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Fly ash produced by power plants in the United States occagi@oaltains
significant amounts of unburned carbon due to the use of low nitrogen-axide a
sulphur-oxide burners in recent years. This ash cannot be reused meteonc
production due to its reactivity with air entrainment admixturesisuargely placed
in landfills. Highway structures have high potential for large volume use of high
carbon fly ashes (HCFAs). However, in such applications, even thoeghanical
properties of the fly ash-amended highway base layers and emdyatiskane deemed
satisfactory, one key issue that precludes highway embankmentwitiifty ash is

the potential for groundwater impacts caused by metals in the fly ash.



This study was conducted to evaluate the leaching potential ofsnfieim
high carbon fly ash stabilized highway base layers and high casgbasif amended
highway embankment structures. Three different laboratory telstdbatch water
leach tests, (2) toxicity characteristics leaching procethsts, (3) column leach test
and two different numerical modeling analyses: (1) WiscLEACHMENTEQAZ2,
were carried out. Analysis were conducted on eight fly ashestao locally
available sandy soil materials that are mainly used in highbase layer and
highway embankment structures.

Laboratory test results indicated that an increase in Aycasatent in the soll
fly ash mixtures yielded an increase in leached metal conttenga@xcept Zn metal.
The pHs had significant and different impacts on the leaching @lsndthe leaching
of Cr, Zn, Al, As and Se were increasing with pH while leaglohBa, B, Cu, Fe,
Mn, Sb, V were decreasing.

Numerical model WiscLEACH was used to simulate the leachatgvior of
leached metals from HCFA stabilized highway base layers arahded highway
embankment structures. WiscLEACH predicted field metal condemtsa were
significantly lower than the metal concentrations obtained in &by leaching
tests, and field concentrations decreased with time and distand¢e dispersion in
soil vadose zone. Numerical model MINTEQAZ2 predicted that leachingetals
were solubility controlled except As, Se and Sb metals. Specati@yses indicated

that leached metals were present at their less or non-toxic forms.



LEACHING OF METALS FROM HIGH CARBON FLY ASH MIXED SOILS.

By

Bora Cetin

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2012

Advisory Committee:

Associate Professor Ahmet H. Aydilek, Chair
Professor Mohammed S. Aggour

Professor Charles W. Schwartz

Professor Bruce R. James

Assistant Professor Burak F. Tanyu



© Copyright by
Bora Cetin
2012



ACKNOWLEDGEMENTS

| would like to first gratefully acknowledge Dr. Ahmet H. Aydile my advisor,
for his guidance, support, advice and extensive patience during my tgradoeer at the
University of Maryland. | thank him for showing me and helping ®&fd how to
conduct research, write technical papers, give presentations, athe fmpportunities he
provided to me while working together. Thanks also to Professors Budames, M.
Sherif Aggour, Charles W. Schwartz and Burak F. Tanyu for being part obmmyittee.
Thanks to FHWA Recycled Materials Resource Center (RMRC)ylstad State
Highway Administration (SHA), Maryland Water Resources Re$eaCenter
(MWRRC), and Maryland Department of Natural Resources (MDRPNvhich
supported this study financially

My love and appreciation extends to my wonderful family — my &amoom,
dad, brother, sister in law, niece and who have provided motivation, support and

encouragement when | needed it most.



TABLE OF CONTENTS

F ol L0111 L= (o =T 0 =T o | £ PP il
Iz o] (o] A OF 0] ] (=T ] £ iii
(IS 0 1= o] L= \Y;
LISE OF FIQUIES ...t e e e e e e e e e et e et et b b et b e e e e e e e eeeaaeas Vi
A 11 (o Yo U o 1o o 1
2 Leaching of Trace Metals from High Carbon Fly Ash Stabilized HighBase
2N £ S ORI 5
2.1 T L0 To [V Tox 1 0] o N 5
A Y F= 1 (=T = | £ RN 6
2 T 011 1 [ T £ 10
2.3.1 Batch Water Leach TesStS (WLTS) ..uuuuuruiiiiiiiiieeeeeeeeeeeeeeeeeetnne e e e e e e e e 10
2.3.2 COolUMN LEACKH TESES ittt e e e e e e e eaas 10
2.3.3 ChemiCal ANAIYSIS ......ccoiiiiieiiiicie et e e e e e e e e e e e e e eeeeeaanaaae 11
2.4 RESUIS ... 12
2.4.1 Batch Water LEACKH TESS ...u.ciieiiiiiiie e e e e e e 12
2.4.2 COolUMN LEACKH TESES .uiiiiiiiiii e e e e e e e eaas 20
2.5  Metal LEACKNING .coiieeeeeeeeee e ————————————— 22
2.6 Comparison Of WLTS @nd CLTS...uuuuuiiiiiiieeeeeiieeeeeeieeiiiiis e e e eeeeeaeenees 29
A A O o ] o o3 [V [ ] o R 31
3 Experimental and Numerical Analysis of Metals Leaching frBiy-Ash
Amended HIGhWay BaSES ........cccoiiiiiiiiiiiiiiiiiiie e s e e e e e e e e e e e ettt s s s e e e e eeaaaaeaaeeeeeesssnnnnnnns 33
3.1 T L0 To [V Tox 1[0 1A 33
T Y F= 1 (=T = | £ 34
3.3 MEINOAS. ..o 37
3.3.1 Batch Water Leach TeSt (WLT) ...cceeeiiiieeeeeeeeeeieesn e e 37
I T2 o | 111 gl I=T= Vol o T =TS £ 38
3.3.3 ChemicCal ANAIYSIS .....cccieeieeeeeieicee e e e e e e e e e e e e e e eeaeenannaee 40
3.3.4 Chemical Transport MOAEIING ......couuviiiiiiiiiiii e 41
3.3.5 Model Formulation in VadoSe ZONE ........ccccuuiiiiiiiiiiiiieeeeie e 44
3.3.6 Model Formulation in GroundwWater ..............cueveeiiiiieiiiiieeeeiee e, 47
3.4 results of Water [€ACH tESES .....cuu i 48
3.5  results of column [€AaCh SIS .......ceiiiiei e 56
3.6  Total Leached Amount of Metals from WLTSs and CLTS .......ccceeevevvieeeiinneeeennn. 61
3.7 Numerical MOAEIING .......cooiiiiiiiiiii e e e e e eeeeeaees 65
78 S T o ] o (o3 (U= [ o 1R 75
4  Leaching of Trace Metals from HCFA-Amended Structural Fills ............................ 78
I 1 1 (o Yo U o 1o 78
I = (=] = P 79
L B |V 1Y f [0 Yo TR 84
R = YT | £ 84



N R VAV - (<) gl I Uod o T =] £ TP 84

4.4.2 ColumMN LEACKH TESIS ...iiiiiiiieiii ittt 92
4.4.3 Results Toxicity Characteristic Leaching Procedure Tests .............uvvvennnnnn. 110
4.4.4 Comparison of the Leaching Test ReSUItS ...........cuvvveciiiiiiiiii e, 116
4.5 Chemical Transport MOAEliNg ........uueeiiiiiiiieiece e 121
4.5.1 NUMENICAl MOUEI ......uuiiiiiiiiiiiiiiiie e 121
4.5.2 WISCLEACH RESUILS ....ouuiiiiiiii e 123
4.6 CONCIUSIONS ....etiiiiiiiiit ittt e et e e e e e e e e e e e e s e e s st abbben e e e 145
5 Geochemical MOAElNG .......coouiiiiiiiiiiiii s 148
o0 A [ 11 o o [¥ o 1o o I PP PPUPPPPUPPPPR 148
5.2  GeochemiCal ANAIYSIS ...ccooiiiiiii e 149
5.2.1 Speciation ANAIYSIS........cooviiiiiiiiiiiiiiiee e e e e e e e e e et e et e e e e e e e e e e e eraaanan 150
5.2.2 Analysis of Controlling MechaniSms ............coouuiiiiiiiiiiineeee e 155
5.2.3 Speciation Of Al .....coo i e e e e 157
5.2.4 SPECIAION O AS ...t eeaaaaae 160
A SRS o= Tod =i [0 1 | X R 166
5.2.6 Speciation Of MN.......oooiiiiiiiii e 172
5.2.7 SPECIAION Of S ..uuuiiiiiiii i a e 174
5.2.8 SPECIAtION OFf ClU.ceiiiiiiiiiiiiiieie e 177
5.2.9 Speciation Of FE ....ccoiiiiieieeeee e 179
2 O B ST o =Tol =Y i To ] o o | N AT 179
5.2.11 Speciation Of SD ......cooiiiiiice e 181
5.2.12  SPeCiation Of ZN ....cooiiii i 184
N G S o = Tod - i To ] 1 ) = 186
5.3 CONCIUSIONS .....ciiiiiiiiiiitiee ettt e e e e e e e e e e et ee et b a e e e e e e e e eeaeaeeas 187
6 Conclusions and ReCOMMENTALIONS ...........uuuiiiiiiiiiiiiiiiiiiie e 191
G N O T 11 153 (o L TSP 191
6.2 Recommendations for FUture StUAIES ...........eveviiiiiiiiiiiiiii e 195
6.3 Recommendations for FUture StUdIES ...........cciiiiiiiiieiiiiieeeei e 196
Appendix A: Elution Curves for Metals for High Carbon Fly Aslalfflized Base
(62N PP PP PUPPPTTPPPIN 198
Appendix B: Predicted Metal Concentrations in Vadose Zone and Ground Water for
High Carbon Fly Ash Stabilized Base Layers .........cooooiiiiiiiiiiiiiiiiiee e 203
Appendix C: MinteQA2 Geochemical Analysis of the Species of lteached
IMIBLAUS ...ttt e e e e e e e e e ettt ar b eaaaaaaas 226
RETEIEINCES ...ttt e e e e e e e e e e e e e e 243



LIST OF TABLES

Table 2.1

Index properties of the materials used in current study............coovvvvvviivivicinnnnnn. 7

Table 2.2. Chemical compositions and total metal contents of theialsater

Table 2.3.
Table 2.4.

Table 3.1

Table 3.2
Table 3.3

Table 3.4
Table 3.5
Table 4.1
Table 4.2

Table 4.3.

Table 4.4
Table 4.5

Table 4.6

Table 4.7.

Table 4.8
Table 4.9

0111174 1RSSO 7
Legend and compositions of the MIXTUIeS. ...........cceeiiiieiiee i 8
Stabilized pH and peak effluent concentrations in CLTs.

Concentrations exceeding MCLSHOId. ..., 19
Physical and chemical properties of the material$ inseurrent

Aqueous concentrations of metals from WLTS.........ccoovvviiiiiiiiiiiiiiiiee e, 54
Peak effluent concentrations of Ba, B, Cu, and Zn for colurcin lea

tests and pH at peak concentrations. Concentrations exceeding MCLs

18 oo Lo PRSPPI 55
Hydraulic conductivities and transport parameters for alliglater........... 68
Retardation factors of the soil mixtures for different metals........................... 68
Physical properties of the soil and fly ashes.........ccccoovviiiiiiiiie, 82
Chemical compositions of the fly ashes tested. Conommsraif

major minerals were determined by X-ray fluorescence sysstipy

analysis. All concentrations are in percentage by weight. ............cccoeeevvininis 82
Total metal content of the fly ashes and sandy sterialgrom the

total elemental analysiS reSUILS. .........cooeiiiiiiiiii e 83
Legend and compositions of the MIXIUreS. ..........cccceeiiiiiiieeeeeieeeeeeee 83
Stabilized pH and effluent concentrations in WLTs. Concemsati

exceeding EPA MCL are inold. ............ceiiiiiiiiiiccieir e 86
Stabilized pH and peak effluent concentrations in CLTs.

Concentrations exceeding EPA MCL arédmid. ..............ccceeeeiiiiiieeeeeeeeeeee, 95
Effluent metal concentrations in TCLP tests. Concamsati

exceeding EPA MCL are ibold. ............ouueiiiiiiiiiiiieeeeeeeeeeeee e 112
Input site parameters for embankment and soil structures. ............cccccceennn. 124
Hydraulic and transport parameters or pavement, embanlsoient

aquifer structures to be used as an input in WiscLeach

Table 4.10 Input parameters for specific soil-fly ash mixturealyaed in

WISCLEACH. . e a e e 142

Table 4.11 Predicted maximum metal concentrations in groundwatet @t 20,

Table 5.1

and 40 years for specimens prepared with 100% PSP and DP fly

ashes. Concentrations exceeding MCLBON. ..............coovvvviiiiiiicciieee e, 142
Comparisons of Cr speciation laboratory test results NG BQA2

1S U €SP RPRRN 154



LIST OF FIGURES

Figure 2.1. Effect of LKD content on pH of the soil mixtures. Na@BS, 10 PS,

0 I U 13
Figure 2.2. Effect of fly ash content on WLT concentrations) @heomium, b) iron,

c) aluminum, d) vanadium, e) antimony, and f) manganese. Mixtures

prepared with 10% and 20% fly ash are amended with 5% LKD. 0% and

100% fly ash content corresponds to URM only and fly ash only

SPECIMENS, FESPECHIVEIY.....cc e e e e 16
Figure 2.3 Effluent pH in CLTs conducted on mixtures prepared witBra)don

Shores fly ash , b) Paul Smith fly ash, and c) Dickerson Preoipits

=] 1RSSR 21
Figure 2.4 CLT elution curves for a) chromium, b) iron, c¢) alumindhvanadium,

e) antimony, and f) MANQANESE. ........cooiiiiiiiiiiii s 24
Figure 2.5 Comparison of peak effluent concentrations of six nfedatsthe CLTs

AN TNE VWL T S i e e e e e ettt e e e e e e e e e e e e aeeeeeeennnnes 30

Figure 3.1 Particle size distributions of unpaved road material (URM) aadHhbs. ..... 36
Figure 3.2 Conceptual model in WiscLeach for predicting impexthe vadose

zone and groundwater from HCFA stabilized highway base layer, ................. 43
Figure 3.3 Effect of fly ash content on effluent concentrations obaapn, b)

barium, c¢) copper, and d) zinc in WLTs. 0% and 100% fly ash content

corresponds to URM only and fly ash only specimens, respectively. .............. 50
Figure 3.4 Effect of lime kiln dust content on effluent concentratdrag boron, b)

barium, c) copper, and d) zinc in WLTs. 0% lime kiln dust content

corresponds to fly ash only. ........cooeeeeiiiiiii e 52
Figure 3.5 Effect of pH on effluent concentrations of a) boron, b) baduoopper,

aNd d) ZINC IN WLTS. 1oiiiiiiiiiiiiiie e e e et s e e s s e e e e e e e e e e e eeeeenesennnnns 53
Figure 3.6 CLT elution curves for a) boron, b) barium, c) copper, and d) zinc................. 58
Figure 3.7 Relationship between leaching amounts and concentratigatad$ in fly

ASNES (MWLTS) wettttiiiie et ettt e e e e e e et e e e e et ee et bab e e e e e e e e e e eaaaeeeeeesnnens 63
Figure 3.8 Relationship between leaching amounts and concentratigatad$ in fly

ASNES (CLTS). tettitttttiiiiiaa e e ettt e e e e e e e et ettt e e et e bbb e e e e e e e e e e aeaaes 64

Figure 3.9 Predicted Zn concentrations in vadose zone and ground water.20lot

PS + 5LKD designate the specimens with 20% Paul Smithsfiyaad

5% lime Kiln dust by wWeight. .........ccoooiiiiiii e 69
Figure 3.10 Predicted Cu concentrations in vadose zone and ground wager Not

Note: 20 DP + 5LKD designate the specimens with 20% Dickerson

Precipitator fly ash and 5% lime kiln dust by weight. ..........cccccoiiiiinii. 70
Figure 3.11 WiscLEACH-based concentrations of a) boron and b) zidifferent

locations beneath the pavement. X and Z are the horizontal andlvertica

distances measured from the center alignment of fly ash stabilizzd.lay. 71
Figure 3.12 Effect of fly ash content on WiscLEACH-based condenmisaof a) and

b) boron, and ¢) and d) ZINC. .........eiiiiiiiii - 72

Vi



Figure 3.13 Maximum concentrations at POC over a 100 year-periaitea) of
groundwater depth, b) effect of base layer thickness, c) effect o
precipitation rate. POC is 20 m down gradient from pavement ceweterli
Groundwater table (GWT) is fixed at 6 m below ground surface for b)

Figure 4.1 Effect of fly ash content on pH of the soil mixtune¥/ater leach tests,
b) Column leach tests, ¢) TCLP tests. (Note: BS: Brandon Sktyes
Ash, PSP: Paul Smith Precipitator Fly ash, MT: Morgantown Hy as

DP: Dickerson Precipitator Fly Ash, Co: Columbia Fly Ash)............ccccceeennnn. 87
Figure 4.2 Concentrations of six metals in the effluent from ¥(N®Gte: BS:

Brandon Shores, PSP: Paul Smith Precipitator, MT: Morgan Town) .............. 89
Figure 4.3 pH of the effluents from CLT on sail, fly ash and their mixtures. ........ 9%6......
Figure 4.4 Concentrations of six metals in the effluent from C[Nete: BS:

Brandon Shores, PSP: Paul Smith Precipitator, MT: Morgan Town) .............. 97
Figure 4.5 Elution curves for Aluminum Metal. ... 104
Figure 4.6 Elution curves for Arsenic Metal............cceiiiiiiiiii i 105
Figure 4.7 Elution Curves for Boron metal..........coooooiiiiiiiiiiiiieiec e 106
Figure 4.8 Elution curves for chromium metal ................ovviiiiiiiiii e, 107
Figure 4.9 Elution curve for Manganese metal. ...........oouuiiiiiiiii 108
Figure 4.10 Elution curves for selenium metal. .............ooooiiviiiiiiiiiiiii e 109
Figure 4.11 Concentrations of six metals in the effluent from BC(¥ote: BS:

Brandon Shores, PSP: Paul Smith Precipitator, MT: Morgantown);

MCL= maximum contaminant levels for drinking water; MCL fok i&

based on a secondary non-enforceable drinking water regulation=WQL

water quality limits for protection of aquatic life and human Iheait

L] IR L= ) TS 113
Figure 4.12. Comparison of peak effluent concentrations of six mitats the

CLTS AN the WLT S .ttt e e e e e e e e e e 118
Figure 4.13. Comparison of peak effluent concentrations of six mietats the

CLTS @Nd the TCLPS ...eeiiiiiiiiiiiieee ettt 119
Figure 4.14. Comparison of peak effluent concentrations of six mitats the

WLTS @nd the TCLPS ...cooiiiiieee ettt 120
Figure 4.15. Conceptual model for embankment structure.............ccccceeeiviiiiiiiiiiiiiiiiiiiinn, 122

Figure 4.16.Predicted Cr concentrations in vadose zone and ground water2®lot

PSP designate the specimens with 20 % Paul Smith Precipitator fly ash.) .... 126

Figure 4.17.Predicted Cr concentrations in vadose zone and ground water4dlot

PSP designate the specimens with 40 % Paul Smith Precipitator fly ash.) .... 127

Figure 4.18Predicted Cr concentrations in vadose zone and ground watker Z0l

DP designate the specimens with 20 % Dickerson Precipitator fly ash.) ....... 128

Figure 4.19 Predicted Cr concentrations in vadose zone and ground watter40l

DP designate the specimens with 40 % Dickerson Precipitator fly ash.) ....... 129

Figure 4.20.Conceptual model of WiscLEACH for multiple layer fihes. Note:
POC = Point of COMPLIANCE .....coeviiiiiiiiiiiieee e



Figure 4.21.Predictions of As concentrations in soil and groundwater fd?3R0ly

ash. PSP: Paul Smith Precipitator fly ash. ...........cccccciiiiicc e, 132
Figure 4.22 Predictions of Cr concentrations in soil and groundvwaté00 PSP fly

ash. PSP: Paul Smith Precipitator fly ash. ...........ccccciiiiic e, 133
Figure 4.23 Predictions of Se concentrations in soil and groundwatE0® PSP fly

ash. PSP: Paul Smith Precipitator fly ash. ............ccccoiiiic e, 134
Figure 4.24 Predictions of Mn concentrations in soil and groundwater foP3B0

fly ash. PSP: Paul Smith Precipitator fly ash ..o, 135
Figure 4.25 Predictions of As concentrations in soil and groundwat&0@DbP fly

ash. DP: Dickerson Precipitator fly ash. ..., 136
Figure 4.26.Predictions of Cr concentrations in soil and groundwaté0@bP fly

ash. DP: Dickerson Precipitator fly ash ... 137
Figure 4.27Predictions of Se concentrations in soil and groundwat20@®DP fly

ash. DP: Dickerson Precipitator fly ash ..o, 138
Figure 4.28 Predictions of Mn concentrations in soil and groundwaté0@bP fly

ash. DP: Dickerson Precipitator fly ash ...........ooovvviiiiiiiiiii s 139
Figure 4.29 Maximum metal concentrations within 100 years at poodropliance

for specimens prepared with 100% PSP. ........cooviiiiiiiiiiciie e 143
Figure 4.30 Maximum metal concentrations within 100 years at point

compliance. for specimens prepared with 100% DP. ............ccceeeevviivivieiiinnnns 144

Figure 5.1 Log activity of Al vs. pH in leachates (a) Brandon Shores and Columbia

fly ashes, (b) Paul Smith Precipitator and Dickerson Prabgpjt(c) Paul

Smith Precipitator and Morgantown fly ashes, and (d) URM-flyld€h

L] LU (= T PP PPPPPPPPPPPRN 159
Figure 5.2 Log activity of Asg}” vs. pH in leachates from fly ashes, soil-fly ash

mixtures. (a) Brandon Shores and Columbia fly ashes, (b) Paul Smith

Precipitator and Dickerson Precipitator, and (c) Paul Smithigtator

and Morgantown fly @Shes. .........cooovieieiiii e 163
Figure 5.3 Log activity of Asgy vs. A" in leachates from fly ashes and soil-fly ash

mixtures: (a) Brandon Shores and Columbia fly ashes, (b) Paul Smith

Precipitator and Dickerson Precipitator, and (c) Paul Smithigtator

and Morgantown fly @Shes. .........coooveieiii 164
Figure 5.4 Log activity of Asgy vs. Mrf* in leachates from fly ashes and soil-fly

ash mixtures: (a) Brandon Shores and Columbia fly ashes, (b} Rl

Precipitator and Dickerson Precipitator, and (c) Paul Smithipitator

and Morgantown fly @Shes. .........coooveiiiii 165
Figure 5.5 Log activity of Gf and CF* in leachates from fly ashes and soil-fly ash

mixtures: (a) Brandon Shores and Columbia fly ashes, (b) Paul Smith

Precipitator and Dickerson Precipitator, (c) Paul Smith Pratguitand

Morgantown fly ashes, and (d) URM-fly ash-LKD mixtures......................... 170
Figure 5.6 Log activity of (a) Cr{J vs. B&", (b) CrQ* vs C&'(c) CrQ vs CU#",

and (d) Cr@” vs ettringite leachates from fly ashes and URM-fly ash-

LD MUXEUIES. ettt e e e e e e e et e e e e e e et e et e e e e e e e e e e e e eeees 171

viii



Figure 5.7 Log activity of Mfi vs. pH in leachates from fly ashes and soil-fly ash
mixtures: (a) Brandon Shores and Columbia fly ashes, (b) Paul Smith
Precipitator and Dickerson Precipitator, (c) Paul Smith Pretgitand
Morgantown fly ashes, and (d) URM-fly ash-LKD mixtures......................... 173

Figure 5.8 Log activity of HSeQvs. pH in leachates from fly ashes and soil-fly ash
mixtures: (a) Brandon Shores and Columbia fly ashes, (b) Paul Smith
Precipitator and Dickerson Precipitator, and (c) Paul Smithigagor

and Morgantown fly @Shes. .........ooovveeiiiii 176
Figure 5.9 Log activity of (a) Ciivs pH, (b) F& vs pH, and (c) V(IV) vs. pH in

leachates from fly ashes and soil-fly ash-LKD mixtures. ..........ccccceeevveeeeeeenn. 178
Figure 5.10 Log activity of (a) Sb(OKl\s. pH, (b) vs C& , and (c) ZA" vs pH in

leachates from fly ashes and soil-fly ash-LKD mixtures. .........cccccceeeviieeeeennn. 183



1 INTRODUCTION

According to American Coal Ash Association (ACAA), the 45% the electricity
consumed in the United States in 2009 were supplied from the povwns fhat burn

coal. Approximately 92.8 million of tons of coal combustion byprod(CBs) are
produced in the United States each year as a result of burningtdbel electric power
plants (ACAA 2008). As of 2009, 78% of these CCBs are fly ashes, and 42.3 million tons
of fly ash is landfilled. ACAA estimates that this landfiller stockpiled amount will be
increasing each year.

Fly ash production causes two main problems: impacts to the enviroanteatcupying
valuable landspace. The first one is particularly importantyaasties may contain high
concentrations of important trace elements such as arsenic, bbromiwm, copper,
zinc, vanadium, and nickel among many others. Disposing large amounts of fly ashes int
landfills can cause leaching of these heavy metals to the graterdtiarough the soil
vadose zone and may threaten the aquatic life and environment as well as hurhan healt
There have been significant efforts on reusing of fly ash mben construction and
decreasing the disposal rate of fly ash. Fly ash is silicemuslumino-siliceous
pozzolanic material that can form cementitious compounds in the peesenater. The
physical, chemical and mineralogical properties of the dly @re strongly dependent on
the type of the coal burning, type of combustion process, type aitipallcontrol
facilities and handling (Bin-Shafique et al. 2006). Fly ash issdiad into two classes, F

and C, based on the chemical composition of the fly ash, and thelfccgmentitious)



type fly ashes are readily and F type ashes are commonhdrasssmncrete additive or
in cement production. However, fly ashes produced by several powé&s pldhe United
States in the last 5 years occasionally contains significantats of unburned carbon
(i.e., high loss on ignition) due to the increasingly common use ofmltnagen oxide
(NOy) and sulphur oxide (S@Pburners. This ash, called high carbon fly ash (HCFA), has
a carbon content of 12-25%, cannot be efficiently re-burnt by usingntuechnology,
and has no value as a concrete additive as the unburned carbon tedsisribottze air
entrainment admixtures that are added to the cement to prewashkt formation and
propagation. These ashes are typically classified as offfgpashes meaning that they
do not meet the physical and chemical requirements criteriaediih ASTM C618 and
are landfilled at large percentages.

The fly ashes produced by several power plants in Maryland arndhelsee occasionally
contains significant amounts of unburned carbon (i.e., high loss on igndimh);annot
be used in concrete production. On the other hand geotechnical appligaisengreat
potential for beneficial reuse of the fly ashes. In the atirstudy, the applications of
reusing of fly ash in construction of highway base layers (@&t and 3) and
embankments (Section 4) will be discussed.

Several studies have been conducted on leaching behavior of niretalscoal
combustion by-products and mechanisms that control the reledsesefmetals (Wang
et al. 2006, Bin-Shafique et al. 2006, Chen et al. 2006, Goswami and Mahanta 2007,
Gosh 2008, Vitkova et al. 2008, Srivastava et al. 2008, Deng et al. 2008, Datta et

2009, Komonweeraket et al. 2010). However, there is lack of informatiorachirtg of
2



these contaminants from high carbon fly ash mixtures. The envirorimesita
associated with fly ash stabilization may be reduced when KHC&#® used as a
stabilizing agent (e.g., unburned carbon or activated carbon is ofenfarspollution
control). The high organic carbon content of HCFA may act as argdxb¢he heavy
metals in the fly ash, and reduce the amount of metals thatebrased into the
environment. Because of enhanced adsorption of metals by the unburned wetabn,
concentrations are likely to decrease to much lower values thaméseexperienced in
previous field applications. The environmental benefits of the higlonatontent may
also result in a broader range of permissible reuse applications for fly ash.

The objective of the proposed study is to evaluate the leaching ipbtehtorrow
materials mixed with HCFAs relative to those stabilizetth \wonventional additives (low
carbon fly ashes), and to evaluate the potential groundwater and dosevaone
impacts. The experimental program consisted of the following tasks:

1) Determining the concentrations of minor, major and trace elements and other
chemical properties of interests, speciation in leachates from soibastfly
mixtures, as well as fly ashes and soil alone.

2) Running batch (small-scale) water leaching tests for a quick estimate roktal
leaching behavior.

3) Running long term column leaching tests to study metal leaching behavior and
controlling mechanisms of the trace metals from the mixtures, and fly ash.

4) Running TCLP tests to determine the leaching potential of these fly ashes and

mixtures under acidic conditions.



5) Comparing the results of different test results and try to obtain a relaponshi
between these two tests to estimate the metal concentrations quickly gldhe fi
6) Determining the groundwater impacts through a computer model.
7) Predicting the species of the trace metals and determining the leachingling
mechanisms of these metals species with the help of geochemical modeling tool.
This study focused on the leaching characteristics and behaviérmoktals (aluminum,
arsenic, antimony, boron, chromium, copper, iron, manganese, selenium, vaaadium
zinc) from laboratory-simulated HCFA stabilized base layer antbankment fill
materials. This dissertation contains 6 main sections as ®ll@&&ctions 2 and 3
evaluate the leaching potential of fly ashes used as gtagilagents in highway base
layers stabilized soils. Section 4 contains results of legdksts on soil-HCFA mixtures
for potential use in embankment constructions. Section 5 is geochemachdling
analysis and discusses the speciation of leached metals ande#ithiing controlling
mechanisms in the agueous solutions. Section 6 provides a summary of<iraid

general conclusions obtained from the research study.



2 LEACHING OF TRACE METALS FROM HIGH CARBON
FLY ASH STABILIZED HIGHWAY BASE LAYERS

2.1 INTRODUCTION

Using fly ash in highway applications is gaining importance duts tpotential to solve
the landfilling problems and provide good strengthen material. The mpsirtant
problem in highway constructions is building the suitable base tagtrcan provide
enough support to the asphalt layer. The two conventional methods tast#idlibase
layer are removing the soft soil and replacing it with a seongaterial, such as granular
materials (gravel), or in situ stabilization of the soil pigysical and chemical techniques.
However, these conventional methods can be costly and time consumingearatiae
approaches such as fly ash amendment could be very practical and providecameaion
solution for stabilization of the existing soil (Cetin et al. 201@aching of the metals
from HCFA-stabilized soil layers is, on the other hand, the mainecorior construction
applications (Bin Shafique et al. 2002, Sauer et al. 2005, Goswami and Mahanta 2007).
Limited information exists on the reuse of high carbon off-speadtyin construction of
highway pavements. This is particularly important when high carlyoasth is non-
cementitious and calcium-rich activators are required to generate pozzotmione. In
order to evaluate the environmental suitability of high carbon fly ash-gbliRMs for
potential highway applications, a series of short term batch &watetong term column
leaching experiments were conducted to evaluate the leachsig beavy metals (Al,
Cr, Fe, Mn, Sb, V). Results were used to determine leachitegnsmand relationships

between concentrations from the two laboratory tests.



2.2 MATERIALS

An unpaved road material and three fly ashes were used in thys sthd unpaved road
material (URM) was utilized in soil-fly ash—lime kiln dust toses in all tests as well as
a reference material in both column leach and water leach T8t mixtures with their
proper percentages of fly ashes and lime kiln dust were sglbased on strength and
moduli determined in an earlier study by Cetin et al. (2010). TR& Was collected
from a highway construction site in Caroline County, Maryland andstaaed in airtight
buckets to preserve its natural water content. Any debris agigriamaterials in the soil
were removed by hand and by sieving through a 19-mm sieve. Theasodlassified as
poorly graded sand with gravel (SP) according to the Unified@asdsification System
(USCS), and A-1-b according to the American Association of Staggwdy and
Transportation Officials (AASHTO) Classification SystemlJRM was chosen as it
satisfied the gradation as well as maximum dry unit weight requiremgtite blaryland
State Highway Administration. Physical properties of the unpasad material are

summarized in Table 2.1. The optimum moisture conterys) @nd maximum dry unit
weights {/amay Of the soil-fly ash- LKD mixtures prepared using the standfaattor

effort (ASTM D 698) ranged from of 9% to 13.4% and, from17 ki\tan19.4 kN/ni,

respectively (Table 2.3).



