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Foreword

The United States Environmental Protection Agency (EPA) is charged by Congress with
protecting the Nation's land, ar, and water resources. Under a mandate of nationd
environmenta laws, the Agency drives to formulate and implement action leading to a
compatible baance between human activities and the ability of naturd systems to support and
nurture life. To meet this mandate, EPA’s research program is providing data and technical
support for solving environmenta problems today and building a science knowledge base
necessary to manage our ecologica resources wisdly, understand how pollutants affect our
hedlth, and prevent or reduce environmenta risksin the future,

The Nationd Risk Management Research Laboratory (NRMRL) is the Agency’s center for
investigation of technological and management approaches for preventing and reducing risks
from pollution that threatens human hedth and the environment. The focus of the Laboratory’s
research program is on methods and their cost-effectiveness for prevention and control of
pollution to air, land, water, and subsurface resources, protection of water quality in public
water systems, remediation of contaminated Sites, sediments and groundwater; and prevention
and control of indoor air pollution; and restoration of ecosystems. NRMRL collaborates with
both public and private sector partners to foster technologies that reduce the cost of compliance
and to anticipate emerging problems. NRMRL'’ s research provides solutions to environmental
problems by: developing and promoting technologies that protect and improve the environment;
advancing scientific and engineering information to support regulatory and policy decisons, and
providing the technicad support and information transfer to ensure implementation of
environmentd regulaions and drategies at the nationd, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research

plan. It is published and made available by the EPA’s Office of Research and Development to
assig the user community and to link researchers with thelr dlients.

E. Timothy Oppet, Director
Nationa Risk Management Research Laboratory



Abstract

A one-year laboratory study was performed to determine the ability of seven oxidants to oxidize
AgqlIl) to ASV). These included chlorine, permanganate, ozone, chlorine dioxide,
monochloramine, a olid- phase oxidizing media, and 254 nm ultraviolet light.

Chlorine and permanganate rapidly oxidized Ag(I11) to AV) in the pH range of 6.3 to 8.3.
Dissolved manganese, dissolved iron, sulfide and TOC dowed the rate of oxidation dightly, but
essentidly complete oxidation was obtained in less than one minute with chlorine and
permanganate under dl conditions studied.

In the absence of interfering reductarts, ozone rapidly oxidized Ag(l11). Although, dissolved
manganese and dissolved iron had no sgnificant effect on Ag(l11) oxidation, the presence of
sulfide consderably dowed the oxidetion reaction. The presence of TOC had a quenching
effect on AlIl) oxidation by ozone, producing incomplete oxidation a the higher TOC
concentration studied.

Only limited AS(II1) oxidation was obtained using chlorine dioxide, which was probably due to
the presence of chlorine (as a by-product) in the chlorine dioxide gock solutions. The reason
for the ineffectiveness of chlorine dioxide was not studied.

Preformed monochloramine was ineffective for Aq(I11) oxidation, whereas limited oxidation was
obtained when monochloramine was formed in-Stu.  This showed that the injected chlorine
probably reacted with Ag(I11) before being quenched by ammoniato form monochloramine.

Filox, a manganese dioxide-based media, was effective for Aq(I11) oxidation. When dissolved
oxygen (DO) was not limiting, complete oxidation was observed under al conditions studied.
However, when DO was reduced, incomplete oxidation was obtained in the presence of
interfering reductants. The adverse effect of interfering reductants was completdy diminated by
ether (@) supplying enough DO or (b) increasing the contact time. In addition to oxidizing
A1), the Filox media dso removed some arsenic by adsorption, which diminished greetly as
the media came into equilibrium with the Aq(I11)-spiked synthetic water.

UV light done (254 nm) was not very effective for A(lI1) oxidation. Significant oxidation was
observed only at very low flow rates representing 0.6 - 2.5% of the rated capacities of the two
UV derilizer units tested. However, as reported in a patented process, complete oxidation by
UV light was observed when the chalenge water was spiked with 1.0 mg/L sulfite,



01170 o PSS ii
ADSITEEE e iv
FIOUIES e p e viii

T ES e ——————————————————————— iX
ADDreviationS a0 ACIONYIMIS. ........coiiieieieriese sttt e e b e ene e X
ACKNOWIEAGMENTS ettt e e e s ae e n e e ae e b e eneeenee e Xi
[, INITOOUCHION oottt et et et et et eee et e e e e et e e eeeeeeaeeeeeneeeeeeeeeeeeneeneeeeeneneeenaens 1
11 BaCKground .o 1
111 PrevioUSSIUIES......cccoieiiriesiesies ettt 1

1.2 (@)([0 7= 01 V= [0 = o SRR 2
(IRCTIN®)'([o = o IS (0! 1L0 11 1= (Y20 2
00 00 R o [0 SR 2
G I & 111072 10 = 0 (TSR 3
GG N © 7o = USRI 4

1.3.4  ChlOrNE DIOXIAE.........crueriiririiisiesienineeie et 4

1.3.5  MONOCHIOrBMINE. ... .cciiiieieieeeieeiesiee e eee e e e e sreesseeeesseesseeeesseenseeneesneens 5
14 RESEACH ODJECHIVES........ceeeveciecee ettt sttt neenaens 5

P. MateriaSand MEINOOG ......cveeeeeeeeeeeeeeee oot ee et e et eee et e e ee et eeeeeee et seeeseeeteaneeeeneenessesenesneaens 6
21 Synthetic Test Water COmMPOSITION........ccvevueiierieiieiiece et eee e 6

22 INterfering REJUCTAINES. ..o e 6
2.3 SPECIationN MENOU.........ccviiieieieece e st 6

24 Chemica Oxidation EXPETMENTS ..o 7
241 REACION DESQN...ceiiiieiece sttt st e nne s 7

242 Testing REACION SE-UP ...oveiveeieeieeeeeesese e 11

2421  Arsenic(V) REENON........ccoceeecie et 11

2422  Arsenic(l1) PaSSAE .....covevveiereseesieeee s 11

2423 Sysem Dead VOIUME ........c.ccoveviiiieceeeee e 11

2424  Oxidant Mixing EffiCiency.........ccooverireiiieeee e 11

2.4.3  OXidation CONAILIONS ......ccvevverierieieiese e 12

2431 PH Of OPEration........cceieiirieriinierieseeeeeee s 12

2432 High- and Low-DO EXperiments........ccccoceeeeveeieeseeniesiee e 12

2433 Oxidation Experimentswith TOC.........cccceveiiienencneneeeeene 13

2434 Low Temperature (5 °C) Oxidation Experiments...........cccc.c...... 13

2.5 Solid-Phase Media (FiloX) EXPEMENES.......cccooiiiieireeieeeee e 13
251 Pretreatiment Of FIOX Media.........ccooeiiiiiiniieeeeeee e 13

2.5.2 Preparation of Low- and High-DO Synthetic Water ..........ccooevvvenenennens 14

2.5.3 Procedurefor Variable-EBCT and Varidble pH Experiments..................... 14

2.5.4 Procedureto Stabilize Arsenic Removd by Filox Media...........ccocevvenenee. 14

2.5.5 Procedurefor Low-DO Flox EXperiments.........cccceveveevecveceeniesee e 15



I UAVAL® (T = 1[0 gl (0 = (1111 011 PSR 15
26.1  Unit 1 05gpm UV Steilizer Unit.......cooeeieiiinienieee e 15

26.2  Unit2 1.0gpm UV Silizer Unit......cccooeeieeieeeesece e 16

2.7 QAVQC ettt e ne e 16
271 ArseniC STaNardS.........ccoeverueriiniieiniesie e 16

2.7.2  RoUNEAISENIC ANAYSIS. . ..ottt 17

2.7.3  Arsenic CAbration CUNVE.........coeeirieieiese e 17

2.8 ANAYLiCA MENOUS.......c.eoiiieiecesiee et 18
RESUIS AN DISCUSSION  ..ucucevvriicecietetee ettt se bt ae bbbt es s bt s s s anes 19
31 ReaCtor Set-up TES-RESUIES........ooieiieeee e 19
G300 IS AN 6> ¢ o (VA T 2= (= 111 RS 19

3.1.2  ArseniC(I) RECOVENY ......coiuiiiieieeieeesee ettt 20

3.1.3 Dead Volumein Oxidation ReaCtor SEt-UpP.........cocveveereeresieesiesieseeseeens 21

3.1.4 Mixing Efficency in OXidation REACION .........c.cceeieriinieiecie e 22

3.2 ChlorNe TES RESUITS. ....coveeeeieriese e 23
321 Effect of pH 0N ChlorNe .......cccoieeiieieeee e 23

3.2.2 Effect of Dissolved Manganese and Iron on Chlorine..........cceeeeveveeieenne 25

3.2.3 Effect of SUIfideon ChlOMNe..........ccoveieiirericeceeee e 25

3.24 Effect of TOC and Temperature on Chloring ........cccceveeveeceeseeseseeseens 25

3.3 Permanganate TeSt RESUITS ......cccveiiiiieice e 25
3.3.1 Effect of pH on Parmanganae...........ccccceevveieiieeiecieseeree e 26

3.3.2 Effect of Dissolved Manganese and Iron on Permanganate..............ccceeeee. 27

3.3.3 Effect of Sulfide on Permanganate...........cccoveveveereecesieese s seese e 27

3.3.4 Effect of TOC and Temperature on Permangande............ccoceveereneenneenne. 28

34 OZ0NE TS RESUITS. ...ttt 28
3.4.1 Effect of pH ONOZONE ......ccveeiiiieeeeee e 29

3.4.2 Effect of Dissolved Manganese and Iron on OZONe .......cccvvveveeecieeeesieenne. 30

3.4.3 Effect of SUIfIde 0N OZONE.........oiieiiiriiieeiee e 30

3.4.4 Effect of TOC and Temperature 0N OZONE.........ccoeeeereerieeieesieeseeeeesseeens 30

35 Chlorine Dioxide TS RESUIES. ......cccveeiiiieieeee e e 31
3.5.1 Effect of pH on Chlonne DIoXIde .........cceeveeeeeriiere e 31

3.5.2 Verifying Chlorine Dioxide Stock Concentration............cccceveeereereeseeneennen. 33

3.5.3 F¢(ll) Oxidation with Chlorine DIioXide..........c.coveveeeeseerie e 34

3.5.4 Increasing Soichiometric Dose of Chlorine Dioxide...........cccceeveevvecienne, 34

3.5.5 Effect of Dissolved Manganese and Iron on Chlorine Dioxide..................... 34

3.5.6 Effect of Sulfide, TOC and Temperature on Chlorine Dioxide..................... 34

3.6 Monochloraming TESE RESUITS. .......coviiririnieeeeee e e 35
3.6.1 Effect of pH on MonoChloraming...........cccoovieeierieneeneee e 35

3.7 Solid-Phase OXidizing Media (FIlOX) .....ccueeereerieeieseese e 36
3.7.1 Hilox: Effect of EBCT With HIgh-DO .......eeeuiiieieiecec e 36

3.7.2 Hlox: Effect of pH With HIgh-DO ... 39

3.7.3 Hilox: Effect of DO in Absence of Interfering Reductants.............cccoceeeenee. 40

Vi



3.7.4 Hlox: Effect of Interfering ReAUCANS ..........ooveveeiiniireee e 40

3.74.1 Low-DO Synthetic Water at 1.5 min EBCT .......ccccoocevvveieennns 40

3.74.2 Low-DO Synthetic Water at 6.0 MINEBCT ........ccccoeeivveeiennnne 40

3.74.3 High-DO Synthetic Water at 1.5 MINEBCT ........ccccoveevvveiieenne 40

3.7.5 Hilox: Effect of Low Temperature in low-DO Synthetic Water.................... 41

3.8 UV OXidation RESUILS.......coieeieieiiciesiecie et ee et sreenneenne s 41
3.8.1 Unit 1—R-Can Ultraviolet, 0.5 gpm......cccooiriinirrineseere e 41

3.8.2 Unit 2—Atlantic Ultraviolet, 1.0 gpML......ccovveevierieceeseere e 42

B, SUMMAY QN CONTUSIONS.....c.eeeeeeeeeeeseeeeseeeeseeeeeereeeeseseeeesnseesnenesesnesesnensseeneseencnssnceeseerencer 143
.................................................................................................... 45
B. Appendix A —Preconditronmgand Regeneration of IX Filter ..., la8
A.l  Manufacturer Recommended Preconditioning.........ccccceveeveeieesieerieesensenenn 48

A.2 X Flter Regeneration—UH Method.........ccoocevieiiiinnieeeeeeee e 48

PAppendix B.  Testing Oxidation REACION SE-UD.......oviiriicseessesscssesssesssssasssssssasaees 149
Appendix C.  Vaiale-DO EXDETMENES........cvoeeeeeeeveeeeeeereeeesereeeerereeseseesereeeesnceeseceeseene 150
C.1  High-DO Chemica Oxidation EXperiments..........ccceeveveereesieesiesseeseesesnens 50

C.2  Low-DO Chemica Oxidation EXPeriments..........ccvoeererreeneenenienseeneennens 51

Pppendix D.  Solid-Phase (FiloX) EXPEIMENS......oiiiiccsssecssssesssssssssssssssssssssssssasases 152
D.1  Vaiable-EBCT and Variable-pH experiments..........cccveeveeieeinnceienene 52

D.2  Low-DO FIOX EXPEMENES......c.cieeiieeieiiesieeie et esee e ie e s 52

Appendix E.  ChlOrNe OXidation DEEL............coueweeeeeeeeeeereeeeseveeeerereeseseeseseeeesnceseeeeseene 154
BAppendix F.  Permanganale OXidation DalL........covveereerssecsssssssssssssssssssssssssssssssees 57
Appendix I.  Ozone OXidaioN DaA@...........ceeveveeiiereieeieiesieesiee e se e sne e 65
ppendix J. FlOX OXidation DAl .....oueeeeeecsessssesecscesessssssssssssssssssssssssssssssssssssssssssasnes 168
APPENdiX K. UV OXIAAON DBIAL........cccuveiiiiiiiiiiieeiiiieeiie et eeeeeesesteeeesssveeeeeans 70
ppendix L. Preparation of AS(I11) Stock SOIUGTON. . eueeerierienieeieinieieeiieiienininininiennes 2
NV e ol = N 73

vii



2-1
2-2
2-3

2-5
2-6
3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18

Figures

Page
Schematic for OXidation REACION ..........coveeieriireeseee e 8
Elevation View of OXidation REACION ...........cccevererenenenieeeeeee e 9
Smplified Plan View of OXidation REACION............cccererirerieerese e 10
Schematic for Solid-Phase (Filox) Oxidizing Experiments..........ccccceccveeveenee. 14
Schemetic for UV-Oxidation EXPEimeEntS..........ccoevererenieenenesese s 15
Typicad Arsenic Calibration CUnVe ..........cccco e 18
50 pg/L-Ag(V) Retention by IX FIIter........ccevveeiececececeeeese e 19
1000 pg/L-AqV) Retention by IX Flter........ccocveveeeecececeeee e 20
50 pg/L-A(l11) Recovery from X FIEr ... 21
1000 pg/L-Ag(I11) Recovery from IX FIlter.......ccoovvveeveeieiecece e 21
Estimation of Dead Volume in the Reactor-Set-up ........ooeveeieiicniencniee 22
Mixing Efficiency in OXidation REBCLON.............ccveveiieeveeieceese e 23
Effect of pH on Ag(l11) Oxidation with Free Chlorine..........ccccccvevencriennene 24
Effect of Sulfide on Ag(111) Oxidation with Free Chlorine.............cccccvevvenee. 25
Effect of pH on Ag(l11) Oxidation with Permanganate.............cccccevenerennene. 27
Effect of Sulfide on Aq(I11) Oxidation with Permanganate............c..ccceueenee. 28
Effect of pH on Ag(l11) Oxidation with Ozone............ccooeeeeieeieeieieiereeeene 29
Effect of Sulfide on AqlI1) Oxidation withOzone...........cccecveveecieveesieennnn, 30
Effect of TOC on AS(lI1) Oxidation with Ozone............coceeieeieeienencrennne 31
Arsenic(l11) Oxidation with Chlorine DioXide..........ccceeveevenieesecce e 33
Arsenic(l11) Oxidation with Monochloraming...........ccceveeeeienenencnenenee, 35
Effect of EBCT on FHIOX Media.........cccooeeieiiiineseeeceeeee e 38
Filox Media EQUIlTIBIation ............ccoeeierieieeccsereseees e 39
Effect of pH on Ag(l11) Oxidation with Filox Media..........c.cccceveveveeniennn. 40

viii



2-2
2-3
2-4
31
3-2
3-3
3-4
3-5
3-6
3-7
3-8
E-1

G1
H-1
-1

J1

K-1
M-1
M-2
M-3

Tables

Page
Compogtion of Synthetic Test Waer...........ccoveeveeceiecse e 6
INterfering REJUCTANES........coueeeeieeeerese s 6
Previous EPA SEaNdardS..........cccooeieiiiininenieesese e 16
ANAYICE MENOGS.........cveiierieiieci e ene s 18
Free Chloring EXPEMENES........ccviieiice ettt 24
Permanganate EXPETMENTS. ..o s 26
OZ0NE EXPEIMENES......ccueeiecee ettt e e e 29
Chlorine Dioxide EXPETMENTS.........coiiireeieeeeee e 32
ChlorNE DIOXIOE ASSAYS .....ocueeveeieeeesteee st ae et re e e reeeeenee s 34
Monochloraming EXPEMENES.........cooriiirerieeeeee s 35
FIOX EXPEIMENES......coiiieiecc ettt sttt sne e 37
UV OXidation EXPETMENES.......ccoiiiiriieieeeeesie st 41
Residua A(l11) Conc. vs Time for Chlorine EXperiments..........cccceeererencneenne. 55
Residua AH(l11) Conc. vs Time for Permanganate Experiments...........ccocoeeveenee. 58
Resdud Ag(l11) Conc. vs Time for Chlorine Dioxide Experiments...................... 61
Resdud Ag(l11) Conc. vs Time for Monochloramine Experiments...........c.ccec.... 64
Residud Ag(l11) Conc. vs Time for Ozone EXperiments..........cccvcvevveeeveesiennns 66
Resdud Ag(I11) vs Effluent As Concentration for Flox Experiments................... 69
Residua A1) Conc. for UV EXPErIMENLS..........cccveieieereeieseeseesieseeseeenens 71
ResUItS Of QC ANAIYSS. ... 74
Results of WS StandardS ANAYSIS........covvieeiieeeceesieeie e 80
Recoveries of Spiked WS Standards.............ceoveeerieriieneneneeeeeeeeseeseseseees 85



AWWA
DO
DPD
EBCT
EPA
FIAS
GFAAS
GPM
HDPE
IR
MCL
MDL
NPT
NRMRL
PAO
PRV
QA
QAPP
QA/QC
SDWA
SM

SR
TOC
UH

uv
WAL
WAM

Abbreviationsand Acronyms

American Water Works Association

Dissolved Oxygen, mg/L

N, N-diethyl- p- phenylenediamine

Empty Bed Contact Time (media volumeflow rate), min
US Environmentd Protection Agency

Flow Injection Analyss Hydride Generation System
Graphite Furnace Atomic Absorption Spectrophotometer
Gdlongmin

High Dendty Polyethylene

Interfering Reductant

Maximum Contaminant Level

Method Detection Limit

Nomind Pipe Thread

National Risk Management Research Laboratory
Phenyl Arsenic Oxide

Pressure Relief Vave

Qudity Assurance

Quality Assurance Project Plan

Quality Assurance/Quadity Control

Safe Drinking Weter Act

Standard Methods

Stoichiometric Ratio, g oxidant/pug reductant

Tota Organic Carbon

Univergty of Houston

Ultraviolet

Work Assignment Leader

Work Assgnment Manager



Acknowledgments

This research was funded by the US EPA under EPA Order Number 8C-R311-NAEX. The
authors are grateful for the technica and adminidrative support of Tom Sorg, US EPA
Research Engineer. Anthony Tripp, a doctora candidate at the University of Houston is

gratefully acknowledged for serving as the QA/QC Officer and for his consderable technica
ass stance throughout this study.



1. Introduction

1.1 Background

Arsenic (Ag) is a mddlod tha is
naturdly present in drinking water in a
vaiety of forms (organic and inorganic),
oxidation dates, and vaences (Ferguson
and Gavis, 1972). Inorganic arsenic
predominates in drinking water and is
present as arsenate (AS(V)) and arsenite
(Ag(I1)). Under pH conditions of 6-9,
AqV) exigs as an anion while A4lIl) is
fully protonated and exits as an
uncharged molecule  (Clifford and
Zhang, 1994).

While any future revisons in the arsenic
MCL will likey target totd arsenic, the
gpeciation of asenic (Il or V) is
dggnificant  because of differences in
asenic remova  efficiencies by various
trestment techniques. AgV) is generdly
more efficiently removed than AgIl),
which is poorly removed usng trestment
processes such as  ion  exchange
(Clifford, 1999, Clifford et d., 1998a,
1997), iron coagulation followed by
microfiltration (Clifford e d., 1998Db;
Ghurye et d., 1998; Hering et d., 19964,
1996b), and activated aumina
adsorption  (Clifford, 1990, 1986;
Clifford e d., 1998b; Hathaway and
Rubel, 1987). Hence, for drinking water
upplies containing sonificant
concentrations  of Ag(lll), preoxidation
of AglIl) to AYV) is mandatory for
high arsenic removd.

1.1.1 Previous Studies

Frank and Clifford (1986) studied the
oxidation of Aglll) to AgV) udng
chlorine, monochloramine and  oxygen.
They determined tha the oxidation of
AgIl) by chlorine was very rapid. A

1.0 mg/L free chlorine dose was able to
oxidize 100 pg/L AIl) in less than 5
seconds.  Monochloramine was able to
oxidize only a fraction of the initid
AglIl)  present, possbly  because
chlorine injected in the presence of an
excess  of anmmonia to  form
monochloramine, was responshle for
A1) oxidation rather than
monochloramine.  Oxygen was found to
be ineffective for AglIl) oxidation.
Amy et d. (2000) sudied the use of
chlorine, ozone and permanganate for
AgIl) oxidation. This sudy used
excess (over As doichiometry) ozone
and goichiometric doses of chlorine and
permanganate. All  three oxidants
proved effective dthough less than
100% Ag(lIl) oxidation was obtained
with chlorine and permanganate.  This
was probably the result of NOM (0.2 -
23 mglL) presenting a competing
oxidant demand. Although higher doses
of chlorine and permanganae were not
tested, the authors concluded that the
provison of these oxidaits in
doichiometric excess would result in
complete converson of Ag(l11) to Ag(V).

