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Cincinnati, OH    

Sponsored by
Water Supply and Water Resources Division

National Risk Management Research Laboratory
Office of Research and Development
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 TUESDAY, AUGUST 10, 2004 

 
7:30 am  Registration 
 
8:30 am Welcome and Introduction 

Sally Gutierrez and Tom Sorg, USEPA, Office of Research and Development, National 
Risk Management Research Laboratory, Water Supply and Water Resources Division 

 
Session I  Adsorption Fundamentals / Bench Scale Testings 
 
9:00 am Fundamentals of Arsenic Adsorption: An Overview 

Dr. Dennis Clifford, University of Houston 
 
9:30 am Isotherm Testing: Procedures and Application of Results 

Dr. Gary Amy, University of Colorado Boulder 
 
10:00 am RSSCTs for Arsenic Testing: Procedures and Applications 

Dr. Paul Westerhoff, Arizona State University  
 
10:30 am Break  
 
Session II Process Design — Media Performance  
 
11:00 am Adsorption Media for Arsenic Removal 

Darren Lytle, USEPA  
 
11:30 am Arsenic Occurrence and Co-Occurrence, Implications for Adsorptive Media 

Treatment 
Dr. Philip Brandhuber, HRD Inc.  

 
12:00 pm Lunch  
 
1:30 pm Media Performance: Laboratory Studies 

Dr. Gary Amy, University of Colorado Boulder  
 
2:00 pm Media Performance: Laboratory and Pilot Studies 

Dr. Xiaoguang Meng, Center for Environmental Systems, Stevens Institute of Technology  
 
2:30 pm Media Performance: City of Mesa, AZ Experience 

Michelle De Haan, Damon S. Williams Associates 
(Presented by Dr. Paul Westerhoff, Arizona State University)  

 
3:00 pm Break 
 
3:30 pm Pilot-Scale Evaluation of Adsorptive Media for Arsenic Removal 

Dr. Abraham Chen, Battelle  
 
4:15 pm Open Discussion  
 
5:00 pm – 6:30 pm Hospitality Hour 

Sponsored by Water Quality Association 



 
WEDNESDAY, AUGUST 11, 2004 

 
Session III  System Design and Operation 
 
8:00 am Critical Design Considerations 

Eric Winchester, ADI International Inc. 

8:45 am  Tank/Bed Configurations: Series, Parallel, Redundancy 

Small System Configuration Options 
Bernard Lucey, New Hampshire Department of Environmental Services 

Arsenic Treatment Systems: Design and Operation, Michigan’s Approach 
Patrick Cook, Michigan Department of Environmental Quality 

9:30 am  Break  
 
10:00 am Pre-Treatment Considerations 

Gregory Gilles, AdEdge Technologies, Inc. 
 
10:30 am Arsenic Media Handling 

Richard Dennis, Severn Trent Services, Inc. 
 
11:00 am  Monitoring and Operation of Adsorptive Media Systems for Arsenic Removal 

Glen Latimer, Jr., Kinetico Incorporated 
 
11:30 am  Lunch 
 
Session IV   System Evaluation, Costs and Residuals 
 
1:00 pm Round 1 Arsenic Removal Technology Demonstration: Evaluation Approach 

Chris Coonfare, Battelle 
 
1:30 pm Treatment Costs: Capital and Operational 

Lili Wang, Battelle 
 
2:00 pm Residuals: Quantities, Characteristics and Disposal Options 

Tom Sorg, USEPA, Office of Research and Development 
 
2:30 pm  Adjourn 
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Dr. Gary Amy 
Professor of Environmental Engineering 
Department of Civil, Environmental and Architectural Engineering 
University of Colorado Boulder 
Campus Box 428 
Boulder, CO  80309 
Phone: 303-492-6274 
Email: gamy@spot.colorado.edu 
 
Dr. Gary Amy is a Professor of Environmental Engineering at the University of Colorado at 
Boulder.  He has a Ph.D. in Civil/Environmental Engineering from the University of California at 
Berkeley. 
 

………………………………………………………………………………... 
 
Dr. Philip J. Brandhuber 
Project Manager 
HRD Inc. 
303 East 17th Avenue, Suite 700 
Denver, CO  80203 
Phone: 303-764-1527 
Email: philip.brandhuber@hdrinc.com 

 
Dr. Philip Brandhuber is an expert in the removal of inorganic contaminants from drinking water.  
He has more than 22 years of experience in engineering, including 10 in water quality and 
drinking water treatment. 
   
His work has focused on the treatment of inorganic contaminants using advanced treatment 
technologies including membrane filtration, ion exchange and adsorptive treatment.  He was the 
Principal Investigator for the recently completed American Water Works Association Research 
Foundation’s (AwwaRF) Research Partnership for Hexavalent Chromium Removal and Co-
Principal Investigator for the AwwaRF project Impacts of Water Quality on the Performance of 
Adsorptive Arsenic Treatment Media.  He was a member of the EPA panel responsible for 
selecting arsenic treatments for small systems and advised EPA on the impacts of the recently 
promulgated Arsenic Rule.  He was Lead Engineer for the City of Alamosa’s Arsenic Treatment 
Recommendation Project.  Currently he is heading an American Water Works Association 
(AWWA) sponsored study mapping national perchlorate occurrence.  Dr. Brandhuber is a 
member of the American Society of Civil Engineers (ASCE) and the AWWA, where he serves 
on the Inorganic Contaminant and Membrane Research Committees.  
 
Dr. Brandhuber has a B.S. in Mechanical Engineering from the University of Dayton, a M.S. in 
Management from Boston University, and a M.S. and Ph.D. in Civil Engineering from the 
University of Colorado at Boulder. 
 

………………………………………………………………………………... 
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Dr. Abraham Chen 
Deputy Department Manager 
Battelle 
505 King Avenue 
Columbus, OH  43201-2693 
Phone: 614-424-5641 
Email: chena@battelle.org 
 
Dr. Abraham (Abe) Chen is a researcher and the Deputy Department Manger of the 
Environmental Restoration Department at Battelle in Columbus, Ohio.  He has a Ph.D. degree 
in Environmental Science in Civil Engineering from the University of Illinois at Urban-
Champaign.  Since 1997, Abe and his staff at Battelle have provided arsenic research support 
to U.S. EPA, including the Arsenic Removal Technology Demonstration Program under EPA’s 
Arsenic Rule Implementation Research Program.  This paper reports the results of several pilot-
scale studies, evaluating the performance of several commercially available adsorptive media 
for arsenic removal. 
 

………………………………………………………………………………... 
 
Dr. Dennis Clifford 
Professor of Environmental Engineering 
Cullen College of Eng. 
University of Houston 
Engineering Bldg. 1, Room N127 
Houston, TX  77204-4003 
Phone: 713-743-4266 
Email: daclifford@uh.edu 
 
Dr. Dennis Clifford is Professor of Environmental Engineering in the Department of Civil and 
Environmental Engineering at the University of Houston where he conducts research and 
teaches courses in Water Chemistry and Physical-Chemical Treatment Processes.  He is a 
Professional Engineer with more than thirty years experience in water treatment with special 
emphasis on the removal of inorganic and radioactive contaminants from drinking water.  He 
has researched the subject of arsenic removal from water for more than 20 years.  Professor 
Clifford's doctoral degree in Environmental Engineering was earned at the University of 
Michigan on the subject of multicomponent ion exchange for drinking water treatment.  His 
bachelor and master’s degrees in Chemical Engineering were earned at Michigan Technological 
University and the University of Michigan.  The title of his presentation today is “Fundamentals 
of Adsorption for Arsenic Removal from Water.” 
 

………………………………………………………………………………... 
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Patrick L. Cook 
Water Treatment Specialist 
Michigan DEQ 
P.O. Box 30630 
Lansing, MI  48909-8130 
Phone: 517-241-1242 
Email: cookp@michigan.gov 
 
Pat Cook is the Water Treatment Specialist for the Michigan Department of Environmental 
Quality, Drinking Water Division.  Pat has a Bachelor of Science degree in civil engineering from 
Michigan State University and is a registered professional engineer in the State of Michigan. 
 
Pat has been employed by the Michigan DEQ for 16 years, the last 2 as a treatment specialist.  
He has been involved in many projects relating to arsenic removal, including design, treatment 
selection and operation. 
 
………………………………………………………………………………... 
 
Chris Coonfare 
Principal Research Scientist 
Battelle 
3990 Old Town Ave., Suite B-104 
San Diego, CA  92110 
Phone: 619-574-4822 
Email: coonfare@battelle.org 
 
Mr. Chris Coonfare is a Principal Research Scientist at Battelle Memorial Institute.  With Battelle 
since 1995, Mr. Coonfare currently serves as the Study Lead for three of the twelve sites under 
Round 1 of the EPA Arsenic Removal Demonstration Program.  His responsibilities as a Study 
Lead include the oversight and management of site demonstration activities, conducting 
operator training on data and sample collection, reviewing operational and analytical data, and 
preparing Study Plans and reports.  He has been designated as a Regional Team Leader under 
the recently awarded second round of the Program, and will be responsible for coordinating the 
demonstration activities at sites throughout the western United States.  Mr. Coonfare holds a 
B.A. in Geology from Wittenberg University in Springfield, Ohio, and is a Registered Geologist in 
the State of California.  
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Michelle De Haan 
Senior Scientist/Associate 
Damon S. Williams Associates 
2533 E. Camelback Road, Suite 700 
Phoenix, AZ  85016 
Phone: 602-217-1022 
Email: mdehaan@dswa.net 
 
Michelle De Haan is a Senior Scientist and Associate at the Damon S. Williams Associates 
Phoenix, AZ office where she manages several projects related to drinking water regulatory 
compliance and gaining compliance with the Arsenic Rule.  She has a B.S. in Chemistry from 
the University of South Carolina and managed the City of Scottsdale drinking water program for 
9-years prior to joining DSWA.  She has participated in three recent EPA Arsenic Panels, which 
screened new Arsenic technologies for further research funding and for installation of Arsenic 
demonstration systems for small water systems.  She is the project manager for several Arsenic 
projects in Arizona including projects for cities of Chandler, Mesa, and Peoria and Deer Valley 
Unified School District. 

………………………………………………………………………………... 
 
Richard S. Dennis 
Separation Products Manager 
Severn Trent Services, Inc. 
5415 W. Sligh Ave., Suite 102 
Tampa, FL  33634 
Phone: 813-886-9331 
Email: rdennis@severntrentservices.com 
 
Mr. Rich Dennis received his bachelor’s degree in Chemical Engineering from Lehigh University 
in 1973.  After starting his career with DuPont, he worked on several chemical separation 
projects for IMC at their Mulberry, Florida phosphate complex.  These included water 
demineralization, phosphoric acid defluorination and purification, and uranium extraction.   
 
In 1986, AST (now Calgon Carbon) hired him to direct new process development programs 
employing the ISEP®, a continuous ion exchange contactor.  Rich was employed by TETRA 
Technologies in 1992 to direct their Higgins Loop continuous ion exchange system business.  
Since then, the Higgins Loop has been commercialized in a variety of applications ranging 
from chemicals production to drinking water nitrate removal.  It is now being used for the 
purification of produced waters generated in the coal bed methane industry of Wyoming. 
 
With Severn Trent Services acquisition of TETRA, Rich is now the Product Manager for 
separation technologies that include the Higgins Loop and SORB 33™ arsenic adsorption.  
Since May 2000 he has directed the domestic STS Arsenic Removal program utilizing 
technology originally developed by Severn Trent Water in the U.K.  He managed the first pilot 
test at Rio Rancho, NM and has initiated over 20 other arsenic test programs in the U.S.  He 
has been a leader in optimizing the SORB 33™ technology for As Removal and designing 
economical treatment systems of all sizes. 
 
Rich is a member of the AWWA, AIChE & SME organizations. 
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Gregory C. Gilles 
Vice President 
AdEdge Technologies, Inc. 
3560 Financial Center Way, Suite 5 
Buford, GA  30519 
Phone: 678-835-0052 
Email: greg@adedgetechnologies.com 
 
Greg Gilles is currently Vice President and Principal of AdEdge Technologies in Atlanta, 
Georgia.  AdEdge develops, markets, and sells adsorbent-based water treatment systems and 
products for drinking water, environmental, and commercial / industrial applications.  With 20 
years of engineering and applied technology expertise, Mr. Gilles leads AdEdge’s municipal and 
commercial water treatment products group providing new business development, designing 
new technology applications, conducting training, and providing field and startup services in 
support of its packaged treatment systems.   
 
Mr. Gilles has a MS in Environmental Science and a BA in Biology / Chemistry from Indiana 
University.  He has worked in the field of arsenic and heavy metals treatment technology for 
over 15 years and has designed and implemented multiple successful systems.  He has 
authored numerous technical publications and articles on the subject and is a frequent 
conference and seminar speaker around the U.S.  His practical experience in arsenic treatment 
includes the entire range from laboratory and field pilots to full-scale evaluations for a variety of 
technologies and products.  In 2001, Mr. Gilles received one of the prestigious R&D 100 Awards 
honoring the top 100 inventions of the year for the arsenic treatment unit (ATU) designed for 
treating potable water in small rural communities in third world countries.  Mr. Gilles participated 
as an ad hoc contributor to EPA’s National Drinking Water Advisory Council’s Cost Work Group 
on the arsenic rule.  He has also served on various committees with NSF International, the 
Water Quality Association, and American Water Works.  He holds one U.S. process technology 
patent and one pending for the design of an arsenic treatment system for community drinking 
water used in India and Bangladesh. 
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Sally Gutierrez 
Director, WSWRD 
USEPA/ORD 
26 W. Martin Luther King Drive 
Cincinnati, OH  45268 
Phone: 513-569-7683 
Email: gutierrez.sally@epa.gov 
 
Sally Gutierrez was appointed as Director of the Water Supply and Water Resources Division 
within the National Risk Management Research Laboratory in Cincinnati, Ohio, in February 
2000.  She is responsible for leading a research program for treatment and control of microbes 
and chemicals in drinking water to support the promulgation and implementation of drinking 
water standards.  Her staff consists of engineers, chemists, microbiologists and ecologists 
located in Cincinnati and Edison, New Jersey.  She is EPA’s lead on the treatability research 
program for arsenic in drinking water.  She is also responsible for implementing a research 
program to support implementation of measures to control contaminants in impaired water 
bodies across the nation.  Prior to coming to EPA, Sally worked for the State of Texas as the 
Director of the Water Quality Division of the Texas Natural Resource Conservation Commission.  
She holds a Master of Science degree from the University of Texas School of Public Health.   
 

………………………………………………………………………………... 
 
Glen Latimer, Jr. 
Manager Municipal Water Systems 
Kinetico Incorporated 
10845 Kinsman Road, P.O. Box 193 
Newbury, OH  44065 USA 
Phone: 440-564-5397 
Email: glatimer@kinetico.com 
 
Glen Latimer manages the Community Water Systems at Kinetico Incorporated.  Glen holds a 
bachelor’s degree in mechanical engineering from Youngstown State Universirty and is a 
member of both the Water Quality Association and American Water Works Association. 
 
He is directly involved with the development of treatment systems that provide potable water for 
enitre municipalities and has designed and managed projects in a number of states. 
 
Glen, with his knowledge of various water treatment methods, has contributed to numerous 
articles that have been published in industry publications such as the AWWA Journal.  He 
currently holds two United States patents to Kinetico Incorporated.  He also has another patent 
pending.  Glen has been involved in the water treatment industry with Kinetico for 20 years. 
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Bernard Lucey, P.E. 
Senior Engineer 
New Hampshire Department of Environmental Services 
P.O. Box 95, 29 Hazen Drive 
Concord, NH  03301 
Phone: 603-271-2952 
Email: blucey@des.state.nh.us 
 
Mr. Lucey has a B.S. in Civil Engineering and a M.S. in Sanitary Engineering from Northeastern 
University, Boston.  Mr. Lucey is a registered professional engineer in the state of NH and 
member of the New Hampshire, New England and American Water Works Associations.    
 
Mr. Lucey has worked for Boston areas consultant engineers and, since 1973, for the NH 
Department of Environmental Services.  He has also been a member of the adjunct faculty at 
the University of Massachusetts at Lowell from 1980-2002 teaching courses related to water 
distribution and treatment.  
 
Mr. Lucey is the NH lead for arsenic and was a member of the EPA peer review committee for 
the EPA Design Manuals: Removal of Arsenic from Drinking Water by Adsorptive Media and Ion 
Exchange. 
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Darren Lytle 
Environmental Engineer 
USEPA 
26 W. Martin Luther King Dr. 
Cincinnati, OH  45268 
Phone: 513-569-7432 
Email: lytle.darren@epa.gov 
 
Darren Lytle received his B.S. in Civil Engineering from the University of Akron in 1990.  In 1991 
he received a M.S. in Environmental Engineering from the University of Cincinnati, and he is in 
the process of completing a Ph.D. from the University of Illinois in Environmental Engineering.   
 
Darren was hired on by the U.S. Environmental Protection Agency in 1991 as an environmental 
engineer with the drinking water research group.  Over the years he has conducted drinking 
water research in the areas of lead and copper corrosion control, filtration, iron control and most 
recently arsenic removal. 
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Xiaoguang Meng, Ph.D., PE 
Associate Professor 
Center for Environmental Systems 
Stevens Institute of Technology 
Castle Point on Hudson 
Hoboken, NJ  07030 
Phone: 201-216-8014 
Email: xmeng@stevens-tech.edu 
 
Dr. Xiaoguang (spells Shiaoguang) Meng is an associate professor at the Center for 
Environmental Systems, Stevens Institute of Technology in Hoboken, New Jersey.  He has a 
B.S. degree in Chemistry, a M.S. degree in Marine Chemistry and a Ph.D. in Environmental 
Engineering.  His research is focused on adsorption of arsenic and heavy metals by ides and 
physicochemical treament of inorganic pollutants in water.  
 

………………………………………………………………………………... 
 
Tom Sorg 
Engineer 
USEPA 
26 W. Martin Luther King Dr. 
Cincinnati, OH  45268 
Phone: 513-569-7370 
Email: sorg.thomas@epa.gov 
 
Tom Sorg is a Research Engineer for the Water Supply and Water Resources Division, Office of 
Research and Development, USEPA, Cincinnati, OH.  He has a B.S. and M.S. in Civil/ 
Environmental Engineering from the University of Notre Dame.  He is a registered PE in the 
State of Ohio. 
 
