhlmann et al. found the critical freezing velocity of inorganic
slurries to be about 5 x 10-6 m/sec. In the case of solutes, smaller liquid
particles (1 to 2 um in size) had lower critical velocities. For example,
particles of xylene and orthoterphenyl were trapped at growth rates of
about 13 ym/sec. The higher viscosity of orthoterphenyl over xylene
indicated that the process was not limited by rate of deformation of liquid
particles at the interface. Baker (1967) postulated that colloidal and soluble
organics, exhibiting ionization potential or molecular structural variations
amenable to interface modification may influence the diffusion
coefficient. However, in laboratory tests reported by the author, ionized
and nonionized organics separated with equal efficiency. No evidence of

limiting interfacial concentration posing a diffusion barrier was evident.

Workman and Reynolds (1950) showed the nature and location of
organic substitute groups affect freeze concentration separation. Postulated
was that these variables produce variations in surface dipole orientation
and organic inclusion on ice formation. The authors showed that the
surface orientation of ionized and nondissociated organics was likely not a
factor in solute rejection if inorganic solutes are not present. Parungo and
Lodge (1965) confirmed in vapor-phase studies the postulate that the

organic substitute is a factor in freeze concentration.
2.2.2.3 IMPURITY CONCENTRATION

Halde (1980) studied the effect of impurity concentration. Reported
by Halde was the purification of water improved with lower suspended

solids concentrations. It was found that water containing only small

N
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amounts of calcium carbonate was much more easier to purify than
suspensions with higher initial concentrations. Conversely, solutes such
as dissolved glucose and NaCl were more difficult to concentrate than
suspended solids. The NaCl solution proved most sensitive to variations
in the initial concentration than the purification of a glucose solution.
Baker (1967) found that the separation of an organic solute improved as

dilution is increased in the absence of an inorganic solute.
2.2.2.4 PRESENCE OF AIR

Corte (1962) reported the presence of air bubbles has a dramatic effect
on particle trapping. Halde (1980) described the formation of "ice worms"
in freezing in the presence of air. In his description air as a solute is
rejected by freezing water. Air molecules accumulate in front of an
advancing interface until its concentration is high enough for bubbles to
nucleate. Once a bubble has formed, it grows because gases diffuses into it.
For an interface moving forward, the bubble cannot grow laterally and
grows to form a cylindrical bubble referred to as an “"ice worm". Ice worm
formation is dependent on the rate of freezing. Fast freezing suppresses
the formation of ice worms because of insufficient gas diffusion into the
bubbles. The result is the ice will contain large numbers of small bubbles.
Conversely, very slow freezing permits the rejection of gas to diffuse away
from the interface and neither ice worms or bubbles appear. Kuo et al.
(1973) reported the effect of air bubbles on particle trapping. Found was
that particles settle into the depressions formed around ice bubbles and
when these bubbles occasionally break free there occurs a rapid freezing

and local trapping of particles at the former site of the bubble.
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2.2.2.5 EFFECT OF STIRRING

Halde (1980) found progressive stirring improved purification of
water by freezing. Considerable purification was observed in waters
containing suspended calcium carbonate, suspended graphite, dissolved
glucose or sodium chloride if the liquid phase was stirred vigorously at a
rate of 2000 rpm to avoid accretion of a layer of impurities at the interface.
The general tendency of the data was more intense stirring rendered a
higher degree of purification. The importance of stirring in impurity
separation increased at the higher rates of freezing. Larger particles or
molecules were more easily separated by stirred freezing than smaller

impurities.

In freeze-thaw sludge conditioning, agitation before and after freeze-
thaw can change particle sizes to be of practical significance in dewatering,
however the final result was dependent on the type of sludge (Vesilind et
al,, 1991). Vesilind et al. (1991) suggested that an optimum floc size exists,

and agitation prior to freezing may aid in attaining this size.
222.6 RATE AND METHOD OF THAWING

Rate of thawing is not typically reported as an important parameter
in freeze separation. In studies conducted to examine sludge freezing,
thawing time was found to be unimportant (Penman & Van Es, 1973;
Tilsworth et al., 1972; Logsdon & Edgerley, 1971). Thawing rate was
investigated as part of this study for its influence on constituent separation

during thawing.



22.2.7 METHOD OF FREEZING

Mechanical freeze-thaw has been extensively studied for the
conditioning of sludges (Benn & Doe, 1969; Farrel, 1971; Randall et al.,
1975; Martel et al., 1998). The different mechanical freeze-thaw devices
studied included bulk freezers, freeze crystallizers, and layer freezers.
Martel et al. (1998) concluded the best way to freeze sludges was in thin
layers. Freezing in layers avoided the structural failure problems
associated with bulk freezers. However, aside from these structural
problems bulk freezers designed to completely freeze the sludge worked
very well. Knocke and Trahern (1989) found bulk freezing consistently
improved the dewaterability of chemical and biological sludges and was a
superior method to freeze crystallization. Separation of the ice
crystal/solid particle interfaces was a problem common to freeze
crystallization or freeze concentration. Freeze crystallization was also

found in some instances to decrease sludge dewaterability.
2.22.8 INORGANICELECTROLYTES

The effect of inorganic electrolytes on the freezing process has been
intensively studied. Workman and Reynolds (1950) first elucidated the
phenomena of charge separation and electrical potential that was later
critically reviewed by Gross (1965). Baker (1967, 1969) studied the effect of
inorganic salts on organic separation by freeze concentration and found in
their absence, mixing was not important in organic solute recovery.
Mixtures of organics which included phenols, substituted phenols,
volatile fatty acids and aceophenone were recovered without selectivity by

freeze concentration in the absence of inorganics. Under these conditions,
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organic dissociation, molecular size, weight, nature and the location and
number of substituted groups were reported to have no effect on recovery.
The recovery of organic solutes was found to be complete, regardless of the
initial sample volume, until a critical range of residual unfrozen liquid
volume remained. Barduhn et al. (1963) postulated that salts presence in
wastewaters promote organic separation by a salting-out effect. This was
supported in a subsequent report by Powell and Barduhn (1965) who
clarified and repeated the postulation that only the high molecular weight
organic materials would be salted-out. The removal of highly soluble
organic compounds of low molecular weight, such as simple alcohols and
acids, was not affected. In laboratory tests the solubility of ABS decreased
at low temperatures and that sodium chloride addition further reduced
markedly the solubility. However, in actual freezing tests of ABS
wastewater only approximately 10 % of the total organic was forced out of

solution at a 20 % salt concentration at a temperature of -20 °C.
2.2.2.9 LIQUID DEPTH

Liquid depth affects freezing and curing time (Parker et al., 1998).
Empirical models exist that will calculate the freezing and thawing depth.
The most notable are those models developed by Stefan, Berggren, and
Neumann (Mouton, 1969). Little literature exists regarding the effect of
liquid depth on thawed removal efficiency for waste streams other than

sludges.
222.10 TIME FROZEN (CURING TIME)

Time frozen has been identified as an important factor affecting
sludge dewatering (Vesilind & Martel, 1991; Logsdon & Edgerley, 1971).
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The above authors showed storage time, allowing the "difficult" to freeze
water to become part of the ice crystal and the particles to attach
themselves to each other, markedly improved dewaterability. Freezing the
"difficult” to freeze water is also dependent on storage temperature.
Vesilind and Martel (1991) showed the filterability of sludges improved
with the colder the final storage temperature.

22.3 MATHAMETICAL MODELS

The empirical models that have been developed are for the design
and operation of sludge freeze-thaw beds where the primary focus was to
determine the total quantity of sludge that could be frozen over a
particular time period under different ambient conditions. An example of
which was presented by Farrell et al. (1970) and Barnes (1928). These
authors developed the following non-dimensional homogeneous
empirical equation to determine the rate of thickening of an ice sheet on

quiet water already at its freezing point (equation 2.6):
(t +t2)/2=(k1ATo)/LE (2.6)

where:

t = thickness of ice sheet (mm);

k1 = thermal conductivity of ice (2.38 J/mm?2*sec);

AT = freezing temperature of ice less the air temperature (°C);
o = total exposure time (sec);

L = latent heat of freezing (335 J/g); and

£ = density of ice (91.70 g/ mm?2)
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Used primary as an operational tool in sludge freezing to select and
monitor the appropriate liquid depth, the model provides no information
about the end product quality or results that can be expected. This type of
model provides information only about whether or not the freezing
process will be successful and if the operational parameters selected by the

operator are appropriate for the weather conditions.

The focus of this study was to develop empirical relationships that
can be used as operational tools in the application of freeze-thaw in the
treatment of high strength pulp mill effluents comprised primarily of
dissolved and colloidal organic matter. The purpose of the model is to
predict treatment performance based on the freezing and thawing

conditions.
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3.0 MATERIALS AND METHODS
3.1 SUMMARY OF EXPERIMENTAL TESTS

Table 3.1 is summary of the experimental tests conducted as part of
this research. Described in this table are the parameter set points and

purpose of each test.
3.2 EXPERIMENTAL WATERS

Unidirectional freeze-thaw experiments were conducted using as
experimental waters bleachery effluents collected from the alkaline
extraction stage of a kraft pulp mill operation. Summarized in Table 3.2
are the different types of experimental waters studied. Following
collection, alkaline extraction stage effluent was processed using
ultrafiltration technology to produce a high strength alkaline extraction
stage membrane concentrate comprised primarily of the high molecular

weight compounds (> 8000 MWCO).
32.1 ALKALINE EXTRACTION STAGE EFFLUENT

Bleachery effluent from the alkaline extraction stage with oxygen
and hydrogen peroxide reinforcement was obtained from the
Weyerhaeuser Canada Ltd. kraft pulp mill located in Grande Prairie,
Alberta. Following sampling, the effluent was transferred into a single 170
litre capacity plastic container and placed a cold store room at a
temperature of 4 °C. The container was sampled weekly and the effluent

chemically tested to monitor sample degradation.
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Table 3.1 Summary of Experimental Tests
e —————— |
Parameter or Type of J| Experimental Set Points Purpose
Analysis
Scanning Electron *frozen and thawed liquid *charactereization of the frozen and thawed
Microscopy Studies | samples physical state morphology of the

concentrated material produced under
different freeze-thaw conditions

Size Fractionation

*membrane concentrate: raw,

*characterization of the frozen physical

versus single 250 m layers

Studies above 5000, below 5000 state cross sectional and surface morpology for
| different size fractions

Development of *initial freezing *calibration of freezing apparatus, and

Freezing Curves temperatures -2 °C, -15 °C, comparison of duplicate runs
and -25 °C

Parameter Selection | “correlate color with respect | “parameter selection to evaluate treatment
to COD, total alkalinity, and | performance and possible inclusion into the
TDS model

Liquid Depth *liquid depth range: 150 mm | *evaluate liquid depth for its relative

_ and 250mm significance
Layer Freezing * multiple layers (125 mm) *evaluate operational suitability

Selective Sampling | *collection of frozen and *compare constituent distributions for frozen
liquid samples at 25 mm and thawed liquid samples and identify
intervals with respect to mechanisms responsible for concentration and
depth at each run condition | removal of concentrated material

Storage Temperature

“storage temperatures: -2 °C
and -15°C

*evaluate storage temperature for its relative
significance with respect to treatment
performance

Storage Time

*storage time: 0, 30, 60, and 90
days

*evaluate storage time for its relative
significance with respect to treatment

Initial Freezing
Temperature

*freezing temperatures: -2 °C,
-15°C, and -25°C

*evaluate changes in concentrated material
morphology, and its relative significance
with respect to treatment perfomance

Method of Thawing

*thaw top down (ice does not
float) versus thaw bottom up
(ice floats)

*evaluate the importance of melt water flow
in the concentration and settlement of
concentrated material produced during
freezing, and identify mechanisms of
removal

Material Stability
Studies

freeze-thaw conditions

T‘hawing Rate “thawing temperatures:FC‘, *evaluate the importance of melt water flow
15°C,and 24°C in the concentration and settlement of
concentrated material produced during
freezing
Concentration *percent dilutions: raw, 50 %, *establish concentration limits suitable for
66 %,75 %, and 80 %. treatment, and identify changes in the frozen
physical state morphology of the
concentrated material
Concentrated *optimum experimental *‘evaluate concentrated material stability,

develop operational model, and identify the

nature of the concentrated material
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3.22 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Alkaline extraction stage membrane concentrate was obtained from
the Weyerhaeuser Canada Ltd. kraft pulp mill using a New Logic
International V-Sep ultrafiltration pilot plant demonstration unit (Figure
3.1). Table 3.3 is a summary of the membrane pilot plant design
specifications. The pilot plant was configured to operate as a batch process.

Approximately 150 liters of membrane concentrate was produced.

The membrane concentrate was stored in a single 170 litre capacity
plastic container in a cold storeroom at a temperature of 4 °C. The
container was sampled weekly and the effluent chemically tested to

monitor sample degradation.

3.2.3 ALKALINE EXTRACTION STAGE CONCENTRATE SIZE
FRACTIONS

A Minitan Acrylic Ultrafiltration System by Millipore Direct was
used to size fractionate the alkaline extraction stage membrane concentrate
into three size fractions. The different molecular weight size fractions

were < 1000, > 1000 and < 5000, and > 5000.
3.3 EXPERIMENTAL WATER PRESEVRATION

The experimental waters were stored separately in 170 litre capacity
plastic containers in a dark, cold storeroom at 4 °C. Prior to sample
collection, the contents of the plastic containers were thoroughly mixed to
allow collection of representative samples. The effluents were sampled
weekly throughout the storage period to monitor sample degradation. The

storage time for the alkaline extraction stage membrane concentrate was
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New Logic International V-Sep Ultrafiltration Pilot Plant
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approximately 8 months over which samples portions were collected for
experimental testing. Similarly, the storage time for the alkaline extraction
stage effluent was approximately 4 months. The experimental water types
were experimented with independently of each other with respect to time

to minimize the time period taken to complete the factorial design.
3.3.1 ALKALINE EXTRACTION STAGE EFFLUENT

Plotted in Figures 3.2 to 3.6 are the chemical changes that occurred
to the alkaline extraction stage effluent over the course of its storage
period with respect to COD, color, pH, total alkalinity, and TDS. The
overall change in chemical quality for the period of storage for each

parameter is summarized below:

Parameter Maximum Unit Change
CcobD 60.0mg/L

Color 200 CU

pH 0.10

Total Alkalinity 40mg/L as CaCO3

TDS 350mg/L

3.3.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Plotted in Figures 3.7 to 3.11 are the chemical changes that occurred
to the alkaline extraction stage membrane concentrate over the course of
its storage period with respect to COD, color, pH, total alkalinity, and TDS.
Because of the requirement to substantially dilute the sample in the
analysis for various parameters, measurements obtained for COD, color

and TDS were reported to within three significant figures. The overall
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change in chemical quality for the period of storage for each parameter is

summarized below:

Parameter Maximum Unit Change
CoD 400mg/L

Color 300 CU

pH 0.24

Total Alkalinity 60 mg/L as CaCO3

TDS 300 mg/L

3.4 EXPERIMENTAL WATER CHEMICAL COMPOSITION

Presented are the chemical compositions for each experimental

water type as used in the factorial design.
3.4.1 ALKALINE EXTRACTION STAGE EFFLUENT

Summarized in Table 3.4 is the chemical composition of the
alkaline extraction stage effluent as used in the factorial experiment. The
alkaline extraction stage effluent was routinely sampled weekly, with raw
samples also collected at the beginning of each series of freeze-thaw
experiments. The standard deviation and range for the average values
given below are representative of the analytical error and sample
degradation that occurred over the course of the experiments. The alkaline
extraction stage effluent was characterized as being alkaline, highly
buffered, low in suspended solids, and high in dissolved solids, of which a
moderate percentage were dissolved or colloidal organics. The primary

inorganic elements were sodium, calcium, magnesium, and potassium.
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Table3.4  Chemical Composition of the Alkaline Extraction Stage
Effluent
Chemical Parameter ﬂAverage Standard Range
Value*® Deviation™*
| Carbonate Concentration (mg/L) 11,400 i—_3§r 1,350 to 1,430
Bicarbonate Concentration (mg/L) 235 +25 215 to 275
Chemical Oxygen Demand (mg/L) 4,160 +25 4,140 to 4,200
Color (CU) 3,440 +59 3,500 to 3,360
pH 11.30 +0.05 11.25t0 11.35
Total Alkalinity (mg/L CaCO3) 1,640 +15 1,620 to 1,660
Total Dissolved Solids (mg/L) 3,930 + 115 _ 3,790 to 4,070 |
Total Suspended Solids (mg/L) 12 +0.0 12
| Turbidity (NTU) 75 +0.5 6.9 to 8.1
Volatile Suspended Solids (mg/L) 12 +0.0 12
***Metals (total) (mg/L)
Aluminum <0.5 N/A N/A
Barium 0.13
Beryllum <0.01
Cadmium <0.1
Calcium 19
Chromium <0.1
Cobalt <0.1
Copper <0.1
[ron <0.1
Lead <0.5
Magnesium 41
Manganese 0.25
Molybdenum <0.5
Nickel <0.5
Phosphorous <0.5
Potassium 7.0
Silver <0.1
Sodium 1,315
Strontium <0.1
Thallium <0.1
Tin <0.5
Titanium <0.1
Vanadium <0.1
Zinc <0.1

* average value derived from a sample set of 10 collected during sample

storage, ** + 1 standard deviation, *** single values
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3.42 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Summarized in Table 3.5 is the chemical composition of the
alkaline extraction stage membrane concentrate as used to conduct the
factorial experiment. The alkaline extraction stage membrane concentrate
was routinely sampled weekly, with raw samples also collected at the
beginning of each series of freeze-thaw experiments. The alkaline
extraction stage membrane concentrate was characterized as being slightly
alkaline, highly buffered, low in suspended solids, and high in dissolved
solids, of which a high percentage were high molecular weight dissolved
or colloidal organics. The primary inorganic elements were sodium,

calcium, magnesium, and potassium.

3.5 ANALYTICAL AND INVESTIGATIVE METHODS
3.5.1 WET CHEMISTRY ANALYSES

3.5.1.1 ALKALINITY SPECIES

Alkalinity was determined in accordance with section 2320 B of
Standard Methods (AWWA-AHPA-WPCF, 1989). All determinations

were conducted in duplicate.
3.5.1.2 CHEMICAL OXYGEN DEMAND

Chemical oxygen demand (COD) was determined by the open reflux
method as described in section 5220 B of Standard Methods (AWWA-
AHPA-WPCF, 1989). All determinations were conducted in duplicate.
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Table 3.5  Chemical Composition of the Alkaline Extraction Stage

Membrane Concentrate

Chemical Parameter Average Standard Range
Value* Deviation**
Carbonate Concentration (mg/L) 748 +10 740 to 760
Bicarbonate Concentration (mg/L) 1,810 +54 1,780 to 1,890
Chemical Oxygen Demand (mg/L) 13,500 +100 13,600 to
L 13,400
Color (CU) 12,500 +87 12,600 to
12,400
H 9.65 +0.05 9.67 to 9.60
Total Alkalinity (mg/L CaCO3) 2,650 £25 2,620t02,6%0
Total Dissolved Solids (mg/L) 13,000 +79 12,800 to
13,100
Total Suspended Solids (mg/L) 32 +0.0 32
Turbidity (NTU) 3.7 +0.3 3.5to 4.4
Volatile Suspended Solids {mg/L) 24 +0.0 24
***Metals (total) (mg/L)
Aluminum 0.53 N/A N/A
Barium 0.74
Beryllum <0.01
Cadmium <0.1
Calcium 79
Chromium <0.1
Cobalt <0.1
Copper <0.1
[ron 0.64
Lead <0.5
Magnesium 23
Manganese 1.9
Molybdenum <0.5
Nickel <0.5
Phosphorous 0.8
Potassium 13
Silver <0.1
Sodium 2,180
Strontium 0.37
Thallium <1.0
Tin <0.5
Titanium <0.1
Vanadium <0.1
Zinc 0.27

* average derived from a sample set of 10 collected during sample storage,
** = 1 standard deviation, *** single values
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35.1.3 COLOR

Color was determined in accordance with Standard H.SP of the
Physical and Chemical Standards Committee, Technical Section of the
Canadian Pulp and Paper Association. The spectrophotometer used was
the Pharmacia Biotech Ultrospec 3000 UV /visible spectrophotometer. All
determinations were conducted in duplicate. The test was found to have
an accuracy +/- 50 color units for samples diluted by a maximum factor of

100 times.
3.5.14 pH

pH was determined in accordance with section 4500 H* of Standard
Methods (AWWA-AHPA-WPCF, 1989). The instrument used was the
Fisher Scientific Accumet pH meter 25. The meter had a relative accuracy

of +/- 0.01 pH units.
3.5.1.5 METALS

Metal analysis was by Inductively Coupled Plasma (ICP) according to
the test method EPA 6010. Core Laboratories, Calgary, Alberta was

contracted to perform all metal analysis.
3.5.1.6 TOTAL DISSOLVED SOLIDS

Total dissolved solids (TDS) were determined according to section
2540 C of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
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3.5.1.7 TOTAL SUSPENDED SOLIDS

Total suspended solids (TSS) were determined according to section
2540 D of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
3.5.1.8 TURBIDITY

Turbidity was determined by the Nephelometric method according
to section 2130 B of Standard Methods (AWWA-AHPA-WPCF, 1989). The
instrument used was the HACH 2100A turbidimeter. All determinations

were conducted in duplicate.
3.5.1.9 VOLATILE SUSPENDED SOLIDS

Volatile suspended solids (VSS) were determined according to

section 2540 E of Standard Methods (AWWA-AHPA-WPCF, 1989). All

determinations were conducted in duplicate.
3.5.2 SCANNING ELECTRON MICROSCOPY

The JOEL JSM-6301F Scanning Electron Microscope complete with
the cryo option was used to examine ice and filter paper specimens. The
electron gun was a cold-cathode field emission type designed for ultra-
high resolution scanning electron microscopy (SEM) with a modern
digital image processing system. Summarized in Table 3.6 are

instrument'’s specifications.
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3.52.1 SPECIMEN PREPARATION
3.5.2.1.1 ICE SPECIMENS

As part of this research, an experimental protocol was developed for
visual examination of the physical properties of the concentrated material
contained within the ice matrix. Initial attempts to expose the physical
properties of the concentrated material without first preparing the sample
so that it would not begin to melt during mounting were unsuccessful. In
the absence of sample preparation, it was found that ice specimens could
not be mounted on the sample exchange holder and placed directly into
the specimen stage without superficial melting of the ice surface which
was sufficient to obscure the morphology of the concentrated material.
The successful method involved supercooling the sample by submerging
and fracturing the ice specimen within liquid nitrogen to produce a clean
unexposed surface. To avoid exposure of the sample to condensation, the
specimen transfer stage was first purged with nitrogen and the ice sample
withdrawn directly from the liquid nitrogen under a vacuum.
Sublimation to expose the concentrated material was conducted in the
cold stage at a temperature of -40 °C. A image resolution of 1.5 KV was
used initially to monitor sublimation. Following the appearance of wafer-
like structures, the ice sample was cooled to - 180 °C for 10 minutes before
removal for coating. After cooling the specimen was removed under a
vacuum using the specimen transfer stage and transferred into the cryo
chamber where the sample was gold coated. The sample was double
sputter coated with gold for a total thickness of 100 Angstroms. Coating
was conducted at a temperature of -180 °C. It was important to ensure

adequate time was provided to allow the sample to sufficiently cool before
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coating to prevent sublimation during and after coating. Insufficient
sample cooling resulted in the peeling of the gold coating. Following
coating, the specimen was returned to the specimen chamber of the
scanning electron microscope and examined using an image resolution of

5 KV.

Supercooling the ice samples by submergence into liquid nitrogen
prior to mounting were not believed to have affected the physical
appearance of the concentrated material. This conclusion was based on
sample photos taken during and after sublimation. Shown in Figures 3.12
and 3.13 are high resolution electron microscope images of uncoated ice
sample surfaces taken during their early stage of sublimation. From
examination of these photographs it can be seen that there are no visible
fractures within the zones of concentrated material and that the pores
were completely frozen. Freezing of this water within the porous material
of the wafer was believed to have occurred during the freezing step of the
treatment method and not as a result of being rapidly supercooled. For
example, had the water within the pore structures not been frozen within
the zone of highly concentrated material prior to supercooling, the 9 %
rapid volume expansion from freezing of the free available water should
have fractured the ice matrix along the plane of the wafer for its depth.
This would have been particularly true since ice specimens were mounted
in such a manner that they were unconstrained. The appearance of
fractures along the highly concentrated zones of material were not evident
in any of the ice specimens examined by SEM to support this conclusion.

In addition, close examination of the pore structure showed the pores
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Figure 3.12 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Prior to Sublimination for Membrane
Concentrate Frozen at the Initial Freezing Temperature -2 degrees Celsius
(Photo #1)
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Figure 3.13 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Prior to Sublimination for Membrane Concentrate
Frozen at the Initial Freezing Temperature -2 degrees Celsius (Photo #2)



were not ruptured to suggest freezing did not occur instantaneously

(Figure 3.14).

Distilled water was frozen and used as a control to distinguish
between the presence of concentrated material observed in ice samples
before and after sublimation. Figure 3.15 is an electron microscope image
of a fractured ice surface comprised entirely of frozen distilled water. The
appearance of fractures were produced during sample preparation. Shown
in Figure 3.16 is a high magnification electron microscope image of the

fractured ice specimen showing its characteristic surface morphology.

Tests were also conducted to investigate the changes that occurred
to the concentrated material from instantaneously freezing the membrane
concentrate by exposing it to the freezing temperature of liquid nitrogen
(-190 °C). Shown in Figure 3.17 is an overview of a fractured ice specimen
surface showing the concentrated material produced by instantaneous
freezing (< 15 seconds). A high magnification electron microscope image
of a single fractured wafer edge reveals the thickness and surface texture of
the wafer-like material (Figure 3.18). From examination of this figure it
can be seen that instantaneous freezing produced high concentrations of
very thin, compact wafer-like zones of material arranged in sheet like
patterns. The thickness of the wafer-like zones were less than 0.5 um.
These very thin zones of concentrated material were not observed in ice
matrices extracted from the frozen concentrate during the freeze-thaw

experiments at the initial freezing temperatures investigated.
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Figure 3.14 Extreme High Magnification Electron Microscope Image of a
Fractured Concentrated Material Edge Showing its Pore Morphology for
Membrane Concentrate Frozen at the Initial Freezing Temperature

-2 degrees Celsius
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Figure 3.15 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Distilled Water at the Initial Freezing
Temperature -15 degrees Celsius
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Figure 3.16 High Magnification Electron Microscope Image Showing the
Surface Morphology of Frozen Distilled Water
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Figure 3.17 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Instantaneously Freezing Membrane Concentrate in
Liquid Nitrogen
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Figure 3.18 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Instantaneously Freezing
Membrane Concentrate in Liquid Nitrogen



3.52.1.2 FILTER PAPER SPECIMENS

Filter paper specimens were prepared for examination of the
concentrated material’s thawed morphological properties. Sample
preparation comprised of melting a fixed volume of ice on top of 0.8 um
cellulose filter paper while allowing the melt water to freely seep through
the paper. Samples were not filtered under a vacuum to minimize
disruption to the structural integrity of the concentrated material. The
volume of ice applied to the filter paper was equivalent to approximately 1
mL of liquid. Following gravity filtration, the filter papers were removed
and placed to dry in a desiccator for approximately 12 hours before analysis
by SEM. Figure 3.19 is an electron microscope image of a clean membrane
filter paper surface. Closer examination by SEM reveals the pore structure
of the clean membrane filter paper (Figure 3.20).

The filter paper was carefully cut using surgical scissors and
mounted on aluminum stubs using adhesive tape. Following mounting,
samples were double sputter coated in an Edwards Sputter Coater (Model
S150B) with gold to achieve a total thickness of 100 Angstroms. SEM
analysis was conducted at 5 KV.

3.5.3 FREEZING POINT DETERMINATION
3.5.3.1 EXPERIMENTAL SAMPLES

The freezing point of an aqueous solution is directly related to the
concentration of its water soluble constituents. If one or more substances
are dissolved in water, the freezing point will be lowered in direct

proportion to the molarity of the solution. The sectioning and chemical
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Figure 3.19 Electron Microscope Photograph of a Clean Membrane Filter
Paper Surface
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Figure 3.20 High Magnification Electron Microscope Image of a Clean
Filter Paper Surface Showing its Pore Morphology
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analysis of columns of frozen effluent showed the experimental water's
constituents were concentrated in the direction of freezing, with the
degree of concentration dependent on the freezing rate. To understand the
change in the liquid's freezing point with respect to depth during freezing,
samples of each experimental water were deliberately concentrated and the
freezing point measured using the cryoscope. Different concentration
strengths of each experimental water were produced by heating the
effluent using a hot plate to a maximum temperature of 65 °C and
allowing a portion of the effluent's water to evaporate. Boiling
temperatures were avoided to minimize the loss of volatile organics. The
cryoscope was used to measure the freezing point of different
concentration strengths of each experimental water. Results from these
tests were used to derive Figures 3.21 and 3.22. From examination of these
figures it can be seen that the freezing point decreased very minimally for
large increases in color concentration regardless of experimental water
type. This would indicate the constituent matter of the effluent contributes
only minimally to the constitutional undercooling of the solution during

freezing.
35.32 CRYOMATIC CRYOSCOPE INSTRUMENT

Freezing point determination was performed using the Advanced
Cryomatic Milk Cryoscope 4C2 instrument from Advanced Instruments
Inc. The freezing point result was reported in degrees Celsius Hortvet (°H).

66



67

3)IUIDUO0)) dueIGUIIA JO syjduang

uonenUIdUOD) JUIBJJ 03 19adsay yipm Jutog Suizaalg jo 101y  1z'c IS

(Do) Yut0] 3urzaaiy
0500 - 0v0°0 - 0£0°0 - 020°0 -
. - 1 - . — 00001
2]EHUIIUO)) SURIqUISIA
- 00051
L 00002 A
e
i Q
-
L 000s2 &
c
| ~—
L 0000€
L 000S€
[ 8660 = 2v¥ xg+apgsss + gpavl - =] |

0000%



68

uonenuadU0D) JUdIRI( 0) 10adsay YiIpm tog Suizaarg jo Joi ] zz'g a3y

0£00- 8200 -

Juanyyq dog jo syyduang

(Do) Juiog Suizaany

9200 -
1

vmmv.o - ¢200- 0¢00- 8100- 9100-
A |

1 J—

PPU | -

yuanyyg doy

3

[

000°L = 2vld XG+3£29°6 + p+aEgEL'L - =K

[

000¢

- 000%

- 0009

- 0008

- 00001

- 00021

- 000bL

- 00091

00081

(D) 010D



Equation 3.1 was used to convert the freezing point from degrees Celsius

Hortvet to degrees Celsius (Prentice, 1973):

°C = 0.96418 °H + 0.00085 (3.1)
All determinations were conducted in duplicate.
3.5.4 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy was used for chemical analysis of
precipitates observed on filter paper samples. The procedure involved
directing X-ray photons onto the sample surface to cause the ejection of an
atomic core electron for every photon absorbed. Identification of the
element was determined by measurement of the binding energy of one or
more orbital electrons. The intensity of the measured signal was a
function of the amount or concentration of the element present on the

surface.

Filter paper samples were analyzed using the X-ray and Imaging
Microanalysis System (IMIX) manufactured by Princeton Gamma-Tech,
Inc. X-ray analysis was conducted at 20 KV.

3.5.5 SIZE FRACTIONATION BY ULTRAFILTRATION

Membrane concentrate was size fractionated to allow examination
of the morphology of particular size fractions frozen unidirectionally. A
Minitan Acrylic Ultrafiltration System by Millipore Direct was used to size

fractionate the alkaline extraction stage membrane concentrate.



3.6 EXPERIMENTAL APPARATUS
3.6.1 UNIDIRECTIONAL FREEZING APPARATUS

Unidirectional freezing experiments were conducted in a cold
storeroom at 4 °C using four of the experimental apparatuses shown in
Figure 3.23. Four sets of apparatuses were constructed of polyurethane to
the dimensions shown below. Inserted inside at the base of the 100 mm
diameter by 200 mm deep cylindrical hole of the sample location was a
glycol contraction bag designed to relieve the tremendous pressures that
develop during phase change from a liquid to a solid. Tests conducted at
the liquid depth of 250 mm required modification to the apparatuses to
increase the depth of the sample compartment by an additional 100 mm.
Freezing of the sample was initiated from the top down to simulate
natural freezing by use of a specially designed aluminum freezing plate.
The sample was placed in a 2 litre capacity plastic bag inside the apparatus
and the freezing plate placed on top inside the bag for contact with the
liquid. Chilled glycol was continuously circulated through the aluminum
plate with the temperature of the glycol controlled by a refrigeration
system. The temperature of the chilled glycol was adjustable to enable
establishing a desired initial freezing temperature between the range of 0
°C to - 25 °C, within an relative accuracy of +/- 0.5 °C. To obtain an initial
freezing temperature set point of -25 °C the experimental apparatus was
placed inside a freezer adjusted to produce an inside environmental
temperature of between -0.5 °C to -1 °C. Thermosisters with a accuracy of
+/-0.5°C were placed against the plastic bag at different elevations inside

the apparatus to record both the freezing and thawing isotherms (samples

70



inlet (Note Shown: Glycol Refrigeration

o System)

sample contained inside\ 4 Muitiple outlets Power

a plastic bag Freezing Head

25 mm V
Glycol Thermosisters :
Discharge 25 mm spacing
Tube .
100 mmdia X {- : ::

O)U"I#wN

lycol Contraction

3 B

ore piece
polyureathane
insulation

200 mm

6 mm dia tubing

(Four in Parallel)

Data Logger System

Multiplexer
Supporting Software: Lab View SCX132
Channel
Amplifier
— E-4 A/D Card nd
Personal Computer (24 inputs)

Figure 3.23 Unidirectional Freezing Apparatus



thawed top down only). Temperature data was collected at one minute
intervals using a data logger supported by Lab View® software. The
temperature of the experimental waters prior to freezing was 4 °C, the

same temperature at which the water was stored.

A total of four freezing apparatuses were constructed and connected
to the data logger. During experimental testing it was found a single
refrigeration unit using separate freezing heads could operate in parallel a
maximum of two freezing apparatuses at any one time, while producing

equivalent freezing rates.

The thermosisters of each freezing apparatus were checked
routinely throughout the study for their operation by comparing
thermosister readings to air and liquid temperatures measured by a
thermometer. Thermosister readings were found to be in agreement with

temperature values measured by a thermometer to within +/- 0.5 °C.

City of Edmonton drinking water was initially used to commission
each experimental apparatus to ensure the freezing and thawing
isotherms were similar that multiple runs could be conducted and
accurately compared while using all four apparatuses. From examination
of Figure 3.24 it can be seen that the freezing isotherms for identical
freezing conditions were not significantly different among the
experimental apparatuses enabling the use of all four freezing apparatus
for comparison of runs. Frozen ice columns spiked with food coloring dye
were also visually examined to confirm the direction of freezing. Frozen
samples pulled to examine dye concentration distribution showed the dye

was unidirectionally concentrated and distributed throughout the ice
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matrix at the bottom of the ice column. The equal distribution of dye over
the cross section of the ice column indicated ice crystal growth occurred

primarily in the downward vertical direction.

3.6.2 EXPERIMENTAL APPARATUS FOR STABILITY TESTS AND
SAMPLE THAWING

The experimental apparatus shown in Figure 3.25 was used to
conduct stability tests and tests to simulate thawing predominantly from
the bottom up consisted of 100 mm diameter by either 200 mm or 250 mm
deep polyethylene cylinders. The wall thickness of the polyethylene
cylinders were 50 mm thick. The base of the cylinders consisted of 50 mm
thick stainless steel bases. These cylinders were nearly identical in size to
the sample holder of the freezing apparatus so that ice columns could be
removed and placed directly into these cylinders for evaluation of

different rates of thawing.
3.7 EXPERIMENTAL PROCEDURES AND PROTOCOLS
3.7.1 SAMPLE COLLECTION

Frozen and thawed, composite and location specific samples were
collected of the experimental waters during their freeze-thaw experiments.
Summarized in the proceeding sections are descriptions of the methods

and types of samples collected for chemical determination.
3.7.1.1 FROZEN SAMPLES

Frozen composite and location specific samples were collected of the

experimental waters following freezing. Sample collection comprised of
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Figure 3.25 Experimental Thawing and Stability Apparatus
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sectioning the ice column of each experimental water type at its different
experimental freezing temperatures using a band saw located in a cold
storeroom. The band saw prior to and after each ice sectioning was cleaned
with alcohol and distilled water. Collection of frozen composite samples
consisted of sectioning the ice column into three volume sizes (i.e., top 35
% frozen volume, middle 35 % frozen volume, and bottom 30 % frozen
volume). Collection of location specific samples consisted of sectioning the
ice column into 25 mm thick by 100 mm diameter ice sections. Following
sample collection, ice samples were placed in borosilicate glass sample

containers, sealed, and allowed to thaw at room temperature (24 °C).

3.712 LIQUID SAMPLES

Liquid composite and selective samples were collected of the
experimental waters following thawing. Prior to sample collection, the
liquid depth was measured and recorded using a calibrated ruler. The
collection of liquid composite samples consisted of siphoning off the
thawed treated experimental water into three composite volumes (i.e., top
35 % liquid volume, middle 35 % liquid volume, bottom 30 % liquid
volume) using a 6 mm diameter Tigon tubing. The volume collected was
discharged into a graduated cylinder during sample collection to monitor
that the correct volume fraction had been obtained. The collection of
selective samples was by pipette. A 25 mL capacity pipette was inserted into
the sample center at different depths following which sample portions
representative of 25 mm thick liquid layers were slowly removed. The
initial liquid depth and the depths at which each sample were collected
was recorded with respect to the initial unsampled depth. Sampling was
conducted from the top down. This method of selective sampling was
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more accurate than attempting to siphon 25 mm thick liquid depths.
Careful attention was paid not to disturb the liquid at the point of

collection during sampling.
3.72 METHODS OF THAWING

Two methods of thawing the frozen effluent were investigated;
from the top down or from predominantly the bottom up. Thawing of ice
columns from the top down were conducted in the freezing apparatus by
placement of a programmable heater above the ice column at a fixed
distance of 75 mm from the ice surface. The programmable heater was
programmed for the initial thawing temperature. Thawing was complete
and the sample collected when the entire liquid volume had reached a
constant liquid temperature equal to the initial thawing temperature. Ice
columns thawed from the top down were prevented from floating during
thawing. Data to measure the thawing rate was recorded by thermosisters

linked to a data logger.