Oxidation of A4lIl) to ASV) by solid-
phase oxidants such as hirnesste (d
MnO;) has dso been reported by
Oscarson et a. (1983), Moore et 4d.
(1990), Driehaus (1995), and Scott and
Morgan (1995). These studies generdly
concluded that  birnesste  directly
oxidized Alll) to AgV) through a
surface mechanism  and that the
adsorption of Ag(ll1) to the oxide surface
was the rate-limiting dep. Additiondly,
Scott and Morgan (1995) concluded that
dissolved oxygen had no effect on the



rate of the oxidation reaction. However,
they did not dudy the effect of
interfering  reductants on  Ag(llI)
oxidation. As will be shown laer in this
report, we observed no effect of DO on
AgIl) oxidation in the absence of
interfering reductants.  We did, however,
observe that the DO levd had a
gonificant detrimental  effect on AH(lII)
oxidation in the presence of interfering
reductants.

Ag(lll) oxidation has dso been sudied
by other researchers usng a variety of
techniques  including  eectrochemicd
oxidation (Catherino, 1967), oxidation
by electrogenerated iodine (Johnson and
Bruckenstein, 1968), oxidation by
peroxodisulfate (Gupta, et a., 1984 and
Nishida and Kimura, 1989), oxidation by
perchloric acid (Everett and Skoog,
1971), oxidation by chromic acid (Sen
Gupta and Chakladar, 1989), and
oxidation by hexacyanoferrate(l11)
(Mohan et d., 1977). These methods
were congdered unsuitable for Ag(lII)
oxidation in drinking water and hence,
were not investigated in this studly.

1.2 Oxidants Evaluated

Oxidation experiments were performed
in the aqueous phase via the addition of
oxidants such as chlorine or ozone to a
olution  containing  Ag(Ill)  or by
contacting the Ag(l11)-containing
solution with a solid-phase oxidant. A
0lid-phase oxidant is typicdly a media
that has the oxidant immobilized on its

aurface and such media may be used in
packed columns through which the
Ag(lI1)-containing solution is pased & a
specified flow rate or empty bed contact
time (EBCT). The use of UV radiaion
to oxidize AgIll) to AYV) was dso
sudied at a wavdength of 254 nm, using
two  commecidly  avaldble UV
disnfection units.

1.3 Chemical Oxidant
Stoichiometry

Reaction soichiometries of the various
chemicd oxidants with AgIll) and
potentidly  interfering  reductants  are
summearized below.

1.3.1 Chlorine

For AH(ll):

H3zAs03 + NaOCl — H,AD, + (1)
Na + CIr + H'

In reaction (1), one mole of AgllI)
requires 1 mole of NaOCl, which is
equivdent to one mole of Chb. A 50
pg/L A9(lIl) solution contains 0.667 pM
AgIIND/L (AW of As = 74.92).
Therefore, the goichiometric
requirement of chlorine is 0.667 pPM/L
or 47.4 pg Ch/L, and the stoichiometric
ratio (SR) of chlorine needed to oxidize
A1) is0.95 pug Ch/ug A411).

SR =0.95 ug Ch/ug A1)



For Fe(ll):

2 Fe?* + HOCI + 5 H,0 — 2)
2Fe(OH)3 (s) +CI +5H"

SR = 0.64 ug Ch/ug Fe(ll)
For Mn(11):

Mré* + HOCI + H,0 — (3)
MnO; (s) +CI +3H"

SR =1.29 pg Ch/ug Mn(l1)
For Sulfide:
HS +HOCI > S* + CI + H,0 (4)

SR =2.21 pg Ch/ug S*
pH Range=5-9
Optimum pH =9.0

HS +4HOC!| — SO4% +4HCI + H*  (5)

SR =8.86 ug Chiug S&
pH Range=5-9
Optimum pH = 6.0

The chemidry of the oxidation of sulfide
is extremey complex. Reportedly, the
oxidation proceeds to form eather
edementd sulfur, sulfate, or both (White,
1986). Equations (4) and (5) for the
oxidation of sulfur with chlorine were
obtained from White (1986). The
oxidant doses used in the presence of
aulfide were ether three- or 10-times the
doichiometric  requirement based on
Agqlll) done. Since the AglII)
concentration in the presence of

interfering reductants such as  aulfide
was dways 50 pg/lL, the resultant
oxidant doses used were low in relation
to the sulfide concentrations of 1.0 and
20 mg/L, Okxidation resctions, smilar
to eguaion (4) for chlorine dioxide,
permanganate, ozone, and
monochloramine were derived based on
oxidaion of aulfide to dementd sulfur
only.

1.3.2 Permanganate

For Ag(l11):

3H3A03 + 2MnO4 > 3H A, + (6)
2MnO, + Ho,O + H*

SR =1.06 pg MnO4 /ug A1)
For Fe(ll):

3Fe’" + MnNO4 +7H,0 — 7)
3Fe(OH)3 () + MnO; () + 5H"

SR =0.71 ug MnO4 /g Fe(ll)
For Mn(11):

3Mr#* + 2MnO,” +2H,0 — (8)
5MnO; (S) + 4H"

SR =1.44 ug MnO4/pug Mn(I1)
For Sulfide:

3HS +2MnO4 +5H" >33 +  (9)
2MnO; (s) + 4H,0

SR =248 pg MnOy4 /ug &



1.3.3 Ozone

For AHl11):

HsAO3 + O3 > H, A0, + (10)
O, + H* (@ pH 6.5)

H3ASO3 + O3 > HASO,> + (11)
O, + 2H" (@ pH 8.5)

SR =0.64 ug Os/ug Ag(l11)
For Fe(11):

2Fe’** + O3 (ag) + 5H,0 — (12)
2Fe(OH)3 () + O (ag) + 4H"

SR = 0.43 pg Os/ug Fe(ll)
For Mn(l1):

Mr?* + O3 (ag) + H,O — (13)
MnO- (S) + O, (aq) + 2H"

SR =0.88 pug Os/ug Mn(1I1)
For Sulfide

HS + O3 (aq) + H" > S + (14)
O (aq) + H,O

SR = 1.50 ug Os/pg §&

1.3.4 Chlorine Dioxide

Oxidation by chlorine dioxide can occur
via a 1- or 5-dectron transfer with the
converson of ClO, to ClO, or CI,
respectively. Knocke (1990) determined
that chlorine dioxide oxidized Mn(ll) via
a 1-dectron transfer whereas it oxidized
Fe(ll) via a 5-dectron transfer.  When
cdculeting an  agppropriste  chlorine
dioxide dose for Ag(lll), a conservative
1-eectron transfer was assumed.

However, theoretica goichiometric
ratios for both 1-and 5-éectron transfer
mechanisms are shown be ow.

For Ag(l11):

H3zAs03 + 2CIO, + H,O —» HAD, +
2CI0, + 3H" (1-dectrontransfer)  (15)

5H3A03 + 2CIO, + H,O — 5H,A0 4
+ 2CI + 7H" (5-electron transfer) (16)

SR=1.80 pug ClO2/ug Ag(l1l) for 1-eectron
transfer
SR=0.36 ug ClO2/ug Ag(l1l) for 5eectron
transfer

For Fe(ll):

5Fe?* + ClO, + 13H,0 — (17)
5Fe(OH)3 (s) + CI + 11H"

SR=0.24 ug ClO2/ug Fe(ll) for 5eectron
transfer

For Mn(11):

Mr?* + 2ClO, + 2H,0 — (18)
MnO, (S) + 2CIO, + 4H*

SR=2.45 g ClO2/ug Mn(Il) for 1-electron
transfer

For Sulfide

HS +2Cl0, > S* +2CI0, + HY  (19)
1 electron transfer

BHS + 2ClO, + 3H" > 537 + (20)
2CI + 4H,0 (5 dectron transfer)

SR = 4.21 ug ClOy/pg § for 1-dectron
transfer
SR = 0.84 g ClOy/pg S for 5-dectron
transfer



Chlorine dioxide was prepared according
to the general procedure described in
Standard Methods with two
modifications (White, 1986) to increase
the yidd of chlorine dioxide and
decrease the background concentrations
of chlorine and chlorite These
modifications were (@ doubling the
reegent  concentrations of  sodium
chlorite and sulfuric acid and (b) pre-
cooling the receiving solution

1.3.5 Monochloramine

For AHl11):

H3AsO3 + NH,Cl + H,O — (21)
HASO,% + NH," + CI + 2H*

SR =0.69 ug NH.Cl/ug Ag(l11)
For Fe(ll):

2Fe®" + NH,Cl +6H,0 — (22)
2Fe(OH)3 (s) + NH;" + CI + 4H*

SR =0.46 ng NH.Cl/ug Fe(ll)
For Mn(11):

Mr?* + NH,Cl +2H,0 — (23)
MnO; (s) + NH;" + CI + 2H"

SR =0.94 ug NH>Cl/pg Mn(11)
For Sulfide:

S* + NH.Cl +2H" —~ (24)
S+ NHs +Cr

SR = 1.61 pug NH,Cl/ug §&

1.4 Research Objectives

The overdl objective of this sudy was
to determine the effectiveness of five
chemicd  oxidants a  solid-phase
oxidizing media, and UV radidion in
oxidizing Aglll) to AYV) unde a
vaiety of enwironmentd conditions
Potentidly interfering reductants such as

dissolved manganese, disolved iron,
aulfide and TOC were dudied as they
ae typicdly preset in asenic-
contaminated ~ waters. The gpecific
objectives of this sudy were asfollows:

(1)) Sudy the effectiveness of (a)
chlorine (b) permanganate (c) ozone, (d)
chlorine dioxide, () monochloramine,
() solid-phese oxidizing media and (Q)
UV radigion (@254 nm) for the
oxidation of Ag(lI1) to AgV).

(2) Deemine the effect of pH, in the
range of 6.3-83, on the oxidation of

A1) to AS(V).

(3) Detemine the effect of potentialy
interfering reductants induding
dissolved iron, dissolved manganese,
aulfide, and TOC, and the effect of low
temperature (5 °C) on the oxidation
process.






2. Materialsand M ethods

2.1 Synthetic Test Water

Composition
The compogtion of the synthetic test
water used to peform the oxidation

experiments is shown in Table 21. The
gynthetic test water contained most of
the common ions found in surface and
ground waters.

Table 2-1. Compostion of Synthetic Test Water.

Cations meg/L mg/L Anions meg/L mg/L
Na" 33 75.9 HCO3 3.0 183.0
ca’* 2.0 40.2 S0,> 05 24.0
Mg* 1.0 12.2 Cr 25 88.8

Silicate as 0.3 20.0
S0,
Totdl 6.3 128.3 6.3 315.8

Calculated TDS = 128.3 + 315.8 - 93 mg/L (loss of H,CO3 during evaporation) = 351.1 mg/L

2.2 Interfering Reductants

Synthetic water was amended with
potentidly  intefering reductants and
Sudied for ther &bility to affect AII)

oxidation. The vaious interfering
reductants studied are listed in Table 22
aong with their concentrations.

Table 2-2. Interfering Reductants.

Interfering Reductant Concentration (mg/L)
Manganese (Mn(I1)) 0.2

Iron (Fe(l1)) 0.3,2.0
Sulfide (§%) 1.0, 2.0

Totd Organic Carbon (TOC) 1.4-6.9

2.3 Speciation Method

A 3M Empore anion exchange filter
(heresfter referred to amply as I1X filter)
was used to speciate AS(III)/ASV). The
filter was preconditioned according to

the  manufacturers  recommendations
(See  Appendix A). Folowing the
manufacturers preconditioning

procedure, the IX filter was further

conditioned (UH Method—See

Appendix A) by acid regeneration and 1
M NaCl trestment to ensure that dl
exchange dtes on the filter were in the
chloride form prior to initial use or reuse
of the filter. Findly, excess 1 M NaCl
was rinsed from the filter with 0.005 M
NaCl. Anayticd reagent grade
chemicds were used throughout the
procedure.



2.4 Chemical
Experiments
The procedures developed to design and
operate the oxidation reactor ae
decribed here. The design of the
reector is described in detall in Section
2.4.1. Before the oxidation reactor could
be used to dudy any of the chemicd
oxidants, the reactor set-up was tested to
(& prove that the IX filters used in-line
with the oxidation resctor could
efficdently remove (390% retention)
AgV), (b) prove that the IX filters
caused no inadvertent oxidation of
AIIl) (390% recovery), (c) determine
the dead volume in the reactor set-up,
and (d) determine the efficiency of
oxidant mixing in the reactor. Section
24.2 describes these tasks and the
procedures used to achieve them.
Section 2.4.3 describes the procedures
used during routine operation of the
oxidetion resctor in ether high- or low-
DO gynthetic water.  Findly, Section
244 discusses  chemica  oxidation
experiments peformed to sudy the
effect of TOC and low temperature.

Oxidation

The procedures described in Sections
24.2 - 24.4 have some common steps,
irrespective of the objective of the

experiments. At the same time
depending on the objective, there were
catan inherent differences in  the
procedures used to operate the reactor.
For example, a larger sample volume
was desired when testing the reactor set-
up to determine the capacity of the IX
filter wherees a smdler sample volume
was required during oxidation
experiments.  However, in the interest of
thoroughness, and a the risk of beng
repetitive, the procedures are described
exactly as they were performed.

24.1 Reactor Design

The schematic desgn of the oxidetion
reector is shown in Fgure 2-1 and the
eevation and plan views are shown in
Figures 2-2 and 2-3, respectivdly. To
amplify the drawing, the sde port for
the pH probe is not shown in the plan
view. The reactor was equipped with a
pH probe, a nitrogen gas inlet, a pressure
rlief vave, a septa for injecting the
oxidant, and an outlet port. The reactor
was made of deaxr Pexiglas and
fabricated a the Universty of Houston
Machine Shop.
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Figure 2-1. Schematic for Oxidation Reactor.
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24.2 Testing Reactor Set-up

2.4.2.1 Arsenic(V) Retention

To ensure that 3 90% AgV) was
retained by the IX filter, synthetic test
waters containing 50 and 1000 g
AV)/L were passed through the [IX
filter. After the passsge of a
predetermined volume of the AgV)-
containing <olution, the IX filter was
regenerated and reused for further
tesing. In dl, 9x sequentid runs were
performed. The firg run was performed
usng a fresh 1X filter, wheress, the next
five were performed using a regenerated
IX filter. The procedures used during
testing are described in Appendix B.

2.4.2.2 Arsenic(lll) Passage

To ensure that 3 90% Ag(lIl) passed
through the IX filter, synthetic waters
containing 50 and 1000 pg AL
were tested. The procedures used for the
Ag(lll)-passage  experiments  were  the
same as those used for the AgV)-

refention  experiments  described  in
Appendix B.
2.4.2.3 System Dead Volume

The dead volume in the sampling sysem
condged of the volume of tubing
connecting the oxidation reactor and the
filter holder plus the deed volume in the
filter holder itsdf. The dead volume
indde the filter holder was necessary in
oder to evenly didribute flow
throughout the surface of the filter. This
dead volume had to be wasted before the
contents of the reactor could be sampled.
The dead volume could not be caculated
directly because of problems in
cdculating the void space within the
filter holder.
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The dead volume of the reactor set-up
was edimated by introducing a dep-
increase in arsenic  concentration  (from
0-1000 pg/lL) into the well-mixed reactor
and then plotting the effluent arsenic
concentration vs volume passed through
the 1X filter. Specificdly, 500 mL of
asenic-free  gynthetic test water was
placed in the reactor. The reactor was
pressurized and the necessary volume of
AgqlIl) solution was injected into the
reector & t = 0O to gve a find
concentration of 1000 ug AS(II)/L. The
reector outlet vadve was opened
immediatly a t = O (flow rae = 5
mL/min) and samples (0.5 mL) were
collected in the fraction collector a an
interval of 6 seconds.

2.4.2.4 Oxidant Mixing Efficiency

When the oxidant was introduced into
the reactor, it was important that it
mixed ingantaneoudy with the contents
of the reactor, so that inefficdendes in
mixing did not lead to eroneous
conclusons about the kinetics of Ag(lII)
oxidation. Mixing of the oxidant was
assumed to be adequate if Ag(lIl) was
immediately oxidized by a lage excess
(200-fold) of chlorine injected into the
mixed reactor. To determine the
efidency of oxidait mixing in the
reactor, a 10 pg/L Ag(lIl) solution was
placed in the reactor. At timet =0, a
chlorine dose of 2 mg/L (200-fold excess
over doichiometric  requirement) was
added to the reactor. The first 4 nmL of
reactor effluent was wasted as dead
volume and the rest was collected in 2-
mL increments a 6 second intervas
(flow rate = 20 mL/min).



2.4.3 Chemical Oxidation Conditions
Each initid Ag(ll) concentration was
tested with a least three concentrations
of each oxidant: three-, ten-, and one--
hundred times the stoichiometric amount
required to oxidize the AIIl) initidly
present. Two levels of oxidant were
used in the presence of intefering
reductants; ten times based on AglII)
concentration aone, or a higher dose of
three-times-stoichiometric  based  on
Agll) plus the intefering reductant.
However, if the lower dose successfully
oxidized greater than 90% of the AgII)
initidly present, then higher oxidant
doses were not tested. Initid A(II)
concentration was 50 pug/L, unless
mentioned  otherwise. Chlorine  was
dosed in the form of sodium
hypochlorite (NaOCl) and reported as
mg/L chlorine.

All the chemicd oxidation experiments
(s wdl as the UV oxidaton
experimentsy were  peaformed  in
duplicate.  One control experiment was
peformed for each set of duplicate
experiments.  The control  experiment
was  peformed under identical
conditions as the duplicated experiments
with the exception tha no oxidant was
added. Therefore, the  control
experiment established Ag(lll) losses
due to adsorption to the wadls of the
reector or other pats, and dso
edablished any potentid A1) losses
due to reaction with the interfering
oxidants such as aulfide or disolved
iron. During the course of this study,
severd such control  experiments were
peformed and no Aglll) losses were
obseaved a a rewult of arsenic
precipitation or adsorption.
Furthermore, dl the oxidation data
indicated that when sulfide was present,
more rather than less Ag(Il) passed
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through the IX filter, which suggests that
aulfide did not precipitate and remove

AS(IN).

2.4.3.1 pH of Operation

For dl of the oxidants studied, the extent
of A4IIl) oxidation was determined for
a pH range of 6.3 - 83. The effect of
interfering reductants was only studied
a pH 8.3 because previous studies had
suggested that  typicd  As-containing
groundwaters would have pH vaues of
8.3 £ 0.6 (Clifford and Lin, 1986, 1991;
Clifford, 1990; Clifford and Zhang,
1994; Clifford, et a., 1991, 1998a,
1998b; Ghurye, et a., 1998, 1999). This
may, however, not be true for dl As
containing waters.

2.4.3.2 High- and Low-DO Experiments
Chemicd  oxidation experiments, in
which the effect of dissolved iron on
Ag(l1l) oxidation was studied, had to be
performed in very low DO waters € 0.1
mg/lL DO) because disolved iron
(Fe(I)) is very eadly oxidized in the
presence of DO a greater than neutra

pH vaues (Knocke et a. 1990).
Additiondly, chemicd oxidation
experiments with aulfide-spiked

gynthetic water were dso performed in
the absence of DO because sulfide can
be oxidized by DO. Dissolved oxygen
did not present a problem with the other
interfering reductants studied.

The highDO  chemicd  oxiddtion
experiments were peformed by rasng
the DO of the synthetic water to near-
saturation, by sparging with ar (from the
ldb ar-digribution system) through a
diffusr for aout 15 minutes  The
procedures used during these
experiments are described in Appendix
C. The low-DO chemicd oxiddtion
experiments were performed by sparging



extra dry grade nitrogen gas (containing
approx. 3 ppm Q) through the synthetic
water to reduce the DO to £ 0.1 mg/L as
measured by a lab DO meter. The
procedures used during the low-DO
experiments are described in detall in
Appendix C.

2.4.3.3 Oxidation Experiments with TOC
In order to determine the effect of TOC
on the oxidation of Ag(lll) with the five
chemicad  oxidants, untrested Lake
Houston water (not previoudy exposed
to oxidants) was filtered sequentidly
through a 8.0, 0.45, and 0.22 pm filters
and then stored a 4 °C. Prior to an
experiment, the filtered Lake Houston
water was dlowed to come to room
temperature (~24 °C). This was either
used directly by soking with an
appropriate amount of A(lIl) or diluted
with synthetic water to yiedd a water
with 21 mglL TOC as in the ozone

expaiments.  The TOC in the filtered
Lake Houston water was not
characterized.

2434Low Temperature (5 °C)

Oxidation

A limited number of experiments were
performed a 5 °C to determine the effect
of low temperature on A(IIl) oxidation.
Only those oxidarts that were successful
in oxidizing A4(Il) to ASV) were tested
a low temperaure. The generd
procedure  for peforming  these
experiments was the same as the other
chemicd oxidation experiments.
Additiondly, the oxiddion kinetics
reector, filled with 500 mL of synthetic
water containing 50 pg/l A, was
refrigerated to a temperature of 5+ 1 °C.
Upon attaining the required temperature,
the reactor was quickly removed from
the refrigerator and dosed with the
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appropriate  oxidant. The entire
experiment was usudly completed in
less than 6 minutes from the time the

reactor was removed from the
refrigerator. At the end of the
experiment, the reactor water

temperature was usudly in the range of
5-6 °C.

2.5 Solid-Phase Media (Filox)
Experiments

The solid-phase oxidizing media used in
this project was FiloxR™ (Mait-Son
Inc, Barrington, IL), which is typicdly
used for iron, hydrogen aulfide and
manganese remova.  The gray-black
granular Filox media 512 X 40 mesh,
bulk densty 114 |bgft”) containing 75
85% manganee dioxide, reportedly
utilizes an  oxidaionreduction  and
filtration process for removad  of
disolved iron, hydrogen sulfide and
manganexe. In this sudy, the media was
used to oxidize Ag(lIl) to AYV) under a
variety of conditions.

