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The Final Report was prepared as a scientific evaluation to document the efficiency and
applicability of both chloramination and ozonation in meeting the biota transfer concerns of the
Engineering - Biology Task Group. The study also evaluated appropriate criteria for application
of the disinfectants such as dose, contact time, disinfectant demand and disinfection by-product
formation. Both chloramines and ozone will meet the disinfection requirements of the USEPA
Safe Drinking Water Act (SDWA) for the Lake Audubon to Minot raw water supply system
prior to reaching the divide between the Missouri River Basin and the Hudson Bay Basin.

The Draft Final Report is organized into six sections as follows:

Section 1. Introduction

Section 2. Experimental Methods

Section 3. Experimental Results - Chemistry
Section 4. Experimental Results - Microbiology
Section 5. Summary

Section 6. References
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the experimental protocol for conducting the microbial inactivation studies.
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Sectibn 1 - Introduction

BACKGROUND

The State of North Dakota proposes to construct the Northwest Area Water
Supply (NAWS) system to deliver water for municipal, rural and industrial
use from the Missouri River to cities and rural water systems in ten counties
in northwestern North Dakota. The NAWS project is composed of 3 separéte
systems: the West system, Parshall System, and East System. The East System
would supply about 10.2 million gallons per day (MGD) average daily flow
and 28 MGD peak daily flow to customers in the Hudson Bay drainage.
Because this project will deliver water from the Missouri river into the
Hudson Bay drainage, there is concern that biota from the Missouri River
including fish, fish viruses, and parasites could enter Canadian watersheds
and have a negative impact on Canadian fisheries.

To address the concerns of this border issue, an Engineering-Biology Task
Group was appointed in December, 1993 by the Joint Technical Committee to
the Garrison Consultative Group. The report prepared by the Engineering-
Biology Task Group was submitted to the Garrison Joint Technical
Committee in May of 1994. The Garrison Consultative Group then met on
September 23, 1994 in Ottawa, Ontario to discuss the findings of the report.

As identified under Option 1 in the report prepared by the Engineering-
Biology Task Group, water from either Lake Audubon or Lake Sakakawea
would be transported by pipeline from the Missouri drainage to Minot, ND in
the Hudson Bay dfainage where it would be treated to USEPA drinking water
standards. This option was identified as technically feasible, provided that the
water flowing out of the Missouri drainage could be pretreated to standards of
drinking water disinfection under the criteria of the Surface Water Treatment
Rule (SWTR) to ensure biota removal before crossing the drainage divide.
Houston Engineering in association with American Engineering and
Montgomery Watson was retained by the North Dakota State Water
Commission to conduct a disinfection challenge study to investigate the
effectiveness of chloramination and ozonation. for disinfection and
pretreatment of the transported water to drinking water disinfection
standards to ensure biota removal.
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Section 1 - Introduction

The experimental protocol was developed to investigate a number of specific
concerns related to pretreatment of the proposed raw water supply. These
include influences of seasonal water quality characteristics of the raw water
sources, seasonal temperature characteristics, and disinfection to SWTR
requirements, i.e., 3-log (99.9%) inactivation of Giardia cysts and at least 4-log
(99.99 %) inactivation of viruses. The disinfection challenge study was
initially scoped to include examination of chlorine demand, disinfection by-
product (DBP) formation, and MS2 virus inactivation in waters from Lake
Audubon and Lake Sakakawea, and Giardia inactivation in water from Lake
Audubon. However, because ozone is recognized as an extremely effective
disinfectant often used for the inactivation of microbial contaminants, this
study was expanded to include investigation of ozone decay and demand,
ozone DBPs and ozone inactivation of Giardia.

The USEPA Guidance Manual to the SWTR stipulates that inactivation credit
for disinfection is based upon the “C x T” method, where C is the
concentration of disinfectant (mg/L) and T is the contact time in minutes. In
general, viruses and protozoan cysts like Giardia have proven to be relatively
resistant to chloramines; therefore CT values for chloramine inactivation are
large as compared to CT values for free chlorine. However, a major drawback
to the use of free chlorine as disinfectant is the formation of halogenated
DBPs. Unlike chloramines, free chlorine readily reacts with natural organic
matter to form DBPs such as trihalomethanes (THMs) and haloacetic acids
(HAAS5)'. THMs are currently regulated at 100 pg/L under the current
drinking water regulations. However under Stage I of the D/DBP Rule, the
maximum contaminant level (MCL) will decrease to 80 pg/L and the MCL for
HAA(5) will be set at 60 pg/L. Although there are no proposed levels of DBPs
for Stage II of the D/DBP rule, concentrations of 40 pg/L and 30 pg/L for
THMs and HAA(5), respectively were discussed during the USEPA regulatory
negotiations. In light of current and anticipated DBP regulations, this study
was designed to assure sufficient inactivation of viruses and Giardia during
the pipeline disinfection treatment (disinfectant dose x residence time)
without formation of high concentrations of DBPs that exceed the D/DBP
regulations.

! Haloacetic acids are designated as HAA(S), since under Stage I of the D/DBP rule the MCL will be based
upon the sum of 5 of the 9 HAA compounds. _

-‘Page 1-2



Section 1 - Introduction

With these constraints in mind, the general disinfection strategy in this study
was to provide a short period of free chlorine contact time before ammonia
addition to form chloramines. The free chlorine would provide initial
disinfection and the ammonia addition would prevent excessive DBP
formation. A very conservative approach to the study was employed. Most
DBP formation experiments were conducted at warm temperatures (20°C),
which would maximize DBP formation. The disinfection experiments were
performed at low temperatures (4°C) at which temperature microbial
inactivation would be slow. Thus, worst-case DBP formation and microbial
inactivation scenarios were employed throughout the study.

The required CT to meet USEPA disinfection regulations also considers the
physical characteristics of the raw water transport system. Contact time is
achieved in the proposed raw water pipeline from Lake Audubon to the top
of the divide between the Missouri River drainage and the Hudson Bay
drainage. The pipeline as defined in the NAWS Pre-Final Design Final
Report, consists of 64,000 linear ft. of 42-inch diameter pipe and about 37,000
ft. of 38-inch diameter pipe to the top of the divide. The pipeline will be used
as the contact structure for the disinfectants which will operate in a plug flow
regime. At 10.2 MGD, the total contact time in the pipeline to the divide
would be over 16 hours. At peak daily flow, the contact time would be about
5.9 hours. These contact times represent the design constraints for the
disinfection processes.

EXPERIMENTAL APPROACH

This disinfection challenge study was conducted in three major phases, each
of which was designed to build upon the results of the previous phase (see
Table 1-1). The purpose of the Phase I experiments was to determine the
maximum free chlorine contact time (prior to quenching with ammonia) that
could be employed without formation of excessive disinfection by-products
(DBPs) during the time of pipeline transmission to the divide. For the
by-product formation studies, a residence time of 16.5 hours was chosen to
represent the effective disinfectant contact time in the pipeline, as this
represents residence time to the divide under average daily flow conditions of
10.2 MGD. Results from the by-product formation studies conducted in
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Section 1 - Introduction

Phase I at 20°C were used to select the free éhlorine contact time (at 4°C) to be
used in the MS2 virus and Giardia inactivation experiments of Phases II and

III, respectively.

The objectives of Phase II experiments were to determine: 1) DBP formation
for Lake Audubon and Lake Sakakawea waters at 20°C; and 2) determine
viral inactivation of MS2 bacteriophage by free chlorine and pre-formed
chloramines. In Phase II, ozone demand and decay were also determined for
Lake Audubon and Lake Sakakawea waters at 4°C. For the MS2 virus
inactivation studies conducted in Phase II, the pipeline transmission time of
5.9 hours corresponding to the hydraulic detention time in the transmission
line at peak daily flow of 28 MGD was used as the primary time constraint for
disinfection.

The objectives of the Phase Il experiments were to conduct three seasonal
samplings of the source waters and to evaluate the following: 1) chlorine
demand and DBP formation for Lake Audubon and Lake Sakakawea waters at
20°C; 2) ozone demand and decay and ozone DBPs for Lake Audubon and
Lake Sakakawea waters at 20°C and; 3) chloramine and ozone inactivation of
Giardia for Lake Audubon water. Samples of lake waters were collected
during the Winter (March), Spring (May), and Summer (August) of 1995.