Table 2.1Index properties of the materials used in current study

W ve LL P Gravel Fines Content Fineness Classification
Soill Cu  Gs (025‘ (kN;"r;Xg) ) (%) Content(>4.75 mm) (<75 um) (>45 um)
Fly ash (%) (%) (%) USCS  AASHTO
URM 6.7 264 134 1838 NP NP 30 3 0 SP A-1-b(0)
BS 043 217 — — NP NP — 80 60 ML A-2-4(0)
PS 1 22 — — NP NP — 95 86 ML A-2-4(0)
DP 36 237 — — NP NP — 85 77 ML A-2-4(0)

Table 2.2. Chemical compositions and total metal contents of the matefiaézlutirhe compositions and concentrations were
determined by X-ray fluorescence spectroscopy analysis, and toteredd analysis, respectively.

Chemical Composition

Soil/
Fi
nen  pH LOI SiO, Al,O; FeO; CaO CaCQ Al Cr Fe Mn sb v

%) (%) (%) (%) (%) (%) (mg/t)  (mg/L)  (mg/L)  (mg/ll)  (mg/L)  (mg/L)
URM 65 24 NA NA NA NA NA 2400 155 6300 265 0.02 16.5
BS 96 134 451 231 316 7.8  NA 28600 657 34600 115 0.01 164
PS 755107 508 269 55 07  NA 10000 243 10700 38.2 0.02 53.7
DP 88 205349 244 126 32  NA 19200 471 12700 38.3 0.02 82.4
LKD 127 NA 10 NA NA 60 30 NA NA NA NA NA NA

Notes: URM: Unpaved road material, PS: Paul Smith fly ash,ékerson Precipitator fly ash, BS: Brandon Shores fly ash, LKD:
Lime kiln dust, LOI: Loss on ignition. Specific gravity, G Coefficient of uniformity, wpm Optimum water contentgmasx
Maximum dry unit weight, LL: Liquid limit, PI: Plasticity index NP: Nongli&, NA: Not available



Table 2.3. Legend and compositions of the mixtures.

Maximum Dry

URM Content Optimum Water

Specimen name (%) C('):,?t/eﬁr(l%) LKD Content (%) Cont(:nt, Wpt Umtygae):ght’

(%) (KN/m?)
URM 100 0 0 134 18.8
10 BS + 2.5 LKD 90 10 2.5 10 19.2
10 BS + 5 LKD 90 10 5 9.5 19.2
20 BS + 5 LKD 80 20 5 13 17.4
10 PS + 2.5 LKD 90 10 2.5 9.0 18.8
10 PS + 5 LKD 90 10 5 10 18.8
20 PS + 5 LKD 80 20 5 13 17.0
10 DP + 2.5 LKD 90 10 2.5 9.0 19.1
10 DP + 5 LKD 90 10 5 10 194
20 DP + 5 LKD 80 20 5 12 18.0

Note: BS: Brandon Shores fly ash, PS: Paul Smith fly ash, DP: Dickersopitatecifly ash, LKD: Lime kiln dust, URM: Unpaved
road material.



The fly ashes used in this study were obtained from three powaetsph Maryland:
Brandon Shores (BS), Paul Smith (PS) and Dickerson Precipitatdr (BIPof the fly
ashes consisted primarily of silt-size particles and contained 96% fines (passing the
75-um sieve). Specific gravity of fly ashes ranged betvet7 and 2.37 per ASTM D
854. The physical properties and chemical compositions of ashesumm@arized in
Table 2.1 and Table 2.2. The fly ashes investigated in this stexty alassified as off-
specification fly ashes (neither C nor F type according to ASTEIL8) due their high
loss on ignition values (LOI > 6), and high (2i(®0) + AlLO3 (%) + FeOs (%) >70 %)
and very low lime (CaO) contents (0.7-7.8 %). The LOI data aleity the pH
measurements were conducted according to EPA Method SW-846 Method r@f)45e a
also presented in Table 2.3. Since the three fly ashes do not h&veemgenting
potential, lime kiln dust (LKD) was used to initiate pozzolanictieas for stabilization
of the soil. LKD (a disposed residue of lime production plants) wasireat from
Carmeuse Lime and Stone Company, Pittsburgh, Pennsylvania and contained
approximately 60% CaO by weight. The specific gravity) @ LKD by 2.97. Total
elemental analyses of the three fly ashes and URM were caddollowing the

procedures outlined in EPA SW-846 Method 6800 and are summarized in Table 2.3.



2.3 METHODS
2.3.1 Batch Water Leach Tests (WLTS)

Batch water leach tests were conducted on the soil, fly astesoil mixtures using
different percentages of fly ashes and LKD in accordance witiVA® 3987. A
constant liquid-to-solid (L:S) ratio of 20:1 was used for alleriats. The air-dried soil
was crushed and sieved from U.S. No. 4 sieve (4.75-mm), and thevesoimixed
homogeneously with fly ash and lime kiln dust at different percestdggch specimen
was cured for 7 days in plastic bags in a moisture controlled hiyneigamber (21 °C
and 100% relative humidity). After curing, 2.4 g of soil mixture wdded to a 50-mL
plastic centrifuge tube followed by 48 mL leachant (i.e., the 0.1aBrNsolution). The
soil mixtures were rotated continuously on a rotator at 29 revolutionsiipeite, room
temperature (~22 °C) for 18 hours for equilibration. After equilibyitihe specimens
were settled for 5 minutes and placed in a Beckman GPR centrfiagbine. The
mixtures were centrifuged at 3000 rpm for 20 minutes. Next, the suspsolitisiwere
filtered through the 0.2-pum pore size, 25 mm diameter membrakdilthss fitted in a
25-mm Easy Pressure syringe filter holder by using a 60-m@tiplsyringe. The filtered
samples were subjected to pH measurements and then acidified<o2plising high-
purity nitric acid and stored in 15 mL high density polyethylene fegé tubes at 4 °C.

Triplicate WLTs were conducted on all fly ashes, soil or soil mixtures.

2.3.2 Column Leach Tests

Column leach tests (CLTs) were conducted on soil, fly ashes atohso#l mixtures to

provide more realistic results about leaching behavior of heavglsn&he soils, fly
10



ashes and their mixtures prepared for CLTs tests were theersaterials used in WLTSs.
Air-dried soil was sieved from U.S. No.4 (4.75 mm) sieve. Alecsmens were
compacted in polyvinyl chloride (PVC) molds having 101.6 mm diametef 6@ mm
height by using standard Proctor compaction effort (ASTM D 698Y/C Rolds were
preferred to minimize the outside effects on effluent metal exnations. All soil
mixtures were cured for 7 days in a humidity chamber with 100&ivelhumidity and
21 °C following compaction. The protocol for sample filtration and presenvéollowed
those employed in WLTs. After curing, the CLTs were stamedediately. A 0.1 M
NaBr solution was used to provide influent with an ionic strength, whashsent to the
specimen by a peristaltic pump at a rate of 60 mL/hr peraM@007), Gelhar et al.
(1992), and Papini et al. (1999). Sampling and pH measurements were corehacte
4 hours in the first 72 hours, after which sampling 2 to 14 timesek was sufficient.

Detailed information about the testing procedures can be found in Morar (2007).

2.3.3 Chemical Analysis

pHs of the leachate samples collected from the CLTs and W\dre determined
following the methods outlined in ASTM D 1293. pH of the fly ashes aetermined by
using SW-846 Method 9045. Three replicate samples were measuradhaaeanple and
the mean values were reported. The metals selected for analysisgyéye Ba, Be, Ca,
Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb, Si, Sr, Tl, V, and Zn, based orotide t
elemental analyses. However, initial spectroscopy analysases WLT and CLT
effluent concentrations below the detection limits for all nsetakcept Al, Cr, Fe, Mn,

Sb, and V. These six metals also pose health concerns basedrendimmendations of
11



the U.S. Environmental Protection Agency (EPA), and thus were irctludéurther
analyses. The metals also represent different mobilitiesinEtance, at the pHs typical
of soil-fly ash mixtures (pH=10-12.5), Cr forms oxyanions that can g m®bile
(Fendorf 1995, Daniels and Das 2006), whereas Al forms hydroxyl compouehdisesr
attachment to the soil surface depends on the solubility levelkSpa@o3). On the other
hand, Fe, Mn, Sb and V have cationic species at high pHs and theirigoisbbélatively
lower. (Jackson et al. 1999, Pavageau et al. 2004, Cornelis et al. 2006).

The concentrations of all metals were determined by inductomipled plasma optical
emission spectroscopy (ICP-OES) using a Varian Vista-MPX @inultaneous ICP-
OES instrument. Minimum detection limits (MDLs) for ICP-OE®re determined for
each metals and a set of calibration standards according td.$heCode of Federal
Regulations Title 40. The MDLs for Al, Cr, Fe, Mn, Sb, and V welterd@ned as 2.5

ug/L, 0.5ug/L, 3.2ug/L, 0.05ug/L, 3ug/L, and 0.1ug/L, respectively.

2.4 RESULTS
2.4.1 Batch Water Leach Tests

Triplicate batch water leach tests (WLTs) were conducted ol GRly, fly ash only,
and several URM-fly ash- LKD mixtures. Table 2.4 summaribe pH of the specimens
tested. Figure 2.1 shows that the rate of increase in pH wiadlyrhigh and addition of

LKD above 2.5% by weight did not affect pH significantly.

12



LKD Content (%)

Figure 2.1. Effect of LKD content on pH of the soil mixtures. Note: 10 BS, 10 PS, 10 DP
designate the specimens with 10% Brandon Shores, Paul Smith, and Dickerson
Precipitator fly ash respectively. 0% LKD content corresponds to fly ash only

13



It is speculated that an increase in LKD amount increaseclgnese of free lime (CaO),
hydrated calcium silicate (C-S-H) and portlandite Ca (Qid)ich resulted in an increase
in pH values. The fly ash, as compared to LKD, had relativelyleneffect on pH of
the mixture due to its lower calcium contemtiple 4. All three fly ashes except BS fly
ash had calcium contents of less than 5% compared to a calciumntcadite
approximately 60% for LKD. LKD content was the dominant factot teatrolled the
effluent pH of the effluent solutions due to its high CaO content (@@¥)pared to high
carbon fly ashes used in this study.

Table 2.4 shows the concentrations of six metals for severaratitf soil mixtures
compared to the U.S. EPA maximum concentration limits for drinkiaters (MCLS),
EPA water quality limits (WQLs) for protection of aquatife land human health, and
Maryland aquatic toxicity limits (ATLs) for fresh watd@rhe results show that, except Al,
higher metal concentrations were obtained for fly ashes aloneUR&—fly ash—LKD
mixtures. Of the three fly ashes tested, generally the meixtith BS fly ash yielded the
highest metal concentrations followed by the mixtures prepardd WP and PS fly
ashes. Trace metal contents were also generally the highéStfly ash based on total
element analysis (Table 2.3). However, regardless of the increastaihcaoncentrations
all trace metal concentrations, except Al, were below thd MEQL and Maryland
ATL.

The variation in concentrations of these six metals was plottedsadig ash content for
mixtures prepared with 5% LKD in Figure 2.2. Al, Cr, V, Sb, and $howed similar

trends, the concentrations generally increased with increasing flpatsnt
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Figure 2.2. Effect of fly ash content on WLT concentrations of a) chromium, b) iron, c)
aluminum, d) vanadium, e) antimony, and f) manganese. Mixtures prepared with 10%
and 20% fly ash are amended with 5% LKD. 0% and 100% fly ash content corresponds
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The rate of increase of these five metals concentrations veoweas different without a
recognizably consistent variation, and partially due to differences on coetaints based
on total elemental analysis (Table 2.4). The effluent concentratioab metals were
higher for the fly ash alone (100% fly ash) than the soil alonefi@#sh). For the soil-
fly ash-LKD mixtures, higher fly ash contents generallglded higher effluent metal
concentrations. However, the increase in metal concentrations wiageaotwith fly ash
content, even though the mass of metals in soil mixture incrappesximately linearly
with increasing fly ash content. Therefore, the use of lineariahlutalculations will
underestimate the resulting concentrations of metals from soil mixtures.

Fe concentrations increased with increasing fly ash content@26no 10% because of
the addition of the main metal source. Similar increase indseolvserved when the ash
content was increased from 20% to 100% due to increase in meted ssuwell as lack
of LKD addition. However, an increase in fly ash content from 10908 cause a
decrease in Fe concentrations because of the high pH (pH >11) effltleat solutions
which was achieved by the LKD addition. Fe forms cationic spetidsprecipitates as
different complexes (e.g., FeGQunder such alkaline conditions and solubility of Fe
play a more dominant role than an increase in the metal sourceligRaand
Balasubramonian 2000, Goswami and Mahanta 2007).

High concentrations of Al were observed in the effluent leacllastsvere leached from
soil-fly ash—LKD materials. The solubility of Al is minimuat a pH of about 6.5 and
increases with increasing pH (Lim et al. 2004, Komonweerakdt 2040). As seen in

Table 2.4, the aluminum concentrations in fly ashes alone weresat3léanes lower
17



than that of the mixtures. The addition of the LKD is most probaldgomsible for
leaching of Al which is increasing the pH of the effluent sohgidue to the release of
high amount of CaO from LKD. Aluminum produces anionic species and cannot be
absorbed by the negatively charged surface in alkaline conditiigh pH values may
have showed a significant change in the size of negatively chargedepaurface
occupied by the hydrogen ions, causing a serious space deaeAsamd other metals

(Sparks 2003).
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Table 2.4. Stabilized pH and peak effluent concentrations in CLTs. Concentexttaesling MCLSs ifbold.

. Fly Ash — LKD Al Sb Cr Fe Mn V
Specmen ame GO Sy T (o) (ko) (ug/L) (Mg/L) (ug/L) (g/L)
100 BS 100 - 8.6 1590 304 43 223 76 1533
10 BS + 2.5 LKD 10 25 12.1 4870 17 28 216 2 100
10 BS + 5 LKD 10 5 12.5 6850 9 40 197 0.5 72
20BS + 5 LKD 20 5 12.5 7572 49 44 64 0.6 649
100 PS 100 - 7.6 262 156 76 174 1654 891
10 PS + 2.5 LKD 10 25 12.3 6030 19 11 18 1 89
10 PS + 5 LKD 10 5 125 6660 8 12 15.2 0.3 53
20 PS +5 LKD 20 5 125 7230 24 15 13 0.4 487
100 DP 100 7.9 950 48 252 162 257 1093
10 DP + 2.5 LKD 10 25 12.1 5810 10 16 30 0.5 170
10 DP + 5 LKD 10 5 12.4 6250 7 26 21 0.3 78
20 DP + 5 LKD 20 5 12.6 8640 8.7 31 16 1 195
URM - - 6.5 122 33 0.8 91 3.5 32
U.S. EPA MCL 200 6 100 300 50 NA
U.S. EPA WQL 750 NA 570 NA NA NA
MD ATL NA NA 74 570 NA NA NA

(Chronic) (Acute)

Notes: MCL= maximum contaminant levels for drinking water; MCL for Al isdabon a secondary non-enforceable drinking water
regulation; WQL= water quality limits for protection of aquatic liflduman health in fresh water. MD ATL = Maryland State
aguatic toxicity limits for fresh water.
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2.4.2 Column Leach Tests

pH M easurements

Figure 2.3 shows the effluent pH of the URM alone, fly ash alone@hohxtures as a
function of pore volumes of flow. All tests were continued until a mimmof 200 pore
volumes of flow were obtained to examine the behavior and persistémdy. In all

cases, pH initially decreased during the first 30-100 pore volwhdbw with few

exceptions followed by an essentially constant pH. Even though the git¢ affluent
solutions were kept between 6.5 and 7, the stabilized pH of theemffsolutions were
still relatively high (pH>11) due to buffering capacities of the fly astmesLKD.

URM had the lowest pH, and when either fly ash or LKD were addedincreased
regardless of the percentage of additive (Figure 2.3). &stiwe WLT, the addition of
LKD appears to have a greater effect on pH than the additiiy ash due to relatively
higher CaO content. pH can also be correlated with the Ca caftéhé ash. For
instance, PS fly ash (Ca0=0.7%) has lower calcium content thatly BSh (CaO =

7.8%), which resulted in relatively lower stabilized pH valuesCLTs (Figure 2.3).
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Figure 2.3 Effluent pH in CLTs conducted on mixtures prepared with a) BrandorsShore
fly ash , b) Paul Smith fly ash, and c) Dickerson Precipitator fly ash.
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2.5 METAL LEACHING

Table 2.5 shows that the peak metal concentrations in soil-fljnegbres, were below
the groundwater quality limits. The only exception was Alshibuld be noted that Al is
on the EPA list of secondary drinking water regulations, and theraatimits for Al
specified in Maryland groundwater protection guidelines.

Figure 4 shows a series of CLT elution curves. All elution curves are nenpedsherein
for brevity, but similar trends were obtained in the remainingesur¥Vhe elution curves
in Figure 2.4 suggest a high initial leaching of the metalsvi@t by a sharp decrease to
near constant concentrations after approximately 10-100 pore volumes piith few
exceptions. This type of leaching behavior is called first flsttern and occurs due to
release of the metals from the water soluble fraction dsasdrom the sites with low
adsorption energies (Bin-Shafique et al. 2006, Morar 2008). The initigh effluent
pH values of the mixtures (pH~12) provide a possible explanation fofirteflush
pattern leaching of Al and Cr. In this pH range, Al and Crligedy to be available in
their anionic species in the environment, and the dominant Al speeied(®H), and
Al(OH)s?, and the Cr species are Graand CrQ? (Quina et al. 2009). Cr (VI) is a toxic
Cr species, and an acute irritant for living cells, and can lmnogenic to humans via
inhalation (Whalley et al. 1999). Of the six metals consideredn@rAd are the only
ones that increased with increasing pH. While anionic species, @b, Mn and V may
exist in the environment, the pH range observed in the currentistatyst conducive to
the existence of their cationic species (Goswami and Mahanta J@Q@deesan et

al.2008, Komonweeraket et al. 2010).
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Figure 2.4 CLT elution curves for a) chromium, b) iron, ¢) aluminum, d) vanadium, e)
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At basic pHs, the availability of deprotonated (negatively chargedjyce increases
(Stumm and Morgan1996), which may have led to an increase in adsorptatiooic
species and caused a decrease in the concentrations of Cr, $e,avid Mn into the
solution.Since the initial pH of the effluent was high, it probably enhaticedolubility
of anionic species of Cr, and Al due to unavailability of positivelyarged surface
species for complexation. However, pH decreased from 12 to 10.5 adidy 656-100
pore volumes of flow and caused a decrease in the solubility of asjmetees of Al and
Cr in the effluent solution.

The leaching of aluminum from the soil-fly ash mixtures is colettdby the solubility of
aluminum hydroxides (Komonweeraket et al. 2010). The leaching belwdAbishows
an amphoteric pattern which represents higher leaching concentratiedreme pH
levels and lesser leaching concentration at neutral pH (Landi@@i/, Kenkel 2003).
Tables 2.4 and 2.5 show that the Al concentrations rose with aasecire LKD and fly
ash contents, confirming an amphoteric pattern. Aluminum is very insoluble at péutral
(Sparks 2003) and its solubility is controlled by dissolution-precipitatxide and
hydroxide minerals (Komonweeraket et al. 2010). This is in gooekagent with other
studies which showed that Al leaching is the lowest at neutrana-highest under very
alkaline conditions (Stumm and Morgan 1996, Lim et al. 2004, Komonweerakeét et
2010).

Chemical compositions of the fly ashes based on total elemegsisrale also important
to define the metal leaching behavior. The Al content, for exangplegih in all three fly

ashes (Table 2.3) resulting in significantly high Al concentrationise effluent leachate.
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Similar to other metals studied, Al also showed the first flasicHing behavior mainly
due to basic conditions at the initial pore volumes which probably erthdheeAl
solubilization. Edil et al. (1992) and Chichester and Landsberg (1996ijted similar
first-flush patterns for metals with high concentrations and gpgstearease at early pore
volumes of flow (PVFs) followed by flattening of the elution curvesirgurcolumn
testing of soil-fly ash mixtures. Ogunro and Inyang (2003) alsoredsevash-out and
detachment of Al and Cu metals by percolating solution during thalistages of a
column test. They attributed this phenomenon to an increase in thecah@wiential
which initiated the leaching of metals from the solid matmiw ithe surrounding solution.
Such an increased chemical potential continued to occur until the ntatms
difference between the leachant and the solid material @hsced and a steady-state
condition was reached.

Figure 2.4 shows that an increase in the initial Cr metal esdrations occurs with
increasing fly ash content. This level of increase is probablyaltiee large amounts of
Cr concentrations in the fly ash itself. At initial pore voluméslow, relatively high
levels of Cr were observed in mixtures that included 20% fly lagWever, after nearly
20 PVFs the concentrations for all mixtures were comparable. StluddilCr is highly
dependent on pH of the aqueous solution. Cr mobility is very low at eahphf, but the
metal is very mobile at very acidic and basic conditions. As se€able 2.5, an increase
in LKD caused an increase in pH and peak Cr concentrations inflilnenefeachate. At
high pHs, Cr generally produces anionic species which cannot be detamehe

negatively charged fly ash surfaces. No testing was conductddrttify the oxidation
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state of Cr speciation in the leachate, however Cornelis €20418) claimed that Cr is
generally as Cf forms in alkaline conditions, and insoluble C&“Gninerals cause low
concentrations of Gf species such as Cr(Otl)at high pHs. Speciation analyses
conducted on Sand-BS fly ash mixtures at pH=11 by Becker €2&l1) support this
claim. CF* could be found only in the soil mixtures having high reduction potential
which may cause an increase in the concentrations f 9pecies in the aqueous
solutions. (Cornelis et al. 2008, Samaras et al. 2008). €ae@npounds may also exist
in the effluent solutions having high pHs as,@aOs (Jing et al. 2006). At basic
conditions, the solubility of CaCrOis very high compared to other Cr containing
compounds (Allison et al. 1991). On the other hand, most of the oxyanioniessperal

to produce surface adsorption complexation with Fe oxides (GoswahiMahanta
2007). Dzombak and Morel (1990) showed that'@nd CF* can be released from Fe
oxides at pH >12.5 and pH >7, respectively. Pourbaix diagrams forrtReHCsystem
indicate that Cr measured in WLT and CLT leachates is litelexist as Crg? or
HCrO, for the pH conditions present in the current study (pH= 10 to 12.5pkBrs
1988). Thus, it should be kept in mind that most of the Cr concentraticersndetd in
the leachate are likely to be®wwhich is of concern to environmental safety (Whalley et
al. 1999).

Table 2.5 shows that the leaching of antimony decreases witlasnoge pH, albeit not
consistently, and increases with increasing fly ash amount pnolsably due to an
increase in main metal source in the mixture. Leaching of anyin(Sb) is significantly

related to the redox potential and pH conditions of the agqueous solutionli€etra.
27



(2008) suggests that Skis more commonly found in alkaline waste leachates (pH>10).
However, Leuz et al. (2006b) claimed that thé" S oxidized more and faster than®Sb
at high pH due to its lower solubility. Jackson et al. (1999) and Komeraket et al.
(2010) found that the leaching of Sb is the highest around neutrahgldexreases at
extreme pH conditions which is in agreement with the findings of the current study
There is growing interest in studying leaching behavior of vana@nfrom fly ashes
over the past years. Similar to antimony, V is also very redoa-pH-sensitive (Cornelis
et al. 2008, Komonweeraket et al. 2010). Some oxidation states of V caxXganions
at very alkaline conditions which cause a desorption of V from theswdaces due to
the negatively charged surfaces on the soil surfBaele 5shows retention of total V is
higher than the release of its oxyanionic species, which maydagise in decrease in V
concentrations with increasing LKD content (from 2.5% to 5% by lpigince the
oxidation states of the both influent and effluent solutions were nottacinghe
oxidation states of V may fluctuate and may not transform tharsagic vanadium
species V(OH), , VO(OH)",, VO3,

Concentrations of Fe and Mn in aqueous solutions decreased or remémntheaame
with increasing pH (Table 2.5). Both Mn oxides and Fe oxides areim@agrtant for the
surface complexation of other oxyanions in the aqgueous solutions (van dereHoe
al.1996, Piantone et al. 2004, Kumpiene et al. 2007). Most of the oxyanioosrmgalex
during the co-precipitation of iron metals in the vadose zone (&ngt Hering 2003,
Peacock and Sherman 2004, Jegadeesan et al. 2008, Dutta et al. 20Q89)atitne @f

Fe** starts as F€OH), at pH > 6 (Espana et al. 2005, Cornelis et al. 2008 and Dutta et al
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2009) and metal adsorption of iron oxides increases with pH, caaslegrease in the
effluent metal concentrations (Cornell and Schwertmann 2003). Thentistady
showed that both Mn and Fe concentrations decrease with pH, consishetiteastudy

of Cornelis et al. (2008), Dutta et al. (2009), and Komonweeraket et al. (2010).

2.6 COMPARISON OF WLTS AND CLTS

Attempts were made to compare the WLT and CLT results. The pé#alent
concentrations in the CLT<L() are consistently higher than the WLT concentrations
(Cw), as shown in Figure 2.5. Differences in L: S ratio betweemwbdeaching tests (a
ratio of 20:1 in WLTs versus 0.1:1 in CLTs at the initial PVEs)Id be responsible for
the metal concentration differences measured in these tworlgaeists Figure 5shows
thatC; for Al is 2 times higher tha@,,. Similarly, C; for Cr, Fe, V, Sb and Mn are up to
20, 100, 10, 10 and 500 times higher tkanrespectively. The lack of linear relationship
between theCy and C; for most metals could be attributed to the variation in effluent
pHs. Bin Shafique et al. (2006) made similar observations duringason of WLTs
and CLTs.

The scale factors mentioned above should be used with caution astithg ¢enditions
between the CLT and WLT are different. First, the liquid-toesaditio remains constant
in WLTs but varies in CLTs (Ogunro and Inyang, 2003). A second isst@noérn is the
difference in duration of the tests. CLT is a dynamic testthe data fluctuates for an
extended period of time, while WLTs are finalized in 24 hours. pgak concentrations

in CLTs typically occur in the transient stage, and may bgerdiit than the ones

observed in WLTSs.
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Third, the water flows smoothly through the column set-up while th& ¥amples are
agitated aggressively, likely enhancing the surface contact déalehing solution and
the solid particulates. This may result in both a higher leaaiaitegof the metals and a
shorter period of time to the equilibrium state between the liquidsalid phases. The
pH conditions may also be influenced by this agitation as wély éise dissolution of the
mineral components of the metals that were tested. Becausgettiation of Al, Cr, V
and Sb are highly dependent on redox conditions, the different environmetits fao

tests are likely to contribute to the difference in the test results.

2.7 CONCLUSIONS

A laboratory study was conducted to investigate the environmeakbiiy of reusing
chemically stabilized road surface material in construction ghway bases. Non-
cementitious off-spec high carbon fly ash was activated witke kiln dust and used to
stabilize an unpaved road material (URM). The effects of typtsh and lime kiln dust
addition on environmental suitability of highway base layers weéudiest through
laboratory leaching tests. The observations from the current study atas f
1. The concentrations of Cr, Sb, V, Mn, and Fe were below the EPA ME(H,s
and Maryland ATLs. Al was only the exception. It should be notedAhist on
the EPA list of secondary drinking water regulations, and there@itimits for
Al specified in Maryland groundwater protection guidelines.
2. The initial pH values from CLTs were relatively higher thhose measured in
WLTs most likely due to difference between the liquid-to-saditiierin two tests

(aratio of 20:1 in WLTs versus 0.1:1 in the initial PVFs in CLTS).
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3. The metal concentrations increased with increasing fly asheroimt WLTs
which can be a result of the increased total metal amount irotheosmpound.
The addition of fly ash, on the other hand, caused an increase in 3 aald in
concentrations of Sb, V, Cr, Al and Mn.

4. The addition of lime kiln dust (LKD) had different effects on ksa&ching of the
six metals analyzed. LKD addition caused a decrease in CLErwatons of
Fe, Sb, V and Mn due to an increase on the negative surfage afahe solid
surface. However, Al and Cr concentrations increased with LKQtiaddiue to
an increase in the solubility of their anionic species.

5. The release of all metals from the soil mixtures in CeXhibited a first-flush
pattern followed by a decrease in concentrations. Most of thdsnediahed out
at the initial stages, and steady-state conditions werbedagithin 10-120 pore
volumes of flow. The higher initial pH values of the effluent solutioay have
contributed to an increase in the solubility of anionic species, edlgeir Al
and Cr.

An attempt was made to correlate CLT and WLT concentratidms.cbncentrations of

Al, V, Fe, Sbh, Cr and Mn can be conservatively estimated from $\dyTmultiplying the
concentrations with 2, 10, 100, 10, 20 and 500, respectively. However, caution should be
exercised in using these correlation factors as the testing iomsditre different for these

two systems, due to different liquid-to-solid ratios, test duratiang agitation motion in

the batch procedure as compared to the relatively smooth fluid movensedd¢ the

column set-up.
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3 EXPERIMENTAL AND NUMERICAL ANALYSIS OF
METALS LEACHING FROM FLY-ASH AMENDED
HIGHWAY BASES

3.1 INTRODUCTION

Over 100 million tons of fly ash is produced in the United States hg-product of
burning coal in electric power plants (ACAA 2009). Approximately¥o3% this fly ash
is reused and majority of the remaining amount is stockpiled in Isndfius occupying
valuable land space. Benson et al. (2010) indicates that only 24% dlythshes
generated in the United States are used in concrete productiom srodessing number
of power plants are producing high carbon fly ash (HCFA) with losgyition (LOI)
contents greater than 6%. These fly ashes cannot be used asretecadditive as
unburned carbon content adsorbs the air entrainment agents that aepreseént crack
formation and propagation in the cement matrix (Cetin et al. 20HJFAs in the
eastern parts of the United States contain very small amoucdéécafm oxides and they
often need to be activated with a cementitious agent for use inchewmi@ applications
(Baykal et al. 2004, Edil et al. 2006, Kumar et al. 2007, Yoon et al. 200, €eal.
2010).

American Society of Civil Engineers estimates that $2.2anilis needed over a five-
year period to bring the nation’s infrastructure to good condi@etif et al. 2010). A
large portion of the earthen materials needed for these transportafrastructure
projects have the potential to use recycled materials to #ngiinstabilization; however,

these materials must also be safe for the environment in Wiaeghare placed. One area
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for their large volume reuse is highway base stabilization. Hveagh mechanical
properties of the fly ash-amended highway base layers are destigfactory, one key
issue that precludes highway base layer stabilization witladly is the potential for
groundwater impacts caused by metals in the fly ash (Janketvaki 2006, Wang et al.
2006, Bin-Shafique et al. 2006, Goswami and Mahanta 2007, Li et al. 2007).

The objective of this study was to evaluate the leaching pdterfitid CFA-stabilized

highway base layers and to assess their potential impact on grdandiwaugh

laboratory batch water leach and column leach tests, and computemmgoOele type of
soil and three different HCFAs were used. The study focused ohirgaof four trace

metals: barium (Ba), boron (B), copper (Cu) and zinc (Zn).

3.2 MATERIALS

An unpaved road material (URM) was used as the primary soilesdorche highway

base mixtures. URM was stockpiled in various locations in Madyland required

immediate attention for recycling. The URM was collectednfa stock-pile in Caroline
County, Maryland satisfied the gradation and maximum dry unithi®igquirements by
the Maryland State Highway Administration (SHA). The materiarger than 19-mm
sieve were removed before starting any laboratory testsicehgad chemical properties
of URM are summarized in Table 3.1.

