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Abstract

The use of a declining utilization rate "constant" was investigated for the decay
of ozone concentrations in natural waters. An exponentially decreasing function, based
on three kinetic parameters, was found to provide better estimates of the ozone decay
curves tha~ the commouly-used first order kinetic function. Through the use of batch
testing and the measureme t of physical water quality parameters in different dilutions
of eight natural water samples, an empirically-based relationship between water quality
and these kinetic parameters was determined. The predictive ability of this method was
then examined through its application to bubble column profile generation using the
back flow cell mode! for both cocurrent and countercurrent flow configuratioss.
Countercurrent profiles were observed to fit the experimental data reasonably well,

while cocurrent results were less defiaitive.
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Introduction

An improved understanding of chemical degradation by ozonation will enable
improved design of ozone reaction vessels for full-scale water treatment. The back-
flow cell model (BFCM) bas been demonstrated by Zhou (1995) to predict ozone
concentration profiles very accurately through the entire height of a bubble column
when ozone demand-free water is used. By incorporating thie kinetics of ezone
degradation caused by material in natural waters into the BFCM, it may be possible
accurately predict the behaviour of natural waters in various treatment scenaries.

In theory, it is necessary to know the concentrations and reaction kinetcs of all
constituents of a water sample to calculate how that water will respond to ozonation.
However, by performing various physical tests which may serve as indications of
relevant water properties, it may be possible to form guidelines to predict how a given
water sample will respond to oxidative treatment. For instance, it is known that ozone,
generally, will react quickly with double bonds by a dipolar addition mechanism.
Double bonds are also largely responsible for light absorption. Hence, running a UV
spectrograph at a given wavelcngth may serve as one indication of the reactivity of the
sample towards ozone. The effectiveness of ozone as an oxidant stems in part from its
ability to decompose, forming highly reactive radical products, such as hydroxyl
radicals, which then react non-selectively with dissolved substances. These radicals can
be scavenged by certain inhibitory species, most notably carbonate and bicarbonate
ions. Therefore, the alkalinity of the water may be used as an inverse measure of the
effectiveness of oxidation. As many dissociating organic compounds will react much
faster in their deprotonated forms, the pH of the solution will likely also be important.
Other factors which may serve as useful indicators of kinetic properties include
temperature, total organic carbon content, and the concentrations of certain metals

which, among other effects, may serve to tie up scavenger species.



The determination of ozonation kinetics for natural waters is a much-discussed
issue in the literature. While most authorities agree that simple first or second-order
schemes do not adequately describe the process, there are few other descriptions
offered. Some bave suggested a two stage, first order process, the first stage
representing the apparent initial demand, the second representing the remaining
reaction. However, exzamination of decay curves shows the ratz "constant” to be
continually changing over the course of the reaction. Therefore, this research will
investigate the possibility of a specific utilization rate, kyy, that changes exponentially
with the amount of ozone consumed.

Using bench-scale batch tests to determine the kinetics of individual water
samples, the resulting kinetic parameters will be regressed on the measured physical
properties of the samples to determine if a relatively simple linear relationship exists. If
so, the predicted kinetic parameters of several water samples will be used to
mathematically model the ozone concentration profiles in a pilot-scale bubble column
using the BFCM, and the results compared to the experimentally observed profiles for

those samples.



Literature Review
Ozone oxidation of organic contaminants in drinking water treatment is a
complex process involving many different pathways, mechanisms and chemicals. This
review of the literature on the subject divides the process into three components:
mass-transfer, ozone decomposition, and reactions. Finally, various attempts to model

the combined processes will be investigated.

Mass-Transfer

Ozonation is a gas-liquid process that involves simultaneous mass transfer and
chemical reactions (Beltran et al 1992; Gurol and Singer 1983). Therefore kinetic
equations used for process design and specification must take both reactions and mass
transfer into account (Singer and Gurol 19%3; Beltran et al 1992, 1993; Zhou 1995).
This requires knowledge and understanding of the relationship between the partial
pressure of gaseous ozone, its solubility in water and the rate of mass transfer from gas
to water (Gurol and Singer 1983).

The most widely accepted model for predicting the air-to-water mass transfer

of ozone is the two-film model (Glaze 1987, AWWARF 1991; Zhou et al 1994).

dC/dt:akLa(ﬁC°—C)=akLa(ﬂ(P/H)—C) ¢))

where: ky = local liquid mass transfer coefficient (w/s)

a = specific interfacial area = interfacial area (m2) / liquid volume (m3)

(ky a = »verall mass transfer coefficient ()]

Cc*= [03] in equilibrium at the interface (mol/L)

C=[03] in the bulk liquid (mol/L)

P = partial pressure of ozone in gas phase (atm)

H = Henry's Law constant = 0.082 atm m3 g mol-]

0. = mixing intensity and tank geometry correction factor

B = water characteristics correction factor

The difference in ozone concentration between the interface and the bulk liquid, (C* -

C), sets up the concentration gradient that drives the dissolution. Therefore, rapidly



occurring reactions consuming ozone in the bulk liquid will increase the gradient, thus
increasing the rate of ozone dissolution (Glaze 1987). In the extreme case of phenol,
the rate of reaction between ozone and phenol is so fast as to be mass-transport-
limited, causing the concentration of dissolved ozone to be close to zero until all of the
phenol has reacted (Singer and Gurol 1983). In turn, the rate-limiting factor in the
mass transfer process is the diffusivity of ozone in the liquid film, as diffusion in the
gas phase is much more rapid (Zhou et al 1994).

The transfer efficiency is a measure of how much of the ozone in the feed gas
is transferred to the liquid phase. It is a function of many factors, including the ozone
feed concentration, gas flow rate. and hydrodynamic behaviour of the fluid (Roustan et
al 1995). By increasing the concentration of ozone in the feed gas, Laplanche et al
(1991) observed the transfer efficiency and the quantity of ozone dissolved to increase.
Very little change in the transfer efficiency was observed when the pH was adjusted by
1 unit, or when the product of the reaction rate constant and the contaminant
concentration was varied from 1 to 100. When the gas flow rate was increased, the
transfer efficiency was observed to increase. This was due to an increase in the value
of the overall mass transfer coefficient (the mass transfer in bubble columns is more
closely related to the gas bubble velocity than the liquid phase velocity). The likely
cause of the increase in kj a is an increase in interfacial area, a, not in ky which is

mainly controlled by diffusion of ozone in the liquid film (Zhou 1995).

Ozone Decomposition

While gaseous ozone is relatively stable, solutions of ozone are generally
unstable, undergoing autodecomposition to form hi »hly reactive free radical products
(Hoigne and Bader 1983a; Gurol 1585; Glaze 1987; Yurteri and Gurol 1938;
AWWAREF 1991; Zhou et al 1994; Zhou 1995). This decomposition is generally
initiated by hydroxide ions (Yurteri and Gurol 1988; Yurteri and Gurol 1989; Beltran



et al 1993; Staehelin and Hoigne 1985) or other initiator species, such as formate ions
(Glaze 1987, AWWARF 1991).

Ozone decomposition in natural waters is mechanistically complex
(Guittonneau et al 1992). Many different mechanisms have been proposed for the
decomposition process, hypothesizing various intermediate- and end-products,
although they all portray the mechanism as being a radical chain reaction, with some of
the reaction products or intermediates acting as promoters or initiators themselves
(Hoigne and Bader 1983a). The Hoigne, Stachelin and Bader mechanism is one
proposed set of decomposition reactions (AWWARF 1991):

1)0,+OH™ —5— HO, +O0; k, =7.0x10' M5!
1’)HO, «2>0; +H* k, =ionizationconst.= 107
2)0, +0; —20; +0, k, =1.6x10° M's™
3)0; + H* <2525 HO, k,=52x10" M"'s™
k_, =23x10%s™
4)HO, —+—OH +0, k, =1.1x10°s™
5)0OH + 0, —~— HO, k,=2.0x10° M7's™
6)HO, —— HO, +0, kg =2.8x10%s™
THO, + HO, — H,0, +20,

8)HO, + HO, — H,0, + 0, + 0,

In this mechanism, steps 1 and 1' constitute initiation, steps 2 through 6 are the
propagation phase, while 7 and 8 are the chain breakdown stages. Another proposed
mechanism is that of Gordon, Tomiyasu and Fukutomi (AWWARF 1991):

1O, + OH™ —5 HO; +0, k, =(40+2)M's™
2)HO; +0,—5—>0; + HO, k, =22x10°M's™
3)HO, +OH <> O; + H,0 k,=10"**

4)0; +0, —2-0; +0, k, =1.6x10° M's™!
5)0; + H,0—*—>HO+0, + OH" k,=20-30M"s"
6)0, + HO—0; + HO, k, = 6x10° M5
7O0; + HO—-0, + OH~ kg =25x10° M's™

8)HO + 0, —> HO, +0, k, =3x10° M's™



9HO + CO} —2—OH" +CO; k, =42x10° M7's™

10)CO; +0O, — products (CO, + O; +0,)

In addition to initiators and promoters that can start or accelerate the auto-
decomposition of ozone, compounds known as scavengers or inhibitors can slow it
down and break the cycle of the chain reaction by reacting with hydroxyl radicals
withcut producing more radicals (Hoigne and Bader 1979; Staehelin and Hoigne 1985;
Yurteri and Gurol 1988). This causes a lower concentration of hydroxyl radicals, and
hence a lower rate of decomposition, which in turn will lead to a greater concentration
of molecular ozone (Glaze 1987, AWWARF 1991]; Le Sauze et al 1993). The most
common scavengers are the bicarbonate and carbonate ions (Glaze 1987). Staehelin
and Hr.zne (1985) provide a table of typical compounds that can act as initiators,

promoters and inhibitors.

Table 1: Compounds and Their Functions in Ozone Decomposition.

Initiators Promoters Inhibitors
OH- RoCHOH CH3CO0"
HyO0, /HOy" aryl-R alkyl-R
Fe2t tormate HCO03-/CO32-
formate (bumics) (humics)
humics O3 (TOC)
(TOC)

Compounds which appear in more than one column can act in different capacities
under different conditions.

There has been a large volume of work published on the decomposition
kinetics of ozone, although finding a consensus is difficult (Staehelin and Hoigne

1985). The simplest kinetic equations governing the process are of the form:

dCldt = -k,C" @



where C 1s the ozone residuai concentration at time t, kg is the apparent decomposition
rate constant, and n is the order of the reaction (Marinas et al 1993). However, in
studies that fit their dat: to this form, there is very little agreement on the value of n.
Most studies apparenti: {3 the order of the decomposition to be adequately
approximated by first ordi: - ..~tics with respect to ozone concentration (Roth and
Sullivan 1983; Marinas et ai i5+.; Zhou et al 1994; Zhou 1995), although Marinas et
al (1993) cite studies which found second order kinetics to more accurately describe
the process. Zhou et al (1994) and Zhou (1995) use a similar kinetic equation for clean

water, although the ky, is actually the “specific ozone utilization rate", which changes

during ozonation due to variation in water character:

~dC,/dt =k,C, 3)
Other studies have found the rate of decomposition to be first order with respect to

both ozone and hydroxide concentrations (AWWARF 1991),

~d[0,)/dt = k[O,][OH "] 4)
although this can be expressed as a pseudo-first order expression for a given pH.

—(d[O;)dl) ;= K[ O] &)
k[OH }=k' (6)

There are more detailed kinetic equations that have been proposed, such as those of
Yurteri and Gurol (1988):

-d[O3)dt = T (k,; + k,,)[S,NO;]+k, [OH "1 O 1+k, [O; [0, 1+ K5 [OHNO;1  (7)
and Guittonneau et al (1992):
~d[O,)idt = [Z K[ D1+ Zk, [N+ k[ PVZ RS [SDIO;] @®

where: ZKp[D] = direct reaction with O3
Zki[I] = initiation of O3 decomposition to HO radicals



Skp[P] = reaction of O3 with promoters to form more HO radicals
Zkg[S] = scavenging of HO by generic scavengers

Guittonneau et al (1992) and Zhou (1995) both state that ozone decomposition
in natural waters appears to take place in two stages. The first stage is a rapid process,
followed by a s¢ * of much slower, first order decomposition reactions.

Due to the initiation of the decomposition reaction by hydroxide ions, the pH
of a water sample will play a large role in the rate of ozone decomposition. As the
concentration of hydroxide ions increases (increasing pH), so will the rate of
decomposition (Hoigne and Bader 1979; Roth and Sullivan 1983; Staehelin and
Hoigne 1985; Le Sauze et al 1993; Marinas et al 1993; Zhou et al 1994). Gurol and
Singer (1983) found that ozone decomposition was negligible at pH's of less than 4,
and Yurteri and Gurol (1988) state that ozone is relatively stable in solutions with low
pH. It follows, therefore, that for waters with higher pH, higher ozone doses are
required to achieve the same dissolved ozone concentration in the effluent (Le Sauze
et al 1993).

Other factors which influence the rate of ozone decomposition are the
temperature, the intensity of UV light, the organic and inorganic contents of the water,
and the presence or absence of organic and inorganic inhibitors, initiators and
promoters (AWWARF 1991; Zhou et al 1994). Marinas et al (1993) state that the rate
constant decreases with increasing concentrations of radical scavenger species, while
Zhou et al (1994) found that the more polluted a water is, the greater the ozone decay

rate, and hence the greater the ozone dose necessary to obtain a desired residual.

Ozone Reactions with Organics

One major benefit of the oxidation of organic pollutants with ozone is the
destruction of the compounds, unlike with other treatment processes such as reverse
osmosis or activated carbon adsorption, in which the pollutant is merely concentrated

in a phase other than the water which then still needs to be disposed of (Gurol 1985;



Glaze 1987). The oxidation can take place at different rates, yielling different
intermediate and end products, or by different mechanisms and pathways depending on
the compounds present and the conditions of the system (eg. treatment rate,
temperature, pH, presence or absence of certain organic and inorganic compounds,
etc.).

There are two major pathways which act in the ozonation of organic materials:
direct oxidation by molecular ozone, and indirect oxidation by ozone decomposition
products (Hoigne and Bader 1979, 1983a; Yurteri and Gurol 1988, 1989; AWWARF
1991; Guittonneau et al 1992; Beltran et al 1993; Blum et al 1993; Zhou e; = 1994;
Zhou 1995). Both of these pathways may be operating at the same time, or one may
be dominant, depending on the conditions and the chemicals being oxidized. The two
pathways will also lead to different selectivities with respect to which compounds are
oxidized and hence what products are formed. Molecular ozone is very selective, while
the free radical species formed as a result of ozone decomposition are far less
selective. Only compounds that have bonds with special reactivity towards ozone will
react with molecular ozone. Examples of these bonds are those often found in living
cells, and in compounds that impart an odour, taste or colour to water (Hoigne and
Bader 1979). Therefore, in the treatment of drinking water, most o. the oxidation of
trace organics occurs via the free radical pathway (Hoigne and Bader 1979; Yurteri
and Gurol 1989; Guittonneau et al 1992), although certain conditions can decrease the
rate of radical reactions, increasing the contribution from molecular ozone oxidation.
The presence of high concentrations of carbonate or bicarbonate, which absorb
hydroxyl radicals, will stabilize the molecular ozone, resulting in less decomposition,
and hence lower contributions from the radical pathway (AWWARF 1991;
Guittonneau et al 1992). Also, at low pH, the hydroxide ion concentration is lower,
hence lowering the rate of initiation of decomposition, leading to a lower rate of

oxidation by radical species (Hoigne and Bader 1983a; Beltran et al 1993).
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The::iodynamically, molecular ozone has a very high free energy of oxidation,

as seen in the following half-reaction:

O,+2H" +2¢” > H,0+0, (AG° = -400kJ/rol) &)
However, this thermodynamic potential is limited by reaction kinetics. These kinetics
are best when the ozone is able to act as an electron transfer acceptor for the oxidation
of metals, an electrophile for the oxidation of pkenol and other activated aromatics, or
a dipole addition reagent when involved in the addition across carbon-carbon double
bonds. Electron withdrawing groups on the oxidized compound will generally severely
depress the rates of oxidation, as in the case of chloroform (Hoigne and Bader 1979,
1983a; Glaze 1987; Beltran et al 1993) due to the high clectronegativity of chlorine.
This effect is most apparent when highly electronegative groups, such as
-COOH and -NO», are substituted around a double bond (the most common site of
ozone attack) (AWWARF 1991). On the other hand, electron donating groups, such
as -OH and -NH), can increase the reactivity of double bonds or aromatic structures
(Hoigne and Bader 1983a; AWWAREF 1991).
It is also possible for many consecutive, parallel reactions to be in progress,
each using the same reactants, but proceeding via different mechanisms to produce
different intermediate and end products. For example, the following oxidation scheme

has been proposed for phenol (Singer and Gurol 1983):
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electrophilic o o
@ attack @

o-quinone
{
72 products
& a > of further
COOH COOH ozonolysis

muconaldehyde muconic acid

Figure 1. Oxidation scheme for phenol. (Singer and Gurol 1983)

When dealing with dissociating organic compounds, the general tendency is for
the rate of reaction to increase with increasing deprotonation (Hoigne and Bader
1983b; Beltran et al 1993). Often the rate will change by a factor of 10 per unit pH
difference. This is likely due to an enhancement of the nucleophilicity of the reaction
site by an inductive or mesomeric effect (Hoigne and Bader 1983b).