The general protocols for determination of chlorine demand, ozone demand
and decay, DBP formation, MS2 virus inactivation and Giardia inactivation
are detailed in the Experimental Methods section.
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Section 1 - Introduction

_ Table 1.1
NAWS Disinfectant Challenge Study
Schedule of Phases

Phase T

| 7-Nov-94

9-Jan-95

12-Mar-95

3

0-May-95

21-Aug-95

DBP formation

‘ DBP 'forﬁmla‘tion

ozone demand
and decay
MS2 virus
inactivation oS | : N E N
MR DBP formation DBP formation DBP formation
ozone demand ozone demand ozone demand
;;;;; and decay and decay and decay
Giardia Giardia Giardia
inactivation inactivation inactivation
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Section 2 - Experimental Methods

RAW WATER SAMPLING

During each phase of the disinfection challenge study, specified water
volumes were obtained from Lake Audubon and Lake Sakakawea for the
appropriate water quality analyses and disinfection assays. At the time of
sampling, measurements were made of water temperature, sampling depth
(feet) and other selected water quality parameters. Upon receipt of samples at
the laboratory, the following water quality parameters were measured:
temperature, pH, total organic carbon (TOC), turbidity, alkalinity, hardness,
ammonia, UV-254 absorbance, total dissolved solids (TDS).

On each of the sampling dates, the water samples obtained from each source
were shipped at 4°C overnight to Montgomery Watson’s Applied Research
Laboratory in Monrovia, California for analysis of DBP formation, chlorine
demand, and ozone demand and decay. For the DBP formation and the
ozone demand and decay experiments, 5 gallons were required for each type
of analysis. During Phase II, 20 gallons from each water source were required
for MS2 inactivation experiments. During Phase III, 10 gallons were sampled
from both lakes for DBP formation and ozone demand and decay studies. An
additional 30 gallons were required from Lake Audubon for the Giardia
inactivation studies and were shipped overnight to Drexel University in
Philadelphia, Pennsylvania.

CHLORINE DEMAND EXPERIMENTS

Chlorine demand studies were conducted at each seasonal sampling period of
the disinfection challenge study. The chlorine demands of the waters were
determined at 4°C in Phase I and at 20°C in Phase II and Phase III, at ambient
pH so that proper chlorine dosing for the evaluation of DBP formation could
be determined and a proper free chlorine contact time could be determined
for the studies of Giardia inactivation with monochloramine. A schematic
design for the chlorine demand experiments is provided in Figure 2.1. Raw
waters were dosed at a range of free chlorine concentrations and chlorine
demands were measured after free chlorine contact times of 1, 5, 10, 30 and 60
minutes. The goal of the prechlorination step was to provide contact time for
effective inactivation of viruses and Giardia, and to enable maintenance of a
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Figure 2.1 - Chlorine Demand and DBP Formation Experiments
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Section 2 - Experimental Methods

chloramine residual of 3.5 to 4.0 mg/L after the 16.5 hours of the DBP
formation experiments. To achieve these chloramine residuals at hour 16.5
of the DBP formation experiments, appropriate chlorine doses were chosen
based on the chlorine demand results.

OZONE DEMAND AND DECAY EXPERIMENTS

Ozone demand and decay experiments were conducted on waters from both
Lake Audubon and Lake Sakakawea during Phase II at a temperature of 4°C
and also during Phase III at a temperature of 20°C. A total of five transferred
ozone doses were employed to evaluate ozone demand and decay for each
seasonal sampling period. From the results of these studies, the ozone
demand was determined from the linear relationship between the transferred
dose and ozone residual. The ozone decay coefficient was estimated by an
exponential fit to the first-order decay of ozone residual over time. These
demand and decay studies were conducted in order to provide supporting
ozonation information for potential design purposes.

DBP FORMATION EXPERIMENTS

DBP formation experiments were conducted at each sampling period for the
two lake waters. Phase I DBP experiments were conducted at 4°C, while Phase
I and Phase III experiments were conducted at 20°C. All DBP experiments
were conducted at the measured ambient pH. The chlorine doses were
chosen based on the seasonal results obtained from the chlorine demand
experiments (procedure described above), and were targeted to obtain a
chlorine residual in the range of 3.5 to 4.0 mg/L at the time of quenching.

At the start of the DBP experiments, raw waters were dosed at appropriate free
chlorine concentrations ranging from 3.8 to 5.6 mg/L. These chlorine doses
were selected to achieve chlorine residuals in the range of 3.5 to 4.0 mg/L after
the designated free chlorine contact times of: 1, 5, 10, 30 and 60 minutes (refer
to Figure 2.1). At the end of the chosen free chlorine- contact times, ammonia
was added to the reaction vessel at a chlorine to ammonia ratio of 4:1 in order
to form chloramines. The samples were then mixed for five minutes and
transferred to storage for 16.5 hours in darkness at 20°C. The storage time of
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Section 2 - Experimental Methods

16.5 hours was used to simulate plug flow pipeline transmission conditions.
At the end of the holding time, samples were analyzed for trihalomethanes
and haloacetic acids. = Experimental conditions for DBP formation
experiments are presented in Table 2-1.

Table 2-1
Experimental Conditions Of DBP Formation Experiments

Parameter Number |Description
of Variables
Waters 2 Lake Audubon and Lake
Sakakawea
Chloramine Residual 1 3.5-40mg/L
Target
Total Disinfectant 1 16.5 hours
Contact Time
Free Chlorine Contact 5 1, 5, 10, 30 & 60 minutes
Times
Temperature 1 20°C
pH 1 Ambient
Cl2:NH3 Ratio 1 4to1

MS2 BACTERIOPHAGE INACTIVATION EXPERIMENTS

MS2 bacteriophage was chosen as the model virus for these inactivation
studies since it is referenced in challenge studies in the Guidance Manual to
the SWTR. The MS2 bacteriophage inactivation experiments were performed
to determine the actual CT values for a 4-log inactivation of virus at the
divide. Two types of experiments were conducted: free chlorine and
chloramine inactivation experiments. The experimental apparatus and the
experimental procedures for the MS2 inactivation studies are described in the
following sections.
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Section 2 - Experimental Methods

Experimental Apparatus

The experimental apparatus employed during the chloramine disinfection
experiments for both MS2 bacteriophage and Giardia muris cysts consisted of
two three-liter glass reaction vessels which served as disinfection and control
reactors, a temperature control circulating water bath, and magnetic stirring
devices to maintain completely mixed conditions within the reactors. The
reactors were equipped with indentations that provide baffling and eliminate
vortexing of the reactor contents during mixing. Mixing was provided by a
Teflon™ coated magnetic stir bar driven by a large magnetic stirring device.
The control reactor was used to confirm that the microbial populations were
stable throughout the inactivation studies. Control studies were also
performed during MS2 inactivation studies in order to determine the
viability of MS2 bacteriophage over the time course of experiments in the
absence of any disinfectant. '

The two three-liter glass reaction vessels were equipped with two side arms
used for dosing the reactor and withdrawing samples. The large screwcapped
top for each vessel was used for filling and spiking the reactor with MS2
bacteriophage virus and Giardia cysts. The second, smaller screwcapped
opening was used for disinfectant addition. A special adapter was fitted to the
second sidearm in order control the flow of water from the reactor when
withdrawing samples. The reactors were maintained under a positive
pressure of 1 to 2 pounds-per-square-inch (psi) during disinfection
experiments.  This pressure provided the driving force for sample
withdrawal, as well as reduction in the volatilization of the disinfectant.
Positive pressure was provided by an air vacuum pump that introduced air
through a special fitting attached to the side arm that contained the sample
withdrawal tube. When the sample stopcock was opened, the reactor
contents flowed from the reactor.