Three HCFAs were used as stabilizing agents in highway bgses! All fly ashes were
obtained from power plants located in Maryland: Brandon Shores PB8),Smith (PS),

and Dickerson Precipitator (DP). The physicochemical progedied particle size

distributions of all materials are presented in Table 3.1 and Fi@drerespectively.
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Table 3.1 Physical and chemical properties of the materials used in ctutgntGhemical compositions and metal concentrations are
based on X-ray fluorescence spectroscopy and total elemental analysigjwelspe

Property Unpaved

Brandon Shores (BS) Paul Smith (PS) Dickerson Precipitator (DP)
road_ fly ash fly ash fly ash
material
% Gs 2.64 2.17 2.2 2.37
o Wopt (%) 13.4 26 22 36
©
€8 Yamax(KN/M®)  18.8 11.9 10 9.9
o Pl (%) NP NP NP NP
c LOI NA 13.4 10.7 20.5
—= O
0 SE SiO; NA 45.1 50.8 35
£ 588 AL NA 23.1 26.9 24.4
2 6§ Fe.Os NA 3.16 55 126
a Cao NA 7.8 0.7 3.2
8 ®8~  Barium 4.62 13.7 30 19.7
O = <
§ =52 Boron 2.86 17.3 45.3 24.5
— O =
S g S o Copper 1.28 74.7 25.3 58.7
=O° Zinc 82.3 58.2 28.5 45.6
pH 6.5 9.6 7.6 8.8

Note: LOI: Loss on ignition. ¢ Specific gravity, Wom Optimum water contengmax Maximum dry unit weight, NP: Nonplastic, NA: Not
available.
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The LOI and CaO contents of the ashes range from 10.7% to 20.5%pan0.7% to
7.8%, respectively, indicating that the fly ashes can not beiféasas C or F fly ashes
according to Standard Specification for Coal Fly Ash (ASTM18). All three ashes are
slightly alkaline (pH = 7.6 to 9.6). Due to non-cementitious natuldGHAs, Lime Kiln
Dust (LKD) with CaO content 60% obtained from Pittsburgh, Pennsigdwaas used to

initiate the pozzolanic reactions.

3.3 METHODS
3.3.1 Batch Water Leach Test (WLT)

Batch water leach tests were conducted on the URM, fly astte®BM-fly ash-LKD
mixtures using different percentages of fly ashes and lime kilts dusccordance with
the Test Method for Shake Extraction of Solid Waste with Wa&SiT\ D 3987). Non-
activated fly ashes (i.e., 100% fly ash specimens) are not usdiglmvay base
construction but the ashes, along with 100% URM, were still emplayddbbratory
testing for comparison purposes. Two modifications were made &ighdard method.
The specimens were prepared at a liquid-to-solid ratio (L:20df. All soil materials
were air-dried and sieved through the No. 4 (4.75-mm) sieve befor&hesaspecimens
were cured in plastic bags for 7 days (21 C° and 100% relative hymidiallow
pozzolanic reactions to occur. 2.4 g of URM mixture was then added to 48 mL ohinflue
solution in 50 mL high-density polyethylene (HDPE) bottles. Négt $olutions were
rotated at a rate of 29 rpm at room temperature (24 C°) for 18 imoacsordance with
ASTM D 3987. After rotation, the samples were allowed to sit famiGutes and

centrifuged at 3000 rpm for 20 minutes. Upon centrifugation, the suspesldidveere
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filtered through the 0.2-um pore size, 25 mm diameter membrakdilthss fitted in a
25-mm Easy Pressure syringe filter holder by using a 60-raktipl syringe. pH and
electrical conductivity (EC) measurements were conducted hadsamples were
acidified to pH <2 with 2% HN@ Before use, all equipment (centrifuge tubes, filter
holders syringe etc.) was washed with 2 % HNLId solutions and rinsed with DI
water. All samples were stored at 4 C° for chemical analy$igplicate WLTs were
conducted on all mixtures using each soil solution.

Two different influent leaching solutions were used in waterhidasts (WLTs). The
influent solutions were prepared with 0.1M NaBr solution (IS= 0.1) and 0.02aBr

solution (IS= 0.02) to determine the effect of ionic strength on leaching of heaalg met

3.3.2 Column Leach Tests

The column leach test (CLTs) were conducted on URM, fly asloee and URM-fly
ash-LKD mixtures. All specimens were compacted at optimumtareisontents in a
PVC mold having 101.6 mm diameter and 116.4 mm height by using standatdrP
compaction effort with the Method of Laboratory Compaction Charatteiof Soil
using Standard Effort (ASTM D 698). In the original grain sliztribution of the URM,
approximately 25% of the grain particles are larger than 4.75mwadih. When placed
in a mold of diameter 101.6 mm, the larger grain particles woukkrttze specimen
highly permeable and would decrease the total solid surfaceirartb@ soil matrix.
Therefore, air-dried URM was sieved from a No.4 (4.75-mm) steveemove these

larger particles. PVC molds were preferred to minimizedinside effects on effluent
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metal concentrations. All mixtures were cured for 7 days in aditynchamber with
100% relative humidity and 21 C° following compaction.

After curing, the CLTs were started immediately. The colsinvere operated in an up-
flow mode with flow provided by a peristaltic pump on the influent lifidwe
polypropylene (PP) influent lines were connected to a polyetbyleservoir tank which
was filled with the 0.1 M NaBr solution with adjusted pH (pH 6.5~7). On the effluent end
of the column, polytetrafluoroethylene (PTFE) tubing transferredeffieent solution
into the collection bottle.. An inflow rate of 60 mL/hr was used foteats following the
recommendations of Gelhar et al. (1992) and Morar (2007).

A 0.1 M NaBr solution prepared with ASTM Type Il water waesdito provide influent
with an ionic strength comparable to that of salt-laden perccatelar to that
encountered in regions where salt is applied to roadways fongei&apini et al. 1999,
Bin-Shafique 2006). Br was selected because it is a non-redciser. pH of the
influent solution was adjusted by adding 0.5 M NaOH solution to stay between 6.5 and 7.
During the first three days of testing, frequent sampling ye#drours) was necessary in
order to catch the breakthrough curve describing the leaching ofredahstudied. After
72 h, the sampling frequency was decreased to twice a daydalays, and 2 to 7 times
a week as the temporal changes in the metals concentratiomseblesa significant. pH
and electrical conductivity measurements were recorded imrabdedter the sample
collection. The protocol for sample filtration and preservation falbwhose employed
in WLTs. A series of falling-head hydraulic conductivity sestere conducted on the

specimens before dismantling the columns.
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3.3.3 Chemical Analysis

The metals selected for analysis were Ba, B, Cu and ZnseThetals were selected on
the total elemental analyses presented in Table 1 and due tgdkeantial risk to the
environment and human health as well as their range of mobilitieggraundwater
(Praharaj et al. 2002, Kim et al 2006, Bankowski et al. 2004, Jankowski 2006,
Goswami and Mahanta 2007, Quina et al. 2010, Chavez et al. 2010). In adcéts, B
cause nausea, vomiting, redness of the skin, difficulty swallowimndy diarrhea. In
animals, acute excessive exposure to B may cause rapid tiespiegye inflammation,
swelling of the paws and may affect male reproductive orgasthi(let al. 1993,
Wegman et al. 1994,US-EPA 2008). Long-term Ba exposure may causéhgmmn in
humans (Wones et al. 1990, Perry et al. 1989). Exposure to PotassiuBawmiidy cause
cardiac and skeletal effects in human body (US EPA 1990). Furthermore, coppigrcand z
metals are the most metals listed in the priority lisUSYEPA. These 2 metals are very
soluble and non-biodeagrable and can accumulate in animals, plants and hugan bod
over an extended period of time (Svilovic et al. 2009, Elsayed-Ali et al. 2011).

The total elemental analyses method covers the digestion andiaoélijg ash samples
for major and minor element contents by using an ICP-OES (Thé&amell Ash IRIS
Advantage Inductively Coupled Plasma Optical Emission Spectrométes digestion
process was started by weighing the sample in a 50-mL digsstion tube. 5 mL of
concentrated HNg(trace element grade) was added per tube and the tubes wetg loos
capped and placed on a digestion block heated td@20he fly ash and URM samples

were digested for 15-16 hours at 120 and then removed from the block. After
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cooling,1mL of HO, was added to each tube and the tubes were put back on the block
for 30 min. The last step was repeated twice and the sampleshea removed from the
block and allowed to cool down. The sample volume was brought to 50 mLd @&k
allowed to sit for 3 hours before analysis on the ICP-OES was performed.

The concentrations of all metals were determined by inductomipled plasma optical
emission spectroscopy (ICP-OES) using a Varian Vista-MPX Ginultaneous ICP-
OES instrument. All sampling equipment that contacted the leadaatples was acid
cleaned, dried, and stored in clean and sealed bags. Blanks wererguh0=26 analyses
and the calibration was verified every 10 analyses. A reagamk klas tested every 20
samples and a spiked sample was analyzed every 10 sampiesiuiM detection limits
(MDLs) for ICP-OES were determined for each metals and afsmlibration standards
according to the U.S. Code of Federal Regulations Title 40. ThesMdLBa, B, Cu,

and Zn were determined as 2 pg/L, 4 pg/L, 0.7 pg/L, and 1 pug/L, respectively.

3.3.4 Chemical Transport Modeling

The transport of metals in a highway environment was simulated WgiscLEACH, a
recent and verified algorithm for simulating water and solute momenre two-
dimensional variably saturated media (Li et al. 2007). Three tas@lgolutions to the
advection-dispersion-reaction equation are combined in WiscLEACH velage a
method for assessing impacts to groundwater caused by leachnmagektlements from
fly ashes used in highway layers. The analytical method iscMZACH has been
verified with the predictions made with HYDRUS-2D, a well-knoseoftware package

for simulating flow and transport in variably saturated media (Li et al. 2007).
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WiscLEACH simulations were conducted to study the locations ofrmax soil vadose
zone and groundwater concentrations (e.g., at the centerline ofviéragua structure, at
the vicinity of point of compliance) and contours of trace metasewdeveloped at
different years as a function of depth to groundwater, thicknetbe dfase layer, percent
fly ash by weight, hydraulic conductivity of the base layerdraylic conductivity of the
aquifer material and initial concentration of the metal in hadh (Figure 3.2)Input to
the model included annual precipitation rate in Maryland was @atdinom the National
Weather Service records, point of compliance and physical prapeftithe pavement
layers were selected according to the MD -SHA roadwajgdewmanual (2004), and
transport parameters and hydraulic conductivities were detednin the current
laboratory study.

WiscLEACH assumesll materials in the profile are homogeneous and isotropic.
Precipitation falling on the pavement surface, the shoulders, anousdmg ground
infiltrates into the ground surface or is shed as runoff (Li et al. 2007).

As water percolates down through the profile, trace elemeath keom the fly ash and
migrate downward through the subgrade soils until they reachrthmad) water table.
Flow in the fly ash and subgrade is assumed to occur only in the verticalahr&teady
1D unit gradient flow is assumed in the pavement layers and the vaolosewith the
net infiltration rate controlled by the least conductive layethe profile and the annual
precipitation rate. Surface runoff and evaporation from the paveswefdce, the
shoulders, and the surrounding ground are not considered. Infiltrationadf along the

edges of the pavement structure is ignored.
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Transport in the vadose zone beneath the fly ash layer is assometiotv the
advection-dispersion-reaction equation (ADRE) for 1D steady wtatieal flow with 2D
dispersion and linear, instantaneous, and reversible sorption. Traenldhat reach
the groundwater table are transported horizontally and verticdthgugh the flow of
ground water is assumed to occur predominantly in the horizontalidirecSteady
saturated groundwater flow is assumed, and transport in groundwadssused to
follow the ADRE with instantaneous, reversible, and linear sorption. mché and
biological reactions that may consume or transform trace elsna@atassumed to be
absent. In addition, flow in the fly ash and subgrade is assumecctw only in the
vertical direction. Steady 1D unit gradient flow is assumed in the pavemyerdg End the
vadose zone, with the net infiltration rate controlled by the le@sductive layer in the
profile and the annual precipitation rate. Transverse flow on ttipeofubgrade toward

the edge of the road structure is ignored.

3.3.5 Model Formulation in Vadose Zone

WiscLEACH considers only steady 1D unit gradient flow inghgement layers and the
soil vadose zone and the rate of flowis determined by the comparison of the least
conductive layer in the profile and the annual precipitation rate.ldWwest of these
values are used as the rate of flow in the program. lisisnaed that possible horizontal
movement of the flow is ignored whereas the rate of vertloal fmay change with
depth, but the net infiltration rate is assumed to equaNo water loss is assumed and

the water infiltrates to the soil vadose zone toward groundwatkowtiany loss on the
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pavement and ground surface. Surface runoff and evaporation from the paserfeag
are ignored (Li et al. 2007). In the current study leachintgimats first-flush leaching
from the HCFA stabilized base layer. In WiscLEACH a fiftssh leaching from the
HCFA base layer is assumed to follow the ADRE with lineartaitaneous and
reversible sorption (Li et al. 2007).

In WiscLEACH, transport in the vadose zone beneath the HCFA layassumed to
follow the ADRE for 1D steady state vertical flow with 2D mhssion and linear,

instantaneous and reversible sorption (Li et al. 2007).

2 2
sc_p P, p P g
Ra - Dx ﬁxz + ‘DZ azz ﬂz az (1)

where C is metal concentration, T is time, x is horizontahdie from the centerline of
the pavement, z is depth below ground surfage,seepage velocity in vertical direction,
Dy is dispersion coefficient in x direction; i3 dispersion coefficient in z direction and R
is retardation factor.

The analytical solution to Equation 1 is obtained by applying the foipunitial and

boundary conditions (Li et al. 2007):

C, atz,<z<zp; and—L<x<L

= = 2a

Clx,zt=0) { 0 otherwise (22)

9,6-D,o| =0 (2b)
Zlz=0
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L(xnzt)=0 (2¢c)

% = (z,o,t) =0 (2d)

where G is initial metal concentration,t4s depth of the top of the fly ash stabilized
layer, % is depth of the bottom of the fly ash stabilized base layas, $um of the
shoulder and half of the pavement width.

Equation 2a and 2b indicate that the fly ash stabilized base layer is the oné/ sourc
of trace elements and no trace elements leached from the pasemneground surface
that is above the fly ash stabilized base layer. Equations 2c antpBdthat the effect
of dispersion and diffusion in the soil vadose zone is insignificait avidistance from
the pavement surface and the centerline of the pavement structure. Thearsiidiion

to Equations 1 and 2 is (Li et al. 2007):

f ]'- 1448,z B Riztzp)+d, .z
Clx,zt)= o { o, (z +z:+ ?E) xerfc (—1,-'4;5'3: E) — exp (E)
L #; Riz+zgl+d, Riz—zgl—¥;
x [(1 +D—x(_z+ Zp + fj) erfc(—\},“jﬂxr E)] + erfc(—ﬂjﬂxt ‘) _

erfc (M) 3)

/4RDt

" II'?E,!“:3 ( xz) [exp( [R(z—zg) +v ] ) xp( [Riz+zpl+d,t]" £ ]1 x

wRD, 4RD,t 4RDt
N
erfc(

) )

Equation 3 is applied from the surface of the pavement to the groterdiable (Fig.

3.2).
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3.3.6 Model Formulation in Groundwater

The transportation of the trace metal elements that laachtihe groundwater is at
horizontal and vertical direction, although the direction of horizont& finovement is
dominant in the groundwater (Li et al. 2007). The groundwater flovesaraed to be
saturated, and the transport of the trace elements is assorfatbw the ADRE with
instantaneous, reversible and linear sorption as assumed in tramsportegoil vadose

zone (Li et al. 2007).

ac alc ac aic ac
— = —— 1, — ——1_— 4
D Ax? ﬁh‘ dx + D“ az2 ﬁx dz ( )

L at a0

R

Where C is metal concentration, T is timg,is groundwater seepage velocity in the
horizontal direction, | is hydrodynamic dispersion coefficient in horizontal direction,
D.w is hydrodynamic dispersion coefficient in vertical directiog,i&kretardation factor
in groundwater.

In Equation 4 the cross — dispersion terms are ignored due to the dohwonaontal
flow in a uniform and isotropic medium (Li et al. 2007). An anabjtisolution to

Equation 4 for the following initial and boundary conditions:

Clx,zt=0)=0 (5a)
- g = = P, 9(xzgpr.t), X, <x< x,

(ﬁzc Dm’ az] [ f[x] { 0, otherwise (5b)

g (oo, z,t) =0 (50)
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% (x,00,E) =0 (5d)

where g is depth of groundwater table, g(t) is metal concentration agrthendwater
table and x, X, arelateral extents over g(t) applies.

It is assumed that initially groundwater is not contaminatéd any trace elements or
any other elements that can effect to the sorption of the étageents which is suggested
by Equation 5a. Equation 5b indicates that the amount of trace eleimeéhésvadose
zone of the soil directly above the groundwater table is equal tarttwant in the
groundwater. Equations 5c¢ and 5d indicate that the effect of diffusriapersion in
groundwater are ignorable at the locations that are verydar the centerline of the
pavement and the groundwater table. The solution to Equations 4 and Dfalitson if

Z is larger than &yt is (Li et al. 2007):

H.ghe— Nae— - Nx—x, -
C(x,z,t) = f;_zjgi_r} [erfc (R—“ ) % hr}—erfc(R—“ ) h 15'?"'r)]:z:

N o 4Ry Dy T
[ Ay exp (— ':Rw':z‘zﬂu-“i":'—ﬁzﬂ'z)_ B exp (L‘z':z-zcm-'r}) (6)
Y, mhe T 4R, Dot 205, Dy
R (z=zpyrr) +8.1
xe:r"fc( W . GUWT = )
JER Dt

Equation 6 estimates the metal concentrations that leached filore aource at the

groundwater table betweeéf andX.

3.4 RESULTS OF WATER LEACH TESTS

WLT concentrations of four metals (Ba, B, Cu and Zn) for all oned are shown in

Table 2. All concentrations are below the U.S. EPA maximum comltemdimits for
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drinking waters (MCLs). The results show that, except for Zn, higbecentrations
were obtained for fly ashes alone than URM-fly ash-LKD meduBased on total
element analysis (TEA), the Brandon Shores fly ash has the hgghrentrations of Cu
and Zn, and Paul Smith fly ash has the highest concentrations ofdBB @ able 3.1).
However, no consistent relationship exists between TEA-based andb@4dett metal
concentrations indicating that leaching of metals is not only depemtethe metal
concentrations in the main source but factors such as pH andcalectmductivity may
also play a role.

The variation in concentrations of these four metals was plottadsadly ash content
for mixtures prepared with 5% LKD in Figure 3.3. The data for UstlW (0% fly ash
contentO as well as fly ash only (100% fly ash content) wereaalded for comparison
purposes. Ba, B and Cu showed similar trends and the concentrations eothiess
metals generally increased with an increase in fly ash mbrifeggure 3.3 indicates that
the rate of increase in Ba, B and Cu concentrations in theeeffsolutions was generally
higher when the fly ash content was increased from 0% to 10% them fly ash content
was increased from 10% to 20%. For the URM-fly ash-LKD mmegu higher ash
content generally yielded higher effluent concentrations of BBaand Cu as fly ash
contained high amounts of these metals (Table 3.1). However, the dilegon
calculations can not be used since the rate of increase al owgtcentrations in the

mixtures is not consistent with the increase in fly ash content.
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Figure 3.3 Effect of fly ash content on effluent concentrations of a) boron, b) bayium, c
copper, and d) zinc in WLTs. 0% and 100% fly ash content corresponds to URM only
and fly ash only specimens, respectively.
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Figure 3.3 shows that an increase in fly ash content caused a deci&as®ntentration

as URM contains higher amounts of Zn than the three fly ashed bastotal elemental
analyses. On the other hand, an increase in LKD content from 8.5% tncreased the

Zn concentrations in the aqueous solution even under moderate increpse¢Tiable

3.3 and Figure 3.4). Goh and Tay (1993) and Ghosh and Subbaroa (1998) also showed
that Zn concentrations increased when pH was increased from 9 to 12.

It is widely known that Ba, B, and Cu follow a cationic pattern wttee concentrations

of these metals decrease dramatically with increasing pidce &n increase in LKD
caused an increase in pH of the solution, a decrease in Ba, Buatah€entrations is
expected, as seen in Figure 3.4. Similar observations were maHarbgpiah and
Gupta (1997), Jankowski et al. (2006), and Liu et al. (2008). Conversely, Znttends
follow an amphoteric pattern, indicating that the metals leachidnighest at extreme

pH conditions and the lowest at neutral pH (Ricou et al. 1999, Lim. 2084 ,
Komonweeraket et al. 2010). Jegadeesan et al. (2008) showed thet¢asden leaching

of Zn with pH is due to its surface complexation with Fe- Aldexor silicate material or

the formation of insoluble hydroxides. Furthermore, beyond neutral pHZrtheetals

start precipitating as Zn(Okand dissolve completely under very alkaline conditions as
Zn(OH) (Cotton and Wilkinson 1999). The cationic pattern for Ba, B, and Cu and the
amphoteric pattern for Zn can be clearly observed when the WLGentmtions are

plotted against pH (Figure 3.5).
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Figure 3.4 Effect of lime kiln dust content on effluent concentrations of a) boron, b)
barium, c) copper, and d) zinc in WLTs. 0% lime kiln dust content corresponds to fly ash

only.
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Table 3.2 Agueous concentrations of metals from WLTSs.

AFls);1 LKD Barium Boron Copper Zinc
Specimen Name =" Co(?tent pH'S¥01  pH'S=002 (Hg/L) (Hg/L) (Hg/L) (Hg/L)
(%) ( A)) CanSZO.l CanSZO.OZ CanS:O.l CanS:O.OZ qIS:O.l CanS:O.OZ CanaBr CanI
100 BS 100 - 7.9 8.1 344 180 326 380 5.7 2.1 11 11
10 BS + 2.5 LKD 10 2.5 11.5 11.6 339 112 44 34 2.3 19 14 21
10BS + 5 LKD 10 5 11.8 11.8 170 69 45 26 2.0 1.7 26 42
20 BS + 5 LKD 20 5 11.8 11.9 316 162 36 20 2.2 1.8 22 31
100 PS 100 - 7.5 7.8 235 189 394 424 3.2 2.8 9.1 15
10 PS + 2.5 LKD 10 2.5 11.7 11.7 211 123 49 46 2.7 1.1 24 20
10 PS + 5 LKD 10 5 12 11.9 103 61 15 9.4 2.1 0.13 52 43
20 PS +5 LKD 20 5 12 12.1 128 135 22 14 2.3 1.1 42 13
100 DP 100 - 8.6 8.7 248 247 744 682 3.2 1.7 3 17
10 DP + 2.5 LKD 10 2.5 11.8 11.9 214 151 41 21 2.7 14 15 18
10 DP + 5 LKD 10 5 12 12 210 143 21 8 2.1 1.2 52 31
20 DP + 5 LKD 20 5 12.1 12 224 197 22 13 2.5 14 33 10
URM 100 - 4.8 51 63 56 12 10 1.3 1.1 58 45
U.S. EPA MCL (ug/ L) 2000 NA 1300 5000

Notes: MCL:maximum contaminant levels for drinking water; NA: Not avaslabl
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Table 3.3 Peak effluent concentrations of Ba, B, Cu, and Zn for column leach testsanukpl concentrations. Concentrations

exceeding MCLs irbold.
Fly Ash LKD

Specimen Name Content Content pH Barium (ug/L)  Boron (ug/L) Copper (ug/L) Zinc (ug/L)
(%) (%)
100 BS 100 - 8.6 1507 15000 26 128
10BS + 2.5 LKD 10 2.5 12.1 1030 590 25 92
10 BS + 5 LKD 10 5 12.5 590 225 15 113
20BS +5 LKD 20 5 12.5 2220 2227 57 51
100 PS 100 - 7.6 1460 26400 43 129
10 PS + 2.5 LKD 10 2.5 12.3 677 539 15 141
10 PS + 5 LKD 10 5 12.5 334 314 9 151
20 PS +5LKD 20 5 12.5 1263 599 40 88
100 DP 100 - 7.9 3193 11900 181 78
10 DP + 2.5 LKD 10 2.5 12.1 1444 568 18 64
10 DP +5 LKD 10 5 12.4 377 174 17 94
20 DP +5 LKD 20 5 12.6 2038 291 24 60
URM 100 - 6.5 209 112 49 258
U.S. EPAMCL (ng/L) 2000 NA 1300 5000

Notes: MCL:maximum contaminant levels for drinking water; NA: Not avaslabl
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The data in Table 3.2 suggest that the pHs of the WLT effl@ataot affected by the
change in ionic strength of the influent solutions. However, megahing, with few
exceptions, was generally enhanced by an increase in ionictetngfluent solution.
An increase in Naconcentrations in the soil matrix by adjusting ionic strength B2

M to 0.1 M may have decreased the surface negativity of ttesifiyand URM particles,
and released the Ba B*, C¥* and Zri* ions from the solid surface into the aqueous
solution by electrostatic effects (Sparks 2003). Praharaj. é2@02) claimed that the
surface area of the fly ash particles decrease and neassef the particles increase upon
leaching. These changes may have contributed to a decrease amtitbesurface sites

and caused the loosely attached soluble species to be released into the aqueous solution.

3.5 RESULTS OF COLUMN LEACH TESTS

CLTs were conducted on URM alone, fly ash alone and URM-flyL&dh-mixtures to

evaluate the leaching of metals under flow-through conditions. AllsCiontinued until
the pHs of the effluent solutions were stabilized and a minimum op@@dvolumes of
flow was observed. pH of the influent solutions was kept between 6.5 @ndimulate
typical field conditions in Maryland. pHs of the effluent solutiongemeslatively high
(pH=11-12) compared to that of influent solution due to release f ft@an LKD

(Wehrer and Totsche 2008). Table 3.3 indicates that an incredgeashfcontent did
not influence effluent pH. The effect of LKD addition on effluent\wéks more clearly
pronounced due to higher CaO content of LKD as compared to fly &80#s\ersus
0.7-7.8%). Small amounts of LKD addition (2.5% by weight) increfise¢gpH of URM

by ~5.6 pH units and further addition of LKD had a moderate effect on pH increase.
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The peak CLT concentrations of four metals for all specimensharen in Table 3.3.
Most of the concentrations are below the U.S. EPA maximum contentianits,
except the Ba concentrations for 100% Dickerson Precipitatosfiyaad two mixtures.
Maryland aquatic chronic toxicity limit for copper in freshterawas exceeded for all
specimens, whereas 38% of the specimens exhibited Zn concentrabioves the
Maryland ATLs.

Figure 3.6 shows a series of CLT elution curves. The elution ctovedl mixtures are
not presented herein for brevity. All specimens exhibited a fushfleaching pattern,
consistent with the past studies (Chichester and Landsberger 19@8, ébal. 2005).
First-flush pattern generally occurs for the metals havingmiatspecies. An addition of
LKD may have caused significant release of CaO into the aqedutson, which may
have contributed to the existence of a such leaching patterine Atitial leach stages of
CLTs, most of the metals were probably washed out and releasedhe surface of the
fly ash and URM patrticles into the aqueous solution until the condentrdifference
between the metal source and aqueous solution was reduced (Oguimgaargd2003).
A first-flush pattern is expected for boron since the metasislly attached onto the fly
ash and URM particles, and remains present in the water—soliddgom which

increases its leaching rate significantly (Jankowski et al. 2006).
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Figure 3.6 CLT elution curves for a) boron, b) barium, c) copper, and d) zinc.
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The solubilities of all four metals are highly dependent on theeet pH. Table 3.3
shows that pH of the mixtures was high (pH> 11.5), indicating a basyc effluent
solution. It is recognized in previous studies that the solubility of décreases
significantly with increasing pH (Ricou et al. 1999, Yan et al. 2001 waws and
Mahanta 2007, Liu et al. 2008). It is assumed in alkaline conditionCthatetals are
either included in low-solubility minerals or fixed in precipgmt(\WWehrer and Totsche
2008), which is consistent with the findings obtained in this study.eé&s s Table 3.3,
an increase in LKD amount from 2.5% to 5% by weight increaseeftlubent pH, which
may have resulted in reduced Cu concentrations in the aqueous sabgittatisorption
of Cu metals onto the fly ash surface (Sparks 2003). Jegadeeshn(2008) also
showed that the leaching of cationic metals such as Cu can beowennter alkaline
conditions (pH > 10). Material amendments into soils that include iBe®=and alkaline
materials can also reduce the mobility and availability of lmetasoil by adsorption,
complexation, precipitation or combination (Brown at al. 2005, Kumpie@d €007).
The relatively high amounts of #&; (3.16-12.6% by weight, see Table 3.1) may have
enhanced the sorption of Cu and caused a reduction in metal conoaatiatine current
study

The highest Zn concentrations were observed for URM only and Zn coatcamdr
decreased with increasing fly ash content (Figure 3.6). Table datedithat the Zn
content of URM is higher than the Zn contents of fly ashes used in this study. . This may
yield releasing of higher amount of Zn metals into the aquemusas with an increase

in URM content in the mixtures. Komonweeraket et al. (2010) shovee@thleaching
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follows an amphoteric pattern; however, no relationship was observed peak CLT
zinc concentrations were plotted against effluent pH (data not shdgwen though an
amphoteric pattern was evident for Zn in WLTs (Figure 3.5), the rdyndlow
conditions in CLTs may have inhibited the formation of such a pattern.

Boron generally tends to show an amphoteric leaching pattern. Réegiessndicated
that B is in anionic form in alkaline solutions (Querol et al. 20@hkdwski et al. 2006).
B (lll) atoms generally do not exist in their cationic forms &tls to present as boric
acid, B(OH}. Moreover, in basic conditions (pH>7) boric acid is being hydrolyzed a
being converted into borate ions (Baes and Mesmer 1976). In the cstudgt the
concentrations of B in the effluent solutions from fly ash alone sm@m® were
significantly higher than the concentrations of B from URM-fBh4 KD specimens
even though the pH of specimens was around 12. These results indicathd #raount
of main metal source was more dominant than the influence of thenpgHe leaching
behavior of B. Elseewi et al. (1980) showed that leaching ofuBually higher at low
pHs and decreases with an increase in pH. On the other hand, asenoreLKD
amount from 2.5% to 5% increased the pH of the specimens only 3 wwtchbis not a
significant increase in pH. Therefore, this minimal change inmay not be an accurate
representation of the effect of pH on leaching behavior of B aethkaline conditions.
In addition, at basic conditions, it is expected to see the prapitof B with CaC@
(Hollis et al. 1988) which may have also caused a decrease indbrecBntrations in the

aqueous solutions.
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Table 3.3 shows that the Ba concentrations in the effluent semteaith fly ash content
most probably due to an increase in the amount of the main metat sodine mixtures.
On the other hand, Ba concentrations decreased with increasingteffldle Bankowski
et al. (2004) claimed that formation of precipitates and complexati&a with silicates
may have caused a decrease in Ba concentrations in the aquedossalsitBa" ions
tend to attach to the surface of fly ash and URM, and exisaé@HB" at extreme pH

conditions.

3.6 TOTAL LEACHED AMOUNT OF METALS FROM WLTS AND
CLTS

The high carbon fly ashes used in this study contain high amouritsxiof metals.
However, high concentrations of toxic metals do not necessardy et the material
will release significant amounts of heavy metals to intoeimaronment (Apul et al.
2007). Leached amounts of Ba, B, Cu and Zn metals along with thle netal
concentrations in WLTs and CLTs are shown in Figures 3.7 and 3.8, respecthn
increase in total metal contents for all specimens gegpeiagided an increase in metal
concentrations in the leachates of WLTs and CLTs with few exeeptThis indicates
that the amount of total metal source used in the specimens hatl affext on the
leaching amount of metals to the aqueous solutions.

The leached amounts of Ba, B, Cu and Zn from the WLT specimensupeie 98%,
65%, 2.3%, and 1.2% respectively. This indicates that the initiall nehtent used in
the mixtures had significant effects on the leaching of BaBantktals. Leaching of Cu
and Zn, on the other hand, is solubility controlled indicating that s&ching amount is
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highly dependent on the pH of the effluent solutions (Quina et al. 2009efdte it is
expected that the pH of the effluent solutions has a greatet effébe leached amount

of Cu and Zn metals than the total Cu and Zn metal amount in th&urasx
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Figure 3.8 indicates that the leached amounts of Ba, B, Cu and CnTis were up to
3.5%, 8.7%, 0.4%, and 0.05%, respectiveéhg(re §. Even though CLT peak effluent
concentrations were much higher than the WLT concentrations|fésual metals, the
mass of leached metals in WLTs were higher than those in.@LIBsver liquid-to-solid
ratio (L:S) is probably responsible for the metal concentratiorthe@nCLTs than the
WLTs. On the other hand, the agitation motion in the WLTs as amapa the smooth
fluid movement inside the column set-up may have increased theesudatact between
the influent solution and the solid particles (Morar 2007), and resultedger leached

metal amounts into the effluent solutions in WLTSs.

