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FOREWORD

Today's rapidly developing and changing technologies and
industrial products and practices frequently carry with them the
increased generation of materials that, if improperly dealt with
can threaten both public health and the environment. The U. 8.
Environmental Protection Agency is charged by Congress with
protecting the Nation's 1land, air, and water systems. Under a
mandate of national environmental 1laws, the agency strives to
formulate and implement actions leading to a compatible balance
between human activities and the ability of natural systems to
support and nurture life. These laws direct EPA to perform
research to define our environmental problems, measure the
impacts, and search for solutions.

The Risk Reduction Engineering laboratory is responsible for
planning, implementation, and management of research,
development, and demonstration - programs to provide an
authoritive, defensible engineering basis in support of the
policies, programs, and regulations of the EPA with respect to
drinking water, wastewater, pesticides, toxic substances, solid
and hazardous wastes, and Superfund-related activities. This
publication is one of the products of that research and provides
a vital communication link between the researcher and the user
community. o

This study reports on a cooperative research effort that
examines the formation of halogenated disinfection by-products by
the alternative disinfectants and the removal of these
by-products and their precursors by granular activated carbon
filtration.

E. Timothy Oppelt, Director
Risk Reduction Engineering Laboratory
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ABSTRACT

The effects of the use of the alternative disinfectants on
the formation of halogenated disinfection by-products (DBPs)
including total organic halide, trihalomethanes, haloacetic
acids, haloacetonitriles, haloketones, chloral hydrate, and
chloropicrin, were examined along with the ability of granular
activated carbon (GAC) to remove these by-products and their
precursors. Micreobiological information was also obtained on the
operating system and included heterotropic plate count, total
coliform, and assimilable organic carbon (AOC). The ability of
the alternative disinfectants to inactivate MS2 coliphage was
also examined. One other aspect of the project was to provide
sampling sites for health effects researcn by EPA which will be
reported elsewhere

The operating system was comprised of four parallel pilot
column process streams consisting of a 3¢ min contact chamber
followed by a sand column in series with a GAC column having a 20.
min empty bed contact time. One of four disinfectants, ozone,
chlorine dioxide, chlorine,  or chloramines, was applied at the
beginning of each process stream. A fifth nondisinfected process
stream consisting of only a sand column in series with a GAC
column was used as a control.

The lowest levels of halogenated DBPs resulted from. the
combination of preozonation and postchloramination with annual
simulated distribution system averages of 27 ug Cl/L for TOX and
12 ug/L for the sum -of 18 DBPs when sand filtration was employed.
These respective concentrations were further reduced to 13 ug
Cl/L and 7 ug/L with subsequent GAC filtration having a 20 min
empty bed contact time. While ozonation produced significant
levels of AOC, sand filtration resulted in a 77 percent reduction
to 39 ug acetate C-eqg/L with subsequent GAC flltratlon further
reducing AOC to 4 ug acetate C-eg/L.

This report was submitted in fulfillment of Cooperative
Agreement No. CR814833 by Jefferson Parish, LA under sponsorship
of the USEPA. and covers an operational period from July 1989
through July 1994.
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SECTION 1

INTRODUCTION

Chlorinated disinfectants have historically been widely used
~throughout the United States in the disinfection of drinking
water. During the disinfection process, chlorinated
disinfectants have been found to react with naturally occurring
organic matter to form a number of halogenated disinfection
by-products. Because recent ammendments to the Safe Drinking
Water Act will require that these by-products be regulated in the
near future, this research project was developed to evaluate the
formation of disinfection by-products by the alternative
disinfectants and their removal by granular activated carbon
filtration as well as to evaluate the microbiological quality of
the treated water. More specifically, the objectives of this
project were:

1. To measure the effects of the alternative disinfectants
on the formation of halogenated disinfection by-products
including the trihalomethanes, the haloacetic acids, the
‘haloacetonitriles, the haloketones, chloral hydrate, and
chloropicrin. '

2. To measure the effectiveness of granular activated
carbon filtration following sand filtration in removing
halogenated disinfection  by-products and their

precursors.

3. To measure the general microbiological quality of water
treated with the alternative disinfectants.

4, To assess the levels of assimilable organic carbon
formed during disinfection with ozone and chlorine.

5. To evaluate the effectiveness . of the alternative
disinfectants in the inactivation of MS2 coliphage.

To meet these objectives, a pilot column system consisting of
four disinfected process streams " (ozone, chlorine dioxide,
cnlorine, and chloramine) and a nondisinfected process stream was
continually operated for one year beginning in July 1989. This




report contains a complete description of the pilot column system
employed, the analytical methods used to monitor the parameters
of interest, and the quality assurance associated with the
analytical results obtained. A thorougn discussion of each
parameter 1s presented relative to the project objectives
indicated.




SECTION 2

CONCLUSION

Wnen Thigh levels of disinfection by-product (DBP)
precursers are present, the level of halogenated DBPs
reaching the consumer is primarily dependent upon the
type of postdisinfectant (chlorine or chloramine) used
in the distribution system as opposed to the
predisinfectant or filtration process employed.

The combirnation of pre- and postdisinfectants which
resulted in the lowest 1levels of halogenated DBPs
reacning the consumer was preozonation and
postchloramination wnich produced annual distribution
system averages of 27 ug. C1/L for TOX and 12 ug/L for
total halogenated DBPs when sand filtration was
employed. With subsequent GAC filtration having a 29
min empty bed contact time, these annual averages were
reduced to 13 ug Cl/L T0X and 7 ug/L total halogenated
DBPs indicating that, even with annual GAC replacement
or reactivation, GAC filtration would not be very
beneficial for DBP removal in a chloraminated
distribution system. :

The use of postchlorination following sand- filtration
and preozonation completely negated any Dbeneficial
effects of ozonation due %to the high level of DBP
precursors present, producing annual distribution system
averages of 330 ug Cl/L for TOX and 389 ug/L for total
nalogenated DBPs, 54% of which were THMs. Even with GAC
filtration following preozonation and sand filtration,
postchlorination produced annual distribution system
averages for TOX and total halogenated DBPs of 127 and
138 ug/L, respectively. In order to maintain THM levels
below 5#¥ ug/L wusing this process, GAC replacement oxr
reactivation would be required approximately every 100
days.

Pretreatment with chlorine dioxide followed by sand
filtration and postchloramination produced only slightly
nigher DBP levels than pretreatment witn ozone which had

3




an annual halogenated DBP 1level of 19 ug/L. However,
chlorine dioxide pretreatment also produced an annual
average TOX level of 83 ug/L which was three times that:
observed for ozone pretreatment, as well as a chlorite
residual of §.5 ug/L (chlorate was not measured).

Relatively high levels of assimilable organic carbon
(AOC) were observed following ozone pretreatment ranging
from 5(£-276 ug acetate C-eq/L with an annual average of
179 ug acetate C-eg/L. These AOC levels correlated with
cnanges in water temperature, with the lowest AOC levels
being produced at the lowest water temperature. The .
biologically active ozone sand column reduced A0OC levels
by 77 percent to an average of 3¢ ug acetate C-eq/L with
subsequent GAC filtration reducing the AOC level to 4 ug
acetate C—cq/L Chlorination produced only a slight
reduciton in the nondisinfected influent AOC whnich
averaged 19U ug acetate C-eq/L, while subsequent GAC
filtration reduced the AOC level to 3 ug acetate C-eqgq/L.

Reductions of MS52 coliphage of greater than & logs
occurred across the ozone contact chamber with CT
values ranging from 3-5 mg/L-min while those across thé
chlorine dioxide and chlorine contact chambers were.
equal to or greater than 5 logs with respective CTlg
values ranging from 7-19 .mg/L-min and 14-20 mg/L-mifi.
Relatively 1low -coliphage removals .of §.2-1.8 logs '
occurred across the chloramine contact chamber w1th CTlg
values ranging from 22-31 mg/L mln. :

High heterotrophic plate counts (HPC) were observed in .’
the ozone sand column effluent averaging 28,000 cfu/mL
and in the GAC ‘effluents of all - process streams
averaging 2,%60-16,000 cfu/mL. This indicated that free

chlorine contact of a relatively short duration would be
required to reduce the HPC to an acceptable level before
the addition of ammonia to form chloramine-and thereby .
minimize DBP fornatlon 1n the dlstrlbutlon =ystem.

A relatlvely good correlatlon with a coeff1c1ent of @ 88
and a standard ‘deviation of 26 ug Cl/L, was observed .
between TOX and the sum of 18 DBPs for the terminally .

chlorinated distribution simulation. . uorrelat10n5~‘:

within tne treatment train were highly variable due to

the short disinfectant contact times employed . and the . .

variations in reaction rates observed for TOX: and the
DBPs. The use of TOX as a DBP surrogate in a
chloraminated distribution system ‘was determined to. bhe -
impractical since .the correlation coefficient would vary

dramdtlcally with the free chlorlne contact time .

employed in the tLeatment process.
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SECTION 3
RECOMMENDATIONS

Further studies of ozone disinfection should be
conducted with regard to the Fformation of AOCC and
specific nonhalogenated ozone by-products at various
ozone dosages and their reductions scrosss various
filtration medias over a range of hydraulic loadings.

The effects of AOC on distribution system regrowth
snould be thoroughly investigated particularly with
regard to the presence of excess ammonia froxm chloramine
generation and phosphate from corrosion inhi-itors.

The free chlorine contact time requireé +to oroduce an
acceptable heterotrophic plate count 1level following
ozonation and GAC filtration should be assessed for .a
chloraminated distribution system aleng with @ the
subsequent levels of nalogenated disinfection
by-products formed. : '

Further studies of virus inactivation in natural waters
should be conducted for the alternative disinfectants to
confirm tne higher log removals observed in this study.




SECTION 4
PILOT COLUMN CONFIGURATION AND OPERATION

Lower Mississippi River water entering the 34 mgd Permutit
treatment plant was dosed with 1-6 mg/L diallyldimethylammonium
chloride and/or dimethylamine polyelectrolyte polymers for
clarification, #.1-6.3 mg/L £fluosilicic acid (as fluoride) for
fluoridation, and 2 mg/L powdered activated carbon for spill
prevention. After clarification via  Permutit upflow
precipitators, a small portion of clarified water was diverted to
the pilot column system and was filtered through one of two
pressure sand filters at a hydraulic loading of 1.7 gpm/ft~-.
Eacn sand filter contained 30 in of 9.45 mm filter sand and
provided an average nondisinfected sand filtered water flow of
8.5 gpm to the rest of the pilot column system as indicated in
Figure 1. The. filtered water was then split into five process
streams, one for each of the four disinfectants and a
nondisinfected process stream which was used as a control. Each
disinfected process stream consisted of a 30 min disinfectant
contact chamber followed by series filtration through a sand
column and a granular activated carbon (GAC) column, while the
nondisinfected process stream consisted of only a sand column in
series with the GAC column.

Each disinfection contact chamber was constructed using a 12
in diameter stainless steel pipe and was 16 ft in height, except
for the ozone contact chamber which was 11 ft high. The sand and
GAC columns were constructed from 10 ft sections of 6 in diameter
glass pipe. All pilot column components were constructed .from
stainless steel, glass, and teflon. Further details of piloi
column construction have been presented in a previous report.
The sand columns were charged with 30 in of ¢.45 mm filter sand
while the GAC columns were charged with 6.8 ft of 12 x 40 mesh
GAC to achieve a 20 min empty bed contact time (EBCT) at a flow
of 6.5 gpm as indicated in Table 1. Each column was backwashed
only when necessary to achieve the desired flow rate. No media
loss was observed during backwashing. The GAC used in this study
was Cecarbon GAC 40 and was selected after a t&orough evaluation
of various types of GAC as previously reported.

The average water gquality of the nondisinfected water
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TABLE l: Physical Pilot Column Operating Conditions

Average
Average Hydraulic Average Total
Flow Loading GAC Volume Number of
Rate (galémin EBCT Filtered3 Backwashes
(gpm) /EET) (min) (gal x107) Sand GAC
non-
disinfected 0.50 2.5 20 251 5 1
ozone J.59 2.5 26 239 3 1
chlorine
dioxide g.50 2.5 20 252 2 0]
chloramine g.50 2.5 20 252 2 ]

chlorine B.50 2.5 20 - 251 6 )
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entering the five pilot column process streams after sand
filtration is indicated in Table 2. During the course of the
operation%l period, water temperature fluctuations were observed
from 3-29°C as indicated in Figure 2. After the addition of the
various disinfectants, slight variations in pH were observed due
to the acids and bases contained in the disinfectant solutions.
On the average, the pH of the chlorine dioxide contact chamber
effluent decreased 6.6 units to pH 7.0 while that for the
chlorine and chloramine contact chambers increased 0.1 & 9.2
units to pH 7.7 & 7.8, respectively. No change in pH was
opserved for the ozone process stream. Chlorine dioxide was
generated with a 96% yield by the in-line mixing of
nypochlorite/chlorite and sulfuric acid solutions prior to
injection into the process stream. Chloramines were formed

within the process stream with the injection of hypochlorite
followed within a few seconds by that of ammonia hydroxide. The
average 3§ min demands for each disinfectant determined during
the operational period are compared in Table 3 along with their
respective average disinfectant contact chamber effluent residual
concentrations. While all residual concentrations were measured
as chlorine using the DPD titrimetric method, all residual
concentrations are reported as the specific disinfectant
indicated, and not as free chlorine. With the exception of the
ozone demand, these demands were determined by the difference in
the 30 min residual readings of the various disinfectants applied
at the same dosages to deionized water and nondisinfected
influent water. The ozone demand was determined by measuring the
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TABLE 2: Average Nondisinfected Influent Water Quality

carbonates calcium

(ng/L as CaCO3) 8] {mg/L as CaCO3) 39
picarbonates ‘

(mg/L as CaCO3) 8t chlorides (mg/L) 28
nardness

(mg/L as CaCO3) 131 turbidity (ntu) J.3
pH 7.6 temperature (OC) 19.4
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TABLE 3: Average Disinfectant Contact Chamber Demands and

Residuals
Average
3% Minute Process Stream Process Stream
Disinfectant Average Average
Demand Disinfectant Disinfectant
Determinations Contact Time Residuals
(mg/L) (min) - {mg/L)
ozone 2.5 . 3 .5
chlorine dioxide  ©.7 39 3.5
chlorine 1.8 30 1.8
monochloramine 6] 30 2.2

- — T —— - o—— T — o ——————— - Vo— o ——— —————————— - ———— - T T T T S AT S M w— ———— - —————

difference in the concentration of ozone in the gas entering andg
exiting the ozone contact chamber and subtracting the ozone
residual after making the appropriate corrections for gas and
water £flows through the ozone contact chamber. The highest
demand was observed for ozone at 2.5 mg/L followed by chlorine at
1.3 mg/L and chlorine dioxide at ¢.7 mg/L. Essentially no 3¢ min
demand was observed for chloramine, however significant demands
of 1-1.5 mg/L were_ observed after several days of storage at a
temperature of 3¥ C. Tne average concentrations of residual
disinfectant species observed in the contact chamber and sand
column effluents are presented in Table 4. %hile the ozone
residual dissipated completely across the sand column, the other
tnree disinfectant residuals were only slightly reduced. Ho
residual species of any disinfectant were observed in the
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TABLE 4: Average Disinfectant Contact Chamber and Sand
Column Effluent Residuals

Process Disinfectant Contact Chamber Sand Columns

Stream Species Effluent (mg/L) Effluent(mg/L)
ozone . ozone g.5 g.0
chlorine © chlorine g.5 2.3
dioxide dioxide
chlorite 3.3 6.4
mono-
chloramine .2 g.0
dichloramine 7.2 : g.1
chlorine 2.0 7.0
chloramine mono-
chloramine 2.2 _ 1.7
dichloramine 9.1 5.3
chlorine 0.0 8.9
chlorine chlérine 1.0 g.9
dichloramine 9.2 ' g.2
mono- . ) |
chloramine g.1 0.1

_.-—...—-———————-—-—————---———————-—.._..._—._—..—-__———_.—--———-——-——————.—--.—-—-..

effluent of the GAC columns during the one year ‘operational
period.




SECTION 5
SAMPLING, ANALYSIS, AND QUALITY ASSURANCE

Sampling, Preservation, and Storage

The sampling and analysis schedule for the pilot column
system during the one year operational period is indicated in
Table 5 with the numbered sampling point locations corresponding
to those in Figure 1. Those analyses performed included total
organic carbon (TOC), total organic hnalide (T0X), volatile
organics (VOC), haloacetic acids (HAA), chlorinated disinfection
by~products (CDBP), heterotrophic plate count (HPC) , total "
coliform (TC), assimilable organic carbon (AOC), MS2 coliphage,
dissolved oXygen (DO), disinfectant residuals, PH, and
temperature. The CDBP analysis included such chlorinated
by~products as the haloacetonitriles, haloketones, chloral
hydrate, and chloropicrin. Qualitative confirmatory GC/MS
analysis was performed for the THMs, HAAs, and the CDBPs on the
influent to each process stream (the nondisinfected influent and
the disinfectant contact chamber effluents), as well as on the
cnlorinated terminal formation potential samples collected at
these locations. Those sampling locations in Figure 1 designated
17-36 were terminal formation potential samples which were dosed
in thg laboratory with chlorine or chloramine and held for 5 days
at 36°C in order to simulate the maximum formation of by-products
in the distribution system as well as to obtain a measure of the
level of disinfection by-product precursors present. The
chlorinated terminal formation potential samples (~Cl.,) were
spiked with varying amounts of chlorine dependent upon:the level
0of demand in the sample. Over the course of the project, the
precipitator and nondisinfected influent and sand filter effluent
were spiked with 8-12 mg/L chlorine, all other sand filter
effluents were spiked with 6-7 mg/L, and all GAC effluents were
spiked with 4-4.5 mg/L. The chloraminatea terminal formation
potential samples (-NH,Cl), having a considerably lower demand,
were spiked with 5 mg/L ammonia-nitrogen followed by 4 mg/L
ch%orine at all locations. After ,the five day storage period at
39°C had elasped, all terminal samples were guenched with sodium
thiosulfate (VOC), sodium sulf%;e (TOX), or ammonium chloride
(HAA & CDBP) and stored at 4°C until analyzed. This same
gquenching and storage procedure was also used for all

12
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instantaneous samples. No preservative was used for TOC other
.than immediate storage at 4°cC. All organics samples were
collected in duplicate with the duplicate being analyzed when the
original result was suspected of being in error based on the
existing data trend, as determined by the section analyst. HPC
and TC samples were both collected and analyzed in duplicate and
the average value reported.