Ice columns thawed from predominantly the bottom up were first
removed and placed in the thawing apparatus described in section 3.6.1. To
remove the ice columns from the freezing apparatus a rope net was
positioned between the plastic sample bag and the inside wall of the
apparatus underneath the glycol contraction bag. The rope net was
installed in such a manner so as not to inhibit the function of the
thermosisters. To remove the ice column, the glycol contraction bag was
first drained. Following this the sample was pulled vertically from the
freezing apparatus using the pull net. The plastic bag was removed and the
sample placed inside the thawing apparatus. The diameter of the freezing
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apparatus was designed to be marginally smaller than that of the sample
holder of the thawing apparatus to ensure a tight fit. Thawing was
conducted from all directions in a temperature controlled room. In
filming the thawing process, it was found that the ice column thawed
more quickly in the vertical direction than from the horizontal direction
and that this was attributed to differences in the materials of construction
for the thawing apparatus. In this method of thawing the ice was allowed
to float, allowing the melt water flow pattern to be in the downward

direction.
3.7.3 MELT WATER FLOW PATTERN DYE STUDIES

Dye studies using a food dye were conducted to examine the melt
water flow patterns associated to different methods of thawing and
thawing temperatures. Make-up of the stock dye solution consisted of
diluting 1 mL of standard food dye (red in color) into 1000 mL of distilled
water. Distilled water was then used as the experimental water and frozen
unidirectionally in a clear Plexiglas cylinder identical in size and
construction to the thawing apparatus. The dye solution was added to the
experimental water following freezing. To add the dye solution, several 6
mm diameter holes was carefully drilled into the ice column for a depth
equal to 2/3 (approximately 100 mm) the total depth. A surgical needle was
then used to inject the dye solution into the drilled holes after which the
ice column was re-frozen unidirectionally. Melting of ice columns
containing dye were conducted to examine the flow pattern of the melt
water for when the ice column was thawed from predominantly the
bottom up at the thawing temperatures 4 °C and 24 °C. For comparison,

dye studies were also conducted to examine the melt water flow pattern
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for when the ice column was thawed from the top down at a temperature
of 24 °C. All thawing tests were conducted in a temperature controlled

room.
3.7.4 CYCLED FREEZE-THAW EXPERIMENTS

Cycled freeze-thaw experiments were conducted to investigate the
additional color removal that would be obtained in the upper liquid
portion of membrane concentrate treated repeatedly by freeze-thaw. The
freeze-thaw conditions selected were those experimental set points that
provided for the best results. The initial freezing temperatures
investigated were -2 °C and -15 °C. The liquid depth selected was 150 mm.
Frozen concentrate samples were thawed from the bottom up at a
temperature of 24 °C. The maximum number of freeze-thaw cycles
investigated were 3 cycles. Thawed composite samples were collected
following each cycle in accordance to section 3.7.1.2. All runs were

conducted in triplicate.

3.8 EXPERIMENTAL DESIGN

3.8.1 SELECTION OF MEASUREMENT

3.8.1.1 ALKALINE EXTRACTION STAGE EFFLUENT

Color was selected as the parameter that would be measured to
evaluate treatment performance by freeze-thaw of alkaline extraction stage
effluent. Depicted in Figures 3.26 to 3.28 are the correlations of color with
respect to its corresponding COD, total alkalinity, and TDS concentrations.

Examination of these figures shows color can be used to accurately predict
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COD, total alkalinity, and TDS over the range of concentrations concerned.
The coefficient of linear correlation for color with respect to COD, total

alkalinity, and TDS were 0.999, 0.986, and 0.987, respectively.

Tests were also conducted to determine if the color concentration in
the top 70 % liquid volume could be accurately calculated from averaging
the measured values for the top and middle composite sample portions.
Summarized in Table 3.7 is the statistical data comparing the calculated
color derived from averaging the measured top and middle color
concentration of the composite samples to the actual color concentration
produced by mixing the top and middle composite samples. Table 3.7
shows the calculated and measured color concentrations representative of
the color in the top 70 % liquid volume were not significantly different
using the two tailed Paired t-test at a 95 % confidence limit. Based on this,
the color concentration in the top 70 % liquid volume was in most cases
determined by averaging the color concentrations measured in the top and

middle composite sample portions.
3.8.1.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Similarly, color was selected as the parameter that would be
measured to evaluate treatment performance by freeze-thaw of membrane
concentrate. Depicted in Figures 3.29 to 3.31 are correlations of color with
respect to its corresponding COD, total alkalinity, and TDS concentrations.
Examination of these figures shows color can be used to accurately predict

COD, total alkalinity, and TDS over the range of concentrations concerned.
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The coefficient of linear correlation for color with respect to COD, total
alkalinity, and TDS were 0.989, 0.991 and 0.988, respectively.

To limit the amount of chemical analysis, comparative tests were
conducted to determine the difference between calculating the average
color concentration of the top and middle composite samples versus
mixing the two and measuring the resultant color concentration.
Summarized in Table 3.8 is the statistical data comparing the calculated
color derived from averaging the measured top and middle color
concentration of the composite samples to the actual color concentration
produced by mixing the top and middle composite samples. Examination
of this table shows that calculated and measured color concentrations
representative of the color in the top 70 % liquid volume were not
significantly different using the two tailed Paired t-test at a 95 % confidence
limit. Based on this the color concentration in the top 70 % liquid volume
was in most cases determined by averaging the color concentrations

measured in the top and middle composite sample portions.
3.8.2 FACTORIAL DESIGNS

Individual factorial experiments were conducted to examine the
effect of four quantitative variables on treatment performance with respect
to each experimental water type. The quantitative variables investigated
were: initial freezing temperature, storage temperature, storage time, and
thawing temperature. Summarized below in Tables 3.9 to 3.10 are the
factorial designs for each experimental water type. The fixed variables
applied in each factorial design are summarized in Table 3.11. The

selection of these fixed variables were based on experimental studies
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Table 3.9 24 Factorial Design Matrix for the Alkaline Extraction

Stage Membrane Concentrate

' Quantitative Variables Levels
Initial Freezing Temperature (°C) {-2 °C & -15 °C
Thawing Temperature (°C) +4°C & +24°C
Storage Temperature (°C) -2°C&-15°C
Storage Time (days) 0, 30, 60. & 90 days

Table 3.10 24 Factorial Design Matrix for the Alkaline Extraction
Stage Effluent

Q_uantitative Variables Levels
Initial Freezing Temperature (°C) |-2 °C & -15 °C
Thawing Temperature (°C) +4°C & +24°C
Storage Temperature (°C) -2 °C & -15 °C
Storage Time (days) 0, 30, 60, & 90 days

Table 3.11  Fixed Variables Applied in Each Factorial Design

Fixed Variables Setpoint
Liquid Depth (mm) 150 mm
Concentration Strength Stock Experimental Water
Method of Thawing Bottom-up
Freeze-thaw Cycles 1




conducted to examine the relative importance of each variable with
respect to treatment performance. The fixed variables selected were found
to be relatively unimportant over the range of interest or found to
adversely affect treatment performance that the set points arbitrarily
chosen for these variables were those which would produce the best
results under different freeze-thaw conditions. The measured response
was color concentration in the top 70 % liquid volume. All experimental

runs were conducted as a minimum in duplicate.
3.9 ISOTHERM DATA
3.9.1 FREEZING ISOTHERM DATA

The freezing curves presented herein were approximated using
freezing isotherm data and the experimental water's original freezing
point. Tests were conducted to determine the degree in change in freezing
point of the effluent with respect to its depth during freezing by sampling
to measure the change in chemical composition with respect to depth of
the frozen effluent brought about by freezing. The changes in the frozen
effluent’s color concentration with respect to depth were shown using
Figures 3.21 and 3.22 to result in only minimal decreases in the effluent's
freezing point. The maximum estimated change in freezing point was
0.09 °C or less depending on the effluent type and depth. These changes
were not significant that the change in freezing point with respect to depth
could accurately be detected by the thermosisters. Consequently, to
approximate the freezing curves at their initial freezing temperatures an

average freezing point was assumed over the entire depth of the sample
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with the value selected being the experimental water's original freezing

point.

Although they are an approximation of the freezing rate with
respect to the sample's depth, the freezing curves were used primarily as a
check for comparing duplicate run conditions. Duplicate run conditions
were only compared when the freezing curves were shown to be similar.
The freezing curves plotted are the average of six experimental runs. The
average estimated time to completely freeze the effluent as determined
from the freezing curve was the time period for the entire sample to

undergo a phase change from a liquid to solid.
3.9.1.1 ALKALINE EXTRACTION STAGE EFFLUENT
3.9.1.1.1 INITIAL FREEZING TEMPERATURE: -2 °C

Figure 3.32 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-2 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 3,270 minutes (2.27 days).

3.9.1.12 INITIAL FREEZING TEMPERATURE: -15 °C

Figure 3.33 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-15 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 461 minutes (0.32 days).
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3.9.1.1.3 INITIAL FREEZING TEMPERATURE: -25 °C

Figure 3.34 is an approximation of the freezing curve representative
of unidirectionally freezing Eop effluent at the initial freezing temperature
-25 °C. The average estimated time period to completely freeze the Eop
effluent unidirectionally was approximately 229 minutes (0.16 days).

3.9.1.2 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE
3.9.1.2.1 INITIAL FREEZING TEMPERATURE: -2 °C

Figure 3.35 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -2 °C. The average estimated time period to completely freeze

the membrane concentrate was approximately 3,450 minutes (2.39 days).
3.9.1.2.2 INITIAL FREEZING TEMPERATURE: -15 °C

Figure 3.36 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -15 °C. The average estimated time period to completely
freeze the membrane concentrate unidirectionally was approximately 476

minutes (0.33 days).
3.9.1.2.3 INITIAL FREEZING TEMPERATURE: -25 °C

Figure 3.37 is an approximation of the freezing curve representative
of freezing unidirectionally membrane concentrate at the initial freezing
temperature -25 °C. The average estimated time period to completely
freeze the membrane concentrate unidirectionally was approximately 245

minutes (0.17 days).
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3.92 THAWING ISOTHERM DATA

Tabulated are the thawing times for frozen samples thawed bottom
up and top down. Thawing was considered complete when the entire
thawed liquid volume had reached a constant temperature equal to the
initial thawing temperature. The time periods recorded were reported to

the nearest half hour.
3.92.1 ALKALINE EXTRACTION STAGE EFFLUENT

Summarized in Table 3.12 are the time periods required to
completely thaw 150 mm deep by 100 mm diameter frozen Eop ice
columns from predominantly the bottom up with respect to their different
initial freezing and thawing temperatures. Examination of this table
shows the respective thawing times were similar between each thawing
temperature at the different initial freezing temperatures. As expected, the
thawing times were reported to increase as the thawing temperature
decreased. Table 3.12 shows the average increase in thawing time for Eop
effluent was between 74.9 hours to 79.9 hours from having decreased the
thawing temperature from 24 °C to 4 °C at the different initial freezing
temperatures. As expected increasing the column depth from 150 mm to
250 mm increased the thawing time. Table 3.13 shows the additional
increase in thawing time was between 4.9 hours to 6.3 hours at the
different initial freezing temperatures in comparison to the shallower

liquid depth.
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3.9.22 ALKALINE EXTRACTION STAGE MEMBRANE
CONCENTRATE

Summarized in Table 3.14 are the average time periods required to
completely thaw 150 mm deep by 100 mm diameter membrane
concentrate ice columns from predominantly the bottom up with respect
to their different initial freezing and thawing temperatures. Examination
of this table shows the respective thawing times were similar between
each thawing temperature at the different initial freezing temperatures.
Reported to increase were the thawing times as the thawing temperature
decreased. Table 3.14 shows the average increase in thawing time for
membrane concentrate at their different initial freezing temperatures was
between 76.8 hours to 80.4 hours for decreases in the thawing temperature
from 24 °C to 4 °C. As expected increasing the column depth from 150 mm
to 250 mm increased the thawing time. Table 3.15 shows the increase in
thawing time was between 5.4 hours to 7.9 hours at the different initial

freezing temperatures.
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4.0 UNIDIRECTIONAL FREEZE-THAW STUDIES

Presented in this chapter are experimental results from
unidirectional freeze-thaw studies conducted to treat alkaline extraction
stage effluent and membrane concentrate. As part of this investigation
individual variables were examined to determine their relative

significance with respect to process performance.
4.1 PROCEDURES

Unidirectional freeze-thaw experiments were conducted in
accordance to section 3.6. Sample collection and analyses were conducted

in accordance to sections 3.7 and 3.5.
4.2 RESULTS AND DISCUSSION

4.2.1 CONSTITUENT CONCENTRATION AND REMOVAL BY
FREEZE-THAW

Conducted under ideal conditions freeze-thaw can be employed in a
manner similar to that which would occur naturally to effectively treat
alkaline extraction stage effluents derived from kraft pulp mill operations.
Plotted in Figures 4.1 and 4.2 are the average percent color removals from
the top 70 % liquid fraction with respect to initial freezing temperature in
the treatment of alkaline extraction stage effluent and membrane
concentrate. From examination of these figures it can be seen that the
method by which the ice was thawed substantially affected treatment
performance. The color removals, irrespective of initial freezing
temperature and effluent type, were significantly higher in samples

thawed predominantly from the bottom up compared to samples thawed
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top down. The differences in the average percent color removals in the top
70 7 liquid fraction between samples thawed top down versus bottom up
in the treatment of membrane concentrate were 37.4 %, 44.1 %, and 49.9 %
at the initial freezing temperatures -2 °C, -15 °C, and -25 °C, respectively.
Similarly, for alkaline extraction stage effluent the average percent
differences in color removal were 34.0 %, 27.4 %, and 24.8 % at the initial
freezing temperatures -2 °C, -15 °C, and -25 °C, respectively. In addition,
the general tendency of the data, irrespective of the method of thawing
and effluent type, was color removal increased with initial freezing

temperature.

The difference in the average percent color removals in the top
70 % liquid fraction with respect to the method of thawing can be
attributed to several factors. In ice columns thawed from the top down the
ice was prevented from floating. Where as in ice columns thawed from
predominantly the bottom up the ice was allowed to float throughout the
thawing process. The resultant differences between the two methods are
believed attributed to how the concentrated material was released from
the ice matrix during thawing. During thawing, because of differences in
density, the concentrated material was the first to thaw followed by the ice
directly surrounding it. Ice columns thawed from the bottom up permitted
the escape of the concentrated material allowing it to settle aided by the
flow of melt water. Where as ice columns thawed from the top down as
conducted in this study did not permit complete separation of the
concentrated material from the ice. Believed to have occurred was the

concentrated material settled on top of the thawing ice at the ice/liquid
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interface only to be subjected to the constant disturbances created by the

melt water.

Differences between the average percent color removals with
respect to initial freezing temperature for each effluent type were believed
to be directly related to the physical properties of the concentrated material
produced during freezing. Plotted in Figures 4.3 to 4.4 are the average
percent color removals from the top 70 % liquid fraction with respect to
the average thickness of the concentrated material as determined by SEM
for each experimental water type. From examination of these figures it can
be seen, irrespective of effluent type, that the average percent color
removal increased with the thickness of the concentrated material. The
differences of which were believed to be in part, attributed to the fragile
nature of the concentrated material. The concentrated material was found
to be very susceptible to break-up from simple mixing to indicate it was
not really a floc per say, but more likely a mixture of stable and dissolved
matter together with precipitated and flocculated matter, all of which was
compressed and dehydrated from freezing. Believed was that the
concentrated material produced at the colder initial freezing temperatures
was more susceptible to dissolution. Firstly, because of the relative
increase in surface area of the concentrated material over which there can
occur greater diffusion. The concentrated material produced at the colder
initial freezing temperatures was thinner and more numerous in the ice
matrix. Secondly, because of the relative differences that would be expected
in the settling rate of the concentrated material. It was believed the

thinner the concentrated material the more slowly it settled during
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which it was in longer contact with the bulk solution for diffusion to

occur.
4.2.2 PROCESS VARIABLES AND THEIR RELATIVE SIGNIFICANCE

Presented in this section are the experimental results from
examination of the process variables; rate of thawing, storage temperature,

storage time, liquid depth, and cycle freeze-thaw.
4.2.2.1 RATE OF THAWING

Rate of thawing was investigated because of the belief that melt
water can assist in the concentration and settlement of the concentrated
material during thawing. Plotted in Figures 4.5 and 4.6 are the average
percent color removals from the top 70 % liquid fraction with respect to
thawing temperature and method of thawing for each experimental water
frozen at their different initial freezing temperatures. The general
tendency of the data, irrespective of effluent type, was the average percent
color removal increased with thawing temperature for ice columns
thawed from predominantly the bottom up. For example, in the case of
membrane concentrate the average increases in percent color removal for
the initial freezing temperatures -2 °C, -15 °C, and -25 °C from increasing
the thawing temperature from 4 °C to 24 °C were 6.3 %, 8.3 %, and 7.5 %,
respectively. In addition, the average percent color removals increased

with respect to the initial freezing temperature (Figure 4.7).

The general tendency of the data, irrespective of effluent type, was
the average percent color removal decreased with thawing temperature

for ice columns thawed top down. For example, for membrane concentrate
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Figure 4.5 Plot of Average Percent Color Removal in the Top 70 % Liquid

Volume with Respect to Thawing Temperature for
Membrane Concentrate Thawed Top Down and Bottom up

for Different Initial Freezing Temperatures
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the average increases in percent color removal for the initial freezing
temperatures -2 °C, -15 °C, and -25 °C from increasing the thawing
temperature from 4 °C to 24 °C were 5.0 %, 10.7 %, and 3.8 %, respectively.
Similarly, the average percent color removals were shown to increase
with initial freezing temperature (Figure 4.8). Analysis of variance and the
Duncan Multiple Range Test were used to determine which means were
significantly different at a 95 % confidence limit. The results of this
analysis are presented in Appendix A. In the case of membrane
concentrate, the general tendency of the data, irrespective of the method of
thawing, was that there were significant differences between most all pairs
of means, with exception of sometimes the mean comparisons associated
with the very cold thawing temperatures. For Eop effluent a similar
tendency was observed, except the pairs of means representative of

samples thawed top down were not significantly different.

The rate at which the ice column was thawed greatly affected
treatment performance. However, the manner in which it affected
treatment performance was dependent on the method of thawing (top
down versus bottom up). Rate of thawing affects the melt water flow
pattern which in turn was believed to affect constituent removal. Figures
4.9 and 4.10 are the melt water flow patterns as conceptualized from dye
studies for ice columns thawed from the bottom up. Melt water under
rapid rates of thawing (24 °C) was observed in dye studies to flow
downward in almost a vertical pattern to concentrate the dye solution at
the bottom. At slow rates of thawing (4 °C) the melt water was observed to
accumulate directly under the melting ice to form a highly concentrated

zone. This highly concentrated zone was observed to disperse
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horiztonally, while diffusing only very slowly downwards. The differences
in melt water flow patterns were attributed to differences in densities with
respect to different temperature liquids at different depths. At high rates of
thawing the melt water as it warmed was of higher density to the liquid
below it. Where as at low rates of thawing (4 °C) the melt water as it
warmed was of lower density than the water below it. The higher average
percent color removals associated with the higher rates of thawing were
believed to attributed to the effect the melt water flow pattern can have on
the concentration and settlement of concentrated material produced

during freezing.

Thawing of the ice column from the top down in which the ice was
prevented from floating produced a melt water flow pattern opposite to
that observed in samples thawed bottom up. Figure 4.11 shows the melt
water flow pattern as conceptualized from dye studies in melting the ice
column from the top down at a temperature of 24 °C. At high thawing
temperatures, melt water at 0 °C is quickly displaced by warmer, more
denser water, causing it to travel upward to the immediate surface,
exposing the concentrated material that settles at the ice/liquid interface to
a constant level of disturbance. At colder thawing temperatures, the melt
water is expected to travel much slower reducing substantially the
disturbances to the concentrated material. In either case, thawing the ice
column from the top down produced unacceptable results in regards to

constituent removal.
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4.2.2.2 STORAGE TEMPERATURE AND STORAGE TIME

Storage temperature and storage time were investigated because of
the belief that dehydration of the concentrated material over time while
frozen will enhance treatment performance. Plotted in Figures 4.12 to 4.19
are the average percent color removals in the top 70 % liquid volume with
respect to storage time and storage temperature for alkaline extraction
stage effluent and membrane concentrate thawed predominantly from the
bottom up at temperatures 4 °C and 24 °C. The general tendency of the data
was prolonged storage times, irrespective of effluent type, enhanced
treatment performance only when the frozen effluent was stored at
temperatures lower than the initial freezing temperature. For membrane
concentrate the average percent color removals (Figure 4.12) in samples
thawed bottom up at 24 °C were reported to increase from 73.5 % to a
maximum of 77.5 % (difference of 4.0 %) from decreasing the storage
temperature from -2 °C to -15 °C over a 90 day storage period when the
initial freezing temperature was -2 °C. Similarly, at a thawing temperature
of 4 °C the average percent color removal increased from 66.9 % to 68.8 %,
for a maximum difference of 1.9 % (Figure 4.14). At storage temperatures
equal or higher than the initial freezing temperatures the average percent
change in color removal, although marginally different, were not
significant with respect to the sample thawed immediately after being

frozen.

The Student's t distribution was used to test the hypotheses that
sample means with respect to the different storage temperatures were
significantly different at a 95 % confidence limit. This test procedure is
particularly suited for very small independent samples in which the
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variances are unknown but are assumed equal. Summarized in Tables 4.1
to 4.4 are the results from having statistically compared the sample means
using a two tailed Student t-test for membrane concentrate frozen at the
initial freezing temperatures -2 °C and -15 °C, followed by their storage at
different temperatures. It can be concluded from examination of these
tables that the hypotheses in which it was proposed that the sample means
were equal for the different storage temperatures were untrue. Storage of
samples of membrane concentrate frozen at the initial freezing
temperature -2 °C at the colder temperature -15 °C for periods of one
month or longer produced significantly higher color removals. Similar
results were also observed under the same freeze/storage conditions at the
thawing temperature 4 °C. Examination of these tables shows the average
percent change in color removal for different storage times and
temperatures were in most instances significantly different for membrane
concentrate frozen at the initial freezing temperature -2 °C and thawed

bottom up at 4 °C.

Storage of membrane concentrate frozen at the initial freezing
temperature -15 °C at different storage temperatures between the time
period 0 to 90 days did not significantly improve color removal in the top
70 % liquid volume following thawing at the temperatures 4 °C and 24 °C.
Tables 4.2 and 4.4 shows using the two tailed Student t-test that the
average percent color removals in the top and middle sample portions
were not significantly different for the storage temperatures -2 °C and -15
°C at a 95 % confidence limit.

Storage time did not significantly enhance color removal in the

128



129

¢l = 1d :0Y ‘duentea ajdures - (;) ‘€0€'y = S20°0°Cy :anjea 3 Juapnig

(00°SZ1) (00°5S)
O y0afox 887’9 99566 0ELp 0S€S]  3ippiw
(00s2)| (0009)
Ol 303loa 10€°S G16'£9 016 0421 doy 06
(0009)| (00sE)
oy ydadoe 898°C LIT6Y 11249 0EPS| 3Ipplw
(0009) (00's7)
oLy yoafax LSLY 296'S¥ 0011 0Z€l doy 09
(0067)| (00°ST)
0L 1alaa 000°01 000'ST 0€eS 08%G| dlppiwu
(0052) (00°ST)
Of ydanoe GGl 919°02 0£2lL 0921 doy 0g
Do Sl- Do -
(% <€)
ousneig|  ayewnsg| (Do) aimesadway, | swnjop (sAep)
uoIsnpPuo)) 1S9 pa[ood agei0)g ajdureg | awi], a8eioyg

(Do ¥ 18 d) woyjog pameyj) D, ¢- aanjesadwiaj Jurzaay
[eIU] 3Y) JB UIZO1y LIUIDUO)) URIqUIII 10§ ), G- pue

Do T- saanIadwaj, ade10)g Jualayjiq ayy 10§ sasayodAl jo s1sal,  ['v dqel




130

¢l = 11 O ‘aouentea sjdwes - (;) ‘€ogH = SL00Y :anjeaA ) juapng

(0ooot)§  (oo'0zZ1)
0L jdodoe 02L1 pSH o1l 0029 0109] dippiw
(00sz)| (ooskr)
0L 1daxde 9ZI'1 pEV'GLL 0£2¢ 09€2 doy 06
(0099)| (00°091)
OH jdaoe T6€'1 JAR 44! 0z29 0509] aippiw
(00°s2) (00°08)
O ydadoe 191°1 0pS LL 0822 04£T doy 09
(00°08) (00°08)
OY ydaoe 00S°T 00008 0929 0909 | dippru
(00°06) (00'56)
O ydaooe 9120 PEST6 0LET 0S€T doy 0F
Do G1- Do -
(% S€)
ansnels aeumsg | (Do) sameraduiag, awnjop (sAep)
GO_mS—ucOU umoh. vo—com wwmhcum w—&Emm Juli |, wwauoum

Do ¢- saamuadwia |, a3e103g yuaiagiiq aip) 10§ sasayjod AR jo sisa,

(Do ¥T 18 dn wonog pameyy) D, GI- ainjesadwa f, Juizaaxg

[eniu] 3y Je UIZOL 3JLIUIDUO)) ULIUIB 0] D), G[- pue

¢y olqel




131

¢il = 11l :OL ‘aduertea gjdures - (;) ‘cog'y = SO0 :anjea § Juapnig

(000€)| (00°GE)
O ydacoe GLEE 96S°CE (144 0£6S| aIppiw
(00S2) (00°g€)
Ol afas 192 P1V'0E 06€C 0552 doy 06
(00'sz)|  (oo'sw)
OH 13fas 0L9% 10%'9€ 09%S 0£9S] 3Ippiw
(0002)|  (0009)
OH 3321 GIE9 b0S'82 Y474 0592 doy 09
(00'sh) |  (00°OW)
014 ydaooe S0'E €L5°TH 095S 0695 | aIpplut
(coov) |  (00°0F) .
Oy ydanoe L1 GGE'GE 06T 065 doy 0€
Do S1- Do &~
(% <€)
susperg|  syewnysg| (Do) aameradway, | swnjop (skep)
uoisnpuo) 1S9 pajoo] a3eamg ajdureg | awi ], 93e10)g

Do T~ saanuadwa | a3e101g Jualagyiq ayy 10§ sasayjod A jo sisaf,

(Do ¥ 1e d) wonog pamey]) D, Z- anjesddwa] Suizasig

[elIU] 3Y) 1k UdZOL IBIIUIDUO)) JUBIGUIDIA 10 D), GI- pue

£V olqelL




132

Gl = 11 :OY “aoueuea sdwes - (;) ‘gOEp = 500 anfea § Juapmg

(oo'sp)|  (00°GS)
Op 3daooe 1641 6¥2 05 0992 0644]  3lppiul
(oos1) (00°G)
Ofj ydanoe €89°C 08L'LL 08/T 0S/2 do) 06
(00's2){  (00°0F)
O 3daooe 009'€ PSEEE 0€9L 0SZL|_elppiw
(00°s¥) (00"02)
Oy 1dasoe 010¢C 1Z8¥E 00£2 0LLT doy 09
(000t)|  (00°GS)
OH pofos 996'F 00E¥¥ 065 0184] oIppiw
(0007)| (00°sh)
O ydaxe 9¢h'1 128'b€ 1] 7xd 0182 doy 0g
Do Gl Jo C”
(% <€)
ansnels ajewinisy | (Do) danjesaduwa [ JWinjoA (sfep)
uoisnpuo)) 1S9 pajoo] adui0ig ajdweg | awijy aSeiolg

(Do ¥ 38 dy woniog pamey ) D, G- ainjesadwa | Juizaarg
[elliuf 3y} e UIZOoLy NLIJUIDUO)) JULIqUIN 10] ), G[- pue

Do - saanRdwv |, 93e10)g Jualagiq ay) 10j sasoyjodAH Jo s1s3],  ¥'p d[qelL




133

(Do ¥z Iedn

wonog pameyy) O, ¢- aamesadwa ], Jurzassy [enug ayy

1e uazoxy Juanyyy doy 105 sxmesaduay, a8eioig pue awn

23e101G 0) 103dsay Yim [eaoway J0j0)) JUIII] ade1aay Jo 10]d 91y 21nSBy

(sAep) aunr |, a8eroyg
001 08 09 oy 0Z

A 1 1 1 A 1 2 1 '

1D Ovy'¢ “10jo)) [entuy

Do ¥T :2amesadwa g, Suimey g,
dn woypog :poyidaN meyy,
Do Z- :2ameraduwa], Su1zaaag jensug

Do SI- :2amerddway, adeioyg o

Do Z- :d1neraduing, a9e10)g ¢

02

- S

06

(%) [eAoway 10107 JuUDIdJ 3Beraay



134

(D.vzi1edN

wonog pamey 1) 5, G1- amyeraduwiag Juizaaay jenuf ayy

je uazox,j Juanyyy dog 10y samesadwia a3e10)g pue awyj

a3e101g 0) adsay ym [EAOWRY J0[0]) JuadId] d8eldAy Jo 101d  /1'F gy

(sAep) auur J, 38e10jg
oot 08 09 ov 0¢ 0
. 1 s 1 M 1 " . " 0/
Do G1- :aamuiodway a8eiolg o i
Do Z- :2anuaduia f, adeio)g 4
YA
- S e 4 .
- 08
N 0bb’¢ 010D [entu] ﬁ
- S8
Do bz ameradwog, Juiney
dn-wonoq :poyay meyy, |
Do 41- :2dnesadwoj, Qwzoasy fenuj

06

(%) [eAOway 10[0D) JUIIY] 3Jesaay



135

Do wiedn

wolog pamey L) D, Z- daimesadwa ], Swizaas [erug ayy
1e uazouxy yuanyyy dog 1oy aamesadwa , 98es01g pue

auni], 93e1035 01 1adsay Yim [eaoway I0jo)) JUIIRJ JO JO[d 8P 2:nTig

(sAep) aunn | a8er03g
001 06 08 02 09 0S ov o€ 02 ot 0
N i N 1 N | WY 1 I 1 P PR | M S 1 4 O@
Do G1- :damesadwia] afei0lg i W
Do - :dinjerddwa ], aferolg o m
- 59 B
\ o
1)
-
R
=
- 02 m
o
=
| ~
ND 0F¥’E :uoleNUIIUOY) J0j0D) [eniu] m
- S, 9
&
Do b :2anesadwa ], Juimey |, B
dn-wojjoq :poyjop meyy, <
Do - :aamuesadwiaf, Surzaay fenuug <

08



136

(Do ¥iedn

wonog pamey]) D, Gi- axmesadwa, uizaaag jenug ayy
Je uazou Juanpyy doy 1oy aumjesadwaj o9es0)g pue

auil], 33e1015 03 PadsaY Yim [eAoUIdY J0[0D) JUIDIAY JO 10  ¢1'F 2N

(sAep) dwii ] a8er03g
001 06 08 04 09 0S ot 0t 0¢ oL 0

—te A a4, ) I RSN W U JY VO DI R S 09

ND 0FP’E :uonenuaduo)) Iojo) feniuy |

- S9

Do G- :aameradurag a8e10)g g

Do - :ameradwa], a8eio)g o

- S/
Do ¥ :2amesadwaf, Suimey |,

dn-wonoq :poyp mey
Do G- :damesadwa ], uizaaa ey

4
(%) [eAOWY 10]0) Ju3d1d] aderaay

08



treatment of Eop effluent as observed for membrane concentrate.
Although the average percent color removals in the top 70 % liquid
volume were reported to increase over time for frozen Eop effluent stored
at temperatures equal or lower than its initial freezing temperature,
statistically the differences were not significant at a 95 % confidence limit.
At storage temperatures above the initial freezing temperature the average
percent color removals remained unchanged or decreased marginaily with
respect to samples thawed immediately after being frozen. Tables 4.5 to 4.8
are the results from having statistically compared the sample means using
the two tailed Student's t-test for Eop effluent frozen at the initial freezing
temperatures -2 °C and -15 °C, followed by their storage at different
temperatures. It can be concluded from examination of these tables that
the hypotheses in which it was proposed that the sample means were
equal for the different storage temperatures was in part true for samples
thawed predominantly from the bottom up for when the storage
temperatures were equal or lower than their initial freezing temperature

following extended periods of storage.
4.2.2.3 LIQUID DEPTH

Liquid depth was investigated with the belief that small changes in
liquid depth will not substantially affect treatment performance.

4.2.2.3.1 ALKALINE EXTRACTION STAGE MEMBRANE
CONCENTRATE

Data from selectively sampling the frozen and thawed membrane

concentrate during and following freeze-thaw with respect to color are
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presented and discussed. The color distributions were compared to
determine the differences with respect to initial freezing temperature,
method of thawing, and liquid depth. Also determined was the degree of
color removal attributed to freezing alone. Liquid depth was also
investigated for its relative significance and possible inclusion into the

factorial design as an independent variable.

The entrapment of constituents in the upper top portion of the ice
column increased as the initial freezing temperature decreased. The
difference between the resultant color distributions for the frozen
concentrate and concentrate thawed top down in the upper liquid portion
increased as the initial freezing temperature decreased, with the color
values reported as being higher in samples thawed top down. The general
tendency, irrespective of initial freezing temperature, was thawing the
frozen concentrate from the bottom up provided additional color removal
than that achieved by freezing alone. The amount of additional color
removal obtained increased with initial freezing temperature. Differences
between color distributions for the different initial liquid depths for frozen
concentrate thawed bottom up were either the same or if different in
value with respect to depth were approximately equal in regards to the
overall resultant composite color concentration for the same percent

liquid volumes.

Treatment performance reported for the liquid depths 150 mm and
250 mm, irrespective of initial freezing temperature, were not
substantially different for concentrate thawed predominantly from the
bottom up. Having shown the relative unimportance of this variable

between the initial freezing temperatures -2 °C to -15 °C (the selected
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boundary range for modeling) its inclusion in the empirical model as an

independent variable was not considered.
4.2.2.3.1 INITIAL FREEZING TEMPERATURE: -2 °C

Shown in Figure 4.20 are the color distributions produced at the
initial freezing temperature -2 °C with respect to depth for frozen
membrane concentrate and for concentrate thawed top down and bottom
up at a thawing temperature of 24 °C. The color distributions associated
with the top 70 % liquid volume were not substantially different between
membrane concentrate frozen at the initial freezing temperature -2 °C and
membrane concentrate frozen and then thawed top down at a temperature
of 24 °C. At this initial freezing temperature, thawing the membrane
concentrate from the top down did not result in any further additional
color removal in the top 70 % liquid portion than that initially achieved
by freezing. For example, the color concentration in the top 70 % liquid
volume of the concentrate thawed top down was measured to range from
a minimum 4,050 CU to a maximum of 6,500 CU. Similarly, the color
concentration in the top 70 % volume fraction of the frozen concentrate
was measured to range from a minimum 3,570 CU to a maximum 5,240
CU. Oppositely, thawing the frozen concentrate from the bottom up at a
temperature of 24 °C in which the ice column was allowed to float resulted
in additional color removal than that initially achieved by freezing alone.
Under these circumstances, the color concentration in the top 70 % liquid
volume was measured to range from a minimum 825 CU to a maximum

of 6,700 CU.
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Figure 4.21 are the color distributions produced when freezing
membrane concentrate to an uniform temperature of -2 °C versus freezing
the concentrate frozen to a non-uniform temperature with respect to its
frozen depth. In both cases the initial freezing rates were similar with the
only difference being that one sample was thawed before reaching its
initial freezing temperature of -2 °C. The frozen concentrate sample
thawed prematurely was done so when the temperature in the bottom of
its ice column had reached -1 °C. From examination of this figure it can be
seen that the color distributions were not substantially different. This
indicates that the difference in time between when samples were frozen
and thawed were not significant to have the parameter storage time at this

initial freezing temperature significantly affect treatment performance.

Plotted in Figure 4.22 are the color distributions for different liquid
depths of membrane concentrate frozen at the initial freezing temperature
-2 °C following which the samples were immediately thawed from the
bottom up at a temperature of 24 °C. Examination of this figure shows the
volume reduction to achieve an equivalent treated effluent quality from
freeze-thaw was not substantially different between liquid depths.
Increasing the liquid depth from 150 mm to 250 mm shifted the resultant
color distribution curve vertically upwards, to produce a color
concentration range in the top 70 % liquid volume that was approximately
equal to the lower liquid depths. For example, the color concentration
range in the top 70 % liquid volume for a liquid depth of 150 mm was
measured to range from 825 CU to 6,700 CU. Similarly, the color
concentration for the 250 mm liquid depth was measured to range from

1,280 CU to 6,500 CU. The shape of the distribution curves were not
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substantially different to suggest the composite samples representative of
the top 70 % liquid volume for these different liquid depths would not be
substantially different. Therefore the relative significance of the data was
that varying the liquid depth between 150 mm to 250 mm does not
substantially affect treatment performance in terms of the resultant color
concentration that can be anticipated in a particular liquid volume at this

initial freezing temperature.
4.2.2.3.2 INITIAL FREEZING TEMPERATURE: -15 °C

Shown in Figure 4.23 are the color distributions produced at the
initial freezing temperature -15 °C with respect to depth for frozen
membrane concentrate and for concentrate thawed top down and bottom
up at a thawing temperature of 24 °C. The color distributions associated
with the top 70 % liquid volume were shown to differ between the frozen
membrane concentrate and the concentrate frozen and thawed top down.
Thawing the membrane concentrate from the top down in which the ice
was prevented from floating reduced the overall color removal in the top
liquid portion with respect to that achieved by freezing alone. For
example, the color concentration in the top 70 % liquid volume of the
concentrate thawed top down averaged 9,700 CU. Similarly, the color
concentration in the top 70 % volume fraction of the frozen concentrate
was measured to range from a minimum 6,500 CU to a maximum 10,400
CU. Thawing the frozen concentrate from the bottom up at a temperature
of 24 °C in which the ice column was allowed to float resulted in
additional color removal than that initially achieved by freezing. Under
these circumstances, the color concentrations in the top 70 % liquid

volume were measured to range from a minimum 1,290 CU to a
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maximum 8,200 CU. In comparison to the warmer initial freezing
temperature, the data suggests method of thawing adversely affects
treatment performance more and that was attributed to how the

concentrated material is released from the ice matrix during thawing.

Shown in Figure 4.24 are the color distributions that are produced
when freezing the membrane concentrate to an uniform temperature of
-14.5 °C versus freezing the concentrate frozen but to a non-uniform
temperature with respect to its frozen depth. In both cases the initial
freezing rates were similar with the only difference being that one sample
was thawed before reaching a constant frozen temperature of -15 °C. This
frozen concentrate sample was thawed when the bottom of its ice column
had reached a temperature of -5 °C, while the corresponding top column
temperature was -9.6 °C. From examination of this figure it can be seen
that the color distributions were not substantially different. In studies
conducted to investigate storage time it was concluded that time frozen
does not significantly affect treatment performance when the storage
temperature was -15 °C or warmer for samples frozen at the initial

freezing temperature -15 °C.

Plotted in Figure 4.25 are the color distributions for partially and
completely frozen membrane concentrate thawed bottom up at a
temperature of 24 °C. From examination of this figure it can be seen that
the color distributions were not substantially different for the portions that

were frozen.