3.7 NUMERICAL MODELING

WiscLEACH was used to predict metal concentrations at different depths arsduyeler
field conditions.Input to the model, including the transport parameters and hydraulic
conductivities determined in the current study, are provided in Tableen8.8.5. The
pavement width(Wp) and shoulder widt{Ws) were assumed to be 10.4 and 1.5 m,
respectively, with a point of compliance gy 20 m from the center of the roadway and
a depth to the ground water table;@4) of 6 m. Over a maximum simulation time,{})

of 100 years, an annual precipitation rate of 1 m/year was assuBneéchcer tests were
conducted to determine the transport parameters. Effective porasmeslispersion
coefficients were determined by fitting the Ogata-Banks (18§Lption to the effluent
Br concentrations in the tracer tests. By using the dispecsieificients obtained from
tracer tests, the longitudinal dispersivities of each specimes determined and the

transverse dispersivity was assumed to be equal to 10% of tpeutbnal dispersivity
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(Apul et al. 2007). The retardation factors for each metals ola@ned by fitting van
Genuchten (1981) analytical leaching model to the metal congengat the effluent of
the column leaching tests.

Figures 3.9 and 3.10 show the contour plots for the predicted concentitiBnsand

Cu, respectively. Contour plots for all metals and mixtures arshmtn in Appendix B.
The contour plots provide the predictions of the metal concentratia@rslaf?, 4 and 8
years of construction. As expected, metal concentrations detrs@séficantly with

time and distance from the HCFA-stabilized layer surface mosbably due to the
dispersion of the metals in the soil vadose zone. The concentrationsaoid®Zn metals
even after 1 year is much lower than peak Cu and Zn concentratiansedbtrom CLTs
suggesting conservative concentration measurements in CLTs. Thlecoreentrations
mostly were adsorbed in the soil vadose zone before reaching doothed water. High
retardation factors of subgrade would be increasing the ratelsoifion of metals

before reaching to the groundwater.

WiscLEACH simulations were also conducted to study the locatadnsaximum
groundwater concentrations (e.g. at the centerline of the pavestreicture, in the
vicinity of the point of compliance) as a function of depth to groundwafégure 3.11
shows the variation of the B and Zn concentrations at different depth$orizontal
distance for a base layer comprised of 85% URM, 10% DP flyaadh5% LKD. The

same tests were run on all other mixtures and similar resales obtained but they are

not shown here for brevity. Figure 3.11 shows a decrease in B and Zn concentriitions w

increasing depth and distance from the center alignment of tlasHlgtabilized layer in
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the vadose zone and groundwater, most probably due to dispersion and adsorption of
metals in the vadose zone.

Figure 3.12 shows that the WiscLEACH-based concentrations of, Byn8laCu increased
and Zn concentrations decreased with increasing fly ash content §129%ctby weight)

, consistent with the observations made in laboratory water leaatolamdn leach tests.
WiscLEACH-based maximum field concentrations are lower thaset measured in the
laboratory column leach tests. Furthermore, all metal concemsatestimated by
WiscLEACH are below the EPA MCLs indicating that the usehaelse mixtures has
minimal threat to the environment.

In WiscLEACH, the geometric variables (pavement width, depth twrgiwater,
shoulder width and thickness of stabilized base layer) and hydseulebles (porosity
and hydraulic conductivity of the fly ash stabilized base lagedld have significant
effects on the leaching of metal concentrations in the groundwateordér to study
these effects, a series of sensitivity analyses were catlatta point of compliance
(POC) of 20 m from the center of the roadway in the current ste@C was chosen as
the target location as Li et al. (2007) claimed that the concemsatf metals at point of
compliance (POC) are less sensitive to the pavement width anddshauldth. In
addition, the pavement and shoulder width are less important becauseutice is
distributed over a broad area for all pavement and shoulder widths imstdte

simulations.
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Table 3.4 Hydraulic conductivities and transport parameters for all alateri

Specimen ThLi(a:LI)(/r?;ss Hydraulic Conductivity, Effective Hydraulic I(_j(i)snr?;g?\;ir'ljl J;;?ngi(\e/:tsye
K (m/s) Porosity, R Gradient ' ’
(m) o (m) o (M)
10 BS + 5 LKD 0.407 1.34 x 10 0.23 1.0 0.04 0.004
20 BS + 5 LKD 0.356 1.04 x 10 0.31 1.0 0.07 0.007
10 PS + 5 LKD 0.375 2.22 x 10 0.26 1.0 0.06 0.006
20 PS +5 LKD 0.396 2.5x 10 0.33 1.0 0.03 0.003
10 DP + 5 LKD 0.375 2.86 x 10 0.24 1.0 0.01 0.001
20 DP +5LKD 0.396 1.87 x 10 0.29 1.0 0.02 0.002
URM 0.791 8.2 x 10 0.32 1.0 0.085 0.0085
Pavement 0.125 5.8 x10 0.35 1.0 0.1 0.01
Subgrade NA 3.2x10 0.35 1.0 0.1 0.01
Aquifer NA 1.2 x 10" 0.30 1.0 0.1 0.01

Notes: The properties for the mixtures were determined from theatabptests in the current study. The properties for pavement, subgrade and
aquifer are adopted from Li et al. (2006), NA: Not available.

Table 3.5 Retardation factors of the soil mixtures for different metals

Retardation Factor, R

Specimen Barium Boron Copper Zinc
10 BS + 5 LKD 3.1 5 5.8 3.4
20BS + 5 LKD 4 2.6 1.2 2.8
10 PS + 5 LKD 3.2 3.6 3.5 2.8
20 PS + 5 LKD 4.1 1.8 1.2 1.8
10 DP +5LKD 2.4 14 1.7 2.3
20 DP +5 LKD 1.6 1.8 1.2 1.8
URM 1.93 2.2 2.22 2.04
Pavement 1 1 1 1
Subgrade 3.5 3.5 35 3.5
Aquifer 2 2 2 2
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An example set of analyses for Zn concentrations from a spegnepared with 75%
URM, 20% DP fly ash, and 5% LKD is shown in Figure 3.13. Thesknpnary
analyses show that depth to groundwater table, thickness of thehflstadslized base
layer, and annual precipitation rate are critical paramdters can affect the metal
concentrations in WiscLEACH. Depth to groundwater table is impbsgaice it may
affect the amount of dispersion and dilution that occurs between tlasHlystabilized
base layer and the POC (Li et al. 2007). Figure 3.13a showarthatrease in depth to
the groundwater table decreased Zn concentrations at the PQEQ theedispersion. On
the other hand, thicker fly ash stabilized base layer yielded aerfn concentrations at
the POC, due to an increase in the total Zn mass in the basestayeure (Figure
3.13b).

In WiscLEACH, the least conductive layer in the highway pratibatrols the seepage
velocity. The same is true for the precipitation rate. If theipitation rate is less than
the hydraulic conductivity of the least conductive layer in thghway profile, the
seepage velocity is controlled by the precipitation rate gflial. 2007). Since the
precipitation rate in State of Maryland is fairly lower thha hydraulic conductivities of
the solil profiles used in this study, the amount of metal conciemsadt the POC will be
dependent on the annually precipitation rate significantly. Figur&c confirms that an
increase in precipitation rate resulted in increasing the Zoetwrations at the POC due

to higher dilution rate in the groundwater.
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3.8 CONCLUSIONS

A study was conducted to investigate the leaching of Ba, B, Cumanaeials from high
carbon fly ash (HCFA) stabilized highway base layers throaporatory tests and
numerical modeling. The following conclusions are warranted:

1) Concentrations of all four metals (Ba, B, Cu and Zn) were below the regulatory
limits determined by EPA MCLs (Maximum Contaminant Limits) in 98% of the
tests. Ba concentrations were 2% to 60% over the MCLs in three CLTs. Field
predicted concentrations of all these metals were also significanthy ieé EPA
MCLs.

2) Anincrease in LKD content caused an increase in pHs of the effluent solutions.
Ba, B and Cu concentrations decreased with LKD addition, indicating a cationic
leaching pattern, characterized by greater leaching at acidicTipdsZn
concentrations in the effluent showed an amphoteric pattern, characterized by
greater leaching at extreme acidic and basic pH conditions.

3) Ba, B and Cu concentrations increased with fly ash content even though the pHs
of the leachates was very basic. This demonstrates that an increase in the amount
of total metal source in the mixtures contributes more to the increase in geachin
of these three metals than the increase of pH due to addition of fly ash. On the
other hand, Zn concentrations decreased with an increase in fly ash content since
the URM had more Zn metals than the fly ashes.

4) An increase in ionic strength (IS: 0.02 M to IS: 0.1 M) did not change the effluent
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5)

6)

7)

8)

pH consistently but generally enhanced metal leaching. An increasecatitre

amount in agueous solutions may have decreased the surface negativity of the fly

ash and URM particles, and thus increased the leaching Bf BaCu** and

Zn** metals from the solid surface into the aqueous solution by electrostatic
effects.

Column leach test elution curves exhibited a first-flush leaching p&tieati
mixtures tested. Initial leaching rates were the highest, and thenzsdlafter
70-75 pore volumes of flow with few exceptions.

WiscLEACH numerical simulations suggest that the metal concentrations
decreased over time and distance and that all the metals were siyficient
dispersed in the vadose zone WiscLEACH results also indicated that the metal
concentrations of metals were much lower than the metal concentratiomedbtai
from the column leach tests suggesting that the results of laboratorgreests
likely to provide a conservative estimate of field metal leaching.

The leaching of heavy metals from fly ash stabilized base layers to the
groundwater did not exceed the EPA MCLimits, EPA WQLimits and Maryland
ATLimits according to the WiscLEACH results due to the adsorption and
dispersion of heavy metals in the soil vadose zone.

WiscLEACH results indicated that the leaching of metal concentrations to the
groundwater would change depending on the site conditions. It was seen that an

increase in depth to groundwater table decreases the heavy metal conosntratio

reached to groundwater. On the other hand, a higher infiltration rate and a thicker

76



9)

HCFA stabilized base layer yielded an increase in the leaching catamrgrof

heavy metals.

On the other hand it should be kept in mind that in WiscLEACH the flow in the

fly ash and subgrade is assumed to occur only in the vertical direction. Steady 1D
unit gradient flow is assumed in the pavement layers and the vadose zone, with
the net infiltration rate controlled by the least conductive layer in thedgeofd

the annual precipitation rate. This also ignores the transverse flow on the top of
the base layers toward the edge of the highway structures in case otisutaga

the least hydraulic conductivity.

77



4 LEACHING OF TRACE METALS FROM HCFA-AMENDED
STRUCTURAL FILLS

4.1 INTRODUCTION

The objective of the current study in this section is to evalbhatdéeaching potential of
embankment construction materials mixed with fly ash relatvindse stabilized with
conventional materials, and to evaluate the potential groundwater dadeswater
impacts. The beneficial reuse of fly ash in embankments construxit only helps ease
one of the most pressing environmental problems (safe disposalindyutesult in
significant cost savings as well.

Utilization of fly ash in embankment construction has been documentedligr studies
(Baykal et al. 2004, Zhang and Solis 2008, Yoon et al. 2009). However, previous studies,
in general, focused on the mechanical improvement of fly ash-acheamdbankments
and no information was available for leached concentrations of matalsother
inorganic under field conditions. Even though, mechanical properties of ytheslil
amended embankments deemed satisfactory, one key issue that preohbadegkment
stabilization with fly ash is the potential for surface and groateéiimpacts caused by
metals in the fly ash. Public perception on fly ash use wasaffiscted by the failure of
a dike in Tennessee. The failure of a dike built with 100% flyaashe Kingston Fossil
Plant, Tennessee in 2008 led to the release of approximately Seghroibic yards of
impounded fly ash onto surrounding land and into the adjacent Emory RiverevEnis
most directly affected citizens living in close proximity teetplant and indirectly

impacted all coal burning utilities and other large coal useos.example, as a result of
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this event, the U.S. Environmental Protection Agency (EPA) dirgidsed operators and
power companies to conduct on-site assessments to determiteitheral integrity and
vulnerabilities of all ash management facilities and to ordaaire where needed. EPA
determined in 1993 and in 2000 that waste from the combustion of coal andostiler
fuels is to be regulated as nonhazardous; however, many organizatidodjng the
U.S. Congress, are urging EPA to propose new rules regulatingaodlustion waste
under the Resource Conservation and Recovery Act (RCRA).

The Kingston release has focused new attention on all aspe@€m®fmanagement.
Even though it was quickly recognized that the dike materialpwess fly ash, additional
research was warranted to ensure the environmental suitadfilityture soil-fly ash
embankments. Moreover, high carbon fly ashes (HCFAs) may haeeediffoehavior
than conventional Class F or C fly ashes and such behavior needsttalied. In order
to study the water quality impacts of fly ash amendment intmaekments in Maryland,
a research program was initiated. The objectives of this@hapthe current study are
to determine the leaching patterns of the heavy metals dsasvéhe effects of fly ash
content and type on the leaching behavior of the trace metats the embankments

constructed with HCFA.

4.2 MATERIALS

Sandy soil (borrow material) that is commonly used in embankowerstruction by the
Maryland State Highway Administration was utilized in prepgrithe soil-fly ash
mixtures. Soil was collected from a pit in Denton, Maryland, and was sievedthxau

4 sieve (4. 75 mm) upon transporting to the laboratory. The soillassfed as poorly
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graded sand with silt (SP-SM) according to the Unified Soit€if@ation System, and
A-3 (fine sand) according to the American Association of Stdtghway and
Transportation Officials (AASHTO) Classification Systehe soil showed no plasticity
based on consistency limit tests per ASTM D4318-10. The physicalrpespef the soil
along with the fly ashes are summarized in Table 4.1.

The fly ashes used in this study were collected from Brandon St@®gs Paul Smith
Precipitator (PSP), Dickerson Precipitator (DP), Morgan Town )(Mid Columbia
power plants. All fly ashes, except Columbia, were obtained fronpakaeer plants in
Maryland were classified as off-spec fly ashes accordifgStoM 618C. The Columbia
ash, a Class C fly ash, was collected from a power plant inohnssm and was included
in the testing program due its high CaO content and low loss dioigmalue. All of the
fly ashes consisted primarily of silt-size particles and ¢oath80 to 90% fines (passing
the 75-mm sieve). Specific gravity of fly ashes ranged betWekrand 2.5 (ASTM D
854), and the pHs ranged between 4.5 and 9.5 (EPA Method SW- 846 Method 945),
respectively. The physical properties and chemical compositiotiseomaterials are
summarized in Tables 4.1 and 4.2, respectively. Total elemeratiyisas of the 5 fly
ashes and sandy soil were conducted following the procedures outliBERiISW-846
Method 6800 and summarized in Table 4.3.

Fly ash addition to the soil was 10, 20, and 40% by weight. The lowezmages are
within the typical range used in soil stabilization and the higleecentage (40%) was
chosen to study the effect of ash content on the leaching behavioal#hn leach test

specimens were compacted at their 2% dry of optimum moisturent®1i@MVCs) in an
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acrylic tube having a 101.6 mm inside diameter and 305 mm heightompacting to
the dry of OMC, higher hydraulic conductivities could be achievedahatv enough
sample to be collected in a reasonable amount of time. StandatdrRffort (ASTM D
698) was used during compaction consisting of 8 layers with 29 blowsayar to
achieve a target dry unit weight of 19.2 kN/which is a minimum value for highway
embankments specified by the Maryland State Highway Admiti@tta The mixtures
prepared with Maryland fly ashes were used directly after cotiopa However, due to
their high calcium content, Columbia fly ash mixtures were theedcior 7 days at 95%
relative humidity and 23 C°. Table 4.4 provides the list of soil nesttinat are used in
the current study along with their maximum dry unit weights aptimum moisture

contents.
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Table 4.1 Physical properties of the soil and fly ashes

| Wopt ’e LL P Fines Content Fineness
Sample @ (%) (KN/m?) %) | (%) (<7(§A$1m) (ﬁ%lm)
Soil 2.6 11 19.2 NP NP 2 -
BS 2.28 16 11.87 NP NP 84 13
PSP 2.17 22 9.96 NP NP 87 20
DP 2.43 36 9.93 NP NP 82 15
MT 2.4 25 13.8 NP NP 80 16
Co 2.7 21 15.6 NP NP 90 14.4

BS: Brandon Shores, PSP: Paul Smith Precipitator fly ash, DP: Dickaecipifator fly ash, BS: Morgantown fly ash, Co: Columbia fly ash, G
Specific gravity, Wym Optimum water contenfamax Maximum dry unit weight, LL: liquid Limit, PL: plastic limit, NP: Norgitic.

Table 4.2 Chemical compositions of the fly ashes tested. Concentrations of maj@isrwere determined by X-ray fluorescence
spectroscopy analysis. All concentrations are in percentage by weight.

Chemical Composition

pH LOI SIO Al>0s FeOs CaO MgO | SIO; + Al,O3 + FeOs, I\C/l:g:'?ttgnrte
0, [0) [0) [0) [0) 0, i [0) !
Fly ash o) | () (%) (%) o) | ®) min (%) () (%)
BS 6.1 6.2 45 27 3.2 1.1 0.6 75 0.007
PSP 6.6 6.8 53 21 6.7 0.4 1.2 81 0.004
DP 8.1 16 40 32 14.7 0.6 15 87 0.006
MT 9.5 8.1 49 26 13.7 2.5 1.9 88 0.011
Co 124 0.4 31 18 6.1 194 3.7 56 0.004
Class GasT™
C618) NA 6 40 17 6 24 5 70 3
Class HASTM
C618) NA 6 55 26 7 9 2 50 3

BS: Brandon Shores PSP: Paul Smith Precipitator fly ash, DP: Diokersaipitator fly ash, BS: Morgan Town fly ash, Co: Columbia fly ash,
LOI: Loss on ignition. FW: Future Work, NA : Not applicable.
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Table 4.3.Total metal content of the fly ashes and sandy soil materiaiHeototal
elemental analysis results.

Sample| Al (mg/L) | As(mg/L) | B (mg/L) | Cr (mg/L) | Mn (mg/L) | Se (mg/L)
Soil 28760 <3 3 16 38 <3
BS 21333 24.16 21 50 34 39
PSP 11770 52.08 30 30 216 21
DP 17638 41.63 79 42 62 9
MT 29123 39.68 241 68 208 46
Co 91848 15.01 600 65 92 24

Table 4.4 Legend and compositions of the mixtures.

Fly Ash Optimum Maximum Dry
Legend of Mixtures Content Water Unit Weight
(%) Content (%) | (KN/m?)

100 Soil 0 11 19.2
S-10BS 10 9 19.3
S-20BS 20 11 18.8
S-40BS 40 13 16.7
100 BS 100 26 11.9
S -10 PSP 10 11 19.1
S -20 PSP 20 13 18.7
S —-40 PSP 40 17 16
100 PSP 100 22 10
S-10MT 10 10 19.2
S-20MT 20 11 19.
S—-40 MT 40 12 18
100 MT 100 25 13.2
S-10DP 10 14 16.8
S—-20DP 20 15 15.6
S -40DP 40 18 13.2
100 DP 100 36 10
S-10Co 10 11 119
S-20Co 20 13 18..9
S-40Co 40 16 16.4
100 Co 100 21 15.6

Note BS: Brandon Shores fly ash, PSP: Paul Smith Precipitator fly ash, D&&r&oa
Precipitator fly ash, MT: Morgan Town fly ash, Co: Columbia fly ash. The numtters t
follow the fly ashes indicate the percentages by weight of admixtures adtiedstal.
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4.3 METHODS

The procedures listed in sections 2 and 3 were also followed foratiee Mach tests and
column leach tests. In addition, a series of toxicity leachingachkexistic procedure
(TCLP) tests were also conducted on the same soil alone hflglase and soil-fly ash
mixtures.

The soils, fly ashes their mixtures prepared for TCLP testie the same materials
prepared for WLTs. The TCLP test is designed to determinmtidlity of organic and
inorganic compounds present in liquid, solid and multiphase wastes. Effod11311
was followed during TCLP tests. The soil mixtures were sieheough U.S. No. 3/8
inches sieve. A liquid-to-solid (L: S) ratio of 20:1 was used fbtest specimens. An
acetic acid solution with a pH of 5 was used as an extractiah fnd was added only
once, at the start of the extraction. pH and electrical conductiveigsurements were
recorded immediately after the sample collection. The protamzosdmple preparation
and preservation followed those employed in WLTs except the ibltrg@rocedure. The
samples were vacuum filtered through TCLP glass fiber filEnen filtered leachates
were acidified to pH<2 with 2% HN{ acid solution and preserved in 4 C° for chemical

analysis.

4.4 RESULTS
4.4.1 Water Leach Tests

Duplicate batch water leach tests (WLTs) were conducted/@sifi alone, soil alone and
soil — fly ash mixtures. The pH values for each specimen wezasuned and are

summarized in Table 4.5. The pH values of mixtures, in descending ardeColumbia
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(Co), Morgantown (MT), Dickerson Precipitator (DP), Paul Smrchitator (PSP) and
Brandon Shores (BS) fly ashes. The pHs of the effluent solutionbetagen 5.5 and
12.2 (Table 4.5). The specimens prepared with Co and MT fly &sliethe highest pHs
while specimens prepared with the PSP and BS fly ashes himhvést. Table 4.2 shows
the chemical compositions of the fly ashes obtained from Xffnaction analysis. It is
well known that there is a strong relationship between the pH tédlbbate and the CaO
and MgO contents of the materials used in the soil mixturesadtletbasic nature of
these minerals (Jankowski et al. 2006, Quina et al. 2009, Mudd et al. 2004 tametGi
al. 2009). Johnson et al. (1999) also claimed that release of C&£a0@minerals yields
Ca(OH) in aqueous solutions. Ca(OHy the oxide mineral that significantly contributes
to alkalinity. Therefore, it was an expected behavior for theisas prepared with Co
and MT fly ashes to produce higher pH values than the specpnepared with BS and
PSP fly ashes.

Figure 4.1a shows the impact of fly ash addition into the sandypwanmaterial. As
expected, an increase in fly ash contents in the soil- flynastures increased the pH
values of the effluent solutions significantly. Generally the odtincrease in pH values
was the highest when fly ash content was increased from 0% to y@%éight in the
soil-fly ash mixtures. The increase rate was the lowest ivgties while increments in
fly ash contents were varied from 40% to 100% by weight. An inclieaB&, PSP and
DP fly ash contents did not affect the increase rate of tharpthe effluent solutions as
it did in Co and MT fly ashes because of the relatively lowdd @ad MgO contents of

BS, PSP and DP fly ashes.
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Table 4.5 Stabilized pH and effluent concentrations in WLTs. Concentratiopsdaxg
EPA MCL are inbold.

Fl
Specimen Name As¥1 oH Al As B Cr Mn Se
Content (mg/L) | (Mo/L) | (Ho/L) | (Mo/L) | (Ho/L) | (Mo/L)
(%)
S-10BS 10 6.3 0.08 <0.J1 <0.02 <0.000.028 | <0.03
S-20BS 20 6.4 0.001 <0.01 0.8 <0.000.034| <0.03
S-40BS 40 | 6.81| 0.05 0.01 0.12] <0.0Q10.075 | <0.03
100 BS 100 55| 015 [ <0.01| 0.34| <0.001 0.031 | <0.03
S-10PSP 10 6| 022 | <0.01| NA | <0.001 0.017 | <0.03
S-20 PSP 20 6.4 <006 <0.01 0.16 <0.p@o027| <0.03
S —-40 PSP 40 | 7.02 | <0.05| 021 | 0.34 0.01| 012 0.09
100 PSP 100 7.7 0.68 0.23 [ 0.58 | 0.007| 0.018 0.13
S-10MT 10 7.2 0.2 <0.0L 0.7% 0.0]11 <0.0040.03
S-20MT 20 8.7 035 | <0.01| 1.36| 0.021] <0.0010.076
S—-40MT 40 964 | 24 0.06 | 2.23 0.06 | <0.001 0.12
100 MT 100 98| 6.7 0.08 [ 6.56 | 0.13 |[<0.001| 0.28
S-10DP 10 | 7.05| <0.05| <0.01 0.2 0.002 0.07 | <0.03
S-20DP 20 711 <005 <0.01 033 0.008 0.p3 0.04
S-40DP 40 | 7.78 | <0.05| 0.04 | 0.74 0.01 0.01| 0.12
100 DP 100 [ 796 | 0.07 | 0.05 | 1.45 | 0.015| 0.03| 0.17
S-10Co 10 [(11.88| 45 <0.01| 0.65 0.04| <0.00[1<0.03
S-20Co 20 |11.95| 48 <0.01| 0.22 0.06| <0.00[<0.03
S-40Co 40 |12.07| 57 <0.01| 0.16 0.06| <0.00[1<0.03
100 Co 100 [12.15| 55 <0.01| <0.02] 0.04| <0.00{1<0.03
Sail - 6.74| <0.05| <0.01 <0.0p <0.00%0.001| <0.03
MDL (mg/L) 0.05 0.01 0.02( 0.001 o0.00p 0.03
U.S. EPAMCL (mg /L) 0.2 0.01 NA 0.1 0.04 0.05
U.S. EPAWQL (mg /L) 0.75 0.34 NA 0.57 NA|  0.005
MD ATL (ug /L) NA NA | 13000 0.57 NA NA

Note: MDL: Minimum Detection Limits, MCL= maximum contaminal@vels for drinking
water; MCL for Al is based on a secondary non-enforceabiikidg water regulation; WQL=
water quality limits for protection of aquatic life and ranrhealth in fresh water. ATL = aquatic
toxicity limits for fresh water. The numbers that follow thedshes indicate the percentages by
weight of admixtures added to the soil.
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Table 4.5 shows that, with few exceptions, the concentrations of satsnfal, As, B,
Cr, Mn and Se) that leached from the soil-fly ash mixtures pedpaith 10% and 20%
fly ash contents by weights are below the U.S EPA maximum caatent limits for
drinking water (MCLs), EPA water quality limits (WQLs) ftne protection of aquatic
life and human health, and Maryland aquatic toxicity limits (ATfar fresh water.
Arsenic and selenium concentrations are below the detection limg®il mixtures,
except the specimens prepared with 40% and 100% PSP, MT and Dfhdly @ag
weight. This indicates that by increasing the total me@sce greatly in the soil-fly ash
mixtures, leaching potential of these heavy metals also insrgasging a potential threat
to the environment. This trend suggested that extra care shoulkebenahe design of
soil-fly ash mixtures, to be sure that the leached metals coatens do not exceed the
environmental regulation limits. Specimen prepared with 100% MTadlyes was the
only specimen that leached Cr concentration was above the limits.

Figure 4.2 shows the effects of fly ash content on leaching coatiens of the 6 metals
analyzed. An increase in fly ash contents in the soil-fly ashtumes increased
concentrations of As, B and Se metals regardless of fly ashHygpeever; no consistent
increase were observed for the leaching of Al and Mn meié#isaadition of fly ash in
the soil-fly ash mixtures. The pH of the effluent solutions westveen 6.5 and 7.5
especially specimens prepared with BS, PSP and DP fly.aBhesmnobility of Al and
Mn metals at this pH range is minimal and it is expeatdubtve very low concentrations

of these metals under this condition.
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Figure 4.2 Concentrations of six metals in the effluent from WLTs(NddeBBandon
Shores, PSP: Paul Smith Precipitator, MT: Morgan Town)
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It seems that the pH effect of the aqueous solution was doonénant than the increase
of fly ash content on leaching of Al and Mn metals for specimergaped with certain
type of fly ashes such as BS, PSP, and DP.

On the other hand, leached Al concentrations from the soil-fly ash mixturesquteyth
Co fly ash were the highest most probably due to the higher tot@brmént in this fly
ash (Table 4.3). In addition, Al tends to show an amphoteric leachitegrpéCetin et al.
2012, Komonweeraket et al. 2010) which indicates that release ofrabses at extreme
pH conditions. The pHs values of the Co mixed soil mixtures wengeba, 11.9 and
12.15. Under these alkaline conditions, the surface charge of theddly ash particles
are negative and anionic forms of Al metal tends to be releagedicantly into the
aqueous solutions which also probably raise Al concentrations (&itaki 2009). These
findings are consistent with Johnson et al. (1999), which also foundrhatrease in
pH increases the Al concentrations leached from similar waste netegaificantly.

Even though an increase in fly ash content increased the As arwh&mtrations in the
effluent solutions, the concentrations were mostly below the datdotits. Thus, it was
not possible to define the leaching pattern of these two toxglsndiable 4.5 shows that
a change in pH from neutral to alkaline pHs also increasedtieentrations of As and
Se metals, consistent with a behavior observed from previous stddidsoWski et al.
2006, Komonweeraket et al. 2010). At these pHs arsenic and seleniumprstarting
anionic forms as HAs§ and HSe@ released from the fly ashes (Izquierdo et al. 2011).
Cr concentrations leached from specimens prepared with BS andlyP&hes were

below the detection limits with few exceptions. Specimens prepaitbdVT fly ashes
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released the highest Cr concentrations into the aqueous solutioress4Tabidicates that
MT fly ashes contain the highest amount of total Cr content wieshlts in higher Cr
release than the other fly ashes. Moreover, Cr leaching is hdgpgndent on the pH of
the effluent solutions (Komonweeraket et al. 2010, Jegadeesar?608].and Cetin et
al. 2012). The pH of the specimens prepared with MT fly ashes vegred between 7.2
and 9.8 and at these pHSs, the insoluble form of Cr metals which(ll§ Gtarts being
oxidized to soluble Cr(VI) and create the GfGanionic form (Geelhoed et al. 2002,
Gitari et al. 2009, Engelsen et al. 2010). Therefore, an incregs¢ would increase the
oxidation rate of insoluble Cr(lll) to highly soluble Cr(VI) whichowd increase the
released Cr concentrations into the aqueous solutions.

B concentrations were increased with the addition of fly ash espegimens prepared
with Co fly ashes. Leaching of B is very sensitive to pH ofaheeous solutions and it
tends to show cationic leaching pattern indicating that its sdllslivery high at low
pHs and decrease with an increase in pH (Elseewi et al. 19&0i &ital. 2009). As
shown in Table 4.5 the pHs of the specimens prepared with Cohflwa® very high
and this could be the reason to observe a decrease in B concentréhcas wcrease in
Co content in the soil-fly ash mixtures. In addition, at high pHs adsorpf cationic
species are very likely and increase in pH with addition oflCash may have caused an
increase in the adsorption of B by soil and fly ash surfaces ieldl & decrease in B
concentrations in the aqueous solutions (Mudd et al. 2004). Furthemore, Bomay

precipitate with CaC®minerals and it is expected to observe large amount of these
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minerals in the effluent solutions of the soil-fly ash mixturesppred with Co fly ash
due to its high CaO content (Hollis et al. 1988).

The Mn concentrations increase with an increase in fly ash cantéhé soil-fly ash
mixtures, except those prepared with MT and DP fly ashes (Bab)e The increase in
Mn concentrations is not linear with fly ash content, even though the ofasetals in
soil mixtures increases approximately linearly with fly ashtent. Therefore, the use of
linear dilution calculations will underestimate the resulting eatrations of Mn from
soil-fly ash mixtures. Mn concentrations below the detection lifioitsthe specimens
prepared with Co fly ashes. Mn metals tends to show cationibihgapattern and it is
very unlikely to determine Mn concentrations at very basic condisank as provided
by soil-fly ash mixtures prepared with Co fly ash (pH 11-12.5)afGiet al. 2009,
Engelsen et al. 2009).

Mn concentrations decreased with increasing fly ash content inasndaded with MT
and DP fly ashes. The leaching pattern of Mn is generally doediriat the pH of the
effluent solutions (Goswami and Mahanta 2007). Since the pH of theemdffvary
between 7.2 and 10 for the soil-MT fly ash mixtures and theDddifly ash mixtures,
precipitation of Mn with Al-oxides and Fe-oxides occur and generateceease in Mn
concentrations in the aqueous solutions even though the main source Isf wasta

increased. (McBride 1994, Jegadeesan et al. 2008).

