
การศ ึกษาก ้อนหล ่อแข ็งและปรับเสถ ียรกากตะกอนท ีปนเป ีอนสารหน ู

น า ย  ธ น พ ล  เพ ็ญ ร ัต น ์

ว ิท ย า น ิพ น ธ ์น ี้เ ป ็น ส ่ว น ห น ึ่ง ข อ ง ก า ร ศ ึก ษ า ต า ม ห ล ัก ส ูต ร ป ร ิญ ญ า ว ิท ย า ศ า ล ต ร ม ห า บ ัณ ฑ ิต  

ส า ข า ว ิช า ก า ร จ ัด ก า ร ส ิ่ง แ ว ด ล ้อ ม  ล ห ล า ข า ว ิช า ก า ร จ ัด ก า ร ส ิ่ง แ ว ด ล ้อ ม

บ ัณ ฑ ิต ว ิท ย า ล ัย  จ ุฬ า ล ง ก ร ณ ์ม ห า ว ิท ย า ล ัย  

ป ีก า ร ศ ึก ษ า  2546  

ISBN  9 7 4 -1 7 -4 1 3 5 -9  

ล ิฃ ล ิท ธ ิ้ฃ อ ง จ ุฬ า ล ง ก ร ณ ์ม ห า ว ิท ย า ล ัย



E X A M IN A T IO N  OF S O L ID IF IE D  A N D  S T A B IL IZ E D  M A T R IC E S  O F A R S E N IC  C O N T A IN IN G  S LU D G E

M r. T a n a p o n  P h en ra t

A  T h e s is  S u b m itte d  เก P artia l F u lfillm e n t o f th e  R e q u ire m e n ts  

fo r th e  D e g re e  o f M a s te r o f S c ie n c e  in E n v iro n m e n ta l M a n a g e m e n t 

In te r-D e p a rtm e n t P ro g ra m  in E n v iro n m e n ta l M a n a g e m e n t 

G ra d u a te  S ch oo l 

C h u la lo n g k o rn  U n ive rs ity  

A c a d e m ic  Y e a r 2003

ISBN 974-17-4135-9  

C o p y r ig h t o f C h u la lo n g k o rn  U n ive rs ity



Thesis Title

By
Field o f  Study 
Thesis Advisor 
Thesis Co-advisor

EXAMINATION OF SOLIDIFIED AND STABILIZED MATRICES OF
ARSENIC CONTAINING SLUDGE
Mr.Tanapon Phenrat
Environmental Management
Associate Professor Taha F. Marhaba, Ph.D.,P.E.
Manaskom Rachakomkij, Ph.D.

Accepted by the Graduate School, Chulalongkom University in Partial 
Fulfillment o f  the Requirements for the Master’s Degree

(?  QtV ' J
ร น *. jlag& u/

........................................................................Dean o f  Graduate School
(Professor Suchada Kiranandana, Ph.D.)

THESIS COMMITTEE

Chairman
(Assistant Professor Boonyong Lohwongwattana)

....................................................................... Thesis Advisor
(Associate Professor Taha F. Marhaba, Ph.D.,P.E.)

.Thesis Co-advisor
(Manaskonr Rachakomkij, Ph.D.)

. . . .  7 . . .  V.ไ?Ted. . . . / . ......7T.rTTC;.............Member
(Assistant Professor Prasert Pavasant, Ph.D.)



IV

ธนพล เพ็ญรัตน์: การศึกษาก้อนหล่อแข็งและปรับเสถียรกากตะกอนที่ปนเบื้อนสารหนู. 
(EXAMINATION OF SOLIDIFIED AND STABILIZED MATRICES OF ARSENIC
CONTAINING SLUDGE) อ.ที่ปรึกษา: TAHA F. MARHABA, Ph.D.,P.E., อ.ท่ีปรึกษาร่วม: ดร.
มนัสกร ราชากรกิจ 307 หน้า. ISBN 974-17-4135-9

กากต ะกอน ส ิน าต าลค ำซ ึ่ง เก ิด ม าจาก การก ำจ ัด สารห น ูโด ยก ระบ วน ก ารโค แ อก ถ ูเลช ั่น แ ละต กต ะกอน  

ร ่วมน ั้น ท ี่จร ิงแล ้วค ือสารหน ูท ี่ถ ูกด ูดซ ับท ี่ผ ิวหน ้าของเหล ็กไฮดรอกไซด ์ งานว ิจ ัยน ั้เป ีนการศ ึกษาพฤต ิกรรมการ 

ของละลายของสารห น ูใน กากตะกอน  และ ความเป ีนไปไค ้ของกากตะกอนท ี่จะเป ีนของเส ียอ ันตรายซ ึ่งม ีดวาม 

ส ัมพ ันธ ์ก ับความเข ้มข ้น เร ิ่มค ้นของสารหน ูในน ั้า และ ค ่าความเข ้มข ้นหล ังบำบ ัด  จากการศ ึกษาพบว ่า ค ่าpH ของ 

น ั้าชะละลายเร ิ่มค ้น เป ็นป ิจจ ัยสำค ัญ ท ี่ควบค ุมการชะละลายของสารหน ู เน ื่องจากว ่า pH ส ่งผลต ่อการคายต ัวและ 

การด ูดซ ับให ม ่ของสารหน ู รวมน ั้ง การ ละลาย และ ก ่อต ัวใหม ่ของเหล ็กไฮดรอกไซด ์ จากการทดลองสามารถ 

สร ุปไค ้ว ่า กากตะกอนท ี่เก ิดจากการกำจ ัดสารหน ูท ี่ม ีความ เข ็มข ้น เร ิ่มค ้นของสารหน ูในนำในช ่วง 140 ถึง 12,790 
pg/L เพ ื่อผล ิตน ั้าด ื่มท ี่ม ีค ่าการปนเบ ื้อนท ี่ยอมร ับไค ้ค ือ  10 และ 50 (ig/L ไม ่น ่าจะถ ูกจ ัด เป ีนของเส ียอ ันตราย แต่ว ่า 

กากตะกอนท ี่เก ิดจากกระบวนการกำจ ัดสารหน ูเบ ื้องค ้นของน ั้าท ี่ม ีสารหน ูเข ้มข ้นจากกระบวกการ Ion Exchange 

จนผ่าน TBLLs บางค ่า น ่าจะถ ูกจ ัด เป ็นของเส ียอ ันตราย และเพ ื่อท ี่จะม ีวิธ ีการจ ัดการก ับของเส ียบื้ท ีท่ ั้งราคาสม 

เหต ุผล และ เป ็นผลด ีต ่อความ เสถ ียรของตะกอนในระยะยาว งานว ิจ ัยน ีย ังไค ้ศ ึกษาความเป ็นไปไค ้ในการใช ้ 

ประโยชน ์จากก ้อนหล ่อแข ็งของกากตะกอนน ี ถ ึงแม ้ว ่า กากตะกอนสารหน ูท ี่ถ ูกด ูดซ ับท ี่ผ ิวหน ้าของเหล ็กไฮดรอก 

ไซด ์ จะส ่งผลเส ียต ่อความแข ็งแรงของก ้อนหล ่อแข ็งท ั้งทางกายภาพและเคม ี โดยการแทนท ี่ช ีเมนต ์, ลดพ ื้นท ี่ร ับ  

แรงอ ัดโดยการผ ิงต ัวของตะกอน, และ การหน ่วง ปฎ ิกร ิยาไฮเดรช ั่นโดย สารประกอบของแคลเซ ียมก ับสารหน ู 

ก ารใช ้ป ระโยชน ์จากก ้อน ห ล ่อแ ข ็งของกากต ะกอน น ิเป ็น ก ้อน ค อน กร ีตป ระสาน ร ุ]พ ื้น ย ังคงเป ็น ไป ไค ้ต าม ม าตร 

ฐาน มอก. 827-2531 โดยส ่วน ผสมท ี่ใช ้เพ ื่อการน ี้น ั้นม ีอ ัตราส ่วน น ั้าต ่อว ัสค ุประสาน เท ่าค ับ  0.4, กากตะกอนต ่อ 

ว ัสค ุประสาน เท ่าก ับ  0 .15 ,และ ร ุเน ขาวต ่อว ัสด ุประสาน เท ่าก ับ0

สหสาขาวิชาการจัดการสิ่งแวดล้อม 
สาขาวิชาการจัดการสิ่งแวดล้อม 
ปีการศึกษา 2546

ลายมือชื่อนิสิต Ç4ไ'^.........
ลายมือชื่ออาจารย์ท่ีปรึกษา........................
ลายมือชื่ออาจารย์ท่ีปรึกษาร่วม......ย์?^ ...