Analytical Procedures

Total Organic Carbon (TOC) —-

EMSL Method 415.2 was wused for TOC analysii) with the
exception that the samples were stored at 4°C without
Preservative and a linearity check was performed on a weekly
basis.

Total Organic Halide (TOX)--

EMSL Method 45¢.1 was wused for TOX analysis without
modification. -

Disinfection By-Products--

Those volatile organics - and disinfection by~-products
monitored during this project are listed in Tables 6, 7, and 8
along with their respective method detection limits and, where
applicable, their percent recoveries. For the HAA and CDBP
methods, which were still under development at the time of this
study, the detection limit was defined as the lowest
concentration at wnich the method response was still linear.
This process is exemplified in Figure 3 which compares the true
and reported concentrations of trichloro- and dichloro-
acetonitrile with respective detection limits of $.8016 and
G.6032 ug/L.

EMSL Method 5062.2 was used for VOC analysis with the
following exceptions:

- The analytical column was a 30 m X 0.53 mm I.D. DB-624
column which was held inigially at 33°C for 4 min,
ramped at 2.4 °C/min to 40 C, held 1 min, ramped at
6°C/min to lGGOC, and held for 10 min.

- The 25 cm x 2.7 mm I.D. trap was comprised of equal
volumes of Tenax, silica gel, and charcoal.

- The internal standard used was l,2-dichloropropane.

14
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Table 6. Gas Chromatography Detection Limits for VOC Analysis

Standard Conc, Method Detection

Compound ug /L Limit, ug/L
dichlorémethane 2.1 .003 7
l,2-dichloroethylene 5.8 g.5%
chloroform 2.4 .901
tetrachloromethane 2.6 . 985
l,2-dicnloroethane 3.0 g.01
l,1,2-trichloroetnylene 3.5 #.005
bromodichloromethane 3.2 | g.92
l/l,2-trichloroceathane 2.3 0.038
chlorodibromometnane v 5.9 g.917
bromoform 11.6 2.04

*Interference from methyl-t-butylether used as the extraction
solvent in methods 551 & 5532.

EMSL Draft Method 552 was used for the anlaysis of the
haloacetic acids with the following exceptions:

- The DB-219% column was used as the analytical cglumn and
wasoheld at 32°C for 1% min and ramped at 10 C/min to
288°C with a final hold of 5 min. The injection port
temperature was 160 C and a splitless injection with a
20 sec delay was employed.

EMSL Draft Method 551 was used for the analysis of
chlorinated disinfection by-products which included the
haloacetonitriles, naloketones, chloral hydrate, and
chloropicrin, with the following exceptions:

- A 30m x U.325 mm I.D. DB-21¢ column with a #.5 um film
thickness was used as the analytical column and was

16
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Table 7. Gas Chromatography Detection Limits for HAA Analysis

; Method
; Standard Dectection Method
: Compound Conc, ug/1l Limit, ug/L Recovery %
é monochloro-
f acetic acid 3.0 v g.1 46.2
; dichloro-
; acetic acid 3.5 g.012 83,1
é mONODromo-— . .
| acetic acid 3.0 g.01 63.9
: trichloro- ,

acetic acid 1.9 .01 71.6
% bromochloro-
; ' acetic acid 2.0 .92 43.9
; dibromo-
; acetic acid g.25 g.0025 62.4
; 2,4,6-trichloro-. :
E phenol 1.5 2.82 87.8
1 2,4-dichloro- .
; phenol 25 4.0% S 70.0

2-cnloro-
phenol C o 1luo g.81 ‘ 1g1

i *Method contaminant interference

: programmed as previously indicated for Method 552.
Confirmatory GC/MS Analysis-- ‘ ' .

The standard concentrations and method detection 1limits for
those volatile organics and disinfection by-products that were
qualitatively confirmed by GC/MS analysis are indicated in Table
9.

EMSL method 624 was used for VOC confirmatory analysis by

17
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Table 8. Gas Chrbmatpgraphy Detection Limits for CDBP Analysis

Method
Standard Detection Method
Compound Conc, ug/1 Limit, ug/l Recovery %

dichloroaceto-

nitrile : .29 .0032 97.3
trichloroaceto-

nitrile .10 .2016 89.1
bromochloroaceto- ‘ .

nitrile .15 .3@24 99.3
dibromoaceto-

nitrile <20 .0@32 1.19
chloral hydrate .49 .3256 55.2
chloropicrin .15 . .0024 96.3
l,l1-dichloro-

propanone .20 .398 62.5
l,1,1-trichloro- . )

propanone «5 . 004 91.6

GC/MS with the following exceptions:

- 26mL aliguots were spiked with internal standards
(2~-bromo-l-chloropropane, fluorobenzene, and
bromofluorobenzene) and purged for 15 min at a helium
flow of 40 mL/min on to a Tenex and silica gel trap.

The trap was rapidly heated to 1806°c, desorbed for 4 min at
30 mL/min, and then vented to atomsphere and purged for an
additional 119 min.

- A 60 m x 0.25 mm ID DB-5 capillary column with a 25
micron coating thickness was used for analysis. A 29:1
split ratio was employed during injection.

- Spectra were acquired on a Finnigan 40623C GC/MS in the
full scan mode from 35-260@ amu each second. A compound
was considered confirmed if the signal-to-noise ratio
was greater than 5 and the spectrum obtained met an

18




i Table 9. Confirmatory GC/MS Standard Concentrations and
: Qualitative Detection Limits

Standard Method Detection
Compound Concentration, ug/L Limit, ug/L

f chloroform 8.0 0.5
j bromodichloromethane 8.0 g.19
! chlorodibromomethane 8.0 - g.10
L. bromoform 8.0 2.30
: monochloroacetic acid 30 0.19
| dichloroacetic acid 3.5 g.05
; monobromoacetic acid 3.0 0.10

trichloroacetic acid 1.0 .10
, bromochloroacetic acid 1.0 g.85
; dibromoacetic acid g.25 .10
E 2,4,6-trichlorophenol 25 g.60
: 2,4-dichlorophenol 1.5 .04
| 2-chlorophenol 189 g.25
: dichloroacetonitrile 7.20 0.85
} trichloroacetonitrile 0.10 g.@3
| bromochloroacetonitrile - g.15 g.10
‘ dibromoacetonitrile ¢.20 - g.10
; chloral hydrate g.40 g.10
5 chloropicrin g.15 u 0.87
f l,1-dichloropropanone g.50¢ £.20
i l1,1,1-trichloropropanone @.25 - @.15
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acceptable fit criteria (usually >850) when compared to

external standard spectra. The GC/MS was calibrated
each. day with FC43 and verified with the bromofluoro-

j . benzene in each sample. The other two internal
| standards were used to assess compound recovery.

EMSL Draft Method 551 & 552 were used for the initial
| extraction and concentration of the chlorinated disinfection
; by-products and haloacetic acids with further processing for
5 GC/MS confirmation as follows:

- After GC analysis, the remaining extracts were sealed

and stored along with their corresponding standards and

; blanks at 4°C until GC/MS analysis was performed. A 200

i ' uL. aliquot of the haloacetic acid and chlorinated

’ disinfection by-product extracts of each sample were
combined and blown down by gentle air stream to 5 uL. A

2 uL aliquot of this concentrate was injected splitless

‘ onto a 60 m x ¢.25 mm diameter DB-5 capillary colgmn

[ with a 25 micron film thickness, held for 5 min at 40°C,

19




and_programmed to 78°C at 30C/min and then to 208°C at
6.5°C/min. Spectra were generated using multiple ion
detection (MID) with eight MID descriptors which were
sequentially changed during the chromatographic run.
Each discriptor scanned up to 24 different masses in
one second scans. Each mass + ¢.1 amu was scanned in 12
msec to maximize signal-to-noise. The instrument was
calibrated daily with FC43 and periodically checked for
agreement with DFTPP tuning specifications. The sample
spectra obtained were then compared to those of external
standards and blanks and were confirmed if the sample
response was significantly greater than that of the
blank, the signal-to-noise ratio was greater than 5, and
an acceptable fit, usually >858, was obtained.

Heterotrophic Plate Count (HPC), Total Coliform (TC), and
Dissolved Oxygen (DO)--

Analysis for HPC, TC, and DO were performed using Barts °¢g7¢C,
989A, and 421F of the 16th Edition of Standard Methods?®.

Assimilable Organic Carbon (AOC)--

Samples were collected in 45 mL vials which were prewashed
with detergent, rinsed 5 times with hot water, acid rinsed with
.1 N HC1l, rinsed 3 times with carbon-free deionized water,
dryed, capped with foil, and heated to 558 C for 6 hours. The
teflon-lined silicone septa were soaked in a 18% potassium
persulfate solution at 62°C for one hour and then rinsed with
carbon-free deionized, distilled water.

After collection, samples were returned to the laboratory
werec;hey were quenched with 10% sodium thiosulfate and placed in
a gﬁ C waterbath for 3¢ min. The samples were then cooled to
15°C and innoculated with a culture of Pseudomonas P-17 to
achieve an -initial plate_count of 58-500 cfu/mL. After
subsequent incubation at 15°C for 7, 8, and 9 days, three vials
from each .location were assayed using the standard spread plate
technique”. Each vial was assayed using two dilutions in
triplicate. The viable counts for the three days were then
averaged and the AOC concentration determined using the Vander
Kooij yield factor~.

MS82 Coliphage--
The initial MS2 coliphage culture was received from EPA in

Cincinnati in a tryptone yeast extract broth (L6 g bacto
tryptona, 8 g sodium chloride, 1 g glucose, & 1 g yeast extract/L
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distilled water) with a titer of‘approximately 1919 plaque

- forming units (pfu) per mL. The stock culture was prepared from

the ,original culture by plating four 20 mL agar plates with a
10 dilution as indicated below. These plates were then
harvested by mixing the contents of the plates with 2¢¢ mL
tryptone yeast extract broth, adding §¢.28 g of disodium EDTA and
3.926 g of lysozyme for each 160 mL of agar-broth mixture,
stirring for 3¢ min, centrifuging at 2206 rpm for 30 min, and
collecting the supernatant. Each month, the stock culture was
prepared in this manner from the pi%vious month's stock culture
and consistently contained 3-6 x 1y pfu/mL. The stock culture
was subsequently diluted l:1¢ in sodium chloride-calcium chloride
diluent (8.5 g sodium chloride and #.22 g calcium chloride/L
digtilled water) to produce 2 L of phage seed solution containing
19 pfu/mL. This seed 'solution was 'metered into the
nondisinfected water entering ;@e gﬁlot column system such that
the final concentration was 1¢ -1¢~ pfu/mL. After feeding the
seed solution a minimum of 2-3 hours to ensure saturation of the
contact chambers, 208 mL samples were collected dropwise from
each location over a period of 18 min. This was accomplished by
inserting a small capillary tube into the side of a section of
latex tubing attached +to the sample spigot and slightly
restricting the 9.8 gpm flow in the latex tubing such that a
dropwise flow was obtained at the capillary.

Prior to sample collection, petri dishes were prepared with
15-2¢0 mL of bottom agar (18 g bacto tryptone, 14 g bacto agar,
2.5 g sodium chloride, 2.5 g potassium chloride, and 1 mL 1 M
calcium chloride/L distilled water) and refrigerated. A host E.
coli solution (ATCC 15597) was prepared by innoculation of 18-2
ml of tryptone geast extract broth in a 20 mL test tube and
incubating at 35°C. Top agar (10 g bacto tryptone, 8 g sodium
chloride, 8 g bacto agar, 1 g glucose, 1 g yeast extract/L
distilled water) was also prepared and refrigerated.

After sample collection, 3 ml of m%}ted top agar was
dispensed into a test tube and held at 44°C in a water bath.
Sample dilutions were made with sodium chloride-calcium chloride
diluent and one mL of the diluted sample was added to the test
tube along with 4 drops of host E. coli solution. After thorough
mixing, the test tube solution was added to the petri dish on top
of the bottom agar. The petri dish was then swirleg, allowed to
stand for 15 min, inverted, and incubated at 35°C for 18-24
hours. The plates were then read and the number of plaque
forming units recorded.

Disinfectant Residuals--

All disinfectant residuals were measured via the
LaMotte-Palin DPD-FAS Method using a LaMotte Model DT Laboratory
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titration kit available from LaMottte Chemical Products,
Chestertown, MD. The stock standard solution of ferrous ammonium
sulfate (FAS) was freshly prepared each month and standardized
against a primary standard dichromate solution as indicated 1in
Part 408D of the 16th Edition of Standards Methods®.

Temperature and pH--

Temperature and pH measurements were made in accérdaace with
Parts 212 and 423 of the 16th Edition of Standard Methods®.

’

Quality Assurance

Precision was assessed for all organic analyses by comparing
the results of duplicate samples. One duplicate sample was
analyzed each week for TOC, TOX, VOC, HAA, and CDBP analyses.
The sample which was analyzed in duplicate was the first and the
last sample to be analyzed within each weekly sample set. In
this manner, the precision determined was indicative of the
entire sample set over the time period in which the sample set
was analyzed. The average precision observed for each organic
parameter monitored during the operational period is indicated in
Table 10 along with the concentration range and the number of
duplicate samples analyzed. The number of observations for each
parameter varied with sampling frequency and detectability. The
percent relative deviation (PRD) of each duplicate was calculated
by determining the percent difference between the higher of the
two data points (H) and their mean (X), i.e. PRD = 188 (H-X)/X.
The average PRD represents the average of all PRD's determined

during the one year operational period. The PRD for all
parameters monitored were within 10% except for monochloroacetic
acid, monobromoacetic acid, dibromoadcetic acid,
tricnloroacetonitrile, and dibromcacetonitrile which were within
20%. The higher PRD's observed for these substances resulted
from the very low concentrations observed, which were in most
cases, below the method detection limit. ’

Accuracy was assessed through the evaluation of the relative
error determined for the internal quality control samples
obtained from EPA and through performance audits conducted by
EPA. Unfortunately, quality control samples for the HAA and CDBP
methods were not available during the project and they were not
included in the EPA performance audits until the very end of the
operational period in May, 1994. Hence, the subsequent
perofrmance evaluation in November, 1990 has been included to
furtner qualify the data presented in this report. Intexrnal
quality control samples were introduced approximately once each
month while EPA performance evaluations were conducted every six
montns. The average percent relative error observed for the
internal quality control samples, which were only available for
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Table 1l9g.
Analysis

Parameter

TOC, mg/L
T0X, ug/L
chloroform, ug/L
dichlorobromo-

methane, ug/L
1,2-dichloro-

ethane, ug/L
carbon tetra-

chloride, ug/L
1,1,1-trichloro-

ethene, ug/L
monochloro-

acetic acid, ug/L
dichlocro- ,

acetic acid, ug/L
trichloro-

acetic acid, ug/L
monobromo-

acetic acid, ug/L
dibromo-

acetic acid, ug/L
bromochloro-

acetic acid, ug/L
chloral

nydrate, ug/L
dicnloro-

acetonitrile, ug/L
tricnloro-

acetonitrile, ug/L
chloropicrin, ug/L
l1,1-dichloro- ‘

propanone, ug/L
1,1,1-trichloro-

prepanone, ug/L
bromocnloro-

acetonitrile, ug/L
dibromo-

acetonitrile, ug/L
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Conc. Range

2.497-4.405

68.8-129.5
0.967-7.830

#.131-1.808
0.009-9.287
b.007-0.681
0.004~0.314
¥.018-0.938
§.870-6.111
¥.264-2.119
0.006-0.658
9.005-90.064
#.193-1.723
@.@27—2;911
@.078-3.557

$.001-9.125

.256-1.502
6.037-0.179
0.008-0.566

0.0003~0.0929
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Analytical Precision as Measured by Duplicate Sample

Average Percent

No. of Relgtiye
Observ. Deviation

52 4.6
.50 4.4
59 5.2
58 5.1
12 5.8

6 3.6
-7 3.1
53 17.2
53 8.6
53 9.4
29 13.0
53 11.5
43 7;1
53 8.9
53 - 4.3
49 17.7
53 6.2
53 4.9
53 4.7
53 6.1
53 12.5




TOC and VOC analyses, were at or below 14% (Table 11). In the
EPA performance evaluations, the acceptance range was -18% to 39%
for TOC and + 28% for the VOC's as indicated in Tables -12-16.
The performance evaluations for these substances were acceptable
for the most part except that chloroform and bromoform were
occasionally Jjust outside the upper acceptance limit. The
average relative error determined for <chloroform in the
performance evaluations averaged 16% while that for bromoform
averaged 7%. The acceptance ranges for those substances analyzed
by the HAA and CDBP methods varied by compound and were guite
broad, ranging from the detection limit (DL) %to over 1¢0% (Tables
15 & 16). The performance evaluations for all HAA and CDBP
compounds were acceptable except for one trichlorocacetic acid
result which slightly exceeded the upper acceptance range. Those
unacceptable results indicated for dibromoacetic acid,
dichloroacetic acid, monochloroacetic acid, and monobromoacetic
acid were considered invalid because sample No. 1 did not contain
these compounds. Sample No. 2 was accurately analyzed at the
same time and with the same method as sample No. 1. However,
sample No. 1 contained no measurable chromatographic peaks even
though the concentration was only one-sixth to one-third that of
Sample No. 2 and was 80-5080 times that of the method detection
limits (Table 7). .

