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STRATEGIES FOR CONTROLLING AND REMOVING TRACE ORGANIC
COMPOUNDS FOUND IN POTABLE WATER SUPPLIES AT FIXED
ARMY INSTALLATIONS

I INTRODUCTION

Background

Concern is growing over the literally hundreds of organic compounds discovered in
drinking water. Based on Federal and state surveys to date, over 700 organic compounds
have been Identified in drinking water supplies on Army Installationc as well as In the
general publio.' Many are toxic and suspected carcinogens, even In minute
concentrations. These compounds may be present In potable water as a result of chlorine
reacting with naturally occurring organic acids or in surface and groundwater supplies
contaminated with pesticides, solvents, or petroleum product constituents.

The widespread use of a broad array of organic compounds such as pesticidos,
solvents, and petroleum products has Increased the potential for water supply
contamination by runoff, spills, improper disposal practices, or use In water storage
vessels or pipelines. Volatile organic compounds have been detected at the alarmingly
high level of several thousand micrograms per liter in both civilian2 and Army water
supplies.3 Trichloroethylene (TCE), a common solvent used at Army installations and In
the civilian sector, is the synthetic organic compound found most frequently in Federal
and state groundwater surveys. The U.S. Environmental Protection Agency (USEPA)-
recommended standard for TCE concentration in potable water Is zero.

Federal and state regulations have now been established limiting these compounds'
presence In drinking water, So far, seven organic compounds are regulated and standards
are proposed for others. Several more are being considered for regulation. These
regulations have caused thousands of public and private wells to be closed. Water
treatment plants have had to be upgraded to enable organics removal and equipment has
had to be Installed to treat water supplies not served by a treatment plant. This trend to
regulate levels of organic compounds in drinking water is likely to continue as the
compounds' health effects become known and the ability to detect them becomes more
refined.

SArmy Installations must comply with the regulations limiting organic compounds in
drinking water. In some cases, this may Involve installing additional treatment
facilities. A recent survey4 of water treatment facilities at Army Installations revealed
that 41 percent of the Installations surveyed are supplied by groundwater. These
installations are the ones most likely to have a water supply contaminated by chlorinated

'J. E. Dyksen and A. F. Hess Ill, "Alternatives for Controlling Organics in Groundwater
Supplies," Journal of the American Water Works Association (JAWWA), Vol 74, No. 8
(August 1982).J. E. Dyksen and A. F. Hess i11.

3U.S. Army Environmental Hygiene Agency (AEHA), Water Quality Information Paper
No. 35 (February 1982).

4L. E. Lang, J. T. Bandy, and E. D. Smith, Evaluating and Improving Water Treatment
Plant Processes at Fixed Army Installations, Technical Report N-8B/10 (U.S. Army Con-
structlon Engineering Research Laboratory [USA-CERL], 1985).
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hydrocarbon solvents, which are not removed effectively by conventional treatment.
Furthermore, installations served by groundwater supplies often have no treatment
facilities beyond chlorination and fluoridation. Of 44 installations surveyed, over half
have conventional water treatment facilities, but these processes remove only certaintypes of orgfanic compounds. The pervasiveness of organic compounds In the environmentmeans that all Army installations are susceptible to water supply contamination and

would be required to install removal equipment or to modify existing operations if these
compounds are detected.

Information Is needed to help installations understand the types, characteristics,
and significance of organic contaminants catusing concern and to Identify which
compounds are regulated. Guidance alqo is needed in designing and selecting treatment
methods and operational modifications to control or remove trace organic compounds.
This would help in developing an appropriate, cost-effective strategy for providing safe
potable water to Army Installations.

Objective

The objective of this work Is to provide fixed Army installations with Information
on: (1) the sources, types, characteristics, and significance of trace organic compounds
that may be fout-d in drinking water, (2) existing and proposed drinking water stndards
for trace organics as mandated by the Safe Drinking Water Act, (3) analytical techniques
for measuring trace organic contaminants in water, and (4) treatment processes and:, operational modifications that can be used to formulate a cost-effective strateg~y for

controlling or removing organic contaminants from potable water.

S~Approach

NN• The literature was reviewed, including documents covering regulations. Applicable
Information was organized Into four chapters giving (1) background on the contaminants
of concern, (2) overview of analytical techniques used, (3) treatment plant designs, and
(4) operational techniques for controlling trace organic contaminants In water supplies.
Knowledge of the status of Army water treatment facilities as well as lessons learned
about organic contaminant removal In the private sector also were Investigated and
Incorporated.

scope

This report aimed toward fixed Army Installations thaz; must monitor and remove ,,
organic contaminants found in drinking water, particularly oompounds regulated by
standArds or proposed for regulation. The treatment processes described can remove a
wide variety of organic compounds, including those now regulated and others with

, 91potential for reaching Army Installation water supplies.

Mode of Technology Transfer

This work Is the oasis ror an Engineer Technical Letter. Information presented
here also may apply to the following Technical Manuals: TM 5-880, Operation of Water
Supply and Treatment Facilities at Fixed Army Installations, and TM 5-813-3, Water
Supply. Water Treatment.

10
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2 CONTAMINAi4T8 OF CONCERN

History

The driving force for controlling organic compounds in drinking water has been the
Safe Drinking Water Act, which was passed in 1974, and the subsequent detection of so
many potentially dangerous organic compounds in drinking water supplies. The first set
of regulations--the National Interim Primary Drinking Water Standards--became
effective in 1977 and established enforceable limits on the concentration of
trihalomethanes (THMs) and six pesticides in potable water.

In the past 12 years, Fideral and state surveys have Identified additional organic
compounds in water supplies. Bujed on these findings, the USEPA In 1984 proposed
standards for nine synthetic volatile organ:c compounds (VOCs). These standards would
be based on the comoounas' frequency and level of occurrence and potential health
effects as well as the analytical methods available to detect the compound In the water
supply. Several other syrthetic organic conpotinds are being considered for regulation,
pending tests for carcinogenicity atid health risk assessment.

Orgnic Compounds W1,th Standard. or Proposed Standards

Contaminants that now have enforceable standards or Maximum Contaminant
Levels (MCLs) under the Interim Pri-nary Drinking Water Standards are total THMs (total
content) and six pesticides. THMs are discussed In a separate section of this chapter and
the six pesticides are listed in Table 1. Four pesticides are chlorinated hydrocarbons and
two are chlo.ophenoxys. These compounds do not occur naturally and have been used to
control vegetation, fish, and aquatic Insects. They can reach the water supply from (1)
runoff, (2) spills or leaks from storage vessels, or (3) wastewater discharged during the
compounds' manufacture or use. Two pesticides, Lindane and 2,4-D, are used commonly
at Army installations.

Tpble 2 lists the nine synthetic VOCs for. which USEPA has proposed standards. At
this time, the standards are Recommended Maximum Contaminant Levels (RMCLs),
which means they are nonenforceable health goals. During the next 2 years, USEPA will
propose enforceable MCLs for these contaminants. The MCLs are to be close in value to
the RMCLs and based on health, treatment technology, costs, and other
considerations. 5  Adverse health effects associated with these contaminants include
mutagenic and carcinogenic potential, nervous system damage, cardlotoxicity, and liver
and kidney damage.

The VOCs in Table 2 are almost all chlorinated hydrocarbons; they are volatile and
not very soluble In water. Trichloroethylene (TCE) and tetrachloroethylene (PCE) have
been found most frequently in the groundwater supplies surveyed.! Chlorinated
hydrocarbons are used commonly as solvents and have a wide array of other uses, such as
In manufacturing coatings, Inks, oils, plastics, and other chemicals, fumigants, and
refrigerants. Benzene, an aromatic hydrocarbon, is used In many products such Rs resins,
"detergenti, pesticides, fuels, and synthetic materials. These contaminants all Uan reach
water supplies after leaking from storage containers, leaching from paints and other

sFederal Ragister, Vol 49, No. 114 (12 June 1984).
6J. E. Dksen and A. F. Hess Ill.
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Table 1

Organic Compounds Regulated Under Interim
Primary Drinking Water Standards (MCLo*)

Compound MCL (mg/L)

Total THM 0.1

Endrin 0.0002

Lindane 0.004

Toxaphene 0.005

2,4-D 0.1

2,4,4-TP (Silvex) 0.01

Methoxyohlor 0.1

*Maximum Contaminant Levels.

Table 2

Proposed Standards (RMCLa*) for Volatile
Synthetic Organic Compounds

Compound RMCL (mg/L)

Trichloroetnylene (TCE) 0

Tetrachloroethylene (PCE) 0

Carbon tetrachloride 0

1,1,l-Trichloroethane 0.2

Vinyl chloride 0

1,2-Diohloroethane 0

Benzene 0

1,1-Dichloroethylene 0

Diohlorobenzene 0.75

*Recommended Maximum Contaminant Levels.

12
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coatings, or being used in pesticides, fungicides, herbicides, and at manufacturing
plants. Many have been designated "hazardous substances" under regulations resulting
from the Federal Water Pollution Control Act (40 CFR 116), are regulated as Hazardous
Wastes under regulations pursuant to the Resource Conservation and Recovery Act (40
CFR 261 Subpart D), or are listed as Priority Pollutants In USEPA's National Pollutant
Discharge Elimination System. The compounds are used at Army installations as solvents
(e.g., TCE) or as constituents of petroleum products (e.g., benzene).

Organic Compounds Being Couisidered for Regulation

Synthetic organic compounds being considered for regulation Include several
registered pesticides, some polynuolear aromatic hydrocarbons (PAHs), certain esters,
and acrylamide (Table 3).7 Which of these will be regulated depends on results of
carcinogenicity tests and other health risk assessments. The pesticides being considered
have been detected In drinking water supplies, are registered for use In or around
drinking water, or potentially could reach water supplies. The PAHs can enter drinking
water supplies when coal tar products leach from tank coatings and pipe linings. The
pthalates (pthalic acid) and adipates (adiple acid), used in manufacturing, are insoluble In
water and do not degrade easily. Acrylamide Is used in water treatment processes and
may be toxic to the nervous system; it also may be carcinogenic.

The great number of organic compounds In use presents significant potential for
contamination of water supplies by several prooesses, such as leakage and spills from
storage and transport vessels, Inappropriate disposal practices, and leaching action from
organic compounds exposed or applied to the environment.

Trifalomethanes (THMs)

The THMs found In drinking water supplies usually are formed upon chlorination of
precursor organics In the raw water supply. As the name Implies, these compounds are
derivations of methane. THMs are formed when one, two, or three of methane's (CH 4)
four hydrogen atoms are replaced by a halogen. Chlorine, bromine, or Iodine atoms are
actually the only halogens of concern. Ten molecular combinations are possible in THM
formation, as Figure 1 shows.8 In surface waters, chloroform and bromodichloromethane
are the primary THMs because of the humic precursors' characteristics. In groundwater
systems, the species formed are more difficult to predict since the precursor source in
groundwater can vary widely. The general chlorine/organic precursor reaction that
generates THMs can be expressed ass

Free chlorine + precursors + THMs + byproducts

Chlorine is a very effective disinfectant for potable water treatment and
distribution systems. This benefit outweighs the risk of THMs' suspected carcinogenic

* effects; however, methods for controlling THMs without compromising the bacterial
quality of potable water should be pursued with vigor.

7 Federal Register, Vol 48, No. 194 (5 October 1983).
8K. W. Tim merman, An Investigation and Evaluation of Trihalomethanes in Public

Drinking Water on Hilton Head Island, South Carolina, Unpublished Masters Thesis,
University of South Carolina, Columbia (1983).
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Table 3

Organic Compounds Beinig ConsideredfoReuain

Aldleavb Dibromochloropropane
Chlordane l,2-Dichloropropans
Dalapon Pentachlorophenal
Diquat Piohloram
Endothall Dinoseb
Olyphomate Alachior
Carbofuran Ethylene dibromide
1,1 I,2-Trichloroethane Epiohiorohydrin
Vydate Dibromomethane
Slmanine Toluene
PAH& Xylene,
Atraiums Adipates
Pthalates Hexaohlorooyolopentadieno
Aarylamnide 2,3,7,8-TCDD (Dioxin)

*From$ A Ira Reglaetrp Vol 48, No. 194 (5 October 1983).

'It
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kHC I

Figure 1. Struotural formulas and names of the twihalomethanes. (From: K. W.
Timmermanp An Investigation and Evaluation of Trihl~aomethanes In
Public Drinking Water on Hilton Head Island, SC, Unpublished Master.
Thesis, University of South Carolina, Columbia [19831.)
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rZ TI-M precursors are products of naturally occurring humic and fulvic acids or other
organics from Industrial discharges that find their way into the raw source water.
Although the surface water route Is the most common, groundwater supplies often are
contaminated by return flows from Industrial sources (e.g., spills, leaking tanks) and
natural sources (eeg., swamps, bogs).

Besides the presence of precursors and chlorine, several other components are
critical In THM formation. Specifically, water temperature, pH, bromine concentration,
and chlorine contact time contribute greatly to the rate of THM formation. For
example, Ohio River water was evaluated for chloroform formation as a function ofItemperature and' pH.' The temperature range evaluated was between 3 and 40*C.
Figure 2 presents data that were collected at three times during a 1-year period. The
coincident variation of chloroform In the Cincinnati water distribution system ranged
between 30 and 200 ug/L. Water temperature variations were Identified as one
component of the chloroform variation due to the impact of temperature on reaction
rates. Other factors may also affect the variation such as the fluctuation In humias due
to the season of the year.

It has also been reported that pH affects the reaction rate In THM formation. 10

The formation rate tends to Increase with Increasing pH, as Figure 3 shows. However,
the ultimate amount of THM formed appears to be relatively independent of pH; only the
rate of reaction to pH-dependent.

Bromine also has been shown to affect the rate and character of THM
formation. I Specifically, as the bromine concentration increases, the rate of

mixture of brominated forms will dominate the chlorinated forms and the total THM
concentration may Increase relative to the same water without bromine.

This particular phenomenon may have major Impact on Army Installations located
In coastal or desert regions. In coastal areas, one of the most common groundwater
problems Is saltwater intrusion, whereas In deserts groundwater mining results In saline
water rising up from lower aquifers. Incident to saltwater Intrusion Is Intrusion by the

I, bromine contained In most saltwater systems (both seawater and saline Inland aquifer).
If a salt water-contam inated aquifer Is used as a potable water source, brominated THMs
will form when enough organic precursors are present.

9M.D. rgullg e al, Trialoethne InWatrtA Report on the Occurrence,

Seaona Vaiaton n oncntrtios, ndPrecursors of Trihalo methane@," JAWWA,
Vol71 No 9(Seteber199)1J.M. ymns ndG. 0. Rbcq"Treatment
Procsse fo CoingWit Vaiaton n Rw WterQuality," JAWWA, Vol 67, No. 3

(Mach 975; J M.Syons atal. "NtioalOrganics," JAWWA, Vol 67, No. 11

I O. D Arueloat l. Amricn ate WoksAssociation (AWWA), Analyzing
Orgaicsin rinkng ateo AWA TchncalResource Book (1981).

AWW, "rgaic ontminntsIn ate,"Committee Report, JAWWA, Vol 68, No. 11
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The final major factor affecting THM formation Is chlorine contact time.12 The
reaction rate depends on the precursors, environment, and chlorine species available;
therefore, sampling strategies must consider the contact time between chlorine addition
and measurement of THM concentrations to Insure comparability of laboratory data.
Reaction rate curves often can be developed for a given water, environment, and ehlo-
rine combination.

THMs are considered the most prevalent organic problem in potable water sup-
plies. They can be generated In several ways and can change character for many very
subtle reasons. Methods for control and treatment are discussed In Chapter 4 in the see-
tions entitled Ozidation/Disinfeotion-THM Control, Chemloal Coagulation, Evaluatlng
How to Improve Coagulation, and Activated Carbon Adsorption, and In Chapter 5 In the
section Ali-Strlpplng. Additional Information Is In USA-CERL Technical Report
N-85/10.

12D. J. Moore, Trihalomethanea in Drinking Water: Four Unit Proceuea for Removal,
Report USC-CE-79-104, University of South Carolina, Columbia (August 1979)1
J. J. Richard and a. A. Junk, "Liquid Extraction for the Rapid Determination of
Halomethanes In Water," JAWWA, Vol 69, No. 1 (January 1977).

17
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3 ANALYSIS OF TRACE ORGANICS IN WATER

One criterion the USEPA used in selecting VOCs to be regulated is the availability
of analytical methods to detect the contaminant. For this reason, a discussion of
methods for determining the concentration of organic contaminants Is merited.

Analyzing trace organics In water Involves determining the amount and type of
oarbon-containing molecules present. To achieve this objective, numerous methods have
been developed for isolating, resolvlnlin identifying, and quantifying (detecting) the
complex mixtures of organic compounds present in water. Figure 4 Illustrates the
methods involved In the Isolation, resolution, and detection steps. Organic compounds in
water typically are delineated on the basis of polarity, volatility, and molecular weight.
With this in mind, the methods for trace organic analysis can be categorized into a uni-
form conceptual approach. 13

Trace organic analysis has advanced greatly over the past decade; however, much
more progress must be made before all organics In water can be identified. 1 4 Of the 2
million organic compounds known, only 500, or 0.03 percent, have been detected In water
supplies. Current detection limits at the microgram per liter level, but It is antiolpated
that Increased numbers of compounds will be found as detection limits reach the
nanogram or picogram level. This increase is predicted based on the trend observed from
historical detection levels of 1 mg/L, when approximately 50 organics were known to
contaminate water supplies, to present technology. If progress continues at the same
rate (one order of magnitude of new organics per three-order magnitude of detection), by
the time picogram detection limits are reached, some 8 million organic chemicals could
be detected, assuming that many existed.

Even though very few of the organics in water supplies have been identified,' 5

considerable Information Is available characterizing many compounds. This information
Is useful In classifying organics for both analysis and unit process design.