Tom has 40 years of experience with environmental programs of the Federal Government; the 
last 31 years with the drinking water research and development program of USEPA.  For 25 
years, Tom has been Chief of the Inorganics and Particular Control Branch of the Drinking 
Water Research Division.  His special emphasis of research work has been on drinking water 
treatment technology for the removal of inorganic and radionuclide contaminants from water 
supplies, including the removal of arsenic.  During the past 5 years, his research has focused on 
treatment technology to remove arsenic from drinking water in support of the revised arsenic 
MCL of 10 ug/L.  This effort has included the responsibility of the Arsenic Removal Full Scale 
Demonstration Program.  Tom has authored over 60 publications on drinking water treatment.  
He is a member of AWWA and AAEE. 
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Lili Wang 
Principal Research Scientist 
Battelle 
505 King Ave. 
Columbus, OH  43201 
Phone: 614-424-7407 
Email: wangl@battelle.org 
 
Ms. Lili Wang is a registered professional engineer and a Principal Research Scientist with 
Battelle.  Lili has a B.S. degree in Environmental Engineering from Tsinghua University and an 
M.S. degree in Environmental Sciences from the Ohio State University.  Since 1997, Lili has 
played a leading role in providing arsenic research support to U.S. EPA.  Lili currently serves as 
the Deputy Program Manger for the Arsenic Removal Technology Demonstration Program.  The 
presentation involves a show-and-tell of a cost-estimating program developed for small 
adsorptive media and IX systems. 
 

………………………………………………………………………………... 
 
Dr. Paul Westerhoff 
Associate Professor 
Department of Civil and Environmental Engineering 
Arizona State University 
Engineering Center, G-Wing, Room ECG 252 
Tempe, AZ  85287-5306 
Phone: 480-965-2885 
Email: p.westerhoff@asu.edu 
 
Paul Westerhoff has been in Department of Civil and Environmental Engineering at Arizona 
State University since 1995, and is currently an associate professor.  He obtained a Ph.D. from 
the University of Colorado at Boulder, a MS from University of Massachusetts and BS from 
Lehigh University.   His teaching and research interests are related to water quality, water 
treatment, and water distribution.  He belongs to AWWA, IOA, ACS, ASEEP, and AWPCA.  He 
serves on the water reuse, particulate, taste and odor, and university student affairs AWWA 
committees.  He was awarded the 1999 JAWWA Best Paper Award.  His current research 
includes investigating NOM characteristics, oxo-anion reactions/removal, oxidant reactions, 
assessing/controlling/treating sources of tastes and odors, and wastewater reuse. 
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Eric L. Winchester 
Vice President 
ADI International Inc. 
1133 Regent Street, Suite 300 
Fredericton, NB    Canada E3B 3Z2 
Phone: 506-451-7407 
Email: elw@adi.ca 
 
Mr. Eric Winchester is Vice President of ADI International Inc. and heads up the development 
and marketing of the Company’s arsenic removal technology.  Mr. Winchester is a registered 
professional engineer, with a Civil engineering degree from the University of New Brunswick, 
Canada, and has over 30 years experience in water supply and treatment.  He lead the 
development of MEDIA G2®, a patented and regenerable iron-based adsorption filter media, 
from its initial research in 1995.  Since 1995, Mr. Winchester was involved in obtaining 
certification of MEDIA G2® under NSF Standard 61, was awarded patents in Canada, United 
States and other countries, and oversaw the design, supply and installation of over 15 full-scale 
arsenic removal systems. 
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Fundamentals of Adsorption 
for Arsenic Removal from 

Water

Dennis Clifford 
University of Houston

Adsorption is 
taking stuff 

(arsenic) out of 
water and 

putting it onto 
a solid 

adsorbent with 
micro and 

macro pores. Application of Adsorption to 
Wastewater Treatment

W. W. Eckekfelder, Jr., Ed., 1981
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More Specifically
• Adsorption is contaminant removal from water by 

attachment onto the surface of a porous solid 
adsorbent (GAC, AAl, GFH/GFO).
– Physical Adsorption, low energy, reversible
– Chemical Adsorption, high energy, irreversible

• Absorption is contaminant removal by 
dissolution/reaction in another phase

Removal of CO2 by bubbling through NaOH soln.
CO2 (g) + NaOH(aq) � NaHCO3(aq)

• Sorption covers all mechanisms and is the 
removal of a “sorbate” (contaminant) by a 
“sorbent” (adsorbent).

Here is the difference between 
Adsorption and Absorption
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“Sorption”: A General Term 
Covering Many Processes

• Physical Adsorption; <20 kJ/mol
– GAC + N2 = GAC ●N2, Reversible

• Chemical Adsorption; up to 800 kJ/mol
– =C + O2 � =CO; Irreversible 

• Surface Complexation (Ligand Exchange)
– FeOOH + HAsO4

- � FeO●HAsO4 + OH-

• Ion Exchange (Softening with IX Resin)
– 2RNa + Ca2+ = R2Ca + 2 Na+; < 8kJ/mol

• Surface Precipitation

Common Sorbents (Porous Solids) 
for Water and Wastewater Treatment
• Activated Carbon (GAC 16x40, PAC <325)
• Polymeric Adsorbents (XAD Resins, 16x50)
• Activated Alumina (AlOOH, 28x48)
• Granular Ferric Hydroxide/Oxide, GFH/O)
• Zeolites (Aluminosilicate ion exchangers)
• Ion Exchange Resins (Cation and Anion, 
16x50)
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Granular Ferric Hydroxide

Granular Ferric Oxide, GFO
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GFH Magnified

Activated
Alumina in 
Columns
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Highly Magnified Activated Alumina

Characterization of Sorbents, AAl
• Surface area: 200-300 m2/g
• Pore volume, 0.2-0.5 cm3/g
• Pore size distribution, micro and macro 

pores.
• Bulk density, 50 lbs/ft3

• Skeletal density, 3 g/cm3

• Particle size: 28 x 48 mesh (0.6-0.3 mm)
• pH at Zero Charge Point, pHZPC
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Modeling The Adsorption Process

�

Contaminant
ion or 

molecule

+

Porous 
adsorbent 
with active 

sites

Contaminants 
adsorbed 

onto internal 
surface sites

+ �A S A●S

The “Adsorption Isotherm” describes 
the extent of adsorption at equilibrium.

• Isotherm: Constant temperature plot of 
solid-phase concentration (A●S) vs liquid-
phase concentration of contaminant (A).

• Example: Simple linear isotherm
CA,Solid =  KCA,liquid
qA,equil. =  KCA,equil.

qe =  KCe
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Common Isotherm Equations

Langmuir Asymptote

Ce, Aqueous-phase concentration,
mg A/L, x-axis

qe, Solid-phase 
concentration, 
mg A/g AAl,

y-axis

Construction of an Isotherm from Batch 
Equilibrium Data
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Equilibrium Isotherm Tests:
“Bottle-Point” Method for Resins and Adsorbents

Sample
by syringe

Filter (0.2 µm)

Measure pH

Tumbler

(10 rpm)
24-48 hrs.

Equilibrium

16x50 mesh resin or
60x100 mesh alumina
100-mL Sample

Analyze C0

Analyze
filtrate, Ce.

Adsorption of arsenic onto 
aluminum and iron oxides involves:

• Surface complexation (ligand exchange or 
inner-sphere complex formation)

• Ion Exchange (weak ionic attraction in the 
diffuse layer) 

• Surface precipitation
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: Fe or Al
Chemistry of the Solid-Water Interface, 

Werner Stumm, Wiley-Interscience, 1992

AlOOH or 
FeOOH

. W. Novak, Jr. and R. R. Burr, “Investigations of ion adsorption 
interactions using flow calorimetry”, Alcoa Report 6-887-31



Clifford-11

Cation Sorption onto FeOOH by Outer-
Sphere Surface Complex Formation

[TOT-Fe] = 10-3 M, 2 x 10-4 M reactive sites/L, [TOT-Me] = 5 x 
10-7 M,  I = 0.1 M NaNO3

Anion Adsorption onto FeOOH

Binding of phosphate, silicate, and fluoride on goethite (α-FeOOH); the 
species shown are surface species. (6.0 g FeOOH/L, PT = 10-3 M, SiT

= 8 x 10-4 M.) Sigg and Stumm, 1981
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Effect of pH on GFH Performance

0
10
20
30
40
50
60
70
80
90

m
g 

A
s(

V)
/g

 F
e

6 7 8 9
pH

As(V) = 10 µg/L 

0.010 M NaCl

90 mg/g 

25 mg/g 

AAl—Arsenic Ligand Exchange

HOH +  OH-

As OHO-
OH

O

+

As
OH

O O

Al
O

Al
O

Al
O

Al
O

Al

OH

OH

OH

OH

OH

Al
O

Al
O

Al
O

Al
O

Al

O

OH

OH

OH

Alumina
AlOOH
FeOOH
Zr, Ti oxides

Arsenic on
AlOOH
FeOOH 

Hydroxide

Arsenic (V)
H2AsO 4-

Competing Ligands:
H2PO4

-

Si(OH)3O-



Clifford-13

Isotherms for adsorption of As(V) onto CPN AAl
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Adsorption Thermodynamics

 ∆Gads = ∆Gcoul + ∆Gchem + ∆Gsoln

∆Gcoul =  Free energy from coulombic interactions
∆Gchem = ∆G  from specific chemical reactions,  

e.g., covalent surface bonds
∆Gsoln = ∆G from changes in hydration of the 

sorbent, sorbate, and any other counter 
ions.
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Heats evolved from adsorption of anions onto CPN 
Activated Alumina. pH 6.0, CI = 100 mg/L, T = 25.5oC

J. W. Novak, Jr. and R. R. Burr, “Investigations of ion adsorption interactions using flow 
calorimetry”, Alcoa Report 6-887-31

Competing Ligands Sequence 
Activated Alumina (and FeOOH)

OH- > H2AsO4
- > H2PO4

- >

Si(OH)3O- F- >

HSeO3
- >

TOC- >

SO4
2- >> Cl-, NO3

-, HCO3
- >

H3AsO3

>>

SeO4
2-,

VO3
-,
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Summary
• Adsorption of arsenic is its removal from water by 

concentration onto a porous adsorbent such as 
AlOOH or FeOOH.

• Adsorption of arsenic onto AlOOH and FeOOH is 
usually described using standard isotherms based 
on simple models, but it’s a very complcated
process.

• Surface complexes and ion pairs are formed, pH 
increase lowers arsenic adsorption. Competing 
anions such as silicate, phosphate, fluoride, 
vanadate,and sulfate also reduce arsenic 
adsorption.
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Isotherm Testing: 
Procedures and Application of Results

Gary Amy
Professor of Environmental Engineering

University of Colorado USA

Terminology

� (ad)sorption � accumulation 
@ solid/solvent interface

� (ad)sorbent � solid phase material
� (ad)sorbate � target compound(s)

� arsenate (or arsenite)
� single vs. multi-sorbate

� interferants
� competition

� solvent � water
� knowledgebase � activated carbon + organics 

�
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Adsorbent Forms and Properties
� Granular vs. Powdered

� Fixed Bed vs. Slurry Reactor (or Membrane)
� Porous vs. Non-Porous

� e.g., GFH vs. SMI
� Kinetics

� (Specific) Surface Area (m2/g)
� (Surface) Charge (pHZPC)
� Site Density (#/nm2)
� Mineralogy

� Crystaline vs. Amorphous
� Various Iron Oxides, etc. vs. Ion Exchange Resins
� Strictly Adsorbent vs. Reactive media (e.g., MnO2)

Influential Factors

� Temperature 
� Exo- versus Endothermic � Isotherm
� Exo � adsorption ∝ 1/temperature;

Endo � adsorption ∝ temperature
� Adsorption 

� Generally exothermic
� But higher diffusion at higher temperature often offsets higher 

temperature effects

� pH
� H2AsO4

- vs. HAsO4
2-

� Interferants
� e.g., Phosphate
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Mechanisms

� Physical Adsorption 
� van der Waals Forces

� Chemisorption 
� Surface Complexation

� Exchange Adsorption 
� Ion Exchange

�

�

�

of Arsenic Adsorption

Adsorption Mechanisms

� Chemisorption:
� Ligand (L) Exchange

>X-OH + L- ↔ >X-L + OH-

� Surface Complexation
>X-OH + HAsO4

2- ↔ X-OHAsO4
2- + H+

� Exchange Sorption:
� >X-Cl + L- ↔ >X-L + Cl-

� Influential Factors
� pH: H2AsO4

-, HAsO4
2-

� pHZPC of Adsorbent; if pH < pHZPC, “+”
� Inner (bond) vs. Outer Sphere Complexes (ion pair)
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Mass Transfer Steps
� (External) Film Diffusion
� (Internal) Pore and/or Surface Diffusion

� Generally Rate-Limiting
� Surface Reaction

Kinetics

Kinetics

Contact Time

Conc.

time

powdered

granular
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Kinetics

100  m g/L GF H
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Bottle Point Experiments

� Concentration Constant � Vary Adsorbent
� natural water

� Adsorbent Constant � Vary Concentration
� e.g., synthetic water

� Multi-Adsorbate
� C0 of arsenic and interferant affects isotherm

(Equilibrium) Isotherms
� q = x/m = (V(C0 – C))/m

� q � solid phase conc. (e.g., ug/mg)
� C � equil. water-phase conc. (e.g., ug/L)

� Initial (C0) vs. Equilibrium (C)
� m � adsorbent concentration (e.g., mg/L)
� V � volume (e.g., L)
� x � mass adsorbed (e.g., ug)

� Batch Equilibrium Tests
� Equilibration Time:

� Powdered � minutes to hours
� Granular � hours to days
� Pulverize granular media?
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Activated Alumina Isotherms

R2 = 0.991
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MQ

Natural waters

Isotherm Equations

� Freundlich
� Empirical; good data fit of intermediate range data
� q = KFC1/n (or q = KCn in Europe)
� q � solid phase conc. (ug/mg, moles/g, etc.)
� C � equil. water-phase conc. (ug/l, moles/L, etc.)
� KF & 1/n � empirical constants

� KF � capacity parameter (units!)
� 1/n �index of „favorable“ vs. „unfavorable“ adsorption

� Langmuir
� Theoretical; good fit of higher and lower range data
� q = (QmaxKLC)/(1 + KLC)
� Qmax � max. surface conc. 

� indicative of „monolayer“ coverage or site saturation �
� KL � constant
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Favorable vs. Unfavorable Adsorption

q = x/m

C

Favorable � 1/n < 1.0

Linear � 1/n = 1.0 � Q = KPC � KP

Unfavorable � 1/n > 1.0

�

Determination of Isotherm Constants – cont.

� Linearization of Freundlich Equation
� log q = log KF + 1/n log C
� log-log plot

� Intercept � KF

� Slope � 1/n

log q

log C

log KF

1/n
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Determination of Isotherm Constants – cont.

� Linearization of Langmuir Equation 
� 1/q = 1/Qmax + (1/bQmax)(1/C)
� Plot of 1/q vs. 1/C

� Intercept � 1/Qmax

� Slope � 1/KLQmax

Adsorption Capacity

� q vs. C
� qeq vs. Ceq

� q0 vs. C0

� q10 or q50 vs. C = 10 or 50 ug/L
� mass based q (ug/mg)

vs. surface area based q (ug/cm2)
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A Robust Isotherm

� Lower Level Resolution
� Adsorbate Limited

� Higher Level Resolution
� Adsorbent Limited
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n = 0.18

c0 = 8 mg/L 
KF= 52.3 Ln*mg/(mgn*g)
n = 0.16

Isotherm: Higher and Lower Concentration Ranges
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Adsorption of Mixtures

� Multiple Adsorbates
� Reduced Single Adsorbate Capacity

Competitive Langmuir Equation

� qi = (Qmax,iKL,iCi)/(1 + Σ(KL,jCj))

� n � number of (ad)sorbates
� Ci � equil. conc. of i sorbate in a j sorbate mixture
� qi & KL,i � single sorbate parameters

� For two (Ad)sorbates:
� q1 = (Qmax,1KL,1C1)/(1 + KL,1C1 + KL,2C2)
� q2 = (Qmax,2KL,2C2)/(1 + KL,1C1 + KL,2C2)
� Qmax,1, Qmax,2, KL,1, KL,2 � derived from single sorbate experiments
� C1, C2 � derived from competitive sorbate experiments
� q1, q2 � calculated from competitive adsorption

n

j = 1
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Information Provided by Isotherms

� Powdered Adsorbent Applications
� If m is specified, C = ?

