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1. INTRODUCTION
1.1 Ozone Disinfection Processes

A chemical disinfection process is one of the key unit operations in water treatment
processes to inactivate pathogenic microorganisms and to ensure biological safety of potable
water. Typical disinfectants used for drinking water treatment include chlorine, chlorine dioxide,
chloramines and ozone. Among these chemicals, ozone has been receiving the most attention
since the outbreak of Cryptosporidium parvum oocysts in 1993 in Milwaukee, WI (Smith, 1995).
Although the operational costs of ozone disinfection process are relatively higher than chlorine-
based treatment processes in general, ozone is the most effective disinfectant against C. parvum
oocyst (Kolich et al., 1990; Gylrék et al., 1997; Rennecker et al., 1999, 2000, 2001; Driedger et
al., 2000, 2001). In comparison to chlorine-based processes, ozonation has also been shown to
produce much lower levels of chlorinated disinfection by-products such as trihalomethanes
(THMs) and haloacatic acids (HAAs). Control of taste and odor causing compounds and
oxidation of ferrous iron and manganese have been additional treatment goals (Langlais et al.,
1991). Ozonation typically increases biodegradability of natural organic matter. Therefore, a
subsequent filtration with biologically activated carbon has been recognized as a standard
method to remove organic matter that is capable of promoting microbial re-growth in the

distribution network (van der Kooji et al., 1992; Volk et al., 2002).
1.2 Computer Model and Numerical Simulation

Pilot studies have often been employed to determine key design and operational
parameters for a new ozone reactor as well as to upgrade and optimize existing ozone treatment
facilities. Unfortunately, pilot studies are often time-consuming and labor and cost extensive. In
addition, extrapolating the pilot-scale results to the design of full-scale treatment facilities has
not always been straightforward. As an alternative to pilot-scale studies, mathematical modeling
and numerical simulation have been suggested by several researchers. Sophisticated steady-state
and dynamic computer models might greatly simplify the tasks of understanding physical,

chemical, and biological processes in ozonation processes. The mathematical modeling might



further allow a prediction of reactor performances under a wide spectrum of configurational and
operational scenarios. Accordingly, the OCM (Ozone Contactor Model) is the software
developed by Georgia Institute of Technology, University of Illinois at Urbana-Champaign, and
US Environmental Protection Agency with the goal of performing complex simulation tasks in
designing and optimizing ozone bubble-diffuser contactors. The applicability of the OCM has
recently been verified by full-scale experiments with two existing ozone contactors in the US

(Tang et al., 2005; Kim et al. 2005).

1.3 Research Objectives

The objectives of this research were: 1) to determine ozone decay and bromate formation
kinetic constants in raw waters collected from Banwal Water Treatment Plants (BWTP), Ansan,
Korea, at different pHs and temperatures; 2) to simulate ozone and bromate concentrations and
C. parvum oocyst inactivation in an existing full-scale ozone contactor in the BWTP using the
OCM software at different pHs and temperatures using the kinetics determined from the batch
tests; and 3) to evaluate alternative design options such as the number of cell divisions and

hydrodynamic conditions (i.e., expressed in dispersion numbers).

2. MATERIAL AND METHODS

2.1 Ozone Decay Kinetic Constants Measurement

A water sample was collected from the filter effluent of the BWTP on April 1, 2005 and
transported to Georgia Institute of Technology in a refrigerated container via express delivery.
Ozone decay kinetic constants and fast ozone demands were measured using a newly developed
multi-channel stopped-flow reactor (MC-SFR) system. Figures 1 and 2 are a schematic diagram
and a photograph of MC-SFR system, respectively. The MC-SFR automatically measures ozone
decay kinetics. The details of MC-SFR setup and experimental procedures are described

elsewhere (Kim and Kim, 2004).

