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*wfecal col1forms and to determlne _;e effect cf wastewater and ooeratlnq

-+;characterlst1cs on the dxslnfectlo“'process The naln factors affectlnq
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become a perpetual problem.

ln recent years rapxd populatxon growth and 1mproved standards of .

lnvmg have led to the dxscharge of Wastewa.te'ir effluents to recreatlonal and

. r

drmkmg water supphes. As a result the transmnsslon of waterborne dlseases has

Q_-

The destructxon of m1croorgamsms through dlsmfectlon 1s generally
consndered to be the most effectlve method of préventmg the spread’ of waterborne
dnseases. At the present’ tlme chlorlne 1s° the . most wtdely used wastewater

dxsmfectant. However chlorlnated effluents are toxic to aquatlc hfe and have been

found to contaxn chlormated orgamc compounds whxch are suspected carcmogens.

There are two methods avallable to achleve the desnred level of

,mxcroorgamsm mactlvatlon and reduce effluent tox1c1ty The first is to reduce the

toxxcxty of chlormated effluents by followmg chlormatlon ‘with dechlorxnatxon

5

"procedures. -The second mvolves the utlllzatlon of an, alternate dlsmfectant.

' Potentxal replacements for chlorlne mclude ozone, - ultrawolet hght, chlorlne'

dloxxde bromme and 1od1ne. S . S \

/J.-

Hxstorxcally ozone has not been used as a wastewater dlsmfectant

: However in. contrast to chlorme, ozone reduces rather than mcreases effluent

toxicity. Ozone also reduces effluent turbldlty, colour, orgamc load and suspended

solids content far more effectlvely than chlorme. These advantgges combmed with

1mproved deslgn of ozone generators have made ozone dlsmfecnon more v1able.

'This report contams the results of a study conducted to evaluate the
factors affectmg the effrcxency of a complete mix - reactor for use 1n ozone

dlsmfectlon of prxmary effluents. The four stages of the Study mvolved reactor '

e . .
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ST _:

it
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modelhng, estabhshment of a pxlot plant~ the c0nductmn of ozone dxsmfectxon

. tests; and a statxstxcal analy51s of data collected . o 7_»";

“\ . —
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‘0. LITERATURE REVIEW

CAL Hista'lcalDevelopmt
Ozone is @ trxatomic molecule of oxygen thh the chemxcal formula 03
lt was first reported by M. van Mauren in 1785 and named by - the German-Sw1ss
chemist Chnstlan Schonbexn 1n 1840. The frrst method of artxf:cxally producmg
' ozone was mtroduced ;n l857 by the German engmeer Wemer von Siemens who
manufactur.ed the gas by elect-ncal dlscharge In ‘the years following von Slemens‘
. dlscovery, several experxmental plants utxllzlng ozone were establlshed in Europe
to treat drlnkmg water supphes However ozone was not. employed at a permanent
mstallatlon untll 1893, when it was used to d1s1nfect Rhme Rlver water at
"Oudshorrn, Holland Large scale water treatment plants utllxzmg ozone were then
.establlshed at Wensbaden, Germany in. 1901 and Nlce, France in 1906 Since these \
early efforts the development of ozone dlsmfectlon has been contmuous and there
are now more than 1000 mstallatlons in 20 dlfferent countnes u)nhzlng ozone as a_
method for treatlng mumcnpal water supplies. - |
Ozonatxon was first used as a method of wastewater treatment in l930:
to reduce BOD m mummpal wastewater (McCarthy and’ Smlth l97ll~) Followmg
.thls, no 51gmf1cant studies ' were conducted thh respect to ozone treatment -of
: wastewaters until 1967 (McCarthy and Smlth 197#) In 1967 oz_one was used to
treat wastewater_ on a pilot plant scale at the Eastern Sewage Works in the .
Redbridge B'orough, LondOn, England Smce then other sngmfxcant pilot plant
studles have been conducted in Chlcago, 11l., which. ozonated microstrained
,actwated sludge effluent in 1970 Blue Plams, Washlngton, D. C., which ozonated

vanous secondary effluents 1n 1970 Ft. Southworth Lou1sv1lle, Ky., which

ozonated actxvated sludge effluents in 1971; Westerly wastewater treatment plant,

3



' .; Cleveland Ohlo, Wthh ozonated effluent for the purpose of dxsmfectlon in 1974;"
‘ x and Whltehorse, Yukon Terrltory where ozone was used to dlsmfect cold dilute

‘wastewaters in. 1978 At the present time the Umted States, which has 32 sewage

) treatment p.lants mcorporatlng ozonatlon, is the only country whlch uses ozone as alb

method of wastewater treatment ona 51gn1f1cant scale. '
- B.. L Effectxvenas orf Ozone Vs. Chlorlne as ansmfectant

Ozone 1s generally considered to be a better viral and bacterlal
'_ dlsmfectant than chlorlne (Pavom et al etal, 1972 Nebel et al., l973b- Rosen, 1976,
Katzenelson and Bledermann, 1976; Lue—Hlng et al., 1976; Farooq g_t_a‘lé, 1977a)' |
‘Tonelh et al., (1981) report that ozone is more effectwe.)hé chlorme ‘in
mactlvatlng aerobxc spore formers, bulk T bactenophage, fecal cohforms, fecal'-

streptococc1, Pseudomonas aeruglnosa and salmonella. Accordlng to Farooq et al .

(1978) a three to four decade reductlon in /E coh counts may Be obtamed W1th a

contact time of 2-5 mlnutes in the presence ‘of an ozone residual-of 0. 25—0 30

mg/L In contrast, Clarke etw. (1961#) state that -similar concentratxons of

_chlorme resnduals as monochloramme reqmre between 150 200 mmutes to achleve
a two decade reductlon in E. coh counts, Monochloramme is the predomlnant form
of chlorme present in chlormated wastewater effluents (White, 1978). Scacc1a and‘
Rosen (l978) dxscovered ‘that an average ozone resndual of 0. 03 mg/L for a one
minute contact period wxll provxde an equxvalent level of dlsmfectxon of entenc :
bacteria as a' monochloramme resxdual of 4.5 mg/L for a 30 mlnute contact period.
Accordmg to MOITIS (1975), mlcroorgamsm survwal may be represented

~ by:

"Ny = NyexpGAD) . W



&

' 1978) Chlorme residuals are known to

‘Ny = 'microorganism count at time t

No= "microorganis'r‘n cOun-t at'ti'rne zero

D = - o‘xsmfectant dose Ct, (mg/L) (mm ) I
C‘ = - dlsmfectant concentratlon, mg/l.

t = ,contact ume, min. -, L

A = 3 spelelC lethallty coefﬁcxent (mg/L) l (mm )1

M

L ‘The partlcular value D= l/ A is called the lethal unit or lethe of the dlsmfectant

under consxderatxon. Lethe is the constant concentratlon -of dlsmfectant needed to -

'reduce N to N /e within a unit time. Hence, A -may be defined as the number of .

lethes provided by a constant concentration of dlsmfectant in a unit txme _The

o

. greater the value of A the more effectxve a compound is as a dlsmfectant. Values‘

-

of A as reported by Morris (1975) are listed in ’l'able 1. These values 1nd1cate that

ozone is a more effectlve dlsmfectant than chlorine in its vanous aqueous forms.

Ozone's superiority over chlorme is. due to its high oxldatlon potentnal

. Ozone has the hlghest oxldatlon potentlal of all commonly avaxlable chemxcal‘
_ oxxdants (Table 2). Since the disinfecting power of cher;mcal compounds generally .

parallels their oxldanon potentla.l (Morris, l975), ozone may be consldered one of , -

the most powerful chemical dxsmfectants currently avallable

C.  Toxicity of Chiorinated and Ozonated Effluents |

Wastewater disinfection by t addition of chlorine has led to concerns

involving the toxicity of chlorinated ef luents and the formation of chlorinated

4 orgamcs The toxicity of chlormated ef luents ~does not depend -on the amount of .

chlorine added but rather on the chlor1 e resldual remalmng in the efﬁuent (EPS,

rsist for long periods of time in receivlngv B

_ waters and chlorinated effluents are Known to be more toxic to aquatic organisms
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 TABLEI 'VALUES OF A AT 55¢, AIN (mg/L)L miny!

B Disinfectant -

Enteric Bacteria.

Ry AmOebxc Cysts  Virusés, - ~Spores

')

3

" HOCI as Cl2

‘.

OCl1 “as Clz i

2
oz v
oa

e s g
1005 1.0 up 0.05

0.0005 " < 0.02 .- <0.0005 -
0.001

- NH.ClasCl

2 2

o002 ;° Y. 0,005

53 K
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TABLE2 OXIDATION POTENTIAL OF CHEMICAL DISINFECTANTS
' ’ I . Lo "IA"Oxidatipﬁ Po'ténfja} \
Disinfectant - L elts)

o T T T e
~ Permanganate .. T T o
' Hypobromous acid T X
Chlorine dioxide. . . g
_Hypochlorous acid” T T
" Hypoiodous acid” = e R L.45
Bromine . . = T R X o
’ P T T e
lodine . . . . ST o

~ Chilorine gas .

