el
m‘“

. A eeene



FOR
DISINFECTION OF ESCHERICHIA COLI IN WATER

WANG C. YUEN

A THESIS

RESEARCH IN PARTIAL FULFILLMENT OF THE REQUIREMENT

IN



l of Connla

afionsl Library

1A ONe

The author has granted an ivevoosbie non-
enchaive losnce sliowing he Nationsl Libsery
of Canadia o reproduce, lom, distbute or sl
coples of Nafer thesls by eny mesns and In
“mcﬁﬂ.mﬁﬁtﬂ
0 interested persons.’

mmnﬁ-mdnm
substentiel esiracts from &k may be printed or
m reproduced without Nafher per-

L'sastour & acoordé une Bcance imévocable ot
non exchuive permetiont & ia GRliothiogee
naflonsls du Canada do reprothire, priter,
distribusr ou vendre des coples do sa thiee
de queigue manidre ot sous queique fonme
qQue o9 solt pouwr melive des examplaires de
ostie thies 4 k disposiion des parsonnes
intbressdes.

ﬂ“nlﬁmuhﬁhdﬁ“
substantisls do callecl ne dolvant &bre
imprimés ou sutremant reprothiits Sans SoOn
saforisafion.

ISME  0-315-64933-0



IN WATER
YEAR THIS DEGREE GRANTED: FALL, 1990
NEITHER THE THESIS NOR EXTENSIVE EXTRACTS FROM IT MAY BE

/- @t. 171D 0



WMMFA@LTYQFMATESTUDIEAND
RESEARCH B:RAmmAmmmm
OF OZONE AND OZONE/PEROXIDE FOR DISINFECTION OF

ESCHERICHIA COLI IN WATER SUBMITTED BY WANG C. YUEN IN




ABSTRACT
Ozone and hydrogen peroxide has been shows 10 be a superior oxidation process
mmmpuuﬁymmm

in two umm waters: 0.05M mio.om bicarbonate buffer and 0.05M
phosphase buffer with 10:1 peroxide:ozone weight ratio. These were designed 0 minimize
ganism. Ozone was prepared as a side-steam conceatrased stock solution which was
added 0 the batch reactors 10 provide a calculmed applied dose of 12545 ug/l., at contact
times of 6, 20, 60, 120, 300, 600 s. Buffers wese pH 6.9 with a wwmperature of 21°C.

s ¢ ctivasion in 0.05M phosphete-0.01M bicarbonate buffer and the
0.05M phosphate buffer with 10:1 peroxide:osone weight ratio up 10 the point where the
ozone completely disappeared from the 0.05M phosphate buffer with 10:1 peroxide:ozone

In csone disinfection/on
mumumﬂ-ﬂmmhnm
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1. INTRODUCTION

1.1. BACKGROUND

The oxidation reactions of ozone in water are complicated by the interacti
ozone with its derivatives. According to Weiss (1935), Peleg (1976), Teramoto et al.
(1981), Forni et al. (1982), and Hoigné and Bader (1976, 1978, 1979), there are two
ozone molecules; direct ozone oxidation is highly selective. The second is indirect
coli (E. coli) as suggeswed by Scort and Lesher (1963) is debatable.

1.2. OBJECTIVES

Towdﬂumcmdidmmhkmnf:f
hydrogea peroxide phosphats buffer encourages oBone Gecos osition 10 form radicals.
collected 90 establish a statistically sound comperison of the two processss. The
Wm“n”dw




1 ozone decay kinetics in the bicarbonae systen;

3 significant difference of disinfection efficiency, between the direct ozone xidation
and the indirect radical-mediased reaction.

1.3. SCOPE OF WORK

reaction in water. The inter-relationships among different parameters in controlling the
mwmmmmmm@n,

species. mmw:mdmﬂﬂmmm
mammm.wnmmmﬂ
designed 10 maximized the production of radical specics. The disinfection contact time was
controlled from a minimum of 6 s 10 & maximem of 600 3. E. coli was seeded into bawch
and kinstic modeiling were examined. Wﬂyﬁwﬁ-ﬂdnnmm
10 check mode! adequacy as well as lack-of-fit . Further improvem ts were cbesrved in
the direct ozone reaction in contact times greaser than 60s, and it was found that ozone
residual is essential for high level disiafoction. A conceptusl omone disinfection and
oxidation schematic process was suggeseed.




2.1. OZONE CHEMISTRY IN WATER

redox posential (Table 1). Owone is a much more powerful oxidant than other disinfection
mm:mmm:amm

Reviews by Bailey (1958, 1975) and Hoigné (1988) pointed out that ozone has a
ﬁummmmuwdmmﬁemm
carbon-carbon bonds of organic compounds. Subsequent trestment of the insermediate
pudneiﬁmﬂmmﬁﬁﬂeﬁﬂnﬁmmm-ﬁh—i
ﬂMMBMﬂﬂQHMMMﬂﬂ

Bailey (1938, 1975) suggested that the reactivity of orgasic compounds in
mmﬁﬁwmwﬁmnnm

In reactions with aromatic compound
hm“m-m:ﬁiﬁﬁhjmmhﬂﬂm



Table 1 Comperison of redox powential of aleemative disinfectants (CRC Handbook,

1982)
O +2H' + 200 &6 02 + HO 2.076
HyOq + ZH' + 2¢ & 2H0 1.776
Cl +2e & 2CI 1.36
Cl02(g + & & CIO; 0.95




ing condition

the compounds being attacked by ozone must have alkenes or acetylenic boads or

cs that ave somewhat reactive 10 elocrophilic reagents.
s in the reaction and yields mostly acids and ketones along with

described in the following section.

MMﬂ“ﬁmmmhmi follows:
ﬁmmﬁhﬁﬂkmﬂuaﬁlﬂl

k
Oy + M = Myaiaa



s of both ozone

The rate of reaction is first order with respect 10 the concentratio
and solwte, M. It can be expressed as:
- 203 _ x(m1103) !
Product formation is dependent on ozone concentration, reaction time, solute
slower then ozone radical reactions.

2.1.2. Decomposition of easne

tcrmination. Forni ef al. (1982), Stachelin and Hoigné (1962), Scheswed ¢r ol. (1984),
Tomiyasu ez al. (1985), Sossio et al. (1987) have reported work investigating the chemistry
model: Tomiyasu es al. (1965), Chelkowska et al. (1990)). Their proposed pathways are
simplifed and summarised in Figwre 1.

3.1.2.1. Isitistion reactions

molecuies. Inldasion reactions ase therefoss a function of pH (is., the concensration of



Gordon and cowerkers ——— T L

Figwe!  Simplified summary of ouons decomposkion models in puss waser (Afer
Chelkowska ¢t al. 1990, Suchelin and Hoigné 1985)



showed that there was no ozone molecule decomposition at pH 2 in a phosphase buffer.
As the pH was increased 0 pH 8 w0 pH 10, the rase of ozone decomposition increased in
proportion to the concentration of the OH" ion. The EAWAG model suggests that an
oxygen radical transfer is involved, while the Miami mode! suggests that an oxygea som
there was a0 ozone molecule decomposition at pH 2 in a phosphate buffer. As the pH was
increased w0 pH 8 w0 pH 10, the rase of ozone decomposition increased in proportion 0 the
sm-ﬂshmﬁﬁﬁimmhmm

process. k is believed thet hydroxyl radicals pisy the maia role in this process. The
insntaneously formed hydvoxyl radicals attack the waser ipurities in the substrase solws,
forming verious derivative radicals or products. The OH- can then act on organic sobutes
by cither hydrogea atom shetraction, a hydroxyl radical addition 10 a doubls boad, or aa
hydsangl sadicals OH- with organic solutes are in the rangs of 10 8 10 10 0 Mol-is-1,
Holgad dnd Bader (1976) showed that the addition of O3 10 organic radicals eliminased




HO/Oz" in a base medium. The reaction rase is much kigher relative 10 the reactions with
radical reactions 10 be “Oy", "0, and “OH.