The criteria defined previously for classification are volatility, molecular weight,
and polarity. "Volatility" is the physical property of vaporizing or evaporating quickly
and corresponds roughly with the boiling point of the compound. Volatility has
applications in analytical concentrating techniques and In treatment strategies such as
air-stripplng. "Molecular weight" is the number of grams In 1 mole of a substance. This
characteristic can be used in analytical separation procedures and In treatment for
selective adsorption properties. The final olassification component, "polarity," describes
the degree to which one part of a molecule Is more positively or negatively charged than
the other. Polarity helps determine how effective adsorption Is at removing organic
compounds.

131. H. Suffet and J. V. Radzul, "Guldelines for the Quantitative and Qualitative
Screening of Organic Pollutants In Water Supplies," JAWWA, Vol 68, No. 10
(October 1976).

14AWWA, 1981; R. C. Dressman, et ale, "Comparison of Methods for Determination of
Trihalomethanes In Drinking Waters" JAWWA, Vol 71, No. 7 (July 1979).

I 5R. C. Dressman, et al.l AWWA, 1981.
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Figure 4. Ptope In anialyzing organic$ In water. (Fromi R.R. Trussell and A. R.
Trussell, "Evaluation rind Treatment of Synttaetia Organies In Drinking
Water Supplies," JAWWA, Vol 73p No. 8 [AWWA, August 1990). Used
with permission.)
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Table 4 lists some organics that have been found in water supplies, classified
according to volatility, molecular weight, and polarity.'6 The schematic is a
eneralization with many overlapping areas, omissionsa and exceptions to the

classifleations shown. Variations also are possible within each chemical class, for
example, substitution by a halogen. Even with these limitations, the trends shown are
valid for the number of organic compound classes.

Table 5 gives methods for Isolating organics using the same framework as Table 4.
The most volatile, polar, and water-soluble organics generally are not isolated but are
directly subjected to analysis, such as direct Injection gas chromatography. 17 Less polar
volatile organics are Isolated by allowing them to partition into the gaseous phase
(headspace) above the water; partitioning can be enhanced by using dynamic gas flow or
by trapping the organics after they enter the gas phase. More polar organics, which are
difficult to recover with the dynamlo headspace/adsorption technique, can sometimes be
isolated through a concentrating distillation step before headspace removal. I

Liquid-liquid extraction (LLE) techniques, in which organics are partitioned into an
organic solvent brought Into contact with the water sample, can be used with
semivolatile compounds. LLE methods typically are not applied to volatile compounds
beasuse extraction is followed by boiling-off the solvent for concentration. However,
the LLE technique without the concentration step has been used widely for THM
analysis. For more polar organics that are less amenable to LLE, a pH adjustment or
derivatization often converts them to an extractable form.

When isolating organics from large amounts of water, the adsorption/olution
method can be usee, 19 "Adsorption" Is a material property in which molecules adhere to
a surface with which they come Into contact due to forces of attraction on the
surface."0 In this technique, organics are trapped on an adsorbent resin or activated
carbon and subsequently desorbed by washing with an organic solvent. Selected resins
that cover a wide range of polarities can be used to maximize recovery of various
organics of concern In the same way that solvent polarity can be varied in LLEr
techniques. Adsorption/elution often Is more suitable than LLE for high molecular
weight organic compounds because these compounds' kinetics of adsorption are faster
than their partitioning equilibrium.

The most polar-heavy organics are best suited to vacuum distillation and freeze-
drying techniques, which remove water selectively and leave the organic behind as a
residue. Less polar, high molecular weight organics are Isolated by reverse osmosis and
ultrafiltratlon. Reverse osmosis uses a pressure-Induced gradient to concentrate
organics and other specified solutes on a membrane's low pressure side. Ultrafiltration Is
a similar process but concentrates solutes by molecular weight rather than chemical
nature.

I GAWWA Committee Report, 1974; A.WWA Committee Report, "Organic Contaminants In
Water Supplies," JAWWA, Vol 67, No. 8 (August 1975); C. M. Bolton, "Cincinnati Re-
search in Organic,'" JAWWA, Vol 67, No. 7 (July 1975).

11AWWA, 1981.
I 6J. P. Mieure, "A Rapid and Sensitive Method for Determining Volatile Organohalides

in Water," JAWWA, Vol 69, No. 1 (January 1977).
' 9A. R. Trussell, et as., "Precise Analysis of Trlhalomethanes," JAWWA, Vol 71, No. 7

20(July 1979).
W. Weber, Physicochemical Processes for Water Quality Control (Wiley Intersolence,
1971).



Table 4

Soamatle Cluaifoleaton of Oiwnfgas ,osed In Water

*Poilty + ÷ 4. 4. #. Volatility

Volatile Iemivolattle Nonvolatile

Alcohols Alcohols Polyflectrolytes
Polar Ketones Ketones CQubohyidates

Cuboxyllo Cuboxyllo Fulvio acids
acids aclds

Weren Meth Proteins
Semipolm Rate iters Cabhydrates

Aldehydes Aldehydes Humio acids
Heteroayllos

Allphatto, Aliphatic,
amomt umtlo, Lignin

Monpolfiu hydtoeubonh aliyollt,

hydrocarbons

Moleoular Weight ÷Low .d .bMed1U. * , Htqh

Table 6

bolation of OrGale Compounds Found In Water

Poilaity 4 4 ÷ 4 * • 4 4. Volatility

Volatile Semivolytlle Nonvolatile

Nor. Derivatiustion

Polar Liquid-liquid Adsorption Vaouum distillation
extraction Elution

Distillation pH Adjustment Freese drying

Skemipolea Liquid-liquid Adsorption Reverie osmosis
extraction Elution

Dynamic headspace
adsorption

'Head-pace Liquid-liquid Adsorption
adsorption extraction Slution

Nonpolar Ultmtiltramtion
Headapaos

Moleoular Weight Low Medium High
4 .4 , 4 4. .4, 4. 4. .4
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Some factors that Influence isolation of organics from water are temperature,
pressure, equilibration time, ionic strength, pH, and particulate adsorption. With the
exception of particulate adsorptiont these factors typically can be standardized for aspecific application to maximize recovery. Natural waters vary greatly In particulate
characteristics; thus, the surface properties of the particulates, which can absorb anddesorb organics, may vary widely among waters evaluated. Particulates pose the most
difficult issue in current isolation techniques relative to reproducibility of results.

After the organic(s) of concern have been removed from the water, the Isolatetypically contains a complex mixture of organic compounds. The most common
technique used to resolve this mixture Is chromatography, a process of selectively
separating the components of a mixture Into distinct constituents. Chromatography is acomplex phenomenon, combining aspects of thermodynamics, kinetics, and transport
properties.

Chromatographic separation usually Is achieved by one of four techniquest
adsorptlon, partitioning, size exclusion, and ion exchange. In adsorption ohromatography,
the organic mixture Is transported In a mobile fluid phase across a solid stationaryphase. As the organics travel across the stationary phase, each compound spends a
characteristic amount of time bound statically to the solid phase. Thus, the compounds
slut@ one at a time from the end of the solid phase with the least adsorbed organic
evolving first. Adsorption chromatography is best suited for resolving organics with
polar groups that promote selective adsorption.

Partition chromatography Is similar, but the solid phase Is coated with a stationaryfluid Into which organics dissolve rather than adsorb. Therefore, partitional systems canbe used for both polar and nonpolar organics.

Size-exclusion chromatography (SEC) separates organics according to molecular
weight through a permeation or filtration process. 2" In the permeation process, organics
travel through a medium containing many small pores. The smaller compounds spend ahigh percentage of time In the pores whereas the larger compounds spend much less time
In the pores. Therefore, organic compounds are eluted selectively from the column with
the high molecular weight fraction coming off first. In the filtration mode of SEC, the
elution order Is reversed.

Ion-exchange chromatography Involves the Interchange of Ions In the mixture to be
resolved with Ionic groups on a synthetic organic resin. Compounds least favorably held
by the resin come off the column first. Since Ion exchange Is an electrostatic attraction
process, the organics suitable for this process are those containing or transformed to
compounds containing Ionic functional groups.

Table 8 summarizes resolution techniques for the different classes of organic
compounds found In water. Although a theoretically sound resolution technique Is
available for each type organic compound present In water, the technology for using gasas the mobile fluid phase Is developed better than liquid-carrier techniques. Before the
1970s, gas chromatography dominated the other procedures because of superior speed,resolution, and detectors. However, recent Improvements In high-pressure liquid systemshave greatly increased the use of high-resolution liquid column chromatography, This

2I'AWWA, 1981.
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procedure separates liquid-soluble organicst In addition to gas-soluble or volatile
compounds, by high-pressure liquid chromatography.

Once orgRnios In water have been Isolated and sepaeatedp they must be Identified

and uanifid. abl 7 ist detctin dvics tpicllyused for observing the organic.',
physical and chemical properties. Although many organics have characteristics well
suited to detection by several techniques, the best detectors for both volatile and
semivolatile organics are those used in conjunction with gas chromatography.

The flame-ionization detector is a relatively sensitive, nonspecific, 'universal
device for detecting organic compounds with a wide dynamic range. The electron I

capture detector is very sensitive and is specific for compounds containing oxygen,
halogens, nitrogen, and several other organics. The thermloni• or alkali flame detector
alec Is highly sensitivi and has two variations: one that detects orgattlos containing
phosphorus, the other for nltrogen-oontaining organics. Eleatrolytic'Conductivity and
microcoulometric detectors are moderately sen'Ritive and are specific for compounds
containing halogen, sulfur, and nitrogftn, All of these detectors have linear ranges
greater than 1000 and therefore can both identify and q'lmntify organic compounds. The
mass spectrometer is one of the most useful dttentors because it reveals specific
information about the structures of orgjanlis being analyzed. Thuso unknown compounds
can be identified and then quantified using one of the more linear detectors.

The nonvolatile, high molecular weight organics are more difficult to doteot and
quantify. Because these molecules are so large and typically contain several organic
groups, the physical/chemical propertles are manifested u a composite., These
properties can be observed using several different detectors: ultraviolet-vitlble
absorbance, fluoreoencoe, Infrared absorbance, nuclear magnetic resonance, and
photoconductivity. Bioassay techniques sometimes are used for organic speoles
detection. Mutant Isolates of an organic often can identify and sometimes quantify
carcinogenic potential.

Another approach usod for Isolating nonvolatile, nonpolar, heavy organics is division
of the molecules Into identifiable fractions that are then used to determine the
molecule's original configuration. Methods used for fractionating large organic
molecules include pyrolysis, eiemloal cleavage, oxidation, and microreaction. Once the
high molecular weight compounds have been reduced to smaller pieres, advanced gas
chromatography detectors can be used along with those previously identified to
determine the molecule's original structure. High molecular weight, nonpolar molecules
are by far the most difficult to define !%nd quantify with current technology.

The future will brirg Improved techniques for Identifying and quantifying organics
In water supplies. With this, methods for defining the high molecular weight organics
that comprise most o! the total organic carson (TOC) will be defined better. Organic
analysis appears to be moving quickly from the present microgram per liter sensitivity to
the pliogram per liter level. This advanced detection will groatly ex;and the number of
organics of concern in drinking water supplies.
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Table 6

Resolutlon of Organic Compounds Ftom Water:
Chromatographlc Techniques

Polarity + + + Volatility

volatile Sernivolatils Nonvolatiles

Pole Gas-liquld [on-axohanlipartitioning

adsorption LIquid-solid adsorption
Liquid-liquid site exclusion

tmlpolii patitioning FiltrationOu-solid .
partitioning lau-liquid si.e exolusion

partitioning PermeationGu-solid

Nonpolar a0cc-lii Liquid-liquid
Oia-llquid partitioning
partitioning

Moleaular Weight Low Medium High

Table ?

Typical Detection Devices

Polarity e Volatility

Volatile lamivolatile Nonvolatile

Flime Ionization Mutageniolty assay
Polar Ultraviolet-vislble

Eleotron capture tluoresoence

Thermlonlo In.'rared
Samipolar Nuclear magnetic

resonance
Electrolytlo conductivity Photo oonductlvity

Pyrolysie
Miorocoulometrlc Chemical cleavage

Nonpoilar Oxidation
Mais spectrometry

Molecular Weight Low rModlum High
4l 4 4. . .4 4. '.1
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4 CHEMICAL TREATMENT/SEPARATION PROCESSES

Overview

Unit processes for removing or destroying organics in a source water vary as a
function of the organics' type, species, and concentration. Thus, as with analytical
techniques for thel: evaluation, organics are removed or destroyed In water treatment
unit operations through their inherent charapteristics--polarity, volatility, and molecular
weight.

The concentratC )n of particulate and dissolved organic matter in the raw water can
be reduced through improved coagulation, adborption onto materials such as activated
carbon, membrane processes such as ultrafiltration or reverse osmosis, and chemical
oxidation. Membrane processes and chemical oxidation are, in general, not cost-
effective unless specific toxic organics that are not well suited to adsorption are of
concern.

The unit processes mentioned above can be divided Into groups that describe the
basic mechanism of removal. Although the processes could be grouped in many ways,
two categories were chosen: chemical treatment/separation and physical treatment/
separation. Table 8 shows these .wo categories and the removal processes, along with
some characteristics of the organic compounds removed. Chemical treatment/
separation methods are discussed in this chapter whereas the next chapter covers
physical treat m ent/separation.

Cheminal treatment/separation refers to processes that destroy or separate
contaminants from water by adding a chemical. These processes, as related to water
supply, include chemical coagulation, oxidation, solvent extraction, and adsorption.
Since coagulation and oxidation often are standard surface water treatment processes,
organic contaminants can be controlled by Implementing an operational modification.
Thus, if an untreated groundwater source contains organics that require remova),
coagulation and oxidation can be considered as alternatives when evaluating treatment
processes. This eategory Includes activated carbon, which probably is the technique best
suited for treating organic contaminants in raw source waters under the current state of
knowledge.

£r'Ihalomethaae (THWm Control

Several unit processes and operational strategies suppress THM formation. Since
THMs have enforceable drinking water standards and are frequently found In drinking
water, there Is much laboratory and plant experience in controlling them. Less
information is available on plant work to control other organics, but some proven and

-- new treatment processes for removing or destroying them are available.

hI, February 1983, the USEPA identified five methods representing the "best
technology treatment techniques or other means generally available" to achieve
compliance with the 0.1 mg/L limit for THMs in drinking water. These methods (Table 8)
are almost all aimed at preventing THM formation and are discussed in this report to the
extent thht they could be used at Army installations. Of these methods, improving
existing clarification (settling) to remove precursors, moving the point of chlorination,
substituting othe. preoxidants, and using chloramines are the most prc -nising ways to
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Table 8

Treatment Processes for Organics Removal and Bultable Types
and Characteristics of Compound. Removed

Treatment/Bepuration Types/Characteristics of

Processes Compounds Removed

Chemical

Chemical coagulation THM and THM precursors, high molecular
weight synthetic organics

Oxidation THM and THM precursors

Clarification THM and THM precursors

Disinfectant practices THM

Solvent extraction Volatile and semivolatile, polar and nonpolar
organics, low-medium molecular weight

Adsorption granular-
activated carbon (GAC) THMs, THM precursors, taste- and odor-

producing organios, chlorinated hydrocarbon
solvents, low-polarity, low solubility
compounds

Powdered-activated carbon (PAC) High molecular weight compounds

Synthetic resins Chlorinated hydrocarbon solvents, low or high
molecular weight, depending on compound of
Interest

Physical

Evaporation/volatl1izatIon Low molecular weight, volatile organics

Distillation High molecular weight, polar, volatile
organics

Air-stripping Moderately volatile organics, some aromatics
and pesticides, vinyl chloride, THMs,
chlorinated benzene, halogenated organic
compounds

Steam-stripping Moderately volatile, medium molecular
weight organics

Membrane processes (reverse Higher molecular weight organics, some
osmosis, ultrafiltration) priority pollutants
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control THMs. These methods make use of conventional treatment processes and have

been practiced at Army and municipal water treatment plants.

Oxidation/Disinfection-T-HM Control

Although THMs are the only halogenated organics currently regulated (other than
ihalogenated organic pesticides), they represent only a single class of organic halides

produced when raw source waters containing natural and/or synthetic organics are
chlorinated during the course of potable water treatment. It has been suggested that
total organic halide, as well as THM, formation be minimized. 2 2 One way to do so is by
relocating the point of disinfection and/or using alternative disinfectants along with
Improving the coagulation, flocculation, and separation process, as previously shown in
Table ..T3 This section describes moving the point of disinfection and using alternative
oxidants and/or disinfectants, with coagulation strategies discussed in a later section.

Several facilities have moved chlorination to a later step in the treatment process,
such as before or after the filters, to reduce the contact time between chlorine and
organics. Therefore, since some organics and chlorine-demanding substances are
removed in the coagulation/sedimentation process, there are fewer THM forming
substanoes present when chlorine Is applied. This allows the dose to be reduced greatly.
Of 312 utilities surveyed In 1978, 20 percent do not chlorinate until after sedimentation
or filtration. 24 A USEPA study of nine utilities showed that the total THM
concentration in finished water was reduced by up to 80 percent by delaying

i chlorination. Moreover, an Army Environmental Hygiene Agency (AEHA) study in 1979
at Fort Monroe demonstrated that finished water total THMs were reduced 50 percent by
eliminating prechlorinatlon. 25 The Louisville, KY, Water Company reduced average
total chlorine consumption by about 80 percent as a result of moving the chlorination
step to the sedimentation basin outlet, before the softening step. Previously, the
chlorine dosage was 120 to 140 lb/MG* and 12 to 15 lb/MO for pre- and postchlorination,
respectively. With the new arranagement, only 20 lb/MG are used before the softener

d iand 6 lb/MG after filtration. (Ammonia also Is added at both points to create a combined
residual.) THM levels once exceeded the MCL, but now they are less than 20 percent of
the MCL, according to the Louisville Superintendent of Purification Works.