‘Monochloramine -

L ey . .



than non-chlorinated e’fﬂuents. Tables 3 4,5 and 6 summarlze acute and chromc' ‘
K
,From thzs data it is apparent that chlorme resnduals as low or lower than O 1 mg/L
are tOXlC to aquatic organisms. Since many wastewater tr’eatment plants malntam
. ‘chlorme resxduals for disinfection at l 0 mg/l. or greater (E.P§ 1978 EHD 1982),
“ 're51dual chlorine, after m1x1ng may be present in many recelvmg streams m:_
quantities highly toxic to aquatnc life. In' addmon, chlorme resrdual toncentrations B
non-toxic to fish and mvertebrates have been found to be toxxc to phytoplankton
(EPS, 1978' Coneway and Styner, 1978 EHD, 1982) As a result, ﬁsh and
' mvertebrate feedmg movements may be indirectly affected by chlorine resrduals .4
Wastewater chlormatlon results’m the formation of hundreds of chlori-
- nated orgamcs which may be carcmogemc and/or mutagemc (Rosen, 1976) Many -
of these compounds are not removed from drinking water supphes by tradmonal
‘ :‘water treatment methods. Representatlve compounds formed durmg wastewater
chlormatxon are hsted m Table 7. |
’ | Numerous researchers have reported that ozonated efﬂuents are non-
;toxrc to aquatxc orgamsms whrle at the same time reportmg that thlormated and
.non-dnsmfected efﬂuents are. (Ward and DeGraeve, 1978 Dxaper, 1975, Arthur
etal,, 1975' Venosa and Ward 1978;- Hammond ahd Bxshop, 1978 ‘Tonelli et al
1981) The non-toxxc characterxstxc of ozonated efﬂuents arg due ‘to ozone's \
extreme xnstabxhty Thns mstabxhty causes ozone to decompose raprdly in solutron"l
and hence prevents the maxntenance of an ozone resrdual \vhxch may be tOX.lC to’
aquatnc orgamsms (Ward and. DeGraeve, 1978; Farooq et al., 1977a, Tonelh etal. al
- 1981). - |
| V'er‘y.'-htt‘l‘e is-known abfout the ‘by-products. _Iormred during 'Was.tewater'
' o'zonation. Due“'to';the no_n-toxic 'n'a.ture"of oz‘onated. eff_lt:_ents,‘ it is co_mr‘nohly

LY

_ 'toxxcxty data of apphed and resxdual chlorme to. freshwater and marme orgamsms.' o
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“TABLE 3., . SELECTED FIELD STUDIES DEMONSTRATING EFFECTS OF ‘
T 'CHLORINATED SE\VAGE ON AQUATIC LlFE (EHD, 1982) '

s -"Sbeci’es'" S

g '_"'Resurs«

Sacramento Rivér-
British Columbia

. / .
Yy .
Lid .

Ontario

Sockeye Salmon

~ Pink Salmon .
Coho Salmon .

Rainbow Trout ‘

. Rainbow Trout .

' Location |
'Vzi"'r."ginia L Numerous fnsh spec:es "Reduced dxversxty
James River: 3 mcludmg salmomds ~ Absence of Brook and

T~ : _Brown Trout at :
'\. S - 0.02 mg/L ChIO'Ti“F o
Michigan 'Rainbow Trout ] " Toxic conditiorj\'s- at o
e » ~ dverage chlorine -
L L _“of 0.014 mg/L
California . Chinook Salmon

Dechlormatxon req_mred‘ '

"to halt fish kills

Mbrtahtles'comm'on ’
when chlorine residuals

~ in excess of 0 02 mg/L

96-hr LC ran ed .
~ from 0. ox’?o 0.69 mg/L

residual chlorine o
- in secondary effluent




. TABLE4 - 7}'  ACUTE TOXICITY OF RESIDUAL CHLORINE TO

‘ FRESHWATER FISH (EPS 1978)

_Specxes ST

: '- 8 "___-{;'Concentratxon (mg/L) Eﬁect :

.' ’_.Salmo gaxrdnen

© - Salvelinus fontmahsif -

o Salvehnus fontinalis N
g Salvehnus fontmahs'..f
leephales promelas )
anephaies Lomelas :

0.014-0.029, 96 hr. ‘-C5o S
0.146, 10°C, 96 hr. LC,q
0.102, 20°C, 96 hr. Lc

| 50  o
0.083, 7 day l..C5o

.-0.086-0.13, 96 hr. LCSO
' '.o 082-0.115, 7 day LC 50 :




TABLE 5 o

- CHRONIC TOXICITY OF RESIDUAL CHLORINE. TO Cerl

| FRESHWATER ORGANISMS (BPS, 1978)

IR

: Orgamsm :

:;Z'ConcentratLOn (mS/L) Eﬁect‘.-’ e

‘, Oncorhynchus @rbuscha 1 008, maxlmum non-lethal
‘Oncorhjnchus kisutch I o 0. 05, maxxmum non-lethal

' _""Salvehnus fontmahs oo . . R B 015 absent m streams

":chrogterm dolomleux ' Lo T 0.10y absent in streams

EE Pimephales’ promelas_ S o -.,’ 0. 0165, safe concentration

N . 0.001, shght avoxdance

Salmo gairdneri *

~ . ’
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:TABLE €. TOXIC EFFECTS OF CHLORINATED EFFLUENTS ON
o MARINE INVERTEBRATES (EHD 1982) (cont'd)

v,.‘v

5 7 Chlorine Dosage  Testi: o L
_ Spefxes (mg/L) R -;Duratnon ~ .Effect

< N
nglocentroms ' 0.11 C 5 mm..v B 100% inhibition
- purpuratus (gametes) , i w0, of fertilization
Urechis caupo 0.2, '5 mm .. _22% inhibition
(gametes) KRR e of fertllnzatnon
. T kel Smiar 100% inhibition
, . . RN SRR of fertilization
Phragma Soma 0.2 . S S ming ' 22961035 of motlhty o
.-cahfor a\(ipy ST i
Y - .o s min. 86% loss of ‘motility
nus modes tus 2.0 . 10min. ' death and inhibited
T o | - growth" ‘
‘_'-:"Balanus sp. - 2.5 . ~ 5min. . o 30% m_ort_ahty :
" Atartia torisi . 2.5 7 Smin. - 90% mortality' -
' .Mehta nmda 2. -5 min. . near 100% mortality =
S - SR A 96 hr. after exposure - -
" Smin. > near 100%.m tality

96 hr. after exposure

Ane'mones_ 1,2, lf 8hr/ . »‘n_'ong : .
’ day for 10 o
' days : S ’
5 days 100% mortality R

15 days ~ 100% mortality

- --4.__

R )
\_.4\.-— - ’
¥
)
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L TABLE 6 'rox1c EFFECTS OF CHLORINATED EFFLUENTS'ON
- |  MARINE INVERTEBRATE.S (EHD, 1982)

e T Chlorme Dosage’ "'_..-.'_Tes'tf Lo :
. Species (mg/L) . Duration " - Effect .

- for 10 S
days o

I X B days <7 100% mortality -
L e T T | - 100% mbi-talif’y“
Homarus:' -~ " 2,02, 48k - 50% mortal;ty
. americanus - - S T SR S
. Crassostres i 0.005 48 5096 mortality
: vxrgmxca N A TITY S
- (larvae) R - _ v e
* Crassostrea i 0i023 0 96-hr . 50% mortfalify

- virginica— . o T oL e

- Banacles o . O L2483 hef - 95-100% mortality . -




 TABLE7. . - CHLORINATED ORGANICS IN WASTEWATER EFFLUENTS

(EPS 1978) (cont'd) R . R A
chloroform '-"'ff‘ o " L ‘trichlorocumene 22) .-
. dlbromochloromethane : tetrachloroethylstyrene (268) _
5 dxchlorobutane s T ,tnchlorodxmethoxybenzene (240)
/~3<:hloro-2-methylbut-l-ene tetrachloromethoxytoluene (258)
:?fdrocyclohexane (118) e dlchloro,amlme denvatxve (205) -
chloroalkyl acetate - - dxchloroaromatlc derivative (249)
' -dxchlorobenzene - g dlchloroacetate denvatlve (203)
- .etrachloroacetone L tnchlorophthalate derivative (296)
\_pyqxchlorobenzene o tetrachlorophthalate derivative (340)
' -Eﬁlo%ethylb‘e‘nzene .. 5-chlorouracil "
- pentachloroacetone - S 5-chlorour1dme -
- hexachloroacetone . o 8-d\lorocaffe1ne I -
tnch’lorobenzene o .\‘_6-chl'oroguan.1ne . |
dzchloroethyi benzene " _8-chloroxanthine. _
chlorocumene (154) - ‘.'2—chlorobenzoic ‘acid ’ .
-methyl-tnchloroamlme - i
(209) : L ‘;','.,5-chlorosahcyhc acid
.dlchlorotoluerﬁ " . . bchioromandelic acid
‘ 'tnchlorophenol o B 2-chlorophenol
_chloro-a-methyl benzyl L
ajcohol . Lt a-chlorophenylacetlc acxd
dnchloromethoxytoluene Ry 4~chlorobenzm¢ acid
' 'tnchloromethylstyrene o T
-(220) L 4'—ghlof'_o'phenol' -
_',.tnchloroethyl benzene ‘ el -
: (208) ‘ . .. 3-chlorobenzoic acid
,dlchloro-bxs(ethoxy)lienzene' R
. (220 e S }chlo;dpheﬁdl» ‘ -



' .\..TABLE 7 o CHLORINATED ORGANICS IN WASTEWATER EFFLUENTS
' (EPS, 1978) A ‘

S A

" dxchloro-a-methyl benzyl '_ , ' _ L '
. ‘alcohol. (190) SRR o ‘4~Chloroesorcmol

mchloro-n-methylamsole"' S B{hloro-#-hydroxy-benzoxc acxd v | y
"'_'tetrachlorophenol el L el ,..,.,
' :trxchloro-a-methyl benzyl, o o ' ' :

= alcohoi

e e e e ey ~ S — . . e .o N
. ~
) - .2 i
. .. o
Ve N 4 v
y- , )
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' thought that toxic by-products formed durmg wastewater o:mnatxon rapidly decom-
pose to carbon dxoxlde and water or other non-toxlc compounds. Formaldehyde -

. methylglyoxal and glyoxyhc, pyruvnc, _oxahc, acetic and- fOl’l’ﬂlC acnds are conside-

i

' .."nred to" be ma;or by-products found m ozonated wastewaters prior. to their

\
. decomposmon to carbon dioxide and water (Kuo et et al,, 1977 Yamada and Somxya,

-~ 1980).