Shown in Figure 4.26 are the color distributions for different liquid

depths of membrane concentrate frozen at the initial freezing temperature
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-15 °C following which the samples were immediately thawed from the
bottom up at a temperature of 24 °C. Examination of this figure shows the
color distributions were not substantially different between the two liquid
depths. The relative significance of this data was that it further
demonstrates the unimportance of liquid depth with respect to treatment

performance at cold initial freezing temperatures.
4.2.2.33 INITIAL FREEZING TEMPERATURE: -25 °C

Plotted in Figure 4.27 are the color distributions produced at the
initial freezing temperature -25 °C for frozen membrane concentrate and
for concentrate thawed top down and bottom up at a temperature of 24 °C.
Examination of this figure shows there was a substantial difference
between the color distributions between the frozen concentrate and the
concentrate thawed top down, much more than that observed at the
warmer initial freezing temperature. For example, the color concentration
in the top 70 % liquid volume of the concentrate thawed top down
averaged 10,400 CU. Where as the color concentrations in the top 70 %
volume fraction of the frozen concentrate were measured to range from a
minimum 6,060 CU to a maximum 11,300 CU. Thawing the frozen
concentrate from the bottom up provided for additional color removal
than that achieved by freezing alone. Under these circumstances, the color
concentrations in the top 70 % liquid volume were measured to range
from a minimum 1,620 CU to a maximum 7,500 CU. However, the general
tendency of the data was the additional color removal achieved by
thawing the concentrate from the bottom up decreased as the initial

freezing temperature decreased.
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Shown in Figure 4.28 are the color distributions for different liquid
depths of membrane concentrate frozen at the initial freezing temperature
-25 °C and thawed bottom up at a temperature of 24 °C. Examination of
this figure shows the color distributions as being marginally different
between the two liquid depths. The color distribution for the liquid depth
250 mm was higher and paralleled the distribution curve for the lower
liquid depth. Increasing the liquid depth from 150 mm to 250 mm shifted
the resultant color distribution curve vertically upwards, to produce a
color concentration range in the top 70 % liquid volume that was
approximately equal for the two liquid depths. The color concentrations
in the top 70 % liquid volume for a liquid depth of 150 mm were
measured to range from 1,620 CU to 7,500 CU. Where as the color
concentrations for the 250 mm liquid depth were measured to range from
1,740 CU to 5,500 CU. The shape of the distribution curves were not
substantially different to suggest the composite samples representative of
the top 70 % liquid volume for these different liquid depths would not be
substantially different. The relative significance of the data was that
varying the liquid depth between 150 mm to 250 mm does not
substantially affect treatment performance in terms of the resultant color
concentration that can be anticipated in a particular liquid volume at this

initial freezing temperature.
4.2.2.3.2 ALKALINE EXTRACTION STAGE EFFLUENT

Data from sampling the frozen and thawed Eop effluent during and
following freeze-thaw with respect to color are presented and discussed.

The general tendencies observed for the data were similar to that reported
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for the membrane concentrate. The entrapment of constituents in the
upper top ice column portion increased as the inijtial freezing temperature
decreased. Thawing the frozen effluent from the bottom up provided for
additional color removal in the upper volume fraction compared to that
achieved by freezing, with the magnitude decreasing with initial freezing
temperature. Thawing the frozen effluent from the top down decreased
the overall color removal with respect to the frozen sample in the upper
volume fraction, with the magnitude increasing with decreasing initial
freezing temperature. Increasing the liquid depth to 250 mm decreased
marginally the overall color removal in the upper liquid fraction in
comparison with the lower liquid depth, with the magnitude increasing

with decreasing initial freezing temperature.
4.2.232.1 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figure 4.29 are the color distributions produced at the initial
freezing temperature -2 °C for frozen Eop effluent and effluent thawed top
down and bottom up at a temperature of 24 °C. Examination of this figure
shows the color distributions were not substantially different between the
frozen effluent and the effluent sample thawed top down. However,
thawing the effluent from the bottom up provided for additional color

removal beyond that achieved by freezing alone.

Shown in Figure 4.30 are the color distributions for different liquid
depths of Eop effluent frozen at the initial freezing temperature -2 °C and
thawed bottom up at a temperature of 24 °C. Examination of this figure
shows the color distributions for the different liquid depths were not

substantially different. This indicates that liquid depth for the range
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investigated would not contribute significantly to treatment performance

at this initial freezing temperature.
4.2.2.322 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figure 4.31 are the color distributions for frozen Eop
effluent and effluent thawed top down and bottom up at a temperature of
24 °C for an initial freezing temperature of -15 °C. The color distributions
were not substantially different, particularly in the upper volume portion,
between the frozen effluent and effluent samples thawed top down and

bottom up.

Shown in Figure 4.32 are the color distributions for different liquid
depths of Eop effluent frozen at the initial freezing temperature -15 °C and
thawed bottom up at a temperature of 24 °C. The color distribution for the
initial liquid depth 150 mm was marginally lower in comparison to the

higher liquid depth.
4.22.32.3 INITIAL FREEZING TEMPERATURE: -25 °C

Plotted in Figure 4.33 are the color distributions for frozen Eop
effluent and effluent thawed top down and bottom up at a temperature of
24 °C for an initial freezing temperature of -25 °C. Examination of this
figure shows the color distributions were substantially different between
the frozen effluent and the effluent sample thawed top down. The color
distribution for the effluent sample thawed top down was substantially
higher in comparison to the frozen concentrate. However, thawing the
effluent from the bottom up provided for additional color removal

producing values above that achieved by freezing alone.
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Shown in Figure 4.34 are the color distributions for different liquid
depths of Eop effluent frozen at the initial freezing temperature -25 °C and
thawed bottom up at a temperature of 24 °C. The general tendency of the
data was similar to that observed at the initial freezing temperature -15 °C.
The color distribution for the initial liquid depth of 150 mm was
marginally lower in comparison to the higher liquid depth (250 mm).

4.2.2.4 FREEZE CONCENTRATION

Composite samples were collected of the frozen effluent for
comparison to thawed composite samples to determine constituent

removal by freeze concentration.

Common general tendencies observed with respect to the data for
each experimental water type included the following; color removal
attributed to freezing was reported to decrease with decreasing initial
freezing temperature. For example, the average percent color removal in
the top 70 % liquid volume for the frozen Eop effluent decreased from 59.3
% at an initial freezing temperature of -2 °C to 50.4 % at an initial freezing
temperature of -25 °C. Similarly, for membrane concentrate the average
percent color removal decreased from 67.0 % to 24.2 %, respectively. In all
cases, thawing the frozen samples from predominantly the bottom up
provided for additional color removal, with the magnitude increasing
with thawing temperature. Whereas thawing the frozen samples from the
top down produced in most cases color removals lower than that achieved
by freezing, with the magnitude increasing with decreasing thawing

temperature.
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4.22.4.1 ALKALINE EXTRACTION STAGE MEMBRANE
CONCENTRATE

Plotted in Figures 4.35 to 4.37 are the average percent color removals
for the top 70 % volume portion with respect to thawing and initial
freezing temperature for frozen and thawed membrane concentrate
composite samples. The average percent color removals, irrespective of
initial freezing temperature, for samples thawed top down were
substantially lower than the removal rates reported for the frozen
concentrate. At the initial freezing temperature -2 °C the average percent
differences with respect to the frozen concentrate ranged from 27.4 % to
32.4 %. Similarly, at initial freezing temperatures -15 °C and -25 °C the
average percent differences were reported to range from a maximum of
103 % and from 5.2 % to 9.0 % %, respectively. Oppositely, the average
percent color removals, irrespective of initial freezing temperature, for
samples thawed bottom up were substantially higher than the removal
rates for the frozen concentrate. At the initial freezing temperature -2 °C
the maximum percent difference in comparison to the frozen concentrate
was 5 % at the highest thawing temperature investigated (24 °C). Similarly,
at initial freezing temperatures -15 °C and -25 °C the average percent
differences were reported to range from 25.4 % to 33.8 % and 38.2 % to 40.9
%, respectively.

4.2.2.4.2 ALKALINE EXTRACTION STAGE EFFLUENT

The experimental results obtained in treatment of Eop effluent were
similar to that observed for membrane concentrate with respect to the

general tendency of the data.
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Plotted in Figures 4.38 to 4.40 are the average percent color removals
for the top 70 % volume portion with respect to thawing and initial
freezing temperature for frozen and thawed Eop composite samples. The
average percent color removals, irrespective of initial freezing
temperature, for samples thawed bottom up were substantially higher
than the removal rates for frozen samples. At the initial freezing
temperature -2 °C the average percent differences were reported to range
from 7.2 % to 25.1 %. Similarly, at initial freezing temperatures -15 °C and
-25 °C the average percent differences were reported to range from 15.3 %
to 21.6 % and 19.5 % to 25.8 %, respectively. In all cases the percent
differences increased with thawing temperature. Oppositely, the average
percent color removals, irrespective of initial freezing temperature, for
samples thawed top down were substantially lower than the removal rates
for frozen concentrate. At the initial freezing temperature -2 °C the
average percent differences were reported to range from 4.3 % to 8.9 %,
respectively. Similarly, at initial freezing temperatures -15 °C and -25 °C
the average percent differences were reported to range from 4.8 % to 5.8 %
and 0.8 % to 2.0 %, respectively. The percent differences decreased with
thawing temperature.

4.2.2.5 CYCLED FREEZE-THAW

Cycled freeze-thaw improved color removal. However, the
additional removals were very small, with the magnitude of the percent
changes decreasing with the number of freeze-thaw cycles and with

decreasing initial freezing temperature.
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The data presented herein shows that treatment performance was
not adversely affected under conditions of multiple freeze-thaw provided
that thawing occurs in a manner similar to that observed to produce

optimum results as identified in earlier experiments.
4.2.2.5.1 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figure 4.41 are the average percent color removals with
respect to the top, middle, and combined upper liquid portions for
membrane concentrate treated repeatedly by freeze-thaw at the initial
freezing temperature -2 °C. Examination of this figure shows the highest
degree of color removal (73.2 %) from the upper liquid portion occurred
following one cycle of freeze-thaw. Additional freeze-thaw cycles there
after were observed to improve color removal with the magnitude of the
increase decreasing with the number of freeze-thaw cycles. The average
percent increase in color removals in the top 70 % liquid volume were
reported to range from 1.4 % to 3.2 % following three cycles of freeze-thaw.
Analysis of variance and the Duncan Multiple Range Test were used to
determine if the number of freeze-thaw cycles were significantly different
at a 95 % confidence limit. The results of this analysis are presented in
Appendix A. From the analysis it can be seen that there were significant
differences between all pairs of means with the exception of cycle 2 and 3.
At this initial freezing temperature cycle freeze-thaw was shown as one

method of obtaining a superior treated effluent quality.
42252 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figure 4.42 are the average percent color removals with

respect to the top, middle, and combined upper liquid portions for
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membrane concentrate treated repeatedly by freeze-thaw at the initial
freezing temperature -15 °C. The average percent color removals increased
with the number of freeze-thaw cycles. Figure 4.42 shows the average
percent increases in color removal ranged from 1.6 % to 1.9 %, with the
magnitude of the increase decreasing with the number of freeze-thaw
cycles. Analysis of variance and the Duncan Multiple Range Test were
used to determine if the number of freeze-thaw cycles were significantly
different at a 95 % confidence limit. The results of this analysis are
presented in Appendix A. From the analysis it can be seen that there were
significant differences between all pairs of means to indicate cycle freeze-

thaw improves treatment performance.
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5.0 SCANNING ELECTRON MICROSCOPY STUDIES

Presented in this chapter are the scanning electron microscopy
results conducted to visually characterize the changes that occurs to the

effluent’s constituent material under different freeze-thaw conditions.
5.1 PROCEDURE
5.1.1 ICESPECIMEN COLLECTION

Ice specimens for visual characterization of its concentrated
material produced during freezing were collected from each experimental
water frozen at different initial freezing temperatures. The initial freezing
temperatures investigated were -2 °C, -15 °C, and -25 °C, respectively. The
size of the sample population selected for characterization of the
concentrated material at its different initial freezing temperatures were 3
independent ice specimen samples for each experimental run condition.
Ice specimens were collected from the top and bottom portions of the ice
column of frozen membrane concentrate and from only the top portion of
frozen Eop effluent. The sample location depths were 50 mm and 100 mm
from the top of the ice column. Ice samples were collected by first
sectioning the ice column at the sample depth, followed by the cutting out
of a3 mm by 3 mm by 6 mm deep ice specimen from the center of the
column. The ice specimen was positioned in the specimen holder of the
SEM instrument to ensure the fractured surface represented the cross
sectional area perpendicular to the direction of freezing. Preparation of ice
specimens for examination by SEM was accordance to the method
described in Section 3.5.2.1.1. Measurement of the thickness of the

concentrated material was facilitated from the use of high magnification

179



electron microscopy of single fractured wafer edges coupled with the use of
the tools bar of the Microsoft® Photoshop software. The relative accuracy

of this method of measurement was +/- 0.1 ym.
5.1.2 METHOD OF MEASUREMENT

To properly understand and compare the results between ice
specimens from the same ice column or of the same run setting, the
thickness of the wafer-like structure of the concentrated material were
plotted with respect to its frequency distributions. The mean, median,
mode, and sample variance were calculated for each sample set for
comparison of the measures of dispersion. Thickness measurements were
randomly taken of the concentrated material from a minimum of 10
separate independent surface locations for each ice specimen for physical
characterization. The thickness value presented for each independent
sample location was an average of three measurements taken along the
length of the concentrated material to determine its average width.
Excluded from measurement was intersection points for the initial
freezing temperature -2 °C where wafers were observed to join. These
cross sectional areas were observed by SEM in some cases to contain
substantial amounts of constituent material. All experimental test settings
for SEM characterization were conducted in triplicate at separate random

times.

52 CROSS SECTIONAL MORPHOLOGY OF FROZEN CONCENTRATED
MATERIAL

Presented in this chapter are the scanning electron microscopy

results from having examined the morphology of frozen concentrated
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material produced by unidirectionally freezing alkaline extraction stage
membrane concentrate and Eop effluent at different initial freezing

temperatures.
5.2.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE
5.2.1.1 INITIAL FREEZING TEMPERATURE: -2 °C

The frozen state physical properties of the concentrated material
produced by freezing membrane concentrate at the initial freezing
temperature -2 °C consisted of thick, porous wafer-like structures arranged
in "honey comb or box" like patterns. The concentrated material was
observed to extend vertically into the ice column parallel with the
direction of freezing. Cross sectional sectioning of the concentrated
material showed it to be highly porous and variable in width. Contained
within the material's structure were numerous small pores which prior to
sublimation were filled with ice (Figure 5.1). Believed was that this
porosity was the result of the freezing process and was not created during
preparation of the ice specimen for SEM analysis. Figure 5.1 is a high
magnification electron microscope image of the concentrated material
prior to sublimation. No fractures along the zone of the concentrated
material of this sample were visible nor in that of other samples examined
to suggest the isolated pockets of ice present within the material existed
prior to preparation of the sample for SEM analysis. This assumption was
in part, based on the fact that had this porosity not existed prior to sample
preparation, one would have expected fractures to have formed along the
zone of concentrated material for unconstrained ice specimens caused

from the rapid expansion of the freezing of the free available water. In
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Figure 5.1 High Magnification Electron Microscope Image of the
Concentrated Material Prior to Sublimation for Membrane Concentrate
Frozen at the [nitial Freezing Temperature -2 degrees Celsius



addition, the instantaneous freezing of the sample by submerging it in
liquid nitrogen would have likely precluded the high degree of separation
observed following sublimation. Instead, what appears to have occurred
during freezing was the formation of small isolated pockets of ice crystals
from the freezing of the free available water contained within the highly

concentrated material zones.

Characteristic of the top and bottom ice specimens were the
orientation of the concentrated material within the ice matrix.
Examination of Figures 5.2 and 5.3 shows the concentrated material to
have arranged itself in "honey comb or box" like patterns. This type of
pattern arrangement was observed only at the initial freezing temperature
-2 °C. That which will be shown in the proceeding sections was the
concentrated material not only increase in quantity, but rearrange
themselves to form sheet like patterns at the colder initial freezing

temperatures.

52.1.1.1 TOP SAMPLE LOCATION RESULTS

Tables 5.1 to 5.3 are frequency tables of the concentrated material
thickness as measured in ice specimens collected from three independent
samples representing the top ice portion of membrane concentrate frozen
at the initial freezing temperature -2 °C. Table 5.4 is a summary of the
information derived from examination of the three independent sample
sets by SEM. The calculated means and sample variances ranged from 28.7
pm to 31.3 ym and from 18.74 ym to 20.32 um, respectively. The two-
tailed Student t-test was used to show that the individual means were not
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Figure 5.2 Electron Microscope Photograph of the Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected from the
Top [ce Column Portion for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 degrees Celsius
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Figure 5.3 Electron Microscope Photograph of the Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected from the
Bottom Ice Column Portion for Membrane Concentrate Frozen at the
[nitial Freezing Temperature -2 degrees Celsius



significantly different at a 95 % confidence limit (Table 5.5). The calculated
average thickness of the concentrated material for the combined data of
sample sets 1, 2, and 3 as observed in the top portion of the ice column was
30.2 um, with a sample variance and range of 18.51 um and 9.2 ym to 68.4

pm, respectively.

High magnification electron microscope images of fractured edges
of concentrated material are shown in Figure 5.4. Examination of this
figure shows the frozen state physical properties of the concentrated
material were similar among the different sample sets. Although variable
in their thickness, a common physical characteristic of the concentrated
material observed was in regards to their shape and porosity. The

concentrated material was highly porous and wafer-like in appearance.
52.1.12 BOTTOM SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.5 to 5.7) are the measured thicknesses of the concentrated material as
observed in ice specimens collected from three independent samples
representing the bottom ice portion of membrane concentrate frozen at
the initial freezing temperature -2 °C. Table 5.6 is a summary of the
information derived from examination of the three independent sample
sets. The calculated means and sample variances ranged from 25.6 um to
26.4 ym and from 13.09 um to 15.12 pm, respectively. The two-tailed
Student t-test was used to show the individual means from the three
independent samples were not significantly different at a 95 % confidence
limit (Table 5.7). The calculated average thickness of the concentrated
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Table 5.1 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Membrane Concentrate

Frozen at the Initial Freezing Temperature -2 °C,

Sample Set #1
Concentrated Material Thickness ﬂativﬁrequency
(um)

e
9.5 0.1
14.3 0.1
15.9 0.1
18.2 0.1
21.5 0.1
25.6 0.1
36.3 0.1
42.7 0.1
56.8 0.1
65.0 0.1

Mean: 30.7 um, Median: 23.5 um, Sample Size: 10

Table 5.2 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Membrane Concentrate
Frozen at the Initial Freezing Temperature -2 °C,

Sample Set #2

[ Concentrated Material Thickness Relative Frequency
(um)
8.5 0.1
13.6 0.1
15.3 0.1
16.4 0.1
20.0 0.1
21.0 0.1
36.8 0.1
40.5 0.1
46.8 0.1
68.4 0.1

Mean: 28.7 um, Median: 20.5 um, Sample Size: 10
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Table 5.3  Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Membrane Concentrate
Frozen at the Initial Freezing Temperature -2 °C,
Sample Set #3

Concentrated Material Thickness “Relative Frequency
(um)
85 0.1
14.5 0.1
15.0 0.1
17.8 0.1
19.5 0.1
19.8 0.1
43.6 0.1
52.3 0.1
59.1 0.1
61.4 0.1

Mean: 31.3 um, Median: 19.7 um, Sample Size: 10

Table 54  Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample)

. - = -

Sample Set* fMean (um) @gMean Deviation |Sample Varance §Range (um)
(um) (km) -

1 30.7 158 19.01 10.0 10 65.3

2 28.7 154 18.74 94t0684

3 313 18.2 20.32 9.2 t0 59.6

- sample set size equal to 10

Table 55  Tests of Hypotheses for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample)

Null Hypothesis | Computed £0.025, 18) ‘Conclusion
Test Statistic*
Uset] = Uset? 0.24 2.09L accept as equal
Kset] = Hset3 0.07 2.093 accept as equal
[ Bset2 = Uset3 030 2.093 accept as equal

* sampie variances unknown but assumed equal
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Figure 5.7  Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -2 °C, Sample Set #3
Table56  Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Bottom Sampie)
S . . ST
Sample Set® [Mean (um) [Mean Deviation § Sample Variance Range (um)
(um) (um)
S —
1 25.6 10.7 13.09 14.1 t0 50.2
2 26.3 11.2 14.16 11.3 10 50.6
3 26.4 12.3 15.12 10.2t052.1

- sample set size equal to 10
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material for the combined data of sample sets 1, 2, and 3 as observed in the
bottom portion of the ice column was 26.1 ym, with a sample variance
and range of 13.32 um and 10.2 um to 52.1 ym, respectively. The two-tailed
Student t-test was used to show the individual means from the top and
bottom sample sets were not significantly different at a 95 % confidence
limit (Table 5.8).

High magnification electron microscope images of single fractured
edges of concentrated material are shown in Figure 5.8. Although similar
in appearance to the concentrated material observed in the top sample
portion of the ice column, the porosity of the concentrated material
collected from the bottom tended to differ with respect to its cross sectional
density. The pores appeared to be larger and arranged along the perimeter
of the material edge with larger amounts of mass concentrated in the
center as compared to the pore structure for the concentrated material

collected from the top.
52.1.2 INITIAL FREEZING TEMPERATURE: -15 °C

The frozen state physical properties of the concentrated material
produced by freezing membrane concentrate at the initial freezing
temperature -15 °C consisted of thin, dense wafer-like structures arranged
in "sheet" like patterns. The concentrated material was observed to extend
vertically into the ice matrix parallel with the direction of freezing. Cross
sectional sampling of the concentrated material showed it to be thin, very
compact and generally of uniform width. Figure 5.9 shows the

concentrated material to have arranged itself into long parallel continuous
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Table 5.7

Tests of Hypotheses for Sample Sets 1, 2, and 3

(Initial Freezing Temperature -2 °C, Bottom Sample)

Null Hypothesis Eomputed t©0.025, 18) Conclusion
Test Statistic”

Uset] = Uset2 0.11 2.093 accept as equal

Usetl = Msetd 0.13 2.093 accept as equal

Lse2 = Uset3 0.02 2.093 accept as equal

* sample variances unknown but assumed equal

Table 5.8

Tests of Hypotheses Concerning the Difference in Means

Between the Top and Bottom Sample Locations

(Initial Freezing Temperature -2 °C)

Null Hypothesis Computed 20,025 Conclusion
Test Statistic”
0.99 1.96 accept as equal

Htop = Ubottom

* sample variances unknown but assumed equal, sample set size: 30
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(b) Bottom Sample Portion (bar = 100 microns)

Figure 5.9 Collection of Electron Microscope Photographs of Concentrated
Material Contained Within the Ice Matrix of Ice Specimens Collected from
the Top and Bottom Ice Column Portions for Membrane Concentrate Frozen
at the Initial Freezing Temperature -15 degrees Celsius

195



sheets. The distance between these sheets as measured in the top and
bottom ice specimens are summarized in Table 5.9. The measured distance
(within +/- 1 ym) between the zones of concentrated material were
reported to differ with respect to sample location with a higher spacing
observed in bottom ice specimens. The average spacing between the
concentrated material in the bottom sample portion was 192 um for a
range of 133 ym to 300 um, respectively. The reported spacing in the top
ice specimens was much lower, with the average distance being 117 um for
a range of 67 um to 165 um. The difference in material spacing can be
attributed to differences in freezing rate and particle entrapment.
Sectioning of frozen concentrate samples showed particle entrapment to
differ with respect to depth with the lowest concentrations found at mid

point of the ice column close to where bottom samples were collected.
52.1.2.1 TOP SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.10 to 5.12) are the measured thicknesses of the concentrated material as
observed in ice specimens collected from three independent samples
representing the top ice portion of membrane concentrate frozen at the
initial freezing temperature -15 °C. Examination of the concentrated
material by SEM showed it to be thin, highly compact wafer-like structures
with no visible porosity. Table 5.10 is a summary of the information
derived from examination of the three independent sample sets by SEM.
The calculated means and sample variances ranged from 1.7 ym to 2.1 ym
and from 0.68 um to 1.13 um, respectively. The two-tailed Student t-test

was used to show the individual means were not significantly different at
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Table5.9  Summary of Statistical Data Concerning the Distances Between the Concentrated
Material as Measured in the Top and Bottom ice Columns for Membrane
Concentrate Frozen at the Initial Freezing Temperature -15 °C
?op Sample Location
Mean (um) Sample Variance (um) Range (um)
117 25.1 67 to 165
Bottom Sampie Location
Mean (um) Sample Variance (um) Range (um)
192 413 133 to 300

Sample Size: 25

Table 510 Summary of Statistical Data for Sample Sets 1, 2, and 3

(Initial Freezing Temperature -15 °C, Top Sample)

[Sample Set* [Mean (um) | Mean Deviation | Sample Variance jRange (um)
(um) {gm)

1 2.1 0.8 113 0.8to4.5

2 13 0.7 093 0.8t03.3

3 1.7 0.6 0.68 03to2.8

- sample set size equal to 10
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a 95 % confidence limit (Table 5.11). The calculated average thickness of
the concentrated material for the combined data of sample sets 1, 2, and 3
as observed in the top portion of the ice column was 1.9 ym, with a

sample variance and range of 0.92 ym and 0.8 um to 4.5 um, respectively.

High magnification electron microscope images of single fractured
edges of the concentrated material are shown in Figure 5.13. These
photographs revealed the concentrated material's highly compact wafer-
like structure.

5.2.1.2.2 BOTTOM SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.14 to 5.16) are the measured thicknesses of the concentrated material as
observed in ice specimens collected from three independent samples
representing the bottom ice portion of membrane concentrate frozen at
the initial freezing temperature -15 °C. Table 5.12 is a summary of the
information derived from examination of the three independent sample
sets by SEM. The calculated means and sample variances ranged from 1.6
pm to 2.2 ym and from 0.61 gm to 1.03 um, respectively. The two-tailed
Student t-test was used to show that the individual means were not
significantly different at a 95 % confidence limit (Table 5.13). The
calculated average thickness of the concentrated material for the combined
data of sample sets 1, 2, and 3 as observed in the bottom portion of the ice
column was 1.9 um, with a sample variance and range of 0.88 ym and 0.8

pum to 4.8 um, respectively. The two-tailed Student t-test was used to show
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Figure 5.12 Data Representing the Average Thickness of the Concentrated
Matenal Produced in the Top Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the [nitial

Freezing Temperature -15 °C, Sample Set #3

Table5.11  Tests of Hypotheses for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Top Sample)

Null Hypothesis [|Computed | to.025, 18) Conclusion
Test Statistic™

Hsetl = Hset2 067 2.093 accept as equal

Usetl = Hset3 0.97 2.093 accept as equal

Bset? = fsetd 028 2.093 accept as equal

* sample variances unknown but assumed equal

200



201

(uotuog asfdureg doj ) snisja) s9213ap ¢ |- aameradwa) Juizass, enuf 3y 18 3eNUIDU0)) JueiquId Juizaa]
Aq paonpoiy sa3p7 [elIdRW PIIRNUIIUO)) PaIndel ] Jo sadew] 3dodsosdipy uonody uonedtjiude YSiy Jo uonddfo) ¢1°g andi|

(uotorwt | = 1eq) g# 19§ sjdureg (9)

=

(uosiw | = Jeq) 1#19S Idureg (e)

.,., ,‘ ..n. ). u.,J-




202

0.3
Set #1 Initial Freezing Temperalura: -15 °C
Sample Location: Bottom, 100 mm depth
Mean: 2.2 um
) Median: 2.0 pm
< .
S 024 p Mode: 2.2 um
e :
8 :
w ¢
:
2 :
= H
2 0.1 : g
L]
-3 i ;
H H
: ;
: :
: ¢
: :
0.0 - F

00000 rwmrrmrrrmeeme, QNNNNNNNN OMOOOMOMNOM TETTTTTT

Mean, Mede
Median

Water Thickness (um)
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Figure 5.16 Data Representing the Average Thickness of the Concentrated
Material Produced in the Bottom Sample Portion of the Ice
Column for Membrane Concentrate Frozen at the Initial
Freezing Temperature -15 °C, Sample Set 3
Table 512 Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -15 °C, Bottom Sample)
Sample Set* JMean (um) [Mean Dewviation Sample Variance {Range (um)
(4 m) (um)
1 22 0.5 1.03 1.3t0 4.8
2 1.6 0.4 0.61 0.8to 2.5
3 1.9 0.6 1.04 0.8to 4.3

- sample set size equal to 10
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that the average thickness of the concentrated material from the top and
bottom sample locations were not significantly different at a 95 %

confidence limit (Table 5.14).

High magnification scanning electron microscope images of single
fractured edges of concentrated material are shown in Figure 5.17. The

SEM results were similar to that reported for the top sample specimens.
5.2.1.3 INITIAL FREEZING TEMPERATURE: -25 °C

The frozen state physical properties of the concentrated material
produced by freezing membrane concentrate at the initial freezing
temperature -25 °C were similar to that reported for the initial freezing
temperature -15 °C. Although slightly thinner, cross sectional sampling of
the concentrated material showed them also to be thin, very compact and
of uniform width. Other notable differences were with respect to surface
texture. The surface texture of the concentrated material appeared to be
visibly smoother. Similarities were with respect to orientation pattern of
the concentrated material. Figure 5.18 shows the concentrated material to

have arranged themselves into long continuous equally spaced sheets.
52.1.3.1 TOP SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.19 to 5.21) are the measured thicknesses of the concentrated material as
observed in ice specimens collected from three independent samples
representing the top ice portion of membrane concentrate frozen at the

initial freezing temperature -25 °C. Table 5.15 is a summary of the
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Table5.13  Tests of Hypotheses Concerning the Difference in Means
for Sample Sets 1, 2, and 3

(Initial Freezing Temperature -15 °C, Bottom Sample)

Null Hypothests [[Computed | t(0.025, 18) Conclusion
Test Statistic”

Hset] = liset2 1.63 2.093 accept as equal

Hsetl = Hset3 0.67 2.093 accept as equal

Hset2 = Uset3 0.81 2.093 accept as equal

" sample variances unknown but assumed equal

Table 5.14  Tests of Hypotheses Concerning the Difference in Means
Between the Top and Bottom Sample Locations

(Initial Freezing Temperature -15 °C)

Null Hypothesis [|Computed ;0025 Conclusion
Test Statistic®
Htop = Hbottom 0.00 1.96 accept as equal

* sample vaniances unknown but assumed equal, sampie set size: 30
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(b) Bottom Sample Portion (bar = 100 microns)

Figure 5.18 Collection of Electron Microscope Photographs of Concentrated
Material Contained Within the Ice Matrix of Ice Specimens Collected from
the Top and Bottom Ice Column Portions for Membrane Concentrate Frozen
at the Initial Freezing Temperature -25 degrees Celsius
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information derived from examination of the three independent sample
sets by SEM. The calculated means and sample variances ranged from 1.2
pm to 1.3 pm and from 0.29 ym to 0.41 pum, respectively. The two-tailed
Student t-test was used to show that the individual means were not
significantly different at a 95 % confidence limit (Table 5.16). The
calculated average thickness of the concentrated material for the combined
data of sample sets 1, 2, and 3 as observed in the top portion of the ice
column was 1.2 um, with a sample variance and range of 0.31 ym and 0.4

um to 2.0 um, respectively.

High magnification scanning electron microscope images of single
fractured edges of the concentrated material are shown in Figure 5.22. The
SEM photographs revealed the concentrated material's highly compact
wafer-like structure.

52.1.32 BOTTOM SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.23 to 5.25) are the measured thicknesses of the concentrated material as
observed in ice specimens collected from three independent samples
representing the bottom ice portion of membrane concentrate frozen at
the initial freezing temperature -25 °C. Table 5.17 is a summary of the
information derived from examination of for the three independent
sample sets by SEM. The calculated means and sample variances ranged
from 1.0 um to 1.2 ym and from 0.60 ym to 0.73 um, respectively. The
two-tailed Student t-test was used to show that the individual means were

not significantly different at a 95 % confidence limit (Table 5.18). The
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Figure 5.21 Data Representing the Average Thickness of the Concentrated

Material Produced in the Top Sample Portion of the Ice

Column for Membrane Concentrate Frozen at the initial

Freezing Temperature -25 °C, Sample Set #3

Table 5.15

Summary of Statistical Data for Sample Sets 1, 2, and 3

(Initial Freezing Temperature -25 °C, Top Sample)

Sample Set* [[Mean (um) Mean Deviation Sample Variance Range (um)
(um) {um)

1 1.2 0.3 041 0.4t0 1.9

2 12 03 0.30 0.8t0 2.0

3 13 02 029 09to 1.8

- sample set size equal to 10
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Table 5.10  Tests of Hypotheses Concerning the Difference in Means
of Sample Sets 1, 2, and 3

(Initial Freezing Temperature -25 °C, Top Sample)

Null Hypothesis Eomputed t(0.025, 13) Conclusion
Test Statistic*

Hsotl = Uset? 0.00 2.093 accept as equal

Ugerl = Hsetd 0.63 2.093 accept as equal

H set? = Usat) 0.75 2.093 accept as equal

»

sample variances unknown but assumed equal



calculated average thickness of the concentrated material for the combined
data of sample sets 1, 2, and 3 as observed in the bottom portion of the ice
column was 1.1 um, with a sample variance and range of 0.61 ym and 0.5
um to 3.0 um, respectively. The two-tailed Student t-test was used to show
that the individual means were not significantly different at a 95 %
confidence limit (Table 5.19).

High magnification electron microscope images of fractured edges
of concentrated material are shown in Figure 5.26. The SEM photographs
revealed the concentrated material’s very thin, highly compact wafer-like

structure.

5.2.1.4 INITIAL FREEZING TEMPERATURE VERSUS THE THICKNESS
OF THE CONCENTRATED MATERIAL

Changes that occurred to the thickness of the concentrated material
with respect to initial freezing temperature are shown in Figure 5.27 for
the alkaline extraction stage membrane concentrate. Examination of this
figure shows the thickness of the concentrated material increasing with
initial freezing temperature. Analysis of variance and the Duncan
Multiple Range Test were used to determine which average thicknesses
for the top and bottom sample portions were significantly different at a 95
% confidence limit. The results of this analysis are presented in Appendix
B. Analysis of the data showed the average thickness of the concentrated
material produced at the initial freezing temperature -2 °C to be
significantly different for the top and bottom sample portions in
comparison to material thicknesses produced at the colder initial freezing

temperatures -15 °C and -25 °C. In the case of the bottom sample portion



Table 5.17 Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Free;ing Temperature -25 °C, Bottom Sample)

Sampie Set” |[|[Mean (um) |}Mean Dewiation Sample Variance | Range (um)
(pm) (um)

1 1.0 03 0.60 0.5to0 2.7

2 1.2 0.4 0.73 0.8 to 3.0

3 1.1 0.4 0561 05t027

- sampie set size equal to 10

Table 5.18 Tests of Hypotheses Concerning the Difference in Means

of Sample Sets 1, 2, and 3

(Initial Freezing Temperature -25 °C, Bottom Sample)

Null Hypothesis [[Computed £(0.025, 18) ‘Conclusion
Test Statistic”

User] = Hser2 0.69 2.093 accept as equal

Hset] = Hsetd 0.03 2.093 accept as equal

Hset2 = Usetd 0.34 2.093 accept as equal

“sample variances unknown but assumed equal

Table5.19  Tests of Hypotheses Concerning the Difference in Means
Between the Top and Bottom Sampie Locations

(Initial Freezing Temperature -25 °C)

——

- .
Z0.025 Conclusion

Null Hypothests Computed

Test Statistic*
Hiop = Ubattom 0.80 1.96 accept as equal
*sample varances unknown but assumed equal. sample set size: 30

215



(uotuog ajdureg wonog) snis[a)) saasdap ¢g- amieradwa] Fwizaasf [eriu] 3y 18 ALNUIDU0)) JueIquIdN Fuizaal] £Aq
paonpoi sadpy [eudiR palenuaduo)) paindelq jo sadew] adodsodipy uondajg uonesijiudepy ySiH jo uondafjo) 9 aundig

(uosiw | = Jeq) g# 198 ddures (2) (uosd1w | = 1eq) g# 198 dureg (q) (uomdiut | — seq) 14 19§ ddureg (e)

R\




217

ANLIJUIDUO))

sueaquidy Joj ainjesadwa |, 3uizaaxy entuj o0y 1adsay)

HIIm ssawpny], jeliajejy pajerjuaduo)) adesany jo joiq £z'G aingn

(Do) aimesadwaj Suizaaig [enu]

0 S- OlL- SlL- 0¢-
i

§¢-

i uoneoo sidwes do}] o

uonedso sdwes wollcyg e

%o
- 0L

- 02

- OY

0s

(wrl) SSaudMOWY | 135ep



the material thickness produced at the initial freezing temperature -15 °C
was significantly different than the material thickness produced at the

initial freezing temperature -25 °C.

In the proceeding sections it was shown that the thickness of the
concentrated material can significantly affect separation efficiency. Also
the chemical nature of the concentrated material can affect the relative
importance of some independent variables. For example, the thick, highly
porous concentrated material typical of the warmer initial freezing
temperature (-2 °C) was more likely to be affected by the independent
variables storage time and storage temperature through mechanical
compression of the material over the course of freezing its likely higher

concentration of free available water.
5.2.2 ALKALINE EXTRACTION STAGE EFFLUENT
5.2.2.1 INITIAL FREEZING TEMPERATURE: -2 °C

The concentrated material that was characteristic of the Eop effluent
unidirectionally frozen at the initial freezing temperature -2 °C was
observed to arrange itself into "honey comb or box" like patterns within
the ice matrix. Figure 5.28 is an electron microscope image of a fractured
ice specimen surface collected from the top portion of the ice column. This
ice specimen was sublimed in accordance to section 3.5.2.1.1 to expose the
orientation of the concentrated material. The arrangement pattern shown
was similar to that observed for the membrane concentrate frozen at the
same initial freezing temperature. Further examination of this figure

shows the "honey comb"” structures were similar in width, but variable in
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Figure 5.28 Electron Microscope Photograph of Concentrated Material
Contained Within the [ce Matrix for an [ce Specimen Collected from the
Top Ice Column Portion for Eop Effluent Frozen at the Initial Freezing
Temperature -2 degrees Celsius



length. Summarized in Table 5.20 are the average dimensions (width and

length) of the "honey comb or box like" structures.
52.2.1.1 TOP SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency distributions
(Figures 5.29 to 5.31) are the measured thicknesses of the concentrated
material observed in ice specimens collected from three independent
samples of the top ice portion for Eop effluent frozen at the initial freezing
temperature -2 °C. Table 5.21 is a summary of the information derived
from examination of the three independent sample sets by SEM. The
calculated means and sample variances ranged from 43.2 ym to 47.9 um
and from 18.90 um to 22.61 um, respectively. The two-tailed Student t-test
was used to show that the individual means were not significantly
different at a 95 % confidence limit (Table 5.22). The calculated average
thickness of the concentrated material for the combined data of sample
sets 1, 2, and 3 as observed in the top portion of the ice column was 44.9
um, with a sample variance and range of 19.61 ym and 20.1 ym to 80.1

um, respectively.