When determining whether a reaction is proceeding via the direct or indirect
pathway, the Hatta number will help to determine which of four kinetic regimes the
reaction adheres to. The Hatta number, Ha, relates the rate of reaction to the rate of
mass transfer across the gas-liquid film into the bulk solution, and is calculated as
(Beltran et al 1992, 1993):

Ha =(\[k,C,D,,)k, (10)
where: kq = direct rate constant for reaction between ozone and B (I mol-1 s-1 or s-1)
Cp = concentration of B (mol I-1)
DQ3 = diffusivity of O3 in water (1n2 s-1)
ky = liquid phase mass transfer coefficient (m s-1)

The kinetic regimes describe the rate and location of reactions. They range from the
very slow regime, in which the reaction will occur almost entirely in the bulk solution,

to the instantaneous regime in which the reaction occurs entirely in the liquid film.
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Figure 2. Diagramatic representation of the kinetic regimes. (Beltran et al 1992)
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A* = concentration of dissolved gas A at the gas-liquid interface
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The following table shows the values of the Hatta number that correlate to each

kinetic regime:

Table 2. Hatta numbers (Beltran et al 1992).

Kinetic Regime Hatta Range
instantaneous Ha >> nE;
fast pseudo first order 3<Ha<E;/2
slow 0.02<Ha<03
very slow Ha <0.02

E; = 1+ (zDg[B)/DA[A*]) = instantaneous reaction factor
z = stoichiometric ratio, moles of ozone consumed per mole contaminant
oxidized

Beltran et al (1992) determined that Ha for the self decomposition of ozone is less

than 2x10-3 at a pH value of less than 7, and 0.13 at pH 12. Therefore the self

decomposition process is slow or very slow and occurs in the bulk liquid. Hence, for

indirect reactions to be able to compete with direct reactions, the direct reactions must

also fall into the slow or very slow regimes. In general, the direct reactions are
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considerably slower than radical reactions, leading to the conclusion again that most
ozone reactions in drinking water treatment will occur via the radical pathway (Yurteri
and Gurol 1988).

Hoigne and Bader (1983a) determined the direct reaction rate constants for the

reactions of ozone with different compounds, some of which are shown here:

Table 3. Selected 1st order rate constants. (Hoigne & Bader 1983a)

Compound 1st Order Rate Constant
nitrobenzene 0.09+0.02
chlorobenzene 0.75%0.2
benzene 2+04
toluene 14+3
phenol 1300 + 300
tetrachloroethylene <0.1
trichloroethylene 17+ 4
methanol ~0.024
ethanol 0.37+0.04
1-propanol 037+0.04
formaldehyde 0.1+0.03
acetaldehyde 1.5+0.2
carbon tetrachloride <0.005
chloroform <0.1
bromoform <0.02
acetone 0.032 + 0.006
dioxane 0.32+0.03
glucose 0.45 + 0.05

It was observed that all of the reaction rates increased with increasing t=mperature.
Hoigne and Bader determined that the reaction kinetics were first order, with respect
to both the ozone and solute concentrations, for all solutes tested. This agrees with the
results found by the same researchers in 1979. Other researchers have found the
kinetic equation for combined direct and indirect reactions to be of the form (Yurteri

and Gurol 1989; Beltran et al 1993):
~d[SValt = k4o [O;ISHE irecs [OH "1 S] (11)
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Yurteri and Gurol (1989) continued on to state that the concentration of hydroxyl

radicals is a constant function of the ozone concentration,

[HO]=Y¥[O;] (12)
where W is a function of all solutes and the rate constants of all initiators and inhibitors

present, and therefore:

~d[SYdt = k,[O,][S] (13)

where:

kr = K girger + \ka'ndircct (19)

Beltran et al (1993) state that this is only valid for slow or very slow reactions where
the reaction takes place in the bulk solution {ie. the reaction rate is not mass-transfer-
limited). On the other hand, Guittonneau et a1 (1992), found that as the majority of

oxidation proceeds via the radical pathway, the kinetics follow:

—d[SVdt = k[OH"][S] (15)

although there may be some very fast reactions occuring in the first 5 seconds. Zhou
(1995) found that the kinetics do not follow a simple first order model, and refers to
an immediate ozone demand, followed by changing reactivity as ozonation proceeds.
Blum et al (1993) investigated different methods for the prediction of rate
constants for the reaction of organics with hydroxyl radicals. They found a good
correlation between the values of the rate constants for reactions involving hydroxyl
radicals in air and water, but then by including solvation effects (polarity and molecular
volume) much better correlations were obtained for compounds reacting via hydrogen

abstraction mechanisms.

108k o) wusey= 0.7010g (K 1) ., —0.88(TT*)+0.66(v,/100) (R® =0.93)  (16)



I¥isa parameter representing polarity
vj is the Van der Waals molar volume (cm?3/mol)

In general, an increase in polarity of a compound will lead to a decrease in the ratio of
Kyater’Kair» While a decrease in the molecular volume will lead to a decrease in the
same ratio. The advantage to using such a correlation is that the large volume of work
published on atmospberic ozone reactions contains rate constants for compounds
which have very little .. ork rublished on them in an aqueous environment. Also, they
determined that a fragment constant equation can be of use where other information is
not available. This is an equation that will provide an estimate of the rate constant

from the structural formula of the compound.
ko = ZHCH,(X)) + ZE(CH,(X)(Y)) + S K(CHX)Y)(Z)) 17
where X, Y, and Z are functional groups that each have factors assigned to them.

Modelling of Ozone Reactions

Chang and Chian (1981) modelled the ozonation of methanol in an ozone-
sparged column. They assumed the liquid phase to be well-mixed, and the gas to
approximate plug-flow. Their model did not take stripping of the methanol into
account. Their results were found to adequately predict the TOC of the effluent and
the individual concentrations of methanol, formaldehyde and formic acid. It was
observed that the TOC removal efficiency could be increased by raising the partial
pressure of ozone in the feed gas, the superficial gas velocity, or the residence time.
The reasons for these improvements were postulated to be different in all three cases
though. For the ozone partial pressure, the improvement was believed to be due to an
increase in the driving force behind the mass transfer of ozone into the bulk liquid. The
increase in superficial gas velocity was believed to cause an increase in ky a, while the

increase in residence time simply gave the compounds more time to react. When they
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investigated the scale-up practice of maintaining a constant superficial gas velocity,
they found that TOC removals dropped in larger columns because the volume
increases faster than the cross-sectional area for vessels of the same relative
dimensions.

Gurol and Singer (1983) state that formulating a model requires knowledge
and understanding of the relationship between the partial pressure of ozone and its
solubility in water and rate of mass transfer from gas to water, the kinetics of self-
decomposition, and the kinetics of oxidation of solutes and their oxidation products.

They proposed the following generalized mass-balance formula as a starting point:

d[OYat = d[O,))dt - d[O)Jdt - 2 d[0,)/dt (18)
total absorption decomposition oxidationreactions

In formulating a medel for the batch oxidation of water contaminated with phenol,
they determined mass balance equations for phenol, ozone and the reaction
intermediates: catechol, hydroquinone and muconic acid. When the equations were
solved simultaneously as a function of time, the calculated concentrations were found

to adhere to the following generalized output:

Species Conc.

time

Figure 3. Generalized model output {Gurol and Singer 1983).

The results were found to be very sensitive to changes in ky a and the saturation
concentration of ozone, and wher compared to empirical data, the model output was

found to adequately predict the observed results.
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Yurteri and Gurol (1988, 1989) have modelled the rate of ozone consumption
in natural waters. They have used a parameter, “w”, known as the specific ozone
utilization rate, wiuch is determined by the pH and the raw water chemical matrix. The
utilization rate differs from a rate constant in that it can take into account the changing
nature of the raw water. Using synthetic water samples and regression analysis, they

determined a formula for the prediction of “w”:

logw = —3.98 + 0.66 pH + 0.611og(TOC)-0.42log(alkalinity/10) (19)

where the units of “w” are hr-l. They found that TOC was able to be used as a
measure of promoters, while the alkalinity could serve as a measure of inhibitors. They

tested the formula over ranges of parameters commonly found in natural waters:
1<TOC <5 mg/L
10 < alkalinity < 500 mg/L as CaCO3
7<pH<9

The model was then tested against several naturz water samples, for which the
predictions appear to adequately predict the ozone utilization rate. They caution
against the use of the model with samples heavily contaminated with synthetic organic
carbons (SOC), however, as some SOC's can change “w” more than is predicted by
the equation, possibly due to the promouou of the radical cycle. Roustan et al (1995)
performed a similar study and proposed a similar equation for the prediction of the

overall kinetic constant, k:

log(kc)= —-4.0 + 0.29(pH)+1.1910g(TOCY+0.41log(total alkalinity) (20)

The investigators do caution, however, that the validity of the equation is limited to
the tap water used in their experiments.

Laplanche et al (1991) simulated the transfer of ozone in water, and compared
the model to a pilot unit. They used two assumptions in their modelling. The first was

that the air and water circulated in plug flow and perfect counter-current mode, and
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the second was that for a small increment in height, dh, the ozone in the water and air

are constant. They determined the ozone balance between heights h and h+dh to be:

€ hiha dby ™ Cihy * ¥L%BC = Crom 19V = C gy {1 - cxpl-K [OH "Mdn - C (1 - expl-k, [Pldt) 21)
ozone transferred self-decomposed ozone consumed
from gas to liquid ozone by oxidation

The model does not take into account the oxidizability of oxidation products, but does
predict the ozone concentration profiles fairly well. They point out that their sampling
method for the pilot unit probably entrained ozone bubbles in the sample, rather than
just extracting liquid. By manipulating model parameters, they found the transfer
efficiency to be relatively insensitive to small changes in pH or in the reaction rate
constant, and that increasing the value of kj a raised the transfer efficiency and the
effluent ozone concentration significantly.

Guittonneau et al (1992) propose a kinetic mode; that uses first order kinetics:

—d[oalfdt=[zKD[D1+2k,[111+—§’,Z—{§]T)1[031 @2)

where: ZKp[D] = direct reaction with O3 ( s*1)
Zkj{I] = initiation of O3 decomposition (to HO radicals) (s-1)
Zkp[P] = reaction of O3 with promoters to form more HO radicals (s-1)
Tkg[S] = scavenging of HO by generic scavengers, S (s-1)

From their experimental work, the researchers claim that the reactions do indeed
follow first order kinetics, although there may be some very fast reaction occurring
within the first five seconds, indicating that ozone decay consists of a rapid process
followed by much slower decomposition that is kinetically first order.

Marinas et al (1993) assumed that mixing can be modelled mathematically if
the dispersion can be represented by diffusion laws, the concentration profile is
uniform in a radial direction, and the axial dispersion is uniform. In addition, to
calculate the ozone transfer, they assumed that steady state flow conditions existed,
dispersion occurred only in the liquid, the two-film model was valid, the apparent

ozone decomposition rate followed dC/dt=-k4qC™, and ozone was stable in the gas
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phase. Their model used closed-vessel axial dispersion. From their experimental work,
they found that n=1 best represented the data. Applying the mode! to experimental
conditions, they observed that ozone residuals in the contactor effluent decreased as
the feed gas flowrate increased or the ozone concentration decreased. Under common
operating conditions, the mixing environment varied from highly mixed to nearly plug-
flow. The dispersion was observed to increase with increasing gas flowrate, and with
decreasing water flowrate.

Le Sauze et al (1993) modelled the ozone transfer in a bubble column. They
divided the column into three separate compartments for modelling purposes to
simulate their assumpt.on that the two ends ure mixed due to water and gas input,
while the middle can be represented as plug-flow. Other assumptions made were that
the gas can be represented as plug-flow, the reactor was at steady state, the
temperature was constant and homogeneous within a small volume element, dV, the
ozone transfer can be described by the two-film model, the transfer coefficient, ky a, is
constant along the reactor, and there is no radial ozone gradient. They chose to use the
specific ozone utilization rate as proposed by Yurteri et al (1988) for the reaction rate
constant. By manipulating the model parameters, the researchers observed the ozone
concentrations in the reactor to decrease with increasing pH. The ozone consumption
was greater with increasing TOC levels, and therefore a TOC increase will lead to
lower ozone concentrations. The transfer efficiency and ozone concentration in the
effluent were observed to increase if the ozone concentration in the feed gas was
increased. With a small amount of mixing, the counter-current arrangement was
observed to out-perform the co-current flow scheme, but with increasing mixing, both
co-current and counter-current patterns gave similar results.

Kallas et al (1995) presented a set of model differential equations and boundary
conditions that were derived to predict ozone concentrations in both co- and counter-

current bubble columns. They attempt to take into account the volatilization of
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organics and use backmixing coefficients for both the gas and liquid phases. However,
the model was not shown to adequately predict experimental results.

Zhou et al (1994) examined the axial dispersion model (ADM) to determine its
validity in determining ozone concentration profiles in bubble columns. Instead of
assuming complete mixing or plug flow characteristics, the model assumes some
degree of backmixing (redistribution due to slippage or eddies). The assumptions made
were that the pressure varies linearly with the column height, the gas holdup and
interfacial area were constant along the column height, the mass transfer resistance
was confined to the liquid side and was not enhanced by ozone decay in the liquid, the
ozone decay was kinetically first order in the liquid and negligible in: the gas phase, and
that Henry's Law applied. Applying tie model to counter-current operation, the
concentration of dissolved ozone was observed to be highest at the bottom of the
column, where the water leaves the column. A concentration jump was predicted at
the top of the column due to backmixing, and the profile curve was observed to have a
gradually increasing slope, except at the bottom where the slope is set to zero as the
boundary condition. Backmixing was characterized by the Peclet number, PeL,. wkich
has an inverse relationship to the amount of backmixing. Increases in P2y, (decreases in
backmixing) caused steeper profiles and higher cffluent ozone concentrations. More
polluted waters were observed to give a greater ozone decay rate, while waters with
higher pH also had increased rates of ozone decay, requiring higher ozone doses to
obtain the desired residual concentration. When simulating co-current conditions, the
absorption was observed to be inferior to the counter-current geometry. The ozone
concentration was observed to be more uniform through the profile in the co-current
than in the counter-current mode, and the profile maximum was located in the middle
of the column, not in the effluent, due to competitive effects of mass transfer and

ozone decay in co-current configurations.
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Smith and Zhou (1994) and Zhou (1995) all exammined the development of the
back-flow cell model (BFCM). Smith and Zhou (1994) compares the BFCM to the
ADM. While the ADM assumes plug-flow with axial dispersion, the BFCM uses
back-flow and exchange flow to characterize the dispersion. Both models provide
almost identical profile curves, but the BFCM was able to be solved more simply than
the ADM, as it uses algebraic rather than differential equations. Zhou (1995) discussed
much of the mathematics behind the BFCM calculations, and the use of the model with
natural waters was investigated. Zhou noted that ozone decay does not follow simple
first order kinetics, as there is a large immediate ozone demand, followed by the much
slower decomposition reactions that appear to adhere to first order kinetics. Using
these modified two-stage kinetics, the BFCM was able to predict column performance
fairly well, while applying simple first order kinetics produced relatively poor
predictions of dissolved ozone profiles.