� q = x/m = (V(C0 – C))/m = = KFC1/n

� If C is specified, m = ?
� q = x/m = (V(C0 – C))/m = = KFC1/n

� Granular Adsorbent Applications
� Column-mode capacity � q0 (vs. C0)

How does isotherm capacity 
relate to column capacity?
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GAC Column Performance

� C(oncentration) to Breakthrough or Exhaustion 
vs.
t(ime) or
V(olume), ΣV, or 
B(ed) V(olumes), BVs =ΣV/Vempty

Fixed Bed Column:
Idealized Breakthrough Curve (BTC)
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Adsorption Column 
with (a) and without (b) MTZ

q0 vs. C0

Mass Adsorbed at Breakthrough 
or Exhaustion

� Integration of BTC: C (mg/L) vs. V (L)

V = V
⌠
 (C0 – C)dV
⌡
V = 0

V � VB or VE

m
�

x � x/m � q
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Integration of BTC

Breakthrough Capacity � 1 x C0
Exhaustion Capacity � 1 + 2 x C0
Capacity Utilization (%) @ Breakthrough � 1/1 + 2 x 100
Stoichiometric Breakthrough @ C/C0 = 0.5

Adsorbent Utilization Rate (AUR)

� AUR (mass/volume)
mass of adsorbent in column

� AUR = --------------------------------------------
volume treated to breakthrough, VB

� From BTC: 
AUR = ρadsorbent (g/L)/BVs to breakthough

� From Isotherm: 
AUR (g/L) = (C0)/q0 
� g/L = mg/L ÷ mg/g



Amy-16

Adsorbent Bedlife (BVs)

� From BTC:
� BVs @ breakthrough

� From Isotherm:
Bed-Life = q0/C0 x ρadsorbent
� Bed-Life � BVs
� q0 � mg/g
� C0 � mg/L
� ρadsorbent � apparent density of adsorbent (g/L)
� dimensionless = mg/g ÷(mg/L) x g/L

Summary
� Isotherms provide an equilibrium estimate 

of capacity
� Isotherms provide an tool for rapid 

screening of candidate adsorbents and 
interferants

� Isotherms provide insight into column 
capacity

gamy@spot.colorado.edu
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Rapid Small Scale Column 
Test (RSSCT) – Procedures 

for Arsenic Studies and 
Application of Results

Paul Westerhoff
Associate Professor

Department of Civil & Environmental Engineering
Arizona State University, Tempe, AZ

August 2004

Objectives for Talk

Describe advantages of RSSCTs for 
arsenic adsorptive media testing

Describe basis for applying RSSCTs

Demonstrate use of RSSCTs
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What is an RSSCT?
Rapid Small Scale Column Tests 

(RSSCTs) were initially developed by 
Crittenden and others for evaluating 
organic compound removal on activated 
carbon
Fundamentally, the concept is to scale 
the hydrodynamics and mass transport 
from full-sized media in a pilot or full 
scale reactor down to smaller test media 
in a small-scale bench-top continuous 
flow test

Rapid Small Scale Column Tests 
(RSSCTs) For GAC 

versus Pilot GAC Data

0 5 10 15 20

Liters of Water Treated / Gram of GAC

C
/ C

o
0

0.
5

1.
0

Pilot
CD-RSSCT

PD-RSSCT

ClBr2CH

Pilot Scale EBCT = 9.77 min  
CD RSSCT EBCT = 0.435 min  
PD RSSCT EBCT = 1.91 min

Crittenden et al.
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Advantages of RSSCT
RSSCTs can be conducted in a fraction of the time 
required of pilot tests (1% to 10% of the time)
RSSCTs require less water than pilot tests, and 
can be conducted under controlled laboratory 
conditions
RSSCTs are generally cheaper than pilot tests
RSSCTs are continuous flow tests and allow 
evaluation of dynamic behavior and competition 
reactions that are more representative than batch 
tests
RSSCTs were used during the USEPA ICR for 
organic carbon removal
RSSCTs facilitate comparison of media and water 
quality effects

Today’s Question

Are RSSCTs suitable for 
evaluating arsenic removal 

by porous metal (hydr)oxide 
medias?
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Porous Adsorbents

Metal 
(hydr)oxi
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Results
Differential Column 
Batch Reactor (DCBR) 
Study
RSSCTs with different 
particle diameters
RSSCTs versus pilot 
performance
Application of RSSCTs 
for arsenic removal 
media

DCBR Apparatus

DCBR Apparatus is 
used to determine 
internal mass 
transfer coefficients
Results are used to 

evaluate 
applicability of 
RSSCT scaling 
theory Differential Column 

Batch Reactor 
(DCBR)
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Adsorbent Material Sieved into 
discrete particle / mesh sizes
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Results
Differential Column 
Batch Reactor (DCBR) 
Study
RSSCTs with different 
particle diameters
RSSCTs versus pilot 
performance
Application of RSSCTs 
for arsenic removal 
media

Validating RSSCTs

Approach: 
Vary Particle Radius (RSC) used in 

RSSCT columns

and

scale RSSCTs to a common sized pilot 
column that uses a larger adsorbent 

particle radius (RLC)
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RSSCT Scaling Relationships
Empty bed contact times (EBCTs) are 
scaled based upon particle radius (R)
Constant Diffusivity (CD)
� DS,small column media ≈≈≈≈ Ds,large column media
�RSC ≠ RLC
�X = 0

Proportional Diffusivity (PD)
� Diffusivity is proportional to adsorbent 

radius
� From Ds data with DCBR    

X = 0.6 (assume X=1)
PD approach should be valid for GFH
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Comparison of CD versus PD RSSCTs
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RSSCT-PD vs Pilot (GFH)
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RSSCT-PD vs Pilot (E33)
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Results
Differential Column 
Batch Reactor (DCBR) 
Study
RSSCTs with different 
particle diameters
RSSCTs versus pilot 
performance
Application of RSSCTs 
for arsenic removal 
media
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Effect of pH
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Comparison E33 & GFH 
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Elemental Surface Composition 
from SEM with EDX
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Series Column  Experiments: E33
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Summary
We have recently demonstrated that RSSCTs can be 
used to evaluate porous arsenic adsorption media 
(GFH, E33, MetSorbG, Fe-AA, AA, FerriSorb)
ASU is currently comparing FS-AA, GFH, and E33 
against USEPA demonstration facilities at 4 sites
RSSCTs can facilitate media selection and 
optimization or effect of water quality
RSSCTs can facilitate evaluation of packed-bed 
operational modes (parallel vs series)
We have run RSSCTs continuously, but many full-
scale systems operate intermittently or in cyclic 
patterns; RSSCTs give a “conservative” 
breakthrough curve and actual performance using 
non-continuous operation would be greater than 
predicted by RSSCTs

Acknowledgements
Mohammad Badruzzaman, David Highfield

Cities of Scottsdale, Mesa & Phoenix
NCS Consulting

Damon S. Williams Inc.
Salt River Project

ASU / National Science Foundation Water 
Quality Center

Paul Westerhoff, Ph.D.
Arizona State University 

Associate Professor
Department of Civil & Environmental Engineering 

http://ceaspub.eas.asu.edu/pwest/
p.westerhoff@asu.edu



 

 
 

Process Design – 
Media  

Performance 

SESSION II



 



Lytle-1

ADSORPTION MEDIA FOR ARSENIC 
REMOVAL
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Objective

• Introduce adsorption media 
used for arsenic removal

• List properties of arsenic 
adsorption media
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History

• Aluminum
• Activated Alumina in use past 20-30 years

• Fe minerals adsorb Arsenic
• Goethite, Hematite, Zero

• First iron based materials emerged 
in the 1990’s

• Key – Produce a robust yet 
affordable material

Properties that Impact 
Arsenic Removal

• Mineralogy
• Surface Area
• Zeta Potential (Point Zero Charge)
• Crystal Size
• Additives



Lytle-3

Fundamental Materials

• Alumina
• Activated Alumina
• Modified Alumina

• Iron 
• Iron Minerals
• Iron Coated

• TiO2
• Modified Zeolite
• Zirconium

Disclaimer

• Mention of company or trade 
names does not imply U.S.EPA 
endorsement or the endorsement 
of the authors.
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Iron Based Media

Sulfur modified 
iron

SMISMI-III

(Hematite)EngelhardARM 200

Ferric hydroxide 
coated diatomite

ADIMedia G2

90% FeOOH
(Goethite)

Bayer (Severn 
Trent, AdEdge)

Bayoxide E33

Fe(OH)3 and 
FeOOH
Akagenéite (ß -
FeOOH)

GEH 
Wasserchemie
GmbH and Co.  
(USFilter)

GFH

MaterialManufacturerProduct

Granular Ferric Hydroxide 
(GFH)

• GEH Wasserchemie
GmbH and Company 
(U.S. Filter)

• Akagenéite (ß -
FeOOH) 

• Commercially 
available

•NSF approved

•Shipped wet
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E33 Bayoxide

•Bayer (Severn Trent, 
AdEdge)

•Goethite  (a-FeOOH)

•Commercially available

•NSF approved

Media G2

•ADI International

•Ferric hydroxide coated 
calcined diatomite

•Commercially available

•NSF approved
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ARM 200

•Engelhard Inc.

•Hematite

• Commercially 
available

•NSF approved

Alumina Based Media

Metal Oxide 
composite

Apyron
TechnologiesAqua-Bind MP

Activated AluminaApyron
TechnologiesAqua-Bind EP

Activated AluminaAlcoaCPN-AA

MaterialManufacturerProduct

Alumina with 
proprietary 
promoters

Engelhard Inc.ARM-100

Activated Alumina 
with proprietary 
additives
(Boehmite-AlOOH)

AA-FS50

Activated Alumina

Alcan Chemicals

AA-400G
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AAFS-50

•Alcan Chemicals

•Activated alumina 
Bohmite – AlO(OH)

•Commercially available

•NSF approved

Other Media

Zirconium 
Hydroxide

Magnesium 
Elekton

Isolux

Modified 
Zeolite

Water 
Remediation 
Technology

Z-33

MaterialManufacturerProduct

polystyreneMcPhee
Environmental

As:Xnp

anatase
(TiO2)

HydroglobeMetSorb
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MetSorb

•Hydroglobe Inc.

•Microporus TiO2
(Rutile)

•Commercially 
available

•NSF approved

As:Xnp

•Solometex (McPhee
Environmental Supply)

•Porous polystyrene 
beads with iron oxide 
dopants

•Commercially 
available

•NSF approved
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Mineralogy
MetSorb – Anatase (TiO2)

ARM 200 – Hematite (Fe2O3)
E33 – Goethite (FeOOH)
AAFS-50 – Boehmite (AlOOH)

Zeta Potential

pH

6 7 8 9 10

Ze
ta

 P
ot

en
ti

al
, m

V

-50

-40
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30

E33
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Surface Area

Media G2

ARM 200

E33

MetSorb G

AAFS-50

GFH

Product

0.75(14.2)FeOOH coated 
diatomite

0.76(138.0)Fe2O3
(Hematite)

0.45(140.2)FeOOH 
(goethite)

0.75(205.8)TiO2 (Anatase)

0.91(240.4)AlOOH
(boehmite)

1.25(290.2)FeOOH 
(akagenéite)

Bulk Density
(g/cm3)

BET 
surface 
Area 
(M2/g)

Material

Surface Area
Arsenic Removal Media Surface Area
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Evaluation Criteria

• Cost
• Ability to reduce arsenic
• As(III) vs. As(IV)
• Bed Volumes before 

disposal/regeneration
• Competitive adsorption

Evaluating Media

• Literature review
• Comparing other sites
• Bench/Pilot tests
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Conclusions

• Wide variety of base materials 
available

• Mineralogy, surface area, zeta 
potential differ

• Link between properties and 
arsenic removal are unclear

• Changing area of development

Acknowledgments

• Battelle Memorial Institute
• Victoria Blackschleger
• Rachel Copeland
• Christy Frietch
• Tim Hodapp
• Jessica Lewis
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Arsenic Occurrence and Co-occurrence, 
Implications for Adsorptive Media 

Treatment

Phil Brandhuber1

Nicole Graziano2

1HDR Engineering
2McGuire Environmental Consultants

• Arsenic occurrence
– How much arsenic is present and 

where
• Arsenic co-occurrence

– What other contaminants are present 
in waters containing arsenic

• Adsorptive media treatment performance 
sensitive to water quality

What is Occurrence and Co-occurrence?  
Why do we Care?
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• Arsenic occurrence
– AWWA, National Arsenic Occurrence 

Survey (Frey et.al)
– USGS, Arsenic Occurrence Analysis (Welsh 

et.al)
• Contaminant co-occurrence

– EPA, Co-occurrence of Drinking Water 
Contaminants (SAIC)

What do we Know About Arsenic 
Occurrence and Co-occurrence?  

Arsenic Occurrence – USGS Study
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• Part of AwwaRF Project 2731
– Evaluate arsenic occurrence on a 

geophysical basis
– Understand range of concentrations of water 

quality parameters which co-occur with 
arsenic

– Provide guidance on conditions to evaluate 
performance of adsorptive media

Objectives of AwwaRF Occurrence and 
Co-occurrence Analysis  

• Retrospective
– use existing USGS NWIS data

• Limited to groundwater
• Geographically dispersed and geologically 

varied
• Focused on waters suitable for 

consumption with appropriate treatment
• Contained in a data base 

Features of Analysis
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Data Base Development

Step 4  
Create “Groundwater Arsenic Co-occurrence Database”

Step 1  
Extract suitable NWIS groundwater records for arsenic and co-occurring 

parameters

Step 2  
Eliminate duplicate records and purge stations which are not of drinking water 

quality

Step 3  
Treat records recorded as non-detect (ND)

- Eliminate ND’s whose detection levels (DL) are too high to be meaningful
- Eliminate ND’s recorded as 0 or where DL’s are unreasonably low

- For use in statistical analysis, estimate values of remaining ND’s at 0.5 x DL

Criteria for Inclusion in Data Base

Reported detection limitArsenic analytical 
method

• Exclude sites (arsenic)
– Failed arsenic QC
– Unacceptable co-
occurring contaminant 
water quality 
– Geologic event sampling

• Exclude sites (arsenic)
– > 50ºC
– TDS > 2000 mg/L

Mean value at siteSingle analysis at site
Unfiltered arsenicFiltered arsenic

AwwaRFUSGS
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Data Acceptance Criteria

≤105000.3mg/LSodium
≤1015002ug/LManganese (total)
≤1015001ug/LManganese (dissolved)
≤0.11000.1mg/LMagnesium
≤1500.5mg/LPotassium
≤1080005ug/LIron (total)
≤1080005ug/LIron (dissolved)
≤0.1100.1mg/LFluoride
≤105000.5mg/LChloride
≤15000.5mg/LCalcium
≤101500.5ug/LArsenic

-10002mg/LAlkalinity
MaximumMinimum

Acceptable Detection 
Limit

Acceptable DataUnitParameter

Data Acceptance Criteria
Acceptable Detection 

Limit
Acceptable DataUnitParameter

MaximumMinimum

≤105001ug/LChromium (total)

-N/AN/AfeetWell Depth
-100010mg/LTotal Hardness
-500ºCTemperature
-150010mg/LTDS
≤105002mg/LSulfate
≤0.11500.1mg/LSilica

≤10200.5ug/LSelenium
≤0.15000.1ug/LPhosphate (total)

-140-pH
≤1500.1mg/LNitrate
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• Robust database of groundwater arsenic 
occurrence and co-occurrence
– 9867 total sites 

• 8414 sites; mean As < 5 ug/L
• 963 sites; mean 5 ug/L ≤ As < 20 ug/L
• 490 sites; mean As ≥ 20 ug/L

– 8546 sites with co-occurrence data

• 44 of 50 states represented in database

AwwaRF Groundwater Arsenic 
Co-occurrence Database

Number of Sites in Database by State

Number of stations

1 to 25
25 to 50
50 to 100
100 to 500
500 to 1000
1000 to 3000

No Data
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Cumulative Probability Distribution of 
Arsenic in Groundwater - all Sites

Cumulative Probability of Arsenic 
Occurrence
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Arsenic Occurrence by Physiographic 
Region
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16108171028Rocky Mt
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46701132212Appalachian

MedianMeanSitesMedianMeanSites
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Binning of Arsenic Occurrence

High ArsenicAs ≥ 20 ug/L3

Moderate Arsenic5 ug/L ≤ As < 20 
ug/L

2

Low ArsenicAs < 5 ug/L1

DescriptionRangeBin

50th Percentile Concentration of 
Co-occurring Parameters

Trend
Arsenic Bin

UnitParameter High AsModerate AsLow As

➱➱➱➱181213mg/LMagnesium

➱➱➱➱303020ug/LManganese 
(dissolved)

➱➱➱➱2016165699ug/LIron (total)

➱➱➱➱12038580ug/LIron 
(dissolved)

➱➱➱➱197204140mg/L CaCO3Hardness
➱➱➱➱0.50.30.2mg/LFluoride
➱➱➱➱333120mg/LChloride
➲➲➲➲435553mg/LCalcium
➱➱➱➱286246262mg/L CaCO3Alkalinity
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50th Percentile Concentration of 
Co-occurring Parameters

Arsenic Bin

➱➱➱➱454417ug/LManganese 
(total)

➳➳➳➳141413.5º CTemperature
➱➱➱➱436389374mg/LTDS
➱➱➱➱312722mg/LSulfate
➱➱➱➱874330mg/LSodium
➱➱➱➱181410mg/L SiO2Silica
➱➱➱➱42.52mg/LPotassium
➱➱➱➱0.340.130.05mg/L PPhosphate
➱➱➱➱7.87.77.3-pH

TrendHigh AsModerate AsLow AsUnitParameter

Cumulative Probability Distribution of 
Alkalinity by Binned Arsenic Concentration
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Cumulative Probability Distribution of 
Fluoride by Binned Arsenic Concentration
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Cumulative Probability Distribution of pH by 
Binned Arsenic Concentration
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Cumulative Probability Distribution of Silica 
by Binned Arsenic Concentration
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Comparison of NSF Challenge Water to 
Co-occurrence Data 

1.60.70.31mg/LFluoride

32211420mg/L – SiO2Silica
1090572374307mg/LTDS

0.550.280.130.12mg/L -PPhosphate
14.85.312mg/L -NNitrate
260792750mg/LSulfate

273843171mg/LChloride
466344246150mg/L –CaCO3Alkalinity
50261213mg/LMagnesium
1741065540mg/LCalcium
3301204374mg/LSodium
90th75th50th

NSF WaterUnitParameter Moderate As Water

• Co-occurrence database developed from 
retrospective analysis of USGS data

• Quality of arsenic bearing water differs 
from non-arsenic bearing waters

• NSF challenge water is roughly 
representative of a 50th percentile co-
occurring water
– Media may see more aggressive conditions 

at many locations

Summary
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Media Performance: Laboratory Studies 
(Impact of Water Quality Parameters       
on Adsorbent Treatment Technologies      

for Arsenic Removal) 

Gary Amy1, Hsiao-Wen Chen1, 
Urs von Gunten2, Martin Jekel3, Kashi Banerjee4

1University of Colorado USA
2EAWAG SWITZERLAND

3Technical University – Berlin GERMANY
4USFilter USA

Experimental Approach

� Batch Tests
� Preliminary Screening of Candidate Adsorbents

� Selection of Non-Adsorbing Buffer
� Kinetics (contact time)
� Isotherms (absence of interferants)

� Intensive Testing of Selected Adsorbents 
� Physical-Chemical Properties of Adsorbents
� Isotherms (presence of interferants)
� NSF Challenge Water and Utility-Supplied Waters

� Column Tests
� TCLP/WET Tests
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Preliminary Screening Experiments –
Candidate Adsorbents

� AA-400G (activated alumina (AA))
� AA-FS50 (iron impregnated AA)
� MIEX (amagnetized ion exchange resin)
� Bayoxide E33 (granular ferric oxide (GFO))
� Granular Ferric Hydroxide (GFH)
� Metsorb (titanium dioxide)
� Z33-Revision B (iron modified zeolyte)
� ARM 100 (alumina based, with proprietary promoters)
� Sulfur Modified Iron Version III (SMI)
� ViroClear Bauxsol F3 (Bauxite Clay)
� Geothite (α-FeOOH)
� Pyrolusite (β-MnO2) 