2.1 . Termination reactions

radicals im0 a stable species that avoids chain reactions, as postaissed by Stachelin and
combine 10 form OOs-~ or HOOy-. These secondary radicals are stable chemically and they
mMﬂMyﬁﬂsmmhhuﬂniﬂ
tig * »-CarTying specics can also be formed by metkylmercery kydeoxide or
MHhﬁMIﬂnhmﬁﬂﬂﬂmm
Mmpﬂdmmg‘ rikowsks, et al. 1990).
m::fmmimgﬂnuﬂﬁmﬁﬂlﬁﬁ propagation reactions.
Chelkowska et al. (lmmﬁmﬂﬂMhﬂlzm
experimental date. m&*ﬁﬂﬁlﬁﬂwpbﬁ-ﬁ
0 the EAWAG model. The examination by spectOphotomet r ot 260 am indicased that 3
Hbﬁlﬁiﬂhmbh&'ﬂuﬂ The Miami model predicts &
high concentrati ,,d‘i-i-—inlnim('o, —iiﬂ,')ﬁﬁmd




oaly some of the phenomena observed. From a practical eagineering point of view,
h is important 10 recognize that the direct ozone and the indirect radical reactions of

of ozone molecules in the water. Thus, disinfection was adversely affected by rapid ozone
decay. There is no doubt that disinfection performance depends on an unde

R=- 2O _ri0p 2
dt
ky = constant.
The reaction order, b ranges from 1 1 2. These variations of b, as reporeed by

10
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Table 3 Ozone decompasition rate equations
R--%-kz[mnqp Reference
k a b
374 0.88 1.0 Teramoto et al. 1981
0.55 20 Gurol and Singer 1982
s 1.5 Li 1977
s=f(pH)
1.0 1.0 Rizzuti et al. 1977
0.7 1.0 Stomm 1954
0.5 1.0 Alder and Hill 1950
0.36 20 Sennewald 1933




Minchew et al. (1987) and Gurol and Singer (1982) attempted w0 clarify the
differences in reaction orders. Gurol and Singer (1982) reported reaction orders of
magnitude similar 1 previous studies (refer 10 Table 2). Minchew ez al. (1987) pointed owt
that the values of reaction order would vary in different reaction environments (see Table
2). MWMMW“»MWJWME
water.

2.1.3. Effect of pH

pﬂisdnmdhy&opbumhm. Hydroxide ions are the
prime facor in the initiation of ozone decomposition. Hoigné (1982) studied waser with
mMMMZnIOﬁMMMWdMM
more rapidly with increasing pH.

Fomi ef al. (1982) made use of spectral identification and showed that OH- started
mmwam-mpﬂwums.mw-mmmuﬁ
mmdﬂsm«d.(lmungmupﬂunio-dw
mnmnmwmumamniad.(nm).wum)
Wm.gts»uumm«mmwwm
from 0.5 to 1.0. mmwwmmum)wuin
mmmm.(om-nsmawmmmmm They
WMM&WMMnMdew In the field
dmmmad.(lmnwumwmn
maintain osone residusis and cnhanced inactivation of microbial.

mma-&ammmm»m»bwn

R-..d%.‘_l-kz(afﬂo,’ 3
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where,
k, =constant
a, b = reaction orders.
It is noted that the value of a is less than one; therefore, it is not a linear function of
hydroxyl ion concentration.
It follows that
logR=logk; +alog[OH ] +blog[ O3] 4

respect 10 ozone concentration, "b” in equation 4 can be solved. Hence, a and k2 can be
and Singer 1982):
1. initial-rate method.

2. differential method.

3. inwgral method.

Gurol and Singer (1962) further claimed that it is important 10 obtaia reproducible
data and 0 compare them using different analytical methods. The results should be
confirmed by using other types of reactor.

2.1.4. [Effect of carbonate and bicarbonste ion

W(lm)wumwmwwmm Fomi

14



(ozone dose = 9.6 mg/L, pH 13.0, T=2011°C).

highly selective radicals which stop the chain reactions. According 0 Weeks and Rabani
(1966), and later, Paillard et al. (1988), the scavenging reactions were postulated
HOOy +OH'—  OH- + HOOy K=1.5x 107 M!S} 18
O0y-+OH » OH + Q03" K=4.2 x 1CS M-1S-! 19
Stachelin and Hoigné (1982) reporsed that at pH 8 10 10 and the concent

bicart
restrained. They also observed that at bi tions less than |
Mﬂd(lﬂﬂ)mﬂpﬁsnmﬁmmmm
ozone for hydroxyl radicals nﬂil&!ﬂ:mﬁ“hmmﬂmﬁhn?
mM. Sotelo e al. (1987) also agreed that the addition of carbonate inhibited ozone
mammﬂﬁmm-dmﬂ&
hﬁsnﬂybyﬁuiymad(l?!i).hypdnﬂﬂﬁﬂhmﬁem

15



R=-22) i, (op - Edp(ORTPLOS P

where,

all k's, a, b are constants.

E = Arrhenius activation energy in cal/mole.

R = Ideal gas law constant [ 1.987 cal/mole K ).

T = absoluee semperature in °K.

Ozone decomposition follows the Arrhenius relationship was confirmed by Roth

and Sullivan (1983), Hoigné and Bader (1983a) as well as Soselo er al. (1987). Their
was small.

2.1.6. Decomposition of oczone in surface water
Various impurities in water react differently with caone. Because it was impossible
t0 deal with the response of many individual substances 10 osone reaction, collective serms,
such as TOC, DOC, BOD, and COD were used %0 develop relationships 10 predict the

effects of ozonation.
Preis et al. (1988) generalized ozonation reactions in a second order equation,

A .k st0 ]

ki = constant
Si = solute impurities i

Buwe, $i x TODi = CODi

16



By assuming TODi constant, 4(On]
%-m oDy [ O3]

Fﬁmmﬂm

§ = constant
ﬁﬁsad(lﬂ)hﬁsvﬁﬁdﬁ:ﬂmﬂﬂﬁ;ﬁlﬂmd
various qualities. muumﬁlﬁthmﬁm-ﬂ?m
ozone radical reactions in water.

ozone-eel mﬂaﬁnmﬂ-mdhmmmﬁ:
prohibised the chain decomposition of ozone.

‘m-m:hz; (ke 103 .

17



Figere 2

Model of csone I

18



19
,
2

l&-k:[OH'lHZk,[a-th w”ﬂ*z -t

k =constant

r =rase of reaction
p = promoter

1 = initistion

$ = scavengens
d = direct reaction
¢ =cyclic reaction

k; (M) >> 2k1 [OH - )

amw(mwwﬁlm—im
aloohol).
Yorteri and Gurol (1988), following Stashelia and Holgné (1962, 1983) further
For highly reactive radical species,



dt . dt 10

t VA 1

and,
logwaA+pH+log(EZKp:[(P1])-log (EKam[Im])) 12
where,
( P, j=1,2.........) stand for the promosers which inseract with [ OH* )
( Im, m=1,2.......) stand for the inkibisors which imteract with [ OH* )
A = constant
Ksm = reaction constant of scavengers.
Lesting
Carbonatebicarbonate alialinity = inhibisors
The specific osone utilization rate, w can be estimased as follows,

logwa B +a(pH) +b{log (TOC))- elkg(gmi)l s

Yurteri and Gusol (1988) demonstrased that the prediction of w was withia 25 %
using water of various qualities. (pH 6.0 - 7.1, alkalinity 15 - 90 mg/t CsOO3 TOC 1.7 -
7.3 mgfl) &t wmperature 20 £1 °C. This estimates the rase of caons consumption ia
different aquecus solution environments. lﬁﬁlﬂnﬁﬁ-iﬁmﬂm
by simply knowing the pH, twtal organic carboa (TOC) and alkalinity of the samples.
Nevertheless, in order 10 improve the accuracy of “w” further reseasch was indicand.




decomposed ozone required 10 reduce the concentrati n of a substrate solmee 10 37% of its

with respect o ¢

E‘.‘
>
X
-

(M) _ 4@A0y)  K[M)
dt """ dt gu(si) ForKiMj<<xi(si) 1

Si  =scavengers
[ = reaction rate constant of Si

o.EHLsH
- nkK 15

(M) M l_l
dt 16

21



Hence, by incgrating the above equation, Q can be desermined.