MS2 Virus Propagation and Enumeration

MS2 bacterial virus (ATCC, catalog number 15597-B1) was employed as the
model virus for the microbial challenge studies. MS2 virus was propagated
by inoculating a flask containing 100 mL of viral host bacteria, E. coli (ATCC
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Section 2 - Exberimental Methods

catalog number 15597), to which 1 mL of 0.1 M sterile calcium chloride (CaClp)

was added. Bacteria were grown in a flask that was incubated in a water bath
at 37°C. When the density of bacteria reached approximately 1x108 colony
forming units (cfu)/mL, an aliquot of the virus stock (approximately 1012
plaque forming units (pfu)/mL) was added to provide a multiplicity of
infection (MOI) of 0.1. Results were expressed in pfu/mL, where plaques are
indicated by clearings in the bacterial lawn. This MOI was employed to assure
two rounds of virus replication. Incubation of the bacterial culture continued
until the host cells lysed (ruptured), after which 0.01 gram of crystallized
lysozyme and 3 mL of sterile 0.2 M EDTA (Ethylendiaminetetraacetate) were
added followed by additional incubation for 1 hour in a shaking water bath at
37°C. The propagated virus and cellular debris were then centrifuged for 20
minutes at 3000xG, filter sterilized and refrigerated at 4°C until needed.

MS2 was assayed by the agar overlay technique described by Adams (1959)
with the following modifications noted below. Host cultures of E. coli were
grown on the day of the assay in TYE broth at 37°C under aerated conditions
for 5 to 6 hours and dispensed in 20 mL aliquots in sterile dropper bottles.
Just prior to use, 1.0 mL of 0.1 M sterile CaCl2 solution was added to the
dropper bottle. After the MS2 samples were serially diluted in 0.001 M
phosphate-saline buffer (PBS), 0.1 mL was added to 2 mL of trypticase yeast
extract (TYE) soft agar, which was maintained at 46 to 48°C. Three to four
drops of the host E. coli were added, and then the soft agar was mixed gently
and poured on a TYE hard agar petri dish. After the soft agar solidified, the
petri dishes were incubated at 37°C for 24 hours, after which time the plaques
were counted. All dilutions were plated in duplicate.

MS2 Bacteriophage Spiking

Spiking was performed by addition of MS2 bacteriophage to the disinfection
and control reactors containing 2,000 mL of raw water equilibrated at 4°C. The
bacteriophage spike was prepared immediately prior to each inactivation
experiment by adding 0.5 mL of a concentrated phage stock solution to 500 mL
of sterile deionized water to provide an approximate density of 109 (pfu)/mL.
The disinfection and control reactors were spiked with 2 mL of this working
stock, resulting in a final bacteriophage density of approximately 106 (pfu)/mL
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Section 2 - Experimental Methods

within the reactors. All microbial inactivation studies on both MS2
bacteriophage were conducted at 4.0°C + 0.5°C in order to simulate cold water
inactivation conditions. Temperature was controlled by pumping cooling
water through the water jackets of the disinfection reactors. Cooling water
was provided from a temperature controlled circulating water bath. A total of
84 virus assays were conducted for the MS2 inactivation studies. The
experimental conditions of MS2 inactivation studies are provided in Table
2-2.

Table 2-2
Experimental Conditions of MS2 Inactivation by
Chloramination Experiments

Parameter Number of | Description
Variables

Waters 2 Lake Audubon and Lake
Sakakawea

Temperature 1 4°C

Chlorine Dose 1 Sufficient to provide a 3.5-4.0 mg/L
monochloramine residual after 16.5
hours

Residual 1 3.5-4.0mg/L

Cl2:NH3 Ratio 1 4:1

Free Chlorine Contact 7 0, 15, 30, 60, 90, 120, 180, and 300

Time seconds

pH 1 Ambient

Replicate Experiments

Total Assays 84

Giardia Inactivation Experiments - Chloramination Studies

Giardia inactivation experiments were conduced by Dr. Charles Haas of
Drexel University. Giardia cysts were obtained from Dr. Ernest Meyer at the
Oregon Health Sciences University in Portland, Oregon where they had
been cultured in specific-pathogen-free mice. The experiments were
conducted in a manner similar to the MS2 bacteriophage inactivation
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Section 2 - Experimental Methods

experiments. A concentrated preparation of Giardia muris cysts was added
to the disinfection and control reactors containing 2,000 mL of raw water
equilibrated at 4°C such that the final cyst concentration within each reactor
was 103 to 104 cysts/mL. Prior to the addition of disinfectant, an initial
sample was taken from each reactor and analyzed for pH, total cyst
concentration and cyst viability.

A free chlorine contact time of 5 minutes (as selected during the chlorine
demand studies and MS2 inactivation studies in Phase I and Phase II) was
used in the monochloramine experiments of Giardia inactivation (with the
exception of the preammoniation studies). A single monochloramine dose
of 45 mg/L, with a chlorine to ammonia ratio of 41, was utilized
throughout the Giardia chloramine disinfection experiments. After initial
addition of disinfectant, samples were withdrawn from the disinfection
reactor at specified time intervals and analyzed for chlorine residual to
verify that the desired chlorine dose had been achieved. Giardia
inactivation was measured at a number of disinfectant contact times
between 5 minutes and 300 minutes for the prechlorination studies (Table
2-3), and contact times between 5 minutes and 300 minutes for the
preammoniation studies.
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Section 2 - Experimental Methods

Table 2-3
Experimental Conditions of Giardia Inactivation by
Chloramination Experiments

Parameter Number | Description
of
Variables
Waters 1 Lake Audubon
Temperature 1 4°C
Chlorine Dose 1 Sufficient to provide a 3.5-4.0 mg/L
monochloramine residual after 16.5
hours
Residual 1 3.5-4.0 mg/L
Cl2:NH3 Ratio 1 4:1 after 5 minutes free chlorine
demand met
Free Chlorine Contact 1 5 minutes
Time
pH 1 Ambient
Prechlorination 7  10,5,60, 90,120, 150, 180, 210, and 300
Sampling Contact Times minutes
Replicate Experiments 6

Control experiments for the concentration and viability of Giardia in the
disinfectant-free reactor were also conducted with the following objectives:
1) to determine whether Giardia cysts adhered to the surfaces of the reactor;
and 2) to determine the viability of Giardia cysts over the time course of the
experiment in the absence of any disinfectant. Samples for control
experiments were collected from the control reactor at the same time points
as the disinfection reactor and were subjected to the same analyses for
residual chlorine concentration.

Giardia Excystation and Enumeration Methods

In vitro excystations were performed using a modified procedure developed
by Sauch (1988). The procedure is performed in the following steps. A 10 mL
aliquot of sample water was concentrated to 1 mL by centrifugation in a
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conical-bottom centrifuge tube, to which was added 10 mL of reducing
solution (Hank’s balanced salt solution, supplemented with 32 mM
glutathione and 57 mM L-cysteine HCl) and 10 mL of 0.1 sodium bicarbonate.
This suspension (pH 4.7) was vortexed and incubated for 30 minutes at 37°C.
The cysts were then centrifuged (2 minutes at 650xG) and washed once in 20
mL of excystation medium by centrifugation (2 minutes at 650xG). After
washing, the cysts were suspended in 1 mL of a 0.5 percent solution of pre-
warmed and buffered proteose peptone in PBS at pH 7.2 (0.8 g NaCl, 0.2 g
KH2PO4, 2.9 g NagHPO4 (12 H20), 0.2 g KCl, 1,000 mL final volume), and

incubated at 37°C in a heated water bath for 30 minutes.

After final incubation, a volumetric method of cyst enumeration proposed by
Haas et al., (1994) was performed in order to compute the survival ratio from
the inactivation studies. According to this method, a volume of concentrated
sample was selected, the number of trophozoites (TR) was counted, and the
equivalent volume of sample from which those trophozoites were
enumerated was determined. The survival ratio is then computed from this
information.