Non-Adsorbing Buffer (w/ GFH)
Target pH = 7.0
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No buffer, pH adjusted to 7

2 mM BES Buffer

None (Milli-Q)
Bicarbonate
Borate
BES 
(N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic Acid)
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Kinetics
MetSorb

100 µµµµg/L Initial As(V), pH 7
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Slower Kinetics:
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24 hours � Pseudo-Equilibrium

Preliminary Screening Experiments –
% Removal of As(V) by Candidate Adsorbents
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Preliminary Screening Experiments –
% Removal of As(III) by Candidate Adsorbents
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SMI-III

ViroClear F3

Z33-Rev B

Intensive Testing –
Selected Adsorbents

� Bayoxide E-33
� GFH
� MetSorb G
� AA-FS50
� Z33 (Revision b)

Criteria: As(V) capacity, As(III) capacity, and other factors
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Physical/Chemical Properties 
of Adsorbents

Adsorbent

Property

Grain Size
(mm or mesh)*

Bulk Density
(g/mL)

pHZPC Surface Area
(m2/g) (BET)

Mineral Identity
(by XRD)

AA-FS50 28-48 mesh 0.75 (dry) 7.28 246 Aluminum oxide
Hydrate (Boehmite)

E33 0.5 – 2.0 mm
( 10-35 mesh)

1.19 (wet) 8.28 119 Iron oxide hydrate
(Goethite) 

GFH 0.32 - 2.0 mm 1.19 (wet) 7.57 242 Iron oxide
(Akaganeite)**

Metsorb G 16 – 50 mesh 0.78 (dry)
0.88 (wet)

4.68 166 Titanium oxide
(Anatase)

Z33 100-140 mesh 0.88 4.79 36.9 Calcium aluminum
silicate hydrate

(Heulandite)

SMI n/a 2.15 n/a 4.46 n/a

*10 mesh = 0.1 inches = 0.254 cm = 2.54 mm
**Traces of Hematite and Geothite also identified in contrast to previous studies

As(V) Adsorption Isotherms @ pH 7.0 
(Single Solute)

y = 0.472x0.426

R2 = 0.989

y = 0.620x0.261

R2 = 0.958

y = 0.514x0.283

R2 = 0.973

y = 0.589x0.276

R2 = 0.946

y = 0.251x0.235

R2 = 0.816
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AA-FS50 Bayoxide E33 GFH MetSorb G Z33 Rev B
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Summary of Interference Factors
(Ratio of As(V) Capacity to that at pH 6.0 

in the Absence of Interferents)
Interference Factor
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As(V) Adsorption: pH Effects on Q50
(Q50 in equilibrium with C = 50 ug/L)
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Concentrations of Interferents 
based on U.S. Co-Occurrence Survey

3018ug/L as VVanadate

2213.5mg/L as SiO2Silicate

250125ug/L as PO4
3-Phosphate

75 Percentile
Concentration

50 Percentile
Concentration

UnitsComponent*

*Others: Fluoride, Sulfate, Carbonate

As(V) Adsorption: PO4
3- Effects @ pH 7.0
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As(V) Adsorption: SiO2 Effects @ pH 7.0
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Monomeric vs. Polymeric Silica?

Isotherms for GFH with As(V) 
at Varying pH Levels and Silica Concentrations

Silica Effects
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As(V) Adsorption: V Effects @ pH 7.0
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Isotherms for As(III) at a pH of 7.0: 
Absence of Interferants.
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As(V) vs. As(III) Adsorption @ pH 7.0
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Isotherms for As(V) 
in NSF Challenge Water

Freundlich Isotherm
As(V) in NSF Challenge Water @ pH 7.5; 24hr Contact Time
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Water Quality Summary 
of Utility-Supplied Waters

Parameter
Water

Tucson AZ LADWP CA El Paso TX Alamosa CO

V (ug/L) 66 5 6 125

SiO2 (mg/L) 28 28 28 93

PO4
3- (ug/L) 18 78 35 26

pH 7.9 7.7 8.5 8.3

Astotal (ug/L) 12.6 25.6 22.9 40.9

As(V) (ug/L) 12.6 25.6 12.4 29.6

As(III) (ug/L) 0 0 10.5 11.4

Isotherms for Utility-Supplied Water: 
Tucson AZ Groundwater

Freundlich Isotherm
Tucson, AZ water spiked with As(V); 24hr Contact Time

y = 0.017x0.836

R2 = 0.942
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Isotherms for Utility-Supplied Water:
Alamosa CO Groundwater

Freundlich Isotherm
Alamosa, CO water spiked with As(V) and As(III) (2.6:1); 24hr Contact Time
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Experimental Conditions Employed 
in Column Tests

Adsorbent

Bayoxide E33 AA-FS50 GFH Metsorb G

EBCT (min) 5 5 5 5

HLR (cm/min) 8.2 4.1 2.0 2.0

D (cm) 40 20 10 10

A (cm2) 1.3 5.1 5.1 1.3

Media mass (g) 20 110 59 9.3

BV/hour 12 12 12 12

As(V)0 (ug/L) 250 1,000 1,000 1,000
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Breakthrough Curves (BTCs) for Column Tests 
with NSF Challenge Water
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Adsorbent

•High initial As concentration in column tests
•24-hour psuedo-equilibrium time in batch tests 
(inadequate in establishing true equilibrium for porous adsorbents?)
•another mechanism of As(V) removal other than adsorption (e.g., surface precipitation)
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TCLP and WET results 
for spent media from column tests

TCLP As (ug/L) WET As (ug/L)

Avg Std dev Avg Std dev

Bayoxide E33 0.3 0.0 88 1.4

GFH 0.1 0.2 1023 32

AA-FS 50 12.8 1.1 1337 37

Metsorb 1.6 0.1 129 13

Summary
� Each Adsorbent Independently

� AA-FS50 showed moderate decrease in capacity as pH 
increased, significant decrease in capacity in the presence of 
fluoride (results not shown), and small impact by phosphate

� Bayoxide E33 media showed only slight pH effect but 
exhibited significant impacts by phosphate and vanadium with 
some silica effects

� GFH showed a decrease in performance as pH increased, with 
phosphate, silica, and vanadium exhibiting adverse effects

� MetSorb G showed a decrease in performance as pH increased, 
with phosphate, silica, and vanadium exhibiting effects, 
although the interferent effects were less at lower pH

� Z33 performance decreased as pH increased and phosphate had 
a significant effect
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Summary – cont.
� Adsorbent Comparisons

� The two iron oxide media (Bayoxide E33 and GFH) and 
Metsorb G generally showed comparable capacities although 
GFH performance dropped sharply at highest pH; interferant
effects were lowest for Metsorb G (pHZPC: E33 > GFH)

� The iron-modified activated alumina (AA-FS50) showed  
higher capacity than the two iron oxide media and Metsorb G 
at lower pH, but a lower capacity at higher pH, indicating more 
of a pH dependency

� The iron-modified zeolite (Z33) generally exhibited the lowest 
capacity (lowest specific surface area)

� As(III) capacity:
� As(V) > As(III)
� E33 > Metsorb G > GFH
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MEDIA PERFORMANCE: 
LABORATORY AND PILOT STUDIES

Xiaoguang Meng, Sunbaek Bang 
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Stevens Institute of Technology
Center for Environmental Systems,       

Hoboken, NJ 08904, xmeng@steven.edu 
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Overview

1. Basics of As adsorption by metal oxides and 
hydroxides

2. Batch adsorption results
3. Laboratory filtration results for removal of 

As(V) from the challenge water
4. Field pilot filtration results for removal of As(V) 

and As(III)
5. Field pilot filtration results for removal of 

As(III), As(V), monomethylarsonic acid 
(MMA), dimethylarsinic acid (DMA)
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Adsorbents Tested

1. Granular TiO2

2. Granular ferric oxide (GFO)
3. Granular ferric hydroxide (GFH)
4. Activated alumina (AA)
5. Iron-modified activated alumina

Common Arsenic Species

AsOH O

OH

OH

AsOH O

OH

CH3

AsH3C O

OH

CH3

As(V) MMA DMA

As

OH

OH

HO

As(III)
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Parameters affecting As removal
Properties of adsorbents
1. Activity and content of surface sites: 

Ti-OH, Fe-OH, Al-OH
1. Surface potential 

(pHZPC:TiO2=5.8, α-FeOOH=7.8, α-Al2O3=9.1)
3. Specific surface area
4. Particle sizes
5. Pore size distribution

Water chemistry
� pH
� Phosphate, silicate, bicarbonate
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Batch Adsorption of As(V) by TiO2
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Effect of Si and P on As(V) adsorption
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Laboratory Filtration of As(V) 
from the Challenge Water
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Laboratory Filtration of As(V) 
from the Challenge Water

As(V)=50 ppb, pH=8.5, column D=2.54cm, H=7cm, bed volume=35ml, 
EBCT=15sec, 50/50 cycle
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Laboratory Filtration of As(V) 
from the Challenge Water

As(V)=300 ppb, pH=6.5, column D=2.54cm, H=7cm, bed volume=35ml, 
EBCT=15sec, 50/50 cycle
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Filters 
tested in 
Hopewell, 
NJ

Chemical Properties of 
groundwater in Hopewell Borough

~45 µg/LAs(V)
243 mVORP

7.92pH
62 mg/LSulfate

<0.02 mg/LIron
20 mg/LSilica
12 mg/LMagnesium
40 mg/LCalcium

130 mg CaCO3/LAlkalinity 
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Removal of As from Groundwater in 
Hopewell, NJ
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Speciation 
cartridge used 
for separation 
of As(V) and 
As(III), rapid 
flow, no pH 
adjustment

Chemical Properties of 
Groundwater at a Superfund Site

123-490 µg/LDMA
104-301 µg/LMMA
112-425 µg/LAs(V)
205-440 µg/LAs(III)

5.5 – 6.2pH 
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Removal of As(III) from 
Groundwater at a Superfund Site 
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Removal of MMA from 
Groundwater at a Superfund Site 
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Removal of DMA from 
Groundwater at a Superfund Site 
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Conclusions

� TiO2 and GFO are more effective for 
removal of As(V) than other adsorbents 
tested in the present work. 

� Phosphate and silicate do not have 
significant effect on the removal of 
arsenic by TiO2.

� TiO2 is effective for removal of MMA.
� The adsorbents are not effective for 

removal of As(III) from an anoxic well 
water.
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EPA Arsenic Workshop
August 10, 2004

Media 
Performance 

City of Mesa, AZ 
Experience

Michelle De Haan, DSWA
Eric Dole, DSWA

Paul Westerhoff, ASU
Alan Martindale, City of Mesa

Today’s Presentation

� City of Mesa Arsenic Compliance Situation
� Technologies Being Tested in Mesa

❍ Adsorptive Media
❍ Ion Exchange

� Results from Bench and Pilot Testing
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City of Mesa Arsenic Rule 
Compliance Situation

� Supplies
❍ Surface Water – 136 MGD
❍ 38 Wells – 90 MGD

� 22 Wells impacted because of new MCL
❍ 14 Wells > 10 ppb
❍ 8 Wells within 20% MCL (8 ppb)

Arsenic Removal Technology 
Testing in Mesa

� Project Goal
❍ Determine most 

appropriate technologies
❍ Focus on Falcon Field 

Well #4 Water
• 34 ppb Arsenic
• 7.7 pH
• 39 ppm Silica (as SiO2)
• 15 ppb Vanadium
• 0.017 ppm Phosphate (as 

P)

� Adsorptive Media
❍ Bench Testing
❍ Pilot Testing

� Ion Exchange
❍ Pilot Testing
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Adsorptive Media Arsenic Treatment

� Advantages
❍ Low cost
❍ Simple installation
❍ Simple operation
❍ Not limited to sole 

source 
❍ Fully automated turn-

key systems available

� Limitations
❍ Only removes As(V)

• Some media
❍ Lack of As selectively
❍ Interferences
❍ Releases
❍ pH dependant
❍ Waste disposal concerns

Adsorptive Media Bench Testing

� Screen adsorption 
treatment 
technologies
❍ Two phases of bench 

testing
• Batch Testing
• Rapid Small Scale 

Column Testing 
(RSSCT)

ASU Graduate Students
Conducting Bench Testing Under

Direction of Paul Westerhoff, Ph.D.
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Adsorptive Media Bench Testing

� City criteria for media selection for piloting
❍ pH adjustment
❍ Adsorption capacity
❍ Cost & operational considerations
❍ NSF approval status

Adsorption Medias in Bench Testing Program
Activated Alumina (baseline)
Iron Modified AA
ZVI w/ Silica (AsRT) developed by the University of Connecticut
Granular Ferric Hydroxide (GFH) supplied by U.S. Filter
Bayoxide E33 supplied by Severn Trent 
Sulfur Modified Iron (SMI) III
Z33 supplied by Water Remediation Technology
Metsorb G supplied by HydroGlobe

Adsorptive Media Bench Testing

Phase I – Batch Tests
� Screen several adsorption 

media for % arsenic 
removal with Mesa water

� Compare media at 3 pHs to 
determine if pH adjustment 
required for pilot testing
❍ Ambient (7.7)
❍ 7.0
❍ 6.5

Phase II – RSSCT Tests
� Conduct continuous flow 

column experiments with 
better performing Phase I 
adsorbents

� Determine predicted media 
life for each media
❍ Expressed in bed volumes
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Adsorptive Media Bench Testing

� Batch Test Results
❍ Media performance ranked from highest to lowest

SMI~ ZVI > Bayoxide E33 > GFH ~ AA ~ FS50 > Z33
❍ Iron release problems with ZVI and SMI

• Decided to discontinue testing of ZVI & AA

Adsorptive Media Bench Testing

� RSSCT Results
❍ Media performance ranked from highest to lowest

Bayoxide E33 > GFH >Metsorb G > Z33 > FS50

❍ RSSCT bed volumes not calculated for SMI due to 
upflow design requirements

• Additional iron release testing conducted
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Adsorptive Media Bench Testing

Adsorptive Media Bench Testing
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DSWA Criteria Matrix –
Adsorptive Media to be Pilot Tested

� DSWA evaluated ASU bench testing results & other 
criteria for media selection by descending order of 
importance 
❍ NSF approval status
❍ Bed volumes/$/lb
❍ Bed volumes treated
❍ Iron release issues
❍ pH adjustment requirement potential

� Z-33 > SMI-III > Bayoxide E33 > GFH ~ FS50

Adsorptive Media Pilot Testing

� Pilot testing 
completed with Z33, 
GFH, Bayoxide E33   

� Additional pilot 
testing with As:Xnp

developed by 
SolmeteX

Loading GFH Media
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Adsorptive Media Pilot Testing

� Pilot testing conducted in DSWA pilot system
� Media

❍ As:Xnp

❍ Bayoxide E33
❍ GFH
❍ Z33

� Design Factors
❍ Downflow
❍ Parallel
❍ 8” Columns

Bayoxide E33 & GFH Media

Adsorptive Media Pilot Testing

� Start-up
❍ Media handling - safety
❍ Conditioning procedures

� Routine Operation
❍ 5 minute EBCT
❍ 5.7 gpm/ft2

� Routine Maintenance
❍ Backwash driven by ∆ P
❍ Backwash disposal
❍ Media disposal

Conditioning GFH & 
Bayoxide E33
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Adsorptive Media Pilot Testing

� Constituents of concern for this water
❍ Arsenic
❍ Silica
❍ Vanadium
❍ Heterotrophic Plate Count
❍ Contaminant releases

Adsorptive Media Pilot Testing
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Adsorptive Media Pilot Testing

Arsenic Removal Bed Stratification
Bayoxide E-33
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Adsorptive Media Pilot Testing

Adsorptive Media Pilot Testing
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Adsorptive Media Pilot Testing
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Adsorptive Media Pilot Testing

� Pilot testing conducted in Water Remediation 
Technology (WRT) pilot plant

� Media – Z-33
� Design

❍ Upflow
❍ Series configuration

• Six columns

WRT Pilot Columns
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Adsorptive Media Pilot Testing

Adsorptive Media Pilot Testing
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Lessons Learned
� Bench testing can be used to screen better media with specific waters

❍ RSSC Testing may be used as a tool to predict media behavior if 
there is not time to pilot test

� Media may remove Arsenic differently due to specific water qualities
❍ Sometimes they behave similarly, other times not

� Operational constraints must be tested prior to serving water to
distribution system
❍ Ensure media well preped by manufacturer to avoid iron leaching 

(Fe/Mn field kits available)
❍ Ensure media releases are avoided (measure turbidity)
❍ Avoid Iron-bacteria and biofilm growth

� Operational tools can be designed to predict breakthrough

Take Home Message

� Get to know your water!
❍ Collect samples for arsenic impacted 

contaminants at all wells above 10 ppb 
or within margin of safety (8 ppb)

❍ Compare your water quality data to pilot 
test sites with similar water

❍ Determine if pilot testing required for 
your water

❍ Get started if you have not already
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests 
• Conversion of As(III) to As(V)
• Observations and conclusions
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests
• Conversion of As(III) to As(V) 
• Observations and conclusions
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LVHS Water Quality 
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795–1308Fesoluble (µg/L)

1,077–1,725Fetotal (µg/L)

42–68As(III) (µg/L)

<0.1–13As(V) (µg/L)

<0.1–16Asparticulate (µg/L)

56–73Assoluble (µg/L)

7.7–8.0pH

Concentration 
Range

Analyte

-30-24ORP (mV)

1.0–1.7DO (mg/L)

1.4TOC (mg/L)

<0.10–0.11Phosphate (mg/L)

<1.0Sulfide (mg/L)

4.0Sulfate (mg/L)

2.2Silica (mg/L)

0.3NO3-NO2 (mg/L as N)

165–187Hardness (mg/L as CaCO3)

200–245Alkalinity (mg/L as CaCO3)

Concentration 
Range

Analyte

6August 10, 2004

Technology Selection Chart
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Experimental Approach

• As(V) adsorption tests
– Pretreatment using solid oxidizing media to remove iron 

and Mn and convert As(III) to As(V)

• As(III) adsorption tests
– No pretreatment

• Solid oxidizing media (SOM) tests
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests 
• Conversion of As(III) to As(V)
• Observations and conclusions
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Pilot Study on Adsorptive Media

• Adsorptive media (13)
– Alumina-based media (5)