The oxidation competition value is a collective parameter which sums up the effects
of all existing scaveagers agsinst hydroxyl radicals. Experimental observations suggessed
that Q is rather constant disregarding the dynamic environment within the process. Hoigné
(1982) concluded that the value of Q changes in direct lincar proportion with the
concentration of OH.-radical-consuming solwes Tki[Si).

Heace,

Q = T(ei [Si]) 17

where, @i =oxidation competition coefficient

Based on the above stased assumptions and mathematics, the measure of oxidation
competition value of & given water sample indicaes the extent of the hydroxyl-radical-
coasuming solute preseat. This is the implication of competitive reactions agaiast direct
reaction of disimfection. It is particularly useful in distinguishing the pathway reactions.
The value of the oxidation competition coefficient provides the amount of the
decomposition of csone in aquecus solution. Hence, disinfoction uader coatrolled
conditions can determine the effectivencss of either direct csone or cmone radical reactions.

2.1.8. [Impact of water quality

Hoigné (1962) suggesed that natural surface waters of various qualities impact on
osonetion differendy. This is due 0 the presonce of reaction competing solutes working
against biocide effects. Sigsificant factors include pH, carbonste/bicarbonats ioms,
semperanme, aerbidity and organic coment as measwred by DOC, COD, BOD, or TOC.



2.1.8.1. Turbidity

Turbidity refers 10 suspended particles, such as sikt, clay or orgasic maner, which
movement. Turbidity is a result of natural crosion, decay, urben ren-off and agriculvaral
and industrial activities. Sproul et al. (1979) belicved that the suspended particies prosect

Budde et al. (1977) showed that within a range of 5.1 - 12.0 JTU, water samples
duﬁcﬁﬂﬂqm:mﬂnﬂiﬂymmmnmﬁﬂ
degroe of disinfection. The laboratory study by Scarpino et al. (1979) reporsed that at 3
dioxide significantly. The investigat 1 by Sproul et al. (1979), using different types of
MHHMInsthhmcmﬂ
caseric baceeria and viruses in focal matter prosected the microorganisms from osone
more effective for less tarbid water (Venosa, e of. 1980, Swover and Jarsis 1981, Givea

possaleted models of muicipel wassowater disiafection using BOD or OOD 1o quantify the
osone demand of the waser. In fact, there exists 80 singls PArAmMONSr 10 Fepresent the

23



TOC, aad Q-value were also used (Hoigné, 1982., Xu er al. 1989, and Yureri e al.
1988).
Biochemical oxygea demand (BOD) in on-line pilot scale investigation

oxygea demand (OOD) could reduce ozone purification ozanski
1979; Swover and Jarnis, 1981; Venosa e al. 1980 ). Further study by Finch (1987)
Total organic carbon (TOC), Xu et al. (1989), Yureri et al. (1988) reporsed that an
increase in COD aad/or TOC could reduce the effectivencss of ozonation. Yureeri er al.
that the oxidation competition value () increased by 0.4 g O3/ m 3 for cach mg DOC /L
present.

2.2. ADVANCED OXIDATION PROCESSES

Glazs ¢s ol. (1987) defined advanced oxidation processes as thoss that gemerase
the advanced oxidation processss are the osonation in clevated pH levels (Oy), the
all of thess processes attempt 10 increass both the production rase and the sheolute quantity
of hydsonyl sadicals in csder 10 enhance purification effecss.



Sﬁmﬂﬁ#(lﬂ)ﬂﬁmgd(lmwwﬂﬂmwﬂ

H0; + H/O & HOx- + HyO* K,=10-116
iﬂr*@:“:‘ﬁ* *&'i#@: 21

At low pH levels radical formation by hydroxyl ion is siow, but the rae of reaction
accelerates as pH becomes greaser than 5. Paillard et al. (1988) showed that the optimal
conditions for oxidising oxalic acid in Oy/HO2 system were at pH 7 and at the ratio
AH,0y/AOy=0.5 where the decomposition rase constant K =(2840.5) x 10° M-'s-!.

ultravisiut isradiation appesr 10 be:
1. formation of a highly photolytic species of ozone.

Oy + hv + HO -+ HiOz r

poroxids prior 10 the radical seactions. The oaly dilassnce from the csone/ii;O; process



Paillard er al. (1985) confirmed that the use of ultraviolet light of various
wavelengths substantially improved the bicarbonase inhibition of ozone decomposition
and also, boossed the reactivity with unsaturated organic compounds. Glaze er al. (1987)
reporsed that the electrical power of the ultraviolet lamp in the range of 13.2-39.6 W at

length 2540m was applied 0 promose the radical reactions, and increased the rase of

reduction of chioroethylene compounds.

2.2.3. Hydrogen peroxid

Baxendale and Wilson (1957) postulated that the phosolysis of hydrogea peroxide
Glaze ¢r al. (1987) used trichlorosthylene 10 compare the reactions between a

2.2.4. Fenton reaction with hydrogen peroxide

It was postulssed by Fenton (1894) that metallic iron (II) would act as a redox

Fe?* + HyOp + H* = Fe’* + HO + HO 23



HO, +Fe3+ = 0; + Fe?* + H* 7

be generated as a result of Fenton reaction. Research by Imiay ez al. (1988), using the
Fenton reagent hydrogen peroxide, confinned mutagenic effects and cell killing of E. coli
at low concentrations of hydrogen peroxide.

2.3. OZONE DISINFECTION MECHANISM

2.3.1. Efficacy against microorganioms

reagent is able %0 oxidize organic mater. If oxidation was the only reaction me
causing disinfection, ozone would be one of the most effective of the disiafection agents.
affecting actions against microorganisms (Scot and Lesher, 1963).

James M. Montgomery Consulting Eagineers (1985) summarize a list of specific
Mcmsnuuwmdmuaﬂ ORC tion for a unit
time. In Table S, specific bacteria, viruses, and cysts were studied for 99 % inactivation
at or noar pH 7.0 and 20° C. It is apparent that the relative poseacy of ozons against these
species is much higher than other disinfectants.

27



2.3.2. Modes of action

avestigation of Meazel (1971) postulased that it was the damage 0
(1978) and Ishizaki ez al. (1987) indicased that ceone could penetrate cell membrane and
responsible for the inactivation of bacteria cells. Nevertheless, Davis (1961) as well as

The disinfection seaction is a process involviag physical, chemical aad biological
changes within microorganisms. There is no single explanation for disinfection reactions.
Chick (1908) investigated the relationship of various procesess in disinfection. She
established the rase of microorganis tivation as & pesudo first-osder chemical reaction,




Table 4 wmmdwmuw

Consulting Engineering, 1985)
Disinfectant E. coli Poliovirus | Emsamocba
Oy 2300 920 3.1
HOQ 120 4.6 0.23
Qo; 16 2.4 .
o 5.0 0.44 -
NHC, 0.84 0.00092 .

NHQ 0.12 0.014




&
8

where,
No = concentration of viable organism at time t=0.
t = contact time in secouds.