25.1 Pretreatment of Filox Media
Approximately 100 mL of the Filox
media was backwashed with synthetic
water (of the compogtion in Table 1 and
without any A4lIl)) in a 1 in.-i.d. glass
column a a flow rate of 285 mL/min (14
gd/min ft®) for 30 minutes  After
backwashing, 12 mL of media was
transferred to a 1 cmri.d. glass column.
The bed depth was 6 inches (15 cm) and
the flow rae was vaied from 16
mL/min (EBCT of 075 min) to 2
mL/min (EBCT of 6.0 min). A
schemdtic for the Flox experiments is
shown in Fgure 2-4. All of the Flox
experiments were peformed with the
same 12 mL of media, which was not
treated in any way except for periodic
backwashing.
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Figure 2-4. Schematic for Solid-Phase (Filox) Oxidizing Experiments.

2.5.2 Preparation of Low- and High-
DO Synthetic Water

The high-DO synthetic water (8.2 mg/L
DO) was prepared by sparging ar
through synthetic water for about 15
minutes prior to passage through the
Filox column. The low-DO synthetic
water (0.1 mg/L DO) was prepared by
sparging extra-dry-grade nitrogen for 30
minutes through 500 mL of synthetic
water (or filtered Lake Houston water)
contained in the oxidation reactor.

25.3 Procedure for VariableEBCT
and Variable-pH Experiments

The procedures for the variable-EBCT
and the vaiable-pH Flox experiments
were identicd except for the pH of the
gynthetic water.  All of the variadle-
EBCT experiments were performed a a
pH of 8.3 whereas during the variable-
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pH experiments, the pH of the synthetic
water was varied a 6.3, 7.3, and 8.3.
The procedures are described in detail in
Appendix D.

254 Procedure to Stabilize Arsenic
Removal by Filox Media

During the variadle-EBCT experiments,
it was observed that the Filox media in
addition to oxidizing Aglll) to AYV),
dso removed asenic.  To enable the
media to come to equilibrium with the
Ag(lll)-containing  water to  better
represent what would occur in a Filox

coumn in actud fidd use pre
equilibration of the media was
attempted. To achieve equilibrium,

2000 BV (24 L) of pH 83 synthetic
water containing 50 pg/L Ag(Ill) was
passed through the media a an EBCT of
0.75 min.



255 Procedure for Low-DO Filox
Experiments

As mentioned ealier, the Ilow-DO
gynthetic water was prepared in the
oxidation reector in the same manner as
during the chemicd oxidation
experiments. The low-DO synthetic
water was then pumped directly from the
reector to the Flox column. The
procedures used are described in detail
in Appendix D.

2.6 UV Oxidation Experiments
26.1 Unit 1: 0.5 gpm UV Sterilizer
Unit

A <chematic for the UV oxidation
experiments is shown in Figure 25. The
experimentd  set-up  for  the UV
experiments was the same as for the
Filox experiments except that the Filox
column was subgtituted with aUV unit.

To Vacuum

IX Specidting
Flter

Ouitlet

Vacuum Filtration

uv A aus
Apparatus Ppar
Inlet
Synthetic
Test
Solution
12-288 mL/min
Feed Resarvoir

Figure 2-5. Schematic for UV-Oxidation Experiments.

Unit 1 was a 0.5 gpm unit from R-Can
Environmental Inc. (Canada), equipped
with a low-pressure mercury lamp with
an advetised lamp intendgty of 32,000
pw/ic? a 254 nm.  The unit was
mounted verticdly with the dectricd
connections to the lamp on top to
prevent accidentd water pillage from
damaging the derilizer assembly. As
seen from Figure 25, the lower port was
chosen as the inlet and the upper port the
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outlet. A 4L HDPE container was filled
with synthetic waer containing 50 pg
AglIl)/L. Before the UV lamp was
turned on, the synthetic tet water was
pumped through the inactive derilizer
assembly a 288 mL/min (resdence time
10 min), and the effluent from the
derilizer unit was collected, speciated,
and andyzed for Ag(lll). This served as
a control for the UV experiments to
ensure that the act of pumping the



gynthetic water through the inactive
derilizr unit did not cause awy
inadvertent Ag(lll) oxidation. The flow
was then switched to the lowest setting
corresponding to the highest resdence
time employed. The lamp was switched
on and dlowed to dabilize for 30
minutes, which is much longer than the
3-5 minutes recommended by the
manufecturer. At the end of 30 minutes,
three consecutive 50-mL samples were
collected, speciated, and analyzed as
AgIl). The flow was then increased to
the next flow rate and 600 mL (> two
times the void space of 288 mL in the
deilizer  assembly) of  effluent  was
wasted before three consecutive 50-mL
samples were collected, speciated and
andyzed for unoxidized AglIl). The
above procedure was repeated until al of
the flow raes were <udied. The
temperature of the water exiting the UV
unit was not measured.

2.6.2 Unit 2. 1.0 gpm UV Sterilizer
Unit

Unit 2 was a 1.0 gom unit from Atlantic
Ultraviolet Corp., equipped with a low-
pressure  mercury  lamp  with  an
advertised lamp intensty of 41,200

pw/cn? a 254 nm. The experimenta
set-up and operation were smilar to the
one used for Unit 1. The void space in
Unit 2 was larger, 486 mL, compared
with 288 mL for Unit 1.

2.7 QA/QC

2.7.1 Arsenic Standards

Four dandards from an arsenic AAS
dandard solution  (Aldrich  Chemicd
Company, Inc) contaning 1000 pg
ASmL were employed for routine
asenic andyss.  The concentrations of
these “WAL standards’ were 1.3, 2.8,
6.8, and 11.0 pg/L. Independently, the
QA/QC Officer for this project, prepared
four separate arsenic standards, which
saved as internd QA/QC standards.
Two such sets of four QA/QC standards
were prepared by the QA/QC Officer
during the duration of this project. In
addition to the standards prepared at UH,
we utilized four previous “Water Supply
Laboratory  Peformance  Evaudion
Study” standards. These standards were
preserved in a 0.2 M nitric acid solution.
These WS dandards and their EPA-
reported true concentrations ae as
follows

Table 2-3. Previous EPA Standards.

Standard Y ear EPA-Reported
Concentration
Ho/L
WS 037 1996 49.3
WS 038 1997 83.1
WS 040 1997 102
WS 041 1998 65.6
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A dock solution containing 88.0 mg/L
Ag(Il) was prepared according to the
procedure described in Appendix L.

2.7.2 Routine Arsenic Analysis
Routine arsenic anadyses were performed
by the WAL during the course of this

project. Each batch of samples was
andyzed according to the following
sequence:

(1) A prep blank (prepared the same as
a routine sample with the exception that
reagent grade water was subgtituted for
the asenic sample) was andyzed
followed by the four WAL dandards.
Then, one of the four QA/QC standards
was andyzed. This sequence is
hereefter referred to as a “set of

(2) Following measurement of the sat of
gtandards, no more than 20 samples were
andyzed. This was followed by the
andysis of the sat of sandards. Once
agan, no more than 20 samples were

andyzed followed by the s of
dandards, and so on until al of the
samples had been andyzed.

(3) Then each of the four WS standards
was measured. Each of the WS
dandards was spiked with 2.0 pg/L
arsenic and measured to cdculate spike
recoveries.

(4 Findly, the st of sandards was
measured to complete the analyses.

2.7.3 Arsenic Calibration Curve

A cdibration curve was developed for
arsenic based on the prep blank and the
four WAL dandards. The QA/QC
sandard was thus excluded from the
points contributing to the cdibration
cuve and its concentration was
cdculated on the basis of the cdibration
curve. Figure 2-6 shows a typicd
cdibraion curve with the QA/QC
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dandard included for comparison. In
Figure 2-6, each standard was measured
gght times. The concentraion of the
QA/QC sandard in Figure 26 was 5.97
pgL  and the average of eght
measurements of the QA/QC sandard
was 5.91 ug/L.



0.8 .
—&— Absorbance EWAL Standards) ! ! g
O  Absorbance (5.97 pg/L QA/QC Standard) N
06 | —— Equationfor Arsenic Calibration Curve —
- y =0.0048851 + 0.058708x R= 0.99985 §
8 - _
§ t ]
= 04 [ _
8 - _

o]

< B i
02 [ .
0 s 1 1 1 I 1 1 1 I 1 1 1 i

0 2 6 8 10 12

Arsenic Concentration (ug/L)

Figure 2-6. Typicd Arsenic Cdibration Curve.

2.8 Analytical Methods

andyzed by multiple methods for the

Table 2-4 shows the various anaytica reasons mertioned in the Results and
methods used during the course of this Discussion section of this report.
project. Only chlorine dioxide was

Table 2-4. Anaytica Methods

Totd Arsenic

Chloring, nitrate, sulfate
Total Organic Carbon
Sulfide

Feand Mn
Chlorine (hypochlorite)

Chlorine Dioxide

Ozone
Permanganate
Monochloramine

SM 3114 A (Hydride Generation)

SM 4110 B (lon Chromatography)

SM 5310 B (Combustion-Infrared)

Hach Manua. EPA-approved and adapted from
SM 4500-S? E (Colorimetric)

SM 3111 B (Atomic Absorption)

Potentiometric Method of Knocke, et a. (1990)
Potentiometric Method of Knocke, et d. (1990)
SM 4500-CIO, D (DPD Method)

Hach Method 8138 (Direct UV absorbance @445
nm)

Hach Method 8311 (Colorimetric)
Potentiometric Method of Knocke, et a. (1990)
SM 4500-Cl G (DPD Method)
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3. Results and Discussion

3.1 Reactor
Results

3.1.1 Arsenic(V) Retention

The IX filter was chdlenged with
gynthetic water (compostion shown in
Table 1) containing AqV)
concentrations of 50 and 1000 pg/L.
The reaults are shown in Figures 3-1 and
3-2. It can been seen that for the firgt

Set-up Tedt

100 mL pasing through the filter,
greater than 98% ASV) retention was
obtained with 50 pg/L solution and
greater than 95% for the 1000 pg/L
solution.  For both AS(V) concentrations,
a least 100 mL of gnthetic water could
be put through the IX filter (@ 20
mL/min)  before  asenic  leskage
exceeded 5%.

—o— Fresh IX Filter
—o— First Regeneration
—v— Second Regeneration
4 | —B— Third Regeneration

As(V) =50 ug/L
Sulfate = 24 mg/L
TDS =351 mg/L

—wv— Fourth Regeneration
—a— Fifth Regeneration

98% Retention

Arsenic Concentration (ug/L)

x| 95% AS(V)Retention ]

250

mL passed through I X Filter @ 20 mL/min

Figure 3-1.

50 pg/L-AgV) Retention by 1X Filter.
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800

—o— Fresh I X Filter
—o0— First Regeneration
—s— Second Regener ation
—B— Third Regeneration
—s— Fourth Regeneration

600

As(V) = 1000 pg/L
Sulfate = 24 mg/L _
TDS =351 mg/L A

—a— Fifth Regeneration

400

200

Arsenic Concentration (ug/L)

100

mL passed through | X Filter @ 20 mL/min
Figure 3-2. 1000 pg/L-AgV) Retention by 1X Filter.

3.1.2 Arsenic(l11) Recovery

It was aso necessary to demonstrate that
the unoxidized A(lIl) that passed from
the oxidation reactor through the
gpeciation media was not adsorbed or
oxidized by the gpeciaion media
Figures 3-3 and 3-4 show the Ag(II)
recoveries with initial asEnic

20

concentrations of 50 and 1000 pg/L. No
ggnificant  AglIl) oxidation resulted
from use of the IX filter, and AII)
recovery averaged 95-105% for the 50
pg AII)/L-spiked water and 90-110%
for the 1000 pg AS(I11)/L-spiked water.
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3.1.3 Dead Volume in the Oxidation

100% As(111) Recovery

—o— Fresh IX Filter

First Regeneration
—wv— Second Regeneration
—g— Third Regener ation
—wv— Fourth Regeneration

As(l11) =50 pg/L
Sulfate = 24 mg/L ]
TDS =351 mg/L .

o

50

100 150 200

mL passed through I X Filter @ 20 mL/min
Figure 3-3. 50 pg/L-Ag(I11) Recovery from IX Filter.

800 |

I I I

 100% As(lll) Recovery 1

—o6— Fresh I X Filter ]

First Regeneration As(I11) = 1000 pg/L ]

—~v— Second Regeneration Sulfate = 24 mg/L .

—8&— Third Regeneration TDS = 351 mg/L 1
—— Fourth Regeneration

1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1
0 50 100 150 200

mL passed through 1 X Filter @ 20 mL/min
Figure 3-4. 1000 png/L-Agl1l) Recovery from IX Filter.

Reactor Set-up

The results of the dead-volume
experiment are presented
which shows the volume of sysdem

in Figure 35,
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effluent that must pass through the IX
filter before the actua resctor effluent is
sampled. The response was 50 and 80%
after 2 and 4 mL of flow, respectively.
The true dead volume is probably closer



to 2 mL, the point a which 50% of the
response is achieved. However, due to
the presence of water in the dead space
above the IX filter in addition to water
within the filter itsdf, and the inevitable
mixing (ad dilution) tha results

between the incoming flow from the
reactor and the water in the dead space,
it took 4 mL of flow for the response to
reach 80% and nearly 8 mL to reach
100%.

1200

1000 |
800 |
600 |

400 |

Arsenic Concentration (ug/L)

200 |

Y

50% Resppnse

80% Response

— e— I RuUN ]
—o—2nd Run
—a— 3rd Run

Synthetic Test Water
At t=0, inject As(l11) =1000 pg/L

0 2 4

6 8 10

mL passed through I X Filter @ 5 mL/min
Figure 3-5. Edtimation of dead volume in the reactor set-up.

A catan initid volume of effluent from
the reactor had to be wasted to
compensate for the dead volume in the
sysem, after which the actua contents
of the reactor could be sampled.
Therefore, if the dead volume was not
waded, then the firs few samples would
be subgantidly diluted by the fluid in
the dead volume. Also note that during
actual oxidation experiments, when fluid
exits the reactor, the oxidation reaction
continues because the oxidant is ill in
contact with Ag(lll). Therefore, the time
spent to waste the dead volume must be
taken into account.

Based on Figure 35, it was decided that
four mL (corresponding to >80%
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response) of the reactor effluent would
have to be wasted before the actudl
reactor contents could be sampled.
Thus, for a sampling flow rate of 20
mL/min during actud oxidation
expeiments, the firs sample that
represented the dead volume (4 mL) was
collected during the 0-12 second
interval. The next sampling intervd was
12-18 sec (median time 15 seo).
Consequently, no reaction time earlier
than 15 sec could be studied.

3.1.4 Mixing Efficiency in Oxidation
Reactor

The results of this experiment showed
that the effluent arsenic concentrations
(representing  unoxidized Ag(lIl)) were



usudly lower than 0.4 pg/L (Figure 36).
The low effluent Ag(lll) concentrations
confirmed the rapidity of AgllI)
oxidation by chorine as previoudy
reported by Frank and Clifford (1986)
and ds0 showed the efficiency of mixing

10

in the reactor. If the reactor had
provided inadequate mixing, the initid
effluent Ag(Il) concentrations (for t =
15 seconds) would have been much
higher than was actually observed.

—e— First Run
—o— Second Run

—a— Third Run

6

Synthetic Test Water e ]
Initial As(I11) = 10 pg/L
At t=0, inject CZ! =2mg/L

Flow Rate=20 mL/min
— 4 mL wasted as dead volume
- Effluent collected at 6 sec (2 mL) intervals)

Arsenic Concentration (ug/L)
N

10 20 30

50 60 70

Time elapsed after oxidant addition (seconds)

Figure 3-6. Mixing efficiency in oxidation reactor.

3.2 Chlorine Test Results

The results of the chlorine oxidation
experiments ae summarized in Table 3-
1 and discussed below.

3.2.1 Effect of pH on Chlorine

Chlorine repidly oxidized AgIIl) in the
pH range of 6.3-83 (Table 3-1,
experiments 1-3 and Figure 3-7).
Oxidetion was dightly dower a pH 6.3
but ill complete in 39 seconds.  Higher
AglIl)  concentrations  were a0
completdly and repidly oxidized by
chlorine (Table 3-1, experiment 11).
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The time reported (in Table 3-1 and
gmilar Tables dsawhere) to >95%
oxidation was the median time of its
sample intervd, i.e, if greater than 95%
oxidation was observed in the earliest
sampling intervd, 12-18 sec, then the
time was reported as 15 seconds.



Table 3-1. Free Chlorine Experiments.

#  AYll) Chlorine SR SR pH Interfering >95%
Conc Conc®  ClLJ/As Cl,/ Reductant Oxid*
(ugl)  (mgl) (AstIR) (IR) (sec)
1 50 0.14 3 NA 8.3 None 15
2 50 0.14 3 NA 7.3 None 15
3 50 0.14 3 NA 6.3 None 39
4 50 0.48 10 155 8.3 Fe(ll) (0.3 mg/L) 15
5 50 0.48 10 0.27 8.3 Fe(I) (20 mg/L) 15
6 50 0.48 10 1.20 8.3 Mn (1) (0.2 mg/L) 27
7 50 0.48 10 021° 83 S* (LOmgL) 57
8 50 0.48 10 011° 83 S* (20mglL) 57
9 50 0.48 10 NA 8.3 TOC (6.9 mg/L) 15
10 50 0.14 3 NA 8.3  Temperature (5°C) 15
11 1000 2.84 3 NA 8.3 None 15
1—Oxidant dosed as NaOCl, reported as mg/L chlorine
2—Stoichiometric Ratio of Oxidant/As(111)
3—Stoichiometric Ratio of Oxidant/(As(l11) + Interfering Reductant)
4—Average of duplicate runs
5—Based on oxidation of sulfide to elemental sulfur
As(I11) = 50 pg/L
CI2 =0.14 mg/L (3 x As(I11) Stoichiometric)

- i
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; ]
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<

3

7 b

x

—l_" | — | N . | -
150 200 250 300 350

Time (seconds)
Figure 3-7. Effect of pH on Ag(l11) Oxidation with Free Chlorine.
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3.2.2 Effect of Dissolved Manganese
and Iron on Chlorine

The results of the dissolved manganese
and iron experiments a pH 83 ae
shown in Table 3-1, experiments 4, 5
and 6. Only a dight effect of dissolved
manganese was observed on  AglI)
oxidation where complete oxidation was
observed in 27 seconds with Mn(ll)
present compared with 15 seconds in the
absence of Mn(ll). Dissolved iron had
no effect on Ag(I11) oxidation at pH 8.3.

50

3.2.3 Effect of Sulfide on Chlorine
The results of the sulfide experiments
ae shown in Table 3-1, experiments 7
and 8. Although aulfide (1.0 and 20
mg/L) dowed the oxidation reaction,
complete oxidation was 4ill obtained in
less than 1 min (Figure 3-8). However,
higher  allfide  concentrations  may
further dow Ag(lll) oxidation so that
reection times much greater than 1 min
or higher oxidant doses become
necessty to achieve complete Ag(lI)
oxidation.

5

w
o

—e— pH 8.3; No Sulfide
—e— pH 8.3; No Sulfide
—a— Sulfide= 1.0 mg/L
—— Sulfide= 1.0 mg/L
—w— Sulfide=2.0 mg/L
—¥— Sulfide=2.0 mg/L

AS(I11) = 50 pg/L

Sulfide = 1.0 and 2.0 mg/L
Cl, =048 mg/L (10 x As (I11) Stoichiometrig

Residual Arsenic (111) (ug/L)
S 3

100

300

350

Time (seconds)

Figure 3-8.

3.24 Effect of TOC and Temperature
on Chlorine

The reaults of the TOC and temperature
experiments are shown in Table 3-1;
experiments 9 and 10. Nether the
presence of 69 mg/l TOC in Lake
Houston water nor a low temperature of
5 °C had any dgnificant effect on AglIl)
oxidation because the time required for
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Effect of sulfide on A(I11) oxidation with free chlorine.

complete oxidation for both conditions
was the same as that required when no
interfering reductants were present.

3.3 Permanganate Test
Results

Eleven expeiments were conducted
using permanganate as an oxidant, and a



summary of the results is shown in Table experiments 1-3 and Figure 3-9).
3-2 Oxidation was dightly dower a pH 6.3
but gill complete in 33 seconds.  Higher
AglIl)  concentrations were a0

3.3.1 Effect of pH on Permanganate completely and rgpidy oxidized by
Permanganate rapidly oxidized AII) in permanganate (Table 3-2, experiment
the pH range of 6.3-8.3 (Table 3-2, 11).

Table 3-2. Permanganate Experiments.

#  AYIll)  MnOs SR! SR° pH Interfering >95%
Conc Conc  MnOs/ MnOg4/ Reductant Oxid®
(Mgl)  (mglL) As  (AstIR) (IR) (sec)
1 50 0.16 3 NA 8.3 None 15
2 50 0.16 3 NA 7.3 None 15
3 50 0.16 3 NA 6.3 None 33
4 50 0.53 10 1.99 83  Fe(ll) (0.3mgL) 21
5 50 0.53 10 036 83  Fe(ll) (20mglL) 15
6 50 0.53 10 155 83  Mn(ll) (0.2 mg/L) 21
7 50 0.53 10 021* 83 S* (LOmglL) 51
8 50 0.53 10 011* 83 S* (20mglL) 51
9 50 0.53 10 NA 83  TOC(69mgL) 15
10 50 0.16 3 NA 8.3  Temperature (5 °C) 15
11 1000 3.20 3 NA 8.3 None 15

1—Stoichiometric Ratio of Oxidant/As(l11)

2—Stoichiometric Ratio of Oxidant/(As(l11) + Interfering Reductant)
3—Average of duplicate runs

4—Based on oxidation of sulfide to elemental sulfur

26



50 . T T T T | T
i —e—pH 8.3
—e—pH 83
—Aa—pH 73
40 —Aa—pH 73
— —%—pH 63
%’» —¥—pH 6.3
= o [l |Asti) =504
% L MnO,” = 0.16 mg/L (3 x As(l11) Stoichiometric
Z 20
S
>
2 i
R

0 ' ——— e = =
0 50 100 150 200 250 300 350
Time (seconds)
Figure 3-9. Effect of pH on Ag(l11) oxidation with permanganate.
3.3.2 Effect of Dissolved Manganese 3.3.3 Effect of Sulfide on

and Iron on Permanganate

The results of the dissolved manganese
and iron experiments are shown in Table
3-2, experiments 4, 5 and 6. Nether
dissolved manganese nor dissolved iron
(Fe(ll)) had any dggnificant effect on
Aglll) oxidaion a pH 83 with
complete oxidation achieved in 21
seconds or less.
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Permanganate

The results of the sulfide experiments
ae shown in Table 3-2, experiments 7
and 8. Although sulfide (1.0 and 20
mg/L) dowed the oxidation reaction,
complete oxidation was gill obtained in
less than 1 min (Figure 310). However,
higher  aulfide  concentrations  may
further dow Ag(lIl) oxidation such that
reaction times much greater than 1 min
andlor higher oxidant doses will be
required to achieve complete oxidation.
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Figure 3-10. Effect of sulfide on Ag(111) oxidation with permanganate.