CPN; AAFS50; Aqua-Bind XP, MP; 
ARM100

– Iron-based media (4)
G2; E33; GFH; ARM200

– Others (4)
Titanium oxide-based media: MetSorb
Nanoparticle selective resin:  As:Xnp

Zeolite-based media:  Zeocros B321
F-400 GAC

• Solid oxidizing media (3)
– Filox(a,b), Pyrolox(a), Brim

(a) Also known as Pyrolusite
(b) Currently branded as Metlease
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Source Water Supply Schematic
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E1
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Properties of Alumina-Based Media

Alumina-
based

Alumina metal 
oxide 

composite

Alumina metal 
oxide 
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(35-39)

0.91
(57)

0.75
(47)

Bulk Density, 
g/cm3 (lbs/ft3)

18 × 5028 × 4828 × 4828 × 4828 × 48Mesh size
EngelhardApyronApyronAlcanAlcoaManufacturer

MPXP
ARM-100

Aqua BindAqua Bind
AAFS50CPN AAParameter
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Properties of Iron-Based Media

52-57% Fe(OH)3
and 

β- FeOOH

Iron oxide 
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Properties of other Adsorptive Media

Activated carbonZeolite based 
mediaTitanium oxide

Nano particle 
selective resin 

with iron oxide as 
a functional group

Active ingredient

800NANANABET surface area, 
m2/g

0.53
(33)NA0.8

(50)
0.74-0.81
(45-50)

Bulk Density, g/cm3

(lbs/ft3)

12 X 40
(Mesh size)NANA0.3-0.6mm

(Effective size)Mesh size

CalgonUnknownHydroGlobeSolmetexManufacturer
GACZeocros B321MetsorbAs:XnpParameter

NA = not available 
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Properties of Solid Oxidizing Media

<0.01% MnO2MnO275–85% MnO2Active ingredient

NANANABET surface area, 
m2/g

0.7–0.8
(44–50)

2.0
(125)

1.8
(114)

Bulk Density, g/cm3

(lbs/ft3)

9 × 358 × 2012 × 40Mesh size

Clack 
Corporation

American 
MineralsMatt-SonManufacturer

Birm ®PyroloxFilox-R TMParameter

NA = not available 
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Test Conditions - Adsorption Columns

• Conditions applied to both As(V) and As(III) tests
• Media wet loading to remove fines
• System operated under constant pressure at about 15 psi
• Bed dimension 2” diameter × 12” long 
• Bed volume 620 mL
• Flowrate 125−135 mL/min
• EBCT 4.8 ± 0.2 min
• No pH adjustment
• No backwash for adsorptive beds
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Test Conditions - Pretreatment column

• Test conditions applied to As(V) tests only
• Dual media Birm and Filox
• Bed dimension 6” diameter × 16” long (8” per SOM)
• Bed volume 3,700 mL × 2
• Flowrate 750−810 mL/min
• EBCT 4.8 ± 0.2 min per SOM
• Backwash twice a week
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Sampling and Analysis

• Sampling/speciation weekly at inlet, after pretreatment (for 
As[V] tests only), and after each adsorption column

• Speciation for total and particulate As, As(V), and As(III); 
total and soluble Fe, Mn, and Al

• Metals analysis
– EPA Method 200.8
– Perkin Elmer Sciex Model 6000 ICP/MS equipped with a crossflow

pneumatic nebulizer and an auto-sampler
– Detection limits of 0.1, 30, 0.5, and 11 µg/L for As, Fe, Mn, and Al, 

respectively 

• On-site analysis 
– pH, DO, ORP, and temperature using a WTW multi-340i meter
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests
• Conversion of As(III) to As(V)
• Observations and conclusions
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As(V) Test: Pretreatment - Arsenic
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As(V) Tests: Pretreatment - Iron
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As(V) Tests: Breakthrough Curves
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As(V) Tests: Speciation Results
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As(V) Tests: Breakthrough after SOM Re-
bedding
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As(V) Tests: Speciation Results after 
SOM Re-bedding
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As(III) Mass Balance

10192296323GFH

1551754323E33

As(III) in 
Treated 

Water during 
Run 2

As(III) 
Removal

(%)

As(III) 
Removed 

during Run 1

As(III) 
Entered 

during Run 1Media

During Run 2:  

� As(V) was the predominating species in the influent to both E33 and GFH 
� As(III) was the predominating species in the GFH effluent, indicating 

displacement (???)
� The amount of As(III) in the E33 effluent was more than that removed by E33 

during Run 1 – what does it mean?
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests
• Conversion of As(III) to As(V)
• Observations and conclusions
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As(III) Tests: Breakthrough Curves
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As(III) Tests:  Breakthrough from E33, 
GFH and ARM 200
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As(III) Tests: Speciation Results
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As(III) Tests:  Fe and Mn Breakthrough
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests
• Conversion of As(III) to As(V)
• Observations and conclusions
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As Conversion with Filox or Birm/Filox
CF Arsenic Speciation
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As(V) Tests: Mn Leaching from Oxidizing 
Media
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Outlines

• Experimental design rationale
• Pilot-plant design and test conditions
• Results of As(V) adsorption tests
• Results of As(III) adsorption tests
• Conversion of As(III) to As(V)
• Observations and conclusions
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Observations and Conclusions

• In general, iron-based media outperformed Al-based media 
for arsenic removal with media life ranging from 2,000 to 
9,000 BVs for Al-based media and 40,000 to 65,000 BVs for 
E33 and GFH.  

• Adsorptive media had much higher capacities for As(V) than 
for As(III).  However, ARM 200 and GFH had a long media 
life of 34,000 and 24,000 BVs for As(III), respectively.   

• As(III) can be released from adsorptive media through 
displacement or surface-mediated conversion (?). 

• Solid oxidizing media can be used as a pretreatment step 
before adsorptive media.  Frequent backwash is essential to 
effectively remove Fe and/or convert As(III) to As(V).
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Critical Design Considerations
For Adsorptive Media
For Arsenic Removal

Eric Winchester,  Vice President

ADI International Inc.

Critical Design Considerations

Process Design

Sizing of Adsorber Vessels

Secondary Process Considerations
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Design Input Data

Chemical analysis of the water.
Treated water compliance 
standard.
Regulatory design standards.
Residuals disposal.
Design flow rates and 
consumption.

Design Input Data

Chemical Analysis

Arsenic and pH:  adsorption 
capacity increases with As conc. 
And decreases with high pH.
Certain elements may interfer with 
adsorption capacity - silica, iron, 
sulfate, chloride.
Other metals are adsorbed also.
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Design Input Data

Compliance & Design Standards

EPA MCL - 10 ppb
Other Agencies: 3 to 10 ppb

Min/Max operating parameters, 
e.g.,  gpm/sf
NSF Standard 61
EPA/NSF ETV Program
Other, e.g., ASME code

Design Input Data

Residuals

Initial media conditioning -
backwash, rinse, disinfection.
Normal backwash and rinse 
during use.
Regeneration chemicals.
Spent media.
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Design Input Data

Flow Rates & Consumption

Well pump capacity used to 
hydraulically design system - physical 
size of filters, piping, chemical feed.

Consumption used to estimate media 
life and operating cost.

Design Options

Selection of adsorptive media.
With or without pH adjustment.
Spent media regeneration, or one-
time use & disposal.
Series or parallel operation.
Manual or automatic control.
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Design and Cost Considerations

Empty Bed Contact Time (EBCT).
Series or parallel operation.
pH adjustment.
Regeneration capability.
Oxidation - As III to As V.
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Design & Cost Considerations

EBCT

Range - 3 to 10 minutes
Activated alumina - 5 min +
ADI’s MEDIA G2 uses 8 to 10 min, 
results in a unit flow rate of 2.5 to 
3 gpm/sf
The lower the EBCT, the higher the 
unit flow rate.

Design & Cost Considerations

EBCT & Bed Volumes

The lower the EBCT, the smaller 
the size of vessels.
Adsorption capacity determines 
the no. of bed volumes or the 
quantity of water treated in gallons 
before arsenic break-through.
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Design & Cost Considerations

Bed Volumes

Why not use a longer EBCT and larger bed volume to increase 
the total amount of treated water before break-through?

Initial cost may be a factor.

Ask whether lower service flow rates (gpm/sf) can be 
tolerated.

Ask whether there are any minimum flow limitations under 
NSF 61 standard, i.e., gpm/cf of media or a max use level.

There is a diminishing return on increasing EBCT related to 
performance and adsorption capacity.

Design & Cost Considerations

Series or Parallel

Advantage of series:

Redundancy and safety.
Maximum use of media capacity.
More flexible for scheduling of 
media change-outs.
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Design & Cost Considerations

Series or Parallel

Disadvantages of series:

Increased capital cost due to 
number and size of filters.
Larger foot print.
Higher pressure drop.
Need for larger backwash rates.

Design & Cost Considerations

pH Adjustment

Disadvantages:
Increased complexity of operation.
Trained operators needed to 
address handling & safety issues.
Loss of pH control may cause 
arsenic desorption of some media 
(ask the vender for details).
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Design & Cost Considerations

pH Adjustment

Advantages:
In many cases, results in lower As 
concentration in treated water.
Increased adsorption capacity & 
hence longer media life.
Same pH chemicals are then 
available for media regeneration.

Design & Cost Considerations

Regeneration

Disadvantages:

Increased complexity.
Another waste stream for disposal.
May not be economical for non-pH 
adjusted water.
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Design & Cost Considerations

Regeneration

Advantages:

Substantial increase in media life 
(Not all media can regenerated).
Less frequent media change-outs.
Lower operating cost.

Design & Cost Considerations

Oxidation - As III to As V

Chlorine used for disinfection will 
oxidize As III to As V for easier 
removal and longer bed life.

For some media, exposure to 
chlorine will degrade performance, 
e.g., activayed alumina.
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Sizing of Adsorber Vessels

Empty Bed Contact Time (EBCT).
Media bed depth.
Bed expansion.
Unit flow rate.
Parallel or series operation.

Secondary Process 
Considerations

Need for pH feed-back control and 
alarms when pH corrected.
Re-adjust pH after treatment ?
Manual vs automatic control.
Filter internals – no different than 
conventional multi-media filters.
Pre-treatment.
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Critical Design Considerations
For Adsorptive Media
For Arsenic Removal

Eric Winchester,  Vice President

ADI International Inc.

www.adi.ca
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Arsenic Treatment –
Equipment Configuration

Bernie Lucey, P.E. 
NH Department Of Environmental Services

PO Box 95 Concord NH 03302-0095

603-271-2952 

Contexts of Arsenic In NH

• Very small PWSs   0-100 gpm
• Without full-time operator presence
• Limited operator skill and experience
• Treatment assumption –

– adsorptive media treatment almost exclusively

• 700 com./110 Arsenic; 450 NTNC/40 Arsenic.
• 20 Existing Arsenic Treatment Systems; 

– 15-Adsorptive Media; 4 POU/POE (RO); 1-RO (full scale)
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Treatment Concept  I   POU/POE

• POU  typically at kitchen sink
– Adv: Utility owned, maintained, and monitored

– Dis:  high level of utility and state oversight

• POE   typically at foundation wall
– Adv:  Utility owned, maintained, and monitored

– Dis: high level of utility and state oversight

POU  Treatment
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Treatment Concept  IA 
Non-Community Non-transient

Modified POU/POE Treatment System.

• Develop a dual water system within the building - open 
interior layout: 
– Existing plumbing remains–untreated water.  
– New plumbing – has treated water.

• Requirements: 
– All faucets must be labeled (Drinking vs Not Treat.)
– All plumbing requires color coding/25’. 
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Treatment Concept II  
Parallel Configuration

Pat Cook 
State of Michigan

Treatment Concept III 
Series Configuration

Two tanks per train:
Lead tank does the majority of removal. 
Lag tank polishes and addresses breakthrough.

• Allows breakthrough in first tank without the need 
for immediate operator response.

• Achieves maximum adsorption of arsenic on 
media.
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Adsorption Rules 

• The greater the arsenic concentration the greater the 
amount that can be held by the adsorbent medias.

• Where media is effective for Arsenic III; 
– Breakthrough will likely be sooner;  total holding capacity will

be lower. 

• Bed is physically backwashed every month. Backwash 
upsets the boundary of the active absorption band. 

•
• Breakthrough will be faster than predicted in literature 

references due to monthly backwash upset.

Profile thru Adsorptive tank 
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Series Configuration

• In NH series is the recommended configuration.
– Media: Use once then rebed
– pH:  Do not adjust ambient pH.

• Series is much more operator friendly/tolerant.
• Some savings realized in adsorptive media per

changeout.
• Higher first capital cost and initial media cost. 

Other Design Considerations
Varying Source Water Pump Flows

– In NH the typical well with Arsenic is into bedrock
400 ft deep;  Typical static is 50-100 feet.

– Max. drawdown during pumping is likely to 300 ft.

– Change in pumping rate between initial and long 
term pumping can be 25-200 % lower as drawdown
increases.   
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Typical Pump Curve

Response to Pumping Variation

• Possible Responses:
– Install flow restrictor to limit flow to no greater than 

that at maximum drawdown.

– Do not install restrictor and size treatment tank for 
the flow rate associated with minimum drawdown
(static water level).  Preferred Option
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Other Design Considerations 
Is Preoxidation Needed?

• Is there Arsenic III ?   
– If yes. We recommend oxidation even if the media can remove 

As III.  

• Is Arsenic III present seasonally ? 
– Oxidation will address the future unknown.

• NH Policy 
• Pretreatment will not be initially required since many medias wi ll 

address As III.  HOWEVER, Arsenic media holding capacity is 
typically less with As III.  

• Initial quarterly monitoring.  Then begin accelerated monitoring at 
75% of estimated bed capacity. 

• Leave plumbing fittings for oxidant feed as a retrofit. 

Other Design Considerations 
Dust During Media Rebedding

• Funnel to guide media into tank.

• Note garden hose and spray nozzle 
connected to funnel to reduce dust.

• Vent fan needed.

• Dusk mask for workers.   
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Spend Media Removal 

• Two modes: sidewall or out from top
– Suggest hatch in the tank side wall of treatment 

tank to aid in media removal.
– If not need clearance with underside of roof and 

top of tank and piping. 

Other Design Considerations 
Spent Media Removal

• No side tank removal provisions
– Provide adequate headroom between top of tank and 

underside of ceiling.

• Discharge port on side wall of tank
– Wash out media into low rise decant tub.

• Some medias may adsorb radionuclides 
– Proper equipment location, staff training.  
– Recommend exposure badges. 
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Other Design Considerations 
Duration of Backwashing

• Problem 
– Fines in adsorptive media need to be backwashed and 

pH level of media may need to be diluted.

• Solution:
1. Sample faucet
2. Transparent spool piping
3. Air gap in piping

• Influent/effluent pressure gauges

Evaluating New Media

• Setup small pilot studies using 3”x10” 
cartridges running to waste.
– Have throttling gate valve and water meter.

• Run pilot to initial arsenic breakthrough.
• Evaluate all media types and keep detailed 

records.  

• EPA study and recommendations pending.
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Arsenic Treatment Systems - Design 
and Operation: Michigan's Approach

EPA Arsenic Workshop

Cincinnati, Ohio 
Aug 10-11, 2004

Pat Cook, P.E.
Michigan DEQ             
Water Division

cookp@michigan.gov
517-241-1242
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Michigan Water System Inventory

• 1,457 Community (Type 1) water systems
– 75 surface water sources 
– 278 customers supplies
– 1,104 ground water sources 

• ~10,600 Non-community (Type 2) water 
systems
~2,600 Non-transient non-community
~8,000 Transient non-community

Arsenic in Michigan
• ~150 community water supplies will 

exceed the 10 ppb standard

• ~200 non-community non-transient water 
supplies will exceed the 10 ppb standard

• No surface water sources are expected to 
exceed the new MCL of 10 ppb
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Arsenic in Michigan

MI DEQ – Water Division 
“Arsenic Policy”

• DEQ – Water Division has created an 
Arsenic Policy to assist water systems, 
consulting engineers and manufactures in 
designing and operating arsenic removal 
systems.

• Mainly for Type 1 or community water 
systems
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Arsenic Policy

What is NOT Allowed:

• Point-of-Use (POU) devices will not be 
allowed to comply with MCL’s for Type 1 
systems, but Point-of-Entry (POE) devices 
will be allowed in certain circumstances.

• Blending of water in the distribution 
system to reduce levels below 10 ppb

• Exemptions or variances as allowed in the 
Federal Arsenic Rule
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New Systems/Sources

• Any new systems and/or sources that 
begin operation after January 22, 2004, 
must meet the 10 ppb standard before 
going on-line.

Initial Monitoring Requirements
• Groundwater Systems will be asked to 

collect the first compliance sample during 
the 1st quarter of 2005 from each entry 
point to the distribution system (EPTDS)

• Surface water systems must sample 
annually and complete sampling by 
December 31, 2006
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Initial Monitoring Requirements

• If the first quarter sample in 2005 is less 
than 10 ppb, and there is no other sample 
result since 1996 showing As over 10 ppb, 
system will be in compliance and quarterly 
sampling may stop with DEQ approval.

• Otherwise, continue to sample quarterly in 
2005

Compliance Requirements
-Violation based on 4 quarters of 

monitoring 
• Unless a sample will cause the 

running annual average to exceed  
the MCL 

• All samples collected during any    
one quarter will be averaged for 
compliance determination

• Violation if running annual average 
exceeds MCL
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Standby or Emergency Sources
• Not required to install treatment on a well if it is 

not needed to meet “firm capacity” requirement

• Firm capacity = the capacity of each water 
system component with the largest unit taken 
out of service.