D. Contact Time Requirements for Ozone and Chlorine Disinfection
Chlormatlon mactnvates mncroorgamsms relatwely slowly w1th respect

“to contact t1me. The mmlmum contact t1me required in wastewater chlormatlon is

o approxnm*y 15 minutes (Metcalf and Eddy, 1979) In contrast, ozonatlon.

produces a very raptd mactlvatlon of mxcroorgamsms within a short period of time
‘and then levels off (Katzenelson et al., 1974). This. occurs because ozone is
,‘ 1mmed1ately reactive in solution whereas chlorine must undergo hydroly51s first
‘ (Farooq et et al., 1978). Hence contact txme is of secondary 1mportance to mass
transfer in  ozone dxslnfectlon (McCarthy and Smlth 1974) Consequently ozone :
1nact1vates mlcroorgamsms rapxdly in the presence of an ozone resldual Contact :
| times’ sufﬁment to estabhsh a reSLdual (1- 10 mm.) are found to be adequate for ..
dlsmfectxon purposes (Rosen, 1976; Farooq L_, "1978).”
E. Consideration of Dlsmfectlon Alternatives

T

‘ Chl_orination~dechlorination» practices are known -to produce effloents” -

: whxch are - less toxxc;« than unchlpnnated efﬂuents JRoberts,andm\&a;dxo, 19714.)

v L8

o Although dechlormanon reduces thorxne xnduced ﬁsh tOXlCJt)S Lts abmty tm

ehmmate 'chlormated orgamcs still ? requxres 1nvest1&aﬁo“n" (EPS, 1978) liecent o |

stud:es 1nd1cate that when dechlormatxon is practlced, ozonatlon becomes economx- B

. -cally competitive- with chlorination-(Budde et al;, 1977; EPS, 1978).
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“The bactericldal efﬁcienCy of ‘chlorlne dioxide is comparable to that of

chlonne at. neutral pH values and increases with pH thus makmg 1t a more

-

effectlve wastewater dlsxnfectant than chlorme. . However chlorme dloxxde is a less

[y

effectxve dxsmfectant than ozone, probably due to its lower oxidation potentlal-

e,

(1.50 vs. 2. 07 volts). Chlorine dxoxxde does not react with mtrogenous compounds

“to form toxxc chlorammes but it does reduce to the chlonte 1on which is suspected

to be toxic to humans (Roberts and Va]dlc, 1974)

Bromine"chloride is considered to be a possible wastewater disinfectant.

Its disinfection properties are considered to be superior to those of chlorine while

'A”at‘ the same time it produces efﬂuents which -are less toxic to aquatic life (EPS,

1978). However the application of bromine chloride as a wastewater disinfectant is

- still in the development stage.

~ lodine and bromine are not common'ly used as disinfectants lf used as a
wastewater disinfectant bromine would«requxre massxve dosages in comparison to’

chlorine or ozone, thereby makmg 1ts use uneconomlcal (Whlte, 1978). lodme 1s

considered to be too. expensxve for.use on a large scale. It has been suggested for‘
“use in 1solated areas because of its ease of transportatlon (EPS 1978) However 1ts
“high cost combmed ‘with ozone's ablhty to be- generated on site make it a less . .

practical .dl_smfect_ant than ozone in large scale application.

Ultraviolet (UV) radiation is a“physical rather than chemical method of

dlsmfectlon UV radnatlon is similar to ozonatlon in_that it produces effluents

- "wtuch are iess toxlc t6 aquatlc life than chlormated effluents (EPS; 1978) uv hght'

. -ls effectlve only when the growth of shme layers on the uv lamp is controlled As

Ca result, xt 1s not a practlcal method of wastewater dlsmfectxon. By o

L
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. dzone is an extremely powerful, on-selectlve oxxdkzmg agent whlch
wili react with many organic and morgamc compounds found in wastewater (Rxce
| et al., 1981). The presence of such rnaterial creates an extraneous ozone demand
.v;rhic'h reduces- the disinfection efficiency of ozone. Consequently as effluent
_quality decrea—ses higher ozone: dosages'and longer contact times are needed to
r'n_afntain a giVen level‘of disinfection (Nebel et al., 1976a_;"Rosen,. 1979;- Tonelli -
et al., 1981). |

Suspended sohds concentratlon is consxdered to be a ma]or parameter
affecting disinfection with ozone, 'l'l'us is due to the ability of suspended solids to -
shield microorganisms and thereb_y prevent ozone_from coming ‘in. direct cont_act,
with them. Consequent'l'y ozone concentrations ‘which- would nor}mally provide
"adeq'uate disinfection achieve only partial microorganism inactivation in  the
presence of suspended ‘solids (Ghan et al., 1976; Nebel et al., 1976b; Howser et al.,
1978; Sproul et al., al 1979) |

~~ The effect of wastewater temperature on ozone disinfection has not ’
been fully established. Studies conducted by FarOOq ._g_ai (1977¢) and Engelbrecht :
et al. (1979) report that microorganism inact-ivation increases with incr‘easing
temperature. They explained their findings by statmg that even though elevated
temperatures increase the rate of ozone decomposmon, lt also increases ozone's
chemical reaction rates. As a result the rate of microorganism mactxvatlon '
increases. In contrast, Given and Smith (1982) discovered that rnicroorganisrn
inactivation increases as temperature decreases,' which may be. attributed to a
fower reaCtiOn rate with the ozone consuming'materials. TB_is may also be due to a

reduction in the rate of ozone residual decomposition as temperature decreases.
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Furtherrnore, ozone "namtams its chemlcal actxvxty to -70°C (Kmman, 1971&
Katzenelson et al., 197#) .
Orgamc mattér 1mpedes ozone's abnhty to dxsmfect \vastewaters (Ghan_ A
.et al. 1976' Guirguis ﬂ_a_l_, 1976' Katzenelson and Bxedermann, 1976, Bollyky and.
Siegel, 1977) “This \is due to the abxhty of orgamc matter to consume ozone in

_ ,rapxd oxldatlon reactlons, thereby reducmg the amount : of ozone avmlable for

i mlcroorgamsm 1nact1vatxon. Hence as wastewater BOD and COD 1ncreases, the _

ozone dosages requxred to achxeve dxsmfectlon mcreasles. .
_ 6zone decom_posmon is consid‘erably accelerated by increased 'alkalini'ty_
(Hoigne and Bader, 1975). Under -alkaline condmons, decomposmon products of
ozone fuch as. th\'{ydroxl radical (OH') become the 1mportant oxndant. Carbonate,
_and bncarbonate ions react with the hydroxl radlcal in electron transfer reactlons

(equations 2 and 3) and prevent it from being an effective dismfectant (Hoigne and |

{
Bader, 1975).

5

OHicOoy2soHT+CO” @
0H‘+HCO3 +OH" +HCO‘3 o ' -3

The hydroxyl radical reacts with the carbonate ion much more quickly than With7

the bicarbonate ion. As a result, the protecting effect of a given amount of total

Q

- carbonate on mlcroorgamsm survtval should 1ncrease in the pH range above 9 where
the equilibrium shifts from the bicarbonate ion toward the carbonate ion (Hoxgne’ :
and Bader, 1975). l

_Microorganis‘m inactivation appears to be more directly related to the '
ozone residual than wastewater pH. However, pH influences the rate of ozone
decomposmon which in tum affects the ozone residual (Farooq et al., 1977b). The

.ozone decomposmon rate is much more rapld in aqueous solutlons at hxgh pH
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-:va'l'ueds. Thls 1s due to the catalytlc actlvxty of the hydroxl jon (Farooq et al.,

19775) Gurol and Slnger (1980) report that the rate of ozone decomposmon in 3

-
.- =~ - - .-

aqueous solutlons depends on the ozom and hydroxl ion concentratlons (equatlon 4)

T g = _-dog) Sk (OH )05(03)2 | o
S B A

A lower ozone resndual results with mcreasmg pH because of the mcreased rate of

S ozone decomposmon whrch in turn decreases the degree of mlcroorgamsm lnactl-" B

-'vatlon attamable. A I L
‘[he ceactnon between ozone andv ammoma at pl-l values less than 9 1s'_ -
S ~very slow (Hoxgne and Bader, 1978). At pH values above 9 the rapld decomposxtlon-
'”‘of ozone to’ radlcals prece‘des'the oxldatlon 'of ammonia. Of 'the radxcals formed )

'durmg ozone decomposmon only the __ydroxl radical (OH") is relevant in . thev_

&l, . @
*__,_ - .W-O’ua'-x LI O e oo--:¢u<‘ A AP RS SRS NP IR

: 1‘3oxxldaﬁon of ammoma. Hoxyever ammoma consum’ Es " the. ‘hydr‘oxl‘ radrcal m‘*’aﬁ"_"
; :reac.tlon wrth a low rate COnstant compared wrth those of carbonate lons and .4
or,gamc-s.‘_ Thls permlts free ammoma to sxgmfrcantly mhxblt other oxldatnon"v
reactions 0nly when present m concentranons at leastQ:omparable to those ‘of thef
‘carbonate ions and the_sum of orgamc solutes (Hoxgne and Bader, 1975). Such .‘

concentratl,ons are not found in domestlc wastewaters and as a result ammonia
does not inhibit ozone disinfection in most wastewaters.
G. Ozone Mass Transfer and Mixing Systems
Ozone residuals are considered to be one of the dominant factors
controlling the. inactivation of microotrganisms ‘during wastewater - ozonation.
However the presence of ozone bubbles with an ozone residwal provides a higher -

degree of inactivation than a given ozone resldual alone (Farodq et-al., 1977a;
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.Engelbrecht et al., 1979) Thls occurs because mlcroorgamsms tend to Congregate :
: at the gas-hqmd 1nterfaee of ozone bubl:les and "are exposed to hlgher ©ozone 'l
concentratlons than are present in the‘ bulk solutron (Farooq et al,, al., 1978) |
result mlxmg systems should promote the transfer of ozone from the gas to the |
liquid phase and ensure a complete dlspersal of ozone bubbles throughout the .
wastewater (Masschelem etal, 1975). '

‘l'he mass transfer of ozone from the gas to, the hquxd phase may be

. explained by the fllm theory of gas transfer (Flgure 1. In ozonatlon, molecules of_ .

'ozone are transferred from the bulk gas phase to. the outer gas—fllm mterface by. .