GC/MS Qualitative Confirmation

Qualitative confirmation by GC/MS analysis was performed for
the trihalomethanes, haloacetic acids, haloacetonitriles,
haloketones, chloral hydrate, and chloropicrin. Those locations
confirmed by GC/MS were the influent of each process stream after
3 min of disinfectant <contact time and the terminally
chlorinated sand filter effluents of the nondisinfected, ozone,
cnlorine dioxide, and chlorine process streams as well as the
terminally chloraminated sand filter effluent of the chloramine
process stream. The percentage of possible GC/MS confirmation
and the average mass spectral fit for each compound are presented
in Table 17 for the process stream influents and in Table 18 for
the terminal distribution system simulation. A value of 1000 for
tne mass spectral fit would indicate that the compound spectra of
the sample matched perfectly with that of the computer based mass
spectral library derived from external standards.

In general, higher levels of confirmation were observed in
the terminal distribution system simulation than in the process
stream influents due to the significantly higher concentrations
observed in the terminal samples. Those low confirmation levels
observed for the process stream influents resulted from the low
concentrations observed and the significantly lower detection
limits of the gas chromatography methods (Tables 6, 7, & 8) as
compared to those of the GC/MS confirmatory procedure (Table 9).
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Table 11. Analytical Accuracy as Measured by Internal Quality
Control Sample Analysis

. Concentration No. of Average %

Parameter Range ug/L Observ. Relative Error
TOC 23.8 - 61.4 13 8.36
chloroform 19 - 45 6 7.9
bromodichloro- :

methane 20 ) 2 2.45
chlorodibromo- '

methane 20 2 6.2
bromoform 20 . 2 19.3
carbon tetra- .

cnloride 19 1 6.0
1,1,1-trichloro- ‘ ‘

ethylene 109 1 1.0

Table 12. USEPA Performance Evaluation DMREZ9, April 1989

True Reported Acceptance

Value Value Limit Performance
Parameter mg/L mg/L mg/L Evaluation
TOC : J11.5  13.1 9.45-16.9 acceptable

Those low confirmation levels observed for the terminal .
distribution system simulation resulted, for the most part, from
tnhe low levels observed with average concentrations at or below
the GC/MS detection limits. :
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Table 13.

True
Sample Value Value
Parameter No. ug/L ug/L
bromodichloro- 1 22.5 22.2
methane 2 57.8 49.8
bromoform 1l 12.3 12.8
2 66.9 69.2
chlorodibromo- 1 7.66 8.40
methane 2 80.5 69.5
chloroform 1 1.6 12.3
2 63.8 5¢.8
total 1 53.1 55.7
trihalomethane 2 269 239
Table l1l4. USEPA
True Reported
Sample Value Value
Parameter No. ug/L ug/L
bromodichloro- "~ 1 71.4 75.0 .
methane 2 3.40 9.28
bromoform 1l 48.1 47.9
2 9.12 11.3
cnlorodibromo- 1 47.8 47.8
methane 2 15.6 17.3
chloroform 1 77.8 82.5
2 24 .4 39.2
total 1 245.1 253.2
trihalomethane 2 57.5 68.1

USEPA Performapce Evaluation WS@g24, May 1989

Reported Acceptance

Limit
ug/L
18.9-27.9
46.2-69,4

9.84-14.8
53.5-80.3

6.13-9.19
64.4-96.6

8.48-12.7
51.0-76.6

42.5-63.7
215-323

Performance

‘'Evaluation

acceptable
acceptable

acceptable
acceptable

acceptable
acceptable

acceptable
unacceptable

acceptable
acceptable

Performance Evaluation WS@25, November 1989

Acceptance

Limit Performance
ug/L Evaluation
.57.1-85.7 acceptable
6.72-10.1 acceptable
38.5-57.7 acceptable
7.306-110.9 unacceptable
38.2-57.4 acceptable
12.5-18.7 acceptable
62.2-93.4 acceptable
19.5-29.3 unacceptable
196-294 acceptable
46.0-69.0 acceptable

——_—_....—_..—_——————————————_—-________——_———————-——.————-——-—______._.._.
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Table 15. USEPA
Parameter

bromodichloro-
methane

bromoform

chlorodibromo~
methane

chloroform

total
trihalomethane

dibromoacetic
acid

dichloroacetic
acid

monobromoacetic
acid

monochloroacetic
acid

trichloroacetic
acid

2,4,6-trichloro-
phenol

bromochloro-
acotonitrile

dibromoaceto-
nitrile

Performance Evaluation WS@26, May 1990

Reported Acceptance

True

Sample Value Value
No. ug/L ug/L

1 25.8 26.46
2 6¥.5 65.12
1 15.4 17.43
2 77.4 74.38

1 22.1 24,43
2 72.9 71.54

1 7.53 16.19
2 59.1 63.92

1l 78.8 78.42
2 270 275.9

1 1.27 —-=-=--

2 6.77 3.81
1 2.58 ——=-

2 12.0 19.4

1 4,10 ~==-

2 13.9 11.8

1 8.33 —==-

2 16.7 18.5

1 1.13 @.767
2 5.87 5.38"
1 5.04 3.85
2 12.6 11.6

3 d.671 0.571
4 4,58 4.38

3 0.762 0.642
4 2.37 2.34

Limit Performance
ug/L Evaluation
20.6-31.49 acceptable
48.4-72.06 acceptable
12.3-18.5 acceptable
61.9-92.9 acceptable
17.7-26.5 acceptable
58.3-87.5 acceptable
6.92-9.04 unacceptable
47.3-706.9 acceptable
46.6-85.0 acceptable
216-324 acceptable
D.L.-4.98 unacceptable*
D.L.-21.2 acceptable
.0212-4;12 unacceptable*
"D.L.-22.5 acceptable
1.36-4.01 unacceptable®*
D.L.-18.4 acceptable
D.L.-8.00 unaccertable*
D.L.-28.6 acceptable
~D.L.-l.58 acceptable
D.L.-G.01 acceptable
D.L.-11.2 acceptable
b.L.-28.1 acceptable
#.201-1,37 acceptable
3.55-6.27 acceptable
#.3069-1.03 acceptable
1.61-3.17 acceptable
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Table 15. USEPA Performance Evaluation WS@26, May 1998 (Cont.)

True Reported Acceptance

Sample Value Value Limit Performance

Parameter No. ug/L uq/L ug /L Evaluation
1,l1-dichloro- 3 9.692 @.587 $.313-1.09 acceptable
propanone 4 4.34 3.47 2.22-7.23 acceptable
trichloro- 3 g.393 0.295 B.875-0.72 acceptable
acetonitrile 4 2.84 2.05 6.271-5.13 acceptable
l1,1,1-trichloro- 3 3.452 @.372 #.136-0.753 acceptable
propanone 4 7.68 5.41 D.L.~-14.5 acceptable

*suspect performance evaluation samples.

Table 16. USEPA Performance Evaluation WS®27, November 199¢

Performance
Evaluation

True Reported Acceptance
Sample Value Value Limit
Parameter No. ug/L ug /L ug/L
bromodichloro- 1 32.4 29.5 25.9-38.9
methane :
bromoform 1 22.7 23.28 18.2-27.2
chlorodibromo 1 3.8  38.35 24.6-37.0
methane ’ :
chloroform 1 87.0 82.85 69.6-104
total 1 172.9 166.0 138-207
trinaolmethane
dibromoacetic 1 4.84 2.45 D.L.-16.4
acid
dichloroacetic 1 6.96 5.57 D.L.-13.5
acid :
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Table 16. USEPA performance Evaluation AS@27, November 1990

(Cont.)
True Reported Acceptance
Sample Value Value Limit Performance

Parameter No. ug/L ug/L ug/L Evaluation

monobromoacetic 1 8.40 4,22 D.L.-13.7 acceptable
acid '

monochloroacetic 1 19.5 19.97 D.L.-15.9 acceptable
aciad '

trichloroacetic 1 8.33 16.09 D.L.-14.6 unacceptable
acid

2,4,6~trichloro- 1 7.32 6.80 D.L.-16.6 acceptable
phenol :

bromochloro- 2 1.98 1.72 D.L.-4.33 acceptable
acetonitrile : v

dibromo- 2 5.33 5.38 0.8846-6.90 acceptable
acetonitrile

dichloro- 2 ——— 2.0675 D.L.-D.L. unacceptable
acetonitrile

1,1-dichloro- 2 1.33 1.29 . 0.67-2.07 acceptable
propanone '

trichloro- 2 1.76 l1.81 g.442-3.14 acceptable
acetonitrile

1,1,1-trichloro- 2 %.989 .93 §.118-1.35 acceptable

propanone

D D D e e . ———— — G ——— —— — ——— — T — N —— . W% e s W —we > S s wm wms mas
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Table 17. Percent GC/MS confirmation and Average Mass Spectral
Fit for the Influent of each Process Stream.

Nondis. Ozone C102 NH2C1 Chlorine

Compound $/Fit $/Fit $/Fit $/Fit 3/Fit
cnloroform 92/962 98/956 96/967 16¢/983 96/996
promodicnloro-

methane 83/8689 68/913 83/901 96/956 96,/999
chlorodibromo-

metnane 57/931 56/925 56/890 58/897 98/984
monocnloro-

acetic acid 108/982 166/986 97/987 94/990 24/986
dichloroacetic «

acid 96/979 98/981 98/980 98/980 96/982
monobromoacetic

acid 30/932 93/978 77/943 47/923 10¢/969

trichloroacetic

acid 98/990 98/989 98/987 198/989 98/99¢9
bromochloro-

acetic acid 85/986 96/986 98/994 98/996 98,/998
dibromoacetic

acid 39/952 -138/986 98/994 60/982 98/997
dichloroaceto-~

nitrile 78/996 83/995 89/995 96/998 98,/998
trichloroaceto- )

nitrile 23/979 24/922 29/969 380/959 " 78/966

. bromochloro-

acetonitrile 13/971 15/954 27/949 56/975 96/996
dibromoaceto- ) ‘

nitrile 76/980 62/975 58/974 62/969 98/991
chloral hydrate 28/987 24/853 31/906 83/999 96/952
chloropicrin 32/958 20/944 40/936 60/959 96/985
l,l-dichloropro- '

panone 47/969 28/953 51/962 85/971 896/972
l1,1,l-trichloro-

propanone 16/964 21/966 36/969 69/975 94/985
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Table 18.

Percent GC/MS Confirmation and Average mass Spectral

Fit for Terminal Sand Filtered Distribution System
Similation.

Compound

chloroform
bromodichloro-
methane
chlorodibromo-~
methane
monochloro-
acetic acid
dichloroacetic
acid
monobromoacetic
acid
trichloroacetic
acid
bromochloro-
acetic acid
dibromoacetic
acid .
dichloroaceto-
nitrile
trichloroaceto-
nitrile
bromochloro-
acetonitrile
dibromoaceto-
nitrile

chloral hydrate

chloropicrin

1,1-dichloro-
propane

1,1,1-trichloro-

propane

. ' NH2C1-
Nondis-Cl Ozone-—Cl2 ClOZ—Cl C12—Cl2 NH2C1
3/Fit 3/Fit 3/Fit 3/Fit 3/Fit
180/996 16¢/994 196/993 100/992 1006/998
1p0/998 77/998 196/998 91/999 169/999
188/978 92/994 106/999 109/998 108/999
98/994 99/992 19¥/971 169/995 106/972
130/974 l@ﬁ/968v 19g6/977 168/969  1088/972
lﬁ@{999» 1¢93/999 190/999 106/999 100/999
- 100@/963 109/982 128/986 108/976 1006/976
106/995' 196/995 166/997 1806/997 100/996
166/999 199/999 199/999 16¢6/999 108/999
160/989 92/989 106/997 1806/995 92/995
63/95} 45/967 72/973 :'91/972 54/953
92/973 92/994 92/993 91/988 92/997
92/973 92/994 92/993  91/988 92/997
92/946 92/947 92/944 10¢/946 92/951
168/991 106/988 106,/988 1006/984 92/987
42/962 5?/981 58/955 36/967 42/959
89/961 92/967 92/982 160/978 92/982




SECTION 6

RESULTS AND DISCUSSION

DISINFECTION BY-PRODUCTS

Total Organic Carbon (T0C)--

While TOC itself is not a disinfection by-product (DBP), it
is a general measure of the amount of precursor material

available for DBP formation. Seasonal variations of total
organic carbon levels in the influent of each process stream are
indicated in Figure 4. Tne average TOC levels in the contact

chamber effluents across the one year operational period were
3.12, 2.86, 3.18, 3.23, and 3.15 mg C/L for the nondisinfected,
ozone, chlorine dioxide, chloramine, and chlorine ©process
streams, respectively. As expected, sand filtration had no
effect on TOC in the precipitator water entering the pilot column
system which averaged 3.16 mg C/L. Relative to the
nondisinfected influent, ozonation produced an average TOC
reduction of 06.26 mg C/L (8%) while an additional removal
averaging 0.56 mg C/L (18%) occurred across the ozone sand column
(Figure 5) for a total removal of ¢.82 mg C/L (26%) prior to GAC
filtration. Based on the levels of heterotrophic bacteria in the
effluents of the ozone contactor ‘chamber and ozone sand column
which are discussed later in this report, the reduction of TOC
across the ozone contact chamber appears to have resulted
primarily from oxidation while that across the ozone sand column
can be attributed to biodegradation. Essentially no reductions
in TOC attributable to predisinfection or sand filtration were
observed for the other process streams.

TOC removals across the GAC columns were very similar for the
nondisinfected, chlorine dioxide, chloramine, and chlorine
process streams (Figure 6) with each column reaching steady state
on day 204d. Average removals relative to the respective sand
column effluents of 22-23% were observed after steady-state was
reached with average GAC effluent concentrations of 2.5-2.6 mg
C/L. The ozone GAC column also reached steady-state on day 200
with a subsequent average removal of 26% relative to the ozone
sand column effluent and an average GAC effluent concentration of
1.8 mg C/L. The overall TOC removal observed for ozonation
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followed by sand filtration and subsequent GAC filtration after
steady~state was reached on day 200 was 47%.

Total Organic Halide (TOX)--

With an average nondisinfected influent concentration of 25
ug Cl/L, TOX levels increased significantly after 3¢ min of
disinfectant contact time across the chlorine dioxide,
chloramine, and chnlorine contact chambers to 86, 99, & 246 ug
Cl/L, respectively (Figure 7). A reduction in TOX averaging 33%
occurred across the ozone contact chamber with an average
effluent concentration of 16 ug Cl/L. Further reduction to an
average concentration of 11 ug Cl/L was observed across the ozone
sand column for a combined reduction of approximately 50% for
ozonation followed by sand filtration (Figure 8). While some
variation was observed due to experimental error, no significant
change in TOX was observed across the sand columns of the
chlorine dioxide, chloramine, and chlorine process streams.

Treatment of the sand filtered effluents with free chlorine
followed by 5-day storage (TOX-Cl.) significantly increased TOX
levels for all process streams as fndicated in Figure 9. Similar
TOX-C1l levels were observed for the precipitator and the
nondisinfected and chlorine sand column effluents with respective
averages of 585, 557, and 548 ug Cl/L. Predisinfection with
ozone and chlorine dioxide reduced the levels of TOX-Cl by 39 &
32 percent, respectively, relative to the nondisinfedted sand
column effluent with average TOX-Cl, levels of 339 and 379 ug
Cl/L, respectively. :

Treatment of the sand filtered effluents with chloramine
followed by 5-day storage (TOX-NH.,Cl) resulted in an increase to
an average of 27 ug Cl/L for the Jdzone process stream, while that
for the chlorine dioxide process stream remained relatively
constant at 89 ug Cl/L (Figure 10). Similar treatment in the
chloramine process stream resulted in an reduction of 32% to 59
ug Cl/L relative to the sand column effluent. This unusual
reduction in TOX for the chnloramine process stream has been
observed from terminally stored samples in previous studies and
is, as yet, unexplained. The TOX-NH.Cl levels observed for the
precipitator and nondisinfected sind column effluent were
essentially the same as that observed for the chloramine sand
column effluent with respective averages of 54 and 44 ug Cl/L.

GAC filtration with a 20 min empty bed contact time resulted
in TOX 1levels of less than 30 ug Cl/L over the one year
operational period for all process streams except for the
chlorine process stream (Figure 11). The nondisinfected and
ozone GAC columns reached apparent steady-state conditions on day
1v¥ and day 130, respectively, achieving average percent removals
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Comparison of the TOX Levels in the Sand Column Effluent of each

Figure 8.