High magnification electron microscope images of fractured edges
of concentrated material are shown in Figure 5.32. The concentrated
material was of higher porosity in comparison to that observed in
concentrated material for the membrane concentrate. Attributed to
differences in effluent type and concentration, the significance of this
increased porosity was the likelihood of this material being more

susceptible to break-up upon thawing.
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Table520 Summary of Statistical Data Concerning the Cross Sectional Dimensions of the

"Honey Comb" Pattern Characteristic of Eop Effluent Frozen at the Initial Freezing

Temperature -2 °C

Width (um) Length (um)
Mean Variance Range Mean Variance Range
214 19 183t0233 [483 200 250 to 867
0.3
Set #1 Initial Freezing Temperature: -2 °C
Sample Location: Top, 50 mm aepth
Mean: 43.7 um
14
> 0.24 Measan: 40 um
g
=
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2
e}
= 0.1 1t T R :
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Mean Wafer Thickness (um)
Meaan

Figure 5.29 Data Representing the Average Thickness of the Concentrated Material Produced
in the Top Sample Portion of the Ice Column for Eop Effluent Frozen at the Iinitial

Freezing Temperature -2 °C, Sample Set #1

0.3
Set #2 Initial Freezing Temperature: -2 ‘C
Sample Location: Top, 50 mm deptn
Mean: 43.2 um
Median: 34.5 um
E" 0.2 1 Moae: 34 um
v
=
v
he
[
2
3
& 011
0'0 LA ONERRRERSRERS IllIl‘ll'T‘;’Irrllllll'rlllllrllrfllllllTWTfrlT‘
TRt A A T S e e e e e e e et T e T T e a) O
I l Wafer Thickness (um)

Median, Mode Mean
Figure 5.30 Data Representing the Average Thickness of the Concentrated Material Produced

in the Top Sample Portion of the Ice Column for Eop Effiuent Frozen at the [nitial

Freezing Temperature -2 °C, Sample Set #2



0.3
Set #3 Initial Freezing Temperature: -2 *C
Sampie Location: Top, 50 mm depth
Mean: 47.9 um
> 024 Median: 44.5 um
g Mode: 23 um
g
g
“
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2
3
& 0.1+
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Wafer Thickness (um)
Figure 5.31 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -2 °C, Sample
Set #3
Table5.21  Summary of Statistical Data for Sample Sets 1, 2, and 3
(Initial Freezing Temperature -2 °C, Top Sample)
Sample Set™ |fMean (um) [[Mean Deviation Sample Varnance [[Range (um)
(pm) (um)
1 437 15.5 1890 20.1t070.4
2 43.2 16.5 18.93 23.3t070.7
3 47.9 18.3 2261 23.5 to 80.1

Table 3.2

- sample set size equal to 10

22

Between Sample Sets 1, 2, and 3

(Inttial Freezing Temperature -2 °C, Top Sample)

Tests of Hypotheses Concerning the Difference in Means

Nuil Hypothesis Eumputed t0.025, 18) Conclusion
Test Statistic*

Heatl = Ugep? 012 2.093 accept as equal

Hsetl = Userd 0237 2.093 accept as equai

Beet? = Usard 0.16 2.093 accept as equal

* sampie variances unknown but assumed equal
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52.2.2 INITIAL FREEZING TEMPERATURE: -15 °C

The concentrated material characteristic of the Eop effluent frozen
at the initial freezing temperature -15 °C was observed to arrange
themselves into long continuous sheets of wafers oriented parallel and at
relatively equal distances with respect to each other. Figure 5.33 is an
electron microscope image of a fractured ice specimen surface sublimed to

expose the orientation of the concentrated material.
5.2.2.2.1 TOP SAMPLE LOCATION RESULTS

Presented in tabular form are the frequency distributions (Tables
5.23 to 5.25) of the measured thicknesses of the concentrated material
observed in ice specimens collected from three independent samples
representative of the top ice portion for Eop effluent frozen at the initial
freezing temperature -15 °C. Table 5.26 is a summary of the information
derived from examination of the three independent sample sets by SEM.
The calculated means and sample variances ranged from 5.9 ym to 7.3 um
and from 5.11 ym to 7.04 um, respectively. The two-tailed Student t-test
was used to show that the means were not significantly different at a 95 %
confidence limit (Table 5.27). The combined calculated average thickness
of the concentrated material for the combined data of sample sets 1, 2, and
3 as observed in the top portion of the ice column was 6.7 um, with a

sample variance and range of 5.11 ym and 0.7 ym to 16.5 um, respectively.

High magnification electron microscope images of fractured edges
of concentrated material are shown in Figure 5.34. Examination of this
figure shows the concentrated material to be thin, very compact wafer-like

structures, with no visible porosity. Their physical appearance were
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Figure 5.33 Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected from the
Top Ice Column Portion for Eop Effluent Frozen at the [nitial Freezing

Temperature -15 degrees Celsius
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Table 5.23

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sampie Portion

of the Ice Columnn for Eop Effluent Frozen at the Initial

Freezing Temperature 15 °C, Sample Set 21

Sample Number Measured Thickness F{elan've Frequency
(um)
1 0.7 0.1
2 2.5 0.1
3 3.5 0.1
4 4.0 0.1
5 5.2 0.1
[6 6.7 0.1
7 73 0.1
8 11.1 0.1
9 15.8 0.1
10 16.5 0.1

sample set size: 10

Table 5.24  Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample Portion

of the Ice Column for Eop Effluent Frozen at the Initial

Freezing Temperature 15 °C, Sample Set #2

Sample Number Measured Thickness Relative Frequency '
(um)
1 0.7 0.1
2 25 0.1
34 3.5 0.2
5 42 0.1
6 55 0.1
7 6.7 0.1
8 122 0.1
9 14.2 0.1
10 15.0 0.1

sample set size: 10
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Table 5.25

Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample Portion

of the Ice Column for Eop Effluent Frozen at the Initial

Freezing Temperature 15 °C, Sample Set #3

Sampie Numbper Measured Thickness Relative FFequency
(km)
1 0.7 0.1
2 2.8 0.1
3 33 0.1
4 3.8 0.1
5 4.0 0.1
6 4.5 0.1
7 6.7 0.1
8 7.2 0.1
9 15.0 0.1
10 15.8 0.1

samplie set size: 10

Summary of Statistical Data for Sample Sets 1, 2, and 3

Table 5.26
(Initial Freezing Temperature -15 °C, Top Sample)
Sample Set” [[Mean (um) | Mean Deviation Sample Variance | Range (um)
(pm) (um)
1 7.3 39 7.04 0.7 to 16.5
2 6.8 4.2 5.13 0.7 to 15.0
3 5.9 3.6 5.11 0.7t0 15.8

- sample set size equal to 10

Table 527 Tests of Hypotheses Concerning the Difference in Means

Between Sample Sets 1, 2, and 3

(Initial Freezing Temperature -15 °C, Top Sample)

Null Hypothesis [Computed | £0.025, 15) Conclusion
Test Statistic*

Bset] = Hset2 0.18 2.093 accept as equal

U setl = Hset 0.51 2.093 accept as equal

Hset2 = lsetd 0.39 2.093 accept as equal

* sample variances unknown but assumed equal
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similar to that of the slightly thinner concentrated material observed for

membrane concentrate frozen at the same initial freezing temperature.
5.2.2.3 INITIAL FREEZING TEMPERATURE: -25 °C

The concentrated material characteristic of Eop effluent frozen at
the initial freezing temperature -25 °C was observed to arrange themselves
into long broken sheets of wafers oriented parallel with each other (Figure
5.35). Unlike the concentrated material observed for the membrane
concentrate, the wafer-like structures for the lower concentration strength
Eop effluent were discontinuous along their length. The distance between
zones of concentrated material were measured to range from 100 um to

150 ym.
52.2.3.1 TOP SAMPLE LOCATION RESULTS

Presented in graphical form by way of frequency histograms (Figures
5.36 to 5.38) are the measured thicknesses of the concentrated material
observed in ice specimens collected from three independent samples of
the top ice portion for Eop effluent frozen at the initial freezing
temperature -25 °C. Table 5.28 is a summary of the information derived
from examination of the three independent sample sets by SEM. The
calculated means were the same for each sample set for a value of 1.2 um.
The sample variances were reported to range from 0.40 ym to 0.53 um.
The two-tailed Student t-test was used to show that the results were not
significantly different at a 95 % confidence limit (Table 5.29). The
calculated average thickness of the concentrated material for the combined

data of sample sets 1, 2, and 3 as observed in the top portion of the ice
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Figure 53.33 Electron Microscope Photograph of Concentrated Material
Contained Within the [ce Matrix for an [ce Specimen Collected from the

Top Ice Column Portion for Eop Eftluent Frozen at the Initial Freezing
Temperature -23 degrees Celsius

[£5]

LS



231
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Set #1 Initial Freezing Temperature: -25 °C
Sample Location: Top, 50 mm depth
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Figure 5.36 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen

at the Initial Freezing Temperature -25 °C, Sample

Set #1
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Figure 5.37 Data Representing the Average Thickness of the
Concentrated Material Produced in the Top Sample
Portion of the Ice Column for Eop Effluent Frozen
at the Initial Freezing Temperature -25 °C, Sample

Set #2
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Set #3 intial Freezing Temperature: -25 °C
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Figure 5.38 Data Representing the Average Thickness of the

Concentrated Material Produced in the Top Sample

Portion of the Ice Column for Eop Effluent Frozen

at the Initial Freezing Temperature -25 °C, Sample

Set #3

Table5.28 Summary of Statistical Data for Sample Sets 1,2, and 3
(Initial Freezing Temperature -25 °C, Top Sample)
Sample Set” [[Mean (um) Mean Deviation Sample Vanance fRange (um)
(um) (um)

1 1.2 0.4 0.53 0.6to19

2 12 0.4 0.50 0.7 to 1.8

3 1.2 0.4 0.40 06tol9

- sample set size equal to 10

Table5.29 Tests of Hypotheses Concerning the Difference in Means

Between Sample Sets 1,2, and 3

(Initial Freezing Temperature -25 °C, Top Sample)

Null Hypothesis || Computed t(0.025, 18) Conclusion
Test Statistic®

Hsetl = Hsets 0.00 2.093 accept as equal

Hsetl = Hsetd 0.00 2.093 accept as equal

Bset2 = lsetd 0.00 2.093 accept as equal

* sample variances

unknown but assumed equal
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column was 1.2 um, with a sample variance and range of 0.51 ym and 0.6

pym to 1.9 um, respectively.

High magnification electron microscope images of single fractured
edges of concentrated material are shown in Figure 5.39. The concentrated
material consisted of thin, very compact zones of wafer-like structures.

The surface texture of these structures were very smooth.

5.2.2.4 INITIAL FREEZING TEMPERATURE VERSUS THE THICKNESS
OF THE CONCENTRATED MATERIAL

Changes that occurred to the thickness of the concentrated material
with respect to initial freezing temperature are shown in Figure 5.40 for
the alkaline extraction stage effluent. Similarly, the thickness of
concentrated material increased with initial freezing temperature.
Analysis of variance and the Duncan Multiple Range Test were used to
determine which average thicknesses for the top sample portions were
significantly different at a 95 % confidence limit. The results of this
analysis are presented in Appendix B. From the analysis it was shown that
there are significant differences between all pairs of means representing
the average material thicknesses produced at the different initial freezing

temperatures.

5.3 MORPHOLOGY OF THE CONCENTRTED MATERIAL FOLLOWING
THAWING

Studies were conducted to examine the morphology of the
concentrated material in its thawed state. The objective of which was to

identify any floc like structures. The concentrated material examined were
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those produced from freezing membrane concentrate at the initial freezing

temperatures -2 °C and -15 °C.
53.1 PROCEDURE

The experimental procedure used was that described in section
3.5.2.1.2 Filter Paper Specimens. Ice specimens examined were collected
from membrane concentrate frozen at the initial freezing temperatures -2
°Cand -15 °C. The volume of the ice specimen thawed was equivalent to
approximately 1 mL. Control samples consisted of the analysis of a clean
filter paper surface and filter paper to which 1 mL of liquid raw untreated

membrane concentrate was applied.
5.3.2 RESULTS AND DISCUSSION

Small samples of ice were allowed to melt directly onto filter paper
in an attempt identify the concentrated material's thawed morphological
properties. To avoid any unnecessary disturbances, ice samples were
allowed to thaw and drain freely through the filter paper at room
temperature (24 °C). The filter apparatus was not operated under a
vacuum during melting to avoid destroying what structures survived the
melting process. The appearance of the concentrated material in its thawed
physical state was observed to differ with respect to initial freezing
temperature. Concentrated material produced at the initial freezing
temperature -15 °C did not retain its physical structure during thawing.
Examination of the concentrated material in its thawed physical state as
shown in Figures 5.41 and 5.42 shows the material having dissipated into a
fine layer of organic mass with there being no apparent floc like structures.

High magnification electron microscope images taken of the thawed
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concentrated material as shown in Figures 5.43 and 5.44 shows the only
identifiable structures left remaining on the filter paper were circular
precipitates. X-ray defraction of these circular substances (Figure 5.45)
identified them as being calcium carbonate precipitate coated with a small
amount of organic residue. Aside from the presence of precipitate, the
surface appearance of the filter paper was not substantially different from
that observed for the control representative of an equivalent volume of
liquid raw untreated membrane concentrate (Figure 5.46). In comparison
to the clean filter sample (Figure 5.47) the organic constituents were

observed to fill the pore structure of the filter paper.

Very different results were observed in the examination of the
thawed concentrated material produced at the initial freezing temperature
-2 °C (Figure 5.48). Figures 5.49 to 5.50 are high magnification electron
microscope images taken of the thawed material produced at the initial
freezing temperature -2 °C. Examination of these figures shows the thawed
concentrated material to have retained a large portion of its physical
structure produced during freezing. The structure was floc like in
appearance. Measurement of the suspended solids concentrations in the
bottom sample portions of ice samples thawed bottom up for different
freeze-thaw conditions showed the initial freezing temperature -2 °C as
having the highest concentration. The settled material was comprised of a
white precipitate and from tests was believed to be calcium carbonate. The
results are plotted in Figure 5.51. The results presented add substantial
insight into the nature of the concentrated material produced at the
different initial freezing temperatures. From SEM examination it can be

concluded that the concentrated material is not a floc per say but is
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Figure 5.41 Electron Microscope Photograph of the Concentrated Material
Retained on the Filter Paper After Thawing Membrane Concentrate Frozen

at the Initial Freezing Temperature -15 degrees Celsius



Figure 5.42 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial Freezing
Temperature -15 degrees Celsius



Figure 5.43 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial Freezing
Temperature -15 degrees Celsius

Tum




Figure 5.44 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial Freezing
Temperature -15 degrees Celsius (Extreme Close-up)
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Figure 5.47 Electron Microscope Photograph of a Clean Filter Paper
Sample - Control
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Figure 5.49 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial Freezing
Temperature -2 degrees Celsius




Figure 5.50 High Magnification Electron Microscope Image Showing the
Morphology of the Concentrated Material Retained on the Filter Paper
After Thawing Membrane Concentrate Frozen at the Initial Freezing
Temperature -2 degrees Celsius (Extreme Close-up)
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comprised of a mixture of stable and coagulated material. Stable material
includes dissolved and colloidal organic material. That which will be
shown in the stability studies is the concentrated material dissolves back

into solution over time.

5.4 CHANGES IN THE CONCENTRATED MATERIAL'S PHYSICAL
PROPERTIES WITH RESPECT TO CONCENTRATION

Concentration was studied for its influence on the physical
properties of the concentrated material produced by freezing different
dilutions of the alkaline extraction stage membrane concentrate at
different initial freezing temperatures. The initial freezing temperatures
studied were -2 °C and -15 °C. The alkaline extraction stage membrane
concentrate dilution ratios investigated were 0 %, 50 %, 66 %, 75 %, and 80

%, respectively.
5.4.1 PROCEDURE

Millipore distilled water was used to dilute the alkaline extraction
stage membrane concentrate for make-up of the experimental waters.
Following preparation, the experimental waters were unidirectionally
frozen at their desired initial freezing temperatures using the
experimental apparatus described in section 3.6.1. Ice specimens for
examination by SEM were collected in accordance to section 3.7.1.2 from

the center top portion of the ice column at a depth of 50 mm from the top.
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5.4.2 RESULTS AND DISCUSSION
5.4.2.1 INITIAL FREEZING TEMPERATURE: -2°C

Tabulated and graphically presented in Figures 5.52 to 5.53 and Table
5.30 are the frequency distributions representing the cross sectional
thickness of the concentrated material produced by freezing different
concentration strengths of alkaline extraction stage membrane concentrate
at the initial freezing temperature -2 °C. Summarized in Table 5.31 is a
summary of the information derived from examination of the different
concentrate dilutions by SEM. Changes that occurred to the thickness of
the concentrated material with respect to percent dilution are shown in
Figure 5.54. The average thickness of the concentrated material decreased
with respect to percent dilution. In addition, the sample variance
associated with each dilution also decreased. The slope of the curve was
shown to have rapidly decreased at the 66 % dilution. At dilutions beyond
66 %, the concentrated material observed in ice matrices did not resemble
the wafer like structure typically observed for the stock solution. At the 75
% dilution the concentrated material appeared as strands rather than as
continuous wafers as observed at the lower percent dilutions. Analysis of
variance and the Duncan Multiple Range Test were used to determine
which average thicknesses for the different percent dilutions were
significantly different at a 95 % confidence limit. The results of this
analysis are presented in Appendix B. From the analysis it was shown that
there are significant differences between all pairs of means representing
the average material thicknesses produced at the different percent

dilutions.
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Figure 5.52  Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane

Concentrate Frozen at the Initial Freezing Temperature -2 °C
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Figure 5.53 Frequency Histogram Showing the Measure of Dispersion
of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 50 % and Frozen at the Initial

Freezing Temperature -2 °C



Table5.30 Summary of Data Showing the Measure of Dispersion of the
Concentrated Material Thickness for Membrane Concentrate
Diluted by 66 % and Frozen at the Initial Freezing

Temperature -2 °C

Concentrated Matenal Thickness Relative Frequency
(um)
0.9 0.08
1.0 0.08
1.1 0.08
1.5 0.08
1.6 0.17
1.8 0.17
27 0.17
32 0.08
45 0.08

Mean: 2.0 um, Median: 1.7 yum, Mode: 1.6 um, 1.8 um, 2.7 um

Table 531 Summary of Statistical Data Concerning the Concentrated
Matenal Thickness for Membrane Concentrate of Different

Dilutions Frozen at the Initial Freezing Temperature -2 °C

Percent Dilution® Mean (um) Sample Vanance Range (um)
(um)

Undiluted 274 7.57 12.7 to 409

0 %)

50 9 15.7 4.25 591t023.2

66 % 2.0 1.10 09to 4.5

* - sample set size equal to 12
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Also observed, aside from changes in thickness, were differences
with respect to orientation and density. High magnification electron
microscope images of fractured ice surfaces for each concentrate dilution
are shown in Figures 5.55 to 5.58. The orientation of the wafers were
reported to change with respect to dilution from "honey comb” like
structures to continuous wafers arranged as sheets (Figure 5.59) to finally
individual strands (Figure 5.60). The morphology of the concentrated
material did not appear to differ with respect to the material observed for
the undiluted concentrate until above a 50 % dilution (corresponding to a
color concentration 6,250 CU) at which point the material observed
resembled that reported at the colder initial freezing temperatures. In
addition, the removal efficiencies obtained by freeze-thaw are not
anticipated to vary for a concentrate with a color concentration between
12,500 CU to 6,250 CU. This suggests that the empirical model developed
using the results obtained when the measured response is expressed in
percent color removal will be valid for membrane concentrations with a
initial color between the dilution ranges of 0 (corresponding color 12,500
CU) to 50 % (corresponding color 6,250 CU). At dilution ratios above 50 %
(corresponding color <6,250 CU) concentration will likely be required to be
included as an independent variable in the model as the concentrated
material produced at the initial freezing temperature -2 °C at these
dilutions were substantially different with respect to the undiluted

concentrate.
5.4.2.2 INITIAL FREEZING TEMPERATURE: -15 °C

Represented below in Figures 5.61 to 5.64 are the frequency



Figure 5.55 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
at the Initial Freezing Temperature -2 degrees Celsius
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Figure 5.56 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 50 % at the Initial Freezing Temperature -2 degrees Celsius



Figure 5.57 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 66 % at the Initial Freezing Temperature -2 degrees Celsius
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Figure 5.58 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 75 % at the Initial Freezing Temperature -2 degrees Celsius
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Figure 5.59 Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected from the
Top Ice Column Portion Produced by Freezing Membrane Concentrate
Diluted to 50 % at the Initial Freezing Temperature -2 degrees Celsius
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Figure 5.60 Electron Microscope Photograph of Concentrated Material
Contained Within the Ice Matrix for an Ice Specimen Collected from the
Top Ice Column Portion Produced by Freezing Membrane Concentrate
Diluted to 75 % at the Initial Freezing Temperature -2 degrees Celsius




histograms for the measures of dispersion of the cross sectional thickness
of the concentrated material produced by freezing different concentration
strengths of the alkaline extraction stage membrane concentrate at the
initial freezing temperature -15 °C. Summarized in Table 5.32 is a
summary of the information derived from examination of the cross
sectional thicknesses of the concentrated material at each concentrate
dilution. Changes that occurred to the thickness of the concentrated
material with respect to percent dilution are shown in Figure 5.65. The
average thickness of the concentrated material decreased linearly with
respect to percent dilution. The decrease ranged from 1.9 ym for the
undiluted concentrate to an average thickness of 0.7 pm for a dilution
ratio of 75 %. High magnification electron microscope images of single
fractured concentrated material edges showing the change with respect to
percent dilution are shown in Figures 5.66 to 5.70. Similarly, the data
suggests that the independent variable concentration can be neglected as a
factor in the model that substantially affects the thickness of the
concentrated material for membrane concentrations with a initial color
between the dilution ranges of 0 (corresponding color 12,500 CU) to 50 %
(corresponding color 6,250 CU). At a dilution of 50 % the resultant average
thickness of the concentrated material was still within the range reported
for the undiluted concentrate. At dilution ratios above 50 %
(corresponding color <6250 CU) concentration will likely be required to be
included as a variable in the model as the material produced at the initial
freezing temperature -15 °C at these dilutions will be substantially thinner

with respect to the undiluted concentrate.
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Figure 5.61 Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane

Concentrate Frozen at the [nitial Freezing Temperature -15 °C

Membrane Concentrate Diluted 50 %
Initial Freezing Temperature: -15 *°C
Sample Location: Top, 50 mm depth
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Figure 5.62 Frequency Histogram Showing the Measure of Dispersion of
the Concentrated Material Thickness for Membrane
Concentrate Diluted by 50 % and Frozen at the Initial

Freezing Temperature -15 °C
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Figure 5.63 Frequency Histogram Showing the Measure of Dispersion
of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 66 % and Frozen at the Initial

Freezing Temperature -15 °C
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Figure 5.64 Frequency Histogram Showing the Measure of Dispersion
of the Concentrated Material Thickness for Membrane
Concentrate Diluted by 75 % and Frozen at the Initial

Freezing Temperature -15 °C
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Figure 5.65 Plot of Percent Dilution Versus Average Concentrate Material

Thickness (Initial Freezing Temperature -15, Top Sample)

Table 532 Summary of Statistical Data for the Thickness of the Concentrated

Matenal tor Different Dilutions of Membrane Concentrate Frozen

at the Initial Freezing Temperature -15 °C

[ Percent Dilution” Mean (um) Sample Variance | Range (um)
{(um)

Undiluted 19 022 16to 2.1

0 %)

50 % 1.0 0.11 09to1.1

66 % 08 0.20 05t0 0.9

75 % 0.7 020 05to0 0.9

* - sample set size equal to 12
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Figure 5.66 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
at the Initial Freezing Temperature -15 degrees Celsius
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Figure 5.67 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 50 % at the Initial Freezing Temperature -15 degrees Celsius



Figure 5.68 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 66 % at the Initial Freezing Temperature -15 degrees Celsius
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Figure 5.69 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge Produced by Freezing Membrane Concentrate
Diluted to 75 % at the I[nitial Freezing Temperature -15 degrees Celsius



Figure 5.70 High Magnification Electron Microscope Image of a Fractured
Concentrated Material Edge produced by Freezing Membrane Concentrate
Diluted to 80 % at the Initial Freezing Temperature -15 degrees Celsius



Analysis of variance and the Duncan Multiple Range Test were
used to determine which average thicknesses for the different percent
dilutions were significantly different at a 95 % confidence limit. The
results of this analysis are presented in Appendix B. From the analysis it
was shown that there are significant differences between all pairs of means
with the exception of those average material thicknesses produced at the
66 % dilutions and higher. Average thicknesses reported for concentrate
dilutions beyond 66 % were not significantly different even though the
electron microscope images showed there having occurred additional

changes with respect to the material's density and spacing.

Also observed, aside from changes in thickness, were changes with
respect to the quantity of the wafers and the overall spacing between them.
Shown in Figures 5.71 to 5.74 are electron microscope images of the
fractured ice surface showing the density and spacing between the
concentrated material for the different concentrate dilutions. The spacing
between the material increased with respect to dilution, as well as there
was a decrease in density. The orientation of the material with respect each
other did not change. Summarized in Table 5.33 are the calculated means,
sample variances and ranges in spacing with respect to the different
concentrate dilutions. The wafer spacing was measured to increase from
an average of 122 uym for the undiluted concentrate to an average of 256

um for the dilution ratio 75 %.

Dilution of the concentrate was not reported to substantially change
the effluent's original freezing point. Summarized in Table 5.34 are the

freezing point values for the different concentrate dilutions. Diluting the

270



10tum

Figure 5.71 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted to 50 % at
the Initial Freezing temperature -15 degrees Celsius
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Figure 5.72 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted to 66 % at
the Initial Freezing Temperature -15 degrees Celsius
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Figure 5.73 Electron Microscope Photograph of a Fractured Ice Specimen
Surtace Produced by Freezing Membrane Concentrate Diluted to 75 % at
the Initial Freezing Temperature -15 degrees Celsius




Figure 5.74 Electron Microscope Photograph of a Fractured Ice Specimen
Surface Produced by Freezing Membrane Concentrate Diluted to 80 % at
the [nitial Freezing Temperature -15 degrees Celsius




Table5.33 Summary of Statistical Data Concerning the Difference

in Spacing Between the Concentrated Material for Different

Dilutions of Membrane Concentrate Frozen at the Initial

Freezing Temperature -15 °C

Percent Dilution® Mean (um) Sample Variance (um) Rfange (um)
0 % Undiluted 122 7.6 100 to 133
50 % 171 16.1 150 to 200
66 % 182 457 133 to 250
75 % 256 24.5 217to 333

“sample set size: 12

Table 5.34 Freezing Point Values for the Diluted Membrane Concentrate

Solutions

s,
Percent Dilution”

ﬁegzjng !-’oint °H)

l?reeziﬂg [?oint ("{)

0.0237

Undiluted 0.0237

0 %)

50 % 0.0121 0.0125
66 % 0.0082 0.0088
75 % 0.0059 0.0065
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concentrate by 75 % was measured to decrease the freezing point

depression of the undiluted concentrate by 0.017 °C.

The effect concentration has on treatment performance was
investigated by diluting the membrane concentrate with distilled water
followed by unidirectional freezing of the diluted solutions. The initial
work presented focused on determining the changes that occurs to the
morphology of the concentrated material with respect to concentrate
concentration. The second part of these experiments were to determine
the applicable minimum concentration limit, if any, for the concentrate
which if exceeded cannot be effectively treated by freeze-thaw. Initial work
presented thus far suggests that high removal efficiencies can be obtained
for effluents of low and high constituent concentrations provided that
freeze-thaw is conducted at the optimum conditions. That is slow freezing
rates coupled with long storage times at cold temperatures followed by
rapid thawing are required to obtain high removal efficiencies, regardless
of concentration. Tests conducted at the optimum conditions on Eop
effluent and membrane concentrate produced high removal efficiencies
with respect to color (>73 % in the top 70 % liquid volume) regardless of
their variable concentrations. The difference in separation efficiencies
between the two effluents, neglecting the differences in their organic size
distributions, were similar with the higher removals associated with the

lower concentration Eop effluent.

Summarized in Table 5.35 are the average percent color removals in
the top 70 % liquid fraction for various dilutions of membrane concentrate
unidirectionally frozen at the initial freezing temperature -2 °C. All

samples were thawed bottom up at a temperature of 24 °C. From

276



examination of this table it can be seen that the magnitude of the percent
color removal began to decrease below the dilution ratio of 50 %. Between
the dilution range of 0 to 51 % the average percent color removals were
similar, even though the initial and final color concentrations were
substantially different. The relative significance of this information is that
within a particular color concentration, which for membrane concentrate
was between zero to 51 % dilution (corresponding to a color concentration
of between 12,500 CU to 6,130 CU), the anticipated percent color removals
would not be substantially different to suggest that concentration can be
neglected as a parameter in the modeling. However, color concentrations
below 6,130 CU requires concentration be included as an independent

variable in the regression model.

5.5 SIZE FRACTIONATION AND PHYSICAL PROPERTIES OF THE
CONCENTRATED MATERIAL

Membrane concentrate was size fractionated to separate its low and
high molecular weight fractions to determine the effect concentration and
molecular size has on the morphology of the concentrated material

produced during freezing.
5.5.1 PROCEDURE

A Minitan Acrylic Ultrafiltration System by Millipore Direct was
used to size fractionate the alkaline extraction stage membrane
concentrate. The concentrate's constituents were concentrated into two
size fractions; those salts and organics with a molecular weight of
approximately < 5000 Daltons, and those organics with a molecular weight

of approximately > 5000 Daltons.
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5.5.2 RESULTS AND DISCUSSION

Summarized in Table 5.36 are the chemical compositions of each
relative size fraction for membrane concentrate processed to isolate its low
and high molecular weight compounds. As expected a majority of the
constituents in the membrane concentrate were larger than the

approximate molecular weight size 5000 Daltons.

The electron microscope images presented are for having frozen
each size fraction of the membrane concentrate unidirectionally at the
initial freezing temperature -15 °C. Ice specimens were collected from the
top and bottom portions of each ice column. The morphology of the
concentrated material collected from the top portion of the ice column
representing the above 5000 MW fraction was string-like in appearance
with no apparent pattern or orientation (Figure 5.75). High magnification
electron microscope image (Figure 5.76) of this concentrated material
revealed it as being comprised of very fine, interconnected smooth strands
of material. The morphology of the concentrated material collected from
the top portion of the ice column representing the below 5000 MW
fraction was substantially different. Figures 5.77 and 5.78 shows the
concentrated material to be "disk" like in appearance with their size
observed to vary. Absent was the appearance of thin string-like strands as
observed for the high molecular weight fraction.

The morphology of the concentrated material collected from the
bottom portion of the ice column was substantially different between
fractions in comparison to that observed in top samples. Figure 5.79 shows

the concentrated material representative of the above 5000 MW fraction to

278



Table 535  Average Percent Color Removals in the Top 70 % Liquid Fraction for
Various Dilutions of Membrane Concentrate Frozen Unidirectionally
at the Initial Freezing Temperature -2 °C and Thawed bottom up at 24 °C

Percent Final pH Initial Color |Final Color* |Average Percent

Dilution (%) (CU) (CU) Color Removal (%)

stock, no 9.65 12,500 3,350 73

dilution

51 % 8.65 6,130 1,470 76

78 % 7.95 2,780 1,130 60

90 % 745 1,300 780 40

* Average color concentration in the top 70 % liquid fraction, All runs conducted in
duplicate

Table5.36 Chemical Composition of the Membrane Concentrate and its

Low and High Molecular Weight Fractions

Concentrate Type | Color (CU)* Total Dissolved | Chemical Oxygen

Solids (mg/L)*

Demand (mg/L)*

Eop Membrane | 13,300 14,300 14,500
Concentrate

Eop Concentrate {21,100 18,500 19,200
(> 5000 MW)

Eop Concentrate | 2,150 6,120 6,560
(< 5000 MW)

¥ - average value
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Figure 5.75 Electron Microscope Photograph of the Concentrated Material
Structure Observed for the Above 5000 MW Fraction for Membrane
Concentrate Frozen at the Initial Freezing Temperature -15 degrees Celsius
(Top Sample Portion)
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Figure 5.76 High Magnification Electron Microscope Image of the
Concentrated Material Representative of the Above 5000 MW Fraction
(Top Sample Portion)
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Figure 5.77 Electron Microscope Photograph of the Concentrated Material
Structure Observed for the Below 5000 MW Fraction for Membrane
Concentrate frozen at the Initial Freezing Temperature -15 degrees Celsius
(Top Sample Portion)
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Figure 5.78 High Magnification Electron Microscope Image of the
Concentrated Material Representative of the Below 5000 MW Fraction
(Top Sample Portion)
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Figure 5.79 Electron Microscope Photograph of the Concentrated Material
Structure observed for the Above 5000 MW fraction for Membrane
Concentrate Frozen at the Initial Freezing Temperature -15 degrees Celsius
(Bottom Sample Portion)



be less strand like in appearance. Instead, the concentrated material was
more wafer-like in appearance. Similarly, Figure 5.80 shows the
concentrated material representative of the below 5000 MW fraction also
to be wafer-like in appearance, with there being fewer disk like shaped
structures present. High magnification electron microscope images of the
surface morphology of the wafer-like concentrated material (bottom
samples) shows the below 5000 MW fraction to have a fine, smooth
surfaced texture (Figure 5.81). Oppositely, the wafer-like structures
produced from the high molecular weight fraction were pitted and rough
looking (Figure 5.82). The wafer-like structures representative of the raw
concentrate had a surface morphology that resembled something in

between the low and high molecular weight fractions (Figure 5.83).

The morphological differences in regards to shape between the
concentrated material produced with respect to the different effluent
fractions were believed to be due to concentration differences. The shape
of the concentrated material for the low concentration, low molecular
weight fraction were disk like in appearance. Where as, the shape of the
concentrated material for the high strength, high molecular weight
fraction were wafer like in appearance. The data suggests that the high
molecular weight material was more amenable to forming continuous
interconnected concentrated material during freezing. Morphological
differences in regards to surface texture were believed to be the related to
organic type and size. The low molecular weight organics were observed to
produce a smooth surface versus the rough looking texture produced by

the high molecular weight organics.



Figure 5.80 Electron Microscope Photograph of the Concentrated Material
Structure observed for the Below 5000 MW fraction for Membrane
Concentrate Frozen at the Initial Freezing Temperature -135 degrees Celsius
(Bottom Sample Portion)



Figure 5.81 High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative of the Above
5000 MW Fraction (Bottom Sample Portion)



Figure 5.82 High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative of the Below
5000 MW Fraction (Bottom Sample Portion)



Figure 5.83 High Magnification Electron Microscope Image of the
Concentrated Material Surface Morphology Representative of the
Membrane Concentrate (Bottom Sample Portion)



6.0 POSTULATED MECHANISMS OF REMOVAL BY FREEZE-THAW

Based on experimental evidence from this study it was postulated
that when membrane concentrate or Eop effluent freezes from the surface
down, ice crystals build downward in the form of needles. These needles
seek available free water molecules for growth by projecting down and
outward into the concentrate. As the ice needles thrust into the
concentrate, they push aside the contaminates, always seeking more free
water molecules for continued growth. Figure 6.1 shows that as the water
in the upper layer of the concentrate begins to freeze (b), it creates a thin,
upper layer of ice from which ice needles originate (c). During freezing
heat is released during cooling with the change of phase. The shape of the
needle like projections of the growing ice crystals stem from the variable
solute concentration at the ice/liquid interface and the effect it has on
causing planar interface breakdown into arrays of cellular projections.
Mullins and Sekerka (1964) observed the instability related to the freezing
of Na(l as causing the ice to grow in the form of thin planes separated by
regions of concentrated brine. This type of phenomena was observed for
both experimental water types in which thin planes separated by
concentrated material were visible only at the very cold initial freezing
temperatures (< -15 °C) to suggest that during freezing the ice crystal
growth in a temperature gradient, was sufficient to inhibit the nucleation
of new crystals for their continuous downward vertical growth. As the ice
needles grow, they thrust both downward and outward to concentrate the
effluent’s constituents into thin highly concentrated zones of concentrate.
The outward growth of the ice needles were observed to differ with respect

to the initial freezing temperature. At warm initial freezing temperatures
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(-2 °C) the ice needles were observed to uniformly grow outwards in a
radial pattern. Where as at the very cold initial freezing temperatures (<
-15 °C) the ice needles were observed to grow predominantly in one
direction resulting in the sheet like patterns observed. The downward
growth of the ice needles into the concentrate was in an uniform fashion
(d). This observation was based on the removal of partially frozen
concentrate samples where it was observed that the ice front advances in a
relatively uniform, orderly fashion. As the ice growth continues, the
constituent’s of the effluent are compressed into thin zones of concentrate
to produce zones of fragile concentrated material arranged in "sheet or
honey comb"” like patterns, depending on the initial freezing temperature,
as observed by SEM. In time, the ice crystals dehydrate the captured
concentrated material, further compressing the constituents into more
compact wafers. It is through this mechanical compression that the
constituents are mechanically coagulated with a variety of physico-
chemical reactions (electrostatic interactions, adsorption, charge
neutralization, and precipitation) occurring. Changing water chemistry
within this zone over time affects the both the solubility and stability of
the constituent matter. Mechanical coagulation occurs from the
compression of the double layer of the colloidal organics by indifferent
electrolytes. The increase in ionic strength reduces the thickness of the
particle’s diffuse layer to decrease the repulsive interactions between
particles. The result is the disappearance of the activation energy barrier
between same charged particles allowing the domination of attractive
interactions by Van der Waals forces. Changing solubility will also cause
the precipitation of dissolved salts and organics during which constituent

material can become entrapped through eneshment in a precipitate. The



result was the formation of a cohesive concentrated material that was
comprised of dissolved, colloidal, and coagulated material. Postulated was
that the concentrated material produced during freezing was comprised of
a complex mixture of thermodynamically stable and unstable colloids,
precipitates and dissolved inorganic/organic matter. Unstable colloids are
irreversible. Where as stable colloids are reversible. Mechanical
concentration and compression of stable and unstable colloids to cause
their contact can increase their rate of aggregation during freezing to form
fragile flocs. Postulated was that the stable colloids become entrapped
amongst the complex mixture during freezing which ultimately allows for
their removal from the bulk solution upon rapid thawing. The dissolved
and stable colloid fractions were however, not stable and over time
"untangle” themselves from the complex mixture to diffuse back into the
bulk solution.

Release of the concentrated material for its removal from the bulk
solution was favored by thawing the ice mass from the bottom up.
Postulated was the concentrated material was the first component in the
ice matrix to thaw followed by the ice surrounding the material and along
the ice/liquid interface. When this occurs the highly compact, dehydrated
concentrated material is released where it settles under its own density
with the rate possibly assisted by the melt water depending on the thawing
temperature. At high rates of thawing the melt water flow was
predominantly in the downward vertical direction where it greatly
increased the removal rate of the material. The increase of which was
attributed to differences in the densities between the warming of the melt

water and the bulk solution.
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6.1 CONCEPTUAL MODEL THAT EXPLAINS EFFLUENT FREEZING AT
THE INITIAL FREEZING TEMPERATURE -2 °C

Figure 6.2 conceptualizes, looking from the surface down, the series
of transitions that are believed to occur to the constituents of each
experimental water as the free available water freezes over the course of
freezing to produce the "honey comb" like patterns observed in SEM
studies at the initial freezing temperature -2 °C. Unlike that observed at
the colder initial freezing temperatures, the slow rate of freezing associated
with the warmer initial freezing temperature -2 °C resulted in a much
different cross sectional arrangement for the concentrated material. The
development of "honey comb” like patterns versus the "sheet" like
patterns observed at the colder initial freezing temperatures can be
explained by the effect freezing rate has on particle migration. Previous
work by others showed the opportunity for particles to be pushed and
concentrated at greater distances by the ice-liquid interface before being
entrapped by the ice increases with the slower rates of freezing. From
examination of SEM images it was observed that the ice crystal growth
occurred in all directions perpendicular to its growth producing large
diameter ice needles that projected vertically into the ice column. The
circular like diameter ice needles suggests the solute concentration,
although variable with depth, was relatively uniform around the
perimeter of the ice needle. Particle entrapment occurred only when the
liquid is no longer able to diffuse into the growing solid behind the

concentration of particles.

Particle migration of a different nature was also observed to have

occurred locally within the zone of concentrated material. From SEM
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photographs it was observed that the free available water contained in the
highly concentrated zone of material freezes to further segregate the
constituents within the zone producing a highly porous wafer like
structure. Unknown exactly was how the ice crystal growth within the
zone of concentrated material was initiated. However it is postulated that
the appearance of small ice crystals in the wafer structure occurs by
nucleation. This is supported by the fact that the ice crystals do not extend

to great distances into the wafer structures.