To take advantage of coagulation, settling, and/or filtration in removing THM
precursors, an alternative pretreatment oxidant may be needed to control iron,

/,s, manganese, taste, odor, and algae. Potassium permanganate, ozone, and chlorine dioxide
arc all known to be effective oxidants that can be substituted for prechlorination.

*i Potassium permanganate has been shown to be effective in reducing water's chloroform
formation potential. These data, however, indicate that effective reductions have been

2C. D. Cameron, et al., "Organic Contaminants in Raw and Finished Water," JAWW.A,
Vol 66, No. 9 (September 1974).

"P. A. Chadik end 0. L. Amy, "Removing Trihalomethane Precursors from Various
Natural Waters by Metal Coagulants," JAWWA, Vol 75, No. 10 (October 1983); D. T.
Duke, et al., "Control of Trihalomethanes in Drinking Water," JAWWA, Vol 72, No. 8
(August 1980).

•AWWA, Occurrence and Removal of Volatile Organic Chemicals from Drinking Water,
Cooperative Research Report (1983).

"U.S. Environmental Protection Agency (USEPA), Trihalomethanea in Drinking
Water: Sampling, Analysis, Monitoring and Compliance, EPA 570/9-83-002 (1983).

*Metric conversions are available on page 82.
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•* Table 9

USEPA-Identlf led Methods to Achieve Compliance With
0.1 mg/L, MCL for THMs

* Using chloramines as an alternative or supplemental disinfectant or oxidant.*

o Using chlorine dioxide as an alternative or supplemental disinfectant or oxidant.*

e Improving existing clarification for trihalomethane precursor reduction.*

o Moving the point of chlorination to reduce trihalomethane formation and, when
necessary, substitute for chlorine as a preoxidant chloramines, chlorine dioxide, or
potassium permaganate.*

e Use of powdered activated carbon for trihalomethane precursor or trihalomethane
reduction seasonally or Intermittently at dosages not to exceed 10 milligrams per
liter on an average annual basis.*

Other methods USEPA says may be consideredi

e Introducing offline water storage for trihalomethane precursor reduction.

e Aerating for trihalomethane reduction "where geographically or environmentally
appropriate."

* Introducing clarification where not currently practiced.

e Considering alternative sources of raw water.

a Using ozone as an alternative or supplemental disinfectant or oxidant.*

*Indicates thod Is discussed In this report.
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made only at doses considerably higher than those used in typical treatment practice.
Typical doses of 0.5 to 2.0 mg/L in the water industry have only a small effect on the
overall chloroform production. Use of permanganate as an oxidative pretreatment allows
the point of chlorination to be shifted to a postsedimentation or postfiltration location,
after a significant amount of organics have been removed by coagulation. It should be
recognized, however, that enough contact time must be provided between the point of
permanganate application and filtration to allow complete reduction of potassium
permanganate to manganese dioxide. If the reaction has not been completed,
postfiltration deposition of manganese dioxide may result. Application of permanganate
at the intake or rapid-mix chamber should provide enough time for the.reaction.

Solid manganese dioxide, produced from the reduction of permanganate, has been
shown to be effective as an adsorbant of some organic molecules, thereby providing an
additional removal mechanism for organics contained in the source water.,, This
phenomenon may particularly apply to facilities that use greensand for iron and
manganese removal since the oxidized Iron and manganese retained by the greensand
coupled with the reduction of the permangenate applied to the filter generate a solid
phase with good adsorption properties for humlo substances, especially In hard waters.
Permanganate appears to have little, If any, impact on the coagulation process and
affects only a minor reduction (less than 20 percent) in organics and THM formation
potential (THMFP).

Ozone is a very powerful oxidant and is used widely In Europe, where raw watersare of poor quality. It acts more quickly than chlorine as a bactericidal agent and Is

eflieotive against some viruses.'" Ozone does not combine with organic aolds to produce-
THMs. Ozone has been used to help remove iron and manganese and to break down
organios, and some experimental work has demonstrated that ozone pretreatment can
help reduce THM levels, 2 '

Other studies suggest, however, that like permanganate, at the doses of ozone
commonly used in practile, only modest reductions in organics and THM precursors are3o
realized. Also, secondary organics generated by ozonation have not been defined
well. Evidence shows that these secondary organics may form chloroform upon
chlorinatio.n. 3 1 However, using ozone instead of prechlorination provides for oxidative
pretreatment and disinfection while allowing coagulation to remove significant amounts

of organics and THM precursors before final chlorination.

The disadvantage of ozone is that it must be produced onsite by discharging high
voltage (5000 to 30,000 V) between electrodes separated by air, requiring a high initial
investment for the equipment. (Capital cost is about two-thirds greater than that for
ohloramines or chlorine dioxide treatment.) Also, It cannot provide enough residual

27j. E. Dyksen and A. F. Hess Ill.
2sW. Weber.
29J. M. Symons, et al., Treatment Techniques for Controlling Trihalomethanea in

Drinking Water, Technical Report PB 82-163197 (USEPA Municipal Environmental
Research Laboratory [MERL],9 1961).

30D. R. Medley and E.L. Stover, "Effects of Ozone on the Biodegradability of Bio-
refractory Pollutants," Journal of' the Water Pollution Control Federation (JWPCP),
Vol 55, No. 5 (May 1983).

31D. R. Medley and E. L. Stover.
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disinfection power In the distribution system, so another disinfectant also would be
required.

Chlorine dioxide Is used most cornmmanly In the United States for controlling taste,
odor, and algae, and for removing Iron and manganese. In Europe It Is used widely as a
final disinfectant. The major concern In using chlorine dioxide in'potable water
treatment has been the formation of chlorite and chlorate as Inorganic byproducts of
reaction. The health effects of these species Is not well understood and, thus, the
UREPA has limited total residual concentrations of chlorine dioxide, chlorite, and
chlorate to 0.5 mg/L In potable waters.

Chlorine dioxide does not appear to form THMs or other halogenated organics
unless free chlorine Is present In the chlorine dioxide source. In fact, It appear. to
reduce the THMPP by up to 50 percent. The prospect of reducing the formation
potential for haloforms other than THMs io not well understood at this time.

Like uizone and permanganatep chlorine dioxide Is selective In reactivity.32 Unlike
chlorine, chlorine dioxide will not react with ammonia and undergoes only limited
reactivns with amines. This fact has major Implications In potable water disinfection
since lower dose and longer lastnig residuals can be attained using chlorine dioxide. This
Is possible because nitrogen compounds do not compete for aniorine dioxide as they do
for chlorine.

For most water treatment applications, ahiorine dioxide is generated by the
reaction of chlorine and sodium hypochlorite lk solution under acidic conditions 3 3

Cl2 + 1401O2 *2%;1O 2 + 2NACl [Eq 1]

To Increase the reaction rate and encourage complete use of the chlorite, an excess of
chlorine typically Is used. Although this procedure yields the greatest production of
chlorine dioxide per unit of the most expensive component, chlorite, It also yields an
excess of tree chlorine In the product. When chlorine dioxide Is applied In the treatment
process, then, excess l~echlorine will react with the organics to form THMs and other
halogenated organics. Thus, the benefit of reduction In THMt and other haloforms using
chlorine dioxide Is partially offset by the free chlorine byproduct In the chlorine dioxide
generation process.

Use of permangainate, ozone, and chlorine dioxide as soibstitute pretreatment
oxidant. for chlorine has only a minor effect on THM and other halogenated organic
removal at the dosage levels commonly used In potable water treatment, Howevdr, using
these oxidants as substitutes for chlorine In pretreatment enhances re moval of raw

* organic. In the coagulation and subsequent sedimentation and/or filtration unit
processes. The resulting reduction In raw organics reduces the formation potential of

*halogenated byproducts when chlorine Is applied for final disinfection. A residual
disinfection coin be added to the distribution systems using chloramines or chlorine
dioxide.

With ch~loramination, chlorine and ammonia are added In the water treatment and
enough reaction time Is allowed for the chloramines to form. The p11, temperature, and

3 2AWWA, Treatment Techniques for Controlling Triholomethanes in Drinking Water,
* AWWA Report (1982).

330G. Culp, Trihalomethane Reduction in Drinking Water (Noyes, 1984).
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chlorine and ammonia concentrations influence the reactions. If pH Is 4.4 or less,
nitrogen trichloride, which has a foul odor and poor disinfectant properties, is formed.

Ammonia can be added as ammonium sulfate (25 percent ammonia) with a dry
chemical feed system, as anhydrous ammonia (refrigeration Was) fed In solution or
diffused in gaseous form, or as aqua ammonia (food-grade) diffused in liquid form. The
choice depends on how easily facilities at the treatment plant could be adapted to
accommodate ammonia feed. The ammonia dosage Is such that the ratio of chlorine to
ammonia Is 3:1 to 5:1, with a combined chlorine residual of I to 2 mg/L achieved.

The Louisvlile, KY, water company reduced THM levels from a maximum of over
0.2 mg/L to below 0.02 mg/L after switching to ohloramination. Preohlorination (20
lb/MO) Is done after the coagulation/sedimentation step and to a free chlorine residual of
2 mg/L. Fifteen minutes of contact time are allowed as water flows through a tunnel
before 5 to 6 lb/MO of liquid ammonia Is added to form monoahioramine (pH 6.8'to 7.0).
After softening and filtration, 8 Ib/MO of chlorine and 1,8 lb/MO of liquid ammonia are
added to produce a combined chlorine residual of 1.5 mg/L In the distribution system,
according to Louisville officials. The system is flushed when standard plate counts of
bacteria at various points in the distribution system exceed predetermined levels. With
this program, THMs and bacteria are controlled.

At one Army installation, prechlorination of raw water to 1.5 to 2 mg/L free
available chlorine provides a residual of 0.1 mg/L through the sedimentation basin to
prevent algae growth. After filtration and pH adjustment, ohlorine and ammonia are
added In a ratio of about 511 to provide a total residual of 2.6 mg/L In the finished
water. Anhydrous ammonia Is added Just before the chlorine to keep additional THM
formation to a minimum. With this practice, THMs have been brought well below the
MCL. A flushing program is carried out to keep lines free of bacteria and algaes and
bacteriological samples are taken regularly. The flushing program at this Installation Is
necessary because of high algae levels In the raw water.

Table 10 compares costs for three sizes of water treatment plants with
conventional prechlorination and with alternative pretreatment disinfectants. In
selecting any alternative(s) for mitigating organic contamination of a potable water
supply, It should be recognized that the finished potable water must be disinfected
properly and that water in the distribution system must be protected adequately$

Decomposing Organics by Oxonation

Ozone Is recognized for Its ability to treat wastewater-containIng organic matter El

and other contaminants. Laboratory tests have demonstrated that ozone can break down
"complex organic oompounds." It has been used to treat hydrocarbon wastes in rubber
plants, refineries, and solvent manufacturing plants. 3' Ozone has had infrequent use in
disinfection and taste and odor control in potable water treatment plantsl one example Is

- I the town of Whiting, IN, which has used ozonation since the 1940s to treat drinking water

34p. S. Bailey, "Organic Groupings Reactive Toward Ozonet Mechanisms in Aqueous

Media," Ozone in Water and Wastewater Treatment (Ann Arbor Science, 1972)1
AWWA, Water Reuse Highlights (1978).

"3 $U.S. Department of the Interior, Characteristics and Pollutional Problems Associated
With Petrochemical Waste (Federal Water Pollution Control Administration, February
1970).
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Table 10

Cost Estimates for Alternatives to Preohlorinatlon
(Cents/lOOO Ga-)*

I MOD 5 MOD 10 MOD

A B A B A B

Chlorination**

1 ppm dose 2.8 3.7 0.8 1.1 0.5 0.7
3 pm dose 3.6 6.2 1.2 1.6 0.9 1.2
6 ppm dose 4.3 6.2 1.7 2.3 1.4 1.8

Chloramination**

0.75 ppm chlorine dose 4.9 5.8 .1.5 1.8 0.9 1.1
1.5 ppm chlorine dose 5.9 8.9 1.8 2.2 1.2 1.5
2.2 ppm chlorine dose 7.2 8.4 2.2 2.7 1.5 1.8

=, Chlorine diox!,dt**,***

1 ppm dose 5.6 8.6 2.5 2.8 2,0 2,2
3 ppm dose 9.0 10.3 5.6 6.1 4.9 5.2

Ozonation+

(10 min contact time)
I ppm dose 6.9 3.5 2.3
3 ppm dcose 10.4 5.5 4.0

*Case A--Chlorination feed system exists. New feed system for chemicals in question.
Case B--New chlorine and other chemical feed systems. All costs shown include capital
(where new facilities are Indicated), operating and maintenance costs, assuming 70
percent plant capacity, 20-year amortization period, and 8 percent interest. ENR
Construction Cost Index = 369.80 (January 1983) and Producer Price Index--Finished
Goods a 283.6 (January 1983). Chlorine costs $300/ton, ammonia costs $200/ton.
Chlorine to ammonia ratio is 3M1.

**Based on Evaluation of Treatment Effectiveness for Reducing Trihalomethane. in
Drinking Water, UBEPA Contract No. 68-01-6292 (1983)o pp 98-102.

"***Sodium chlorite costs $2000/ton. Contact time is 20 min.
+Costs projected from 1980 costs given In earlier USEPA publication, Treatment

Techniques for Controlling Trihalomethane. in Drinking Water (UBEPA, MERL
[September 1981]).
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for taste and odor. 3 6 The 1.5 to 2.0 million gallons per day (MGD) plant has an ozone
generation capacity of 75 lb/day. The ozonation is used during pretreatment and is
especially advantageous when the raw water contains phenols or petrochemical
compounds. Several other cities use ozonation to remove unwanted taste and odor
caused by these organics.

in removing organic compounds, ozone (0 ) acts as an oxidizing agent and, if the
ozone dosage and contact time are long enougR, the organic matter is broken down to
harmless carbon dioxide and water. Conditions seldom are suitable or praotical enough
to achieve this condition for all the organics of concern. Instead, partially oxidlmed
intermediate organic compounds may form. These compounds' toxicity and health
effects are unknown at present; however, they often are more biodegradable or more
easily adsorbed onto a medium. 3 This knowledge expands the potential for using omen*
in combination with other treatment processes; one example of this combined technology
Is at a wastewater treatment plant In Cleveland, OH."6 After ozonation at this plant,
the water Is filtered and applied to a granular-activated carbon (GAC) bed. The
Intermediate organic compounds are absorbed more readily in the activated carbon bed
and thus are more soluble and biodegradable than in other treatment systems. A similar
system could be used at a potable water treatment plantl Figure 5 is a schematic for
such a system.3" The multimedia filter and aeration tank following the oaone oontactor
are optional. Biodegradation and adsorption occur In the granular-activated oarbon
column, adding the benefit of not having to regenerate the carbon as often.

gATI| < mAcyLl OPTONAL

INIOT9 AgRAT S T RAINLA •TIo

-,i"RI ATOMTRILAY9XYJ AI
on IN

Figure 5. Omonatlon/biological-antivated carbon system. (From: M. Schwartz,
R. Rice, and A. Benedek, "A Study of the Feasibility to Achieve Reus-
able Water by Ozonation/Biological-Aotivated Carbon Technology,"

, Water Rouse Symposium II Proceedings, Vol 2 [AWWA Research I/
Foundation, 19811. Used with permission.)

3 R. P. Oulette, at al., glectrotachnology, Vol 1: Wastewater Treatment and Separation
Methods (Ann Arbor Science, 1978).

11AWWA, 1978; M. Schwartz, R. Rice, and A. Benedek, "A Study of the Feasibility to
Achieve Reusable Water by Ozonation Biological Activated Carbon Technology,"i

3 Water Reuse Symposium UI Proceedings, Vol 2 (AWWA Research Foundation, 1981).
OR. P. Oulette, at al.

"3M. Schwartz, R. Rice, and A. Benedek.
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Potable water treatment plants In Europe have uJsed ozone/GAC for several years

and, at plants where biodegradable has been effective, the GAC media did not have to be
regenerated for 3 years.u Pilot plant studies In the Netherlands using ozone/GAC
treatment demonstrated that the two processes together removed taste- and odor-
producing compounds more effectively than either process alone."' The system using
ozone followed by biologically activated GAC probably will undergo further testing
before design specifications and cost data are available, but it does show promise for
removing organics from potable water.

Another technology for removing organic. Is ultraviolet (UV)/ozone treatment. In
order to completely break down chlorinated hydrocarbons, for example, solvents and
pesticides that do not break down easily in the environment, the carbon-ohlorine bonds
must be broken. Oaonation alone will not do this, but if UV light and ozone are applied,
these bonds break and the organic compounds decompose more quickly. The UV/ouone
system has been laboratory-tested on aliphatic and aromatic hydrocarbons and was found
to decompose these compounds more effectively than if ozone alone were used.'2
UV/ozone treatment thus has potential application In organics removal from potable
water but further laboratory and pilot testing is needed to develop design and operating
specifications as well as cost estimating methods. Table 10 shows overall costs for
1- and 3-ppm dosages of ozone for 1-, 5-, and 10-MOD planta.

Chemical Coagulation

Chemical coagulation/flocculation is effective for removing humic acids, which are
precursors for THM formation. Coagulation/flocoulation has not been as effective for
removing volatile (petroleum-based) organics and limited work has been done to evaluate
how well other synthetic organic compounds are removed. For those reasons, chemical
coagulation Is discussed with respect to its potential for helping to control THMs." 3 3

Coagulation has several advantages over granular activated carbon adsorption,
Including little additional capital Investment, minor Increase in unit-process operating
cost, and reasonably well defined technology (relative to other systems).4 However,
coagulation is less effective than the other alternatives, and jar and plant tests should be
conducted to see if this method reduces precursor organics well enough.