Giardia Inactivation Experiments - Ozonation Studies

For the Giardia inactivation experiments with ozone, three reaction vessels
were run in parallel in order to measure Giardia decay in the absence of
disinfectant, loss of disinfectant residual, and inactivation of Giardia caused
by disinfectant. Ozone inactivation studies were conducted at various ozone
doses and at various disinfectant contact times. Experimental conditions are
presented in Table 2-4.
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Table 2-4
Experimental Conditions of Giardia Inactivation by
Ozonation Experiments

Parameter Number of | Description
Variables
Waters 1 Lake Audubon
Temperature 1 4°C
Ozone Dose 1 Transferred doses from 0.08 to 1.9
mg/L
Ozone Residual 1 From: 0 mg/L at 30 seconds to 0.25
mg/L at 20 minutes
pH 1 Ambient
Winter Sampling 7 0,1,5,10, 15, 20 and 25 minutes
Contact Times
Spring and Summer 7 0,0.5,1, 2,3, 4, and 6 minutes
Sampling Contact
Times
Residual 7 At each microbial sampling point
Measurements

Experiments were begun with the addition of a suspension of Giardia at the
desired concentration density to a 3-L beaker containing source water. This
homogeneous solution was then added in 1,000 mL volumes to the three
reactor vessels. At time zero, an ozone solution targeted to achieve a selected
ozone dose was added to reactors 2 and 3 in a volume approximating 5% of
the Giardia suspension volume. At the pre-determined times indicated in
Table 2-4, samples were withdrawn from the control and survival reactors,
and disinfectant residuals were immediately quenched with excess sterile
sodium thiosulfate (0.1 mL of a 10 percent solution). Samples were then
measured for viability of Giardia (hence inactivation of Giardia in
disinfection reactors) and ozone residual concentration.
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Control experiments for the ozone inactivation studies were also conducted
to identify any change in the viability of Giardia cysts over the time course of
experiments.
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Section 3 - Experimental Results - Chemistry

RAW WATER QUALITY

Water samples were obtained from Lake Audubon and Lake Sakakawea
during five sampling events over a 10 month period. Table 3-1 presents a

summary of the sampling dates and the experiments conducted.

Table 3-1
Sampling Events And Analyses

Sample Date Lake(s) Experiment |Temperature
°C

Phase I

November 7, 1994 Sakakawea and DBP formation 4
Audubon

Phase II

January 9, 1995 Sakakawea and MS2 virus 4
Audubon inactivation
Sakakawea and Ozone Demand| 4
Audubon and Decay
Sakakawea and DBP formation 20
Audubon

Phase III

March 12, 1995 - Sakakawea and DBP formation 20

Winter Audubon
Sakakawea and Ozone Demand| 20
Audubon and Decay
Audubon Giardia+Cl2 4
Audubon Giardia+O3 4
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Table 3-1 (continued)

Sampling Events And Analyses

Experiment

Temperature

Sample Date Lake(s)
°C
May 30, 1995 - Spring |Sakakawea and DBP formation 20
Audubon
Sakakawea and Ozone Demand| 20
Audubon and Decay
Audubon Giardia+Cl2 4
Audubon Giardia+03 4
August 21,1995 - Sakakawea and DBP formation 20
Summer Audubon
Sakakawea and Ozone Demand| 20
Audubon and Decay
Audubon Giardia+Clp 4
Audubon Giardia+O3 4

At the time of each sampling event, on-site raw water quality measurements
were made of the following parameters as shown in Tables 3-2 and 3-3.
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Table 3-1 (continued)

Sampling Events And Analyses

Sample Date Lake(s) Experiment |Temperature
°C
May 30, 1995 - Spring |Sakakawea and DBP formation 20
Audubon
Sakakawea and Ozone Demand] 20
Audubon and Decay
Audubon Giardia+Cl2 4
Audubon Giardia+O3 4
August 21,1995 - Sakakawea and DBP formation 20
Summer Audubon
Sakakawea and Ozone Demand] 20
Audubon and Decay
Audubon Giardia+Cl2 4
Audubon Giardia+03 4

At the time of each sampling event, on-site raw water quality measurements
were made of the following parameters as shown in Tables 3-2 and 3-3.
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Table 3-2
Raw Water Quality - Lake Audubon

Parameter PhaseI |Phasell |Phase III-Sampling Season

Winter Spring Summer
Sampling Date 11/7/941 1/9/95 | 3/12/95 5/30/95 8/21/95
Sampling Depth, 135 15 15 15 12
feet
Lake Level (feet 18452 | 18449 1844.7 1847.0 1846.8
above sea level)
Temperature, °C 5.1 2 2 14 21
pH 7.5 n/a n/a - n/a n/a
Dissolved 11.1 n/a n/a n/a n/a
Oxygen, mg/L
Conductivity, 880 n/a n/a n/a n/a
HS/cm

n/a = not available
Table 3-3

Raw Water Quality - Lake Sakakawea

Parameter Phase I | PhaseIl |Phase III-Sampling Season

Winter Spring Summer
Sampling Date 11/7/94 | 1/9/95 3/12/95 5/30/95 8/21/95
Sampling Depth, 50 48 54 55 65
feet
Lake Level (feet 1840.0 | 1837.1 1835.1 1839.6 1850.6
above sea level)
Temperature, °C 6.9 2 2 14 20
pH 74 n/a n/a n/a n/a
Dissolved 10.5 n/a n/a n/a n/a
Oxygen, mg/L
Conductivity, 710 n/a n/a n/a n/a
uS/cm )

n/a = not available
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Upon receipt of water samples at Montgomery Watson’s Applied Research
Laboratory, the water was analyzed for additional water quality parameters.
These results are shown in Tables 3-4 and 3-5.

Table 3-4
Water Quality Upon Receipt at MW Research Laboratory*
Lake Audubon

Parameter Phase I Phase Il Sampling Season
Winter | Spring | Summer

Temperature (upon 3.8 1 4 13 n/a
receipt) °C

pH 8.5 8.4 8.0 7.9 82

Total Organic Carbon, 5.6 6.4 6.1 5.3 5.8
mg/L

Turbidity, NTU 3.5 0.6 0.4 6.4 1.8

Alkalinity, mg/L as 190 240 230 205 200
CaCO3

Hardness, mg/L as 250 280 270 236 238
CaCO3

Ammonia, mg/L <0.1 <0.1 <01 0.15 <0.1

UV-254 Absorbance 0.095 n/a 0.085 0.94 0.100
(unfiltered)

TDS, mg/L 512 550 560

*Parameters were measured in the Applied Research Laboratory of Montgomery Watson,
Monrovia, CA :
Note: All parameters with the exception of the temperature were analyzed at 20°C.

n/a = not available
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Table 3-5

Water Quality Upon Receipt at MW Research Laboratory*
Lake Sakakawea

Parameter Phasel | Phasell Sampling Season
Winter | Spring |Summer

Temperature (upon 3.7 1 5 8 n/a
receipt), °C

pH 8.3 8.4 7.9 8.1 8.1

Total Organic 41 42 4.0 3.6 4.0
Carbon, mg/L

Turbidity, NTU 3.5 1.9 0.8 2.0 3.0

Alkalinity, mg/L as 165 190 170 175 165
CaCO3

Hardness, mg/L as 218 234 218 208 224
CaCO3

Ammonia, mg/L <0.1 <0.1 <0.1 0.17 <0.1

UV-254 Absorbance 0.097 n/a 0.089 0.086 0.086
(unfiltered)

TDS, mg/L 276 450 444

*Parameters were measured in the Applied Research Laboratory of Montgomery Watson,

Monrovia, CA

Note: All parameters with the exception of the temperature were analyzed at 20°C.

n/a = not available

CHLORINE DEMAND EXPERIMENTS

The chlorine demands of the waters were determined for each seasonal
sampling event and for two water temperatures (4°C and 20°C) so that proper
dosing could be determined for the chloramine DBP formation experiments
at a contact time of 16.5 hours used to represent average daily flow. Chlorine
demands for a ten minute free chlorine contact time are shown below in
Tables 3-6 and 3-7, along with the additional chlorine demands expressed
over the 16.5 hour chloramination period for Lake Audubon and Lake
Sakakawea.
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Table 3-6
Chlorine Demand - Lake Audubon

Season Temperature] 10 minute 16.5 hour post- Total
°C Chlorine Chloramination | Demand
Demand |Demand (mg/L)*| (mg/L)
(mg/L)
Phase I- 4 0.70 0.25 0.95
11/7/9%
Phase II-1/9/95 20 14 0.30 1.7
Phase III
3/12/95 20 1.1 0.30 14
5/30/95 20 0.80 0.40 1.2
8/21/95 20 1.05 0.35 B 14

*represents demand due to NHCl after post-ammoniation of chlorinated raw water

Table 3-7
Chlorine Demand - Lake Sakakawea
Season Temperature| 10 minute 16.5 hour post- Total
& Chlorine Chloramination {| Demand
Demand |Demand (mg/L)*| (mg/L)
(mg/L) )

Phase I- 4 0.50 0.20 0.70
11/7/%4
Phase II-1/9/95 20 0.75 0.20 0.95
Phase III

3/12/95 20 0.80 0.20 1.0

5/30/95 20 0.75 0.30 1.05

8/21/95 20 0.65 0.20 0.85

*represents demand due to NH2Cl after post-ammoniation of chlorinated raw water
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For all sampling events chlorine demand was slightly higher for Lake
Audubon than for Lake Sakakawea, which is consistent with the higher TOC
levels. The larger chlorine demand suggests that water from Lake Audubon
has a higher concentration of dissolved oxidizable material and additionally
may be likely to produce higher concentrations of disinfection by-products in
the raw water line than water from Lake Sakakawea.

