NORTHERN ARIZONA UNIVERISTY

Increased Calcite Nucleation (ICN) to Prevent
Scaling in Boilers

Researching an Alternative to Water Softeners
Final Report

Submitted by: A. Alnashwan, M. Alsahali, K. De Silva, F. Yu

Submitted to: Dr. Dianne McDonnell
12/12/2018



Acknowledgement

The ICN Team would like to thank Jon Heitzinger, our client and the supporter for the project.
Jon provided feedback when we had any questions and she provided the equipment that we need
such as the pressure vessel for testing data. We would like to acknowledge and thank our
technical advisor, Dr. Terry Baxter for providing us with feedback and experience regarding our
project. Also, special thanks to Adam Bringhurst for preparing the lab equipment and chemical
materials for the team. Finally, thanks to our grader instructor, Dr. Dianne McDonnell, for

guiding us as we navigated complications in the project. We appreciate all the professionals who
were grateful for our concerns and contributions.

i|Page



Table of Contents

LIST OF TADIES ...ttt et bbb ne e iii
I TS o) =0 [0 F= Lo [0 RO SRPRRSSR vi
1.0 INEFOTUCTION.....couiiieietereetee ettt ettt bbb bt se et e e et e sbesbesbesbeeneeneas 1
1.1 RESEAICN GOAL.......coiiieieieeee ettt 1
1.2Background INFOrMATION ........cceeiieieiieieee ettt ettt e 1
1.2.1 SCaAlE FOIMALION ..ottt sttt ettt et s e b et esbeeneeenee e 1
1.2.2 Alternative Water SOTTENEIS ......ccoovieirieieeeeeeee e s 2
L.2.3 ICN DY EWS ..ot ss s ssss s ssass s 3
..................................................................................................................................................... 3
1Y, 1=1 1 g ToTo (o] (oo VAP 3
2.1 SAMPIING PIAN.....c.tiieiee ettt e e et e s e e s ae e s e easestaeseesaesseensens 3
2.3 BatChing OF SAMIPIES........ooviiirieieeee e e 4
2.4 Water QUAlILY PrOCEAUIES ......co.eiiiiieiieieieriese sttt s 4
2.4.1 QUANTEY CONTIOL: ...ttt bbb 4
2.4.2 ATKAITINITY TS ..uiiiiiieiieie ettt st e s et et esseesaeenseeseeseeensesneesneenseas 4
2.4.3 TOtal HArdnesSs TESL: ...ocuiviiiieeieeieieieies ettt sttt ettt sbe st s enenneas 5
2.4.4 Total Suspended Solid and Dissolved Solid TeSt: ........ccocvevievierieeceeceeeee e 5
1.3.4 Scanning Electron MicroSCOPY TESL: ......ecouieieeieiieeeceeeee et 5

B0 RESUITLS ...ttt sttt ettt et e te s be s beebe et n e st et et e tenbesbeebenneenes 6
4.0 ANAIYSIS OF RESUILS .....ouvieieeeeeiieee ettt st e e sae e seeneesneenneas 7
5.0 Discussion and CONCIUSION ......c..eviiiiiiieieiee ettt s 9
6.0 Summary of ENgINEEring WOIK .......coovoiieieiceceseee ettt 10
6.1 Schedule MOITICALIONS.........coiiirieieeeeee e 10
6.2 ProjeCct MOGITICALIONS......cc.uiiiieiiiciie ettt ettt et et e e e e e saaeebeessaeenneens 11
7.0 Summary of ENGINEEITNG COSES .....viiiiiiiieiiecieeree st estte et et et sieeeveesaeesteesaaaebeessaeereens 12
7.1 ProjJect StAffiNg......cocieeieeieceece ettt te e saa e e beesraeereen 12
7.2 PrOJECT COSTES . ...uiiiiietiieieesite ettt et s e et e et e et e sate e be e s b e e beeesseesaeeesseesseeeaseesssaenseessseeseens 12
8.0 RETEIEINCES ...ttt ettt b e s bt bbbt sttt e b e b besae b naeas 14
T O N o] 0 1=T o o0 15
APPENTIX A-PrESSUIE VESSEI ....eeveeieieeieeieee ettt st e e e b e e e s reeeennee e 15



Appendix B-Water Quality Testing Raw Data ...........ccceeeeiieeciirieiicieseese e 16

APPENTIX C- SEM IMAQES ....eeiieiieieieieciesteerie et st eteeee st e ste s esaeesaeeaesraesseesaesseeseessesseenseeneenns 44
Appendix D- SCale SEM IMAGES ......coueiieieiiierieeierieeiteeee ettt 50
Appendix E-Scale MEaSUIEMENTS .........cuiriiriiririrereeeetet ettt 54

List of Figures

Figure 1: Scaling 0N PIPES [2] ...cuveeerierierieieeieee ettt s 2
Figure 2: The Process Uses Dissimilar Metals to Prevent Scale Growth Sites and to Form

F N = To 0 T G O VA1 -1 SN [ OSSPSR 3
Figure 3: Project plan for sampling and conducting Of teStS .......c.cccveveriereeieciesece e 4
Figure 4: Scale Scraped DOWN from VESSEl.....cccii oottt e e e e e e e e e 7
Figure 5: Comparison Between GW and ICN Before Boiling ..........cccoevveveeiienieneccieceeceeeee 8
Figure 6: Comparison Between GW and ICN After Boiling........ccccooevevinininienieierenenenceee 8
Figure 7: Comparison of Total Suspended Solid...........cocoveriiiiieiinieeeee e 9
Figure 8: Pressure Vessel Used to Stimulate Boiler Conditions..........c.ccoceeereeieiieneneneneneenne 15
Figure 9: Blank Filter-Nitrocellulose-Image 01 .........ccocooeriririeieeeereeeeee e 44
Figure 10: Blank Sample-Nitrocellulose-1mage 02 ..........cocoeeeieieienineneneneeeeeese e 44
Figure 11: GW Sample-1mage 0L .......c.coeoieieieieiesiereeie ettt s 45
Figure 12: GW Sample-1mage 02.........coooieieieieeerieeieeee ettt 45
Figure 13: GW Sample-1mage 03 .........coioiriiieieeerese ettt 46
Figure 14: GW Sample-1mage 04 .........coooerieieieeereeen ettt 46
Figure 15: GW Sample-1mage 05 .........coeiiriiieieieiereeies ettt s 47
Figure 16: GW Sample-1mMage 06 .........coceeiuerierieeiesieseeieseeseeeesee e essesseesseesaessaesseesessnesseensens 47
Figure 17: ICN Sample-ImMage OL......cc.eooeeceiieiieiesiereeee st te et ae e e aeesae e e seesesneesaeeneens 48
Figure 18: ICN Sample-ImMage 02.........cooeeieieeieeieeeeseee sttt sae e e e sae e steesesneesaeeneens 48
Figure 19: ICN Sample-Image 03........ooieereeeeieseese ettt ae e ae e sae s e steetesneesaeeneens 49
Figure 20: ICN Sample: IMage 04 .....ove oottt e e e teeaesneesaeeneens 49
Figure 21: GW Scale Sample-Calcite-1Mage02..........euuriiiieee e e e rrree e e e 50
Figure 22: GW Scale Sample-Calcite-1magell........ccuiiiiiiee e e rree e 50
Figure 23: GW Scale Sample-Calcite-1mage03 ...t e e 51
Figure 24: ICN Scale Sample-Aragpmote-IMagesOl ........coeeveiiicciiiiiiieeee e eerrree e 52
Figure 25: ICN Scale Sample-Aragpmote-IMages02 .........ceeeeeiieccciiiiieeee e e e eeerrreeeee e 52
Figure 26: ICN Scale Sample-Aragpmote-Images03 ........ccoeieeiiicciiiiieeee e e e 53
List of Tables

Table 1: Predictions based on the Manufacturer claims that the EWS ICN reduces scaling by
forming less sticky aragonite crystals and not the stickier calcite crystals..........ccccccevvevvrciereennen. 1
Table 2: Water Quality Parameters Tested for the Groundwater Samples Collected Before and