However, Chick's Law is limited 0 a linear log function of time. In practice, the
rate of kill does not remain con I lisinfection, two stages can be
carried out by Katzenlson et al. (1974), Venosa er al. (1979), and Finch (1987), using
predicting disinfection characteristics and have no rational mechanism 10 describe the

inactivation. Other ressarchers, for instance, Davis (1961), Hamelia and Chung (1974)
presented on disiafection by osone or its decomposition products. Swdies by Glase er ol.
(1980), Wolls ¢z al. (1909), Ferguson ¢r al. (1990) reported improvements in oxidation of



mmmswqum;&mmmmmnm
vmmmm»mﬂmﬂﬂnytﬂmdnw
momnmmmmmmﬂm
radical-mediated process. In order 10 utilize ozone effectively, it is necessary 10 obtain a

31



3.1. EXPERIMENTAL DESIGN AND ANALYSIS
3.1.1. Choice of experimental water

The experimental design was based on the chemistry of ozone in squeous solution.
chain reaction of ozone decomposition and assist in the persistence of the osone molecule.
Therefore, if the direct ozone reaction is the most significant for disinfection, buffer
radical species are predominant, such as the peroxide-ozone process. In the peroxide
radical species.

Stachelin and Hoigné (1982) studied the effect on osone decomposition by the
addition of carbonase 10 buffers. They found the optimem concentration was 0.01M
Therefore, the first buffer consisted of a 0.05M phosphate-0.01M bicarboasse (pH 6.9)
hydrogea peroxide added 0 accelerate the decomposition of ozone and produce a large
quantity of radical species quickly.

Experiments were carried owt in parallel under identical experinental conditions,
using the two buffers, for contact times of 6, 20, 60, 120, 300 aad 600 3.

32



3.1.2. Deta analysis

linear least-squares (Draper and Smith 1967 and Belsley e ol. 1980). The uaderlying
probability plots as suggested by Belsley ef al. (nm, Pure error was estimased by
replicaing the experimental runs. Lﬂ-ﬁf—ﬁtwchﬂ“ﬁmlyﬁdm
mmwhmmgw-ﬂyﬂ m“

3.2. BUFFER AND GLASSWARE PREPARATION

saturated ozone solution for at least 30 min.

(PB); and 0.05M phosphese/0.01M bicarbonase (PCB). The buffers were prepared and
ﬂuhmmmmiﬂﬁmmwﬁm
jerma byhﬂhhﬂ“hmﬁﬂﬁjnﬁﬂhﬁmﬂ
seerilized for 20 min. Mﬁ—mﬂﬂ.hvﬂ“mﬂh:ﬁi

13



3.3. MICROBIOLOGY METHODS

organism. It was inoculated from a nutricnt agar slant into trypeone soya broth (TSB;
Oxiod Canada Inc.) and incubsted at 35°C for 18 h. Then, a loopful was transferred into
TSB and incubated at 35°C for another 18 h. A 2.0 ml aliquot of the TSB culture was
centrifuged for 10 min at 7500 x g in a bench wp cenwrifuge (Model SPX; Sorvall). The
membrane fikration using Millipore HAWG47 membrane filiers (APHA, AWWA WPCF,
Filters were placed on Tergitol 7 (m-T7) agar and incubsted at 35°C for 19 £ 2 h.
LeChevallier e1 al. (1983) reported that m-T7 agar is capable of recovering more coliform

procedure.

In addition, the E. colf straia was periodically checked using AP 20E® biochemical
Quality control for membrane filtration coasisted of triplicass plates of each

diletion. The varistion withia the group was tested using Fisher's index of dispersion

alone were sejecsed (Pr < 0.05).



3.4. OZONE AND HYDROGEN PEROXIDE METHODS

3.4.1. Ozome generation

AmﬁMomw(ModelczP&CA.PCIOnieCﬁp.)
wmsmwmamﬂydmm Ozone was
bubbled through two 400 mi gas sbeorption flasks containing Mili-Q® waser (Millipore
Corp.) 10 obtain a concentrated stock solution. The typical concentration of the stock
solution was 13 mg/L.. Figure 3 illustrases this apparatus.

3.4.2. Ozome and hydrogen peroxide residual measuresment

Twmmmm»mumwmn
experiments. The diroct method of measuremeat used a diode array UV/VIS
Wmmmwm)»mumﬂ
ozone at of 260 nm. A 35 L flow cell with a 1 cm light path was used for mossurements.
mmmmhmmmMW‘w'anﬁﬂ
communication). mwpmm-mwu-m
mnmthMMWMMdﬂdﬁ
1962). The Masschelein method was used 10 measere hydrogen peroxide residual
(Masschelein e al. 1977).

3.5. PROCEDURE

‘l\nw.’mwmq-ﬁonhﬂ-os. Aa Erlenmsyer flask
of 900 ml. volums was weed as & basch reaction vesssl. The ssaction vessel containing the

3



saswrement by UV sbeorpiion.




Test buffer was stirred by a Teflon™ costed stir bar and a magnetic stirrer 10 complescly
was seedod in the reaction vessel 80 obtain a finsl concentration of 107 CFUAIL befiore the
addition of ozone. The actual initial E. coli concentration was obtained and cnu '

oRCEntrat ',’d&ﬁﬂﬂﬁmmhwm nmediscly
Fhﬁﬂmﬁhmﬁnﬁﬂ. A calibrased pipet was used 0 wransfer 8 volume of
mﬁm-ﬂﬁmnm:ﬂaﬂ#dﬂﬂlguﬁmhﬁ
reaction vessel. However, from the continuous measuresnent of osone residual in solution
mneﬁhﬁndcﬁﬂclmmﬁﬁmh-ﬂﬁnﬂm
bovine liver). ﬁmﬁfﬂmﬂlmmb-_um.




4. RESULTS

rens &t 63 (3 PCB, 4 PBP), 8 runs &t 205 (4 PCB, 4 PBP), 11 runs at 60 s (7 PCB, 4
mr).s-uam:@mzms:mmmzm—um:@m

4.1. OZONE DECOMPOSITION

Aol L iom
- dt wp ad
log (1) =logkenioglonl,

29
Tdt 20
dimeasionless conceatration ratio, C/Co, where C is the osons concenwration at tieme, ¢, and
array spectrophotomeser is contineous and can inclede over 1200 obesrvations. As
of the firs-osder rats constant, the best location for the parametsr estimases are noar t = 0 3
and ¢t = eo, To check lack-of-fit 10 a firn-order model, inters sdiste points ase necessary.
and wichout £. colf: 20, 230, and 500s. For the PBP system, dam from 2, 6, 10, 15,
20, and 30 s wess chossn. The mean vaius of the seplicass trials st each tims ase plosed in
Fguwe S. Teble S sumumarines the docay das in terms of regression analysis as & firs-




Ozone residual, C/Co




=== A 0.05M phosphate buffer with 10:1 peroxidenaone without E. coli
—— -+ == O 0.05M phosphate buffer 10:1 perodide:osone with E. coli

1.2 omurmprppR sy
40 0 6 120 180 240 300 360 420 480 540 600

Figase 3 First-osder kinstic plot of the mean csons decay in two buffers with and



Table 5 Tabie of first-order rate constant estimates for ozone decay in the two

Buffer E. coli No. of k Approxanate 95 %  Lack-of-fit

present wials (x10¥s) confidence 1 model'

27 -1.57 -1.56 -1.58

no yes
yes 30 -1.25 -123 -1.27 yes
no no

20

d
2
A
&

t (Pr<0.05)




order model using the raw data. In the case of the PCB system, there was lack-of-fit 10 the
first-order model. In addition, when the residuals were evaluated for the PCB, it was
apparent that the variance was not constant, but increased as the experiment progressed in
time (Figure 6).

4.2. OZONE DISINFECTION

The results of 41 runs are tabulated in Table 6 and plotted in Figure 7. The 95%
units with 29 degrees of froedom.