4.4.2 Column Leach Tests
Figure 4.3 shows the variation of the effluent pHs as a functiporefvolumes (PVs) of

flow. All CLTs were continued until a minimum of 50 pore volumes of floxas
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obtained to examine the behavior and persistency of the pH of theistites. The pHs
of the effluent solutions fluctuate for all specimens until 20 B#ow is reached, and
then the pHs remains constant. Similar to the observations maukch water leach
tests (WLTSs), there is a strong correlation between the @dO/gO contents of the fly
ashes and pH of the leachate solutions. The pHs of the CLT speqinegrased with
Morgantown (MT) and Columbia (Co) fly ashes has the highest pH vahegthe pH of
the effluents leached from the specimens prepared with BrandoasS{$) and Paul
Smith Precipitator (PSP) had the lowest (Table 4.6). An incrieaBg ash caused an
increase in the effluent pHs of the all specimens as observed.Tis.\ViPure sandy soill
had the lowest pH values.

Table 4.6 provides the peak metal concentrations along with thézetdlpH values of
the aqueous solutions. The maximum leaching concentrations of some wietals
exceeded the EPA MCLs, EPA WQLs and Maryland ATLs. However, colaach tests
provide relatively high metal concentrations that are typicallepmesentative of field
conditions (Bin-Shafique et al. 2006, Li et al. 2007). Thus, computer mczieth as
WiscLEACH, become useful in predicting concentration profiles in the field.

Figure 4.4 shows that, except Mn, the concentrations of Al, As, GndSe tend to
increase with an increase in fly ash content. The soil-flyn@gtures prepared with PSP
fly ash were the only ones for which an increase in fly ash obitereased the Mn
concentrations in the effluent solutions. Mn is very mobile in agHis and an increase
in pH decreases the mobility (solubility) of Mn in the aqueoustsols because Mn

starts precipitating as Mn(OK{3) (Dutta et al. 2009). Furthermore, Mn usually exists in
93



its cationic form MA" in the aqueous solutions, and with an increase in pH the surface of
the soil and fly ash particles are being deproponated.

The cationic species, such as ¥rattach to negatively charge surfaces which vyields a
reduction in the leached Mn concentrations (Su et al. 2011, Gitdriz(®). Mn tends

to decrease with pH. In addition, Mn metals precipitate by conmgewith cationic
metals that exist in the agueous solutions such as, As and Ca (Keeraket et al.
2010). Table 4.6 and Figure 4.2b show that the leaching trend of the &firongly
dominated by the pH of the effluent solutions except for the speciprepsred with
PSP fly ash. An increase in fly ash content increased thecdicentrations in the
leachates for the soil-PSP fly ash mixtures. Table 4.3 irgdidhatat total Mn content of
PSP fly ash is approximately 1.2 to 8 times higher than theNttalontents of other fly
ashes. Therefore, it was expected to observe main metal solre¢he dominant factor

on leaching of Mn from the soil-PSP fly ash mixtures.
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Table 4.6 Stabilized pH and peak effluent concentrations in CLTs. Concentrations
exceeding EPA MCL are inold.

Fl
Specimen Namé As¥1 oH Al As B Cr Mn Se
Content (mg/L) | (mg/L) | (mg/L) [ (mg/L) | (mg/L) | (mg/L)
(%)
S-10BS 10 5.75 013 <0.01 146 <0.00D.90 | <0.03
S-20BS 20 6.25 0.14 0.04 1.63 | <0.001] 0.82 | <0.03
S—-40BS 40 6.7] 0.16 | 0.09 8.68 0.03 ] 0.82 | <0.03
100 BS 100 7.3 0.16f 0.73 | 19.11| 0.05| 31 0.04
S—-10PSP 10 6.3 0062 <0.01 1.05 <0.po@.25 | 0.031
S-20PSP 20 6.6 0.1 0.09 2.78 | 0.003| 0.33 0.09
S —-40 PSP 40 7] 034 158 | 30.54| 0.06( 1.68 174
100 PSP 100 7.1 0.38 2.06 56 0.44 3.88 2.08
S—-10MT 10 7.2 0.11} <0.01r 13.8 032 | 0.023| 0.063
S—-20MT 20 83| 03 0.075 | 26.4 | 159 | 0.006 [ 0.202
S—-40MT 40 9.8| 27 0.34 115 323 | 0.005| 1.79
100 MT 100 10 | 126 0.36 166 3.48 0.01 | 584
S-10DP 10 6.6|] 0.07 | <0.01| 11.6] 0.002 1.28 0.11
S-20DP 20 6.72 0.17 0.34 23.8 | 0.003| 0.6 0.37
S —40 DP 40 7.2] 0.32 0.5 4212 | 0.01] 0.39 1.12
100 DP 100 79 241 0.75 43.2 0.03 | 0.048| 1.68
S-10Co 10 [11.88] 98.3 0.03 1.44 | 0.17 | 0.003 | 0.05
S-20Co 20 |11.95| 187 0.07 1.52 | 0.36 0.58 0.08
S—-40Co 40 |12.07 95 0.08 7.86 | 0.12 |<0.001| 0.36
100 Co 100 [12.15| 206 0.05 23.6 | 1.13 | 0.0025| 0.94
Sandy Soll - 52| <0.08 <0.0L 0.7 <0.0010.64 | <0.03
MDL (mg/L) 0.05 0.01 0.02| 0.001 o0.000 0.03
U.S. EPAMCL (mg/L) 0.2 0.01 NA 0.1 0.05 0.05
U.S. EPAWQL (mg/L) 0.75 0.34 NA 0.57 NA| 0.005
MD ATL (ug /L) NA NA | 13000 NA NA NA

Note: MDL: Minimum Detection Limits, MCL= maximum contaminal@vels for drinking
water; MCL for Al is based on a secondary non-enforceabikidg water regulation; WQL=
water quality limits for protection of aquatic life and ranrhealth in fresh water. ATL = aquatic
toxicity limits for fresh water. The numbers that follow thedshes indicate the percentages by
weight of admixtures added to the soil.
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As, Cr, Al and Se metals generally show an amphoteric leagiatigrn (Cetin et al.
2012, Komonweeraket 2010). An increase in fly ash content causes arsengrgae
amount of main metal source and an increase in the pH of thergfolution due to the
dissolution of CaO and MgO minerals (Izquierdo et al. 2011). Considdgrengbserved
pH range in the effluent of the column leach tests (pH = 5.75 — 12.5plAbility is
likely to be available in both its cationic and anionic species. SijubflAl is generally
controlled by the dissolution of precipitation of the Al carriernenal and Al-
(hydr)oxides solid phases existing in the aqueous solutions (Muraeda1991). At pH
range of 5.75 to 9, the free *Alstarts precipitating as Al(Okl)gibbsite) and Al(OH)
(amorphous) which reduces the concentrations 6f il the leachate (Astrup et al.
2006). This indicates that an increase in pH between the pH ran§essaio 9 should
cause a decrease in Al concentrations. However, in this studycesase in fly ash
content increased the Al concentrations in the leachates regaddlése fly ash type.
This behavior occurred most probably due to the high total Al comeall fly ashes
used (Table 4.3). On the other hand, an increase in Columbia (Cof ftpatent, Co fly
ash (pH > 10) yielded Al concentrations more than 200 times hilgherthose leached
from specimens prepared with other fly ashes. Table 4.3 inditete®tal Al content of
Co fly ash is 3 to 8 times higher than the other fly ashes. The pHs of the eftigidgns
of the soil-Co fly ash mixtures were the main reason for tease of significantly high
Al concentrations because at pH >10, the anionic Al species €solvdng from the fly
ash particles and particle surfaces and complex with other anetabecome freely

available in the aqueous solutions (Sparks 2003).
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Figure 4.4d indicates that an increase in fly ash content imcrélas Cr concentrations in
the aqueous solutions. Specimens prepared with 10% by weight BS arfty RSIRes
and specimens prepared with 20% by weight BS fly ash did neasel Cr at
concentrations above the detection limit (MDL for Cr=0.001mg/L). The gbHhe
effluent solutions was the main reason for this low Cr release at pH of 5.75 to 6.3
Cr is usually present at its insoluble form and do not leach signify (Engelsen et al.
2010). At pH>6.5-7 will increase the oxidation of these Cr(lll) t¢MQrand also will
release the anionic forms of Cr metals such as HCmhd CrGQ? CrO,?
(Komonweeraket et al. 2010, Goswami and Mahanta 2007). This trend wagedbser
especially with the specimens prepared with MT and Co fly a3iesconcentrations of
Cr leached from these specimens were at least 7 timbhsrhigan those leached from
soil-fly ash mixtures prepared with BS, PSP and DP fly asiveisg to the high pHs of
these specimens (Table 4.6). The relatively higher Cr comatienis observed from the
MT fly ash mixtures as compared to Co fly ash mixtures was attributed t€tatantent
of MT fly ash (Table 4.3). Cr concentrations of all soil-MT &igh mixtures exceeded the
EPA limits, Cr (V1) is a toxic Cr species and an acutiéaint for living cells and can be
carcinogenic to humans via inhalation (Whalley et al. 1999). Therefir@, care should
be taken in the design of embankments with MT fly ash.

Se concentrations leached from soil-fly ash mixtures prepardd B8 fly ash
were below the detection limits except for the specimens pikpatie 100% BS. For the
remaining mixtures, an increase in fly ash content increaseSettoencentrations in the

effluent solutions (Figure 4.4q). For soil-BS fly ash mixtures it was exghéatieave very
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low Se concentrations due to its relatively low pH values (pH=m7A3). Se tends to
show amphoteric leaching pattern and its leaching is minimum wtahg@H values
(Komonweeraket et al. 2010, Su et al. 2011). At alkaline pHs Se idnenmm its
anionic forms such as Sg0and Se@ (lzquierdo et al. 2011, Morar et al. 2012).
Leaching of Se oxyanions is affected by the fly ash surtaué soil surface site
concentrations, pH and other anions and cations (Su et al. 2011). AaseanepH of
the agueous solutions will cause cationic species to be adsorlibd byrfaces of soill
and fly ash particles and create competitions between cation@némic species of the
metals. A decrease in the available space on the surfacefsitessoil fly ash particles
would cause dissolution of anionic Se species and increase tlen&mtations in the
leachates (Wang et al. 2008). Therefore, the specimens preptrédWily ash yielded
the highest Se concentrations since the pH of these soil mixteresbetween 7.2 and
10. Specimens prepared with Co fly ash leached lower Se conaergrdian the ones
prepared with MT fly ashes even though the pHs of specimens ptepiineCo fly ash
were higher than those prepared with MT fly ashes. This trerattibuted to the
relatively higher total Se content of the MT fly ashes (Table 4.3).

Figure 4.4b shows that an increase in fly ash content in the ysasiil mixtures increases
the As concentrations in the effluent solutions regardless oftilyyape. Solubility of As
is highly pH dependent (Komonweeraket et al. 2010, Pandey et al. 2Qkdya/et al.
2009). Leaching of As also tends to show an amphoteric leachimgrpatid has a high
affinity to exist in its anionic forms such as HAEQ HAsO; (Narukawa et al. 2005,

Ettler et al. 2009). In neutral pH conditions (pH=6 to 7.5), leachimgsas minimal due
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to the maximum adsorption of As metals onto soil and fly ash ssrf&t@vever, the
soil-fly ash mixtures prepared with PSP fly ash had the bighg concentrations in the
leachates, even though the effluent pHs of these soil-PSP mixtures was neutr
Specimens prepared with MT and Co fly ashes leached loweorfeectrations than the
specimens prepared with PSP fly ash, even though the effluent ptde specimens
prepared with MT and Co fly ashes were around 10 and 12, respectiveljlyRSh had
the highest total As content of all the fly ashes used in thertustudy. Gitari et al.
(2009) also claimed that availability of As depends on the quantities in thehfig.a
Sorptions of As onto metal oxide minerals are very likely oaetureutral pHs (Pandey et
al. 2011, Kim et al. 2009, Sadiq et al. 2002). Fe-(hydro)oxides are one ofidste
dominant oxide minerals that have significant effects on thdilegof As (Apul et al.
2005). Fe-oxides have a strong affinity for As species. Adsorpdaction between As
and Fe-oxides becomes very rapidly and the reaction continuesoatest sEate after the
initial reaction (Sadiq et al. 2002). Fe contents of the fly asimek leached Fe
concentrations in the aqueous solutions are very critical in theitgabehavior of As
(Kim et al. 2009). Relatively lower F®; contents of the PSP fly ash could be another
reason for having the highest As concentrations in the leachabk (4.2). Since PSP
fly ash had the lowest @3, it was expected to observe lower leached Fe concentrations
from the soil-PSP fly ash mixtures as compared to MT-basediresxtHowever, in this
study Fe concentrations were not measured, therefore; it wasoasible to make a

certain conclusions about the effects of Fe-As association on the leachawipb®f As.
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Boron (B) concentrations also increase with increasing fly astewontth few
exceptions. B has cationic species and these species are adsotheddil and fly ash
particles in the aqueous solution or precipitated with Al-oxidesiramdoxides at pH >
6.5 (Pagenkof and Connolly 1982). Therefore, the B concentrations aretezkpie
decrease with an increase in pH of the effluent solution. Howawmeopposite trend is
observed for the specimens tested in the current study (Figurarti4table 4.6). It is
speculated that the large amounts of boron in the fly ash is #we cause for the
observed pattern. Table 4.3 indicates that total B content of CoHlysa800 mg/kg
which is the highest among all the fly ashes used in the custaedy. However,
specimens prepared with MT fly ashes yielded the highest Bentmations in the
leachates. Precipitation of B metals with ettringite nalseat very alkaline conditions
by substitution with other cations on the soil and fly ash surfat®g have yielded
relatively lower B concentrations in the aqueous solutions of thdlysaish mixtures
prepared with Co fly ash (Gitari et al. 2009).

Figure 4.5 to 4.10 show a series of column leach test elution curvekefor
specimens tested in the current study. The curves for all spetatept As, suggest an
initial leaching of metals followed by a sharp decrease & nenstant concentrations
after 5-15 pore volumes of flow. This is called first-flush ofcléag and occurs due to
the release of metals from the water soluble fraction disasdrom the sites with low
adsorption energies. This CLTs results suggest that, in a eéhlafpplication, aqueous
samples should be collected especially during the construction @ase metal

concentrations in leachates that come out of the mixtures aretecie be higher at the
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initial stages. However, the leaching curves for As mesalswed a lagged flush
response. The leaching of As metals increases until 10-20 pore eslofrflow then
decreases dramatically. The As concentrations that were teaohé&rom the specimens
prepared with 10% and 20% by weight fly ashes were generatiwlibe detection limit
(0.01 mg/L) and did not exhibit any clear leaching trend. The spasipeepared with
40% and 100% fly ashes showed a lagged response type leaching. paltter As
concentrations decreased significantly in the first 3-4 pore voluofiefow then
increased to 35 — 40 pore volumes of flow followed by a dramatic decreageneral,
the immobility of the metals causes a lagged response typbkirigapattern in the
aqueous solution (Sauer et al. 2005). Arsenic is very mobile anextacidic and basic
conditions (Dutta et al. 2009, Komonweeraket et al. 2010). The pHs offfthent
solutions of all specimens in the current study are either ldveer 10 or higher than 6,

which could be a reason for observing a lagged response leachiegn pfatr As.
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Figure 4.7 Elution Curves for Boron metal

Note: MDL: Minimum Detection Limits. The numbers that folldive fly ashes indicate the percentages by weight of
admixtures added to the soil.
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Figure 4.9 Elution curve for Manganese metal.
Note: MDL: Minimum Detection Limits, MCL= maximum contamitdevels for drinking water. The numbers that follow
the fly ashes indicate the percentages by weight of admixtures adtiedstmlt

108



0.042 6 1 T T
+
O s- 0 S-10Co
0.04 [ o S-10BS 1 i O S-10MT| 3 ¥ ® S-20Co
= B S-20BS 5 H S-20MT < 08F 0 S-40Co| 1
3 O S-40BS ) O S-40MT > < 100 Ci
2 0038 | ¢ 100 BS . 240 % 100 MT ] E & 2
o e 2 06 ]
S 0036 | Se 1 g v s Se
3 MDL: 0.03 mg/L g 3 Se ] £ MDL: 0.03 mg/L
S 0.034 [ EPA MCL: 0.05 mg/L € 9 04L EPA MCL: 0.05 mg/L
8 . @ MDL: 0.03 mg/L e o
% . EPA WQL: 0.5 mg/L § 2L EPA MCL: 0.05 mg/L 5 ! EPA WQL: 0.5 mg/L
o 0 - 7 0.
o o % EPA WQL: 0.5 mg/L S o2k ]
[%2]
0.03 0 E00 K0 W0k 0 o 1 %
F O%;ﬁi} mels] siicls INNel iNReNe |
0.028 ! ! ! ‘ 0 20 40 60 80 100 120 140
0 20 40 60 80 100
Pore Volumes of Flow
Pore Volumes of Flow Pore Volumes of Flow
25 2
O S-10PSP O S-10DP
—~ o [® H S-20PSP| ] - ® S-20DP
= & O S-40PSP < 15 O S-40DP| |
=) et =2 .
£ ¢ 100 PSP S < 100 DP
g 159 Se : g &
2 MDL: 0.03 mg/L g .0 Se
= b o EPA MCL: 0.05 mg/L = MDL: 0.03 mg/L
8 1 EPA WQL: 0.5 mg/L g - EPA MCL: 0.05 mg/L
g - 5 EPAWQL: 0.5 mg/L
o % O s 1
& o5f . ] &
Ll
B z 5Q
O
ol ™o @ocmo m. o 0 0 PGP0 g am
0 20 40 60 80 100 0 20 40 60 80 100 120

Pore Volumes of Flow
Figure 4.10 Elution curves for selenium metal.
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4.4.3 Results Toxicity Characteristic Leaching Procedure Tests

Toxicity Characteristic Leaching Procedure tests (TCWwBj)e conducted to determine
the leaching of heavy metals under acidic conditions. Duplicatecitypxieaching
Procedure tests (TCLPs) were conducted on soil alone, fly ash ahohsoil-fly ash
mixtures. As expected the effluent pH values of the specimeressiadilized at pHs of
4.8 to 5 except the specimens prepared with 100% MT by weighthansbotl-fly ash
mixtures prepared with Co fly ashes. The pHs of the effluent solutions of theBaespec
was most probably buffered by the high CaO contents of MT and Casllgs (Table
4.2). Therefore, the acetic acid buffer used in TCLP tests washtetto keep the pH
values of these specimens between 4.8 and 5.

The pHs of the TCLP effluents of the specimens varied bet&@eand 5 (Figure 4.1.c).
An increase in fly ash content did not affect the pH of the spik$h mixtures but for
only specimens prepared with Co fly ash. CaO content of the Casfywas 19.4%
(Table 4.2) and the release of Ca in high concentrations dominatedl toethe TCLP
leachate, consistent with observations made by Mudd et al. (2004).

In general, leached concentrations of six metals (Al, As, BM@r,Se) from the soil-fly
ash mixtures in the TCLP tests were higher than those fromsvédh@ were lower than
the maximum peak concentrations of metals leached from CLTs. T€4tPresults
indicated that at extreme pH conditions (pH<5), the leached ngetatentrations
exceeded the any environmental health regulation limits (Table #3. was an
expected behavior because the leaching of heavy metalgesnexat low (acidic) pHs

(Van der Hoek et al. 1994). At acidic pHs, the surfaces of the soil and fly asttepaate
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positively charged and cause them to leach significant amoungdiahic metal species
into the aqueous solutions (Stumm and Morgan 1995). For Instance, Alsnsédrt
precipitating in their oxide forms such as Al(Qfm), Al(OH)(gibbsite) at pH > 5.5.
At pH < 5.5, Al is dissolved from these Al-oxides and is availabiésifree form of Al
(Sparks 2003). Similarly, As metals exist in their reduced fasms(lll), the most toxic
As species, at pH <5 (Pandey et al. 2011). Se behaves sinfsy aod anionic species
of Se are likely to be adsorbed by soil and fly ash parti¢lasidic conditions at pH<5,
which yields the release of cationic species of these matalthe aqueous solutions (Su
et al. 2011). Under natural conditions, Al-oxides and Fe-oxides maydpradequate
surface sites for As and Se metals to be sorbed. Howeverdt jgids, these As and Se
attached metal oxides dissolve and increase the concentratiossaofl e metals (Apul
et al. 2010). This may also have contributed to higher As and Sentoatns observed
in the TCLP tests as compared to the WLTSs.

The data in Figure 4.11 suggests that, with few exceptions, an eanethg ash content
generally increased the metal concentrations. In TCLB, testching amount of metals is
expected to be dependent on the total metal content in the flyneehtlse pHs of the
effluent solutions were kept nearly constant. Differences incbhtentrations measured
from TCLP tests and WLTSs prove that the leaching of Mn watiargc leaching pattern
indicating that leaching of Mn was higher at low pHs. Mn is glexing with free OHin

the aqueous solution at neutral pHs to alkaline pHs and preci@taa-(hydro)oxides.
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Table 4.7. Effluent metal concentrations in TCLP tests. Concentrations exg&dtih
MCL are inbold.

Fl
Specimen Namg As);] oH Al As B Cr Mn Se
Content (mg/L) [ (na/L) | (Ho/L) | (Mo/L) | (HO/L) | (HO/L)
(%)
S-10BS 10 | 4.82 | <0.05| <0.01 0.08 0.01 0.04 <0.03
S-20BS 20 | 482 | <0.05| <0.01 0.1 0.01 0.11 | <0.03
S -40BS 40 | 4.82 | 0.055( <0.01 0.14 0.01 0.14 | <0.03
100 BS 100 | 4.83 | 0.06 | 0.045 | 0.39 0.02 | 0.21 | <0.03
S-10PSP 10 | 4.84 | <0.05( <0.01f 0.11] <0.0010.18 | <0.03
S-20 PSP 20 | 485| 0.085| <0.01 0.1 <0.0010.18 | <0.03
S —-40 PSP 40 | 485 | 0.27 0.15 [ 0.35 | 0.004 0.3 0.075
100 PSP 100 | 4.86 | 0.58 0.47 | 1.03 | 0.004 0.48 0.35
S-10MT 10 | 487 | 0.185| <0.01 0.91 0.02 0.15 | <0.03
S-20MT 20 [ 489 | 032 | <0.01| 1.37 0.03| 0.16 | <0.03
S—-40MT 40 | 492 | 237 | <0.01| 2.44| 0.085 0.29 | <0.03
100 MT 100 | 5.12 | 543 0.03 7.3 0.11 0.43 | 0.085
S-10DP 10 | 4.83| 4583 061 [ 0.01 | 0.25 0.01 | 0.23
S-20DP 20 487 4.87 1.25 | 0.15 | 0.38 0.02 | 0.24
S-40DP 40 | 4.92 | 487 207 | 0.46 | 053 0.03 | 0.24
100 DP 100 | 4.87 | 4.87 8.7 0.5 1.65 0.06 0.28
S-10Co 10 [ 5.21| 395 | <0.01| 1.12 0.02| 0.21 | <0.03
S-20Co 20 | 5.42 1 0.025 | 1.73 | 0.035( 0.18 | 0.045
S-40Co 40 | 741 | 0.05| 0045 | 3.1 0.07 | 0.11 0.14
100 Co 100 (10.86| 14.445| 0.06 | 4.32 0.23 0.04| 0.35
Sandy Soll - 6.74 <0.09 <0.001 <0.02 <0.00640.001| <0.03
MDL (mg/L) 0.05 0.01 0.02( 0.001 o0.00p 0.03
U.S. EPAMCL (mg /L) 0.2 0.01 NA 0.1 0.04 0.05
U.S. EPAWQL (mg /L) 0.75 0.34 NA 0.57 NA|  0.005
MD ATL (ug /L) NA NA | 13000 0.57 NA NA

Note: MDL: Minimum Detection Limits, MCL= maximum contaminal@vels for drinking
water; MCL for Al is based on a secondary non-enforceabikidg water regulation; WQL=
water quality limits for protection of aquatic life and ranrhealth in fresh water. ATL = aquatic
toxicity limits for fresh water. The numbers that follow thedshes indicate the percentages by
weight of admixtures added to the soil.
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These solid Mn-(hydro)oxides minerals are dissolving with areas® in pH due to the
hydrolysis reactions and leaving Kiriree in the effluent solutions (Gitari et al. 2009).
As mentioned in the previous sections, Cr tends to follow an amphletaciting pattern
similar to As, Se and Al (Cetin et al. 2012). At neutral pHs)eghehing of Cr is minimal
and at pH < 7 the leaching of Cr increases significantly (Karamalidis andris 2008).
Therefore, it was expected to see higher Cr concentratiortselbdiomm the soil-fly ash
mixtures in TCLP tests than the Cr concentrations leachedthrersoil-fly ash mixtures
in WLTs. Cr exists mostly in its oxidized form Cr (lll) &w pHs (pH<6) due to
reduction of Cr(VI) to Cr(lll) (Geelhoed et al. 2002, Samaraal.€2008). Even though
specimens released more Cr into the agueous solutions at acidigocendit is not
critical from an environmental standpoint since Cr(lll) is noxid and provides
necessary nutrition metal for plants and animals (Quina et al. Z2@®ermore, Cr(VI)
is the anionic form of the Cr metals and it is likely that ¢h€s(VI) metals are being
adsorbed onto the soil and fly ash surfaces with a decrease in pie Gfqueous
solutions. Solubility of Cr(lll) is generally controlled by Cr(QHfinerals and a decrease
in pH will hydrolyze these minerals and release the Cr(tibtals into the effluent
solutions (Engelsen et al. 2010). Dissolution of Cr(©id)nerals may have caused the
leaching of higher Cr concentrations in TCLP tests than WLTSs.

B concentrations in the agueous solutions were increased with flgoasént (Figure
4.11c). This trend was consistent with the results obtained from botrs\aihd CLTSs.
Leaching of B increased with a decrease in pH and typicathains at its maximum at

acidic pHs (Querol et al. 1995). However, the B concentrationsdddcbm soil-Co fly
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ash mixtures were the highest, even though the pHs of the effhblatibss of the soil-
Co fly ash mixtures were significantly higher than the pHshef effluent solutions of
other soil-fly ash mixtures (Table 4.7). These results could Ipdaieed using the
comparison of total B contents of the fly ash materials detedmiree total elemental
analysis. Table 4.3 indicates that Co fly ash contains 2.5 to 28 highsr total B
content than the other fly ashes used in this study. A simgad talso was observed for
the MT fly ash-alone specimen. Higher B concentrations weahéz from the MT fly
ash alone specimen, even though its pHs was relatively higher thahl tokthe other
soil-fly ash mixtures.

It was observed that leaching of Al and Mn metals for specimpmmared with Co fly
ash was not only dependent on the total metal content of the Ghflyuaalso pH of the
effluent solutions. TCLP test results indicated that the pH valtiéise soil-Co fly ash
mixtures increase significantly with an increase in fly asiie the pH of other soil-fly
ash mixtures were around pH of 5. An increase in Co fly ash caetarited in decrease
in the Mn concentrations. Mn leaching is extreme at acidicgstdsncrease in pH would
decrease the leaching capability of Mn significantly (Goswamd Mahanta 2007, Cetin
et al. 2012). Therefore, the concentrations of Mn for the specimeparedewith the Co
fly ash were much lower than those prepared with other flysasbe the other hand,
different leaching trend was observed for the leaching of éthfa from the soil-Co fly
ash mixtures. The pHs of the S-10 Co, S-20 Co, S-40 Co, and 100 Co spegenens
5.21, 5.42, 7.41, and 10.86, respectively and the Al concentrations of these specimens

with the same order were 4 mg/L, 1mg/L, 0.05 mg/L, and 14.5 mg8ipectively. Al
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shows an amphoteric leaching pattern and is very mobile at a¢idiand basic pHSs; its
leaching is minimal at neutral pHs (Komonweeraket et al. 201y €eal. 2012). The
results for Al leaching in this part of the study confirmed tAhleaching is highly
dependent on the pH of the effluent solutions and showing amphoteric |lepatieg.
An increase in Co fly ash content from 10% to 40% did not increhse Al
concentrations but decreased which is due to the precipitationintoAAl-(hydr)oxide
minerals (Mudd et al. 2004). On the other hand, Co fly ash alone esheplched the
highest Al concentrations in all the soil-fly ash mixtures,chtwas due to extreme basic

conditions (pH=12.2) and total Al content of the Co fly ash (Table 4.3).

4.4.4 Comparison of the Leaching Test Results

Attempts were made to compare the TCLP, CLT, and WLTs in &idut2. The peak
CLT concentrations are consistently greater than the WLT coatients. Differences in
L:S ratio between the two leaching tests (a ratio of 20:1 in $\MeFsus 0.1:1 in CLTs in
the initial PVFs) could be responsible for the significant matakentration differences
measured in these two leaching tests. Su et al. (2011) claated tlecrease in L:S ratio
increased the concentrations of leached metals. Figure 4.12 showbhethmtximum
concentrations of the Al, As, B, Cr, Mn and Se from CLTs is up tdl@6, 100, 100,
100 and 50 times higher than the metal concentrations obtained from WLTSs, respectively.
In addition, the peak CLTs are consistently greater than the T&tRconcentrations.
Figure 4.13 shows that the maximum concentrations of the As, Al, BVi€rand Se
from CLTs is up to 10, 100, 100, 100, 10, and 10 times higher respectively thanttie

concentrations obtained from TCLPs. Figure 4.14 shows that thentmates of the
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As, B, Cr, Mn and Se from TCLPs is up to 20, 20, 10, 50 and 10 times higher
respectively than the metal concentrations obtained from WLTSs. Ibiiboreship can be
seen between TCLP and WLT test results for Al metal coratémis since the Al
concentrations in the leachates collected in WLTs were belowetgetion limits which
yielded constant Al concentrations values for many specimens.pH&®f the effluent
solutions obtained from TCLP tests were more acidic than the gbHke effluent
solution obtained from WLTs. This could be the reason for obtaining highehéd
metal concentrations in TCLP tests from the soil-fly ash uneg since the leaching of

metals are the highest at acidic conditions (Komonweeraket let2@12).
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4.5 CHEMICAL TRANSPORT MODELING

4.5.1 Numerical Model

The flow and transport of metals in fly ash mixed embankment rcatisin was
simulated using WiscLEACH, a recent and verified windows-baseda@ftpackage for
simulating water and solute movement in two-dimensional variablyratad and
unsaturated media. Three analytical solutions to the advection-disperaction
equation are combined in WiscLEACH to develop a method for assessoagts to
groundwater and the soil vadose zone caused by leaching of trace elemeffiis disiras
used in embankment constructions.

A schematic diagram of WiscLEACH for embankment structuresh@wvn in Figure
4.15. WiscLEACH simulations were conducted to study the locationsaginmm soil
vadose zone and groundwater concentrations (e.g., at the centetiveeeshbankment
structure, at the vicinity of point of compliance). Contours of traetls are predicted at
different years as a function of depth to groundwater, thicknes® @mbankment layer,
percent fly ash by weight, hydraulic conductivity of the least cotni layer in the
vadose zone, hydraulic conductivity of the aquifer material and ttial iooncentration
in the fly ash. Model formulation of embankment version of WiscLEA@G3$ defined

before in section 3. Therefore, it will not be repeated here again.
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4.5.2 WiscLEACH Results

WiscLEACH was used to predict the metal concentrations in contaphg at different
years and determine the location of maximum concentrations dfat® metals in the
soil vadose zone and groundwater after a period of 50 years. The itgput dables 4.8
and 4.9 were used for all soil-fly ash mixtures to be consistemé HAydraulic
conductivities and transport parameters of the pavement layers &ndidares are
summarized in Table 4.9. The transport parameters were dederfinom the laboratory
tracer tests, and the pavement and subgrade properties werdrtahkdn et al. (2007).
The retardation factors along with chromium concentrations for thifierent soll
mixtures, S — 20 DP, S — 40 DP, S — 20 PSP, S — 40 PSP (Note: 20 DP, 20 PSP,
40 PSP designate the specimens with 20% and 40% Dickerson Rtecif0% and
40% Paul Smith Precipitator fly ash respectively) are showhalile 4.9. The annual
precipitation rate selected in this study was 1 m/year, taeage annual rainfall in the

State of Maryland according to the U.S. Geological Survey.
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Table 4.8 Input site parameters for embankment and soil structures.