F AN e o =T |1 oo PSPPSR 6
Table 3: Quality Parameters Tested for the ICN Samples Collected Before and After Boiling .... 6
Table 4: SUMMANY TADIE ......oviieeeee et e s e et esaae e 6
Table 5: The Amount of Scale FOormed: GW VS ICN.......cccoiiiiiiiieierieereeee e 7


file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201197
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201197
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201198
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201199
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201200
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201201
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201202
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201203
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201204
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201205
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201206
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201207
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201208
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201209
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201210
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201211
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201212
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201213
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201214
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201215
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201216
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201217
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201218
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201219
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201220
file://///EGRSHARES/Homes/NAU/maa538/Desktop/CENE%20486C_Team%20ICN_FinalReport_12-07-18_Fall2018.docx%23_Toc532201221

Table 6: The Percentage Increase of Total Suspended Solid...........cccevieverierievi e 9

Table 7: The Predicted Overall Project SChedule ...........coovieieeierieieeeeee e 10
Table 8: Actual Overall Project SChedUule..........ooveiieieeieeee e 11
Table 9: ProJECt PEISONNEL .....cvieeiecieieeee ettt sttt et esbe e e esaesre e seenea e 12
Table 10: Staffing plan for the ProjJEC.........ooeeeiieiece e e 12
Table 11: Total Material and EQUIPMENT COSES ......ccueeuerieriieieceese et 12
Table 12: Labor costs and the total billing cost of engineering ServiCes..........cccovveveevvereervennnnne. 13
Table 13: Alkalinity Titration Data of GW Before Heating Up .......cccoecvevveveeiesece e, 16
Table 14: Calculated Alkalinity for GW Before Heating Up .......ccccoevinineniniciicnccneneeeeee 16
Table 15 GW- Total Hardness and Calcium Hardness Raw Data..........cccccevereeneenienieneeniennnene 16
Table 16 GW- Total Hardness RESUILS ........cceeuerierieeieciesieeie et 16
Table 17 GW-Total Suspended Solids and Dissolved Solids Raw Data..........cccccceverveneenienneene. 16
Table 18: GW-TS & DS FESUILS ......eeiueeieeieieeeetese ettt sttt enee e 17
Table 19: GW-Batch#1- Alkalinity RAW Data ........cccooeveriririiieieieseseneeeeeeeeee s 18
Table 20 GW-Batch#1- AIKalinity RESUILS ........ccuerierireririreeeeeere s 18
Table 21 GW-Batch#1-Total Hardness and Calcium Hardness Row Data ..........cccccecevvenvennnnne. 18
Table 22 GW-Batch#1-Total Hardness RESUILS.........cccvrierieiiirieeeeeeceee e 18
Table 23: GW-Batch#1-Total Suspended Solids and Dissolved Solids Row Data....................... 18
Table 24: GW-BatCh#1-TS & DS FESUILS ....cveeeereieieeeeeeceee e 18
Table 25: GW-Batch#2- AlKalinity RESUILS.........ccoouiriiiiiieeeeeee e 20
Table 26: GW-Batch#2-Total Hardness and Calcium Hardness Row Data...........cccccevvenvennenne. 20
Table 27: GW-Batch#2- Total Hardness RESUILS.........c.oceerieiieiiereeeeeseee e 20
Table 28: GW-Batch#2-Total Suspended Solids and Dissolved Solids Row Data...................... 20
Table 29: GW-Batch#2, TS & DS reSUILS.......ocvieeieeeeeeee e 20
Table 30: GW-Batch3-Alkalinity RAW Data...........ccccccueeieiieiiiiieseciceeceee e 22
Table 31: GW-Batch#3- AlKalinity RESUILS..........cccoieiiieieceeeceeeeeeeee e 22
Table 32: GW-Batch#3- Total Hardness and Calcium Hardness Row Data..........ccccceevvevennenne. 22
Table 33: GW-Batch#3- Total Suspended Solids and Dissolved Solids Row Data..................... 22
Table 34: GW-BatCh#3-TS & DS FESUILS ....c.vecueeeeieiecececeee e 22
Table 35: GW-Batch4-Alkalinity RAW Data...........cccccceeieriieiieiiesecieeece e 24
Table 36: GW- Batch#4-AlKalinity RESUILS..........ccoiiiiiiecieeceeeeeese e 24
Table 37: GW-Batch#4-Total Hardness and Calcium Hardness Row Data...........c.ccceeveeneneene. 24
Table 38: GW-Batch#4-Total Hardness RESUILS..........c.cceeeuieiieiiereeieeeceee e 24
Table 39: GW-Batch#4- Total Suspended Solids and Dissolved Solids Row Data..................... 24
Table 40: GW-Batch#4- TS & DS reSUILS ....ccveeiieeeeeeee ettt 24
Table 41: GW-Batch5- Alkalinity RaW Data...........cccueeuieiieiieeieeeieecee e 26
Table 42: GW- Batch#5- AlKalinity RESUILS........ccovueeiieieieeeeeeee e 26
Table 43: GW-Batch#5, Total Hardness and Calcium Hardness Row Data ...........cccccvevenuennnne. 26
Table 44: GW-Batch#5-Total Hardness ReSUIES...........coevireriiieieeeeeeeee e 26
Table 45: GW-Batch#5- Total Suspended Solids and Dissolved Solids Row Data...................... 26
Table 46: GW-BatCh#5-TS & DS FESUILS .....ccueiiiieieierecreeeeee et 26
Table 47: GW-Batch6, Alkalinity RAW Data..........ccccevereerieiieiieseeieeeeseeie e 28
Table 48: GW- Batch#6-AlKalinity RESUILS.........ccceveeiieieceee et 28
Table 49: Batch#6-Total Hardness and Calcium Hardness ROW Data...........coccecveveenenenenennenne. 28



Table 50:
Table 51:
Table 52:
Table 53:
Table 54:
Table 55:
Table 56:
Table 57:
Table 58:
Table 59:
Table 60:
Table 61:
Table 62:
Table 63:
Table 64:
Table 65:
Table 66:
Table 67:
Table 68:
Table 69:
Table 70:
Table 71:
Table 72:
Table 73:
Table 74:
Table 75:
Table 76:
Table 77:
Table 78:
Table 79:
Table 80:
Table 81:
Table 82:
Table 83:
Table 84:
Table 85:
Table 86:
Table 87:
Table 88:
Table 89:
Table 90:
Table 91:
Table 92:
Table 93:

GW-Batch#6-Total Hardness RESUILS........c.ueeeeviiiieiceee e e 28
GW-Batch#6- Total Suspended Solids and Dissolved Solids Row Data..................... 28
GW-BatCh#6-TS & DS FESUILS ....ccvveeeieiceteeetee ettt eae e et 29
ICN, AlKalinity RAW Data .........ccceeieiiieiiecierieee et 30
ICN, AIKalINItY RESUILS .....oeivieiieieeiee ettt st 30
ICN, Total Hardness and Calcium Hardness ROW Data..........ccccoeveveevieiiveeciveeecnneens 30
ICN, Total Hardness RESUILS .......cooviiiiiie ettt e e 30
ICN, Total Suspended Solids and Dissolved Solids Row Data.............ccceecvevveevennennee. 30
ICN, TSE DS FESUILS ...ttt ettt e et e e e eabae e e e enaeeeas 31
ICN Batch01-, Alkalinity RaW Data..........ccceveeriirierieieniereeeee e 32
ICN, BatchO1- AlKalinity RESUILS......c..cocuirierieieeeeee e 32
ICN, Batch 01-Total Hardness and Calcium Hardness Row Data..........cccccceveeennenns 32
ICN, Batch01- Total Hardness RESUILS.........coovvuviiiiiiieieeeeieeeeeeeee e 32
ICN, BatchO1-Total Suspended Solids and Dissolved Solids Row Data...................... 32
ICN, BaAtChOL1-TS& DS ESUILS ....eeiieeiiieeeeiee ettt e 33
ICN Batch02- Alkalinity RaW Data..........cccoeeeririeieieiesesieseeeeieeeeeeee e 34
ICN, Batch02- AlKalinity RESUILS.........ccceriiiieieeeeceee e 34
ICN, Batch 02-Total Hardness and Calcium Hardness Row Data..........ccccceveeennenns 34
ICN, Batch02- Total Hardness RESUILS.........coovvuviiiiieieieieeeeeeeeeeeee e 34
ICN, BatchO2-Total Suspended Solids and Dissolved Solids Row Data...................... 34
ICN, BatChO2-TS& DS FESUILS ...ceeieeriee ittt eeae e et e s e aaeee s 34
ICN Batch03- Alkalinity RaW Data..........cccoeriririeieieniesecieseeeeceeeee e 36
ICN, Batch03- AlKalinity RESUILS..........cceiieiieieeeeceeeee e 36
ICN, Batch 03-Total Hardness and Calcium Hardness Row Data..........cc.ccceeveeennnns 36
ICN, Batch03- Total Hardness RESUILS...........ccuiveeuiiiiceiieciieccee e 36
ICN, Batch03-Total Suspended Solids and Dissolved Solids Row Data...................... 36
ICN, BaAtChO3-TS& DS FESUILS .....ceveeiiiie ittt e 36
ICN Batch04- Alkalinity RawW Data............ccccveevieeeerieeiecieceeeeee e 38
Batch04- AlKalinity RESUILS.........ccvevieiieeieeeeeeseee e 38
ICN, Batch 04-Total Hardness and Calcium Hardness Row Data..........ccccccoeveeennenns 38
ICN, Batch04- Total Hardness RESUILS...........ocuiveiiiiieiiieceecceee e 38
ICN, BatchO4-Total Suspended Solids and Dissolved Solids Row Data...................... 38
ICN, BatChO4-TS& DS FESUILS .....cvveiiiiieieeie ettt e e 38
ICN Batch05- Alkalinity Raw Data...........ccccoeeieeieiieieceeceeeeee e 40
ICN, Batch05- AlKalinity RESUILS.......cceecviiiiieiiieie et 40
ICN, Batch 05-Total Hardness and Calcium Hardness Row Data...........ccccevveeeennneen.. 40
ICN, Batch05- Total Hardness RESUILS..........cooviieieiieieecciie et 40
ICN, BatchO5-Total Suspended Solids and Dissolved Solids Row Data...................... 40
ICN, BatChOS-TS& DS FESUILS .....ceveeieree ettt 40
ICN Batch06- Alkalinity RaW Data...........ccceeeeviieierieiieriesieieeee e 42
ICN, Batch06- AlKalinity RESUILS..........ccevierieiieeeseeeceree e 42
ICN, Batch 06-Total Hardness and Calcium Hardness Row Data..........cccccoeveeennenns 42
ICN, Batch06- Total Hardness RESUILS..........cocvieeiviieeeeeciee et e 42
ICN, Batch06-Total Suspended Solids and Dissolved Solids Row Data...................... 42