OZONE DEMAND AND DECAY EXPERIMENTS

Ozone demand and decay experiments were conducted on waters sampled
during Phase II and Phase III of this study. Analysis was made on a seasonal
basis in order to evaluate the dose of ozone necessary for oxidation of raw
water dissolved organic matter, in the case that ozone was employed for
inactivation of viruses and Giardia cysts. Calculated values for ozone
demand (based upon extrapolation of the linear relationship between residual
vs. transferred dose) and ozone decay coefficients (based upon first-order
exponential decay) are provided in Tables 3-8 and 3-9 for experiments
conducted during Phases II and III. (See Appendix A for ozone demand
graphs and decay curves.)

Table 3-8
Ozone Decay And Demand-Lake Audubon

Sampling Date Temperature Decay Coefficient | Ozone Demand
(min™) (mg/L)
1/9/95 4 0.19 13
3/12/95 20 0.39 3.1
5/30/95 20 0.36 2.5
8/21/95 20 0.50 2.5

Page 3-7



Section 3 - Experimental Results - Chemistry

Table 3-9

Ozone Decay And Demand- Lake Sakakawea
Sampling Date Temperature | Decay Coefficient | Ozone Demand
_ | (min™}) (mg/L)
1/9/95 4 0.18 11
3/12/95 20 0.38 29
5/30/95 20 0.29 25
8/21/95 20 0.34 24

In general, the ozone demands and the ozone decay coefficients from these
seasonal sampling events indicate that ozone decay occurs at a slower rate in
Lake Sakakawea (i.e., a smaller ozone dose will produce a greater ozone
residual) than in Lake Audubon, but the differences are small. The average of
ozone demands for waters from Lake Sakakawea is slightly lower than for
Lake Audubon, suggesting that water from Lake Sakakawea has a lower
concentration of dissolved oxidizable material relative to the concentration in
Lake Audubon. As expected, the ozone demands and ozone decay coefficients
were lower at the lower temperature of 4°C.

DBP FORMATION

DBP formation experiments were conducted for all water samples taken from
Lake Audubon and Lake Sakakawea over the 10 month sampling period in
order to determine the seasonal range in DBP formation. In addition, the
influence of free chlorine contact time on DBP formation was evaluated for
the chloramination experiments. A total disinfectant contact time equal to
16.5 hours was evaluated for each experiment in order to simulate the
hydraulic detention time in the pipeline for aVerage daily flow of 10.2 MGD.
For samples obtained during November 1994 and January 1995, a comparison
was made between experiments conducted at 4°C and 20°C in order to
determine the impact of temperature on DBP formation.

The formation of DBPs (at 20°C) for Lake Sakakawea and Lake Audubon
waters at various free chlorine contact times is shown in Figure 3.1 and

Page 3-8



THM formation- Lake Audubon
(at 20°C)

anticipated Stage I MCL

discussed Stage I MCL ,
G piss = = o g TREESSNT < R  S A  EE  S S e S e ol e L L

20 - —il— Jan-95

—&— Mar-95

10 + —¥—May-95
—&— Aug-95

T T 1 T T

0 10 20 30 40 50 60
Free Chlorine Contact time (min)

Total THMs (ug/L)
W
(=]

THM formation- Lake Sakakawea
(at 20°C)

anticipated Stage I MCL

discussed Stage I MCL

Total THMs (ug/L)
w
(=]

0 - : : : -
0 10 20 30 40 , 50 60
Free Chlorine Contact time (min)
Figure 3.1 - THM Formation in Lake Audubon and Lake Sakakawea Waters at 20°C




HAA formation- Lake Audubon

discussed Stage I MCL

2
o
"

1

O
30 (at.20°C)
70 +
anticipated Stage I MCL

[ e B R E L e R Se E e S e B e e C e s b e E S S e e S e s e R e L s e e S s S S
% 50 + —l— Jan-95
= —&— Mar-95
< 40 4 —¥— May-95
5 —&— Aug-95
3
=

3]
(=
L

10

i) 1 J i
T T T T

0 10 20 30 40 50 60
Free Chlorine Contact time (min)

HAA Formation- Lake Sakakawea

(at 20°C)
80
70 +
anticipated Stage I MCL
L T T
% 50 4 +Jan'95
= —&— Mar-95
e 40 1 —¥— May-95
\ 5 —&— Aug-95
“ 3 discussed Stage I MCL
D30 Frrr e e

20
10
0 1 t f t f
0 10 20 30 40 ‘ 50 60

Free Chlorine Contact time (min)
Figure 3.2 - HAA Formation in Lake Audubon and Lake Sakakawea Waters at 20°C



Section 3 - Experimental Results - Chemistry

Figure 3.2. The influence of temperature (at 4 and 20°C) on DBP formation is
shown in Figure 3.3. (See Appendix A for seasonal DBP results in tabular
format.)

The results presented in Figure 3.1 indicate that, in general, slightly higher
concentrations of halogenated THMs were formed in Lake Audubon water
than in Lake Sakakawea water. This result is consistent with the higher
chlorine demand expressed by the waters from Lake Audubon (and higher
TOC concentrations for this water). The formation of THMs was also slightly
higher for both lake waters during Phase III sampling (months of March, May,
August) than during Phase II (month of January). For Lake Audubon, the
highest THM concentrations were generated in March; this may have been a
result of a change in the character of the natural organic matter dissolved in
the lake water due to early spring run-off, but this has not been confirmed.
As shown in Figure 3.2, HAA concentrations proved to be slightly higher for
Lake Sakakawea than for Lake Audubon waters.

Figure 3.3 shows that levels of DBPs were generally greater at 20°C than at 4°C;
an exception was for THM formation on Lake Sakakawea where temperature
did not appear to impact THM concentrations. However, it is important to
note that the 20°C experiments were conducted on an aliquot of water
sampled two months after the water sampled for the 4°C experiments.
Therefore, water quality differences may have played a role.

The measured concentrations of THMs and HAAs were in all cases below the
anticipated MCLs for DBPs as proposed in Stage I of the D/DBP rule (80 and 60
pg/L for THMs and HAA(S), respectively), even after up to 60 minutes free
chlorine contact time. This indicates that for a high temperature condition of
(20°C) a free chlorine contact time of 60 minutes could be employed without
excessive DBP formation. For free chlorine contact times shorter than 10
minutes, THMs and HAAs were below the MCLs discussed at the USEPA
regulatory negotiations for the Stage I D/DBP rule (40 pg/L for THMs and 30
ug/L for HAA(5)). The possibility of additional DBP formation at the Minot
WTP needs to be considered during selection of a design free chlorine contact
time.
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OZONE DBPS

Results of the ozonation DBP formation experiments for Phase III studies at
the highest evaluated ozone dose are presented in the Tables 3-10 and 3-11

below.
Table 3-10

Ozonation By-Products - Lake Audubon
Aldehyde Units | 3/12/95 5/30/95 8/21/95
Bromide mg/L 0.10 0.10
Bromate ng/L <10 <10
Acetaldehyde ug/L 7 6 6
Butanal pg/L <1 <1 <1
Formaldehyde ug/L 29 25 29
Glyoxal ug/L 9 12 11
M-Glyoxal (Pyruvic Aldehyde) | pg/L 7 7 7
Pentanal ug/L <1 <1 <1
Propenal ug/L ND 1 1
TOTAL ALDEHYDES ug/L 52 51 54

Conditions: 20°C, ambient pH, and highest ozone dose (6 mg/L).
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Table 3-11
Ozonation By-Products - Lake Sakakawea

Aldehyde Units | 3/12/95 5/30/95 8/21/95
Bromide mg/L 0.1 0.04
Bromate ug/L <10 <10
Acetaldehyde pg/L 9 3 4
Butanal pg/L <1 <1 <1
Formaldehyde pg/L 25 23 25
Glyoxal ug/L 8 8 8
M-Glyoxal (Pyruvic Aldehyde) | pg/L 6 5 5
Pentanal ug/L <1 <1 <1
Propenal ug/L 1 <1 <1
TOTAL ALDEHYDES ug/L 49 39 42

Conditions: 20°C, ambient pH, and highest ozone dose (6 mg/L).

