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Figure 15. CombinedChlorineRemovalVersusRatedCapacityfor EightPoint-of-Use
GAC Filters(Adamsand Randtke,1992c).60; . , '
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Figure 16. RemovalofAtrazineandHydroxydeisopropylatrazine(OEAT)by a Strong
Acid CationExchangeResin (Witt and Randtke,1992).
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Theseresultssuggestthatconventionalion-exchangesofteningis expectedto be
effective for removing atrazine and its degradation products only if the resins are
regeneratedprior to the initialbreakthroughof calcium.

Ozonation

In a pilot-plant study conducted for the Lincoln Water System in Nebraska,
Hulseyet al. (1993)foundthatan ozonedosageofonly3 mgILwas able to removemore
than80 percentofthe atrazinespikedinto thewaterat a concentrationofabout5.5
However,undertheseconditions,more than I of deethylatrazineand a measurable
amount of deisopropylatrazinewere detected the finished water; and the presenceof
other atrazinedegradationproductscouldnot be ruled out This studyled to a more in
depth studyof the ozonationof atrazine.

As reported by Adams and Randtke (1991, 1992a, & 1992b), the reaction of
atrazinewith ozone was found to be first orderwith respectto both atrazineand ozone
and dependenton pH, alkalinity,and temperature.A model employingrate constants
based on laboratorydata was developedand was shown to predict the destructionof
atrazine reasonablywell for watershaving a relativelylow ozone demand.The rate of
reaction of ozone with several atrazine degradation products was quantified; the
degradation pathways were and hydrogen peroxide was found to strongly
catalyzethe oxidationof atrazineby ozone.

Dosages of ozone typically employed in practice produce little or no ring
cleavage,and there is no reasonto believethat uncleavedby-productsare less toxic to
humans than atrazine itself. Very high dosages might produce some cleavageof the
triazine ring, but such dosages would be unreasonably expensive and there is no
guarantee that the cleaved by-products are entirely non-toxic. Various studies have
demonstratedthe abilityofvariousadvanced oxidationprocesses(typicallyinvolvingthe
use of ozone in combinationwith peroxideor UV light) to oxidize atrazine;but these
processesalso producedboth cleavedand uncleaveddegradationproducts.Hence,it is
illogicalto use ozoneor otheroxidativeprocessesto removeatrazineexceptwherethey
are alreadyin use for other purposes.Adsorptiveprocesses,if effectiveand affordable,
are a muchmore logical choice,sincephysicalremovalis expectedto resultin littleorno
by-product formation (although some by-product formationmay occur as a result of
surfacecatalysisor biologicaltransformations).

Membrane Processes

Reverseosmosismembranesare able to removemost small (Le., low molecular
weight,MW) molecules, includingatrazineand many other syntheticchemicals,from
solution.The degreeof removalwill dependon the type ofmembraneused (e.g.,Fronk
and Baker, 1990;Duranceauet al., 1992).Removalmay also dependon such factorsas
ionicstrength,hardness,and the natureand amountof thenaturalorganicmatterpresent
in the water (Devitt et al., 1994).Ultrafiltrationand nanofiltrationmembraneshaving
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low-MW cut-off points should achieve at least partial removal ofatrazine; but "looser"

membranes having high-MW cut-offpoints are generallyexpected to accomplish little or

no removal ofatrazine unless used in conjunction with an adsorbent such as PAC (e.g.,

Clair et al., 1996). Pilot tests should be conducted using the in-situ water to verify the

capability of a particular membrane to remove the compounds of interest.

Conclusions

I) The current MCL for atrazine includes a very large safety factor but does not

directly address atrazine's degradation products. As a result of the on-going

efforts ofvarious parties, including a special review being conducted by the U.S.

EPA, the MCL may eventually be revised upward or downward.

2) Atrazine is frequently present in surface water supplies in the midwestern U.S.,

sometimes at concentrations exceeding 3 Jlg/L. The highest concentrations

typically occur in spring and summer runoff following application.

Concentrations in streams and rivers tend to be much more variable than those in
lakes and reservoirs; but elevated levels tend to persist for longer periods oftime

in lakes and reservoirs.

3) Certain atrazine degradation products are often present in surface water supplies

in the midwestern U.S., but they are found at concentrations lower and less

variable than those of the parent compound. In ground water supplies, the

absolute concentrations of atrazine and its degradation products are generally

lower than in surface water supplies, but the degradation products tend to

represent a relatively greater fraction of the total residue.

4) Both voluntary and mandatory efforts are being made to control the amount of

atrazine entering surface and ground water supplies. There is disagreement over

the effectiveness of these measures, and it appears that long-term studies will be
needed to resolve the issue.

5) As of December, 1995, there were no public water supply systems in U.S. EPA

Region VII deemed to be out of compliance with the current MCL.

6) Most conventional treatment processes, including coagulation, softening, and

filtration, as well as oxidation with chlorine, chlorine dioxide, or potassium

permanganate, do not achieve substantial removal or alteration ofeither atrazine

or its degradation products.

7) PAC adsorption can achieve substantial removal of atrazine and related

contaminants from drinking water and presently appears to be the best treatment

option in most cases.
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8) PAC can be effective when added before or after lime or metal-salt coagulants,

but simultaneous addition is likely to impair its performance. Process

performance can be adversely affected by inadequate mixing and contact time.

The suspendability of the PAC may play an important role in process

performance, especially where little or no mixing is provided.

9) GAC can effectively remove atrazine and its degradation products from drinking

water. Only partial removal is achieved for designs typically used for taste and

odor control; but complete removal can be achieved using a sufficient contact

time.