Table 94: ICN, BatChOB-TSE DS FESUILS ...coeeeeeeeeeeeeeee e e e e e e e e e e eeeeeaaeeeeaan 42

Table 95: Initial and Final Pressure Vessel Measurements

List of Equations

Equation 1: Reaction 01 [2] ...............
Equation 2: Reaction 02 [2] ...............
Equation 3: Reaction 03 [2] ...............
Equation 4: Overall reaction [2] ........

Equation 5: Phenolphthalein AIKAIINITY..........ccoiiiiinie e 4

Equation 6: Total Alkalinity...............
Equation 7: Alkalinity ...........cccccceuee
Equation 8: Hardness ........ccccceeeveeene
Equation 9: Magnesium Hardness.....
Equation 10: Total Hardness.............

Equation 11: Total Suspended Solids

Equation 12: total dissolved solids....

List of Abbreviations

NAU- Northern Arizona University
ICN- Increased Calcite Nucleation
EWS-Environmental Water Systems
SEM-Scanning Electron Microscopy
TSS-Total Suspended Solids
TDS-Total Dissolved Solids

PALK- Phenolphthalein Alkalinity
TLAK- Total Alkalinity
CH-Calcium Hardness
NCH-Non-Carbonate Hardness
VSS-Volatile Suspended Solids
FSS-Fixed Suspended Solids
FDS-Fixed Dissolved Solids
VDS-Volatile Dissolved Solids

vi|Page



1.0 Introduction

1.1 Research Goal

The Northern Arizona University (NAU) South Boiler Plant would like to explore alternatives to scale
prevention in their boilers. Current ion exchange softener used by the boiler use up a large amount of water and
salt. Therefore, the goal of this research project is to look in to an alternative technology that can prevent
scaling under boiler conditions with lesser problems. The technology that will be tested is known as ICN or
Increased Calcite Nucleation. The team’s main goal is to test this specific technology’s ability to work under
high pressures and temperatures of the boiler whilst preventing scaling in interior of the boiler. Testing will be
completed at the Northern Arizona University (NAU) University lab, in the Engineering building. In attempt to
mimic the boiler conditions a pressure vessel [Appendix A] with pressure and temperature gauges will be used

The team used the manufacturer’s claims on ICN units to establish the hypothesis for this research. The
following table summarizes the hypotheses the team came up with:

Table 1: Predictions based on the Manufacturer claims that the EWS ICN reduces scaling by forming less sticky aragonite crystals and not the
stickier calcite crystals

Parameter Post Boiling Groundwater Post Boiling Conditioned ICN Water
Total Suspended Solids (TSS) TSS in the effluent decreases TSS in the effluent will increase
Suspended Solids nucleate to form | Calcite sticks to Vessel and does | Aragonite will not stick to vessel and
CaCO3 precipitate (Calcite or not stay in the water stays in the water
Aragonite)
Alkalinity and Hardness Alkalinity and Hardness
Total Alkalinity and Hardness as in the effluent decrease in the effluent decrease
CaCO,
Hardness and Alkalinity will be Hardness and Alkalinity will be
removed from the water as a removed from the water as a precipitate
precipitate
Scanning Electron Microscope Calcite crystals from in the scale Aragonite crystal from in the scale
(SEM)
Images the polymorphs of Calcite formation is favored in ICN conditioner changes the crystal
Calcium Carbonate (CaCOS) freshwater structure

1.2Background Information
1.2.1 Scale Formation

Hard water scaling of plumbing fixtures occurs in the presence of calcium ions dissolved in water. These
ions form precipitates as calcium carbonate. Water heater elements and heat exchangers are more susceptible to
scale build-up; high temperatures increase the precipitation rates. This is due to the role that carbon dioxide
(CO2) plays in calcium carbonate formation. In the overall reaction as shown in equation 4, carbon dioxide falls
on the same side of the equation as calcium carbonate. As the temperature increases, the solubility of the carbon
dioxide decreases, and the gas leaves the system, resulting the overall reaction to “go to the right” and to
produce more calcium carbonate [1&2]. The following equations show the steps of scale formation.

Equation 1: Reaction 01 [2]
HCO3(aq) < OH™ (aq) + CO,(aq)

1|Page




Equation 2: Reaction 02 [2]
OH~(aq) + HCO3(aq) < C03 (aq) +H,0
Equation 3: Reaction 03 [2]
Ca**(aq) + CO% (ag) —CaC05(s)
Equation 4: Overall reaction [2]
Ca?*(aq) + 2HCO3 (aq)—CaCO03(s) +H, 0+ CO,(aq)

The final product of this reaction, CaCOs, tends to attach itself onto surfaces due to the electrostatic
attraction between the particles and the surface of the heating or pipe element. Once attached to a surface, these
particles can act as a nucleation point for more particles to attach. Nucleation is the initial process that occurs in
the formation of a crystal from a liquid, or a vapor, in which number of ions, atoms, or molecules become
arranged in a pattern characteristic of a crystalline solid [2].

Bodler scale on water tide

Figure 1: Scaling on pipes [2]

1.2.2 Alternative Water Softeners

1.2.2.1 lon Exchange
lon exchange resin is a common softener which uses ion exchange technology to remove the calcium

and magnesium ions in the water. Cation exchange resins can generally retain good efficiency for 5 to 10 years
(7 years average)[3], and anion exchange resins for 3 to 5 years (4 years average)[3]. However, the efficiency of
the resin decreases each year and the cost of the resin has increased over recent years. The raw water supply
into the devices has restrictions, the water intake should contain less than 5 ppm turbidity and 0.5 ppm hydrogen
sulfide. Additionally, the levels of iron and manganese must be in the dissolved form [3].
1.2.2.2Electrically Induced Precipitation

Electrically Induced Precipitation method employs the use of currents in the formation of soft
precipitates on electrodes. The process needs energy of up to 100W and the length of time that it can be used is
limited due to the dangers associated with the use of DC energy. This method requires the use of backwash
water which pushes the water backwards into the filters like a cycle to prevent maintenance. It is then reused it
again for the cleaning of the electrodes, which needs to be handled manually [4].
1.2.2.3 Capacitive Deionization

Capacitive Deionization method absorbs ions from the water onto its electrodes. The ions are attached to
the electrodes due to the charge difference, and then released when the electrodes are washed with salt water

[4].
2|Page



1.2.2.4 Electromagnetic Treatment
Electromagnetic Treatment method uses magnetic fields created by wires wrapped around a pipe. This

process creates a soft precipitate by altering the ions. This particular soft precipitate prevents scale from
forming on pipes and other appliances [4].