‘The disinfection kinetics did not appear 10 be a first-order with respect 10 surviving
rganisms (Figure 7). A second-order model was assumed and was also found %0 be
equate. No attempt was made 10 evaluate the kinetic model.
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Ozone residual, log C/Co

Figure 6

!

L AA Al AArets Aahaad Aaddds Aatasd JARAds MAMAAS il Mikiihs
0 6 120 180 240 300 360 420 480 540 600

Time, s
99% confidence limits on osons decay in 0.05M phosphase-0.01M
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Table 6 The 95% confidence limits of the meanE. coli response in each
experimental water, at each contact time (No = 1074 CFUALL).

Contact Buffer Mean ozone Mean E. coli Number 95% Confidence
time(s) Type residual inactivation of trials limits for log

(ugL) (log units) inactivation'

Upper _ Lower

6 PCB 101 3.681 3 4.16 3.20
PBP 14 3.834 4 4.28 3.42

20 PCB 4 4.446 4 4.86 4.03
PBP 3.6 3.828 4 4.24 3.14

60 PCB 89 5.249 6 5.5 491
PBP 0 4.864 4 5.28 445

120 PCB () 5.873 3 6.35 5.%
PBP 0 4.285 2 4.87 3.7

300 PCB 28 6.522 3 6.99 6.05
PBP 0 5.059 2 5.46 4.47

600 PCB 8.3 7.09 3 7.57 6.61
PBP 0 4.286 3 4.76 3.81

PCB = 0.05M phosphate-0.01M bicarbonats buffer
PBP = (.05 phosphate buffer with 10:1 peroxide:cuons weight ratio
t Ervor variance of E. coli inactivaticn was 0.163S with 29 degress of fresdom.



E. coli survival N/No (%)

100 A

A 0.05M phosphase-0.01M bicarbonase

Co=125 ug/L

Figuwre 7

The 95% confidence imervals for £. coll survival (No = 1074 CFUAL) at
an osons doss of 125 pg/l.
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5. DISCUSSION
§.1. OZONE DECAY
There was a significant increase in the variance as a function of time in the decay

data as shown in Figure 7. This was likely the result of an artifact of the batch reactor

decay data were regressed on time. Lack-of-fit 10 a first-order decay modsl was apparent
The preseace of organic maserial in the form of microorganisms or their lysis
products can behave as aa initisor of the ozone decomposition reaction or as radical
coli actually may be maintaining an osone residual for a loager period of tme dus 10 the
pagiag effect whea compared ©0 the PCB system wishowt E. coli.




mmﬂnﬁhhmwﬁzﬂmmh&mwﬁf
coli. mmﬂwnnwhnh—Mﬂﬁs

The kinetic data plowed in Figure 5 for the 0.05M phosphate buffer with 10:1
I oxide:0zone weight ratio system confirms the expected outcome: a very rapid decay
with completion within 20 to0 30 s. Due 10 the speed and varisbility of the decay, no
summarizes the rate constants for these data. It is appareat from the approximase 95%
mmnﬁmmm&vﬂﬂhﬁﬁmn In
mmnmumh-mmgmmhﬁm
to be drawn. Mﬁmmﬂwhhmﬁﬂﬂhhmm
with the PBP containing E. coli perhaps decomposing at a slightly slower rae. Further

§.2. DISINFECTION
$.2.1. Kinetics

Cleasty the kinstics are not first order. However, what is appasent is that the two-sags
inactivation reporsed by ssveral previous ressarchers (Flach et al. 1988, Katasnsleon e ol.
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1974) is not accurase. Rather it is a rapidly changing rase which is a continuous function.
the kinetics of ozone inactivation in very short contact times.

Referring 10 Figure 7, the inactivation of E. coli at short contact time (t £ 60 s) did

not show aay difference between the buffers. At loager comtact time (t 2 120 3),
disinfection in bicarbonate buffer appeared 10 more effective than those in peroxide-
phosphase buffer. In fact, there were no further significant E. coli reduction in these
inactivations in PBP and PCB. m&-gudﬂ):.ﬁ-m

m:g(lmm-mnmﬂs coli and MS2 coliphage
2 je/onons weight ratio rangiag from 0 0 0.8). A




mlnﬁm,mhﬁyn;pﬂiﬁn:bmmnﬁhhﬂyhhm
mﬁmnmmmhmndummﬁ-
lozone weight ratio ranging form 0 0 0.3 exerwed a significant

hmmkmmﬂﬂﬂ#ﬁm

repored. Fiach (1967) reporsed that ozone doses as Jow as 4 g/l can inactivass 4 log-
units of E. coli in 30 s in ozone demand-free waser. Comsequeatly, a low hydrogea
radical-mediasted reactions 0 be determined. hﬁemﬁy high hydrogen
Mmﬁﬁnﬁnmﬂhmnm- naxisnem amount of radicals
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ihmnmgmmm-ﬁhmuﬂgm
but also highly efficient in oxidation and disinfection. The combination of kydrogea
peroxide-ozone has been found w0 significandy improve the oxidation of taste and odour
compounds, ﬂsmma?s;mad 1990, Glaze ¢r al. 1980). The

isinfection effectivencss. &t was found thet a persistent osone
residual significantly enhanced E. coli inactivation. Thes it is important 0 optimise the
m&:mmﬂp&anminmw
process such as peroxide-ozone. The design of czone contactor 10 incorporase both the

Figure 8§ conceptually depicts a process schematic illustrating d

application need 10 be carefully determined and comtact times optimised. Caution is
mﬂ“ﬂqhﬁmmmm_mh
somewh pitive 10 tims whereas advanced oxidation reactions may ke longer. This
aseds 0 be addressed on a site basis by thoss interesied in using advanced oxidation

ﬂ—_ﬁ—i“mnﬁdqlmﬁhmhm
poliutants, disinfection by-products, and disinfection. Osonation appears 1 bs a fessible




op HaOe eg. HCOe -
Radicel actions, Oivect ozene
( )
Waler influent,
L ]
refraciory organics
Process waler
with
relraciory Organics
Finished
waler
\_ )

Optimel oxidation and isinfection

Figure 8 Concepmal applicesion of 0sone and peroxide/osons Jrocesses in water
westment for disinfection and oxidation.



6. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

ion of E. coli.

Ozone residual is cssential for consistent, high level inactivat

Ozone and peroxide-ozone inactivation of E. coll are not first-order processes.

There was equal inactivation in 0.05M phosphate-0.01 M bicarbonase buffer and the
phosphate-0.01M

To obtaia optimum designs for oxidation and disinfection, care needs 10 be taken

at 10 distinguish the mode of action of osons or advanced oxidation

52



53




7. LITERATURE CITED

Adler, M. G., MlﬁlLG&lmhmhm’:lsadmcha?d ide ion
catalyzed ozone decomposition ueous solution. Journal Chemical
Society, 72:1884-1886. -

APHA, AWWA, WPCF. 1989. Standard methods for the examination of water and
wastewater, 17th ed. American Public Health Association.

Bader, H. and Hoi J. 1981. Determination of ozone in water by the indigo method.
Waser 15:449-456.

Bader, H. and Hoigné, J. 1982. Determination of ozone in waser by the indigo method: a
submitted standard method. Ozone Science and Engineering, 4:169-176.

Bailey, P. S. 1958. Ozonalysis of aromatic compounds. Chemical Reviews, 58:957-96S.

P. S. 1975. of ozone with various functional
e wattr purificarion. (1) Fict Insemacionsd $ympoeiers @ Ouscs 2or Webs and
Wmﬁmbec.z-s.lm.ﬁdbd R. G. and Browning, M. E.
Intcrnational Ozone Institwte, Waterbury, Coanecticut. pp.101-119.
Baxendale, J. H. and Wilson, J. A. 1957. The of hydrogen peroxide at
light ineensities. Transaction Faraday Society, 53:344-347 na

Beisley, D. A., Kuh, E. and Welsch, R. E. 1980. Regression Diagnostics. John Wiley &
Son,NewYak.m”.