. turbulent m1x1ng and eddy drffuslon Molecular dlffusmn moves. the. molecules to
. the gas-hq.ud mterface where they dlssolve into the stagnant quurd film. 'l'he- ‘

molecules dlffuse through the stagnant hqmd film. to. the fllms outer boundary‘-
where they are transported to the bulk hq.ud phase by turbulent mxxmg '

The raté of. ozone mass - transfer by molecular dlffuslon l.S slow :

R ‘“.,

compared wrth turbulent ml»xmg and eddy alffmnon, perrruttxng the stagnant fllms

to control the rate of mass transfer (Canale and Weber 1972) 'l'he rate. of ozone

mass transfer into the liqmd phase may be. represented by equatlorr 5 (McCarthy""_fx'i}

ahd Smlth 1974) T SR S SR

“G

c-c o " .
ln\< >= -KLa't - S . (5)
C-C . »' . . . v. ‘ .

a

o

cC . = equmbrlum concentratxon of the solute gas in the lquld phase

correspondlng to the pressure of the solute gas in the gas phase,

(ML)
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lm .
#H

<
H

-
"

o

overall volumetnc mass transfer coeff:cnent T )

LA (L")

concentratlon of the solute gas ln the llqu1d phase at txme zero

and t respectlvely, (ML‘B) o

f.overall mass transfer coeffac:ent (Lf;l)

.‘:V. o

" time, .(T) -

13
S o . .
"f - ._,_ - " s -

area agross: Wthh dlffusmn lS takmg place, [Lzl Ciee  now o

RN

volume of system, (L ]

- .. _
[N X e e e
. .\ .- PR Jp—— i - -

s SR

From equatlon 2 it is apparent that ozone mass transfer may be mcreased by...

lncreasmg the ozone concentratlon dnfferences betWeen the gas and lxqurd phases

(McCarthy and Smrth l97l¢)

e

-

R

S The ‘nain- types of ozone mxxmg Systems currently avadable mclude, o

o

’ mjectors, porous dlffusers and turblne mtxers (Bowers et al., 1973; Bollyky, l976)

EEEE T

ln)ectlon systems consist of ;et pumps operatmg on the venturl prmcrple. The two

.
. \
" T

basrc types of m;ectlon systems are: total,m)ectlon in Wthh the whole flow of ‘

water under treatment, at low pressure, lS mlxed ‘with ozonated gas' and partlal

ln)ectlon where ‘a portlon of the water flow, at high pressure, is mixed with

- \

zonated gas and .then dlspersed through the bulk. water flow (Bowers et al., l973)

Porous dlffuser elements are generally porous ceramlc pipes or plates,

" stainless steel floors or plastic dlspensers. These dlfoSCFS are installed at the

R

\bottom of contac;t cha.mbers and 1n)ect ozonated gas elther countereurrently or’

N

- concurrently to llqmd ilow Countercurr’ent m;e?:tlon ls generally Consldered to be N

ot 'c

o v -

w

' more efiectlve than concurrent m;ectlon (Vlasschelem et al., 1975)

A

Turbme mnxers combme gas andequxd streams through the mechamcal

v

-mixing process. ngh speed agntat:on has: been found to mcrease the rate of ozone '

s

“w

.23
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Vi

decomposmon thereby reducmg the ozone resxdual and the degree of dxsmfectxon

T

attamed. However the use of turbme mxxers w1th1n the range O to 345 rpm has

- . T

httle effect on the rate of ozone decomposmon and ozone dxsmf'ectton ejﬁcnency

a

(Farooq et al., 1978) : f'_' | _‘ - .

Advantages and dlsadvantages of these systems are hsted in Table 8.~

veTo N -
“ng’ s * 8 .

Although the presence of’ an ozone resxdual is. the controﬂmg factor m

T - -k s ,"

e wastewater drsmfectmn the pmountmf ozone'requxred 1§ generally reported as the

apphed ozone dosage (Farooq et etak, 1978) Table 9 llsts ozone dosages and contact

tlmes reqmred to treat and dlsmfect various types of water and wastewater' These ;

values mdxcate that ozone dosages requxred for dxsmfectron and treatment vary

N '...?-\‘-’“‘ o
PR
a..~ AN .om—'

wnth wastewater qual;ty. -n, L e e T
L ‘ 'astewater‘ Characte'ristics |
R The characteristics of raw and treated wastewaters vary consxderably

dependmg on the wastewater sources and methods of. treatment. Table 10 lists
ranges of values for physxcal chemxcal and bacterxologxcal charactenstzcs of raw

mumcrpal wastewaters and prlmary efﬂuent. The bacterlologlcal characterlstlcs

A e - -

of pr1mary effluents are assumed to be approx:mately 50% “of - those of raw

- L
e

wastewater (Pelczar ahd Rexd 1972) e e e

e

AR
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I PROJECT OBJECTIVES = ' L e
*" T T’here is. lxtﬂe mformatlpn évallqble on’ the f.actprs. aifectmg ozone -
. dlslnfeqnon, of. wastewater;,s usxpg complete mxx reactors, The overall ob;ectxve oi
B . r»‘w"'wn [ 2 4\*'4'0'-“"'«"‘“”" L e l"‘..’_
' thxs pro)ect was 1:0 provnde basxc mformatlon about the performance of complete, o

me Feac‘tors"used’for wastewater dxsmfectxon. To achieve this a number of sub-

objecnves were estabhshed These were:

. fo conduct dye studxes on a- turbme reactor ‘to determlne c’ondmons which
produced complete mnung, d
nE "2.~ wto dmlop «e-'d&ta« base *forvozone dlsmfectlon“tests" using a-compiete mix - ~

reactor H

3. A -vtoe.conduc‘t \‘statxstlcal analysxs on the data to establish predlctlve empirical

- v~

_ relatlonshlp or bactenal survxval and
4. . to compare these relatlonshlps for complete mix reactors to relatlonshxps

developed for porous diffuser reactors by vaen and Smlth (1982) S

Do



R 2N PROJE.CT COMPONENTS

A. Reac:_or’ Modelhng

<

‘Figure 2 presents a sketch ‘of the reactor used in thlS prolect The

' .reactor.was desxgned to prowde rapid mtense complete rmxlng of ozonated gas and - -

- pnmary effluent CQmplete_- mix reactors. exhibit. an .exponential decay in dye
. concentrations when subjected to a slug dye input (Figure 3). This decay.may be

modelled by equation 6 (Metcalf and Eddy, 1979)..

c; - Ce—t/a L S o (8
ACT', = | theoretlcal dye concentratlon at tlme t

Co =‘ :mmal dye" concentratlon MV T . '
M = mass of dye m)ected
\' = reactor volume i

ot = time - .b | -

. ) = nomlnal) detention time = V/Q
Q = ',:libqtiid"flowrate ' ‘

The reactor had a maximum turbme speed of 360 rpm. Slug dye studies |
' utlllzmg methylene blue dye were conducted at speeds of 60, 180 and 300 rpm at
various depths and retention times to de;termme what operatmg condition$ were‘
requxred to achleve complete,mlxlng. ,Ou,tfl_ow_dye concentratlons were monitored
‘with time usmg a Bausch and Lomb Spectronic 20 spectrophotometer. '

The Spectromc 20 measures the amount of hght transmltted through a
‘non-turbld coloured solution. The cgncentranon of the colour causmg substance .
R may be determmed by preparmg a serles of standard concentratlons and measurmg )

31

. thelr percent transmlttance (% T). A plot of log (%T) versus concentratlon may
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‘thén be prodlpced to. ,prov;dQ a caljbratlon curve. ~ This- permxts the outflow dye. <

ECRREE R ’-’""“l,?‘-& \..‘,,.c,p;m»-.
A

T
NI

concentratxon to be determmed by measurmg the percent transmlttance (%T) of v

the reactor outﬂow at various tlmes and determmmg the concentratxons from the

nEl s ‘*,- =

callbratlon curve. ) _:‘ "_. o

Flgure 4 presents a schematic dlagram of the dye testmg system and |
Plate 3 1llustrates the actual system. Clear sump water was. used as a test lquld "
The test hqu;d was pumped into. the reactor usmg a one—half (0. 5) horsepdwer sump_-
pump ‘I'he rate of liquid flow was measured usmg a Slgnet Sczentlflc magnetxc |

flowmeter and was controlled usmg a fine ad;ustment valve. ‘l'he llqu1d depth

.o thharr theoreactor was also controkled usl.ng a fipe adlustment valve at the reactor

- Y B let e p - M u...
” . u:..m - - ~ T owey

outlet. 'Slug 1nputs of methylene blue dye were mjected into the reacfor usm%
rapid discharge syrmge. Dye samples were collected in 100 m! Nalgene plastlc

sample bottlesr e

@ T D !

- f'.B.._ﬂ. o Laboratory Fac11mes and Procedures s T o

e . Expenmental facmtles were estabhshed at ‘the fity of Edmonton's .

‘Goldbar Wastewater =T reatment Plant The. facxlmes con51sted of two traxlers- an. .

experlmental traxler and a mlcroblology traller (Plate 2 3, l&) The entlre ozone .
N plant was contamed thhln the experlmental traller. Prlmary effluent was pumped
from treatmentw fac1llt1es into A holdmg tank ‘within " the exp:nmental traller. .'
Pigure 5 presents a schematic dlagram of. the ozoné pllot plantf. - | S
” - Ozone: was produced by passmg oxygen gas through a Umon Carbide
Linde ozone generator (Model no.. SG-4060) A PreC1slon Scxentnflc 63111 wet. test
‘meter was.used to measure the volume of ozonated carrier gas . xnjected 1nto the
. complete mix reactor. dur1ng each ” ,te!st.' The pnmary effluent flowrate was
measured using a Signet Scientific magnetlc.flowmeter and controlled by a Sterllng

variable speed pump.-.
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DYE TESTING SYSTEM

.
.