Aldehyde concentrations were slightly higher in the Lake Audubon waters
(51 to 54 pg/L) than in the Lake Sakakawea samples (39 to 49 pg/L). The
predominant aldehyde detected was formaldehyde, which comprised
approximately 50 percent of the total aldehyde concentration. Bromate is an
ozonation by-product that is often detected when elevated levels of bromide
are present in the raw water. Levels of bromate in the ozonated waters of
Lake Audubon and Lake Sakakawea were below the analytical detection limit
of 10 ug/L. Under Stage I of the proposed D/DBP Rule, bromate will be
regulated at 10 pg/L.
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Section 4 - Experimental Results - Microbiology

The objectives of the chloramine disinfection experiments were to determine
the CT values that provide various levels of inactivation of MS2
bacteriophage and Giardia cysts in water from Lake Audubon. The
experimentally determined CT values for inactivation by chloramination
were then compared to the CT values designated for inactivation in the
USEPA Guidance Manual to the SWTR. Similar experimental objectives
were tested for the Giardia inactivation studies conducted with ozone in Lake
Audubon water.

MS2 BACTERIOPHAGE INACTIVATION

The results of the virus inactivation studies are shown in Figures 4.1 and 4.2.
The data are presented as the log of the MS2 survival fraction. A survival
fraction of -1 log signifies that 10 percent of virus are still active (or 90 percent
inactivated). A survival fraction of -2 logs indicates that 1 percent of the virus
are still active (or 99 percent inactivated). As designed in the experimental
plan, the trials were conducted to yield a free chlorine residual of
approximately 4 mg/L after accounting for the chlorine demand. The
chloramine residuals measured during the MS2 disinfection studies were
very similar for the waters from Lakes Audubon and Sakakawea, so the MS2
inactivation results for the two sources could be compared. The stars next to
the averaged data points indicate that the virus were inactivated to levels
below the sensitivity limit of the virus assay. In most trials, 6 logs or greater
sensitivity were achieved.

Control experiments were conducted during MS2 inactivation studies to
determine whether MS2 concentrations remained stable in the reactors over
the duration of experiments. Control experiments were conducted in parallel
with both sets of inactivation studies for free chlorine and chloramine. As
shown in Figure 4.3, no significant changes in the MS2 survival fraction
occurred in either of the control studies for the free chlorine of for the
chloramination disinfection experiments. The slight changes in MS2
survival fraction that were observed in the control.studies were well within
the limits of experimental error for microbial inactivation studies.
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Figure 4.1 shows that approximately 6 logs of MS2 inactivation were achieved
in less than 50 seconds of free chlorine contact time with a disinfectant dose of
4 mg/L and at conditions of pH 8.4 and 4°C. When no free chlorine contact
time was allowed (Figure 4.2), however, approximately 2 logs or less of MS2
inactivation was observed after 24 hours of contact time for the same
disinfectant dose at the same conditions of pH and temperature. The data
underscore the need to have a period of free chlorine contact time (at least
one minute) for MS2 virus inactivation. Ninety-five percent confidence
intervals are presented with each data point. Overlap of these intervals
indicates that there was no statistical difference (at 95 percent confidence) in
inactivation when comparing the two waters. Although 6 logs of the virus
were inactivated in less than one minute, a free chlorine contact time of 5
minutes was employed for the Giardia inactivation experiments as a margin
of safetyl At this free chlorine contact time, DBP concentrations over the
three Phase IIl seasonal sampling events were on average 28 mg/L and 21
mg/L for THMs and HAAs, respectively. These levels are substantially below
those discussed during the USEPA regulatory negotiations.
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GIARDIA INACTIVATION EXPERIMENTS

Monochloramination

Control experiments were conducted to determine whether Giardia cysts
adhered to the surfaces of the reactors and whether cyst viability remained
stable over the duration of experiments. These control experiments were
conducted in parallel with both the chloramination and the ozonation
disinfection trials. For all the inactivation experiments conducted with
Giardia cysts, little or no change in cyst number was observed in the control
reactor vessels over the duration of experiments (Table 4.1); moreover, no
trend indicating any loss in cyst viability was detected.

Table 4.1
Inactivation/Removal of Giardia during Control Experiments
with Lake Audubon water at 4°C

Giardia Survival Fraction, Log (N/No)
Sampling Date Chloramination Ozonation
March 12, 1995 0.007 -0.005
May 30, 1995 0.020 -0.002
August 21, 1995 0.025 0.007

The results of the Giardia inactivation experiments using monochloramine
are shown for Lake Audubon water in Figure 44. The data are presented as
the log of the Giardia survival fraction, in the same manner as the MS2 virus
inactivation studies. The Giardia inactivation experiments with
monochloramine were conducted using a free chlorine contact time of 5
minutes and a monochloramine dose of approximately 4.5 mg/L. The results
of chloramine residual measurements during the Giardia inactivation studies
are provided in Appendix A.

Figure 4.4 shows that approximately 3 logs of Giardia inactivation were
achieved for all seasonal sampling events in less than 3 hours of chloramine
contact time after the initial 5 minutes of free chlorine contact time. The data
points with stars next to them indicate that the Giardia cysts were inactivated
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o

to levels below the sensitivity limit of the Giardia assay. It is convention not
to connect lines to points that are below the sensitivity limit of the Giardia
assay. The inactivation results from monochloramine experiments are
presented in terms of CT in Figure 4.5. In this Figure, the USEPA values for
CT at 5°C are presented for comparison. In all cases, inactivation of Giardia
was experimentally measured at CT values far lower than indicated by the CT
regulations from the USEPA Guidance Manual. It should be noted, however,
that the Guidance Manual CT values were developed with preformed
chloramines; the cysts were not exposed at any time to free chlorine.
Nonetheless, the findings from this study suggest that the USEPA CT values
for disinfection by monochloramine are conservative when a short period of
free chlorine contact time is employed for the Lake Audubon water tested
under these conditions of water quality.

Results from preammoniation inactivation studies are also shown in Figure
4.5. For these experiments, no free chlorine contact time was included, and
instead ammonia was added to the reaction vessels prior to the addition of
chlorine (chlorine to ammonia ratio of 4:1). For preammoniation
experiments conducted in May and August 1995, log inactivations of Giardia
are achieved at significantly longer contact times (larger CT values) than were
required in the monochloramine experiments with the 5 minutes of free
chlorine contact time. The results indicate that log inactivation from
preammoniation (no free chlorine contact time) was not as effective as
inactivation studies which included a free chlorine contact time of 5 minutes.
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Section 4 - Experimental Results - Microbiology

Ozonation

Results from control experiments to determine Giardia cyst viability were
presented in Table 4.1 for the ozonation inactivation studies. No trend
indicating loss in cyst viability was detected in these control experiments.

The results of Giardia inactivation experiments conducted using ozone are
shown by season in Figures 4.6, 47 and 4.8. [Each plot presents the log
inactivation of the protozoan cysts at various doses and the residual
concentration of ozone over time. All experiments were conducted at 4°C to
provide a conservative estimate of the doses of ozone required to achieve 3
logs inactivation. @Water obtained from the Winter sampling of Lake
Audubon was the first water tested for inactivation of Giardia. The range of
ozone doses used in the Winter sampling period was higher than the range
employed during the other seasons. With the exception of one experimental
trial at an ozone dose of 1.22 mg/L, greater than three logs inactivation of
Giardia cysts were achieved for all the ozone doses applied (0.4 to 1.9 mg/L).
Moreover, all of the samples were below the sensitivity limit of the Giardia
excystation assay with the exception of the two data points shown for the 1.22
mg/L dose (Figure 4.6).