3.34 Effect of TOC and Temperature
on Permanganate

The results of the TOC and temperature
experiments ae shown in Table 3-2,
experiments 9 and 10. Nether the
presence of TOC nor a low emperature
of 5 °C had any ggnificant effect on
AqlIl) oxidation by permanganate.
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Complete oxidation was achieved for
both the conditionsin 15 seconds.

3.4 Ozone Test Results

Eleven expeiments were conducted
usng ozone a an oxidant, and a
summary of the reaults is shown in Table
3-3.



Table 3-3. Ozone Experiments.

#  AgIll)  Ozone SR SR? pH Interfering >095%
Conc Conc 03/As 04/ Reductant Oxid®
(bgl)  (mgl) (AstIR) (IR) (sec)
1 50 0.10 3 NA 8.3 None 15
2 50 0.10 3 NA 7.3 None 15
3 50 0.10 3 NA 6.3 None 15
4 50 0.32 10 1.99 83  Fe(ll) (0.3mglL) 15
5 50 0.32 10 0.36 83  Fe(ll) (20 mg/L) 15
6 50 0.32 10 1.55 83  Mn(ll) (0.2 mg/L) 15
7 50 0.32 10 021* 83 S* (LOmgL) 51
8 50 0.32 10 011* 83 S* (20mglL) 132
9 50 0.32 10 NA 83  TOC(21mglL) 27
10 50 0.32 10 NA 83  TOC(6.9mglL) NA®
11 50 0.10 3 NA 8.3 Temperature (5°C) 39

1—Stoichiometric Ratio of Oxidant/As(I11)

2—Stoichiometric Ratio of Oxidant/(As(I11) + Interfering Reductant)
3—Average of duplicate runs

4—Based on oxidation of sulfide to elemental sulfur

5—Max. oxidation achieved with 6.9 mg/L TOC was 38%

34.1 Effect of pH on Ozone oxidation achieved in 15 seconds as seen
In the range of 6.3-8.3, pH had no effect in Table 33, experiments 13 and Figure
on Ag(ll) oxidaion with complete 3-11.
50 . T T T T I T T T T T T I T T T T I T T T T I T T T T
- —e—pH83
—e—pH 83
B
— 40 I —V—BH 6.3 7
% —w—pH 6.3
= I As(I 1) =50 )1 ]
= 30 O, =0.1mg/L (3x A(lll) Stoichiometrig 5
<
c
4
= ]
E
°
g ]
@
||i|u—.—|\i||,$||||—.....:.|||-
100 150 200 250 300 350

Time (seconds)
Figure 3-11. Effect of pH on AS(lI1) oxidation with ozone.
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3.4.2 Effect of Dissolved Manganese
and Iron on Ozone

The results of the dissolved manganese
and iron experiments are shown in Table
3-3, experiments 4, 5 and 6. Nether
dissolved Mn (0.2 mg/L) nor dissolved
Fe (0.3 and 20 mg/L) had any effect on
Ag(lll) oxidation by ozone a pH 8.3,
with complete AgIIl) oxidation being
achieved in 15 seconds.

3.4.3 Effect of Sulfide on Ozone

The results of the sulfide experiments
ae shown in Table 3-3, experiments 7
and 8. The presence of sulfide a 1.0

50 T T T T | T T T T

and 20 mg/L dowed AgIIl) oxidation
by ozone & pH 83. At sulfide
concentrations of 1.0 and 20 mgL,
greater than 95% oxidation was achieved
in 51 and 132 seconds, respectively
(Figure 3-12). By comparison, in the
absence of sulfide, >95% oxidation was
achieved in just 15 seconds and a a
much lower ozone dose of three-times
the goichiometric requirement.  Note,
however, that in the presence of 1.0 and
20 mg/L aulfide (SR = 0.21 and 0.11,
repectively), there was insufficient
ozone to oxidize both Aglll) and
aulfide.

—e— pH 8.3; No Sulfide
—e— pH 8.3; No Sulfide
—a— Sulfide= 1.0 mg/L
40 —a— Sulfide=1.0 mg/L i
— —w Sulfide=2.0mg/L
= —w— Sulfide=2.0 mg/L
3 As(I11) =50 pg/L, pH = 8.3
= 30 Sulfide = 1.0 and 2.0 mg/L ]
S - O, =032mg/L (10 x As(lI1) Stoichiometric
5 0r ]
‘_U -
> -
S L
8 10 - .
0 L
ol " —= =4
0 50 100 150 200 250 300 350

Time (seconds)

Figure 3-12. Effect of sulfide on Ag(l11) oxidation with ozone.

3.4.4 Effect of TOC and Temperature
on Ozone

The reaults of the TOC and temperature
experiments ae shown in Table 3-3,
experiments 9 and 10. The presence of
TOC had a ggnificant quenching effect
on the ability of ozone to oxidize Ag(lII)
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in filtered Lake Houston water (Figure
3-13). With 6.9 mg/L TOC, there was
inaufficient ozone present to oxidize
both Ag(Ill) and the TOC. Since most
asenic-contaminated  groundwaters  are
unlikdy to contain such high TOC, the
Lake Houston water was diluted with



gynthetic water (compodgtion shown in
Table 2-1) to yield a TOC of about 2.1
mg/L. In the presence of this lower
TOC concentration, ozone was able to

efficiently oxidize AglIl), with greaer
than 95% oxidation achieved in 27
seconds.

50 T T T T | Inltlal AS(I I I) - 50 ug/L T T T T | T T T T
pH =8.3
O, =0.32mg/L (10 x A(l11) Stoichiometric
g 40 —
E —8 ¢ o -9 ]
= 3 [ ° o o o h
2 —e—TOC=6.9mg/L ]
@ —e— TOC =6.9mg/L i
< 20 | —e— TOC =6.9mg/L |
= —a—TOC=21mg/L ]
k= —a—TOC=21mg/L
8oL —a TOC=21mglL ;
—a—TOC=21mg/L
0

350

Time (seconds)
Figure 3-13. Effect of TOC on Ag(I11) oxidation with ozone.

3.5 Chlorine Dioxide Test

Results

Thirteen asenic oxidation experiments
with chlorine dioxide were peformed
assuming a consarvative one-eectron

transfer mechanism, i.e, chlorine
dioxide is conveted to CIO, while
oxidizing A4lll) to AYV). The five-

eectron trandfer mechanism was only
used in cdculaing chlorine dioxide
doses for the Fe(11)-oxidation
experiments (Knocke, et a., 1990). The
results of the thirteen tedts ae
summarized in Table 3-4.
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351 Effect of
Dioxide

In the pH range of 6.3-8.3, chlorine
dioxide produced limited oxidation (20-
30%) in 21 seconds and produced no
further oxidation (Table 3-4,
experiments 1, 2, 3 and 9). In order to
veify that the IX filter was undamaged
by chlorine dioxide and functioning
normaly, two more experiments were
performed, which included a three-times
doichiometric  amount  of  chlorine
injected a 117 seconds. If filter
integrity was maintained, the unoxidized
Ag(l11) concentration would be in the

pH on Chlorine



range of 3540 pglL dfter chlorine
dioxide addition, and then quickly drop
to zero due to complete Ag(I11) oxidation
after the addition of chlorine.  The
results of these experiments are shown in
Figure 3-14, which shows tha only 20-

chlorine dioxide, but complete oxidation
was achieved after the addition of
chlorine.  This test confirmed that the IX
filter, which sepaaes Agll) from
AqV), was dill effective after exposure
to chlorine dioxide.

30% oxidaion was obtaned with
Table 3-4. Chlorine Dioxide Experiments.

# Ag(II) ClOo,Conc SR SR? pH Interfering >95%

Conc (ug/L) (mglL)  ClOJAs ClOy/ Reductant Oxid®

(AstIR) (IR) (sex)
1 50 0.27 3 NA 8.3 None >323
2 50 0.27 3 NA 7.3 None >312
3 50 0.27 3 NA 6.3 None >312
4 50 0.90 10 556 83 Fe(ll)(0.3mglL) >312
5 50 0.90 10 158 83 Fe(l)(20mglL) >312
6 50 0.90 10 83 Mn(ll)(02mgL) >312
7 0 1.08 NA 112 83  Fell) (40mglL) 15
Without silica
8 0 1.08 NA 112 83  F«ll) (40mglL)* 15
9 50° 0.27 3 NA 8.3 None >312
10 50 Cl0,=0.27 3 NA 8.3 None >NA®
Cl,=0.14 3
11 50 0.27 3 NA 8.3 Deserated >312
gynthetic water

12 50 0.90 10 NA 8.3 None >312
13 50 9.00 100 NA 8.3 None >312

1—Stoichiometric Ratio of Oxidant/As(l11)

2—Stoichiometric Ratio of Oxidant/(As(I1l) + Interfering Reductant) based on a 1-electron transfer
mechanism, except for Fe(I1) which is oxidized by chlorine dioxide by a 5-electron transfer mechanism

3—Average of duplicate runs

4—Experiments 7 and 8 were performed to duplicate the Fe(ll) oxidation experiments of Knocke (1990).
Silicawas eliminated from #7 asit is known to complex Fe.

5—Repeat of experiment # 1

6—Complete Oxidation was achieved only after the addition of chlorine
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Figure 314. Arsenic(lll) oxidation with chlorine dioxide. Chorine injected at 117 sec to
verify IX filter performance in experiments 3A and 3B.

The ineffectiveness of chlorine dioxide
was surprisng as it is known to be a
powerful  oxidant. Moreover, the
phenomenon of 20-30% oxidation in 21
seconds with no further oxidation could
not be explained. The scope of research,
the budget, and time condrants
preempted further invedigation into the
reesons  for this  ineffectiveness.
Posshly, the initid Agll) oxidation
seen in the chlorine dioxide experiments
was due to the presence of chlorine in
the chlorine dioxide d<ock solutions.
Knocke et a. (1990) reported the
formation of about 20 mg/L HOCI (27
mg/L as chlorine) dong with 750 mg/L
ClO2 (390 mglL as chlorine). It is
possble that the rgpid initid AgIII)
oxidation observed in these experiments
was the result of the presence of a very
gndl fraction of chlorine in the ClO»
sock solutions, and was not due to
chlorine dioxide itsdf. It should dso be
noted that this fraction of chlorine
probably varied from one baich to
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another. Therefore, an increase in the
concentration of chlorine dioxide dose
does not necessaily imply a
proportionate incresse in the chlorine
fraction aswell.

352 Verifying Chlorine Dioxide
Stock Concentrations.

In order to verify the ineffectiveness of
chlorine  dioxide and rule out
measurement errors, the chlorine dioxide
stock solution was assayed to ensure that
the proper oxidant dose was ddivered.
Three different methods were used: (1)
Potentiometric method from Knocke et
a. (1990), (2) Standard Method 4500-
ClO,-D (DPD Method), and (3) Hach
Method 8138, a direct-reading method
with a range of 0-700 mg/L. Both the
Potentiometric and DPD methods gave
excdlent agreement while the Hach
method underestimated the chlorine
dioxide concentration by about 6%. The
results are shown in Table 3-5.



Table 3-5. Chlorine Dioxide Assays.

Method Observed Difference’
Vdue (mg/L) %

SM 4500- ClO»-D 458 -

Potentiometric 453 -11

Hach 8318 430 -6.1

1—Difference from value obtained using the Standard M ethod assay.

3.5.3 Fe(ll) Oxidation with Chlorine
Dioxide

Knocke et d. (1990) reported essentialy
ingantaneous  oxidation of Fell) to
Fe(lll) by chlorine dioxide at a dose of
105% of doichiometric  requirement.
These experiments were repeated for an
initial Fe(ll) concentration of 4 mg/L.
The results of these experiments are
shown in Table 3-4, experiments 7 and
8. With a chlorine dioxide dose of 1.08
mg/l (L12 times doichiometric), an
initid Fe(Il) concentration of 4 mg/L
was completdly oxidized in 15 seconds.
To diminage dissolved oxygen as a
potentiad cause for the ineffectiveness of
chlorine dioxide for Ag(Il) oxidation,
tests were peformed in low-DO (0.1
mg/L) synthetic water. The absence of
DO did not improve the performance of
chlorine dioxide for Ag(l11) oxidation.

3.54 Increasing Stoichiometric Dose
of Chlorine Dioxide

The chlorine dioxide dose was increased
to ten and one-hundred-times the
doichiometric  amount  required  for
Agll) oxidation.  These results are
shown in Table 3-4, experiments 12 and

13. Even a a chlorine dioxide dose of
9.0 mg/l (100 x <oichiometric), only
about 76% Aglll) oxidation was
observed at the end of 5 minutes.

3.5.5 Effect of Dissolved Manganese
and Iron on Chlorine Dioxide

The results of the dissolved manganese
and iron experiments are shown in Table
34, experiments 4, 5 and 6. The
presence of dissolved manganese and
iron in the synthetic waer resulted in
somewhat lower A1) concentration in
the resctor effluent compared with
gynthetic  water  without  interfering
reductants present. The lower resdua
Ag(Ill) concentrations observed were
due to adsorption of Ag(Ill) and ASV)
onto the manganese and iron hydroxide
precipitates that formed upon chlorine
dioxide addition.

3.5.6 Effect of Sulfide, TOC and
Temperature on Chlorine Dioxide

Because of the indfectiveness of
chlorine dioxide as an oxidait in the
absence of interfering reductants, Ag(111)
these expeiments were  deemed

unnecessary.



3.6.1 Monochloramine Test

Results

Four experiments were performed with

monochloramine as oxidant. The reaults

are summarized in Table 3-6.

Table 3-6. Monochloramine Experiments.

# A1) NH,Cl SR SR? pH  Intefering >95%
Conc Conc NH.Cl/  NH,Cl/ Reductant Oxid®
(ugL)  (mgl) As  (AstiR) (IR) (sec)
1 50 0.10 3 NA 8.3 None >312
2 50 0.10 3 NA 7.3 None >312
3 50 0.10 3 NA 6.3 None >312
4 50 0.10* 3 NA 8.3 None >312
1—Stoichiometric Ratio of Oxidant/As(I11)
2—Stoichiometric Ratio of Oxidant/(As(I11) + Interfering Reductant)
3—Average of duplicate runs
4—\With preformed monochloramine
3.6.1 Effect of pH on situ-formed monochloramine in the firg
Monochloramine 21 seconds with no oxidation observed

In the pH range of
oxidation (40%) was produced by in-
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Residual Arsenic (111) (ug/L)

10

40 [

6.3-8.3, limited theredfter.

AAAAAA

As(I11)
NH_Cl

=50 pg/L

0.1 mg/L (3 x As Stoichiometric)

; in-situ-formed M onochloramine
; in-situ-formed M onochloramine
; in-situ-formed M onochloramine
; in-situ-formed M onochloramine
; in-situ-formed M onochloramine
; in-situ-formed M onochloramine
; preformed M onochloramine

; preformed M onochloramine

100 150 200

Time (seconds)

Figure 3-15. Arsenic(l11) oxidation with monochloramine,
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These results are in agreement with the
findings of Frank and Clifford (1986)
who speculated that the occurrence of
rgpid initid Ag(lll) oxidation was due to
free chlorine before it reacted with
ammonia to form monochloramine.  To
tex this hypothess a 10 mglL
monochloramine solution was prepared,
assayed, and used as a stock solution.
When preformed monochloramine was
added to the reactor, no Ag(I1l) oxidation
was observed (Figure 315). Because a
three-times-goichiometric ~ amount  of
monochloramine falled to produce any
Ag(Il) oxidation, it was not <Sudied

further.

3.7 Solid-Phase Oxidizing
Media (Filox)

Twenty-four experiments were

conducted with the Filox media and the
test results are summarized in Table 3-7.
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The vaiables sudied for ther effect on
Ag(lIl) oxidation included EBCT, pH,
DO, dissolved Mn, dissolved Fe, sulfide,
TOC and initid AgIIl) concentration.
All of the Filox experiments described in
this report were performed with the same
12 mL of Filox Media. The media was
backwashed after each experiment, but
was otherwise untreated.

3.71 Filox: Effect of Empty Bed
Contact Time with High-DO

The effect of EBCT, from 0.75 to 6 min,
on AgIl) oxidation is shown in Fgure
3-16 and Table 3-7, experiments 1-4.
Even at the shortest EBCT of 0.75 min,
greater than 95% Ag(lIl) oxidation was
obtaned. @ The media adso removed
asenic, in addition to oxidizing it, as
seen in Fgure 3-16.  Arsenic removd
increased from 45 to 64% as the EBCT
increased from 0.75 to 6.0 min.



Table 3-7. Flox Experiments.

# | AI) Interfering pH DO! | EBCT? | %Al | %As
ug/L Reductant (min) Oxidation | Removd
(IR, mg/L) (mglL)
Variable EBCT
1 50 None 8.3 8.2 0.75 95.4 45.3
2 50 None 8.3 8.2 15 98.7 48.2
3 50 None 8.3 8.2 3.0 98.7 55.0
4 50 None 8.3 8.2 6.0 99.4 63.6
Variable pH
5 50 None 7.3 8.2 15 99.8 66.2
6 50 None 6.3 8.2 15 100.0 75.3
Interfering Reductants, Low-DO, Low EBCT
7 50 None 8.3 0.1 15 98.9 36.1
8 50 Mn(11)—0.2 8.3 0.1 15 78.2 124
9 50 Fe(I)—0.3 8.3 0.1 15 80.9 19.1
10 50 Fe(I1)—2.0 8.3 0.1 15 81.3 139
11 50 Sulfide—1.0 8.3 0.1 15 61.5 5.0
12 50 Sulfide—2.0 8.3 0.1 15 55.7 9.4
13 50 TOC—14 8.3 0.1 15 79.2 7.2
14 50 None/8 °C 8.3 0.1 15 98.3 36.5
Interfering Reductants, Low-DO, High EBCT
15 50 Mn(11)—0.2 8.3 0.1 6.0 99.8 51.1
16 50 Sulfide—1.0 8.3 0.1 6.0 99.6 574
17 50 Sulfide—2.0 8.3 0.1 6.0 97.0 42.4
18 50 TOC—14 8.3 0.1 6.0 99.9 47.5
High Initial Arsenic(l11) Concentration
19| 1000 | None 8.3 0.1 15 96.7 44.8
20| 1000 | None 8.3 8.2 15 95.0 50.3
Interfering Reductants, High-DO, Low EBCT
21 50 Mn(l1)—0.2 8.3 8.2 15 98.4 50.8
22 50 Sulfide—1.0 8.3 8.2 15 98.3 76.1
23 50 Sulfide—2.0 8.3 8.2 15 96.2 77.1
24 50 TOC—1.4 8.3 8.2 15 97.5 55.4

1—HighDO=8.2mg/L; Low DO=0.1 mg/L

2—EBCT of 0.75, 1.5, 3.0 and 6.0 equal 4.9, 2.5, 1.2 and 0.6 gpm/ft?, respectively.
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Figure 3-16. Effect of EBCT on Filox Media

In an effot to dadlize arsenic
adsorption, attempts were made to
equilibrate the Flox media with Ag(II)-
piked synthetic water before any further
experiments were performed.  Hence,
2000 BV (24 L) of 50 pg/L AglIl)-
spiked synthetic water was passed
through the Flox media a a flow rate of
16 mL/min corresponding to an EBCT
of 0.75 min and a totad equilibration time
of 25 hours of interrupted flow over a
three-day period. The results are shown
in Fgure 3-17. Arsenic oxiddion rate
dated out a 96% (2 pglL All)
remaning) and decreased dightly to
93% (4 pg/L Ag(IIl) remaining) a 2000
BV. Arsnic remova by the Filox
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media decreased dgnificantly as the run
progressed.  From an initid remova rate
of 26%, arsenic removal decreased to
8% a 2000 BV, indicaing that the
medids capacity for arsenic adsorption
was nearly exhausted. Figure 3-17 aso
shows that the FHlox media will initidly
oxidize Aglll) and remove it, but will
eventudly come to equilibrium with the
influent arsenic and provide no further
asenic removd while dill  oxidizing
Ag(Il) to AS(V). It should aso be noted
that no arsenic was dumped from the

Filoxk media in the equilibration
experiment or in  any  subsequent
experiments.
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Figure 317. Flox media equilibration with 2000 BV of synthetic test water at an EBCT

of 0.75 min.

3.7.2 Filox: Effect of pH with High-
DO

The results on the pH tests in the range
of 6.3-83 showed that pH had no
ggnificant effect on arsenic oxidation by
the Flox media (Figure 3-18). Greater
than 98% Ag(lIl) oxidation was achieved
in the pH range of 6.3-8.3. Totd arsenic
(AglI) + AgV)) removd, however,
increesed  with decreesng pH, with
removas increesng from 48% at pH 83
to 75% at pH 6.3. It should be noted that
in FHgure 3-18, arsenic removad by the
Filox media was much higher than a the
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end of the previoudy peformed
equilibration  experiments. This was
probably due to a reaxation in the
concentration gradient that occurs when
flow through adsorbent-packed media
bed is interrupted and then resumed.
Morevover, the longer contact time of
15 min used in the post-equilibration
experiments, compared with the 0.75
min  contact time used in the
equilibration  experiments,  will a0
result in increased arsenic adsorption by
the Flox media as seen in Figure 3-16.
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Figure 3-18. Effect of pH on A1) oxidation with Filox media

3.7.3 Filox: Effect of DO in the
absence of interfering reductants

In the absence of interfering reductants,
the concentration of dissolved oxygen in
the synthetic water had no effect on
Agll) oxidation by the Flox media
(Table 3-7, experiments 1-7). Smilar
results were obtaned for the higher
initidl  Ag(lll) concentration of 1000
pg/ll (Table 3-7, experiments 19 and
20). This lack of effect is supported by
the studies of Scott and Morgan (1995)
who concluded that DO had no effect on
Ag(l11) oxidation by d-MnO-.