• True standby or emergency wells will also not be 
required to install treatment

• Should notify public if any source is being used if 
levels exceed the MCL

Design Requirements

• Pilot studies are usually required

• Pilots are not needed if proposed 
treatment units are being used at other 
systems with similar raw water quality

• Permits are required for ALL installations 
(including NTNCWS)
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Design Requirements
• Items to take into Consideration

– # and location of wells
– Technology to be used/pilot data available?
– Backwash frequencies and volumes
– Backwash water disposal options
– Series or parallel installation
– Maintenance considerations (out of service)
– Pre-oxidation
– Iron, sulfate levels
– Others

Sizing/# of Treatment Units
• For systems with one Entry Point to the 
Distribution System (EPTDS)

-The entire capacity of the treatment 
system must, as a minimum, equal the firm 
capacity rating of the water system 

-At least two treatment units

-Preferred method would be to have firm  
capacity of the treatment system equal to 
the firm capacity of the water system 
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Sizing/# of Treatment Units   
Example:  One EPTDS

• Small water system has two,100 gpm 
wells in a common well house

• Install in parallel, two (2) 100 gpm 
treatment units

OR
• Install in parallel, three (3) 50 gpm 

treatment units

Sizing/# of Treatment Units
• For systems with multiple Entry Points to 
the Distribution System (EPTDS)

The firm capacity of the treatment system 
must equal the firm capacity rating of the 
water system

Firm capacity = the capacity of each water 
system component with the largest unit taken 
out of service.
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Sizing/# of Treatment Units      
Example: Multiple EPTDS

• System has fours wells (100, 200, 250 and 300 
gpm) all in different well houses. Firm capacity = 
550 gpm

• Install treatment units in each well house equal to 
the well capacity serving that particular well house 
(i.e. one 100 gpm unit for the 100 gpm well, two 
100 gpm units for the 200 gpm well, etc.)

• Treatment capacity in each well house should 
equal the capacity of the well

Existing Treatment Systems
• Many systems in Michigan were installed 

to remove iron, but also remove arsenic

• Some have one, large treatment unit to 
remove both iron and arsenic (aerolators)

• These systems will not be required to build 
redundant plants until major 
upgrades/improvements are needed
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Point of Entry Requirements
Point of entry devices (on service lines 
providing treated water for entire building) 
are allowed under the following conditions:

1. All units must be owned, controlled and 
maintained by water system owner

2. 100% participation
3. Alarms included 
4. ANSI/NSF approved units must be used
5. Operation and Monitoring plans must be 

approved by state

Operational Requirements

• Operators must have “D” or Limited 
Treatment licenses

• Collect arsenic samples from the effluent 
of each treatment unit weekly (via field test 
kit or certified lab)

• Collect compliance sample quarterly
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Types of Treatment
• Severn-Trent SORB 33 media
• ADI- G2 media
• Ad-Edge AD33 media
• Layne – OX media (piloted)
• Ondeo–Ferazur biological process (piloted)
• Conventional oxidation/precip/filtration
• Potassium permanganate/greensand
• Membranes (RO)

Whitmore Lake Apts
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Whitmore Lake Apts
1. 125 unit apartment complex
2. Arsenic levels around 20 ppb
3. 2 - 250 gpm wells with hydropnuematic 

storage
4. 4 - 80 gpm each GFH adsorption media filters
5. Chlorine feed (pre-oxidation)
6. Softening 
7. Backwash water to sanitary sewer

Whitmore Lake – Well House

Storage Tank
filters

filters

filters

filters

CL2 feed

4 filters – 80 gpm each

To system

Softeners

Inlet piping
from wells 

250 gpm each
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Whitmore Lake Apts

Whitmore Lake Apts
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Whitmore Lake Apts

Questions
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Adsorption PreAdsorption Pre--Treatment Treatment 
Considerations Considerations 

EPA Workshop on the Design and Operation of EPA Workshop on the Design and Operation of 
Adsorption Media Processes for the Removal of Adsorption Media Processes for the Removal of 

Arsenic from Drinking WaterArsenic from Drinking Water
August 10August 10--11, 200411, 2004

Greg GillesGreg Gilles
Vice PresidentVice President

AdEdge Technologies, IncAdEdge Technologies, Inc
Atlanta, GeorgiaAtlanta, Georgia

678678--835835--00520052
greg@adedgetechnologies.comgreg@adedgetechnologies.com

TopicsTopics

Importance of PreImportance of Pre--TreatmentTreatment
Common Common InterferentsInterferents for Adsorption for Adsorption 
PrePre--Treatment Technologies and Project Treatment Technologies and Project 
Examples for:Examples for:

Suspended solids, SedimentSuspended solids, Sediment
Iron, manganese, sulfidesIron, manganese, sulfides
High pHHigh pH
Organics, TanninsOrganics, Tannins
Bacteria and Bacteria and BiofilmsBiofilms
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Why PreWhy Pre--Treatment?Treatment?

Preserves the media for intended purposePreserves the media for intended purpose
Prevents premature exhaustion of mediaPrevents premature exhaustion of media
Reduces affects of Reduces affects of interferentsinterferents that can blind that can blind 
adsorption sites or foul mediaadsorption sites or foul media
Prevents blocking of pore based adsorption sites where Prevents blocking of pore based adsorption sites where 
90% of adsorption takes place90% of adsorption takes place
Lowers longLowers long--term operation and maintenance coststerm operation and maintenance costs
Improves aesthetics of water (e.g., Secondary MCL)Improves aesthetics of water (e.g., Secondary MCL)

Accessible area of Granular MediaAccessible area of Granular Media

Diffusion
As

200-300 m2/g

> 99% of surface for 
removal is internal

Source: M. Edwards  June, 2003Source: M. Edwards  June, 2003
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Common MythsCommon Myths
I can effectively use my media bed as a filter for I can effectively use my media bed as a filter for 
other contaminants and backwash when neededother contaminants and backwash when needed
Specialty adsorption medias can remove multiple Specialty adsorption medias can remove multiple 
contaminants in addition to arsenic with equal contaminants in addition to arsenic with equal 
effectiveness without negative consequenceseffectiveness without negative consequences
Naturally occurring iron is always beneficial in Naturally occurring iron is always beneficial in 
arsenic adsorption processes since iron has an arsenic adsorption processes since iron has an 
affinity for arsenicaffinity for arsenic
All medias are affected similarly by All medias are affected similarly by interferantsinterferants
pH adjustment for high pH waters will always be the pH adjustment for high pH waters will always be the 
most economical approachmost economical approach

PrePre--Treatment Considerations Treatment Considerations 
begin in the design stage with begin in the design stage with 

understanding of the site specific understanding of the site specific 
water chemistrywater chemistry
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 Arsenic Reduction - Small Water Systems
Application - Site Profile Form

Customer Confidential

Contact Information
Customer / Utility: Date (mm/dd/yy) :

Site or Well Location: Main Contact : 
Local Engineer / Firm: Phone:

Operator: Fax:
Email:

Other Pertinent Notes: 

System Parameters / Site Specific Info

System Type / Application: (municipal / utility, school, recreational, trailer park, subdivision, other)
Population Served:

Number of Connections:
Design Flow (GPM): (Max design flow rate)

Ave Flow (GPM): (Typical demand)
Gallons per day: (Ave throughput per day)

Est. Usage (Gals / Year): (Best estimate)
Existing Pretreatment In Place:

Existing Disinfection:

Disinfection Injection Point: Pump Shaft  /  Storage Tank  /  Downstream
Pump Operation: Constant  /  Intermittant  /  Other

Pump Discharge Pressure (psi):                   
Electrical Power Availability:

Storage Tank Present at the site:
Hydropneumatic Tank Present: Yes  /  No    If Yes,  Size and location:

Building present:
Any additives ie, phosphates, fluoride:

 Discharge Options:

Water Analysis
(enter all available) pH ** Antimony mg/L Sb
**  denotes priority parameters Total As ** mg/L As Sulfides** mg/L 

As(III) mg/L Chromium mg/L Cr
Alkalinity mg/L @ CaCO3 Fluoride mg/L F

Hardness ** mg/L @ CaCO3 Lead mg/L Pb
Silica ** mg/L SiO2 Vanadium ** mg/L Va

Phosphate ** mg/L P04 Molybdenum mg/L Mo
Sulfate ** mg/L SO4 Selenium mg/L Se

Iron ** mg/L Fe Turbidity NTU 
Manganese ** mg/L Mn Suspended Solids mg/L

Sanitary Sewer (POTW)   /   Drainage Ditch   /   Evap. Pond   /   Other

Yes  /  No    If Yes, Type:    Cl2  gas    /    HOCl    /  ClO2  /   Chloramine  /  Ozone  /   Other

Yes  /  No    If Yes,  Size and location:

Yes  /   No    If Yes, Available space in existing building: 
Yes  /  No    If Yes,  Specify type and injection point:  

Describe:

AdEdge Technologies, Inc. 
AD33 Adsorption System
System Sizing and Budget Estimate Form

Most Important Water 
Parameters

Parameters for PreParameters for Pre--TreatmentTreatment

Suspended solids / sedimentSuspended solids / sediment
Iron and/or manganeseIron and/or manganese
High pHHigh pH
SulfidesSulfides
Organics, TanninsOrganics, Tannins
Bacteria, Bacteria, BiofilmsBiofilms
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Common PreCommon Pre--treatment Scenariostreatment Scenarios
Condition Recommendation 

Suspended Solids / Sediment  Pre-filtration: cartridge, bag, or 
media 

High pH > 8.5 Adjust pH to 7.0+/ – with HCL, 
H2SO4 or CO2 gas 

High pH and Silica 
Where pH > 8.5, SiO2 > 30 mg/l 

Adjust pH to 7.0-7.5 to reduce 
interference 

High Iron and / or manganese 
Fe > 0.3 mg/l, Mn > 0.05 mg/l 

Pre-treat for iron: oxidation / filtration 
or media oxidation / filtration 

High arsenic + Predominant As (III) 
present 

 
Pre-oxidation of As (III) to As (V) for 
optimal longevity and performance  

Sulfides Pre-treat to oxidize sulfides 

Organics / Tannins Chemical oxidation or IX resin 
specific for organics 

Bacteria / Biofilm Oxidation / shock treatment 

      
 

Project Examples and Field Project Examples and Field 
ApplicationsApplications
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Backwash sample
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Rimrock - Arizona
Montezuma Haven Wells 
Series Operation

Well
Pump #2

Sample valve
BV-110 

Feed water

Feed

AD33
Media

FQI PDGFI

Feed

Automated valve
Package

Backwash

Treated  Water

To Storage
or Distribution

Skid Battery 
Limits

BSkid Battery
Limits

Well
Pump #3

Sample valve
BV-111 

Pre-chlorination 
Feed point (if 

used) 

Particle Filter
PF-100 

Sample valve
BV-112A 

Sample valve
BV-112B 

To temp 
storage 

and 
recycle

New tie in 
from Well 
#3

PI

Rollinsford, New HampshireRollinsford, New Hampshire

EPA Demo SiteEPA Demo Site
100 gpm system100 gpm system
pH 8.4 typicalpH 8.4 typical
pH adjustment with COpH adjustment with CO22
gasgas
58,000 gallons/day58,000 gallons/day
Arsenic influent = 40Arsenic influent = 40--50 50 
ppbppb
Operational Jan, 2004Operational Jan, 2004
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pH Adjustment Using COpH Adjustment Using CO22
(Rollinsford, NH)(Rollinsford, NH)

100 gpm flow rate, 12 hours/day100 gpm flow rate, 12 hours/day
(3) 50 lb gas cylinders on(3) 50 lb gas cylinders on--line line 
Delivery pressure approx. 100 psiDelivery pressure approx. 100 psi
22--4 4 scfhscfh injection rate through COinjection rate through CO22
membranemembrane
pH monitoring probe and control pH monitoring probe and control 
panelpanel
COCO22 cylinder changecylinder change--out approx out approx 
every 3 weeksevery 3 weeks

Sample port

Gas Gas 
Injection Injection 

pointpoint

Membrane based COMembrane based CO2 2 Injection for  Injection for  
pH AdjustmentpH Adjustment

Has some advantages over acidHas some advantages over acid
Health and safetyHealth and safety
Low operating costsLow operating costs

Rapid pH adjustment with very short contact timeRapid pH adjustment with very short contact time
Higher initial capital costHigher initial capital cost
Requires monitoring system for control and Requires monitoring system for control and 
measurementmeasurement
Natural deNatural de--gassing after treatment raises pH gassing after treatment raises pH 
Depending on water quality, probes and membrane Depending on water quality, probes and membrane 
may require periodic cleaningsmay require periodic cleanings



88

Oxidation of As(III) to As(V)Oxidation of As(III) to As(V)

E ffe c t iv e N o t
E f fe c t iv e

C l2 √
O 3 √

K M n O 4 √
N H 2 C l √
C lO 2 √
D O √
U V √

IronIron……Friend or Foe?Friend or Foe?

Arsenic has a natural affinity for iron Arsenic has a natural affinity for iron 
Naturally occurring iron in water can be Naturally occurring iron in water can be 
maximized in design to help reduce maximized in design to help reduce 
arsenic; efficiencies vary by process and arsenic; efficiencies vary by process and 
water chemistrywater chemistry
Iron can foul / plug adsorption and Iron can foul / plug adsorption and 
many processes and therefore many processes and therefore 
pretreatment is recommended above pretreatment is recommended above 
certain thresholdscertain thresholds
Combination of iron pretreatment and Combination of iron pretreatment and 
adsorption polishing is ideal for adsorption polishing is ideal for 
effectively reducing arsenic to meet MCL effectively reducing arsenic to meet MCL 
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Iron / Arsenic RemovalIron / Arsenic Removal

One must understand the water One must understand the water 
chemistry and limitations of the chemistry and limitations of the 

specific media to be able to determine specific media to be able to determine 
or predict longor predict long--term affects on term affects on 

performanceperformance

Factors to ConsiderFactors to Consider

What are the treatment goals?What are the treatment goals?
The concentration of iron and manganese The concentration of iron and manganese 
Oxidation state Oxidation state 
pH, Alkalinity, and Hardness pH, Alkalinity, and Hardness 
Dissolved oxygen for some treatment types Dissolved oxygen for some treatment types 
Presence of iron and manganese bacteria Presence of iron and manganese bacteria 



1010

Fe/Fe/MnMn Treatment MethodsTreatment Methods

SofteningSoftening
Aeration + FiltrationAeration + Filtration
Oxidation / Filtration ProcessesOxidation / Filtration Processes

AD26 Catalytic MediaAD26 Catalytic Media
MnMn Greensand with KMnO4 regenerationGreensand with KMnO4 regeneration
PyrolusitePyrolusite

Sequestering for Low ConcentrationsSequestering for Low Concentrations

Iron, Manganese PreIron, Manganese Pre--TreatmentTreatment
SofteningSoftening

Only recommended where both iron/manganese Only recommended where both iron/manganese 
andand hardness are highhardness are high
Effective for water containing less than 2Effective for water containing less than 2--4 mg/L of 4 mg/L of 
dissolveddissolved colorless iron or < 0.5 mg/L manganesecolorless iron or < 0.5 mg/L manganese
Adds sodium to the drinking water andAdds sodium to the drinking water and creates brine creates brine 
disposal problems. disposal problems. 

Oxidation / Filtration RemovalOxidation / Filtration Removal
Media and nonMedia and non--media based optionsmedia based options
pH value is importantpH value is important
Best results with chemical oxidants e.g., ClBest results with chemical oxidants e.g., Cl22 or KMnOor KMnO44
Contact time Contact time 
Aeration can be used rather than chemicalsAeration can be used rather than chemicals

Greensand with KMnOGreensand with KMnO44
pH should preferably bepH should preferably be over 7.5over 7.5
Requires either intermittent or continuous regeneration. Requires either intermittent or continuous regeneration. 
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Project Profile: MichiganProject Profile: Michigan

Elementary School Elementary School 
Location: Oakland County, Location: Oakland County, 
MichiganMichigan
AdEdge APUAdEdge APU--40 Adsorption 40 Adsorption 
system w/ GFO mediasystem w/ GFO media
Influent Arsenic: 37Influent Arsenic: 37--50 ppb50 ppb
40 gpm design flow40 gpm design flow
Installation May, 2003 Installation May, 2003 
Water Conditioning used for Iron Water Conditioning used for Iron 
and Hardness Removal (0.8 mg/L and Hardness Removal (0.8 mg/L 
Fe)Fe)
Effluent arsenic below detection Effluent arsenic below detection 
after treatmentafter treatment

Project Profile:  Kenai, AlaskaProject Profile:  Kenai, Alaska

US Fish and Wildlife ServiceUS Fish and Wildlife Service
Design flow: 50 gpm Design flow: 50 gpm 
Location: Kenai, AlaskaLocation: Kenai, Alaska
Influent Arsenic: 51 ppbInfluent Arsenic: 51 ppb
Installation March 21, 2003 Installation March 21, 2003 
26 cubic feet Adsorption Media26 cubic feet Adsorption Media
Iron 2.6 mg/L; using softening Iron 2.6 mg/L; using softening 
systemsystem
pH 7.3pH 7.3
Effluent < 2 ppb AsEffluent < 2 ppb As
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Pilot Pilot –– Nursery Site, FloridaNursery Site, Florida

AdEdge AD33 PilotAdEdge AD33 Pilot
2 gpm flow rate2 gpm flow rate
EBCT of 7.5 min/vesselEBCT of 7.5 min/vessel
(2) 12(2) 12--in vessels in seriesin vessels in series
Iron 1 Iron 1 –– 1.5 mg/L1.5 mg/L
pH approx 7.1pH approx 7.1
55--micron micron prefilterprefilter
Arsenic influent 1.5 Arsenic influent 1.5 –– 2.2 2.2 
mg/Lmg/L
Treatment goal 0.250 Treatment goal 0.250 
mg/Lmg/L
Continuous operation 24 Continuous operation 24 
hr, 7 day/weekhr, 7 day/week

Arsenic / Iron TreatmentArsenic / Iron Treatment
AdEdge Pilot Treatment System Results

Arsenic Removal
Nursery Site - Florida (July, 2003)

0.0

0.5

1.0

1.5

2.0

2.5

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000

Volume (gallons)

Ar
se

ni
c 

C
on

ce
nt

ra
tio

n 
(m

g/
l)

Arsenic influent
Arsenic - Treated Water
Iron breakthrough
Iron Influent

B
ac

kw
as

h



1313

Treatment Selection
Co-occurrence of As and Fe and removal to meet 10 ug/L MCL
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AD26 OXIDATION / FILTRATION AD26 OXIDATION / FILTRATION 
SYSTEM (optimized for arsenic SYSTEM (optimized for arsenic 
removal)removal)

AD26 OXIDATION / AD26 OXIDATION / 
FILTRATION SYSTEM    FILTRATION SYSTEM    

+   +   
ADSORPTION  POLISHINGADSORPTION  POLISHING
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Selection Selection 
CriteriaCriteria
•As
•Fe, Mn
•pH
•Silica
•TOC
•Hardness, Alk
•Space
•Operator time
•Chemicals
•Backwash 
options
•Efficiency 

As: 
Fe
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 = 
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AdEdge AD26 SystemsAdEdge AD26 Systems