Process Stream.




Uoes 7O JUSNTIFE UUMTOD PURS oY3 UT ST8AT C1D-XO0L 943 30 uostredwop

-0G6¢
1

00¢
|

0S¢
|

‘wesaIls SS9001d

NNy 40 Avd

00¢
i

0SlL ool 0S 0
| |

N40102<m dNOZ0 @———-©

~ TI0-ANVS 2010 f-————n *x
¢10—ANVS 3INIYOTHO ¢—-—-—- -
¢ 10—ANVS NISIONON B.:...---..--_uu

CI0—YOLVIIdIONd W 7

‘6 2InbTg

0S¢

0o0¢

06¢

00+

0S¥

006G

0SS

009

0S9

00L

0SL

FOX DO O_J\

39



.Emmuum‘mmwoonm
yoes IO JuUSNTIIHE UWNTOD PUBS OY3} UT STOAI] TOCHN-XO&L @43 JO uostieduod

NNy 40 AVd

TOZHN-ONVS 3NOZO G————0
TOZHN-ONVS 20710 f-—————u
TOZHN-ONVS TOZHN ¢—-—-—--
TOZHN-ONVS NISIGNON [d------- -+l
TOZHN-¥OLVLIdIOFd ¥

*0T °oinbtg

0¢

0P M
4
09 O
9
n
08
X
0
00l 1
0zl

oVl

40




"wesIls SsSavoIg
Uoes 3O jueniIig uwniod Jyo ayiz UT ST8A9T XOL @43 Jo uostaedwo) 1T sxanbtg

~ NN¥ 40 Ava@
06 =~ 00¢ 0S¢ 00¢ 0SlL 00L . 09 0
| 1 1 i [ [l

[hi-—trh Alnrxn
Ny e e .«:mi‘tnun
willw SR~y Y MY wawo>

" rl7 A S 4 & (D b (
8\% DAYK !s V- o . A , :.,.,..W.s.o...) P ?ﬂ* * 0 - ON
) . y .

()

OPO PPN 1 " ke
ol | emwzn, @N. M
* J .
mabamA m&« ,, )
TR M 0% o
Q emvus& y Vw&
? &K ® -og X
A IR/ 0
;\ AR / |
\ s ¢ | OV9 ININOH) @————g | 00L
j Y=
.Qeo@oﬂ d IV9 INOZO [@---n-n--- &

® | OVO SIONON ¥ v 02l

41




after steady-state of 41% for both columns with respective
average effluent TOX concentrations after steady-state of 13 and
6 ug Cl/L. Steady~state was reached about day 15¢ for the
cnlorine dioxide GAC column with an average percent removal and
average effluent concentration after steady~-state of 77% and 19
ug Cl/L. The chloramine GAC column reached steady-state about
day 1l¥9 while that for the chlorine GAC column occurred on day
12y. Tneir respective average removals after steady~state were
74 and 65 percent with corresponding average effluent
concentrations of 24 and 82 ug Cl/L. Thus after one year of
operation, GAC filtration continued to produce significant TOX
removals in all process streams.

As with the sand filtered effluents, treatment of the GAC
column effluents with free chlorine followed by 5-day storage
(TOX-Cl,) significantly increased TOX levels in ali process
streams  as indicated in Figure 12. All GAC columns reached
steady-state on about day 150 with average TOX-Cl2 steady-state
effluent concentrations of 296, 289, and 310 ug“Cl/L for the
nondisinfected, chlorine dioxide, and chlorine GAC columns,
respectively. The average TOX-C12 level of 316 ug C1/L in the
cnlorine GAC effluent was compriséd of approximately 27 percent
(84 ug Cl/L) TOX breakthrough and 73 percent (226 ug Cl/L)
unreacted TOX precursors. The ozonated sand filtered water
entering the GAC column contained a lower level of TOX-Cl1l
(Figure 8) and resulted in subsequently lower GAC effluen%
concentrations averaging 167 ug Cl/L TOX-Cl. after reaching
steady-state on day 150. Wnile TOX-Cl, levels in the. chlorine
dioxide sand filter effluent were simil&r to those of the ozone
sand filter effluent, significantly higher levels of TOX-Cl. were
observed in the chlorine dioxide GAC effluent as compared go the
oczone GAC effluent. Despite the nigher 1levels of TOX-Cl
observed in the GAC effluents, significant TOX-Cl reduction§
were still evident after steady-state was reached wit respective
average removals of 49, 51, 26 & 43% for the nondisinfected,
ozone, chlorine dioxide, and chlorine GAC columns. The TOX-Cl
levels in the chloramine GAC column effluent were similar té
those of the nondisinfected -.and chlorine process streams
ingicating similar levels of TOX-Cl2 removal.

Treatment of the GAC column effluents with chloramine
followed by storage for 5 days (TOX-NH,Cl) resulted in minimal
increases in TOX as indicated in Figuré 13. Average increases
over tne TOX levels in the GAC column effluents (Figure 11) of
17, 7, 11, & 12 ug Cl/L were observed for the nondisinfected,
oczone, chlorine dioxide, and chloramine process streams with
»respective average TOX—NH2Cl'levels of 29, 13, 26, & 32 ug Cl/L.
Essentially no increase “was observed in the chlorine process
stream witn an average TOX—NHZCl concentration of 69 ug Cl/L, all
of wnich was derived from the“TOX breakthrough on the GAC column.
Comparison of these average TOX-NH,Cl GAC effluent levels to
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those of tne sand columns (Figure 10) across the project period
indicates that GAC filtration resultzZ in average reductions of
34, 52, 71, and 46% for tne nondisinfected, ozone, chlorine
dioxide, and chloramine process streams. :

Trihalometnanes (THM) --

Chloroform was the most abundant THM formed accounting for
approximately 83% of the total followed by bromodichloromethane
with 15% and dioromocnloromethane with the remaining 2%.
Bromoform was rarely observed, even in the free chlorine
formation potential samples.

No significant levels of THMs were observed in the
disinfectant contact cnamber and sand column effluents of the
nondisinfected, ozone, and chlorine dioxide process streams with
concentrations averaging 1 ug/L. An average THM level of 3 ug/L
occurred in the cnloramine disinfectant contact chamber and sand
column effluents while that in the chlorine contact chamber
effluent averaging 39 ug/L, increased 10 ug/L  (25%) to 49 ug/L
across the chlorine sand column due to the additional contact
time of approximately 39 min across the sand column (Figure 14).
. Treatment of the sand column effluents with chloramine followed
by storage for 5 days at 3¢°C resulted in slightly elevated
terminal THM levels (THM-NH,C1) averaging 8.5, 3.2, 4.2, and 9.4
ug/L for the nondisinfec%ed, ozone, chlorine dioxide, and
chloramine process streams (Figure 15). Similar trea%tment and
storage of the sand column effluents with free chlorine produced
relatively high terminal THM levels (THM-C1l,) with average
concentrations of’ 236 and 225 ug/L for the nondisinfected and
chlorine process streams (Figure 16). Average reductions of 35
and 41 percent relative to the nondisinfected sand column
effluent were observed for pretreatment with ozone and chlorine
dioxide resulting in average THM—C12 levels of 154 and 138 ug/L,
respectively.

The THM concentrations in the GAC column effluents, compared
in Figure 17, all reached saturation in 60-80 days. In each
case, saturation was preceeded by a rise and a subsequent fall in
the sand column effluent concentration (Figure 14) exemplifying a
chromatographic effect,. The cnlorine, chloramine, and chlorine
dioxide GAC columns all reached saturation on day 6@ with the
nondisinfected and ozone GAC columns reaching saturation on days
79 and 80, respectively. The average GAC effluent concentrations
observed after saturation was reached were 1.2, 1.0, 1.4, 4.1,
and 43 ug/L for the nondisinfected, ozone, chlorine dioxide,
chloramine and chlorine process streams. while the GAC effluent
levels after saturation equaled their respective influent or sand
column effluent levels in the chlorine process stream, those in
the other process streams exceeded their respective influent
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concentrations by 41-73 percent exhibiting a significant level of
desorption. A typical Dbreakthrough profile followed by
aesorption 1is presented in Figure 18 for the chlorine dioxide
process stream,

Treatment of tne GAC column effluents with free cnlorine and
subsequent storage for 5 days at 3¥°C resulted in THM-Cl levels
which were significantly lower than those of similarly “treated
sand column effluents (Figure 19). Steady-state was reached on
day 156 for the chlorine GAC column with an average steady-state
THM~-C1 concentration of 161 wug/L which was comprised of
approximately 27 percent (43 ug/L) THM breakthrough and 73
percent (118 ug/L) unreacted THM precursors, which coincidently,
were tne same percentages observed for TOX-Cl,. Both the
nondisinfected and chlorine dioxide GAC columns reached
steady-state on day 138 with steady-state THM-Cl, levels of 118
and 195 ug/L resulting in steady-state THM-Cl. reiflovals of 48 and
24 percent, respectively. The ozone GAC cdélumn did not reach
steady-state until day 180 with an average steady-state effluent
concentration of 95 ug/L which_was indicative of an average
THM—Cl2 removal of 37 percent. The THM-C1 levels observed in
the chloramine GAC effluent were similar to those of the
nondisinfectant GAC effluent indicating a similar THM-C12
removal.

Treatment of the GAC column effluents of each process stream
with chloramine and subsequent storage for 5 days produced only
slight increases in THMs relative to the GAC column effluents,
‘which were also slight decreases in THM-NH.,Cl when compared to
similarly treated sand column effluents. The average THM-NH,C1
levels observed across the operational period in the
nondisinfected, ozone, <chlorine dioxide, and chloramine GAC
column effluents were 5.2, 2.2, 2.2, and 5.5 ug/L, respectively
(Figure 28). A significantly higher THM-NH,Cl concentration was
observed for the chlorine GAC effluent which reached 6¢ ug/L by
the end of the operational period. However, this was due solely
to tne GAC breakthrough of THMs formed during predisinfection
with chlorine. -

Haloacetic Acids (HAA)--

The highest levels of the haloacetic acids were formed using
free chlorine with primary constituents of dichloroacetic acid
(DCAA), trichloroacetic acid (TCCA), and bromochloroacetic acid
(BCaan). Chloroacetic acid (CAA), bromoacetic acid (BA2d), and
dibromoacetic acid (DBAA) were also formed to some extent, but
were very minor constituents. Halophenols were also analyzed via
the haloaceitc acid method, but were not found. Despite the
additional disinfectant contact time observed across the sand

columns, no increase was observed for any of the haloacetic acids

50




TWeSI3S SS900Id IPTXOTQ SUTIOTYD dY3 I0J STTJ0ad ybnoayiyeaad WHI -8 oInbTd

NNy 40 AV |
0S¢ 00¢ 0S¢ 002 0S} 00l 0G 0
1 . | | 1 i 1 1 _ |
- 0
L |
;
= N \
9
D.
Le W
H
L
- ¥
V9 2010 ¢—-—-—-9
ANVS 2070 [@---------H] e
J4NI 2070 ¥ 5

51



0G¢
1

-weaiIlg Ssan0i1d

yoes JO USNTIFL wWUmMTOD DJV¥D dY3F UT STIAIT C1o-WHI °uy3 Jo uostaedwo)d g 2INDTI

NNY 40 Avd

00¢ 0G¢ 00¢
1 i 1

oGl 00l 0 0O
i 1 1 1
- 0
- 06
.
5
- 00l
N
H
L
- 0G1L
270-0V9. ANINOTHY G————O
Z10-0Y9 1OTHN -————- >
Z10-0V9 2010 ¢—-—-—- < 002
Z10-0V9 3INOZO [@--------- o
2710-0V9 NISIONON ¥ v

52



YOS JO JUSNTIIT UUNTOD OVD OYF UT STOAST TOCHN-WHL ®y3 3o uostreduo)

NNy 40 Avda
0G¢ 00¢ 0S¢ - 00¢ 06+t
1 ] § ! | 1

‘wealils SSs001d

*0z ®@anbtryg

&omxzno«@ ININOTH) G————9

/  TOTHN-OV9 10ZHN s—mmm &
CENGY. TOTHN-OV9 201D ¢—-—:m-9
¢ TOZHN-OVO 3NOZO [@--------- )

TOCHN—-OVO SIANON W

- 0¢

- 0F

- 06

- 09

0L

= DO 4

53




in tne c¢hlorine, chloramine, and chlorine dioxide ©process
streams. while some indication of biodegradation was observed
across the nondisinfected and ozone sand columns, significantly
nigher removals occurred across the GAC columns at steady-state
wnicn may be attributed to an adsorption/biodegradation process.

One of the more prevalent haloacetic acids observed following
tne use oifi a chlorinated disinfectant was dichlorocacetic acid
(DCAA) . Contact chamber and sand column effluent concentrations
averaged 1.7, 3.7, and 13 ug/L for the <chlorine dioxide,
cnloramine, and chlorine process streams, respectively (Figure
zZl). Minor reductions in DCAA attributable to biodegradation
ware oObserved across the nondisinfected and ozone sand columns
with average respective influent concentrations of €.9 and 1.1
ag/L and a corresponding effluent concentration of 9.6 ug/L for
potn columns (Figure 22). Treatment of the sand column effluents
with free cnlorine followed by 5-day storage indicated that the
DCAA-Cl levels entering the pilot column system averaged
approximately 65 ug/L (Figure 23) with 1little change occurring
across the nondisinfected and cnlorine sand columns. Reductions
in DCAA-C1 of 27% (to 44 ug/L) and 26% (to 38 ug/L) were
observed for chlorine dioxide and ozone pretreatment followed by
sand filtration. Similar treatment of the sand filter effluents
witnh cnloramine and a 5-day storage period resulted in only
sligntly elevated DCAA levels (Figure 24) with DCAA-NH,C1l
concentrations averaging 5.6, 7.3, 8.6, and 9.2 ug/L for ghe
ozone, nondisinfected, chlorine dioxide, and chloramine process
streams, respectively. Although these DCAA-NH.,Cl levels were,
respectively, 9, 13, 5, and 3 times that of th&ir average sand
column effluent levels, they were very similar to the levels of
TdMs formed during similar treatment with chloramine suggesting
tnat both were formed by reaction with free chlorine during the
in situ formation of chloramine.

GAC filtration resulted in significant DCAA removal
afficiencies throughout the operational period (Figure 25) with
continued removals of 8U% or greater after steady-state was
reached, which occurred about day 150 for all process streams.
Steady-state effluent concentrations were proportionate to their
respective influent concentrations. With steady-state influent
concentrations of 13, 3.7, and .6 ug/L and effluent
concentrations of 2, ¥.55, and 9.¢7 ug/L, respectively, the
cnlorine, chloramine, and ozone GAC columns achieved 86% removal
arter steady-state was reached. A steady-state removal of 89¢%
was opserved for both the chlorine dioxide and nondisinfected GAC
columns witn respective influent concentrations of 1.7 and @.6
vg/L and corresponding effluent concentrations averaging 0.3 and
v.l ug/L.. Similar GAC breaxthrough profiles were observed for
tne DCAA-Cl, levels 1in all process streams except for that of
ozona (Figure 26). Steady-state was reached around day 259 for
all process streams at a DCAA—c12 effluent concentration of 4y
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ug/L except for the ozone process stream which had an average
steady-state effluent concentraticn of 2¢ ug/L. Average GAC
DCAA-Cl, removals of 63, 79, 67, 61, and 62 percent relative to
the precipitator influent were observed for DCAA over the one
year operational period for the nondisinfe&ted, ozone, chlorine
dioxide, c¢nloramine, and chlorine process strzams. Respective
removals of 48, 73, 53, 46, and 51 percent continued. after
steady-state was reached. Treatment of the GAC column effluents
witn chloramine and subsequent storage for 5 days resulted in
average DCAA-NH,Cl reductions of 53-56% (Figure 27) relative to
the similarly t@eated sand filter effluents (Figure 24). Average
DCAA—NH2C1 levels ranged from 2.5-4.8 ug/L over the project
period With steady-state concentrations ranging from 4-7 ug/L
after day 250.

Trichloroacetic acid (TCAA) was an equally ©prominent
naloacetic acid with equivalent contact chamber and sand column
effluent concentrations averaging ¢.6, 9.9, and 10 ug/L for the
cnlorine dioxide, <c¢hloramine, and chlorine process streams
(Figure 28). Unlike DCAA, almost negligible reductions of TCAA
were observed across the nondisinfected and ozone sand columns
with respective influent levels averaging ¢.5 and ¢.6 ug/L, and
average effluent concentrations of ¢.4 and 9.5 ug/L. The levels
of TCAA-Cl1 in the precipitator effluent entering the pilot
column systém ranged from 30¢-12¢ ug/L with an average of 74 ug/L.
Little change 1in TCAA-Cl, 1levels were observed across the
nondisinfected and chlorine“sand columns while average reductions
of 32% and 58% occurred for the chlorine dioxide and Jzone sand
columns relative to the nondisinfected influent (Figure 29).
Treatment of the sand column effluents with chloramine followed
by storage for 5 days produced similarly elevated TCAA levels for
all process streams (Figure 38) with operational period averages
of 2 ug/L or less. .