# # 4589429020: MAJOR ENVIRONMENTAL MANAGEMENT
KEY WORD: ARSENIC-IRON HYDROXIDE SLUDGE / REACHABILITY/ SOLIDIFICATION 
AND STABILIZATION / WASTE UTILIZATION / CEMENT/ LIME/ XRD/ SEM-EDS/ FI-IR 

TANAPON PHENRAT: EXAMINATION OF SOLIDIFIED AND STABILIZED 
MATRICES OF ARSENIC CONTAINING SLUDGE. THESIS ADVISOR: ASSOC. PROF. 
TAHA F. MARHABA, Ph.D.,P.E„ THESIS CO-ADVISOR: MANASKORN 
RACHAKORNKIJ, Ph.D., 307 pp. ISBN 974-17-4135-9.

Brownish sludge as a by-product of arsenic removal by coagulation/co- 
precipitation with ferric chloride is in fact arsenic bonded to surface of iron hydroxide 
through either inner or outer-sphere surface mechanism. This research was conducted 
to investigate leaching behavior of arsenic from the sludge and potential of the sludge 
to be hazardous waste as a function of initial arsenic concentrations and finished 
water targets. It was found that pH of extraction fluid might play a crucial role in 
controlling leachability of arsenic from the sludge because it influenced arsenic 
desorption and resorption as well as dissolution and reformation of iron hydroxide 
surface. In addition, it can be concluded that the sludge produced from removal of 
initial arsenic concentration ranging from 140 to 12,790 pg/1 to comply with the 
drinking water standards o f 10 and 50 pg/1 of arsenic is unlikely to be hazardous 
waste. In contrast, the sludge from pretreatment of Ion Exchange brine to some 
TBLLs can be classified as hazardous waste. To reach a compromise between 
reasonable operation costs o f waste management and sufficient long-term stability of 
the waste itself, this study also examined utilization potential of solidified/stabilized 
products. Although addition of arsenic-iron hydroxide sludge seemed to physically 
and chemically reduce compressive strength of the mortar due to replacement of 
cement, reduction of bearing by macroencapsulation of the sludge, and hydration 
inhibition by calcium-arsenic compounds, utilization of the solidified/stabilized 
sludge as an interlocking concrete paving block is also possible according to TIS 827- 
2531 (1988). The mix proportion for this purpose is water-to-binder ratio of 0.4, 
waste-to-binder ratio of 0.15, and iime-to-binder ratio of 0.

Inter-department Environmental Management 
Field of รณdy Environmental Management 
Academic year 2003

Student’s signature. 
Advisor’s signature. 
Co-advisor’s signature..,



VI

ACKNOWLEDGEMENTS

The author wishes to express his profound appreciation and deepest gratitude 
to his thesis advisor, Assoc. Prof. Taha F. Marhaba, and co-advisor. Dr. Manaskom 
Rachakomkij, for their invaluable advice, continuous support, and encouragement 
through out this research. In reality, Dr. Marhaba has been more than just a thesis 
advisor, he has given the author a valuable opportunity for self-development by 
fostering a learning environment and freedom of thought. Similarly, considering the 
amount of time and energy Dr. Manaskonn has spent on this thesis, it would be 
completely wrong to call him a thesis co-advisor. For this reason, the author feels 
guilty every time he calls Assoc. Prof. Marhaba and Dr. Manaskom his thesis advisor 
and co-advisor, and is trying to find words that truly explain what they have done for 
the author and this thesis. The author also would like to extend his gratitude to 
Assistant Professor Boonyong Lohwongwattan, Chairman of the committee; Assistant 
Professor Dr. Prasert Pavasant, a member of thesis committee; Assistant Professor Dr. 
Sutha Khaodhiar; and Dr. Khemarath Osathaphan for the their invaluable suggestions, 
continuous support, and encouragement throughout this study. The author wishes to 
extend his sincere appreciation to the staff and his friends at the National Research 
Center for Environmental and Hazardous Waste Management (NRC-EHWM). 
Special thank goes to Ms. Akiko Uyeda, Ms. Aweewan Mungmeechai, Ms. Kloykan 
Kaonatesuwan, and Ms. Ramnaree Netvichian for their untiring cooperation, support, 
and suggestions. Moreover, the author would like to express gratitude to the National 
Metal and Materials Technology Center (MTEC) and the Scientific and Technological 
Research Equipment Centre of Chulalongkorn University; especially Ms. Yaowaluck 
and Mr. Boonlur who gave many helpful suggestions and lab instrument support. The 
author would also like to gratefully acknowledge the Internal Postgraduate Programs 
in Environmental Management (Hazardous Waste Management) of the National 
Research Center for Environmental and Hazardous Waste Management at 
Chulalongkorn University for providing the scholarship, which enabled the author to 
pursue his studies. Finally, the author would like to take this opportunity to recognize 
his beloved parents and sacred things for their wholehearted understanding, 
encouragement, and patient support throughout his study.



C O N T E N T S

ABSTRACT (IN THAI).......................................................................... iv
ABSTRACT (ENGLISH).........................................................................V

ACKNOWLEDGEMENTS.................................................................... vi
CONTENTS.............................................................................................vii
LIST OF TABLES..................................................................................xiv
LIST OF FIGURES ........................... xviii
NOMENCLATURES...........................................   xxxi

CHAPTER 1 INTRODUCTION 1
1.1 General................................................................................................ 1
1.2 Objectives...........................................................................................5
1.3 Scopes of the Study...........................................................................7

CHAPTER 2 LITERATURE REVIEW.............................................. 11
2.1 Some Historical, Chemical, and Physical Aspects of Arsenic.... 11
2.2 Source of Arsenic............................................................................. 15
2.3 World Distribution of Groundwater Arsenic Problems.............. 23
2.4 Arsenic and Human Health........................................................... 30
2.5 Technologies for Arsenic Removal................................................ 32
2.6 Arsenic Removal by Coagulation/Co-Precipitation with

Ferric Chloride.................................................................................34
2.7 Interfacial Chemistry of Arsenic Removal by Iron Hydroxide

sludge................................................................................................39
2.8 Source. Characteristic, and Factors Controlling Properties of

Arsenic-Iron Hydroxide Sludge.................................................... 45
2.8.1 Characteristic and Factors Controlling Properties of

Arsenic-Iron Hydroxide Sludge from Conventional
Coagulation Process........................................................ 45

Page



Vlll

Page
2.8.2. Characteristic and Factors Controlling Properties of 

Arsenic-Iron Hydroxide Sludge from Other removal 
Processes..........................................................................47

2.9 Arsenic Residual Management.......................................................50
2.91 Federal Disposal Regulations............................................. 50
2.9.2 Arsenic Residual Management Alternatives..................53

2.9.2.1 Available Management Alternatives for Liquid and
Semi- liquid Residuals........................................... 54

2.9.2.2 Available Management Alternatives for Solid
Residuals...................................................................58

2.10 Solidification and Stabilization....................................................65

CHAPTER 3 METHODOLOGY 80

P a r t i

3.1 Materials............................................................................................80
3.1.1 Reagents and Glassware....................................................... 80
3.1.2 Arsenic-Iron Hydroxide Sludge.......................................... 80

3.2 Experimental Programs...................................................................81
3.2.1 Characterization of the Raw Arsenic-Iron Hydroxide

Sludge.................................................................................... 81
3.2.1.1 Chemical Compositions of the Raw Sludge.......... 81
3.2.1.2 Particle Size Analysis of the Raw Sludge.............. 82
3.2.1.3 Vibrational Characterization of the Raw Sludge. ..82
3.2.1.4 Microstructures of the Raw Sludge........................82

3.2.2 Characterization of the Leached Arsenic-Iron Hydroxide
Sludge..................................................................................... 82

3.2.3 Leachate Characteristics of the Arsenic-Containing
S lu d g e ........................................................................................................83

C O N T E N T S  (C on t.)