Oxidation / Filtration ProcessOxidation / Filtration Process
Designed for Iron, Manganese and Sulfide + low level Designed for Iron, Manganese and Sulfide + low level 
arsenic removal to meet arsenic removal to meet MCLsMCLs
Utilizes catalytic MnOUtilizes catalytic MnO22 media for efficient removal of media for efficient removal of 
Fe, Fe, MnMn and coand co--precipitation of Asprecipitation of As
Stand alone or used as preStand alone or used as pre--treatment for treatment for SorbSorb 33 33 
SystemsSystems
Used most efficiently with hypochlorite additionUsed most efficiently with hypochlorite addition
Media lasts 5Media lasts 5--10 years or more, no regeneration, only 10 years or more, no regeneration, only 
backwashbackwash
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World War II Memorial SiteWorld War II Memorial Site
Washington, DCWashington, DC

Groundwater TreatmentGroundwater Treatment
(2) 30 gpm AD26 and (2) (2) 30 gpm AD26 and (2) SorbSorb 33 33 
SystemsSystems
Contaminants: Iron, Manganese, Contaminants: Iron, Manganese, 
and Arsenicand Arsenic
2020’’ below grade in vault beneath below grade in vault beneath 
monumentmonument
Arsenic influent 20Arsenic influent 20--60 ppb60 ppb
Iron 0.5 Iron 0.5 –– 10 10 ppmppm
MnMn 0.05 0.05 –– 2 2 ppmppm
2 ppb treatment limit2 ppb treatment limit
Operational June, 2004Operational June, 2004
Operated by National Park ServiceOperated by National Park Service AD26 Iron pretreatment + APU-40 System

Washington, DC  

National WWII Monument  
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Project Profile: AlaskaProject Profile: Alaska

Commercial SystemCommercial System
Location: Location: YakatatYakatat, Alaska, Alaska
Arsenic: 80Arsenic: 80--90 ppb90 ppb
25 gpm System serving 25 gpm System serving 
regional airportregional airport
Installed May, 2002 Installed May, 2002 
20 cubic feet AD33 20 cubic feet AD33 
Adsorption MediaAdsorption Media
PrePre--Treatment: Ozone Treatment: Ozone 
pretreatment for Fe, pretreatment for Fe, MnMn, and , and 
bacteria; GAC, Softeningbacteria; GAC, Softening
Effluent arsenic Effluent arsenic -- Non detectNon detect

PrePre--Treatment Backwashing Treatment Backwashing 

Removes coRemoves co--precipitated iron, precipitated iron, 
manganese and arsenic particulates manganese and arsenic particulates 
that are filteredthat are filtered
Often performed at differential Often performed at differential 
pressure set points or manuallypressure set points or manually
Performed typically 1Performed typically 1--3x/week 3x/week 
depending on water profiledepending on water profile
Rates from 8Rates from 8--25 gpm/sq foot for 25 gpm/sq foot for 
various productsvarious products
NonNon--hazardous water can be hazardous water can be 
discharged to POTW, septic in discharged to POTW, septic in 
most casesmost cases
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Sequestering AgentsSequestering Agents

Polyphosphate based products or othersPolyphosphate based products or others
Complexes / Complexes / chelateschelates ironiron
Reduces or interferes with adsorption processes Reduces or interferes with adsorption processes 
(phosphate interference)(phosphate interference)
If used, inject If used, inject afterafter the treatment system to the treatment system to 
avoid negative impact to adsorption mediaavoid negative impact to adsorption media

SulfidesSulfides

Sulfides can bind with mediaSulfides can bind with media
Sulfides act as an Sulfides act as an interferentinterferent and/or competitor for and/or competitor for 
adsorption sites on ironadsorption sites on iron--based medias; form low based medias; form low 
solubility precipitants as wellsolubility precipitants as well
HH22S result often of bacterial reduction of SOS result often of bacterial reduction of SO44; detected ; detected 
at levels around 0.05 mg/Lat levels around 0.05 mg/L
Obvious aesthetic issuesObvious aesthetic issues
CoCo--occurrence with iron, As (III), reducing conditionsoccurrence with iron, As (III), reducing conditions
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OrganicsOrganics

Naturally occurring organics from decay of plant Naturally occurring organics from decay of plant 
materialmaterial
HumicHumic and other types of organic acidsand other types of organic acids
Not much study on the affects to adsorption mediasNot much study on the affects to adsorption medias
More often issue in surface water rather than More often issue in surface water rather than 
groundwatergroundwater
Oxidation using Chlorine, ClOOxidation using Chlorine, ClO22, Ozone are common , Ozone are common 
methods of destructionmethods of destruction
IX resins are available for Tannin removalIX resins are available for Tannin removal

BiofilmsBiofilms and and BiofoulingBiofouling

Heterotrophic plate count bacteria are ubiquitous in Heterotrophic plate count bacteria are ubiquitous in 
water systemswater systems
Mostly nonMostly non--harmful and nonharmful and non--pathogenicpathogenic
Can cause fouling and performance issues for Can cause fouling and performance issues for 
adsorption systemsadsorption systems
Less likely in systems using disinfectantsLess likely in systems using disinfectants
System and/or media may require periodic shock System and/or media may require periodic shock 
treatments if accumulations observetreatments if accumulations observe
Bacteria Bacteria ““carry throughcarry through”” can bring arsenic or other can bring arsenic or other 
contaminants with itcontaminants with it
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PrePre--Treatment MonitoringTreatment Monitoring

Sample contaminant of concern after Sample contaminant of concern after 
pretreatment unit to determine effectivenesspretreatment unit to determine effectiveness
Frequency of sampling should be at least as Frequency of sampling should be at least as 
frequently as arsenic samples are obtainedfrequently as arsenic samples are obtained
Field test kits offer rapid methodsField test kits offer rapid methods
Be aware of laboratory Be aware of laboratory analyteanalyte interferences and interferences and 
detection limitsdetection limits

Other PreOther Pre--Treatment IssuesTreatment Issues

Backwashing water quality and quantityBackwashing water quality and quantity
Discharge OptionsDischarge Options

POTW or SepticPOTW or Septic
Filter and/or coagulate and discharge or recycleFilter and/or coagulate and discharge or recycle
Evaporation pondEvaporation pond

Presents some challenges for remote / rural systems Presents some challenges for remote / rural systems 
with no POTW or Septic optionswith no POTW or Septic options
Residuals Management (if not direct discharged)Residuals Management (if not direct discharged)
PrePre--treatment capital costs can be 50% or more of treatment capital costs can be 50% or more of 
adsorption system costs depending on methodadsorption system costs depending on method
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ConclusionsConclusions
Do your homework up front on the water chemistry Do your homework up front on the water chemistry 
to avoid surprisesto avoid surprises
If in doubt about the affects on performance, If in doubt about the affects on performance, 
consider preconsider pre--treatment or pilotingtreatment or piloting
The role and benefits of naturally occurring iron for The role and benefits of naturally occurring iron for 
arsenic removal to meet the MCL must be evaluated arsenic removal to meet the MCL must be evaluated 
on a caseon a case--byby--case basis and designed carefullycase basis and designed carefully
PrePre--treatment cost/benefit ratio must factor in:treatment cost/benefit ratio must factor in:

prolonged life of adsorption media prolonged life of adsorption media 
Lower lifeLower life--cycle costscycle costs
Improvement to aestheticsImprovement to aesthetics

Consider residuals management for preConsider residuals management for pre--treatment treatment 
scenariosscenarios
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As Removal from Drinking Water
Adsorption Media Handling

EPA Workshop on Adsorptive Media Processes

Richard S. Dennis
Severn Trent Water Purification, Inc.

August 11, 2004

Discussion Topics

� Media Characteristics

� Packaged Media Delivery & Handling

� Adsorber Loading

� Residuals Handling

� Media Conditioning & Backwashing

� Media Regeneration

� Spent Media Removal

� Media Disposal
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Adsorptive Media Characteristics

� Bulk Density & Specific Gravity
• Higher Lb/Ft³ = Greater Unit Weight & Higher 

Fluidization Flows 
� Shape & Size

• Granules, Pellets, Spherical Beads, Powder
• Normal Adsorptive Media Size

– Low ∆P but Lower Unit Capacity
• Finer Adsorptive Media Size

– Higher Unit Capacity but High ∆P
� Flowability & Friability

• Ease of Loading & Removal
• Physical Attrition in Handling or Service

� Miscellaneous
• NSF Certification, Consistency, Availability, etc.

Sieve Sizes & Tyler Equivalents
Std Sieve Sieve Opening Wire Dia Tyler

Designation mm. inches mm. Mesh Size

8.00     mm 8.00 0.312 2.07 2.5
6.73     mm 6.73 0.265 1.87 3
5.66     mm 5.66 0.223 1.68 3.5
4.76     mm 4.76 0.187 1.54 4
4.00     mm 4.00 0.157 1.37 5

3.36     mm 3.36 0.132 1.23 6
2.83     mm 2.83 0.111 1.10 7
2.38     mm 2.38 0.0937 1.00 8
2.00     mm 2.00 0.0787 0.900 9
1.68     mm 1.68 0.0661 0.810 10

1.41     mm 1.41 0.0555 0.725 12
1.19     mm 1.19 0.0469 0.650 14
1.00     mm 1.00 0.0394 0.580 16
841      µm 0.841 0.0331 0.510 20
707      µm 0.707 0.0278 0.450 24

595      µm 0.595 0.0234 0.390 28
500      µm 0.500 0.0197 0.340 32
420      µm 0.420 0.0165 0.290 35
354      µm 0.354 0.0139 0.247 42
297      µm 0.297 0.0117 0.215 48

250      µm 0.250 0.0098 0.180 60
210      µm 0.210 0.0083 0.152 65
177      µm 0.177 0.0070 0.131 80
149      µm 0.149 0.0059 0.110 100
125      µm 0.125 0.0049 0.091 115

105      µm 0.105 0.0041 0.076 150
88        µm 0.088 0.0035 0.064 170
74        µm 0.074 0.0029 0.053 200
63        µm 0.063 0.0025 0.044 250
53        µm 0.053 0.0021 0.037 270

44        µm 0.044 0.0017 0.030 325
37        µm 0.037 0.0015 0.025 400

SORB 33™ - Bayoxide® E33 Media

� Granular Iron Media – “GIM”
• Manufactured for STS by Bayer AG
• α-Ferric Oxide Hydroxide or α-FeOOH
• Granular Ferric Oxide (GFO) - Crystalline

� Physical Properties
• Appearance – Yellow/Orange
• Particle Size Distribution – 0.5-2.0 mm
• Bulk Density – 29 Lb/Ft³
• Specific Gravity – 3.6 g/cc
• Flowability – Flows like GAC when flooded
• Friable Relative to GAC & AA

� Packaging
• 38 Ft³ Supersacks
• 2 or 4 Ft³ Drums

� Similar Commercial Product
• US Filter’s GFH – Granular Ferric Hydroxide
• Manufactured by Wasserchemie - GEH

Bayoxide® E33
Granular Ferric Oxide
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Media Storage & Delivery

� Some Medias are Dry; Some are Moist
� Media Shelf Life

• Life Time from Production (4-30 Months)
• Storage Requirements – Conditioned or Ambient
• Product Deterioration – Drying, Surface Loss, etc.
• Inventory – Responsibility by Supplier or Utility

� Delivery
• Drums, Supersacks or Bulk
• Larger Unit Volume Minimizes Handling
• Vessel Accessibility for Media Fills

Adsorber Media Loading

� Solids Handling - Rules of Thumb
• Dry Solids Gravity Feed - Simplest

– Minimal Wastewater & Dust
• Slurries Hydraulic Feed

– Next Easiest
– Wastewater Generation – Reuse Capability

• Moist Solids from Packaging
– Labor Intensive with Product Losses

� Fill Equipment Requirements
• Readily Available Equipment
• Specialized - Availability

� Regional Media Service
• Size, Experience & Specific Know-how

EPA Demo Project
Anthony, NM

SORB 33™ 300 GPM Unit



Dennis-4

Adsorber Loading – STW Process

� Severn Trent Water (STW)
• 2nd Largest Utility in the UK
• 46 MGD of Capacity 
• 60 Vessels @ 16 Sites

� “Central” Bulk Handling System
• Fill Bulk Carbon Tanker from Sacks 

Off Site
• Transport Dewatered Media Next Day
• Pictured Site – Sugarbrook

– 4 12’-Ø Adsorbers in Parallel
– 3.6 MGD Total Capacity

STW – Sugarbrook Plant
Bayoxide® E33 Media Fill

Adsorber Loading – STW Process

� “Central” Bulk Handling System 
(Cont’d)
• Hydraulic Fill of Empty Adsorber from 

Tanker

• Partial Media Conditioning during Fill

• Wastewater Routed to Backwash 
Water Reclaim

� Process Assessment
• Works Well for STW

• Labor Intensive & Multiple Media 
Handling

STW – Sugarbrook Plant
Bayoxide® E33 Media Fill
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Adsorber Media Loading

� Dry Solids Loading
• Headroom Access for Sacks or Drums

– Crane, Boom Truck or Forklift Access
• Pneumatic Transfer

– Equipment Intensive – Dust Collection
– Media Attrition

� Slurry Loading
• Hopper/Eductor Equipment
• Wastewater Handling

� Regional Media Service
• Size, Experience
• Specific Know-how Hopper & Eductor Loading

Nottingham, UK

Media Loading – Dry Gravity Fill

Manual Loading – Brown City
RSDennis on the Platform

½ Ft³ at a Time – 76 Ft³ per Vessel

Aqua Pennsylvania Site
Roof Hatch Added for Gravity Fill
30 Minute Fill - 76 Ft³ per Vessel

Roof Hatch Added

• Small Systems - <300 Ft³ Inventory
• Roof Hatch Included/Added for Dry Fill
• Boom Truck Access w/4”-Ø Flex Hose
• Both Sites – 300 GPM APU Systems

Roof Hatch Available
for Sack Fill

Sales Rep
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Media Conditioning & Backwashing

� Pretreatment Requirements for Service
• Media Wetting
• Conditioning for Fines Removal – Bed Fluidization
• Regeneration & Rinsing if Media “Conversion” Required
• Off-line Time Requirements - Backwashing

� Residuals Handling - Wastewater
• Volume Generated & Quality – Toxicity, Solids & Corrosivity

– Classification & Permits
• Non-hazardous Liquids – Ditch, Sewer, Evaporation Pond, POTW
• Solids-bearing Liquids – Decant Tank to Settle & Collect Solids
• Zero Discharge – Surge Tank to Reclaim Liquid to As System Inlet

Media Regeneration & Spent Waste

� Need for Media Regeneration
• Medias with Low As Capacities - <10,000 Bed Volumes (BV’s)
• Co-adsorption of PPM Level Contaminants – Fluoride, etc.
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Spent Media Removal

� Adsorber Vessel Underdrain Type
• Header/Lateral or HUB & Spoke
• Cone Bottom with Screened Nozzles
• False Bottom with Screened Nozzles or Porous Plate
• Distribution Gravel Underbedding

� Media Removal Method
• Pressurized Hydraulic Slurry Flow
• Vacuuming
• Gravel Underbedding Removal
• Hydraulic Wastewater Disposal

Adsorptive
Media Bed

Header/Lateral w/Underbedding

Spent Media Removal

� Considerations
• Available Off-line Timing for Change-out
• Vessel Entry Needs – Disinfection, etc.
• Simple, Complete Removal vs Thorough Process
• Gravel Underbedding Losses/Replacement
• Empty Vessel Internals Inspection

� Severn Trent Water Process
• Underdrain:  Header/Lateral with Gravel
• Drain Vessel & Media Bed of Water
• Vacuum Media from Top Manway to Truck
• Leave Gravel Underbedding Intact
• Vessel Entry: Remove Media “Heal” & Inspection
• Labor Intensive – UK Safety Laws



Dennis-8

Spent Media Disposal

� Spent Media Classification
• Hazard Criteria for Leachate:  As > 5 mg/L; V > 5 mg/L;  Cr > 5 mg/L
• Non-Hazardous Classification – Passes EPA’s TCLP Solids Waste Test

– TCLP – Toxic Characteristic Leaching Procedure
• Hazardous Waste Solids – 3-6 Times More Expensive Disposal
• Total Mass of As Not Critical to Hazard Classification

� California Hazard Classification
• Soluble Threshold Limit Concentration (STLC) – the “WET” Test

– More rigorous test than TCLP
• Total Threshold Limit Concentration (TTLC)

– Total Mass of As in the Solid – Limit is 500 mg/Kg As
– Some Medias Have As Capacity Greater than this TTLC Limit
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Operation And Monitoring Of 
Adsorptive Arsenic Removal 

Systems

EPA Arsenic Workshop
Cincinnati, OH 
August 2004
Glen Latimer

Daily Operation Monitoring

• Flow monitoring

• Pressure drop monitoring

• Chemical addition monitoring

• Arsenic performance monitoring
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Flow Monitoring -
Higher Than Design Flow

• Short EBCT
• Change in breakthrough time
• Change in breakthrough slope

Flow Monitoring -
Lower Than Design Flow Effects

• Uneven distribution
• Channeling and wall effects
• Low flow indicating fouling
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Pressure Drop Monitoring

• Manual pressure gauges or electronic transmitters can be used

• Suspended solids in feed water (media fouling)

• “Mud ball” forming

• Channeling

• Media fines collecting on lower distributor

• Insufficient flow

• Damage to underdrain

• Media loss

Chemical Monitoring - Chlorine

• Chlorine feed and monitoring

• Chemical storage level

• Residual monitor maintenance

• Loss of oxidation / As+3 leakage

Online Chlorine Monitor
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Chemical Monitoring - pH Adjust

• pH Adjustment

• Chemical storage level

• Probe cleaning and calibration

• Loss of pH control / arsenic 

leakage

Online pH Monitor

Arsenic Analysis
• Lab analyses

- Atomic Adsorption (AA)
- Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

• Detection limits
- AA:  2.0 ppb
- ICP-MS:  <0.50 ppb

• Location

• Frequency
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Atomic Absorption
(Graphite Furnace)

ICP Mass Spectrophotometer



Latimer-6

Arsenic Field Test Kits
• Valuable for piloting and plant optimization

• Limitations

• Accuracy

Arsenic Analytical Comparison

As Analysis Comparison
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Future On-line Arsenic Analyzers

• Several technologies currently under development

• Extremely valuable in plant optimization as well as 
monitoring for compliance

• Elimination of 3rd party laboratory testing will result in 
cost savings for a utility