As with DCAA, excellent removals across the GAC columns were.
observed for TCAA throughout the operational period.
Steady-state occurred on or about day 150 in all process streams
(Figure 31) with subsequent removals of 85, 87, 73, 77, and 94
percent thnrough the remainder of the operational period for the
nondisinfected, ozone, chlorine dioxide, chloramine, and chlorine
GAC columns with average effluent concentrations of g.67, 0.06,
¥.15, @.23, and 6.68 ug/L. Similar TCAA-Cl breakthrough
profiles were observed for all process streams €xcept that of
ozone (Figure 32). As with DCAA-Cl,, steady-state was reached
around day 250 at a TCAA-Cl, level® of about 60 ug/L for all
process streams except that og ozone which was 20 ug/L. Average
percent removals of TCAA-Cl, relative to the precipitator
influent of 57, 83, 60, 54, arnd 58 percent were observed across
the operational period for the nondisinfected, ozone, chlorine
dioxide, chloramine, and chlorine process streams with continued
removals averaging 43, 79, 47, 39, and 48 ©percent after
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steady-state was reached. Post disinfection using chloramine
with a 5-~day nold produced consiste.tly low TCAA-NH,Cl levels
averaging from 9.3-9.8 ug/L across the project peridd (Figure
33). Steady-state concentrations after day 259 averaged only
sightly higher at ¥.4-¢.9 ug/L. :

Bromochloroacetic acid (BCaa) was also formed to a
significant extent during the disinfection process. Contact
chamber and sand column effluent concentrations were essentially
identical for the chlorine dioxide, chloramine, and chlorine
process streams with respective averages of 1, 0.8, and 6 ug/L
(Figure 34). Low level reductions attributable to biodegradation
were observed across tne nondisinfected and ozone sand columns
with respective average influent concentrations of .21 and 9.26
ug/L and average effluent levels of §.13 and .12 ug/L.
Treatment of aliquots of process stream water with free chlorine
followed by 5-day incubation indicated that the BCAA-Cl. levels
in the precipitator effluent entering the pilot columdi system
ranged from 1l¥-30 ug/L with an average of 17 ug/L (Figure 35).
Essentially indentical BCAA-Cl, levels were observed for the
nondisinfected, ozone, chloriné dioxide, and chlorine sand
columns with overall averages of 17, 14, 18, & 16 ug/L,
respectively. Similar treatment of sand column aliquots with
chloramine and subssquent 5-day storage again resulted in
increases which were 3-13 times that of the sand column effluents
witn average BCAA-NH,Cl levels of 1.7, 1.4, 3.1, and 2.0 ug/L for
the nondisinfected, ®zone, chlorine dioxide, and chloramine sand
column effluents (Figure 36). v

As with the previous haloacetic acids, relatively good
removals Of BCAA were observed across the GAC columns throughout
the operational period. The average BCAA removals observed
across tne project period for the nondisinfected, ozone, chlorine
dioxide, chloramine, and chlorine GAC columns were, respectively,
74, 79, 9¢, %1, and 93 percent with average effluent
concentrations of ¥.92, 6.61, 0.97, ©.066, and 0.34 ug/L (Figure
37). Steady-state was not readily observable for the
nondisinfected and ozone GAC columns due to their relatively low
influent concentrations which averaged 6.13 ug/L. As with the
previous haloacetic acids, steady-state was again observed on day
150 for the chlorine dioxide, chloramine, and chlorine GAC
columns. The percent removals observed for these three GAC
columns after steady-state averaged, repsectively, 87, 88, and 89
percent with average effluent concentrations of 8.1U, ¢.07, and
¥.46 ug/L BCAA. Free chlorine treatment of the GAC effluents
produced similar BCAA-Cl, breakthrough profiles across each GAC
column (Figure 38). A ré&latively rapid breakthrough occurred to
a "guasi' steady-state on or about day 50 in all process streams
at a removal of 35-45% which slowly decreas=ad to 0% by the end of
the project period. The average BCAA-Cl., removals observed
across the project perioda were similar for “all process streams
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ranging from 2J-25% with average precursor effluent
concentrations ranging from 9-~12 ug/L. Chloramine treatment of
the GAC column effluents and Subsegquent storage for 5 days
resulted in similar average BCAA-NH,Cl effluent levels of 0.6,
.8, 1.7, 1.6, and 1.2 ug/L across “the project period for the
nondisinfected, ozone, chlorine dioxide, chloramine, and chlorine
process streams (Figure 39). Comparison to similarly treated
sand filtered effluents indicates that GAC filtration produced
BCAA-NH,C1l removals of 64, 24, 45, and 283 percent in the
nondisinfectad, ozone, chlorine dioxide, and chloramine process
streams. '

Chlorocacetic acid (CAA) was a minor constituent with an
Observed maximum average of approximately 9.5 ug/L in the process
stream effluents and 1.7 ug/L in the free chlorine terminal
CAA-Cl, determinations. The CAA data obtained was somewhat
irraticd because tne CAA chromatographic peak was usually a small
reak whicn was not completely separable from that of a rather
larger impurity requiring a somewhat subjective integration. The
contact chamber and sand column effluent concentrations were
essentially equivalent for the chlorine dioxide, cnloramine, and
chlorine process stresams with respective averages of 0.12, g.2@,
and J.59 ug/L (Figure 40). In the effluents of the
nondisinfected and ozone process streams, CAA was detected 1in
less than 50 percent of the samples analyzed at levels averaging

.07 and 0.09 ug/L, respectively. Terminal CAA-Cl levels were
"similar in the sand column effluents of all process streams
ranging from 2-6 ug/L (Figure 41) and averaging 3-4 ug/L.
Similar CAA-NH,Cl levels were also observed for the sand column
aliquots trea%ed with chloramine and stored for 5 days with
averages ranging from ¥.9-1.2 ug/L (Figure 42). As with several
of the haloacetic acids previously discussed, these levels were
5-15 times those of the sand column effluents suggesting that
some reaction between free chlorine and the CAA precursors had
occurred during the in situ formation of chloramine.

The only GAC coluamn effluent in which CAA was consistently
detected was that of the chlorime process stream (Figure 43),. By
the end of the project period (days 300-365) effluent CAA levels
were averaging 8.07 ug/L resulting in CAA removals averaging 92%
witn respect to the sand column effluent. While influent
concentration spikes caused temporary breaxthroughs in the
process streams (day 127), no consistant CAA breakthrough was
observed in the GAC effluents of the other process streams. In
contrast, significant CAA precursor breakthrough occurred for all
GAC columns as indicated by the CAA-Cl, levels depicted in Figure
44, Tne average CAA-Cl, levels in %the GAC effluents of the
nondisinfacted, ozone, chforine dioxide, chloramine, and chlorine
process streams were essentially identically at 1.5, 1.1, 1.3,
l.4 and 1.6 ug/L. The GAC removal of CAA precursor diminished
across tne operational period with continued removals of 31, 53,
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27, and 33 percent on days 320-369Y for the nondisinfected, ozone,
chlorine dioxide, and chlorine process streams as compared to
similarly treated sand column effluents. Since the cnloramine
GAC column exhibited similar CAA-Cl effluent concentrations,
similar CAA precursor removal was assumed. -‘Chloramine treatment
of the GAC effluents and subsequent 5-day storage resulted 1in
similar CAA-NH,Cl concentrations for all process streams with
project period“averagss ranging from ©.3-86.5 ug/L (Figure 45).
Comparison to similarly treated sand column effluents indicated
that average removals of 6¥-78% were produced by GAC filtration
over the one year operational period with removals diminishing to
27-53% by the end of tne year (days 320-364).

Dibromoacetic acid (DBAA) was another minor constituent with
a maximum average process stream concentration of 8.3 ug/L and an
maximum average terminal DBAA-Cl, concentration of 1.1 ug/L.
Unlike CAA, reasonably good precision was obtained for DBAA in
the 9.62~-06.1 ug/L range as evidenced by the comparison of the
chlorine dioxide influent and sand effluent in Figure 46. As
examplified for the chlorine dioxide process stream, the contact
chamber and sand column effluent concentrations were essentially
identical for all process streams except that of ozone.
Ozonation generated additional DBAA apparently resulting from the
presence of trace amounts of bromide in the raw water, increasing
the average nondisinfected concentration from ¢.067 to 0.888 ug/L
(Figure 47). After passage through the ozone sand column, the
average DBAA concentration was reduced to 9.837 ug/L, presumably
due to biodegradation. The average DBAA levels in “the sand
column effluents of the nondisinfected, ozone, chlorine dioxide,
cnloramine, and chlorine process streams were, respectively,
v.094, ©.937, 0.0996, 0.018, and 0.33 ug/L (Figure 48). The level
of terminal DBAA-Cl, entering the pilot column system averaged
g.6 ug/L. Increases of approximately 65% were observed for both
chlorine dioxide and ozone resulting in DBAA-Cl, levels averaging
1.¥ ug/L (Figure 49). The addition of chloramifie and storage for
5 days produced moderate increases in DBAA levels of
approximately 2-3 times that of the sand column effluent for the
ozone, chlorine dioxide, and chloramine process streams with
respective averages of ¢.1¢, @¢.22, and @6.06 ug/L (Figure 53).
Similar treatment of nondisinfected sand filtered water resulted
in an average DBAA-NH,Cl concentration of 0¢.08.ug/L which was 20
times that of the initial average nondisinfected sand column
concentration of $.0664 ug/L.

Significant levels of DBAA breakthrough occurred across the
GAC columns of the chlorine and chlorine dioxide process streams
wnile relatively minor intermittant breakthrough was observed for
tne nondisinfected, ozone, and chloramine GAC columns at the
$.09¥2 ug/L level (Figure 51)., The average DBAA removals observed
for the cnlorine and cnlorine dioxide GAC columns were both 94%
relative to their respective sand column influents. Both of
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these GAC columns reached apparent steady state about day 209
with respective average steady-state removals of 92 and 93% and
average effluent congentrations of ©.017 and 9.€65 ug/L. The
average GAC effluent concentrations observed across the
operational period for the nondisinfected, ozone, and chloramine
process streams were Y.981, 0.001, and §.082 ug/L. Similar GAC
breakthrough profiles were observed for DBAA-Cl, in all process
streams with a very rapid breakthrough to an “apparent steady
state prior to day 58 (Figure 52). DBAA-C1 steady-state
effluent concentrations averaging 6.97, 1.25, 1.13, 1.63 and #.96
ug/L were observed for the nondisinfected, ozone, chlorine
dioxide, chloramine, and chlorine GAC columns, respectively.
These DBAA-C1l levels were 59, 39, 19, and 55 percent greater
than those o% similarly treated sand filter effluents in the
nondisinfected, ozone, chlorine dioxide, and chlorine process
streams. No explanation for this increase was apparent.
Chloramine treatment of GAC filtered water followed by 5-day
storage resulted in average DBAA-NH,Cl concentrations of .02,
$.11, ©®.17, 9.12, and 9.98 ug/L for the nondisinfected. ozone,
chlorine dioxide, chloramine, and chlorine process streams,
respectively (Figure 53). The cause of the relatively irratic
data obtained for the chloramine treated samples could not be
determined and may have resulted from slight variations in free
chlorine contact. '

Bromoacetic acid was also a minor component of the total
haloacetic acid concentration ranging from nondetectable in many
samples to a maximum average . concentration of (.25 ug/L in the
cnlorine sand column effluent and 1.5 ug/L in the terminal free
chlorine formational potential dJdeterminations (BAx-Cl,). Like
chloroacetic acid, the. low-level BAA data obtained was consider-
ably irratic due to interference from other chromatographic
peaks, between which BAA eluted, with quantitation dependent on
somewnat subjective intergration. In many instances, BAA could
not be gquantitated due to variations in chromatographic condi-
tions. BAA was detected at a freguency of only 66% in the
influent of the pilot column--system at an approximate :concen-
tration of $.¢01 ug/L. The freguency of detection and approximate
average concentration in the contact chamber and sand column
effluents were very similar for all process streams (Figure 54)
except that of ozone, with 95% and 0.106 ug/L for the chlorine
dioxide process stream, 55% and £.¢2 ug/L for the chloramine
process stream, and 85% and £.25 ug/L for the chlorine process
stream. BAA was detected in the ozone contact chamber effluent
at a frequency of 96% and an average concentration of 6.22 ug/L
(Figure 55), while that for the ozone sand column was 88% and-
.07 ug/L suggesting that some biodegradation had occurred. BAA
wag detected in less than 56% of the GAC effluent samples with

- preaktnrough to an apparent steady-state occurring on
‘ approximately day 1l2¢ for all locations (Figure 56). The BAA
| javels after steady-state were below 06.02 ug/L on all GAC
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effluents except that of the chlorine process stream which
averaged approximately ¥.85 ug/L. A greater number of inter-
ferences with BAA quantitation occurred in all formation' poten-
tial samples sucn that only 20-6¢% of the data was quantifiable
at all locations. From the data obtained, it would appear that
all process streams exhibited similar BAA-Cl and BAA+NH,C1
lavels. For BAA-Cl.,, quantifiable data ranged from #.5-3 ug/L in
the sand effluents “while that for the GAC effluents ranged from
§.4-1.5 ug/L. Comparable guantifiable data for BAA-NH.,Cl ranged
from ¥.92-v.5 ug/L botn before and after GAC filtration®

Chloral Hydrate (CH)-- ,

Cnloral hydrate (CH) was formed predominantly in the chlorine
process stream with an average contact chamber effluent
concentration of 2.9 ug/L which increased 55% to 4.5 ug/L across
the sand column due to an additional 30 min of chlorine contact
time (Figure 57). The CH levels in the effluent of the chlor-
amine contact chamber and sand column were identical averaging
J.25 ug/L. CH 'was detected intermittently in the contactor
cnamber and sand column effluents of the chlorine dioxide, ozone,
and nondisinfected process streams at respective freguencies of
56, 32, and 26 percent with similar average concentrations
ranging from #.61-89.67 ug/L. Treatment of the sand. column
effluents with free chlorine and storage for 5 days produced
CH-Cl., levels averaging 79, 55, 45, and 75 ug/L (Figure 58) for
the néndisinfected, ozone, chlorine dioxide, and chlorine process
streams, respectively. Treated precipitator water had essential-
ly an identical CH-Cl, content as the nondisinfected sand column
offluent. Similar tr&atment with chloramine resulted in average
CH~-NH.Cl levels of $.863 ug/L for the nondisinfected and ozonated
sand Zolumn effluents, and, 9.8 & ©¥.3 ug/L for the chloramine
and chlorine dioxide sand column effluents (Figure 59).

Granular activated carbon filtration resulted in 100 percent
removal of CH throughout the one year project period in all
process streams. ESsentially no chloral hydrate was detected in
any GAC effluent greater than ¢.001l ug/L. Similar breakthrough
profiles for terminal CH-Cl., were observed across the GAC columns
in each process stream (Figure 60). Steady-state was reached
about day 154 for CH-Cl, in all process streams. Steady-state
removals relative to thé sand column effluents ranged from 42%
and 58% for the chlorine dioxide and chlorine GAC columns, to 60%
for the nondisinfected and ozone GAC columns with respective
average steady state CH-Cl, concentrations of 35, 41, 36, and 28
ug/L. Treatment of the &AC column effluents with chloramine
followed by 5-day storage produced essentially the same CH-NH Ccl
levels in each process stream ranging from ¢.1-6.3 ug/L (Figlre
61) . These levels were essentially the same as those obtained
for the similarly treated sand column effluents.
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Haloacetonitriles--

Relatively low levels of the haloacetonitriles were formed
across each process stream with the chlorine process stream
producing the highest levels averaging 3.1 ug/L total
haloacetconitriles. Levels of haloacetonitriles averaging less
than 1 ug/L were observed across the other process streams. The
predominant haloacetonitrile (HAN) was dichlorocacetonitrile
(DCAN) followed by bromochlorocacetonitrile (BCAN) ,
dibromoacetonitrile (DBAN), and trichloroacetonitrile (TCAN). No
consistent breakthrougn of the HANs was observed through any GAC
column except that of the chlorine process stream, which was
still removing over 95% of tne influent HANs by the end of the
one year operational period.