Box, G. E. P., Humter, W. G. and Huneer, J. S. 1978. Statistics for Experimensers. John
Wiley and Sons. New York, 652 pp.

Brunet, R., Bourbigot, M. M., and Doré, M. 1985. Oxidation of organic compounds
mummmmmum

Budde, P. E., Nehm, P. and W. C. 1977. Alernatives 10 wastewaser disiafection.
Journal of Waser Pollution Federation, 49:2144-21356.

MK..MD Fibila, 1. and Gordon, G. 1990. Mechenistic comparisons

of resideal czone W(ﬁ)%h']n.ﬂlmm
1990 Spriag Conference. The international Ozone Assoistion, Shreveport, Louisiana,

Chick. H. 1908. An iavestigacion of the laws of disiafoction. Joursal of Hygises, 8:92-

CRC Haadbook of Chemistry and Physics. 1982. Edited by Weast, R. C. and Astle, M.
J(Qadd.).ClCMllc..l-&pp. b

Davis, L. 1961. -?ﬂdmhm
coll, USAF School of W



WASSER BERLIN ‘89, April 10-14, 1989, Imternational C
Swiss, pp v-5-1-v-5-10.

water in aqueous solution. Nationsl Bureau of Standards: Wastington, DC; NSRD-
NBSS9. pp122-126.

Farooq, S., Chian, E. S. and ht, R. S. 1977 Bu:cmusl in disinfec
ozone. Journal Water Control Federation. 49:1818-1831.

Farooq, S., Engelbrecht, R. S. and Chian, E. S. 1977%. Influence of semperature and UV
light on disinfection with ozone. Water Research, 11:737-741.

Fenton, H.J.H. 1894. Oxidation of tartaric acid in preseace of iron. Journal of the
Chemical Society 65:899-904.

Ferguson, D. W., McGuire, M. J., Koch, B., Wolfe, R. L. and Aleta, E. M. 1990.

jon of

Association, §2(4):181-191. S

Finch, G. R. and Smith, D. W. 1989. Ozone dose-respon s of E. coli in activased sludge
effluent. Waser Research, 22:1563-1570.

and Engineering, 7:121-136.

dehm“hﬂdmﬂm.m-

using osone. Osons Science and Eagincering, 1:91-96.
GmPWﬂMDWIMHHg-inﬂmm-iuﬂnh

55



edited by Venosa, A. D. and Akin, E. W., US EPA Report No. EPA-

Gurol, M. D. and Singer, P. C. 1982. Kinetics of ozone dec jon: a dynamic
approach. Environmental

Science and Technology, 16:377-383

Haas, C.N. and Heller, B. 1986. Statistics of enumerating total coliforms in waser samples
by membrane filter procedures. Water Research, 20:525-530.

Hamelin, C. and Chung, Y. S. 1974. Optim
coli K12, Mutation Research. 24:271-279.

Hamelin, C., Sarhan F. and Chung, Y. S. 1978. Induction of deoxyri
degradation in Escherichia coli by ozone. Experientia, 34:1578-1579.

Hemc.ﬁ ﬁlevhﬂ.l.R.l?’" Kinﬂiﬁuf z

Hoigné, J. and Bader, anw&mmﬂmﬁmmhm
processes in agueous solution. Watker Rescarch, 10:377-386.

Hoigné, J. and Bader, H. 1978. Ozone initisted oxidations of solutes in wastewater: a
MMMMEWHW 10 (5): 657-671.

Hoigné, J. and Bader, H. 1979. Ozonation of water : "Ox
%?mmdmmhsmmmg :

Hoigné, J. lﬂilﬁﬁ.m-ﬂm&m&cﬁf”
initiated by osomation of water (In) Handbook of Osone Technology and /
Vol. 1 ¢ Rice, R. G. and Netzer, A., Ann Arbor Science | .

Arbor, M1, pp341-379.
pigné, J. and Bader, ﬂlmtm“dm&mﬁﬁ“
Ressarch, 17:1 113 . Orpaaic compounds
'Lﬂﬂﬂlﬁ.m“ﬂm&mﬁ:f

56



Imlay, J. A., Chin, S. M. and Linn, S. 1988. Toxic DNA dama,
through the Fenton reaction in vivo and in vitro. Science, 540-642

Ishizaki, K., Sawadaishi, K., Miura, K. and Shinnki, N. 1987. Effect of ozone on
plasmid DNA of E. coli in situ. Waser Research, 21: §23-827.

design. John Wiley and Sons, New York, pp696. )

Kalin, A. V. 1976. Singlet molecular oxygen, a new kind of oxygen. 1. Journal of Physical
Chemistry, $0:2219-2228. ’

Katzenelson, E., Kletter, B. and Shural, H. 1. 1974. Inactivation kinetics of viruses and
“72.1;“29 by use of ozone. Journal of the American Waser Works Association,

Keady, H. D. and Kuo, C. H. 1983. A dan quisition system for rapid kinetic
wwwmmn& ication, ZS:E‘I]JQ!.

es and

Kilpatrick, M. L., Hearick, C.C. and Kilpatrick, M. 1956. J. Am. Chem. Soc. 78:1784.
Konev, S. V., Matus V. K., Mel'nikova, A. M. and Rudenok A. N. 1982. Effect of

mmmﬁ%h(m“ﬁ.mm&m

Kuhn, W. and Sontheimer, H. 1984. Oxidation tec ES |
US EPA Report No. EPA-570¢9-79-020, Cinc . Ohio.

Km.lg.sli. 1982. Mass transfer in czone absorption.

iques in drinking waser treatment.

satal Progress, 1(3):189-

Kwo, C. H., Li, s K., W:. C. P a:*d Weeks, J. L. 1977. Ahn;pdni and
Engiacers. Symposium Series 166, 73:230.

M.M.W”m&c‘qu.&lﬂlﬂﬁﬂ_ﬁ

, 85:484-492.

Li,KY. lWMdmmmﬂ“pﬁdmﬁuhﬁﬂ—

Madurka, J. and Sozanski, M. M. 1979. Modsl examinis
by ozome. Eavironmental Prosection Eaginceriag 3:

57



Maggiolo, A. 1978. Msmmmmm&mmm
compounds. (In) Ozone/Chlorine Dioxide Oxidation Products of Organic Maserials
edhulbylliee.l.c and Contruvo, J. A. Ozone International Press, Cleveland,

MW Denis, M. and Ledent, R. 1977. Spe erminstion of
residual hydrogea peroxide. Water and Sewage ﬁh.m):ﬂiﬂ.

Meckes, M. C., Venosa, A. D. and Evans, J. W. 1983. A f
disinfection mode! for municipal wastewaser disinfecti ,;mﬂWHm
Control Federation, $8:1158-1162.

Menzel, D.B. 1971. Oxidation of bé active reducing substance by ozone. Archives
Environmental Health. 23:149-153.

Minchew, E. P., Gould, J. P. and Saunders, F. M. 1987. Multistage
Wﬁmhdﬁmmdﬁm“&ﬁmﬂ,,,'j X

Nadezhdin, A. D. 1988. Mechanism of ozone decomposition in watker. The role of
termination. Industrial Engincering Chemistry Research, 27:548-550.