Conventional treatments such as turbidity removal and softening have been shown
to remove some organic acids (THM precursors) and thus help control THM levels in the

"40M. Schwartz, R. Rice, and A. Benedek.
"'W. C. VanLier, et al., "Experience With Granular Activated Carbon Filters on Pilot

"Plant Scale," Activated Carbon in Drinking Water Technology (AWWA Research
Foundation, 1983).

4 2E. Leitis, et &l., "The Chemistry of Ozone and Ozone/UV Light for Water Reuse,"
Water Reuse Symposium II Proceedings, Vol 2 (August 23-28, 1981).

' 3R. R. Trussell and A. R. Trussell, "Evaluation and Treatment of Synthetic Organics In
Drinking Water Supplies," JAWA, Vol 72, No. 6 (August 1980); o. T. Love and
R. 0. Ellers, "Treatment of Drinking Water Containing Trichloroethylene and Related
Industrial Solvents," JAWWA, Vol 74, No. 8 (August 1982)1 U.S. Department of the
Interior.

"4R. M. Clark, et &l., "GAC Treatment Costs: A Sensitivity Analysisl," American Society
of Civil Engineers, Environmental Engineering Division Journal (ASCE/ EEDJ), Vol 110,
No. EE4 (August 1984).
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finished water. A field study of 10 utilities using Ohio River water determined that the
conventional treatment processes removed from 29 to 51 ptreent of the THM
precursors.4  in &ddition, an unpublished USEPA study of a lime-softening plant in
Daytona Beach, FL, measured a 27 to 43 percent reduction in finished water THM levels
(compared to chlorinated raw water with no further treatment, depending on where
chlorine was added). If these processes at Army water treatment plants could be
optimized to remove THMs and their precursors, considerable savings could be realized in
cases for which more costly, sophisticated THM control measures would otherwise be
needed.

Adjusting the type of coagulant, dosage, and pH has been shown to Improve removal
of organic acids during coagulation and sedimentation, It is not known how organic& are
removed during coagulation, but unpublished experiments have shown that the order of
chemical addition as well as mixing speed and time do not influence organic$ removal
when conventional coagulants are used. The coagulant dose, pH, and type of organic
acids present are the most important factors determining the efficiency of organics

•,,i removal.

One set of tests using Mississippi River water showed that an alum dosage of 100
.',,p mg/L at pH 5 was best for achieving a 65 percent reduction in THM levels. At the same

pH, a 25-mg/L alum dose yielded 35 percent removal."

The USEPA has studied the use of polymers In Improving organics removal during
* coagulation/sedimentation. Mississippi River water was subjected to jar tests with

various combinations of coagulants and coagulant aids, using UV absorbanae as an
indicator of oigantcs removal. Adding a cationic polymer (2 mg/L) to an alum or ferric
sulfate coagulant increased organics removal from raw water when the coagulant dosage
was at the optimal dosage (unpublished results). For a given polymer type, those of
higher molecular weight were superior. Nonionic and anionic polymers used au coagulant
aids did not Improve organics removal.

A polym~er is being used at one Army installation as a coagulant aid to control
THMs. Approximately I mg/L Is mixed and fed contInuour.fy through a chemical feed
pump at the rapid mixers. THM levels before using the polymer exceeded the 0.1
mg/LMCLI levels in the distribution system decreased within I day after beginning the
treatment and are now below 0.1 mg/L. Other benefits of using the polymer are that It
improves settling and eliminates the need to add atiother coagulant aid previously used.

In the USEPA unpublished qtudy mentioned above, addition of clay (10 mg/L) to a
cationic polymer (with the polymer used as primary coagulant) prevented suspended
matter from restabilizing, enabling 40 percent organics removal at primary coagulant
dosages from 5 to 20 ppm, When both clay (10 mg/L) and a cationic polymer were used
along with the optimal dosage of ferric sulfate, organics removal again Increased. In
that case, cationic polymer dosages were less than 5 mg/L.

:OIe• Lime softening will remove some organics. The USEPA found in the study using UV
absorbance to Indicate organics removal, that at lime dosages above the stoichlometric
docage, the organics concentration was decreased by 36 percent. When 20 mg/L alum or

45J M. Symons, et al, Treatment Techniques for Controll(ng Trihalomethanea in Drink-~4 ing Water. ••

•r•* •~M. J. Semmen, and T. K. Field, "Coagulations Experiences in Organics Remov- i,•

al," JAWWA, Vol 72t, No. 8 (August 1980).
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Iron was added, the Indicator showed that organics removal Improved to 64 percent.
Another USEPA study showed that the range of precursor removal in lime precipitative
softening Is from 16 to 41 percent. 4 7

Evaluating How to Improve Coagulation

The potential for successful mitigation of organic precursors using chemical
coagulation requires the design engineer answer four basic questions, 4 '

1. What level of TOC must be achieved to meet existing or anticipated organics
criteria?

2. Can this requisite treatment level be attained using coagulation?

3. What combination of coagulants, coagulant aids, and physical/chemical (pH,
temperature, etc.) characteristics yields the greatest reduction In organics?

4. What additional capital and operational/maintenance costs are associated with
Implementing this strategy?

These questions often can be answered only by onsite evaluation using treatability
techniques. How existInW coagulation/sedimentation or' softening processes could be
modified to improve organics removal will depend on the existing equipment at the
Installation, the raw water's characteristics, and the magnitude of the THM problem. In

S the two studies Just noted, THM precursors were removed by varying coagulant or lime
dosage, varying pH, using coagulant aide, and changing the point of chlorination, Jar
tests should be conducted when deteemining which modification Involving chemicals
would Improve organics removal. UV absorbance measurements before and after the Jar
test can be used to indicate organics removal. In addition, Table 11 shows different ways
of determining how to Improve clarification to control THMs.

As another way of Improving coagulation, once the appropriate coagulant dosage Is
determined, a cationic polymer (approximately 2 mg/L) or clay (approximately 10 mg/L)
plus a cationic polymer (0 to 5 mg/iL) could be Jar-tested. Using a polymer may widen
the pH range corresponding to the optimal coagulant dosage for both organics and
turbidity removal.

Increasing the lime dosage beyond stoichlometric levels and adding alum or iron to
Improve organics removal during softening also could be evaluated using Jar tests,
measuring UV absorbance before and after treatment. In conducting these tests, It
should be remembered that the Investigation Is concerned with the dosage-response
relationship for the organic and not with other contaminants such as turbidity. 4 9
Therefore, the best dosage combination for organios removal may not coincide with that
for turbidity or other classic Indicators. Figure 8 shows how results of Jar tests using
various dosages of alum at a range of pH levels can be used. THM concentration and

4 J. M. Symons, et al., Treatment Techniques for Controlling Trihalometheande in Drink-
ing Water.

45P. A. Chadik and 0. L. Amy: S. P. Shelton and W. A. Drewry, "Tests of Coagulants for
the Reduction of Viruses, Turbidity, and Chemical Oxygen Demand," JAWWA, Vol 65,
No. 10 (October 1973).

S9S. P. Shelton and W. A. Drewry.
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Table 11

Detormin!ng How to Improve Existing Clarification
to Control THMu

Jar Taest

Use UV absorbance as indicator of organics removal

Vary coagulant or lime dosage

Vary pH

Try cationio polymer or clay plus cationic polymer

If using lime, try adding alum or iron

Plant Teots

Measure THM levels in raw and finished water for normal
treatment and with modification

Trubidity I

10 300
15 "i,-I@ 200

10 30T

I I EL i A II

TTHM

40 - s - 0 .
35 SO - s

30 20

40 , 30

PH

Figure 6. Determining optimal dosage and pH for opMis and turbidity removal.
(Fromo R. R. Trussell and A. R. Trussell, 'Evaluation and Treatment of
Synthetic Organics in Drinking Water Supplies," JAWWA, Vol 72, No. 8
[AWWA, August 1980). Used with permission.)
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turbidity each are plotted on separate graphs for the various coagulant dosages and pH
levels tested. The two plots are superimposed to determine the optimal dosage and pH to
control both.

Once the new coagulant and/or lime dosage, pH, and effectiveness of coagulant
aids have been determined in the laboratory, they could be tested in the plant. For a
complete evaluation, samples of the raw and finished water should be taken during (1)
existing operation and (2) the test. However, If the desired reduction of organic
contaminant cannot be obtained in the laboratory, this is strong Indication that a more
vigorous unit process (e.g., activated car',on, air-stripping) will be required to meet the•, organic criteria.

•q Table 12 compares costs for several dosages of alum and polymer needed to treat

water In meeting the THM regulation.5 0  Local costs may vary, but jar or plant test
results could be used similarly to estimate treatment costs based on the required dosage
of the alternative chemicals.

The efficiency of coagulation for organic/organio-preeursor removal depends on the
type and concentration of organic compounds In the water supply, pH, coagulant dosage,
and the aollds/•lquid separation step.5  Preferred conditions for organics removal must
be determined by batch studies and should be confirmed in plant-scale tests if possible.
In some Instances, the water chemistry may demand residual TOC levels below those

iachieved economically by coagulation. It has been demonstrated and documented in the
literature that TOC levels In the 1 mg/L range can be reached using coagulation.52 The
minimum TOC must, however, be determined for each source water by jar-test
evaluation. Coagulation offers the major advantage of reduced unit cost and can be used
when TOC levels on the order of 2 mg/L are required. For these conditions, improved
coagulation and alteration of the chlorine dosage point may provide a finished water of
suitable organic quality at minimal increase in unit operating cost.

The applicability of coagulants and alternative oxidants and disinfectant strategies
for remov!ng THM ,ind other haloform precursors has been widened. It is possible that
with proper pH control, classic aluminum and Iron salt coagulants can remove substantial
amounts of raw organics that would otherwise form halogenated organics whenchlorinated. 5 3

Solvent Extraction

Solvent extraction partially separates water's liquid constituents into two
Immiscible liquid phases. This process occurs because of the constituents' different
solubilities and is highly effective for extracting specific organic species from water; it
has long been used effectively in both laboratory and industrial process applications.5 5

The petroleum Industry also has used the solvent extraction principle to remove phenols
from wastewater.

"~Evaluation of Treatment Effectiveness for Reducing Trihalometharwas in Drinking
Water, USEPA Contract No. 68-01-8292 (July 1983).

IIS. P. Shelton and W. A. Drewry.
5 2 P. A. Chadik and 0. L. Amy.
538. P. Shelton and W. A. Drewry.
54S. P. Shelton, et al., RCRA Rlsk/Cost Policy Model, USEPA/OSW Report (June 1982).
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Table 12

Estimated Cost of Increased Alum and Polymer Dompes
to Meet THM MCLO

caet in V~MS
hmodc Dump (mgL (6/l1mpha)

Alum**

to 0.16 (0.60)
20 0.22 (1.20)
30 0.45 (1.70)
40 0,61 (.30)
so 0.7? (.90)

0.2 0.11 (0,40)
0.4 0.21 (0.80)
0.6 0.34 (.30)
018 0.45 (1.70)1.0 ,O'lb (2.1011

*Uost lnoi• hs 'nly that for additional ohemloals. Nlo additional oapital facllities or
O&M requirements are included. Sued on Evaluation of Treatment OffeotIvenesw for
Reduolng rriholom~thones In Drinkig Water, USEPA Contract No. 61-01-6291 (July
1033), p 106.

"**Auumed alum coat $140/ton.
**Aeeaumed polymer cost $.50/lb.

A mixer-settler combination is used most commonly for lale-soale operations.
The baffled mixing vessel contains a rotating Impeller for dispersing the solvent
uniformly. In the trcatment process, the vessel is lirst filled with the organic-
contaminated water and then is mixed with solvent. When the water/solvent mix
becomes homogeneous at a s6lvent/water ratio of 25 to 75 percent, depending on organic
spcoles and solvent charaoteristios, the mixture is transferred to a deoanter in which the
two phases separate. When separation is complete, the extract containing the organic
species of concern is removed and the remaining liquid layer is the treated water. This
process can be done in a batch or continuous mode.

Liquid-liquid extraction Is an effective treatment technique that can remove high
levels of a broad range of organic species. However, it Is also a very expensive process
per unit of organic-free water produced."5 Furethermore, the organio-oontaining solvent
must be treated and reused, and the effectiveness of this regeneration is a function of
the organiv species removed from the water and the solvent. In many csues, it is not
practical tn reduce the organics in solvent to a level low enough for solvent reuse. For
these reasons, liquid-liquid extraction is not used as a unit process for removing organic
speclei from potable water supplies. It is of interest in this report only because the
combination of more stringent water quality regulations along with advances in the
technology mr ay make It a feasible process In the future.

"5 S8. P. Shelton, et al.p 1982.
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Biodegradation

Biodegradation as a way of removing organic compounds has been studied in the
laboratory, with most work focusing on removal from wastewater. 5" in experiments
using bacteria under aerobic and anaproble conditions, certain hydrocarbons did degrade,
Including carbon tetracKloride, TCE,. and PCE. Under anaerobic conditions, the organic
compounds may be transformed according to the following pathways:

* Carbon tetrachloride to chloroform to methyl chloride.

a PCE to TCE to dichloroethylene to vinyl chloride.

e 1,t,1-Trichloroethane to l,1-dichloroethane to chloroethane.

The petroleum industry has studied the potential for biodegradation of organic
compounds In Its wastewaters. These findings provide general observations about

* Aliphatic compounds and cyclic allphatics are more biodegradable than
aromatic compounds.

* Unsaturated aliphatics (such as acrylie, vinyl, and carbonyl compounds)
generally are biodegradable. Organic compounds that have a molecule other
than carbon on the primary chain are not as susceptible to biological breakdown.

* Chlorinated hydrocarbon pesticides generally are not biodegradable.

* Molecular size and solubility are Important factors. Largerp less soluble
compounds are more difficult to break down,

* Adding or removing a functional group affects the blodegredability. For
example, If a hydroxyl or amino group Is substituted for a halogen on a benzene
ring, the benzene compound Is less biodegradable.

* Mixtures of more than one organic coix.pound may Influence the biodegradability
of the Individual compounds.

Activated Carbon Adsorption

The use of activated carbon to adsorb organic materials from water has become
well established as a practical, reliable, and economical unit process.1" This Is the
preferred approach for control of organlcs that generate color, odor, or haloforms, and
other organic contamination In potable water supplies. Historically, maerolevel organics
have been removed In the typical surface-water treatment facility by coagulation,
flocculation, sedimentation, and filtration., 9 These processes are, however, often unable
to remove enough trace organics to meet existing potable water criteria for THMs and

"U.S. Department of the Interior.
7 5 U.S. Department of the Interior.

"56R. M. Clark, et al. J. H. Geraghty and D. W. Miller, "Adsorption of Organics From
Domestic Water Supplies," JAWWA, Vol 70, No. 3 (March 1978).

"5S•. P. Shelton and W. A. Drewry.
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pesticides. As the number and types of regulated organic species in water supplies
expand with Improved analytical techniques and as new suspected or confirmed
carcinogens are discovered, carbon adsorption will become more prevalent as a unit
process in potable water treatment. Organic compounds that have a high molecular
weight and are less soluble are more easily adsorbed on activated carbon. Also,

"* unsaturated organic compounds such as ethanes are more easily adsorbed than saturated
ones such as ethane,6 0

Upon contact with water-containing soluble organic materials, activated carbon
removes these materials selectively by adsorption. The use of surface energy to attract

* and hold molecules is called "physical adsorption." Since activated o~rbon has an
extremely large surface area per unit weight (approximately 1000 m4/g), it is an
efficient adsorptive material. In manufacturing activated carbon, many pores are
generated within the particles resulting In vast areas of walls within these pores, which
accounts for the extraordinary surface area-to-volume ratio. Thus, activated carbon can
adsorb a wide range of organic species, Including the nonpolar, high-molecular-weight
molecules that are not controlled well by other unit processes,

Carbon size affects the rate of organic adsorption but not the total adsorption
capacity. 6 1 Thus, the two types of carbon adsorption processes discussed in this section,
Sgranular and powdered, are similar In per-unit adsorption capacity, with the powdered
carbon having a higher rate of adsorption.

Water quality parameters other than organics affect the adsorptive capacity and
life of activated carbon systems. Specifically, pH levels above 9.0 reduce the carbon's F
adsorptive capacity substantially. In addition, suspended solids and colloidal materials

*• often reduce carbon life by restricting the pore openings, thereby reducing the adsorption
capacity.

In current applications, OAC usually Is produced from select grades of coal. These
carbons are hard, dense, and abrasion-resistant. They are amenable to slurry transport
and repeated handlInG during regeneration without significant deterioration. Although
many different sizes of GAC have been used successfully, the three most typical ranges
are 8 X 30 mesh, 12 X 40 mesh and 20 X 40 mesh. The 20 X 40 size means that the GAC
will pass through the U.S. Standard Mesh Size No. 20 (0.03 in.) but will be retained on a
No. 40 size mesh (0.01.7 in.). The finer material has a higher adsorption rate, but also a
higher head loss per unit depth of bed. Furthermore, since beds have lower porosity, they

* have a greater tendency to foul by collecting colloidal materials from the water.
Conversely, the 8 X 30 mesh has a lower adsorption rate, lower head loss per unit depth
of bed, and withstands regeneration with fewer losses. Both are good carbons; the

*•! designer must s(loct one based on characteristics of the water to be treated. Since bed *

life and suspended solids load are less critical for GAC applications in potable water
treatment than In wastewater or industrial waste treatment, adsorption rate may
dominate the GAC size selection process. Powdered-activated carbon (PAC) usually is
considered to be smaller than 50 mesh. The adsorption rate for PAC systems Is very
high; however, unit processes that use PAC have not evolved such that carbon recovery is
as straightforward as for GAC systems. Both unit process types are discussed In more

60J. E. Dyksen and A. F. Hess.
W. Weber.
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detail after the following explanation o orpfion Iso,,°oms principe Important In

understanding GAC and PAC. br-pipe

* Adsorption Isotherms

Regardless of the carbon type, the adsorption effectiveness of activated carbon on
the organic species of concern is a key to developing design data for either type of
carbon adsorption system. Much research has been done in developing procedures for
determining. adsorption capacity. 6 2  Using one such procedure, a carbon's adsorptive
capacity can be measured to a reasonable degree when the adsorption isotherm Is
determined experimentally for the system under consideration. "Adsorption Isotherm" is
the relationshipt at a given temperature, between the amount of a substance adsorbed
and Its concentration in the surrounding solution.

