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Project Objectives

BENCH STUDY, Task I

ASSESS arsenic removal by zere valent iren under
Various water guality: conditions: to: determine optimum
CONAItIoNS TOr arSenic adsorption and the minimization
ofi iren disselution

PILOT STUDY, Tiask I1

Develop a ZVI amended precoat filtration strategy: for:
the removal off arsenic from drinking water while

MINIMIzing Iren dissolution
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Background

ArSenic is a class' A human Carcinegen

Arsenic concentrations in public drinking
water suppliesiis regulated by the USEPA

MCL was reduced firom: 0.05mg/L- to

0.0Img/LL in 2001 with' compliance by:
2006




US Arsenic Distribution

Arseniccancentrations in at least
25% of samples exceed:

M soug/L [ Insufficient
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Effect on Water Systems

EPA estimates annual national costs to be
$181 million

Harder on smaller systems

Need for technoloegies that are
INEXpPensive, efficient, easy. to implement
and eperate




Best Available Technologies
for As Removal (USEPA 2003)

lon exchange

Activated alumina

Oxidation / filtration

REVerse 0Smaosis

Enhanced coagulation and flocculation
Enhanced lime softening




Some Adsorbents

Iron exide coated sand
[ron Hydroxides and Oxides
o Geothite

o Granular ferric hydroxide
[lanthanum oxide
Zeolite
Zero-Valent Iron




Zero Valent Iron

High adsorption capacity
Relatively fast removal kinetics
Inexpensive

Efficient over wide range of pH
Simple



Outline

Background
AGSOPLIGNPEOCESSES
Experimental Approach

Results and Conclusions

10



Adsorption Processes

Physical Adsorption

= Fdzorhale
desarprion
fendatharmall

Exchange Adsorption

=r- boundary sutface

i " achive sites

Chemical Adsorption

Y,
// A/,»;._./f //,,’;4;///

Source: activated-carbon.com
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Project Objectives

BENGCHSTUBIES, Niaskal

ASSESS aliSenICemoyVal by ZeronNalEntHrenrtinder
VareustWaterrgualityAconaitionSitordetermineepumum
CONGILERSHOFARSENICIAESOrPHEN andtheENmINIMIZation
o 1ge)n) eliggelltitie)p)

PILOT STUDIES, Task I1

Develop a ZVI amended precoat filtration strategy: for:
the removal off arsenic from drinking water while

MINIMIzing Iren dissolution
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Assessing Factors Influencing Arsenic Removal

Trial Oxidant Sulfate
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BENCH STUDY
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Assessing Factors Influencing Arsenic Removal

Bench Study Experimental set up

Consort
Data logger

Mixer

Fritted glass
diffuser

Reactor




Assessing Factors Influencing Arsenic Removal

Calculating pH
pH = -Log (H*)

H,0&>H* + OH-

KW > (H+)(OH-)=1O-14 - o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
@ 25°C PH

Fe(OH)5(s) + 3H* €= Fe’* +3H,0
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Assessing Factors Influencing Arsenic Removal

Calculating Redox Condition
pe = -Log (e)

Figure 8.1, Redox equilibrium Fe'*, Fe'*, Equilibrum distribution of a 10~ M
solution of aqueous iron as a function of pe (acid solution).

Source: Stumm and Morgan, 1996

Eh = 2.3RT/F*pe

Fe?t = Fe3* + e
Eh = 0.059pe

Eh-U TTAC
at t i it
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Assessing Factors Influencing Arsenic Removal

Oxidation Reduction (Redox)
Reactions

Oxidation = a chemical donates an electron
Fezt = Fe3* + e

Reduction = a chemical accepts an electron
720, + e + Ht =12 H,0

Redox reaction

4Fet + 4H++ O, = 4Fe3t + 2H.0

18



Assessing Factors Influencing Arsenic Removal

Measuring Redox Condition
Oxidation Reduction Potential (ORP)
measured as En

ORP’is the voltage measured
between a redox (Pt) electrode
and a reference electrode

Warking electrodo —
+— Refarenca alectrode

Under reducing conditions i [ ——
potentials are negative

E, = 0.059pe

Figure 9.19 A colomel referance electroda [on leff] connecied 1o o platinum werking
olecirode for the measurement of solution £, If the Pt electrode is sakctively responsiv o the
H* /M, (g} couple, end f solution Is bubbled with H,[g} of @ known partial prassure, the reading
on the volimeler con ba related o the pH of tha solution

Source: Benjamin, 2002
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Assessing Factors Influencing Arsenic Removal