'PLATE 1
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PLATE 3: EXPERIMENTAL TRAILER
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PLATE 4: MICROBIOLOGY TRAILER.
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It was necessary to cahbra,te the 'ozone generator dally to determine
the concentratlon of ozone in the influent carrier gas. Followmg callbranon,
primary’ effluent was.pumped mto the reactor and valves ad;usted to establish the
operatmg depth and lquId flowrate. The ozone generator was then permltted to
warm-up for a period of five minutes accordmg to its operatlng 1nstrucnons. Whlle..

| the generator was warmmg up -two primary effluent samples were collected from
the holding tank. One sample was used to, determine the physical/chemica'l
characteristics of the prlmary effluent and theﬁother as a non-dlsmfected bacteno-‘
loglcal sample. Immediately followmg the collectlon of these samples, wastewater.
‘and atmosphere temperature, barometric pressure and lquId temperature in the
-wet test meter were. mea.sured and recorded. |

Ozonatlon was then started thh two more non-édisinfected bacteriOIOgi-
cal samples bemg collected from the holdmg tank .at_equally spaced intervals
durmg the test. » The three non-dlsmfected samples were used to estabhsh an
at'erage estimate of bact 1al quahty of the primary effluent prior to dlsmfectlon
by estabhshlng initial average total and fecal cohfo:-m qaunts per 100 ml
. Following each retention period two samples were collected frOm the reactor. One..
\sample was used to determine bacterlal quality after dlsmfectlon whxle the other
was used to measure the ozone: residual in the dlsmfected effluent ‘l'he duration of
each test was selected to ensure. that the orlgmal volume of primary effluent
present in the reactor at the start of e:ch'est had dlscharged almost completely
from the reactor by the end of each test. The theory of complete mix reactors '

'x

(equatlon 6) predlcts that less than 0.5% of ‘the orlgmal material in a complete mix
reac /of wﬂl\ present after six complete retentlon perlods. Based on thlS theory a
test duratlon of six complete retentlon perlods was selected. During each test the:

manometric pressure readmg on the wet test meter was recorded At the end of

RN -



Ry
. .
-

each test gas volume was recorded to determme the flowrate of ozonated carner

t

41 -

‘g - Prior to the start of the next test the helding tank was dramed and refllled '

and the reactor was bled of all ozonated effluent and gas

)

The ozonated gas used in this study consisted mainly of the oxygen

<

carrler gas with only a small. portlon bemg ozone. The effects of the oxygen ..

carner -gas ‘on bacterlal survival were exammed through the use of control tests.
The control tests used the same procedures as the dlsmfectxon tests but employed

pure oxygen gas rather than ozonated gas RS

C.w - "v'a‘snewater Analysis

.

Non-ozonated samples collected from the holding tank were analyzed to

determlne the physxcal chemical and bacter;ologncal’ characterlstlcs of the prlmary A

effluent prior to disinfection. Included in these analyses were measurements of
temperature, turbldlty, suspended solids, pH, alkallmty, -day BOD and total and"
fecal cdllform counts. -pzonated samples were analyzed for total and fecal
coliform counts.

Turbldlty and pH measurements were conducted usmg a Hach ZIOOA
turbldlmeter and a Hach pH meter Suspended solids, alkallmty, 5- day\BOD total
and fecal coliform counts were determlned accordmg to Standard Methods proce-»
dures 208D, 403, 507, 909A and 909C (Am. Public Health Assoo 1976) All
bacterial samples were analyzed 1mmed1ately and all’ physu:al/chemxcal samples

were ahalyzed as soon as.posslble after collectlon. »/

D. Apphed Ozone Dose, Utilized Ozone Dose and Ozone Raxdual

3

" The apphed and utlhzed ozone dose were calculated usmg equatlons 7

\

LU

FD‘,V'}: = CyxQg/Qy O (7)



Wi J - i 42
) “" 7 | (/;;:V'Ia

) . i -' 01 ) o . . . . |

: g .‘ , o’L{ ;Vn J?y (Cl 2) X QG/QL s . " ; . (8) ..

e T applled ozone dose, mg/L

P

D

| ’U = utlllzed (absorbed) ozone dose, mg/L‘.
- &
C

C 1 = concentratgon of ozone in mfluent carrler gas, mg/L
'2»;' = concentratlon of ozone in effluent carrler gas, mg/L
e Q= flowrate of ozone carrler gas, L/mm é.;. .

) . ' Nl‘ﬁ
Q. = prlmary effluent flowrate L/mm 7 o ‘
t L3 "t”'. ﬁ’ .

Cj and: C2 v/ere determmed by dlschargmg thes mﬂuent and effluent carner gas

: through potasssum 1odlde (KI) solutlons Ozone reacts ‘with potassxum 1od1de to

3
w

hberate lodme.’_ The number of mllh-equwalents of 1od1ne was determmed by.
.. ' e
tltratmg with a phenylarsene oxlde solutxon USmg a Penwalt Wallace and Tlerman

L1

amperometnc titrator. (serxes A 790) Knowmg the number of mllh-equwalents of

- 1od1ne released -and the carner gas flowrate lt was pos&ble to determme t 1 and ‘

,a,vu

Czo ' . ’ ¢

The ozone residual in the dlsmfected prlmary effluent was measured by

collectmg an ozonated sample and 1mmed1ately addlng potassxum 1od1de. ;_- The
% :

1od1n,e released was then tltrated with a phenylarsene oxlde solutlon usmg .an k

amperometnc tltrator. The ozone resndual was calculated usmg equatxon 9.

NlexEW _ S T
v : ‘. : vz_. - . o ,
R = ozone resldual 1n dlsmfected effluent, mg/L |
N = .tltrant normallty | |
Vl = 'volume of tltrant used, ml - SRR S

Ew equrvalent welght of ozone, mg/meq S S ".. -

\



" E.

packaged program was. used to stanstxcally analyze the data to determme (I-ox and
Guire, 1976 Statistical Research Laboratorv, 1976) Con

I, _'

i"utxhzed o i

='“‘ volume of dlslnfected prxmary efﬁuent tltrated L

Data Analysxs

,,,
-

The MIDAS (Mnchlgan lnteractnve Data Ana!ysxs System) computenzed;

" the relatnonshxps between the dependent vanables, total and fecal cohform

v

utihzed ozone re51dual turbxdxty, temperature, BOD, suspended sohds,

alkahmty, pH and mmal cohform numbers,

. -the effect of dxffe-ent operatmg condmons on dlsmfect:on effxcxency, and

’"'.":,‘w'utlhzed on the eStablxshment of an ozone resxdual and the quantxty of ozone

IR
£=3

MIDAS was chosen as the method of data ahalysxs because of rts abxhtv to

‘mampulate large volumes of repetmve data contammg many dxfferent vanables

_surv:val rat:os and the xndependent vanables, apphed ozone dose, ozone ‘

' the effert of prxmary efﬂuent charactenstxcs, apphed ozone dose and ozone -



S “ | g

Fxgures”’pthrough 29 compare’ the meaSUred dye decay curves. w;th"'
,‘ .theoretncal curves for varlous turbme speeds and operatmg condmons. Appendlx 1
contams the data pomts for each curve.‘ These flgures show that not all the
methylene blue dye 1n)ected into the reactor durmg each test was completely

-

recovered

Flgures 6 through 29 mdxcate that the reactor approaches complete le
‘ condltlons most closely at turbme speeds -of 300 rpm for depths of 375 and 500 mm. -
" Asa result ail tests in this pro;ect were conducted at these operating. condltlons to
ensure complete mlxmg and at the same ﬁlme remam under the maxlmum turbme

speed of 345 rpm recommended by Farooq $t al o (1978)
e ¥. .
B. Control Tests. -
Tables 11 and 12 contam the results of control tests conducted to N
examine the effect of oxygen on total and fecal coliform survrva,l/ ratlos. ’l'he
,results 1ndlcate ‘that the apphcatxon of pxygen does reduce the “total and fecal

cohform survival ratios.

C. Disinfection Results

The drsnnfectlon resultsv for total coleorms (TC) and fecal collforms

(FC) are 1llustrated in Flgures 30 to 35. These flgures present log-log plots of total
~ and fecal collform survxval ratms (N/N o) versus applled ozone dose (D) ozone
'utlllzed (U) and ozone re51dual (R) The data pomts for these curves -are lxsted m “

» Appendlx 2 along with prxmary effluent characterlstxcs and operatmg data

- o

a4
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~The values of the total and fecal cohform survwal ratlos (N/N ) plotted‘ »

in Flgures 30 to 35 were obtamed by averagmg the six (6) total and fecal cohform ‘
counts obtalned durmg each test (ie. ono ‘total collform and one fecal collform'
. count for every retentlon perlod) to obtaln an average count (N) of the total |
¢ coleorms and fecal cohforms followmg dlsmfectlon. These averages were dlvrded '.
by the lmtlal average (1e non-dlsmfected average) of the total: and fecal coliforms '
counts (N ) obtamed from the three 3) non-dlslnfected bac\enologlcal samples to
obtam the survwal ratlos (N/N ). Average values Wer:e used because the counts of"
total and fecal cohforms present ln each dxsmfected sample collected after each -
'retentlon perxod were always wrthxn half an order of magmtude.v Personal
; . _commumcatlon thh J. Bell (1982) conflrmed that numbers thxs closely assoclated
should be consldered to have: the same meanmg when deallng wlth collform counts |

As a result it was possrble to average numbers together to obtam values for N and
ot N | , } : L | . | ‘
- | Stralght llne hnear regressxon equatxons developed for Flgwes 30 to 35-? .
1nd1cate that a log-log relatlonshlp e)usts for the plots. The lntercepts of the' :
regressxon lmes Wlth the abscxssa range from 043 mg/l. to 24.9 mg/L _These
mtercepts along wrth the slopes o“f the regresslon lmes can be used to relate total
: and fecal collform survival ratlos to the applled ozone dose (D), ozone utlhzed ()

and ozone resrdual (R) in terms of. equatxon lO (leen and Smlth 1982)

¥

N - mltlal number of total colrforms or: fecal coleorms per 100 ml
o -

N T "-number of total collforms or fecal f:ollforms survxvrng ozonatxon per

'"_"loo mooo

Le

N s tota.l or fecal collform survnval ratlo

]



f .
- L
e

- C e »‘ the ap‘pl»ied ozone dé‘se, or o‘zon'e» utilized or ozo'ne rssidual (rng/l._.),.- ;

- a - the 1ntercept thh the abscxssa, (mg/L) .