A lower range of ozone doses (between 0.08 and 0.3 mg/L) was employed for
the Spring and Summer seasonal sampling periods. The inactivation and
disinfectant residual curves for these seasons are shown Figures 4.7 and 4.8.
The inactivation of Giardia achieved by ozone during the Spring and
Summer sampling periods was quite similar for the range of ozone doses
tested. Approximately 3 logs inactivation were achieved in approximately 4
minutes at ozone doses greater than 0.2 mg/L for both seasons. At a dose of
03 mg/L, greater log inactivation of cysts was achieved, exceeding the
sensitivity limit of the assay (approximately 3.5 logs). The similarity of the
curves for these two seasons suggests that seasonal differences in water
quality did not have a substantial impact upon the inactivation kinetics. It is
important to note that ozone is considerably less stable in natural waters than
chloramines. The applied ozone in this study was consumed (in the Spring
_and Summer samples) in less than 60 seconds by ozone-demanding materials
in the raw water. Although ozone residuals were not measured after this

Page 4-5



3

i

|-

20
~ O 040 mg/L
§ 15 —0—0.54 mg/L.
~ —A—0.7 mg/L
E —>—1.21 mg/L
g K ——122mglL
f —&—1.35mg/LL
§ 0.5 —A— 183 mg/L
= ——19mgL
0.0 - T —— ot 8% t
0 5 10 15 20 25 30
0.0
O 04mg/lL
O 054mg/L
A 07mg/L
X 121 mg/lL
—&—1.22 mg/L
-10 1 O 135mgl
s A 183mg/L
% ® 19mglL
g
g
&
3
E 20+
s
2
&
s
7]
3
T
=2
o
Giardia Inactivation Goal
B0+ ... S AE SRR S e R S R AR R RN R RSN AR RS RO E
A
00 a * g * g * ‘
'4.0 ‘;, lL
0 10 15 20
Contact Time (minutes)

* Indicates values below the sensitivity of the experimental assay.
Figure 4.6 - Inactivation of Giardia in Lake Audubon Water by various ozone concentrations at

pH 8.2 and 4°C
March 12, 1995



e
w

& 008mg/L
% B 0.16mg/lL
g A 0.18mg/L
; 02 X 024 mg/L
% X 025mg/lL
¥ —€—0.30 mg/L
~ 0.1
@ ]
=
8
=)
0 t 2 + f
2 3 4 5 6
0
—4—0.08 mg/L
——0.16 mg/L.
—A—0.18 mg/L
—>—0.24 mg/L
—3¥—0.25 mg/L
® 030mg/L
~ .14+
)
g
£
80
=
g
=
b
g
=2
8
£
=
7]
=
3
= Giardia Inactivation Goal
O ddec e e e o0 0 TN PPSeae Y
L o  J ] *
-4 t —t= +— —+ —
0 1 2 3 4 5 6

Contact Times (minutes)

* Indicates values less than sensitivity of the experimental assay.

Figure 4.7 - Inactivation of Giardia in Lake Audubon Water by various ozone concentrations at

pH8.2and 4°C
May 30, 1995



0.4
k. g —8—024 mg/L
| 8 03 —e—024 mg/L
§ dud
- § % ——0.25 mg/L
' g B2 —A—0.27 mg/L
[¥ J =g
@ —>¢—0.29 mg/L
£ 01
' N —X¥—0.31 mg/L
{ <
‘ 0 = i : - ; ! =
[ . 0 1 2 3 4 5 » 6.
| Contact Time (minutes)
j J
——0.24 mg/L
! ‘, —@—0.24 mg/L
1 ——025mg/L
v —A—0.27 mg/L
=
2 ~-3¢~-0.29 mg/L
L
(3 —¥—0.31 mg/L
g
f ‘ g
2
s
s
« =
| 3
.2
»
]
. 5
7]
J .E
' =
3
& R TP
J Giardia Inactivation Goal
*

} l 4 : : ; — :
0 1 2 3 4 5 6
1 Contact Time (minutes)

* Indicates values less than sensitivity of the experimental assay.

t i Figure 4.8 - Inactivation of Giardia in Lake Audubon Water by various ozone concentrations at
i pH 8.2 and 4°C
August 21, 1995



Section 4 - Experimental Results - Microbiology

time period, inactivation of Giardia cysts continued. This may have been due
to the continued oxidation brought about by formation of hydroxyl radicals or
other ozonation by-products. Since inactivation of Giardia continued
without the presence of a measurable ozone residual, it is difficult to directly
apply a CT concept. However, the data do demonstrate that as long as a dose
of 0.3 mg/L is applied to the water at 4°C or above, greater than 3 logs of
inactivation of Giardia should be achieved.
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Section 5 - Summary

This study focused on the use of chloramines and ozone for disinfection of
Lake Audubon water. Each was assessed in light of meeting SWTR
requirements for unfiltered supplies, i.e., 3 logs inactivation of Giardia and 4
logs inactivation of viruses. The microbial inactivation studies and DBP
formation studies were conducted at conservative temperatures (4° and 20°C,
respectively).

This study demonstrated that chloramines could be employed for disinfection
of Lake Audubon water. Four logs of MS2 virus were inactivated in less than
30 seconds of free chlorine contact time with a residual between 3.5 mg/L and
4.0 mg/L. However, 5 minutes of free chlorine contact time are
recommended as a margin of safety. Giardia inactivation experiments
showed that with a dose of 4.5 mg/L and 5 minutes of free chlorine contact
time followed by ammonia addition to form chloramines, greater than 3 logs
of inactivation were achieved in less than 180 minutes. Under these
conditions, the contact time for inactivation is approximately one half of the
residence time in the pipeline to the divide (5.9 hours) corresponding to the
peak daily flow of 28 MGD. The CT required for 3 logs inactivation was
conservatively estimated at 700 mg/Lemin, which is considerably less than
that stipulated by the Guidance Manual to the ?XV_’_T’R_for 3 logs inactivation
(2,200 mg/Lemin at 5°C without any free chlorine contact time). However,
when only preammoniation was employed in experiments, the rate of
inactivation decreased considerably. These results underscore the necessity of
employing a five minute free chlorine contact time if this disinfection

scenario is ultimately employed.

" s
All inactivation experiments with MS2 bacteriophage and Giardia were
conducted at 4°C + 1.0 °C. Because the temperature in Lake Audubon may at
times decrease to as low as 1°C, safety factors to accommodate this difference
would be incorporated into the design of a full scale system. For example,
greater than 4 logs of virus were inactivated in less than 30 seconds by the
dose of free chlorine employed. However, 5 minutes of free chlorine contact
time were employed in Phase II of the study to provide a safety factor greater
than 5. It also appears that even longer free chlorine contact times could be

designed if necessary, since the DBP levels formed under the conditions

Page 5-1



Section 5 - Summary

studied were less than those discussed for Stage 2 of the D/DBP rule during
the USEPA regulatory negotiations. In the case of Giardia, the results
demonstrated that greater than 3 logs of the protozoa were inactivated in less
than 3 hours at the chloramine disinfectant doses and free chlorine contact
time employed. With the pipeline residence time of 5.9 hours to the drainage
divide (maximum day demand), a safety factor of api:roximately 2 would be
achieved under this disinfection scenario for Giardia inactivation.

Turbidity has been demonstrated, in some cases, to affect disinfection either
through expression of a disinfectant demand or through shielding of
microorganisms. For Lake Audubon, raw water turbidities during the
seasonal sampling ranged from 0.4 to 6.4 NTU. These seasonal changes in
raw water turbidity did not however, appear to impact the inactivation of
either the virus or the protozoa. Disinfectant residuals were carefully
monitored throughout the experiments and any additional demand exerted
by the turbidity was met by increasing the disinfectant dose. A full scale
system would operate in a similar manner, i.e., the chlorination/ammonia
system would be designed to accommodate additional demand due to
turbidity so that the target residual could be achieved.