T | Side Slope
Wpoc| Wp | Ws | ZGWT | Prcpt| Tmax|
(m)| (H:V)
Constant values for all
_ 30 6 2 5 1.00 50 5 2:1
specimens

Notes: All measurements are in metep¥Point of compliance, W Pavement width,
Ws: Shoulder width, Zwr: Depth to groundwater table, Prcpt; Annual precipitation rate
in m/year, Tax 50 years, Thickness of embankment structure,

Table 4.9 Hydraulic and transport parameters or pavement, embankment, soil aquifer
structures to be used as an input in WiscLeach

Specimen] WARIE Conductiy || Fbadie [y [ari | &0
S-20PSH 8.67 0.302 0.001 0.193 0.0193 27
S-40PSP 6 0.395 0.001 0.485 0.0485 8
S-20DP | 25.23 0.42 0.001 0.401 0.0401 11
S—-40DP | 20.08 0.489 0.001 0.6Y1 0.0671 15
Pavement | 18.29 0.35 0.001 0.1 0.01 1
Subgrade | 1.01 0.35 | 0.001 0.1 0.01 35
Aquifer 3784 0.30 0.001 0.1 0.01 1

Notesy, : Longitudinal dispersivityer : Transverse dispersivity, hydraulic gradients is
assumed as 0.001 to simulate the natural conditigngffective porosity, Cr:

Chromium.
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Figures 4.16 through 4.19 show the contour plots of the predicted catwergrof Cr in
the soil vadose zone as well as groundwater. The contour plots prowddgipns of the
metal concentrations after 5, 10, 20 and 50 years of construction. EMEEL
simulations indicate that Cr concentrations for all specimeme t&ow the EPA MCL
of 100 ng/L, except the S — 40 PSP. The results indicated that the nraxi@mu
concentrations were reached in approximately 10 to 20 years; hovlesgrwere far
below the EPA MCL at the groundwater table (Figures 4.16- 4.19).

As shown in Figures 4.16 through 4.19 the Cr metal concentrationsasedravith
distance from HCFA amended embankment's ground surface and grounsivédee
which was likely due to the dispersion of the metals in the soil eazimse. High annual
precipitation rate may also have caused an increase in the leachingtfad metals from
HCFA amended embankment and absorbing the metals before reachitige t
groundwater.

The WiscLEACH computer model was also redesigned to simhlateaching of metals
from embankment structures built in multiple fly ash alone and soil alone.|&jetgple
layer version of WiscLEACH was used to predict the concentratbrisur metals of
concern (As, Cr, Mn, and Se) at different years and determine #ramom
concentrations of the trace metals in the groundwater afteriad of 100 years at the
point of compliance (POC). The input data used in the analyses of ittt B¥ACH is

summarized in Table 4.10.
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Figure 4.20 shows the schematic diagram of the multiple laybaekment construction.
It contains a series of 3 soil layers and 3 fly ash layereg@lan top of each other. Each
layer is 1-meter (~3-ft) thick. The hydraulic conductivitizgnsport parameters of the
pavement layers and both fly ashes are summarized in Table 1vatbrte retardation
factors for each of the 4 analyzed trace metals.

Figures 4.21 to 4.28 show the contour plots of the predicted concentratiéss Of,
Mn, and Se in the soil vadose zone as well as the groundwatesoittoair plots provide
the predictions of the metal concentrations after 1, 10, 20 and 400ofeawastruction.
WiscLEACH simulations indicated that As, Mn, Se metal conceatrs are exceeding
the EPA Maximum Concentration Limits for drinking waters (MCLElpwever, as
mentioned in the previous section, the soils prepared with 20% fly &shesight
yielded lower metal concentrations that were far below th® EEL. This indicates that
extra care should be taken when using fly ash in geotechnical ajpplscatising pure fly
ash as an embankment fill may cause serious environmental problastd BACH
simulations showed that the maximum concentrations of all 4 matalseached in
approximately 10 to 20 years. After the maximum concentrationgeached, metal
concentrations in the vadose zone start to decrease with turieeiffnore, Figures 4.23
and 4.27 indicate that the Cr concentrations are far below the MOb itvieaches to the

groundwater.
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Figure 4.24 Predictions of Mn concentrations in soil and groundwater for 100 PSR.fBSP: Paul Smith Precipitator fly ash
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Table 4.11 summarizes the maximum concentrations of the four methlslO, 20 and
40 years for multiple layer embankments built with 100% PSP and D%y ashes
respectively. Table 4.11 indicates that for the embankments wikhaR® DP fly ashes,
As metals do not reach the groundwater table before 40 years. eloweviO years the
As concentrations were approximately 4Q@/L, which exceeded the EPA MCL
(10ug/L). High retardation factors of these two fly ashes Asrmetals could be the
reason for delaying the leaching of As metals to ground watéash as the leaching of
other metals (Table 4.10). On the other hand, Cr, Mn, and Se metah the
groundwater table after 20 years. Relatively low retardatiotorfa of the fly ashes for
these three metals may have caused these heavy metalsgtouhdwater earlier than
the As metals. Table 4.11 shows that in both cases the leachedtcatmes of Cr metal
were far below the EPA MCL.

The embankment designed with 100 PSP fly ash yielded leaching of Mneand S
concentrations that exceeded the EPA MCL significantly. Furthermore28figears, the
Se concentrations from the embankment constructed with 100 DP flyeashabove the
EPA MCL, but the Mn concentrations remained below the EPA MCIlsese results
indicate that extra care should be taken especially for tlchitepof As and Se metals
from the multiple layer embankments.

Maximum concentrations of these four trace metals at the poiocbrapliance (POC)
with groundwater depths over a 100-year period were also observed. &mom

environmental perspective, the metal concentrations in groundatater POC are much
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more important than the metal concentrations in groundwater tbdatctly under the
embankment construction. A POC of 30 m was selected in the cutuelyt sFigures
4.29 and Figure 4.30 show the concentrations of leached metals at the POC foashe fly
layered embankments designed with two different covers. Two diffeosetr materials,

a sandy borrow material typically used for embankments in lisiady and a clayey soil
material were used to encapsulate the multiple soil-fly ash layers emth@nkment.

Figure 4.29 and Figure 4.30 show the variation of metal concemsadt the POC for a
100-year period. The results indicate that using clayey materi@imbankments to
encapsulate the fly ashes decreased the leached metal catmmestin the groundwater
at the POC significantly. Low hydraulic conductivity (k~1 X k@n/sec), and relatively
higher retardation factor ¢Rof the clayey soil were most likely the reason for these
results. Relatively lower k values prevented the leaching oflsnetan embankment to
the soil vadose zone for short period of time and higlvdRies yielded adsorption of
metals by the clay particles. It is well known that, claytipl®s have a much higher
surface area than sandy soil grains, which increase the adaopptential of the trace

metals by this type of soils (Sparks 2003).
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Table 4.10. Input parameters for specific soil-fly ash mixtures analyzedsicL BACH.

Sand Borrow Clay Material for 100 DP 100 PSP
Pavement Subgrade Material for
embankment cover embankment cover As Cr Mn Se As| Cr Mn Se
Rq - 35 1 7.2 15| 1.151.24 5 18| 1.11.61| 6.35
mgji') Conc. - - - 2060, 60 | 1680 2080| 750| 30| 50 | 1760
k (m/year) 18.25 3 4 0.0315 1.57 1.58
Ne 0.33 0.3 0.33 0.25 0.59 0.61
a, (m) - - - - 0.74 0.6
ar(m) - - - - 0.074 0.06

Note: o, (m)= Longitudinal dispersivitygr (m)= Transverse dispersivity

Table 4.11 Predicted maximum metal concentrations in groundwater at 1, 10, 20, and 40r ygeecimens prepared with 100% PSP

and DP fly ashes. Concentrations exceeding MClboid.

Time Metal Concentrations leached Metal Concentrations leached
(years) from PSP fly ashu@/L) from DP fly ash jig/L)
As Cr Mn Se As Cr Mn Se
10 - 20 - - - - - -
20 - 4 600 200 - 8 20 400
40 300 - 200 600 150 2 5 400
EPA MCL 10 100 50 30 10 100 50 30
(ng/L)

Notes; MCL = Maximum contaminant levels for drinking water; PSP=PaithSrecipitator fly ash, DP=Dickerson precipitator fly ash.
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Figure 4.29 Maximum metal concentrations within 100 years at point of compl@nsgeicimens prepared with 100% PSP.
Note: PSP= Paul Smith Precipitator fly ash. MCL= maximum contaminaris feredrinking water; WQL= water
quality limits for protection of aquatic life and human health in fresh water.
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Figure 4.30 Maximum metal concentrations within 100 years at point of complianspecimens prepared with 100% DP.
Note: DP=Dickerson Precipitator fly ash. MCL= maximum contaminantddee drinking waterwWQL= water quality
limits for protection of aquatic life and human health in fresh water.
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4.6 CONCLUSIONS

The primary objective of this study was to investigate thehieg behavior of the heavy

metals from fly ash-amended soils used in embankment constructiom®fféct of fly

ash addition and the feasibility of its use in geotechnical appisaare studied. To

achieve these objectives, a series of batch water leagWte$s) and column leach test

(CLTs) were conducted to evaluate the leaching pattern of ttesnfieom fly ash mixed

soils. The conclusions from the current study are summarized as follows:

1) Anincrease in fly ash content increased the pH values of the soil — fly ash

2)

3)

mixtures significantly due to the release of CaO, and MgO minerals. Ansecrea
in fly ash content from 0 to 40% is by weight had greater influence on pH
increase than an increase in fly ash content from 40 to 100%.

Arsenic, aluminum, chromium, boron, and selenium concentrations increased
with increasing fly ash content. The solubility of Mn, on the other hand, is highly
dependent on the effluent pH , and at pH > 6 the Mn metals precipitate with Al —

oxides and Fe — oxides.

The CLT elution curves for all but As exhibit a first flush leaching patteat

occurs due to the release of metals from the water soluble fraction asvirelin

the sites with low adsorption energies. The concentrations of Al, B, Cr, Mn and
Se begin to stabilize after 10- 15 pore volumes of flow. Only the leaching curves
for As metals showed a lagged flush response. The leaching of As metals

continued to increase until 10 — 20 pore volumes of flow was reached, after which
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4)

5)

6)

7

8)

the concentrations started to decrease dramatically.

The concentrations of the six metals are influenced by the pH of the effluent
solution significantly which suggest that the leaching pattern is highly dependent
on the pH of the aqueous solutions.

The concentrations of the Al, As, Se and Cr metals exceeded the EPA MCLs
beyond the addition of 20% of MT and Co fly ashes. The reason for this is the
high pH of the MT and Co fly ashes. Addition of these fly ashes increase the pH
of the effluent solutions and cause an additional increase in metal concentrations
since these metals generally exhibit an amphoteric leachingrpatte

The WiscLEACH results indicated that the maximum Cr concentrations are
reached in approximately 10 to 20 years. Cr concentrations in the vadose zone
decrease significantly with time, and are far below the EPA MCL at the
groundwater table. Therefore, according to the WiscLEACH results, ugiagh

as a soil amendment in embankment construction is safe when used at 10 — 20%.
Based on WiscLEACH simulations, metal concentrations decrease with distanc
from the embankment and groundwater surface, most probably due to the
dispersion of the metals in the soil vadose zone. High annual precipitation rate
may also have caused an increase in the leaching of the metals fromRAe HC
amended embankment..

Simulations using the multiple layer version of WiscLEACH indicated that As

Cr, Se metals concentrations exceeded the EPA MCL. However, as mentioned in

the single version of WiscLEACH results, the soils prepared with 20% fly ash by
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weight yielded lower metal concentrations that were far below the EPASMCL
This indicates that extra care should be taken when using fly ash in this
geotechnical application.

9) All metal concentrations reached the groundwater between 10 and 20 yests ex
As metals. As metals reached the ground water after 40 years. Highatitn
factors of both fly ashes for As metal could cause the delay in leaching of As
metals through the embankment and soil vadose zone.

10)Using clayey material instead of a common sandy borrow material as an
encapsulation (protection) layer around the embankment reduced thelleache
metal concentrations to 25 times to 1000 times lower in the groundwater at the
point of compliance significantly due to very high retardation facto of clay

material compared to sandy borrow material.
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5 GEOCHEMICAL MODELING

5.1 INTRODUCTION

Metals can exist in different species in agueous solutions whiemsnthey can have
different oxidation states (e.g. Cr(VI), Cr(lll) ). Leachimg metals and metal
transportation processes are highly dependent on the oxidation staties ofetals
(Dijkstra et al.2004), and such states may affect the toxa€itgetals (Shah et al 2007).
For instance, Cr (Ill) is needed by living organisms (humans,asigtc.), however, Cr
(V1) is very toxic and can threaten the human health (Geelhoald 2002). Similarly,
As(lll) is most toxic arsenic species and As(V) is not knowma @&oxic metal (Pandey et
al. 2011). The most common selenium species are Se(IV) and SeWeyém are both
very toxic (Narukawa et al. 2005).

Previous studies showed that the two main equilibrium mechanismgadhabl the
leaching of metals from coal combustion byproducts are solubjtiigsolution-
precipitation) and sorption (Komonweeraket et al. 2010, Mudd et al. 2004, andetvang
al. 2004). In the case that dissolution-precipitation reactions cdh&oleaching of
metals, geochemical equilibria models based on thermodynamibalatdbeen shown to
predict aqueous concentrations, assuming equilibrium between the téeasith the
solubility-controlling solids. A more complex model that incorporatagtion of kinetic
algorithms is required to predict solute concentrations if sorptiactions or dissolution

kinetics control the leaching of metals( Fruchter et al. (1990).
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The objective of this part of the research was to determinpréd®minant oxidation
states of each metals that are released from fly ash aoidély ash and soil-fly ash-
LKD mixtures, and examine whether the leaching of these nfetasfly ash amended
soils are solubility (dissolution-precipitation) controlled or sorpticontrolled.

MINTEQAZ2, a numerical model developed by U.S. EPA and aimsrolate equilibria
and speciation of inorganic solutes in agueous solutions, was used roinetéhe

predominant oxidation states and leachate controlling mechanisnmsesd¢ teached
constituents. Total peak metal concentrations from column leach teathate pH,
electrical conductivity (EC) and leachate Eh, were usedchaspat in the MINTEQA2
geochemical modeling program. This study was conducted on therenofttwo type of
soils and 8 different fly ashes and LKDs. It should be noted thaabwdtory metal
speciation tests were not conducted to determine the dominant metal specilgs direct
In this part of the study, the results obtained from part 2, part 3 and part 4 e @suen
input data into the geochemical numerical computer modeling pro@vANTEQAZ2).

These data are summarized in Appendix C and it includes effluenE@HEh and
agueous metal concentrations corresponding to soil alone, fly ash abdr®y ash

mixtures and soil-fly ash-LKD mixtures.

5.2 GEOCHEMICAL ANALYSIS

MINTEQAZ2 was run in two phases. In the first phase, speciatimlyses were
conducted on all CLT leachates to identify the predominant oxidatemessof the

leached metals that are redox sensitive. In the second phase, aqueous tionseoiti!
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metals species in the effluent solutions and saturation indicebeofeaichates with

respect to solids or minerals were calculated.

5.2.1 Speciation Analysis

Aqueous concentrations of metals, EC, pH and Eh data from previously ca@hducte
column leach tests were used to determine speciation analysaati®peanalysis to
determine the dominant oxidation state of the leached metals deteemined as
explained follow.. Eh and redox couple are specified as equilibriomst@ints in
MINTEQAZ2 to calculate the amount of the metals in each eftfo oxidation states
corresponding to the specified equilibrium Eh (Allison et al. 1991). Tthes,metal
species that had the highest concentrations were assumeddamihant oxidation state
of leached metals. Speciation analyses were conducted only ondie sensitive
metals, i.e., As, Cr, Cu, Fe, Mn, Sb, V, Se. List of all speciesrdmed by MINTEQAZ2
of the redox sensitive metals are summarized in Appendix C. af&lgses indicated
that the predominant oxidation states of As was As(V), Cu wad)CE@d was Fe(lll),
Mn was Mn(ll), Sb was Sb(V), Se was Se(lV), and , V wag (br all specimens.
However, the predominant oxidation states of Cr varied depending otypbeof
mixtures. Based on the predictions from MINTEQAZ2, Cr(lll) is tpheedominant
oxidations states for the fly ash alone and soil-fly ash mixt@esversely, Cr(VI) was
the predominant oxidation state for the specimens activated with lime kiln #3}. (L
Under alkaline conditions As exists in its anionic and oxidized fosmsh as Asgy” and
HAsO,* (Ettler et al. 2010), and leaching of As increases with arase in pH under

alkaline conditions (Su et al. 2011). Speciation analyses indicate8ist\g is the most
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dominant oxidation state of the leached As metals from soil-fly ash mixtiniek 18 less
toxic As species than As(lll) species (Shah et al. 2007). Td:g is consistent with
the previous studies which focused on speciation of As metals fromharsiwaste
materials (Pandey et al. 2011, Ettler et al. 2010). Small amofirds(lll) may have
leached from the fly ash amended soils; however, the oxidation(bf) Agcurs quickly
in alkaline and aerobic conditions (Turner 1981, Su et al. 2011). Sincdflthente
solutions were collected in a beaker that was exposed to atmesphike current study
it was also speculated that these As(lll) species to be exida As(V) andthat all
leached As metals were present in their oxidized forms ag’AsO

Cr leaching is highly dependent on pH of the aqueous solutions (Katenaadd
Voudrias 2009). Therefore, different oxidation states of Cr were \odxbefor the
specimens prepared with different materials. For instance,l)Cw#Hs the dominant
oxidation state of Cr leached from specimens prepared withrabillyaash. The pH of
the soil-fly ash mixtures was between 6 and 10, which explairs @vfill) was the
dominant Cr species in the agueous solutions. At neutral and low pH$) Br{¥duced
to Cr(lll) and results in elevated concentrations of Cr(ll)the aqueous solutions
(Geelhoed et al. 2002). In contrast, the Cr metals leacload ffRM-fly ash-LKD
mixtures were in oxidized forms (Cr(VI)) as CGf@ue to high pHs (pH > 10) , consistent
with the findings of Karamalidis and Voudrias (2008), Engelsemlet(2010), and
Izquierdo et al. (2011). Cr(lll) was used as the dominant oxidatate for soil-fly ash
mixtures while, Cr(VI) was used as dominant oxidation statedJRWK-fly ash-LKD

mixtures in the geochemical modeling study.
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To verify the dominant oxidation states of leached Cr metals prddbge
MINTEQAZ2 in soil-fly ash mixtures and URM-fly ash-LKD mixtes, chromium
oxidation quick test was conducted (Barret and James 1979). Thigategierformed on
the specimens that released Cr concentrations exceeding th&CERKCLimits (100
ug/L). The dominant oxidations states of the Cr metals werendieted by observing the
color change in the effluent solutions with addition of s-diphenylazadle reagent into
the leachate. The Cr oxidation quick test indicates thateafdblor of the effluent
solutions turns pink (magenta) after addition of s-diphenyl carbazmdgent into
leachate, it indicates that Cr Cr(VI) species also prasethie leachates. As shown in
Table 5.1 the predicted dominant Cr species by MINTEQAZ2 and smeciatioratory
test provided contradicting results. For instance, based on MINTEQ@aRseés the
dominant oxidation states of Cr for the specimens prepared with 4@% %0
Morgantown fly ashes and all specimens prepared with Columbiathisagere Cr(lll).
However, based on the laboratory speciation analysis these sadkflgnixtures leached
Cr(VI1) along with Cr(lll) species. This was an expected beaidrasince the pH of the
specimens prepared with 40%-100% MT and Co fly ashes had very higmglds lzasic
conditions Cr typically oxidized to its Cr(VI) form. These ules indicated that
conducting laboratory speciation tests besides MINTEQAZ2 analgsisritical in
determination of the dominant oxidation states of the leached metals.

The dominant species of the metals were estimated with MINTHGAusIng the
measured Eh, EC, pH and total leached metal concentrations. Baded MINTEQA?2

results, the leached Se metals existed in their reduced fa(t)3n the effluent
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solutions which is consistent with the literature (Narukawa. &04l5, Su et al. 2011). In
the current study, Se(lV) was used as the dominant oxidatios sfage in the effluent
solutions but it should be kept in mind that there may still be smxtkzed forms of

Se(VI) and this form may have reduced to Se(lV) over time.
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Table 5.1 Comparisons of Cr speciation laboratory test results to MINTEQ&#&res

Cr Oxidation
Specimens pH Color Quick Test M lF’a\lTEQAZ
esults
Results

10 BS + 5 LKD 11.8 Pink Cr(VI) Cr(VI)
20 BS + 5 LKD 11.9 Pink Cr(VI) Cr(VI)
10 DP + 5 LKD 12 Pink Cr(VI) Cr(VI)
20DP + 5 LKD 12.1 Pink Cr(VI) Cr(VI)
S—-10 MT 7.2 Yellow Cr(111) Cr(111)
S—-20MT 8.7 Yellow Cr(111) Cr(111)
S —40 MT 9.6 Pink Cr(VI) Cr(l11)
100 MT 9.8 Pink Cr(VI) Cr(l1)
S—-10Co 11.8 Pink Cr(VI) Cr(l1l)
S-20Co 11.9 Pink Cr(VI) Cr(l11)
S—-40Co 12.1 Pink Cr(VI) Cr(l11)
100 Co 12.15 Pink Cr(VI) Cr(l11)
100 DP 8 Yellow Cr(111) Cr(111)
100 PSP 7.7 Yellow Cr(l11) Cr(l11)

Notes:BS: Brandonshores fly ash, DP: Dickerson Precipitator fly ash, Migdvitown
fly ash, Co: Columbia fly ash, PSP: Paul Smith Precipitator fly ash. TheeCies has

contradict results between speciation tests and MINTEQA?2 &ral din
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5.2.2 Analysis of Controlling Mechanisms

The main objective of this part of the study is to determindaef leaching of metal
concentrations are controlled by solubility reactions. To achieseybal, laboratory data
obtained from column leaching tests was used as input into the BQKRZE numerical
geochemical modeling program. Leaching behavior of metals théd oot be defined
by solubility reactions was then considered to be sorption controltedw conducting
any further modeling to simulate the sorption reactions in the aqgsetusons. This is
out of the scope of the current study and can be considered in future research.

In MINTEQAZ2 analyses the aqueous phase equilibrium composition d@ndatgan
indexes (SI) of all effluent solutions, with respect to solids menals, were computed
by allowing agueous complexation reactions and oversaturated 8wlgecipitate at
given laboratory test conditions. Electrical conductivity (EC), pldpxepotential (Eh),
and aqueous metal concentrations of each metal leached from thhendi§pecimens
were used as an input in the geochemical analyses. It wasexssotal leached metal
concentrations were leached in their dominant oxidations statestaamiged above.
These metals include &| As(V) as AsQ> , CU*, B(lll) as B(OH), B&*, c&”, CI,
Cr(Ill) as Cr(OH)", Cr(VI) as CrQ%, F€* Na" Mg** Mn**, Sb(V) as Sb(OR), Se(IV) as
HSeQ, V(IV) as VO™, and Z". The aqueous phase concentration analyses and the SI
calculation were performed assuming equilibrium between the efflsgntion and
potential solubility-controlling minerals in the solid in an open sysé¢ 25°C under the

influence of atmospheric GO
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The leachates of the specimens in the column leaching testscalected in beakers
exposed to atmosphere. Thus, the aqueous solutions were assumed to béimuequil
with the partial pressure of atmosphericG03.16 x 1¢ atm. (Langmuir 1997).
MINTEQAZ2 provides the activities of metals in the leachatethera than the
concentrations. To calculate the single ion activities for each of the leatabispecies,
the Davies equation was used in these geochemical analyses. protess MINTEQA2
required the ionic strength of the each difference effluent solufidns.was computed
using the EC values of the leachates, multiplied by a fact®r0df3, which is a number
that were empirically developed from a large number of riveemsamples to determine
the ionic strength of aqueous solutions (Griffin and Jurinak 1973).

Next MINTEQAZ2 computes the saturation indexes of the metaliegp@dath respect to
minerals and solid phases in the MINTEQAZ2 database via calcusliaigd ion activities.
Saturation index is the parameter that is used in the deteromraftwhether or not the
leaching of metal is solubility controlled with respect to a mineral or solisigpf@@hnson
et al. 1999). High negative or positive Sl values are indications of that leacteds ane
under saturated and over saturated, respectively, suggesting dlehinge of this
particular metal could be controlled by other minerals or solidgshaw its leaching
could be sorption controlled. If the leaching of metals is solubdiwntrolled, the
computed metal activities should be close to the solubility line tijatesents the
dissolution/precipitation reactions of the minerals at equilibriuron{gnweeraket et al.
2010). If the activities of these metals are far from thedabsity lines, it is typically

claimed that the leaching of these metals are not solubility controlled.
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Log-activity diagrams were developed by plotting the MINTEQEraRed log activities
of each metal versus the corresponding CLTbased pH values. Thgsardiavere used
to determine whether the leached metals are controlled bgramsnor solid phases that

were included in the MINTEQAZ2 database.

5.2.3 Speciation of Al

The solubility of Al is mainly controlled by the dissolution or pp#&ation of the Al
hydroxides including AlI(OH) amorphous, AlI(OH) gibbsite, AbOs3; (s), diasporer
AIO(OH), and boehmite~AlIO(OH) (Astrup et al. 2006, Gitari et al. 2009). Figure 5.1
indicates that the AT metals are controlled by Al(Okljibbsite, a crystalline form of
the Al(OH) mineral at a pH range of 6 to 12.4, consistent with the findings of Murarka et
al. (1992), Astrup et al. 2006, and Komonweeraket et al. (2010) during testing ahdoal
municipal waste combustion by-products.

Johnson et al. (1999) and Gitari et al. (2009) claimed that solubilii %fis
controlled by Al(OH} amorphous for pH =6 - 9 and by gibbsite for pH > 9. However,
Geelhoed et al. (2002) and Mudd et al. (2004) indicated that at pH > 5a&gtiiey of
Al** could be controlled both by crystalline and amorphous forms of A{@Bbijsistent
with the results of the current study. Further, Roy and @riffi984) showed that
amorphous and crystalline forms of Al hydroxides could be controlhiegsolubility of
Al under slightly acidic conditions. Mullite (A%i,0s) could also be one of the main
sources of Al" cations in the aqueous solution that may be hydrolyzed to Ay@ht)
precipitates (Komonweeraket et al. 2010, Medina et al. 2010), and possibly be

another controlling solid phase in this system. However, due tat¢keof mineralogical
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data in the MINTEQAZ2, it was not possible to study the efdéchullite mineral on the

solubility of AI** cations.
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5.2.4 Speciation of As

As mentioned in the previous section, As(V) is the predominant arspaaies in the
agueous solutions of fly ash which is consistent with the findinghalh &t al. (2007),
Gitari et al. (2009), , Pandey et al. (2011), and Su et al. (2011).

Figure 5.2 shows the variation of As(V) as ASQuith pH of the effluent solutions of
soil-fly ash mixtures. Even though there exists a correlationdset AsQ® and pH of
the aqueous solutions, it is certain that the leaching of Aslsnistaot controlled by
As;05(s) solid phase since As(V) concentrations are under-satuvath respect to
As;05(s) line. These observations are consistent with those obtained by Kim et al. (2009).
It is well known that As(V) can react with Al metals andniicsolid complexes with very
low solubility products (Apul et al. 2005, Komonweeraket et al. 2010). FgGrehows
the activity of AsQ> corresponding to activity of Al along with the AIAsQ@.2H,0(s)
solid phase which was created by MINTEQA2 database. The coatiemsr of APF*
compared to As(V) in the aqueous solutions were generally 1 to Gartlenagnitude
lower. However, an increase in>Alconcentrations moved species toward the solid line
and made them closer to the AIASZH,O solid phase. This indicates that with an
adequate amount of Kland AsQ*, AlAsO,.2H,0 may form and control the solubility
of As(V) species in the effluent solutions.

Based on the results obtained from MINTEQAZ2 regarding to spactiaf As(V) and
Mn?*, these two species can form MsO,),..8H,0 solid solution which appears to be

the main leaching controlling mechanisms of the solubility of AsfVthe agueous
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solutions of all soil-fly ash mixtures used in the current skidure 5.4 shows that the
solubility of As(V) is generally controlled by the NMAsO,),.8H,O compound, and in
the presence of adequate As(V) concentrations, the complexatioOgf Aéth Mn** is
likely to occur. An increase in the concentrations of &s@nd Mrf* vyields the
possibility of the reaction between AgOand Mrf* and this would produce the
Mn3(AsOy),.8H,0 , the solid phase that controls the leaching of As@herry et al.
(1979) and Turner (1981) claimed that the oxidation of As(lll) ®(\A increases
significantly in the presence of Heand Mrf*, resulting in elevated concentrations of
As(V) in the aqueous phase. The formation of soluble complexbss@iand As(V) in
neutral to slightly acidic pHs was observed by Sadiq et al. (2002).

Arsenate can also form slightly soluble precipitates wittafeesuch as Ba, Cd, Cu, Mn
and Zn (Komonweerakter et al. 2010). Turner (1981) and Ettler et aD)(8b&wed that
Ca(AsOy),, Bag(AsOy), are the main solid phases that may control the solubility of
As(V) (). However, no Ca or Ba concentrations were measured iefftabent solutions
collected from the soil-fly ash mixtures in the current study, and, thus, was sdil@dos
conclude that if the leaching of As(V) was controlled by(E80,),, Ba(ASOy)..

Kim et al. (2009) claimed that iron oxides could be the oxide min#ratscontrol the
solubility of As metals. Ettler et al. (2010) and Pandey et al. (28lsb) mentioned that
the adsorption of As(V) by iron-oxides and aluminum-oxides is vkeyylto occur. The
sorption of metals to minimize their contamination risks is géigeaehieved by hydrous
ferric oxides and hydrous aluminum oxides (Ettler et al. 2010). Gereeal. (2008)

claimed that the complexation of metals such as As(V) is pessiith ettringite
161



minerals, i.e., Ga#l,(OH)12(S0y)3.26H,0. In addition, the precipitation and dissolution
of CO; minerals may have an impact on the controlling the leaching (M)AKim et al.
2009). Previous literature indicated that{@rrier minerals such as Cag¢;@ providing
surfaces for As(V) metals to be adsorbed (Benedetto et al..200%)ncrease in CO
concentrations increases the sorption of As(V) metals. Howevéheircurrent study,
CO5* anion concentrations were not measured from the effluent solutiohs ebil-fly
ash mixtures, therefore it is not possible to conclude that legpaiAs(V) was CGF

sorption controlled.
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5.2.5 Speciation of Cr

The speciation analysis showed that Cr (lll) as Cr¢Old)the dominant oxidation state
for the specimens prepared with fly ash-soil mixtures and ICd¢ CrQ* is the
dominant oxidation state for the specimens prepared with fly akhkddi mixtures.
Therefore, these specimens will be discussed separately.