Using a color adsorption isoth,•rm as an example, the adsorption isotherm would
consist of a curve plotted with residual color in the water as the abscissa and the color
adsorbed per gram of carbon as the ordinate. Data taken at any point on the isotherm
yields the color adsorbed per unit weight of carbon, which is the carbon adsorption
capacity for that color concentration and temperature. Figure 7 shows a typical
Isotherm for removing a contaminant by four different carbon types, A, %, C, and D." 3

Carbon A lies above carbon B and Is a better choice because It adsorbs more of the

A

Cl Co
Log C

Figure 7. Adsorption Isotherms for four carbons. (From: L. D. Benefield, J. F.
Judkins, and B. L. Weand, Process ChemLstry for Water and Wastewater
Treatment (Prentice Ha%l, 19821. Used with permission of the Chemical
Publishing Co.)

62W. Weber; C. Oulman, Trace Organics Study, Vol 3, Trace Organlcs Removal Using

Activated Carbon and Polymeric Adsorbants, iSU-ERI-AMES-80189 (Engineering
Research Institute, Iowa State University, Ames, 1980); J. C. Krulthof, "Evaluation,"
Activated Carbon In Drinking Water Technology (AWWA Research Foundation, 1983).

6 3 L. D. Benefield, J. F. Judkins, and B. L. Weand, Process Chemistry for Water and

Waatewater Treatment (Prcntice-Hall, 1982).
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c oompound per unit weight of carbon. A carbon with a steeper isotherm usually is
preferable to a carbon with a flat isotherm because the adsorptive capacity is higher at
higher equilibrium concentrations.

Comparing curves C and D, carbon C Is preferable if the system will be operated at
an equilibrium organic concentration (in the treated water) above C In a dilute system
such as potable water, the relationship typically is logarithmia and, thus, the Freundlich
equation, which relates the amount of contaminant. remaining to the contaminant
adsorbed, has found widespread use. This equation is expressed ass

X 1 /n
S-KC [Eq 2,;

where: X x Amount of contaminant adsorbed

M a Weight of the carbon

K,n a Constantb

C a Amount of contaminant remaining In solution.

The logarithmic form of this equation is,

Thus, if the relationship Is logarithmically linear, l/n represents the slope of the line,
which is used to Interprot the removal effectiveness of that narbon for the contaminantmeasured at that temperature. Figure 8 shows GAC Isotherms for several organiccompounds$ most of which have proposed drinking water standords.'4 The UsEPA

Treatability Manual almo contains Isotherms for several organic compounds."5 Isotherms
from published sources may be used for guidance and preliminary studies. For design
purposes, Isotherths should be determined from tests with GAC under consideration and
the water to be treated.

Classic carbon capacity tests, such as those for the Iodine and molasses numbers,
may Indicate the adsorption capacity of a carbon contemplated for a specific use. The
Iodine number represents milligrams of Iodine adsorbed from a 0.02-N solution at

* equilibrium under specified conditions. The molasses number Is an Index of the carbon's
adsorptive capacity for color bodies In a standard molasses solution as compared to a
standard carbon. These numbers can be used for oarbon-type screening as a function of
the organic species of concern. Specifically, iodine number reflects the carbon's
efficiency for adsorbing small moleculesl molasses number predicts the carbon's affinity
for large organic molecules.

The potential for removing both gross organics and specific organic species can be
determined from an Isotherm test. Furthermore, the procedure will Indicate the carbon's

64V. Snoeyink, "Control Strategy--AdsorptIon Techniques," Occurrence and Removai of
Volatile Organic Chemicals from Drinking Water (AWWA Research Foundation, 1983).

""USEPA, Treatability Manual (Office of Research and Development, September 1981).
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Figre 8. Adsorption Isotherms for organio contaminnmta. (From, V. Snoeyink,
"Control Strategy--Adsorption Techniques," Occurrence and Removal of
"Volatile Organic Chemicals from Drinking Water [AWWA Research
Foundation, 1983]. Used with permission.)

approximate capacity for the specific application and provide a preliminary estimate of
the carbon dosage required. For example, an approximation of the amount of carbon
consumed per day would be equal to the amount of contaminant to be removed per day,
divided by the carbon's adsorptive capacity. Figure 9 shows a design example using an
adsorption isotherm. It should be noted that this Isotherm Is unique to a particular
carbon, water to be treated, temperature, and p.4. Isotherm tests also provide a
convenient way to evaluate the effects of pH and temperature on adsorption. Isotherms
conoentrate a large volume of data into a concise format suitable for evaluation and
Interpretation.

Oranulaz-Aotivated Carbon (OAC)

GAC has been a popular choice for removing organics from potable water. In
discussing GAC beds, several design and operating parameters should be doflned, as
summarized In Table 13. The adsorption Isotherm was just discussed. Another
parameter, breakthrough curve, shows the -iontaminant concentration In the effluent
plotted against the water volume treated, as Figure 10 shows."6 As water filters through
the bed, carbon adsorbs the organic compound. Gradually, all adsorption sites are filled
and the compound appears In the effluent. The effluent concentration then may exceed
the allowable level (Ce In Figure 10) and the breakthrough point Is reached. The point at
which the contaminant concentration In the effluent is 95 percent of the Influent
concentration is called the "point of exhaustion," denoted at CE. Curve a In Figure 10 is
steep, meaning the water naused the bed to reach exhaustion soon after breakthrough.

06L. D. Benefleld, J. F. JudkIns, and B. L. Weand.
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Symons, et al., Treatment Technique. for Controling Trih/lomethanes
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Table 13

Design and Operating Considerations for GAC Plants

Adsorption Isotherm (slope of line)

Shape of breakthrough curve

Time of exhaustion

Bed depth

Empty bed contact time (EBCT) n GAC bed volume/flow

Carbon usage rate (mg/L or lb/1000 gal) a mass of carbon used/volume of water treated
at breakthrough point

Loading rate (bed volumes) z total volume of water treated at breakthrough point/GACbed volume

Linear velocity x flow/bed area

Baokwashing frequency

Carbon regeneration - frequency and cost

Location in treatment plant

45



CE

Curve a

Curve 

b

0 V11b Vg0

EFFLUENT VOLUME
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Weand, Prooes Chemistry for Water and Wastewater Treatment
(Prentice-Hall, 19821. Used with permission.)

This Is often characteristic of water with only one contaminant being adsorbed., 7 Curve
b describes a water with more than one contaminant being adsorbed on the carbon.

Another Important parameter In discussing GAC adsorption Is empty bed contact
time (EBCT), defined ast

EBCT a Yolume of GAC In bed or column [Eq 3]

flow of water

EBCT usually is about 10 min, but can range from 9 to 54.5 mmn.6" Factors affecting
EBCT are the carbon's type and size, organic compound concentration in the Influent,
flow rate, and bed depth. Bed depth may range from about 2 to 14 ftos and is also an
important design varible since It Influences the expense for carbon.

Other process variables are carbon usage rate (expressed in mg/L or lb/O00 gal),
loading (often expressed In terms of bed volumes), and linear velocity or application rate

* (flow divided by cross sectional area). Typical loading rates of GAC plants; In The
Netherlands are 14,000 to 55,000 bed volumes and linear velocity ranges from les than 1
to 1.6 ft/min.70 Flow rates range from 2 to 10 gpm/sq ft.

47L. D. Denefleld, J. F. Judkins, and B. L. Weand.
16J. C. Krulthof.
""9V. Snoeyink.
70J. C. Krulthof.
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Baekwashing frequency is an important operating parameter for gravity GAC
beds. Plants try to backwash as seldom as possible so as not to disturb the bed. Some W

operations do not backwash at all, whereas others backwash about once per week.,'

Regeneration also contributes to total operating costs. Regeneration frequency
will be determined by the water's character and operating parameters, and the cost for
regeneration will vary by locality. Regeneration is done an average of every 15 months
and about 5 to 10 percent of the carbon is lost.7 2 Another option Is to use GAC that is
not regenerable.

Finally, the GAC contactors' configuration and location In the treatment plant
must be considered. GAC beds or columns can be Installed as a single column (usually
adequate for small flows), In series, or in parallel, depending on the amount and quality
of water to be treated. The GAC process usually Is positioned at the end of the
treatment process, after turbidity removal, softening, and Iron and manganese removal.
Most GAC processes are preceded by rapid filtration to remove fine, precipitated matter
that could clog pores in the GAC.

GAC can be used in either of two ways: (1) removing some of the sand in an
existing rapid sand filter and replacing it with GAC or (2) as carbon columns with
pretreated water being passed through a GAC column. The advantage of capping existing
sand filters with GAC Is low cost.7 3  The process, however, does require careful
Investigation of the carbon contact time necessary to remove the organic species since
the filter beds are shallow. Furthemore, carbon losses due to backwash and the logistics
of removing the GAC cap for regeneration give the process major operational dis-
advantages. This type of approach has been used to control organic species (primarily
taste- and odor-producing) for over 100 yearu, so the design procedures for filter
hydraulics and baokwashing are documented well In the literature. However, the Army
design engineer should use caution in developing performance standards from standard
design procedures. Instead, performance standards should be developed from isotherm
data on the water and for the specific organic species of concern. The mean bed contact
time should then be determined to calculate projected performance from the Isotherm
data.

For complex organic species, the filter cap approach to GAC treatment does not
permit enough carbon contact time or process flexibility to meet requisite quality
criteria.74 In these cases, carbon columns or beds may provide an effective alternative
that ineets the contact time and operating flexibility requirements for the organic

* species of concern. These columns or beds can be in the form of a pressure contactor in
a steel tank or a gravity contractor In an open concrete tank. Figure 11 shows both. 7 '

The pressure contactor may be the better choice for small groundwater systems
because one pumping stage can be used to pass water through the filter and Into the
distribution system. 7 ' However, gravity beds also have an advantage because the

7 'J. C. Krulthof.
'21 C. Kruithof.
7 3S. P. Shelton, et al., A Model for the Cost Effective Design of Water Treatment Unit

Operations (USEPA/MERL, February 1983).
SI4. P. Shelton, et al., 1983.

"7 5V. Snoeyink. A7 V. Snoeyink.

,'47



NORMAL WORKING
SURFACE WASHERS, -LEVEL OEAIN LO

BACKWASH OUTLET
SUPPORT LAYERS1.000T BO11TTOM CONNECTION

GRAVITY C2NTACTOR

RAW WATER INLET TOP BAFFLE

APPROX. 50% iSURFACE WASHER
FREEB11OARD* N{j2;L

IT' SUPPORT LAYERS

SUPPORTS.0p

PRESSURE CONTACTOR

Figure 11. Carbon oontactors. (From: V. Snoeyink, "Control Strategy--Adsorption
Techniques," Occurrence and Removal of Volatile Organic Ctem (cale
from Drinking Water (AWWA Research Foundation, 1983.] Used with
permission.)
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(1) concrete tank is not susceptible to corrosion and (2) the bed's condition can be viewedeasily since it is open to the atmosphere.

A carbon column's flow rate and bed depth can be approximated from Isotherm
data. However, the operational cost of aAC column systems makes it prudent to
perform pilot-scale investigations to define the most cost-effective flow and bed depth
to meet the organic species removal criteria. These variables will be related to the rate
of organic species adsorbance and environmental conditions such as pH and
temperature. Typical column configurations for pilot testing have flow rates of 2 to 10
gpm/sq ft and carbon bed depths of 10 to 30 ft. In pilot-plant investigations, column
diameters as low as 8 In. can be used without significant error due to wall effects.

The prospective carbon types should be evaluated using the isotherm tests
described previously. The best one or two carbons may then be subjected to pilot-scale
testing. 7 It is not necessary to run pilot tests on a large variety of carbon types; the
pilot test's purpose is to refine design variables toi

1. Compare between the best two candidate carbons under the same dynamic flow
conditions.

2. Determine the minimum required contact time to meet requisite organic species
quality requirements.

3. Confirm manufacturers' data relative to bed hydraulics and head loss for various
configurations.

4. Determine carbon dosage requirements, which subsequently will affect
regeneration alternatives.

5. Evaluate the impact of various pretreatment alternatives on the carbon column
performance, dosage, and cost if the treatment facility has not bean predetermined.

6. Evaluate the columns' feasibility versus capped filters relative to rate, dosage,
and other design variables.

In all pilot plant tests, care should be taken to duplicate the water that will be processed
in the full-scale operation. Although pH and temperature are the two major components
Influencing performance, other properties of the water can also affect system
performance.

The removal effectiveness for a specific organic compound may be Influenced by
the presence of other organic compounds that compete for adsorption sites on the
carbon. For Instance, the adsorptive capacity of dichlorophenol was reduced when a
small amount of trichlorophenol was present in water to be treated.e Humio acids also
have been found to Interfere with adsorption by competing for adsorptive sites. For
these reasons, removal efficiencies for a given compound may vary from one Installation
to the next or even within the same installation if raw water quality changes over time.
Thus, it is advisable to use the water to be treated when testing candidate brands of

.N' activated carbon before purchasing.

7 .p. V. Roberts and R. S. Summers, "Performance of Granular Activated Carbon
for Total Organic Carbon Remnoval," JAWWA, Vol 74, No. 2 (February 1982).

'IV. Snoeylnk.
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Once pilot-plant data are developed, the column can be designed. Many factors
influence the design of contactors for GAC systems, but one of the most Important to
consider is whether full advantage Is taken of reserve adsorption capacity by using
countercurrent upflow contactors. "Reserve capacity" refers to the carbon's ability to
reduce an organic to some degree, but not enough to meet the requisite criteria. For4.g examples If the requisite criteria f'or a particular organic species were 10 jig/L, the
carbonp when considered to be exhausted, could no longer adsorb the organic from asolution containing 10 ug/L. However, the same cabon may still have the capacity to

reduce the Influent organic from 100 to 30 mg/L. This concept can be extrapolated until
the carbon will not adsorb the organic at 100 ig/L or is totally exhausted and must be
replaced or regenerated. By using an upflow countercurrent column in which fresh
carbon is added to the top and spent carbon Is removed from the bottom, all carbon in
the system can be completely exhausted before replacement or regeneration. Full
countercurrent operation can be obtained best in upflow beds because the spent carbon
can be withdrawn easily from the column base (gravity) and the carbon particles tend to
maintain their spatial integrity since carbon density increases as a function of the
amount of organios adsorbed.

GAC Case Studies

GAC has been recognized as being able to effectively remove a broad spectrum of
organic compounds, including chlorinated hydrocarbon solvent., pesticides, and THMA.
Pilot GAC plants in the Netherlands measured 75 to 95 percent removal of 2-
diohlorobenzene.7" Removal of other chlorinated hydrocarbons also was good. There are%* 50 GAC plants operating in the United States and seven of these are for removing
specific organic compoundsA 0

Two wells serving Woodbury, CT (total well capacity 0.15 MOD) became con-
taminated with TCE and several other volatile organic compounds. TCE concentrations
were as high as 120 ug/L. An existing softening unit was retrofitted as a pressuriztd
GAC system composed of three 60-ou ft downflow beds.51 TCE concentration was
brought to below 25 wg/L and that of other organics to below detectable levels.

GAC was used to treat groundwater contaminated with TCE and ethers in
Rockaway Township, NJ, where TCE levels were as high as 220 ug/L. 52 Two downf low
pressure GAC beds, each 10 ft in diameter and 20 ft high and containing 20,000 lb of 8 X
30 mesh GAC, were installed. TCE concentrations were reduced to acceptable levels,
although the ethers exhausted the adsorptive capacity of the bed sooner than expected.
This system's capital cost was $200,000. Operating costs for this and other GAC systems
used to remove chlorinated hydrocarbons ranged from $0.08 to $0.38 par thousand
gallons.8 3  The higher operating cost for Rockaway Township is due to the frequent
replacement of carbon.

An example of design and operating parameters for a GAC plant is provided by a
plant at Zevenbergen, Netherlands. 8 4 This plant has an average loading of 76,610 gal/hr

79 W. C. VanLler, et al.8 0J. C. Kruithof.
IEV. Snoeyink.
IV. Snoeyink,
I V. Snoeyink.

8j. C. Krulthof, et al., "Design, Construction and Operation of Carbon Filters,"
Activated Carbon in Drinking Water Technology (AWWA Research Foundation, 1983).
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and was constructed to remove toxic organic compounds such as pesticides and
insecticides and to improve taste. The actual plant design capacity is 211,338 gal/hr
distributed over three open concrete filters, each 2048 cu ft. The bed depth Is 6.9 ft,
velocity is 11.1 ft/hr, and EBCT Is 37 min. The plant's operation is completely
automated. Carbon life is I to 2 years or about 20,000 to 25,000 bed volumes. The
filters are equipped for backwashing, but this is not done during a normal filter run. The
carbon is delivered in bulk by truck and is unloaded into the beds through a pipe. After
filling to a uniform depth, the filter is backwashed several times to remove dust and
ensure the carbon's uniformity. To remove the carbon for regeneration (every 1 or 2
years), it is pumped as a slurry (20 percent concentration) at a rate of about 440
gal/min. The objective Is to minimize abrasion of the carbon. About 10 percent of the
carbon is then lost during regeneration. The total capital cost (Including, engineering and
construction) for the GAC plant was $1.46 million (1983 dollars).