~

b - ‘slope of ‘the regressxon lme

The lmear regressmn equatxons relatlng survxval ratlos to- the apphed ozone dose,
ozone utllxzed or ozone resxdual are lxsted m Table 13. | |
D. Sm,tiSti‘ml,AnpalysiS' B

B A stepwxse multiple: lmear regressnon techmque was used to determme '

v the stanstlcal 51gmf1cance between total and fecal coleorm survxval ratlos (N/N )'

as the dependent variable and vamous possible mdependent varlables. Numerous‘ §

. 8 ) J

- combmatlons of logarlthmxc (base 10) and non-sloganthmnc vanables were exammed o

‘ to determme whlch provxded the best predlctlve relatlonships for cohform 3yrv1val :
‘ 1)

Multlple llnear regressxon equatlons 1nvolvmg logarlthmlcally transfor-
" med values of applxed ozone dose, ozone resndual and prlmary efﬂuent 5-day BOD’ "

: provxded the best correlatnon with log (N/N ) for both total and fecal collforms.’ N

' _The applled ozone dose may be replaced by the ozone - utllxzed to. prov1de an

requatlon thh only a sllghtly lower correlatlon. Table 14 presents a summary of e

the development of ‘these equat}ons and thelr con:espondmg R values. The R2 :‘ "

value is the square of the multnple correlatlon coeffnch, and l/t/ mdlcates the -
amount of the total vanance in log (N/N ) whxch may accounted for by 1ts
‘regresslon on the 1ndependent varlables. N \' : o : v

The equatlons listed in Table 14 provad"}

msxght 1nto the fac torsv e

affectlng the ozone dlsmfectlon of pnmary efﬂuent, however due to the presence n

of 5-day B@D as an 1ndependent varlable they are of httle use for on-hne operatloni "

,._of ozone dtsxnfectlon systems usmg complete mlx reactors. ‘l'o compensate for thlS '

- problem a data analy51s was performed ustng only those vanabl’es Whlth could be



*

o TABLEI3  SIMPLE LINEAR REGRESSION EQUATIONS RELATING
- -+ SURVIVAL RATIOS TO APPLIED OZONE DOSE, OZONE
. UTILIZED AND OZONE RESIDUAL . . " " =

and

Total Colifarms -~ - Fecal Coliforms

N#(Ca P8 a0 SN =(Cd "’7"7'5,:,,"ri‘-',0’-70"
Mo\ net gl n=33

N;f 20.9/.° . n+33 BT S Fo \?237/ . n=33

N; '0,#5_ o n=28 L o N; m . ons= 28

Wt

total or fecal coliform survwal ratio
.=+ applied ozone dose, mg/L - | o o .
g ": - O_th?é dﬁl_iz_;éd;‘ mg/L Lo o o T
- ozofie residual, mg/L- . | S
- =" . correlation coefficient

L A ano Q_Ooz'z

Lo ',;-;'humb'erfof:dét:a'"pb;nts, R S
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| momtored by an operator on-lme. The log (base 10) of the f\tal and fecal collform

survwal ratlos were selected as dependent varxables. Loganthmnc transforma‘tlons

(base 10) of the ozone utlhzed ozone l'esldual prlmary effluent turbndlty, prlmary .

o effluent temperature, dxsmfectlon retentlon tlme, pmmary effluent flowrate,

,ozomzed carrler gas flowrate and. ozone concentratlon in the carrxer gas were used

as mdependent varlables. Loganthmxc transformatlons of the ozone utdlzed ozone

—‘—-'—'\
~re51dual and primary effluent_turb;dlty were found to be the best’ 1ndependent_

’
varlables for use m predlctlve relatlonshlps for on-lme use. These equatlonsare‘» :

summarxzed in Table 15.
A multlple lmear regressmn analysls was conducted to determlne what

factors affect- the -amount of -ozone utlllzed by a prlmary effluent and the_

magmtude of an ozone resxdual establlshéd ina prlmary effluent. Prlmary effluent ;

charactenstzcs, operatlng characterlstlcs and the appued ozone dose were used as

mdependent Varxables. The results of thls analysns are contaxned ln Table 16.

¢
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... TABLE 16 {_-MULTIPLE LINEAR' REGRESSION .EQUATIONS WITH ozoms
.o .0+ RESIDUAL AND OZONE YTILIZED AS DEPENDENT .
.t VARIABLES FORA coupu-:na MIX REACTOR SYSTEM

PR . .'\'v',"-"
sl L : . R

T LogREI0149 0.0131 D-0. 0967 Temp u.oss Log Alk Ee / i_ R2 - 0. 572
Log’ U = -0.0272 0.0043 'l'emp +0.0072 pH 1. oo7 I.og p ;.'_R-z_ = 0. 998

R q’- ;nzone_:esidual mg/L o e
u | - ozone utmzed, mg/l. L ;

, "‘D_' e QPN apphed ozoné dose, mg/l.. ‘ o
o ,: Temp- prlmary effluent temperature, °C .
Ak e  primary effluent alkahnity, mg/L CaCO

PH‘ Prlmary efﬂuent PH \ PRI

<



-

N ,r'_"'

Meﬂ'iy{en _‘v blue dye xs an orgamc:.' dye., lts u;complete recoVery may.,

the sample bottles. H°""°V°rv personal commun" "atnon wnth G "‘.'Putz ( 1982)'-;;-"': o




S TABLE 17

. RANGE oF PRIMARY EFFLUENT CHARACTE.RISTICS IN THIS e
: STUDY (taken from Appendlx 2) SRR

L o '.Range
18 0- 2oo 0.

A '36“ A8.80

& ,._-t;:]_cﬁaeac‘fer:fsﬁe e
Y Sday BOD
. (mg/Ly T
: "»‘?._:'.»»;_Suspended Sohdsj,., S
= (msll-)""
L -Mkahmty _' \ e ."3"190'0 2"’00
(mg/l. CaC03) SRS T N e
“t. TotalCeliforms - "27\ 106' 2~“ X. 10
o (eount/100.m)) ¢ e LT e
“ " ‘Fecal Coliforms . e e el 5 >x lO - 2 8. 10 \
'+ (count/100'm1) < - - I e




The collform group of bacterxa consxst of aerobtc and facultatxvelyv _

‘ 'i'.._"anaeroblc bacnh (Pelczar and Reld, 1972) Wh.lCh .should not be mactwated byf“”'"'

oxygen. However control tests conducted m

o ',,- reduces the survxval ratto of total and fecal cohforms ‘resent m prxmary effluent. B

fecal cohform survxval ratxos were g:aused ‘by the removal of cohfor'

B ’l'he 51gn1f1cance of the reductlon 1n survxval ratlos can be determmed usmg the'j .
"student t test. When thxs test was apphed th ":.‘"effe t of oxygen on cohform.~

S survxval ratlos was foundto- be msxgmfxcant at the 196 probabxhty level

'dy 1nd1cate that oxygens.. .

Dunng each control test large volumes of froth/foam were formed on_“.‘ .' "

the surface of the prlmary effluent. lt 1s possxble that the reductxon 1n total and

tN‘

3 encapsula-.‘ |
ted 1n suspended sohds Wthh were removed by oxygen flotation.‘ ‘Thls method of, | _

, suspended solxds removal has been conﬁrmed by Conway and ROSS (1980) who',_

L ".report that suspended sohds whnch nexther settle nor rxse at a sxgmfxcant rate such. S

o as those ;n prxmary effluent can be removed by dlssolved alr flotatxon. . It ls'

' poss;ble that mlcroorgamsms contamed m the froth/foarm formed durmg ozone' o

dxsmfecnon are no‘t mactwated due to protectlon gwen them by encapsulatmg sohd.'
matter. As a result the dlsposal of froth/foam formed durmg 6zone dnsxnfectxon

"_'may create bacterxal and vxral health hazards unless xt is properly treated
SD Dtsmfecnon Tests and Prednctxve Relatnonshnps

Large amounts of f‘roth/foajn formed dunng ozonatlon. ‘l'he/froth/foam_ -
ZAN

- was found to dlscharge through the. carrxer gas exhaust vent. As a result, l‘t limits

= : the hquzd depth at whxch the reactor may be operated unless a froth/foam removal- B

: :"g B

" system 1s employed



' '?ozomzed gas short c,;rcmted ‘the reactor. L

The mtel’cepts of the regressmn llnes wdth the absclssae in. Flgures 3’0

‘ .

_ .to 35 may be,consndered as the 1mt1al ozone demand of the pr:mary eﬁluent.- The
_ o

' 1n1t1al ozone xclemand '1s the amount of ozone" whach must-«be apphe‘d to utlhzed by

_.- e ’{..:‘. -

o- -

satlsfled not all. addmonal apphed ozone xs' ) employed m lnactxvatmg

b

: mlcrporgamsms. Some is requrred to meet the remammg ozone demand of the

Y

- wastewater. As a result, the hxgher the wastewater quallty the less ozo,ne requxred

..“\ ..

to attam a gwen level of\mlcroorgamsm mactwatton. Thxs may be conflrmed by
. i .