2.2 Bromate Formation Kinetic Constant Measurements



The MC-SFR also serves as a batch reactor to determine bromate formation kinetics. For
bromate concentration analysis, 2-3 mL of samples were collected from the outlet of the MC-
SFR system and instantaneously mixed with 0.1 mL of 0.5 M ethylenediamine (EDA) solution to
quench the residual ozone. Concentrations of bromate and bromide ions were measured
according to EPA method 317.0 (USEPA, 2001) using a Dionex DX-600 ion chromatography
system (Dionex, Sunnyvale, CA). The measurement apparatus was composed of AS50 (Auto
sampler and Chromatography compartment), GP50 (Gradient pump), ED50 (Electrochemical
detector), Ionpac AS90-HC (4x250mm) column, AG9-HC (4x50mm) guard column, Anion

Atlas suppressor.
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Figure 1. A schematic representation of the Multi-Channel Stopped Flow Reactor (MC-SFR).

2.3 Miscellaneous Analyses

Total organic carbon (TOC) was measured using a TOC-Vws wet oxidation TOC
analyzer (Shimazu, Kyoto, Japan) based on a non-purgeable organic carbon (NPOC) method.
UV,s4 was measured using an Agilent 8453 spectrophotometer (Agilent, Palo Alto, CA, USA).
Specific UV absorbance (SUVA) was calculated by dividing UV»s4 (1/cm) absorbance by TOC



(mg/L). pH and turbidity were measured using an Accumet AR-50 pH meter (Fisher Scientific,
Pittsburg, PA, USA) and Hach 2100N turbidometer (Hach, Loveland, CO, USA), respectively.
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Figure 2. A photograph of the MC-SFR system. The tubular reactors are contained inside a
water bath shown in the photograph.

2.4 BWTP (Banwal Water Treatment Plant)

The treatment process in the BWTP consists of coagulation/flocculation/sedimentation,
sand filtration, ozonation, biologically activated carbon filtration, and secondary disinfection as
shown in Figure 3. The BWTP has two ozone contactors with a design volume of 1,914.1 m’
(18.0m W x 182 m L x 6.0 m H). The design flow rate to each ozone contactor is 183,751 m’/d



with an average hydraulic retention time of 15.4 min. Ozone is injected by a side stream injector

at the inlet of the ozone contactors.
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Figure 3. A schematic diagram of the BWTP with relevant dimensions and flow rates.

2.5 OCM : Ozone Contactor Simulation Software

The OCM has the capability of simultaneously predicting steady-state residual ozone
concentration, C. parvum oocyst inactivation, and bromate formation in a multi-chamber ozone
bubble-diffuser contactors (i.e., number of cells from 1 to 20). The simulation results are given
as the profiles across the ozone contactor. The OCM is targeted for the engineers involved in the
design and operation of ozone disinfection systems, plant operators responsible for optimizing
system operation and demonstrating regulatory compliance, and government officials in charge
of developing drinking water regulations, who are not necessarily familiar with formulations and
numerical analyses involved in these mathematical models. Therefore, the OCM was designed
to work on a personal computer equipped with a commonly available operating system,
Microsoft Windows® (i.e., Windows 2000® or higher version) and to provide graphical user

interfaces that are familiar to Windows users.



The hydrodynamic and reaction parameters formulated by the equations are listed in
Table 1. The equations were solved for each chamber of ozone contactor assuming ideal closed
vessel boundary conditions (Kim et al., 2002a, 2005b) at each boundary between adjacent
chambers. The boundary conditions are summarized in Table 2. Figure 4 shows a snapshot of
the OCM running on Microsoft Windows® XP operating system. Details of the software are
available in Kim et al. (2005b).

Table 1. Mass balance equations for dissolved ozone, fast ozone demand, gas phase ozone,
microorganism, and bromate, which are solved by the OCM software. For definitions of terms

used, refer to Kim et al. (2005b).

Dissolved ozone
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[Os]; = dissolved ozone concentration [ML™]; [D] = fast ozone demand concentration [ML"];
[O3]g = gas phase ozone concentrations [ML>]; N = number density of viable microorganisms
[L~]; [BrO;7] = bromate concentration [ML>]; £, = liquid phase dispersion coefficients [L*T;
x = distance from the top of each chamber in the axial direction regardless of liquid flow

direction [L]; kza = volumetric mass transfer coefficient [T"']; m = Henry’s law coefficient



[dimensionless]; kp = first-order ozone decay rate constant [T™']; kx = second order rate constant

for ozone reaction with fast ozone demand [L3M'1T'1]; kn = second-order inactivation rate

constant [L3M'IT'1]; kgro3. = first-order bromate formation rate constant [T'l]; Uy, Us = hiquid

and gas phase approach velocities [LT"']

Table 2. Bounday conditions for the governing equations presented in Table 1. For definitions of

terms used, refer to Kim et al. (2005b).