Westerhoff et al (1995) investigated the effects of natural organic materials on
ozonation byproducts, and the potential for prediction of kinetic constants using
measured UV absorbances at 254 and 280 nm. Their results demonstrated that
chemical structure (aromaticity, acidity and functionality) significantly influence ozone
decomposition. For instance, they illustrated that ozone reacts selectively with
electron-rich organics, such as those containing double bonds. Similar to other works,
Westerhoff et al (1995) found that ozone decay can be represented by a two-stage
process, with two distinct rate constant values. They modelled the first, rapid reaction
phase, by zero order kinetics, although the authors state that this is probably not
accurate, but their experimental design allowed them only a limited ability to sample
during the early stages of reaction. Following the zero order stage, they assigned a
first order kinetic regime to account for the remainder of reaction. By regressing the

UV absorbance readings on the measured values of both rate constants, the authors
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managed to demonstrate an adequate relationship between « physical property of a

natural water sample and its rate of reaction with ozone.
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Methods

In order to determine the kinetics of ozone concentration decay in natural
waters, batch testing was performed on all of the samples at various dilutions. Samples
were ozonated, and the ozone concentrations then monitored for a period of 30
minutes. Various tests were performed on the samples to determine their physical
properties, the results of which were used in a linear regression procedure to develop a
set of equations that are able to be used in the prediction of the kinetics of ozone
decay.

These equations were then used to predict the kinetics of samples taken from
the same sources in the pilot testing portion of the experiment. Samples were run
through a pilot column, and once steady state was acheived, a profile was generated of
the ozone concentrations through the column. The BFCM was then used, along with
the predicted kinetics, to generate predicted profiles, which were compared with those

observed.
Collection of Samples

Water samples were collected from various rivers and lakes in the Edmonton
area. 180 L plastic rainwater barrels were loaded into the back of a truck, which was
then backed up to the edge of a water body. A gasoline-powered electric generator
was used to power a small submersible pump which was lowered from the back of the
vehicle into the water, taking care not to collect the water from a depth too close to
the bottom, so as to avoid sediment intake. The pump was started while water was
discharged back into the water body in order to clean the collection system. A small
volume was then added to the barrel which was then agitated and emptied. This step

was repeated twice more to ensure the barrel was clean. These steps were performed,
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although not necessary, because all analysis was performed on samples after collection,
and there was no need for the water to actually be representative of the exact
composition of each particular water source, only for each sample to be different.
Following the cleaning steps, the barrel was filled with water, and sealed until analysis

was initiated in the laboratory.

Preparation of Glassware

Any glassware that was to come into contact with ozonated water had to be
ozone-demand-free. To prepare glassware, an ozone-saturated solution was prepared
by bubbling ozone through Milli-Q water for approximately thirty minutes. This water
was then poured into the glassware and left overnight so as to satisfy any ozone
demand present. The items were then emptied, oven-dried, and sealed with aluminum

foil until use.

Determination of Ozone Concentration

The concentrations of czone in solution were determined according to the
method of Bader and Hoigne (1982). The method is based on the stoichiometric
decolourization of indigo trisulfonate by ozone. A standard indigo stock solution was
made, from which two reagent solutions were made. The two reagent solutions
contain different concentrations of indigo, and are used for measuring different
anticipated ozone concentrations. Higher ozone concentrations require higher initial
indigo concentrations, in order to avoid complete decolourization.

To determine the concentration of dissolved ozone in a sample, a 100 mL
volumetric flask was prepared by adding 10 mL of the appropriate indigo reagent, and
possibly a quantity of water in cases where the expected ozone concentration was

greater than 0.3 mg/L. The sample was then drawn into the flask, making the volume



up to 100 mL, taking care to quickly mix the solution while not creating bubbles which
can cause ozene degassing.

Absorbance measurements were then taken on a Milton Roy Spectronic 601
spectrophotometer at a wavelength of 600 + 5 nm using 50 mm quartz cells, and
compared to a blank indigo solution which had not been exposed to ozone. The
difference in absorbance between the blank and sample solution is directly proportional
to the sample ozone concentration, which can be calculated using the following

equation:
AA 100

[03](mg/L)=f.b.V (23)

where:AA = (absorbance of blank) - (absorbance of sample)
b = cuvette path length (cm)
V = volume of sample added to 100 mL volumetric flask (mL)
f=0.42 cmx! / mg/L

Determination of Hardness
The total hardness of samples was determined by titrating standard .01M

EDTA into a 50 mL aliquot containing approximately 1 g of UniVer indicator until the
solution changed from red to blue. The calcium hardness was determined by
performing the same titration but using CalVer indicator. Magnesium hardness could
then be calculated as the difference between the two, assuming that calcium and

magnesium are the predominant hardness contributors.

Determination of Alkalinity

To determine the alkalinity, and hence the carbonate, bicarbonate and hydroxide
concentrations, 50 mL aliquots of sample water were titrated with standardized
0.02 N sulfuric acid. After adding 5 drops of phenolphthalein indicator solution, acid
was added until the red to colourless colour change took place. The titre (V) was

recorded, and 5 drops of bromcresol green indicator were added. Acid was then added
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again until the colour changed, and the titre (ng) once again recorded. Once the
titrations were complete, the following table was used to approximate the
concentrations of alkalinity-contributing species:

Table 4: Alkalinity Species Calculations

Condition Predominant Forms Species Concentrations (M)
Vp = Vpg CO;% [CO%]=VpxNx V!
Vp=0 HCO;- [HCOy] = Vpgx Nx V!
Vpg =0 OH- [OH]=VpxNx V!
Vbg> Vp CO,% & HCO;- [CO2)= VpxNx V1
[HCO;]=(Vpg - Vp) x Nx V!
Vp > Vg OH- & CO,> [OH] = (Vp- ng) xNx V!
[CO32]=Vpo x Nx VI

Determination of Total Organic Carbon

A Dohrmann Carbon Analyzer was calibrated for total carbon using a 10 ppm
solution of KHP (potassium hydrogen phthalate). Three replicates were performed on
each sample to determine the total carbon concentration. The UV lamp was then
tumned off and the instrument calibrated for total inorganic carbon using a 10 ppm
solution of sodium carbonate. Each sample was analyzed using three replicates, and
the results subtracted from the total carbon measurements to yield the total organic

carbon (TOC) concentrations.

Determination of Ultra-Violet Absorption

Before each set of samples was analyzed, a blank consisting of Milli-Q water
was scanned and the resulting spectrum saved in memory. Samples were prepared for
ultra-violet absorption scans by vacuum-filtering through Whatman EPM 2000 glass
microfibre filters with a pore size of 0.3 um. The 10 mm pathlength cell was rinsed

twice with the sample before being filled and inserted into the Hewlett Packard diode




array spectrophotometer. Wavelengths from 190 to 820 nm were then scanned, and

the results printed in hardcopy form and saved on disk.

Determinaiion of pH

Before adding ozone to batch test samples, a Fisher 915 Accumet pH meter
electrode was rinsed with a small amount of sample water before immersion in an
appropriately diluted sample. After allowing time for the reading to stabilize
(approximately 2 minutes), the digital reading was recorded. For post-ozonation pH
measurement, the electrode was immersed directly in the reaction vessel after reaction
completion and the measurement taken after readout stabilization. For column tests,

the pH electrode was immersed directly in the sample barrel.

Determination of Temperatures

A mercury thermometer was used to measure the temperatures of all samples.

Determination of Solids
A full gravimetric analysis was performed on all samples to determine total

solids (TS), total dissolved solids (TDS), total suspended solids (TSS), total volatile
solids (TVS), volatile suspended solids (VSS) and volatile dissolved solids (VDS). TS
was deter . «2d by evaporating all liquid from a nickel crucible containing sample on a
steam bath, and then drying the crucible and its contents in a 103°C oven for 60
minutes. The difference between the initial, empty weight of the crucible and its final
weight, divided by the volume of sample used is the TS content. By then igniting the
crucible in a 550°C furnace for 30 minutes, volatiles were driven oﬁ‘, and the change in
weight divided by the original sample volume is the TVS measurement.

TSS was determined by washing a glass fibre filter with Milli-Q water and

drying it in an oven. The filter was transferred to a Gooch crucible which was then
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weighed. Suction was applied to the crucible by a vacuum filter apparatus and 40 mL
of sample was poured through and collected in a clean vacuum flask. The crucible ‘was
then dried for 60 minutes in a 103°C oven and reweighed. The change in weight
divided by the sample volume yielded the TSS measurement. By then igniting the
crucible for 30 minutes and reweighing the crucible, the VSS measurement was
obtained.

By transferring 25 mL of the filtrate from the TSS filtration to a nickel crucible

which was then subjected to the same treatment as in the TS and TVS determinations,

the - «nd VDS were determined.
Dete; .. - fetals
ivan analyses were performed by atomic emission spectroscopy at the

University of Alberta Spectral Services Laboratory. Metals analyzed were: P, T1, Mo,
Zn, Cd, Pb, Ni, Co, Ba, B_ Si, Mn, Fe, Cr, Mn, Al, V, Ca, Cu, Ag, Ti, Sr, Na, and K.
For economic reasons, only one sample was submitted from each sample source, along
with a sample of Milli-Q water. It was assumed that the metal concentrations in the
diluted samples would be adequately represented by calculating the contributions from

the appropriate proportions of sample water and Milli-Q water.

Batch Testing
Batch testing of eight natural waters was performed at different dilution

factors, to determine kinetic parameters, in a floating lid zero-headspace reactor vessel
(Figure 4). Depending on the dilution factor, appropriate volumes of raw test water
and Milli-Q water were added to the batch reactor. Milli-Q water was ozonated for
approximately one hour, at which time 240 mL was added to the batch reactor,
making the total liquid volume up to 1200 mL. The 1200 mL volume was chosen

because it allowed for an adequate number of samples to be withdrawn during the
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course of the experimental run while still leaving enough water in the reactor so as not
to allow headspace to develop when the floating lid contacted the baffles. The
stopwatch was started immediately upon the addition of ozonated water to the reactor.
At the same time, 3 mL of ozonated Milli-Q water was added to a volumetric tlask
containing 10 mL indigo reagent, 75 mL Milli-Q water, and appropriate volumes of
raw test water and additional Milli-Q water to generate the initial (time = 0) ozone
concentration. At pre-determined times, 15 mL samples of reactor water were drawn
off directly into 100 mL volumetric flasks containing 10 mL indigo reagent and 75 mL
Milli-Q water. The 100 mm extension on the sample port was found to significantly
reduce the ozone lost due to volatilization during sampling, yielding more consistent
results. Sample absorbances were then measured and compared to a blank solution
consisting of 10 mL indigo reagent, 75 mL Milli-Q water and 15 mL of appropriately
diluted test water. Ozone concentrations were then determined and plotted against

time to determine reaction kinetics.

Reaction Kinetics

In order to determine the kinetic parameters "a", "b" and "c" in the
hypothesized kinetic equation, a first order plot (log C/C, vs. time) was made of each
set of pooled replicate data. A best-fit curve was plotted by hand through the points,
and the slope measured at each sample time by drawing a straight line tangent to the
curve. Sample times were used because of the certainty of the values of log C/C, at
those times. The slope of the curve at each point is a measure of the specific ozone
utilization rate, k.. The specific utilization rate was then plotted as a function of the
change in ozone concentration. A non-linear least squares regression was then
performed on the data, varying the values of "a", "b", and "c" to minimize the sum of

squares of the residuals.
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To generate the empirical model equations for the prediction of the kinetic
parameters the average observed parameter values were regressed upon the average
analytical variables measured for all of the water samples. Non-significant parameters
were gradually removed from the regressions, until only significant parameters
remained. To verify that the model could adequately predict the kinetic parameters, the
model generated kinetic parameter values were plotted against tle experimentally
observed parameters.  «traight line plot with slope equal to unity and an intercept of

zero is indicative of an effective model.

Column Testing

Using the apparatus depicted in Figure 5, column tests were performed on
samples to evaluate the applicability of the kinetic predictions made from batch testing
data to pilot-scale continuous-flow column tests. By adjusting valve positions, the
apparatus can be configured to perform co-current and counter-current tests. The 2 m
tall cylindrical glass column has an inside diameter of 100 mm. Six sample taps are
located on one side of the column, the upward-opening conical inlets of which were
designed to minimize gas bubbles being trapped in liquid samples. A 25 mm diameter
fused crystalline ahyminum stone sphere was installed at the bottom of the column to
diffuse the ozone-containing extra dry oxygen which was generated by a PCI ozone
generator and quantified using a PCI Ozone Monitor unit

Sample water was pumped from a barrel into the column at a location
approprate to the flow configuration being tested. A minimum of 8 reactor volumes
were pumped through the column before sampling began in order to ensure that the
system had come to a steady state.

A modified version of the ozone concentration determination procedure was
employed. Samples from the six taps were taken directly into 100 mL volumetric
flasks containing 10 mL indigo solution after purging the taps to ensure that the



31

samples were as fresh as possible. The volume was then made up to the 100 mL mark
by adding a measured amount of Milli-Q water to each flask, the volume of which was
taken into account during the calculation of the ozone concentration. This method was
used in order to allow faster sampling than could be performed if the samples were
taken to the mark.

Vertical profiles were then generated for each test which could then be
compared with profiles generated by the backflow cell model using the kinetic

parameters determined from the batch tests.

Back-Flow Cell Modelling
Calculations were performed to generate the required data for the BFCM data

input file for each column test. A listing of the dimensionless parameters is included as
Table 5. The model was modified so as to allow for the correct flow configuration
(See Appendix E for a listing of the FORTRAN program.) Initial guesses and
estimations were used for the first run of the model. The output data were then used to
calculate the amount of ozone utilized, which was then used to calculate a better
approximation of the ozone utilization rate for each cell in the column using the kinetic
parameters determined from the batch testing. These values were then recycled back
into the input file, and the model was run again, this time yielding better results. This

iterative process was repeated until the output data converged and stabilized.
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Table 5: Dimensionless parameters incorporated into the BFCM.
(Source: Zhou 1995)

Parameter Definition Parameter Definition
z (G-05)/N Pep (uLL)/ (D e)
X CL/C, D, (kwer L)/ (N uy)
Y y/Yo Ste (kraL/Nug,) RT/H)
16 Qc/ Q. Sty (kraL) / (N up)
o -(pgeL L)/ (NP r (N/Pe)-05
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Results
Batch Testing

To test the experimental protocols, batch testing was first performed on
Milli-Q water. From Figure 6, a typical first order plot, it can be seen that a
straight line can be fitted to the data, indicating that first order kinetics are
adequate to describe the decomposition of ozone in clean water. It was noted that
the addition of the sample port extension on the batch testing apparatus (Figure 4)
contributed to significantly straighter first order plots, indicating that the feature
greatly decreased the amount of mass transfer that occured during sampling due to
turbulence.

For runs involving natural waters, the experimentally observed values for
all measured parameters are included in Appendix A. A table summarizing major
water quality parameters is provided below.