Estimating GAC Costa

Eqrations for estimating the annual g apital and operating and maintenance (O&M)
ctsts for nAC systems have been formulateda Costs for the condactore narbonn and
regeneration (transportationst storage, and regeneration) are coalulated eparateby.os
Capital cost equations for the contactors are done on a volume-per-individual contactor
basis, and it Is assumed that the unit is completely housed. The equations exclude
equipment for surface washing and backwashing, the initial carbon charge, and carbon
handling facilities outside the pipe gallery or building. 08CM cost equations for
contactors are on a square foot basis.

One option is to convert an existing sand filter to a GAC contactor and, thereforep
a separate equation Is included. With this option, carbon handling ducts would have to be
Installed.

Table 14 shows the design assumptions used In deriving the equations and Table 15shows the equations. Other necessary equations are for Initial carbon supply andreplacement of carbon lost after regeneration:

Carbon supply, $/yr = (lb GAC)(cost, $/lb)
x (annual capital recovery factor) [Eq 41

Carbon replacementg $/yr = (lb GAC replaced)x (cOst, $lb)(No. replacements/yr) [Eq 51

It is assumed that carbon would be regenerated offsite at a multihearth facility.(Equations for estimating costs of regenerating the cnrbon onsite are found
elsewhere.8 6) The estimates require using two equations: one for transportation and
storage, and one for regional muitihearth regeneration. The latter equation should be
multiplied by percentage use. The area given in the size range column for
transportation, storage, and regeneration is In square feet of hearth area. The number of
pounds per day of carbon to be regenerated should be divided by 70 lb/day-sq ft of hearth
area to find hearth area to be used In the equation.

85R. M. Clark, et al.
86Rt. M. Clark, et al.



Table 14

Assumptions for GAC Cost Equations*

- Design Parameters for Postf lter Adsorption ... ...

Parameter Value
(1) (2)

Activated carbon cost $0.66/lb ($1.43/kg)
Activated carbon loss per
reactivation cycle 7%

Natural pa cost $0.0013/of ($3.679 x 10" 3/BM$)
Electric power cost $0.04/kWh
Construction cost Index 325.0
Producers price Index 243.8
Direct hourly wage rate $1 1/hr
Amortization rate 8%
Amortization period 20 yr
Loss In adsorptive capacity 0%
Design capacity 70%
Empty bed contact time 18 min
Reactivation frequency Every 2.4 months

-�......Assumptions for Separate Poetffltratlon Systems

Design Capacity In MOD (m/day)

1 6 10 100 1SO
Item (4,000) (20,000) (40,000) (400,000) (600,000)
(1) (2) (8) (4) (5) (a)

Number of contactors 3 6 12 40 s0

Diameter of contactors,
in ft (m) 8 12 12 20 20

(2.4) (3.7) (3.7) (6.1) (8.1)

Depth of contactors,
In ft (m) 13 13 13 14 1

(4.0) (4.0) (4.0) (4.3) (4.

Volume of GAC per con- 653.1 1,469.5 1,469.5 4,396.0 4,396.0
tactor, In ou ft (m3) (18.5) (41.6) (41.6) (124.4) (124.4)

"Minimum empty bed

contact time, in min 18 19 19 18 18

*Fromi Clark, R. M., "Optimizing GAC Systems," ASCE/EEDJ, Vol 109, No. I (ASCE,
1983). Used with permission.
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Other GAC costs have been estimated. 8 7 Table 16 shows capital and operating
costs associated with rCE removal for three size categories of population, from 500 to
50 ug/L and 500 to 5 ug/L. Figure 18 (Chapter 5) shows GAC treatment costs for
removing different chlorinated hydrocarbons compared with aeration costs.

Powdered-Activated Carbon (PAC)

PAC systems have been used widely In water treatment plants to remove organic
materials that cause taste and odor problems. This narrow application has been expanded
in recent years to include semoval of THMs, and may be expanded in the future to
include treatment of other as yet undefined organic species.

Isotherm data should be developed for PAC systems application using the
procedures discussed previously. These data should be determined for the raw water as
well as for various levels of treated water that represent the candidate points of
applications within the treatment plant. The application point should be selected to
ensure that the carbon and water will be mixed adequately, enough contact time Is
provided as indicated by the isotherm evaluation, and the organic species are in a form
amenable to adsorption as indicated from the isotherm data. Typical application points
that have been used in water treatment plants Include the raw water, rapid-mix basin,
flocculatorso sedimentation basins, conduits to the filters, and the filter tops.

PAC applications to raw water usually have been effective for classical taste and
odor objectives and THM precursor removal. 8a The Influent conduct provides a long
contact time and good mixing, and adsorption can occur before THM precursors have
reacted with chlorine. The basin may be equally effective if chlorine Is added at a later
point or if chlorine does not affect the organic species of concern. Application to the
flocoulators or sedimentation basins does not appear to be as effective except when color
or high turbidity levels are present. PAC addition to the top of the filters gives a good
final polish to the water when used In conjunction with previous application, but this
method may not be adequate for total treatment due to limited contact time. In PAC
system design, several application points usually are provided to maximize operational
flexibility.

A note of caution relative to regeneration technologies for PAC cystemst many
classical references Indivate that PAC Is not a good choice for long-term application
since the carbon cannot be regenerated cost-effectively. However, recent innovations In
PAC regeneration systems and other evolving technologies are decreasing the
"significance of that problem. For example, a new technique for using PAC has been pilot
tested in West Germany."9 The PAC is applied to a filter bed consisting of carrier
material such as 1-to-3-mm styrene spheres. The bed is conditioned by recirculating
water through it for 10 to 20 min to allow the PAC to adhere to the spheres. The bed is
then operated as an upflow filter until breakthrough occurs. Then the PAC is washed
from the carrier material and the resulting slurry Is discarded. Dissolved organics
removal was comparable to that using GAC plants. Advantages of this technique are
that it has an easily adaptable PAC dosage with Influent water qualltyi, prevents

6 7V. Snoeyink.
8 8C. Oulman.
"89J. A. P. Meijers, et al., "The Use of Powdered Activated Carbon in Conventional and

New Techniques," Activated Carbon in Drinking Water Technology (AWWA Research
Foundation, 1983).
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Table 16

Preliminary GAC Costs for Controlling TCH in Drinking Water
(1981 Dollars z 10O0)0

- Removal of 500 ug/L to 50

System Size Categoryo -

Population served 100-499 1000-2499 10,000-24,999

Capital expenditures 82.00 344.00 741.00
Cost per 1000 gal 1.63 0.9 0.22

Removal of 500 pg/L to 5

. .BSietCateory

Population served 100-499 1000-2499 10,000-24,999

Capital expenditures 82.00 344.00 741.00
Cost per 1000 gal 1.58 0.82 0.25

*Froms V. snoeyink, "Control Strategy--Adsorption Techniques," Occurrence and Re-
moval of Volatile Organic Chemical' from Drinking Water (AWWA Research Foundation,
1983). Used with permission.

desorption of already adsorbed compounds and biological growth on the carbon, and is
amenable to automation. Further testing is needed to optimize the size of carrier
material and contact time and to select the best brand of carbon before this method will
find common use in water plants.

The USEPA has estimated the cost of treating water with various dosages of PAC.
Table 17 lists these estimates for various sizes of treatment plants.

In summary, unit processes that use activated carbon adsorption to remove organic
species probably are the most common organic treatment techniques. These prooases
have evolved over the past 100 years, first to control taste and odor in water supplies,
then to remove refractory organics in advanced wastewater treatment and water reuse,

and finally to control THMs and pesticides. Activated carbon treatment Is anticipated to
oontinue evolving as a primary treatment medium for organic speoies that become
regulated In the future. This growth will be due to the method's flexibility and the
relative wealth of alternative design approaches.

MIi5



Table 17

Cost of Treating With Powdered Activated Carbon*

Plant Design .aa•ot, Powdered Activated Carbon Feed Capacity. me/L**

m3 /seo (MOD) 6 15 30

0.438 (1) 2.64 (10.0) 3.09 (11.70) 3.19 (12.10)

0.219 (5) 0.85 (3.20) 1.24 (4.70) 1.29 (4.90)

0.438 (10) 0.81 (2.30) 1.30 (3.90) 1.06 (4.00)

0.657 (15) 0.55 (2.10) 0.95 (3.80) 0.08 (3.70)

*Fromi Culp/Wesner/Culp, Evaluation of Treatment Techniques for Reducing Trihalo-
methanes in Drinking Water, EPA Contract No. 68-01-6292 (July 1983).

**Average annual dosage is 5 mg/L for the 5-mg/L feed capacity, and is 10 mg/L for the
15- and 30-mg/L feed capacities, This Is necessary because regulations restrict average
annual dosage to an upper limit of 10 mg/L.

Ion Exchange and Synthetic Resins

Ion exchange is a process In which ions held by electrostatic forces to charged
functional groups on the surface of a solid are exchanged for ions of similar charge In a
solution in which the solid is immersed. Because the charged functional groups where
exchange occurs are on the surface of the solid, and because the exchanging tons must
undergo a phase transfer from solution to surface phase, Ion exchange involves both
adsorption and absorption in removing molecules from a fluid.

In unit process design, "Ion exchange" typically refers to a contained bed of resin
through which water Is passed for treatment. "Resin treatment" is the process of feeding
Ion exchange or adsorption resin to the water at some point In the treatment process
much like the PAC application discussed previously. When the resin and water become
mixed, sorption occurs as the water moves through other unit operations. Once the
sorption process Is complete, the resin, like PAC, is recovered, reganerated, and reused.

Many different types of synthetic resins that differ both In matrix and functional
groups have been used for adsorption. A few adsorbant types, such as the styrene-
divinylbenzene and the phenol-formaldehyde resins, are made without additional
functional groups. Typically, however, resins have functional groups that make It
possible for substances to be taken up by Ion exchange or by specific Interaction with the
functional group. The strong-base ion-exchange resins, for example, frequently have the
quaternary ammonium functional group whereas the weak-base resins generally have an
amine functional group. The strong-acid and weak-acid functional groups can remove
substances from water by cation exchange; typical functional groups are the sulfonates
and oarboxyls. Furthermore, the degree of crosslinking between polymers constituting
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the matrix can be varied and, thus, resins with different pore size distributions can be
generated.

Several Investigators in the United States and Europe have evaluated these resin
types for potential application in removing organic species from potable water.90 In
general, they were comparable to activated carbons in removing organic species, with
some notable variations, In some tests, the synthetic resins' capacity for removing
trichloroethylene and other solvents was found to be two to three times that of GAC. In
other cases, resins were less effective than GAC.9 Some resins have been successful
for removing humic acids, others for low-molecular-weight organies, and still others for
THMs. Regins generally are very selective for a specific compound of Interest.

The two major deficiencies associated with synthetic resins are cost and
regeneration problems. Specifically, these resins are considerably more expensive than
activated carbon and often have much shorter cycle times, Furthermore, the cost and
efficiency of resin regeneration Is far less attractive than for activated carbon
regeneration.

With current technology, resins are not applicable as a general organic adsorbent
for potable water treatment. They are more selective than activated carbon and thus do
not provide the broad range of organic speels$ adsorption typically desired In potable
water treatment. There are situations for which the resins could be superior to activated
carbon when a single organic species is of ooncern; however, In these instances,
information required on the specific resin-organic interactions would require pilot-plant
investigations.

Removal of specific organic compounds using synthetic resins is an evolving
technology. To date, no successful commercial applications of this technology have been
reported for organic species control in potable water; however, the technology Is
Improving and may eventually become both technically effective and economical.

A,

"ItC. T. Anderson and W. J. Main, "Trace Organics Removal by Anion IExchangle Resinap"

JAWWA, Vol 71, No. 5 (May 1979); R. C. Dressman, et al.; E. G. Isacoff and J. A.

Bittner, "Resin Adsorbent Takes on Chlororganics from Well Water," Water and Sewage
Works Journal (W&BWJ) (August 1979); C. Oulman.

9 10. T. Love and R. G. Ellers.
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5 PHYSICAL TREATMENT/SEPARATION PROCESSES FOR
CONTROLLING ORGANICS

Physical treatment/separation includes four troups that may apply to water
supplie's evaporation/volatilization, distillation, stripping, and membrane prom''os.
These methods remove both THMs and other trace organic compounds. Refer back to
Table 9 to review the process.. and the types and characteristics of compounds removed.

Rvaporation/volattliation

Uvaporation/volatillmation can be used to remove low-molecular-weight, volatile
organics. It Is unlikely that these species would be found in surface watersl however, In
groundwater sources, compounds such as methane and other low-molecular-weight,
volatile organics sometimes are present. When the groundwater Is stored with a free
surface, these compounds will escape to the atmosphere.'a If the organics are less
volatile or concentrated such that they do not escape from the free surface, a forcing
process such as air- or steam-stripping can be used,

Air-0tripping

Air-stripping Is a mass-transfer operation that can reduce the concentration of
medium to highly volatile, low- to medium-moleoular-weight organics and dissolved
gases.'9 3 Packed towers (Figure 12) are commonly used for air-stripping operations. The
treated water is distributed evenly across the top packing surface and allowed to trickle
down around the packing. Air Is forced up (elther by natural draft or blowsr) through
the packing material to create a counterourrent flow. The large surface area provided
by the packing prolongs contact between the air and water. Organics and dissolved gases
are transferred from the liquid to the gas phase because of the difference in con-
centration In each phase.

Compounds susceptible to removal by air-stripping Include THMs, chlorinated
benzsnes, many simple halogenated organic compounds, some aromatic hydrocarbons, and
some pesticides."4 Probably the most attraotive feature of air-stripplng is that It can
selectively remove many compounds that are poorly removed by activated carbon
adsorption. Thus, air-strippinf Is a highly complementary process to activated carbon for
waters containing high concentrations of a wide range of organic species. Furthermore,
some of the same compounds that are not retained well by activatod carbon attenuate
well In the soll and are therefore common in contaminated groundwaters. Air-stripping
offers a relatively Inexpensive approach for removing many such organic species.

'2J. M. Symons and 0. 0. Robeck.
939. P. Shelton, 1982; J. E. Singley, et al., Trace Organic# Removal by Air Stripping

(AWWA Research Foundation, May 1980)1 J. E. Singley, et al., Trace Organics
Removal by Air Stripping, Supplemental Report (AWWA Research Foundation,
April 1981).

'4 J. P. Mieurel J. E. Singley, et &1., 1981.
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Figure 12. Packed tower aertion unit. (Froms A. F. Hesm, J. E. Dykien, and H. J.
Dunn, "Control Strategy--Aeration Treatment Technique," Occurrence
and Removal of Volatile Organic Chemicoals from Drinkfng Water
(AWWA Research Foundation, 1983.1 Used with permission,)

Henry% Law and EqluUibrium Models of Air-Stripping

Solubility and vapor pressure have long been recogpiled aa important factors
affecting air-stripping of organic matorials. These factors are expreelsd in terms of
Henry's Law which states that, under equilibrium oonditionsp there it a direct relationship
between the concentration of a gua dissolved In a liquid and the partial pressure of the
gas In air next to the liquid. In the case of organic compound retnovall the organic
contaminant would exist as a gas dissolved In the water to be treated and au a gas In the
atmosphere. Henry's Law Is expressed ases 9

P F a HX 9 [Eq 0]

where Pg partial pressure of the gas (atm)

H *Henry's constant (atm)

moles of dissolved .s.
9Xi , (moles dissolved gas) + tmoles water)

1X Is the fractton of moles of dissolved gas existing In equilibrium. Henry's constant,
w~loh Table lIB lists o!- soveral compounds, determines the amount of compound theit can
exist In liquid and gas phames under certain conditions. Thus, compounds with a hIgher
Henry's Law constant are removed more easily by air-stripping. Checking Henry's Law
constant for a compouttl of interest gives an Indication of how easy it will bu to remove

;_5Metcalf and Eddy, Wastewater E~ngineering Collection Treatment Disposal (Mc~raw-
1972).



Table 18

Henry's Law Constants for Selected Compounds*

Compound Formula Cntn am

Vinyl chloride CHICHCI 3.55 x 106
Oxygen 02 4.3 x10
Nitrogen N2  3.6 x10
Methane CH4  3.6 x10
Ozone 03 3.9 x 0
Taxa&pheneS 3 $ C1 0HI0 C16 . 3.5 x 103
Cuaibn dioxide COI 1.51 x10

Carbon tofteohlorld* 040  CC14 1.36 x 103
Toeivhloroathylmnte$** C2CI4  1.1 K 103
TriohbrosothyleftGOOO CHCICC12  5.5 X 102

Hydrogen sulfide HISLi 5 150a
Chloromethaneeec CH3CI 4. It 102
1,111-7riabeaovothmneSS* CC143C13  4.0 x 10o
0,24-Trimothylbonbense 0  ~ COH 3(C14 3)S 3.53 x 102 (266C)
Toluene*** C614CH3  8,4 x 102 (266C)

3enrna ~C$Hg 2.419101
1,4-Diohlopabensens*$$ COH 4012  1.1 x 102
Chloroform*** CHC13  1.? x 102
Bromodiohl*roms~hano CHO.l18r 1.16 X 101 (EPA, 1960)

iIDlhilrothae"CH(CI4C 61sc $
bibromouihioromo than* CHCIBP3 47 (EPA, 1011)
1I, 12-Triohlorosthano$bS CHC1gk 2CM3~ 43
Sulfur dioxide 602 31
Bromofotmia6 CH~r3  35
Ammonia NH3  IJ.78
PentawhdorophonolsOO CS(OH)Clil 0.12
Dieldrln*** C12H100C16  0.0094

OX MOOIe1M i M.C. icavan augh and R. R. Truecell, JAWWA, Vol 734t No. It (AWWA#
December 1980). Used with psrmljsloiý. Boldface Indicates oomp~unda being cooi~ldered
top regulation.

MOTOMp~roturs 204 C except where noted otherwise.
***Computed from wiiter solubility data and partial pressure of pure liquid at specified

tentperaturo.
*Synthetial appro&Irmats chemical formula.
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the compound by aeration. Although Henry's Law constants are not as accurate for
predicting removal efficiencies of certain water-soluble compounds, 9 6 they may be used
In feasibility studies.