1.2.3 ICN by EWS

The Environmental Water System (EWS) manufactures ICN Conditioners for physical conditioning, as
an alternative to salt softening. The ICN conditioner acts as a catalyst in the water. The bonds that trap foreign
particles to water molecules are broken and those foreign particles are exposed to the open solution. The
surfaces of these particles become available as nucleation points for the hardness minerals. The minerals cluster
together to form microscopic seed crystals around the nucleation points. This process is called increased calcite
nucleation (ICN). All the hardness minerals in the vicinity of these seed crystals eventually come in contact
with its surface. The hardness minerals solidify there and no longer have an affinity for hard surfaces with
which the water comes in contact [5].

The process is electrolytic with metal ion (Zn) dosing and the use of dissimilar metals that block scale
growth sites and/or react with carbonate. The water forms the electrolyte in a galvanic cell as it flows through
the cathode and active anode of the device. The dissolved zinc ions at the active anode site act as nucleation
sites for scale precipitation when water is heated. The ICN Conditioner breaks apart the calcium and
magnesium minerals, that easily adhere to surfaces (including your skin), from the bonds of the water
molecules. Once in suspension, the minerals become attracted to each other and form concentric patterns which
no longer adhere to surfaces, actively inhibiting scale formation. More of the less sticky needle-like aragonite
forms instead of calcite which is usually associated with scale build up [5].

Water
Flow Cold Water Treated Water
¢
Ce0 .O. % .O'O O.O. Treatment Zone O.@ 0O .O .O ¢
B 100,03 003 o 8B
o [ ] [ ]
Oe /. O d O\O ® | cathode Anode o /J 0
Bicarbonate Ion Calcium Ion Insoluble Calcium
Carbonate Crystal
Saturated Water

Figure 2: The Process Uses Dissimilar Metals to Prevent Scale Growth Sites and to Form Aragonite Crystals [5]

2.0 Methodology

2.1 Sampling Plan

Water sampling was done at Dr. Dianne McDonnell’s and Mr. Kevin Baltzell’s home. Water sampled
from Dr. McDonnell’s home represents the groundwater, while Mr. Baltzell’s home represents the ICN treated
water. For each sampling event the team collected approximately 5 gallons or 19 liters of groundwater and ICN
water. This was done once per week starting from September 2018 through the end of November 2018. Samples
were transported to the NAU environmental engineering lab, room 245 and batched in to the pressure vessel as
shown in the figure below. The control for the system was the batching of groundwater into the pressure vessel.
Likewise, ICN treated water was batched into the pressure vessel. The pressure vessel was used to simulate the
conditions of the boiler at NAU South boiler plant with a temperature of 240°F and pressure of 160 PSI. The
team took 4 samples, i.e. before and after heating the sample in the pressure vessel to test for hardness of water,
Alkalinity of water, TSS and TDS of water, and SEM test. Additionally, the team took samples of the scale
formed to run a separate SEM test on them.
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Sampling (Water-in) Sampling (ICN water-in)

Measuring Scale Measuring Scale

Sampling (ICN water-out
Sampling {(Water-out) mpling ( )

Figure 3: Project plan for sampling and conducting of tests

2.3 Batching of Samples

The team ran six batches of groundwater and ICN samples for six hours. Six 5 gallon or 19 liter samples
of groundwater were batched and samples were taken for each batch as shown in figure 4. The batches were run
continuously to ensure higher accumulation of scale inside the vessel. Once the batching of groundwater
samples was completed the team conducted the measurement of scale formation. This was done using a
weighing scale of 0.1 accuracy for gram unit. The initial weight of the vessel was recorded and then once the
batches were completed the vessel was weighed with the scale build up. The difference of mass was the mass of
scaled build up. The team used vinegar (as an acid with a lower normality) to clean up the scale formed in the
vessel. Once the vessel was cleaned and dried, the team continued to run the 6 batches of the ICN samples.
Once the ICN batching was completed, the team followed the same sampling plan and scale measurement
procedures to acquire the required data.
2.4 Water Quality Procedures

2.4.1 Quality Control:
The team conducted the above describe procedure with the use of DI water and this was considered as

the method blank to the experiment. This control was run at the end of the semester by using 3 batches of the DI
water. Additionally, the team tested 3 samples of groundwater and ICN samples before getting batched and
calculated the average to ensure the accuracy and precision of the results obtained.

2.4.2 Alkalinity Test:

Alkalinity is defined as the measure of water’s capacity to neutralize acids: this is a test to calculate the
carbonate and bicarbonate in the water. Using a titrant and indicators powder pillows the team conducted tests
to determine the alkalinity of the water. The method and equations used are as follows:

e HACH Water Analysis Handbook: Alkalinity Method 8221 [7]

After the data were recorded, the calculation of the alkalinity test was conducted using the equations below:

Equation 5: Phenolphthalein Alkalinity

PALK = Titrant (ml) X Normality X 50,000ml of sample

Equation 6: Total Alkalinity

TALK = Titrant (ml) X Normality X 50,000ml of sample

Equation 7: Alkalinity
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Alkalinity = PALK + TALK

2.4.3 Total Hardness Test:

Hardness determines the concentration of calcium and magnesium ions in the water. Using a titrant and an
indicator, the calcium hardness (concentration of Ca2 +), magnesium hardness (concentration of Mg 2+) and
total hardness were determined.

e HACH Water Analysis Handbook: Total Hardness Method 8226 [7]
e HACH Water Analysis Handbook: Calcium Hardness Method 8222 [7]

After the data were recorded, the calculations of the Total Hardness and Calcium Hardness were conducted
using the equations listed below:

Equation 8: Hardness
Hardness = Titrant (ml) X Normality X 50,000ml of sample

Equation 9: Magnesium Hardness

CH = CaHardness + MgHardness

Equation 10: Total Hardness

TotalHardness = CH + NCH

The values obtained from these calculations were used to determine the degree of hardness: soft,
moderately hard, hard or very hard.

2.4.4 Total Suspended Solid and Dissolved Solid Test:
This test was used to determine the suspended and dissolved solids in the water.

e Standard Method Handbook: Total Solids Method 2540 B [8]
e Standard Method Handbook: Total Dissolved Solids Method 2540 C [8]

After the data were recorded, the calculation of TSS and TDS was conducted using the equations listed
below:

Equation 11: Total Suspended Solids

(Weight #2 — Weight #1 (g)) _1000mL  1000mg

TSS =
known sample volume (mL) L g
Equation 12: total dissolved solids
Weight #2 — Weight #1 1000mL 1000m
o = (Weig ght#1(®) y g

know sample volume (mL) L g

1.3.4 Scanning Electron Microscopy Test:

Scanning Electron Microscopy was used to produce a micro image of the groundwater and ICN sample.
This was conducted at NAU Imaging Core Facility in Building 88 (Wettaw). Samples of 150 mL volume were
passed through a nitrocellulose filter with a pore size of 0.22 micro meters. This filter was placed inside the
SEM unit shown in figure 5 and the images were taken. The test was conducted to see different crystal
formation before and after the sample has passed through the ICN unit. Additionally, the team used the SEM
technology to obtain images of the scale formed on the vessel.
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3.0 Results

After obtaining the raw data form hardness and alkalinity test, the team used Equation 4 & 5 to calculate
total hardness calcium hardness and magnesium hardness. The alkalinity is determined by equation 2, since the
pH of all water samples is below 8, the Phenolphthalein alkalinity was assumed to be zero. Additionally, the
TSS and TDS are calculated by equation 7-12. Table 1 represents the average of the data that the team collected
through the batches. The results obtained for each batch test can be found in Appendix B.