Eounter—current mode

Co-current mode
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C = [Os3];, N, or [BrOs’], I = depth of the water column [L]; and d = E;/(L-U;) = dispersion

number or inverse of Péclet number [dimensionless]
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Figure 4. Main window of the OCM and various input dialog boxes. (Kim et al., 2005b)

3. RESULTS AND DISCUSSION

3.1 Raw Water Quality

Table 3 shows the water quality parameters for the sample used throughout this study

determine using the methods described previously.
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Table 3. Water quality parameters measured for the sand filter effluents in the BWTP collected
on April 1, 2005.

Br (ng/L) pH
9.46 6.82

Turbidity (NTU)
0.419

UVisq(1/cm) TOC (mg/l)
0.0207 1.40

3.2 Ozone Decay Kinetic Constants

Figures 5, 6, and 7 show the ozone decay kinetics at three different temperatures (i.e., 5,
15, and 25 °C) at pH 6.0, 7.0, and 8.0, respectively. These results were re-plotted in Figures 8, 9,
10 to compare ozone decay at different pHs at the same temperature. Table 4 summarizes ozone

kinetic constants and fast ozone demand obtained for each pH and temperature.

Table 4. Ozone decay kinetic constants and fast ozone demand at three different pHs and three

different temperature s.

pH=46.0 pH=7.0 pH=28.0
Temp.
kq(1/s) Dy (mg/L) kq(1/s) Dy (mg/L) ka(1/s) Dy (mg/L)
5°C 0.00033 0.15 0.00053 0.08 0.00065 0.14
15°C 0.00047 0.22 0.00090 0.36 0.00101 0.57
25°C 0.00076 0.46 0.00155 0.65 0.00196 0.83

11
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Figure 5. Ozone decay curve in water sample from the BWTP at different temperatures and

pH 6.0. [O3]o = 1.44 mg/L.
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Figure 6. Ozone decay curve in water sample from the BWTP at different temperatures and

pH 7.0. [03]0 =1.44 mg/L
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Figure 7. Ozone decay curve in water sample from the BWTP at different temperatures and

pH 8.0. [O3]o = 1.44 mg/L.
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Figure 8. Ozone decay curve in water sample from the BWTP at different pHs and 5 °C.
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Figure 9. Ozone decay curve in water sample from the BWTP at different pHs and 15 °C.
[Os3]o = 1.44 mg/L.
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Figure 10. Ozone decay curve in water sample from the BWTP at different pHs and 25 °C. [O3]o
=1.44 mg/L.
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The observed effect of temperature on the kinetic constants can be mathematically

represented using the following Arrhenius expression:

E
k= Axexp(——~
p( RT) [12]

in which 4 is an frequency factor, £, is an activation energy (J/mol), R is the ideal gas constant,
and T is absolute temperature (°K). Figure 11 shows that the observed ozone decay kinetics
followed this expression. Activation energy and frequency factor obtained from the slope and y-
intercept of these graphs are summarized in Table 5. These results were later used to predict

ozone decay rates at different temperatures during full-scale simulation.

Table 5. Activation energy and frequency factors at different pHs.

pH=6.0 pH=7.0 pH = 8.0
E (J/mol) 28308.8 36672.6 37713.9
An 67.4 4111.7 7648.4

0
| ]
r ® pHB.0 1
21 B pH7.0 ]
A pHBO ]
o ]
< ¥
3 I
E i
6 J
t . ]
° . N
-8 4 [ 4
-10 I T T T T T T

0.00330 0.00335 0.00340 0.00345 0.00350 0.00355 0.00360 0.00365

1 / temperature (°K)

Figure 11. Temperature dependence of ozone decay kinetic rate constants.
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3.3 C. parvum Inactivation Kinetics

Clark et al. (2002) provided a critical review on the C. parvum oocyst inactivation

kinetics reported in the literature based on the following Chick-Watson model:

In(N, | No) = -KCt [13]

where N, and Ny are the number of viable C. parvum oocysts at time ¢ and zero, respectively, and
C 1s the concentration of residual ozone. The effect of temperature on K can be expressed by the

following equation.