-

comparlng the applled ozone dose reqtnred to achleve dtsinfecnoh for waters of

»". ,varlous qualmes as llsted m Table 9 \

K}

measure the amount oi gas whnch short cnrcuited tl)e reactor, a,-c 'mpar;son D '

PR

'thures 30 to '35 exhlblt a scatter of data poxnts. Thxs 1s expected

}' because the concentratlon of ozone demandmg substances in the prlmary effluent -

. vaned w1th each test. ‘l'he greater the total ozone demand of a wastewater the

‘;- -
L

H

- vjless mlcroorgamsm 1nvactwatxon xs attamed for a gwen apphed ozone dose once

- the lnmal ozone demand 1s satlsned ThlS means that equwalent m1croorganlsm SO

mactxvatlon 1s attamable m tWO wastewaters for the same ap‘phed ozone dose, "

o v ’
e

C ozone utxhzed or ozone resxdual only ,d the wastewaters have the same lnmal and

PERTRN s E N

Sl RN
g
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demand,

equatlons Were compared tothose 'of the total colliorm equatlons usmg the student o

AR " l

: t test. ‘The differences betWeen the mtercepts were found to be msxgmfleant ati- .'

the 596 probabm;y levegl' whlle the dtfferences between the slopes were found to be S

v

sxgmﬂcant at the"“é% probabmtyﬁl/evel. The dtfference between the slopes of

r{,.correspondmg fecal and totaI colliorm equatlons 1s probably sxgmfxcant. ’l'hev

4

hlgher imtlal ozone demand for fecal cohforms mactlvatlon may have been caused

5] v PR -

by the presence of ozone demandmg substances m xthe pnmary efﬂuent whlch were '

;. \'Ir' s T “f o

more easuy oxldlzed than fecal collforms but not total cohforms. 'l'hts is possxble, vl

smce the total cohiorm group con51sts of a wxde vanety of mlcroorgamsms some of
LRy .
Wthh may be more easxly oxldlzed than fecal cohforms.. Once the mmal ozone -

is- satlsfled the slopes of the smple lmear regressnon equatlons mdlcate

that addmonal ozone (m terms of aPPhed' ozone dose, ozone utlllzed or ozone

resdual) provxdes a greater degree of 1nact1vat10n of fecal coliforms than total

» cohforms. i ‘l'hns 1nd1cates that some members of the total collform group o:f

mlcroorgamsms /me more re51stant to ozone oxldatlon than are fecal collforms.

‘l'able 18 compares 51mple lmear regresszon equatlons relatmg colnform

survwal ratlos to ozone utlllzed for a porous plate ,dlffuser contactmg system

developed by leen and Smxth ( 1982) to those for the complete m1x reactor system '1;: :

developed in th\s study. The porous plate diffuser system conszsted of two columns

1
FURIN
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) 1.

-plate dxffuser system was less than the mmal ozone demand of the complete m1x

magmtude of the slopes of the equatlons for thev

The dlfference m slopes mdlcates that for equnvalent

'&

A_.fgamsm mactlvatlon for eqt\lvalent quantmes of utlllzed ozone than the porous

'l"':.'.f_.:Plate dlffuser system. : \ e . o
,'.» & » ' I

.wastewaters the complete mlx reactor w1ll achleve consxderably greater mlcroor-

with countercurrent flow of ozone * The mmal ozone demand for the porous -

' reactor fsystem. Thxs 0cours because leen and Smlth (1982) developed these _, vf :
equatlons whlle dlsmfectlng dxlute low strength wastewaters thh a low lmtlal

' fozone demand m companson to. the prlmary effluent examlned i thlS study The |

complete mlx reactor were_

'-3’3. Multnple lmear reg\resslon equatlons presented in. Tables 14 to 16 were -

."\developed to determme Wthh operatmg characterlstlcs and " prlmary effluent '

"‘:*,}_"'_-'charactenstlcs have the greatest 1nfluence on" the survxval of total and fecal'

" collforms.; Frqm Table ll& 1t fay be observed that log transformed values of the'

applled ozone dose, ozone res:dual and prlmary effluent 5-day BOD had the,

: greatest effect on total and fecal cohform survwal ratlos._ The applled ozone dose

:'__ _.,,A___, . may be. replaced by the ozone utlhzed thh only a shght drop in the value of R2 3

L]

The equatlons of Table 14 lndlcate that a greater degree of fecal collform

mactlvatlon lS attained than total colrform mactlvatlon for an equxvalent applled_: -

ozone dose or amiount of ozone ?ut-i'lized. . This‘may be cauSed by .'some members_'of .

+

‘the total ¢ i.form 'group of ‘organisms be'i'ng'. more resistant to ozone oxidation than

are f cal cohforms. : 5 ' T o | .
. - ’ » L \
Table r9 compares the equatlons of Table 14 mvolvmg ozone utxllzed to

e

_ those deyeloped by leen an (1982) for a porous plate dxffuser system. )

: From Table l9 1t may be observed ‘that wastewater temperature had a d:rect

T
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'dlffuser system. However due to the hmlted temperature range tested thh the

' .‘complete mlx r"éactor system (13-16°C for the complete mlx reactor vs. 5-16°C for

- sxgnlflcant effect on the mactlvatlon of total and fecal collforms in & porous plate :

the porous plate dlffuser system) temperature could '"l'ot be 1dent1hed as’ a

S e

B v51gmf1cant factor affectmg collfd?’m mactlvatlon m complete mlx reactor systems
*When c0mparmg the equatlons of Table 19 lt is’ apparent that greater fecal and

"_‘-total cohform lnactlvatlon w1ll occur ln wastewaters dlslnfected 1n the\gmplete

kDN

mix reactor for equxvalent amounts of ozone utlllzed and prlmary effluent 5-day

.\ Cod

The predlctlve equatlons developed for on—llne use by system operators~

' .for the complete mlx reactor system (Tablewl5) were. found to dlffer shghtly from
‘those deVeloped for the porous plate dlffuser system by leen and Smlth (1982)

o The predlctwe equatlons for the two systems are compared m Table 20 The

v.

. dependent varlable in the porous plate dlffuser system was the final fecal collform

count whereas in the complete mlx reactor systeh the fecal collform survxval

' ‘ratlos ‘were used. The predlctlve relatlonshlp developed by leen and Smlth ( 1982)

| '_»had four (4) mdependent variables whereas those developed for the complete mlx

reactor system had- only ~three (3) Thls occurred because wastewater temperature

‘was an 1mportant 1ndependent varlable in the porous plate dlffuser system but not

in the complete mix reactor system for the experlmental ‘system used

The equatlons presented in Table 16 may be used to. explam some of the ,' ‘

differences in the multzple lm.ear regresslon relatlonshlps developed for the

.complete mix reactor and porous plate dlffuser system. These equatlons show that

the ozone resldual formed in a wastewater m -a complete mlx reactor is. dnrectly

-
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'_,affected by the wastewater temperature. = Hence, although -in thas study

T 'wastewater terﬂperature was not shown to have a dxrect effect on cohform survwal

B ratno m a complete mlx reactor at does have an’ xndxrect effect. Alkalimty and pH.

- '.-are also two wastewater charactenstxcs \Vhlch have a dxrect efiect on the ozone :'

fresxdual iormed xn a wastewater. The effect of wastewater charactenstxcs on the;

quantxty of ozone utihzed by a wastewater is small compared to the effect of the: RS
apphed ozone osag As a result these wastewater characterlsncs also have an
,’mdxrect effect on- the mactnvatlon of total and fecal coleorms by consummg

res:dual ozone Wthh may have otherwxse been used to mactwate mxcroorgamsms. o



BN | ST concx,USIONS .

Based on the results of thls study the followmg conclusxons are.'

[N ™,

appllcable to a i:omplete mxx reactor system utllxzmg ozone as a wastewater.'»

.dlsmfectant. S

1) For- comparable‘ v;aste”w'aters-and bioR'e’ utilized, complete ‘mix'reactors ‘will
-achleve consxderably greater coleorm mactwatwn than the porous plate’ o

o dlffuser system exammed by leen and Smxth (1982) Thxs may be due to the-_“;‘;"f

o ablllty of complete mix- reactors to' provxde more rapld and effxcnent ozone:_"' -

"'mass transfer from the gas t‘lthe l,tqmd phase, and to ensure complete

"dxspersal of ozone bubbles throUghout the hqund ‘The two reactor systems’_'

1

_ may be compared by usmg the sxmple and multlple hnear~regress1on equatlons
- llsted in Tables 18 and 19. | | o |

2) BOD5 is. the wastewater charactensnc Wthh showed the greatest. effect of v
. those tested on the ozone mactlvatlon of cohforms for the condmons teslted. :

: Wastewater charactenstlcs such as temperature, pH, and alkahmty hat\l a .

Y

_direct’ effect on the ozone resldual mamtamed m a wastewater and hence had'

°

- an-indirect. effect dn the 1nact1vatlon of collforms. .
-3 The effxcxenty of dlsmfectlon of settled domestic wastewaters usmg a -
-complete mix reactor may be predzcted usmg a sxmple lmear regressxoni -

equatxon of the form:

E | A-' “G’)
N 7 s
.0 ~
> . -:— = cohform survwal ratlo
o . RN o
C = apphed ozone dose, ozone utlllzed, or ozone resxdual, .
(mg/L) L : :
b. = . slope of the regressxon lme ‘
o ,a = ':1ntercept with the abscxssa, (mg/L)

y) . PP L. a [Y
N ',. . "

25



C=ozoneutlllzed SR s
TR T Rt INED

o

C= apphed ozone dose -

BN o él;didnejesi"c!ua‘lf LT gean

- oo—
oq

‘For the system tested the .'Tcsohsfants:._afe;_ o

T
Au'u

-

ll ll

.

Total Cohforms

20 ',
R

ow3 L
: -#.2: S PR

DN S .

‘ Feca] C llforms'_‘.';‘;:-i{."

BV
;~7'5§.i":2

“The - effxcxency of dnsmfectlon of' settled domestlc wastewater usmg a

equatidn of the form. i Lo

ziz f
- N
1]

S

U"
\
n

.."(‘.'

) 2 O ZZ
&
"

"o

= OZone resxdual (mg/L)

* For the"si'jstéhfféSté‘cl' 'tﬁe"fé;ééfficients are:

- ,apphed ozone dose, (mg/L)

= - coliform s‘ur‘ivi‘véi ratio

Total Cohforms

B

b
)

405 by
0 iy

b=z b
by =29 .o by

logR™

N ~

| 5-day blochemncal oxygen demand (mg/l..)