3.74 Filox:
Reductants
3.741Low-DO (0.1 mg/L) Synthetic
Water at 1.5 min EBCT

All of the interfering reductants studied
had an advese effect on AglI)
oxidation in lon-DO synthetic water at
pH 8.3 and EBCT of 1.5 min (Table 3-7,
experiments  8-13). Sulfide had the
greatest effect on  AgIl) oxidation,
which  decreased from 99% with no

Effect of Interfering
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aulfide present to 62 and 56% a sulfide
levels of 1.0 and 2.0 mg/L, respectively.
Smilaly, in the presence of 14 mg/L
TOC, Ag(lIl) oxidation was reduced to
79% compared with 99% when no TOC
was present.

3.742Low-DO (0.1 mg/L) Synthetic
Water at 6.0 min EBCT

To atenuate the effect of interfering
reductants in low-DO water, the EBCT
was increased from 1.5 to 6.0 min. At
an EBCT of 6.0 min, the effects of dl of
the intefering reductants on AgII)
oxidation were completdy attenuated
(Table 3-7, experiments 15-18), and
AglIl) oxidation results matched those
when no intefering reductants were
present.

3.7.4.3 High-DO (8.2 mg/L) Synthetic
Water at 1.5 min EBCT

Near-complete arsenic  oxidation was
aso obtaned in the presence of
interfering reductants when the synthetic
tes water contained sufficient dissolved



oxygen a seen from Table 3-7,
experiments 21-24. When 8.2 mg/L DO
was present, AglIl) oxidation results
matched those when no intefering
reductants were present.

Effect of Low
low-DO Synthetic

3.75 Filox:
Temperature in
Water

Lowering the temperature of the

effidency of 98.3% achieved a 8°C
compared with 99% at 24 °C (Table 3-7,
experiments 7 and 14).

3.8 UV Oxidation Results

Two uv units  from different
manufacturers were tested for thar
aoility to oxidize Aglll). Fifteen

experiments were peformed usng UV
to oxidize Agll) and the results are

synthetic weter from 24 °C (approximate summarized in Taole 3-8.
room temperature) to 8 °C had no effect
on asenic oxiddion with an oxiddion
Table 3-8. UV Oxidation Experiments.
# UV Dose Flow Rate Contact pH %AS(111)
W-sec/cn? mL/min Time (min) Oxidation
UV Unit 1: 32,000 pw/cm” at a design flow rate of 1890 mL/min

1 19 288 1 8.3 4

2 5.8 96 3 8.3 14

3 115 48 6 8.3 27

4 23.0 24 12 8.3 58

5 46.1 12 24 8.3 73

6 46.1 12 24 7.3 71

7 46.1 12 24 6.3 64

8 1.8% 310 0.9 8.3 100

UV Unit 2: 41,200 pw/cm? at a design flow rate of 3785 mL/min

9 39 310 1.6 8.3 2

10 5.8 209 2.3 8.3 5

11 115 105 4.7 8.3 12

12 23.0 52 9.3 8.3 29

13 46.1 26 18.7 8.3 43

14 46.1 26 18.7 7.3 40

15 46.1 26 18.7 6.3 27

a—Spiked with 1.0 mg/L sulfite, SO5’, to verify reported catalytic effect of sulfite on UV

oxidation of As(ll1).

381 Unitl
Unt 1 (RCan Environmentd Inc,
Canada) had a design flow rate of 0.5
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gpm (1890 mL/min) and provided a UV
intensity of 32,000 uW/cn?. At a flow
rate of 288 mL/min (contact time of 1



min), i.e, aout 15% of the rated flow,
no dggnificant oxidaion was observed
(Table 3-8, experiments 1-7). A
maximum of 73% Ag(lIl) oxidation was
obtained & 12 mL/min flow rate (contact
time of 24 min), i.e, 0.6% of the rated
flow. This trandates to an extremdy
high energy input of 46,080,000 puw-
sec/cn?, whereas only 6500 pw-
sec/en? is required to achieve a 99.9%
destruction leve of E.Coli.

To veify the reported catdytic effect of
aulfite on A4(lll) oxidetion by UV (MSE
Technology Applications, Inc., Montana
and ANSTO, Audrdia (1997; Khoe et
a. (1997) and Khoe et a. (2000)), the
gynthetic water was spiked with 1.0
mg/L of sulfite and dlowed to stand for
30 minutes. The sulfite-spiked synthetic
water was then passed through Unit 1
where complete oxidation of Ag(Ill) was
obtained, whereas virtudly no oxidation
occurred in the unspiked synthetic water
under the same conditions (Table 3-8,

experiment 8). Thus, sulfite played a
roe in fadlitaing the oxidaion of
AIN). The mechanian of aulfite-

fecilitated Ag(ll) oxidation is a maiter
of  speculation. Sulfite is not an
oxidizing agent and control tedts
performed with the sulfite-spiked water,
with the UV lamp turned off, showed no
AglIl) oxidation. It is possble that
allfite cadyzed the formation of free
radicds and thus asssed in the
oxidation of Aglll). The role of aulfite
in fadlitating Agll) oxidaion merits
further research.
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382 Unit2

Qudlitatively, Unit 2 (Atlantic
Ultraviolet Corp.) with a desgn flow
rate of 1 gpm (3,785 mL/min) gave
reults gmilar to those obtaned using
Unit 1 (Table 3-8, experiments 9-15).
However, for the same UV doses, Unit 2
produced less oxidation than Unit 1.
The ressons for the difference in
performance between the two UV units
was not studied.

It should be noted tha the off-the-shdf
UV units dudied were desgned for the
primary purpose of disnfection and,
therefore, were not optimized for Ag(I11)
oxidation. Arsenic shows a dgrong
absorbance a 193.7 nm, which is the
wavdength used in AA units for arsenic
andyss. Therefore, a more gppropriate
wavdength to sudy UV-oxidation of
A1) would be near 193.7 nm. UV
systems, with pesk intengty a 185 nm,
ae commercidly avalable and may be
more appropriate for such a study.

It cshould adso be noted that the
difference in arsenic-oxidation
performance of the two UV units does

not imply tha they would perform
differently for a  dignfectiontype
goplication.



4. Summary and Conclusions

Bench-scale studies were performed to
asess the feadhility of usng three- and
ten-times goichiometric amounts (based
on Aglll) concentration) of five
chemicad oxidants, a solid-phase oxidant,
and UV radiation for Ag(lll) oidation to
AqV). The effects of intefering
reductants including dissolved
manganese (0.2 g/L), dissolved iron (0.3
and 2.0 mg/), sulfide (1.0 and 2.0 mg/L)
and TOC (21 and 6.9 mg/L) on the
effectiveness of these oxidants was
examined. The concdusions of the one-
year lab sudy on AgIll) oxidaion
performed a the Universty of Houston
are summarized below.

() Chlorine rapidly oxidized A4Il) to
AgV) under dl the conditions tested.
Iron and manganese had no measurable
effect on Ag(IIl) oxidation.  Although
aulfide and TOC dowed AglIl)
oxidation by  chlorine, complete
oxidation was 4ill obtaned in less then
one minute. Lowering the temperature
from 25 to 5 °C had no measurable
effect on AgIll) oxidation in the absence
of interfering reductants.

(2 Permanganate dso rapidly oxidized
Agll) to ASV). Even in the presence
of intefering reductants, greater than
95% Ag(lIl) oxidation was achieved by
pemanganate in £ 51  seconds.
Lowering the temperature from 25t0 5 °
C had no measurable effect on A(lII)
oxidetion in the adsence of intefering
reductants.

3 In the absence of interfering
reductants, ozone rapidy  oxidized
A1) in the pH range of 6.3-8.3. No
adverse effect was observed in  the
presence of ether dissolved manganese
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or dissolved iron.  Although complete
oxidation was obtained, the rae of
AqlIl) oxidation was condderably
dower in the presence of sulfide.

TOC had the greatest adverse effect on
Aglll) oxidation by ozone. In the
presence of 69 mg/L TOC in AlII)-
spiked Lake Houston water, only 34%
Agll) oxidation was produced in 21
seconds.  Thus, the presence of TOC had
a quenching effect on ozone. When the
TOC in the Lake Houston was reduced
by dilution with synthetic tes water to
21 mg/L, complete oxidation of AgII)
was observed in 27 seconds. Lowering
the temperature from 25t0 5 °C had no
measurable effect on Ag(lll) oxidation in
the absence of interfering reductants.

(4 Chlorine dioxide was, surprisingly,
ineffective  for Ag(Ill) oxidation. A
three-fold  doichiometric  dose  of
chlorine dioxide produced only 20-30%
oxidation in 21 seconds and produced no
additiond oxidaion theresfter. Even a
100-times goichiometric dose produced
only 76% oxidation in 5 minutes The
limited oxidetion that was observed was
probably due to the presence of chlorine
as a contaminant in the chlorine dioxide
gock solutions as chlorine is known to
be a by-product of the chlorine dioxide
generation process.

(5 Monochloramine was ineffective as
an oxidant for AgIll) confirming the
findings of other resarchers.  While
limited Ag(Ill) oxidation resulted when
monochloramine was formed in-Stu, no
oxidation was observed when preformed
monochloramine was  used. This
suggests that when chlorine is dosed into
an Ag(lll)-containing solution in  the



presence of excess ammonia, a fraction
of that chlorine reacts with Agll)
before it is completely quenched by
ammoniato form monochloramine.

(6) Flox media was found to be very
effective for AgIIl) oxidation under
most of the conditions tested. In the
absence of interfering reductants, greater
than 95% Ag(I1l) oxidation was achieved
in both low-and high-DO waters at
contact times as short as 1.5 min (15
gom/ft? in a 3-ft deep bed). In addition
to A4Il) oxidation, the Filox media dso
removed arsenic by adsorption onto the
media, but the adsorption decreased as
the media came into equilibrium with the
feed water.

Ag(Il) oxidation by Filox was adversay
affected in the presence of dl of the
interfering reductants tested in low-DO
water a& an EBCT of 15 min (24
gomVft?) with sulfide exhibiting the

greatest effect. The effects of interfering
reductants were completdy attenuated
by ether increasing the contact time to 6
min or by increesng the DO to 82
mg/L. AgIIl) concentrations as high as
1000 pglL were efficiently oxidized (3
95%) in both low- and high-DO waters
a pH 83 in the absence of interfering
reductants.

) UV  radigion done was
ineffective for Ag(IIl) oxidatiion unless
extremey high UV doses, (7000 times
the UV dose required for E.Coli
inactivation) were used. Even with such
a high UV dose, only 73% A9l
oxidation was observed. However, as
described in a patented process, the
presence of sulfite provided for the rapid
and quantitative oxidation of AgIl).
The mechanism by which slfite
promotes the oxidation of AgIl) was
not studied here.
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Appendix A. Preconditioning and Regeneration of | X Filter

A.1 Manufacturer-

Recommended Preconditioning

(1) Center the filter on the base of a
vacuum filter holder.

(2 Wet the filter with 10 mL of acetone
for 30 sec, and then apply vacuum to
dry thefilter.

(3) Add 10 mL of isopropanol and dlow

filter to soak for 30 sec.  Apply

vacuum to dry thefilter.

Findly, add 10 mL of methanal.
Draw gpproximady 3-4 mL of
methanol  through the filter under
vacuum.  Vent vacuum and dlow
filter dlowed to soak in methanol for
60 seconds. Reagpply vacuum and
add 30 mL of reagent grade water to
rine methanol from the filter.
Ensure tha the filter does not dry by
leving 3-5 mL of reagent grade
water on thefilter.

4

A.2 IX Filter Regeneration—

UH Method
All preconditioned and used filters were
regenerated (converted to the chloride

form) according to the procedure
outlined below.
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Mount the filter on the base of a
vacuum  filtration gpparaius and
place a 0.22 um filter (Millipore, 47
mm, Type GS) on top of the IX
Empore filter. Add 20 mL of 1 M
HCl and pull approximatey 3-4 mL
of HCl through the filter under
vacuum. Vent the vacuum and dlow
the filter to soak for about 60
seconds.  Regpply vacuum to draw
the remaining add through the filter
a aflow rate of 20 mL/min or less.

(6) Add 20 mL of 1 M NaCl and pull
goproximatedy 3-4 mL of the <t
solution through the filter. Vent the
vacuum and dlow the filter to soak
for about 60 seconds. Reapply
vacuum and draw the remaning sdt
solution through the filter & a flow
rate of 20 mL/min or less.

(7) To rinse the concentrated NaCl out
of the filter, add 20 mL of 0.005 M
NaCl and draw about 15 mL through
the filter a a flow rate of 20 mL/min
or less. The IX filter is now ready ©
use for the AgIN/(V) speciaion
tests.

(8) Once preconditioned and

regenerated, the filter should not be

dlowed to dry for an extended
period of time. One way to prevent

drying is to place the filter in a

beaker or a seded plastic bag

containing 20.005 M NaCl solution.

©)



Appendix B. Testing Oxidation Reactor Set-up

The procedures followed for testing the
reector  set-up  for  ASV)/AII)
Separation are described in this section.

(1) Pour 500 mL of the synthetic water
containing ether Aglll) or AgV)
into the oxidation reactor. Close the
reactor.

Pace the IX filter in the filter

holder. Place a 0.22 pum filter on top
of the IX filter and assemble the on+
linefilter holder.
(3) Pressurize the reactor to 15 ps using
nitrogen gas. Open outlet valve and
dlow the tet olution to flow
through thefilters.

Discard the fird 10 mL of the
effluent.  Collect the rest of the
effluent in 10 (or 25) mL diquots.
Acidify the 10 mL diquots usng 50
ML of conc. nitric acid and store at 4
°C until ready for andyds After
collecting the desred volume of the
filter effluent, close the outlet vave.

@

4

The test is now completed. To prepare
for the next ted, peform the following
procedures.

(5 Vent the nitrogen gas pressure and
dissssemble  the  filter  holder.
Trander the IX filter dong with the
022 pm filter atop it to a vacuum
filtration apparatus.
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(6) Regenerate the IX filter as outlined
in the Filter Regeneration Method
described in Appendix A.

(7) Simultaneoudy, clean the reactor by
ringng four times with 250 mL of DI
water. Then fill the reactor with 500
mL of DI water. Close the reactor
and pressurize to 15 ps.  Allow
goproximatdy 100 mL of flow from
the reactor through an empty filter
holder.  This rinses out the tubing
between the reactor and the filter
holder, the filter holder itsdf, and the
find section of tubing between the
filter holder and the fraction
collector.

(8) Discard the used 0.22 pm filter from
sep 7 and trandfer the regenerated
IX filter into the rinsed in-line filter
holder. Pace a new 0.22 um filter
on top of the IX filter. Assemble the
filter holder together and connect to
the oxidation reactor. Allow
aoproximately 200 mL of the DI
water to pass through the assembled
filler holder. This is an additiond
rinse of dl the tubing, the filters, and
the filter holder. The IX filter is now
reedy to gpeciate AlI/AYV).
Discad the remaining DI waer in
the reactor. The reactor is now ready
to receive a fresh test solution.



Appendix C. Variable-DO Experiments

C.1 High-DO
Oxidation Experiments
The experimentd procedure for the
high-DO oxidetion experiments, which
were run in duplicate, is outlined below.
Briefly, each experiment was performed
in  duplicate dong with a control
experiment for each set of duplicates.
The control experiment was performed
in exactly the same manner as the
oxidation experiment except that no
oxidant was present.

Chemical

(1) Prepare 2 L of the test solution with
the appropriate concentration  of
Ag(Il). Rinse the reactor twice with
50 mL of the tet solution. Then
place 500 mL of the test solution in
the reactor. Close the reactor and
pressurize to 15 ps with nitrogen
gas. Start the magnetic Hirrer.

Place a conditioned, chloride-form
IX filter, fresh or regenerated, into
the in-line filter holder. Place a 0.22
pm filter on top of the IX filter, and
assemble the in-line filter  holder.
St the timer on the fraction collector
at 0.1 min, i.e, 6 seconds.

Inject the required quantity of the
oxidant. Immediately, open the outlet
vadve dlowing the tet solution to
flow through the 1X filter into one of
the 15-mL sample tubes in the
fraction collector. (The flow rae
obtained usng 15 ps nitrogen gas
pressure  was gpproximaely 20
mL/min).

(4) Discad the first 4 mL (12 seconds)
of the effluent. Start the fraction
collector and collect samples (~ 2
mL diquots) every dx seconds for
the fird minute of the reaction.
(Samples were collected in  the
intervals of 12-18, 18-24, 24-30 sec,

)

3
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efc. were labded with the median
time of sampling as 15, 21, 27 sec
and s0 on). Then sop the flow by
closng the outlet valve and stop the
fraction collector. Redtart the flow
by opening the outlet vave a 1 min
57 sec and dlow flow to waste up to
2 min 07 sc. Collect flow for the
next 10 sec, i.e, from 2 min 07 sec
to 2 min 17 sec (median sample time
of 2 min 12 sec (132 s=) from the
dart of the reaction). Stop the flow
and repeat to get samples at 192,
252, and 312 sec. Acidify the 2.0
mL diquots usng 10 pyL of conc.
nitric acid and store a 4 °C until
ready for analyss.

(5) At the end of 317 sec, close the
outlet vadve.  The experiment is
complete at this point.

To prepare for the duplicate, follow the
procedure described below.

(6) Vent the nitrogen gas pressure and
disssemble  the  filter  holder.
Trander the IX filter dong with the
0.22 pm filter atop it to a vacuum
filtration apparatus.

(7) Regenerate the 1X filter as outlined

in the IX Regenerdtion Method in

Appendix A.

Clean the reactor by rinang four
times with 250 mL of DI water.
Then fill the reactor with 500 mL of
DI water. Close the reactor and
pressurize. Allow  gpproximately
100 mL of flow from the reactor
through an empty filter holder.

(9) Transfer the regenerated IX filter into
the in-line filter holder. Place a new
0.22 mm filter on top of the IX filter.
Assemble the filter holder together
and connect to the oxidation reactor.

8



Allow approximady 200 mL of the
DI waer to pass through the
assembled filter holder. Collect the
lat 10 mL of rinse and andyze as
reector blank. Discard the remaining
DI water in the reactor. The reactor
is now ready to receive a fresh test
solution.

(10) Duplicate the same experimert by
following steps 1 through 5.

After completing the repeat experiment,
a control run was peformed to verify
that no oxidation occurred in the absence
of oxidant and that no resduad oxidant
was |eft in the reactor, i.e, to verify that
the rindng procedures used were
effective in purging the entire reactor
set-up of any leftover oxidant.

(10) Once again, clean the reactor as
described before and fill with 500
mL of tet solution spiked with
AI). Close the reactor and
pressurize with  nitrogen  ges.
Regenerate and place the IX filter in
the filter holder. Start the magnetic
dirrer. Start the timer and dlow 5
minutes to pass before opening the
outlet vave and dlowing flow
through the filter holder. Waste the
fird 4 mL and collect the next 10 mL
of flow and andyze for arsenic. This
sample served as the control for the
st of repeat experiments.
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C.2 Low-DO Chemical
Oxidation Experiments
The low-DO  experiments  were

necessary only when dissolved iron or
aulfide was added to the synthetic test
water. The low-DO experiments were
peformed in the same manner as the
high-DO experiments except that the
rinse water and the synthetic water was
goarged with extra-dry-grade nitrogen
gas to produce a low-DO synthetic water
contaning £01 mglL of disolved

oxygen).

The additiond steps (to the procedure
for the high-DO oxidation experiments)
necessaay to peform the low-DO
experiments are described below.

(1) Add 500 mL of the test solution to
the reactor and close the reactor.
Sparge with extra dry grade nitrogen
gas for 30 minutes.

(2) Briefly dsop sparging and add the
appropriate dose of dissolved iron
(Fe(ll)) or sulfide. In the case of
dissolved iron, resume sparging for
about 5 minutes and then close the
reector while mantaning nitrogen
pressure. However, after the
addition of sulfide, resume sparging
vay briefly (no more then 5-15
seconds to prevent sulfide siripping)
and immediately close the reactor.
Pressurize with nitrogen gas to 15
ps. Paform the oxidation
experiment as described before.
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Appendix D. Solid-Phase (Filox) Experiments

The procedures used for the various
Filox experiments are described in detall
in this appendix. The procedures used
for the variable-EBCT and variable-pH
experiments was the same. In order to
peform Flox experiments with low-
DO, the oxidation reactor was used.
Essntidly, as in the chemicd oxidation
experiments, the low-DO synthetic water
was prepared in the oxidation reactor as
described in Appendix C and instead of
adding any chemicd oxidant to the
reactor, the reactor was maintained
under nitrogen pressure and the low-DO
gynthetic water was pumped from the
resctor to the Filox column.

D.1 VariableEBCT

Variable-pH Experiments

(1) Two liters (2L) of synthetic water
(previoudy sparged with ar for 15
min) containing 50 pg/L of AgIl)
was prepared in a 2-L volumelric
flak. = The average DO of this
gynthetic water was 8.2 mg/L.

(2) The high-DO synthetic water was
then pumped from the volumetric
flask through the Filox column. The
flow rate was adjusted to the desired
sting  (dating with 16 mL/min,
EBCT of 0.75 min) following which
5 BV (60 mL) of the synthetic water
was passed through the column.
Then, approximatedly 25 mL of the
Filox column effluent was collected,
acidified, and andyzed as Totd
Effluent As Fow was then
switched to the IX filter holder and
three consecutive 1-BV  intervas
were  Speciated, acidified, and
andyzed for unoxidized Ag(l11).

and

To prepare the filter for the next EBCT
or pH, the IX filter was regenerated
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according to the procedure described in
Appendix A. To test the next variable,
the flow rate was reset to the desred
vaue and steps (1) - (2) were repeated.