K =0.118x(1.10) [14]

This equation was proposed as the best fit to experimental data by Clark et al. (2002) but did not
include any safety factor. In contrast, the following equation used in this study estimates K with

the 90% confidence interval (Clark et al, 2002).

K =0.06x(1.10) [15]

3.4 Bromate Formation Kinetics

Kinetics of bromate formation at different temperatures are shown in Figures 12, 13, and
14 at different pHs, respectively. Table 6 summarizes bromate formation kinetics and fast
bromete formation constants (i.e., portions of bromate instantaneously formed during the initial
stage of ozonation) obtained from analyzing these results. Since the raw water contained a
relatively low level of bromide, the bromate formation level was relatively small at less than 3.5
pg/L for all experimental conditions examined (i.e., within 25 mg-min/L. of CT). Note that this

value 1s much lower than the regulatory level currently set by the EPA in the US (i.e. MCL = 10
pg/L).
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It 1s interesting to note that large quantity of bromate was formed instantaneously, 1.e.
within 3 mg-min/L of CT regardless of pH and temperature. This indirectly suggests that the
major pathway to bromate formation during initial stage of ozonation might be related to
oxidation by hydroxyl radical which does not involve hypobromite ions. Note that hypobromite
ion (pK, = 8.8) is a key intermediate in bromate formation by direct oxidation by ozone. Effect
of temperature on bromate formation when plotted versus CT was relatively small for all pHs

investigated.

Table 6. Bromate formation kinetic constants and amount of initial bromate formation for
different pHs and different temperatures. Unit: (ug BrO;7/L) / (min-mgQs/L) for kp,03. and pg/L
for BrOs g

pH=6.0 pH=7.0 pH = 8.0
Temp. - - -
kgro3- BrO; o ksro;3- BrO; kgr03- BrOs o
5°C 0 1.94 0.066 1.58 0.080 1.76
15°C 0.008 1.68 0.099 1.42 0.111 1.73
25°C 0.025 1.65 0.100 1.38 0.110 1.87
25
2.0 ; § i
ég: 1.5 -
o
£
© 1.0 4
m
—e— 5°C
0.5 4 —A— 15°C
—— 25°C
0.0 T T T T
0 5 10 15 20 25

CT (mg min/L)

Figure 12. Bromate formation kinetics as a function of CT at different temperatures and pH 6.0.
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Figure 13. Bromate formation kinetics as a function of CT at different temperatures and pH 7.0
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Figure 14. Bromate formation kinetics as a function of CT at different temperatures and pH 8.0



3.5 Numerical Simulations

Numerical simulations were carried out to predict the performance of the ozone contactor
at the BWTP under a few design and operation scenarios. Of particular concern were residual
ozone control and C. parvum oocyst inactivation, while formation of bromate received less
attention since bromide concentration in raw water was relatively low as shown in Table 3. For
all simulations, initial ozone concentration was assumed to be 1.0 mg/L, which would be
maintained by ozone injector installed just before the ozone contactor. Table 7 summarizes the
simulation scenarios studied. The values of pH (i.e., 6.0, 7.0, 8.0) and temperature (i.e., 5, 15,
25°C) used for simulations were the same as those used for batch tests. Dispersion numbers
were varied from 0.1 and 10,000, which represent hydrodynamic conditions relatively close to
PFR (d = 0.1) and those close to CSTR (d = 10,000), respectively. The contactor was divided

into either 4 cells or 10 cells to simulate the effect of cell division.

Table 7. Simulation conditions for BWTP (Ansan, Korea).