10) Atrazine can be partially metabolized to deethylatrazine on GAC columns, but

this provides no obvious benefit from a human health standpoint.

II) Point-of-use GAC filters can effectively remove atrazine and its degradation

products from tap water throughout their stated life if they are properly designed

and contain a sufficient amount of GAC. Partial removal can be accomplished

using point-of-use GAC filters containing smaller amounts of GAC. Removal of

atrazine has been found to correlate reasonably well with removal of residual

chlorine.

12) Atrazine and its degradation products can be adsorbed by a strong-acid cation

exchange resin, but they have been found to be chromatographicallydisplaced by

calcium.

13) Modest dosages ofozone can effectively reduce atrazine concentrations to below

the MCL, as can various advanced oxidation process; but the various atrazine

degradation products thereby formed are not physically removed from the water

and may be no less harmful to human health.

14) Atrazine can be effectively removed by reverse osmosis membranes and by some

nanofiltration and ultrafiltration membranes; but pilot studies should be

conducted on the specific water to be treated to verify the performance of a

particular type of membrane. Removal of atrazine can also be accomplished by

using PAC in combination with ultrafiltration and microfiltration membranes.

15) Given the current level of uncertainty that exists in regard to the MCL for

atrazine as well as various other contaminants in drinking water, water utilities

should exercise a great deal of caution before making any large capital

investment in treatment related facilities.
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Radon Removal Technologies for Small Communities

Joseph A. Drago '"

Introduction

Radon is an inert gas found naturally in soil and rock fonnations and, due to

its volatility, can be transferred into the atmosphere, buildings, and groundwater

supplies. It is one of the contaminants that the U.S. Environmental Protection Agency

(USEPA) is required to regulate under the Safe Drinking Water Act (SDWA).

Groundwater radon concentrations range from less than 100 pCilL to greater than

1,000,000 pCi/L (Longtin 1990) and depend on geology, with high radon

concentrations associated with granitic fonnations. Technologies for radon removal

from groundwater are currently limited to aeration and liquid phase granular activated

carbon (GAC). Compliance with the final radon regulation is expected to impact a

large number of utilities using groundwater sources. Small communities (populations

10,000) are expected to bear the major impacts of this rule. This burden may be

particularly great for very small public water systems (populations 500 people) using

groundwater without treatment facilities installed.

Anticipated Rule

The 1996 SDWA amendments required USEPA to withdraw the proposed

maximum contaminant level (MCl) of 300 picocurie per liter (PCiIL) and to
promulgate a final radon drinking regulation by August 2000. USEPA is expected to

• P.R.. Ph.n. KennedvlJenk!i;Commltant!\.San Franci"co. California
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reproposea radon regulation in August 1999,with an MCL to be basedon a healthrisk
reductionand cost analysisthat takes costs and benefitsof controlprogramsfrom other
sources into account. The MCL is expected to be near 300 pCiIL. USEPA is also
expectedto proposean AlternativeMCL set at a level that wouldresult in a contribution
of radon from drinking water to indoor air equivalent to the national average
concentrationof radon in outdoor air. A National Academyof Sciences study (NAS
1998) determineda value of 4,000 pCiIL for the AlternativeMCL. The 1996 SDWA
amendmentsrequireUSEPA to set an AlternativeMCL becausethe risk-basedMCL is
more stringent.A local or State radon multimediamitigationprogrammust be in place
in order for a water supplierto complywith the AlternativeMCL. Thus,water suppliers
must be cognizantof all sourcesof radonthat may potentiallyimpacttheircustomers.

PotentiolImpilcts

USEPA (1999) issued a "Health Risk Reductionand Cost Analysis for Radon
in Drinking Water" that provides estimates of the costs and benefits for potential
MCLs between 100 pCiIL and 4,000 pCilL (the anticipated Alternative MCL). Table
1 provides a summaryof the number of CommunityWater Systems(CWSs) impacted
by potential MCLs of 100 pCiIL, 300 pCi/L, and 4,000 pCi/L, showingthe associated

costs and benefits for very small systems (populations S 500), small systems

(population S 10,000), and total systems (all population sizes). Note that throughout
this range of potential MCLs, the estimated costs are in all cases greater than the
estimated benefits.For an MCL of 300 pCi/L, USEPA estimates that 16,657 CWSs
would be impacted, with annual costs of $373 million per year ($M/yr) and annual
benefits of $343 M/yr. The 16,251 small systems impactedrepresent over 97 percent
of the total systems affected, and would bear 76 percent of the costs but receive only
38 percent of the benefits. The 12,535 very small systemsrepresent 75 percent of the
systems affected, and would bear 42 percent of the costs while receiving less than 6
percentof the benefits.

Implementiltion Issues

Besides economic concerns, utilities may encounter technical difficulties and
environmental issues when implementingtreatment technologies,which are currently
limited to aeration and liquid phase GAC. These problems can be better understood
by examining radon occurrence and fate, as illustrated by Figure 1. Radon-222, the
isotope of interest, is a member of the uranium decay series, which is produced in
groundwater by the decay of radium-226 in aquifer materials. Radon itself decays
(half-life of 3.8 days) through several short-lived progeny (half-lives all less than 30
minutes) to lead-21O(half-lifeof 19.4 years). In radon removal systems, radon and its
short-livedprogeny are either released to the atmospherevia aeration or are adsorbed
on granular activated carbon. The alpha radiation from radon and its short-lived
progeny constitute the major health risk due to inhalation. In addition, the short-lived
progeny adsorbed on the GAC emit beta-gamma radiation that may pose concerns
about operator exposure during GAC
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