Because of the low concentrations of viruses and protozoa in natural waters,
the inactivation experiments of this study were conducted by seeding
microorganisms into a batch reactor and then adding disinfectant. No
attempt was made to artificially associate the virus or cysts with particles
contributing to turbidity in order to simulate a “shielding or protective” effect
which may or may not be present in natural systems. In examination of this
protective effect, Hoff (1978) compared the inactivation rate of poliovirus 1
(using free chlorine at pH 6 and 5°C) adsorbed to inorganic turbidity to the
inactivation rate of poliovirus that was not associated with turbidity. He
showed that turbidity ranging from 4 to 7 NTU (bentonite clay and
precipitated aluminum phosphate) had little or no effect on the rate of virus
inactivation. These results suggest that under the conditions tested in this
study, seasonal changes in inorganic raw water turbidity would not
substantially affect disinfection efficacy of Lake Audubon water.

Page 5-2



Section 5 - Summary

With regard to formation of DBPs, concentrations less than 35 pg/L of THMs
and 20 pg/L of HAAs were formed by a five minute free chlorine contact time
(chlorine dose of 4.5 mg/L) followed by ammonia addition. These
concentrations are less than the Stage 1 MCLs of the proposed D/DBP Rule,
which are 80 and 60 pg/L for THMs and HAAs, respectively. They are also
lower than those levels discussed at the USEPA regulatory negotiations for
Stage 2 (40 and 30 pg /L for THMs and HAAs, respectively). However,
additional formation of DBPs will occur through the Minot treatment plant
as a result of meeting disinfection requirements. These levels need to be
assessed through the treatment process.

This study also demonstrated that ozone could be employed for disinfection
of Lake Audubon water. Greater than 3 logs of Giardia inactivation were
achieved in approximately 4 minutes at doses greater than or equal to 0.3
mg/L ozone at 4°C. Inactivation continued to occur despite the consumption
of ozone residual. Although inactivation of viruses by ozone was not
investigated at bench-scale, viruses are more sensitive to ozone than
protozoan cysts; therefore virus inactivation requirements would be met if 3
logs of Giardia inactivation is achieved by ozone treatment.

Aldehydes were the major DBPs formed as a result of disinfecting with ozone.
Concentrations of total aldehydes ranging from 39 to 54 pug/L were formed as
a result of ozonation of Lake Audubon water. There are currently no MCLs
for aldehydes. Moreover, it is anticipated that substantial concentrations of
these compounds would be removed if biological filtration were employed as
part of the treatment process after the water arrived at Minot. No bromate
was detected in the ozonated raw waters; this oxidation by-product will be
regulated at 10 pg/L under Stage I of the proposed D/DBP regulations.

Ozone demand and decays were conducted on raw waters from both Lake
Audubon and Lake Sakakawea. In general, ozone demands at 20°C for Lake
Audubon and Lake Sakakawea ranged from 2.4 to 3.1 mg/L. The ozone
demand and decay results may be useful for design purposes.
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Figure A-1- Ozone Demand for Lake Audubon and Lake Sakakawea



Lake Audubon Decay

Figure A-2 - Ozone Decay in Lake Audubon and Lake Sakakawea Waters
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Lake Audubon

Raw Water TOC = 5.6 mg/L

Temperature = 4°C

PHASE II - November 7, 1994

NAWS CHLORAMINE CHALLENGE STUDY

DBP FORMATION EXPERIMENTAL RESULTS

Free Chlorine Chlorine Ammonia Total Chlorine Residual DBP Formation (16.5 hour)
Contact Time Dose Dose 0 hour 16.5 hour 48 hour pH at TTHM HAAS
(min) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 48 hours (ug/L) (Lg/L)
1 43 1.0 4.10 395 3.95 8.5 7. 9
5 4.5 1.0 3.90 3.70 3.70 8.5 16.3 12
10 4.7 1.0 4.00 3.75 3.70 85 21.8 13
30 5.0 1.0 4.00 3.85 3.80 8.4 34.2 15
60 5.2 1.0 4.00 3.85 3.80 84 32.7 16
Lake Sakakawea
Raw Water TOC = 4.1 mg/L
Temperature = 4°C
Free Chlorine|{ Chlorine Ammonia Total Chlorine Residual DBP Formation (16.5 hour)
Contact Time Dose Dose 0 hour 16.5 hour 48 hour pH at TTHM HAAS
(min) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L). 48 hours (ng/L) (ng/L)
1 4.2 1.0 4.05 3.90 3.80 8.4 6.9 12
5 4.3 1.0 395 3.75 3.75 8.4 15.0 13
10 4.5 1.0 4.00 3.80 3.80 8.4 20.6 18
30 4.7 1.0 4.00 3.80 3.80 8.4 25.8 20
60 49 1.0 4.05 3.80 3.80 84 30.3 24




Lake Audubon

Raw Water TOC = 5.6 mg/L
Temperature = 4°C

PHASE II - November 7, 1994
NAWS CHLORAMINE CHALLENGE STUDY
CT VALUES AND INACTIVATION ACHIEVED

Free Chlorine CT Achieved Estimated Removal of Giardia* DBP Formation (16.5 hour)
Contact Time | Free Chlorine | Chloramines | Free Chlorine| Chloramines Total TTHM HAA5S
(min) (mg/L - min) | (mg/L - min) (logs) (ogs) (ogs) (ng/L) (ng/L)
1 4 3857 0.0 3.0 3.1 7.7 9
"5 20 3694 0.1 2.9 3.0 16.3 12
10 40 3724 0.2 29 . 3.2 21.8 13
30 120 3648 0.7 2.9 3.7 34.2 15
60 243 3534 1.5 2.8 4.3 32.7 16

* Based on extrapolation of USEPA Guidance Manual values at 0.5°C

Lake Sakakawea
Raw Water TOC = 4.1 mg/L
Temperature = 4°C

Free Chlorine CT Achieved Estimated Removal of Giardia* DBP Formation (16.5 hour)

Contact Time | Free Chlorine | Chloramines | Free Chlorine | Chloramines Total TTHM HAAS
(min) (mg/L - min) | (mg/L - min) (ogs) (logs) (logs) (ug/L) (ng/L)

1. 4 3907 0.0 3.1 3.1 6.9 12

5 20 3645 0.1 2.9 3.0 15.0 15

10 40 3675 0.2 2.9 3.1 20.6 18

30 120 3696 0.7 2.9 3.6 25.8 20

60 240 3581 1.5 2.8 43 . 303 24

* Based on extrapolation of USEPA Guidance Manual values at 0.5°C



PHASE 1I - January 9,1995

NAWS CHLORAMINE CHALLENGE STUDY

DBP FORMATION
Lake Audubon
Raw Water TOC = 6.4 mg/L
Temperature = 20 °C
Free Chlorine Chlorine Ammonia Total Chlorine Residual DBP Formation (16.5 hour)
Contact Time Dose Dose 0 hour 16.5 hour pH at TTHM HAA5
(min) (mg/L) (mg/L) (mg/L) (mg/L) 16.5 hours (ng/L) (ng/L)
1 4.7 1.0 4.00 3.75 8.4 12.3 15
5 5.2 1.0 3.95 3.70 8.4 22.1 17
10 54 1.0 4.00 3.70 8.4 27.1 20
30 57 1.0 400 . - 38.0 21
60 6 1.0 395 3.65 8.4 37.7 25
Lake Sakakawea
Raw Water TOC = 4.2 mg/L
Temperature = 20 °C
Free Chlorine| Chlorine Ammonia Total Chlorine Residual DBP Formation (16.5 hour)
Contact Time Dose Dose 0 hour 16.5 hour pH at TTHM HAAS
(min) (mg/L) (mg/L) (mg/L) (mg/L) 16.5 hours (ng/L) (ng/L)
1 4.7 1.0 4.35 4.10 8.4 8.2 16
5 4.8 1.0 4.20 3.90 8.4 14.8 19
10 5 1.0 4.25 4.05 8.4 20.0 21
30 53 1.0 4.25 4.10 8.3 25.1 25
60 54 1.0 4.35 4.10 8.3 29.4 30



PHASE II - January 9, 1995
NAWS CHLORAMINE CHALLENGE STUDY
CT VALUES AND INACTIVATION ACHIEVED
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