Run ID pH Temperature (°C)  Dispersion No. No. of cells
1 8.0 5,15,25 0.1 10
2 7.0 5,15,25 0.1 10
3 6.0 5,15,25 0.1 10
4 8.0 5,15,25 10,000 10
5 7.0 5, 15,25 10,000 10
6 6.0 5, 15,25 10,000 10
7 8.0 5, 15,25 10,000 4
8 7.0 5,15,25 10,000 4
9 6.0 5,15,25 10,000 4

3.5.1. Residual Ozone Concentration

Controlling ozone concentration is a critical parameter for plant operation because any
residual in effluent may negatively impact subsequent unit processes. For example, residual
ozone might oxidize the surface of activated carbons in a following BAC filter. Therefore,

quenching the ozone residual is often a necessary step.

H effect
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The simulation results suggest that the inlet ozone concentration of 1 mg/L might result
in a relatively large ozone residual at the effluent of ozone contactor, which could be viewed
problematic due to aforementioned reasons. This residual ozone concentration would be
strongly affected by pH, with the highest value at pH 6.0 and the lowest at pH 8.0 among three
pHs investigated as shown in Figure 15. Therefore, increasing the pH could be considered if
decreasing ozone concentration at the effluent is desired without decreasing inlet ozone
concentration below 1 mg/L. However, it should be noted that option of increasing pH above 8.0
should be carefully approached due to possible other complications especially in water

distribution network.
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Figure 15. Residual ozone concentrations at the contactor effluent predicted for the Runs 1

through 9.

Temperature effect

Temperature is another important factor affecting residual ozone concentration. Figure
15 shows that residual ozone concentrations in the effluent would significantly decrease as
temperature increases from 5 to 25°C. Note that predicted ozone concentration in the effluent

was highest when the temperature was lowest at 5°C and pH was lowest at 8.0 for all design
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scenarios. Therefore, controlling residual ozone below a critical concentration level should

consider the combined effect of both temperature (i.e., during cold seasons) and pH.

Dispersion effect

Figure 15 shows that hydrodynamic conditions (i.e., degree of dispersion in ozone
contactor) would exert a relatively small effect on residual ozone concentration. Note that
simulation Runs 1-3 were performed with a dispersion number of 0.1 (i.e., close to PFR) and
runs 4-5 with a dispersion number of 10,000 (i.e., close to CSTR), respectively. While the
hydrodynamic conditions closer to PFR would result in less residual ozone concentration for all
pHs and temperatures but the difference was relatively negligible compared to the effects of pH

and temperature.

Number of Cells

Simulations were performed for Runs 4-6 with ten cells and Runs 7-9 with four cells
dividing the ozone contactor. Note that Runs 4-9 were performed with the same dispersion
number of 10,000. Therefore, having more cells results in the overall contactor hydrodynamic
conditions closer to PFR. Simulation results suggested the effluent ozone concentration would
be much lower for Runs 4-6 (i.e., 10 cells) than Run 7-9 (i.e., 4 cells) especially at 25°C. The
difference became smaller at 5°C. This result suggests that dividing the ozone contactor into
larger number of cells might be considered if reducing residual ozone concentration at the

effluent becomes a concern.

Summary

Given 1 mg/L of ozone at the influent of ozone contactor, simulation results suggest that
it might be challenging to remove the residual ozone at the contactor effluent unless addition of
quenching agents such as hydrogen peroxide is considered. Presence of residual ozone will
become more problematic as temperature and pH decrease. Hydrodynamic conditions might

also play an important role especially with respect to division of the contactor using baffle walls.

3.5.2 C. parvum oocyst Inactivation
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C. parvum oocyst inactivation is one of the primary objectives of ozonation process in
many utilities including the BWTP. Effects of pH, temperature, dispersion, and cell division of
ozone contactor on C. parvum oocyst inactivation efficiency were analyzed using the OCM

software.

H effect

Level of C. parvum oocyst inactivation is determined only by degree of exposure to
residual ozone, often expressed in terms of CT. Since residual ozone concentration would be
higher at lower pH as previously discussed, predicted C. parvum oocyst inactivation also

increased as pH was decreased as shown in Figure 16.
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Figure 16. Log C. parvum oocyst inactivation at the contactor effluent predicted for the Runs 1

through 9.