P a r t  I I

3.3 Materials........................................................................................... 84
3.3.1 Reagents and Glassware....................................................... 84

3.4 Experimental Programs...................................................................84
3.4.1 Batch Coagulation/Co-precipitation Tests of Arsenic

Removal by Ferric Chloride.................................................84
3.4.2 Linear Regression Analysis..................................................85

P a r t  I I I

3.5 Materials........................................................................................... 85
3.5.1 Arsenic-Iron Hydroxide Sludge for the Solidification/

Stabilization........................................................................... 85
3.5.2 Portland Cement..................................................................... 85
3.5.3 Hydrated Lime........................................................................ 86
3.5.4 Sand......................................................................................... 86
3.5.5 Water....................................................................................... 87

3.6 Experiment Programs...................................................................... 87
3.6.1 Physical Properties and Phase Analyses of the Solidified/

Stabilized Arsenic-Iron Hydroxide Sludge.........................87
3.6.1.1 Compressive Strength of the Solidified/Stabilized

Sludge........................................................................ 87
3.6.1.2 SEM-EDS Application for Examining

Macroencapsulation of the Solidified /Stabilized 
Sludge....................................................................... 87

3.6.1.3 XRD Application for Phase Analysis of the
Solidified/Stabilized Waste...................................88

3.6.1.4 FT-IR Application for Examination of Hydration
Inhibition..................................................................89

3.6.2 Leachate Characteristics of the Solidified/Stabilized
Waste.....................................................................................89

ix

C O N T E N T S  (C on t.)

Page



X

P a r t  I V

3.7 Materials......................................................................................... 89
3.7.1 The Arsenic-Iron Hydroxide Sludge, Portland Cement,

Hydrated Lime, and Water...................................................89
3.8 Experimental Programs...................................................................89

3.8.1 Morphologies of the Solidified/Stabilized Sludge........... 89
P a r t  V

3.9 Materials........................................................................................... 90
3.9.1 The Arsenic-Iron Hydroxide Sludge, Portland Cement,

Hydrated Lime, and Water....................................................90
3.10 Experimental Programs..................................................................91

3.10.1 XRD Application for Examining Hydration Development
and the Formation of Calcium-Arsenic Compounds.......91

3.10.2 Application of compressive Strength tests for
Characterizing Physically and Chemically Interfering in 
Mechanical Property of Solidified Matrices due to 
Addition of Arsenic Sludge.................................................91

3.10.3 Leaching Characteristics of the Solidified/Stabilized
Sludge as a Function of Water-to Binder Ratio and Lime- 
to Binder Ratio...................................................................92

CHAPTER 4 RESULTS AND DISCUSSIONS............................................ 93

P a r t  I
4.1 Characterization of the Raw Arsenic-Iron Hydroxide

Sludge................................................................................................ 93
4.1.1 Chemical Compositions of the Raw Sludge...................... 93
4.1.2 Particle Size Analysis of the Raw Sludge...........................94
4.1.3 Vibrational Characterization of the Raw Sludge.................95

C O N T E N T S  (C o n t )

Page



XI

4.1.4 Microstructures o f the Raw Sludge................................ 100
4.2 Characterization of the Leached Arsenic-Iron Hydroxide

Sludge..............................................................................................111
4.2.1 Particle Size Analysis of the Leached Arsenic Sludge.... 111
4.2.2 Vibrational Characterization of the Leached Arsenic
Sludge.............................................................................................. 114
4.2.3 Morphology of the Leached Arsenic Sludge..................... 120

4.3 Leachate Characteristics of the Arsenic-Containing Sludge..... 127

P a r t  I I

4.4 Batch Coagulation/Co-precipitation Tests of Arsenic Removal
by Ferric Chloride........................................................................148

4.5 Linear Regression Analysis........................................................ 149
4.5.1 The Empirical Model Describing Relationship among

Effectiveness of As(III) Removal, Initial As(III) 
Concentration, and FeCb /As Ratios................................149

4.5.2 The Empirical Model Describing Relationship among
As-to-Fe in the Sludge produced from the Arsenic 

Removal Process, Initial As(III) Concentration, and 
FeCL /As Ratios.................................................................. 152

4.53 The Application of the Empirical Model Describing
Relationship between As-to-Fe Ratios (mmole/mmole) of 
the Sludge and Their Leachate Concentration of Arsenic by 
TCLP and LP-NO.6............................................................156

P a r t i n

4.6 Physical Properties and Phase Analyses of the Solidified
/Stabilized Arsenic-Iron Hydroxide Sludge..............................166

C O N T E N T S  (C on t.)

Page



Xll

4.6.1 Compressive Strength of the Solidified/Stabilized
Sludge................................................................................... 166

4.6.2 SEM-EDS Application for Examining Macroencapsulation
of the Solidified /Stabilized Sludge................................... 169

4.6.3 XRD Application for Phase Analysis of the Solidified
/Stabilized Waste.................................................................. 173

4.6.4 FT-IR Application for Examination of Hydration
Inhibition............................................................................... 199

4.7 Leachability of the Solidified/Stabilized Sludge......................206
4.8 Evaluation of Utilization Potential.............................................213

P a r t  I V

4.9 Morphologies of the Solidified/Stabilized Sludge..................215
4.9.1 Calcium Silicate Hydrate (C-S-H)...................................215
4.9.2 Ettringite, Monosulfoaluminate, and Other Hydrated

Calcium Aluminates/Ferrite...............................................219
4.9.3 Calcium Hydroxide [Ca(OH)2] ......................................... 227
4.9.4 Calcium-Arsenic Compounds............................................228

P a r t  V

4.10 XRD Application for Examining Hydration Development and
the Formation of Calcium-Arsenic Compounds.....................239

4.11 Compressive Strength Development o f the Solidified/Stabilized
Waste Form.................................................................................. 257

4.12 Leaching Characteristics of the Solidified/Stabilized Sludge as
a Function of Water-to Binder Ratio and Lime-to Binder 
Ratio............................................................................................262

C O N T E N T S  (C on t.)

Page



Xlll

C O N T E N T S  (C on t.)

P a r t  V I

Page

4.13 Framework for Evaluating Arsenic-Iron Hydroxide Sludge 
Management Options................................................................ 265

CHAPTER 5 CONCLUSIONS AND SUGGESTIONS FOR
FUTURE WORKS......................................................................289
5.1 Leaching behavior and factors controlling leachability of the raw

arseic-iron hydroxide sludge....................................................... 289
5.2 Potential to be Hazardous Waste of Arsenic-Iron Hydroxide

Sludge.............................................................................................290
5.3 Effect of Arsenic-Iron Hydroxide Sludge on the Compressive

Strength of the Solidified/Stabilized Matrices.......................... 290
5.4 Leachate Characteristics of Solidified/Stabilized Arsenic-Iron

Hydroxide Sludge......................................................................... 291
5.5 Utilization Potential of the Solidified/Stabilized Matrices and

Evaluation of the Three Management Options......................... 291
5.6 Suggestions for Future works..................................................... 292

REFERENCES............................................................................................................ 293
APPENDIX....................................................................................................................301
BIOGRAPHY.............................................................................................................. 307



XIV

2.1 Physical and chemical properties of arsenic.........................................................12
2.2 Some importance arsenic compounds in the environment.................................14
2.3 Some of major arsenic minerals occurring in nature...........................................17
2.4 Typical arsenic concentration in common rock-forming minerals...................18
2.5 Typical arsenic concentrations in rocks, sediments, soils and other surficial

deposits..................................................................................................................... 19
2.6 Estimated amount of arsenic released to the atmosphere by natural activities

such as volcanic activity and forest and grass fires............................................ 22
2.7 Summary of current and past uses of arsenic...................................................... 22
2.8 The currently accepted national standards for arsenic in drinking water.........25
2.9 Summary of documented cases of naturally-occurring As problems in world

groundwaters...........................................................................................................26
2.10 Lifetime risks of dying of cancer from arsenic in water.................................... 30
2.11 Summary of technologies for arsenic removal.................................................... 32
2.12 Raman and IR band positions and assignments o f As(III) and As(V) species in

aqueous solution..................................................................................................... 43
2.13 Raman and IR band positions and assignments o f As(III) and As(V) species

sorbing onto amorphous ferric hydroxide............................................................44
2.14 Summary' of example residuals characteristic.......................................................48
2.15 Arsenic TBLL for some cities................................................................................ 57
2.16 Condition o f the residuals from arsenic removal process for land

application............................................................................................................... 61
2.17 TCLP result for residuals from several arsenic removal technologies...............62
2.18 The comparison between the TCLP and California WET.................................. 64
2.19 Formation of calcium-arsenic compounds, their equilibrium pH, and

concentration of Ca as well as As at equilibrium condition.............................. 74

LIST OF TABLES

Table Page



XV

LIST OF TABLES(Cont.)