Henry's Law constants are affected by temperature, so that, for most volatile
hydrocarbon compounds, the constants Increase by a factor of three with every 100C rise
in temperature. 7 Therefore, the removal efficiency may vary In locations with extreme
temperat. res.

A volatile organic compound's rate of mass transfer Is expressed In terms of the
effective surface area and the difference between the equilibrium concentration (in gas
and liquid phases) and the concentration In the liquids"

M a KLa (Ci* - C1) [Eq 71

M " Mass transfer per unit time and volume (lb/hr/ou ft)

KL a Liquid mass transfer coefficient (ft/hi')

a a Effective area (sq ft/ou ft)

C a* a Liquid phase concentration in equilibrium with the gas phase
concentration (lb/cu ft)

C1  x Liquid phase concentration (lb/ou ft).

The value of KI depends or, the nature of the compound being removed as well u on the
aeration davloe1& configuration, the temperature, and the flow rate through the unit.

Alr-stripplng can use either diffused aeration or waterfall. In diffused aeration, air
Is Injeotdd Into the water to be treated (Figure 13). Gas transfer Is Improved by
incre4zing the aeration basin depth, producing smaller bubbles, altering the basin
geometry, or using a turbine to reduce bubble size.'2 Waterfall aeration Is done with
multiple tray aerators, cascade aerators, spray nozzles, or countercurrent packed
columns. Figure 14 shows a redwood slat tray aerator.

A USEPA pilot study on diffused aeration used water spiked with TCE to
concentrations ranging from i00 to 1000 wg/L. "0 With a contact time of 10 min and an
air-to-water ratio of 4W1, 70 to 90 percent TCE was removed, Another pilot plant for
TCE removal was operated In Glen Cove, NY. 10  TCE concentration in the raw water
ranged from 132 to 313 wg/L. Contact times and air-to-water ratios were varied from 5
to 20 min and from S:l to 2001, respectively. Up to 73 percent removal was achieved.
When the air-to-water ratio was Increased to 30:l, up to 90 pet-cent of the TCE was
removed.

"96A. F. Hess, J. E. Dyksen, and H. J. Dunn, "Control Strategy--Aeration Treatment
Technique," Occurrence and Removal of Volatile Organic Chemicals from Drinking Water
(AWWA Research Foundation, 1983).

27 A. F. Hess, J. E. Dykeen, and H. J. Dunn.
"9A. F. Hess, J. E. Dyksen, and H. J. Dunn.
'9AWWAo 1983.

"1OOAWWA, 1963.
10°AWWA, 1993.
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Fligrue 13. Diffused air basin. (Froma A. F. Hemp, J. E. Dykeenp and Ho Js Dune,
"Control Strateg~y�-A'ertion Treatment Teahnique," Occurrence and
Removal of Volatile Organ~ic Chemicals from Drink•ing Water [AWWA
Research Foundation, 1983.1 Used with permission.)
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".• .':,AIR SEAL • •, AT"
•,',:,',; OUTLE ,Figure 14. Mlat trayaerator. (From, A. F. Hes,, J. E. Dykaen, and H. J. Dunn,

"Control Strategy--Aeration Treatment Technique," Occurrence and
Removal of Volatile Organic Chemicals from Drinking Water [AWWA
Researoh Foundation, 1983.1 Used with permission.)
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Tray aerators often have been used to remove organic compounds from water
supplies. One example is at Smyrna, DE, where two wells became contaminated with
TCE in concentratlons up to% 72 wg/L. Water from one well was treated in a metallic tray
"aerator followed by GAC adsorption; water from the other well was treated in a redwood
slat aerator followed by GAC. Even without the GAC, TCE removal was 40 to 60
percent, and after GAC treatment, 90 percent removal was obtained, 10 1 The city of
Norwalk, CT, also used tray aerators to obtain similar removal rates for TCE. Several
other VOCs also were removed (75 percent removal for 1,1,1-trlohloroethana and
trana,1,2-diahloroethylene and 100 percent removal for 1,1-diohloroethylene).1°3 The
tower was 20 ft high and had a croms sectional area of 200 sq ft.

An examp!e of using spray nozzles was for a 1 MOD private well water supply in
West Palm Beach, FL. in 1980, several VOCs were deteoted, including TCEt vinyl
ohlorlde, 1,1-diahloroethylene and other chlorinated hydrooarbon solvents. Three 8000-
ou ft spray ponds were construoted, each with 20 spray nonles. Ninety percent of the
dlohlorboethane has been removed and the operation has been working successfully.I0 4

A countercurrent packed oolumn, another aeration teohnique, was applied In
Rockaway Township, NJ (population 20,000). Half the population Is served by wells, two
of which became contaminated with TCE in concentrations varying from 50 to
220 ug/LL ether also was detected in the water, GAC adsorption was installed but the
ether exhausted the carbon too soon. Then a oounterourrent packed aeration oolumn was
Installed to pretreat the water before It reached the OAC unit, and this system removed
95 to 99 percent of the ethers. 06 In addition, TCE was brought to below deteotible
levels. This removal rate requires high air-to-water ratios, as was seen in the previous
examples of organios removal by aeration.

Full-scale stripping towers and decarbonators at Water Factory 21, Orange County
Water Dlstrictp CA, have shown a greater than 80 percent reduotion In THMI, chlorinated
benuenes, and halogenated ethanes. The stripping towers are natural draft whereas the
deoarbonators are small packed beds with forced oounterourrent airflow. Good
re~uotions of organic priority pollutants that have Henry's Law constants greater than
10' atm m3/mole were attained.

Concern has been raised that air-stripping may cause air pollution. However,
measurements of volatile organics in air near the top of a pilot aeration plant were
considerably less than the allowable occupational exposures. At this time, aeration Is not
viewed as a likely cause of air pollution by chlorinated hydrocarbon compounds.

Design Considerations and Coets-Aeration Units

The following factors should be considered in designing an air-stripping system,

* Number and nature of the organic compound(s) to be removed

o Air-to-water ratio

* Column depth

•0 2AWWA' 1983.
11 0 AWWA, 1983.
'0 4 AWWA, 1983.
.0 1 AWWA, 1983.
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* Available surface area

"o Air and water temperature.

The nature and mixture of compounds to be removed will determine how practical it will
be to use aeration. A contaminated water supply may contain several compounds, some
of which may be removable by air-stripping, while others are not. More volatile
compounds with higher Henry's Law constants would be removed effectively by aeration;
Table 19 shows the removal efficiency expected for various compounds. The amount of
compound to be removed also has bearing on the type of aeration unit to use. Figure 15
shows, for a range of Henry's Law constants, the aeration unit that could be expected to
achieve various degrees of removal. 06 In general, for 90 percent removal or less, spray
towers or diffused aeration units are more economical. If more than 90 percent removal
Is needed, a packed tower usually will be necessary.

The air-to-water ratio Influences the removal efficiency and depends on the
amount of air and water entering the unit. As seen In the examples presented in this
chapter, a high air-to-water ratio sometimes Is necessary to achieve the required degree
of removal. With a 15-ft column filled with 1-In. site packing, 95 percent TCE can be
removed using an air-to-water ratio of 20:l, but removing the same percentage of 1,2-
dichloroethane requires an air-to-water ratio of 120l. 107

The column depth will determine the unit's removal efficiency as well as capital
cost. In pilot studies, the column depth can be varied while the air-to-water ratio Is held
constant. For example, with a 20:1 air-to-water ratio, l0 percent TCE can be removed
with a 6-ft column; 99 percent removal requires a 10-ft column.10 ° Figure 16 shows the
relationship between packed column depth and air-to-water ratio typically needed to
achieve 95 percent removal of three different organic compounds.

Available surface area determines the potential amount of compound that can be
transferred from liquid to gas phase. For a packed tower aeration unit, this Is a major
consideration In designing the packing material configuration. One factor to keep in
mind Is that, In a packed column unit, the packing diameter should be about one-fifteenth
the column diameter. L 0 L

As previously stated, temperature Influences Henry's Law constant, which in turn
determines how much compound will exist In liquid or gas phase. Henry's Law constants
Increase as temperature rises.

In cost studies on aeration units, TCE removal usually Is considered representative
of average removal costs.I 10 Relative costs to remove the same amount of other
organic compounds by aeration can be ranked in order of Increasing removal costs:

1. Vinyl chloride

2. PCE

'0A. F. Hess, J. E. Dyksen, and H. J. Dunn.
"0 7 A. F. Hess, J. E. Dyksen, and H. J. Dunn,
'0 5 A. F. Hess, J. E. Dykson, and H. J. Dunn.
'0 1 A. F. Hess, J. E. Dyksen, and H. J. Dunn.

I I OA. F. Hess, J. E. Dyksen, and H. J. Dunn.
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Table 19

Percentage Removal of Organil Compounds Basd on
Equilibrium Model as i Function of Henry's Law Constant

Peroentage Removal

for Varlous Ilenry' Law Constants (HI)

Va/Vw* IjII* a 103 H, a 3.4 x 10"3 Hi v 10"3 HI ul0.4

to 80 68 o9 4

is Be 6s 38 6

23 90 76 47 6

50 95 $1 67 17

100 9o 03 o0 i9

*V,:V,"the rittlo of gas volume to liquid volume.
6*%H I|at atm m /mole (to convert to atmoepheresp multiply by 55,600).

SPRAY TOWfilm

i4,•,

MDTO WIN

~ NOT FIASIILI

NNS CHCI3  PC9 O 4

•;/• IeI II .. ... . .

CI I 10 106 - -16-0 0,00

NINAY'S CONSTANT (ATod

Figure 15. Removal efficiencies of various aeration devices. (Fromi A. F. Hems,
I. E. Dykaen, and H. J. Dunn, "Control Strategy--Aeration Treatment
Technique,' Occurrence and Removal of Volatile Organic Chemicals
from Drinking Water (AWWA Research Foundation, 1983.1 Used with
permission.)
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3. TCE

4, Carbon tetrachloride

5. lpl,l-Trichloroethane

6. 1,2-Dichloroethane.

The USEPA has formulated equations that can be used to calculate yearly capital
and O&M costs for aeration units (Table 20).111 The air-stripping cost equations
consider both diffused aeration basins and aeration towers. Design constraints for
diffused aeration basins include a rectangular basin design with a length-to-width ratio of
4:1, basin depth of 12 ft, maximum Individual basin size of 3800 ou ft, air supply systemn
sized for a minimum of 5 sofm/sq ft of basin floor area, minimum air-to-water ratio of
10:1, and continuous operation. For aeration tower design, constraints include a
rectangular tower design with 16 ft of polyvinyl chloride (PVC) medium, overall tower
height of 22 ft, and continuous operation.

The costs are annual, so capital and O&M costs must be added to obtain total

treatment costs. The equations Include factors for annualizing the capital costs over 20
years at 8 percent Interest.

Approximate capital and O&M and total costs for plant sizes between 0.01 and 5
MOD can be estimated using the cost curves in Figures 17 and 18. These curves are for
90 percent removal of TCE, and Tables 21 and 22 list assumptions made in developing
them.

Other costs can be approximated using the curves in Figure 19.112 These curves
show total treatment costs (1980 dollars) for both aeration and GAC for 90 to 95 percent
removal of TCE, 1,1,1-trichloroethane, and carbon tetrachloride, demonstrating the wide
range In costs for removing certain compounds. For example, to remove 1pll-
trichloroethane, treatment costs increase little from 90 to 95 percent removal using
tower aeration. However, if GAC treatment is used, the cost Increases markedly (from
$0.04/1000 gal to $4.00/gal for a I-MOD plant) in Increasing removal from 90 to 99
percent.

Thus, air-stripping may be an economical process foe many contaminants of g
concern, particularly THMs and other halogenated methanes and ethanes. This process
also can complement activated carbon adsorption, either by removing compounds that
activated carbon will not treat or by extending the time between corbon regeneration
cycles.

NI

St'am-Stipping a;.,

Steam-stripping is a mass-trcnsfer operation, similar to air-stripping1p used to
remove moderately volatile, medium-molecular-weight organic species."z Steam-
stripping can remove more organic species than air-stripping because the superheated

'! 'P. Dorsey and R. M. Clark, Drinking Water Coat Equations, USEPA 600/2-82-055
"(December 1982).
0 O. T. Love and R. G. Eilers.

1 1 3S. P, Shelton, et al., 1982.
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Table 20

Capital and O&M Cost Equations-Aeration Units*

Diffused Aeration Aeration Tower

Capital cost

size range (ou ft) 1900 to 380,000 640 to 256,000

Equation 15.48 USRT 0 '7 7 4CCI 0 '9 93  11.59 USRT 0 '7 19 9CC10 '9 96 5

O&M cost

size range (ou ft) 1900 to 10,000 680 to 6400

Equation 472.32 USRT 0 '6 84 PR0 '55 3  3136 USRT 0 '6 2 5PR 0 "3 7 3

PPi 0.0 7 26 DHR 0. 29 8  PpI0 2 68 DHR 0' 2 05

Size range (Ou ft) I0,000 to 380,000 6400 to 256,000

Equation 112.08 USRT 0"92 4 7 PR 0 '7 2 0  6.54 USRT 0 94 6 PR 0 6- 5 4

DHR0.205 PPI 0 17 6 DHR 0' 0 9 2

S*UiRT : Unit size, ou ft.
CMi Construction cost Index divided by 100.
PR = Power cost, $/kWh.
PPI Producer price Index divided by 100.
DHR= Hourly wage rate, S/hr.
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Figure 17. Cost curves for diffused aeration unit. (From: A. F. Hems, J. E.
Dyksen, and H. J. Dunn, "Contro). Strategy--Aeration Treatment
Technique," Occurrence and Removal of Volatile Organic Chemicai:1
from Drinking Water [AWWA Research Foundation, 1983.] Used with
permission.)
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Figure 18. Copt curves for packed column aeration unit. (From: A. F. Hess, J. E.
Dyksen, and H. J. Dunn, "Control Strategy --Aerat Ion Treatment
Technique," Occurrence and Removal of Volatile Organic Chemicals
from Drinking Water (AWWA Research Foundation, 1983.1 Used with
permission.)
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Table 21

General Basis for Preliminary Cost Estimates
(1961 Dollars)*

Criteria Assumptions

Removals 90% of TCE.

Capital costs Capital costs are based on average
plant capacities. All capital costs
include costs for equipment or materia-
als, installation, and contractor's
overhead and profit.

Pilot studies Were assumed to be required prior to
selection and design of facilities, and
costs for these are included in engi-
neering.

Engiueering, financial, 15% of total construction cost,
ma.d legal fees

"Contingencies 15 % of total construction cost.

Operation and maintenance All O&M coats were developed based on
coats average daily plant production. Costs

were based on cost curves in Culp/
Wesner/Culp, 1979, and on estimates
by Malcolm Pirnle, Inc., 1981.

Electrical charges $0.045/kWh.

Annualized capital cost Total capital cost amortized over 20
years at a 10% Interest rate.

*From: A. F. Hess, J. E. Dyksent and H. J. Dunnp "Control Strategy--AeratIon Treatment
Technique," Occurrence and Removal of Volatile Organic Chemicals from Drinking Water
(AWWA Research Foundation, 1983), pp 145-6. Used with permission.
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Table 22

Basls for Preliminary Coat Estimates-Packed
Tower Design (1981 Dollars)

Criteria Assumptions

Diffused aeration design

Basins Costs were developed from cost curves
in Culp/Weiner/Culp, 1979, for 10%
average plant capacity storage, modi-
ifled to Include diffused aeration.

Aeration equipment Includes compressors for air supply and
porous air diffusers for air Introduc-
tion. Coots were based on Information
supplied by manufacturers.

Repumping Includes pumps for repumping aerated
water. Costs were developed from cost
curves in Culp/Wesner/Culp, 1979, for
in-plant pumping.

Packed column design

Packed towers Based on use of 1-in. packing.
Most costs were obtained from Singley,
et al., 1980. For the small system
sizes not included In this reference,
costs were based on Information obtain-
ed from manufacturers. In addition to
shells and packing, costs include tower
Internal parts such as mist eliminators
flow distributors and redistributors
packing supports, piping. and a clear-
well under the tower.

Aeration equipment Includes cost for blowers and air
supply piping. Based on cost esti-
mates in Singley, et al., 1980, and the
Richardson Rapid Construction Cost,
Estimating System.

Repumping Includes vertical turbine, pumps for
supplying water to each stage of
towers. Pump size was based on
average plant capacity. Costs were
on cost curves In Culp/Wemner/Culp,
1979, for In-plant pumping.

Housing Includes a building to house the towers
for cold weather proteoction, If neces-
sary. Costs were based on $2.00/cu ft
of butiding.

71

.' .. ' .. . .. ... It

N;,\?



Stoftelw Astivutod Oitboo Am~ptleo

*rmislt Astivated Goubso Aisoevtlon rni*Atvll obnAsrto

.9300

00' so Np

A 1. ý -i i s0 ta01 , . . oi 61
jptl~ 01wol opeelifte Flow-mod OpWf01mg Flow-MIS

1 ~AlevlIN ' ~ ~ Aefollea s Aereli"e

",sII~hII ole $%,loveIII~so

j% Tower

as 01-1. --~-, 1 041 i' 41 6 !is1
Oetotlln plow NvLM 0p~levling lWw"ML pg~oll% Flow - MLAd

j Opertig FIOW-mgd J fpefllho Plow-mod 0

3~~,40 16 0 to 0 to 100o IA 1r00

cost @ lof ol~m ?wovol 061611 w9ll 9 hisrosthos ftmmvl Cost of autorbo lltroahlrlof toimovil(oo-0o paesme) 111;1 porowit) to0-$$ P6166"tt

JAXdo l16n low of It~ ML4 o110p iopiw . JI

(0R1mod) 145Sirgd)

EICw'e 19. Cost curves for three chlorinated hydlocarbona. (From: 0. T. Love
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ethylene land Relatecd Industrial Solvente," JAWWAp Vol 74, No. 8
[AWWA, August 19821. Used with nermiseion.)
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*1 sateam alters equilibrium relationships favorably In terms of mass transfer from the liquid I
r to the gas phase.