Table 6. Raw Water Quality Summary

Source [CaT) 1 ] [€o") | [HCO,) | TOC [UVae [ UVawo | pH | T [ TS
mg/L mg/L eqL eqL ppm C | mgl

CaCOs | caco,
Rossdale WTP* | 96.5 31.5 ] .00016 | .00168 | 12.83 | 012 | 0.10 | 7.9 | 20.6 | 196
| PigeonL. 59.8 253 ] 00020 | 00198 | 15.19 | 008 | 006 | 83 | 20.0 | 667
Wabamun L. 43.0 47.0 1 00031 | 00259 | 2486 | 014 | 0.10 | 81 | 192 | 238
Slave L. 47.7 186 1 00008 | 00120 | 1278 | 0.15 | 0.10 | 76 | 203 | 116
Driedmeat L. 87.6 40.7 | 00067 | .00237 | 2870 | 029 | 020 | 9.1 | 194 | 302
Miquelon L. 82.1 626.0 | 00705 | 01248 | 76.85 | 0.59 | 027 | 9.5 | 203 | 5201
Hasse L. 85.1 100.0 | .00015 | 00178 | 21.60 | 0.13 | 0.08 | 82 | 199 | 177
Red Deer R. 99.5 221 | 00013 | 00189 | 1:2¢ | 018 | 014 | 79 | 205 | 153

b Rossdale sample is at 4/5 dilution. All others are 3/4.
**  Temperatures are those at time of testing.

Examination of the log C/C, vs time plots (Figures B-1 through B-22 in
Appendix B) shows just how poorly a first order decay, or a two-stage first order
decay model could fit the decomposition of ozone in natural waters. Most plots
show a gradually decreasing rate constant, resulting in a concave up orientation. In
order for first order kinetics to apply, the plots would have to show predominantly
straight line forms. Due to reasons that will be covered in the discussion section,

this changing rate constant is expected and can be accounted for. Plots of k. vs
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AQ; and the non-linear regression curves are presented as Figures C-1 through C-
19 in Appendix C.

It should be noted that the log C/C, vs time plots for Driedmeat Lake and
Miquelon Lake presented difficulties. The initial ozone demand for all six
source/dilution combinations was satisfied before the second ozone concentration
sample (30 seconds) could be taken. Without a known concentration in this
portion of the graph, it was not possible to determine a reasonable estimate for the
slopes at the first two sample points. Therefore, samples from Driedmeat Lake and
Miquelon Lake were discarded before non-linear regressions were performed to
determine kinetic parameters. Experimental protocols that would allow one to take
more closely spaced samples would allow waters such as these to be included in
future work.

The linear regressions of the calculated kinetic  ‘ameters were performed
by the linear regression feature of Microsoft Excel. It was found that log b yielded
far more significant regressions than "b". For the determination of "c", regressing
the values of log(c/b) was found to yield the most significant results, helping to
take into account the rising, then falling values of "c" with increasing dilution
factor. The resulting regression equations for all three parameters are presented as
equations 24, 25 and 26. The values of the parameters predicted by the equations
generated were then plotted against their respective observed values. Straight line
plots with slope equal to 1 and passing through the origin are indicative of good
predictive powers ot the equations. These Predicted vs Observed plots are
presented as Figures 7 and 8, with their regression equations and R2 values. Both
the log b and log(c/b) plots show slopes of greater than 0.9, intercepts very close
to the origin, and R2 values very close to 1. In both the log b and log(c/b) plots, it
is apparent that there is a good distribution of points throughout the range

covered. For the kinetic parameter "a", many of the non-linear regressions
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generated a value of zero, while the others yielded values between 0.000242

(Rossdale 1/5 dilution) and 0.00473 (Rossdale 3/5 dilution). Because of the

difficulties involved in performing a regression with so many zero values, all values

of "a" were assumed to be zero for the purposes of kinetic predictions.

a=>0

9

log b = -6.892 + 3.443(UV254) + 0.0330(TOC) + 1252((CO2"]) + 0.134(T) + .00137(TS) + 0.170pH) (25)

log(c/b) = 6.005 - 0.157(TOC) - 0.0104(Ca Hardness) + 911.6(HCO,]) + 0.0109(Mg Hardness) - 0.388(pH)

The units of all parameters are as follows:

Parameter
T
pH
TOC
[COs*]
[HCOs7]
UVass
UVas0
Ca Hardness
Mg Hardness
TS

26

Units
°C
log units
ppm
eq/L
eq/L
absorbance
absorbance
mg/L CaCQ;
mg/L CaCO;
mg/L

These terms are listed in order of decreasing statistical significance in each

equation.

Pilot Testing

Pilot testing results are summarized in Appendix D. Concentration profiles

are illustrated in Figures 11 to 22. The error bars used in these figures represent

the stated uncertainty of the indigo method, and do not represent errors observed

in replicate runs as each column test was performed only once.
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Model profiles were not able to be performed on samples from Miquelon
Lake. The Miquelon Lake sample physical properties were well outside those
measured for other samples, and therefore the calculated kinetic narameters were
several orders of magnitude different from the others, and cannot be considered
accurate, as the regression results cannot reliably be extrapolated to this extreme.

Also missing are the BFCM generated profiles for the Slave Lake and
Pigeon Lake counter-current configurations. Errors were made during the
determination of ozone concentrations in some samples, and as the samples were
all used, repeats of the runs could not be performed.

The final data input files for the back flow cell model calculations are
provided in Appendix G.
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Discussion
Bench Kinetics

As observed in the results from the batch tests involving the ozonation of Milli-
Q water, first order kinetics are adequate to describe the decay of ozone in pure water.
The straight line yielded by the In C vs time graph demonstrates this. However, as
experience has shown, such simple kinetics are not generally applicable to natural
waters containing a multitude of compounds, including highly complex humic and
fulvic substances.

Initially, data from the bench-scale tests involving natural water samples were
plotted as log C/C, vs time to test the validity of first order kinetics. Figure 9
demonstrates a typical first order plot. The resultant plots do not support the
application of such simple kinetics to the entire decomposition process, although
following the initial ozone demand, decay may be approximated as first order.
However, as a great percentage of the applied ozone dose is utilized during the initial,
rapid decay, using first order kinetics to represent the process in a treatment situation
cannot be justified. Second order plots of 1/C vs. t did not yield results any more
convincing than first order, as demonstrated by Figure 10.

A function which accounts for the initial, rapid decay but then levels out to
approximate first order kinetics is therefore required. The exponential decay equation
described by Zhou (1995) allows for a changing specific ozone utilization rate, k.

d(C/C,)/dt = -k«(C/C,) 27)

ke = a + be<A0s (28)

Values of k, were eaQCtﬂated, for the times at which athe samples were taken, by
multiplying the slopes c;\f\the log C/C, vs time plots by 2.303 (to account for the plot
being log C/C,, rather tha}n In C/C,). kw was then plotted against the change in ozone
concentration, AO;. Non-linear regression was used to calculate values for "a", "b"

and "c" which yielded a best-fit line. ky vs AC; plots are included as Figures C-1
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through C-19 ir. Appendix C. The fit is generally good, with the exception of the
calculated values of "a".

Inspection of the log C/C, vs time plots shows a smocth decrease in the
magnitude of the value of the specific ozone utilization iute, rapiéts dropping initially,
but slowing down with greater ozonme usage. In natusia! watrvs, which contain
numerous different compounds all in different concentrations, this tr2nd is logical. On
the addition of ozone to the water, individual compounds which react rapidly with
ozone will dominate the apparent rate constant, resulting in a rapid decrease in ozone
concentration. However, as these fast-reacting compounds are oxidized, compound«
which react more slowly with ozone remain, and begin to dominate the overa!.
reaction. The more dominant these slower reacting compounds become, the smaller
the magnitude of the rate constant becomes, until eventually, in theory, the utilization
rate should approach that of the pure water trials once all organic compounds have
been oxidized (assuming other physical characteristics of the water to be similar - pH,

temperature, etc.).

Calculated Values of "a"

In eight of the 19 batch test sets, the non-linear regressions found the best
value of "a" to be zero. It should be noted that a restriction was placed on the
regression that the value of "a" must not be less than zero, as this would imply the
production of ozone. This was not an expected result. Theoretically, it would be
expected that the value of "a" would tend towards the first order rate constant for the
decay of ozone in pure water, as that would be similar to the case once all natural
organic matter had been oxidized (although some contribution from the inorganic
reaction products would be expected). The answer to this may lie in the fact that the
hypothesized equation for the change in specific ozone utilization rate is not perfectly
fitted to the actual kinetics taking place. Another possibility is the influence of points
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of low ozone concentration on the regression. Due to limitations of the indigo method,
ozone concentrations below 0.01 mg/L. are not considerred reliable. Observing the k.
vs AQ; plots (Figures C-1 through C-19), it is noted that, in cases where there exists a
high concentration of oxidizable material in the batch sample (most of the 0.75 and
0.50 dilution samples), the k, values take a sharp concave down curve at high AO;
values, generally at a po':'t before a consistent k., value has been reached. This implies
that it was the organic compcunds present in the waters which were in excess, and not
the applied ozone dose, which would have allowed a more reliable estimate of the
kinetic parameter to be determined. It may be pointed out that by diluting samples to
the point where this will cease to pose a problem, one would be reducing organic
material concentrations below what would normally be found in water treatment
scenarios, and thus the applicability of such a study is diminished. However, in order
to gain a better understanding of the kinetics involved in any situation, it may be
necessary to start with a scenario that can be adequately monitored before moving to a
more realistic set of conditions. In this case, data from the more concentrated samples
were truncated at a point before the downward curve began, and the non-linear

regressions performed on what remained.

General Effects of Kinetic Parameters

Figures 23 through 25 depict the effects of changing the parameters "a", "b"
and "c" on the ozone utilization rate as it changes with the amount of ozone utilized.
Figure 23 shows the effects of changing the value of "a". In the examples shown, the
values of “b” and “c” are held constant at 1.0 and 3.0 respectively, while the value of
"a" is decreased from 0.20 to 0.00 in steps of 0.05. One can see that for every increase
in the value of "a", the entire curve is shifted up by that value, resulting in higher
utilization rate constants at all points. Theoretically, with a high enough ozone dose

that all organic matter is oxidized before the ozone is depleted, the value of "a"
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represents the final rate constant associated with the auto-decomposition of ozone
without the presence of natural organic material, as in the case of the Milli-Q water.

The effects of changing the value of “b” are demonstrated in Figure 24. The
values of "a" and "c" are held constant at 0.6 and 3.0 respectively, while “b” is
assigned values of 3.0, 2.0, 1.0, 0.5, and 0.05. The effect of increasing the value of “b”
is to increase all points on the curve by a factor equal to the ratio of the successive
values of “b”. For example, by changing the value of “b” from 1.0 to 2.0, all points on
the curve would be increased by a factor of 2 (=2.0/1.0) (taking into account that if
"a" is greater than 0, the entire plot will be shifted up). The lower the value of “b”,
therefore, the less the magnitude of the change in k, with increasing amounts of
utilized ozone, and the flatter the curve. The initial value of “b”, when added to "a",
will yield the initial value of k. (ie. the value of k, before any ozone has been used).
Higher values of “b” will be associated with water samples containing compounds
which react very fast with ozone.

Changing the value of “c” while holding "a" and "b" constant (0.0 and 1.0
respectively) yields the set of curves presented in Figure 25. By increasing “c”, the
value of ky decreases towards its eventual asymptotic minimum ("a") at a much faster
rate initially, yielding a steeper curve which bottoms out sooner than a curve with a
lower value of “c”. A higher value of “c” for a natural water would correspond tc a
low concentration of high oxidation rate compounds, which therefore are destroyed
much faster leading to the rapid decrease in reaction rate associated with the steep

initial slope.

Solids Data
Inspection of the gravimetric analysis data obtained for all of the water samples
indicates that significant errors were present. Negative values were encountered for

som. measurements in all categories except for total solids (TS). The most likely



origin of the errors was the drying process. It is possible that either drying was
incomplete or that atmosgpheric moisture contaminated the filters following drying,
although filters were stored in a dessicator prior to weighing. Another potential error
source was the vacuum filtering process. While the filters were each washed and oven-
dried prior to use, glass fibres may have become detached from the filters and washed
into the filtrate, thus decreasing the apparent suspended solids load, and increasing the
apparent dissolved solids. If, in fact, the problem did lie in the filtration step, then the
only measurements that can be considered reliable are the total solids and total volatile
solids, as these are the only two measured parameters that do not involve filtiation in
their determination methods. Therefore, for the purposes of linear regression, only the
TS and TVS were considered as possible influencing parameters in the determination

of ozone decay kinetics.

Highd[O}/dt

Due to physical experimental limitations, the earliest that a second sample
could be taken during batch testing was after 30 seccnds. In some cases, by this time
the ozone concentration had already reached very low levels at which the rate of its
decomposition was relatively slow and slow to change (the nearly horizontal portion
of the decay curve). In these situations, it becomes impossible to accurately interpolate
the decay curve between sample points for times less than thirty seconds. As a result,
slopes cannot be determined for the first two sample times. It could not be considered
reliable to base the non-linear least squares curve-fitting procedure on the decay rates
at the remaining sample points due to the minimal differences between different waters
in this portion of the curve. For this reason, all of tae results from Miquelon Lake and
Driedmeat Lzke werz discarded for the purposes of the linear regression analysis.
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Regression Fit

In performing the linear regressions to generate the parameter estimation
equations, a stepwise reduction of variables approach was used. Regressions were
performed starting with all available variables being used. After each regression, the
least significant variable was removed, and another regression performed, until all
variables remaining were judged to be significant. By removing each variable, a very
small reduction in the R2 value was observed, but at the same time, a greater simplicity
in the (esulting equation was achieved. The final parameter estimation equations are
judged to be a good tradeoff between the accurate prediction of the parameters in
question, and simpiicity in terms of the number of variables included. The final
equations for both log b and log c/b yield R? values of greater than 0.90, indicating
that a good fit has been obtained.
Efffects of Water Quality Parameters on Ozone Decay Kinetics

Examining equations 25 and 26 on page 37, the effects of the various physical
properties of a water sample on the ozone decay kinetics can be inferred. It is
observed that the value of “b” increases with increases in temperature, pH, TOC,
carbonate ion concentration, UV absorbance at 254 nm, and total solids concentration.
As increases in “b” lead to increases in the ozone utilization rate, the only one of these
relationships which comes as a surprise is the carbonate ion concentration dependence.
All of the available literature points to carbonate ion as being an inhibitor of ozone
decay, acting as a radical chain terminator, and therefore one expects to see increases
in its concentration having a negative effect on ozone decay rates. However, it is
possible that the carbonate ion may be interacting with another parameter to cause the
increase. Inspecting the equation regarding the value of “c”, it is observed that “c” is
increased by increases in bicarbonate ion concentration ari the magnesium hardness,
while it is decreased with increases in the pid, total organic carbon and calcium

hardness. As increases in “c” lead to faster decay of the ozone utilization rate,
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parameters that increase the value of “c” will, in effect, decrease the rate of ozone
consumption. Hence, we see the expected inhibitory effect of bicarbonate ions, and the
promotion of ozone decay by higher pH values and TOC levels, all of which are
expected.

It should be noted that the overall effect of the pH to increase the rate of ozone
concentration decay is due to the combined effects of increasing the number of
hydroxyl radicals available to initiate the free radical chain reaction, and the increase in
deprotonation of organic compounds, leading to an enhanced nucleophilicity of their

reaction sites, and hence faster reactions.

Pilot Testing
General Effects of Kinetic Parameters on Generated Profiles

To demonstrate the effects of changing the kinetic parameters "a", "b" and “c”
on both countercurrent and cocurrent back flow cell model output, model runs were
performed using the same test values as were used for the batch test demonstration.
For these model tests, other parameters (backflow ratio, flow rates, etc.) were set to
those used in the Rossdale pilot tests. By understanding what effects changing these
parameters has on the model output, this knowledge can be used to help analyze the
actual model output for the pilot tests conducted, and to compare the model output to
the empirically observed data.