Table 2: Water Quality Parameters Tested for the Groundwater Samples Collected Before and After Boiling

Groundwater Before Groundwater After Boiled
Boiled(Average of 3 (Average of 6 batches)
batches)

Total Hardness(mgCaCOs/L) 150.0 73.3
Calcium Hardness (mgCaCOs/L) 90.0 10.0
Magnesium Hardness (mgCaCOs/L) 60.0 63.3
Total Alkalinity(mgCaCOs/L) 260.0 140.0
Total Suspended Solid (mg/L) 26.7 35.0
Total Dissolved Solid (mg/L) 40.0 161.1

According to the hypothesis, the ICN will have to increase the TSS in the water and no scale will be

formed. Thus, comparing with the above control group, the team did the same procedure for the ICN sample.
The results of the water quality testing conducted for the ICN samples are presented in table 2. The water
parameters were determined by the Equation 2, 4, 5, 7-12. Table 2 represents the average of the data that the
team collected through the batches. The results obtained for each batch test can be found in Appendix B.

Table 3: Quality Parameters Tested for the ICN Samples Collected Before and After Boiling

ICN Water Before Boiled | ICN Water After Boiled

(Average of 3 batches) (Awverage of 6 batches)
Total Hardness (mgCaCOs/L) 150.0 75.0
Calcium Hardness (mgCaCOs/L) 80.0 11.7
Magnesium Hardness (mgCaCOs/L) 70.0 63.3
Total Alkalinity (mg CaCOs/ L) 240.0 146.7
Total Suspended Solid (mg/L) 40.0 60.0
Total Dissolved Solid (mg/L) 666.7 282.2

The following table is a summary table indicating the plus or minus error (based on standard deviation)

Table 4: Summary table

of the average of data collected and the significant difference between groundwater and ICN sample data.

Total Hardness Total Alkalinity TSS
Before Heat | After Heat | Before Heat After Heat Before Heat After Heat
GW 150 +/- 0.0 | 73.3 +/-5.2 | 260 +/-4.1 140 +/-0.0 26.7 +/- 1.2 35 +/-9.4
ICN 150 +/-0.0 | 73.4 +/-8.2 | 240+/-0.1 | 146.7 +/- 10.3 40 +/-1.0 60 +/- 22.3
% Difference 0 0.13% 7.7% 4.8% 50% 71%
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The SEM tests were used to prove the hypothesis: the ICN will create aragonite crystals and GW will
have calcite crystals. The microscope images shown in Appendix C were taken from groundwater and ICN
samples. These images were taken from groundwater and ICN samples before being heated up. The team
wanted to see if there were any crystals formed in the water passed through the ICN unit compared to the raw
groundwater samples. Images listed in Appendix C showed images of these samples at different magnitudes.

Appendix D shows the SEM images taken from the scale samples of both groundwater and ICN. The
team decided to take these images to see if there’s any difference in the presipitaion formed due to the two
different samples. These images were taken after the six batches of both groundwater and ICN samples have
been batched. The team scraped a bit of scale after the scale measurements were taken and sent the samples to
the Imaging Core Facility at NAU.

Figure 4: Scale Scraped Down from Vessel
The team conducted 6 batches for both groundwater and ICN water to accumulate enough scale on the

vessel. Using the laboratory electronic scales the team determined the amount of scale grown on the pressure
vessel. The results are shown in the below table. The initial and final weights could be found in Appendix E.

Table 5: The Amount of Scale Formed: GW VS ICN

Scale from Groundwater | Scale from ICN water
Weight (g) 10.1 3.3

4.0 Analysis of Results

To better analyze the performance of the ICN device, the team decided to compare the water quality test
results of groundwater and ICN samples as shown below. Figure 4 shows the comparison of the water quality
results of ICN water and groundwater samples before boiling. Although the magnesium and calcium hardness
have a slight change over the six different samples that were tested, the total hardness does not vary much for
both ICN and groundwater samples .Also, the alkalinity mostly remained the same after passing through the
ICN device when compared with the untreated groundwater samples. The only thing that has significant
increase is the total suspended solids which is 150% increased after passing through the ICN device as shown in
Table.
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ICN & Groundwater Before Heating Up

Total Suspended  puum——— 4100

Solid S 267 ® ICN water Before Boiled
e o
Hardness 60.0
B Groundwater Before

Total Hardness | 13
Total Alkainity | 28 0.0

0.

o

50.0 100.0 150.0 200.0 250.0 300.0

Concentration in mg CaCO3/L

Figure 5: Comparison Between GW and ICN Before Boiling

The following graph shows the comparison of the water quality results of groundwater and ICN samples
after boiling. According to figure 5, the values of hardness and alkalinity of both ICN and groundwater are still
pretty similar to each other, that means the same amount of hardness and alkalinity have been removed.
However, the total suspended solids of ICN water has been dramatically increased after boiling. According to
the bar chart, it is almost twice as the groundwater.

ICN & Groundwater After Heating Up

; 60.0
Total Suspended Solid 35.0

[e)]
w
w

Magnesium Hardness 61.7

11.7

Calcium Hardness

73.3

Total Hardness 733

=
o
o

Total Alkalinity 14007
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0
H ICN After Boiled B Groundwater After Boiled
(average of 6 batches) (average of 6 batches)

Figure 6: Comparison Between GW and ICN After Boiling

Based on the above analysis, the ICN devices does not affect a lot on removing hardness and alkalinity,
instead, it increased the TSS in the water. To better demonstrate how the TSS changed, the team made the TSS
percentage increased table and TSS compression chart.

From the graph shown below, it is clear that the total suspended solids have increased after boiling.
However, the boiled ICN sample created more suspended solids than boiled groundwater. As shown in table 4
after heating the ICN water, the suspended solids increased more than twice compared to the groundwater.
Table 4 below shows the percentage of total suspended solids increase for groundwater after boiled, ICN water,
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and ICN water after boiled. The ICN water after boiled produced the largest amount of total suspended solids
which was increased by 225%.

Total Suspended Solid

ICN After Boiled |GG 60.0
ICN water Before Boiled [N 40.0
Groundwater After Boiled [[INNINENG 350
Groundwater Before Boiled [N 26.7

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

TSS(mg/L)

Figure 7: Comparison of Total Suspended Solid

Table 6: The Percentage Increase of Total Suspended Solid

Groundwater After ICN Water Before ICN Water After
Heating Heating Heating
Percentage Increase 131.3% 150.0% 225.0%

The scale produced by ICN batches and groundwater batches had a significant difference in weight. The
amount of scale produced by ICN batches was 3.3g, which is about 67% less than the amount of scale produced
by groundwater batches.

5.0 Discussion and Conclusion

Scaling in water supply networks can cause various problems. They are mainly due to the deposit of
CaCOs which can lead to damages of the water piping. For example, boiling processes in factories do not work
well when they are fouled with these deposits [11].

According to the team’s hypothesis, the nonreactive aragonite crystals will not attach on the vessel
during the boiling procedure. Thus, the objective of the test was to see whether the ICN device is efficient
enough to prevent this scale formation. As shown in the analysis above, the hardness and alkalinity of the
groundwater and the ICN sample before and after boiling changed similarly. The manufacturers claim that the
ICN conditioners do not reduce water hardness but prevents scaling by forming nonreactive aragonite crystals.
The alternative hypothesis that the team came up with as shown in table 1 is that the water passing through the
ICN before and after would have a decrease in hardness and alkalinity. Thus, the results proved this hypothesis
correct. The next main hypothesis the team used was that water passing through ICN unit will increase its TSS
with slightly minimal to no scale formed, and for groundwater TSS would decreases significantly and scale will
be formed once the water is heated to high temperatures. However, the results obtained showed the TSS
increased for both groundwater and ICN samples after heating up [Figure 4, 5, 6]. Additionally, the team
noticed that the ICN sample scaled under the boiler conditions. Therefore, the hypothesis team predicted was
proved wrong. The only difference was that the TSS result for the ICN sample was greater than the groundwater
sample, where else the scale build up for the ICN sample was lower than the scale build up observed for the
groundwater sample. As a result, the team concluded that the ICN unit will not prevent scaling under the NAU
South boiler plant boiler conditions. However, the scale build up with the ICN treated water was 67% less than
the scale built up observed with the untreated groundwater. The team recommends conducting more research on
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the ICN unit and compares the obtained results with various other alternative water softener units to verify the
efficiency of the unit. However, at surface conditions, aragonite spontaneously turns into calcite over geologic
time, but at higher pressures aragonite, the denser of the two, is the preferred structure. High temperatures work
in calcite's favor. At surface pressure, aragonite can't endure temperatures above around 400°C for long. Since
the boiler at NAU works under both high pressure and temperature, it is unclear how stable the aragonite
crystals formed from the ICN unit will be. Therefore, more research needs to be conducted to verify the stability

of the formed aragonite crystal.