Putting it all together

—~
n
=
o
>
<
<
Ll

a[H,0 = 1

) L
amain] = 10757,

Diagram AS(OH), T = 20°C , P = 1 bars,

Dell Tue Feb 05 2008

E-WTTAC
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Assessing Factors Influencing Arsenic Removal

Presence/Absence SO,

May play a role in arsenic remoyvals
Not clear in the literature
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Pilot Study' Experimental Design

Contact Time, minutes




Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Precoat filtration

Backwash
Speay Line

Recyele [ndet

Bodyfeed Pump

I Influent from Raw Water Source

E-WTTAC
23
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Precoat filtration

Flow Meter

Iron Dosing

Valves
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Assessing Factors Influencing Arsenic Removal

BENCH STUDY, Task I
Assessing arsenic removal by ZVI under various water. quality: conditions to
determine optimum conditions for: arsenic adserption and the minimization of;
Iron dissolution
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Assessing Factors Influencing Arsenic Removal

Main Factors and Interactions

pH

Oxidant
pH*Oxidant

S04

pH*SO4
Oxidant*SO4
pH*Oxidant*SO4

g
o
£
o
2

3.4473
866.9455
6.2259
0.3914
1.5678
1.6087

Each Pair All Pairs
Student's t Tukey-Kramer
0.05 0.05

% contribution

With Best
Hsu's MCB
0.05
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Assessing Factors Influencing Arsenic Removal

Assessing Iron Solubility, Task I

& Fe (N2):(-320mV to +139mV)
+ Fe (02):(+209mV to +320mV)
O Fe (CI2) :(+503mV to +908mV)

- Expon. (Fe (N2):(-320mV to +139mV))

[
al

y =4029.1e 1311
R® =0.9775

A



Assessing Factors Influencing Arsenic Removal

ou _—
Calculated pH of minimum iron solubility Kinetics of Fe“* oxidation at pH

—— Fe2+

—— Fe3+

——FeT

—— USEPA Secondary
Standard, 0.3mg/L

[Feim). Moles /| ,-co"‘:

\W

9 100 11 12 13 14

TIME , min

-~ . ! Figure 1. Oxygenation rate of ferrous
Solubility of iron as a function of pH. Includes Fe2+ and Fe3+ iron is propottional to Felll) and is

complexes of Cl- and OH- in equilibrium with Fe(OH), and Fe(OH);. strongly influenced by pH
20.5° C. Po = const.

Source: Stumm and Lee, 1961
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Assessing Factors Influencing Arsenic Removal

Predominance Diagram for Iron

E-WTTAC
at the University|
of New Hampshire

Eh (volts)

Does not include As or SO,
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Assessing Factors Influencing Arsenic Removal

Predominance Diagram for Iron
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Assessing Factors Influencing Arsenic Removal

Predominance Diagram for Arsenic
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Assessing Factors Influencing Arsenic Removal

Take Home Message

ORP s Very important torarsenic remoyval
)\ AV

OH IS net very important from 5-8 If
sufficient time: allowed for ZVI1
pretreatment and contact time

It appears that the optimal pH ter minimize
Iron dissolution from ZVI Is 7

34



Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Arsenic Removals by ZVI amended precoat filtration
Task II

Volume Treated, gallons
100 200

Percent Removal

As,
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—8— Blank —=— 02 2min —%— 02 22min
—e— CI2, 2min —a— CI2, 22min (1) —*— CI2, 22min (2)
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Time, hours

Eh- Uni .
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Dissolved Iron Concentrations
Task II

Mass of ZVI Filtered, grams/ft2
90 135

—8— 02 2min
—— 02 22min
—e—CI2 2min
—a— CI2, 22min (1)
—x—CI2 22min, (2)
—=—CI2 22min, (3)
—Fe MCL

Time, hours

Eh- Uni .
at t 5
ey 36



Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

— mV

T T T -100 T T T -100
6:00:00 12:00:00 18:00:00 24:00:00 6:00:00 12:00:00 18:00:00 24:00:00

Elapsed Time, hours Elapsed Time, hours

—mV

T T T '100
0:00:00 6:00:00 12:00:00 18:00:00 24:00:00
Elapsed Time, hours

Water quality conditions during ZVI pretreatment period. ZVI=9.6mg/L, NaCl=0.005M, air flow
rate=3L/min. a: O,, 2 min; b: Cl,, 2 min; c: O,, 22 min.

E-WTTAC
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

>
1S

50
- 0

- -50 - -50

-100 T T T -100
6:00:00 12:00:00 18:00:00 24:00:00 0:00:00 6:00:00 12:00:00 18:00:00 24:00:00

Elapsed Time, hours Elapsed Time, hours

4 ﬂ,AUh il

—pH - 50
—mV

T T T
0
6:00:00 12:00:00 18:00:00 24:00:00
Elapsed Time, hours

Water quality conditions during ZVI pretreatment period. ZVI=9.6mg/L, NaCl=0.005M.. a: Cl-, 22
min (1), air flow=3L/M. b: Cl,, 22min, air flow=3L/min (2). c: Cl,, 22min (3), air flow=8L/min.