Figure 26 depicts the effect of changing the value of "a" on the model-
generated countercurrent profile. Increasing the value of "a" from 0.00 to 0.20 in steps
of 0.05, the greatest effect is observed in the dissolved ozone concentration at the
column outlet (z=0).Very little effect is observed near the inlet (z=1), but near the
column midpoint, the profiles are observed to diverge sharply. Near the inlet "a" is
observed to have very little effect, as the magnitude of its contribution to the specific

utilization rate is very small. However, as the utilization rate decreases with increasing
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utilized ozone, the value of "a" becomes much more significant. Near the column
outlet, profile #1 ("a" = 0.00) shows a large ozone concentration, as k. has dropped to
almost zero. However, in profile #5 ("a" = 0.20) the larger k, value leads to 2 much
lower ozone concentration.

In Figure 27, the effect of different “b” values on countercurrent concentration
profiles is investigated. With "a" and "c" set at 0.0 and 3.0, respectively, the value of
“b” was set at 0.05, 0.5, 1.0, 2.0 and 3.0. With increasing “b”, the profile is observed
to shift to lower concentrations of dissolved ozone, as would be expected with the
higher rate of ozone decay associated with “b”. There is a difference in the inlet
concentration observed, associated with the large difference in initial decay rates. By
approximately the 2/3 point in the water’s travel through the column (z=0.4) we
observe the profiles to be well separated, but running approximately parallel to each
other. By this point, the rate of ozone dissolution far exceeds the rate of decay (kw ~
0), and therefore we are observing the concentrations increasing linearly due to the
large concentration gradient (high gas concentration and relatively low liquid
concentration). In a taller column, one would expect to observe these aqueous
concentrations to level off again, as they approached the equilibrium concentration
(based on the Henry’s Law constant and the feed gas ozone concentration).

Figure 28 shows the effects of “c” on countercurrent profiles by maintaining
"a" and "b" at constant values (0.0 and 1.0 respectively) while “c” is varied from 5.0
down t> 1.0 in steps of 1.0. All five profiles start with very similar inlet concentrations,
although there is a small difference due to the contribution of backmixing. The profiles
are observed to diverge almost immediately, as profile #1 (“c” = 5.0) curves up
rapidly, while profiles with successively smaller values of “c” bend less sharply and
appear to do so further towards the bottom of the column. As was seen in Figure 25,

“c” controls how rapidly the utilization rate decreases. Therefore, we can link the



lower profile concentrations with the higher utilization rates caused by low values of
“c”.

In Figure 29, the effect of "a" on cocurrent profiles is examined. Keeping "b" at
1.0 and "c" at 3.0, a is assigned values of 0.0, 0.05, 0.10, 0.15, and 0.20. The profiles
show decreasing concentrations with increasing values of "a", as is expected with the
higher decay rates associated with higher "a" values. However, whereas in profile #1
("a" = 0.0) the dissolved ozone concentration is observed to continue increasing right
to the column outlet, the other profiles show the concentration attaining a maximum
before declining towards the top of the column. In cases where "a" imparts a
significant decay rate, even after large quantities of ozone have been utilized, the decay
rate may exceed the rate at which ozone transfers from the gas phase, leading to a net
decrease in concentration. The decreased rate of ozone dissolution is due to the lower
concentration gradient near the top of the column, where ozone content in the gas
phase has been depleted near the column bottom. The larger the value of "a", the
closer to the bottom of the column the net aqueous concentration is observed. This
phenomenon is not observed in the countercurrent configuration due to the reversal of
water flow direction, which brings gas with a high ozone concentration into contact
with water near the end of its residence time in the column, thus keeping the
concentration gradient between gas and liquid phases high.

The effects of different values of "b" on cocurrent profiles are shown in Figure
30, in which "b" is varied, while "a" and “c" are held constant at 0.0 and 3.0,
respectively. With increasing values of "b", the concentration profile is observed to
drop. The profile curvature is also observed to decrease, while the inlet concentration
can be seen to drop dramatically. By increasing "b", the utilization rate is increased at
all points, as observed in Figure 24, leading to the decrease in 0zone concentration.

Figure 31 depicts the effects that changing the value of "c" has on cocurrent

concentration profiles. By decreasing the value of "c", the concentrations are observed
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to decrease throughout the column, very minimally at the inlet, while to a much
greater extent at the outlet. By the time "c" is given a value of 1.0 (profile #5), the
profile is observed to attain a maximum value before starting to decrease, similar to
the situation in Figure 29, when the value of "a" was increased. The reasons are
similar, in that with a low ~zlu¢ of 'c", the utilization rate remains higher for a longer
period, reaching the point whure utilization becomes greater than dissolution in
columi segions where the concentration gradient between gas and liquid phases is
reduced due to prior removal of ozone from the gas phase through dissolution in the
lower regions of the cuivinn Very little difference is seen in the profile concentrations
at the inlet, because very little ozone has been utilized by this point, and hence the

effect of "c" has not yet been manifested.

Instantaneous Concentration Jump at Column Inlet

In all profiles, both cocurrent and countercurrent, a concentration jump is
observed at the column inlet. This was discussed by Zhou (1995) who states that the
jump is a function of the backmixing taking place in the column. In an ideal plug flow
situation, there would be no such jump, as water, on immediately entering the column
could have had no opportunity to contact ozone-containing gas. However, with the
addition of backmixing to the scenario, a fraction of water from further up the column,
where‘it bas had an opportunity to contact ozone-containing gas, is recycled back
down towards the inlet, carrying any dissolved ozone with it, and thus yielding a
measurable ozone concentration at the inlet. By increasing the amount of mixing in the
column, and therefore increasing the backflow ratio, the concentration jump will
become larger. Other effects of increasing the backflow ratio include the flattening of
profiles, until profiles become a horizontal line at the extreme of complete mixing in
both cocurrent and countercurrent configurations. In cocurrent flows, while the inlet

concentration increases with increasing mixing, the outlet concentration does not



change. For countercurrent configurations, the inlet concentration increases, while the
outlet concentration is observed to decrease. It should be noted that Zhou (1995)
obtained these results for situations assuming first order kinetics, but the fundamental

principles should still apply.

Analysis of Individual Profiles

Rossdale Countercurrent Profile (Figure 11): The BFCM-generated profile for this
sample yielded a relatively good fit with the experimentally observed data.
However, it appears that the inlet concentration is slightly high, and that the
concentration begins to rise too early. Both of these problems could be
explained by a "b" value that is slightly low. The predicted outlet concentration
does not take into account the well-pronounced concave-down curve that
appears near the bottom of the column in the observed data. None of the
figures depicting the effects of kinetic parameters can explain this feature.
However, in some of Zhou’s profiles (1995), this feature is evident. This may
be due to the fact that Zhou’s theoretical liquid height was 5.0 m, allowing the
aqueous ozonme concentration more time to approach its equilibdum
concentration. This is not believed to be the case here, as the equilibrium
concentration, given the feed gas concentration used for this sample, was 5.92
mg/L, almost a factor of 4 greater than the concentration involved.

Red Deer Countercurrent Profile (Figure 12): The Red Deer countercurrent profile
appears to estimate the inlet concentration very well, but gets progressively
worse, underestimating the concentration towards the column bottom.
Comparing the plot to Figure 28, it appears that the main problem is an
overestimation of "c". By decreasing the value of "c". the inlet concentration
would remain virtually the same, but would increase the slope of the profile
right through to the outlet.
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Hasse Lake Countercurrent Profile (Figure 13): The calculated profile appears to
predict, with very good accuracy, the actual profile generated by the
experimentally observed concentrations. Between the dimensionless column
heights of 0.45 and 0.0, there does seem to be a slight underestimation of the
concentration, but the outlet concentration appears to be very close. Again,
there appears to be a slight concave-down curvature of the observed profile
near the bottom of the column that is not reflected in the model profile.

Wabamun Lake Countercurrent Profile (Figure 14): The computer generated
profile for the Wabamun Lake countercurrent sample underestimates the
dissolved ozone concentration throughout the entire height of the column.
However, near the top of the column, the difference is minimal, and the outlet
concentration appears to be a good approximation, based on visual
extrapolation of the observed data points. However, in the lower half of the
column, the model fails to account for a relatively rapid rise in concentration,
which then appears to level out once again as it nears the outlet. In general,
however, the model provides a good fit.

Driedmeat Lake Countercurrent Profile (Figure 15): Near the inlet, the model
provides a very accurate representation of the concentration profile. Near the
z=0.6 point, however, the model starts to overestimate the profile
concentrations by an apparently constant difference through to the column
outlet. The model profile zppears to run parallel to the observed data points,
indicating that the most likely problem is either an underestimated value of "b",
or possibly a slightly overestimted value of "c" (see Figures 27 and 28).

Rossdale Cocurrent Profile (Figure “6): The BFCM-generated profile provides a
relatively good fit with the observed data for this sample. The model does
slightly underestimate the conce.:.rafions in the bottom third of the column,

and then slightly overestimates concerirastions in the top two-thirds. This could
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indicate one of three scenarios. First, it is possible that the value of "b" is too
high and the value of "a" is too low. Adjusting these, respectively, would shift
the entire plot up, and flatten it, bringing the profile more into line with the
observed d..a. Second, by increasing "b" and decreasing "c", the same effect
could de achieved. Finally, if the "6" were decreased and the backflow ratio
were increased the inlet concentratzon would increase, while the outlet
concentration would decrease.

Red Beer Cocurrent Profile (Figure 17): ~"he cocurrent profile for the Red Deer
sample suffers from the same problem as did the Rossdale cocurrent profile,
but to a slightly greater degree. Thre is more of a discrepancy at both the inlet
and outlet ends of the columy, with the transition between under- and over-
estimation occurring @\ around the one-third height mark. Likely solutions to
the problem are therefore the same as for Rossdale, but with larger adjustments
to the parameters being necessary.

Slave Lake Cocurrent Profile (Figure 18): For the Slave Lake cocurrent sample, the
generated profile appears to significantly underestimate the concentrations near
the column bottom, while the top one-third is very accurate. The simplest
explanation involves an underestimated backflow ratio. Increasing its value
would increase the inlet concentration, flatten the curve, and leave the outlet
concentration as is. Other possible explanations are a high "b" value combined
with either a low "a" value or a high "c" value. Any of these could have the
desired effect.

Hasse Lake Cocurrent Profile (Figure 19): The Hasse Lake cocurrent profiles, both
computer-generated and observed, appear almost identical to their respective
Slave Lake profiles, except that the Hasse Lake concentrations are slightly

lower. The relative positioning, however, appears the same. Therefore, the



69

same possible problems and their associated solutions apply as in the Slave
Lake case.

Wabamun Lake Cocurrent Profile (Figure 2(j: The Wabamun Lake cocurrent
profiles appear to be of the same configurations as the Red Deci and Rossdale
cocurrent profiles, implying that the same problems and corrective measures
applv as did in that case. This would call for an increase in "b" coupled with
either an increase in "a" or a decrease in "c", or a decrease in "b" coupled with
an increase in the backflow ratio.

Pigeon Lake Cocurrent Profile (Figure 21): Pigeon Lake’s cocurrent profiles fit the
same pattern as do Rossdale’s, F.ed Deer’s and Wabamun Lake’s. Hence, the
same possible causes and sol :uons apply.

Driedmeat Lake Cocurrent Prefile (Figure 22): The Driedmeat Lake cocurrent
profile generated by the model is very poor. It appears to underestimate the
inlet concentration (although this is based upon extrapolation based on the
observed data points), but then overestimates the outlet concentration by
nearly a factor of 5. There is no apparent explanation for the magnitude of the
apparent errors. The backflow ratio used was similar to other plots, as were
the operating conditions. The only conclusions are either a grossly
underestimated value of "a", or an overestimated value for "c". It should be
noted that because Driedmeat Lake batch tests were not able to be used in the
linear regress..~ns which generated the predictive equations for "b" and "c" due
to their very steep decline in k, values, it is possible that the sample lies outside
of the boundaries of applicability of the equations. While the equations
generated "b" and "c" values within the ranges generated for other samples,
there may be some other parameter(s) involved that was not investigated

during the course of this research, was discarded during the linear regressions
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as being non-significant in the samples which were useable, or a parameter

value may be beyond the linear range of the equations.

In general, the countercurrent configuratici. yicided good profiles which
matched the observed data without any significant trends. Of the five profiles, one
profile demonstrated a low "b" value, one exhibited a high "c" value, and one could
have been either or a combination of the two. In three of the profiles, it was observed
that, while the observed concentrations seemed to begin to level out near the column
bottom, the model did not account for this. While Zhou (1995) demonstrated this
possibility in 5 m columns where the dissolved ozone concentration has an opportunity
to near the Henry’s Law equilibrium concentration, this was not the case in the column
in question, as aqueous concentrations did not approach equilibrium.

The cocurrent profiles, generally, did not provide accurate approximations of
observed data. All seven profiles underestimated the inlet concentrations, while five
profiles overestimated the outlet concentrations. Inlet profile concentrations are only
significantly affected by the values of "b" and the backflow ratio, while outlet
concentrations can be affected by "a", "b", and "c". The assumption that "a" be equal
to zero may help to account for the outlet concentrations, as increasing the value of
"a" could serve to lower them. However, given that the countercurrent profiles are
relatively accurate, which would appear to validate the kinetics, the poor fit of the
cocurrent profiles remains unexplained. The remaining explanations involve physical,
rather than kinetic, factors. Zhou (1995) found that the backflow ratios were not
affected by the flow configuration, but the data obtained in this investigation might
suggest otherwise. Increasing the backflow ratios serves to flatten the profile,
eventually reducing it to a constant concentration once the column is acting as a single
CFSTR. If backflow ratios for the cocurrent configuration are larger than for the

counter-current, this may account for the flatter profiles being observed than are
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predicted. Also, the assumption that backflow ratios are constant over the height of
the column is possibly invalid. Inlet and outlet conditions may significantly affect the
hydrodynamics at the boundaries. Mass transfer may also deviate from ideal, clean
water conditions, based on the water quality in use. Variations in o and B (Equation
1) from unity may cause changes in the concentration profile. Changes in o will
essentially cause the same changes as changes in kya, which were studied by Zhou et al
(1994). Changes in B values would alter the effective concentration gradient that
drives the mass transfer, probably decreasing it, and therefore reducing the rate of
mass transfer between gas and liquid phases. The effect ox' this would be to lower all

profile concentrations along the column height.

Limitations of Kinetic Methods

There exists one major limitation in the methods used for this investigation.
With the method used, it was not possible to obtain valid concentration readings
between O and 30 seconds in the batch testing phase of the experiment. This did not
pose a major problem in cases where the dilution factor was great enough that a
reliable curve could be interpolated between measured points. However, in more
concentrated samples, the decline in ozone concentration was sometimes large enough
to reduce the utilization rate constant to a near constant, low value, making it
impossible to interpolate with any degree of certainty, which in turn, made it
impossible to estimate curve slopes for the first two data points.

The same limitation also caused problems with some sampies which exhibited
the sudden, late decline in k, values. Because these points had to be discarded, this
often left only 3 or 4 points with which to estimate the best-fit, non-linear regression
curve in some cases. Given that the nature of scientific measurements yields a small
amount of variation around a true value, even a small variation could cause relatively

large variations in the regressed kinetic parameter values, due to the small number of
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useable observations. This factor, could possibly have been the reason for the
uncertainty in the calculated values of "a". By utilizing a method which could provide
a greater resolution of observations, the chance of such errors occurring could be
minimized, and the confidence in results obtained could be greater.