Additionally, the team recommends looking into several variables that can alter the results obtained for
the ICN unit. For example, does excess magnesium or zinc inhibit or decrease the likelihood of forming a
precipitate. The EWS ICN unit does use zinc in the treatment process stage of the unit. However, it is unclear
how this step in the treatment process helps the aragonite crystal growth. Several research done by
complementary experimental procedures, show a high effect of zinc on the crystallization of calcium carbonate
[11]. It was found that zinc can modify the crystallization of calcium carbonate. It may be due to the
precipitation of zinc or its adsorption on the crystals of calcium carbonate. To verify this, the team recommends

more research to be conducted.

6.0 Summary of Engineering Work
6.1 Schedule Modifications

Effective project scheduling plays a crucial role in ensuring project success. Therefore to keep this
project on track and to manage quality to decrease product errors, the team has set realistic time frames and
assigned resources appropriately to come up with the overall project schedule.

Table 7: The Predicted Overall Project Schedule

Project Task Start Date Finish Date
1.0 Setting up station and apparatus 5/30/18 6/12/18
1.1 Obtain the Unit 5/30/18 6/4/18
1.2 Set up the station and optimization of the procedures 6/4/18 6/12/18
2.0 Lab testing 6/12/18 10/31/18
2.1 Batching of Groundwater: 6/13/18 8/31/18
2.1.1 Hardness test 6/13/18 8/31/18
2.1.2 Alkalinity test 6/13/18 8/31/18
2.1.3 TS test 6/13/18 8/31/18
2.1.4 Scale formation 6/13/18 8/31/18
2.1.5 SEM tests 6/13/18 8/31/18
2.2 Batching of ICN water: 8/31/18 10/31/18
2.2.1 Hardness test 8/31/18 10/31/18
2.2.2 Alkalinity test 8/31/18 10/31/18
2.2.3 TS test 8/31/18 10/31/18
2.2.4 SEM tests 8/31/18 10/31/18
3.0 Analysis 10/1/18 11/20/18
4.0 Deliverables 9/20/18 12/20/18
4.1 30% Report 9/20/18 9/20/18
4.2 60% Report 10/6/18 10/25/18
4.3 90% website 11/15/18 12/2/18
4.4 Final Report 11/20/18 12/4/18
4.5 Final Presentation 11/20/18 12/4/18
5.0 Project Management 5/30/18 12/7/18

The above table represents the team project schedule that was projected during the last semester. The
team was hoping to start the project over the summer of 2018; however this did not go as planned. Due to the
difficulty of obtaining a suitable pressure vessel and finding the adequate funding for the purchase of the vessel
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took more time than what the team had initially expected. Therefore the team’s actual start date for the project

was pushed back till the end of July 2018. The table below shows the modified schedule the team followed

through this semester.

Table 8: Actual Overall Project Schedule

Project Task Start Date Finish Date
1.0 Setting up station and apparatus 7/31/18 9/01/18
1.1 Obtain the Unit 7/31/18 8/13/18
1.2 Set up the station and optimization of the procedures 8/15/18 9/01/18
2.0 Lab testing 9/7/18 11/15/18
2.1 Batching of Groundwater: 9/7/18 10/20/18
2.1.1 Hardness test 9/7/18 10/20/18
2.1.2 Alkalinity test 9/7/18 10/20/18
2.1.3 TS test 9/7/18 10/20/18
2.1.4 Scale formation 9/7/18 10/20/18
2.1.5 SEM tests 10/20/18 10/23/18
2.2 Batching of ICN water: 10/25/18 11/10/18
2.2.1 Hardness test 10/25/18 11/10/18
2.2.2 Alkalinity test 10/25/18 11/10/18
2.2.3 TS test 10/25/18 11/10/18
2.2.4 SEM tests 11/11/18 11/15/18
3.0 Analysis 11/16/18 12/01/18
4.0 Deliverables 9/20/18 12/20/18
4.1 30% Report 9/20/18 9/20/18
4.2 60% Report 10/6/18 10/25/18
4.3 90% website 11/15/18 12/2/18
4.4 Final Report 11/20/18 12/4/18
4.5 Final Presentation 11/20/18 12/4/18
5.0 Project Management 7/15/18 12/7/18

The team was able to stay on top of the project though the entire schedule was pushed back by two
months. This is because the team allocated more than enough time for each task and sub task when the projected
schedule was created. Therefore, all the minor problems and pauses that the team came across were overcome
easily.

6.2 Project Modifications

The team’s initial research was based on Template Assisted Crystallization (TAC) technology. The team
prepared the project proposal (completed in Spring 2018) and conducted the background research on this.
However, when trying to purchase the unit, the team ran into several difficulties. The TAC units were not
affordable since the prices were out of the projects budget. Therefore, the team had to look in to alternative
technologies with similar outcomes.

The grading instructor, Dr. Dianne McDonnell was able to help the team in finding a new technology
that could be purchased or used in order to complete the research project. This is how the team came across ICN
technology and luckily Dr. McDonnell’s neighbor had this unit installed in their house. The team could not set
up the unit to be tested in the lab; however we were able to obtain the samples from the neighbor’s house. This
was the main project modification the team had to adapt to.
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7.0 Summary of Engineering Costs

7.1 Project Staffing
The team decided to have four main personnel for this research project. The following table shows the

project personnel and their hourly rates:
Table 9: Project personnel

Personnel Code Rate $/hr
Senior Engineer SENG 255
Junior Engineer JENG 175
Lab Technician LT 103

Research Analyst RA 135

For each personnel, the amount of hours that need to be contributed for each project task was

determined.
Table 10: Staffing plan for the project

SENG JENG LT RA
Task Name Hours
Setting up the apparatus 2 8 4 5
Batching of Samples 48 125 329 27
Water quality testing 12 80 80 27
Analysis of results 6 15 5 20
30% proposal 10 10 2 2
60% proposal 10 10 2 2
Final proposal 30 20 5 5
Webpage 5 5 2 2
Final presentation 10 10 3 3
Total task hours 133 283 432 93
Total engineering hours 941

The above table shows the staffing needed for each major task. The hours are accounted for the sub
tasks under each major task as well. The SENG overlooks the entire project, JENG will be conducting and
available for all the tasks that need to be completed, LT will be taking over the water quality testing or lab work
and the RA will be handling the analysis conducted for the research. The total engineering hours for this
research project came up to be 710.

7.2 Project Costs

The following table represents the total material and equipment costs for the project:
Table 11: Total Material and Equipment Costs

Materials Quantity Unit Cost $/hr Total Cost $
Pressure Vessel 1 800 800.0
Vinegar 6 5 30.0
SEM Tests 5 40 200.0
Total material and equipment cost 1030.0
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Table 10 represents the total labor costs and the total engineering billing cost including the material and

labor costs.

Table 12: Labor costs and the total billing cost of engineering services

Personnel Total Hours Rate $/hr Total Cost $
SENG 133 255.0 33915
JENG 283 175.0 49525

LT 432 103.0 44496
RA 93 135.0 12555
Total labor cost 140,491

Total engineering billing cost 141,521
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9.0 Appendices

Appendix A-Pressure Vessel

Figure 8: Pressure Vessel Used to Stimulate Boiler Conditions
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Initial GW Test Results:

Appendix B-Water Quality Testing Raw Data

Table 13: Alkalinity Titration Data of GW Before Heating Up

Alkalinity

mL of titrate

Color

green

green

green

green

Light green

Light green

Light green

Light green

Light green

O O N Ol WNF—L O

Blue/Green

[EEN
o

Blue

[EEN
[EEN

BLUE

[EEN
N

pink

13

Pink <4.5pH

Table 14: Calculated Alkalinity for GW Before Heating Up

Alkalinity
T ALK 260 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 15 GW- Total Hardness and Calcium Hardness Raw Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

| 15 Titration Volume (mL)

9

Table 16 GW- Total Hardness Results

mg/ L as CaCO3
Mg 60
TH 150
CH 150
NCH 0

Table 17 GW-Total Suspended Solids and Dissolved Solids Raw Data

Suspended And Dissolved Solid

Sample (mL) 15
Wf1 (g) 0.1043 wdl (g) 51.4847
W12 (g) 0.1047 wdz2 (g) 51.4853
W13 (9) 0.1045 wd3 (g) 51.483