2.20 Some calcium-arsenic compounds with their ^-spacing
(A0) ..................................................................................................................................... 78

3.1 Some Chemical and Physical Characteristics o f the Binders and the Sludge
used in Part III........................................................................................................ 86

3.2 Mixture Proportion of the Solidified/Stabilized Samples in Part III................. 88
3.3 Mixture Proportion of the Solidified/Stabilized Sample in Part IV..................90
3.4 Mixture proportion of the solidified/stabilized sample in Part V......................92
4.1 Chemical composition of the sludge SI to S5..................................................... 93
4.2 Semi quantitative EDS analysis of the control sample and the five kinds

of arsenic containing sludge................................................................................ 110
4.3 Concentrations of arsenic and iron in Leachate of รพ  and SD samples

subjected to the TCLP and LP-NO.6 test..........................................................128
4.4 Calculation of q As/Fe and Cas at equilibrium for รพ  samples subjected to the

TCLP test.............................................................................................................. 131
4.5 Calculation o f q As/Fe and Cas at equilibrium for SD samples subjected to the

TCLP test.............................................................................................................. 136
4.6 Calculation of q As/Fe and CAs at equilibrium for ร พ  samples subjected to the

LP-No.6 test......................................................................................................... 140
4.7 Calculation of q As/Fe and Cas at equilibrium for SD samples subjected to the

LP-No.6 test......................................................................................................... 142
4.8 Summary of the empirical model describing relationship among effectiveness

of As(III) removal, initial As(III) concentration, and FeCf /As ratios........ 150
4.9 Coefficient summary of the empirical model describing relationship among

effectiveness of As(III) removal, initial As(III) concentration, and FeCh /As 
ratios....................................................................................................................... 151

4.10 FeCli /As ratios (by weight) and effectiveness of As(III) removal (%)required 
for removal of arsenic contaminated water of which initial As(III)

Table Page

concentration ranges from 150 to 12,000(pg/L) to comply with two different 
MCLs: 10 and 50 pg/L....................................................................................... 152



XVI

LIST OF TABLES(Cont)

4.11 Summary of the empirical model describing relationship among As-to-Fe in
the sludge produced from the arsenic removal process, initial As(III) 
concentration, and FeCB /As ratios................................................................... 154

4.12 Coefficient summary of the empirical model describing relationship among
As-to-Fe in the sludge produced from the arsenic removal process, initial As 
(III) concentration, and FeCb /As ratios............................................................155

4.13 The As-to-Fe ratios (mmole/mmole) of the sludge produced from coagulation 
process to treat contaminated water o f which initial As(III) concentration 
ranges from 150 to 12,000 (pg/L) to comply with two different MCLs:
10 and 50 pg/L....................................................................................................156

4.14 Simulation of removal efficiency required to comply with different TBLLs 
from 50 to 3000 pg/L as well as As-to-Fe of the sludge produced from each 
TBLLs and estimated concentration of arsenic in leachate by the TCLP....163

4.15 USC(ksc) of the recipes with and without lime............................................... 167
4.16 Normalized factor, observed intensities, and normalized intensities for all

samples without lime at 2.74 A ...........................................................................188
4.17 Leachate pH and leachate concentration (mg/1) of ร/ร samples subjected to

LP-No.6...............................................................................................................207
4.18 Leachate pH and leachate concentration (mg/1) of ร/ร samples subjected to

TCLP......................................................................................................................207
4.19 Semi quantitative EDS analysis of SW9-S25-L00 and ร พ 4-S25-L04 at the

age of 7 days focusing on C-S-H structures....................................................216
4.20 Semi quantitative EDS analysis of SW6-S25-L04 and ร พ 4-S25-L00 at the

age of 28 and 7 days focusing on ettringite structures................................... 222
4.21 Formation of Hydration Products from 3 Ca0 .AL0 3 ........................................ 224
4.22 Semi quantitative EDS analysis of ร พ 4-S25-L04 and SW9-S25-L04 at the

age of 7 days focusing on hexagonal-plate morphology of hydrated calcium 
alluminate/Ferrite and ill-defined morphology of hydrated calcium 
alluminate.............................................................................................................. 226

Table Page



XVII

Table Page

4.23 Semi quantitative EDS analysis of SW6-S25-L04 at the age of 7 days
focusing on calcium hydroxide...........................................................................228

4.24 Summation of all the possible calcium-arsenic compounds observed in this
study together with their morphologies and compositions by EDS...............235

4.25 The components and formulas for calculating the capital, the operation, and
the maintenance costs of each option.................................................................278

Al USEPA water system categories......................................................................... 302
A2 Reference o f the costs inputted in the fifth step illustratrd in Figure 4.119. ..303
A3 Specifications and costs of the rotary dryers cited in Part VI.......................... 304
A4 Specification of the paving block making machine cited in Part VI............... 305
A5 Cost of interlocking concrete paving block........................................................ 306

LIST OF TABLES(Cont)



XVlll

LIST OF FIGURES

2.1 Molecular structure of arsenate and arsenite........................................................ 13
2.2 Eh-pH diagram of aqueous arsenic species in the system AS-O2-H 2O at 25°c

1 bar total pressure................................................................................................. 15
2.3 Map of documented world arsenic problem........................................................ 24
2.4 Conventional coagulation process........................................................................ 45
2.5 Natural occurrence factors for arsenic in groundwater systems....................... 46

Figure Pages

2.6 Schematics of (a) activated alumina sorption process, (b) Ion Exchange 
process, (c) membrane process, and (d) iron manganese removal filtration
process......................................................................................................................49

2.7 The schematic representation of the reaction during the hydration of Portland
cement at ordinary temperatures...........................................................................67

2.8 Various possibilities for the interaction of hazardous substances
with cement............................................................................................................. 76

2.9 Illustration showing the range of characterization of techniques needed to 
study the binding chemistry and leaching mechanisms of stabilized and 
solidified hazardous substances.............................................................................77

4.1 (a) Particle size distribution curves of SW1, ร พ 3.ร พ 4, and ร พ 5 and (b)
particle size distribution SD1, SD4. and SD5..................................................... 95

4.2 The FT-1R spectra of (a) pure amorphous iron hydroxide sludge, (b) pure
sodium arsenate hepta-hydrate, and (c) pure sodium arsenite recorded in 
the400-4000 cm'1.................................................................................................... 97

4.3 (a) the FT-IR spectra of synthesized arsenic-iron sludge SI to S5 together
with pure amorphous iron hydroxide focusing on the wavenumber from 400 to 
1000 cm'1, (b) the FT-IR spectra throughout the whole length from 400 to 
4000 cm'1................................................................................................................. 99

4.4 The SEM photographs of of (a) and (b) the pure amorphous iron hydroxide.
(c) SI, (d) ร2, (e) ร4, and (f) S5.........................................................................102



LIST OF FIGURES (Cont.)

Figure Pages

4.5 (a) The x-ray dot maps and (b) the EDS spectra of the pure amorphous iron
hydroxide............................................................................................................. 103

4.6 (a) The x-ray dot maps and (b) the EDS spectra of ร 1.....................................104
4.7 (a) The x-ray dot maps and (b) the EDS spectra of S2..................................... 105
4.8 (a) The x-ray dot maps and (b) the EDS spectra of S4.....................................106
4.9 the X-Ray Dot Maps of S5.................................................................................. 107
4.10 The SEM photograph of the sludge S3 expressing zones supposed to be inner-

sphere and outer-sphere complexes.................................................................... 108
4.11 A hypothetical interfacial structure..................................................................... 108
4.12 The x-ray dot maps of S3.....................................................................................109
4.13 Schematic of the interfacial structure as envisioned in the Triple-Layer

Model..................................................................................................................... 109
4.14 (a) the SEM photograph and (b) the EDS spectra of S3 zoomed

in Zone 2 ................................................................................................................110
4.15 The particle size distribution curves of the leached SW1, ร พ 3, รพ 4, and

ร พ 5 after subjected to the TCLP........................................................................112
4.16 The particle distribution curves of leached SD samples.................................. 113
4.17 The FT-IR spectra of the leached รพ  samples (Leached SW1 to รพร)

after 18 hours of the TCLP(a) focusing on the wavenumber from 650 to 1250 
cm"1, and (b) throughout the whole length from 400 to 4000 cm"1...............118

4.18 The FT-IR spectra of (a) the Leached SDBOTTOM samples focusing on the
wavenumber from 650 to 1250 cm"1, (b) the Leached SD BOTTOM samples 
throughout the whole length from 400 to 4000 cm"1, (c) the Leached 
SD SUSPENDED samples focusing on the wavenumber from 650 to 1250 
cm"1, (d) the Leached SD BOTTOM samples throughout the whole length 
from 400 to 4000 cm"1........................................................................................ 119

4.19 (a) The SEM photograph and (b) the EDS spectrum of SD3 BOTTOM 121
4.20 (a) The SEM photograph and (b) the EDS spectrum of SD4 BOTTOM 122



XX

LIST OF FIGURES (Cont.)