Another limitation, which could have affected the calculated values of "b" and
"c", is the ability to accurately measure the slope of the ky, vs. AO; curve at AQ; = 0.
Drawing an accurate tangent line to the endpoint of a curve proved a very difficult
task. Without the curve continuing on both sides of the tangent point, judging the
correct slope necessitated a judgment being made regarding the slope at that particular
point. If a tangent is drawn in the middle of a curve, this judgment is made easier by
observing the tangent line’s position relative to the curve on both sides of the point of
contact. Add to this, the fact that the curve is often very steep at this point, and what
seems like a small difference in slopes could easily affect the value of "b" by a factor of
two or three. The only way to approach this problem was to attempt to be consistent
in the drawing of tangent lines for the first point.

A limitation existed regarding the time that a sample sat before certain
parameters were measured or tests performed. Due to the large number of tests
involved, and the large amount of time required to perform some of them (for
instance, the solids analysis) some samples stood for up to ten or eleven days before all
the required analyses were performed. Therefore, it is possible that changes in the
composition occurred before certain tests were performed. For instance, some organic
matter may have volatilized and escaped as gas, even though the sample barrels were
kept sealed. Also, while every attempt was made during field sampling to sample from
a point in the water column well above the bottom of the water body, some solid
organic or mineral matter may have entered the raw water samples, as no filtering was
performed. Such materials may have continued to degrade in the sample while stored

in the lab prior to testing.
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During the modelling phase of the investigation, it was noted that not al! of the
model runs achieved a perfect steady state. This occurred when both a cell’s aqueous
concentration and k,, value were right on the verge of shifting to the next decimal
value. For example, if a cell’s aqueous ozone concentration implied a certain k,, value
on one run, inputting that ky value sometimes led to the model retuming a slightly
lower concentration. On the next iteration, when the new concentration was input into
the cell, the model would sometimes return a lower k,, value, which on ihe next
iteration would yield a higher concentration due to the lower utilization rate, and so
on. However, due to the very small magnitude of the differences encountered, it is not
believed that this limitation affected any concentration by more than 1 or 2%, and

therefore cannot be considerred a significant source of error.
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Conclusions and Recommendations

The results of this investigation should serve as a building block in the
development of better technologies for the treatment of drinking water. With the
increasing concerns regarding chlorination byproducts, ozone treatment is often the
treatment alternative of choice. However, ozonation cannot be used effectively
without a thorough understanding of its mechanisms and kinetics. While this research
may not be able to conclusively define ozone decay kinetics due to experimental
limitations, the kinetics presented here are shown to be an improvement over the
commonly used first order descriptions.

This work follows on from that of Zhou (1995), in which the use of the back
flow cell model was presented as an improvement over the axial dispersion model in
both accuracy and simplicity. The model, along with the kinetic equation used in this
research, was demonstrated to be able to provide good representations of bubble
column concentration profiles in both cocurrent and countercurrent configurations
using the kinetic parameters obtained through batch testing of the waters used. This
research took those findings and attempted to determine if an empirical relationship
existed between the kinetic parameters and various parameters related to water
quality, and then to investigate whether such a relationship could be used to accurately
predict concentration profiles using the back flow cell model.

Specific conclusions made are:

1) commonly used first order kinetics are not valid for waters containing natural

organic material, due to a changing rate constant;



2)

3)

4)

5)

6)

7

8)
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first order kinetics are applicable to the decay of ozone concentrations in pure
Milli-Q water;

the proposed kinetic equation, which uses a specific ozone utilization constant
which takes into account the changing quality of water during the course of
ozonation, can be fitted to observed batch test data by utilizing a non-linear
least squares method of varying the kinetic parameters “a”, “b” and “c”;

a measurable empirical relationship does exist between water quality and ozone
decay kinetics, as measured in a batch reactor;

pH, total organic carbon, carbonate ion concentration, UV absorbance at 254
nm, total solids, bicarbonate ion concentration, magnesium hardness and
calcium hardness were all determined to be significant parameters in the
determination of ozone decay kinetics in natural waters;

the kinetic parameters “a”, “b” and “c” were all observed to cause significant
effects in both cocurrent and countercurrent concentration profiles, as
generated by the back flow cell model, for a pilot-scale ozone colurn;
countercurrent concentration profiles were predicted relatively accurately by
the back flow cell model, using kinetic parameters that were based on
measured water quality properties;

the back flow cell model was unable to predict the s-bend observed in the
measured concentration profiles near the bottom of some countercurrent

column runs; and
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cocurrent concentration profiles were predicted with varying degrees of
success by the back flow cell model, using kinetic parameters that were based

on measured water quality properties.

Based on these conclusions, and the situations experienced during the

performance of this investigation, the following recommendations are made regarding

future studies in this field;

1

2)

3)

4)

5)

further investigation should be undertaken regarding the use of declining
utilization rate constants in ozone decay modelling;

any future work should first focus on the need for better observation resolution
during the initial, rapid concentration decay phase of the ozonation process,
possibly through the use of a ‘wet wall’ technique;

more work is required regarding the application of declining utilization rate
constants in bubble column contactors and the assumptions made regarding
hydrodynamics and the effects of water quality on mass transfer, especially in
we cocurrent configuration;

further work is required to make the back flow cell model more readily useable
in this type of investigation, rather than having the operator perform all of the
iterative tasks; and

a future study, performed in the opposite order as this one (ie. fit the back flow
cell model to observed profiles by changing cell k,, values, and then using those

results to predict batch test decay curves) may be of significant value.
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Sample ~ Initial Temp Initial pH Final pH
c
Rossdale .2 [ 22.03 7.06 7.05
Rossdale .4 21.17 7.52 7.53
Rossdale .6 21.10 7.79 7.79
Rossdale .8 20.67 7.94 7.78
| Pigeon .25 21.87 8.03 7.39
| Pigeon .50 | 20.87 8.22 7.91
| Pigeon .75 20.03 8.30 7.96
Wabamun .25 21.20 7.84 7.49
Wabarnun .50 21.00 8.33 8.01
Wabamun .75 Ir 19.27 8.15 7.90
Slave .25 21.60 7.25 6.74
Slave .50 20.73 7.56 7.07
Slave .75 20.37 7.62 7.15
Driedmeat .25 21.40 8.99 8.83
Driedmeat 50 || 19.83 9.08 9.02
Driedmeat .75 19.47 9.12 8.95
Miquelon .25 20.67 9.56 9.56
Miquelon .50 20.67 9.54 9.54
Miquelon 75 {f 20.37 9.54 9.54
Hasse .25 21.07 7.89 7.16
Hasse .50 21.23 8.31 7.30
Hasse .75 19.93 8.29 8.06
Red Deer .25 20.67 7.5 7.16
Red Deer .50 20.73 7.80 7.55
Red Deer .75 20.97 7.93 7.69
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Sample Y

Rossdale .2

fnitial TOC

(ppm)

Final TOC

Initial
UV3s4

Final
UV154

Final UV,
(absorb.)

(ppm) (absorb.) | (absorb.) | (absorb.)
e e e et ey |

3416 0.037 0.019 0.030 0.018

Rossdale 4 6.562 0.059 0.040 0.049 0.035
Rossdale .6 9.536 0.094 -.07C 0.076 0.057
Rossdale .8 12.443 0.128 0.088 0.101 0.071
| Pigeon .25 5.711 0.037 0.036 0.027 0.028
Pigeon .50 10.356 0.067 0.052 0.047 0.041
| Pigeon .75 15.232 0.088 0.064 0.064 0.048
Wabamun .25 9.221 0.047 0.024 0.036 0.017
Wabamun .50 17.349 0.088 0.053 0.063 0.036
Wabamun .75 24.909 0.146 0.086 0.101 0.062
Slave .25 4.490 4.305 0.064 0.036 0.049 0.029
Slave .50 8.850 8.708 0.109 0.073 0.075 0.055
Slave .75 12.782 12.854 0.156 0.100 0.104 0.070
Driedmeat .25 8.552 8.732 0.100 0.074 0.071 0.056
Driedmeat .50 17.962 18.332 0.190 0.140 0.139 0.098
Driedmeat .75 28.709 27.862 0.291 0.209 .206 0.149
Miquelon .25 27.623 29.i1 0.207 0.161 0.099 0.079
Miquelon .50 54.157 51.29 0.396 0.348 0.179 0.139
Miquelon .75 76.857 74.39 0.591 0.500 0.274 0.219
Hasse .25 7.476 7.907 0.045 0.028 0.031 0.020
Hasse .50 14.674 15.01 0.086 0.069 0.057 0.044
Hasse .75 21.600 21.54 0.130 0.103 0.086 0.066
Red Deer .25 5.092 5.317 0.065 0.043 0.054 0.036
Red Deer .50 9.859 9.820 0.125 0.094 0.109 0.073
Red Deer .75 14.282 14.452 0.181 0.133 0.145 0.101




Sample ~ Initial [CO32"] | Final [CO32} | Initial [HCO57} | Final ' 1CO57]
{eq/L) (eq/L) (ea/L) (eq/L)
—— e |

Rossdale .2 0 0 000527 1000524
Rossdale 4 0 0 .000996 .001040
Rossdale .6 .000086 .000090 001333 007328
Rossdale .8 .000163 .000094 .001685 001792
Pigeon .25 .000113 0 .000707 000980
Pigeon .50 .000164 .000086 .001338 001522
| Pigeon .75 .000203 .000136 .001983 002114
Wabamun .25 .000109 0 .000954 001178
Wabamun .50 .000228 .000108 001727 001924
Wabamun .75 .000317 .000262 .002597 002664
Slave .25 0 0 .000503 .000492
Slave .50 .000051 000024 000831 .000882
Slave .75 .000084 000048 .001201 001272
Driedmeat .25 .000215 000224 .000815 .000782
Driedmeat .50 [I 000459 .000452 .001584 001616
Driedmeat .75 .000671 .000680 .002379 002372
Miquelon .25 002535 .002398 .003946 004080
Migquelon .50 .004797 004704 .008037 008486
Miquelon .75 007054 .007086 012483 012342
Hasse .25 0 0 .000742 000772
Hasse .50 .000095 .000100 001246 001256
Hasse .75 .000159 .000156 .001786 001814
Red Deer .25 .000028 000020 .000738 .000746
Red Deer .50 .000087 .000096 .001277 .001270
Red Deer .75 .000131 .000106 .001898 001952
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Sample Initial Ca Hardness Final Ca Initial Mg Finai Mg
Hardness Hardness Hardness
_(mg/L CaCO;3) | (mg/L CaCOy) | (mg/L CaCOy)
Rossdale .2 . 216 s9 | 0.3
Rossdale 4 46.1 44 104 24
Rossdale .6 70.7 71.2 21.1 21
Rossdale .8 96.5 103.0 31.5 18.2
| Pigeon .25 196 4 20.0 9.0 9.8
| Pigeon .50 40.6 412 17.5 182
| Pigeon .75 598 60.8 253 252
Wabamun .25 16x 19.2 12.8 10.8
Wabamun .50 B 14 41.2 24.9 17.4
130 44.4 47.0 438
Slave .25 14.7 15.6 48 7.0
Slave .50 321 31.8 9.5 10.0
Slave .75 477 492 18.6 12.6
Driedmeat .25 257 26.2 15.9 16.6
Driedmeat .50 60.9 58.2 24.4 274
Driedmeat .75 876 108.4 40.7 19.8
Miquelon .25 27. 26.8 208.7 204.8
Miquelon .50 59.< 53.2 410.2 416.2
Miquelon .75 82.1 83.0 626.3 627.2
Hasse .25 284 288 32.3 322
Hasse .50 56.2 56.6 67.5 674
Hasse .75 85.1 85.8 100.8 100.6
Red Deer .25 29.5 30.4 10.9 9.4
Red Deer .50 64.4 61.4 20.6 20.8
Red Deer .75 99.5 100 2.1 18.0
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Sample ” a b <
Rossdale .2 000242 003670 1.848
Rossdale .4 003056 .005577 3.333
Rossdale .6 00473 .01190 3.126
Rossdale .8 0 03125 1.637

| Pigeon 25 .001578 .01049 4.087
| Pigeon .50 0 01502 1.912
| Pigeon .75 001752 01667 1.449
Wabamun .25 .002148 01886 3.155
Wabamun .50 0 03927 1.834
Wabamun .75 0 1478 2.945
Slave .25 I 001478 .003057 4.691
Slave .50 001196 009401 1.581
Slave .75 0 02664 1.661
Hasse .25 .000738 006905 1.598
Hasse .50 0 02152 0.966
Hasse 75 0 07225 1.672
Red Deer .25 001028 .004216 3.186
Red Deer 30 000451 02005 1.757
Red Dezx .75 0 05848 2.023
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APPENDIX B

BATCH TEST LOG(C/Co) VS TIME PLOTS
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APPENDIX C

BATCH TEST K« VS AO; PLOTS
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APPENDIX D

PILOT SCALE EXPERIMENTAL DATA



Miquelon Lake N 700.0 2.86 0.84 249

Miquelon Lake ™~ 700.0 2.73 0.82 2.56 6.4
Driedmeat Lake N 695.9 2.73 0.92 247 6.4
Driedmeat Lake 7 695.9 2.73 0.92 2.46 6.2
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Sample

Rossdale T4 21.6 7.74 8.505 083 063
Rossdale " 21.5 7.74 8.285 .083 .061
Red Deer i 24.0 7.78 10.619 .085 066
Red Deer N 24.0 7.78 10.477 089 070
Slave Lake N 24.0 7.73 11.495 090 .063
Slave Lake ixl 23.9 7.59 11.173 090 063
Hasse Lake N 24.1 8.14 17.461 115 .081
Hasse Lake N 23.6 8.16 16.820 .110 075
Wabamun Lake N 24.0 8.14 18.601 097 070
Wabamun Lake () 24.0 8.20 17.741 097 .067
| Pigeon Lake N 24.2 7.96 13471 059 044
| Pigeon Lake () 24.1 7.96 11.606 061 045
Miquelon Lake T4 24.3 9.54 47.885 381 162
Miquelon Lake Iy 242 9.56 50.285 373 .158
Driedmeat Lake i 23.7 9.04 18.372 178 .134
Driedmeat Lake (N 23.8 9.02 17.052 .188 .135
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Rossdale 001112
Rossdale 11 .000074 001112
Red Deer N .00007 001382
Red Deer (i .00005 001368
Slave Lake T4 000014 | .000928
Slave Lake ™ .000014 .000934
Hasse Lake N 000124 0012
Hasse Lake 11 000108 | .001216
Wabamun Lake T4 .000176 .00183
‘Wabamun Lake N 000164 001863
| Pigeon Lake 182 000118 | .001406
| Pigeon Lake " 000098 | .001476
Miquelon Lake 11 005146 | .007906
Miquelon Lake ™ .00508 .008042
Driedmeat Lake ™ .00047 001564
Driedmeat Lake Ly 000452 00157
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143

Rossdale

Rossdale (N 120 -188 308 28 -80 108
Red Deer N 92 -8 100 64 44 20
Red Deer 1 104 20 84 56 24 32
Slave Lake N 92 28 64 68 48 20
Slave Lake L 88 40 48 60 16 4
Hasse Lake N 200 36 164 76 8 63
Hasse Lake i 80 -76 156 108 43 60
Wabamun Lake N 112 -60 172 92 56 36
Wabamun Lake ™ 128 -20 148 100 28 72
| Pigeon Lake N 88 24 112 52 24 76
Pigeon Lake ™ 84 20 104 56 24 80
Miquelon Lake 14 3480 -132 3612 380 -72 452
Migquelon Lake ™ 3544 -36 3580 364 -12 376
Dricdmeat Lake N 232 838 144 80 -8 88
Driedmeat Lake 1 212 -36 248 80 K 88




Sample Config. [Ca™) Mg?]
(mg/L CaCO;3) | (mg/L CaCOs)
Rossdale 18.4
Rossdale L) 57.6 19.4
Red Deer T4 72.0 1.4
Red Deer L) 68.2 10.4
Slave Lake TN 33.0 10.2
Slave Lake ™ 31.0 10.4
Hasse Lake N 58.4 66.6
Hasse Lake T 57.4 66.6
Wabamun Lake T 34.0 17.8
Wabamun Lake N 34.2 18.6
| Pigeon Lake N 40.0 192
Pigeon Lake " 39.8 182
Miquelon Lake | 61.4 425.4
Miquelon Lake 17 60.2 423.8
Driedmeat Lake T4 70.2 14.6
Driedmeat Lake L) 70.8 16.2
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0 0.0134 2.310
0 0.0130 2.726
Red Deer T 0 0.0312 2.776
Red Deer 1 0 0.0313 3.034
Siave Lake N 0 0.0290 1.861
Slave Lake 1 0 0.0256 2.239
Hasse Lake T 0 0.130 2.658
Hasse Lake 7 0 0.0672 1.805
Wabamun Lake T 0 0.105 2.785
Wabamun Lake X} 0 0.102 3.824
| Pigeon Lake ™ 0 0.0409 3.020
Pigeon Lake i 0 0.0326 5.371

Miquelon Lake ™ 0 1.20E+12 1.16E+18

Miquelon Lake 11 0 1.33E+12 6.98E+17
Driedmeat Lake ™ 0 0.864 2.480
Driedmeat Lake LX) 0 0.772 3.783
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APPENDIX E

FORTRAN PROGRAM LISTING FOR PREDICTING
DISSOLVED OZONE PROFILES IN NATURAL WATERS

Reproduced with permission from Zhou (1995).



oNoNoNoNoNeNe!