Dichloroacetonitrile (DCAN) was primarily formed in the
chlorine process stream with an average influent concentration of
1.5 ug/L which increased 3¢% to 1.9 ug/L across the chlorine sand
column. The contact chamber and sand column effluents of the
chloramine, chlorine dioxide, and nondisinfected process streams
were essentially identical with respective sand column effluent
concentrations averaging 0.2, ¢.1, and 9.05 ug/L (Figure 62).
Some evidence of biodegradation across the ozone sand column was
observed with respective average influent and effluent
concentrations of #.67 & 2.82 ug/L. Treatment of the chlorine
sand column effluent with additional free chlorine and subsequent
5-day storage produced an average DCAN-Cl., concentration of 1.9
ug/L (Figure 63) which was the same as th&t of DCAN in the sand
column effluent indicating that all DCAN precursors had reacted
across tne chlorine contact chamber and sand column. Similar
treatment of the nondisinfected, ozone, and chlorine dioxide sand
column effluents produced respective DCAN-C1l levels averaging
1.3, 1.6, & 4.1 ug/L suggesting that significdntly higher 1levels
of DCAN precursors were formed by pretreatment with chlorine
dioxide. Similar treatment of the sand column effluents with
chloramlne followed by 5-day storage produced respective average

CAN~NH,Cl levels of 0.83, ¥.82, 06.21, and 0.04 ug/L for the
nondisinrected, ozone, chlorine dioxide, and chloramine process
streams (Figure 64). Comparison of these DCAN-NH,Cl levels to
corresponding DCAN levels present in the sand co%umn effluent
indicated that the addition of chloramine had essentially no
effect on the DCAN levels of the nondisinfected and ozone sand
column effluents while it increased the DCAN in the chlorine
dioxide sand column effluent by a factor of three to an average
of 9.2l ug/L, again suggesting the formation of DCAN precursors
by cnlorine dioxide pretreatment. The further addition of
cnloramine to the chloramine sand column effluent resulted in an
average DCAN reduction of approximately 80 percent after 5 days
of storage. This reduction was similar to that observed for TOX
after 5-day chloramine treatment.,
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No consistent breakthrough of DCAN was observed across the
GAC column of any process stream other than chlorine (Figure 65).
Breakthrough on the cnlorine GAC column occurred on day 7¢ with
an increasing effluent concentration wuntil steady-state was
reached after 1406 days of operation. The average effluent
concentration after reaching steady-state was @.45 ug/L for an
average steady-state removal of 98 percent.. Treatment of the GAC
column effluents with free chlorine and storage for 5 days
resulted in average DCAN-Cl., of 2.4, 1.1, 2.9, 2.3, and 2.¢ ug/L
for the nondisinfected, ozohe, chlorine dioxide, chloramine, and
chlorine process streams, respectively (Figure 66). Comparison
of these data with those of the similarly treated sand column
effluents indicated that in the ozone and chlorine dioxide
process streams, saturation was reached on approximately days 140
& 150 with subsequent effluent levels essentially equal to their
respective influent levels. In contrast, after a relatively
rapid precursor breakthrough to saturation on day 80, DCAN-CL
levels in the nondisinfected GAC effluent were consistantly
greater by an average of approximately 89% (Figure 67). A
similar anomaly occurred in the chlorine process stream as
indicated in Figure 68. The DCAN and terminal DCAN-Cl, levels in
the sand column effluent were essentially identical “indicating .
that all DCAN precursors present had reacted to form DCAN, Since
the DCAN 1levels in the GAC effluent were essentially zero, the
DCAN-C1 levels in the GAC effluent should also have been
nonexistant. However, concentrations from 6.5 - 5 ug/L DCAN-Cl
were observed in the chlorine GAC effluent. Saturation was§
reacned on day 180 with the DCAN-~Cl., levels in the chlorine GAC
effluent averaging 42% higher thafi those in the sand column
effluent, similar to that observed for the nondisinfected GAC
effluent. These 1increases in .precursor concentration were also
observed for bromochloroacetonitrile and dibromoacetonitrile, as
indicated in subsequent sections, suggesting that. these
precursors are being formed on or released from the GAC columns.

Treatment of the GAC column effluents with chloramine
followed by 5-day storage resulted in average DCAN-NH,Cl levels
of 9.92, 6.Y3, 6.2, 9.83, and ¢.0¥2 ug/L for the nondisinfected,
ozone, chlorine dioxide, chloramine, and chlorine process
streams, respectively (Figure 69). No significant -difference
between the DCAN-~NH,Cl 1levels of the sand -and GAC. column
effluents was observe% in any process stream, with the DCAN-NH,Cl
levels in the chlorine GAC column effluent being essentiafly
identical to those of the chloramine GAC column. . ;

Bromochloroacetonitrile (BCAN) was the second most abundant
haloacetonitrile formed primarily in the chlorine process stream
with an aveérage contact chamber effluent concentration of @.70
ug/L which increased 25% to ©.88 ug/L across the chlorine sand
column. A similar increase of 35% was observed across the
chloramine sand column raising the average concentration from
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¥.931 to ¥.942 uy/L. The sand column effluent concentrations of
BCAN compared in Figure 76, averaged 2.406, vU.902, 0.Y19, §.042,
and ¥.838 ug/L, respectively, for the nondisinfected, ozone,
cnlorine dioxide, chloramine, and chlorine process streams.
Evidence of BCAN biodegradation was observed across the
nondisinfected and ozone sand columns. An average removal of 803
was obsarved across the ozone sand column with average influent
and effluent concentrations of @.¢l14 and 23.062 ug/L. A lower
removal of 20% occurred across the nondisinfected sand column
with average influent and effluent concentrations of ¢.¢12 and
3.306 ug/L. No change in BCAN concentration was observed across
the chlorine dioxide sand column. Treatment of the sand column
@ffluents with free chlorine followed by storage for 5 days
produced respective average BCAN-Cl, levels of 0.44, 0.66, 1.39,
and ¢.61 ug/L for the nondisinfected, ozone, chlorine dioxide,
and chlorine process streams (Figure 71), again indicating
elevatad levels in the «chlorine dioxide process stream.
Treatment of the sand column effluents with chloramine followed
oy 5-day storage also produced slightly elevated levels in the
cnlorine dioxide process stream with average BCAN-NH,Cl levels of
Y.J66, $.097, 9.45, and 9.9¢8 ug/L for the nondisinfécted, ozone,
cnlorinz dioxide, and chloramine process streams (Figure 72). 1In
comparison to the BCAN levels in the sand column effluents,
slignt increases were observed for BCAN-NH,Cl in the chlorine
dioxide and ozone process streams with “no change in the
nondisinfected process stream. The chloramine process stream
again exnibited lower (86%) BCAN-NH,Cl levels than the BCAN-NH,Cl
in the sand filter effluent after %he additional chloraminatIon
and 5-cay storage. -
Filtration through GAC with a 2¢ minute EBCT  removed
essentially l¥8% BCAN in every process stream except that of
cnlorine (Figure 73). Breakthrough above ©.801 ug/L was observed
on day 75 with steady-state occurring on day 15¢ at the £.015
ug/L level. Relative to the sand filtered effluent, an average
removal of 98% was observed after steady-state was reached.
Treatment of the GAC filter effluent with free chlorine and
supsequent storage for 5 days resulted in respective average
BCAN-Cl., levels of 1.1, 9.8, 1.2, 1.1, and 6.9 ug/L for the
nondisinfTected, ozone, chlorine dioxide, chloramine, and chlorine
process streams. These levels were equivalent or slightly
greater than those BCAN-Cl, levels in the similarly treated sand
column effluents indicating that precursor breakthrough to
saturation occurred fairly rapidly, within the first 50 days
(Figure 74). As indicated previously for DCAN, iQCreased
precursor levels were observed across the nondisinfected and
chlorine GAC columns. The average- BCAN-Cl, concentration after
saturation in the nondisinfected GAC column®effluent at 1.3 ug/L
was more than 3 times that of tne sand column effluent| at 0.4
ug/L (Figure 75). Witn equivalent chlorine sand column effluent
BCAN and BCAN-Cl, levels indicating that essentially no
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precursors were entering the GAC column, and with all BCAN in the
chlorine sand column effluent being removed by GAC filtration, it
would be expected that the BCAN-Cl, levels in the chlorine GAC
effluent would be essentially nonexfstant (Figure 76). However,
the actual BCAN-Cl, levels in the chlorine GAC effluent were
egqual to or greater than those of the sand column effluent
implying that the GAC column was the source of the precursors,
possibly through some form of microbiological transformation.
The addition of cnloramines to the GAC filter effluent followed
Oy 5-cay storage produced respective average BCAN-NH.Cl levels of
0.665, V.0¥8, 0.11, $.909, and 0.606 ug/L for the nofidisinfected,
ozone, chlorine dioxide, chloramine, and chlorine process streams
whicn were essentially equivalent to those of the similarly
treated sand column effluents (Figure 77).

Contact cnamber effluent concentrations of -dibromoaceto-
nitrile (DBAN) were equivalent for the chlorine and ozone process
sStreams averaging V.26 ug/L (Figure 78). - Lower levels averaging
v.097, $.427, and Y.03 ug/L were observed for the nondisinfecteg
influent and the chlorine dioxide and chloramine contact chamber
effluents. Wnile no change in DBAN was observed across the
chlorine sand column (Figure 79), an average reduction of 98%
occurred across the ozone sand column resulting in an average
effluent concentration of 0.027 ug/L (Figure 8@). The average
sana column effluent concentrations for the nondisinfected,
chlorine dioxide, and chloramine process streams at ¢.0v6, 9.633,
and .97 ug/L were essentially equivalent to their respective
contact chamber effluent concentrations. Chlorination of the
sand column effluents and storage for 5 days resulted in similar
average DBAN-C1 levels of 9.23, ¢.39, ©.45, and 0.26 ug/L for
the nondisinfecfed, ozone, chlorine dioxide, and chlorine process
streams, respectively (Figure 81l). Similar treatment of the sand
column effluents with chnloramine resulted in average DBAN-NH.C1
levels of ©.605, g.011, g.626, and 0.0667 ug/L for he
nondisinfected, ozone, chlorine dioxide, and chloramine process
streams (Figure 82). Other thanm in a few instances during the
operational period, these DBAN-NH,Cl levels were essentially the
same as the DBAN levels in the reSpective sand column effluents,
except for the chloramine process- -stream which exhibited a
reduction of 87%, similar to that observed for TOX (Figure 83).

GAC filtration reduced the average DBAN levels in all process
streams to .¥03-.805 ug/L with intermittant breakthrough observed
at or below the .05 ug/L level (Figure 84). The breakthrough of
DBAN across the cnlorine GAC column was more or less continuous
after day 4¢ with an average steady state concentration of #.606
ug/L resulting in a 98% removal. Chlorination of the GAC
effluent followed by 5-day storage resulted in essentially the
same DBAN-Cl, levels in all process streams with respective
average concentrations of $.45, 6.53, 06.50, ©¢.45, and ¢.41 for
tne nonaisinfected, ozone, chlorine dioxide, chloramine, and
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cnlorine process streams (Figure 85).

Precursor breakthrough to steady-state for all process
streams occurred very rapidly, prior to day 40. As indicated for
the previous acetonitriles, the DBAN-C] levels in the
nondisinfected GAC column effluent were more %han twice those of
tne nondisinfected sand column effluent (Figure 86). Also, the
DBAN and DBAN-C1 levels in the chlorine sand column effluent
‘Wwere equivalent ihdicating the absence of DBAN precursors in the
chlorine GAC influent. Yet the 1levels of DBAN-C1 were
significantly higher than the DBAN levels in tne chlorine GAC
effluent indicating the presence of additional precursors (Figure
87). Similar treatment of the GAC effluents with chloramine and
subsequent 5-day storage produced significantly lower levels with
respective average DBAN-NH.Cl concentrations of J.9109, g9.612,
4.934, 0.012, and 9.985 ug/L for the nondisinfected, ozone,
chlorine dioxide, chloramine, and chlorine process streams
"(Figure 88). These DBAN-NH,Cl levels were essentially the same
as those of the respective sind column effluents.

The average concentrations of trichloroacetonitrile (TCAN) in
the sand column effluents were eqguivalent to those of the
respective disinfectant contact chambers in all process streams
except for that of chlorine which increased 26% across the sand
column to $.666 ug/L due to incresased contact time. The TCAN
sand column effluent concentrations for the nondisinfected,
ozone, chlorine dioxide, and chloramine process streams were very
similar averaging y.8@6l, g.go1, g.602, and g.064 ug/L,
respectively (Figure 89). Chlorination of the sand column
effluents and subsequent 5-day storage produced similar TCAN-—Cl2
levels for all process streams with respective averages of $.062%
B.358, 0.194, and 5.954 for the nondisinfectedn ozone, chlorine
dioxide, and chlorine process streams (Figure 9¢). The higher
average level for the cnlorine dioxide process stream resulted
from two somewhat irratic data points at the beginning of the
operational period. Treatment of the sand column effluents with
chloramine followed by 5 days of storage produced TCAN—NH2C1
levels 1less than 0.G01 ug/L in the nondisinfected, ozohe,
chlorine dioxide, and chloramine process streams.

No consistent breakthrough of TCAN was observed across the
GAC columns of the nondisinfected, ozone, chlorine dioxide, and
chloramine process streams with average concentrations of $.901
ug/L or less. A relatively consistent breakthrough of TCAN was
observed across the chlorine GAC column after day 50 with an
average concentration of #.¢¥3 ug/L (Figure 91). Chlorination of
the GAC column effluents followed by 5-day storage produced
TCAN~-Cl, levels slightly lower than tne similarly treated sand
column effluents. TCAN—C12 levels averaged 0.043, §.034, 09.0749,
Y.636, and ¥.946 in the nondisinfected, ozone, chlorine dioxide,
chloramine, and chlorine process streams (Figure 92). Similar
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treatment of GAC effluents with' chloramine again produced
TCAN~-NH,Cl concentrations 1less than 0.681 ug/L in all process
streams. .

Haloketones--

Only two haloketones, 1,1,l-trichloropropanone (TCP) and
l,l-dichloropropanone (DCP) were detected with the highest levels
(l-2 ug/L) being observed 1in the chlorine process stream.
Although consistent Dbreakthroughs of these haloketones were
opserved across the GAC columns, removals remained above 85%
throughout the one year operational period. ,

The average TCP concentrations in the effluent 'of the
disinfectant contact chambers were essentially identical to those
of the sand column effluent in all process streams except for
tnat of ozone which exhibited some evidence of biodegraddation.
Average sand column effluent concentrations ranged from &.034
ug/L for the nondisinfected process stream to 1.54 ug/L for the
chlorine process stream with 6.036, #.962, and 9.15 ug/L for the
ozone, chlorine dioxide, and chloramine process streams,
respectively (Figure 93). With an average influent concentration
of 9.75 ug/L, a 52% reduction attributable to biodegradation was
observed across the ozone sand column (Figure 94). Chlorination
of the sand column effluents followed by 5-day storage produced
similar TCP-Cl levels in each process stream with respective
average concentrations of 2.14, 2.45, 4.23, and 2.45 ug/L for the
nondisinfected, ozone, cnlorine dioxide, and chlorine  process
streams indicating the presence of 2-4 ug/L of TCP precursors
(Figure 95). Treatment of the sand column effluents with
chloramine and subsequent 5-day storage produced significantly
lower levels with average TCP-NH,Cl levels of 0.983-0.0@¢7 ug/L
(Figurs 96). Similar to the reddctions observed for TOX in the
terminal chloramine samples, these levels were lower than those
of the sand column effluent by a factor of 10 or greater as
indicate¢ in Figure 97 for the chlorine. dioxide and chloramine
process streams. z

The breakthrough of TCP across the GAC columns was observed
on or about day 198 for all process streams (Figure 98).
Steady-state was reached shortly thereafter with  average
concentrations of ©.9¢2, 0.901, ©9.003, 9.064, and 0.057 ug/L for
tne nondisinfected, ozone, chlorine dioxide, chloramine, and
chlorine GAC columns resulting in respective removals of 93, 98,
95, 97, and 96 percent throughout the remainder of the
operational period. Chlorination of the GAC effluents and
subseguent storage for 5 days resulted in respective average
TCP-Cl., levels of 1.6, 2.1, 2.7, 1.3, and 2.3 ug/L for the
nonaisififected, ozone, chlorine dioxide, chloramine and chlorine
process streams (Figure 99). These levels were comparable to

138




0G¢
|

*weaIls mwmooum
yoe® JO JUSNTIIH UWNTO) @:mm Yl UT ST2A9T JdL FO uostaedwo)d

NN 40 AvVd

00¢ 0S¢ 00¢ 0GlL 00L 0§ 0
| ] 1 | 1

ANVS 3ININOTH) @————@

ANVS TOZHN e — s %o

ANVS 2010 @—-—-—-% o
ANVS 3NOZO [@--------- = j
ONVS SIGNON W v

‘€6 2aInbTg

N
DO\

=0

139



WmTo) puesg pue JISqWeY) 3IOBIUC) ©UOZQ dY3 UT STOADT DL FO uosTIRdWOD

*sjuentijd
*$6 SInbTg

- - - -NNY- 40 AVE- :
0se 00 06z  00Z  OSL  00L 0S 0
1 i i ] 1 1 1 ] _ OO .O
mmmmm.,mumm_ _H__E :u.n ; ,..ﬁ__ .::.Ja__.. m.m.umumﬁm.
7 e m..u .p..il:.;‘..:q.“ _.u-.__u. .... ﬂ_a ..B
A A SRAAR \ - 500
FAT Tl _
|
"l v m

ANVS 3NOZO B..-..!.-.:.-m_
T4NI 3NOZO W 4

-Gl 0

O DON

- 02°0

- G¢°0

140




*WedI3S SSO00IJ
yoeo JO JuSNTIIH QESHOU pueg ayz ut steas C1D~dDL FO uostaedwo)
0G¢

1

*Ge @aInbtyg
NNy 40 Ava N ,
00¢ 06¢ 00¢ 0S1 00l 0S 0
1 ] [ 1 1 [} 1
0
- 1
- N }
l— —
. / 3
£ 9
n
- .v : n_
, 0
1L
._ L ¢
\
— |
\ .,
\x./ / \ /' Z10-ONVS 3NOZO @————g [ 9
/ th N/ \ o 270~0NVS 2070 -—————ufx
/ \ \ /  270—0NVS 3NINOTHO ¢—-—-—-%
/ o ¥ CI0-ONVS NISIONON @---------8 | £
% 20-Y0LYLIdIOYd V—ruy




‘BaI1S SS90014

yoeo JO IUSNTIFE UUNTOD PUBRS BY3 UT ST2ADT 10CHN-dDI o uosTiedwo) °96 2InbT3

NNY 40 -AVO

0s¢  00¢ 0S¢ 00¢
| i 1 ]

o0l 0S5 0
]