4.21 (a) The SEM photograph and (b) the EDS spectrum of c w  (pure amorphous

Figure Pages

iron hydroxide sludge after the TCLP test)...................................................... 123
4.22 (a) The SEM photograph and (b) the EDS spectrum of Leached รพ ร.......... 124
4.23 (a) The SEM photograph and (b) the EDS spectrum of Leached รพ 4 .......... 125
4.24 (a) The SEM photograph and (b) the EDS spectrum of Leached รพ ร.......... 126
4.25 Concentrations of arsenic and iron in leachate of รพ  and SD samples

subjected to the TCLP and LP-NO.6 test.........................................................127
4.26 Graphical representation of (a) the relationship between adsorption density of

arsenic to iron (q As/Fe) and the dissolve concentration of arsenic of leached 
รพ  samples at equilibrium after the TCLP test ( C a s )  and (b) the residuals of 
the model as well as standard error and correlation coefficient....................132

4.27 (a) Solubility of amorphous Fe(OH)3, KSp= 10o/ '. as a function
of pH at 25°c and (b) schematic representation of iron oxide dissolution 
promoted by proton........................................................................................... 133

4.28 Comparison of As(V) and As(III) sorption edges on hydrous ferric oxide
(HFO). The total arsenic concentrations shown are lOOpM (circles) and 
50 pM(squares). Open symbols represent As(V) and closed symbols
As(III)...................................................................................................................133

4.29 Final pH of the extraction fluid of the the TCLP and LP-No.6 (a) for SD
samples and (b) for รพ  samples........................................................................137

4.30 Graphical representation of (a) the relationship between adsorption density of
arsenic to iron (q As/Fe) and the dissolve concentration of arsenic of leached SD 
samples at equilibrium after the TCLP test (Cas) and (b) the residuals of the 
model as well as Standard Error and Correlation Coefficient........................ 138

4.31 (a) Relationship o f total amount of arsenic (mg) per two liters of leachate
extracting from SD samples and that (mg) from รพ  samples normalized by % 
solid per wet sludge, and (b) comparison between immobilization efficiency of 
SD samples and that of รพ  samples................................................................ 139



XXI

LIST OF FIGURES (Cont.)

4.32 Graphical representation of (a) the relationship between adsorption density of
arsenic to iron (q As/Fe) and the dissolve concentration of arsenic of leached 
รพ  samples at equilibrium after the LP-No.6 test (cAs) and (b) the residuals of 
the model as well as Standard Error and Correlation Coefficient.................. 141

4.33 Graphical representation of (a) the relationship between adsorption density of
arsenic to iron (q As/Fe) and the dissolve concentration of arsenic of leached SD 
samples at equilibrium after the LP-No.6 test (CAs) and (b) the residuals of the 
model as well as standard error and correlation coefficient............................143

4.34 (a) Comparison between total amount of arsenic (mg) per two liters of leachate 
extracting from รพ  samples subjected to the TCLP and that subjected to 
LP-No.6, (b) Comparison between total amount of arsenic (mg) per two liters 
of leachate extracting from SD samples subjected to the TCLP and that

Figure Pages

subjected to LP-No.6...........................................................................................144
4.35 Predominance or pe-pH diagram of various As(V) and As(III) species

including precipitates.......................................................................................... 146
4.36 Effect o f initial arsenic concentration and FeCh / As ratios on arsenic removal

efficiency at pH 7................................................................................................ 148
4.37 The contour line expressing the removal efficiency (%) at each initial arsenic

concentration and FeCri /As ratio......................................................................151
4.38 Plotting of FeCF /As ratios (by Weight) and effectiveness of As(Ifl) removal

(%) required for removal of arsenic contaminated water o f which initial As 
(III) concentration ranges from 150 to 12,000(pg/L) to comply with two 
different MCLs: lOand 50 pg/L.........................................................................153

4.39 The As-to-Fe ratios (10‘z mmole/mmole) of the sludge produced from 
coagulation varying in initial arsenic concentrations and FeCf/As ratios....155

4.40 Plotting of the As-to-Fe ratios (10'  ̂mmole/mmole) of the sludge produced
from coagulation process to treat contaminated water of which initial As(III) 
concentration ranges from 150 to 12,000(pg/L) to comply with two different 
MCLs: 10 and 50 pg/L........................................................................................157



XXII

LIST OF FIGURES (Cont.)

4.41 (a) Application of the empirical model in Figure 4.26 to estimate leachate
concentration of arsenic from the dewatered sludge (approximately 1 to 10% 
solid) subjected to the TCLP and (b) application of the empirical model in 
Figure 4.30 to estimate leachate concentration of arsenic from the dried sludge 
(100% solid) subjected to the TCLP...............................................................159

4.42 (a)Application of the empirical model in Figure 4.32 to estimate leachate
concentration of arsenic from the dewatered sludge (approximately 1 to 10% 
solid) subjected to LP-No.6 and (b) application of the empirical model in 
Figure 4.33 to estimate leachate concentration of arsenic from the dried sludge 
(100% solid) subjected to LP-No.6...................................................................160

4.43 The curves between FeCF / As ratios and arsenic removal efficiency focused
on three different slopes..................................................................................... 162

4.44 (a) Application of the empirical model in Figure 4.26 to estimate leachate 
concentration of arsenic from the dewatered sludge (approximately 1 to 10% 
solid) produced from treatment of Ion Exchange brine o f which initial arsenic 
concentration is 10,000 pg/L by coagulation to different TBLLs from 50 to
3,000 Hg/L (b) application of the empirical model in Figure 4.30 to estimate 
leachate concentration of arsenic from the dried sludge (100% solid) of the

Figure Pages

same samples. The leaching procedure used in this figure is the TCLP....... 164
4.45 Relationship between waste-to-binder ratio and u c s .................................... 167
4.46 The relationship between strength reduction (%) and cement replacement (%)

of (a) ร/ร at water-to binder ratio:0.4 and lime-to-binder ratio:0 and (b) o f ร/ร 
at water-to binder ratio:0.9 and lime-to-binder ratio:0.4.................................168

4.47 The x-ray dot maps of ร พ 4-S25-L00 at the age of 28 days. The clusters of X-
ray dots for Fe briefly illustrate location of the sludge in the cross section of 
the solidified sample............................................................................................. 170

4.48 The x-ray dot maps o f ร พ 4-S50-L00 at the age o f 28 days. The clusters of X-
ray dots for Fe briefly illustrate location of the sludge in the cross section of 
the solidified sample............................................................................................. 171



XX111

L I S T  O F  F I G U R E S  (C o n t .)

4 .4 9  T h e  x - r a y  d o t  m a p s  o f  ร พ 4 - ร  10 0 -L 0 0  a t  th e  a g e  o f  2 8  d a y s . T h e  c lu s te r s  o f  X-

ra y  d o ts  fo r  F e  b r ie f ly  i l lu s t r a te  lo c a t io n  o f  th e  s lu d g e  in  th e  c r o s s  s e c t io n  o f  
th e  s o l id i f i e d  s a m p le ............................................................................................................................ 172

4 . 5 0  S c h e m a t i c  v i e w  a n d  c a l c u l a t i o n  e x p l a i n i n g  h o w  a d d i t i o n  a n d
m a c ro e n c a p s u la t io n  o f  s lu d g e  p h y s ic a l ly  d e c l in e  u s e  o f  th e  m o r ta r s .  T h e  g ra y  
r e c ta n g le s  r e p r e s e n t  th e  w h o le  c r o s s  s e c t io n a l  a r e a  o f  th e  m a tr ic e s  w h i le  th e  
re d  d o ts  r e p r e s e n t  th e  d r ie d  i r o n - a r s e n ic  s lu d g e ...............................................................173

4 .5 1  X - ra y  d i f f r a c t io n  p a t te r n s  f o r  ( a )  c พ 4 - S 0 0 -L 0 0  a n d  (b )  C W 9 - S 0 0 - L 0 4  a s  w e ll
a s  th e i r  p o s s ib le  p h a s e s  i l lu s t r a te d  in  (c )  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ........................................................................... 176