Nakareseisoon S. and Gordon, G. 1989. The siow decomposit
in highly basic solution. Ozone Science and neering, 11:

Paillasrd, H., Brunet, R. and Doré, M. 1988. Coaditions optimales d'spplication du
systems oxydant csone-peroxide d'hydrogeas. Water Research, 22:91-103.

hhf'l;.‘lﬂcmmydmhhmd“ Water Resecarch,

1-368
Peyton, G. R. and Glaze, W. H. 1987. Mechanism of phosolytic oec 2 (In)
of Eaviroamental Aquatic $ edised Eh.l.d-i
, W. 1., ACS Series 327, lﬂmm‘! ' m Chemical

, 1986.) pp

Preis, S., Muntor, E., Siirde, E. 1988. Kinetic description of industrial wasiewas
osonation processes. Ouone Science and Engincering, 10:379-392.

Rankas, M. M., Siirode, E. K. and S. R. 1962. Rate of ozone decomposition in
d&u‘l,t.”wrs. Journal of Polisskhaicheskogo Instituta, seriya A,

Mumumo 1977. Onons absorption in alkaline solwton.

Roth, J. A. and Sullivea, D. E. 1983, Kisstics of osone d
Science and Eaginesring, 5:37-49.

Scarpino, P. V., F. A. O, Croniers, S. and Zink, M. L. 1979. Effect of
particuletss on dmhmbﬂﬁhﬁﬁ.m



Scott, D. B. M. and Lesher, E. C. 1963. Effect of ozone on survival and permeability of
E coli. Journal of Bacweriology, 85:567-576.

Sehested, S., Hokman, J., Bjergbakke, E. and Han, . J. lﬂd.Aph:rﬂiﬂyﬁ:my
of the reaction OH' *O,mqmnuﬁmlﬂlﬂaf
88:4144-4147.

wmlﬁhﬁ.l‘ﬂlﬁiMMﬂ;j, pous decomposition
mass transfer u on soluble soluble ozone concentration. Presested at JOI's Forum of Ozone

Sotelo, J. L., Beltran, F. J., Beuitez, F. J., and Beliran-Heredia. 1987. Ozone
mummm Mﬂmmm
Igﬂﬁ.ﬁﬂ-ﬁ

, Boyle, D., Walsh, D. and Howser, D.
,,,,fj ’jﬁfmdvi'ﬁhwﬁr

Snebdil.! ﬂmj lﬂimﬂmhmhhmd‘
ag as glmﬂmahm

MWMH USA.

Swover, E. L. and Jarnis, R. W. 1981. Obtaining hig lsvel wastewater ¢
mhﬂﬂ‘rﬁmm,i ration .

*H..mr ﬂﬁﬁ&lﬂ;ﬁ-ﬂnﬂmﬂﬂ

'ihﬁ“mhﬂﬂm 24:2962-2966.




Venosa, A. D., Meckes, M. C., Opatken, J. and Evans, J. W. 1979. Comperative
effectiveness of ozune wtilization and and microorganism reduction in different ozone
contactors. (In) Proceedings of National Symposium, in Wastewaser
Disinfection T , , Ohio, Sepsember 1978. EPA, Cincinnati,
OH. Report EPA 79-018, 216pp.

Venosa, A. D., Meckes, M. C., Opatken, J. and Evans, J. W. 1980. Disinfection of
mwummnyemmmmmem&vm

Week, J. R. and Rabani, J. 1966. The pulse radiolysis of deacrased carbonate
solution. 1. Transient optical and mechanism IL pK OH radicals.

dew -2100-2106.
Weiss, J. 1935. The radical HO" in solution. Transaction Faraday Society, 31:668-671.

Wolfe, R. L., Stewart, M. H., Liang, S. andb:'ognue.u.b.yl lmwﬁm
indicator organisms in a drinking waser using ONE. Applied

Xu, S. C., Zhou, H. D., Wei, X. Y. and Lu, J. 1989. The pH dependence and effects of
the products of some aromatics in ozonation under UV irmadiation. Ozone

Scieace and Eagincering, 11:281-

Yurseri, C. and Gwrol, M. D. 1988. Ozone consumption in natural waters: effects of
background organic matter, pH and carbonase species. Ozone Scieace and
Engineering, 10:277-290.



APPENDIX A

SUMMARY OF E. COLI RESPONSE DATA
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Summary of ozone decay data in bicarbonase buffer with E. coli

“Ozone residual C/Co
20s _250s 500s

0.8094

0.9168

0.818S

0.7143

0.9654

0.4385

0.8810

0.8982

0.8841

0.9062

0.6384

0.8943

0.8544

0.9326 0.5020

0.7638 0.3291

0.8287 0.1840

0.9272 0.6614 0.4213
0.9281 0.4371 0.2320
0.9160 0.4897 0.1885
0.8507 0.3643 0.022¢
0.8098 0.1024




Summary of ozone decay data in phosphase buffer/ 10:1 hydrogen peroxide without E. coli

25 _ 6s _ 10s 158 208 30
0.9146 0.8577 0.6016 0.3659 0.3577 0.1138
1.0000 0.5373 0.3507 0.1418  0.3358
0.9014 0.8169 0.7934 0.6808 0.5399 0.3239
0.9635 0.9270 0.7226 0.4307 0.1825
0.9561 0.64088 0.6585 0.4049 0.2927 0.0730
1.0000 0.4945 0.3105 0.1473




Summary of ozone decay data in phosphate buffer/ 10:1 hydrogen peroxide with E. coli

0.3344

0.5275 0.29067 0.1099 0.0714

0.8689 0.5194

0.8301 0.6165 0.3398 0.1845

0.6627 0.4675 0.3491

0.0175

0.1687

0.7356 0.6010 0.5625 0.2548 0.3462
0.9417 0.5971 0.5049 0.2864 0.0340
0.5670 0.4860 0.3489 0.2523 0.0498
1.0108 0.5215 0.1290

0.555¢ 0.0741

0.0178

0.1284 1.0000 0.2448 0.0090

0.2907

0.2353

1.0000 0.3840 0.0360







Absorbance (260 am)

solution at 551 nm.

Hydrogen Peroxide Standardisation

Concentration (mg/L)
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APPENDIX C

OZONE DECOMPPOSITION MODELS -
DETAIL EQUATION DERIVATIONS
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rd-};(tdi.lkﬁllagl)
Rate of initistion of chain reaction by solute species M and hydroxide ions,
n=Z(ky(Mil[O;)+2k [OH"][O;])
Rate of hydroxyl radical conversion 10 superoxide anion,
ie. the promoting reaction p
= T (kp; [ Mi] {OH"])
maﬁmﬁmmummu
ty=2 (ke[ Mi][OH"])
C‘mﬁ&rwiﬂlinﬂledmncyck,
Rate of ozone cons
-(d03]/dt)c=ky[ Oy 1[O;]
In steady states, rase of superoxide anion formation and depletion should be in

balance,
~ kp[0y Jss{ O3] =2k [OH"]1[O3) +kp [ M) [ OH: Jss

*;cdto;udme!zk;mﬂ-ne;l*:,mueﬂ—ls
 (kpok)[M][OH: ls-kllMl[D;sz[Oz' Jss{ O3]
Combining the steady states of superoxide anion,

[OH:- Jss = { 2k [OH" ) +k; [M]) [Oy1/ks [M]
Thus, ozone depletion in chain cycle, ,
. ﬂﬁ):-mmﬂmﬁhmmﬁ

-ﬁ-uosi T kadMJ[O3])
h:kﬂi)lﬂﬂikg[ﬂiﬁ*z kM) ) (1 +§ﬁ P~ )
s3 = sieady states

cc = chain cycle

k,f’[ﬁ]f:; 21 (OH - |
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Yuneri and Garol Model
Yurteri and Gurol (1988) based on the works of Stachelin and Hoigné (1982,
1985) further developed the relationship of ozonation in waser of various qualities.
Direct Oxidations,
Kai
Si + O; —products
Kpi
= ‘OH + products
K)
O3 + OH —=:0p- + ‘HO2
‘HO; & H' + Oy pKa=438
K2
O3 + -Or + HHO - -OH + OH + 202
K3
O3 + OH = -OH2 + O2
Si + -OH — -OH; + products
- products