Sieve--tray stripping columns with relatively large still pots have been used widely
by Industry for organic product recovery wi~d wactewator treatment. 1 ' These systems
treat anything from raw Industrial slurries, fed directly to the still pot at the column
baso, to highly treated streams fed to kip-tower trays for Improved orranic produot
recovery. As steam bubbles through the trays, the volatile organic species are stripped
from the liquid fraction and routed to a condenser for recovery. Heavier components are,
withdrawn fie'm the still pot. Stearn-3tripping systems have been eiusianed to ".emove
heavy compounds am still-po,t rosidue while collecting water In up-towor tra~s and
subsequently stripping volatile organics from thei collected water.'

At preqent, no steam-stripping operations are used for producing potable
water.' L 5 This discussion Is includoid only biacuuse of t"~ possibility that 2i~ure ofganicg
criteria may become so stringent that systems with this level of siophistication will be
required to produce a water of ?ýcoeptabla quality.

Distilation

Fractiordal distillation can separate constituents of a liquid mixture because of, the
constituents' differences In vapor pressure. This prlanoiple can be used to reinovo. volatille,
species or to retain i1wolatile ones. A distillati'rn column designed and operated properly
can yield nearly complete senaration of water anti both organic and Inorganic spdates
from the original mixture.''

y,1*Although a form of dliutl'ation has long been used for desalinating special-purpose
v.Mrsupplies, Including naval ofiship systems or onshore facili ties much as Guantanamo

Bay, Cubsi and the Naval Arctic ýessarch Laboratory cit Point Barrow, AKO, continuoo.w
c*ountorourrent distillation columns-have not been used to remove Weganic species from
potable water suoplies. This process does, howover, offer excellent potential for
producing hJph-quality, potable water fron .& poor-quality source water whIch Is heavily
contaminated with all types of organic and Inorganic species.

fdIn this typo of dlstili.;ýion, a water containing Woide arnd/or heavy organics would be
fddirectly to the reboller. As vapor rises through the column, It comes Into oontinuous

contact with a condensed portion of the vapor flowing coun toerurrently down the column
along the trays. This process Insures a vapor product enriched with volatile organic
specie.. The liquid fraction of water recovered Is then contacted countercurrently with
a vapor stream 'Nom the reboiler In order to strip It of the volatile components (steam-
stripping). The stripped liquid swreamn Is the product water whereas tl,. depleted heavy
liquid irt the reboiler Is a waste stream.

Distillation like steam-stripping and solvent extraction, is a highly effective
process for removing a broad spectrum of organic species from water. However# due to

1148. P. Shelton, et al.p 1982.
5J. E. Dyksetn and A. F. Hess Ili.
~S. P. Shelton, et ai.p 1982.
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Its high cost, this method has not found application as a unit procuss in current water
mupply practicec.

The most popular separation mechanism in ultrafiltration is selective sleving
through pores,1  The ability ot an ultrafiltration membrane to filter out (reject) a
certain substance depeopds on the' contaminant's molecular Shape, sice, and flexibillty, as
weli as system operating conditions, A useful membrans must be able to separate
distinctly at an eoononiocal rate, Which means it mrst have ' molecular weight cutoff
and a high solvent flux at low-premure differentials.

Ultrafiltration membranes gwnerally have nominal'molecula, weight cutoffs for
stubstanoes riaging from 500 ta, 1 million In molecular weight. ie The major application
for tltrafiltration membranes is for removing colloidal material and large orranic
molecules from solution. For example, Indt.strial applications have been successful In
treating many process wastewaters. However', oranics removal from prospective water
supplies has received little attention, probably related to the fact that THM. and most
other priority pollutants have molecular, Weights below 5001 thus, ultraflltration would
rit hold promise fot r.eaoving these reguolted contaminants.

Capital and operating costs for ultrafiltratioft units vary widely, dspending out the
appl,1ction. CapItal costs may be asglow as $0.50/gpd of installad capacity (whereu for
industrial application it may be over $5/Wpd) and operating costs are about $.22/1000
gal. ' If high-moieoular-we ight organio species become regulated to low levels in
potable wate~rs, ultrafiltration will be a potential unit proness for controlling these
oohtfiaItnantse

Reverse Osmosis

Reverse osmosis separation Is the combined result of (1) preferential solvent or
solute adsorption at the membrane-solution Interface and (2) Interfacial fluid flow
through the pores on the membrane surface.110 Figure 20 shows this principle. The
membrane's porous structure and suef~oe chemistry together determine the solute and
solvent flux through It. This flux Is a function of the magnitude of preferential
adsorption, the membrane's effective thickness, the size, number, and distribution of
pores on the membrane surface, and the operating pressure, temperaturef and flow
conditions in the unit proesrs.

The mechanism for Inorganic rejection differs somewhat from that for organic
rejection. Theories for reverse osmosis separation of Inorganic ions In aqueous solution
have been proposed on the basis of electrostatic repulsion of ions at the membrane-
solution Interface. Conversely, organic rejeection Is based on the polarity and sieve
mechanisms determined by tho organic molecule's size and shape. Certain types of

S17 W. A. Duvel, Jr., and T, Helfgott, "Removal of Wastewater Organics by Reverse
Osmosis," JWPCF, Vol 47, No. I (January 1975).

1 8•W. A. Duvel, Jr., and T. Helfgctt.
11L. E. Applegate, "Membrane Separation Processes," Chemical Engineering, Vol 91,

No. 12 (June 1984).
12°W. A. Duvel, Jr., and T. Heltgott.
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FiPg'r 20. Principle of osmouil, (Frome USEPA, Treatability Manual, Vol 11i,
3.1.16-2 (Office of Research and Development, September 19811.)

membranes reject better than others. Polyamide (arzmid or nylon) membranes may have
a smaller pore size than cellulose acetate m,,mbranes and can sieve better. Thin-film
composite and aramid membranes also reject organics better than cellulose acetate
membranes.''1 The polar effect Is more reluoutant for cellulose acetate membranes and
Is determined by the acidity or basicity of the molecule concerned.

Organic rejections by several membrane types over a wide range of operating
conditions are well documented In the literature. 12 For example, a cellulose acetate
membrane with an initial salt rejection of 97.3 percent, when subjected to seve,%
different solutes on a series of short-run experiments, was modified such that the
postexposure salt rejection was only 90.1 percent. Longer run dta Indicate that some
organic solutes cause Inherent membrane properties to *hangs. During organic
concentration, the membrane Is exposed to several solutes for a relatively long period of
time, ands changes In the membrane's Inherent rejection properties may result. One
possible change Is In the membrane's plasticization by adsorbed organic solutes that are
not flushed out of the membrane.

Because most reverse osmosis applications have been for desalinization, capital and
operating cost data are based on brackish and seawater plants. Reverse osmosis units
designed for organics removal would be more comparable in cost to those treating
brackish water. Table 23 shows typical capital and operating costs for reverse osmosis
plants. In addition, capital and operating cost estimating equations for I- to 200-MOD
plants have been developed by the USEPA and appear In Table 24.

Application of reverse osmosis for removing organic species from potable water has
not been widespread to date. However, reverse osmosis has good potential for removing
some organic species, especially the priority pollutants and heavier organic molecules.

S 2 1 L. E. Applegate.
12 2 AWWA, "Controlling Organics in Drinking Water," Seminar Proceedings, AWWA

Conference (AWWA Research Foundation, June 1979)1 W. A. Duvel, Jr., and
T. Heifgottl M. J. McOulre, et al., "Assessment of Unit Processes for Removal of
Trace Organic Compounds from Drinking Water," JAWWA, Vol 70 No. 10
(October 1978).
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Table 23

Typteu1 Costs foile BKsVOeGOmosig*

c, ap ital C-oets .Qperatlnq Coats
Plan Typ pifGPD)' (*per 11100 gal)

Brackish wator ajj-n.4

(Peedwater TDO
2000-5000 mg/L
80% conversion.
Plant capacity 95%6.)

25 MOD08211
1 MOD 1.20 1.54

Se~water olants

(Feedwater TDS
35,000 mg/L
30% conversion.
Plant capacity 85%.)

t:MOD 4.40 5.32
iMD8.37 9.04.

*Fro-M =1 . E. Applegate, 'Memb rane S.~aratiort P rocesseo," Chemical Enginee~ingi Vol 91,
No. 12 (Mc~raw-Hill, Inj,, 1984), pp 78-77. Usod with permission. L II .**All calculations assume a faidwater temperature of 210C. minimum pretreatment, and no
energy recovery. Operating aoits would be roduoe& by 17% with energy recovery.
Energy requirement Is assumed to be 38 kWh/ 1000 gal.
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Table 24

EPA Cost Equations for Reverse Osmouls Plants*

Assumptions

1. Feedwater total dissolved solids (TDS) concentration less than 10,000

mg/L.

2. Feedwater temperature 65 to 950F.

3. Feedwater pH 5.5 to 6.0.

4. BrIne disposal not Included In cost estimate,

5, Single-pass system with an operating pressure of 400 to 450 psi.

6. Water recoveriess

?Flow ranit (MOD) Water recovery (Deroent)
• •••1-"10 80.

10 - 100 85

7. Membrane life 3 years,

Capital cost 40,54 (plant sie MoD)0, 889(CCo)0998 ($/Yr).

O&M cost ($/yv) a 602,393,12 (plant.size MOD) 0 -99 5

x (power cost $/kWh)0*4385(pPI)0.4570

CCI Construction cost Index/100

PPI : Producer price Index/lO0

.-*roWCTbrinking Water Coat Equationa (USEPA, December 1.982).

-I'I
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' I~
6 FORMULATING AN ORGANICS REMOVAL STRATEGY

If unacceptable levels of organics are found in a water supply, an approach must be
adopted for formulating a strategy to remove them. If THMs are of concern, Chapter 4
on alternative oxidants, moving the chlorination point, and activated carbon, and Chapter
5 on air-stripping should be consulted as well as USA-CERL Technical Report N-85/10.

The first step after finding that a water supply has been contaminated with organic
compounds Is to assess the magnitude of the problem. If the supply Is groundwater,
samples should be taken from other existing wells or new wells should be drilled for
sampling. Try to determine the contamination source, because this will provide an
Indication of the area involved as well as the type of contaminants to look for In the
analysis.

Site plans, topographic maps, aerial photos, and knowledge of the underlying
geology also are useful. Talking to people familiar with previous activities (e.g.,
Industry, dumping) In the area will help determine the contamination source as well as
the type of organic compounds that may be present.

Wells should be sampled carefully by qualified personnel since sampling techniques
can drastically affect results of the analysis. All samples should be fully analysed by an
EPA certified analytical laboratoryl one well may have only one or two contaminants
whereas another well in the same area may contain several compounds.

The quality of surface water supplies, especially rivers, tends to be more variable
than that of groundwater. It may be that the contamination was temporary, with no
contaminants found in the raw water upon further sampling.

When the water analysis results are available, review what types of compounds are
present. Are the compounds listed in Tables 1, 2, or 3? Are they known or suspected to
be carcinogenic? Are there several types, for example, some volatile and some
nonvolatile? If so, more than one type of treatment may be necessary to remove all
contaminants. Other key items are the concentration levels and the total flow to be
treated. If a small flow from a single well is involvedp perhaps that well could be
closed. The contaminant concentration also will determine what percentage removal is
necessary, for example, only a small percentage or over 90 percent removal.

In reviewing the contaminants present, use the Information in previous chapters of
this report to determine which removal methods possibly could be used to treat the
water. For example, for volatile compounds, consider air-stripping; consider GAC for
polar compounds. If the supply already Is being treated, consider how the existing
treatment processes could be enhanced to remove organics (particularly higher molecular
weight compounds and THMs). Consider a combination of treatment techniques,

* ,particularly if the water contains more than one type of compound. For example, If
heavier organics can be removed by improving toagulatlon/sedimentation, GAC could be
used to treat remaining compounds that are sorbable. This series approach would provide
more effective treatment as well as relieve the loading on the GAC bed. Figure 21 is a
sample flowchart using a combination of methods. Treatment plus blending with an
uncontaminated source could also be considered. Table 25 shows relative efficiencies of
four treatment techniques for six chlorinated hydrocarbons, based on pilot-plant tests. If
the contamination level is so high that treatment costs are prohibitive, the only workable
alternative may be to find another potable water source.
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Figw'. 21. Parallel approach to organics removal. (Fromi R. R. Trussal and A. R.
Trussell, "Evaluation and Treatment of Synthetic Organic. In Drinking
Water Supplies," JAWWA, Vol 72p No. 8 [AWWA, August 1980]. Used
with permission.)



Table 25

Relative Effeotlveness of Treatment for Removing
TCI and Related Solvents (Bued on Pilot Plant Tests)*

GAC Synthetic Resin
Solvent Aeration Adsorption Adsorption Boiling

Trichloroethylene 2 1 1 5

Tetrachloroethylene 1 2 2 1

l,1,l-Triohloroethane 5 5 5 4

Carbon tetrachloride 3 3 b 3

C_.s, 1,2-dichloroethylene 4 6 4 2

1,2-Dichloroethane 6 4 3 -

*Based on 0. T. Love and R. 0. Ellers, "Treatment of Drinking Water Containing Triohloroethyl-
one and Related Industrial Solvents," JAWWA, Vol 74, NM. 8 (AWWA, August 1982). Used with
permission.

Costs for the proposed treatment techniques can be estimated based on the
equations In Chapters 4 and 5. Capital and O&M costs usually are estimated on a dollars
per 1000 gallon basis. Since more operating experience is documented with GAC and
aeration plants, cost estimates are easier to make for these treatments. Equations for
each are Included so that, based on the units' size, capital and O&M costs can be
compared. Cost curves and examples of treatment costs for various percentage removals
also are Included In Chapters 4 and 5. Based on cost estimates, a few preferred
alternatives may be chosen. For newer treatment techniques such as uiltratiltration or
synthetic resins, It may be necessary to consult equipment vendors for feasibility and
cost Information.

After preferred alternatives have been chosen, bench or pilot tests can be donep
depending on the treatment. Bench testing Is suitable for Improving coagulation/sedi-
mentation because jar tests can be done easily. GAC adsorption columns can be used in
bench tests, whereas aeration units are more amenable to pilot-scale evaluation. If
enough resources are available, more then one treatment technique can be tested and the
results compared.

80. 80
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7 CONCLUSIONS

This study has provided fixed Army installations with information on sources, types,
characteristics, and significance of trace organic compounds that may be found in
drinking water; existing and proposed drinking water standards for trace organics;
analytical techniques for measuring organic contaminants; and treatment processes and
operational changes that could be made to conventional water treatment plants to
control or remove organic contaminants from potable water. New and proven
technologies for removing volatile trace organic compounds have been described and
compared, with case studies and costs presented when available. Guidance has been
provided for designing and selecting water treatment operational changes and trace

V organics removal equipment so that the most suitable, cost-effective strategy can be
formulated fo? providing safe potable water,

Specific conclusions about mitigating organic species in water supplies include:

1. The future will bring improvements in techniques for identifying and quantifying
organics In water supplies. With this progress, methods for defining high-molecular-
weight organics that constitute the majority of the total organic carbon will be refined.
Organic analysis apparently is progressing quickly from its present microgram-per-liter
sensitivity to the pioogram-per-liter level. This advance will greatly expand the number
of organics of concern in drinking water supplies.

2. Unit processes for removing or destroying organics in a source water vary as a
function of the organics' types, species, and concentration. Thus, as with analytical
techniques for evaluating them, organics are removed or destroyed in water treatment
un.t operations using the organics' Inhereint polarity, volatility, and molecular weight
characteristics.

3. The applicability of coagulants and alternative oxidants and disinfectant
strategies in removing trihalomethanes (THMs) and other haloform precursors has been
widened. It Is possible that, with proper pH control, classic aluminum and iron salt
coagulants can remove substantial amounts of raw organics that woild otherwise form
h~logenated organics upon chlorination.

4. Unit processes that use activated carbon adsorption to remove organic species
probably ari the most widely u.ied treatments. These processes have evolved over the
past 100 yea's--first for controlling taste and odors in water supplies, then to control
refractory organics in advanced wastewater treatment and water reuse systems, and
finally to remove THMs and pesticides from water supplies. Activated carbon treatment
probably will continue to evolve as one of the primary treatment media for organic
spec'es that become regulated in the future due to this medium's flexibility and the
relative wealth of alternative design approaches.

5. Air-stripping may be an economical process for removing many contaminants of
concern, particularly THMs and other halogenated methanes; or, it could complement the
activated carbon adsorption process removing either compounds not amenable to
activated carbon treatment or extending the time between carbon regeneration cycles. 1-

6. Application of reerse osmosis for organic species removal from potable water
supply has not been widespread to date. However, the literature indicates that the
"process has good potential for removing some urganic speoies, especially the priority
pollutants and heavier organic molecules.
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7. If high-molecular-weight organic species become regulated to lo,o levels in
potabi.: witers, ultrafiltratlon probably Aill be studied as a unit process for controlling
these oorntaminants.

S. Solvent extraction, ion exchange, sorption resins, steam-stripping, and
distillation are not feasible unit processes for treating water supplies under the current
economic/egulatory framework. In the future, as technologies evolve arid regulations
become more stringento these processes and others may have to be considered for use in
order to meet organic contaminant criteria.

METRIC CONVERSIONS

1 In. =2.54cm

I ft = .305 m

I oz =28.35g

I gal = 3.78 LT

1 sq ft = .093 m2

1 cuft= .028 m3

1 psi : 6.89 kPa

OF ( °C x 9/5) + 32

II,
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