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The treatment process is very reliable, simple and costeffective. This design manual presents the
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ISBN1590337239, 150 pp., 2003. EPA 816R03014, 150 pp, 2003. American Water Works
Association. ISBN1583212760, 550 pp., 2005. These guidelines help those who are in the process of
selecting an arsenic removal treatment technology to also identify the types of residuals that would
be generated, the expected arsenic concentrations, and any pretreatment strategies required prior
to final disposal. Technologies covered include geochemical, microbiological, and plantbased
ecological solutions for As
remediation.http://www.atelierada.pl/userfiles/4-stroke-carburetor-manual.xml

The report describes the theory and operation of each technique, available projectspecific
performance and cost data, and limitations.The focus is on commonly encountered metal
contaminants arsenic, chromium, lead, and mercury. This approach is not intended to replace the
evaluation of innovative and new technologies. EPA 600R05001, 49 pp., 2004. This Brief provides a
background on classic molecular and genomic sciences and discusses the results and interpretation
of their application to fieldscale subsurface remediation activities. EPA 600R04201, 54 pp., 2004.
Capital costs are organized into categories for equipment, engineering, and installation, and then
summed to arrive at a total capital investment cost for each system. This report summarizes cost
data across all demonstrations, grouped by technology type.Paul, Minnesota 2000 EPA815R00028,
284 pp, 2000.The chemical solution is designed to prevent the dissolution of pyrite based on Le
Chateliers Principle and the reaction between dissolved oxygen and sulfides. Sulfide injection was
tested during startup of a new, potablewater, aquifer storage and recovery ASR system for the City
of DeLand, FL. Following several successful miniscale tests and a 5MG cycle test, a preliminary
largescale test was designed to inject, store, and recover 20 MG. Results indicate that the addition
of sulfides to injected water can limit arsenic mobilization to levels that remain far below regulatory
requirements. No significant problems were encountered while implementing this treatment
approach other than that the recovered water contained low levels of residual sulfides. Injections of
sodium lactate, ferrous sulfate, diammonium phosphate, and ethanol began in April 2008 and were
distributed by a groundwater recirculation system to stimulate indigenous sulfatereducing bacteria.
The final amendment injection consisted of sodium lactate, sodium sulfate, and diammonium
phosphate.Mine Waste Technology Program.