——
x'---"-‘g’—‘-z(m+mnsmo,1+mo:+uo;1

+Ka[O71( 03] + K3 [OH][Os]
For radical chain reactions,

d(ﬁﬂl =(EKy; [Si]+ K [Or 1- K3 [[OH11(Os]
-{ZKpy[Pj] +E Kam [Im ]} [OH ]
d.__lftrl = (2K, [OH- ] + K3[[OH]- K2 [Or 11 [O3] + EKp [P ] [OH]
Where,
( P}, jo1.2.........) stand for the promoters which interact with [ “OH |

( Im, m=1,2.......} stand for the inhibitors which ineeract with [ *OH )
For highly reactive radical species,
diOH) _diorl_,
dt dt




logw = A +pH +log (EKp; [Pi])-log (EKam[Im])

log w B.+a(pH) + b (log (TOC) ) -c (log (2L ) )
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APPENDIX D

STATISTICAL ANALYSIS
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Result of Regression Amalysis: Ozome decomposition in Bicarbomate
buffer withowt E. coli

Dependent variable is: log(C/Co)
R?=97.6% R¥adjusted) = 97.6%
s= 7.293 with 27 - | = 26 degrees of freedom

Regression 5.8520 1 5.8520 1099
Residual  0.1383 26 0.00532

iack of fit 0.1373 2 0.06868

pure esror  0.00095 24 0.0000397

MS,:MS, ., = 1731

Yariahle  Coefficient £ Coeft t.ratie

time,s -0.001568 0.000047 -33.1



Result of Regression Amalysis: Ozone decomposition in Bicarbonate

R2=84.5% R?(adjused) = 84.0%
s= 10.56 with 30 - 1 = 29 degrees of freedom

Regression 1.7779 1 L7779 159
Residual 0.3239 29 0.0111
lack of fit 0.3203 2

3
o
g
L™ ]

pure error 0.003519




buffer-10:1 weight ratio hydrogea peroxide/ozome withowtE. coli

R2=84.5% R%(adjusted) = 84.0%
s= 0.1798 with 32 -1 =31 degrees of freedom

Residual 1.0024 k)| 0.0323
lack of fit 0.0143 5 0.00286
pure error 0.9881 26 0.0380
MS,:MS, ,, = 0.0755

time,s -0.028151 0.0022 -13.0



Result of Regression Analysis: Ozome decomposition in Bicarbonate

R? =58.8% R?(adjusted) = 58.2%
s= 0.4258 with 63 - | = 62 degrees of freedom

16.07 88.6
0.181310

0.2473

0.1755

»n
s
2
-
;
“w e -

pure error 10.0048 57

time,s -0.043460 0.0046 9.41



ANOVA and t-est at 6 seconds.

Source df Sum of Squares Meen Square F-ratio Probd
Madia 1 0.040304 0.040304 0.498 0.5119
Error ] 0.404739 0.080948

Total 8 0.445044

t-Tests | o
pooled estimate of ﬁ‘
Test Hou(HC03,68)-u(H202,88) =
vs mmamﬂgnzum
Sample mean(HC03,68)=-1.6810 Sample mean(H202,6s)=-1.8343 .
t-siatistic=0.708 with 5 d.f.
Fﬂbrljldﬁallm,os I
R 0.4
04+ ° .
_ s 02
>21 ! 0.0
- o e * d '
0.0 ] [T} 'gag
0.2 ¢ . a )
| . " e
"0.4 1 . 1.80  -1.78  -1.70

B

0.4 4
0.2
0.0
-0.2




ANOVA and t-test at 20 seconds.
Analysis of Variance For E. coll survival

Source df Sum of Squares Mesn Square F-ratio Prob
mecia 2 1.12727 0.563634 4.38 0.0469
Error 9 1.158717 0.128575

Total 11 2.28444

t-Tests |
pooled estimate of o
Test Hou(HC03,208)-u(H202,203) = 0
v H:;l(HGﬁS.ZD:)ﬂF&E.EDl)ﬂ
Sample mean(HC03,20s)=-2.4462 Sample mean(H202,208)=-1 .8876
t-statistic=-2.199 with 7 d.f.
Fall 10 reject Ho at alpha=0.05 |
ANOVA diagnostics analysis. A:The residual overall plot.
B: The residual-predicted values plots.
C'Th:m:lm plot.
1.0 + R
® os
0.5+ :
0.0 4+ a *°
u _
*o-s - - ioés ) i & Py
l —— v 4 ]
,i!o E 3 | ‘2 4 =-2 2 0

e-sca-ve3 >k



ANOVA and t-west at 60 seconds.
Analysis of Variance For E. coll survival at 60»

Source df Sum of Squares Mean Square F-ratio Prob
media 2 0.341694 0.170847 1.01 0.3985
Error 10 1.69117 0.169117

Total 12 2.03287

Test Ho3(HC03,808)-u(H202,608) = 0
t-statistic=-1.145 with 9 d.f.
Fall 1 reject Ho at alpha<0.05 l

0.6 4
0.2
-0.2
-0.8

0.4
-0.0

-0.4

=
a3 __ A B
v

&
L J

L ] Tf

3.2 3.1 -3.0 -
' Predicted
B

e—-pca-eegy ” I

82



83
ANOVA and t-test at 120 seconds.

Analysis of Variance For  E.coll survival at 120s

Source df Sum of Squares Meen Square F-ratio Probd
media 1 3.02685 3.026885 109 0.0019

Error 3 0.083411 0.027804
Total 4 3.1102¢8

t-Tosts a |
pooled estimate of O

Test Ho:u(HCo03,1208)-u(H202,1208) = 0
vs Haju(HCo03,1208)-u(H202,1208)=0
Sample mean(HCo03,1208)=-3.8732 Sample mean(H202,1208)=-2.2850
t-statistic=-10.434 with 3 d.f.
Reject Ho at alpha=0.05 J

ANOVA diagnostics analysis. A:The residual overall plot.
B: The residual-predicied values plots.
C: The residual normal plot.

0.3 R 0.2
[ ]
0.2 s O
0.1 :’ 0.0
0.0 : v oY
-0.1 ! N + '
0.2 . s -3.8 -3.0 2.8
Residusls Predicied
A B
R 0.2
®
s 0.
i 0.0
9 .09
']
. a a A
' — v 4
s -1 0 1
Normal Scores



Analysis of Variance For  E.coll survival at 300s

Source df Sum of Squares Meen Square F-ratio Pred
media 1 2.57118 2.57118 16.3 0.0273
Error 3 0.473333 0.157778

Totad 4 3.04451

t-Tosts l
pooled estimate of *

Test Ho(HC03,3008)-11(H202,3008) = 0
vs H:mmmmmmm
1-statistic=-4.037 with 3 ddf.

Reject Ho at aipha=0.06 |

e

*s=pECca—-weP >

L



Analysis of Variance For E.coli survivel at 000
Source df Sum of Sgqueres Moan Square F-ratio Probd
media 1 13.3966 13.3966 $0.7 0.0004

Error ¢ 1.58473 0.284121
Total 7 14.9813

t-Tosts . |
pooled estimate of ¢

Test Hou(HC03,6008)-u(H202,6008) = 0
vs Hap(HC03,0008)-4u(H202,6008)w0
Sample mean(HC03,6003)=-4.9592 Sample mean(H202,6008)=-2.2063
t-statistio=-7.122 with 6 d.f.
Reject Ho at aiphe<0.05 |

ANOVA diagnost

1.0 4+ : .
oSy

oS+
0.0
0.0+
0.8

_ & F Y & _ 1

4.5 4.0 -3.8 -3.0 -2.8
B
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