The procedure for the variable-pH
experiments was the same as for the
vaidble-EBCT experiments except that
the pH of the feed solution was adjusted
to the desred leve (6.3, 7.3, and 8.3)
using 1M HCl solution.

After the dedred experiments were
completed, flow through the Filox
column was dopped. The remaning
contents of the volumetric flask were
then gspeciated for AII)/AgV) to
ensure that al of the arsenic that was fed
to the Filox column was A4(I11).

D.2 Low-DO Filox Experiments

(1) 500 mL of synthetic water, without
any sulfate, was sparged for 30
minutes with extra-dry-grade
nitrogen gas to srip out the dissolved
oxygen. It was then pumped through
the Filox-media column and through
the IX filter connected to the outlet
of the column. After purging the
media and the filter holder with
goproximately 350 mL of the low-
DO water, the reactor was emptied
and refilled with the usud
compogtion synthetic water (Table
1). Sulfate was excluded because the
Empore filter has a finite gpeciaion
capacity of approximately 100-150
mL before it is exhausted, primarily
by sulfate, and requires regeneration.
2 After 30 minutes, nitrogen
gparging was briefly stopped and the
appropriate  amount of AgIll) and
reductant were added to the sparged
water.  Sparging was resumed and



continued for 1520 more minutes
and the low-DO water was then
pumped through the Flox media
column with continued  parging.
When teding the nitrogen-sparged
gynthetic water in the presence of
aulfide, no sparging was performed
after sulfide had been added to the
test water. Rather the reactor was
seded and mantaned under a
nitrogen amosphere.  Once aulfide
was introduced into the synthetic
water, sparging was stopped to avoid
dripping sulfide from the synthetic
water.

(3) After 5BV (60 mL) had passed
through the Filox media, an effluent
sample collected a the outlet of the
Filox column, was acidified and
andyzed for “Totd Effluent AS’
exiting the FHlox column. The flow
was then switched to the IX filter.
The firda 5 mL of flow from the IX
filter was wasted and then three
consecutive  1-BV  samples  were
collected, acidified with conc nitric
acid, and anayzed for arsenic. A 25
mL sample from the closed reactor
was  collected, acidified, and
andyzed for feed As. The reactor
was then emptied and rinsed with DI
water and prepared for the next
experimen.
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(4) To veify tha dl of the arsenic fed

to the Flox column was AglIl), the
oxidation reector was filled with
gynthetic water and sparged for 30
minutes followed by the addition of
an gppropriate amount of A1) and
reductant, if any. Spargng weas
continued for a further 1520
minutes (except in the presence of
alfide) and the synthetic water
containing 50 pgL Aglll) was
pumped from the reactor draight to
the IX filter. The effluent from the
IX filter was collected, acidified, and

andyzed as Control Ag(lIl). Such
controls were peformed (one
control/set of duplicates) for the

vaying pH and EBCT expeiments
a wdl as each of the intefering
reductant experiments.



Run #

E15.01-15.02:
E15.03-15.04:
E15.05-15.06:
E15.07-15.08:
E15.09-15.10:
E15.11-15.12:
E15.13-15.14:
E15.15-15.16:
E15.17-15.18:

E15.19-15.20:

E15.21-15.22:

Appendix E. Chlorine Oxidation Data

Description
No interfering reductants: Dose = 3 x Ag(l1l); pH = 8.3
No interfering reductants. Dose =3 x Ag(l1l); pH=7.3
No interfering reductants. Dose =3 x Ag(lIl); pH =6.3
Mn(l1) =0.2 mg/L; Dose= 10 x Ag(lll); pH=8.3
Fe(I) =0.3mg/L; Dose= 10 x Ag(lll); pH =8.3
Fe(ll) = 2.0 mg/L; Dose = 10 x Ag(II1); pH = 8.3
Sulfide= 1.0 mg/L; Dose =10 x A(l11); pH = 8.3
Sulfide=2.0mg/L; Dose= 10 x A4(lll); pH=8.3
TOC =6.9 mg/L; Dose =10 x A4(lll); pH = 8.3; Lake Houston
Water
No interfering Reductants AS(I11) = 1000 pg/L; Dose = 3 x A4(I11);
pH=8.3
No interfering reductants. 5 °C; Dose =3 x Ag(l11); pH = 8.3



Table E-1. Resdud Ag(l1l) Conc. vs Time for Chlorine Experiments.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 15.01 | 15.02 | 15.03 | 15.04 | 15.05 | 15.06 | 15.07 | 15.08 | 15.09 | 15.10

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

12-18 15 1.6 16 2.2 2.1 14.0 14.0 4.0 4.6 0.5 13
18-24 21 12 12 13 13 9.1 9.6 25 31 0.1 0.2
24-30 27 0.6 0.6 0.7 0.6 6.1 8.1 2.0 14 0.1 0.1
30-36 33 0.5 05 0.1 0.3 3.7 29 16 16 0.1 0.3
36-42 39 0.3 0.3 0.5 0.2 23 1.6 1.3 11 0.1 0.1
42-48 45 0.5 0.5 0.6 0.3 14 1.3 1.1 0.1 0.1 0.1
48-54 51 0.2 0.2 0.5 0.1 0.7 0.7 0.8 0.5 0.1 0.1
54-60 57 0.5 05 0.5 0.6 0.1 0.3 0.6 0.1 0.1 0.1
60-66 63 0.3 0.3 0.2 0.2 0.3 0.5 0.3 0.1 0.1 0.1
66-72 69 0.5 05 0.2 0.1 0.1 0.1 0.3 0.3 0.1 0.1

127-137 132 0.1 0.1 0.1 0.1 0.0 0.6 0.3 0.3 0.1 0.1

187-197 192 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.3 0.2 0.1

247-257 252 0.1 0.1 0.1 0.5 0.1 0.1 0.3 0.6 0.8 0.1

307-317 312 0.2 0.2 0.2 0.2 0.3 0.1 0.3 0.3 0.3 0.1

Table E-1. Continued.

Sample | Median Residual As(l11) Conc., pg/L for Run #

Interval Time
(sec) (sec) 15.11 | 1512 | 1513 | 15.14 | 1515 | 1516 | 1517 | 15.18 | 15.19 | 15.20

0 50.0 50.0 | 50.0 50.0 | 50.0 50.0 | 50.0 50 1000 | 1000

12-18 15 0.8 1.2 | 18.0 200 | 24.0 26.0 15 2.8 10.0 7.5
18-24 21 0.2 0.1 14.0 15.0 19.0 19.0 15 2.8 3.7 17
24-30 27 0.1 0.1 7.2 8.9 15.0 16.0 12 19 11 53
30-36 33 0.1 0.1 6.1 6.4 12.0 14.0 1.2 1.3 31 33
36-42 39 0.1 0.1 55 4.0 8.2 11.0 1.0 1.0 41 25
42-48 45 0.1 0.1 35 3.2 5.3 7.2 1.2 0.1 4.3 2.9
48-54 51 0.1 0.1 2.7 24 1.7 3.2 13 13 35 4.9
54-60 57 0.1 0.1 1.0 11 1.5 2.1 1.2 2.1 3.7 0.9
60-66 63 0.1 0.1 0.8 0.8 11 17 1.2 2.8 45 35
66-72 69 0.1 0.1 0.4 0.6 0.5 0.9 12 3.6 3.3 15

127-137 132 0.1 0.1 0.8 0.3 0.3 0.3 2.3 4.1 35 31

187-197 192 0.1 0.1 0.8 0.3 0.5 0.1 15 2.8 21 25

247-257 | 252 0.1 0.1 1.0 0.8 0.6 0.3 2.3 3.7

307-317 | 312 0.1 0.1 0.6 0.8 0.6 0.1 1.0 36
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Table E-1. Continued.

Sample | Median Run #
Interval Time po/L
(sec) (sec) 1521 | 1522
0 50 50
12-18 15 0.1 0.1
18-24 21 0.1 0.1
24-30 27 0.1 0.1
30-36 33 0.1 0.1
36-42 39 0.1 0.1
42-48 45 0.1 0.1
48-54 51 0.1 0.1
54-60 57 0.1 0.1
60-66 63 0.1 0.1
66-72 69 0.1 0.1
127-137 132 0.1 0.1
187-197 | 192 0.1 0.1
247-257 | 252 0.1 0.1
307-317 | 312 0.1 0.1

56



Run #

E16.01-16.02:
E16.03-16.04:
E16.05-16.06:
E16.07-16.08:
E16.09-16.10:
E16.11-16.12:
E16.13-16.14:
E16.15-16.16:
E16.17-16.18:
E16.19-16.20:

E16.21-16.22:

Appendix F. Permanganate Oxidation Data

Description
No interfering reductants: Dose = 3 x Ag(I11); pH =83
No interfering reductants. Dose =3 x Ag(l1l); pH=7.3
No interfering reductants: Dose = 3 x Ag(l11); pH = 6.3
Mn(I1) =0.2 mg/L; Dose= 10 x Ag(lll); pH=8.3
Fe(ll) =0.3mg/L; Dose= 10 x Ag(lI1); pH = 8.3
Fe(ll) = 2.0 mg/L; Dose = 10 x Ag(II1); pH = 8.3
Sulfide= 1.0 mg/L; Dose =10 x A4(Ill); pH =8.3
Sulfide=2.0mg/L; Dose= 10 x A4(lll); pH=8.3
TOC=6.9mg/L; Dose=10x Ag(lll); pH=8.3
No interfering Reductants; Ag(111) = 1000 pg/L; Dose = 3 X
AglIl); pH=83
No interfering reductants. 5 °C; Dose = 3 x Ag(ll1); pH = 8.3
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Table F-1. Resduad A(lI1) Conc. vs Time for Permanganate Experiments.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 16.01 | 16.02 | 16.03 | 16.04 | 16.05 | 16.06 | 16.07 | 16.08 | 16.09 | 16.10

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

12-18 15 19 2.6 2.1 1.7 6.0 6.7 2.4 3.0 31 3.2
18-24 21 12 18 14 0.8 39 53 15 13 15 18
24-30 27 0.7 12 0.7 0.6 2.0 39 0.7 0.4 0.7 0.6
30-36 33 0.3 0.5 0.2 0.3 0.9 1.9 0.3 0.1 0.1 0.1
36-42 39 0.2 0.2 0.1 0.2 0.7 0.6 0.1 0.1 0.1 0.1
42-48 45 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.3 0.1 0.1
48-54 51 0.1 0.2 0.1 0.1 0.7 0.2 0.1 0.1 0.1 0.1
54-60 57 0.1 0.3 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1
60-66 63 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
66-72 69 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

127-137 132 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

187-197 192 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.1 0.1 0.1

247-257 252 0.1 0.1 0.1 0.1 0.1 0.5 0.3 0.1 0.1 0.1

307-317 312 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1

Table F-1. Continued.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 16.11 16.12 | 16.13 | 16.14 | 16.15 | 16.16 | 16.17 | 16.18 | 16.19 | 16.20

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 1000 | 1000

12-18 15 0.1 0.1 5.7 6.9 11.8 10.7 15 04 8.9 13.0
18-24 21 0.1 0.1 5.0 55 | 10.7 9.0 0.0 0.4 15 0.9
24-30 27 0.1 0.1 4.3 4.7 9.0 8.2 14 0.2 19 25
30-36 33 0.1 0.1 4.0 4.1 6.5 7.2 15 0.1 2.9 37
36-42 39 0.1 0.1 3.2 3.8 5.7 51 1.0 0.1 33 1.7
42-48 45 0.1 0.1 2.9 31 4.4 3.2 04 0.1 25 1.3
48-54 51 0.1 0.1 2.6 2.1 3.7 15 34 0.1 17 2.9
54-60 57 0.0 0.1 14 14 24 14 0.2 0.1 29 0.9
60-66 63 0.1 0.1 1.0 13 1.8 1.4 1.5 0.2 2.9 0.9
66-72 69 0.1 0.1 0.6 0.6 14 1.3 1.9 0.1 2.3 35

127-137 132 0.1 0.1 0.3 0.6 0.4 11 1.6 1.2 0.9 1.7

187-197 192 0.1 0.1 0.3 0.6 0.1 0.6 1.4 1.5 0.9 2.9

247-257 252 0.1 0.1 0.4 0.1 0.5 0.6 21 21

307-317 | 312 0.1 0.1 04 0.6 0.6 0.6 0.8 2.8
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Table F-1. Continued.

Sample | Median Run #

Interval Time po/L
(sec) (sec) 16.21 | 16.22
0 50.0 50.0
12-18 15 0.1 0.1
18-24 21 0.1 0.1
24-30 27 0.1 0.1
30-36 33 0.1 0.1
36-42 39 0.1 0.1
42-48 45 0.1 0.1
48-54 51 0.1 0.1
54-60 57 0.1 0.1
60-66 63 0.1 0.1
66-72 69 0.1 0.1
127-137 132 0.1 0.1
187-197 | 192 0.1 0.1
247-257 | 252 0.1 0.1
307-317 | 312 0.1 0.1
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Appendix G. Chlorine Dioxide Oxidation Data

Run #

E17.01-17.02:
E17.03-17.04:
E17.05-17.06:
E17.07-17.08:
E17.09-17.10:
E17.11-17.12:
E17.13-17.18:

E17.19-17.20:
E17.21-17.22:
E17.23-17.24:
E17.25-17.26:
E17.27-17.28:

Description
No interfering reductants. pH 8.3
No interfering reductants. pH 7.3
No interfering reductants. pH 6.3
Mn(Il) = 0.2 mg/L; Dose=3x Ag(ll); pH = 8.3
Fe(Il) =0.3mg/L; Dose= 3 x Ag(lll); pH =8.3
Fe(ll) =20 mg/L; Dose= 3 x Ag(lIl); pH =8.3
Oxidation of Fe(11); Repest of Knocke (1990) experiments
Not included in Table G-1
Repeat of E17.01-17.02; No interfering reductants: pH 8.3
No interfering reductants. pH 8.3; 3x Ch @ t=1'45"
No interfering reductants. pH 8.3; Deaerated Test Solution
No interfering reductants. pH 8.3; Dose = 10 x Ag(l11)
No interfering reductants: pH 8.3; Dose = 100 x Ag(111)
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Table G-1. Resdud A1) Conc. vs Time for Chlorine Dioxide Experiments.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 17.01 1702 | 1703 | 1704 | 1705 | 17.06 | 17.07 | 17.08 | 17.09 | 17.10

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

12-18 15 38.9 42.0 47.0 48.4 47.0 49.0 37.2 36.3 30.8 29.4
18-24 21 37.7 40.6 | 46.8 49.0 | 47.3 49.0 | 35.6 358 | 293 26.8
24-30 27 37.9 40.3 | 46.8 46.8 | 46.5 487 | 353 353 | 284 26.3
30-36 33 375 40.3 47.5 47.0 46.1 48.4 317 339 27.0 26.7
36-42 39 389 40.8 | 46.6 473 | 456 480 | 35.1 336 | 26.7 27.0
42-48 45 37.7 39.4 47.3 47.0 47.7 48.0 344 339 27.2 26.7
48-54 51 375 39.9 46.3 47.2 48.4 47.0 343 332 275 26.0
54-60 57 375 39.9 46.8 47.2 46.8 47.0 341 312 26.7 25.8
60-66 63 384 405 | 465 475 | 465 46.8 | 34.3 327 | 265 24.9
66-72 69 38.6 40.6 | 47.2 47.0 | 46.7 46.3 | 34.6 329 | 270 255

127-137 132 39.6 40.3 47.8 46.3 47.5 46.3 34.3 33.2 27.0 28.0

187-197 192 37.2 39.4 47.3 46.3 47.7 44.6 33.7 334 27.0 26.7

247-257 252 38.4 39.1 475 45.8 46.3 44.6 336 322 28.0 27.0

307-317 312 38.0 39.1 47.3 45.8 48.2 454 34.6 332 26.7 27.0

Table G-1. Continued.

Sample | Median Residual As(I11) Conc., pug/L for Run #

Interval Time
(sec) (sec) 17.11 1712 | 1719 | 1720 | 1721 | 17.22 | 17.23 | 1724 | 17.25 | 17.26

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50 50

12-18 15 239 218 | 354 388 | 404 40.2 | 40.2 41.1 355 36.0
18-24 21 21.7 19.8 | 34.8 36.6 | 39.6 404 | 39.6 40.5 36.0 35.9
24-30 27 21.5 19.4 | 348 388 | 388 39.0 | 39.2 40.2 35.2 36.2
30-36 33 20.8 177 | 354 36.4 | 384 396 | 384 40.0 35.2 34.8
36-42 39 20.1 18.0 354 39.2 38.2 394 384 39.6 33.6 318
42-48 45 20.3 184 35.2 39.2 37.2 38.0 376 384 334 32.0
48-54 51 19.8 18.6 34.6 39.0 36.6 38.2 37.8 38.6 32.0 329
54-60 57 20.8 191 | 348 386 | 36.2 384 | 37.1 38.6 31.0 34.3
60-66 63 20.8 18.6 | 34.6 388 | 36.4 370 | 37.3 38.2 315 311
66-72 69 21.0 194 | 354 386 | 35.8 374 | 373 38.4 29.9 30.6

127-137 132 21.0 194 354 35.2 15 0.9 37.1 384 30.6 318

187-197 192 20.6 19.1 33.8 36.6 0.1 0.1 38.0 384 29.6 304

247-257 252 21.8 18.9 34.6 36.0 0.1 0.1 38.0 38.6 29.9 29.0

307-317 | 312 19.8 191 | 333 354 0.1 01 | 374 39.0 30.1 285
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Table G-1. Continued.

Sample | Median Run #

Interval Time po/L
(sec) (sec) 1727 | 17.28
0 50.0 50.0
12-18 15 26.1 25.2
18-24 21 24.2 259
24-30 27 24.0 245
30-36 33 23.6 24.3
36-42 39 22.8 235
42-48 45 22.2 21.9
48-54 51 22.1 22.8
54-60 57 224 20.7
60-66 63 21.2 18.9
66-72 69 20.8 184
127-137 132 15.6 14.7
187-197 | 192 132 14.0
247-257 | 252 125 10.9
307-317 | 312 12.1 12.3
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Appendix H. Monochloramine Oxidation Data

Run # Description

E18.01-18.02: No interfering reductants. pH 8.3: in Stu monochloramine
E18.03-18.04: No interfering reductants. pH 7.3: in Stu monochloramine
E18.05-18.06: No interfering reductants. pH 6.3: in 9tu monochloramine
E18.07-18.08: No interfering reductants. pH 8.3: preformed monochloramine
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Table H-1. Resdud A(lI1) Conc. vs Time for Monochloramine Experiments.

Sample | Median Residual As(l11) Conc., ug/L for Run #
Interval Time
(sec) (sec) 18.01 | 18.02 | 1803 | 18.04 | 18.05 | 18.06 | 18.07 | 18.08
0 50.0 50.0 | 50.0 50.0 | 50.0 50.0 | 50.0 50.0
12-18 15 30.6 33.3 | 313 294 | 33.3 319 | 476 474
18-24 21 30.1 331 | 315 29.1 | 306 326 | 486 49.1
24-30 27 294 336 | 313 291 | 29.1 315 | 489 49.6
30-36 33 29.4 336 | 310 289 | 287 30.8 | 489 50.1
36-42 39 29.6 315 | 30.6 285 | 287 305 | 49.2 49.9
42-48 45 29.9 32.2 | 305 282 | 29.1 30.8 | 49.9 49.1
48-54 51 289 324 | 306 289 | 29.2 30.8 | 50.2 49.6
54-60 57 29.6 322 | 310 289 | 301 305 | 494 50.1
60-66 63 29.8 324 | 313 305 | 29.8 305 | 494 50.6
66-72 69 29.8 329 | 30.3 28.7 | 29.8 310 | 487 494
127-137 | 132 29.8 315 | 29.4 285 | 30.1 30.1 | 49.2 49.4
187-197 | 192 29.1 315 | 301 282 | 29.1 29.8 | 50.2 49.1
247-257 | 252 29.4 315 | 29.6 284 | 29.1 29.1 | 491 49.7
307-317 | 312 29.8 319 | 308 284 | 294 296 | 49.9 50.2




Appendix I. Ozone Oxidation Data

Run # Description

E19.01-19.02: No interfering reductants. Dose = 3x Ag(lI1); pH = 8.3
E19.03-19.04: No interfering reductants: Dose = 3x Ag(lI1); pH = 7.3
E19.05-19.06: No interfering reductants. Dose=3 x Ag(lll); pH = 6.3
E19.07-19.08: Mn(I1) =0.2 mg/L; Dose= 10 x A(lll); pH =8.3
E19.09-19.10: Fe(ll) =0.3 mg/L; Dose =10 x Ag(I1l); pH =8.3
E19.11-19.12: Fe(ll) =2.0 mg/L; Dose= 10 x Ag(I11); pH =8.3
E19.13-19.14: Sulfide=1.0mg/L; Dose=10x Ag(lI1); pH =8.3
E19.15-19.16: Sulfide=2.0mg/L; Dose=10x Ag(lIl); pH =8.3
E19.17-19.18: TOC =6.9mg/L; Dose=10x A4(lll); pH=8.3

E19.19 . Repest of E19.01-19.02; No interfering reductants: Dose = 3 x Ag(l11);
pH =83
E19.20 . Repeat of E19.17-19.19; TOC = 6.9 mg/L; Dose = 10 x A(lIl); pH = 8.3

E19.21-19.22: TOC = 2.1 mg/L; Dose= 10 x A(II1); pH = 8.3
E19.23-19.24: No interfering reductants. 5 °C; Dose = 3 x A4(Ill); pH =8.3
E19.25-19.26: Repeat of E19.21-19.22; TOC = 2.1 mg/L; Dose = 10 x Ag(lll); pH =8.3
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Table 1-1. Resdua Ag(I11) Conc. vs Time for Ozone Experiments.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 19.01 | 19.02 | 19.03 | 19.04 | 19.05 | 19.06 | 19.07 | 19.08 | 19.09 | 19.10

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

12-18 15 19 11 0.7 0.4 1.6 0.9 0.8 1.2 0.5 0.2
18-24 21 12 05 0.7 0.2 11 0.1 05 0.8 0.2 0.2
24-30 27 12 04 0.5 0.1 0.4 0.1 05 05 0.1 0.2
30-36 33 11 0.1 0.2 0.1 0.2 0.1 0.2 0.3 0.1 0.1
36-42 39 11 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.2 0.1
42-48 45 0.9 0.1 0.1 0.1 0.1 0.1 0.5 0.2 0.1 0.2
48-54 51 05 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1
54-60 57 0.7 0.1 0.1 0.1 04 0.1 0.2 0.1 0.1 0.1
60-66 63 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1
66-72 69 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

127-137 132 0.9 0.1 0.1 0.4 0.1 0.1 0.3 0.1 0.1 0.1

187-197 192 0.9 0.1 0.4 0.1 0.2 0.1 0.1 0.2 0.1 0.1

247-257 252 0.7 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1

307-317 312 0.7 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Tablel-1. Continued.