Activity III, Project 7 MSE Technology Applications, Inc., Butte, MT MWTP84, 147 pp, 1998 The
method can be employed, for example, as part of a permeable reactive barrier groundwater
treatment system, or ex situ in groundwater pump and treat. SixMonth Evaluation Report SixMonth
Evaluation Report Final Performance Evaluation Report SixMonth Evaluation USEPA Demonstration
Project at Desert Sands MDWCA, NM SixMonth Evaluation Report Final Performance Evaluation
Report Final Performance Evaluation Report SixMonth Evaluation Report Final Performance
Evaluation Report Final Performance Evaluation Report Final Performance Evaluation Report Final
Performance Evaluation Report Final Performance Evaluation Report Final Performance Evaluation
Report SixMonth Evaluation Report Final Performance Evaluation SixMonth Evaluation Report Final
Performance Evaluation Report EPA Demonstration Project at Rollinsford, NH SixMonth Evaluation
Report EPA Demonstration Project at Rollinsford, NH Final Performance Evaluation Report
SixMonth Evaluation Report Final Performance Evaluation Report Final Performance Evaluation
Report Final Performance Evaluation Report SixMonth Evaluation Report SixMonth Evaluation
Report Final Performance Evaluation Report SixMonth Evaluation Report Final Performance
Evaluation Report Final Performance Evaluation Report. Final Performance Evaluation Report. Final
Performance Evaluation Report. Final Performance Evaluation Report. SixMonth Evaluation Report
SixMonth Evaluation Report Final Performance Evaluation Report SixMonth Evaluation Report Final
Performance Evaluation Report SixMonth Evaluation Report Final Performance Evaluation Report
Final Performance Evaluation Report SixMonth Evaluation Report Final Performance Evaluation
Report Final Performance Evaluation Report.
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Final Performance Evaluation Report Final Performance Evaluation Report SixMonth Evaluation
Report EPA 600R14219, 14 pp, 2014The authors surveyed a wide range of sources to review the
current understanding of biologically mediated transformation of DMAV and its metabolites. Given
the challenges remaining in transitioning from lab studies to field applications, summary guidance is
provided for implementing currently recommended remediation strategies for DMAV at
contaminated sites. IWA Pub., London. AwwaRF Report 91030F, ISBN 1843399180, 126 pp, July
2006 EPA 600R05117, 159 pp, 2005. EPA 600R05120, 97 pp, 2005. The barrier is 9.1 m long, 14 m
deep, and 1.8 to 2.4 m wide in the direction of groundwater flow. Within the PRB, As concentrations
are 2 to Wilkin et al. 2009, Abstract In Parker Brothers Arroyo, the site contractor completed
construction of two in situ ZVIbased PRBs in October 2012 and the performance monitoring network
in June 2013. This status report presents construction details for the PRBs with subsequent
performance results. The objectives of the field demonstration are to verify the effectiveness of the
ZVI PRB technology for concentrations of As, Sb, Se, and thallium above regulatory requirements at
this site, initiate groundwater remediation, and provide data to support the final sitewide
groundwater remedy. Additional information Other Technical Reports. The authors evaluated the
results obtained when washing soils of different particle size sandy or silty and developed
recommendations for an optimized remediation scenario based upon soil texture. During a 33month
19982000 pilot study, extracted groundwater was treated via the existing electrochemical
precipitation system, with addition of calcium polysulfide to the treated water prior to reinjection.
The calcium polysulfide reacted with the CrVI in situ, reducing it to CrIII. The pilot essentially
eliminated the CrVI plume from most of the wells on site and all of the wells off site.
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Pursuant to ROD Amendment 2, in situ treatment for an arsenic groundwater plume was completed
in October 2007 using injections of ViroBindtm F Blend reagent slurry to immobilize and incorporate
arsenic permanently into ferrous iron minerals and to continue reduction of residual CrVI to CrIII.
Arsenic concentrations fell by as much as 2 orders of magnitude after the treatment. Iron H.L. Lien
and R.T. Wilkin. Chemosphere, 593377386 Apr 2005. A tiered analysis approach is presented to
assist in organizing site characterization tasks. SAND20057693, 40 pp, 2006. Past operations
contaminated soil and groundwater on part of the property with arsenic, lead, and other chemicals.
In addition to excavation and removal of contaminated materials, a pilot study initiated in May 2007
determined that phytoextraction by ferns was a successful method to reduce arsenic in shallow soils
and areas saturated by springs. Fullscale efforts have been ongoing since 2009. The ferns have
demonstrated their effectiveness in over 30% of the area where arsenic contamination once existed
along the stream. Additional information FWS fact sheet The decisionmaking tools and the
experimental procedures needed to identify optimum sorbent mixtures are detailed, with emphasis
on the utilization and combination of commercially available and wastederived sorbents. An
application of the proposed framework is illustrated in a case study of a contaminated sediment site
in Northern Belgium with high levels of As, Cd, Pb, and Zn originating from historical nonferrous
smelting. Longer abstract EPA 600R09148, 28 pp, 2009 Solidification refers to a process that binds
a contaminated mediumStabilization involvesFor treating organic contaminants e.g., creosote,This
reviewFuture perspectives are provided to assist in the further optimization of methods for biomass
modifications to enhance As sorption capacities.CampWater Porta5 System EPA 600R04188, 67 pp,
2004.
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The collected abstracts date from 1998 to the present, and the archive is updated twice each month.
A review of available information on installed treatment does provide some insight into the scale of
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implementation, factors driving process selection and difficulties that have arisen in practice as a
complement to more accessible information on benchscale and pilotscale studies. The availability of
information on treatment performance at fullscale treatment is, however, severely limited. The rapid
advances in information technology and consequent elimination of technical barriers to sharing
information and knowledge should allow the development of an international, accessible database or
even a metadata portal for installed technologies for As removal that would offer the potential to
benefit from past and ongoing experience in practice. Introduction Concern over the occurrence of
arsenic As in drinking water has a long history. This complements longerterm experience, for
example in Chile, where fullscale treatment for As removal has been implemented since the 1970s
Sancha 2006 . Ideally, this experience could serve as the basis to improve existing practices and to
inform future implementation. Surveys and modelbased mapping of the occurrence of geogenic As
Buschmann et al. 2008; Cremisini and Armiento 2016; Erban et al. 2014; O’Shea et al. 2007;
Ravenscroft et al. 2009; RodriguezLado et al. 2013; Rowland et al. 2011; Winkel et al. 2008
suggested that demand for water treatment for As removal is likely to increase. Although less
common than geogenic sources, mining activities can also contribute to As contamination of source
water used for drinking water in some locations, such as Chile Cortina et al. 2016 and Thailand
Jones et al. 2008 . If future practice is to be guided by current experience with As removal at full
scale, information on current practice must be both accessible and relevant to future application.