TOCHN-ANVS 3INOZO0 @————9°
JOTHN=ONVS 2070 f————==2
TOZHN-ANVS TOZHN ¢—-—-—--@
TOZHN-ONVS NISIANON [@---------al
TOZHN-YOLYLIIJIOANd V—-V

000°0

S00°0

0Lo0"0

GLo°0

- 0¢0°0

00 DO\

142




*s3juenIiId uUUNTOD pues oUTWRIOT YD

m pue SpPTXOTJ SUTIOTYD Y3} UT SToAdT TOZHN-dDL Pue d4DJ FO uostxedwod °L6 @Inbtg
! - NN¥ 40 Avda
0S¢ 00¢ omN OON oSl oop om 0
| 1 ] ]
—— - T s e s -t -y - -o
lt\\.&l - Hﬁ t&llllmt.ﬂ ﬂ.l ?al * lglllllm oo |
- G0°0
~- .
m - 01 °0
.-..
! - GL°0
R .“ Y
L Y A._v I |Fozo
mﬂ | v \ _
AV / LY
' f ~. .
; ® i LY.
1 inr
o TN
’ il
TOZHN-ONVS TOZHN Bmm—mm it | ipsero
ONVS TOZHN @—-—-med _.
TJOCHN-ANVS 20710 [@===w===-~ & .
ONVS 20710 W =4 .v.. o¥ "0

FOQA DO\ 4

143



‘weoIrls S$s9001d

yors JO 3USNTIIH UWNTOD DYH OYF UT STOAST dDI FJO uostiedwo)d °8¢ 2INBTI

. _ - e . - . o z:m wo ><Q —- . o - . — e e
0S¢ 00§  0SZ  00Z  OSL 00l 0s 0
TR PEm= - 000
| m \ __:_ - 20°0
g 7\ ¢ .
5 | [\ i | W Fvoo 1
» R I & & [ 3
\ | 9 -
b9 1% Lgo'0 N
\/\ R 18 d
) % g0 ¢
\ @h| \l o
/:_ d 1
b Pyl
' z ﬂg \ —__ - 0L °0
B % | ovo svaomo o-——o
TR S e M T
& Y9 INOZO @---------§]
99 SIANON ¥ =




0S¢
1

US®® 3O JUSNIIFE UMNTOD DVD ©Y3 UT SToAS]

00¢
]

0S¢
1

‘Weaxls SSo00Ig

NNY 40 Ava

00¢
|

0SL  00L oS

C10-dDI JO uosTtIeduo)

¢710-0V9 ANINOTHO @————@
¢10-0V9 TOZHN f-— ez
¢10-0V9 2010 —-—eme®
2I0-0V9 3NOZO B----=----F]
€0—-0V9 NISIONON V%7

" 66 9INbTg

—0a DO\

145




‘ R :

i ¢

those of the sand column effluents indicating essentially no
removal of TCP precursors by GAC filtration. Except for a few
outlying data points, the TCP-NH,Cl levels in the GAC effluents
after similar treatment with chlotfamine were essentially the same
as those of the cnloramine treated sand column effluents (Figure
1vd). !

The levels of 1l,l-dicnloropropanone (DCP) in the effluents of
the disinfection contact chambers and the sand columns were
essentially equivalent. Average sand column effluent
concentrations were very similar in the chloramine and chlorine
process streams at %.43 and ©.47 ug/L, respectively, while those
of the nondisinfected, ozone, and chlorine dioxide process
streams were somewhat lower at 9.07, 9.94, and 0.1¢ ug/L i(Figure
1le1). Chlorination of tne sand column effluents followed by 5
days. of storage produced similar DCP-Cl levels in all ‘process
streams with averages ranging from 9.113%.15 ug/L (Figure 182).
Comparison of these data to the average DCP sand column effluent
concentrations indicated a ¥.36 ug/L reduction (75%) for the
chlorine process stream and a ¢.1l ug/L increase (400%) for the
ozone process stream, while those of the nondisinfected and
chlorine dioxide process streams were essentially unchanged.
Cnloramination of the sand column effluents and subseqguent 5-day
storage resulted in DCP-NH,Cl levels in the nondisinfected,
ozone, and chloramine sand column 2ffluents which were
essentially identical averaging #.04-0.85 ug/L (Figure 103). As
seen earlier for a number of other parameters, a significant
decrease (99U%) in the DCP levels in the cnloramine sand column
effluent was observed after additional chloramination and storage
for 5 days (Figure 104). Also, the average DCP-NH,Cl level for
the cnlorine dioxide sand column effluent of #.30 Ug/L was @.16
ug/L (l14%) greater than the DCP level in the sand: column
effluent. -

The breakthrough: of DCP across the GAC columns at the 0.602
ug/L level occurred on or about day 60 for the chlorine process
stream, while breakthrough was observed about day 1008 for the
other process streams (Figure 1053). Steady-state was reached in
all process streams on day 138 with respective average
steady-state concentrations of 6.863, 0.083, G.066, ©.008, and
Ww.047 ug/L for the nondisinfected, ozone, chlorine dioxide,
chloramine, and chlorine GAC columns corréesponding to removals of
95, 93, 94, 98, and 90 percent. Chloxrination of the GAC column
effluents and subsequent storage for 5 days resulted in.average
pDCP-Cl. levels of ¢.066-4.989 ug/L for all process streams: (Figure
1v6) w%icn were comparable to the similarly treated sand column
effluents. The same was true for the chloramine treated GAC
effluents with respective average DCP-WH,Cl levels of .03, 0.06,
.29, Y.94, and 0.62 ug/L for the nondisinfected, ozone, chlorine
dioxide, chloramine, and chlorine process streams (Figurei 107).
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Figure 104.

Comparison of the DCP and DCP-NH2Cl Levels in the Chlorine Dioxide

and Chloramine Sand Column Effluents.
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Cnloropicrin (CP)--

'ne concentrations of chloropicrin (CP) in tne effluents of
the nondisinfected, ozone, chlorine dioxide, and chloramine
contact chnambers were essentially equivalent averaging @.004,
.pv4, 0.015, and ¥.838 ug/L (Figure 128), respectively, while
that for the «cnlorine process strean was somewhat higher
averaging ¥.43 ug/L. Chlorination and subseguent storage of the
sand column effluents produced elevated Cp-Cl1 levels averaging
1.3, 7.7, 1.4, and 1.3 ug/L for the nondiSinfected, ozone,
chlorine dioxide, and chlorine process streams indicating that
ozonation resulted in a significant (6.4 ug/L) increase in CP
precursor levels (Figure 1§9). Only slight elevations in CP
concentrations were observed after similar chloramine treatment
and storage of the sand column effluents- with respective average
CP-NH,Cl levels of 9.v3, 06.64, .11, and 9.09 ug/L for the
nondiSinfected, ozone, chlorine ‘dioxide, and chloramine sand
columns (Figure 110).

No consistent breakthrough of CP above the @.¢g3 ug/L level
was observed across the GAC column of any process throughout the
operational period (Figure 111). This resulted in average
removals of 61, 54, 84, S5, and 99 percent for the
nondisinfected, ozone, chlorine dioxide, chloramine, and chlorine
process streams, respectively, with the indicated higher removals
being associated with higher sand column effluent concentrations,

Chlorination of the GAC column effluents followed by 5-day

storage resulted in respective average CP-C1 levels of ¢.51,
.28, ¥.48, and 9.37 ug/L for the nondisinfectdd, ozone, chlorine
dioxide, and chlorine process streams indicating relative
removals of 67, 96, 69, and 74 percent (Figure 112).° No
steady-state condition was evident for any process stream. The
average CP-Cl concentration in the chloramine GAC column
effluent was similar at ¢#.49 ug/L. While ozonation produced the
highest 1level of CP precursors, ozonation followed by GAC
filtration resulted in tne lowest levels of CP precursors.
Similar treatment of the GAC effluents with chloramine produced ’
respective average CP-NH,.Cl levels of 9.612, ©0.011, 0.8508, 3.022

and P.086 ug/L in the nondisinfected, ozone, chlorine dioxide,

cnloramine, and chlorine process streams (Figure 113) which were

slightly lower than those of the similarly treated sand column
effluents.

Summary of Disinfection By-Products--

The annual average sand filter effluent concentration of
total organic carbon (TocC), total organic halide (TOX),
trihalomethane (THM), haloacetic acid (HAA), chloral hydrate
(CH), naloacetonitrile (HAN), chloropicrin (CP), and haloketone
(HK) for each process stream are compared in Table 19. The total
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Table 19. Annual Average Sand Filter Effluant Concentration.

:Chlorine ‘ .
Nondisinfected Ozone Dioxida Chlorine <Chloramine

[

TOC, mg/L 3.1 2.3 3.1 3.2 3.1
TOX, ug Cl/L 23 '11 87 233 89£
THM, ug/L 1.1 6.9 1.2 49 3.3
HAA, ug/L 1.2 1.3 3.7 39 ' 5{6
CH, ug/L . .63 6.01  5.24 i.5 - 0.3
HAN, ug/L 6.G6 .95 0.1 t3.1 4.3
CP, ug/L G.004 9.684 G.u2 0.4 @ia4
HK, ug/L g.1 0.07 é 6.2 2.1 g€7
Total

D3Ps, ug/L 2.5 2.3 5.3 89 : 10;

S 0 T 0 A s i e T G T D 0 et i e . i S o T T " o o —— ——— T ——— ————~— — = v~ ———_— o — - — -

level of DBPs produced was estimated as the sum of the individual
DBPs indicated (THM, HAA, CH, HAN, CP, and HK). The highest
level of DBPs in the sand filter effluent were produced by free
chlorine at 89 ug/L followed by chloramine at 19 ug/L. Treatment
with chlorine dioxide produced a total of 5.3 ug/L DBPS while
ozonation resulted in the lowest lavel of DBPs at 2.3 ug/L which
was just slightly below that of the nondisinfected control at 2.5
ug/L. These levels of DBPs formed during ulSlnfecthn were
evaluated relaalve to the CT reguirements of the Surface Water
Treatment Rule” using the average disinfectant residuals, water
. temperature, and pH, as well as the T contact times determined
for the ozone contact chamber at 12 mih and that for the ‘contact
chamber in series with the sand column of the other GlSlnfectants
at 17 min. With an average water temperature of 16 u, a pH of
7.7, and a sand column effluent chlorine residual of -9 mg/L,
the chlorine contact chamber in series witn the sand column
produced a DBP level of 89 ug/L achieving a CT o of 15.3 mg/L -min
whicn corresponds to a Giardia lamblia removdal of aoproximately
.5 log and a virus removal of greater than 4 logs. The chlorine
dioxide contact chamber and sand column. achieved a {T of 5.1
mg/L-min at 16 C for a Giardia removal of 2.8 log an a virus
removal of 2.4 logs while producing only 5.3 ug/L of DBPs. The
ozone process stream which contained the lowest lavel of DBPs in
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the sand column effluent at 2.3 ug/L, achieved a CTl of 5
nyg/L-min in tne ozone contact cnamber which exceeded a %Q log
removal for Giardia and viruses. Chloramine, while producing
only 19 ug/L of DBPs, achieved a CT of 34 mg/L-min resulting in

only a .97 log removal of Giardia and a §.17 log removal of
viruses.

The maximum average level of DRPs in a .chlorinated
distribution system after 5 days at 30°C following initial
predisinfection and sand filtration have bean estimated by the
terminal-Cl, data obtainedé for each process stream. Relatively
high levels” of DBPs were formed in the chlorinated distriblUtion
simulation (terminal-Cl.) samples, regardless of the type of
Predisinfectant employed,“as indicated in Table ‘2. Pretreatment
with ozone and chlorine dioxide followed by sand filtration
resulted in the lowest maximum levels of DBPs averaging 3¢9 and
388 ug/L, respectively, while maximum average DEP levels of 474
and 446 ug/L were observed for the nondisinfected and chlorine
Process streams. From these data, it is evident that extended
chlorine contact hnas almost completely negated any beneficial
effects derived from ozonation which were apparent in the sand
column effluent, and, that the use of chlorine 1in the
distribution system is prohibitive for those waters containing
hign levels of DBP precursors in systems using only sand

Table 2. Maximum Annual Average Chlorinated Distribution
System Concentrations for Sand Filtration.

Chlorine }
Nondisinfected Ozone Dioxide Chlorine
TOX, ug Cl/L 557 339 379 549
THM, ug/L - 236 154 138 225
HAR, ug/L 153 87 113 139
CH, ug/L 79 55 . 45 75
AAN, ug/L 2.0 2.7 | 6.0 2.9
CP, ug/L 1.3 . 7.7 1.4 1.3
HK, ug/L 2.2 2.6 4.3 2.5
Total :
DBPs, ug/L 474 369 368 446




filtration.

Similar wmaximum average DBP 1levels for a chlorinated
distrioution system following initial predisinfection, sand
filtration, and GAC filtration witn a 29 min empty bed contact
time are presented in Table 21. The respective maximum average
annual ©DBP levels after GAC filtration and 5 days 1in a
cnlorinated distribution system were 138, 183, 232, and 223 ug/L
for pretreatment witn ozone, chlorine dioxide, chlorine, and
cnloramine with the nondisinfected process stream averaging 213
ug/L. Wnile these levels are also relatively high, it is
possible to produce water with - lower levels of DBPs by
reactivating the GAC within the filters at a freguency of less
tnan 12 months. For example, by assuming that the DBP levels in
the effluents of all the treatment plant filters are evenly
distributed across the DBP breakthrough profiles in Figure 114,
tnese profiles can be used to estimate the GAC reactivation
frequency for maintaining the running average of DBPs below a
Gesired level, such as 16¢ ug/L. Using these criteria, the
reactivation frequencies required to meintain a running average
of total DBPs of less than 1006 ug/L after 5 days in a chlorinated
distripbpution system were estimated at 240, 176, 115, 100, and 90
days for pretreatment with ozone, chlorine dioxide, chloramine,
chlorine, and no pretreatment, respectively. 1If the criteria for

Table 21. Maximum Average Chlorinated Distribution
System Concentrations for GAC Filtration,

Chlorine :
Nondisinfected Ozone Dioxide Chlorine Chloramine
TOX,_ug Cl/L 231 127 216 246 235 |
THM, ug/p 187 74 j 84 125 112
Had, ug/L 72 39 . 65 76 - 75
CH, ug/L 28 20 26 31 . 30
HAN, ug/L 4.1 2.5 | 4.7 3.3 | 3.9
CP, ug/L 6.5 6.3 . @.5 g.4 -g.5
H4X, uga/L 1.6 2.2 2.8 2.3 1.3

Total
DBEPs, ug/L 213 138 183 232 223
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reactivation was a THM level of. less than 5§ ug/L, the
reactivation frequency would be reduced to approximately 1Y@ days
for the ozone and chlorine dioxide process streams and
approximately 5¢ days for the remaining process streams (Figure
19). ‘ ‘

The maximum average DBP levels present in a chloraminated
distripution system after 5 days at 36°C were estimated from the
terminal-NH,Cl samples from each process stream in which ammonia
was added Prior to chlorine. The average DBP levels in a
chloraminated distribution system for predisinfection followed by
sand filtration, presented in Table 22, indicate that the use of
cnloramine: in the distribution system is particular effective in
minimizing DBPs with respective maximum annual averages of 12,
19, 24, and 21 ug/L for predisinfection with ozone, c@lorine
dioxide, chloramine and no predisinfection. While ozone and
cnlorine dioxide can produce effective removals of Giardia and
viruses as previously indicated, chlorine dioxide pretreatment .
also produces a significantly higher level of unknown DBPs than
does ozone, as measured by TOX, with respective averages of 89
and 27 ug Cl/L. Chlorine dioxide also produces the inorganic
by-products of chlorite (est. at #.5 mg/L) and chlorate (not
measured) which will soon be regulated. Ozone, on the other hand

Taple 22. Maximum Average Chloraminated Distribution
System Concentrations for Sand Filtration.

. Chlorine _
Nondisinfected 'Ozone Dioxide Chloramine
70X, ug Cl/L 44 27 89 59
THM, ug/L 8.5 3.2 4.2 9.4
HAA, ug/L 12 - 8.8 14 14
CH, ug/L §.03 8.93 g.3 e.ag
HAN, ug/L g.04 . 0.04 3.3 .05
cP, ug/L 9.03 Cg.vd @1 0.09
HK, ug/L .04 . 3.06 0.3 6.05
Total ‘ : | ‘ |
DsPs, ug/L 21 12 19 24
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produces aldenhyde and ketone by-products and results in extremely
high heterotrophic plate counts (HPCs) in the sand column
effluent as described in a subsequent section. In order to
reduce the HPC to an acceptable level, a short chlorine contact
period on the order of several minutes would be reguired prior to
the addition of ammonia for the formation of chloramines. This

would, of course, sligntly increase the level of DBPs in the
distribution system.

Slightly lower DBP levels can be achieved in a chloraminated
distribution system by using GAC as a filtration media as
indicated in Table 23. Maximum annual DBP levels averaging 7,
19, 13, and 45 ug/L were observed for ozone, chlorine dioxide,
cnloramine, and chlorine predisinfection with the nondisinfected
process stream averaging 12 ug/L. The relatively high level of
DBPs in the chlorine process stream was due primarily to the
breakthrough of instantaneous THMs with some contribution from
the haloacetic acids. The use of GAC filtration in conjunction
with ozone or chlorine dioxide predisinfection to minimize DBP
levels in a chloraminated distribution system would appear to be
of little benefit and would be cost prohibitive.