4 .5 2  X - ra y  d i f f r a c t io n  p a t te r n s  fo r  (a )  ร พ 4 - ร 25-L O O , ( b )  ร พ 4 - S 5 0 -L 0 0 , a n d  (c )
ร พ 4 - S 1 0 0 - L 0 0  a s  w e ll  a s  th e i r  p o s s ib le  p h a s e s ,  b e s id e s  C a ( O H ) 2 , C a 3SiC>5 . 
a n d  C a 2 S i 0 4 , i l lu s t r a te d  in  (d )  a c c o rd in g  to  1 9 9 6  J C P D S - I n te m a t io n a l  C e n te r  
fo r  D i f f r a c t io n  D a t a ..............................................................................................................................177

4 .5 3  X - ra y  d i f f r a c t io n  p a t te r n s  f o r  ( a )  ร พ 9 - S 2 5 -L 0 4 , ( b )  ร พ 9 - S 5 0 -L 0 4 , a n d  (c )
ร พ 9 - S 1 0 0 - L 0 4  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s ,  b e s id e s  C a ( O H ) 2 , C a 3 S i0 5 , 
a n d  C a 2 SiC>4 , i l lu s t r a te d  in  (d )  a c c o rd in g  to  1 9 9 6  J C P D S - I n te m a t io n a l  C e n te r  
f o r  D i f f r a c t io n  D a t a ............................................................................................................................. 178

4 .5 4  H is to g ra m s  c o m p a r in g  ( a )  th e  in te n s i t ie s  o f  th e  s p e c t ru m  s im u la te d  b y
c a lc u la t io n  w i th  (b )  th e  in te n s i t ie s  o f  a c tu a l  s p e c t r a  o f  ร พ 4 - S 5 0 - L 0 0  a t  th e  
s a m e  s e le c te d  d  s p a c in g .....................................................................................................................182

4 .5 5  S c h e m a tic  s h o w in g  th e  o v e r a l l  c o u r s e  o f  c e m e n t  h y d r a t io n .....................................185
4 .5 6  S c h e m a tic  v ie w  o f  h y d r a t io n  p r o c e s s  o c c u r r in g  d u r in g  th e  f ir s t  f e w  h o u r s  o r

d a y s ..................................................................................................................................................................185
4 .5 7  H is to g ra m s  i l lu s t r a t in g  o b s e r v e d  in te n s i t ie s  a t  2 .7 4  A  f o r  b o th  th e  c o n tr o l  a n d

ร /ร  r e c ip e s  w i th o u t  l i m e ....................................................................................................................187
4 .5 8  H is to g ra m s  i l lu s t r a t in g  n o r m a l i z e d  in te n s i t ie s  a t  2 .7 4  A  fo r  b o th  th e  c o n tro l

a n d  ร /ร  r e c ip e s  w i th o u t  l i m e ......................................................................................................... 187

F ig u r e  P a g e s



XXIV

L I S T  O F  F I G U R E S  (C o n t .)

4 .5 9  T h r e e  s te p s  o f  th e  f o r m a t io n  o f  th e  in s o lu b le  c a lc iu m - a r s e n ic  l a y e r  in  a  c e m e n t
e n v i r o n m e n t ..............................................................................................................................................1 9 4

4 .6 0  S E M  m ic r o g r a p h  d e p ic t in g  th e  le a fy  c r y s ta ls  o f  in s o lu b le  c a lc iu m  a r s e n ic  
c o m p o u n d  w h ic h  m a y  a c t  a s  th e  in s o lu b le  la y e r  c o v e r in g  h y d r a te d  a n d

F ig u r e  P a g e s

u n h y d r a te d  c e m e n t  g a i n s .................................................................................................................194
4 .6 1  E D S  s p e c t r a  o f  th e  c a lc iu m - a r s e n ic  c o m p o u n d  s h o w n  in  F ig u r e  4 .1 6 ..............195
4 .6 2  (a )  S E M  m ic r o g r a p h  o f  h y d r a te d  c e m e n t  w i th o u t  th e  a d d i t io n  o f  th e  s lu d g e ,

(b )  its  E D S  s p e c t r a  s h o w in g  th e  p r e s e n c e  o f  C - S -H  a s  w e l l  a s  o th e r  p o s s ib le  
h y d r a te d  p h a s e s ...................................................................................................................................... 195

4 .6 3  S E M  m ic r o g r a p h  o f  u n h y d r a te d  P o r t la n d  c e m e n t ...........................................................196
4 .6 4  (a )  S E M  m ic r o g r a p h  o f  i ro n  h y d r o x id e  s o rb in g  a r s e n ic ,  (b )  i ts  E D S  s p r e c ta

i l lu s t r a t in g  i ts  c o m p o n e n ts ,  w h ic h  a re  2 6 .4 4 %  N a . 1 3 .6 7 %  C l ,  4 4 .7 9 %  F e . a n d  
1 5 .1 1 %  A s  b y  a to m ic ......................................................................................................................... 196

4 .6 5  T h e  F T - I R  s p e c t ru m  o f  u n h y d r a te d  P o r t la n d  c e m e n t  (a )  f o c u s in g  o n  th e  
w a v e n u m b e r  f ro m  9 5 0  to  1 2 5 0  c m '1, (b )  th r o u g h o u t  th e  w h o le  le n g th  f ro m  4 0 0  
to  4 0 0 0  c m '1, a n d  (c )  f o c u s in g  o n  th e  w a v e n u m b e r  f r o m  4 0 0  to
1 0 0 0  c m '1.................................................................................................................................................... 2 0 0

4 .6 6  T h e  F T - I R  s p e c t r u m  o f  th e  c o n tr o l  a n d  ร /ร  r e c ip e s  w i th o u t  l im e  th r o u g h o u t
th e  w h o le  le n g th  f ro m  4 0 0  to  4 0 0 0  c m '1...............................................................................201

4 .6 7  T h e  F T - I R  s p e c t ru m  o f  th e  c o n tro l  a n d  ร /ร  r e c ip e s  w i th o u t  l im e  f o c u s in g  o n
th e  w a v e n u m b e r  F ro m  8 0 0  to  1 1 0 0  c m '1...............................................................................2 0 2

4 .6 8  T h e  F T - I R  s p e c t ru m  o f  th e  c o n tr o l  a n d  ร /ร  r e c ip e s  w i th  l im e  th r o u g h o u t  th e
w h o le  le n g th  f ro m  4 0 0  to  4 0 0 0  c m '1......................................................................................2 0 4

4 .6 9  T h e  F T - I R  s p e c t ru m  o f  th e  c o n tr o l  a n d  ร /ร  r e c ip e s  w i th  l im e  f o c u s in g  o n  th e
w a v e n u m b e r  f ro m  8 0 0  to  1 1 0 0  c m "1..................................................................................... 2 0 5

4 .7 0  H is to g ra m s  i l lu s t r a t in g  c o n c e n t r a t io n  o f  ( a ) a r s e n ic  a n d  (b )  c a lc iu m  in  le a c h a te
o f  a ll ร /ร  r e c ip e s  e x t r a c te d  b y  th e  T C L P  a n d  L P - N o .6 ............................................2 0 9

4 .7 1  H is to g ra m s  i l lu s t r a t in g  c o n c e n t r a t io n  o f  (a )  iro n  in  le a c h a te  o f  a ll ร /ร  r e c ip e s
a n d  (b )  th e i r  p H  e x t r a c te d  b y  th e  T C L P  a n d  L P - N o .6 ...............................................2 1 0



XXV

L I S T  O F  F IG U R E S  (C o n t .)

4 .7 2  (a )  S E M  p h o to g r a p h s  o f  ร พ 9 -S 2 5 -L 0 0  a t  th e  a g e  o f  7  d a y s  (b )  E D S  s p e c t ru m
f o c u s in g  o n  C - S -H  m ic r o s t r u c tu r e  ( a l )  to  in v e s t ig a te  a r s e n ic  s o r p t io n  
p o t e n t i a l .......................................................................................................................................................2 1 6

4 .7 3  (a )  S E M  p h o to g r a p h s  o f  ร พ 4 - S 2 5 -L 0 4  a t  th e  a g e  o f  7  d a y s  (๖) E D S  s p e c t ru m  
f o c u s in g  o n  C - S -H  m ic r o s t r u c tu r e  ( a l )  to  in v e s t ig a te  a r s e n ic  s o r p t io n
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p o te n t i a l .......................................................................................................................................................2 1 7
4 .7 4  H y p o th e t ic a l  r e c o n s t r u c t io n  o f  th e  n a n o s t ru c tu r e  o f  a  C - S -H  g e l .........................2 1 8
4 .7 5  (a )  S E M  p h o to g r a p h s  o f  s W 6 -S 2 5 - L 0 4  a t th e  a g e  o f  7 d a y s  f o c u s in g  o n  th e

h o le  o n c e  e n c a p s u la t in g  th e  a r s e n ic  c o n ta in in g  s lu d g e ,  (b )  S E M  p h o to g r a p h s  
z o o m in g  o n  m ic r o s t r u c tu r e s  a t  th e  in te r fa c e  o f  th e  s lu d g e  a n d  c e m e n t ,  a n d  (c )  
E D S  s p e c t r u m  f o c u s in g  o n  e t t r in g i te  m ic r o s tr u c tu r e  to  in v e s t ig a te  a r s e n ic  
im m o b i l i z a t io n  p o te n t i a l ..................................................................................................................2 2 0