6.2 CONCEPTUAL MODEL THAT EXPLAINS EFFLUENT FREEZING AT
THE INITIAL FREEZING TEMPERATURES -15 °C AND -25 °C

At the initial freezing temperatures -15 °C and -25 °C the free
available water in the membrane concentrate froze to concentrate the
constituents into organized, well structured patterns of thin concentrated
zones. Figure 6.3 conceptualizes, looking from the surface down, the series
of transitions that are believed to occur to the constituents as the free
available water freezes. Following the formation of a thin, upper ice crystal
layer, arrays of cellular ice crystal needles are projected downward into the
concentrate (b). These ice needles grow both downward and outward.
With the nucleation of new crystals inhibited, the ice crystals grow
continuously and longitudinally over large distances forming long
continuous sheets. The formation of these long continuous planes of ice
causes the constituents to be concentrated into thin wafer-like structures
that were oriented parallel and at approximately equal distances from each
other (c) & (d). The distance between wafers were a function of the

concentrate's concentration and freezing rate.
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Rapid Freeze Concentration of the Constituent Material
in the Effluent As Seen From the Surface

Rapid Formation of
Initial Ice Crystals
Predominately

in the Longitudinal
> Direction

(b) Start of Ice Crystal Growth

(a) Before Freezing

Formation of the Wafer-like
Structures

i Concentrated
T~ Material

(c) Progressive Freeze (d) Effluent Frozen
Concentration

Mechanical Compression
> <‘2§ gm of the Concentrated

Material From the
Freezing of the Free
+> | - | <> Available Water

(e) Mechanical Compression And
Dehydration of the Concentrated
Material Over Time

Figure 6.3  Steps Describing the Development of the Concentrated Material

Observed at the Initial Freezing Temperatures -15 and -25 °C



7.0 CONCENTRATED MATERIAL STABILITY STUDIES
7.1 PROCEDURE

Experimental studies were conducted to examine the stability of the
concentrated material over time for each experimental water following
treatment by freeze-thaw to determine the tendency of the settled material
to dissolve back into the bulk solution. Following treatment by freeze-
thaw samples were sealed, covered to prevent the transmission of light
and allowed to stand undisturbed at a room temperature of 24 °C for a
period of approximately 4 weeks. Composite samples were collected in
duplicate at the following time intervals: 3 days, 1 week, 2 weeks, and 4
weeks. Controls comprising of the untreated effluent were allowed to
stand undisturbed for 4 weeks during which they were sampled at the
same intervals as given above for color to determine the percent change
with respect to time. The purpose of the controls were to determine the
change in color due to sample degradation possibility from post

precipitation and biological activity.
7.2 RESULTS AND DISCUSSION

The data collected from stability studies was used to develop an
operational relationship which then could be used by operations to
determine the drain time for the upper liquid fraction to achieve a desired
performance level. This operational relationship is applicable only when
the freezing bed is designed to recover the relatively clear effluent by
drawing it via a weir system. The upper liquid fraction represents the top
70 % liquid volume of the thawed treated effluent. Multiple linear

regression analysis was used utilizing the variable selection technique of
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stepwise regression to develop models that represent the functional

relationship given below for each experimental water type.
tp = k f(Ct/Co, TF) (7.1)

where;
tp = time to drain supernatant after thawing, (hours)
k = constant

C:/C, = color concentration ratio

C: = color concentration in the top 70 % liquid
volume at time t, (CU)

Co = initial color concentration, (CU)

Tr = initial freezing temperature, (°C)

The models developed are valid only under the following

conditions.
Independent Variables Range
Initial freezing temperature -2°Cto-15°C
Method of thaw Bottom-up
Liquid depth 150 mm
Thawing temperature 24°C
Number of freeze-thaw cycles 1

7.2.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

The concentrated material removed by freeze-thaw was observed to
diffuse back into the bulk solution over time. The rate of color dispersion

was reported to differ with respect to the initial freezing temperature. The



general tendency of the data was the rate of color dispersion increased as
the initial freezing temperature increased, of which the differences can be
attributed to several factors. The most important was the difference in the
concentration gradients between the bottom liquid portions representative
of the material removed and concentrated by freeze-thaw. The highest
percentage of waste constituents removed and concentrated in the bottom
sample portion by freeze-thaw was at the initial freezing temperature -2
°C. A second possible factor, although it could not be accurately measured
relates to breakup of the concentrated material during thawing. In
preceding sections it was shown decreasing the initial freezing
temperature decreased the overall thickness of the concentrated material
produced during freezing. This resulted in what appeared in SEM studies
of thawed ice samples to produce a correspondingly increase in the
fragility of the concentrated material. Postulated was break-up attributes to
the rate of diffusion of the concentrated material back into solution (i.e.,
the time period required for the concentrated material to mechanically
break-up or "untangle” itself under quiescent conditions). Thirdly, relates
to biological degradation of the effluent in which chemical
transformations are carried out by living microorganisms. Biological
degradation was observed to affect the Eop effluent more so than the
membrane concentrate over the same time period. For example, the color
concentration in the Eop effluent was reported to decrease by significant
amounts over time. Where as the color concentration in the membrane
concentrate was reported to increase by significant amounts over time.
The effect of which may be related to differences in concentration,
molecular weight, and the ratio of soluble to colloidal/suspended organic

matter between each effluent type. The membrane concentrate was also
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comprised primarily of large molecular weight organics which when
broken down through biological activity can increase the effluent's color

intensity.

Summarized in Table 7.1 are the regression results (Appendix Q).
Tests on the individual regression coefficients showed that all the
variables contributed significantly to the model. The adjusted coefficient of
multiple determination R2 was 0.997 to indicate that about 99.70 % of the
variability in the changes reported for the top 70 % sample portion with
respect to time were explained using the independent variables: initial
freezing temperature and color concentration ratio. Residual analysis was
performed on each independent variable to judge the model's adequacy.
From examination of Figures 7.1 to 7.3 it can be seen that there were no
severe deviations from normality. The operational model designed to
predict the time period following treatment for when to drain to obtain a
desired effluent quality in the top 70 % liquid fraction is depicted in

equation 7.2.

tp = -649.490 + 2603.607 Cy + 8.294 Tf + 21.476 C¢ Tk (7.2)

where;

tp = time period when to drain the top 70 % liquid fraction,
(hours)

Cr=Ct/Co, Co=12,500 CU

TF = initial freezing temperature (°C)
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72.1.1 CONTROL

Plotted in Figure 7.4 are the color concentrations for the different
liquid fractions with respect to time for the untreated sample left to stand
undisturbed at room temperature (24 °C). Figure 7.4 shows the color
concentration having changed over time with it first measured to have
increased in the bottom liquid fraction. The color concentration was
measured to increase by a maximum of 500 CU in the bottom liquid
fraction over approximately a 4 week time period, with the overall color
concentration in the control sample reported to increase by 400 CU. The
reported change in color concentrations for the different liquid fractions
can be attributed to biological activity. For example, the membrane
concentrate was comprised primarily of high molecular weight (> 8000)
color bodies which are known to resist biological degradation. However,
when broken down the increase observed was not unlike that reported in
other studies where color intensity was actually reported to increase
during biological treatment. Color bodies with molecular weights around
5,600 have been reported as being responsible for the largest portion of the

color measured.
7.2.1.2 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figures 7.5 to 7.6 are the color concentrations for different
liquid fractions left to stand undisturbed with respect to time for
membrane concentrate treated by freeze-thaw at the initial freezing
temperature -2 °C. The change in color concentration over time for each

liquid fraction occurred under quiescent conditions. Because of biological
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degradation, Fick's second law by itself, which incorporates the equation of

continuity, cannot be used to explain the rate of color dispersion.

The rate of color dispersion occurred predominantly in one
direction only, with the mass diffusing from the bottom up into the bulk
solution to suggest the concentrated material produced during freezing
was not entirely a floc and that the floc produced was reversible.
Conducting a simple mass balance reveals a majority of the color was
accounted for when adding up of all three liquid fractions at time zero
which suggests simple agitation from chemical analysis was sufficient to
break-up and resuspend the concentrated constituent material. It also
indicates the material was poorly compressed during freezing in which
there did not occur a substantial decrease in color from possible
precipitation and flocculation as observed for the more compact
concentrated material zones produced at the colder initial freezing
temperatures. Examination of Table 7.2 shows the resultant color
concentrations as actually decreasing with time which may be attributed to
biological degradation of the weakly concentrated effluent fractions and
from post chemical precipitation. Post chemical precipitation occurred and
was more pronounced in highly concentrated effluent fractions at this
initial freezing temperature than at any other. The type of precipitate
included substantial amounts of calcium carbonate which may have
enmeshed organic material during precipitation. The relationship
between color and time was linear with a almost perfect positive
correlation (R2 values ranged from 0.996 to 1.000), regardless of liquid

fraction.
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72.1.3 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figures 7.7 to 7.8 are the color concentrations for different
liquid fractions left undisturbed with respect to time for membrane
concentrate treated by freeze-thaw at the initial freezing temperature -15
°C. The relationships observed for color with respect to time were similar
to that reported for the initial freezing temperature -2 °C with the primary
differences being in regards to the rate of color dispersion. The calculated
slopes representing the decrease in color concentration in the bottom
sample portions were -22.97 at the freezing temperature -2 °C and -6.19 at
the freezing temperature -15 °C, respectively. The rate of color dispersion
was approximately 3.7 times lower than that calculated for the initial
freezing temperature -2 °C. A simple mass balance reveals a good majority
of the color was accounted for when adding up of all three liquid fractions
at time zero. However, the overall mass was lower than that reported for
the raw to suggest the possible precipitation of color bodies from the
production of highly compact zones of concentrated material during
freezing. From examination of Table 7.3 the resultant color concentrations
can be seen as increasing with time. This was opposite to that observed at
the initial freezing temperature -2 °C with the differences likely attributed
to post chemical precipitation having occurred more at the warmer initial
freezing temperature. The increase in color can also be attributed to
increased biological degradation in the top liquid fraction to potentially
increase color from the breakdown of its higher percentage of high
molecular weight compounds. It may also be attributed to a fraction of the

color causing material not as being easily untangable from its compact
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Table 7.2  Change in Treated Effluent Color Concentration with Respect
to Time for Membrane Concentrate Left to Stand Undisturbed
Following Freeze-thaw (Initial Freezing Temperature -2 °C,
Thaw Bottom-up at 24 °C)

Parameter Time (hours)

0 62.5 119.5 335.5 720
Resultant Color 12,400 12,300 12,100 11,400 9,800
Concentration (CU)*
Percent Difference -0.8 -1.6 -3.2 -9.1 -21.6

with Respect to Raw
(%)

* Average Values, Sample Set Size: 3, Raw Effluent Color: 12,400 CU, minus sign indicates a decrease with

respect to raw

Table 7.3  Change in Treated Effluent Color Concentration with Respect
to Time for Membrane Concentrate Left to Stand Undisturbed
Following Freeze-thaw (Initial Freezing Temperature -15 °C,
Thaw Bottom-up at 24 °C)
Parameter Time (hours)
0 63 120 491 720
Resultant Color 10,500 10,600 10,800 11,500 11,900
Concentration (CU)*
Percent Difference -16.0 -15.2 -13.6 -8.0 -4.8

with Respect to Raw
(%)

* Average Values, Sample Set Size: 3, Raw Effluent Color: 12,400 CU, minus sign indicates a decrease with

respect to raw
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concentrated material structure as maybe for the more highly porous

material structure produced at the initial freezing temperature -2 °C.
722 ALKALINE EXTRACTION STAGE EFFLUENT

Similar to that observed for the membrane concentrate, the
constituents removed as a concentrated material by freeze-thaw were
reported over time to diffuse back into the bulk solution. The biological
degradation rate to the control sample over time at room temperature was
substantially higher than that observed for the more concentrated
membrane concentrate. In the case of membrane concentrate the color
concentration was reported to increase in the upper liquid fraction over
time. Whereas for the Eop effluent the color concentration in the upper
liquid fraction was reported to decrease over time. The difference of which
may be in part related to the size distribution of the organics and their
biodegradability. In either case, the rate of biological degradation was
substantial to have greatly influenced the resultant color concentrations

associated with each liquid fraction.

Summarized in Table 7.4 are the regression results (Appendix D).
Tests on the individual regression coefficients showed that all the
variables contributed significantly to the model. The adjusted coefficient of
multiple determination R? was 0.972 to indicate that about 97.20 % of the
variability in the changes reported in the top 70 % sample portion with
respect to time were explained using the independent variables: initial
freezing temperature and the color concentration ratio. Residual analysis
was performed on each independent variable to judge the model's

adequacy. From examination of Figures 7.9 to 7.11 it can be seen that there
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317
were no severe deviations with respect to normality. The operational
model designed to predict the time period when to drain following
treatment to obtain a desired effluent quality in the top 70 % liquid

fraction is depicted in equation 7.3.

tp = -198.633 + 1929.426 Cy + 28.840 Tg - 31.677 CTF (7.3)

where;

tp = time period when to drain the top 70 % liquid fraction,
(hours)

G =Ct/Co,Co=3,440CU

Tr = initial freezing temperature (°C)
72.21 CONTROL

Plotted in Figure 7.12 are the color concentrations for the different
liquid fractions with respect to time for the untreated sample left to stand
undisturbed at room temperature (24 °C). The color concentration in the
control sample was reported to uniformly decrease for a maximum change
of 1,470 CU over approximately a four week time period. The decrease in
color concentration was likely from biological degradation or form natural

color flocculation of the sample over time.
72.2.2 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figures 7.13 to 7.14 are the color concentrations for the
different liquid fractions left undisturbed with respect to time for Eop
effluent treated by freeze-thaw at the initial freezing temperature of -2 °C.
Similar to that observed for the membrane concentrate, the change in

color with respect to time for each liquid fraction can be described by a
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linear relationship. Similarly, conducting a simple mass balance reveals a
good majority of the color was accounted for when adding up of all three
liquid fractions at time zero. From examination of Table 7.5 the resultant
color concentrations can be seen as increasing with time. This indicates
that the concentrated material produced was not entirely comprised of
flocs per say, but rather a mixture of dissolved and stable organic matter

together with flocculated and precipitated organic and inorganic material.
7.2.2.3 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figures 7.15 to 7.16 are the color concentrations for the
different liquid fractions left undisturbed with respect to time for Eop
effluent treated by freeze-thaw at the initial freezing temperature of -15 °C.
The calculated slopes representing the change in color in the bottom
sample portions were -1.85 at the initial freezing temperature -2 °C and
-0.31 at the initial freezing temperature -15 °C. The rate of color dispersion
was approximately 6.0 times lower than that calculated for the initial
freezing temperature -2 °C. Conducting a simple mass balance reveals a
good majority of the color was accounted for when adding up of all three
liquid fractions at time zero. From examination of Table 7.6 the resultant
color concentration can be seen as increasing with time. This again
indicates that the concentrated material produced was not entirely
comprised of flocs per say, but rather a mixture of dissolved and stable
organic matter together with flocculated and precipitated organic and

inorganic material.
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Table 7.5  Change in Treated Effluent Color Concentration with Respect
to Time for Eop Effluent Left to Stand Undisturbed Following
Freeze-thaw (Initial Freezing Temperature -2 °C, Thaw
Bottom-up at 24 °C)

Parameter Time (hours)

0 54 136 298 720
Resultant Color 2,100 2,200 2,220 2,260 2,470
Concentration (CU)*
Percent Difference -39.0 -36.0 -35.5 -34.3 -28.2

with Respect to Raw
(%)

* Average Values, Sample Set Size: 3, Raw Effluent Color: 3,440 CU, minus sign indicates a decrease with

respect to raw

Table 7.6~ Change in Treated Effluent Color Concentration with Respect
to Time for Eop Effluent Left to Stand Undisturbed Following
Freeze-thaw (Initial Freezing Temperature -15 °C, Thaw
Bottom-up at 24 °C)

Parameter Time (hours)

0 55 136 313 720
Resultant Color 1,990 2,050 2,130 2,260 2,650
Concentration (CU)*
Percent Difference -12.2 -40.4 -38.1 -34.3 -229

with Respect to Raw
(%)

* Average Values, Sample Set Size: 3, Raw Effluent Color: 3,440 CU, minus sign indicates a decrease with

respect to raw
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8.0 FREEZE LAYERING STUDIES
8.1 PROCEDURE

Experiments to simulate freezing in layers were conducted at the
experimental conditions that provided for the best results for each
experimental water type. The initial freezing temperatures investigated
were -2 °C, -15 °C, and -25 °C, respectively. All frozen samples were thawed
bottom up at a temperature of 24 °C. Freezing in layers was conducted in
125 mm lifts, with the freezing of the first layer performed followed by the
addition and freezing of the second layer on top of the first. The initial

liquid temperatures of each effluent prior to freezing was 4 °C.
8.2 RESULTS AND DISCUSSION

Experimental tests were conducted to evaluate the benefit of
conducting freeze-thaw by layering versus single liquid depths. The
manner in which the effluent would freeze in a freezing pond can be
described by water’'s unusual property. The density of water is a function of
temperature and its maximum density occurs near 4 °C. In freezing the
effluent from the top down, the surface water loses its heat, becomes more
dense and sinks. This process occurs until all the water in the freezing bed
is at 3.96 °C, when the density is at its maximum. Further cooling produces
a lighter layer of water at the top. The lighter layer grows in depth with
cooling until the effluent at the top has lost enough heat to cause ice
production. Under quiescent conditions, a thin surface film of ice
develops. The rate of freezing of the water to the underside of the ice sheet
is a function of how effective the latent heat of fusion released by freezing

can be conducted upward. The rate of thermal growth of the ice cover is
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governed by the heat exchange at the top and bottom surfaces and heat
conduction in the ice cover. Heat conduction across the top surface will
depend on air temperature, wind velocity, humidity, and short- and long-
wave radiation. Heat conduction at the bottom surface depends on water
temperature and temperature of the freezing bed. Heat conduction in the

ice depends on its thermal conductivities with respect to its depth.

Freezing and thawing indices have been developed for calculation
of freezing and thawing depths, particularly for soils. Several equations are
available with the original work by Neumann serving as a basis for
development of the empirical models by Berggren and Stefan. In
particular, a modified Stefan equation was developed specifically to solve
the thawing depth of a multiple layer system. Equations of this nature can
be used as operational tools to predict the freezing and thawing depth of a
single and multiple layer system under different climatic conditions
which in turn can be used to regulate the maximum number of layers. An
important parameter that is not taken into account by the above indices is
the temperature of the waste effluent. Pulp mill effluents are high in
temperature (65 °C) and will as result cause thawing of the immediate top
portion of the frozen layer over which the new layer of effluent is applied.
Unknown is to what depth there will occur additional thawing in the
frozen layer immediately below the newly applied layer. Before such
indices can be applied additional field work is required to simulate freeze

layering at the effluent temperatures anticipated for the process.

The layering results presented were derived from freezing each
experimental water in 125 mm lifts with the initial temperature of these

liquids equal to their storage temperatures (4 °C). Because the storage
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temperature was close to the maximum density of water, laboratory
unidirectional freezing experiments did not simulate the concentration
effects that would occur from density changes as the liquid cools.
Substantial thawing of the layer below from the application of a high
temperature effluent is likely to have an adverse effect on the end
supernatant quality. This is based on the fact substantial heating from the
top simulates thawing from the top down which was reported in

preceding sections to adversely affect treatment performance.
8.2.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Layering was not observed to substantially improve treatment
performance. The general tendency of the data was layering marginally
improved treatment performance only at the lower initial freezing
temperatures in which the color concentrations were reported as being
marginally lower. The results are in part explained by the fragility of the
concentrated material. Layering conducted in thin layers at low initial
tfreezing temperatures was believed to have reduced the degree of
disturbance to the concentrated material during thawing by reducing the
contact time of the material has with the bulk solution before it is

removed.
8.2.1.1 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figure 8.1 are the color distributions with respect to liquid
depth for membrane concentrate frozen in single and multiple layers at

the initial freezing temperature -2 °C. The color distributions were not
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substantially different with respect to concentrate samples treated in
multiple layers of 125 mm liquid depths versus samples treated in single
layers of 250 mm liquid depths. Those points along the curves in which
the data began to deviate was at the interface of the first and second layer
for samples treated by layering and that this was probably the result of
superficial melting of the top layer caused by the addition of the second
layer. The color distribution associated with the single 150 mm liquid
depth was lower than the distributions reported for layering and deeper

liquid depths (250 mm).
8.2.1.2 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figure 8.2 are the color distributions with respect to liquid
depth for membrane concentrate frozen in single and multiple layers at
the initial freezing temperature -15 °C. The color distributions were not
substantially different with respect to concentrate samples treated in
multiple layers of 125 mm liquid depths versus samples treated in single

layers of 150 mm and 250 mm liquid depths.
8.2.1.3 INITIAL FREEZING TEMPERATURE: -25 °C

Plotted in Figure 8.3 are the color distributions with respect to liquid
depth for membrane concentrate frozen in single and multiple layers at
the initial freezing temperature -25 °C. The color distribution was
marginally lower for concentrate frozen in multiple layers of 125 mm
liquid depths in comparison to concentrate frozen at a single liquid depth
of 250 mm. The color distributions were not substantially different for
concentrate frozen in multiple layers of 125 mm liquid depths versus

single layers of 150 mm liquid depths.
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8.2.2 ALKALINE EXTRACTION STAGE EFFLUENT

Layering was observed to have a more beneficial effect on color
removal by freeze-thaw of Eop effluent than reported for membrane
concentrate. The general tendency of the data was layering improved
treatment performance at the lower initial freezing temperatures in which
the color concentrations decreased with respect to deeper liquid depths.
However, at low initial freezing temperatures (<-15 °C) the color
distributions were not substantially different between samples frozen in
multiple layers of 125 mm liquid depths and samples frozen in single 150
mm liquid depths. The results can be in part explained by the fragility of
the concentrated material. Layering conducted at low initial freezing
temperatures was believed to have reduced the degree of disturbance to

the concentrated material during thawing.
8.2.2.1 INITIAL FREEZING TEMPERATURE: -2 °C

Plotted in Figure 8.4 are the color distributions with respect to liquid
depth for Eop effluent frozen in single and multiple layers at the initial
freezing temperature -2 °C. The general tendency of the data at this initial
freezing temperature was similar to that reported for the membrane
concentrate at the same initial freezing temperature. The color
distributions were not substantially different with respect to Eop samples
treated in multiple layers of 125 mm liquid depths versus samples treated
in a single layer of 250 mm liquid depth. The only points along the curves
in which the data began to deviate were those close to the interface of the
first and second layer for samples treated by layering and that this was

likely the result of superficial melting of the top first layer caused
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by the addition of the second layer. The color distribution associated with
the single 150 mm liquid depth was lower than the distributions reported

for layering and the deeper liquid depths.
8.2.2.2 INITIAL FREEZING TEMPERATURE: -15 °C

Plotted in Figure 8.5 are the color distributions with respect to liquid
depth for Eop effluent frozen in single and multiple layers at the initial
freezing temperature -15 °C. The color distribution was marginally lower
for Eop frozen in multiple layers of 125 mm liquid depths versus a single
250 mm liquid depth. Also similar were the color distributions for Eop

frozen in multiple and single layers of 125 mm and 150 mm liquid depths.
8.2.2.3 INITIAL FREEZING TEMPERATURE: -25 °C

Plotted in Figure 8.6 are the color distributions with respect to liquid
depth for Eop effluent frozen in single and multiple layers at the initial
freezing temperature -25 °C. The general tendency of the data at this initial
freezing temperature was similar to that observed for the initial freezing
temperature of -15 °C. The color distribution was marginally lower for Eop
frozen in multiple layers of 125 mm liquid depths versus a single 250 mm
liquid depth. Also similar were the color distributions for Eop frozen in
multiple and single layers of 125 mm to 150 mm liquid depths.
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9.0 EMPIRICAL MODEL DEVELOPMENT

Empirical models are applicable in circumstances whereby the
mechanisms underlying the process are too complicated or not well
enough understood to allow an exact model to be postulated from theory.
In the case of freeze-thaw for the treatment of pulp mill membrane
concentrates, the interaction of the physical and chemical mechanisms
capable of causing separation are varied and complex, making the use of
theoretical models not possible. Model building is an iterative sequence.
Factorial designs were used to facilitate the discovery of similarities and
simplifications and thus assisted in the process of model building. These
experimental designs were also used to provide estimates of the "effects"

of the changes.
9.1 FACTORIAL DESIGN

Separate factorial experiments were initially conducted for each
experimental water type to investigate the quantitative variables: initial
freezing temperature, method of thawing, thawing temperature, storage
time, and storage temperature. Boundary points were then selected and
the factorial experiments combined to develop an empirical relationship
to predict the color concentration in the top 70 % liquid fraction for each

effluent type following treatment by freeze-thaw.
9.2 BOUNDARY SELECTION AND MODEL LIMITATIONS

Utilizing results from the preceding sections boundary parameter
set points were selected from which multiple linear regression analyses

were performed to statistically model the freeze-thaw process for each
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experimental water type. Method of thawing was identified as the most
important parameter in achieving high color removals in the upper liquid
fraction. Consistently observed for frozen samples thawed top down in
which the ice was prevented from floating was the overall color removals
in the top 70 % liquid volume were very low (< 40.8 %). So low were the
removals with respect to the untreated effluents that thawing the effluents
from the top down would not, from an operational point of view, produce
acceptable results to warrant the use of this technology. Therefore with
respect to method of thawing to achieve acceptable results the process
would have to be operated to promote melting of the ice from the bottom
up. This will require the system to be designed to modify the natural
process of thawing by the introduction of heat. Waste heat resulting from
the discharge of high temperature effluents is a logical heat source which
for the pulp mill represents a source of pollution. Natural thawing is a
mix of melting from the top and bottom of the ice. However, the
introduction of heat below the ice mass is necessary to establish the
appropriate melt water flow pattern and the release of the concentrated
material entrapped within the ice matrix. In the model, thawing
temperature therefore relates to the temperature applied at the bottom of
the ice mass to cause melting. Under these circumstances, thawing
temperature was deemed a controllable process parameter. A broad range
of thawing temperatures were investigated. The thawing temperatures
that were independently studied were 4 °C, 15 °C, and 24 °C, respectively.
The range of thawing temperatures considered as boundary set points in
the models were the between the temperature range 4 °C to 24 °C. High
thawing temperatures were considered in part because of the on-site waste

heat source available in the discharge of high temperature effluents which
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may be used to thaw the ice mass from the bottom up. To take advantage
of this waste heat, the effluent would be prior to freezing pumped through
an underground pipe network located underneath the freezing ponds. The
purpose of which would be to heat the ground below the frozen mass to
cause melting from the bottom up and to allow the ice to eventually break
away to float. Because of high expected waste stream effluent temperatures
(65 °C) an upper boundary limit of 24 °C was selected for the independent

variable thawing temperature.

The range of initial freezing temperatures investigated as part of
this study were from -2 °C to -25 °C. The boundary set points selected for
the independent variable initial freezing temperature was between -2 °C
and -15 °C. Data presented in the preceding chapters showed that
treatment performance did not significantly change for initial freezing
temperatures below -15 °C in samples thawed from the bottom up.
Therefore the lower boundary set point selected for initial freezing
temperature was -15 °C. However, in reality outside temperatures colder
than -15 °C can occur for very cold regions. The storage temperature range
investigated was between the temperatures -2 °C and -15 °C. The same
boundary set points were used for storage temperature as used for the

independent variable initial freezing temperature.

The range of storage times investigated were from O to 90 days.
Independent results showed that if storage temperature was to be
considered a parameter then a storage time of greater than 30 days was
necessary for the results to be significant. For example, in the case of
membrane concentrate, storage times below 30 days were not observed to

significantly affect treatment performance. However, it is anticipated that
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the process will be operated by means of layering in which thin layers of
effluent will be frozen from the top down on top of existing frozen layers.
This would likely be required to conserve land space and to take advantage
of the positive effect storage time can have on treatment performance.

Therefore the upper boundary limit selected for storage time was 90 days.

Liquid depth was not included as an independent variable in the
regression analyses. Data presented in preceding chapters showed liquid
depth to be relatively unimportant between range of 150 mm to 250 mm.
The color removals for each experimental water type were either not
substantially different or in the case of the warmer initial freezing
temperature (-2 °C) the percent color removals associated with the
equivalent volume fractions were not substantially different. Therefore
the models that are developed can be assumed to be valid between a liquid
depth of 150 mm to 250 mm.

Concentration was not included as an independent variable in the
regression analyses. Experimental studies conducted to examine the effect
of concentration on the concentrated material morphology showed for
membrane concentrate, the general characteristics of the material
remained relatively unchanged (within 1 standard deviation of the
thickness observed for the stock solution) between the dilutions strengths
0 % (stock concentrate) to 50 %. These dilution strengths correspond to a
concentrate with a color concentration between 6,250 CU to 12,500 CU. The
concentrated material produced between this dilution range at the initial
freezing temperatures -2 °C and -15 °C were not substantially different
with respect the undiluted sample in regards to shape, porosity, and

thickness. Therefore the empirical model developed to predict treatment
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efficiency when expressed as percent color removal would be valid for the
above color range for concentrates derived from the same effluent source
using similar membrane technology (i.e., molecular weight cutoff of
around 8000). Dilution studies were not conducted on the Eop effluent as
this waste stream concentration was not expected to vary greatly in the

context of kraft pulp mill operations.

9.3 ANALYSIS OF VARIANCE FOR EACH EXPERIMENTAL WATER
TYPE

Presented below are the analysis of variance tables conducted to test
the equality of the parameters: initial freezing temperature, thawing
temperature, storage temperature, and storage time with respect to each
effluent type. These parameters were statistically examined at their
boundary set points to determine their effect on the measured color
concentration contained in the top 70 % liquid volume of each effluent

type following treatment by freeze-thaw.
9.3.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

From examination of the F ratio values in Table 9.1 it can be
concluded that the single level interactions: initial freezing temperature,
thawing temperature, storage time, and storage temperature at the set
points investigated significantly affected the resultant color concentration
in the top 70 % liquid volume of the treated concentrate for a 95 %
confidence limit. Similarly, the two level interactions that significantly

affected the resultant color concentration in the upper liquid portion were:
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Table 9.1

Analysis of Variance Table for Membrane Concentrate Frozen
and Thawed Under Different Freeze-thaw Conditions
Effect SUM-OF- Degrees |Mean-Square | F-Ratio P
SQUARES of
Freedom
(n-1)
Main Effects
nitial Freezing 0.184846E+08 |1 0.184846E+08 | 5172.220 0.000
Temperature
Thawing Temperature |0.134460E+08 |1 0.134460E+08 | 3762.344 0.000
Storage Time 149763.672 3 49921.224 13.909 0.000
Storage Temperature 214484.766 1 214484.766 60.015 0.000
Two-Factor Interachions
Freezing Temperature * | 121191.016 1 121191.016 33911 0.000
Thawing Temperature
Freezing Temperature * | 69407 422 3 23135.807 6.474 0.002
Storage Time
Freezing Temperature " | 918831766 1 91884.766 25710 0.000
Storage Temperature
Thawing Temperature® |21795.047 3 7260.016 2.033 0.129
Storage Time
Thawing Temperature” | 244.1-1 1 241141 0.068 0.795
Storage Temperature
Storage Time* Storage | 25285547 3 8428.516 2358 0.090
Temperature
Three-Factor Interaction
Freezing Temperature® |9779.297 3 3259.760 0912 0.446
Thawing Temperature®
Storage Time
Freezing Temperature® |65344.141 1 65344.141 18.284 0.000
Thawing Temperature®
Storage Temperature
Freezing Temperature® 42060.547 3 14020.182 3923 0.017
Storage Temperature”
Storage Time
Thawing Temperature® |34488.672 3 11496.224 3217 0.036
Storage Temperature®
Storage Time
Four-Factor Interaction
Freezing Temperature * | 116603.672 3 3887.891 1.088 0.368
Thawing Temperature *
Storage Time" Storage
Temperature .
Error 114362.500 32 3573.828




initial freezing temperature * thawing temperature, initial freezing

*

temperature * storage time, and initial freezing temperature * storage
temperature. Similarly, the three level interactions that significantly
affected the resultant color concentration in the upper liquid portion were:
initial freezing temperature * thawing temperature * storage temperature,
initial freezing temperature * storage temperature * storage time, and
thawing temperature * storage time * storage temperature. The remaining

two, three, and four level interactions not discussed in Table 9.1 were not

reported to significantly affect treatment performance.
9.3.2 ALKALINE EXTRACTION STAGE EFFLUENT

From examination of the F ratio values in Table 9.2 it can be
concluded that the single level interactions: initial freezing temperature,
thawing temperature, storage time, and storage temperature at the set
points investigated significantly affected the resultant color concentration
in the top 70 % liquid volume of the treated Eop effluent for a 95 %
confidence limit. Similarly, the two level interactions that significantly
affected the resultant color concentration in the upper liquid portion were:
initial freezing temperature * thawing temperature, initial freezing
temperature * storage time, initial freezing temperature * storage
temperature, thawing temperature * storage time, thawing temperature *
storage temperature, and storage time * storage temperature. The
remaining three, and four level interactions presented in Table 9.2 were

not reported to significantly affect treatment performance.
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Table 9.2

Analysis of Variance Table for Eop Effluent Frozen and

Thawed Under Different Freeze-thaw Conditions

Effect

Main Effects

SUM-OF-
SQUARES

Degrees
of
Freedom
(n-1)

Mean-Square

F-Ratio

Initial Freezing
Temperature

59963.766

1

59963.766

94.086

0.000

Thawing Temperature

2526907 641

2526907.641

3964.846

0.000

Storage Time

20730.172

6910.057

10.842

0.000

Storage Temperature

32715.766

32715.766

51.333

0.000

Two-Factor interactions

Freezing Temperature *
Thawing Temperature

680418.766

680418.766

1067.611

0.000

Freezing Temperature *
Storage Time

7842.797

2614.266

4.102

0.014

Freezing Temperature *
Storage Temperature

4048.141

4048.141

0.017

Thawing Temperature”
Storage Time

8072.672

2690.891

0.013

Thawing Temperature”
Storage Temperature

2929.516

2929.516

4.597

0.040

Storage Time* Storage
Temperature

7769.547

2589.849

4004

0.015

Three-Factor Interaction

Thawing Temperature”
Storage Time

Freezing Temperature®

946547

315.516

0.495

0.088

Freezing Temperature®
Storage Temperature”
Storage Time

3822.172

1274.057

1.999

0.134

Thawing Temperature”
Storage Temperature®
Storage Time

972.047

324.016

0.508

0.679

Four-Factor Interaction

Freezing Temperature *
Thawing Temperature *
Storage Time™ Storage
Temperature

3170922

1056.974

1.658

0.196

Error

20394.500

637.328




9.4 MULTIPLE LINEAR REGRESSION MODELING
9.4.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

Multiple linear regression analysis was performed on the laboratory
data produced in the treatment of membrane concentrate by freeze-thaw.
The independent variables considered in the analysis were those
interactions shown to significantly affect treatment performance in the
table of analysis of variance. Summarized in Table 9.3 are the regression

results.

Tests on the individual regression coefficients showed that the
interactions: initial freezing temperature, thawing temperature, storage
time, storage temperature, initial freezing temperature * thawing
temperature, initial freezing temperature * thawing temperature * storage
temperature, initial freezing temperature * storage time * storage
temperature, and thawing temperature * storage time * storage
temperature contributed significantly to the model. The variables that did
not contribute significantly to the model were the interactions; initial
freezing temperature * storage temperature, and initial freezing
temperature * storage time. The above testing of the individual regression
coefficients suggests the model might be more effective with the deletion
of these interactions. The adjusted coefficient of multiple determination
R2 was 0.990 to indicate that about 99.00 % of the variability in the
measured color concentration in the top 70 % liquid volume was
explained by using the independent variables: initial freezing temperature,
thawing temperature, storage time, and storage temperature. A normal

plot of the individual effects with respect to probability shows the
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estimates; initial freezing temperature, thawing temperature and storage
temperature as having deviated from the straight line (Figure 9.1). From
this we can conclude that these effects cannot be easily explained as chance

occurrences.

Residual analysis was performed on each independent variable to
judge the model's adequacy. From examination of Figures 9.2 to 9.6 it can
be seen that there were no severe deviations from normality. To check the
model's lack of fit, the pure error sum of squares was calculated. The lack
of fit sum of squares was calculated by subtracting the pure error sum of
squares from the residual sum of squares. Using this information the F,
statistic was calculated and compared to the table value. Since F(0.025, 21,32)
> Fo in Table 9.3 we must accept the hypothesis that the tentative model

adequately describes the data. The model is depicted in equation 9.1.

The empirical relationship developed to predict the resultant color
concentration in the top 70 % liquid fraction following treatment of

membrane concentrate by freeze-thaw is as follows:

y=  4237.453 - 87.603 Tf -37.620 Tt - 1.747 S; + 12.369 St
+ 1.075 TfTT - 0.056 T1S; - 0.197 TgS; + 0.048 TFTTST
+ 0.009 TgS;iST + 0.007 T15;ST (9.1)
where;
y = estimated color concentration in the top 70 % liquid volume, CU
T = Initial Freezing Temperature, °C
Tt = Thawing Temperature, °C
Si = Storage Time, days
St = Storage Temperature, °C

350



4nn
T — % ¢
e - S . D
- - ; s |
- d
*
L g
*
9 4
=
3 S = - e [
2 e e e et e e e ]
a - R e e e e = e ———
e 1
a -
« - =+ ———-— 1 Qrder Number. i| Effect P (%) o s
P N —— ) -87.603 5.0 — ]
2 -37.620 |15.0
R -1.747 23.0 -
4 -0.197 35.0
A -0.056 5.0 -
6 0.007 55.0
- SR ] 0.009 65.0 O
8 0.048 75.0
9 1075 85.0
10 12.369 95.0
+

-50 -40

-30

-20

-10

10 20

Figure 9.1

Effects

Normal Plot of Effects for the Regression Model Developed
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Although the above model adequately describes the data the
inclusion of two and three level interactions unnecessarily makes model's
use as an operational tool difficult. Stepwise regression was used as a
variable selection technique to conclude the best regression equation. The
computer results of this stepwise regression are given in Appendix E. The
best regression is summarized in Table 9.4. Interactions deleted as part of
the stepwise analysis were initial freezing temperature * storage time, and
initial freezing temperature * storage temperature. A revised normal plot
of the individual effects with respect to probability shows the results did
not change with the estimates; initial freezing temperature, thawing
temperature and storage temperature deviating from the straight line
(Figure 9.7). Deletion of these terms did not change the adjusted coefficient
of multiple determination R2. Residual analysis was performed on each
independent variable to judge the model's adequacy. From examination of
Figures 9.8 to 9.12 it can be seen that there were no severe deviations from
normality. To check the model's lack of fit, the lack of fit sum of squares
was recalculated by subtracting the pure error sum of squares from the
residual sum of squares. Using this information the F, statistic was
calculated and compared to the table value. Since F(0.025, 24,32) > Fo in
Table 9.4 we cannot reject the hypothesis that the tentative model
adequately describes the data. The best regression model is depicted in

equation 9.2.

y=  4232.061 - 87.997 Tr -37.696 TT - 1.380 S; + 13.676 ST 9.2)
+ 1.009 TgTT + 0.040TeTTST + 0.011 TES;ST + 0.006 T1S;ST
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where;

y = estimated color concentration in the top 70 % liquid volume, CU
TE = Initial Freezing Temperature, °C

T1 = Thawing Temperature, °C

Si = Storage Time, days

St = Storage Temperature, °C
9.42 ALKALINE EXTRACTION STAGE EFFLUENT

Multiple linear regression analysis was performed on the laboratory
data produced in the treatment of Eop effluent by freeze-thaw. The
independent variables considered in the analysis were those interactions
shown to significantly affect treatment performance in the analysis of

variance table. Summarized in Table 9.5 are the regression results.