16|Page



Table 18: GW-TS & DS results

Suspended Solid (mg/L)
TSS 26.67
VSS 13.33
FSS 13.33333333
Total Solid (mg/L)
TS 66.67
TVS 166.67
TFS 0
Dissolved Solid (mg/L)
TDS 40
VDS 153.3
FDS 0
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Batch 01 GW Test Results:

Table 19: GW-Batch#1- Alkalinity Raw Data

Alkalinity
mL of titrate Color
0 green
1 green
2 green
3 green
4 green
5 green
6 Blue -Gray
7 Pink 4.5 pH
Table 20 GW-Batch#1- Alkalinity Results
Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 21 GW-Batch#1-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

\ 8

Titration Volume (mL)

\ 1

Table 22 GW-Batch#1-Total Hardness Results

mg/ L as CaCO3
Mg 70
TH 80
CH 80
NCH 0

Table 23: GW-Batch#1-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
WF1 (g) 0.1049 wdl (g) 159.9199
W12 (g) 0.1051 wWdz2 (g) 159.932
W13 (9) 0.1048 wd3 (g) 159.9121

Table 24: GW-Batch#1-TS & DS results

Suspended Solid (mg/L)

TSS 13.33
VSS 0
FSS 0

Total Solid (mg/L)

TS

|

820.00
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TVS

0

TFS

0

Dissolved Solid (mg/L)

TDS 806.6666667
VDS 0
FDS 0
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Batch 02 GW Test Results:

Table 25: GW-Batch#2- Alkalinity Results

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

green

purple

N[O OB W

Pink

4.29 pH

Table 26: GW-Batch#2-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

\ 7

Titration Volume (mL)

\ 1

Table 27: GW-Batch#2- Total Hardness Results

mg/ L as CaCO3
Mg 60
TH 70
CH 70
NCH 0

Table 28: GW-Batch#2-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid

15

Wdl (g) | 47.7574

Wd2 (g) | 47.7582

Sample (mL)
Wf1 (9) 0.1046
Wf2 (9) 0.1051
Wf3 (9) 0.1048

Wd3 (g) | 47.5578

Table 29: GW-Batch#2, TS & DS results

Suspended Solid (mg/L)
TSS 33.3
VSS 0
FSS 0
Total Solid (mg/L)

TS 86.7
TVS 0
TFS 0

Dissolved Solid (mg/L)
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TDS 53.3
VDS 0
FDS 0
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GW Batch 03 Test Results:
Table 30: GW-Batch3-Alkalinity Raw Data

Alkalinity

mL of titrate Color
0 green
green
green
green
green
green

purple
Light 4.49 pH
Pink

N[O OB WINF-

Table 31: GW-Batch#3- Alkalinity Results

Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 | <8pH (Assumption)

Table 32: GW-Batch#3- Total Hardness and Calcium Hardness Row Data

Total Hardness Calcium Hardness
Titration Volume (mL) | 8 Titration Volume (mL) |1

Table 33: GW-Batch#3- Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) | 15
Wf1 (g) | 0.1033 | Wd1 (g) | 46.8747
W2 (g) | 0.1041 | Wd2 (g) | 46.8751

Wf3 (g) | 0.1034 | Wd3 (g) | 46.8749

Table 34: GW-Batch#3-TS & DS results

Suspended Solid (mg/L)
TSS 53.3
VSS 0
FSS 6
Total Solid (mg/L)

TS 80
TVS 0
TFS 20

Dissolved Solid (mg/L)
TDS | 267
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VDS

FDS

13
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GW Batch 04 Test Results:

Table 35: GW-Batch4-Alkalinity Raw Data

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

gray

gray

N[O OB W

pink | 4.23 pH

Table 36: GW- Batch#4-Alkalinity Results

Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 | <8 pH (Assumption)

Table 37: GW-Batch#4-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

K Titration Volume (mL)

\ 1

Table 38: GW-Batch#4-Total Hardness Results

mg/ L as CaCO3
Mg 60
TH 70
CH 70
NCH 0

Table 39: GW-Batch#4- Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid

15

Wd1 (g) | 46.7107

Wd2 (g) | 46.711

Sample (mL) |
WHl (g) | 0.1054
Wf2 (g) | 0.1059
W3 (g) | 0.1057

Wd3 (g) | 46.7108

Table 40: GW-Batch#4- TS & DS results

Suspended Solid (mg/L)

TSS

33.3

VSS

0
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FSS | 20
Total Solid (mg/L)

TS 53.3
TVS 0
TFS 26.7

Dissolved Solid (mg/L)
TDS 20
VDS 0
FDS 6.7
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GW Batch 05 Test Results:

Table 41: GW-Batch5- Alkalinity Raw Data

Alkalinity

mL of titrate | Color

0 green

green

green

green

green

green

green

N[O OB WIN -

green-
blue

8 pink | 4.4 pH

Table 42: GW- Batch#5- Alkalinity Results

Alkalinity

T ALK

160

Total Alkalinity

P ALK

0

<8 pH (Assumption)

Table 43: GW-Batch#5, Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

\ 7

Titration Volume (mL)

\ 1

Table 44: GW-Batch#5-Total Hardness Results

mg/ L as CaCO3
Mg 60
TH 70
CH 70
NCH 0

Table 45: GW-Batch#5- Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
Wf1 (9) 0.1031 Wdl (g) 48.2399
W12 (g) 0.1036 Wd2 (g) 48.2402
W13 (9) 0.1033 Wd3 (g) 48.238
Table 46: GW-Batch#5-TS & DS results
Suspended Solid (mg/L)
TSS y 33.3
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VSS 0

FSS 13.4

Total Solid (mg/L)

TS 53.3
TVS 0
TFS 0
Dissolved Solid (mg/L)
TDS 20
VDS 0
FDS 0
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GW Batch 06 Test Results:
Table 47: GW-Batch6, Alkalinity Raw Data

Alkalinity

mL of titrate | Color
0 green
green
green
green
green
green

green
pink | 4.26 pH

N[O OB W

Table 48: GW- Batch#6-Alkalinity Results

Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 | <8pH (Assumption)

Table 49: Batch#6-Total Hardness and Calcium Hardness Row Data

Total Hardness Calcium Hardness

Titration Volume (mL) \ 7 Titration Volume (mL)

\ 1

Table 50: GW-Batch#6-Total Hardness Results

mg/ L as CaCO3
Mg 60
TH 70
CH 70
NCH 0

Table 51: GW-Batch#6- Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
W1 (g) 0.102 wWd1 (g) 47.9851
W12 (9) 0.10245 Wd2 (g) 47.9857
WT3 (9) 0.1021 Wd3 (g) 47.9854
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Table 52: GW-Batch#6-TS & DS results

Suspended Solid (mg/L)

TSS 30.00

VSS 0.00

FSS 6.666666667
Total Solid (mg/L)

TS 70.00

TVS 0.00

TFS 26.67
Dissolved Solid (mg/L)

TDS 40

VDS 0

FDS 20
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Initial ICN Test Results:

Table 53: ICN, Alkalinity Raw Data

Alkalinity

mL of titrate Color
0 green
1 green
2 green
3 green
4 Light green
5 Light green
6 Light green
7 Light green
8 Light green
9 Light green
10 Blue/Green
11 blue/gray
12 pink 3.8 pH

Table 54: ICN, Alkalinity Results

Alkalinity
T ALK 240 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 55: ICN, Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

| 15 Titration Volume (mL)

E

Table 56: ICN, Total Hardness Results

mg/ L as CaCO3
Mg 70
TH 150
CH 150
NCH 0

Table 57: ICN, Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
Wf1 (9) 0.2108 wdl (g) 159.9195
Wf2 (9) 0.2114 Wd2 (g) 159.9295
WT3 (9) 0.2112 wd3 (g) 159.9267
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Table 58: ICN, TS& DS results

Suspended Solid (mg/L)

TSS 40.00
VSS 0

FSS 26.7

Total Solid (mg/L)

TS 706.67
TVS 0

TFS 506.67
Dissolved Solid (mg/L)
TDS 666.6666667
VDS 0

FDS 480
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ICN Batch 01 Test Results:

Table 59: ICN Batch01-, Alkalinity Raw Data

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

green

Blue -Gray

N[O OB WN -

Pink 4.46 pH

Table 60: ICN, Batch01- Alkalinity Results

Alkalinity

T ALK | 140

Total Alkalinity

PALK | O

<8 pH (Assumption)

Table 61: ICN, Batch 01-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

8 | Titration Volume (mL)