4 .7 6  (a )  S E M  p h o to g r a p h s  o f  ร พ 4 - S 2 5 -L 0 0  a t th e  a g e  o f  7 d a y s ,  (b )  S E M
p h o to g r a p h s  z o o m in g  o n  n e e d le - l ik e  m ic r o s tr u c tu r e  o f  e t t r i n g i te ,  a n d  ( c )  E D S  
s p e c t ru m  p o in t in g  a t  e t t r in g i te  m ic r o s tr u c tu r e  to  in v e s t ig a te  a r s e n ic  
im m o b i l i z a t io n  p o te n t i a l ..................................................................................................................22 1

4 .7 7  S tr u c tu re  o f  e t t r in g i te .  ( a )  P e rp e n d ic u la r  to  c - a x is  [ (0 0 1 )  p la n e ] ,  s h o w in g
c o lu m n s  a n d  c h a n n e ls ,  (b )  s t r u c tu r e  o f  a  s in g le  c o lu m n  s h o w in g  a l l  p o ly h e d r a  
a n d  p a r t  o f  C a  p o ly h e d r a ..................................................................................................................2 2 2

4 .7 8  (a )  S E M  p h o to g r a p h s  o f  ร พ 4 - S 2 5 -L 0 4  a t  th e  a g e  o f  3 d a y s ,  (b )  S E M
p h o to g r a p h s  o f  S W 6 -S 2 5 -L 0 4  a t  th e  a g e  o f  14 d a y s . B o th  f o c u s  o n  r o s e t te - l ik e  
m o r p h o lo g y  o f  m o n o s u l f o a lu m in a te ........................................................................................2 2 5

4 .7 9  (a )  S E M  p h o to g r a p h s  o f  ร พ 4 - S 2 5 -L 0 4  a t th e  a g e  o f  7 d a y s  f o c u s in g  o n
h e x a g o n a l - p l a te  m o r p h o lo g y  o f  h y d r a te d  c a lc iu m  a l lu m in a te / f e r r i t e .  (b )  E D S
s p e c t r u m  p o in t i n g  a t  h e x a g o n a l - p l a te  s t r u c tu r e  to  in v e s t ig a t e  a r s e n ic
im m o b i l i z a t io n  p o te n t i a l ..................................................................................................................2 2 6
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4 .8 0  (a )  S E M  p h o to g r a p h s  o f  ร พ 9 - S 2 5 -L 0 4  a t  th e  a g e  o f  7  d a y s  fo c u s in g  o n  il l-
d e f in e d  m o r p h o lo g y  o f  h y d r a te d  c a lc iu m  a l lu m in a te ,  (b )  E D S  s p e c tru m  
p o in t in g  a t  i l l - d e f in e d  s t r u c tu r e  to  in v e s t ig a te  a r s e n ic  im m o b i l i z a t io n  
p o te n t i a l .......................................................................................................................................................2 2 7

4 .8 1  (a )  S E M  p h o to g r a p h  o f  S W 6 -S 2 5 -L 0 4  a t  th e  a g e  o f  7  d a y s ,  (b )  th e  s a m e  S E M
p h o to g r a p h  z o o m in g  o n  C a ( O H ) 2  m ic r o s t r u c tu r e s ,  a n d  (c )  E D S  s p e c t ru m
p o in t in g  o n  b l  r e p r e s e n t in g  C a ( O H )2  to  in v e s t ig a te  a r s e n ic  im m o b il iz a t io n
p o te n t i a l .......................................................................................................................................................2 2 9

4 .8 2  T h e  x - r a y  d o t  m a p s  o f  ร พ 4 - S 2 5 -L 0 4  a t  th e  a g e  o f  7 d a y s  c o m p a r in g  a r s e n ic  
d i s t r ib u t io n  b e tw e e n  Z o n e  1 w h e re  a r s e n ic  d e s o r b in g  f ro m  th e  s lu d g e  lo c a te s

F ig u r e  P a g e s

a n d  Z o n e  2  w h e r e  a r s e n ic  r e m a in in g  o n to  th e  s u r f a c e  o f  th e  s lu d g e
lo c a te s ...........................................................................................................................................................2 3 0

4 .8 3  (a )  S E M  p h o to g r a p h  o f  ร พ 4 - S 2 5 - L 0 4  a t  th e  a g e  o f  7 d a y s  f o c u s in g  o n  o n e  o f
th e  p o s s ib l e  c a lc iu m - a r s e n ic  c o m p o u n d  a n d  (b )  i ts  E D S  s p e c t r u m ....................231

4 .8 4  (a )  S E M  p h o to g r a p h  o f  ร พ 4 - S 2 5 - L 0 4  a t  th e  a g e  o f  2 8  d a y s ,  (b )  th e  s a m e
S E M  p h o to g r a p h  z o o m in g  o n  a n o th e r  c a lc iu m  a r s e n ic  c o m p o u n d , a n d  (c )  E D S  
s p e c t ru m  p o in t in g  o n  ( a l )  th e  c a lc iu m  a r s e n ic  c o m p o u n d ,  a n d  (d )  E D S  
s p e c t ru m  p o in t in g  o n  ( a 2 )  th e  a r s e n ic - c o n ta in in g  s l u d g e ...........................................2 3 2

4 .8 5  S E M  P h o to g r a p h  I l lu s t r a t in g  S e v e ra l  H y d r a te d  P h a s e s  I n te r f a c in g  w i th  th e
A r s e n ic - I r o n  s lu d g e  a t  th e  E a r ly  A g e  (3  d a y s )  o f  ( a )  ร พ 4 - S 2 5 -L 0 0 , (b )  ร พ 6 - 
S 2 5 -L 0 4 , a n d  ( c )  ร พ 9 - S 2 5 - L 0 0 ...............................................................................................2 3 6

4 .8 6  T h e  x - r a y  d o t  m a p s  o f  ร พ 4 - S 2 5 -L 0 4  a t  th e  a g e  o f  2 8  d a y s  f o c u s in g  o n  th e
a r s e n ic  c o m p o u n d  fo rm e d  a t  th e  in te r f a c e  z o n e ............................................................. 2 3 7

4 .8 7  (a )  S E M  p h o to g r a p h  o f  ร พ 4 - S 2 5 - L 0 0  a t  th e  a g e  o f  2 8  d a y s  a n d  (b )  th e  s a m e
S E M  p h o to g r a p h  z o o m in g  o n  th e  th in  la y e r  c o v e r in g  th e  s lu d g e .......................2 3 7
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4 .8 8  ( a )  S E M  p h o to g r a p h  o f  ร พ 4 - S 2 5 - L 0 0  a t  th e  a g e  o f  2 8  d a y s , (b )  th e  s a m e
S E M  p h o to g r a p h  z o o m in g  o n  g r a s s  le a f - l ik e  m ic r o s t r u c tu r e s  o f  th e  c a lc iu m  
a r s e n ic  c o m p o u n d , ( c ) ,  (d )  a s  w e l l  a s  (e )  th e  x - r a y  d o t  m a p s  o f  (b )  f o c u s in g  o n  
A s , C a  a n d  F e  r e s p e c t iv e ly ,  a n d  ( f )  E D S  s p e c t r u m  p o in t in g  o n  th e  c a lc iu m -  
a r s e n ic  c o m p o u n d  to  in v e s t ig a te  a r s e n ic  im m o b i l i z a t io n  p o te n t ia l ..................... 2 3 8

4 .8 9  X - R a y  D i f f r a c t io n  p a t te r n s  o f  (a )  C W 4 - S 0 0 - L 0 0  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  i l lu s t r a te d  in  (c )  a c c o r d in g  to  
1 9 9 6  J C P D S - I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a .............................................. 2 4 0

4 .9 0  X - R a y  D i f f r a c t io n  p a t te r n s  o f  (a )  C W 6 - S 0 0 - L 0 0  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ............................................................................ 241

4 .9 1  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  C W 9 - S 0 0 - L 0 0  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e ll  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te r n a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ............................................................................ 2 4 2