—-.—..___-._—_—_—_—______-—_-._-———_-—_.—_‘_..-——_—_—_—_———_--_—_—_—_—-—

Table 23. Maximum Average Chloraminated Distribution
System Concentrations for GAC Filtration.

Nondis- Chlorine
-infected Ozone Dioxide Chlorine Chloramine
TOX, ug Cl/L 29 13 | 26 69 ' 32
THM, ug/L 5.2 2.2 2.2 37 5.5
HaA, uyg/L 6.4 4.5 6.6 7.5 . 6.7
CH, ug/L 2.94 B.68 g.3 g.06 F.2
HAN,iug/L .63 ¥.05 .3 .03 .95
cp, ﬁg/L .91 g.81 g.95 g.006 g.02
HK, ug/L 2.04 v.07 g.2 8.93 - B.@5

Total
bBps, ug/L 12 7 1y 45 13
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'OX as a Surrogate for DBPs--

The TOX data optained on a weekly basis from the sampling
locations in each process stream were compared with the
corresponding sum of the eighteen disinfection by-products
measured during this study which include the THMs (4), haloacetic
acias {6), haloacetonitriles (4), haloketones (2), ‘chloral
nydrate, and chloropicrin. Because the response of one mole of
promide is equivalent to that of one mole of chloride by TOX
analysis, the difference in weight of the brominated species was
compensated for by determining th° percent halide as chloride for
each compound and apglylng this factor to tne concentration
found. This resulted in ug chloride/L which was directly
comparable to the ug cnloride/L determined by TOX measurement,
Ffor example, while 18 ug bromoform/L is equivalent to 9.48 ug
bromide/L, the concentration as chloride 1is only 4.21 ug
cnloride/L. This difference in response was empirically verified
by the 'TOX analysis ¢0f bromobenzene and chlorobenzene. »

The TOX and DBP data from each sampling point in each .process
stream are compared in Figure 115 by process stream, and in
Figure 116 by the sampling location within each process stream.
The center line in each figure represents the regression line
with the outside lines representing two standard deviations.
Wnile a relative good correlation was observed for these 1694
data points with a correlation coefficient of #.90 and a standard
deviation of 17, it was evident from the figures that those data
points in tne area of (Y-56 ug Cl/L for ‘the DBPs and 158-35¢ ug
Cl/L for TOX appeared to skew the correlation. Examination of
both figures revealed- that these data originated from tne
chlorina contact chamber and sand column effluents. -This
suggests that the reactions occurring at these locations were not
yet near equilibrium due to their relatively short contact times,
and that the reaction rate of TOX formation was apparently
greater than that of the DPBs. A closer examination of the data
in the #-158 ug Cl/L range for TOX in Figures 117 & 118 indicated
that the contact chamber and sand column effluent data' of the
cnlorine dioxide and chloramine process streams also appeared to
skew the <correlation for similar reasons. In addition,
examination of the data for the chloramine process st;eam in
Figure 119 suggested that some TOX species may be precursors of
some of the DBPs, such as the THMs, haloacetic acids, and
cnloropicrin. While the average terminal chloramine DBP and TOX
levels in the chloramine sand column effluent were 9 and 59 ug
Cl/L, respectively, the average of the corresponding
instantaneous DBP and TOX levels from the same location: were 4
and 94 ug Cl/L. This indicated that a 35 ug Cl/L (37%) reduction
in TOX had occurred with a corresponding increase in DBPs of 5 ug
Cl/L (1l25%) following treatment w1th additional chloramine and
storage for 5 days.
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Because of the apparent difference in the reaction rates of
TOX and DBP formation, and the relatively short disinfectant
contact . times observed for the instantaneous samples, all
instantanecous data was removed from the data pool. This included
tne removal of the instantaneous GAC effluent data because, while
at equilibrium due to the lack of a disinfectant residual,
adaditional disinfection would be required before  being
distributed to consumers. With only 254 terminal chlorine and
chloramine data points remaining, a better correlation was
observed with a higher correlation coefficient of #.95 along with
a higher standard deviation of 2#.3. From Figure 128, it is
apparent that two seperate data sets were present, one for
chlorine and one for chloramine. While separation. of these two
data sets in Figures 121 and 122 produced poorer correlations
with lower correlation coefficients of ©$.88 and @.71 for
terminal-—Cl2 and terminal-NH.,Cl, respectively, these data sets
were the mOst normally distributed and were considered more
reprasentative of the &istributioh system. A better correlation
may pe obtained by using actual distribution samples since
laboratory distribution system simulation (terminal) samples are
generally less bprecise than instantaneous pilot column or
distripuytion system samples. The correlation of terminal
chloramine 10X and DBPs may not have much practical application
since these terminal values were generated by adding .ammonia
prior to cnlorine and, thus, are indicative of the minimum levels
wnich may be observed in the distribution system. In most
treatment plant applications, the order of addition is reversed
with tne free chlorine contact time varying with plant, design
which may soon require modification depending upon the
requirements of the Surface Water Treatment and Disinfection
By-Product Rules under the Safe Drinking Water Act., with
increased free chlorine contact time, the DBPs and TOX produced
will fall somewhere in between the terminal chloramine and
terminal chlorine regression lines suggesting that TOX may only
be of value as a DBP surrogate for those systems which employ
free chlorine in the distribution system. ‘

L]

MICROBIQLOGICAL OBSERVATIONS

Heterotrophic Plate Count (HPC)-- :

The geometric means of the heterotrophic plate count (HPC)
observed across each process stream, presented in Table 24,
indicated that ozone exhibited the greatest level of disinfection
after 39V minutes of disinfectant contact, followed closely by
chlorine and chlorine dioxide. Chloramine was. considerably less
egffective. While a 58% reduction in HPC was observed across the
nondisinfected sand column, the HPC in the ozone sand column
effluent increasec dramatically to 28,080 cfu/mL due to the
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Table 24. Comparison of HPC Across each Process Stream.

Geometric Mean of HPC, cfu/mL

Contact Sand GAC

Chamber Column Column

Effluent Effluent Effluent
Nondisinfected 14,200 4,600 1,808
Ozone ip 28,0606 2,30¢ i
Chlorine Dioxide 21 : 17 16,300
Chlorine 19 13 12,800
Cnloramine . 239 195 ¢ 1,906

T ST e Mt s e e T St G i e e S~ — —— A — A - ————— - — T T WD V> YD e i — ED D WS = = W " i - = e =

dissipation of the ozone residual, the relatively high levels of
assimilable organic carbon available from ozone ox1dat10n, and
the abundance of dissolved oxygen which averaged 9 mg/L. 'The HPC
levels in the sand column effluents of the chlorine, chlorine
dioxide, and chloramine process streams were similar to Ehose of
their respective contact chamber effluents. Even though .the HPC
levels in the ozone sand column effluent were exceedingly high,
those of the ozone GAC column were lower by a factor of .ten and
were similar to those of the nondisinfected and chloramine GAC
columns. The HPC levels of the chlorine and chlorine dioxide GAC
columns were 6-8 times higher than those of the other !process
streams and may have resulted from a rapid regrowth response due
to the dissipation of the disinfectant residual in the upper
position of each GAC column. As indicated in a forthcoming
section, elevated levels of assimilable organic carbon were not
evident in the chlorine process stream. '

Total Celiform——

The percentage of positive coliform samples which occurred
across eacn process stream are presented in Table 25 along with
the average coliform count of the positive samples observed at
each location. As expected, the nondisinfected process' stream
contained the highest levels of coliforms. A reduction in
coliform density of 54% was observed across the nondisinfected
sand column with an additional 42% occurring across the
nondisinfected GAC column reducing the coliform density to an
average of 4 cfu/l¢¥ mL. While ozone completely inactivated all
coliform bacteria in the disinfectant contact chamber, low level

i
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Table 25. Comparison of Total Coliform Across each Process

Stream.
Total Coliform
(3 Positive/Average, cfu/l18¢ mL)
Contact Sand GAC
Chamber Column Column
Effluent Effluent Effluent
Nondisinfected 164/95 l6o/44 - ‘83/4
Ozone 3/0 14/2 - 8/4
Chlorine Dioxide 9/6 o/6 28/1
Chlorine G/3 /0 ’ 28/2
Chloramine 19/1 1/1 7/1

coliforms were frequently observed in the effluent of the
biologically active ozone sand column. Similar low levels
occurred in the ozone GAC column effluent but at a reduced
freguency. While essentially no coliforms were observed in the
contact chamber and sand column effluents of the chlorine dioxide
and chlorine process streams, low coliform levels occurred with a
relatively high frequency in both GAC column effluents. A
relatively high frequency of 1low level coliforms was also
observed in the chloramine contact chamber effluent and 'is
believed to have resulted from the use of a pulsating metering
pump for the hypochlorite feed. In a previous one year study

which had a somewhat higher influent coliform density, a similar
ammonia solution feed pump followed by a continuous chlorine gas
feeder produced the same chloramine residual .in the contact
chamber effluent with essentially no coliforms. . This suggests
that the higner frequency of detection observed in tnis study may
have resulted from the pulsations of the metering pump even
though the hypochlorite solution was fed ahead of —the ammonia
solution. While additional cnloramine contact across the sand
column removed essentially all of the remaining coliform
bacteria, low level coliforms were occasionally observed in the
effluent of the chloramine GAC column.

Assimilable Organic Carbon (AOC)--
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Jdue to the work intensive nature of the AOC analysis
procedure and limitéd manpower, AOC measurements were limited to
tne strongest oxidants, ozone and chlorine, and were conducted on
a moncinly basis using pseudomonas fluorescens strain P17 to
assess seasonal variations (Figure 123). The AOC levels 1in the
nondisinfected influent ranged from 5-25 ug acetate C-eq/L with
an average of 1J ug acetate C-eg/L. The highest levels of AOC
ware observed in the effluent of the ozone contact chamber
averaging 166 ug acetate C-eq/L and ranging from 51-268 ug
acetate C-eg/L. The seasonal variations of AOC observed in the
ozone contact chamber effluent correlated guite well with water
temperature (Figure 2) tnroughout the operational period with
lower AOC levels being formed at lower water temperatures. With
tne axception of one outlying data point on day 300, the
biologically active ozone sand column reduced the AOC to an
average level of 39 ug acetate C-eg/L for a reduction of 77
percent. The further reduction of AOC down to the 4 ug acetate
C-2g/L level occurred across the' ozone GAC column. Except for
one outlying data point wnich also occurred on day 380, the AOC
levels in the chlorine contact chamber effluent were relatively
low averaging 5 ug acetate C-eq/L. Similar AOC levels averaging
3 ug acetate C-eq/L were observed in the effluent of the chlorine
GAC coluian. ;

MS2 Coliphage--

9 Bach month, an MS2 coliphage seed containing approximately
18 pfu/mL was continuously pumped into the nondisinfected
influent following pressure sand filtration - to achieve a
homogeneous concentration of approximately 10~ pfu/mL in the
influent of each disinfected process stream. The log removals
observed for MS2 coliphage across the disinfection contact
cnamber of sach process stream are presented in Tables 26 and 27
along with the corresponding water gemperature, disinfectant
residual, and calculated CT,, value relative to the Surface
water Treatment Rule (SWTR) promulgated under the Safe Drinking
Water Act. While the plug-flow contact time calculated for each
disinfectant contact chamber was 30 min, the T, contact time as
specified by SWTR guidelines, was measured a% 19 min for the
ozone contact chamber and 17 min for the other disinfectant
contact chambers. - The shorter contact time in the countercurrent
ozone contact chamber evidently resulted from the additional
turbulence createad by the rising gas bubbles. |

witn CT,, values ranging from 2.7-5.1 mg/L-min across the
ozone contact chamber, all coliphage was inactivated resulting in
removals greater than 4-6 logs. This agrees with the SWTR
guidance manual in that the manual requir%g a CT,, value of 1.2
mg/L-min at 5°C and ¥.3 mg/L-min at 25°C for~a 4 log virus
removal wnich are approximately 4-10 times lower than those CT, .
values observed across the ozone contact chamber. Coliphage
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Tanle 26. »S2 Coliphage Reductions by Ozone and Chlorine
Dioxide. :

Ozone ‘ Chlorine Dioxide

gemp. !Regidual, ’ 1 Log . Residual 5 Log:
< mg/L CTlg Removal mg/L CTlg Rem?val
2.5 .34 3.4 >4.1 e——e ——i el
26.1  5.45 4.5 >4.7 .38 6.5 4.7
24.7 3;27 2.7 >5.6  5.48 §.2 5.6
18.9  J.51 5.1 5.9 6.48 8.2  >5.9
15.3  6.41 . 4.1 5.7 0.38 6.5 >5.7
S.4  6.37 3.7 >5.9 .86 14.6  >5.9
3.3 .44 4.4 >5.6 9.48 8.2 5.5
8.3 0.44 4.4 >5.8 . 8.55 9.4 5.3
19.4  5.51 5.1 >5.8 | g.40 6.8 5.4
11.9  —-—- _—— _—— g.51 8.7 >5.4
17.4  0.47 4.7 >5.6 . 0.49 8.3 >5.6
18.9 .44 4.4 >5.2 | 9.57 9.7  >5.2
24.4  3.37 3.7 55.3 . ©6.48 8.2  >%.3
25.8  ©.44 4.4 >4.9  0.53 9.0  >4.9
lTlJ for Ozone = 16 min :
21,, for Clp, = 17 min

Y o —— B S — - —— T B i = T S e S W S GhS G S W G T RS M S G S S SIS M D e S s s e o e e s e e e

iegvels ranging from ¥-3 pfu/mL were observed in the chlorine
Jioxide chamber effluent resulting in log removals of 5 or more
corresponding to CT;, values ranging from 7-10 mg/L-min.
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Table 27. MS2 Coliphage Reductions by Chlorine and Chloramine.

Chlcorine . Chloramine
gemp, Residual, 1 Log Residual Log .
C mg/L ‘ CTlﬁ Removal ng /L CTlg Removal
28.5 Jg.7 11.9 >4.,1 1.5 25.5 1.4
26.1 1. 18.7 >4.,7 1.4 23.8 1.8
24.7 1.9 17.9 >5.6 1.3 22.1 .9
18.9 2.8 | 13.6 >5.9 1.8 ' 33.6 g.8
15.3 1.9 17.0 5.7 1.5 25.5 8.5
8.4 1.2 20.4 5.2 1.5 25.5 8.5
3.3 9.8 13.6v 4.8 l.é | 27.2 §.4
8.3 g.9 15.3 5.7 1.7 28.9 0.4
1.4 J.8 13.6 >5.8 l.6‘ 27.2 U.6
11.9 J.9 15.3 >5.4 1.6 27.2 J.2
17.4 1.2 26.4  >5.6 1.4 23.8 8.5
18.9 1.8 38.6 >5.2 1.4 23.8 B.06
24.4 1.2 20.4 >5.3 1.6 27.2 1.3
25,8 1.1 18.7 >4.9 1.6 27.2 f.6
lT = 17 min

__-———_-—.._-__-_—__—___-—_.—_————_—_—_-———_-———————————-———-————__-—

Comparison of these data to the requirements in the SWTR
guidance manual indicated that the values in the guidance manual
are 5-8 times greater than those observed across the chlorine
dioxide contact chamber. For example, the required CT value
for a 4 log virus removal at 3°C in the manual is 38 mg/L-min
witn a 5 log removal in the 6¢-7¢ mg/L-min range, while a 5.5 log
coliphage removal was observed across the chlorine dioxide
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contact chamber at 3°C with a CT,. of 8.2 mg/L-min. Similar to
chlorine dioxide, chlorine inactivated essentially all .of the
coliphage applied witn contact chamber effluent levels :ranging
from ©¥-7 ofu/mL resulting in log removals of approximately 5 or
greater witn CTl' values of 14-20 mg/L-min. As was the case for
ozone, the CT o values observed for chlorine were 2-10 tim%s.
greater tnan fthose inothe guidance manual of 38 mg/L-min. at 5°C
ana 2 mg/L-min at 25°C for a 4 'log virus removal. Coliphage
levels in the, effluent of thescnloramlne nrocess strgam’rdnged
from 4.3 x 16 pfu/mL to 4.8x13~ pfu/mL resultlng in log removals
of only v.2-1.8 with CT 9 values of 22-31 mg/L-min. Relative to
tne SwTR guidance manual which requires a CT of 857 mg/L-min at
4% and 212 mg/L-min at 25°C for a 2 log v1%us removal, the CT.,
values observed across the chloramine contact chamber were 2= g
times lower than those required in the manual for esquivalent log
removals, Because of the dramatic difference between the CT

requirements of free chlorine and chloramine, e.g. 2 dng/meln
versus 5¢§ mg/L-min for a 4 log virus removal at 25°C, this
greater inactivation rate was obv1ously the result of the amount
of free chlorine contact acnleved prior to reaction with 'ammonia
to form chnloramine. while the in-line free chlorine contact time
prior to entering the chloramine contact chamber was estimated at
only a few seconds with an average free chlorine residual of 1.5
mg/L, a similar free chlorine residual for a period of only one
minute would result in a 3 log virus removal according to ‘the
SWTR guidance manual. Thus, a4 log virus removal could be
achieved with a 2 mg/L free chlorine residual and a T contact
time of only 4 min at 5°C and 1 min at 25°C before quen%%lng with
ammonia to form chloramine so ' as to minimize the level of
disinfection by-products formed..:
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