Cc

C

C

C

C
C

DECLARE VARIABLES

ITMAX = MAXIMUM ALLOWABLE NUMBER OF ITERATION,;

N = NUMBER OF EQUATIONS TO BE SOLVED;

ERREL = STOPPING CRITERION (RELATIVE ERROR BETWEEN TWO
SUCCESSIVE APPROXIMATIONS),

FNORM = A SCALAR WHICH IS F(1)**2+F(2)**2+...+F(N)**2.

INTEGER ITMAX, N, L, M
REAL ERREL
PARAMETER (N=30,L=10,M=6)

INTEGER K, NOUT, NINTV, J, IMAX
REAL FCN, FNORM, X(N), XGUESS(N), DA(10), STG, STL, XO, R, A, CSVAL,

& BREAK(L), CSCOEF(4,L), T(L), W(L), ZM), Y(M), HT,
& CO, BOT, TOP, SSR, EPS, DELT, S(L), G(M), BOT2, TOP2

COMMON /DATAIN/ DA, STG, STL, XO,R, A

INTRINSIC FLOAT

EXTERNAL FCN, LSJAC, NEQNJ, UMACH, SSET, CSAKM, CSVAL,
SET VALUES OF OZONE CONC. AND INITIAL GUESSES

READ (5,'(3E12.3)") CO, DELT, EPS
READ (5,'(SE12.4)) (DA(D), 1=1,10)

READ (5,'(SE12.4)) STG, STL, XO, R, A

READ (5,'(4F12.3)) (Z@@), I=1,M)

READ (5,'(3F12.4)") (XGUESS(I), XGUESS(L+I),

& XGUESS(2*L+]), I=1,L)

JMAX=10
J=0

CALL UMACH (2, NOUT)
WRITE (NOUT,'(9X,A,9X,A,/))'SSR','STG'

100 CONTINUE

J=J+1

CALL NEQNJ SUBROUTINE FOR DETERMINAT!ON OF O3
ERREL~=1.0E-4
ITMAX=100

FIND THE SOLUTION
CALL NEQNIJ (FCN, LSJAC, ERREL, N, ITMAX, XGUESS, X,

& FNORM)

CALL CSAKM SUBROUTINE FOR INTERPOLATION OF GAS O3
T(1)=0.05
DO 50 I=2,L
TAH=T3I-1)+v.1
50 CONTINUE
DO 51111
SM=X(L+1;
51 CONTINUE
CALL CSAKM (L, T, S, BREAK, CSCOEF)
NINTV=L-1
DO 52 =1 M
HT=FLOAT()/FLOAT(M+1)
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C
C

C
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G(I)=CSVALHT, NINTV, BREAK, CSCOEF)
52 CONTINUE

HT=0.0

BOT2=CSVAL(HT, NINTV, BREAK, CSCOEF)

HT=1.0

TOP2=CSVALHT, NINTV, BREAK, CSCOEF)

CALL CSAKM SUBROUTINE FOR INTERPOLATION OF AQ. O3
T91)=0.05
DO 301=2,L
TE=T(-1)+0.1
30 CONTINUE
DO31I=1L
WO=X@2*L+1)
31 CONTINUE
CALL CSAKM (L, T, W, BREAK, CSCOEF)
NINTV=L-}
DO 32 =1 M
HT=FLOAT(@)/FLOAT(M+1)
Y(@=CSVALHT, NINTV, BREAK, CSCOEF)*CO
32 CONTINUE
CALCULATE DISSOLVED OZONE AT THE BOTTOM
HT=0.0
BOT=CSVALHT, NINTV, BREAK, CSCOEF)*CO
CALCULATE DISSOLVED OZONE AT THE TOP
HT=1.0
TOP=CSVALHT, NINTV, BREAK, CSCOEF)*CO

PERFORM THE LEAST SQUARE REGRESSION
SSR=0.0
DO 40 =1 M
SSR=SSRHZM)-Y(D))**2
40 CONTINUE
WRITE (NOUT,'(E12.4, A, E12.4)) SSR, ',', STG

OUTPUT
IF (SSR .LE. EPS) THEN
WRITE (NOUT,'(//, 13X, A, //,2X, A, 6X, A, 13X, A))
& ‘THE SOLUTION OF EQUATIONS',
& ‘NO OF CSTR,', '"GASEOUS,', '"AQUEOUS,’
WRITE (NOUT, '(3X, 4, A, 9X;, E10.3, A, 10X, E10.3)")
& K., X(L+K),, X(2*L+K), K=1,L)
WRITE (NOUT, 99) FNORM
99 FORMAT (/,15X,FNORM =, 1X E10.3,//)

WRITE (NOUT,'(/,7X,A,8X,A,7X,A,TX,A,9X,A,8X,A))
&  'DA)STG/STL/’XO, R A'

WRITE (NOUT, (1X,5(F10.4,A))) DA(1),",, DA(DA(2),",",
& DAQ),’\DA@),',,\DA(5),,,\DA(6),",",
& DA(7),',,DA(8),,,DA(9),,,\DA(10),",

WRITE (NOUT, (1X,5(F10.4,A)))
& STG’D’I’S'IL,l,I,XO’I’O’ l"’ A

WRITE (NOUT,'(//,5X,A,8X,A,8X,A,8X.A))
& 'Z’I’IZ(I),|”Y(I)’l’l \



C

WRITE (NOUT,'(3X,A, 13X,F12.3,A,F12.3))0.0,,',BOT,
& '+ BOT2

WRITE (NOUT,(1X,F5.2,A,F12.3,A F12.3,A F12.3))
& 1.0, 2@, . YD, .G, I=1,M)

WRITE (NOUT,3X A, 13X, F12.3,A,F12.3)')'1.0,,", TOP,
& ' TOP2

WRITE (NOUT, (//,7X,A,7X,A)) 'J=,,'SSR=/"

WRITE (NOUT,(6X,14,A,E12.3))], ", SSR

ELSE IF (J .GE. IMAX) THEN
WRITE (NOUT,'(5X,A,8X%,A,8X,A))

& #,2(0),, Y@
WRITE ~1"UT,(2X,14,A,F12.3,A F12.3))
& 20,5, Y (1), I=1,M)

WRITE (NOUT,'(3X,A)"YPARAMETER ERROR'
ELSE

STG = (L.O+DELT)*STG
STL = (1.0+DELT)*STL
GO TO 100

END IF

CONTINUE

END

USER-SUPPLIED SUBROUTINE
SUBROUTINE FCN (X, F, N)
INTEGER N, L
REAL X(N), F(N), DA(10), STG, STL, XO, R, A
COMMON /DATAIN/ DA, STG, STL, XO, R, A
(0,1,0,1) FOR COCURRENT FLOW;
(1,0,1,0) FOR COUNTERCURRENT FLOW.
DATA Al, A2, A3, A4/1.0,0.0, 1.0, 0.0/
L=10
F(1) = 1.0-(1.0+A)*X(1)*X(L+1)-STG*((1+A)*X(L+1)
& -X(2*L+1))

DO 101=2L
FO=(i+A*@-1)*X( -1)*XLH-1)-(1+A*1)*X(D)
& *X(L+)-STG*((1+A*D*X(L+1)-X(2*L+D))

10 CONTINUE
FL+1)=1.-(1.+A)*X(1)-STG*XO*((1+A)*X(L+1)
& -X(2*L+1))
DO 11 I=L+2,2*L
FQ) = (1.+A*(-1-L))*X(-1-L)(1.+A*(-L))*X(-L)
& -STG*XO*((1.+A*(I-L))*X(D)-X(L+1))
11 CONTINUE
F(2*L+1) = (1 +R+STL+DA(1))*X (2*L+1)+A1+R)
& *X(2*L+2)+STL*(1. +A*1.)*X(L+1)
DO 12 I=2*L+2,3*L-1

F() = (A2+R)*X(I-1)~(1.+2*R+STL+DA(I-2*L))*X(D+(A3

& +R)*X(I+1)+STL*(1.+A*(-2*L))*X(1-L)
12 CONTINUE

F(3*L) = (A4+R)*X(3*L-1)-(1.+R+STL+DA(10))*X(3*L)

& +STL*(1.+A*L)*X(2*L)
RETURN
END
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USER-SUPPLIED SUBROUTINE TO COMPUTE JACOBIAN
SUBROUTINE LSJAC (N, X, FJAC)
INTEGER N,L
REAL X(N), FJAC(N,N), DA(10), STG, STL, XO, R, A
COMMON /DATAIN/ DA, STG, STL, XO,R, A
EXTERNAL SSET
(0, 1, 0, 1) FOR COCURRENT FLOW,
(1,0, 1, 0) FOR COUNTERCURRENT FLOW.
DATA Al, A2, A3, A4/1.,0,,1.,0./

L=10
CALL SSET (N**2, 0.0, FJAC, 1)
FJIAC(1,1) = (1.0+A)*X(@L+1)
FIAC(L, L+1) = 1.+A)*X(1)-STG*(1.+A)
FJAC(1,2*L+1) = STG
DO20I=2L
FJIAC(LI-1) = (1.+A%91-1))*X(L+-1)
FIAC(LY) = (1. +A*])*X(L+])
FIAC(LL+I-1) = (1.+A*(-1))*X(-1)
FIAC(LL+1) = -(1+A*D)*X(D)-STG*(1.+A*])
FIAC(L2*L+]) = STG
20 CONTINUE
FJAC(L+1,1) = (1.+A)
FIAC(L+1,L+1) = -STG*XO*(1.+A)
FJAC(L+1,2*L+1) = STG*XO
DO 21 I=L+2,2*L
FIACAI-1-L) = 1.+A*(-1-N)
FJIACQI-L) = (1.+A*(I-N))
FJACQI) = -STG*XO*(1.+A*(I-N))
FJAC(LL+1) = STG*XO
21 CONTINUE
FJAC(2*L+1,L+1) = STL*(1.+A*1)
FJAC(2*L+1,2*L+1) = (1 +R+STL+DA(1)}
FJAC(2*L+1,2%L+2) = A1+R
DO 22 I=2#L+2,3*L-1
FJACQLI-L) = STL*(1.+A*(-2*L))
FJAC(LI-1) = A2+R
FJIAC(L]) = -(1.+2*R+STL+DA(-2*L))
FJAC(LI+1) = A3+R
22 CONTINUE
FIAC(3*L,2*L) = STL*(1.+A*L)
FJAC(3*L,3*L-1) = A4+R
FJIAC(3*L3*L) = -(1. +R+STL+DA(L))
RETURN
END
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APPENDIX F

DETAILED DERIVATION OF BACK FLOW CELL MODEL

Adapted with permission from Zhou (1995).
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STEP 1: Dissolved Ozone

At steady state, the mass balance with respect to the amount of dissolved ozone within a
CSTR yields:

03m-03%°m+masstransfer-reaction=0 m
Substituting, this gives:

(forj=1)

. vV , |4
0,C, + QBCL-Z + kLC(CL.l - CL,I)—]V_ kw('L.lgl- W -9, + QB)CL,I =0 V)]

where Qg is the backflow rate, N is the number of CSTRs in series, and V is the total volume of the
reactor. Other symbols are as defined previously.

(for2<j<N-1)

. V V
@, +0)C,,, + 05C, )., +E,aC, - CLJ}]_V— ~k,C. e, N ~(Q, +20,)C,, =0
3)
(for j =)
. V V
Q. +Qp)Cry, +Ea(C,, - Cw)‘ﬁ -k,CirE;L N —~0, +0p)C,y =0 @
TEP 2: Gaseous Ozone
The mass balance with respect to gaseous ozone in a CSTR under steady state yields:
O34.in = O3 g - mass transfer = 0 )
Substituting, we get:
. 14
QGJ-ICGJ'-I - QGJCGJ + kLa(CLJ - CLj)ﬁ =0 ©
STEP 3: Total Gas

Ozone generators gencrally produce a product gas that is a few percent ozone, while the
remainder consists of air or oxygen, depending on the input gas. Treating this remainder as an inert
carry-gas, a the following mass balance equation can be generated:

. V
QGJ—ICTJ-I - QGJCTJ - k,_‘(CL J- C L J)—i =0 )
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where /i1 ui *otal mole concentration of all gases in the gas phase. Note that unlike Q;, Qg;
chang: - ithh ghtas a result of hydrostatic pressure decreases and gaseous ozone depletion.

STEP 4: Relationships of P;, C, Cg and CL* with the number of mixed cells j

a) P

J
Py =F +pge,L-+71) @®
B, =P, +pge, L &)
where Py is the total pressure at the surface of columns, and P, is the total pressure at the column
bottom. The above two equations mean that the hydraulic head P; decreases linearly with j as long as
the liquid holdup €, is constant.
b) Crand Cgvsj

As ozonation is normally operated at room temperature and pressure, it is reasonable to
assume that the gas phase follows the behaviour of an ideal gas. Therefore:

PV =nRT (10

where n is the moles of gas. For the total mole concentration of all gases:

ny _ B
=t = 11
NTYy TRT 1y
For the ozone gas:
n Py.
%=y T Rr (2)
<) CL‘vsj

The saturation concentration of dissolved ozone in equilibrium with ozone is governed by
Henry's Law:

p=Py=HC, (13)
Applying the above equation for ozone absorption, it yields:

. P
Cri =4 4

where y; is the molar ratio of ozone in the gas phase.