Figure 5.5 shows that the solubility of Cr is controlled byOEt); amorphous,
Cr(OH); and CpO3(s). However, it could be said that most of the controlling gsesas
Cr(OH); and CpOgs(s) rather than amorphous Cr(QH)Cr.Os is a species present in all
fly ashes at % to 5% by weight in the fly ashes used in therdwstudy. It is expected to
see the solubility of Cr metals controlled by this chromium oxmieeral (Gitari et al.
2009). Mulugeta et al. (2010) indicated that the release of Cr(lii¢atral pHs is due to
the dissolution of mineral phases that Cr(lll) is bounded withO4s) and ferrihydrites
are some of these minerals that Cr(lll) could be complexel ferrihydrites and
released at neutral pH conditions (Engelsen et al. 2010). Geelhaeéd(2002) and
Karamadis and Voudrias (2008) also determined that leaching ab@rfly ashes is
controlled by Cr(OHyYs). Fruchter et al. (1990) and Johnson et al. (1999) indicated that
Cr** may form solid solutions with Fe hydroxides such as (Fe,EQ)@®). The solubility
of this solid solution is very low at pHs between 6 and 10 and the pHe @ffluent
solutions in the current study were at a range of 5.8 to 10 indjctuat it is possible that
Cr* solubility may have been dependent on the (Fe,Cr)@Hin addition to Cr(OH)

and CgOs.
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Cr(VI) as chromate (Cr§)* was the predominant oxidation state of the Cr metal
in the aqueous solutions of the specimens prepared with soil-fly.ki3hmaterials.
Figure 5.5d indicates that the leaching of Cr(VI) in this efflusolutions are not
controlled by chromium (hydr)oxides. This is an expected behavioe i is very well
known that at very alkaline pHs metal hydroxides begin dissolvingdannot have
significant impact on the leaching of Cr (VI) (Engelsenale2010). BaCr@could be the
solid phase that may control the leaching of Cr(VI) at high ikt as pH>12 (Astrup et
al. 2006). The solubility product of BaCy@s very low and its precipitation could be
very fast (Fruchter et al. 1990). As shown in Figure 5.6a, the csopaof B&" and
CrO4% concentrations are very close to the solid BaCli®e, indicating that the
solubility of Cr(VI) could be controlled by this solid phase not byoofium
(hydr)oxides. However; the Cr (VI) metals leached from ispeics prepared with URM-
fly ash-LKD materials, are slightly under-saturated witbpezt to the BaCr{s) solid
phase line. This also indicates that Bagspmay not be the solid phase controlling the
leaching of Cr(VI). In addition, Ba(S,Cr)@ould be one of the main solid phases that
may control the leaching of Cr (VI) (Apul et al. 2005, Astruple@06). However, due
to lack of measurements of the SGinion concentrations in the effluent solutions, it was
not possible to prove this conclusion in the current study. On the other haaell
known that leachates from almost all type of fly ashes contain sigmifiamount of S
anions (Komonweeraket et al. 2010) and it could be suggested that theitgabdir
(V1) may have been controlled by Ba(S,Cs)3). In addition, Mn-(hydro)oxides may

have an important effects on leaching of Cr(VI) specieasiclkconditions (pH>8). It is
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very well known that Mng(s) and MNnOOH(s) may tend to create extra adsorption sites
for Cr(VI) and have impact on control of the leaching of Cr(VI). ldeer, the sorption
reaction was not the scope of this study. Therefore, it was t@tndeed whether the
sorption of Cr(VI) was controlled by Mn(hydro)oxides or nat. the future studies the
measurements of SO should be measured, as it plays very important factor on the
solubility of Cr(VI) (Engelsen et al. 2010).

It has also been claimed that Cagddd Cr(VI)-ettringite minerals may control
the leaching of Cr(VI) metal species at highly alkaline ctooxas (pH>10) (Johnson et al.
1999, Astrup et al. 2006, Karamadis and Voudrias 2008). Figure 12b showsidhierva
of log Ca values corresponding to log GrQvalues and according to the solid line that
represents the CaCi@s) is approximately 2 orders of magnitude above the log Ca and
log CrQ, values. This indicates that the solubility is G¥(hot CaCrQ(s) controlled. In
general, the solubility of Cr(VI) at high pHs is controlled bif\d)-ettringite minerals
(Astrup et al. 2006, Karamadis and Voudrias 2008, Engelsen et al. 2010)s Atqxder
than 10 the Cr(VI) replaces $0in ettringite minerals. This substitution of $Canion
is dependent on the amount of Cr(VI) concentrations in the effluents@UEngelsen
et al. 2010). Figure 5d shows that the leaching of Cr(VI) from theirapas prepared
with URM-fly ash-LKD materials is not Cr(VI)-ettringiteontrolled. The CrgF
concentrations are far above the Cr(VI)-ettringite solid phase indicating that this
solid phase does not control the solubility of Cr(VI) in this study.

Fe-(hydro)oxides, Al-(hydro)oxides and Mn-(hydro)oxides are possitiption

sites that may adsorb the trace metals such as Cr(VI)h@&ekat al. 2002). However;
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Apul et al. (2005) claimed that leaching of Cr(VI) is not adsorptontrolled, especially

in the presence of high amount of SCanion in the effluent solutions. Adsorption of
Cr(VI) on the iron and aluminum oxides is weak at high pHs and iprésence of high
amounts of Sg (Apul et al. 2005). Even though previous studies claimed that the
leaching of Cr(VI) is not adsorption controlled, it seems adsormfo@€r(VI) on the
minerals or (hydro)oxides is the main leaching controlling rmedms of this chromium
species in this study. The scope of this study was focused deaittang of solubility
controlling mechanisms of the heavy metals. Therefore, no furtibehgmical analysis
has been conducted to determine the adsorption properties of Cr(VI)velovigure

studies should take these possibilities into account.
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5.2.6 Speciation of Mn

The speciation analysis showed that Mn(ll) as*Ms the dominant oxidation state for
both the specimens prepared with fly ash-soil mixtures and thersgrecprepared with
fly ash-soil-LKD mixtures.

An increase in pH decreases the leaching concentrations of M species in
general due to the precipitation or dissolution of manganese (hyate3otSu et al.
(2011), Cetin et al.(2012)). Figure 5.7 indicated that at a pH >10 thelgglabiMn(ll)
is controlled by pyrochroite (Mn(OH)) At neutral pH conditions (5 < pH < 10) K
cations are more freely available and increasingly precipst®in(OH) as the pH of
the aqueous solutions increases (Gitari et al. 2009, Komonweerasiet2810). This
explains that how the Mn(Ok{(¥) minerals control the solubility of Mn(ll) metal species
in the effluent solutions of the specimens prepared with URM-flyL&D mixtures
while Mn(OH),(s) minerals do not “control the solubility of Mn(Il) metal spscin the
effluent solutions of specimens prepared with soil-fly ash migt(@atari et al. 2009).
The pH values of the effluent solution of specimens prepared witflysagh mixtures
ranged from 6 to 10 (Table 4.5) while the pH values of the effluenttieo$ of
specimens prepared with URM-fly ash-LKD mixtures are gredttan 11 (pH > 11).

This indicates the presences of two different leaching behawaior Mn(ll).
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5.2.7 Speciation of Se

Dominant oxidation states of Se metals are Se(IV) as ki$e@e soil-fly ash mixtures
used in this study. This finding is consistent with the literabeeause it is expected that
Se forms anionic species at neutral to alkaline pHs (Mediana 2010, Su et al. 2011).
Figure 5.8 shows that Se(lV) species are significantly unaterated with respect to
SeQ(s) indicating that the solubility of selenium like arsenic i$ cantrolled by the
dissolution/precipitation of (hydr)oxides. Baur and Johnson (2003) indi¢hts the
solubility of Se(IV) may have been controlled by the CaSd{® compound. In
addition, HSe@ may complex with Cd and produces CaSe@olid solutions which
controls the solubility of Se(lV) according to the Essington (1988).eb\aar, Izquierdo
et al. (2011) indicated that solubility of Se(IV) is controlledgypsum (CaS@2H,0) in
the effluent solutions. SO concentrations in the aqueous solutions may have significant
impact on the leaching of Se(lV) like it has on leachingCofVI) (Engelsen et al.
(2010)). The gypsum effects were not shown herein since neit&€r or SQ*
concentrations were measured from the specimens prepared witandofly ash.
Therefore, such a conclusion cannot be warranted.

The formation of solid solution with ettringite mineral is very coom at alkaline
conditions, especially for anionic species such as;Gr@sO*, Sb(OH) and Se@F
(Cornelis et al. 2008). Ettringite minerals present in the aquealusons may be the
solid solutions responsible for the solubility of Se(IV). However, ldgqium was not
obtained between Se(lV) and Ettringite in solid forms and minaralsavailable in the

MINTEQAZ2 database.
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Based on the MINTEQAZ2 results for the Se(lV) obtained from thislysto
determine the controlling mechanisms of Se metals, it can béudedcthat leaching of
Se(lV) from fly ashes and soil-fly ash mixtures are not satykbntrolled. It is well
known that leaching of Se(lV) is not solubility-controlled under alkakoeditions
(Komonweeraket et al. 2010, Su et al. 2011). Moreover, in alkaline conditions the
concentrations of oxyanionic species of Se may decrease sagtlficdue to the
adsorption and precipitation of oxyanions with minerals. Gibbsite a{@Hr; could
provide an effective sorption site for Se(lV) species at plisdsn approximately 8 and

9 (Langmuir 1997).
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Figure 5.8 Log activity of HSeQvs. pH in leachates from fly ashes and soil-fly ash mixtures: (a) Brandors@&mar€olumbia fly
ashes, (b) Paul Smith Precipitator and Dickerson Precipitator, and (c) RuP8ecipitator and Morgantown fly ashes.
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5.2.8 Speciation of Cu

The dominant oxidations states of leached Cu metals from URIsistiyLKD mixtures
were determined to be Cu (Il) in the speciation analyseoee@ased on Figure 9a, the
crystalline phase of CuO mineral Tenorite(c), is controllireggolubility of Cu(ll) metal
species in the agueous solutions collected from URM-fly ash-orfdures. Engelsen at
al. (2010) also claimed that at pH>9, tenorite or precipitation o©8W{(s) controls the
leaching of Cu(ll). Cu(OHyJs) is also known as a solid phase that controls the leaching
of Cu metals especially under alkaline conditions (Apul et al. 2005ereless, in the
current study the leaching of Cu(ll) cations are likely to detrolled by CuO(c) rather
than Cu(OH)(s).

At neutral pHs, the Cu(ll) cations tend to coprecipitate with rretals and are
sorbed/adsorbed by hydrous oxides of Al and Fe minerals (Apul 20G8, Engelsen et
al. 2010). In the current study the pHs of the URM-fly ash-LRtures were above 11
(pH >11). At this alkaline conditions it is not expected to observedhgtion of Cu by
these minerals since the Fe oxides starts precipitatindndselves while Al oxides

starts dissolving to their anion species in the aqueous solutions $&mgsl al. 2010).
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5.2.9 Speciation of Fe

In the speciation analysis it was found that*Fie the dominant oxidation state of Fe
metals in the aqueous solutions of the fly ash-based mixtures.eA@il (2005) and
Komonweeraket et al. (2010) also claimed that the predominant Fespecisimilar
waste materials were Fe It is well known that Fe solubility, like Al, is controlled by
hydroxide minerals (Fruchter et al. 1990, Gitari et al. 2009). Ei@lr indicates that
solubility of Fe is more likely controlled by hematite {§6¢) minerals rather than
Fe(OH}-amorphous. These results are consistent with Black et al. (198&) alaimed
that the solubility of Fe metals was controlled by®zeand FgO,4. Fruchter et al. (1990)
and Mudd et al. (2004) do not support the findings in this current study #meout
solubility controlling phase of Fe; however, these previous studies tidahade highly
conditions, i.e., pH>12 (Figure 9b). At such pHs, it is possible fof’ fe be controlled
by hematite instead of ferryhdrite (Fe(QH) In addition, X-ray diffraction analysis
indicated that hematite is the primary mineral phase of Rkeerfly ashes used in that

study.

5.2.10Speciation of V:

The MINTEQ speciation analyses indicated that the dominant toxidatate of the
leached vanadium metals from URM-fly ash LKD mixtures wd#/Vas V(OH)"

species. Even though previous literature suggested that V matdlda be present in
anionic form at alkaline conditions (Medina et al. 2010, Engelson 2040, Izquierdo

et al. 2011), MINTEQAZ2 speciation analyses conducted in the cwteht did not agree
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with this statement. Figure 9c suggests that the leachingisfsdglubility controlled,
consistent with the findings of Apul et al. (2005). It is seen tmatsblubility of V(IV)
metal species in this study is controlled byOys) solid phase at all pH ranges. The
V(IV) concentrations remained on the linear solid line that rept@s,(s) (Figure 9c).
It appears that VO(OH(s) may also have some impact on leaching of V(IV) metata fr
the URM-fly ash-LKD mixtures used in this study. lzquierdo et al. (2@ldimed that
at very high alkaline conditions the complexation of Ca and V meé&fs of removing
V metals from leachates. This statement is consistenttaetfindings obtained from the
current study because, as shown in Figure 9c, the concentratio$l\df decreased
with an increase in pH, indicating that V(IV) was removed from aqueous solutions
and Ca-V precipitation could be one of the reasons of this leachingitieb& V(1V).
Furthermore, precipitations of V metals with Pb metals arg likely to occur as
PhV,0; and PB(VO,), (Astrup et al. 2006). These RBO; and PB(VO,). solid phases
may also have significant effects on controlling the solubility ghetals. Nevertheless,
the Pb concentrations leached from URM-fly ash-LKD specimease vibelow the
detection limits and therefore it was not possible to observend bretween V and Pb
concentrations in the aqueous solutions. Figure 9c clearly shows thaotmeant
controlling mechanism of the leaching of V(IV) metals foe tspecimens used in this

study is the YO4(s) solid phase.
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5.2.11Speciation of Sb

Sb(V) as the Sb(OH) was the dominant oxidation state of Sb metal species in the
effluent solutions obtained from URM-fly ash-LKD mixtures. Nambkaet al. (2005)
indicated that the dominant Sb species is Sb(lll) leached tinenily ashes, but it also
indicated that Sb(lll) is oxidized to Sb(V) very quickly under aerobonditions
indicating the presence of oxygen in the environment. In this studidess from the
specimens were collected in a beaker exposed to atmosphere and ahliécton
process Sh(lll) species may have been oxidized to Sb(V). This could explainasShfé
dominant Sb species for the specimens used in the current studhar Sibservations
were made by Ettler et al. (2010) during testing of lead residues.

Figure 5.10a shows the variation of Sb(@Hyith pH and indicates that the
solubility of Sb(V) metal species are not Sb oxides controligb@s)(s)). Johnson et al.
(2005) indicated that calcium antimonate (Ca(Sb@pk$)) minerals may control the
solubility of Sb metals. Figure 5.10b shows the variation of Sb(V)usefSa(ll)
concentrations and indicates that the concentrations of Sb(V) nedalsed from the
URM-fly ash-LKD mixtures are only 2 to 8 magnitudes lower thahdsline that
represents the Ca(Sb(Qf#s) solid phase, i.e., -8 < Sl < -2. Figure 5.10b also shows
that Ca(Sb(OHy)2(s) have some ability to control the leaching of Sb(V) metals.

The sorption of Sb metals onto hydrous ferric oxides and aluminuchesoare
likely to occur and all these phases can act as possiblersaf Sb through processes of
surface complexation and sorption (Ettler et al. 2010). Under veajirakconditions

(pH > 10), the presence of ettringite minerals in the aqueouss®@ may also control
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the leaching of Sb(V) metals (Cornelis et al. 2008). However, megbgption nor
complexation reactions were included in the geochemical modelaigsés since it was
out of the scope of this study. Therefore, it cannot be definitidekcided that the
leaching of Sb(V) metals from URM-fly ash-LKD mineralse asolubility or sorption

controlled.
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5.2.12Speciation of Zn

Zn concentrations in the effluent solutions were only measurespfimens prepared
with URM-fly ash-LKD materials. Speciation analyses indidateat the dominant
oxidation state of the Zn metals leached from these specinse@s(ll) as ZA".
Solubility of Zn metals are mainly controlled by precipitatiowl aissolution reactions in
the soil matrix (Murarka et al. 1992). Figure 5.10c shows that the leachinglbfrdatal
species is controlled by zincite (ZnO) minerals especialiythe specimens providing
very high alkaline aqueous solutions (pH > 9). The solid line tha@gepts the solubility
of ZnO in the Figure 5.10c is covering the alfZoations leached from the specimens
prepared with URM-fly ash-LKD materials. This confirms that ZnO isntiagn inorganic
chemical compound that has a significant effect on the leacHingn@ metals.
Moreover, Astrup et al. (2006) and Karamalidis and Voudrias (2009¥aisad that the
solubility of zrf* is controlled by the ZnO minerals in the aqueous solutions.
CaZnp(OH)s.2H,0O(s), often found in the soil matrix during cementititous reactiomsid
be another solid phase that may affect the solubility of" Zmder very alkaline
conditions (Engelsen et al. 2010). The MINTEQAZ2 analysis, howevemali provide
any information about the possibility of the occurrence of such alinEnerefore, this
mineral was not taken into account in the determination of the sodisephthat may
control the leaching of Zfi from the specimens used in this study.

Dijkstra et al. (2002) suggested that including surface pretgutaf Zn on the
soil particles in the speciation analyses would provide moreeteiaformation about

the leaching behavior of Zn. This, however, was not the scope otulig sherefore it
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was not included in the MINTEQAZ2 analysis of the Zn. The adsorption of Zn onto Fe and
Al (oxy)hydroxide minerals tends to occur often at neutral @bigkgtra et al. 2004).
Since the pH of the effluent solutions of the specimens preparedJ®RiM-fly ash-LKD
materials are very high and the ZnO solid line closely mattre&rf* concentrations
(Figure 5 10.c). The sorption of Zn onto Fe and Al (oxy)hydroxide raiseras not
observed in the current study.

Apul et al. (2005) claimed that Zn may form Zn(Q¢djn) at pH>8. Even though
the Zrf* concentrations are under-saturated with respect to Za(&Hi) solid line phase
in Figure 5.10c, it may have some controlling capabilities on leaching’dtZtions into
the aqueous solutions. This finding is also consistent with those reyrigpul et al.
(2005).

Leached metals could be present as carbonates, oxides andidgslrand Zn
could also be adsorbed on metal hydroxides, particularly Fe-oxideatsinéris very
well known that hydrous ferric (HFO) is a very important min@rahe immobilization
of heavy metals via sorption and sorption of Zn onto HFO is very likebccur at pH~
9.5 (Engelsen et al. 2010). Karamalidis and Voudrias (2009) indicateddhanant
mechanisms controlling the leaching ofZare the combination of surface complexation
and dissolution/precipitation of the minerals that includes Zn. Howevgure-5.10
suggests that the zincite (ZnO) minerals were controlliegsblubility of the Zfi" for

the specimens used in this study.
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5.2.13Speciation of B

B(lll) as HBO3; was the dominant oxidation state of the boron metal that waselgac
from soil-fly ash mixtures. Engelsen et al. (2010) also determivadB(lIl) is generally
the dominant boron species in the environment. However, MINTEQA2 was motacabl
provide any solid phase that may control the solubility of B(fijhe aqueous solutions.
Therefore, no log graph was created to determine whetheratleiig of B(lll) metal
species are solubility controlled or sorption controlled. These fysdame consistent with
the previous studies on leaching controlling mechanisms of boron riRriahter et al.
(1990) indicated that borate minerals such as pinnoite, inderite @pldite do not
control the solubility of B and was not able to define any geochémeaeations that
could control the leaching of B. Furthermore, Mudd et al. (2004) claiimedbiorate
minerals do not have any impact on controlling the leaching of Breamdioned that the
leaching of B could be sorption controlled instead of being solubility controlled.

The pHs of the effluent solutions of the all soil-fly ash mixtwasged from 6
tol10, the pH conditions that the leaching of B is minimal (Querchletl995) The
leaching controlling mechanisms of the B(lll) in the aqueous sokitcmuld be the
precipitation of B with CaC@®minerals (Hollis et al. 1988). Gitari et al. (2009) and
Engelsen et al. (2010) reported that ettringite minerals atghigpH>8) may also have
impact on controlling the leaching behavior of B(Ill). However, r&itSQ* nor CQ*
concentrations were measured in the current study, therefore sanblasion cannot be

warranted.
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5.3 CONCLUSIONS
MINTEQAZ2 equilibrium geochemical code and laboratory column |eachkests results
were used to determine the dominant oxidation states of the Al,,ASt, ECu, Fe, Mn,
Sh, Se, V, Zn metals and define the leaching controlling mecharménige leached
dominant metal species in the leachates. The geochemical mocatiegvas conducted
on the URM-fly ash-LKD mixtures (URM: Unpaved road matertdy, Ashes: Brandon
Shores, Paul Smith, Dickerson Precipitator, LKD: Lime kiln dust) soiftfly ash
mixtures (Soil: Sandy Borrow Material, Brandon Shores, Paul hSrarecipitator,
Dickerson Precipitator, Morgantown, Columbia Power Plants). Thenfisdirom the
current study can be summarized as follows:
1) MINTEQAZ2 speciation analysis indicated that the As, Fe, Cu, Mn, Sb and V were
typically present in the oxidized forms As(V), Fe(lll), Cu(ll), Mn(ll), Sh@&nd
V(IV) respectively, with some exceptions discussed as follows. For chrqrthem
dominant oxidation states of the Cr metals leached from soil-fly ashresxiere
in a reduced form as Cr(lll) while the dominant oxidation states of Cr metals from
URM-fly ash-LKD mixtures were in an oxidized form as Cr(VI). Thecsgton
analysis indicated that, even though the Se(IV) was the dominant oxidation states
of the leachates, there were still reasonable amounts of the oxidized foena®f S
Se(VI) in the agueous solutions. For aluminum, even though Al is not redox
sensitive metal element, speciation analysis indicated that Al(theislominant
oxidations state of the leached Al metals both for soil-fly ash mixtures and URM

fly ash-LKD mixtures.
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2)

3)

4)

Dissolution-precipitation reactions identified by the MINTEQAZ2 dasabaere
used to determine the leaching controlling mechanisms of all matdlsdin the
current study. Al(ll1), Cr(ll1), Mn(l1), Cu(ll), Fe(lll), V(IV) and Zn() metals were
able to be defined by these dissolution-precipitation reactions, indicating that
leaching of these metals are solubility controlled. However, no relationsbies
observed between the As(V), Sb(V), and Se(lV) metals indicating thairigauf
these metals likely are sorption controlled. The confirmation of this is the out of
the scope of this study and the subject of future work. Therefore, it was not
possible, from the current research, to conclude which sorption reaction may
control the leaching of As(V), Sb(V), and Se(lV) metal species.
Al(OH)3(Gibbsite) was the dominant solid phase that controls the leaching of
Al(111) in the aqueous solutions. B(lll) assBO; was the dominant oxidation state
of the boron metal leached from soil-fly ash mixtures. However the MINTEQAZ2
geochemical modeling program was not able to provide a solid phase that may
control the solubility of B(lll) in the aqueous solutions. Therefore, no log graph
was could be created to further characterize the leaching behavior ¢pinB{tHl
species.

Cr(lll) was mainly controlled by Cr(OH)and CgO3(s) minerals rather than
Cr(OH);(am). CpOs3, one of the original contents of all fly ashes, varied from 2%
to 5%. It is expected to see the solubility of Cr metals controlled by this amomi
oxide mineral. In addition, the solubility of Mn(Il), Cu(ll), Zn(ll) and V(I\ere

controlled by Mn(OH), Cu(OH), ZnO and O4(s) minerals respectively.
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5) Based on MINTEQAZ results, As(V) was not controlled by As(hydro)oxides. The
geochemical analysis indicated that the solubility of As(V) is gdgemantrolled
by the Mny(AsO,),.8H,O compound. It is expected to see that in the presence of
adequate As(V) concentrations; it is likely to observe the complexation of AsO
with Mn*".

6) None of the solid phases provided by MINTEQAZ2 geochemical analyses had
control over the leaching of Se(IV) metal species. Previous studies agfree th
leaching of Se(1V) is not solubility controlled in alkaline conditions. The
concentrations of oxyanions decrease significantly compared to metallate
solubility due to the adsorption and solid solution formation of oxyanions with
minerals at high pHs. Gibbsite and Fe(@€&huld provide an effective sorption
site for Se(IV) species at pHs around 8 and 9. However, a separate study on the
sorption mechanisms was not conducted.

7) The solubility of Sb(V) metal species were not controlled by Sh-oxide ngnera
such as Si5(s). Calcium antimonate (Ca(Sb(QbhJs)) minerals may control the
solubility of Sb metals. Based on MINTEQAZ2 analyses, it can be concluded that
Ca(Sh(OHy)2(s) have some ability to control the leaching of Sb(V) metals. The
sorption of Sb metals onto hydrous ferric oxides and aluminum oxides is highly
likely. All phases can act as possible carriers of Sb through processefmoé sur
complexation and sorption. However, neither sorption nor complexation reactions

were included in the geochemical modeling analysis.
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8)

9)

Fe’* was the dominant oxidation state of Fe metals in the aqueous solutions of fly
ash-soil, fly ash-soil-LKD mixtures. The solubility of Fe was probaioigtrolled

by the hematite (R©3) minerals rather than Fe(O¥m), Fe(OHy(s). X-ray
diffraction analysis indicated that hematite is the primary mineralepbiaSe in

the fly ashes used in that study, suggesting that leaching of Fe metals wa
controlled by FgO3; minerals.

The leaching of Cr(VI) in the effluent solutions are not controlled by chromium
(hydr)oxides. The solubility of Cr(VI) could be controlled by Bags0lid phase.
Ba(S,Cr)Q could be one of the main solid phases that may control the leaching of
Cr(VI); however, further Sg3” anion measurements are necessary to prove this

phenomenon.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

oal power plants are very important in production of electricitythe United States.
Approximately 50% of the electricity in Unites States isegated by coal combustion processes
(Daniels and Das 2006). As a result of this, large amount of @rabwstion byproducts
especially fly ashes are produced annually. Only 40% of thgsesthes can be reused
successfully in applications such as cement, concrete productionsilstalslization and most
of these reused fly ashes are classified as Class C assl Elfly ashes according to ASTM
C618. Rest of these waste materials are high carbon fly @36€#s) and being landfilled each
year. HCFAs contain significant amounts of unburned carbon (i.e., higlohogmition) and
cannot be used as a concrete additive (Cetin et al. 2010). The omatale for this byproduct
is to landfill unless no beneficial reuse is offered. Continuous dispdésthese HCFAs are
causing significant environmental and economical problems.

Highway structures pose great potential for these landfilledA3G& be reused in many
different applications such as stabilizer in highway baserdage as a soil amended in
embankment constructions. Even though mechanical properties of tehtamended highway
base layers and embankments are deemed satisfactory, one ueeyhets precludes highway
base layer stabilization with fly ash is the potential for groatdmimpacts caused by metals in
the fly ash (Jankowski et al. 2006, Wang et al. 2006, Bin-Shafique et al.. Z086)main
objective of this research study was to investigate the environnsentbility of high carbon
fly ash (HCFA) stabilized highway base layers and HCFArated embankments. This research

study was conducted in 2 phases: First phase was experimertatievaof environmental
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suitability of HCFAs amended soils while the second phase was rizamevaluation of
environmental suitability of HCFAs amended soils.

Experimental studies started with physical and chemicahctaization of the fly ashes
that were mainly collected from Maryland. Then a seriebrefet different laboratory tests which
were water leach tests (WLTSs), toxicity characterisi@ching procedure tests (TCLPs), and
column leach tests (CLTs), were conducted to determine the enenbamsuitability of
utilization of high carbon fly ashes into the geotechnical applicatitimsse three leaching tests
were specifically chosen since they were significantlyedgiit from each other. WLTs are
simulating the short term leaching behavior of metals whil&@<Care simulating the long term
leaching behavior of metals. In addition, TCLP tests were also cwmulsace it is always
required by EPA if environmental suitability of any type ofsteamaterials is being tested.
Laboratory tests were performed on soil alone, fly ash alond]ysagh-lime kiln dust, and soil-
fly ash mixtures. This research study was focused on leaohibhd) different metals which were
arsenic (As), aluminum (Al), antimony (Sb), barium (Ba), boron ®pper (Cu), chromium
(Cn), iron (Fe), manganese (Mn), selenium (Se), vanadium (V), and zinc (Zn).

In the second phase of this study, the results obtained from firs¢ plexe used as an
input parameter in the groundwater contamination numerical computerd MbsieLEACH.
WiscLEACH were used to predict the leached metal concesmgin the field. WiscLEACH
simulations were conducted to study the locations of maximum i@takntrations in the soil
vadose zone and groundwater (e.g., at the centerline of the pawtmenhire, at the vicinity of
point of compliance) and create contours of trace metals atediffgears as a function of depth

physical and chemical properties of the fly ash amended doilsddition, geochemical
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computer model MINTEQAZ2, was used to conduct speciation analgsededermine the most
dominant species of the leached metals that actually exrstibe ieachate and it was also used
to estimate the leaching controlling mechanisms of the métadal peak metal concentrations
from column leach tests, leachate pH, electrical conductiviB) @nd leachate Eh, were used as
an input in the MINTEQA2 geochemical modeling program. The resofitsall these
experimental and numerical tests were discussed in detail préli®us sections. In this chapter
only general conclusions will be summarized as follows:

1. An increase in fly ash content increased the pH of the efflidatians of the soil-fly
ash, URM-fly ash-lime kiln dust mixtures regardless of theafli types. Even though
most of the fly ashes did not have significant amount of CaO and ¢dg€ents, it had
been appeared that the release of these minerals had still impact on pflsent

2. Addition of fly ash content generally caused an increase in thehdd metal
concentrations with few exceptions. Fly ashes were the main swiece in the soil
mixtures. Therefore, it was expected to see an increase al cogicentrations in the
agueous solutions by increasing the fly ash content in the soil mixtures.

3. Lime kiln dust (LKD) addition has significant impact on the pH of lgechates of the
URM-fly ash-LKD mixtures. The concentrations of the metalglied in this research
are greatly influenced by the pH of the effluent solution sigaifily which suggest that
the addition of LKD is very critical on evaluation of the environmleatatability of
using fly ashes as a stabilizing agent in highway base layer constructions.

4. The concentrations of metals were generally below the EPAIYI\VQLSs and Maryland

ATLs. Al was only the exception for the specimens prepared WRMAnd LKD. It
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should be noted that Al is on the EPA list of secondary drinking wetgdations, and
there are no limits for Al specified in Maryland groundwaisstection guidelines. On
the other hand, the concentrations of the metals exceeded the EP#A bégand the
addition of 20% of the specimens prepared with only Mt and Co fly ashes.

5. WiscLEACH simulations for both fly ash stabilized highway b&sgr and fly ash
amended embankments indicated that the metal concentrations deé@eaiséme and
distance and that all the metals were sufficiently dispersedhé vadose zone
WiscLEACH results also indicated that the metal concentratbbrmetals were much
lower than the metal concentrations obtained from the laboratorhingadests
suggesting that the results of laboratory tests are likely to provide ercatige estimate
of field metal leaching.

6. Geochemical model MINTEQAZ2 indicated that the speciation of Imat highly
dependent on pH and Eh of the effluent solutions. Some of the speciesméttis
leached from soil-fly ash mixtures URM-fly ash-LKD mixtarexisted in their toxic
forms. This indicates that extra care should be taken in theofuseme these soaill
mixtures in such geotechnical applications.

7. Based on the results obtained from both experimental and numesisairtehe current
research study, it can be concluded that reuse of high carbon fly @$G€As) as a
stabilizing agents and soil amendment in geotechnical applicarensnvironmentally
safe. However, design of these geotechnical structures mukingevery carefully in
terms of adjusting the fly ash content in the soil mixture. Addibiolarge amount of fly

ash in the soil-fly ash, soil-fly ash—LKD mixtures may lgieexcessive amount of
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leached metals into the environment and groundwater which may cmsecant

health issues to the aquatic life and human health.

6.2 RECOMMENDATIONS FOR FUTURE STUDIES

Even though the results obtained from the current study was stigfain terms of
environmental suitability of the soil-fly ash mixtures tested,arsiatic pH laboratory leaching
tests could be conducted on the same mixtures to obtain more retfdsleation about the
leaching behavior of metals that were focused. Leaching dlsnate highly dependent on the
effluent pHs as well as influent pHs. Therefore, it is veryiafio determine the leached metal
concentrations from fly ash mixed soils at different stabiligei$. This would provide more
clear information on defining the leaching pattern of the metatk more input data to put in
geochemical computer model MINTEQAZ2.

The boundary conditions of WiscLEACH computer model which was used in the
prediction of leached metal concentrations in the groundwater urdi&rctnditions should be
modified. Although the results obtained from WiscLEACH is very covadve, some of the
assumptions made in WiscLEACH could be substituted for the chlemmdaiological reactions
that may occur in the field. Thus, the leached metal concentrdtimmsfly ash mixed soils
could be estimated more accurately. WiscLEACH also ignoresutti@ce runoff that may occur
on the soil at the edge of the pavement and pavement surfacesanteaghat the entirety of
precipitated water infiltrates thorough the pavement structures@hsadose zone. This is very
conservative assumption and may overestimate the leached nosiEntrations in the
groundwater. Therefore, including the effects of the loss of pratagitwater may yield more

accurate prediction of the leached metal concentrations in the field.
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Finally, performing large scale of field study on the saitures prepared in the current
study would help to compare field leaching tests results to lavgri@st results and try to find a
correlation between the outputs of these tests that can be used for futurie stuatielition, field
study would also help to validate the results obtained from numeraputer models and

check their accuracy and efficiency.