Tests on the individual regression coefficients showed that all the
interactions with the exception of thawing temperature * storage
temperature contributed significantly to the model. The above testing of
the individual regression coefficients suggests the model might be more
effecti/e with the deletion of the interaction thawing temperature *
storage temperature. The adjusted coefficient of multiple determination
R2 was 0.986 to indicate that about 98.60 % of the variability in the
measured color concentration in the top 70 % liquid volume was
explained by using the independent variables: initial freezing temperature,
thawing temperature, storage time and storage temperature. A normal
plot of the individual effects with respect to probability shows the
estimates; initial freezing temperature, storage temperature, thawing

temperature, storage time and initjal freezing temperature * thawing
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Figure 9.7
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temperature as having deviated from the straight line (Figure 9.13). From
this we can conclude that these effects cannot be explained as chance
occurrences. In the test for significance of regression F, > F(0.025, 10, 53) to
reject the hypothesis that at least one of the independent variables

contributes significantly to the model.

Residual analysis was performed on each independent variable to
judge the model adequacy. From examination of Figures 9.14 to 9.18 it can
be seen that there were no severe deviations from normality. To check the
model's lack of fit, the pure error sum of squares was calculated. The lack
of fit sum of squares was calculated by subtracting the pure error sum of
squares from the residual sum of squares. Using this information the F,
statistic was calculated and compared to the table value. Since F, was <
F(0.025, 21,32) in Table 9.5 we cannot reject the hypothesis that the tentative
model adequately describes the data. The model is depicted in equation 9.3.

The empirical relationship developed to predict the resultant color
concentration in the top 70 % liquid fraction following treatment of Eop

effluent by freeze-thaw is as follows (equation 9.3):

y=  1378.123 + 20.606 Tf -35.676 Tt - 0.805 S; + 4.290 St -1.586 T¢TT
+0.032 T15; - 0.033 T§S; - 0.104 TSt + 0.188 TEST + 0.050 S;ST

where;

y = estimated color concentration in the top 70 % liquid volume, CU

Tr = Initial Freezing Temperature, °C

Tt = Thawing Temperature, °C

Si = Storage Time, days

ST = Storage Temperature, °C
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Although the above model adequately describes the data the
inclusion of two level interactions unnecessarily makes model's use as an
operational tool difficult. Stepwise regression was used as a variable
selection technique to conclude the best regression equation. The
computer results of this stepwise regression are given in Appendix F. The
best regression is summarized in Table 9.6. Interactions deleted as part of
the stepwise analysis were storage temperature, initial freezing
temperature * storage temperature, and thawing temperature * storage
temperature. A revised normal plot of the individual effects with respect
to probability shows the estimates; initial freezing temperature, thawing
temperature, and initial freezing temperature * thawing temperature as
not having fallen on the straight line (Figure 9.19). From this we can
conclude that these effects cannot be explained as chance occurrences.
Deletion of these terms reduced the adjusted coefficient of multiple
determination R2 from 0.986 to 0.984. Residual analysis was performed on
each independent variable to judge the model adequacy. From
examination of Figures 9.20 to 9.24 it can be seen that there were no severe
deviations from normality. To check the model's lack of fit, the lack of fit
sum of squares was recalculated by subtracting the pure error sum of
squares from the residual sum of squares. Using this information the F,
statistic was calculated and compared to the table value. Since F, was <

F(0.025, 24,32) in Table 9.6 we cannot reject the hypothesis that the tentative
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model adequately describes the data. The best regression model is depicted

in equation 9.4.

y=  1341.658 + 19.006 Tf -34.791 Tt - 0.655 S; -1.586 TgTT
+ 0.032 T1S; - 0.033 TgS; + 0.068 S;St (9.4)

where;

y = estimated color concentration in the top 70 % liquid volume, CU
TF = Initial Freezing Temperature,' °C

Tt = Thawing Temperature, °C

S; = Storage Time, days

St = Storage Temperature, °C

9.5 MODEL TESTING

The best empirical models developed for each experimental water
type were checked for their prediction of new observations at different

experimental set points from those used in modeling.
9.5.1 ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE

The best empirical model (equation 9.2) was tested at an
experimental set point other than that used in the development of the
model to check its prediction of new observations. Summarized in Table
9.7 are actual values compared to predicted values by the new model. The
actual data used represents the resultant color concentration in the top 70
% liquid volume in which the experimental set points were: initial
freezing temperature -5 °C, thawing temperature 24 °C, storage time 0, and

storage temperature equal to the initial freezing temperature. Examination
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of Table 9.7 shows the model was a good predictor of the actual color
concentration measured in the upper liquid portion of the run setting
taken between the boundary set points of the model. Residuals at the
initial freezing temperature -5 °C were calculated to range from 78 CU to
192 CU.

9.5.2 ALKALINE EXTRACTION STAGE EFFLUENT

The best empirical model (equation 9.4) was tested at two different
experimental set points to check the model's prediction of new
observations. Summarized in Table 9.8 are actual values compared to
predicted values by the new model. The actual data used represents the
resultant color concentration in the top 70 % liquid volume in which the
experimental set points were: initial freezing temperature -5 °C and -10 °C,
thawing temperature 24 °C, storage time 0, and storage temperature equal
to the initial freezing temperatures. Examination of Table 9.8 shows the
model was a good predictor of the actual color concentration measured in
the upper liquid portion of run settings taken between the boundary set
points of the model. Residuals at the initial freezing temperature -5 °C
were calculated to range from 8 CU to 57 CU, for a corresponding range in
percent difference between 1.3 % to 9.5 %. At the initial freezing
temperature -10 °C the residuals were calculated to range from 48 CU to 71
CU, for a corresponding range in percent differences from between 6.4 %
t0 9.2 %.
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10.0 OVERALL SUMMARY AND CONCLUSIONS

The research identified a new field of application for freeze-thaw as
a waste treatment process for the management of high strength effluents
derived from kraft pulp mill operations. Freeze-thaw was shown that it
can effectively treat effluents that are comprised of dissolved and colloidal
organic matter which through concentration and mechanical coagulation
by freezing can be efficiently settled and removed from the bulk solution
upon thawing to allow the collection of a relatively clear supernatant.
Although the focus of this research was on kraft pulp mill effluents, it is
likely that this method of treatment is also suitable for other waste
effluents whose constituents are amenable to removal by mechanical

coagulation using freezing.

Alkaline extraction stage effluent and concentrates there of are
waste streams that are well suited for treatment by freeze-thaw. The
primary mechanisms postulated as being responsible for removal of the
effluent’s constituent matter by freeze-thaw were based on a series of
experiments conducted to examine the concentrated material in its frozen
and thawed physical state. Found was there occurs a series of mechanisms
that work consecutively to concentrate and settle the constituents of the
waste effluent as a concentrated material. It was postulated that separation
initially begins to occur in the cooling of the liquid during freezing
through settlement of more dense liquid layers as water approaches its
maximum density during cooling. This was followed by the development
of a fine layer of ice on the liquid surface, from which ice needles began to
grow. The rate of freezing determines the cross sectional morphology of

these ice needles. Slow rates of freezing produces circular ice needles,
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where as high rates of freezing causes the ice needles to rapidly grow
predominantly in one direction to form the sheet like pattern observed in
SEM studies. The variable solute concentration around the perimeter of
the ice needles causes them to grow predominantly downward, parallel
with the direction of freezing pushing aside the liquid's constituents in
search of new water molecules. Over time these ice needles grow outward
to slowly concentrate the constituents to form highly concentrated zones
of concentrate. Changing water chemistry within these zones over time
affects the both the solubility and stability of the constituent matter.
Mechanical coagulation occurs during freezing from the compression of
the double layer of the colloidal organics by indifferent electrolytes. The
increase in ionic strength reduces the thickness of the particle's diffuse
layer to decrease the repulsive interactions between particles. The result is
the lowering of the activation energy barrier between same charged
particles allowing the domination of attractive interactions by Van der
Waals forces. Changing solubility will also cause the precipitation of
dissolved salts and organics during which constituent material can
become entrapped through eneshment in a precipitate. The result was the
formation of a cohesive concentrated material that is comprised of a

mixture of stable and coagulated material.

During the course of freezing the ice/liquid interface advances
downward from unidirectional freezing to also concentrate the liquid's
constituents. Precipitates produced from these water quality changes may
settle under the forces of gravity. The rate of freezing changes with respect
to depth, however the changes in freezing point were not substantial to

alter the morphology of the concentrated material associated to that initial
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freezing temperature. Freezing acts to bring together for contact the
effluent’s constituents. Once frozen the constituents of the effluent are
entrapped in thin, highly concentrated zones. The result was the initial
formation of zones of concentrated material. Believed was this
concentrated material is comprised of a mixture of compounds consisting
of thermodynamically stable and unstable colloids, precipitates, and
dissolved matter. Unstable colloids are irreversible. Aggregation of
unstable colloids can occur as result of electrostatic interactions (Van der
Waals forces) and/or by adsorption and charge neutralization. Postulated
was aggregation of these colloids coupled with mechanical compression of
the concentrated material from the freezing of the free available water
over time entraps the stable dissolved and colloid fraction within this
complex mixture allowing for their initial removal from the bulk solution
upon thawing. The ability of the process to remove the stable dissolved
and colloid fractions entrapped within the concentrated material was in
part dependent on the rate of thawing. For example, rapid rates of thawing
reduces the material's contact time with the bulk solution for there to
occur diffusion of the stable fraction back into solution. Laboratory studies
showed the settled concentrated material was not entirely stable and
would diffuse back into solution over time. Believed was that over time
the stable dissolved and colloid fraction "untangles" itself from the
concentrated material to diffuse back into solution. Consequently the
immediate collection of the resultant clear effluent produced by freeze-

thaw was important in obtaining high treatment efficiencies.

The operating parameters that were reported to provide the best

results were for the most part, representative of conditions that prevail
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naturally in cold climate areas. High color removals in excess of 73 % with
respect to the untreated membrane concentrate were achieved in the top
70 % liquid volume for when the effluent was frozen very slowly and
rapidly thawed from predominantly from the bottom up. A total of seven
independent variables were studied for their effect on treatment
performance. The most important was the independent variable method
of thawing. The method by which the frozen effluent was thawed proved
crucial in whether or not freeze-thaw could effectively treat the effluent to
concentrate and ultimately reduce the liquid volume of waste constituents
requiring disposal. As part of the investigation, the frozen effluent was
thawed in one of two directions, top down or predominantly from the
bottom up. Ice columns that were thawed top down were done in such a
manner to prevent the ice from floating so as to study the effect of melt
water and the release of the concentrated material from the ice matrix. Ice
columns thawed predominantly from the bottom up were done so to
deliberately float the ice. The results of this comparison showed melt
water and its flow pattern plays an important role in the concentration
and settlement of the concentrated material produced during freezing. The
method by which the concentrated material was released from the ice
matrix was also important. Thawing of the ice column from the bottom
up released the concentrated material enabling it to settle and be carried
downward with the melt water. Thawing the frozen effluent from the
bottom up was conducive to establishing a melt water flow that was in the
downward vertical direction which assistéd in the concentration and
settlement of fragile concentrated material in the bottom portion of the
thawed liquid fraction. So different were the removal efficiencies between

the two methods of thawing that as part of the treatment process it was
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made mandatory that the ice must always be melted from predominantly

the bottom up.

The independent variable that was identified as being the second
most important process parameter was initial freezing temperature. Initial
freezing temperature plays an important role in determining the
morphology of the concentrated material produced during freezing.
Crucial in achieving high color removals from the upper liquid fraction
was for the production of thick, cohesive structures of concentrated
material, which in SEM studies was observed to occur at the warmer
initial freezing temperatures. The best results were associated with the
highest initial freezing temperature -2 °C. At colder initial freezing
temperatures (< -15 °C) the concentrated material produced during
freezing was observed to substantially change. The concentrated material
decreased in thickness and the zones of material were more numerous as
the initial freezing temperature decreased. Studies conducted to
investigate the concentrated material's fragility showed material
concentrated at the colder initial freezing temperatures was less likely to
retain their frozen state physical properties under conditions of moderate
disturbance produced during thawing. Material concentrated at the initial
freezing temperature -2 °C were on the other hand better able to retain a

good percentage of their frozen state physical structure following thawing.

Another independent variable that was identified as being
important was thawing temperature. The rate at which the ice formation
was melted was observed in dye studies to affect the melt water flow
pattern. High thawing rates typically provided for the best results when all

other parameter settings were held constant. At high thawing rates the
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melt water was observed to flow in a downward vertical pattern which
served to quickly thaw to release and concentrate the concentrated
material minimizing its contact time for diffusion back into the upper
liquid fraction. As well it offered the path of least amount of disturbance to
minimize break-up of the concentrated material during thawing.
Decreasing the thawing rate to a temperature close to the value where the
effluent was at its maximum density affected substantially the downward
flow rate of the melt water to reduce color removal in samples thawed
bottom up. In dye studies the melt water was observed to concentrate
directly under the ice, dispersing more in the horizontal direction than in

the downward vertical direction.

Other independent variables observed to affect treatment
performance, although to a much lesser degree, were storage time and
storage temperature. Increasing the time period over which the frozen
effluent was kept frozen improved separation efficiency. However, the
greatest improvements occurred when the storage temperature was
adjusted to below the initial freezing temperature over its storage time.
The general tendency of the data was the magnitude of the improvement
from adjustment of the storage temperature increased with the lower the
storage temperature was with respect to the initial freezing temperature.
This observation was likely attributed to differences between the mass of
the concentrated material and the amount of free available water

contained within.

Other variables that were evaluated and found to be relatively
unimportant over the model range were liquid depth and concentration.

Selective sampling of the thawed effluents with respect to depth showed
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the color distribution curves were not substantially different between the
liquid depths 150 mm and 250 mm at the initial freezing temperatures -15
°C and -25 °C. The color values with respect to depth were however
different at the initial freezing temperature -2 °C. At this initial freezing
temperature increasing the liquid depth from 150 mm to 250 mm shifted
the color distribution curve up and to the right, with the reported color
values being slightly higher for the deeper liquid depth. However,
calculation of the overall composite color concentration corresponding to
the top 70 % liquid portion showed the average color concentrations
between the two liquid depths were not that very different. Based on this it
was concluded that over the range of liquid depths studied, depth was
relatively unimportant and therefore excluded as an independent variable
in development of the model. In addition, freezing was shown that it
could be conducted in multiple layers without adversely affecting
treatment performance. Additional work however is required to
determine if a maximum liquid depth exists before which the freezing rate
in the bottom liquid layer portion would be substantially affected to aiter
the morphology of the concentrated material produced during freezing.
Also required is to determine the maximum number of layers that can be
frozen in series without adversely affecting treatment performance during

thawing.

Concentration was investigated for how it affects the morphology of
concentrated material produced during freezing. Results of the study
showed substantial dilution (> 50 %) corresponding to a color
concentration below 6,250 CU of the membrane concentrate was required

before there was a significant change in material thickness and structure in
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comparison to that observed in freezing the raw concentrate, particularly
at the warmer initial freezing temperature. Based on this the percent color
removals obtained with respect to the raw by freeze-thaw were not
anticipated to change substantially for concentrates with color

concentrations between 6,250 CU to 12,500 CU.

Concentration was also studied for how it affects treatment
performarice using membrane concentrate diluted with distilled water to
achieve various dilutions. Initial work conducted suggested that high
removal efficiencies can be obtained for effluents of moderate and high
constituent concentrations provided that freeze-thaw was conducted at its
optimum conditions. That is slow freezing rates coupled with long storage
times at cold temperatures followed by rapid thawing were required to
obtain high removal efficiencies, regardless of concentration. This initial
work was confirmed in dilution studies whereby the membrane
concentrate was shown to have a minimum color concentration limit,
below which concentration would have to be included as an independent
variable in the model. For membrane concentrates derived from the
alkaline extraction stage effluent the minimum concentration limit was
around 6,130 CU. Therefore the empirical model developed for the
membrane concentrate when expressed as percent color removal can be

assumed valid over a board concentration range.

The empirical models developed by others are for the application of
freeze-thaw in the conditioning of sludges. They have been developed as
operational tools that provide no information about treatment efficiency,
rather they allow the operator to select process parameters that will
guarantee the freezing or thawing of the sludge. The approach taken in
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this study was to develop an empirical model for each experimental water
type to predict color concentration within the top 70 % liquid volume
which then can be used by operations to predict treatment performance
and to allow for control those climatic conditions that are not conducive
to achieving high separation efficiencies. Analysis of variance and
stepwise multi-linear regression analyses were used for model
development. The empirical models developed for each experimental
water were not entirely the same with respect to the individual
coefficients that could not be explained as chance occurrences. For
example, in the case of membrane concentrate the individual coefficients
that could not be explained by chance occurrences were initial freezing
temperature, thawing rate, storage time, and storage temperature. For the
Eop effluent, the individual coefficients that could not be explained by
chance occurrences were initial freezing temperature, storage time, and
thawing temperature. The absence of storage temperature as an important
independent variable in the model developed for the Eop effluent was in
part, related to the porosity of the concentrated material produced during
freezing. Although the thickness of the concentrated material between the
two effluent types were relatively the same, the material produced in
freezing Eop effluent was much more porous. More highly porous
concentrated material may be more susceptible to diffusion back into
solution. The amount of material mass and free available water within
the concentrated mass appears to be important factors which define the
importance of these variables. It is the belief that the importance of storage
temperature as an independent variable increases with concentration at
the warmer initial freezing temperatures, particularly for very high

strength liquid waste streams where the structural integrity of the
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concentrated material can be significantly strengthened through

mechanical compression brought about by long storage periods.



11.0 CONCEPTUAL ENGINEERING DESIGN

Independent variables that significantly affect treatment
performance by freeze-thaw were identified in the preceding sections.
Controllable process variables were thawing temperature, storage time,
and thaw direction. Non-controllable variables were initial freezing
temperature and storage temperature. Other controllable process variables
found to affect treatment performance to a much lesser degree were liquid
depth and number of freeze-thaw cycles. Utilizing all of the data presented
a conceptual design for conducting freeze-thaw of high strength kraft pulp
mill effluents was proposed by way of freezing ponds. Important
operational considerations that must be taken into account when sizing
the freezing pond are disturbances to the liquid body during and following
thawing created by climatic conditions. In laboratory tests it was found
that any substantial mixing of the treated effluent would readily
resuspended the settled material after which it would not resettle. Locating
the freezing ponds indoor in an unheated building would be the best
solution to eliminate disturbances related to the elements. It would also
increase operational control of the thawing process and eliminate
operational problems related to snow fall. Substantial snow fall on top of
the freezing ponds can act to dilute the concentration of new effluents
applied on top existing frozen layers. This would be of particular concern
for low strength effluents such as the alkaline extraction stage effluent
were substantial dilution can significantly affect the type of concentrated
material produced during freezing. In addition, substantial snow fall
accumulation on top of a layer during its freezing can cause ice flooding by

submerging the initial ice cover during the freezing process. Unknown is
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what effect this will have on treatment performance. Also of particular
concern is sunlight exposure and the effect it can have on the frozen mass
and the thawed treated effluent. Operating the process in the absence of
sunlight will minimize surface melting during storage of the frozen mass.
Surface melting is however not as serious in terms of its effect on
treatment performance as would biological activity or algae growth
brought about by sunlight exposure during and following thawing. Given
that the process performs well at high thawing temperatures, warm
thawed liquid temperatures combined with sunlight exposure can lead to
substantial algae growth if the effluents were not immediately collected.
Algae growth can create operational problems with respect to separation of

the various treated liquid fractions.

Efficient operation of the process requires multiple freezing ponds.
To take advantage of the waste heat discharged with the effluent to initiate
and control thawing would require conducting the freezing and thawing
process simultaneously using multiple beds. That is before an effluent is
discharged into a bed for freezing its heat would be transferred into a
medium to cause and control the rate of thaw of the frozen effluent
contained in another freezing bed. Utilizing the effluent's high discharge
temperature to initiate and control thawing also reduces the adverse effect
heat would have on existing frozen layers when conducting layer freezing.
For example, failure to remove the heat can simulate thawing from the
top down of existing frozen layers during layer freezing which in
laboratory experiments was observed to resuspend material concentrated

by freezing alone.
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The freeze-thaw conditions required to obtain optimum
performance are slow freezing, followed by long storage times at cold
temperatures after which high thawing temperatures are introduced to
thaw the ice mass from the bottom up. The conceptual design proposed
takes into account promoting those conditions that favor the above. That
is the primary design components have multiple purposes. Rapid thawing
of the ice mass from the bottom up is crucial for the release of the
concentrated material and for establishment of the melt water flow pattern
conducive to its fast removal. To achieve thawing from the bottom up
utilizing waste heat from the effluent being discharged it is proposed that
the effluent be pumped into an underground distribution network located
within a high thermal conductive zone immediately below the frozen ice
mass. The recommended method of installation for the distribution
system is to have it located below the bed in which it is separated from the
ice mass by an impermeable barrier designed for leak control. The
impermeable barrier can consist of a synthetic liner such as high density
polyethylene liner of sufficient thickness to resist ice damage. In the design
of the distribution system it is important to optimize heat conduction.
Provisions will have to be included in the design to drain the distribution
system following thawing when the network is not in use to avoid
freezing. Given this requirement, the distribution system can also be used
during freezing to maintain cold temperatures in the lowest bottom
portion of the frozen ice mass taking advantage of the positive effects cold
storage temperatures can have on treatment performance. Consequently,
the distribution system serves multiple purposes in the operation of the
freezing bed. During thawing the distribution system conveys the heat

source required to initiate and maintain melting. During freezing, the
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system is drained and operated under a vacuum to draw cold air through
the network to lower the temperature of the ice mass in the bottom of the
freezing bed. This will maintain a temperature gradient within the
freezing bed to assist layer freezing and to allow operating the bed at colder

than normal freezing temperatures.

Recovery of the relatively clear effluent can be achieved in one of
several ways. One method is to have installed inside the bed fixed
adjustable weirs to allow drainage of the clear effluent following
treatment. Adjustable weirs or the ability to alter the liquid depth is
required for treatment of different strength waste effluents or to response
to changing climatic conditions. For example, changing the liquid depth
can slow down the time period to freeze the liquid layer during periods of
cold temperatures. If adjustable weir plates are used then their design and
operation are of particular importance. To avoid resuspending the settled
material, it is important to withdraw the clear treated effluent slowly.
Rapid removal of the effluent can adversely affect the effluent quality
collected. Collection of the clear treated effluent in this manner should
only be conducted after thawing, until such time work is conducted to
investigate the advantages of recovering the liquid during thawing. The
concentrated material must be allowed to escape from the ice matrix into a
water medium and settle before discharge to ensure proper treatment.
Design and spacing of the collection weirs is important as they can act to
interfere with the melt water flow. The actual weir design should be
similar to adjustable weir plates that can be manually adjusted down for
collection of the upper treated effluent portion. Alternatively, a more

simple method for collecting the relatively clear effluent is to drain the
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bottom portion of the thawed liquid fraction during thawing. The
relatively clear effluent would be left after which it would be collected.
Crucial in the success of this process is the thawing the ice at a temperature
that has the melt water flowing vertically downwards. The freezing beds
should also be gradually sloped to allow for drainage and collection of the
thawed or residual liquid fraction.
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12.0 RECOMMENDATIONS AND FUTURE WORK

Additional work is required to expand the boundary set points of
the models developed herein. Most notable is additional work is required
to better evaluate the effect concentration has on treatment performance.
Unknown for the variety of effluent types that can be anticipated for kraft
mill operations is what are the concentration limits which if exceeded
freeze-thaw can not be used to effectively treat these effluents. Postulated
was that concentration determines among other things the importance of
the independent variables storage time and storage temperature. It is
believed that the more concentrated the effluent the more effective freeze-
thaw will be in the separation the constituent material from the bulk
solution. Work in this area can be used to expand the models to include
concentration as an independent variable so as to allow for the prediction
of treatment performance for varying strength liquid waste streams of

similar chemical composition.

Additional work is also required to fully characterize the physical
changes that occurs to the concentrated material during freezing, storage,
and thawing. Absent in the work of this study were tests designed to
determine the physical changes to the concentrated material within the ice
matrix during long periods of storage. This information would provide
additional insight into the removal mechanisms of the concentrated
material and the establishment of more accurate operating protocols for

treatment of particular liquid waste stream types.

Understanding better the fundamentals behind the process, work

can now proceed with how to best apply this technology in the treatment
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of liquid waste streams comprised primarily of complex
dissolved/colloidal organics of which are amenable to separation by
mechanical coagulation. Detailed engineering design followed by pilot
testing on a small scale basis are required to confirm laboratory data and to
progress engineering design. In particular, field testing is required to
investigate and optimize the method of process operation. For example,
work is required to determine the optimum liquid depth and the
maximum number of layers that can be frozen in series at any one time
without adversely affecting treatment performance. Freeze-thaw layering
also needs to be conducted at liquid temperatures anticipated for the
effluents to determine if liquid temperature adversely affects treatment
performance. Other methods such as effluent collection during and after
thawing or ice shaving also need to be evaluated for their benefits. For
example, it would be useful to evaluate the benefits of collecting the melt
water during thawing with respect to treatment performance. This
information can be used in the development of more elaborate

operational protocols for optimization of the process.

Finally, further study is needed to evaluate freeze-thaw for the
treatment of other industrial wastewaters that are comprised primarily of
organics to strengthen the conclusion of this work that effluents amenable
to separation by mechanical coagulation can be effectively treated by

freeze-thaw.
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Initial Freezing Temperature -2 °C, Thawed
Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees | Mean- F-Ratio [ P
SQUARES |of Square
Freedom
(n-1)
Thawing 1098405.556 | 2 549202.778 |47.849 |0.000
Temperature (°C)
Error 68866.667 |6 11477.778 |
Means:

u1 = 4140 CU (Thawing Temperature 4 °C)
12 = 3460 CU (Thawing Temperature 15 °C)
u3 = 3350 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test
n=3

N=9
degrees freedom = 6

Syi = (MSg/n)1/2 = 61.854

R2 = (2,6)Sy = 3.46(61.854) = 214.015
R3 = (3,6)Sy = 3.58(61.854) = 221.437

1 vs 3 =4140 - 3350 = 740 > 221.437 significant
1 vs 2 = 4140 - 3460 = 680 > 214.015 significant
2 vs 3 = 3460 - 3350 = 110 < 214.015 not significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Initial Freezing Temperature -15 °C, Thawed
Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15°C, and 24 °C

Source SUM-OF- |Degrees |Mean- F-Ratio | P
SQUARES | of Square
Freedom
(n-1)
Thawing 2088955.556 | 2 1044477.778 1 118.392 | 0.000
Temperature (°C)
Error 52933333 |6 8822222
Means:

1 = 5260 CU (Thawing Temperature 4 °C)
2 = 4250 CU (Thawing Temperature 15 °C)
13 = 4220 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9
degrees freedom = 6

Syi = (MSg/n)1/2 = 54.229

R2=(2,6)Sy; = 3.46(54.229) = 187.631
R3=(3,6)Sy; = 3.58(54.229) = 194.140

1 vs 3 = 5260 - 4220 = 1040 > 194.140 significant
1 vs 2=5260 - 4250 = 1010 > 187.631 significant
2 vs 3 = 4250 - 4220 = 30 < 187.631 not significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Initial Freezing Temperature -25 °C, Thawed
Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- | Degrees |Mean- F-Ratio | P
SQUARES |of Square
Freedom
- (n-1)
Thawing 1400155.556 | 2 700077.778 |103.121 | 0.000
Temperature (°C)
Error 40733.333 |6 6788.889
Means:

u1 = 5300 CU (Thawing Temperature 4 °C)
u2 = 4670 CU (Thawing Temperature 15 °C)
u3 = 4360 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9
degrees freedom = 6

Syi = (MSg/n)1/2 = 47.571

R2=1(2,6)Sy; = 3.46(47.571) = 164.600
R3= (3,6)S:Vi = 3.58(47.571) = 170.304

1 vs 3 =5300 - 4360 = 940 > 170.304 significant
1 vs 2 =15300 - 4670 = 630 > 164.600 significant
2 vs 3 =4670 - 4360 = 310 > 164.600 significant
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Analysis of Variance and Duncan Multiple Range Test

Membrane Concentrate, Initial Freezing Temperature -2 °C, Thawed

Top Down

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction

Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- Degrees | Mean- F-Ratio | P
SQUARES of Square
Freedom
(n-1)
Thawing 651466.667 2 325733.333 |35.839 |0.000
Temperature (°C)
"Error 54533.333 6 9088.889
Means:

#1 = 7400 CU (Thawing Temperature 4 °C)
#2 = 7630 CU (Thawing Temperature 15 °C)
3 = 8030 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
I=9

zZ

degrees freedom = 6
Syi = (MSg/n)1/2 = 55042

R2 =(2,6)Sy = 3.46(55.042) = 190.445
R3=(3,6)Sy; = 3.58(55.042) = 197.050

3 vs 1 =28030 - 7400 = 630 > 197.050 significant
3 vs 2= 8030 - 7630 = 400 > 190.445 significant
2vs 1=7630 - 7400 = 230 > 190.445 significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Initial Freezing Temperature -15 °C, Thawed

Analysis of Variance

Top Down

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees | Mean- F-Ratio |P
SQUARES | of Square
Freedom
| (n-1)
Thawing 2825866.667 | 2 1412933.333 | 70.686 0.000
Temperature (°C)
Error 119933.333 |6 19988.889
Means:

u1 = 8390 CU (Thawing Temperature 4 °C)
u2 = 9200 CU (Thawing Temperature 15 °C)
#3 = 9740 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9

degrees freedom = 6

Syi = (MSg/n)1/2 = 81.627

R2=1(2,6)Sy = 3.46(81.627) = 282.429
R3 =(3,6)Sy = 3.58(81.627) = 292.225

3 vs 1 =9740 - 8390 = 1350 > 292.225 significant
3 vs 2 = 9740 - 9200 = 540 > 282.429 significant
2 vs 1=9200 - 8390 = 810 > 282.429 significant
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Analysis of Variance and Duncan Multiple Range Test

Membrane Concentrate, Initial Freezing Temperature -25 °C, Thawed
Top Down

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees |[Mean- F-Ratio [ P
SQUARES | of Square
Freedom
(n-1)
Thawing 526666.667 |2 263333.333 [29.625 ]0.001
Temperature (°C)
Error 53333.333 {6 8888.889
Means:

#1 =10100 CU (Thawing Temperature 4 °C)
u2 = 10200 CU (Thawing Temperature 15 *C)
u3 = 10600 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9

degrees freedom = 6

Syi = (MSg/n)1/2 = 54.433

R2=(2,6)Sy; = 3.46(54.433) = 188.338
R3=(3,6)Sy; = 3.58(54.433) = 194.870

3 vs 1 =10600 - 10100 = 500 > 194.870 significant
3 vs 2 = 10600 - 10200 = 400 > 188.338 significant
2 vs 1 =10200 - 10100 = 100 < 188.338 not significant
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Analysis of Variance and Duncan Multiple Range Test
Eop, Initial Freezing Temperature -2 °C, Thawed
Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- [Degrees |Mean- F-Ratio [P
SQUARES |of Square
Freedom
(n-1)
Thawing 1618884.222 | 2 809442.111 |1890.238 | 0.000
Temperature (°C)
Error 2569.333 6 428222
Means:

#1 = 1160 CU (Thawing Temperature 4 °C)
42 = 880 CU (Thawing Temperature 15 °C)
#3 =536 CU (Thawing Temperature 24 °C)

Duncan Mulitiple Range Test
=3

n
N=9
degrees freedom = 6

Syi = (MSg/n)1/2 =11.947

R2 = (2,6)Sy; = 3.46(11.947) = 41.337
R3=(3,6)Sy; = 3.58(11.947) = 42.770

1vs 3 =1160 - 536 = 624 > 42.770 significant
1vs 2 =1160 - 880 = 280 > 41.337 significant
2vs 3 =880 - 536 = 344 > 41.337 significant



416

Analysis of Variance and Duncan Multipie Range Test
Eop, Initial Freezing Temperature -15 °C, Thawed
Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees |Mean- F-Ratio [P
SQUARES | of Square
Freedom
| (n-1)
Thawing 61550.000 |2 30775.000 |[14.252 ]0.005
Temperature (°C)
Error 12956.000 |6 2159.333
Means:

u 1= 1020 CU (Thawing Temperature 4 °C)
2 = 869 CU (Thawing Temperature 15 °C)
u3 =799 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9
degrees freedom = 6

Syi = (MSg/n)1/2 = 26.829

R2=(2,6)Sy; = 3.46(26.829) = 92.827
R3=1(3,6)Sy i = 3.58(26.829) = 96.048

1vs 3 =1020 - 799 = 221 > 96.048 significant
1 vs 2 =1020 - 869 = 151 > 92.827 significant
2vs 3 =869 - 799 = 70 < 92.827 not significant



Analysis of Variance and Duncan Multiple Range Test
Eop, Initial Freezing Temperature -25 °C, Thawed

Bottom up

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction

Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees |Mean- F-Ratio [P
SQUARES | of Square
Freedom
(n-1)
Thawing 78116.667 |2 39058.333 |34.517 |0.001
Temperature (°C)
Error 6789.333 6 1131.556
Means:

1= 1035 CU (Thawing Temperature 4 °C)
#2 =872 CU (Thawing Temperature 15 °C)
#3 =819 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

Syi= (MSg/n)/2=19.421

R2=(2,6)Sy = 3.46(19.421) = 67.197
R3=(3,6)Sy; = 3.58(19.421) = 69.527

1vs 3 =1035 - 819 = 216 > 69.527 significant
1vs 2 =1035 - 872 = 163 > 67.197 significant
2vs 3 =872 - 819 = 53 < 67.197 not significant
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Analysis of Variance and Duncan Multiple Range Test
Eop, Initial Freezing Temperature -2 °C, Thawed Top Down

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees |Mean- |F-Ratio |P
SQUARES | of Square
Freedom
(n-1)
Thawing 36688.889 |2 18344.44 | 6.070 0.036
Temperature (°C) 4
Error 18133333 16 3022.222
Means:

u1 = 1560 CU (Thawing Temperature 4 °C)
u2 = 1610 CU (Thawing Temperature 15 °C)
u3 = 1710 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test
n=3

N=9
degrees freedom = 6

Syi = (MSg/n)1/2 = 31.740

R2=1(2,6)Syi=3.46(31.740) = 109.820
R3=(3,6)Syi=3.58(31.740) = 113.629

3vs1=1710-1560 = 150 > 113.629 significant
3 vs 2=1710- 1610 = 100 < 109.820 not significant
2vs 1 =1610- 1560 = 50 < 109.820 not significant



Analysis of Variance and Duncan Multiple Range Test
Eop, Initial Freezing Temperature -15 °C, Thawed Top Down

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- [Degrees |Mean- |F-Ratio |P
SQUARES |of Square
Freedom
__ (n-1) _
Thawing 1755.556 2 877.778 |2.324 0.179
Temperature (°C)
Error 266.667 |6 377.778
Means:

u1 = 1710 CU (Thawing Temperature 4 °C)
u2 = 1720 CU (Thawing Temperature 15 °C)
#3 = 1740 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test
n=3

N=9
degrees freedom = 6

Syi = (MSg/n)1/2 =11.222

R2=(2,6)Sy; = 3.46(11.222) = 38.828
R3=(3,6)Sy; = 3.58(11.222) = 40.175

3 vs1=1740 - 1710 = 30 < 40.175 not significant
3 vs 2 = 1740 - 1720 = 20 < 38.828 not significant
2vs1=1720- 1710 = 10 < 38.828 not significant
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Analysis of Variance and Duncan Multiple Range Test
Eop, Initial Freezing Temperature -25 °C, Thawed Top Down

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 4 °C, 15 °C, and 24 °C

Source SUM-OF- |Degrees |Mean- (F-Ratio [P
SQUARES {of Square
Freedom
- (n-l) o
Thawing 2466.667 2 1233.333 | 0.677 0.543
Temperature (°C)
Error 10933.333 |6 1822.222
Means:

u1 = 1740 CU (Thawing Temperature 4 °C)
u2 = 1740 CU (Thawing Temperature 15 °C)
u3 = 1780 CU (Thawing Temperature 24 °C)

Duncan Multiple Range Test

n=3
N=9
degrees freedom = 6

Syi = (MSg/n)/2 = 24.646

R2=(2,6)Sy i = 3.46(24.646) = 85.274
R3=(3,6)Sy = 3.58(24.646) = 88.233

3 vs1=1780- 1740 = 40 < 88.233 not significant
3 vs 2 =1780 - 1740 = 40 < 85.274 not significant
2vs 1=1740 - 1740 = 0 < 85.274 not significant



Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Cycle Freeze-thaw, Initial Freezing
Temperature -2 °C

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction
Levels: 1, 2, and 3 cycles

Source SUM-OF- |Degrees [Mean- F-Ratio [P
SQUARES | of Square
Freedom
___1n-1)
Cycle Freeze-thaw | 500216.667 |2 250108.333 {23.713 0.001
Error 63283.333 |6 10547.222
Means:

u1=23350 CU (Cycle 1)
12 =2960 CU (Cycle 2)
u3=2790 CU (Cycle 3)

Duncan Multiple Range Test

n

I =

3
9

z

degrees freedom = 6
Syi = (MSg/n)l/2 =59.294

Rz =(2,6)Sy = 3.46(59.294) = 205.157
R3 = (3,6)Syi =3.58(59.294) = 212.273

1 vs 3 =3350 - 2790 = 560 > 212.273 significant
1 vs 2 =3350 - 2960 = 390 > 205.157 significant
2 vs 3 = 2960 - 2790 = 170 < 205.157 not significant
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Analysis of Variance and Duncan Multiple Range Test

Membrane Concentrate, Cycle Freeze-thaw, Initial Freezing

Temperature -15 °C

Analysis of Variance

Dependent Variable: Color in the top 70 % liquid fraction

Levels: 1, 2, and 3 cycles

Source SUM-OF- |Degrees |Mean- F-Ratio | P
SQUARES |of Square
Freedom
(n-1)
Cycle Freeze-thaw | 281866.667 |2 140933.333 [29.845 |[0.001
Error 28333333 |6 4722222
Means:

u1=4220CU (Cycle 1)
u2=4000 CU (Cycle 2)
u3=3790 CU (Cycle 3)

Duncan Multiple Range Test
n=3

N=9
degrees freedom = 6

Syi = (MSg/n)1/2 =39.675

R2=(2,6)Sy; = 3.46(39.675) = 137.276
R3=(3,6)Syj = 3.58(39.675) = 142.037

1 vs 3 = 4220 - 3790 = 430 > 142.037 significant
1 vs 2 = 4220 - 4000 = 220 > 137.276 significant
2 vs 3 = 4000 - 3790 = 210 > 137.276 significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Concentrated Material Thickness Versus [nitial

Freezing Temperature (Top)
Analysis of Variance

Dependent Variable: Cross sectional thickness
Levels: -2 °C, -15 °C, and -25 °C

Source SUM-OF- Degrees |Mean- F-Ratio |P
SQUARES of Square
Freedom
(n-1)
Freezing 1646.069 2 823.034 1299.528 | 0.000
Temperature (°C)
Error 3.800 6 0.633
Means:

#1 = 1.2 ym (Freezing Temperature -25 °C)
#2 = 1.9 um (Freezing Temperature -15 °C)
#3 = 30.2 um (Freezing Temperature -2 °C)

Duncan Multiple Range Test
=3
9

n
N =
degrees freedom = 6

Syi = (MSg/n)1/2 =0.459

R2 =(2,6)Sy i = 3.46(0.459) = 1.588
R3 =(3,6)Sy=358(0.459) = 1.643

1vs3=30.2-1.2 =29.0 > 1.643 significant
1vs2=30.2-1.9 =28.2 > 1.588 significant
2vs3=1.9-12=0.7 < 1.588 not significant
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Analysis of Variance

Dependent Variable: Cross sectional thickness
Levels: -2 °C, -15 °C, and -25 °C

Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Concentrated Material Thickness Versus Initial
Freezing Temperature (Bottom)

Source SUM-OF- |[Degrees |Mean- |F-Ratio |P
SQUARES |of Square
Freedom
(n-1)
Freezing 1211.280 2 605.640 |6265.241 |0.000
Temperature (°C)
Error 0.580 6 0.097
Means:

#1 = 1.1 um (Freezing Temperature -25 °C)
#2 = 1.9 ym (Freezing Temperature -15 °C)
3=26.1 um (Freezing Temperature -2 °C)

Duncan Multiple Range Test

n=3
N=9

degrees freedom = 6

Syi = (MSg/n)1/2=0.180

R =(2,6)Syj = 3.46(0.180) = 0.623
R3=(3,6)Syi = 3.58(0.180) = 0.644

1vs 3=26.1-1.1 = 25.0 > 0.644 significant
1vs 2=26.1-1.9=24.2 > 0.623 significant
2vs3=19-1.1 =0.8 > 0.623 significant
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Analysis of Variance and Duncan Multiple Range Test
Eop, Concentrated Material Thickness Versus Initial Freezing

Temperature

Analysis of Variance

Dependent Variable: Cross sectional thickness
Levels: -2 °C, -15 °C, and -25 °C

Source SUM-OF- |Degrees |Mean- |F-Ratio |P

SQUARES | of Square

Freedom
_Jmy ]

Freezing 3406.827 2 1703.413 | 713.057 |0.000
Temperature (°C)
"Error 14.333 6 2.389
Means:

#1 = 1.2 um (Freezing Temperature -25 °C)
u2 = 6.7 um (Freezing Temperature -15 °C)
43 = 44.9 um (Freezing Temperature -2 °C)

Duncan Multiple Range Test
n=3

N=9
degrees freedom = 6

Syi = (MSg/n)1/2=0.892

R2=1(2,6)Sy i = 3.46(0.892) = 3.086
R3=(3,6)Sy; = 3.58(0.892) = 3.193

1vs3=44.9-1.2=43.7 > 3.193 significant
1vs2=44.9-6.7 = 38.2 > 3.086 significant
2vs3=6.7 - 1.2 =5.5 > 3.086 significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Dilution Study, Initial Freezing

Temperature -2 °C

Analysis of Variance

Dependent Variable: Concentrate material thickness

Levels: 0 %, 50 %, and 66 %

Source SUM-OF- |Degrees |Mean- |F-Ratio |P
SQUARES |of Square
Freedom
(n-1) _
Dilution (%) |3855.935 2 1927.968 |{61.720 0.000
Error 1030.833 33 31.237
Means:
u1=274 um
uz =157 ym
u3=20um

Duncan Multiple Range Test

n=3
N=36
degrees freedom = 33

Syi = (MSg/n)1/2 =3.227

R2=1(2,33)Syj = 2.88(3.227) = 9.294
R3=(3,33)Syi = 3.03(3.227) = 9.778

1vs3=274-2.0=254>9.778 significant
1vs2=274-15.7 =117 > 9.294 significant
2vs 3=157-2.0=13.7 > 9.294 significant
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Analysis of Variance and Duncan Multiple Range Test
Membrane Concentrate, Dilution Study, Initial Freezing

Temperature -15 °C

Analysis of Variance

Dependent Variable: Concentrate material thickness

Levels: 0 %, 50 %, and 66 %

Source SUM-OF- Degrees |Mean- | F-Ratio | P
SQUARES of Square
Freedom
(n-1)
Dilution (%) [11.083 3 3.694 148.679 | 0.000
Error 1.093 44 0.025
Means:
g1=19um
p2=10um
u3=0.8 um
#3=0.7 ym

Duncan Multiple Range Test

n=4
N =48
degrees freedom = 44

Syi = (MSg/n)1/2 = 0.079

R2=(2,44)Sy; = 2.86(0.079) = 0.226
R3 = (3,44)Sy = 3.01(0.079) = 0.238
R4 = (4,44)Sy; = 3.10(0.079) = 0.245

1vs 4=1.9-0.7 = 1.2 > 0.245 significant
1vs3=1.9-0.8 =1.1 > 0.238 significant
1vs3=1.9-1.0 = 0.9 > 0.226 significant
2vs4=1.0-0.7 = 0.3 > 0.238 significant
2vs3=1.0-0.8 = 0.2 < 0.226 not significant
3vs4=0.8-0.7 = 0.1 < 0.226 not significant
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STEPWISE REGRESSION ANALYSIS STABILITY RESULTS

MEMBRANE CONCCENTRATE



TUE 10/11/98 10:56:50 PM
SYSTAT VERSION 5.0
COPYRIGHT, 1990-1992
SYSTAT, INC.