4 .9 2  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  ร พ 4 - S 0 0 -L 0 0  a t  th e  a g e  o f  3 , 7 ,  14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ............................................................................ 2 4 3

4 .9 3  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  S W 6 -S 0 0 -L 0 0  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ............................................................................ 2 4 4

4 .9 4  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  ร พ 9 - S 0 0 -L 0 0  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S  
I n te r n a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a t a ............................................................................ 2 4 5

4 .9 5  H is to g ra m s  i l lu s t r a t in g  o b s e rv e d  in te n s i t ie s  a t  2 .7 4  A  o f  C W 4 - S 0 0 - L 0 0  a n d
ร พ 4 - S 2 5 - L 0 0  a s  w e ll  a s  in te n s i t ie s  a t  th e  s a m e  J - s p a c in g  o f  ร พ 4 - S 2 5 - L 0 0  
n o r m a l iz e d  b y  0 .8 3 7 . T h e  r e s u l t s  a r e  r e c o r d e d  a t  3 , 7 , 14 , 2 8  d a y s .................... 2 4 7

4 .9 6  H is to g ra m s  i l lu s t r a t in g  o b s e rv e d  in te n s i t ie s  a t  2 .7 4  A  o f  C W 6 - S 0 0 - L 0 0  a n d
S W 6 -S 2 5 -L 0 0  a s  w e l l  a s  in te n s i t ie s  a t  th e  s a m e  i / - s p a c in g  o f  S W 6 -S 2 5 -L 0 0  
n o rm a l iz e d  b y  0 .8 6 5 . T h e  r e s u l t s  a r e  r e c o r d e d  a t  3 , 7 , 14 . 2 8  d a y s ....................2 4 8
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4 .9 7  H is to g r a m s  i l lu s t r a t in g  o b s e r v e d  in te n s i t ie s  a t  2 .7 4  Â  o f  C W 9 - S 0 0 - L 0 0  a n d
ร พ 9 - S 2 5 - L 0 0  a s  w e l l  a s  in te n s i t ie s  a t  th e  s a m e  J - s p a c in g  o f  ร พ 9 - S 2 5 - L 0 0  
n o r m a l iz e d  b y  0 .8 8 4 .  T h e  r e s u l t s  a r e  r e c o r d e d  a t  3 ,  7 , 14 , 2 8  d a y s .................... 2 4 8

4 .9 8  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  C W 4 - S 0 0 - L 0 4  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 ,
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a t a ............................................................................ 2 5 0

4 .9 9  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  C W 6 - S 0 0 - L 0 4  a t  th e  a g e  o f  3 , 7 , 14 , 2 8 .
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a t a ............................................................................ 251

4 .1 0 0  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ( a )  C W 9 - S 0 0 - L 0 4  a t  th e  a g e  o f  3 , 7 . 1 4 . 2 8 .
r e s p e c t iv e ly ,  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s  a c c o r d in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a ta ..............................................................................2 5 2

4 .1 0 1  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ร พ 4 - ร 2 5 -L 0 4  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s ,
b e s id e s  C a ( O H ) 2 , C a îS iO j ,  a n d  C a 2 SiC>4 , a c c o rd in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a t a ..............................................................................2 5 3

4 .1 0 2  X - R a y  D i f f r a c t io n  p a t te r n s  o f  S W 6 -S 2 5 -L 0 4  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s ,
b e s id e s  C a ( O H ) 2 , C a 3 SiC>5 , a n d  C a 2 SiC>4 , a c c o rd in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  fo r  D i f f r a c t io n  D a t a ..............................................................................2 5 4

4 .1 0 3  X - R a y  D i f f r a c t io n  p a t te r n s  o f  ร  W 9 -S 2 5 -L 0 4  a s  w e l l  a s  th e i r  p o s s ib le  p h a s e s ,
b e s id e s  C a ( O H ) 2 , C a 3 S i0 5 , a n d  C a 2 S i0 4 , a c c o rd in g  to  1 9 9 6  J C P D S -  
I n te m a t io n a l  C e n te r  f o r  D i f f r a c t io n  D a t a ..............................................................................2 5 5

4 .1 0 4  C o m p a r i s o n  a m o n g  in te n s i ty  a t  7 .9 0  A  o f  ร พ 4 - S 2 5 - L 0 4 ,  s W 6 - S 2 5 - L 0 4 . a n d
ร พ 9 - S 2 5 - L 0 4 .......................................................................................................................................... 2 5 6

4 .1 0 5  C o m p a r i s o n  a m o n g  r e la t iv e  in te n s i ty  (% )  a t  7 .9 0  A  o f  ร พ 4 - S 2 5 - L 0 4 . ร พ 6 -
S 2 5 -L 0 4 . a n d  ร พ 9 - S 2 5 - L 0 4 ......................................................................................................... 2 5 7

4 .1 0 6  T h e  u s e  o f  th e  ร /ร  s a m p le s  a n d  th e i r  c o n tro l  s a m p le s  o f  w h ic h  w a te r - to -
b in d e r  r a t io  is  0 .4  a t  3 , 7 , 14 . 2 8  d a y s .................................................................................... 2 5 8

4 .1 0 7  T h e  u s e  o f  th e  ร /ร  s a m p le s  a n d  th e ir  c o n tro l  s a m p le s  o f  w h ic h  w a te r - to -
b in d e r  r a t io  is  0 .6  a t  3 , 7 , 14 , 2 8  d a y s .................................................................................... 2 5 8
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4 .1 0 8  u s e  o f  th e  ร /ร  s a m p le s  a n d  th e i r  c o n tr o l  s a m p le s  o f  w h ic h  w a te r - to - b in d e r
ra tio  is  0 .9  a t  3 , 7 , 14 , 2 8  d a y s ....................................................................................................2 5 9

4 .1 0 9  R e d u c t io n  o f  th e  u s e  o f  th e  ร /ร  r e c ip e s  o f  w h ic h  w a te r - to - b in d e r  r a t io  is  0 .4
in  c o m p a r i s o n  to  th e i r  c o n t r o l  s a m p le s  a t  th e  s a m e  a g e .............................................. 2 6 0

4 .1 1 0  R e d u c t io n  o f  th e  u s e  o f  th e  ร /ร  r e c ip e s  o f  w h ic h  w a te r - to - b in d e r  r a t io  is  0 .6
in  c o m p a r i s o n  to  th e i r  c o n t r o l  s a m p le s  a t  th e  s a m e  a g e ..............................................26 1

4 .1 1 1  R e d u c t io n  o f  th e  u s e  o f  th e  ร /ร  r e c ip e s  o f  w h ic h  w a te r - to - b in d e r  r a t io  is  0 .9
in  c o m p a r i s o n  to  th e i r  c o n t r o l  s a m p le s  a t  th e  s a m e  a g e .............................................. 261

4 .1 1 2  H is to g ra m s  i l lu s t r a t in g  c o n c e n t r a t io n  o f  ( a )a r s e n ic  a n d  (b )  c a lc iu m  in  le a c h a te
o f  n in e  d i f f e r e n t  ร /ร  r e c ip e s  e x t r a c te d  b y  th e  T C L P  a n d  L P - N o .6 ...................2 6 3

4 .1 1 3  H is to g ra m s  i l lu s t r a t in g  p H  in  le a c h a te  o f  n in e  d i f f e r e n t  ร /ร  r e c ip e s  e x t r a c te d
b y  th e  T C L P  a n d  L P - N o .6 ...............................................................................................................2 6 4

4 .1 1 4  T h e  f i r s t  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t  A l te r n a t iv e s . . .2 6 7
4 .1 1 5  T h e  w h o le  p r o c e s s  a n d  c o s t  c o m p o n e n ts  o f  e a c h  m a n a g e m e n t  o p t i o n .............2 6 8
4 .1 1 6  T h e  s e c o n d  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t

A l te r n a t i v e s ..................... '.......................................................................................................................2 6 9
4 .1 1 7  T h e  th i r d  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t  A l te r n a t i v e s . .2 7 0
4 .1 1 8  T h e  fo r th  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t  A l te r n a t iv e s . .2 7 0
4 .1 1 9  T h e  f if th  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t  A l te r n a t i v e s . ..2 7 2
4 .1 2 0  T h e  s ix th  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t  A l te r n a t i v e s . .2 7 3
4 .1 2 1  T h e  s e v e n th  s te p  o f  F e a s ib i l i ty  S tu d y  o f  th e  T h re e  M a n a g e m e n t

A l te r n a t i v e s .............................................................................................................................................. 2 7 5
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