At the bottom of the column, the saturation concentration of dissolved ozone is:

. P,
CL,O = _I;—}’o

STEP 5: Simplification of Mass Balance Equations Using Dimensionless Parameters

a) Basic Dimensionless Parameters:
z=]—05
L
____ngL_I_‘_
NF,
2
0,
k,al
St, =t
P Nu,
51, = kel RT
Nu,, H
D, = k., L
Nu,
k, e L
D - MCL
*7 Nu,
C
X==%
Cs
y=2
Yo
Os,
q =
° QG,O

b) Simplification of basic terms:

Replacing with o, the relationships of Pj, Cp, Cgand CL' with j can be simplified as

follows:
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15)

(16)

an

(13)

(19)

(20)

@n

(22)

23

o2y

25)
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pge, L

P =P, +pge L~ L= P(1+q) (26)
C,, = &(—%@ @7
Co, = PL(I%’% 28)
C,; = —P—(]];—q’)y, 29)
G By, _RBA+a)Y i, gy 0

C;.,o - Ry, R, Yo

c) Simplification of BFCM

To simplify the BFCM for dissolved ozone, equations 2 to 5 were first divided by Q, C;.,oi

QB +k ‘(CI..] CLI) V CL] V (1 QB\ Ll _O
i L » ™ W -
CLO QL LO CLO CLO O.N QL QL LO
=1 31
Q LJ-I QB 1-.1+1 LJ CLJ‘ vV CLJ 4 ZQB CLJ
(1+ )————— a( =) —k,, -1+ =0
0,Cl, 0 Ci, "'Ci, Ciy QN “LoN T g, c,
(2<jSN-1) (32)
(o8 CL.N-I CL.N V C Q
a1+ )-— a( —) -k, -(1+2)=2 =0
QL Lo - LO CL,O IQLN QL QL CL,O
i=N) (33)
Because V/Q; = L/u;, the three equations above can be transformed as:
C,
C. QB L2 +k a}écm _C )__ ke LCpy (1+22_)C1:1 =0
Lo QL u, Lo 1o N CLO 0, CL,O
G=1) (34
(1 Q \ LJ-I QB LJ+1 + kLaL<CI:J _ I—J)_ 6'z,L CLJ (1 2QB\ I-J =0
QL QL LO “uNC,, CLO u N CLO QL LO
(2<j<N-1) @35)

(1+ QB\ L»N 1 + k aNL gL-N CI;N)_kngL CLN —(l QB\ =0
QL Lo Lo Lo U CL,O QL Lo
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(i=N) (36)

Substituting the dimensionless quantities and basic terms developed previously into these three
equations, we outain:

Xo=Q+r+81, + D)X, +rX, +Sr ,(1+ @)Y, =0 =1 37
(A+nX,;, ~(1+2r+8t, + D)X, +rX,,, +8t,(1+)Y; =0  (2<jsN-1) (38)
(+nX,, -(1+r+S8t, +D )X, +St,(1+aV)Y,, =0 i=N) (39

For the gaseous ozone, Equation 6 was first divided by the (Qg o Py ¥,) and then combined with
Equation 28:

QGJ-] F(1+aj-1))y -1 QGj F(1+ o)y § C;j CL,,' V
- — k(= - ) =0 (40)
QG,O RTP,y, QG,O RIP,y, Ry, Fy, QG,ON
Noting V/Qg ¢ = L/ug ¢ and Pgy, = HC] ,, Equation 40 can be transformed as:
QGJ-] (I+afj- 1)»’,'-1 _ QGJ 1+ o)y, _ kLaRn,CI..J _ CI:J)= 0 @1

Qo,o Yo Qa,o Yo HNu G0 \Cz.._o CL.O

Substituting the dimensionless quantities and basic terms developed above into Equation 41, one
obtains:

qu—le—l [1+afj - l)]“chyj(l +a)-St[(1+ Y, - X,;]=0 42)
For the total gas, Equation 7 was first divided by (Qg o P, and then combined with Equation 27:

Osja B(1+afj-1)) Qs P(1+aj) Ci;, Cuyy V.
- -k o(—=—-—=) =0 “#3)
QG,O RTP 0 QG,O R]P 0 PO IJO QG,ON

Noting V/Qg g = Lug g and Py = HC;_.o 1y, Equation 43 can be transformed as:

QGJ—] . QGJ k aLRT}' C;' CL'
=+ aj-1))]-=—(1+ L Hz-——=)=0 (44
O [L+a~1)] oo e ugoNH \CL,O Cz.,o)

Substituting the dimensionless quantities and basic terms developed above into Equation 44, one
obtains:

9ojall+alf —1)}-q5,(1+ g)-Sty,[(1+ Y, - X ,]=0 @s)

STEP 6: Zero-Index Variables

Based on the definitions of variables (Equations 23 to 25), the zero-index variables are:
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Yo=1 (46)
Xp=1 )
dgo=1 (48)

NOTE: As a similar approach could be used to derive the countercurrent mode model equations, the
derivation is omitted here.
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APPENDIX G

FINAL BACK FLOW CELL MODEL DATA INPUT FILES
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ROSSDALE, COUNTERCURRENT ROSSDALE, COCURRENT
$.92E+00,5.00E-02,10.00E+00, 5.72E+00,5.00E-02,10.00E+00,
1.42E-01,1.62E-01,1.76E-01,1.90E-01,2.04E-01, 2.12E-01,1.92E-01,1.73E-01,1.58E-01,1.44E-01,
2.17E-01,2.29E-01,2.41E-01,2.51E01,2.58E-01, 1.33E-01,1.22E-01,1.14E-01,1.06E-01,1.00E-01,
1.51E-01,2.05E-01,1.10E-02,7.48E-01,-1.50E-02, 1.56E-01,1.67E-01,1.10E-02,5.73E-01,-1.50E-02,
1.587,1.523,0.948,0.604, 0.841,1.055,1.046,1.157,

0.240,0.168, 1.198,1.189,

1.00,0.90,0.20, 1.60,0.90,0.10,

1.00,0.70,0.20,
1.00,0.60,0.20,
1.00,0.50,0.15,
1.00,0.40,0.10,
1.00,0.35,0.05,
1.00,0.35,0.02,
1.00,0.30,0.02,
1.00,0.20,0.12,
1.00,0.20,0.61

RED DEER, COUNTERCURRENT RED DEER, COCURRENT
5.93E+00,5.00E-02,10.00E+00, 9.52E+00,5.00E-02,10.00E+00,
1.92E-01,2.12E-01,2.30E-01,2.47E-01,2.64E-01, 3.60E-01,3.10E-01,2.65E-01,2.31E-01,2.04E-01,
2.80E-01,2.96E-01,3.12E-01,3.25E-01,3.37E-01, 1.81E-01,1.65E-01,1.50E-01,1.37E-01,1.28E-01,
1.50E-01,2.01E-01,1.20E-02,6.60E-01,-1.50E~02, 1.50E-01,2.01E-01,1.90E-02,6.60E-01,-1.50E-02,
3.592,2.709,1.950,1.253, 2.224,2.217,2.358,2.217,

0.582,0.329, 2.857,2.408,

1.00,0.90,0.40, 1.00,0.90,0.10,

1.00,0.70,0.35,
1.00,0.60,0.30,
1.00,0.50,0.25,
1.00,0.40,0.20,
1.00,0.35,0.15,
1.00,0.35,0.10,
1.00,0.30,0.08,
1.00,0.20,0.06,
1.00,0.20,0.05

SLAVE LAKE, COUNTERCURRENT SLAVE LAKE, COCURRENT
6.30E+00,5.00E-02,10.00E+00, 5.45E+00,5.00E-02,10.00E+00,
8.02E-01,8.02E-01,8.02E-01,8.02E-01,8.02E-01, 7.28E-01,5.59E-01,4.38E-01,3.54E-01,2.94E-01,
8.02E-01,8.02E-01,8.02E-01,8.02E-01,8.02E-01, 2.49E-01,2.16E-01,1.89E-01,1.69E-01,1.53E-01,
1.53E-01,1.90E-01,1.20E-02,6.60E-01,-1.50E-02, 1.45E-01,2.35E-01,1.10E-02,7.69E-01,-1.50E-02,
2.293,1.913,1.328, , 1.371,1.525,1.669,1.492,

. s 1.514,1.523,
1.00,0.90,0.20, 1.00,0.90,¢.10,
1.00,0.70,0.20, 1.00,0.70,0.10,
1.00,0.60,0.20, 1.00,0.60,0.10,

1.00,0.50,0.15,
1.00,0.40,0.10,
1.00,0.35,0.05,
1.00,0.35,0.02,
1.00,0.30,0.02,
1.00,0.20,0.02,
1.00,0.20,0.01

1.00,0.70,0.10,
1.00,0.60,0.10,
1.00,0.50,0.10,
1.00,0.40,0.12,
1.00,0.35,0.15,
1.00,0.35,0.15,
1.00,0.30,0.12,
1.00,0.20,0.10,
1.00,0.20,0.10

1.00,0.70,0.10,
1.00,0.60,0.10,
1.00,0.50,0.10,
1.00,0.40,0.12,
1.00,0.35,0.15,
1.00,0.35,0.15,
1.00,0.30,0.12,
1.00,0.20,0.10,
1.00,0.20,0.10

1.00,0.50,0.10,
1.00,0.40,0.12,
1.00,0.35,0.15,
1.00,0.35,0.15,
1.00,0.30,0.12,
1.00,0.20,0.10,
1.00,0.20,0.10



HASSE LAKE, COUNTERCURRENT

5.72E+00,5.00E-02,10.00E+00,
1.24E-01,1.98E-01,2.84E-01,4.03E01,5.77E-01,
8.48E-01,1.27E+00, 1.89E+00,2.78E +00,4.04E+00,
1.50E-01,2.09E-01,1.10E-02,7.1SE-01,-1.50E-02,
1.607,1.353,0.673,0.337,

0.127,0.064,

1.00,0.90,0.30,

1.00,0.80,0.23,

1.00,0.76,0.20,

1.00,0.69,0.15,

1.00,0.62,0.10,

1.00,0.55,0.05,

1.00,0.50,0.02,

1.00,0.44,0.02,

1.00,0.39,0.02,

1.00,0.35,0.01

WABAMUN LAKE, COUNTERCURRENT

5.59E+00,5.00E-02,10.00E+00,
1.46E-01,2.40E-01,3.56E-01,5.22E-01,7.80E-01,
1.19E+00,1.83E+00,2.78E+00,4.20E+00,6.13E+00,
1.52E-01,1.98E-01,1.10E-02,6.82E-01,-1.50E-02,
1.674,1.427,0.684,0.511,

0.203,0.124,

1.00,0.90,0.37,

1.00,0.84,0.31,

1.00,0.77,0.24,

1.00,0.70,0.17,

1.00,0.62,0.11,

1.00,0.56,0.06,

1.00,0.50,0.04,

1.00,0.44,0.02,

1.00,0.40,0.01,

1.00,0.35,0.01

PIGEON LAKE, COUNTERCURRENT

8.54E+00,5.00E-02,10.00E+01,
5.00E-01,5.00E-01,5.00E-01,5.00E-01,5.00E-01,
5.01E-01,5.01E-01,5.00E-01,5.00E-01,5.00E-01,
1.48E-01,2.31E-01,1.70E-02,7.90E-01,-1.50E-02,
4.600,4.161,3.464,2.218,

1.218,0.857,

1.00,0.90,0.20,

1.00,0.80,0.20,

1.00,0.70,0.20,

1.00,0.60,0.15,

1.00,0.50,0.15,

1.00,0.45,0.10,

1.00,0.40,0.10,

1.00,0.30,0.0S,

1.00,0.20,0.05,

1.00,0.20,0.02

s8e8 )3t observation is an estimate.
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HASSE LAKE, COCURRENT

5.49E+00,5.00E-02,10.00E+00,
1.24E+00,7.95E-01,5.46E-01,4.00E-01,3.C6E-01,
2.46E-01,2.03E-01,1.71E-01,1.49E-01,1.31E-01,
1.46E-01,2.35E-01,1.10E-02,7.87E-01,-1.50E-02,
0.970,1.030,1.108,1.057,

0.981,1.002,

1.00,0.90,0.10,

1.00,0.70,0.10,

1.00,0.60,0.10,

1.00,0.50,0.10,

1.00,0.40,0.12,

1.00,0.35,0.15,

1.00,0.35,0.15,

1.00,0.30,0.12,

1.00,0.20,0.10,

1.00,0.20,0.10

WABAMUN LAKE, COCURRENT

5.59E+00,5.00E-02,10.00E+00,
2.65E+00,1.30E+00,7.43E-01,4.73E-01,3.28E-01,
2.43E-01,1.90E-01,1.52E-01,1.27E-01,1.07E-01,
1.50E-01,2.09E-01,1.10E-02,7.1SE-01,-1.SOE-02,
0.921,1.008,1.028,0.991,

1.012,0.947,

1.00,0.90,0.10,

1.00,0.70,0.10,

1.00,0.60,0.10,

1.00,0.50,0.10,

1.00,0.40,0.12,

1.00,0.35,0.15,

1.00,0.35,0.15,

1.00,0.30,0.12,

1.00,0.20,0.10,

1.00.0.20,0.10

PIGEON LAKE, COCURRENT

7.49E+00,5.00E-02,10.00E+00,
5.86E-01,3.93E-01,2.80E-01,2.10E-01,1.64E-01,
1.33E-01,1.11E-01,9.46E-02,8.21E-02,7.25E-02,
1.50E-01,2.04E-01,1.50E-02,6.85E-01,-1.50E-02,
1.784,2.087,1.801,2.048,

2.070,2.242,

1.00,0.90,0.10,

1.00,0.70,0.10,

1.00,0.60,0.10,

1.00,0.50,0.10,

1.00,0.40,0.12,

1.00,0.35,0.15,

1.00,0.35,0.15,

1.00,0.30,0.12,

1.00,0.20,0.10,

1.00,0.20,0.10
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MIQUELON LAKE, COUNTERCURRENT MIQUELON LAKE, COCURRENT
8.41E+00,5.00E-02,10.00E+00, 8.65E+00,5.00E-02,10.00E+00,
$.16E+12,5.16E+12,5.16E+12,5.16E+12,5.16E+12, 3.32E-04,1.02E-18,2.88E-31,4.06E-42,1.57E-51,
5.16E+12,5.16E+12,5.16E+12,5.16E+12,5.16E+12, 1.23E-59,1.45E-66,1.04E-72,6.14E-78,1.63E-82,
1.52E-01,1.91E-01,1.70E-02,6.47E-01,-1.60E-02, 1.53E-01,1.96E-01,1.70E-02,6.92E-01,-1.60E-02,
0.992,0.317,0.167,0.118, 0.423,0.330,0.352,0 290,

0.096,0.078, 0.220,0.195,

1.00,0.90,0.20, 1.00,0.90,0.10,

1.00,0.70,0.20, 1.00,0.70,0.12,

1.00,0.60,0.20, 1.00,0.60,0.16,

1.00,0.50,0.15, 1.00,0.50,0.10,

1.00,0.40,0.10, 1.00,0.40,0.18,

1.00,0.35,0.05, 1.00,0.35,0.20,

1.00,0.35,0.02, 1.00,0.35,0.21,

1.00,0.30,0.02, 1.00,0.30,0.22,

1.00,0.20,0.02, 1.00,0.20,0.23,

1.00,0.20,0.01 1.00,0.20,0.25

DRIEDMEAT LAKE, COUNTERCURRENT DRIEDMEAT LAKE, COCURRENT
8.30E+00,5.00E-02,1.00E+01, 8.26E+00,5.00E-02,10.00E+00,
1.82E+00,1.82E+00,1.82E+00,1.82E+00,1.82E+00, 5.43E-01,2.98E-01,1.63E-01,9.24E-02,5.44E-02,
1.82E+00,1.82E+00,1.82E+00,1.82E+00,1.82E+00, 3.35E-02,2.18E-02,1.46E-02,1.03E-02,7.55E-03,
0.150,0.216,0.017,0.748,-0.016, 1.50E-01,2.16E-01,1.70E-02,7.48E-01,-1.60E-02,
1.604,0.823,0.299,0.163,0.069,0.060, 0.518,0.587,0.645,0.631,

1.00,0.90,0.20, 0.595,0.519,

1.00,0.70,0.20, 1.00,0.90,0.10,

1.00,0.60,0.20, 1.00,0.70,0.10,

1.00,0.50,0.15, 1.00,0.60,0.10,

1.00,0.40,0.10, 1.00,0.50,0.12,

1.00,0.35,0.05, 1.00,0.40,0.15,

1.00,0.35,0.02, 1.00,0.35,0.15,

1.00,0.30,0.02, 1.00,0.35,0.14,

1.00,0.20,0.02, 1.00,0.30,0.13,

1.00,0.20,0.01 1.00,0.20,0.12,

1.00,0.20,0.11