For this paper, the authors sought information on current practice at fullscale to determine its
potential benefit as a complement to the moreabundant and accessible information on benchscale
and pilotscale studies. The availability of information from fullscale practice is discussed in the
context of technology selection. Although adsorption on granular ferric hydroxide GFH was
identified as a promising technology, information on performance available at the time was
insufficient to provide cost estimates. Further considerations for technology selection included waste
generation and local constraints on waste disposal. Factors affecting treatment performance and
possibilities for treatment optimization are addressed in the extensive literature on benchscale
studies of As removal from drinking water, which has recently been reviewed Davis and Edwards
2014; Jadhav et al. 2015; Mondal et al. 2013; Singh et al. 2015 . Benchscale studies are, however,
less reliable than pilotscale studies as a basis for establishing the suitability of a treatment process
for a specific source water and environmental conditions and obtaining the data necessary for
fullscale design Crittenden et al. 2012 . A key component of pilotscale studies is the use of the same
raw water i.e., source water to be treated in the eventual fullscale plant. Modification of influent
water composition e.g., spiking with As can be included to examine the effect of the concentration of
the target contaminant, as was done in a study of enhanced coagulation for As removal Cheng et al.
1994 . Although pilot studies cannot eliminate all potential effects of scaleup, they are recommended
as a basis for optimizing operating parameters, avoiding failures, and improving cost estimates U.S.
EPA 2003 . For process understanding and optimization, a useful variation on pilottesting are
studies that interrogate existing treatment processes by incorporating intensive waterquality
sampling along the treatment train.

This approach was used in an early study of As removal in treatment plants operating for iron Fe and
manganese Mn removal, enhanced softening, or alum coagulation McNeill and Edwards 1995 and to
identify the factors affecting AsIII oxidation and removal concurrent with oxidation and removal of
Fe, Mn, and ammonium Katsoyiannis et al. 2008 . Pilot testing can be particularly useful for evolving
or novel technologies. In the case of coagulation combined with microfiltration rather than sand
filtration, pilot testing demonstrated the feasibility of microfiltration using pH control to decrease
the necessary coagulant dose Chwirka et al. 2004; Ghurye et al. 2004 . Pilot testing also identified
pH as a key factor for process optimization in As removal by activated alumina and ion exchange
Hathaway and Rubel 1987 . However, piloting is not consistently applied or useful across utilities;
pilot testing in California systems implementing As removal technologies was not associated with



improved prediction of performance Hilkert Colby et al. 2010 . Treatment Technology Performance
in Demonstration Studies and Routine Operation Experience with fullscale treatment offers a
morerealistic basis for performance assessment than bench studies or even pilot studies and,
furthermore, allows for validation of estimated costs and performance. The largest system included
in the demonstration studies served a population of 8,300. Some treatment processes or conditions
were modified during the demonstration study to improve performance Gutierrez 2015 . In a system
employing Febased adsorptive media Brown City, Michigan, a prechlorination step was added to
control the steadily increasing As concentrations observed in the filter effluent, though this also
resulted in increased backwash frequency. A valuable feature of the demonstration studies was the
weekly sampling of influent and effluent water quality, which provided important insights into
process reliability.

Performance in routine operation must be sufficient to comply with drinkingwater standards.
Although these interests may not extend to making such information widely available, in some cases,
information derived from utility experience may be reported in academic publications or professional
newsletters. In the following sections, information on installed technologies is provided by region,
beginning with Latin America, which has the longest experience with arsenic removal from drinking
water. This regional approach highlights the different priorities and challenges in various regions.
Types of treatment processes are summarized, with an emphasis on larger systems. Comparisons of
regional experiences are made in the following section. Installed Treatment in Latin America The
longest experience with fullscale treatment for As removal from drinking water has been in northern
Chile, where health effects of As exposure were identified in the 1960s Sancha 2006 . For
groundwater, the sedimentation step was omitted in some processes.Treatment plants for As
removal from drinking water are also in operation or under development in other countries in Latin
America, particularly Argentina and Guatemala Cortina et al. 2016 . Treatment of Argentinian
groundwater for As removal is complicated by elevated concentrations of silica and fluoride F and
generally high mineral contents. A ceramic filter medium is used to minimize color and Fe in the
produced water. Although As contamination has been reported in some drinkingwater supplies in
Mexico, effective treatment has not yet been installed Cortina et al. 2016 . Installed Treatment in
Vietnam The largest population served with drinking water treated to remove As is most probably
the population of about 6 million people served by the Hanoi Water Works in Vietnam.