Arsenic Adsorptive System 
Control Panel

• PLC based controls

• Minimal automation 
provides for automatic 
backwashes

• PID control loop for pH 
control
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Four Column Arsenic 
Adsorptive Pilot System

• 4 separate column allow for 
head-to-head testing of different 
media

• Manual system with 
instantaneous and totalizing flow 
meters

• Chemical injection point for 
oxidant and pH control 

Valley Vista Arsenic Adsorption 
System
• 37 gpm lead/lag design

• PLC controls and actuated 
valves control basic start/stop 
and backwash functions

• Backwash waste sent to 
holding tank and settled water 
and recycled to raw water feed

• Automated pH control
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Valley Vista Arsenic Adsorption 
System
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Round 1 Arsenic Removal 
Technology Demonstration:
Evaluation Approach
Chris Coonfare, Wendy Condit, Jeff Oxenham, Lili Wang, 
and Abe Chen, Battelle, Columbus, Ohio
Tom Sorg and Darren Lytle, U.S.EPA, Cincinnati, Ohio
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Main Objective
• Conduct full-scale demonstration studies on the 

removal of arsenic from drinking water supplies at 
twelve water treatment facilities throughout the 
United States

• Evaluate the efficiency and effectiveness of the 
technologies in meeting the new arsenic maximum 
contaminant level (MCL) of 10 µg/L
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Round 1 – 12 Sites in 9 States



Coonfare-3

5

Sites/Technologies Evaluated

7.4<2539350USFilterAM (GFH)RenoNV
7.4<2544250KineticoIXFruitlandID
8.0<254137KineticoAM (AAFS)Valley VistaAZ
7.21705090AdEdgeAM (E33)RimrockAZ
8.5<2533145AdEdgeAM (E33)Nambe PuebloNM
7.73923320Severn TrentAM (E33)AnthonyNM
7.21,325146250KineticoSMLidgerwoodND
7.454639140KineticoC/FClimaxMN
7.312714640Severn TrentAM (E33)Brown CityMI
7.327019300Severn TrentAM (E33)StevensvilleMD
8.44636100AdEdgeAM (E33)RollinsfordNH
7.7<25 3970ADIAM (G2)BowNH
pHFeAs

Concentration (µg/L)/
pH Unit

System
Flowrate

(gpm)VendorTechnologyFacilityState

6

APU-300 System at Anthony Site
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Demonstration Objectives
• Determine/document construction and operational 

costs of the new systems or the modifications of 
existing systems to achieve compliance

• Evaluate performance of the new processes or 
process modifications of existing treatment for 1 
year in achieving compliance

• Determine the operational and maintenance 
requirements of treatment systems

• Characterize the residuals produced by the 
processes, quantity, and chemical characteristics

• Evaluate impact of the treatment processes on the 
distribution systems

8

Major Activities
• Conduct introductory meeting with EPA, State drinking water official(s), 

facility, vendor, and engineering firms
• Issue Letter of Understanding
• Issue performance evaluation study plan
• Establish contract(s) with vendor for equipment/system engineering, site 

engineering, installation/shakedown, and operator training
• Obtain permit(s)
• Oversee system installation/shakedown
• Provide operator training for sampling and on-site measurements and As 

speciation
• Track system performance for one year with weekly sampling and 

monthly As speciation; coordinate O&M and troubleshooting needs
• Prepare progress reports to EPA/prepare reports for Office of 

Management and Budget
• Prepare final technology evaluation report
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Construction and Installation of the
Stevensville, MD System

- .

10

Technology Evaluation Approach
• An approach was developed to collect the data 

required to facilitate the evaluation of the selected 
arsenic removal technologies.  The types of data 
collected include:
– System performance and reliability
– Simplicity of operation and operator skill requirements
– Cost-effectiveness
– Residuals
– Impact on distribution systems



Coonfare-6

11

System Performance: As Removal
• The key evaluation parameter is the ability of the 

technology to consistently remove arsenic to less 
than 10 µg/L

• This parameter is tracked through the collection of 
weekly water samples and monthly arsenic 
speciation at the treatment plant

• The weekly and monthly samples are analyzed in 
the laboratories, and results are provided to 
Battelle’s Project Manager and Study Leads for 
review within two weeks of the collection of the 
samples

12

APU-100 System at Rollinsford Site
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System Performance: O&M
• Daily, weekly, and monthly operation and 

maintenance activities are performed and logged by 
the plant operator at each site

• The exact types of data vary based on the specific 
site and system, but general tasks performed daily 
include leak checks, pressure gauge and 
flow/hour/watt meter readings, and level checks

• Weekly on-site water quality measurements 
(including pH, temperature, DO, OPR, chlorine 
residuals, etc.) are performed using field meters

14

System Reliability
• The reliability of the technology is evaluated based 

upon the unscheduled system downtime and the 
frequency and extent of any repair/replacement 
activities

• All unscheduled downtime and repair information is 
recorded on a Repair and Maintenance Log Sheet 
provided to the operator by Battelle
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Simplicity of Operation
• The simplicity of system operation and the required 

level of operator skills is evaluated based on 
quantitative data and qualitative considerations
– Time spent operating the system is tracked on a daily 

Operator’s Labor Log Sheet
– Qualitative considerations include any pre- or post-

treatment requirements, the level of system automation, 
operator skill requirements, an analysis of the preventive 
maintenance activities, frequency of chemical/media 
handling, and general operator knowledge required for 
chemical processes and safety

16

System Shakedown at Fruitland, ID
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Cost-Effectiveness
• The cost-effectiveness of a system is evaluated 

based on capital and operating costs
– Capital costs include costs for equipment, site engineering, 

and system installation
– Operating costs include costs for chemical/media supply, 

electrical power consumption, and labor hours

18

Residuals
• Handling of residuals adds cost and complexity to 

the operation of the arsenic removal systems
• The quantity of aqueous and solid residuals 

generated at each site is tracked by the plant 
operator
– Aqueous residuals include backwash and regeneration 

waste water
– Solid residuals include particulates, sediment, or media 

fragments produced during backwash, as well as spent 
media or resin
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Impact on Distribution System
• Distribution system water 

samples are collected at 
three LCR residences 
and/or non-LCR locations 
at each site both prior to 
and during the operation of 
the arsenic removal 
system

• Results are used to 
determine the impact of 
treatment on the water 
chemistry in the 
distribution system and the 
water quality at 
consumers’ taps

20

Key Elements
• Communication
• Operator training
• Sampling logistics  
• Data management
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Communication
• Frequent communication allows timely input to the 

performance evaluation from all parties
• The operator provides O&M data to Battelle daily or 

weekly
• Battelle shares the analytical data with the utility, 

keeping them up-to-date on the effectiveness of the 
technology evaluated

• Battelle reviews the operational and analytical data, 
sharing ideas with the EPA, the utility, and the 
vendor, to correct problems rapidly

22

Operator Training
• The facility operator 

receives training from 
the technology vendor

• Battelle meets with 
the facility operator at 
the introductory 
meeting and during 
system start-up, 
providing training on 
sample collection, 
arsenic speciation, 
and field analytical 
and operational data 
collection
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Sampling Logistics

• The Battelle Logistics Team 
coordinates all sampling 
activities

• Color-coded sample bottles 
are labeled and packed in 
coolers along with ice 
packs, pre-completed air 
bills, chain-of-custody 
documents, and sampling 
instructions, and sent to 
facility operators 

• After coolers are returned to 
Battelle via overnight 
courier, the Logistics Team 
logs in the samples and 
distributes them to 
appropriate laboratories

24

Data Management
• An organized system is critical to maintaining and evaluating 

data from a multiple-site demonstration
• System operating parameters are saved and updated weekly 

in spreadsheet format for easy review
• Analytical results are loaded to an Access database
• All results are reviewed weekly by Battelle’s Project Manager 

and Study Leads before forwarding to EPA and the utilities
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Sampling and Analysis
• Sampling activities include:

– Source water sampling
– Treatment plant water 

sampling
– Residual sampling
– Distribution system/fire 

hydrant sampling

• Analytical activities 
include:
– On-site water quality 

measurements
– Laboratory analyses for 

water and solid samples

Arsenic Speciation

26

Source Water Sampling
• Source water samples 

were collected during the 
initial site visit for detailed 
water quality 
characterization

• Source water samples 
were speciated on-site 
for particulate and 
soluble arsenic, As(III), 
and As(V), as well as 
other metals (i.e., Fe, Mn, 
and Al)



Coonfare-14

27

Treatment Plant Water Sample Collection

• Treatment plant water samples are collected weekly 
throughout the one-year evaluation
– Samples are collected at sample ports throughout the 

process stream, including the inlet, after chlorination, after 
each vessel, and at the combined effluent, as applicable at 
each site

– Each sample port is marked with a color-coded label, 
corresponding to a color-coded set of bottles allocated to 
samples from that specific tap

– Speciation samples are collected at a subset of the total 
ports for each system, and are collected once every four 
weeks

28

Backwash Sample Collection
• Backwash/regeneration 

water is sampled at each site 
before being discharged to 
the sewer, settling pond, or 
other backwash water 
disposal area.  The water 
samples are typically 
collected from sample taps 
installed on the backwash 
water discharge line

• Samples are analyzed for 
arsenic and other water 
quality parameters
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On-Site Measurements
• Field measurements of water 

quality parameters are 
performed weekly, in concert 
with the collection of the 
samples for laboratory 
analyses.

• Parameters measured on-
site include pH, temperature, 
dissolved oxygen (DO), and 
oxidation/reduction potential 
(ORP), chlorine residuals.

30

Off-Site Sample Analyses
• Water samples are analyzed by the Battelle ICP-MS 

Laboratory for arsenic and other metals using EPA  
Method 200.8
– Detection limit for As: 0.1 µg/L

• Water quality parameters are analyzed by contract 
laboratories using standard EPA methods, or 
equivalent
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System Troubleshooting
• The troubleshooting procedure is defined in the 

Study Plan prepared for each demonstration
• In the event of an operational problem or repair, the 

operator is to contact the Battelle Study Lead
• The operator and the Study Lead will work together 

to correct the problem.  If necessary, the Study Lead 
will consult the vendor for troubleshooting or system 
repair 

32

Reporting
• A Performance Evaluation Study Plan was prepared for each 

system
• A Six-Month and a Final Performance Evaluation Reports are 

prepared for each system.  The reports
– Summarize the operational and analytical data collected during the 

evaluation
– Document the cost, reliability, ease of operation, and other factors 

necessary to evaluate the technologies, according to the 
demonstration objectives

• A Final Summary Report is prepared for all 12 systems
• Battelle maintains real-time communications with EPA 

regarding the status of each demonstration site
• Battelle provides a formal quarterly verbal progress report to 

EPA for project status and schedule, problems encountered, 
and corrective actions taken 
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Objectives
• Develop a cost estimator for three arsenic removal processes

– Adsorptive media throw-away system
– Adsorptive media with media regeneration 
– Anion exchange 

• Provide small systems with a useful tool for selecting a cost-
effective treatment technology

• Applicable to systems with capacities ranging from 1,000 to 
500,000 gallons per day (gpd)
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General Assumptions
• System to be installed as part of an existing facility
• Cost model not including costs associated with:

– Building
– Water storage
– Pre-oxidation to convert As(III) to As(V)
– Waste disposal (waste production rate is provided)

• Single or multiple trains with two beds in series
• When lead bed detects 50% As breakthrough, it is recharged/ 

regenerated and returned to service as polishing bed; the lag bed is 
moved up to lead position
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Traditional Cost CurvesTraditional Cost CurvesTraditional Cost CurvesTraditional Cost Curves
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Key Features of Cost Estimator
• Graphic user interface (GUI) to allow input of key design and costing 

parameters
• One-step cost comparison using default parameters 
• Step-by-step costing wizards
• Expandable to other arsenic removal media
• Unrestricted access to Microsoft Excel functions, menus, and 

spreadsheets
• Programming language: Microsoft Visual Basic
• Platform: Microsoft Excel 97 or a higher version for Windows 98, NT, or 

2000 platform
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System Components
• Adsorptive media throw-away system

– Adsorptive system*
– Optional pH adjustment system

• Adsorptive media with media regeneration
– Adsorptive system*
– Acid and base feed system

• Anion exchange system
– IX system* 
– Brine regeneration system

*Including vessels, media/resin, piping, valving, and controls
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Key Design Equations
• Design flow

Qd = Q/1440 x 24/TD x 1.15
where Qd = design flow (gal/min) 

Q = average daily flow (gal/day) 
TD = treatment duration or daily operational hours (hr/day)

• Media bed volume
Vm = Qd x EBCT/7.48 
where Vm = media bed volume (ft3)

EBCT = empty bed contact time (min) (for single vessel)
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Key Design Equations (Cont’d)
• Replacement/regeneration frequency

RF = 365/(RL x (Qd/Q) x EBCT)
where RF = No. of replacement/regeneration per year 

RL = media/resin run length (#BVs)
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AA Run Length Estimation
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AIX Resin Run Length Estimation
RL = 51,047x(CSO4)(-0.9645)* 

where RL = run length to 50% arsenic breakthrough (#BVs)

CSO4 = raw water sulfate concentrations (mg/L)

y = 51047x-0.9645

R2 = 0.9978
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Cost Breakdown
• Capital cost

– Direct capital cost
- Equipment
- Materials
- Installation

– Indirect capital cost
- Contractor/engineering
- Permitting
- Contingency
- Working capital
- Startup

• O&M Cost
– Chemical and material
– Electrical
– Labor

• Unit cost ($/1000 gal) 
– Unit capital cost

- Net interest rate
- Years of investment

– Unit O&M cost
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Cost Scenario
• General design parameters

average daily demand = 200,000 gpd 
daily operating time = 12 hr/day
design flow = 320 gpm

• Media type

• Raw water quality*
pH = 7.8 
Alkalinity = 200 mg/L as CaCO3

As = 40 µg/L
SO4 = 4 mg/L

$35$150Media price (per ft3)

105EBCT (min)
5,000*40,000*Media run length (#BV)

Media 2Media 1Properties

* Based on a pilot study at Licking Valley High School, Ohio
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Cost Scenario 1

$35$150Media price (per ft3)

105EBCT (min)
5,00040,000Media run length (#BV)

Media 2Media 1

$273,200$257,400Capital Cost

$1.11$0.63O&M Cost (per 1000 gal)
79330Media life (day)

Media 2Media 1

• Input Parameters

• Model Output
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Cost Scenario 2

$35$150Media price (per ft3)

55EBCT (min)
5,00040,000Media run length (#BV)

Media 2Media 1

$149,382$257,400Capital cost

$1.09$0.63O&M Cost (per 1000 gal)
40330Media life (day)

Media 2Media 1

• Input Parameters

• Model Output
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Cost Comparison: An AIX System
• General design parameters

average daily demand = 1,200 gpd 
daily operating time = 5 hr/day
design flow = 5 gpm
EBCT = 3.7 min

• Comparison

• Raw water quality
pH = 7.5 
Alkalinity = 85 mg/L as CaCO3

As = 50 µg/L
SO4= 24 mg/L

$11,942$7,835Capital cost

Not available$10.0O&M Cost (per 1000 gal)
3,0002,380Media run length (#BV)

ActualModel
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Residuals
Quantities, Characteristics

and Disposal Options
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Residuals

• Backwash Water

• Spent Media

Backwash Water

• Quantity

• Characteristics

• Disposal Options
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Backwash Water

• Quantity

• Characteristics

• Disposal Options

Backwash Water

• Quantity (Life of Media)

Frequency – dependent on quality of 
raw water and adsorptive media

Several days to several months

Quantity per backwash
10 – 15 BV
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Backwash Water

• Quantity (10 /15 BV)

Vessel 63” D x 86” H

80 cu ft media

BWW = 6000 / 9000 gallons

Backwash Water

• Quantity of BW Water

Stevensville, MD

2 vessels (80 cu ft media/vessel)
7 gpm/ft2 for 30 minutes
4536 gallons/vessel = 7.5 BV
9072 gallons for system

Frequency – 1/Month
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Backwash Water

• Quantity

• Characteristics

• Disposal Options

Backwash Water

• Characteristics

Backwash water:

Liquid fraction – dependent on quality 
of backwash water 

Solids fraction – dependent on the 
solids filtered out of the source water 
by media
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Backwash Water

• Characteristics – Brown City, MI

Unit 4Unit 3Unit 2Unit 1

14 (S)

<25 (S)

7 (S)

678

39

15 (S) 

<25 (S)

7 (S)

864

38

13 (S) 

<25 (S)

6 (S)

1010

27

12 (S)13-18 (T)ug/LManganese

<25 (S)126-260 (T)ug/LIron

5 (S)10-14 (T)ug/LArsenic

648_mg/LTDS

28_NTUTurbidity

Backwash Water

Raw WaterUnitsParameter

Backwash Water
• Characteristics – RHC, MI

(ADI G2 Media)

723-25ug/LManganese

235-40ug/LArsenic

0.0031.2-1.4mg/LIron

1720mg/LSilica

Backwash Water 
(filtered sample)

Raw 
WaterUnitsParameter
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Backwash Water
• Characteristics – RHC, MI

1.4
1.2

-------
-------

-------
-------

9.8
3.3

-------
-------

-------
-------

19.7
21.1

ug element / mg Fe

<0.065

33 - 36

80 - 85 

19 -20

0.02 

1.2 -1.4

0.037 – 0.041

Raw Water
mg/L

292
303

Phosphorus (P)

10,285
9,209

Magnesium (Mg)

135,697
62,303

Calcium (Ca)

2,558
3,532

Manganese (Mn)

3,550
5,545

Arsenic (As)

201,471
262,592

Iron (Fe)

1,971
871

Silica (SiO2)

Solids
ug/gParameter

Backwash Water

• Quantity

• Characteristics

• Disposal Options
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Backwash Water
Disposal Options

Dependent on:

1. State regulations

2. Site specific conditions
Sewer (POTW)
Holding pond
Land discharge
Stream discharge
Recycle of liquid fraction & solids disposal

Backwash Water

Backwash water disposal

2  Recycle
2  Pond
1  Ditch
4  POTW

Arsenic Demonstration Project, Round 1 
Nine Adsorption Technology Projects
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Residuals

• Backwash Water

• Spent Media

Spent Media

• Landfill
Hazardous/non-hazardous

• Recycle
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Thank You!

Questions!

The End!
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