6.3 RECOMMENDATIONS FOR FUTURE STUDIES

Even though the results obtained from the current study was stigfain terms of
environmental suitability of the soil-fly ash mixtures tested,arsiatic pH laboratory leaching
tests could be conducted on the same mixtures to obtain more retfdrleation about the
leaching behavior of metals that were focused. Leaching dlsnate highly dependent on the
effluent pHs as well as influent pHs. Therefore, it is veryiafio determine the leached metal
concentrations from fly ash mixed soils at different stabiligki$. This would provide more
clear information on defining the leaching pattern of the metatk more input data to put in
geochemical computer model MINTEQAZ2.

The boundary conditions of WiscLEACH computer model which was used in the
prediction of leached metal concentrations in the groundwater urdi&rctnditions should be
modified. Although the results obtained from WiscLEACH is very covadive, some of the
assumptions made in WiscLEACH could be substituted for the chlemmdaiological reactions
that may occur in the field. Thus, the leached metal concentrdtimmsfly ash mixed soils
could be estimated more accurately. WiscLEACH also ignoresutti@ce runoff that may occur
on the soil at the edge of the pavement and pavement surfacesanteaghat the entirety of

precipitated water infiltrates thorough the pavement structures@hsadose zone. This is very
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conservative assumption and may overestimate the leached nosiEntrations in the
groundwater. Therefore, including the effects of the loss of pratagitwater may yield more
accurate prediction of the leached metal concentrations in the field.

Finally, performing large scale of field study on the saitures prepared in the current
study would help to compare field leaching tests results to lavgri@st results and try to find a
correlation between the outputs of these tests that can be used for futwee $tuaddition, field
study would also help to validate the results obtained from numemraputer models and

check their accuracy and efficiency.
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APPENDIX A: ELUTION CURVES FOR METALS FOR HIGH
CARBON FLY ASH STABILIZED BASE LAYER
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APPENDIX B: PREDICTED METAL CONCENTRATIONS IN
VADOSE ZONE AND GROUND WATER FOR HIGH
CARBON FLY ASH STABILIZED BASE LAYERS
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APPENDIX C: MINTEQAZ2 GEOCHEMICAL ANALYSIS OF
THE SPECIES OF THE LEACHED METALS
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Table 1. Speciation of As, Cr, Mn, and Se calculated using MINTEQAZ2: Brandon Shores

Concentration (mol/L)

Species S10BS S20BS S40BS 100 BS
AsO;° 1.01E-13 2.95E-13 2.03E-11 1.89E-10
Cr(OH),"* 5.38E-09 4.28E-09 3.38E-08 4.22E-08
Cr(OH)s (aq) 2 61E-09 1.49E-09 9.71E-08 9.62E-08
Cr(OH), 1.32E-14 5.77E-15 3.02E-12 2.72E-12
cr 7.33E-11 1.36E-10 1.46E-11 4.03E-11
Cry(OH),™ 6.40E-14 1.14E-13 8.96E-14 4.37E-13
Cr,0;? 9.82E-34 3.31E-35 2.54E-24 8.86E-25
Cry(OH),*® 1.32E-17 2.39E-17 1.34E-16 1.31E-15
Cro,? 2 75E-18 3.99E-19 8.74E-13 4.94E-13
CrOH"2 1.22E-08 1.43E-08 1.34E-08 2 35E-08
H*T 9.16E-07 1.27E-06 1.55E-07 1.93E-07
HoASOy 5.36E-22 4.02E-21 7.05E-23 7.83E-22
HASO; 1.26E-07 5.22E-07 6.04E-07 4.86E-06
H.CrO (aq) 2.00E-24 4.63E-25 1.62E-20 9.93E-21
H.SeG (aq) 1.29E-10 2 24E-10 1.92E-11 2 13E-11
HaASO; 5.43E-19 5.32E-18 1.16E-20 1.42E-19
HASO; 1.73E-11 9.30E-11 1.35E-11 1.19E-10
HASO52 8.21E-30 5.02E-29 6.87E-30 7.74E-29
HASO,2 2 50E-08 8.38E-08 7.58E-07 6.19E-06
HCrO; 4.62E-18 8.22E-19 2.31E-13 1.28E-13
HSeQ: 4.41E-07 5.88E-07 4.02E-07 4.08E-07
HSeQ 2.73E-15 2.00E-15 9.05E-14 6.64E-14
Mn(OH),2 4.25E-29 1.16E-29 5.09E-26 1.00E-25
Mn*Z 3.28E-05 2.97E-05 2.98E-05 1.12E-04
Mn*? 3.76E-23 3.97E-23 3.74E-23 1.88E-22
Mns(OH)s 1.02E-15 2 74E-16 1.63E-13 9.34E-13
Mn,OH" 3.96E-14 2 48E-14 2.01E-13 2 54E-12
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MnOy 6.85E-49 5.15E-50 1.03E-42 8.87E-43
MnO,4? 1.97E-46 1.62E-47 3.11E-40 3.21E-40
MnOH® 6.82E-10 4.17E-10 3.54E-09 9.46E-09
MnSeQ (aq) 2.96E-13 1.24E-13 4.91E-11 8.48E-11
OH 1.46E-08 1.12E-08 8.96E-08 8.09E-08
SeQ* 3.38E-09 3.68E-09 1.96E-08 2.02E-08
SeQ* 1.05E-10 6.27E-11 2.21E-08 1.65E-08

228



Table 2. Speciation of As, Cr, Mn, and Se calculated using MINTE@&21 Smith

Precipitator

Concentration (mol/L)

S-10 PSP S-20 PSP S-40 PSP 100 PSP
AsO,3 8.51E-13 8.70E-12 4.57E-10 3.3E-09
Cr(OH)"™ 6.2E-09 1.58E-08 2.81E-08 1.3E-08
Cr(OH); (aq) 9.33E-08 3.72E-08 9.71E-08 9.5E-08
Cr(OH), 1.52E-13 9.73E-13 3.62E-12 9.8E-12
cr 9.83E-12 1.07E-11 8.27E-12 1.3E-12
Cry(OH),™ 1.11E-14 3.27E-14 4.15E-14 5.3E-15
Cr,0;? 1.36E-28 8.94E-26 1.1E-23 2.1E-20
Crs(OH),™ 3.08E-18 2.48E-17 5.08E-17 6.3E-18
CrO,? 3.36E-15 1.39E-13 2.18E-12 2.9E-10
CrOH" 4.71E-09 7.77E-09 9.22E-09 2.2E-09
H*t 2.95E-07 1.88E-07 1.28E-07 5.8E-08
H,ASOs 3.86E-23 5.80E-23 7.73E-22 7.1E-23
H,ASOy 9.12E-08 3.44E-07 9.57E-06 5.3E-06
H,CrO; (aq) 2.26E-27 3.58E-21 2.82E-20 4.1E-19
H.SeQ (aq) 4.02E-11 7.01E-11 9.11E-10 1.4E-10
H3ASO; 1.21E-20 1.14E-20 1.06E-19 3.5E-21
H3AsOy 3.86E-12 9.10E-12 1.78E-10 3.6E-11
HAsO; 1.98E-30 4.86E-30 9E-29 2.7E-29
HAsO, 6.02E-08 3.71E-07 1.43E-05 2.6E-05
HCrO; 1.68E-15 4.28E-14 4.81E-13 1.9E-11
HSeQ™ 4.44E-07 1.24E-06 2.3E-05 1E-05
HSeQ™ 2.75E-14 1.93E-13 7.46E-12 2E-11
Mn(OH),? 1.19E-27 9.87E-27 5.03E-25 7.9E-24
Mn*2 9.21E-06 1.21E-05 0.000141 6.1E-05
Mn*3 1.16E-23 1.60E-23 1.75E-22 1.2E-22
Mn(OH)s 2.23E-15 1.43E-14 6.43E-12 9.1E-12
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Mn,OH"3 1E-14 2.76E-14 5.39E-12 2.7E-12
MnOy4 1.82E-45 9.22E-44 2.13E-41 9.1E-39
MnO, 5.52E-43 2.88E-41 6.42E-39 3.7E-36
MnOH" 5.72E-10 1.16E-09 2.03E-08 1.6E-08
MnSeQ (aq) 2.4E-12 3.34E-11 2.33E-08 3.9E-08
OH 4.71E-08 7.54E-08 1.08E-07 2.9E-07
SeQ? 1.14E-08 5.20E-08 1.34E-06 1.9E-06
SeQ? 3.54E-09 4.05E-08 2.18E-06 1.9E-05
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Table 3. Speciation of As, Cr, Mn, and Se calculated using MINTE@AZkerson

Precipitator

Concentration (mol/L)

S-10 DP S-20 DP S-40 DP 100 DP
AsO,® 2.4E-13 2.51E-10 2.2E-10 1.2E-08
Cr(OH),** 1.2E-08 1.67E-08 2.7E-08 1.4E-11
Cr(OH); (aq) 7.5E-09 9.67E-08 9.6E-08 1.3E-09
Cr(OH), 5.4E-14 6.51E-12 4.2E-12 1.4E-12
cr 1.1E-10 2.14E-12 9.5E-12 6.9E-18
Cry(OH),™ 2.6E-13 7.83E-15 6E-14 2.1E-23
Cr,0;? 1.2E-31 1.05E-21 2.8E-23 9.2E-16
Crs(OH),™ 1.5E-16 7.48E-18 1E-16 1.7E-29
Cro,? 4.6E-17 3.95E-11 4.2E-12 6E-07
CrOH" 2.1E-08 3.49E-09 9.2E-09 1.8E-13
H*t 6.9E-07 7.64E-08 1.2E-07 4.7E-09
H,ASO5 2.6E-22 3.54E-23 1.8E-22 2.4E-26
H,ASOy 1.2E-07 1.33E-06 2.6E-06 2.4E-07
H,CrO; (aq) 1.5E-23 1.48E-19 3.7E-20 8.5E-18
H.SeQ (aq) 3.3E-10 7.23E-11 4.7E-10 1.5E-14
H3ASO; 1.8E-19 2.70E-21 2.1E-20 1.1E-25
H3ASOy 1.1E-11 1.36E-11 4.2E-11 1.5E-13
HAsO; 6.1E-30 7.93E-30 2.6E-29 8.8E-32
HAsO,” 3.5E-08 3.82E-06 4.9E-06 1.1E-05
HCrO; 5E-17 4.54E-12 7.3E-13 4.2E-09
HSeQ™ 1.6E-06 3.29E-06 1.4E-05 1.1E-08
HSeQ™ 1.9E-14 3.23E-12 5.3E-12 2.8E-12
Mn(OH),? 2.2E-28 7.10E-25 7.3E-26 2.4E-22
Mn*2 4.7E-05 2.18E-05 1.4E-05 1.1E-07
Mn*3 6.4E-23 3.20E-23 2.2E-23 1.6E-25
Mn(OH)s 4.2E-15 6.37E-13 6.2E-14 6.6E-14
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Mn,OH"3 1.1E-13 2.32E-13 6.3E-14 9.3E-17
MnO, 1.2E-47 2.48E-40 3.9E-42 5.8E-33
MnO,? 3.7E-45 8.26E-38 1.3E-39 2E-30
MnOH" 1.2E-09 4.92E-09 1.9E-09 3.9E-10
MnSeQ (aq) 3.4E-12 2.27E-09 1.4E-09 1.6E-10
OH 2.1E-08 1.93E-07 1.2E-07 3.1E-06
SeQ? 1.9E-08 3.69E-07 1E-06 2E-08
SeQ? 1.1E-09 1.82E-06 2E-06 2.6E-05
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Table 4. Speciation of As, Cr, Mn, and Se calculated using MINTEQAZ2: Morgantown

Concentration (mol/L)
S-10 MT S-20 MT S-40 MT 100 MT
AsQ,3 2.3E-11 8.88E-09 7.8E-08 3.1E-07
Cr(OH),"™* 6.5E-09 1.56E-14 6.2E-16 3.5E-19
Cr(OH); (aq) 9.7E-08 8.13E-12 6.3E-13 1.1E-15
Cr(OH), 1.7E-11 5.53E-14 8.4E-15 5.4E-17
cr 1.3E-13 3.17E-22 3.3E-24 2.1E-28
Cry(OH),™ 1.9E-16 1.43E-30 6E-34 2.5E-41
Cr,0;2 2E-18 6.30E-14 8E-14 5.3E-15
Crs(OH),™ 7.2E-20 1.84E-39 3.1E-44 9.3E-55
CrO,? 4.5E-09 3.21E-05 7E-05 6.5E-05
CrOH" 5.4E-10 3.92E-17 8E-19 1.5E-22
H*! 3E-08 8.39E-10 4.3E-10 1.3E-10
H,ASOs 7.2E-26 1.04E-29 6.3E-30 1.5E-31
H,ASOy 1.8E-08 3.55E-09 8.2E-09 2.2E-09
H,CrO; (aq) 2.5E-18 1.08E-17 6.2E-18 4.4E-19
H,SeQ (aq) 7.4E-13 1.18E-18 7E-19 1.6E-20
H3ASO; 2.1E-24 7.84E-30 2.5E-30 1.6E-32
H3ASOy 7.1E-14 3.61E-16 4.3E-16 3.3E-17
HAsO;? 4.2E-32 2.56E-34 3E-34 2.7E-35
HAsO,? 1.3E-07 1.12E-06 5.1E-06 5.1E-06
HCrO; 2E-10 3.36E-08 3.8E-08 9.4E-09
HSeQ™ 8.7E-08 5.41E-12 6.3E-12 4.9E-13
HSeQ™ 5.6E-13 4.84E-14 2.1E-13 1.9E-13
Mn(OH),? 1.2E-24 1.71E-21 3.3E-21 1.3E-20
Mn*2 8.4E-07 6.34E-10 8.5E-11 2.5E-12
Mn*3 1.2E-24 1.17E-27 1.6E-28 5.4E-30
Mn(OH)s" 1.6E-14 3.38E-16 4.6E-17 1.2E-18
Mn,OH"3 8.8E-16 1.95E-20 6.9E-22 2.1E-24
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MnOy, 1.8E-38 4.33E-29 1.2E-27 5.6E-25
MnO,2 6E-36 1.66E-26 4.7E-25 2.4E-22
MnOH* 4.8E-10 1.19E-11 3.1E-12 2.8E-13
MnSeQ, (aq) 3.8E-11 7.42E-14 8.6E-14 6.5E-15
OH 5E-07 1.93E-05 3.8E-05 0.00013
SeQ? 2.5E-08 6.67E-11 1.5E-10 4.4E-11
SeQ? 8.2E-07 2.99E-06 2.6E-05 8.6E-05
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Table 5. Speciation of As, Cr, Mn, and Se calculated using MINTEQAZ2: Columbia

Concentration (mol/L)

S-10 Co S-20 Co S-40 Co 100 Co
AsQ,3 3.7E-07 7.52E-07 1.1E-06 7.3E-07
Cr(OH)" 2.2E-32 4.06E-30 1.4E-35 5.2E-35
Cr(OH); (aq) 8E-27 6.55E-25 1.5E-29 6.1E-29
Cr(OH), 3.5E-26 1.38E-24 2.1E-28 1.1E-27
cr 7.8E-46 8.64E-43 7E-50 2.5E-49
Cry(OH),™ 4.1E-72 1.01E-66 2.9E-79 4.8E-78
Cr,0;2 1.9E-21 3.40E-20 7.9E-23 4.7E-21
Crs(OH),™ 6E-99 3.41E-91 4E-109 3E-107
CrO,? 3.4E-06 7.29E-06 2.4E-06 2.3E-05
CrOH" 7.6E-38 3.30E-35 1.7E-41 6.1E-41
H*t 1.2E-12 2.71E-12 4.1E-13 3.6E-13
H,ASOs 3E-39 9.66E-38 6.5E-41 1.9E-41
H,ASO, 4.5E-13 3.15E-12 9.6E-14 3.6E-14
H,CrO, (aq) 3.1E-24 2.57E-23 1.8E-25 1.1E-24
H,SeQ (aq) 1.8E-30 2.30E-28 2.3E-32 1.4E-31
H3ASO; 3.6E-42 2.36E-40 2.3E-44 5.5E-45
H3ASOy 7.2E-23 1.04E-21 4.6E-24 1.5E-24
HAsO; 4. 4E-41 7.34E-40 3.4E-42 1.2E-42
HAsO,? 8.5E-08 3.08E-07 6.6E-08 3.1E-08
HCrO; 6.1E-12 2.47E-11 1.2E-12 8.8E-12
HSeQ™ 5.2E-21 3.27E-19 2.3E-22 1.6E-21
HSeQ™ 2E-17 2.79E-16 8.9E-18 8.3E-17
Mn(OH),? 5.2E-20 6.03E-20 2.1E-21 2.4E-21
Mn*2 1E-19 2.45E-18 4.1E-23 2.7E-23
Mn*3 1.6E-37 4.53E-36 8E-41 6E-41
Mn(OH)s 3.2E-27 1.48E-25 1.2E-32 6.2E-33
Mn,OH"3 3.2E-37 8.98E-35 1.7E-43 8.6E-44
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MnOy, 2.8E-16 1.39E-17 9.8E-16 1.8E-15
MnO,? 9.6E-14 5.32E-15 3.9E-13 7.6E-13
MnOH" 1.4E-18 1.42E-17 1.6E-21 1.1E-21
MnSeQ (aq) 3.9E-24 5.11E-22 1.7E-27 1E-26
OH 0.01233 5.98E-03 0.04085 0.04833
SeQ? 3.8E-17 1.24E-15 6.1E-18 5.4E-17
SeQ? 7.4E-07 5.33E-06 1.2E-06 1.4E-05
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Table 6. Speciation of Cu, Cr, Fe, Mn, Sb and V calculated using MINTEQAZ2: BS+LKD

Concentration (mol/L)

10BS+25LKD | 10BS+5LKD| 20BS+5LKD 100 BS
Cr(OH)"™ 1.40E-29 1.35E-32 1.14E-24 4.93E-15
Cr(OH); (aq) 6.17E-24 1.40E-26 1.22E-18 6.93E-13
Cr(OH)y 3.43E-23 2.09E-25 1.77E-17 1.21E-15
cr 3.70E-43 8.23E-47 5.93E-39 1.25E-21
Cry(OH),™ 1.39E-66 3.93E-73 2.12E-57 1.61E-30
Cr,0;? 2.99E-23 8.01E-24 1.05E-23 7.13E-16
Cry(OH),™ 1.45E-90 5.75E-100 2.24E-76 5.68E-40
Cro,”? 5.67E-07 8.10E-07 8.91E-07 8.67E-07
CroH" 4.07E-35 1.79E-38 1.43E-30 4.47E-17
Cu(OH) (aq) 4.58E-10 1.45E-09 4.73E-12 2.38E-11
Cu(OH) 2.86E-08 2.42E-07 7.67E-10 4.67E-13
Cu(OH)? 5.76E-09 1.41E-07 4.20E-10 2.92E-17
cu't 6.16E-21 1.91E-21 2.52E-21 1.94E-17
Cu'*? 1.23E-17 7.57E-18 2.25E-20 6.25E-12
Cu(OH)," 3.13E-21 6.19E-21 5.94E-26 8.23E-17
CwOH" 4.66E-29 4.64E-29 4.03E-34 3.78E-21
Cug(OH),™ 1.26E-24 8.01E-24 2.48E-31 1.72E-21
CuOH' 2.51E-13 3.37E-13 1.07E-15 4.09E-11
Fe(OH) (aq) 1.06E-26 2.41E-27 1.01E-24 2.05E-25
Fe(OH)" 3.46E-19 1.44E-19 1.41E-19 1.09E-15
Fe(OH) 5.41E-25 3.29E-25 1.34E-22 3.28E-27
Fe(OH) (aq) 1.92E-16 1.89E-16 1.91E-16 1.92E-16
Fe(OH) 6.15E-12 1.62E-11 1.59E-11 1.94E-15
Fe'? 5.22E-30 2.30E-31 8.86E-29 9.87E-22
Fe' 7.45E-37 7.17E-38 5.96E-38 2.25E-26
Fe(OH),™ 7.15E-52 3.80E-53 2.74E-53 6.59E-38
Fey(OH),™ 3.41E-67 1.10E-68 6.61E-69 9.49E-50
FeCrQ* 1.26E-36 9.88E-38 1.16E-37 6.19E-26
FeOH 1.34E-27 1.29E-28 5.27E-26 8.14E-23
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FeOH? 2.90E-27 5.55E-28 5.11E-28 2.84E-20
H*! 9.95E-13 4.15E-13 4.07E-13 3.13E-09
H,CrOx (aq) 2.91E-25 5.38E-26 6.48E-26 4.55E-18
H,V 04" 1.09E-22 2.08E-23 1.92E-23 1.07E-15
HCrO; 7.41E-13 3.66E-13 4.28E-13 3.64E-09
Mn(OH)2 3.42E-17 1.49E-17 2.31E-14 6.48E-23
Mn*2 2.65E-17 2.88E-19 4.49E-16 5.00E-09
Mn*3 1.82E-36 4.31E-38 1.45E-37 5.48E-26
Mna(OH)s 3.71E-22 5.03E-25 1.40E-18 4.34E-16
Mn,OH" 2.79E-32 8.74E-36 2.07E-29 3.14E-19
MnO;, 4.15E-20 9.51E-18 1.25E-27 9.42E-29
MnO,? 3.87E-16 5.92E-14 3.04E-21 5.28E-27
MnOH" 4.28E-16 1.02E-17 1.69E-14 2.60E-11
OH 1.59E-02 4.18E-02 4.10E-02 5.00E-06
Sb(OH)" 1.37E-41 6.14E-44 5.82E-38 9.15E-31
Sb(OH) 5.66E-31 5.97E-33 5.82E-27 1.20E-23
Sb(OH)* 1.37E-30 3.88E-32 3.67E-26 9.15E-27
Sb(OHY) (aq) 7.18E-17 1.42E-17 7.96E-17 4.09E-12
Sb(OH)* 1.74E-07 9.23E-08 5.03E-07 3.12E-06
V(OH)," 1.52E-27 1.47E-28 6.00E-26 9.26E-23
V(OH)s" 3.72E-14 1.55E-14 1.52E-14 1.17E-10
v 5.63E-44 1.25E-45 4.34E-43 3.28E-32
Vo(OH),™ 5.14E-67 1.46E-69 1.83E-64 1.76E-50
VO™ 2.89E-20 5.53E-21 5.10E-21 2.84E-13
VOH* 1.16E-34 5.11E-36 1.96E-33 2.19E-26
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Table 7. Speciation of Cu, Cr, Fe, Mn, Sb and V calculated using MINTEQAZ2: PS+LKD

Concentration (mol/L)

10PS+25LKD| 10PS+5LKD 20PS+5LKD 100 PS
Cr(OH)"™ 2.62E-27 3.09E-30 6.01E-27 1.27E-13
Cr(OH) (aq) 1.78E-21 3.18E-24 6.18E-21 1.78E-12
Cr(OH), 1.61E-20 4.78E-23 9.31E-20 3.12E-16
cr 3.25E-41 1.98E-44 3.91E-41 3.29E-18
Cry(OH),™ 2.57E-62 2.24E-68 8.72E-62 1.10E-25
Cr,0;? 1.69E-24 7.05E-25 1.09E-24 2.05E-13
Crs(OH),™ 5.93E-84 7.87E-93 6.06E-83 1.02E-33
Cro,”? 2.23E-07 2.43E-07 3.04E-07 1.48E-06
CrOH" 5.11E-33 4.19E-36 8.20E-33 1.16E-14
Cu(OH), (aq) 3.61E-11 2.12E-10 2.48E-09 9.59E-11
Cu(OH) 3.66E-09 3.57E-08 4.18E-07 1.89E-13
Cu(OH)? 1.24E-09 2.11E-08 2.49E-07 1.19E-18
cu'? 3.97E-21 2.59E-21 3.52E-19 1.94E-16
Cu'? 4.21E-19 1.14E-18 1.34E-17 2.54E-09
Cly(OH),™ 8.46E-24 1.36E-22 1.87E-20 1.35E-13
CwOH"™ 8.81E-32 1.05E-30 1.46E-28 6.28E-17
Cug(OH), ™ 2.69E-28 2.57E-26 4.15E-23 1.14E-17
CuOH 1.28E-14 4.96E-14 5.82E-13 1.65E-09
Fe(OH) (aq) 1.33E-25 2.21E-26 1.88E-27 5.07E-26
Fe(OH)" 2.23E-19 1.45E-19 1.07E-21 1.09E-14
Fe(OH) 1.11E-23 3.04E-24 2.60E-25 8.15E-29
Fe(OH) (aq) 1.91E-16 1.89E-16 1.39E-18 1.92E-16
Fe(OH) 9.95E-12 1.63E-11 1.20E-13 1.94E-16
Fe'? 2.85E-29 2.17E-30 1.87E-31 2.47E-20
Fe' 2.25E-37 7.55E-38 5.66E-40 2.29E-23
Fe,(OH),™ 1.57E-52 4.18E-53 2.33E-57 6.82E-34
Fey(OH),™ 5.68E-68 1.27E-68 5.33E-75 1.00E-44
FeCrQ' 1.17E-37 2.91E-38 2.66E-40 1.05E-22
FeOH 1.09E-26 1.19E-27 1.02E-28 2.02E-22
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FeOH? 1.25E-27 5.68E-28 4.21E-30 2.87E-18
H* 6.41E-13 4.18E-13 4.18E-13 3.14E-08
H,CrO; (aq) 4.18E-26 1.57E-26 1.95E-26 7.69E-16
HoV 04" 4.71E-23 2.13E-23 2.15E-23 1.08E-13
HCro, 1.73E-13 1.08E-13 1.34E-13 6.16E-08
Mn(OH)42 1.18E-15 5.66E-16 6.63E-15 1.62E-25
Mn*? 1.44E-16 1.10E-17 1.29E-16 1.25E-07
Mn*3 5.48E-37 1.84E-37 1.87E-37 5.59E-23
Mna(OH)s 3.81E-20 7.01E-22 9.47E-20 2.67E-16
Mn,OH" 1.35E-30 1.28E-32 1.75E-30 1.97E-17
MnOx 2.63E-24 5.42E-21 2.98E-25 2.50E-27
MnO; 2 5.23E-19 3.15E-16 2.03E-19 3.50E-27
MnOH* 3.49E-15 3.82E-16 4.44E-15 6.46E-11
OH 2.57E-02 4.21E-02 4.21E-02 5.01E-07
Sb(OH)' 9.76E-40 4.62E-42 1.87E-39 2.88E-30
Sb(OH) 6.21E-29 4.44E-31 1.79E-28 3.77E-24
Sb(OH)* 2.45E-28 2.91E-30 1.18E-27 2.88E-28
Sb(OH}) (aq) 4.93E-17 1.25E-17 3.74E-17 2.09E-11
Sb(OH)™ 1.95E-07 8.21E-08 2.46E-07 1.60E-06
V(OH)," 1.24E-26 1.36E-27 1.58E-26 2.30E-22
V(OH)5" 2.40E-14 1.56E-14 1.57E-14 1.17E-09
v+ 2.15E-43 1.21E-44 1.43E-43 8.28E-30
V(OH),"™ 1.80E-65 1.35E-67 1.88E-65 1.12E-47
VO*? 1.25E-20 5.67E-21 5.71E-21 2.86E-11
VOH*2 6.32E-34 4.81E-35 5.63E-34 5.47E-25
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Table 8. Speciation of Cu, Cr, Fe, Mn, Sb and V calculated using MINTEQAZ2: PS+LKD

Concentration (mol/L)

10DP +25LKD | 10DP+5LKD| 20DP+5LKD 100 DP
Cr(OH)"™ 7.40E-25 1.77E-29 1.74E-26 1.54E-10
Cr(OH); (aq) 3.09E-19 1.49E-23 2.35E-20 4.04E-09
Cr(OH), 1.82E-18 1.73E-22 4.27E-19 1.50E-12
cr 2.73E-38 1.54E-43 5.71E-41 1.44E-15
Cry(OH),™ 6.91E-57 8.88E-67 3.12E-61 7.67E-20
Cr,0;? 8.28E-24 5.67E-24 3.29E-24 4.93E-13
Cry(OH),™ 5.31E-76 1.53E-90 5.02E-82 1.24E-24
Cro,? 3.24E-07 5.26E-07 6.28E-07 5.01E-06
CroH" 2.44E-30 2.85E-35 1.73E-32 8.05E-12
Cu(OH), (aq) 9.59E-12 1.98E-10 5.27E-10 6.38E-12
Cu(OH) 6.32E-10 2.58E-08 1.08E-07 2.66E-14
Cu(OH)? 1.44E-10 1.15E-08 7.42E-08 3.84E-19
cut 6.42E-21 3.19E-21 7.83E-20 1.02E-16
Cu'? 3.08E-19 1.54E-18 1.59E-18 5.18E-11
Cly(OH),™ 1.66E-24 1.72E-22 4.67E-22 1.86E-16
CwOH" 3.03E-32 1.51E-30 2.51E-30 5.45E-20
Cug(OH),™ 1.41E-29 3.02E-26 2.17E-25 1.06E-21
CuOH 5.55E-15 5.69E-14 9.44E-14 5.86E-11
Fe(OH) (aq) 4.93E-25 2.40E-26 9.07E-27 7.40E-25
Fe(OH)" 3.60E-19 1.79E-19 2.87E-21 5.72E-15
Fe(OH) 2.66E-23 2.55E-24 1.52E-24 2.52E-27
Fe(OH) (aq) 1.90E-16 1.90E-16 4.88E-18 1.89E-16
Fe(OH) 6.41E-12 1.27E-11 5.11E-13 4.05E-16
Fe™ 2.90E-28 3.43E-30 5.02E-31 1.10E-19
Fe'd 1.08E-36 1.27E-37 7.66E-40 4.37E-24
Fe,(OH),™ 1.38E-51 7.68E-53 7.17E-57 8.98E-35
Fey(OH),™ 9.52E-67 2.48E-68 3.52E-74 9.98E-46
FeCrQ' 6.37E-37 1.33E-37 1.04E-39 3.90E-23
FeOH 6.58E-26 1.59E-27 3.76E-28 1.57E-21
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FeOH? 3.42E-27 8.33E-28 8.26E-30 8.66E-19
H*t 1.04E-12 5.16E-13 3.23E-13 1.65E-08
H,CrO, (aq) 1.39E-25 5.89E-26 2.88E-26 5.37E-16
H,V,04" 1.29E-22 3.13E-23 1.21E-23 3.25E-14
HCrO, 3.74E-13 3.12E-13 2.39E-13 9.12E-08
Mn(OH), 1.90E-15 3.56E-16 1.29E-14 1.15E-23
Mn*? 1.47E-15 1.74E-17 9.94E-17 5.59E-07
Mn*3 2.63E-36 3.08E-37 7.30E-38 1.06E-23
Mn,(OH); 8.58E-19 1.00E-21 1.37E-19 3.08E-14
Mn,OH" 8.99E-29 2.48E-32 1.28E-30 8.21E-16
MnO;, 8.75E-27 3.13E-21 1.04E-25 1.09E-31
MnO,? 4.35E-21 1.47E-16 1.12E-19 5.15E-30
MnOH"* 2.10E-14 5.08E-16 4.70E-15 5.02E-10
OH 1.65E-02 3.28E-02 5.16E-02 1.05E-06
Sb(OH)" 1.80E-38 7.43E-42 8.02E-40 4.89E-29
Sb(OH) 7.01E-28 5.85E-31 1.01E-28 1.20E-22
Sb(OH)* 1.80E-27 2.96E-30 8.02E-28 1.95E-26
Sb(OH) (aq) 4.00E-17 1.42E-17 1.12E-17 3.04E-12
Sb(OH)™* 1.03E-07 7.18E-08 8.92E-08 4.92E-07
V(OH)," 7.49E-26 1.81E-27 1.67E-26 1.79E-21
V(OH)5" 3.88E-14 1.93E-14 1.21E-14 6.16E-10
v 3.84E-42 2.19E-44 7.64E-44 2.34E-29
Vo(OH), ™ 2.21E-63 2.89E-67 8.99E-66 3.24E-46
VO*? 3.41E-20 8.31E-21 3.22E-21 8.64E-12
VOH*? 6.44E-33 7.60E-35 4.35E-34 2.45E-24
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