In the treatment facilities, groundwater is aerated, facilitating the oxidative precipitation of
naturallyoccurring Fe; precipitates are allowed to settle in a sedimentation basin and the effluent is
passed through a sand filter and, finally, disinfected with chlorine. Some further removal of As
occurs in the distribution system as a result of As sorption onto Fehydroxide surfaces formed by
corrosion of iron pipes Berg et al. 2001 . Installed Treatment in Europe and the Middle East In
Greece, elevated As concentrations in groundwater are associated with geothermal activity or
release from alluvial sediments. Preoxidation is usually accomplished by aeration i.e., biological
treatment. Chemical precipitation was combined with adsorption on GFH in two plants and GFH was
used alone or with preoxidation in four plants. Use of RO was reported for two plants in one, as a
polishing step after GFH and use of ion exchange was reported in one plant. Aeration combined with
biofiltration or other preoxidation was used in all but five systems; in these five systems, two used
adsorption on GFH, one used adsorption on titanium dioxide, one used RO, and one used ion
exchange. Installed Treatment in the United States The change in the As MCL had significant
consequences for groundwaterbased public drinking water supplies in California. Arsenic inputs
derive from geothermal sources in the Owens Valley Wilkie and Hering 1998 . As an interim
measure, As is removed by addition of FeC l 3 just upstream of Haiwee Reservoir in Olancha,
California Kneebone et al. 2002 ; sludge from this process accumulates in the reservoir, allowing the
treated water to be transported through the Los Angeles Aqueduct LAA to a direct filtration plant in
Sylmar, California. A combination of selective pumping, blending, and groundwater treatment for As



removal is used to supply drinking water that meets the As MCL.

Comparison of Regional Experiences with Installed Treatment Treatment processes for As removal
are currently installed at drinkingwater treatments worldwide. The most commonlyused treatment
processes are coagulation with ferric salts, also called chemical precipitation combined with
filtration and adsorption on usually Febased media. Comparing and contrasting experiences from
fullscale treatment plants in different regions allows the identification of some key factors
influencing performance. This is consistent with observations in benchscale studies Zouboulis and
Katsoyiannis 2002 . When drinkingwater standards are met, the efficiency of As removal is often not
reported. There are a few exceptions in literature published by academic authors. In the Hanoi
drinkingwatertreatment facilities, the As removal process relies on naturallyoccurring Fe in the
source water, eliminating the need for coagulant addition DSI 2016 ; sedimentation is still used to
remove sludge prior to filtration. One major cost associated with adsorptive media is replacement of
the adsorbent after exhaustion. In the California systems surveyed and also in some of the U.S. EPA
demonstration studies, breakthrough occurred before the expected run length. These discrepancies
might be attributable to variations in water quality, especially in the concentrations of silica and
vanadium Hilkert Colby et al. 2010 . The basis for the estimated capacity, however, is rarely
specified by the manufacturer or service provider. One California utility reported substantial cost
savings achieved by regeneration of Febased media as opposed to disposal after single use as
usually recommended by suppliers; the use of corrosive chemicals for regeneration, however,
requires adequate safety precautions and operator training Westerling 2014 . A problem with
incomplete AsIII oxidation at the Mitrousi plant in Greece also occurred when an attempt was made
to increase capacity i.e.