Table 62: ICN, Batch01- Total Hardness Results

mg/ L as CaCO3

Mg 70
TH 80
CH 80
NCH 0

Table 63: ICN, BatchO1-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
Wf1 (g) 0.1061 Wd1 (g) 46.9783
W12 (g) 0.1075 Wd2 (g) 46.9901
W13 (g) 0.1062 Wd3 (g) 46.9636
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Table 64: ICN, Batch01-TS& DS results

Suspended Solid (mg/L)
TSS 93.33
VSS 0.00

FSS 6.666666667
Total Solid (mg/L)

TS 880.00
TVS 0.00
TFS 0.00

Dissolved Solid (mg/L)
TDS 786.6666667
VDS 0
FDS 0

ICN Batch 02 Test Results:
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Table 65: ICN Batch02- Alkalinity Raw Data

Alkalinity

mL of titrate Color

o

green

green

green

green

green

green

green

green

O NO| OB WN -

Pink 4.25 pH

Table 66: ICN, Batch02- Alkalinity Results

Alkalinity
T ALK 160 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 67: ICN, Batch 02-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL) E

Titration Volume (mL)

|2

Table 68: ICN, Batch02- Total Hardness Results

mg/ L as CaCO3

Mg 60
TH 80
CH 80
NCH 0

Table 69: ICN, Batch02-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid

Sample (mL) 15
Wf1 (9) 0.1033 Wdl (g) 47.5483
W12 (g) 0.1045 Wd2 (g) 47.553
Wf3 (9) 0.1034 Wd3 (g) 47.501

Table 70: ICN, Batch02-TS& DS results

Suspended Solid (mg/L)
TSS | 80.00

34|Page



VSS 0.00

FSS 6.666666667
Total Solid (mg/L)

TS 393.33
TVS 0.00
TFS 6.67

Dissolved Solid (mg/L)
TDS 313.3333333
VDS 0
FDS 0

ICN Batch 03 Test Results:
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Table 71: ICN Batch03- Alkalinity Raw Data

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

green

green

N[O OB WIN -

Pink

4.25 pH

Table 72: ICN, Batch03- Alkalinity Results

Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 73: ICN, Batch 03-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

E

Titration Volume (mL)

E

Table 74: ICN, Batch03- Total Hardness Results

mg/ L as CaCO3

Mg 50
TH 60
CH 60
NCH 0

Table 75: ICN, Batch03-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid

Sample (mL) 15
W1 (9) 0.1031 wdl (g) 46.8999
WT2 (g) 0.104 Wd2 (g) 46.8961
W13 (g) 0.1033 Wd3 (g) 46.8931
Table 76: ICN, Batch03-TS& DS results
Suspended Solid (mg/L)
TSS 60.00
VSS 0.00
FSS 13.33333333

Total Solid (mg/L)
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TS 60.00
TVS 0.00
TFS 0.00
Dissolved Solid (mg/L)
TDS 0
VDS 0
FDS 0
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ICN Batch 04 Test Results:

Table 77: ICN Batch04- Alkalinity Raw Data

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

green

green

N[O OB WIN -

Pink

4.35 pH

Table 78: Batch04- Alkalinity Results

Alkalinity
T ALK 140 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 79: ICN, Batch 04-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

| 8 Titration Volume (mL)

Table 80: ICN, Batch04- Total Hardness Results

mg/ L as CaCO3

Mg 70
TH 80
CH 80
NCH 0

Table 81: ICN, Batch04-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
W1 () 0.1043 Wd1 (g) 46.2849
Wf2 (g) 0.1049 Wd2 (g) 46.3101
W13 (g) 0.1044 Wd3 (g) 46.2911

Table 82: ICN, Batch04-TS& DS results

Suspended Solid (mg/L)

TSS

40.00

VSS

0.00
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FSS \ 6.666666667
Total Solid (mg/L)

TS 1720.00

TVS 0.00

TFS 420.00
Dissolved Solid (mg/L)

TDS 1680

VDS 0

FDS 413.3333333
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ICN Batch 05 Test Results:

Table 83: ICN Batch05- Alkalinity Raw Data

Alkalinity

mL of titrate

Color

0

green

green

green

green

green

green

green

N[O OB WIN -

pink 4.28 pH

Table 84: ICN

, Batch05- Alkalinity Results

Alkalinity

T ALK

140

Total Alkalinity

P ALK

0

<8 pH (Assumption)

Table 85: ICN, Batch 05-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

|7 Titration Volume (mL)

E

Table 86: ICN, Batch05- Total Hardness Results
mg/ L as CaCO3
Mg 60
TH 70
CH 70
NCH 0

Table 87: ICN, Batch05-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
W1 (g) 0.1051 wWdl (g) 46.8464
Wf2 (g) 0.1058 Wd2 (g) 46.9531
W13 (g) 0.1052 Wd3 (g) 46.8513
Table 88: ICN, Batch05-TS& DS results

Suspended Solid (mg/L)

TSS

46.67

VSS

0.00
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FSS | 6.7
Total Solid (mg/L)

TS 7160.00
TVS 0.00

TFS 333.3
Dissolved Solid (mg/L)
TDS 7113.3
VDS 0

FDS 326.7
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ICN Batch 06 Test Results:

Table 89: ICN Batch06- Alkalinity Raw Data

Alkalinity

mL of titrate

Color

o

green

green

green

green

green

green

green

Purple

O N OB WINF-

Pink

4.1 pH

Table 90: ICN, Batch06- Alkalinity Results

Alkalinity
T ALK 160 Total Alkalinity
P ALK 0 <8 pH (Assumption)

Table 91: ICN, Batch 06-Total Hardness and Calcium Hardness Row Data

Total Hardness

Calcium Hardness

Titration Volume (mL)

|7 Titration Volume (mL)

Table 92: ICN, Batch06- Total Hardness Results

mg/ L as CaCO3

Mg 60
TH 70
CH 70
NCH 0

Table 93: ICN, Batch06-Total Suspended Solids and Dissolved Solids Row Data

Suspended And Dissolved Solid
Sample (mL) 15
W1 (g) 0.1035 wdl (g) 47.4361
Wf2 (9) 0.1041 Wd2 (g) 47.5132
W13 () 0.1037 Wd3 (g) 47.447

Table 94: ICN, Batch06-TS& DS results

Suspended Solid (mg/L)

TSS |

40.00

42 |Page



VSS 0.00
FSS 13.3
Total Solid (mg/L)

TS 5180.00
TVS 0.00

TFS 740.00
Dissolved Solid (mg/L)
TDS 5140
VDS 0

FDS 726.7
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Appendix C- SEM Images

Figure 10: Blank Sample-Nitrocellulose-Image 02
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Figure 11: GW Sample
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Figure 12: GW Sample
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17 Oct 2018
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Image 03

Figure 13: GW Sample
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Figure 14: GW Sample-Image 04
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Mag= 422KX 1pm WD =12.7 mm EHT = 5.00 k¥
SUPRA 40YP-4193 Noise Reduction = Frame Avg

Mag= 6.64 KX 1pm WD = 12.7 mm EHT = 5.00 kv Signal A = SE2 Date :17 Oct 2018 Time :15:08:16
SUPRA 40VP-41-93 — Noise Reduction = Frame Avg

Figure 16: GW Sample-Image 06
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200 pm

Mag 20 pm
SUPRA 40vP-4193 F— Frame Avg

Figure 18: ICN Sample-Image 02
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Date :17 Oct 2018 Time

82 X
SUPRA 40VP-41-93 Frame Avg

Figure 20: ICN Sample: Image 04
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Appendix D- Scale SEM images

Mag 100 X 100 pm
SUPRA 40vP41-93 F——

Mag 10 pm
SUPRA 40VP-41-93

Figure 21: GW Scale Sample-Calcite-Image02
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Mag= 1.00 KX 10 pm
SUPRA 40VP4

Figure 23: GW Scale Sample-Calcite-Image03
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Mag 500 X
SUPRA 40VP-41-93

Figure 25: ICN Scale Sample-Aragpmote-Images02
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Mag= 1.00KX 10 pm EHT = 5.00 kv i Nov 2018 Time
SUPRA 40VP-4193 F——— Noise Redu

Figure 26: ICN Scale Sample-Aragpmote-Images03
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Appendix E-Scale Measurements

Table 95: Initial and Final Pressure Vessel Measurements

GW Batches
Before De-Scaling the Vessel | After De-Scaling the Vessel
Weight (g) 10513.5 10503.5
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