Sample | Median Residual As(l11) Conc., ug/L for Run #

Interval Time
(sec) (sec) 19.11 19.12 | 1913 | 1914 | 19.15 | 19.16 | 19.17 | 19.18 | 19.19 | 19.20

0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

12-18 15 0.1 0.1 16.4 14.0 24.4 26.4 37.8 34.3 31 35.7
18-24 21 0.1 01 | 111 99 | 211 238 | 36.9 34.3 2.6 35.2
24-30 27 0.1 0.1 8.3 6.6 | 183 19.7 | 347 338 2.8 35.3
30-36 33 0.1 0.1 6.1 5.2 14.9 16.1 354 328 24 359
36-42 39 0.1 0.1 4.7 4.2 125 13.3 34.7 328 15 35.0
42-48 45 0.1 0.1 3.3 2.6 10.2 12.3 358 319 24 34.8
48-54 51 0.1 0.1 2.5 11 7.3 9.2 35.6 32.3 15 35.5
54-60 57 0.1 0.1 2.0 0.6 6.1 6.4 | 349 31.9 21 35.2
60-66 63 0.1 0.1 2.0 0.1 5.4 59 | 35.1 321 14 34.3
66-72 69 0.1 0.1 13 0.1 3.3 51 349 317 12 35.7

127-137 132 0.1 0.1 0.9 0.3 2.0 2.2 349 314 0.8 35.3

187-197 192 0.1 0.1 0.4 0.1 2.1 14 35.1 312 0.7 35.0

247-257 252 0.1 0.1 0.2 0.2 13 0.9 349 304 0.1 34.6

307-317 | 312 0.1 0.1 0.1 04 14 06 | 352 31.2 0.3 35.0
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Table|-1. Continued.

Sample | Median Residual As(l11) Conc., ug/L for Run #
Interval Time
(sec) (sec) 1921 | 1922 | 19.23 | 19.24 | 19.25 | 19.26
0 50.0 50.0 50.0 50.0 50.0 50.0
12-18 15 3.1 14 3.8 4.3 5.0 2.2
18-24 21 18 1.0 31 31 4.3 0.7
24-30 27 15 0.7 2.6 31 31 0.1
30-36 33 1.0 0.5 2.6 2.8 2.7 0.1
36-42 39 0.8 0.5 2.4 2.4 2.2 0.1
42-48 45 0.8 0.5 2.4 2.2 0.9 0.1
48-54 51 0.8 0.3 22 21 12 0.1
54-60 57 0.8 0.1 2.4 17 0.7 0.1
60-66 63 0.8 0.1 24 15 11 0.1
66-72 69 1.0 0.1 21 1.0 22 0.1
127-137 | 132 0.1 0.1 0.1 0.3 1.2 0.9
187-197 | 192 0.1 0.1 0.1 0.5 18 0.7
247-257 | 252 0.1 0.7 0.1 0.8 14 0.9
307-317 | 312 0.1 0.1 0.1 1.0 0.7 0.2
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Appendix J. Filox Oxidation Data

Run # Description

E20.01:No interfering reductants. pH = 8.3, EBCT = 0.75 min, High DO

E20.02:No interfering reductants. pH = 8.3, EBCT = 1.5 min, High DO

E20.03:No interfering reductants. pH = 8.3, EBCT = 3.0 min, High DO

E20.04:No interfering reductants. pH = 8.3, EBCT = 6.0 min, High DO

E20.05:Repesat of E20.1

E20.06:Repeat of E20.2

E20.07:Repesat of E20.3

E20.08:Repest of E20.4

E20.09:2000 BV Filox Run, No interfering reductants. pH = 8.3, EBCT =0.75
min, High DO

E20.10:No interfering reductants. pH = 7.3, EBCT = 1.5 min, High DO

E20.11:No interfering reductants. pH = 6.3, EBCT = 1.5 min, High DO

E20.12:No interfering reductants. pH = 7.3, EBCT = 1.5 min, Low DO

E20.13:Repesat of £20.12

E20.24:Mn(11) =0.2mg/L; pH = 8.3, EBCT = 1.5 min, Low DO

E20.15:F¢(1) = 0.3 mg/L; pH = 8.3, EBCT = 1.5 min, Low DO

E20.16:Fe(1l) = 2.0 mg/L; pH = 8.3, EBCT = 1.5 min, Low DO

E20.17:Sulfide= 1.0 mg/L; pH = 8.3, EBCT = 1.5 min, Low DO

E20.18:Sulfide=2.0 mg/L; pH = 8.3, EBCT = 1.5 min, Low DO

E20.19:TOC =14 mg/L; pH = 8.3, EBCT = 1.5min, Low DO

E20.20:No interfering Reductants, 5 °C, pH = 8.3, EBCT = 1.5 min, Low DO

E20.21:No interfering Reductants, Ag(l11) = 1000 pg/L, pH = 8.3, EBCT =15
min, Low DO

E20.22:No interfering Reductants, A(111) = 1000 pg/L, pH =8.3, EBCT =15
min, High DO

E20.23:Mn(I1) = 0.2 mg/L; pH = 8.3, EBCT = 1.5 min, High DO

E20.24 :Sulfide= 1.0 mg/L; pH = 8.3, EBCT = 1.5 min, High DO

E20.25:Sulfide= 2.0 mg/L; pH = 8.3, EBCT = 1.5 min, High DO

E20.26:TOC = 1.4 mg/L; pH = 8.3, EBCT = 1.5 min, High DO

E20.27:Mn(ll) = 0.2 mg/L; pH = 8.3, EBCT = 6.0 min, Low DO

E20.28:Sulfide= 1.0 mg/L; pH = 8.3, EBCT = 6.0 min, Low DO

E20.29:Sulfide= 2.0 mg/L; pH = 8.3, EBCT = 6.0 min, Low DO

E20.30:TOC =14 mg/L; pH = 8.3, EBCT = 6.0 min, Low DO
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Table J 1. Resdud Ag(l11) vs Effluent As Concentration for Filox Experiments.

Sample | Residual As(Ill) | Total Effluent E20.09 | Residual As(Ill) [ Total Effluent
ID Concentration As Concentration As
pg/L po/L BV pg/L po/L
E20.01 2.0 NM 100 21 36.8
E20.02 0.1 NM 200 2.0 40.1
E20.03 0.1 NM 300 2.8 41.3
E20.04 0.4 NM 400 35 421
E20.05 2.6 27.3 500 3.3 431
E20.06 12 259 600 25 40.2
E20.07 12 225 700 2.3 41.6
E20.08 0.3 18.2 800 3.0 435
E20.10 0.1 16.9 900 2.8 42.6
E20.11 0.1 12.4 1000 3.0 433
E20.12 0.3 24.5 1100 32 45.3
E20.13 0.5 39.4 1200 3.8 44.3
E20.14 10.9 43.8 1300 2.8 42.6
E20.15 9.5 40.5 1400 3.2 425
E20.16 9.3 431 1500 3.7 44.3
E20.17 19.3 475 1600 3.0 44.2
E20.18 221 45.3 1700 3.7 44.2
E20.19 10.4 46.4 1800 35 445
E20.20 0.8 31.8 1900 3.0 46.2
E20.21 33.2 551.9 2000 35 45.9
E20.22 49.7 499.3
E20.23 0.8 24.7
E20.24 0.8 12.0
E20.25 1.9 114
E20.26 12 22.3
E20.27 0.1 24.5
E20.28 0.2 21.3
E20.29 14 28.8
E20.30 0.1 26.3

NM: Not Measured
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Appendix K. UV Oxidation Data

Run # Description

E21.01:UV1: How Rate = 48 mL/min, Contact Time =6 min, pH =8.3

E21.02.UV1: How Rate = 96 mL/min, Contact Time =3 min, pH =8.3

E21.03:UV1: Flow Rate = 288 mL/min, Contact Time =1 min, pH =8.3

E21.04:Repeat of E21.03

E21.05:Repest of E21.02

E21.06:Repesat of E21.01

E21.07:UV1: How Rate = 24 mL/min, Contact Time =12 min, pH = 8.3

E21.08:UV1: How Rate = 12 mL/min, Contact Time =24 min, pH = 8.3

E21.09:UV1: How Rate = 12 mL/min, Contact Time =6 min, pH =7.3

E21.10:UV1: How Rate = 12 mL/min, Contact Time =6 min, pH = 6.3

E21.11:UV1: Flow Rate = 310 mL/min, Contact Time = 0.9 min, pH = 8.3
Sulfite= 1.0 mg/L

E22.01:UV2: Flow Rate = 310 mL/min, Contact Time = 1.6 min, pH =8.3

E22.02:UV2: Flow Rate = 209 mL/min, Contact Time =2.3 min, pH = 8.3

E22.03:UV2: Flow Rate = 104 mL/min, Contact Time = 4.7 min, pH = 8.3

E22.04:UV2: Flow Rate = 52 mL/min, Contact Time = 9.3 min, pH =8.3

E22.05:UV2: How Rate = 26 mL/min, Contact Time = 18.7 min, pH = 8.3

E22.06:UV2: Flow Rate = 26 mL/min, Contact Time = 18.7 min, pH =7.3

E22.07:UV2. Flow Rate = 26 mL/min, Contact Time = 18.7 min, pH = 6.3
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Table K-1. Resdua Ag(I1l) Conc. for UV Experiments.

UV Unit 1 UV Unit 2
Sample UV Intensity Residual As(l11) Sample UV Intensity Residual As(l11)
ID mW -sec/cm? Concentration ID mW -sec/cm? Concentration
Hg/L Hg/L
E21.01 11520 35.7 E22.01 3380 28.5
E21.02 5760 422 E22.02 5760 35.8
E21.03 1920 48.8 E22.03 11520 44.0
E21.04 1920 13.5 E22.04 23040 47.4
E21.05 5760 21.2 E22.05 46080 49.2
E21.06 11520 37.3 E22.06 46080 29.8
E21.07 23040 43.4 E22.07 46080 36.7
E21.08 46080 477
E21.09 46080 14.5
E21.10 46080 17.9
E21.11 1780 0.1
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Appendix L. Ag(l11) Stock Solution

An Aglll) dgock solution containing
880 mg/L Agll) was prepared in a
gynthetic water of a compodtion smilar
to the gynthetic tet water shown in
Table 2-1 except tha no cadcium
chloride was added to the stock solution.
Cdcium chloride was not added as the
high pH of the AgIIl) sock solution
(due to added bicarbonate and slicate)
would have resulted in the precipitation
of cacium carbonate.

Approximately 500 mL of reagent grade
water was added to a 1-L volumetric
flask. All of the ions except cacium
chloride were added to the flask.
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Findly, the required amount of sodium
masenite (Sgma Chemicd Co.) was
added to gwve a find Agll)
concentration of gpproximately 88 mg/L
and the volume of the Ag(Il) stock
solution was made up to 1.0 L. The pH
of this AglIl) stock solution was 9.1.
The stock solution was then refrigerated
(4 °C). When required, the necessary
volume of this Ag(Ill) stock ®lution was
added to the synthetic test water to
provide a find Ag(lIl) concentration of
50 or 1000 pg/L.



Appendix M. QC Data

The following QC samples were
andyzed:

(1) QC standards

These were prepared by the QA/QC
Officer for this project, Anthony Tripp,
and served as “in-house” QC check
standards. Four standards were prepared
a a time and any one of hese standards
were andyzed dong with the four WAL
gandards during andyss. The
concentrations of these QC dandards
were within the range of 1.0-11.0 pg/L
As. These dandards were andyzed
without dilution. Results from dl the
QC samples are shown in Teble M- 1.

(2) WS Standards
Four WS standards were preserved in a
0.2 M nitric acid solution and measured
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once during a batch of samples The
concentrations of these <tandards are
shown in Table 23. Standards WS 037,
WS 038, and WS 041 were dways
diluted 10-fold before  andyss.
Standard WS 040 was diluted 10- and
20-fold before andyss Results from dl
the WS samples are shown in Table M-
2.

(3) Spikes

Standards WS 037, WS 038, and WS
041 were adways diluted 10-fold and
spiked with 2.0 pg/L As. Standard WS
041 was diluted 20-fold and then spiked
with 20 pg/l As.  Reallts of arsenic
recoveries from dl the WS spiked
samples are shown in Table M-3.



Table M-1. Resultsof QC Andysis

Run # Date Dilution | QC Conc | Measured Conc
Factor po/L pg/L

E19.13-19.16 7/9/1999 1 1.00 0.95
E19.13-19.16 7/9/1999 1 1.00 0.94
E19.13-19.16 7/9/1999 1 1.00 0.99
E19.13-19.16 7/9/1999 1 1.00 0.97
E19.13-19.16 7/9/1999 1 1.00 101
E19.13-19.16 7/9/1999 1 1.00 0.97
E20.1-20.4 9/25/1999 1 1.00 0.92
E20.1-20.4 9/25/1999 1 1.00 0.94
E20.1-20.4 9/25/1999 1 1.00 0.94
E20.5-20.8 9/28/1999 1 1.00 0.96
E20.5-20.8 9/28/1999 1 1.00 0.98
E20.5-20.8 9/28/1999 1 1.00 0.96
E20.14-20.22 10/26/1999 1 1.00 0.95
E20.14-20.22 10/26/1999 1 1.00 0.94
E20.14-20.22 10/26/1999 1 1.00 0.95
E20.14-20.22 10/26/1999 1 1.00 0.97
E20.14-20.22 10/26/1999 1 1.00 1.01
E20.14-20.22 10/26/1999 1 1.00 0.99
E20.14-20.22 10/26/1999 1 1.00 1.02
Number =19 Avg =0.97

SD =0.03

Range =0.92-1.02 (-8 to + 2%)
Run # Date Dilution | QC Conc | Measured Conc

Factor pa/L pa/L

E16.1-16.6 3/26/1999 1 1.02 0.90
E16.1-16.6 3/26/1999 1 1.02 0.93
E16.1-16.6 3/26/1999 1 1.02 0.84
E16.1-16.6 3/26/1999 1 1.02 0.86
E16.1-16.6 3/26/1999 1 1.02 0.86
E17.1-17.6 5/13/1999 1 1.02 0.95
E17.1-17.6 5/13/1999 1 1.02 0.99
E17.1-17.6 5/13/1999 1 1.02 0.97
E17.1-17.6 5/13/1999 1 1.02 0.97
E17.1-17.6 5/13/1999 1 1.02 0.99
E17.1-17.6 5/13/1999 1 1.02 1.02
E17.1-17.6 5/13/1999 1 1.02 1.06
E18.7-18.8 6/15/1999 1 1.02 1.03
E18.7-18.8 6/15/1999 1 1.02 1.07
E18.7-18.8 6/15/1999 1 1.02 0.98
E18.7-18.8 6/15/1999 1 1.02 0.96
E18.7-18.8 6/15/1999 1 1.02 0.98
E18.7-18.8 6/15/1999 1 1.02 0.98
E18.7-18.8 6/15/1999 1 1.02 1.00
E18.7-18.8 6/15/1999 1 1.02 0.98
Number = 20 Avg =0.97

SD =0.06

Range =0.84-1.07 (-16 to + 7%)
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Table M-1. Reaults of QC Andysis (Contd)

Run # Date Dilution | QC Conc | Measured Conc

Factor po/L po/L
E16.7-16.12 3/29/1999 1 2.96 2.88
E16.7-16.12 3/29/1999 1 2.96 3.04
E16.7-16.12 3/29/1999 1 2.96 292
E16.7-16.12 3/29/1999 1 2.96 3.14
E16.7-16.12 3/29/1999 1 2.96 3.00
E17.7-17.12 5/15/1999 1 2.96 2.89
E17.7-17.12 5/15/1999 1 2.96 2.89
E17.7-17.12 5/15/1999 1 2.96 2.98
E17.7-17.12 5/15/1999 1 2.96 3.01
E17.7-17.12 5/15/1999 1 2.96 2.98
E17.7-17.12 5/15/1999 1 2.96 3.01
E17.25-17.28 6/2/1999 1 2.96 297
E17.25-17.28 6/2/1999 1 2.96 2.97
E17.25-17.28 6/2/1999 1 2.96 2.92
E17.25-17.28 6/2/1999 1 2.96 2.94
E17.25-17.28 6/2/1999 1 2.96 3.01
E17.25-17.28 6/2/1999 1 2.96 292
E18.1-18.6 6/11/1999 1 2.96 292
E18.1-18.6 6/11/1999 1 2.96 2.90
E18.1-18.6 6/11/1999 1 2.96 2.97
E18.1-18.6 6/11/1999 1 2.96 2.95
Number = 21 Avg =2.96

SD =0.06
Range =2.88 - 3.14 (-3 to + 6%)
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Table M-1. Reaults of QC Andysis (Contd)

Run # Date Dilution | QC Conc | Measured Conc

Factor Mg/l pg/L
E15.17-15.18 9/27/1999 1 3.03 2.90
E15.17-15.18 9/27/1999 1 3.03 3.03
E15.17-15.18 9/27/1999 1 3.03 3.06
E15.17-15.18 9/27/1999 1 3.03 3.06
E15.17-15.18 9/27/1999 1 3.03 297
E15.17-15.18 9/27/1999 1 3.03 2.99
E15.17-15.18 9/27/1999 1 3.03 2.95
E15.17-15.18 9/27/1999 1 3.03 3.06
E15.21-15.22 9/11/1999 1 3.03 297
E15.21-15.22 9/11/1999 1 3.03 3.07
E15.21-15.22 9/11/1999 1 3.03 3.09
E15.21-15.22 9/11/1999 1 3.03 292
E15.21-15.22 9/11/1999 1 3.03 2.96
E15.21-15.22 9/11/1999 1 3.03 294
E20.9 10/7/1999 1 3.03 294
E20.9 10/7/1999 1 3.03 3.05
E20.9 10/7/1999 1 3.03 2.90
E20.9 10/7/1999 1 3.03 2.92
E20.9 10/7/1999 1 3.03 294
E20.23-20.30 11/15/1999 1 3.03 2.90
E20.23-20.30 11/15/1999 1 3.03 292
E20.23-20.30 11/15/1999 1 3.03 297
E20.23-20.30 11/15/1999 1 3.03 2.95
E20.23-20.30 11/15/1999 1 3.03 3.00
E20.23-20.30 11/15/1999 1 3.03 3.09
Number = 25 Avg =2.98

SD =0.06
Range =2.90-3.09 (-2 to + 2%)
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Table M-1. Reaults of QC Andysis (Contd)

Run # Date Dilution | QC Conc | Measured Conc

Factor Mg/l pg/L
E19.19-19.24 9/10/1999 1 5.84 5.83
E19.19-19.24 9/10/1999 1 5.84 5.90
E19.19-19.24 9/10/1999 1 5.84 5.83
E19.19-19.24 9/10/1999 1 5.84 5.78
E19.19-19.24 9/10/1999 1 5.84 5.85
E19.19-19.24 9/10/1999 1 5.84 5.94
E19.19-19.24 9/10/1999 1 5.84 5.99
E19.19-19.24 9/10/1999 1 5.84 5.71
E20.10-20.12 10/13/1999 1 5.84 5.68
E20.10-20.12 10/13/1999 1 5.84 5.77
E20.10-20.12 10/13/1999 1 5.84 571
E20.10-20.12 10/13/1999 1 5.84 5.75
E21.4-21.10 1/12/2000 1 5.84 5.49
E21.4-21.10 1/12/2000 1 5.84 5.67
E21.4-21.10 1/12/2000 1 5.84 5.80
E21.4-21.10 1/12/2000 1 5.84 5.73
E22.1-22.7 2/2/2000 1 5.84 5.82
E22.1-22.7 2/2/2000 1 5.84 5.89
E22.1-22.7 2/2/2000 1 5.84 5.82
E22.1-22.7 2/2/2000 1 5.84 5.88
E22.1-22.7 2/2/2000 1 5.84 5.93
Number = 21 Avg =5.80

SD =011
Range =5.49-5.99 (-6 to + 3%)
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Table M-1. Reaults of QC Andysis (Contd)

Run # Date Dilution | QC Conc | Measured Conc
Factor Mg/l pg/L

E16.13-16.16 3/31/1999 1 5.97 5.98
E16.13-16.16 3/31/1999 1 5.97 5.84
E16.13-16.16 3/31/1999 1 5.97 6.06
E16.13-16.16 3/31/1999 1 5.97 6.04
E17.19-17.22 5/26/1999 1 5.97 5.86
E17.19-17.22 5/26/1999 1 5.97 6.00
E17.19-17.22 5/26/1999 1 5.97 6.02
E19.1-19.6 7/1/1999 1 5.97 5.86
E19.1-19.6 7/1/1999 1 5.97 5.84
E19.1-19.6 7/1/1999 1 5.97 5.83
E19.1-19.6 7/1/1999 1 5.97 5.95
E19.1-19.6 7/1/1999 1 5.97 5.95
E19.1-19.6 7/1/1999 1 5.97 5.90
E19.1-19.6 7/1/1999 1 5.97 5.98
E19.1-19.6 7/1/1999 1 5.97 5.95
Number = 15 Avg =5.94

SD =0.08

Range =5.83-6.06 (-2 to + 2%)
Run # Date Dilution | QC Conc | Measured Conc

Factor pg/L pg/L

E19.24-19.30 9/18/1999 1 9.88 9.26
E19.24-19.30 9/18/1999 1 9.88 9.42
E19.24-19.30 9/18/1999 1 9.88 9.69
E19.24-19.30 9/18/1999 1 9.88 9.66
E19.24-19.30 9/18/1999 1 9.88 9.49
E19.24-19.30 9/18/1999 1 9.88 9.51
E19.24-19.30 9/18/1999 1 9.88 9.53
E19.24-19.30 9/18/1999 1 9.88 9.55
E20.13 10/14/1999 1 9.88 9.36
E20.13 10/14/1999 1 9.88 9.57
E20.13 10/14/1999 1 9.88 9.50
E21.1-21.3 12/30/1999 1 9.88 9.55
E21.1-21.3 12/30/1999 1 9.88 9.75
E21.1-21.3 12/30/1999 1 9.88 9.95
E21.1-21.3 12/30/1999 1 9.88 9.75
Number = 15 Avg =9.57