Welcome to SYSTAT!

WORKSPACE CLEAR FOR CREATING NEW DATASET
SYSTAT FILE VARIABLES AVAILABLE TO YOU ARE:

TIME CONC

TUE 10/11/98 10:£7:28 &M

DEPENDENT VARIABLE TIME

MINIMUM TOLERANCE FOR

FORWARD STEPWISE WITH ALPHEA-TC-ENTER=

STEP # 0 R= .000 RSQUARE=
VARIABLE COEFFICIENT
IN
1 CONSTANT
ouT PART. CORR
2 CONC 0.927
3 FREEZE -0.057
4 FREEZEZ*CONC -0.362
STEP # 1 R= .327 RSQUARE=
TERM ENTERED: CONC
VARIABLE CCEFFICIENT
N
L CCHSTANT
2 CONC 2024.011
ouT PART. CTORR
3 FREEZE 0.978
4 FREEZE*CONC 0.980

STEP # 2 R= .997 RSQUARE=
TERM ENTERED: FREEZE*CONC
VARIABLE COEFFICIENT
IN

1 CONSTANT

2 CONC 2771.213

4 FREEZE*CONC 40.449
ouT PART. CORR

3 FREEZE 0.702
STEP # 3 R=

TERM ENTERED: IRE

VARIABLE

FREEZE

ENTRY INTO MODEL =

.000

STD ERROR

.259

STD ERROR

193.252

.994

STD ERROR

54.273
2.001

STD ERROR

C:\SYSTATWS\STABEPT1.8YS

.010000

.150 AND ALPHA-TC-REMOVE=

STD COEF TOLERANCE

.1E+01
.1E+01

J1E+QL

STD CO TOLERANCE

™
"

L1E+01L

oo
oy i
o o
(TN

w v

STD COEF TOLERANCE

1.269 ¢.538258
0.502 0.53825
. 0.07022

STD CCET TOLERANCE

'n

109.5696
0.059

o7
S S

m

[
o
[le]
[+])
o
(o2

375.33%6
408.614

-

"

.26E+04
408.514

o
o
(¥
(o]
oo

]

0.000
0.811
0.117

0.000

0.000
0.000

0.000
0.000

0.001
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IN
1 CONSTANT
2 CONC 2603.607 58.207 1.192 0.25094 .20E+04 0.000
3 FREEZE 8.294 2.101 0.199 0.07022 15.584 0.901
4 FREEZE*CONC 21.476 5.025 0.267 0.04578 18.263 0.001
ogT PART. CORR
none

THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS:

CONSTANT

CONC

FREEZE

FREEZE*CONC

DEP VAR: TIME N: 20 MULTIPLE R: 0.999 3QUARED MULTIPLE R: (.997

ADJUSTED SQUAREZ MULTIPLE R: 97 STANDARD ERROR OF ESTIMATE: 16..84

VARIABLE COZFrICIENT STD ERRCR STD COEF TOLERANCE T 2(2 TAIL)

CONSTANT -449.4089 21.693 G.C00 . -29.936 0.000
CONC 2803.607 58.207 1.192 0.251 44.730 0.000
FREEZE 8.294 2.101 0.199 0.070 3.948 0.001
FREEZE*CONC 21.47¢ §.025 0.267 0.046 1.274 ¢.001

ANALYSIS OF VARIANCE

SOURCE SUM-CF-SQUARES DE MEAN-SQUARE F~RATIO 2
REGRESSION 14€3175.812 3 488391.873 1864.566 J.90C
RESIDUAL 4190.331 16 261.933
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Welcome to SYSTAT!

WORKSPACE CLEAR FOR CREATING NEW DATASET

SYSTAT FILE VARIABLES AVAILABLE TO YOU ARE:
TIME conc FREEZE
WED 11/11/98 12:27:53 AM C:\SYSTATWS\STABEOP.SYS
DEPENDENT VARIABLE TIME
MINIMUM TOLERANCE FOR ENTRY INTO MODEL = .010000
FORWARD STEPWISE WITH ALPHA-TO-ENTER= .150 AND ALPHA-TO-REMOVE= ,150
STEP # 0 R= .000 RSQUARE= .000
VARIABLE CCEFFICIENT STC ERROR STD COEF TOLERANCE 13
IN
1 CONSTANT
ouT PART. CORR
2 CONC 0.881 1E+01 £2.452
3 FREEZE 0.03% 1E+01 0.027
4 FREEZE*CONC -0.310 1E+01 1.915
STEP & I R= .881 RSQUARE-= .776
TERM ENTERED: CONC
VARIAELE COEFFICIENT STD ERROR STD COEfF TOLEPRANCE F
N
1 CONSTANT
2 CONC 1777.963 224.983 0.881 1E+01 62.452
ouT PART. CORR
3 FREZZZ C.92¢ 0.83225% 101.%07
4 FREEZE*CONC 0.791 0.55390 28.368
STEP # 2 R= .98 RSQUARE= . 968
TERM ENTEREC: FREEZE
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE 3
n
1 CONSTANT
2 conc 2174.687 85,952 1.073 0.83225 3513.870
3 FREZEZZE 18.738 1.858 0.480 0.83225 101.907
QouT PART. CORR
+ FREEZE-CONC -0.517 0.073865 5.834
STEP # 3 R= .988 RSQUARE= 977
TERM ENTEZRED: FTREEZECONC
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T
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s

.183

[oNoNal

'rpt

0.000
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IN
1 CONSTANT
2 CONC 1829.526 132.210 0.956 0.34131 212.974 0.000
3 FREEZE 28.840 4.492 0.739 0.11066 41.22%6 0.000
4 FREEZE*CONC -31.677 13.115 -0.341 0.07365 5.834 0.028
ouT PART. CORR
none
THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS:
CONSTANT
CONC
FREEZE
FREEZE*CONC
DEF VAaR: TIME W 20 MULTIPLE R: 0.988 SQUARED MULTIPLE R: 0.977
ADJUSTED SQUARED MULTIPLE R: .972 STANDARD ERROR OF ESTIMATE: 43.434
VARIAEBLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL)
CONSTANT -198.8633 38.403 0.000 . -5.172 0.000
CONC 1829.4z2¢6 132.210 0.956 0.341 14.554 ¢.500
FREEZE 28.840 4.492 0.739 0.111 6.421 0.000
FREEZE *CONC ~31.877 13.115 -0.341 0.074 -Z.415 0.028
ANALYSIS OF VARIANCE
SOURCE SUM-OF-SQUARES CF MEAN-SQUARE F-PATIO 2
REGRESSION 1257530.5¢8 3 419176.866 222.194 3.000
RESIDUAL 30184.502 15 1886.538
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SYSTAT VERSION 5.0

COPYRIGHT,
SYSTAT,

1990-1992
INC.

Welcome to SYSTAT!
WORKSPACZ CLEAR FOR CREATING NEW DATASET

SYSTAT FILE
COLOR FREEZE
TIME TEMP

MON 9/11/98 10:12:44 PM

CEPENDENT VARIZEBLE
MINIMUM TOLERANCE

FORWARLC STEPWISE

FOR

WITH

VARIRBLES AVAILABLE TO YOU ARE:

THAW

A:\EQOPTYP1lF.SYS

COLOR
ENTRY INTO MODEL =

ALPHA-TO-ENTER=

STE? & 0 R=  .000 RSQUARE=
VARIABLE COEFFICIENT
IN
1 CONSTANT
cuT PART. CORR
2 FREEZE -0.750
3 THAW -0.8329
4 TIME -0.064
S TIMp c.Cc81
6 FREEZE*THAW -0.071
7 FREEZE*TIME -0.453
8 FREEZE*TEMP 0.441
FREEZE*THAY
S *TEMP 0.04z
FREEZZZ*TIMZ
10 -TEMP 0.307
THAW*TIME
11 -TEMP 0.355
STEP # 1 R=  .750 RSQUARE=
TERM ENTERED: FRIZZE
VARIABLE COEFFICIENT
IN
1 CONSTANT
2 FREEZZ -82.680
ouT PART. CORR
3 THAW -0.966
4 TIME -0.097
5 TEMP 0.122
5 FREEZE*THAW 0.823
7 FREEZE*TIME 0.039
8 FREEZE*TEM?P -0.048
FREEZE*THAW
9 *TEMP -0.512

FREEZE*TIME

.016000

.000

STD ERROR

.562

STD ERROR STD COEF TOLERANCE

9.274 -0.750

TYPE

STD COEF TOLERANCE

.1E+01
L1E+Q1
.1E+01
L1E+01
.1E+01
.1E+01
.1E+01

.1E+01
.1E+01

.1E+01

.1E+01

.1E+Q1
.1E+01
L1E+Q1
0.58031
0.60089
0.81312

0.79062

EFFLUENT

o

.150 AND ALPHA-TO-REMOVE= .150

7y

.489
.847
258
.407
L3111
.040
.980

F A

O OOy
.

b= s

(=)
'™
(@]
[+4]

=1}
ke
()}
~

"

~)
0

.489

844.042
0.582
g.921

127.867
0.094
0.143

21.654

.

[eNoNoNoNoNoNs]

e e 4 e 4

OOoOMmLa oo

OO JWrO0OO
o

¢.300

0.002
0.448
0.341
0.900
0.780
0.706

0.000
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10 *TEMP -0.049 . . 0.79882 0.145 0.704

THAW*TIME
11 *TEMP 0.536 . . J1E+01 24.556 0.000
STEP # 2 R= .985 RSQUARE= .970
TERM ENTEIRED: THAW
VARIABLE COEFFICIENT STD ERPROR STD COEF TOLERANCE F 'p’
IN
1 CONSTANT
2 FREEZE -82.680 2.427 -0.750 .1lE+01 .12E+04 0.000
3 THAW ~45.83¢ 1.578 -0.639 .l1E+01 8644.042 0.00C
ouT PART. CORR
4 TIME -0.375 . . .1E+01 9.791 0.003
5 TEMP 0.470 . . J1E+01 16.3594 0.000
5 FREIEZE*THAW 0.353 0.21413 8.549 0.905
7 FREEZE*TIME 0.151 0.60089 1.406 0.240
8 FREEZE*TEMP -0.186 0.61312 2.160 0.147
FREEZE*THAW
9 *TEMP -0.209 . . 0.60794 2.748 0.103
FREEZE*TIME
10 *TEMP -0.188 . . 0.79882 2.19% 0.144
THAW*TIME
11 *TEMP 0.503 . . 0.81283 20 323 0.000
STEP # 3 R= .989 RSQUARE= .978
TERM ENTERED: THAW-TIME
*TEMP
VARIABLE COEFFICIENT STC ERROR STD COEF TOLERANCE 3 'p!
IN
1 CONSTANT
2 FREEZE -62.680 2.115 -0.750 .1E+01 .135E+04 0.000
3 THAW -42.860 1.525 -0.598 0.81263 789.886 0.000
THAW*TIME
11 *TEMP 0.008 0.002 0.096 0.81263 20.323 0.000
ouT PART. COPR
3 TIME -0.164 . . 0.74893 1.827 0.207
5 TEMP 0.285 . . 0.73573 5.213 0.026
6 FREEZE*THAW 0.409 . . 0.21413 11.825 0.001
7 FREEZE*TIME -0.062 . . 0.50570 0.225 0.837
8 FREEZE*TEMP €.024 . . 0.51088 0.034 0.354
FREEZE*THAW
9 *TEMP 0.026 . . 0.48174 0.040 0.843
FREEZE*TIME
10 *TEMP 0.208 . . 0.46503 2.872 c.107
STEP # 4 R= .991 RSQUARE= .982
TERM ENTERED: FREEZE*THAW
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE B ‘P’
IN
1 COMSTANT
2 FREEZE -92.053 3.350 -0.835 0.33784 755.278 0.000
3 THAW -37.169 2.170 -0.518 0.34006 293.374 0.000
6 FREEZE*THAW 0.669 0.195 0.131 0.21413 11.825 0.001
THAW*TIME
11 *TEMP 0.008 0.002 0.096 0.81263 23.990 0.000
ouT PART. CORR

4 TIME -0.179 . . 0.74892 1.930 0.170



5 TEMP 0.312
7 FREEZE*TIME -0.068
8 FREEZE*TEMP 0.026
FREEZE*THAW
9 *TEMP 0.271
FREEZE*TIME
1¢ *TEMP 0.228
STEP # S R= .992 RSQUARE=
TERM ENTERED: TEMP
VARIAELE COEFFICIENT
IN
1 CONSTANT
2 FREEZE -92.053
3 THAW -38.042
S TEMP 5.442
6 FREEZE*THAW 0.669
THAW*TIME
11 *TEMP 0.005
ouT PART. CORR
4 TIME -0.323
7 FREEZE*TIME 0.015
8 FREEZE*TEMP 0.410
FREEZE*THAW
9 *TEMP 0.537
FREEZE*TIME
10 ~TEMP 0.337
STEP # 6 R= ,994 RSQUARE=
TERM ENTERED: FREEZE*THAW
*TEMP
VARIABLE COEFFICIENT
IN
1 CONSTANT
2 FREEZE -92.053
3 THAW ~-37.298
S TEMP 10.906
6 FREEZE*THAW 1.147
FREEZE*THAW
3 *TEMP 0.056
THAW*TIME
11 *TEMP 0.007
ouT PART. CORR
4 TIME -0.265
7 FREEZE*TIME -0.073
8 FREEZE*TEMP 0.080
FREEZE*TIME
10 *TEMP 0.287
STEP § 7 R= .995 RSQUARE=
TERM ENTERED: FREEZE*TIME
*TEMP
VARIABLE COEFFICIENT
I83
1 CONSTANT
2 FREEZE -89.672
3 THAW -36.579
5 TEMP 11.537
5 FREEZE*THAW 1.107

.983

STD

.988

STD

.989

STD

ERROR

3.209
2.108
2.175
0.187

0.002

ERROR

2.731
1.801
2.172
0.187

0.012
0.002

ERROR

2.846
1.770
2.11

0.182

. 0.73573  6.262
. 0.50570  0.266
. 0.51088  0.040
0.37491  4.601
0.46505  3.184

STD COEF TOLERANCE  F
-0.835 0.33784 822.643
-0.531 0.33075 325.563
0.049 0.73573  6.262
0.131 0.21413 12.879
0.068 0.59787  9.598
0.65875  6.639
0.47150  0.013
0.22624 11.539
0.27216 23.079
0.43385  7.290

STD COEF TOLERANCE  F
-0.835 0.33784 .11E+04
-0.520 0.32830 428.880
0.099 0.53408  25.204
0.225 0.15377  37.504
0.133 0.27216 23.079
0.092 0.55775  22.663
. 0.63420  4.230
. 0.46219  0.296
. 0.12446  0.363
0.41908  5.014

STD COEF TOLERANCE F
-0.813 0.29069 992.717
-0.510 0.31750 427.039
0.105 0.52462  29.657
0.217 0.15226  37.000

0.015
0.608
0.841

0.036

0.080

0.000
0.000
0.015
0.001

0.003

0.013
0.911
0.001

0.000

0.009

0.000
0.000
0.000
0.000

0.000
0.000

0.044
0.588
0.549

0.023

0.000
0.000
0.000
0.000
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FREEZE*THAW
9 *TEMP 0.051
FREEZE*TIME
10 *TEMP 0.006
THAW*TIME
11 *TEMP 0.009
ouT PART. CORR
4 TIME ~0.447
7 FREEZE*TIME 0.165
8 FREEZE*TEMP -0.094

STEP # 8 R= .996 RSQUARE=

TERM ENTERED: TIME

VARIABLE COEFFICIENT
IN
1 CONSTANT
2 FREEZE -87.997
3 THAW ~37.696
4 TIME -1.380
5 TEMP 13.676
6 TREEZE*THAW 1.008
FREEZE*THAW
9 *TEMP 0.040
FREEZE*TIME
10 *TEMP 0.011
THAW*TIME
11 *TEMP 0.006
ouT PART. CORR
7 FREEZE*TIME -0.183
8 FREEZE*TEMP -0.142

THE SUBSET MODEL INCLUDES THE FOLLOWING

CONSTANT
FREEZE

THAW

TIME

TEMP
FREEZE* THAW
FREZZE*THAW
*TEMP
FREEZE*TIME
*TEMP
THAW*TIME
*TEMP

DEP VAR: COLOR Nz
ADJUSTED SQUARED MULTIPLE
VARIABLE COEFFICIENT
CONSTANT 4232.061
FREEZE -87.997
THAW -37.696
TIME -1.380
TEMP 13.676
FREEZE*THAW 1.009
FREEZE*THAW

*TEMP 0.040
FREEZE*TIME

*TEMP 0.011
THAW*TIME

R:

.9

91

STD

0.012

0.003

0.002

ERROR STD COEF
2.609 -0.798
1.626 -0.526
0.373 -0.065
1.998 0.124
0.166 0.198
0.011 0.094
0.003 0.082
0.002 0.079

PREDICTORS :

0.121 0.26230

0.048 0.41908

0.115 0.42632

0.51893
0.25769
0.08754

TOLERANCE

.28196
.30658
.51893
.48081
.14838

[eReNoNeNa)

0.24110
0.34292
0.33962

0.14946
0.08710

.999
.014

.085

.719
.542
.494

F

.11E+04

537.
13.
46.
36.
13.
14.

13.

[

378
719
863
734
£23
613

409

.863
.105

0.000
0.029

0.000

0.000
0.220
0.485

0.000
0.000
0.000
0.000
0.000

0.001
0.000

0.001

64 MULTIPLE R: 0.996 SQUARED MULTIPLE R: 0.991

.990 STANDARD ERROR OF ESTIMATE: 72.032

STD ERROR STD CQEF TOLERANCE T ®(2 TAIL)
37.209 0.000 . 113.739 0.000
2.609 ~0.798 0.282 -33.732 0.000
1.626 -0.528 0.307 -23.181 0.000
0.373 -0.065 0.519 -3.704 0.000
1.998 0.124 0.481 6.846 0.000
0.166 0.198 0.148 6.061 0.000
0.011 0.094 0.241 3.677 0.001
0.003 0.082 0.343 3.823 0.000
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*TEMP 0.006 0.002
ANALYSIS OF VARIANCE
SOURCE SUM-0OF-SQUARES DF MEAN-SQUARE
REGRESSION .326170E+08 8 4077122.998
RESIDUAL 285371.878 55 5188.580

0.079 0.340

F-RATIO

785.788

3.662

0.000
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SYSTAT VERSION 5.0
COPYRIGHT, 1990~1992
SYSTAT, INC.

Welcome to SYSTAT!
WORKSPACE CLEAR FOR CREATING NEW DATASET
SYSTAT FILE VARIABLES AVAILABLE TO YOU ARE:
COLOR FREEZE THAW TYPE EFFLUENT

TIME TEMP

SAT 7/11/98 10:52:06 PM A:\EQOPFINAL.SYS

DEP VAR: COLOR N: 64 MULTIPLE R: 0.994 SQUARED MULTIPLE R: 0.989

ADJUSTED SQUARED MULTIBLE R: .986 STANDARD ERROR OF ESTIMATE: 27.027

VARIABLE CCEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL)

CONSTANT 1378.123 17.714 0.000 . 77.800 0.000
FREEZEZ 20.606 1.322 0.583 0.155 15.587 0.000
THAW -35.676 0.843 -1.552 0.161 -42.342 0.000
TIME -0.805 0.254 -0.117 0.157 -3.164 0.003
TEMP 4.290 1.322 0.121 0.155 3.245 0.002
FREEZE *THAW -1.58¢ 0.052 -0.969 0.214 =-30.520 0.000
FREEZE*TIME -0.033 0.015 -0.067 0.222 -2.161 0.035
FREEZE *TEMP 0.188 0.080 0.073 0.226 2.354 0.022
THAW*TIME 0.032 0.010 0.102 0.210 3.17 0.003
THAW*TEMP -0.104 0.052 -0.064 0.214 -2.003 0.050
TIME*TEMP 0.050 0.015 0.101 0.222 3.220 0.002

ANALYSIS OF VARIANCE

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F~2ATIO P
REGRESSION 3343121.506 10 334312.151 457.677 0.300
RESIDUAL 38714.103 S3 730.455

SAT 7/11/98 10:52:32 PM A:\EOPFINAL.SYS

DEPENDENT VARIABLE CCLOR
MILIMUM TOLERANCE FOR ENTRY INTO MODEL = -010000

FORWARD STEPWISE WITH ALPHA-TO-ENTER= .150 AND ALPHA-TO-REMOVE= .150

STEP # 0 R= .000 RSQUARE= .000

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE 13 ‘e

IN
1 CONSTANT

ouT PART. CORR
2 FREEZE -0.133 - . .1E+01 1.119 0.294
3 THAW -0.864 . . .1E+01 183.283 0.000
4 TIME -0.073 . . J1E+01 0.328 0.569
S TEMP 0.098 - . .1E+01 0.606 0.439
6 FREEZE*THAW 0.229 . . .1E+01 3.439 0.068
7 FREEZE*TIME -0.054 . . -1E+01 0.184 0.669
8 FREEZE*TEMP 0.038 . . .1E+01 €.0%0 0.765
9 THAW*TIME -0.5857 . . -1E+01 27.853 0.000
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0.573
0.129

10 THAW*TEMP
11 TIME*TEMP

STEP # 1 R= .864 RSQUARE=
TERM ENTERED: THAW
VARIABLE COEFFICIENT
IN
1 CONSTANT
3 THAW -19.870
ouT PART. CORR
2 FREEZE -0.265
4 TIME -0.144
5 TEMP 0.196
6 FREEZE*THAW -0.734
7 FREEZE*TIME -0.108
8 FREEZE*TEMP 0.076
9 THAW*TIME -0.064
10 THAW<TEMP 0.125
11 TIME*TEMP 0.257

STEP # 2 R= .940 RSQUARE=

TERM ENTERED: FREEZE*THAW
VARIABLE COEFFICIENT
IN
1 CONSTANT
3 THAW -26.319
6 FREEZE*THAW -0.759
ouT PART. CORR
2 FREEZE 0.842
4 TIME -0.213
5 TEMP 0.288
7 FREEZE*TIME 0.462
8 FREEZZ*TEMP -0.505
9 THAW*TIME -0.094
10 THAW®TEMP 0.184
11 TIME*TEMP 0.378
STEP # 3 R= .983 RSQUARE=
TERM ENTERED: FREEZE
VARIABLE COEFFICIENT
IN
1 CONSTANT
2 FREEZE 17.499
3 THAW -33.354
6 FREEZE*THAW -1.586
ouT PART. CORR
4 TIME -0.394
5 TEMP 0.534
7 FREEZE*TIME 0.208
8 FREEZE*TEMP -0.310
9 THAWCTIME -0.174
10 THAW®TEMP 0.342
11 TIME-TEMP 0.701
STEP # 4 R= .991 RSQUARE=

TERM ENTERED: TIME*TEMP

.1E4+01 30.334
.1E+01 1.051
.747
STD ERROR STL COEF TOLERANCE F
1.468 -0.864 .1E+01 183.253
.1E+01 4.601
.1E+01 1.297
.1E+01 2.427
0.63382 71.269
.1E+01 0.723
. .1E+01 0.352
0.62185 0.247
0.63382 0.971
.1E+01 4.306
.883
STD ERROR STD COEF TOLERANCE F
1.262 -1.145 0.63382 434.718
0.090 -0.464 0.62382 71.269
0.33784 146.527
.1E+01 2.838
. .1E+01 5.429
. 0.73573 16.288
. 0.74382 20.534
. 0.62185 0.530
0.63382 2.110
.1E+01 10.009
.966
STD ERROR STD COEF TOLERANCE 13
1.446 0.495 0.33784 146.527
0.899 -1.451 0.36900 .14E+04
0.084 -0.969 0.21413 356.410
.1E+01 10.859
. <1E+01 23.588
0.60089 2.677
0.61312 6.288
0.62185 1.834
0.63382 7.811
.1E+01 S7.164
.983

0.000
0.309

0.000

.036
.259
.124
.000
.398
.555
.621
.328
.042

(eReRealoNaNoNoNo¥el

.000
.000

[e R o)

.000
.097
.023
.000
.000
.469
.152
.002

(el oReNoNoNoNoNa)

.000
.000
.000

[eNeNa)

3.002
0.000
0.107
0.015
0.181
0.007
0.000



VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE 3 ‘e’

IN
1 CONSTANT
2 FREEZE 17.499 1.039 0.495 0.33784 283.686 0.000
3 THAW -33.354 0.646 -1.451 0.36900 .27E+04 0.000
6 FREEZE*THAW -1.586 0.060 -0.969 0.21413 690.034 0.000
11 TIME*TEMP 0.064 0.008 0.129 .1lE+01 57.164 0.000
ouT PART. CORR
4 TIME 0.067 . 0.62083 0.262 0.610
S TEMP 0.165 0.60089 1.627 0.207
7 FREEZE*TIME ~-0.217 0.45713 2.862 0.09¢6
8 FREEZE*TEMP 0.068 0.45871 0.267 0.608
9 THAW*TIME 0.288 0.46572 5.260 0.025
10 THAW<TEMP -0.031 0.46632 0.054 0.817
STEP # 5 R= .992 RSQUARE= .984
TERM ENTERED: THAW*TIME
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE £ ‘e’
IN
1 CONSTANT
2 FREEZE 17.499 1.003 0.495 0.33784 304.169 0.000
3 THAW -34.137 0.711 -1.485 0.28393 .23E+04 0.000
6 FREEZE*THAW -1.586 0.058 -0.969 0.21412 739.857 0.000
9 THAW*TIME 0.017 0.008 0.055 0.46572 5.260 0.028
11 TIME*TEMP 0.075 0.009 0.151 0.74893 62.79¢6 0.000
ouT PART. CORR
4 TIME -0.228 0.28005 3.121 0.083
5 TEMP 0.034 0.46710 0.068 0.795
7 FREEZE°TIME -0.078 0.32791 0.352 0.555
8 FREEZE*TEMP 0.182 0.408695 1.962 0.167
10 THAW*TEMP -0.145 0.41017 1.232 0.272
STEP # 6 R= .992 RSQUARE= .985
TERM ENTERED: TIME
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE 3 'p’
IN
1 CONSTANT
2 FREEZE 17.499 0.986 0.495 0.33784 315.290 0.000
3 THAW -34.791 0.791 -1.513 0.22173 .19E+04 0.000
4 TIME -0.371 0.210 -0.054 0.28005 3.121 0.083
6 FREEZE*THAW -1.586 0.057 -0.969 0.21413 766.908 0.000
9 THAW*TIME 0.032 0.011 0.102 0.21008 8.278 0.006
11 TIME-TEMP 0.068 0.010 0.136 0.62083 43.753 0.000
ouT PART. CORR
S TEMP 0.170 0.35714 1.674 0.201
7 FREEZE*TIME -0.260 0.22173 4.052 0.049
8 FREEZE*TEMP 0.118 0.36441 0.791 0.378
10 THAW*TEMP -0.075 0.36402 0.319 0.574
STEP # 7 R= .993 RSQUARE= .986
TERM ENTERED: EFREEZE*TIME
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE F ‘e

IN

1 CONSTANT



2 FREEZE 19.006 1.218 0.537 0.21008 243.677 0.000
3 THAW -34.791 0.770 -1.513 0.22173 .20E+04 0.000
4 TIME -0.655 0.249 -0.096 0.18937 6.951 0.011
6 FREEZE*THAW -1.586 0.056 -0.969 0.21413 807.975 0.000
7 FREEZE*TIME -0.033 0.017 -0.067 0.22173 4.052 0.049
9 THAW®TIME 0.032 0.011 0.102 0.21008 8.721 0.005
11 TIME*TEMP 0.068 g.010 0.136 0.62083 46.102 0.000
ouT PART. CORR
5 TEMP 0.176 0.35714 1.766 0.189
8 FREEZE*TEMP 0.122 0.36441 0.834 0.365
10 THAWeTEMP -0.078 0.36402 0.336 0.564
THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS:
CONSTANT
FREEZE
THAW
TIME
FREEZE *THAW
FREEZE*TIME
THAW*TIME
TIME*TEMP
DEP VAR: COLOR N: 64 MULTIPLE R: 0.993 SQUARED MULTIPLE R: 0.986
ADJUSTED SQUARED MULTIPLE R: .984 STANDARD ERROR OF ESTIMATE: 29.019
VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL)
CONSTANT 1341.658 14.702 0.000 . 91.254 0.000
FREEZE 19.006 1.218 0.537 0.210 15.610 0.000
THAW -34.791 0.770 -1,513 0.222 -45.162 0.000
TIME -0.655 0.249 ~-0.096 0.189 -2.637 0.011
FREEZE* THAW -1.586 0.056 -0.969 0.214 -28.425 0.000
FREEZE*TIME -0.033 0.017 -0.067 0.222 -2.013 0.049
THAW*TIME .032 0.011 0.102 0.210 2.953 0.005
TIME*TEMP 0.068 0.010 0.136 0.621 6.790 0.000
ANALYSIS OF VARIANCE
SOURCE SUM-CF-SQUARES DF MEAN-SQUARE F-RATIO P
REGRESSION 3334676.418 7 476382.345 565.688 0.000
RESIDUAL 47159.192 56 842.128
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APPENDIX G

COMPOSITE RESULTS

ALKALINE EXTRACTION STAGE MEMBRANE CONCENTRATE
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 24 °C

Sample Inihal Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %
u s range |y s range |u s range
Color (CU) 5360 [100.0 [5250 |10700 [310.0 ]|10400 {22500 |260.0 [22300
to to to
5450 11000 22800
COD(mg/L) 5810 |[216.0 [5600 {11100 [255.0 |10800 |24700 |529.0 |24100
to to to
6030 11300 25100
pH 9.59 004 19.5510(956 [0.03 [9.54t0{9.59 [0.02 [947to
9.62 9.59 9.53
Total 1200 |66.0 [1130 2090 [75.0 [|2010 |5060 |70.0 [4940
Alkalinity to to to
(mg/LCaCO3) 1260 2160 5150
Total 13 23 12to |15 2.2 12to 318 505 {27210
Suspended 16 16 372
Solids (mg/L)
Turbidity 8.8 281 (7.0t0 |52 020 (5.0to }5.7 1.00 [45to
(NTU) 120 54 6.4
Total 5530 [185.1 [5320 [11500 |667.4 |10700 |24200 |122.3 |24100
Dissolved to to to
Solids (mg/L) 5670 11900 24300
Volatile 12 400 |8tol6{12 1.0 8o 16| 165 194.1 }132to
Suspended 200
Solids (mg/L)

4 - mean, s - sample vanance

Composite Results
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -2 *C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u s range | u s range
Color (CU) 5060 ]45.83 [5010 10200 |158.1 |10000 [22600 |40.82 |[22500
to to to
5100 10300 22700
COD(mg/L) 5420 [76.49 {5350 |[10900 |158.1 |[10800 | 24500 |158.21 | 24300
to to to
5500 11100 24600
pH 9.56 }0.022 [9.55t0}9.57 0.016 [9.55t0]{9.51 0.016 {9.50 to
9.59 9.58 9.53
Total 1190 |50.74 |1150 {2100 |25.50 {2080 |5220 |76.49 |S000
Alkalinity to to to
(mg/L CaCO3) 1250 2130 5200
Total 12 0.00 |12 11 23 8to 12298 7.6 290 to
Suspended 305
Solids (mg/L)
Turbidity 10 079 95t [5.1 032 |49t |42 026 (4.0t
(NTU) 11 5.5 4.5
Total 5440 14243 |5380 |10900 |255.0 | 10700 | 24500 |200.0 |24300
Dissolved to to to
Solids (mg/L) 5510 11200 24700
Volatile 9 23 8to12|11 24 8to 12| 225 250 [200to
Suspended 250
Solids (mg/L)

¥ - mean, s - sample vanance
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 4 °C

Initial Freezing Iemperature -2 °C

Sample
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |y s range | ¥ s range
Color (CU) 3860 | 81.55 |4800 | 9940 [77.78 | 9850 22500 |360.6 | 22100
to to to
4950 10000 22600
COD(mg/L) 5330 |49.50 |5150 |10300 {200.0 [10100 |24500 255.0 |[24300
to to to
5300 10500 24800
pH 958  |0.036 19.55t0{9.54 [0.007 [9.531t0 9.53 10.007 [9.51t0
9.62 9.54 9.53
Total 1110 | 32.40 |1090 |2060 |38.24 [2625 (5310 36.06 | 35280
Alkalinity to to to
(mg/LCaCO3) 1150 2100 5350
Total 8 000 |8 7 23 408 336 3329 {298to
Suspended 360
Solids (mg/L)
Turbidity 5.5 025 |53to |41 0.16 (4.0t |39 030 (36t
(NTU) 5.8 4.3 4.2
Total T310  |65.57 | 5150 |10400 |255.0 [10100 |24600 300.0 |24300
Dissoived t05280 to to
Solids (mg/L) 10600 24800
Volatile 8 000 (8 7 23 4108 [192 [217 [172t0
Suspended 225
Solids (mg /L)

i - mean, s - sample vanance

Thawed Bottom up at a Thawing Temperature 24 °C

Composite Results
Initial Freezing Temperature -2 °C

Initial Freezing Temperature -2 °C

Sample
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u s range | p s range
Color (CU) 1310|149 | 1140 5390 |190 |5210 [33900 [735 [32700
to to to
1420 5590 34900
COD(mg/L) 140 |[125 1310 [5490 |[170 5320 {33400 | 778 32500
to to to
1560 5660 34000
pH 9.50 0.04 9.47 to[ 9.49 0.02 9.47 to{ 9.40 0.01 9.38 to
9.55 9.51 9.41
Total 332 30 300 to 1310 |69 1260 | 6560 |32 6520
Alkalinity 360 to to
(mg/LCaCO3) 1390 6580
Total 11 23 8to12(5 23 408 [812 50.1 [764t0
Suspended 864
Solids (mg/L)
Turbidity 13 1.1 12to |44 1.1 31t |35 04 32t
(NTU) 14 52 4.0
Total 1480 |152 1280 [5620 |[151 5460 33100 {644 32400
Dissolved to to to
Solids (mg/L) 1590 5760 33600
Voiatile 9 23 8to012{53 23 4t08 [375 24.1 352 to
Suspended 400
Solids (mg/L)

u - mean, s - sampie vanance
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Bottom up at a Thawing Temperature 15 °C