E-WTTAC
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Mass 2VI Filtered, grams/ft2
90 135

T Influence of ZVI A

—»— 02 22min
—e—CI2 2min

DA Addition on Precoat

—x— CI2 22min (2)
—=—CI2 22min (3)

e Filtration Operating
Parameters

Turbidity, NTU

Pressure

Time, hours

- . y= 1.3986905464)(
Turbidity —=-022mi N

—»— 02 22min .
—+CI222min (1) Hir=35psi @ T=6.5hrs Cl222 (2)

—%—CI2 22min (2)

——CI222min(3) y=1.0031e"3%8
2 _

—»—No 2V R?=0.9951

Pressure, psi

02 22min = CI2 22min (2)

Time, hours

Hy=35psi @ T=8.5hrs

E-WTTAC
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Assessing the Applicability of ZVI Amended Precoat Filtration for Arsenic Removal

Take Home Message

Z\V1 amended precoat: filtration s ani effective
treatment for the removal offarsenic
Iihe pHand ORP of the ZVI pretreatment are

Important considerations because ofi the
PossSIbility: of iron dissolution: pH7

Body. feed rate may need to be adjusted to
minimize head 10ss development

Z10)



Conclusions

Oxidation reduction potential (ORP) exerts a strong influence on arsenic
remoyals by ZVI, with high removals occurring at elevated ORP values

Tihe influence exerted by pH on arsenic removals by ZVI'is drastically.
reduced at pHivalues 5-8 ifi sufficient pretreatment time Is allowed for the
creation of: sorption sites

ZVI amended precoat filtration isian effective treatment for the removal of
arsenic but close attention needs to be paid to conditions as they: relate to
Iron disselution

Tihe pH and ORP ofithe ZVI pretreatment are important considerations
because ofi the possibility of: iron dissolution: need tighter controls

When using pretreated ZVI to'amend' precoat filtration for the removal of
arsenic, body feed rate may. need to be adjusted to:minimize head |oss

development
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EPA weight-of-evidence classification for carcinogenicity

Group Description

Human carcinogen
Probable human carcinogen, limited human data available
Probable human carcinogen, sufficient evidence in animals

and inadequate or no evidence in humans
Possible human carcinogen

Not classifiable as to human carcinogenicity
Evidence of noncarcinogenicity for humans

Source: Hazardous Waste Management, LeGrega

\;
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Recommendations for Future Research

Investigate the influence of different ZVI pretreatment
pH and ORP values on' the removal of arsenic and
dissolution’ off iron.

Investigate thenfluence of different ZVI pretreatment
oxidants on the remoyval offarsenic and disselution of;
[FON.

Investigate thenfluence of different source water pH
Values on the removal ofi arsenic and dissolution of iren:

Investigate theinfluence to ZVI pretreatment time on
the removal of arsenic and dissolution off Iren.
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ZVI1 ZVI2 STANDARD
mg/kg (mg/kg) AVERAGE DEVIATION

Ag 328.068 0.95 0.91 0.93 0.03
Al 308.215 178.78 299.18 238.98 85.14
As 193.696 40.68 45.54 43.11 3.44
Ba 455.403 25.47 40.17 32.82 10.39
Be 313.107 BDL BDL

Ca 317.933 434.42 654.13 544.28 155.35
Cd 226.502 51.30 60.04 55.67 6.18
Co 228.615 29.87 34.47 32.17 3.25
Cr 267.716 706.38 766.24 736.31 42.33
Cu 324.754 1641.83 1972.05 1806.94 233.50
Fe 259.837 917682.00 1255302.50 1086492.25 238733.75
K 766.491 38.91 63.10 51.00 17.10
Mg 279.800 217.46 263.90 240.68 32.84
Mn 257.610 3539.13 4972.68 4255.90 1013.67
Na 588.995 0.00

Ni 231.604 289.86 307.50 298.68 12.47
Pb 220.353 29.09 41.95 35.52 9.09
S$181.972 521.63 520.57 521.10 0.74
Sb 206.834 26.14 27.79 26.96 1.16
Se 196.026 BDL BDL

T1190.794 BDL BDL

V 292.401 130.06 149.14 139.60 13.49
Zn 213.857 99.66 118.48 109.07 13.31
Total Mass 925683.62 1265640.33
Percentage 0.93 1.27 109.57
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