, flow rate without upgrading the oxygen generator M. Mitrakas, personal communication, 2016.
Although aeration is generally quite economical, it is not always sufficient; preoxidation can add
significantly to costs if chemical oxidants are used. Issues Identified through the Comparison of
Regional Experiences Comparison of experiences gained through fullscale implementation of As
removal provides some insight into the issues that have arisen in practice as well as needs for
improvements and open questions. Although oxygen alone is not effective in oxidizing AsIII, this
process can be biologically mediated or occur in conjunction with FeII oxidation Hug and Leupin
2003 . The presence of cooccurring contaminants substantially increases the difficulty of achieving
adequate As removal; treatment optimization under these conditions would benefit from a better
exchange of experience and from studies that would address the underlying physicalchemical
phenomena. Addressing Inadequacies in the Availability of Information on Installed Treatment
Despite the potential benefits associated with sharing information on installed treatment
technologies, the quality and accessibility of this information is very variable. The U.S. EPA
conducted surveys of community water systems CWS in 1995 2000, and 2006. In the 2006 survey,
only 4% of systems reported treating water for removal of inorganic chemicals U.S. EPA 2009 .
Arsenic, although it would be included in the category of inorganic chemicals, was not listed as a
contaminant in the accompanying database. For other countries, even the CWS survey framework
appears to be absent. Nonetheless, information access through regulatory agencies e.g., U.S. EPA
provides an objective even if not always uptodate source of information on treatment technologies.
Additional relevant information access is provided through websites hosted by chemical
manufacturers, consulting firms and professional associations.

Some examples are listed in the supporting information Table S2 . The potential benefits of such
resources are, however, compromised by the proliferation of competing websites as well as issues
related to paywalls, possible biases, and quality control. Potential Benefits of Improved Access to
Information on Installed Treatment With the rapid advances in information technology, the technical
barriers to sharing information and knowledge are shrinking. Ideally, information on the



performance of treatment plants would be available online; a pathbreaking example of realtime
performance data is provided for coagulationflocculationsedimentation plants operated for turbidity
removal in Honduras Agua Clara 2016 . Such platforms would be fully consistent with the aims and
goals of the Technology Facilitation Mechanism United Nations 2017 , which is part of the efforts of
the United Nations UN to support the Sustainable Development Goals, or of the Water Solutions Lab
Network, which is being developed by the Sustainable Water Future Programme SWFP 2017 in
cooperation with Future Earth 2017 . Required water quality reporting e.g., Consumer Confidence
Reports in the United States, which are based on annual average values, do not provide sufficient
information to understand factors that affect the performance of treatment systems. This could be
addressed through embedded demonstration studies incorporating moreintensive sampling of
influent and effluent water quality. Embedded pilot studies could be conducted either for
optimization of installed technologies or testing of alternatives, not only for the facility hosting the
embedded pilot study but also for other systems facing comparable challenges. Both of these
activities would benefit from cooperation among system owners and operators, academics and
consultants.

Comparable efforts to expand the access to information on centralized treatment processes, as
called for in this paper, would reflect the fact that the SDGs also apply to industrialized highincome
and middleincome countries. Google Scholar Conradin, K., Kropac, M., and Spuhler, D. 2010. “The
SSWM toolbox.” Seecon International, Basel, Switzerland. Google Scholar Cremisini, C., and
Armiento, G. 2016. “High geochemical background of potentially harmful elements. Crossref Google
Scholar Gutierrez, S. C. 2015. “Arsenic in drinking water An overview of U.S. regulation and
removal technologies.” U.S. Environmental Protection Agency, Cincinnati. Google Scholar
HabudaStanic, M., Kules, M., Kalajdzic, B., and Romic, Z. 2007. “Quality of groundwater in eastern
Croatia. Crossref Google Scholar NRC National Research Council. 1999. Arsenic in drinking water,
National Academy Press, Washington, DC, 310. Crossref Google Scholar Ravenscroft, P., Brammer,
H., and Richards, K. 2009. Arsenic pollution A global synthesis, WileyBlackwell, Hoboken, NJ, 588.
Google Scholar U.S. EPA U.S. Environmental Protection Agency. 2000. “Technologies and costs for
removal of Arsenic from drinking water.” EPA 815R00028, 284. Crossref Google Scholar Gerardo
Ahumada Theoduloz Gerente, Planificacion y Estudios, Ifarle Ltda., Santiago 7750393, Chile;
Professor, Procesos de Tratamiento de Aguas, Facultad de Ciencias Fisicas y Matematicas,
Universidad de Chile, Santiago 8370448, Chile. Michael Berg Head, Dept. The drinking water is
obtained from the Sunnyside Uplands Aquifer. The City submitted a grant application to the Clean
Water and Wastewater Fund CWWF for the construction of a water treatment plant to reduce
arsenic and manganese in drinking water. The Government of Canada and the Province of British
Columbia provided funding from the Clean Water and Wastewater Fund CWWF to the City of White
Rock for the “Arsenic and Manganese Water Treatment Project.
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