Sample Irutial Freezing Temperature -2 °C
Locahon
Top (35 %) Middle (35 %) Bottom (30
u s range |y S range |y s range
Color (CU) 1500 |45.28 |1450 [5410 {96.41 |[5300 [31200 [200.0 {31000
to to to
1540 5480 31400
CODI(mg/L) 1520 [90.83 [1440 [5490 [22.36 |5460 [32400 |406.2 {32000
to to to
1620 5520 32800
pH 9.47 0.012 |9.46t0|9.49 0.010 |9.491t0]{9.39 0.012 [9.38to
9.48 9.50 9.41
Total 318 22.55 129510 {1350 [50.00 [1300 |6380 [3536 [6350
Alkalinity 340 to to
(mg/LCaCOn) 1400 6420
Total 9 23 8t012(7 23 4t08 {720 (229 ]690to
Suspended 740
Solids (mg/L)
Turbidity 13 100 J13to0 |48 025 |4.5to [4.2 022 [40to
(NTU) 15 5.0 | 4.5
Total 1500 |60.00 [1440 |5810 [36.06 [5780 [32200 |353.6 |31800
Dissolved to to to
Solids (mg/L) 1560 5850 32500
Voilatile 8 000 |8 7 23 4t08 |333 8.7 325t
Suspended 345
Solids (mg/L)

¥ - mean s - sampie vanance

Composite Results
Initial Freezing Temperature -2 °C
Thawed Bottom up at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
M S range |u s range | ] range
Color (CU) 2610 |160.9 245% 5670 | 148.7 3 30100 [ 2915 2985‘6‘
to to to
2790 5950 30300
COD(mg/L) [2740 |196.1 |2560 |5620 |163.7 |5480 |32100 |160.8 | 30300
to to to
29% | 5800 33300
pH 940 0017 |938t0|939 |0.026 [936t0)937 [0.017 |935to
_ 9.41 9.41 938
Total 675 | 30.09 1656t | 1460 |75.17 |1370 | 5980 |75.17 |5900
Alkalinity 710 to to
(mg/LCaCO3) 1500 6050
Total 4 0.00 |4 9 24 8to12]708 189 [695¢t0
Suspended 730
Solids (“‘i/ L)
Turbidity 7.0 180 [5.0to |1.9 026 |16to |32 |035 |28t
(NTU) _ 85 21 35
Total 7850 1082 | 2760 | 6110 [113.8 |6020 | 30000 |781.0 | 29500
Dissolved to to to
Solids (mg/L) 2970 6240 30900
Volatile 4 0.00 |4 ] 24 Sto12|312 |77 |305t0 |
Suspended 320
Solids (mg/L)

u - mean. s - sample vanance
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Composite Results
Initial Freezing Temperature -15 °C
Thawed Top Down at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -15 °C
Location _
Top (35 %) Middle (35 %) Bottom (30 %
n s range | u s _ range | u s range
Color (CU) 9180 |64.0 [9130 |10300 | 308 10000 | 15700 |158.1 | 15600
to to to
9250 10600 15900
COD(mg/L) 10100 [203 19920 [10500 300 |10200 [19600 {600 19000
to to to
10300 10800 20200
pH 964 001 [964to]966 [0.01 [965t0{968 [0.03 ]9.65to
9.66 9.67 9.70
Total 2100 104 1930 2420 148 |2320 3530 |32 3470
Alkalinity to to to
(mg/LCaCO3) 2220 2550 3620
Total 9 23 8to 12{12 000 |12 348 (120 |336to
Suspended 360
Solids (mg/L)
Turbidity 32 0.5 27t0 {33 0.8 24t0 |27 0.2 24 to
(NTU) 3.6 39 2.9
Total 10200 | 212 10000 {10900 {200 |10700 | 19300 | 1044 |18100
Dissolved to to to
Solids (mg/L) 10400 11100 20000
Volatile 9 23 8to 12|12 000 |12 216 200 |[196to
Suspended 236
Solids (mg/L)

4 - mean, s - sample varnance

Composite Results

Initial Freezing Temperature -15 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom {30 %)
i S range ju __ |s range | u S range
Color (CU) 8290 | 1353 |8420 [10100 |127.5 |9950 | 16400 |353.6 | 16100
to to to
_ 8920 10200 16800
COD(mg/L) 18920 [76.49 |8850 |10400 |158.1 | 10300 [ 19900 |200.0 |19700
to to to
_ 9000 10600 20100
pH 959 |0.021 |957to|9.57 |0.007 |9.57to|957 |0.017 |955to
961 9.58 9.58
Total 1960 4528 |1910 |2410 |35.36 |2380 | 3550 |4528 |3510 |
Alkalinity to ' to to
(mg/L CaCO3) 2000 2450 3600
Total 8 000 |8 11 23 |B81t012]368 |16 |350to |
Suspended 380
Solids (mg/L)
Turbidity 29 1016 |2B8to |20 |0.01 |1Sto |35 055 |3.1to
(NTU) 3.1 2.1 4.1
Total 900C 1332 [8890 |10400 |100.0 | 10300 | 19800 | 2000 | 19600
Dissolved to to to
Solids (mg/L) 9150 10500 20000
Volatile 8 0.00 |8 11 24 |Bto12]226 {9.08 |218¢to
Suspended 236
Solids (mg/L)

¥ - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -15 °C
Thawed Top Down at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
] S range | 4 S range llt S range
Coior (CU) 7390 | 101.2 | 7210 |9390 [2427 (9120 [17900 |264.6 |17700
to to to
7530 9590 18200
COD (mg/L) 7980 | 136.6 | 7890 [9720 {436.2 [9340 [20200 [2121 |20000
to to to
8140 10300 20400
pH 955 0.07 9.54 t0]9.58 0.012 |9.57 to|9.55 0017 {954to
9.55 9.59 9.57
Total 1840 | 30.82 11810 |2310 |3240 |2290 {3690 {41.83 |3640
Alkalinity to to to
(mg/LCaCO3) 1870 2350 3720
Total 5 23 4to08 [11 23 8to 12| 447 153 430 to
Suspended 460
Solids (mg/L)
Turbidity 1.5 021 13to |12 0.07 1..ito |10 1.00 9to 11
{NTU) 17 12
Total 7880 |57.0 | 7820 | 9950 [71.6 |9850 |16900 [2550 |16700
Dissolved to to to
Solids (mg/L) 7930 10100 17200
Volatile 5 23 4t08 |9 24 810 12{ 255 132 |245t0
Suspended 270
Solids (mg/L)

¥ - mean, s - sample vanance

Composite Results
Initial Freezing Temperature -15 °C
Thawed Bottom Up at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
[ S range | ¥ S range |y S range
Color (CU) 2410 |16 7390 | 6030 |153 5900 |25200 |158.1 | 25100
to to to
2420 6200 25400
COD(mg/L) 2640 [203 | 2580 |6070 |125 5950 |28700 |1725 |27200
to to to
2720 6200 30600
pH 567 1002 1965t0|967 |003 |965to[961 |0.01 [960to
9.69 9.70 9.63
Total 544 |7 536 to | 1370 | 70 1300 |5260 145 | 5100
Alkalinity 548 . to to
(mg/LCaCO3) 1440 5360
Total 12 2.0 8to 16( 9 23 Sto12|72 [653 |647to
Suspended 768
Solids (mg/L)
Turbidity ] 1.0 Tato |32 |09 |[21to |48 |21 24 to
(NTU) 16 39 6.4
Total 2500 |12 2490 |6180 |163 6000 |29200 [100 |29100
Dissolved to to to
Solids (mg/L) 2510 6320 29300
Volatile 12 2.0 8to 169 23 Sto12] 216 |200 [196t0
Suspended 236
Solids (mg/L)

§ - mean, s - sample variance
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Composite Resuits
Initial Freezing Temperature -15 °C
Thawed Bottom Up at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u S range | p S range
Color (CU) 2520 |104.2 [2400 [5980 [1259 |5850 (25400 [158.1 |25300
to to to
2600 6100 25600
COD (mg/L) 2730 |125.1 |2600 [6260 [145.8 6100 |[28500 |400.0 |28100
to to to
2850 6380 28900
pH 9.51 0016 [9.49t0|9.55 0.010 |9.54 to]| 9.56 0012 |955t0
9.53 9.56 9.57
Total 566 954 |556to]1295 |32.79 [1260 5120 |45.83 |5080
Alkalinity 575 to to
(mg/LCaCO3) 1325 5170
Total 5 23 4to8 |7 23 4to8 |608 17.56 690 to
Suspended 625
Solids (mg/L)
Turbidity 15 12 14to |63 082 |[56to [4.5 007 J45t
(NTU) 16 7.2 46
Total 2720 | 7549 |2650 |6390 [1153 [6300 |28400 |158.1 |28200
Dissolved to to to
Solids (mg/L) 2800 6520 28500
Volatile S 23 4to08 {7 23 4to8 |19 92 180 to
Suspended 198
Solids (mg/L)

4 - mean, s - sampie vanance

Composite Results
Initial Freezing Temperature -15 °C
Thawed Bottom up at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
B_ S5 range |4 S range E_ S range
Color (CU) 2780 [7036 [2710 [7740 |1015 |7630 {25200 {100.0 |25100
to to to
2850 7830 25300
COD(mg/L) 3160 [65.19 |3100 [8780 |65.57 |8710 |28500 |{255.0 |28200
to to to
3230 8840 28700
pH 948 | 0016 |9461t0[9.52 |0.021 |9.50 to|9.56 |0.016 |9.54 to
9.49 9.54 9.57
Total 676 | 17.62 |660to | 1840 |30.00 |1810 |5350 |4528 |5510 |
Alkalinity 695 to to
(mg/LCaCO3) 1870 5600
Total 5 23 4to8 |7 23 |4to8 |648 [236 |[630to
Suspended 675
Solids (mg/L)
Turbidity 10 0.7 91010}53 016 |51lto |44 025 J41to
(NTU) 5.4 4.6
Total 3070 | 75.17 |3000 8450 |87.46 |8380 |26700 |158.1 |26500
Dissolved to to to
Solids (mg/L) 3150 8550 26800
Volatile 5 23 4t08 |7 23 |4to8 |67 161 [55to
Suspended 85
Solids (mg/L)

u - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -25 °C
Thawed Top Down at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -25 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |y s range |u s range
Color (CU) 10200 [ 122 10100 |11000 |158.1 {10900 | 13900 |265 13600
to to to
10300 11200 14100
COD (mg/L}) 10500 |71 10500 |11300 {71 11200 |[14100 {173 13900
to to to
10600 11300 14200
pH 9.66 001 |965t0]965 001 [965t0|966 [0.02 [9.65t0
9.67 9.66 9.68
Total 2380 |35 2350 2700 |16 2690 (3200 {25 3170
Alkalinity to to to
(mg/LCaCO3) 2420 2720 3220
Total 9 23 8to 1212 000 |12 307 13 295 to
Suspended 320
Solids (mg/L)
Turbidity 3.1 0.1 29to {25 0.5 21to |55 03 52 to
(NTU) 32 3.1 5.7
Total 10300 [158.1 {10100 11100 |71 11000 }14200 |71 14100
Dissolved to to to
Solids (mg/L) 10400 11100 14200
Volatile 9 23 8to 12112 000 |12 202 |76 195 to
Suspended 210
Solids (mg/L)

u - mean, s - sample variance

Compeosite Results
Initial Freezing Temperature -25 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sampie Initial Freezing Temperature -25 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
I b3 range M_ s faﬂge I’ 13 range
Color (CU) 9780 |66.71 |9720 |10700 | 200.0 | 10500 | 14000 | 158.1 | 13900
to to to
9850 10900 14200
COD(mg/L) |9980 1070 |9890 [10900 [158.1 |10800 | 14200 |4082 |14100
to to to
10100 | __|11100 14300
pH 960 [001 |9.910]957 |0.012 (956t0|9.58 [0.007 |9.57 to
961 9.58 9.58
Total 2360 |52.92 | 2300 |2720 |40.62 |2680 [3250 |35.36 |3210
Alkalinity to to to
{(mg/L.CaCO3) 2400 2760 3280
Total 9 23 |8to12]9 23 [8to12]328 |161 |310to
Suspended 340
Solids (mg/L)
Turbidity 26 023 |24to |21 {020 |19¢to |41 020 |39t
(NTU) 29 _ 23 43
Total 10000 | 79.06 | 9950 | 10900 | 173.2 | 10800 | 14200 | 100.0 | 14100
Dissolved to to to
Solids (mg/L) 10100 11100 14300
Volatile 9 23 |8to12]9 73 |8t012]212 |125 |198t0 |
Suspended 21
Solids (mg/L)

4 - mean, s - sampie variance
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Composite Results
Initial Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -25 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range |y s Tange
Color (CU) 3060 | 8093 2990 [7540 [50.50 [7490 |25000 {100.0 |[24900
to to to
3150 7590 25100
COD (mg/L) 3200 |80.0 |3120 |7410 [5292 [7350 [25200 [40.82 [25100
to to to
3280 7450 25300
pH 9.45 |0.007 [9.45t0]9.42 0.012 }9.41t0]9.40 0.010 {9.39to
9.46 9.43 9.41
Total 663 24.67 |636to | 1370 |40.77 [1325 |5150 |50.00 |5100
Alkalinity 680 to to
(mg/LCaCO3) 1400 5200
Total 5 23 4to8 |8 000 18 655 29 |630to
Suspended 675
Solids (mg /L)
Turbidity 89 050 |[84to {56 050 |[5.1to {39 032 [35¢t0
(NTU) 9.3 6.1 4.1
Total 3760 | 36.10 | 3230 |7410 |4528 [7360 [25300 [200.0 |25100
Dissolved to to to
Solids (mg/L) 3300 7450 25500
Volatile 5 2.3 4to8 {8 0.00 |8 392 104 ([380to
Suspended 400
Solids (mg/L)
§ - mean, s - sampile vanance
Composite Results
Initial Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 24 °C
Sampie Initial Freezing Temperature -25 °C
Location .
Top (35 %) Middle (35 %) Bottom (30 %)
u___Is range | i 5 range (4 s |range
Color (CU) 2780 |36 27405_ 5940 |40 5900 26400 |158.1 [26200
to to to
2810 _ 5980 26500
COD(mg/L) |3030 [104 [295%0 [6060 95 5950 | 29500 |354 | 29100
to to to
3150 6130 29800
pH 945 (002 |9.43t0}1939 {001 [938to|943 [0.02 [940to
948 | 9.43 9.45
Total 557 |13 |80t |1330 |31 |1300 |5100 |50  |5050 |
Alkalinity 610 to to
(mg/LCaC03) 1360 5150
Total 8 0.0 8 1n 23 81012]733 |[416 |700to
Suspended 780
Solids (mg/L)
Turbidity 255 ]21 24to |14 1.0 13to |4.1 03 39to
(NTU) 28 15 4.5
Total 2700 |55 2640 15860 |41 5820 [29100 [158.1 |29000
Dissolved to to to
Solids (mg/L) 2750 5900 29300
Volatile 8 000 |8 1 23 8to12]500 200 |480to
Suspended 520
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initia] Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 15 °C

Initial Freezing Temperature -25 °C

Sample
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range |u 3 range
Color (CU) 3030 [76.49 [2960 |6310 |[65.19 {6250 |25100 [200.0 |24900
to to to
3110 6380 25300
COD(mg/L) 3140 149.50 [3110 [6380 |[75.17 [6300 {25300 |200.0 |[25100
to to to
3200 6450 25500
pH 9.46 0.012 1946t0]9.41 0.016 |9.39to|9.46 0.010 [9.45to
947 942 | 9.47
Total 656 | 30.56 |630to | 1380 |30.21 |1350 |5220 |85.15 |5120
Alkalinity 690 to to
(mg/LCaCO3) 1410 5280
Total 7 23 4to8 |9 23 8to 12| 680 30.0 |[650to
Suspended 710
Solids (mg/L) _
Turbidity 15 100 [14to |83 055 |78to |39 035 |36to
(NTU) 16 8.9 4.3
Total 3140 6042 |3080 [6400 |[55.68 {6350 (25300 (212.1 |25100
Dissolved to to to
Solids (mg/L) 3200 6460 25500
Volatile 7 23 4t08 [9 2.3 8to 12443 207 [424to
Suspended 465
Solids (mg/L)

4 - mean, s - sampie vanance

Composite Results
Initial Freezing Temperature -25 °C
Thawed Top Down at 2 Thawing Temperature 4 °C

Initia] Freezing 1emperature -25 °C

Sample
Location
‘top (35 %) Middle (35 %) Bottom (30 %)
u S range | g E) range |u s range
Color (CU) 9650 |65.19 | 9590 | 10600 |158.1 | 10400 | 14100 |200.0 | 13900
to to to
_ 9720 10700 14300
COD(mg/L) |9830 [80.93 |9760 |10900 {100.0 | 10800 | 14300 |158.1 | 14100
to to to
0910 | 11000 14400
pH 958 |0.007 [9581t0|958 |0.007 |9.57 to|957 [0.01 |9.55to
959 9,58 9.57
Total 2300 |40.62 | 260 | 2750 |35.36 |2720 |3260 |30.82 |3230
Alkalinity to to to
(mg/LCaCO3) 23400 2790 3290
Total 8 0.00 |8 8 000 |8 348|225 |325to
Suspended 370
Solids (mg/L)
Turbidity 27 |06 |25to |20 |0.16 |1.8to |38 |020 |36t
(NTU) 28 21 40
Total 9970 |41.8 | 9920 | 10900 |158.1 | 10700 | 14300 | 1225 | 14200
Dissolved to to to
Solids (mg/L) 10000 11000 14400
Volatile 8 000 |8 8 000 |8 22 |150 |211to
Suspended 241
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Bottom Up at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u 3 range | u s range |u s range
Color (CU) 416 30.24 | 393 to | 655 31.39 |620to [6010 |68.19 ]5930
450 680 to
6060
COD(mg/L) 620 1485 [604to (1040 [23.45 [1030 |[B660 |120.6 |8530
633 to to
1070 8770
pH 10.57 }0.058 {10.53 [10.8¢ [0.007 {10.84 |11.36 |0.016 [11.28
to to to
10.64 10.85 _ 11.4
Total 317 3297 |29 to [487 19.16 [465to [3780 [43.59 |3730
Alkalinity 355 500 to
(mg/LCaCO3) 3810
Total <1 000 |[<1 4 0.00 |4 473 332 (432t
Suspended 496
Solids (mg/L)
Turbidity 5.6 051 (52t |67 136 |51to }30 070 |29to
(NTU) 6.2 7.6 30
Total 864 2495 [836to [1510 |[75.83 [1460 |11400 {2121 [11200
Dissoived 884 to to
Solids (mg/L) 1600 11600
Volatile <1 0.00 <1 4 000 |4 336 50.1 288 to
Suspended 388
Solids (mg/L)

u - mean, s - sample vanance

Composite Results
Initial Freezing Temperature -2 °C
Thawed Bottom Up at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
H s ranEe 13 S range | S5 range
Color (CU) 515 | 22.03 |496to | 1240 |35.70 | 1210 |5670 |45.83 |5620
540 to to
1280 5710
COD(mg/L)  |803 |37.69 |763to | 1830 |72.11 |1750 |8130 |78.10 |8080
838 to to
1890 8220
pH 1052 |0.064 |10.45 [11.01 |0.046 |10.96 |11.34 |0.046 |11.29
to to to
10.57 11.05 11.38
Total 318 |6.08 |314to [893 |20.82 |870to |3950 |20.00 |3930
Alkalinity 325 : 910 to
(mg/LCaCO3) 3570
Total r 0.00 |4 ) 0.00 |4 40 |21.79 |i5t0
Suspended 465
Solids (mg/L)
Turbidity 57 |052 |Sito |43 |021 j4lto | 16 |26¢t0
(NTU) _ 6.1 45 29
Total 1050 [123.1 |936¢t0 | 2530 |78.1 |2480 |10600 |70.7 |10500 |
Dissolved 1180 to to
Solids (mg/L) 2620 10600
Volatile r} 000 |4 3 0.00 |4 300 136 |290to
Suspended 316
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Bottom Up at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range |u s range
Color (CU) 833 3548 [795t0 | 1480 [61.6 {1420 [4590 [160.5 [4440
865 to to
1540 4760
COD(mg/L) 1260 |51.0 1200 [2180 |863 [2090 [6630 [230.7 [6410
to to to
1300 2260 6870
pH 10.56 [0.0158 [ 10.55 |10.91 [0.065 j10.85 |11.28 {0.035 }11.24
to to to
10.58 10.98 11.31
Total 965 15.00 |950to | 1140 |23.45 |1120 [2040 [25.50 [2010
Alkalinity 980 to to
{mg/LCaCO3) 1160 2060
Total 4 000 |4 4 0.00 {4 409 19.14 |388to
Suspended 425
Solids (mg/L)
Turbidity 4.1 030 [38to |32 041 |28to |25 2.0 23to
(NTU) 4.4 3.6 _ 27
Total 1800 [66.7 [1730 2990 [106,1 [2870 {8640 |295.7 |8360
Dissolved to to to
Solids (mg/L) 1860 3010 8950
Volatile 4 000 |4 4 0.00 |4 292 176 |215t0
Suspended 245
Solids (mg/L)

u - mean, s - sample variance

Composite Resuits
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
W s range |u s range |u s range
Color (CU) 1640 [104.40 1520 {1770 8031 [1690 [4970 |137.48 |4850
to to to
1710 1850 5120
COD(mg/L) 1940 [131.15]1820 2140 ([127.67 {2030 |[7330 |85.15 [7240
to to to
2080 2280 7410
pH 1071 [0.025 {1069 {10.68 [0.032 |10.64 |1099 }0.031 [10.96
to to to
1074 | 10.71 11.02
Total 683 2255 | 660 to | 855 15.00 {840¢to (2770 |[81.85 |[2680
Alkalinity 705 870 to
_(m_g/ LCaCO3) 2840
Total 12 0.00 12 4 000 |4 364 273 [340to
Suspended 385
Solids (mg/L)
Turbidity 9.1 0.12 89to {9.2 0.29 88to |24 0.7 23 to
(NTU) 92 9.3 24
Total 2440 | 11937 | 2310 [2850 |96.18 |2750 [9490 |109.77 | 9400
Dissolved to to to
Selids (mg/L) 2540 2940 9610
Volatile 12 0.00 12 4 0.00 4 314 155 296 to
Suspended 325
Solids (mg/L)

# - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sampie Injtial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u s range | u s range
Color (CU) 1530 (557 |1480 [1680 }354 |1640 [5150 ]171.0 |4950
to to to
1590 1710 5280
COD(mg/L) 2250 |64.1 2180 [2460 [55.2 [2410 [7390 [136.6 [7240
to to to
2340 2510 7510
pH 10.71 10.020 [10.69 [10.70 {0.0158 | 10.68 {11.02 [0.-35 {10.98
to to to
10.73 10.71 11.05
Total 660 312 [635to {818 126 |[805to {2910 [64.4 {2860
Alkalinity 695 830 to
(mg/L CaCO3) 2980
Total 8 000 |8 4 0.00 4 353 176 [335to
Suspended 370
Solids (mg/L)
Turbidity 72 032 69to |7.5 0.60 69to |23 212 21to
(NTU) 7.6 8.1 25
Total 2760 |453 |2720 [3080 [324 3060 |9720 }36.1 |9690
Dissolved to to to
Solids (mg/L) 2810 3120 9760
Volatile 8 000 |8 4 0.00 |4 302 153 [285to
Suspended 315
Solids (mg/L)

¥ - mean, s - sample variance

Composite Results
Initial Freezing Temperature -2 °C
Thawed Top Down at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -2 °C
Location _ _
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range | p s range
Color (CU) 1480 721 1420 1630 [57.0 1580 15220 [604 |5160
to to to
1560 | 1690 5280
COD(mg/L)  |2190 |100.00 [2090 [2390 |B3.4 |2320 7520 |854 |7440
to to to
2290 2480 7610
pH 10.70 [0.025 {10.68 |10.69 |0.007 |10.67 |11.04 |0.071 |10.96
to to to
10.73 — 10.71 11.10
Total 692 126 |680to | 823 126 |810t0 [2840 |57.0 }2780
Alkalinity 705 ’ 835 to
(mg/LCaCO3) 2890
Total 8 000 |8 4 000 [4 370 |287 |35to
Suspended 390
Solids (mg/L)
Turbidity 79 022 |76to |62 0.31 5910 |24 36 21 to
(NTU) 8.1 6.5 28
Total 2980 |36.1 2870 (3240 [1125 }3160 |9770 |110.7 [9670
Dissolved to to to
Solids (mg/L) 3120 3360 9890
Volatile 8 000 |8 I 000 |4 308 |158 [29510 |
Suspended 325
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -15 °C
Thawed Top Down at a2 Thawing Temperature 24 °C

Sample Initial Freezing Temperature -2 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u 5 range {u s range
Color (CU) 1740 | 5148 |1680 |1740 [36.06 |1690 |3530 |98.49 |3420
to to to
1780 1810 3610
COD(mg/L) 2530 [10025[2420 [2560 ]8631 |2480 [5090 [118.53 4950
to to to
2610 2650 5160
pH 1071 10025 [10.68 [10.73 [0.021 |10.71 |10.87 [0.041 |10.83
to to to
10.73 10.75 1091
Total 1030 [21.21 |1010 [1240 [36.06 |1210 |[1860 |45.28 |1810
Alkalinity to to to
(mg/L CaCO3) 1050 1280 1900
Total <1 000 |<1 4 000 |4 281 115 [268to
Suspended 290
Solids (mg/L)
Turbidity 52 051 |46to |33 047 [29to |27 1.7 26to
(NTU) 5.6 38 29
Total 34500 | 102.96 [3340 [3460 [111.36]3360 |6710 |181.93 |6510
Dissolved to to to
Solids (mg/1) 3530 3580 6850
Volatile <1 000 |<1 4 000 |4 239 [11.02 [228to
Suspended 250
Solids (mg/L)

M - mean, s - sampie variance

Composite Results
Inidal Freezing Temperature -15 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u S range |u S range | u S range
Color (CU) 1670 |458 |1620 |1770 |45.8 |1730 |3570 157.0 |3510
to to to
1710 1820 3620
COD (mg/L) 2450 |66.7 |2380 2600 [66.7 |2540 |5170 |52.0 |5080
to to to
2510 2670 5240
pH 1071 [0.030 |10.68 [10.74 [0.010 [10.73 | 10.88 [0.031 |10.85
to to to
10.73 10755 | 10.91
Total 1010 [20.00 |990to [1210 {158 [1190 [1850 |15.8 |1830
Alkalinity 1030 to to
(mg/1LCaCO3) 1220 1860
Total <1 000 |<1 4 0.00 |4 267 202 [245to
Suspended 285
Solids (mg/L)
Turbidity 4.7 047 J42to |33 051 j27to |25 1.6 23 to
(NTU) 5.1 37 27
Total 2130 | 255 |[2100 13510 |863 [3430 |6780 |1027 |6670
Dissolved to to to
Solids (mg/L) 2150 3600 6870
Volatile <1 000 (<1 4 000 |4 218 202 {200 to
Suspended 240
Solids (mg/L)

¥ - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -15 °C
Thawed Top Down at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -15 °C
Location _
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range |u S range
Color (CU) 1630 |50.5 1580 |1780 [26.5 1750 3620 |[65.6 {3550
to to to
1680 1800 3680
COD(mg/L) 2420 387 [2390 [2590 |354 2560 (5240 {60.1 |5180
to to to
2470 2630 5300
pH 1072 {0.025 |10.69 |10.75 [0.026 {10.72 [10.98 ]0.030 |10.95
to to to
10.74 10.77 11.01
Total 1130 [255 1100 [1240 |40.6 1200 2260 |552 [2210
Alkalinity to to to
(mg/LCaCOg3) 1150 1280 2300
Total <1 000 |<1 4 000 (4 310 150 |29to
Suspended 325
Solids (mg/L)
Turbidity 4.5 033 [4.0to {36 040 |27t |22 1.6 20to
(NTU) 5.3 39 25
Total 3260 |90.8 |[3160 |3530 |52.0 3470 6870 [121.2 [6740
Dissolved to to to
Solids (mg/L) 3340 3560 6980
Volatile <l 000 (<1 4 000 1[4 262 75 255 to
Suspended 270
Solids (mg/L)

4 - mean, s - sample variance

Composite Results
Initial Freezing Temperature -15 °C
Thawed Bottom Up at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
U B range | u S range | u s range
Color (CU) 618 | 1253 |605t0 |980 |36.06 |940 to 4520 |25.50 | 4490
630 1010 to
4540
COD(mg/L) | 10206 | 3000 |990to | 1470 |41.63 |1420 |6530 |21.21 |6510
20 1040 to to
- _ 1510 6550
pH 10.63 }0.035 |10.58 |10.83 |0.016 |10.81 |10.88 |0.725 |10.86
to to to
1067 | 10.84 10.91
Total 423 |1042 |4l5to |1033 |2556 |1010 |2710 |20.00 2690
Alkalinity 435 . to to
{mg/LCaCO3) 1050 2730
Total 1 000 |4 r 000 |4 409 |11.5 |39 to|
Suspended 421
Solids (mg/L)
Turbidity 49 [076 |44to |37 023 |d4to |23 16 |2ito
(NTU) 5.8 38 24
Total 1320 |38.08 | 1290 |2080 |58.74 |2C30 |7660 |38.06 |7620
Dissolved to to to
Solids (mg/L) 1360 2120 7690
Volatile q 000 [4 4 0.00 |4 292 |11.0 |[281to
Suspended 303
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -15 °C
Thawed Bottom Up at a Thawing Temperature 15 °C

Sample Irutial Freezing Temperature -15 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u 5 range [’} S range | S range
Color (CU) 647 35.1 610to [ 1090 |[36.1 1050 [4300 {212 4280
680 to to
1120 4320
COD (mg/L) 943 104 935to | 1600 [30.8 1570 6230 |30.8 [6200
955 to to
_ 1630 6260
pH 10.68 [0.042 {1063 |10.85 {0.041 |10.81 {1092 |0.026 {10.90
to to to
_ 1071 10.89 10.95
Total 503 | 153 |490to |1100 |20.00 |1080 [2610 |158 |2600
Alkalinity 520 to to
(mg/LCaCO3) 1120 2630
Total rl 000 |4 Y 0.00 |4 287 |104 |2/5to
Suspended 290
Solids (mg/L)
Turbidit 53 0.38 49t0 |44 0.36 41t |20 1.6 19to
(NTU) 5.6 48 2
Total 1430 [25.5 1400 2240 ]40.00 {2200 |8180 |41.8 8130
Dissolved to to to
Solids (mg/L) 1450 2280 8210
Volatile 4 0.00 4 4 0.00 4 200 10.0 190 to
Suspended 210
Solids (mg/L) _

# - mean, s - sample variance

Thawed Bottom Up at a Thawing Temperature 4 °C

Composite Results
Initial Freezing Temperature -15 °C

Sample [nitial Freezing Temperature -15 °C
Location _ .
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |u s range | u s range
Color (CU) 750 {872 [690to 1280 [41.8 [1230 [3960 [1025 [3850
850 to to
_ _ 1310 | 4120
COD(mg/L) 1110 {667 11050 |1860 [354 !1820 |5630 |[86.3 |5540
to to to
1180 1890 5710
pH 1075 {035 1071 [10.88 |0.03 1085 |11.02 |0.031 |{10.99
to to to
10.78 091 | 11.05
Total 533 153 [520to [1130 [30.00 |1100 {2530 {265 |2500
Alkalinity 550 to to
(mg/L CaCO3) 1160 2550
Total 4 000 }4 53 23 408 |248 176 |230to
Suspended 265
Solids (mg/L)
Turbidity 5.6 062 |49t |45 0300 [42t0 {18 200 |j1l6to
(NTU) 6.1 4.8 20
Total 1630 [803 1550 {2570 [36.1 2530 |[7400 |[453 |[7360
Dissolved to to to
Solids (mg/L) 1710 2600 7450
Volatile 4 0.00 |4 53 23 4to8 (172 202 }150to
Suspended 190
Solids (mg/L)

M - mean, s - sample vanance



Composite Results
Initial Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 24 °C

Sample Initial Freezing Temperature -25 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
u S range |y s range | u s range
Color (CU) 645 (3453 [611to [992 |82.61 [927to |4020 [168.2 |3830
680 1080 to
4150
COD(mg/L) 1000 [33.38 {975t0 [ 1590 [80.31 [1510 6400 [180.3 |6200
1040 to to
1670 6550
pH 1055 [0.020 |1053 |10.66 |0.036 |10.64 |10.99 [0051 |10.65 |
to to to
10.57 10.71 11.05
Total 477 10.61 [467 to | 768 1528 |755t0 2640 }21.21 {2620
Alkalinity 488 785 to
(mg/L CaCO3) 2660
Total 8 000 |8 8 000 |8 342 2255 [320to
Suspended 365
Solids (mg/L)
Turbidity 39 020 [37to |42 0.16 |41to |26 2.1 24 to
(NTU) 4.1 44 28
Total 1410 [3536 [1380 [2270 |[80.31 (2190 8320 [168.2 |8130
Dissolved to to to
Solids (mg/L) 1450 2350 8450
Volatile 8 000 |8 8 000 |8 242 196 {221to
Suspended 260
Solids (mg/L)

u - mean, s - sampie variance

Composite Results
Initial Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 15 °C

Sample Initial Freezing Temperature -25 °C
Location _
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range | u_ s range
Color (CU) 663 1528 [650to | 1080 [2550 [1050 [4310 [4528 |4260
680 to to
_ 1100 4350
COD(mg/L} 1010 [15.81 {1000 1600 [30.00 |[1570 [6240 []29.15 |6200
to to to
1030 1630 _ 6280
pH 10.62 {0.0158 [10.60 |10.72 |0.0361 |10.69 {11.05 |0.041 ]11.01
to to to
10.63 11075 11.09
Total 529 12.06 |516t0 |772 1258 [760to [3990 |20.00 |3970
Alkalinity 540 ' 785 to
(mg/L CaCO3) 4010
Total 9 23 8to12{9 23 8to 12{ 313 104 305 to
Suspended 325
Solids (mg/L)
Turbidity 48 0.30 4510 |51 0.38 48t |21 212 19 to
(NTU) 5.1 55 23
Total 1490 |35.36 | 1450 |2230 [30.00 [2200 |8160 |40.00 | 8120
Dissoived to to to
Solids (mg/L) 1520 260 | 8200
Volatile 8 0.00 8 8 0.00 8 230 10.00 [220to
Suspended 240
Solids (mg/L)

¥ - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -25 °C
Thawed Top Down at a Thawing Temperature 24 °C

Initial Freezing Temperature -25 °C

Sample
Location _
Top (35 %) Middle (35 %) Bottom (30 %)
u s range | u s range | u s _|range
Color (CU) 1720 {4950 | 1660 [1830 {8544 (1750 [2630 [7325 [2550
to to to
1750 1920 2720
COD(mg/L) 2580 |25.50 | 2560 |2700 |110.68 |2580 |3850 |85.15 3750
to to to
2610 2800 3910
pH 1071 |0.030 |10.68 |10.79 |0.057 |10.72 |1091 |0.045 |10.86
to to to
10.74 1083 | 10.96
Total 1180 [25.25 | 1155 |1230 |1620 [1210 [1590 [21.21 [1570
Alkalinity to to to
(mg/L CaCO3) 1210 1240 1610
Total <1 000 |<1 4 0.00 |4 286 1891 [265to
Suspended 30
Solids ( '[‘5/ L)
Turbidity 4.0 0.16 39t |28 0.22 250 |27 212 |25to
(NTU) 42 3.1 29
Total 3600 {93.00 [3490 [3820 ]107.00 {3700 [4970 |]108.53 |4830
Dissolved to to to
Solids (mg/L) 3660 3910 5110
Volatile <1 000 (<l 4 000 |4 231 1530 [215to
Suspended 245
Solids (mJg/i.)

4 - mean, s - sample vaniance

Composite Results
Initial Freezing Temperature -25 °C
Thawed Bottom Up at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -25 °C
Location
Top (35 %) Middle (35 %) Bottom (30 %)
I’} S range | u S range |y S range
Color (CU) 790 | 30.00 760%0 1280 |30.8 12‘5'0’@L 3980 | 70.00 3916L'
820 to to
_ 1310 4050
COD(mg/L) 1180 |354 [1150 |1890 |36.1 |1850 |5740 |908 |5640
to to to
1220 1920 5820
pPH 10.66 [0.0158 [ 10.65 |10.77 |0.0212 |10.75 |11.05 |0.031 |11.03
to to to
10.68 10.79 11.08
Total 602 (189 |580to [932 |221 |910to |3680 354 3650
Alkalinity 615 : 950 to
(mg/L CaCO3) _ 3720
Total 93 |23 8t012)93 |23 8to12|283 |126 |270to
Suspended 295
Solids (mg/L)
Turbidity 51 (030 [48to |49 |020 |47t |22 |26 |19t
(NTU) 54 | 51 | 24
Total 1720 14000 [1680 [2590 |30.00 |2560 |7560 [77.8 |7500
Dissolved to to to
Solids (mg/L) 1760 2620 7650
Volatile 8 000 |8 ] 0.00 |8 18 |[126 [170t0
Suspended 195
Solids (mg/L)

4 - mean, s - sample variance
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Composite Results
Initial Freezing Temperature -25 °C
Thawed Top Down at a Thawing Temperature 15 °C

Sample Initia] Freezing Temperature -25 °C
Location _
Top (35 %) Middle (35 %) Bottom (30 %)
U S range | u S range | i S range
Color (CU) 1700 {458 [1650 [1770 [406 |1730 |2610 ({354 2580
to to to
1740 1810 2650
COD (mg/L} 2590 [25.5 (2570 {2620 [30.8 [2590 {3770 |58.7 |3730
to to to
2620 2650 __|3840
pH 1073 ]0.020 [10.71 [10.86 |0.010 [10.85 }11.01 }0.025 |10.98
to to to
10.75 10.87 11.03
Total 1210 [255 1190 [1230 [158 ]1220 |1620 [30.8 [1590
Alkalinity to to to
(mg/LCaCO3) 1240 1250 1650
Total <1 000 |<1l ) 0.00 |4 278 126 |265t0
Suspended 290
Solids (mg/L)
Turbidity 5.3 0.45 (491t0 [49 035 J46to |2 3.5 19to
(NTU) 5.8 53 26
Total 3500 458 |3550 3720 |55.7 |3670 |4990 [453 |[4950
Dissolved to to to
Solids (mg/L) 3640 3780 5040
Volatile <1 0.00 <1 4 000 (4 193 126 180 to
Suspended 205
Solids (mg/L)
4 - mean, s - sampie variance
Composite Results

Initial Freezing Temperature -25 °C
Thawed Top Down at a Thawing Temperature 4 °C

Sample Initial Freezing Temperature -25 °C
Location — e -
Top (35 %) Middle (35 %) Bottom (30 %)
u s range |y |s range | s range
Color (CU) 1700 1211 [1680 [1770 [474 1730 [2640 |[612 [2590
to to to
f 1720 1820 | _ 2710
COD{(mg/L) 2530 [212 [2510 {2620 (255 [2590 {3820 |1058 |3740
to to to
2550 . 2640 3940
pH 1074 10.010 |10.74 [10.83 |0.020 ;10.81 |10. 0.030 [10.95
to to to
10.75 1086 | 11.01
Total 1230 255 |1200 [1240 |255 (1210 [1590 [36.1 1560
Alkalinity to to to
(mg/LCaCO3) 1250 1260 1630
Total <1 000 |<l 4 000 14 262 126 {250to
Suspended 275
Solids (mg/L) .
Turbidity 5.0 0.158 |48t0 |49 0.46 4.6to |23 23 20to
(NTU) 54 54 24
Total 3440|505 [3390 3700 |30.00 [3670 |4970 |854 [48%0 |
Dissolved to to to
Solids (mg/L) 3490 3730 5060
Volatile <1 0.00 |<1 4 000 |4 165 132 |[160to
Suspended 180
Solids (mg/L)

4 - mean, s - sample variance
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