Temperature effect

Kinetics of C. parvum oocyst inactivation are strongly affected by temperature.
Accordingly, as temperature was decreased, predicted inactivation efficiency dramatically

decreased for all Runs. It was noteworthy that the level of inactivation at 5°C could be as low as
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0.5 log, which might raise concerns on effectiveness of ozone process at the BWTP especially

during cold seasons.

Dispersion Effect

Figure 17 shows that effect of hydrodynamic conditions on C. parvum oocyst inactivation
was more apparent that that on residual ozone concentration. Simulation Runs 1-3 and Runs 4-5
were performed with dispersion number of 0.1 and 10,000, respectively. Simulation results
show that hydrodynamic condition close to PFR (d = 0.1) resulted in much higher level of
inactivation for all pHs and temperatures than that close to CSTR (d = 10,000). This results,
consistent with previous observations in the literature (Kim et al., 2002a, 2002b, 2004) suggest
that designing a contactor hydrodynamic condition close to plug flow (i.e. smaller dispersion
number) is favorable to achieve higher inactivation efficiency of C. parvum oocyst for the same

amount of ozone input.

Number of Cells

As previously described, simulation Runs 4-6 were performed with ten cells and Run 7-9
with four cells. All the simulations were performed assuming the same dispersion number of
10,000. Predicted inactivation efficiency was much higher for Runs 7-9 than Runs 4-6. This
results suggest that designing overall contactor hydrodynamic conditions closer to PFR by
increasing the number of cell division might be beneficial to increase the inactivation efficiency

when other conditions remain unchanged.

Summary

Increasing the number of cells in the ozone contactor and lowering back-mixing in each
cell are recommended to increase the efficiency of C. parvum oocyst inactivation, . Low pH is
favorable for achieving higher inactivation efficiency due to increase in residual ozone
concentration. However, if minimizing residual ozone at the contactor effluent becomes a
concern, pH of ozone contactor influent should be carefully optimized. Achieving adequate
level of C. parvum oocyst Inactivation at lower temperatures might be challenging for this

specific ozone contactor.
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3.5.3 Bromate Formation

Simulation results suggest that bromate would be formed rapidly at the initial stage of
ozonation for all the scenarios investigated, consistent with the observation at the batch tests.
However, predicted overall effluent bromate concentrations were less than 3 ug/L, which is
much lower than the current MCL of 10 pg/L. imposed by the USEPA. These results suggest
that bromate formation during ozonation might not be a concern for the ozone contactor at the

BWTP.
3.5.4 Simulation Results For Each Scenarios

This section shows the details of results obtained for all the simulation runs performed for
this study including the profiles of ozone concentration, C. parvum oocyst inactivation, and

bromate concentration throughout the ozone contactor as well as values of these entities at the

contactor effluent.
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Run I (pH 8.0, d=0.1, 10cells)
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Figure 17. Simulation results of Run 1 (pH 8.0, d=0.1, 10 cells).

Table 8. Simulated results for ozone contactor final effluents at pH 8.0; d=0.1; 10 cells.

Ozone Log. C. parvum Bromate

(mg/1) Inactivation (ng/L)
5°C 0.47 0.78 2.53
15°C 0.17 1.22 2.37
25°C 0.03 1.81 2.24
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Run 2 (pH 7.0, d=0.1, 10cells)
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Figure 18. Simulation results of Run 2 (pH 7.0, d=0.1, 10 cells).

Table 9. Simulated results for ozone contactor final effluents at pH 7.0; d=0.1; 10 cells.

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ng/L)
5°C 0.60 0.89 2.30
15°C 0.28 1.53 2.14
25°C 0.09 2.41 1.83
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Run 3 (pH 6.0, d=0.1, 10cells)

Table 10. Simulated results for ozone contactor final effluents at pH 6.0; d=0.1; 10 cells.
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Figure 19. Simulation results of Run 3 (pH 6.0, d=0.1, 10 cells).