SD =0.17

Range =9.26 - 9.95 (-6 to + 1%)
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Table M-1. Reaults of QC Analysis (Contd)

Run # Date Dilution | QC Conc | Measured Conc

Factor Mg/l pg/L
E15.13-15.16 3/20/1999 1 10.29 9.97
E15.13-15.16 3/20/1999 1 10.29 9.85
E15.13-15.16 3/20/1999 1 10.29 9.77
E15.13-15.16 3/20/1999 1 10.29 9.67
E17.23-17.24 6/1/1999 1 10.29 9.78
E17.23-17.24 6/1/1999 1 10.29 9.85
E17.23-17.24 6/1/1999 1 10.29 9.97
E17.23-17.24 6/1/1999 1 10.29 10.11
E19.7-19.12 7/6/1999 1 10.29 10.04
E19.7-19.12 7/6/1999 1 10.29 9.97
E19.7-19.12 7/6/1999 1 10.29 9.96
E19.7-19.12 7/6/1999 1 10.29 9.85
E19.7-19.12 7/6/1999 1 10.29 9.80
E19.7-19.12 7/6/1999 1 10.29 9.76
E19.7-19.12 7/6/1999 1 10.29 9.73
E19.7-19.12 7/6/1999 1 10.29 9.96
Number = 16 Avg =9.88

SD =0.12
Range =9.67 - 10.11 (-6 to -2%)
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Table M-2. Results of WS Standards Analysis (WS 037)

Run # Date Dilution | EPA Conc | Measured Conc

Factor ug/L Mg/l
E03-04 11/26/1998 10 49.3 46.31
EO5 1/27/1998 10 49.3 46.35
E07-10 12/4/1998 10 49.3 48.56
EO07-10 12/4/1998 10 49.3 49,51
E11-12 12/17/1998 10 49.3 49.30
E14 2/22/1999 10 49.3 49.96
E15.1-15.6 3/8/1999 10 49.3 47.80
E15.7-15.12 3/16/1999 10 49.3 47.01
E15.13-15.16 3/20/1999 10 49.3 48.99
E15.17-15.18 9/27/1999 10 49.3 47.21
E15.19-15.20 5/8/1999 10 49.3 47.28
E15.21-15.22 9/11/1999 10 49.3 47.16
E16.1-16.6 3/26/1999 10 49.3 46.23
E16.7-16.12 3/29/1999 10 49.3 47.94
E16.13-16.16 3/31/1999 10 49.3 47.47
E17.1-17.6 5/13/1999 10 49.3 46.80
E17.7-17.12 5/15/1999 10 49.3 48.76
E17.19-17.22 5/26/1999 10 49.3 47.33
E17.23-17.24 6/1/1999 10 49.3 48.08
E17.25-17.28 6/2/1999 10 49.3 46.84
E18.1-18.6 6/11/1999 10 49.3 46.38
E18.7-18.8 6/15/1999 10 49.3 47.98
E19.1-19.6 7/1/1999 10 49.3 50.10
E19.7-19.12 7/6/1999 10 49.3 46.25
E19.13-19.16 7/9/1999 10 49.3 47.27
E19.19-19.24 9/10/1999 10 49.3 48.41
E19.24-19.30 9/18/1999 10 49.3 49.09
E20.1-20.4 9/25/1999 10 49.3 49.19
E20.5-20.8 9/28/1999 10 49.3 49.00
E20.9 10/7/1999 10 49.3 49.25
E20.10-20.12 10/13/1999 10 49.3 48.34
E20.13 10/14/1999 10 49.3 48.83
E20.14-20.22 10/26/1999 10 49.3 45.01
E20.23-20.30 11/15/1999 10 49.3 48.50
E21.1-21.3 12/30/1999 10 49.3 50.13
E21.4-21.10 1/12/2000 10 49.3 48.87
E21.11 2/8/2000 10 49.3 48.94
E22.1-22.7 2/2/2000 10 49.3 50.39
Number = 38 Avg =481

SD =13
Range =45.0-50.4 (-9 to +2%)
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Table M-2. Results of WS Standards Analysis (WS 038)

Run # Date Dilution | EPA Conc | Measured Conc

Factor ug/L Mg/l
E07-10 12/4/1998 10 83.1 79.44
EO07-10 12/4/1998 10 83.1 80.38
E11-12 12/17/1998 10 83.1 73.50
E14 2/22/1998 10 83.1 77.59
E15.1-15.6 3/8/1999 10 83.1 76.67
E15.7-15.12 3/16/1999 10 83.1 72.97
E15.13-15.16 3/20/1999 10 83.1 76.19
E15.17-15.18 9/27/1999 10 83.1 74.29
E15.19-15.20 5/8/1999 10 83.1 76.94
E15.21-15.22 9/11/1999 10 83.1 74.76
E16.1-16.6 3/26/1999 10 83.1 73.80
E16.7-16.12 3/29/1999 10 83.1 75.05
E16.13-16.16 3/31/1999 10 83.1 74.66
E17.1-17.6 5/13/1999 10 83.1 73.77
E17.7-17.12 5/15/1999 10 83.1 75.33
E17.19-17.22 5/26/1999 10 83.1 75.30
E17.23-17.24 6/1/1999 10 83.1 76.70
E17.25-17.28 6/2/1999 10 83.1 73.88
E18.1-18.6 6/11/1999 10 83.1 74.73
E18.7-18.8 6/15/1999 10 83.1 75.67
E19.1-19.6 7/1/1999 10 83.1 77.85
E19.7-19.12 7/6/1999 10 83.1 73.69
E19.13-19.16 7/9/1999 10 83.1 75.70
E19.19-19.24 9/10/1999 10 83.1 77.51
E19.24-19.30 9/18/1999 10 83.1 76.89
E20.1-20.4 9/25/1999 10 83.1 76.48
E20.5-20.8 9/28/1999 10 83.1 77.12
E20.9 10/7/1999 10 83.1 75.95
E20.10-20.12 10/13/1999 10 83.1 78.03
E20.13 10/14/1999 10 83.1 74.66
E20.14-20.22 10/26/1999 10 83.1 74.41
E20.23-20.30 11/15/1999 10 83.1 76.74
E21.1-21.3 12/30/1999 10 83.1 76.32
E21.4-21.10 1/12/2000 10 83.1 75.49
E21.11 2/8/2000 10 83.1 78.29
E22.1-22.7 2/2/2000 10 83.1 77.82
Number = 36 Avg =76.0

SD =17
Range =73.0-80.4(-12 to -3%)
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Table M-2. Results of WS Standards Analysis (WS 040)

Run # Date Dilution | EPA Conc | Measured Conc
Factor ug/L Mg/l
E07-10 12/4/1998 10 102 107.48
EO07-10 12/4/1998 10 102 108.66
E11-12 12/17/1998 10 102 103.27
E14 2/22/1998 10 102 101.13
E15.1-15.6 3/8/1999 10 102 90.99
E15.7-15.12 3/16/1999 10 102 105.36
E15.13-15.16 3/20/1999 10 102 99.44
E15.17-15.18 9/27/1999 10 102 95.47
E15.19-15.20 5/8/1999 10 102 95.71
E15.21-15.22 9/11/1999 10 102 94.56
E16.1-16.6 3/26/1999 10 102 96.34
E16.7-16.12 3/29/1999 10 102 97.35
E16.13-16.16 3/31/1999 10 102 103.58
E17.1-17.6 5/13/1999 10 102 98.84
E17.7-17.12 5/15/1999 10 102 105.19
E17.19-17.22 5/26/1999 10 102 101.27
E17.23-17.24 6/1/1999 10 102 99.13
E17.25-17.28 6/2/1999 10 102 95.51
E18.1-18.6 6/11/1999 10 102 103.07
E18.7-18.8 6/15/1999 10 102 98.44
E19.1-19.6 7/1/1999 10 102 98.80
E19.7-19.12 7/6/1999 10 102 97.09
E19.13-19.16 7/9/1999 10 102 99.13
E19.19-19.24 9/10/1999 10 102 101.21
E19.24-19.30 9/18/1999 10 102 97.30
E20.1-20.4 9/25/1999 10 102 105.25
E20.5-20.8 9/28/1999 10 102 98.60
E20.9 10/7/1999 10 102 97.03
E20.10-20.12 10/13/1999 10 102 100.99
E20.13 10/14/1999 10 102 97.22
E20.14-20.22 10/26/1999 10 102 94.45
E20.23-20.30 11/15/1999 10 102 99.51
E21.1-21.3 12/30/1999 10 102 99.11
E21.4-21.10 1/12/2000 10 102 96.26
E21.11 2/8/2000 10 102 98.74
E22.1-22.7 2/2/2000 10 102 99.01
Number = 36 Avg =995
SD =3.9
Range =91.0-108.7 (-11 to +7%)
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Table M-2. Results of WS Standards Analysis (WS 040) (Contd)

Run # Date Dilution | EPA Conc | Measured Conc
Factor ug/L png/L
E15.17-15.18 9/27/1999 20 102 96.27
E15.21-15.22 9/11/1999 20 102 96.36
E19.7-19.12 7/6/1999 20 102 97.43
E19.13-19.16 7/9/1999 20 102 99.02
E19.19-19.24 9/10/1999 20 102 100.65
E19.24-19.30 9/18/1999 20 102 98.54
E20.1-20.4 9/25/1999 20 102 104.23
E20.5-20.8 9/28/1999 20 102 99.08
E20.9 10/7/1999 20 102 98.84
E20.10-20.12 10/13/1999 20 102 100.82
E20.13 10/14/1999 20 102 95.19
E20.14-20.22 10/26/1999 20 102 95.02
E20.23-20.30 11/15/1999 20 102 100.77
E21.1-21.3 12/30/1999 20 102 100.61
E21.4-21.10 1/12/2000 20 102 96.88
E21.11 2/8/2000 20 102 100.37
E22.1-22.7 2/2/2000 20 102 99.01
Number = 17 Avg =088
SD =24
Range =95.0-104.2 (-7 to +2%)
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Table M-2. Results of WS Standards Analysis (WS 041)

Run # Date Dilution | EPA Conc | Measured Conc

Factor ug/L Mg/l
E07-10 12/4/1998 10 65.6 66.24
EO7-10 12/4/1998 10 65.6 67.18
E11-12 12/17/1998 10 65.6 63.26
E14 2/22/1998 10 65.6 63.27
E15.1-15.6 3/8/1999 10 65.6 63.27
E15.7-15.12 3/16/1999 10 65.6 64.47
E15.13-15.16 3/20/1999 10 65.6 65.56
E15.17-15.18 9/27/1999 10 65.6 61.58
E15.19-15.20 5/8/1999 10 65.6 61.40
E15.21-15.22 9/11/1999 10 65.6 60.03
E16.1-16.6 3/26/1999 10 65.6 59.58
E16.7-16.12 3/29/1999 10 65.6 64.49
E16.13-16.16 3/31/1999 10 65.6 64.73
E17.1-17.6 5/13/1999 10 65.6 66.73
E17.7-17.12 5/15/1999 10 65.6 64.63
E17.19-17.22 5/26/1999 10 65.6 63.99
E17.23-17.24 6/1/1999 10 65.6 63.94
E17.25-17.28 6/2/1999 10 65.6 59.75
E18.1-18.6 6/11/1999 10 65.6 66.06
E18.7-18.8 6/15/1999 10 65.6 63.75
E19.1-19.6 7/1/1999 10 65.6 63.21
E19.7-19.12 7/6/1999 10 65.6 63.67
E19.13-19.16 7/9/1999 10 65.6 59.68
E19.19-19.24 9/10/1999 10 65.6 63.22
E19.24-19.30 9/18/1999 10 65.6 63.90
E20.1-20.4 9/25/1999 10 65.6 66.96
E20.5-20.8 9/28/1999 10 65.6 61.72
E20.9 10/7/1999 10 65.6 62.17
E20.10-20.12 10/13/1999 10 65.6 62.32
E20.13 10/14/1999 10 65.6 63.38
E20.14-20.22 10/26/1999 10 65.6 60.36
E20.23-20.30 11/15/1999 10 65.6 63.56
E21.1-21.3 12/30/1999 10 65.6 63.40
E21.4-21.10 1/12/2000 10 65.6 62.94
E21.11 2/8/2000 10 65.6 64.06
E22.1-22.7 2/2/2000 10 65.6 63.39
Number = 35 Avg =63.4

SD =20
Range =59.6 - 67.2 (-9 to +2%)




Table M-3. Recoveries of Spiked WS Standards

Run # Date Sample | Dilution | Unspiked Conc | Spiked Cone %
ID Factor Mg/l Mg/l Recovery

E18.1-18.6 6/11/1999 WS 037 10 4.63 6.72 104.2
E18.7-18.8 6/15/1999 WS 037 10 4.79 6.87 103.4
E19.1-19.6 7/1/1999 WS 037 10 5.00 6.95 97.1
E19.7-19.12 7/6/1999 WS 037 10 4.62 6.79 108.2
E19.13-19.16 7/9/1999 WS 037 10 472 6.83 105.1
E19.19-19.24 9/10/1999 WS 037 10 484 6.91 103.7
E19.24-19.30 9/18/1999 WS 037 10 4.90 6.84 96.6
E20.1-20.4 9/25/1999 WS 037 10 491 6.92 99.9
E20.5-20.8 9/28/1999 WS 037 10 4.90 6.83 96.7
E20.9 10/7/1999 WS 037 10 4.92 6.86 96.9
E20.10-20.12 10/13/1999 | WS 037 10 4.83 6.78 975
E20.13 10/14/1999 | WS 037 10 4.82 6.86 1015
E20.14-20.22 10/26/1999 | WS 037 10 4.50 6.57 103.5
E20.23-20.30 11/15/1999 | WS 037 10 4.85 6.87 101.0
E21.1-21.3 12/30/1999 | WS 037 10 5.01 7.00 99.6
E21.4-21.10 1/12/2000 WS 037 10 4.88 6.79 95.2
E21.11 2/8/2000 WS 037 10 4.89 6.96 103.2
E22.1-22.7 2/2/2000 WS 037 10 5.03 6.78 87.3
El4 2/22/1999 WS 037 10 4.99 6.65 82.9
E15.1-15.6 3/8/1999 WS 037 10 493 6.93 100.0
E15.7-15.12 3/16/1999 WS 037 10 4.70 6.86 108.0
E15.13-15.16 3/20/1999 WS 037 10 4.89 7.00 105.1
E15.17-15.18 9/27/1999 WS 037 10 4.72 6.58 93.0
E15.19-15.20 5/8/1999 WS 037 10 4.72 6.87 106.9
E15.21-15.22 9/11/1999 WS 037 10 471 6.76 102.4
E16.1-16.6 3/26/1999 WS 037 10 4.62 6.59 98.5
E16.7-16.12 3/29/1999 WS 037 10 4.79 6.71 95.9
E16.13-16.16 3/31/1999 WS 037 10 4.74 6.84 104.7
E17.1-17.6 5/13/1999 WS 037 10 4.69 6.78 103.9
E17.7-17.12 5/15/1999 WS 037 10 4.87 6.86 99.2
E17.19-17.22 5/26/1999 WS 037 10 4.77 6.93 108.1
E17.23-17.24 6/1/1999 WS 037 10 4.80 7.07 1131
E17.25-17.28 6/2/1999 WS 037 10 4.68 6.92 111.6
E18.1-18.6 6/11/1999 WS 038 10 7.47 9.52 102.5
E18.7-18.8 6/15/1999 WS 038 10 7.56 9.31 87.6
E19.1-19.6 7/1/1999 WS 038 10 7.78 9.69 95.4
E19.7-19.12 7/6/1999 WS 038 10 7.36 9.26 95.0
E19.13-19.16 7/9/1999 WS 038 10 7.57 9.53 98.2
E19.19-19.24 9/10/1999 WS 038 10 7.75 9.75 100.2
E19.24-19.30 9/18/1999 WS 038 10 7.68 9.54 93.0
E20.1-20.4 9/25/1999 WS 038 10 7.64 9.84 109.9
E20.5-20.8 9/28/1999 WS 038 10 7.71 9.71 100.3
E20.9 10/7/1999 WS 038 10 7.59 9.72 106.3
E20.10-20.12 10/13/1999 | WS 038 10 7.80 9.70 94.9
E20.13 10/14/1999 | WS 038 10 7.46 9.54 104.1
E20.14-20.22 10/26/1999 | WS 038 10 7.41 9.30 94.6
E20.23-20.30 11/15/1999 | WS 038 10 7.67 9.72 102.7
E21.1-21.3 12/30/1999 | WS 038 10 7.63 9.51 94.2
E21.4-21.10 1/12/2000 WS 038 10 7.54 9.58 101.7
E21.11 2/8/2000 WS 038 10 7.82 9.89 103.2
E22.1-22.7 2/2/2000 WS 038 10 7.78 9.68 95.3
El4 2/22/1998 WS 038 10 7.75 9.47 86.0
E15.1-15.6 3/8/1999 WS 038 10 7.49 9.49 100.0
E15.7-15.12 3/16/1999 WS 038 10 7.30 9.30 100.0

85




E15.13-15.16 3/20/1999 WS 038 10 7.61 9.74 106.3
E15.17-15.18 9/27/1999 WS 038 10 7.42 9.28 93.0
E15.19-15.20 5/8/1999 WS 038 10 7.69 9.44 87.8
E15.21-15.22 9/11/1999 WS 038 10 747 9.47 99.9
E16.1-16.6 3/26/1999 WS 038 10 7.38 9.48 105.0
E16.7-16.12 3/29/1999 WS 038 10 7.50 9.47 98.3
E16.13-16.16 3/31/1999 WS 038 10 7.46 9.68 1111
E17.1-17.6 5/13/1999 WS 038 10 7.37 9.60 111.6
E17.7-17.12 5/15/1999 WS 038 10 7.53 9.58 102.7
E17.19-17.22 5/26/1999 WS 038 10 7.52 9.75 111.0
E17.23-17.24 6/1/1999 WS 038 10 7.66 9.75 104.4
E17.25-17.28 6/2/1999 WS 038 10 7.38 9.30 95.9
E20.1-20.4 9/25/1999 WS 040 20 521 7.26 102.6
E20.5-20.8 9/28/1999 WS 040 20 4.95 7.08 106.5
E20.9 10/7/1999 WS 040 20 4.94 6.99 102.9
E20.10-20.12 10/13/1999 | WS040 20 5.04 7.04 100.1
E20.13 10/14/1999 | WS040 20 4.75 6.78 101.5
E20.14-20.22 10/26/1999 | WS040 20 4.75 6.80 102.6
E20.23-20.30 11/15/1999 | WS040 20 5.03 7.00 98.4
E21.1-21.3 12/30/1999 | WS040 20 5.03 7.11 104.1
E21.4-21.10 1/12/2000 WS 040 20 4.84 6.94 105.0
E21.11 2/8/2000 WS 040 20 5.01 7.11 104.9
E22.1-22.7 2/2/2000 WS 040 20 4.95 7.06 105.9
E18.1-18.6 6/11/1999 WS 041 10 6.60 8.47 93.4
E18.7-18.8 6/15/1999 WS 041 10 6.37 8.46 104.2
E19.1-19.6 7/1/1999 WS 041 10 6.32 8.17 92.8
E19.7-19.12 7/6/1999 WS 041 10 6.36 8.17 90.5
E19.13-19.16 7/9/1999 WS 041 10 5.96 8.05 104.3
E19.19-19.24 9/10/1999 WS 041 10 6.32 8.37 102.8
E19.24-19.30 9/18/1999 WS 041 10 6.38 8.53 107.4
E20.1-20.4 9/25/1999 WS 041 10 6.69 8.83 107.2
E20.5-20.8 9/28/1999 WS 041 10 6.17 8.35 109.2
E20.9 10/7/1999 WS 041 10 6.21 8.22 100.3
E20.10-20.12 10/13/1999 | WS 041 10 6.23 8.28 102.7
E20.13 10/14/1999 | WS 041 10 6.33 8.36 1015
E20.14-20.22 10/26/1999 | WS 041 10 6.03 7.94 95.5
E20.23-20.30 11/15/1999 | WS 041 10 6.35 8.25 95.0
E21.1-21.3 12/30/1999 | WS 041 10 6.34 8.27 96.9
E21.4-21.10 1/12/2000 WS 041 10 6.29 8.17 94.1
E21.11 2/8/2000 WS 041 10 6.40 8.39 99.6
E22.1-22.7 2/2/2000 WS 041 10 6.33 8.24 95.3
El4 2/22/1998 WS 041 10 6.32 8.20 94.2
E15.1-15.6 3/8/1999 WS 041 10 6.56 8.56 100.0
E15.7-15.12 3/16/1999 WS 041 10 6.45 8.22 88.5
E15.13-15.16 3/20/1999 WS 041 10 6.55 8.78 111.3
E15.17-15.18 9/27/1999 WS 041 10 6.15 8.03 93.9
E15.19-15.20 5/8/1999 WS 041 10 6.14 8.17 101.9
E15.21-15.22 9/11/1999 WS 041 10 6.00 8.08 104.1
E16.1-16.6 3/26/1999 WS 041 10 5.96 8.01 102.5
E16.7-16.12 3/29/1999 WS 041 10 6.44 8.53 104.3
E16.13-16.16 3/31/1999 WS 041 10 6.47 8.67 110.1
E17.1-17.6 5/13/1999 WS 041 10 6.67 8.57 95.3
E17.7-17.12 5/15/1999 WS 041 10 6.46 8.60 107.0
E17.19-17.22 5/26/1999 WS 041 10 6.39 8.34 97.2
E17.23-17.24 6/1/1999 WS 041 10 6.39 8.48 104.4
E17.25-17.28 6/2/1999 WS 041 10 5.97 7.87 95.1
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Number = 110

Avg
SD
Range

=100.6
=6.1
=82.9-113.1
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