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ng/L)
5°C 0.66 0.92 1.94
15°C 0.41 1.78 1.74
25°C 0.26 3.58 1.81
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Run 4 (pH 8.0, d=10,000, 10cells)

Table 11. Simulated results for ozone contactor final effluents at pH 8.0; d=10,000; 10 cells.

Bromate (ug/L) Jlog C. parvum Ozone (mg/L)
inactivation

0.0
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Figure 20. Simulation results of Run 4 (pH 8.0, d=10,000, 10 cells).

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ug/L)
5°C 0.48 0.71 2.51
15°C 0.19 1.07 2.36
25°C 0.05 1.51 2.24
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Run 5 (pH 7.0, d=10,000, 10cells)
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Figure 21. Simulation results of Run 5 (pH 7.0, d=10,000, 10 cells).

Table 12. Simulated results for ozone contactor final effluents at pH 7.0; d=10,000; 10 cells.

Ozone Log. C. parvum Bromate

(mg/1) Inactivation (ng/L)
5°C 0.60 0.81 2.29
15°C 0.30 1.32 2.13
25°C 0.11 1.92 1.83
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Run 6 (nH 6.0, d=10,000, 10cells)
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Figure 22. Simulation results of Run 6 (pH 6.0, d=10,000, 10 cells).

Table 13. Simulated results for ozone contactor final effluents at pH 6.0; d=10,000; 10 cells.

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ng/L)
5°C 0.67 0.83 1.94
15°C 0.42 1.51 1.74
25°C 0.28 2.68 1.81
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Run 7 (pH 8.0, d=10,000, 4 cells)
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Figure 23. Simulation results of Run 7 (pH 8.0, d=10,000, 4cells).

Table 14. Simulated results for ozone contactor final effluents at pH 8.0; d=10,000; 4 cells.

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ng/L)
5°C 0.53 0.49 2.43
15°C 0.29 0.72 2.30
25°C 0.14 1.05 2.21
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Run 8 (pH 7.0, d=10.000, 4 cells)
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Figure 24. Simulation results of Run 8 (pH 7.0, d=10,000, 4cells).

Table 15. Simulated results for ozone contactor final effluents at pH 7.0; d=10,000; 4 cells.

Ozone Log. C. parvum Bromate

(mg/1) Inactivation (ug/L)
5°C 0.64 0.54 2.22
15°C 0.38 0.82 2.05
25°C 0.21 1.21 1.79
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Run 9 (pH 6.0, d=10,000, 4 cells)
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Figure 25. Simulation results of Run 9 (pH 6.0, d=10,000, 4cells).

Table 16. Simulated results for ozone contactor final effluents at pH 6.0; d=10,000; 4 cells.

Ozone Log. C. parvum Bromate

(mg/1) inactivation (ng/L)
5°C 0.69 0.56 1.93
15°C 0.56 0.97 1.75
25°C 0.36 1.46 1.80
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4. CONCLUSIONS

Kinetics of ozone decay and bromate formation in the source water collected from the
BWTP were determined from batch experiments using the MC-SFR system at different pHs and
temperatures. These kinetics were used by the OCM software to predict the concentrations of
ozone and bromate in the full-scale ozone contactor at the BWTP. Full-scale simulation

performed using the OCM software suggested the followings:

1) Residual ozone concentrations in the contactor effluent would be greatly affected by
changes in pH and temperature. Minimizing the residual ozone concentration at the effluent
might become challenging when pH and temperature are decreased, unless inlet ozone

concentration is reduced or a quenching agent is introduced.

2) Efficiency of C. parvum oocyst inactivation would be strongly affected by pH. It is
noteworthy that adequate control of C. parvum oocyst might become significantly
challenging especially when temperature is decreased. Designing the overall reactor
hydrodynamic conditions closer to PFR by dividing the contactor into more cells and
reducing backmixing in each cell might be desirable to achieve higher inactivation

efficiency.

3) Predicted bromate concentration in the contactor effluent was relatively low. Therefore,
as long as bromide level does not change significantly over time, bromate formation should

not raise a concern for the ozonation process at the BWTP.
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