-8.#4 Bt

' Fecal Coliforms. ;-

4 complete mnx reactor f:an be. predlcted usmg a mumple lmear regressnon e



| ozonize_d gas.w nch.occurred dur ngt.each,t;est,r': :
N 'Tests should ) dt , B
and complete nis determin Aif the advant‘ages Of both systems can'; E
‘ be combmed 8% ncrease m;croorga'_xsm' -'rnactwanon for a g:ven applaed ozone-' B
R dose. ‘ I s : R

v.f_"Studx s -sh
‘ determme if: itp. sents a mxcroblal health hanl’d

; may be effec yeiy used to:'replace BODj.""

!D .,‘

ln order to further understa v d. and mprOVe the _ peration ot 'a

vic - wxll ehmmate the showt cm:uating of small'

-bevconducted on the ?frothlfoam o med‘_ urmg ozonatxon tot"*

b S

B measured qn-!mewhxth would 'auow fpr m re' effectxve system ontrol. i
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‘DyeTestData .~ o i,

Theoretical dye concentratxons for Flgures 6 to 25 were calculated

‘Ausmg eqdatlon6 ' o o
| vCT | -1 o e --t/e -: :
C.r . = '. dye concentratnon at nme!t, ;pg/L
C, = -vnmtal dye concentranon, MV, mg/L‘> :
M = mass of dye m)ected mg , .
v = reactor volume, L »
ot = nme |
e = .ﬁ nommal detentxon txme -

Q .. .= fl1qu1d ﬂowrate, L/mm



:Operatxng depth 37; mm. |
V= 78 Lo e T IR
| -M_ omg

T'ime"‘_- o Theorencal Dye Measured Dye Concentratxons ST
- Concentratjon (mg/L) 60 rpm j_ L 130 rpm w4 ., 300 rpm

T e
S5 o249 0289 . '-~.,o'2"6‘3,__f{ © 0200
o o3 o ‘o255 0229 - oais
155 026 T 02 o222 oase
20 .. da2zec 70220 . 0211 - o240
25 o223 Ctoann v 0208 L 0227
.02 - - oz0 . 0.200 0218
3 o2p o e 0207 0a92° < o 0207
S0 0205 o 0187 - 0181 . 0.203
e oy T oqsr 0178 o 0a%6
50 0a% T oa7g o077 092
S5 .0 oasy 0173 0160 0184 ©
.60 . oase 048 . Do 072
0 odm | L0 g 0.172
80 . oles . oys2 049 0150
90 0155 L0139 aa3ze (ST R
100 comr T anas T agg - o
Clo od o gue ~.0.109 o ood27
T omr - gpps 0.083 0.085
180 oo0% . oo o057 - 0.068
20 o080 ooz 0.048" - 0,050
240 0.068 | 0031 0035 el 0.046




o v .Data for Fxgures 9 lO ll

N Operatmg Depth 375 mm

- 0 =5 min:

Cvesor 0 -
- M=20mg

v

107

Theorétxcal Dye

’ Concentratlon (mg/L) e

Measured Dye Concentratwns ‘

60 rpm 180 rpm. - -

300 rpm-‘ ‘

R T o250 o

120 . Q.68
150 - epas2 ol
o180 . 0137

2100 - paz

w0 ed1iz .
360 o075

L 0.042°

. 0.105
.09
0078 -
- .0:062
S 0062 o
T 00500 G050 o

0120
40290
0340

0267 °

- 0.208
0.202
0202
0.190,
0.180

0,178

o oazo
01707

U075
- .0.250
0.23

0.223
. 0.215
0215
0,207
©'0.207
0,207
© 0:203
0:197
- 0.193
©'0.186
0.172
©0.168
0158
o.wo.;,:"" :
0420
0.0
A 0.085:,"_ I
. 0.066

0.160
0.160
0.142

0.210 !

0,240
0.230
0.228

o215

0215

0.213"

0.210

-0.205

0.205

0.197
0.195
0188
0170
0465
L0058
R ST
Cooa2e
D 0.095
j"_;0.07'6;" v
- 0.062
0050

O'%o
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Data for Figu,rés 12, 13,1# . D ‘ ‘ Gl IR,
.»_‘ijer‘ating Depth = 375mm \
. 8= 7 .min. | ‘
V=L
. QEILL/min°
CM=20mg .

A

.Time - Theoret'it_:al.Dye - Measured Dye ‘Concentrationsn;;‘ R
(sec) = -Concentration (mg/L) - 60rpm _180rpm. .- 300:rpm -

0 02600 T o A T T
5. ..o 0257 o085 ST0070 g2l
LI 025k S 0300 0271 L 0.2u4
15 025N oamo o243 L 0236
20 o 02w 0235 g2
25 0.245 0213 0227 o222
30 o2z . 0.205 S 0227, o218
35 0.239 o o2 - 2w
WD 023 0 0205 0210 0.202°
§s5 Co0233 . oasy o207 0202
50 0.231 ° S wdes L 0202 . oa9r
55 0228 S 0195 0493 . 0091
60 . 0225 0188 - 0a%0 . . 0088
00 e ' 0.182 " 0.85 S ed7e
80 0215 0.075 - 0177 069
o210 . oaes - . oarz o167
. 100 0205 o qaed o 0us - 0ér
ceF1200 095 il ouus B F U ST KT B
SooIso o oas2 o oqse a2l ;
o180 T T oae9 . oa17 0 oo 0.124 -
210 0158 ©odo7 009 - oao3
240 0.147 S 009 oorr 0.085
300 0427 © 002" 0063 . 0068
6. L ea0. T ome oess 0.062 i
W00 0096 0033 o035 0.045:
. ug0 T 0083 0023 oo - 0032

I

A
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‘ "‘Da‘t'a ior FAigures‘lj, '16,-"'1-7: - .' PR |
~Operat1ng Depth 500 mmo . '. : SR . e
6 3m1n ’ '
=102L .
- Q =34 L/min -
| M=20mg/L

" Time Theoretical Dye o Me&f#uré& Dye Concentrations L
(sec) Concentratx}n (mg/L)  6Drpm . ..  180rpm 300 rpm

0231 0090 0203 ©
7 0.187 0.206 ~  0.177
Co0d77 0.206 . 0174
L0473 L 0% 0474
01677 049 0166
- 6.161 .:'-'.‘f'"o-‘f.'lzo--- 0166
oq61 085’ \0162 |
0156 0.174 0,156 -
0052 0470 - 0,145
G2 . 0172 od32
04397 ogz0. o 0432
0435 L 0046 .. 0427
U Joaz 023 U 023
80 - - o0d2 008 . 033 0dI5
’ R RO A 0093 . 0420 0.0
oces” Y0406 T 0.090=
0075 - 0085 0080
A S 0061 0068 T . . 0.068
180 0072 v U052 005 0050
. /'/"2{ ‘_ 0061 . ‘0039 - 0044 y - .. 0.062

. \ o 0.062 v, 1.
240  0.052 - 0033 T o034 ) 003




.

' Data for Flgures 18, 19, 20+

Operating De,pth 500 mm. - )

8= 5min -
. -lOOL
Q¥ 2@ L/mm
M= 20mg

N

R
‘

._’r

o0

. Time

(sec)

h ,.Theoretncal Dy‘e
' .\-Concentratxon (mg/L)

Measured Dyp Concentratxons

60’ rpm 180 rpm

300 rpm.

30
35~

40
45
50
55
60
70
- 80
190

120

150

180

210 7
240

300

0,200
0197
0493%
0900
087 2T
sy
0181
0178
0175
. 0.172

-

0.169
0.167
0.16t
0.158

- 0.153
. 0.148
©0.143

0.134

0.121

0.110

0,099

0.090 .

C0as5
0226
L0243
0176

o 176
0173
- 0,159
0.159
' 0.155
0.155
051
046 T
Coww
| ‘7.,':0'."1'2,'9_?-.1,2 |
e ATIN
T aua1e
10.107
S 0.090 .
. 0,069
. 0055

0452
Coasz. -
0165 .

0,165 -

~0. 15#

0.152"
0048
C0.143 -,
0139 -
0,139
0.122 -
0.139"
0. 122", e
;.0.1‘ 22
0.148

0113

©0.103 ,
: "~'o.~d17'o |

0,056

0051
0030 ¢

. 0-211 "‘. \

0189
0189;_  -
‘o.a8e
0.180
0.178
0.178
0162

0,160

0.155

0154
oast
nloa3s
- 0128 -
0126 -
S SIER
0100

0.096

0,065
0.037.




Data for Flgures 21 22 23-f SR
_-_,,_.--Operatmg Depth 500 m. S
e 7m1n._
“Ve105L el
Q_.. 15 L/mm e L L
M 20mg R

~S,,',:'Measun:d Dye Concentrauons

S i)'_Theoretxcal Dye R
-"‘60 rpm 180 rpm 300 rpm L

e ;-Concentratxon (mg/L)

R N . ; Jv/‘-« :
) - e T

R e IR AT _'.~:'i-;d;l$9:,"j_; S ) 193 |
S0230 oarst - igirg
CoT oamt o7l 075
e o:su : u-_’ .o 166  _?- L 0a7s

Coaek L ero
0156 065
0156w 0dgn’

’; oase  0161
Clodss L oasy
048 e 083 \ _
: 0. 1#8.. 083 ‘-'i*\
: el _j._-'io 135
e300
C oz




Data for Fxgures 2q 25’ 26‘ RO
Operatmg Depth 250 mm . ',

Tlme A .;;Theoretlcal Dye | .';'-“-':‘"‘b‘Measured Dye Concentranons %
(sec) e 'Concehtratmn (mg/l.) ~60rpm-. 180 rpm_ .

e
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Data for Flgures 27, 23 29. S

Q= lO 5 L/mm

g "'.Tlme

_0 g&l
5 0%rs

M .20 mg

o Oper‘atmg Depth 250 mm - B
©essmin. TR
VeS25L

R

Theoretxcal Dye
(sec)

Concentratron (mg/L)

Measured Dye Concentratlons
60 rpm R

180 rpm -

300pm

10 0369

SIS 0362
20 035

S35, 0339

4 7 0333

e o

gg _";'-3;2'17',_" .

60 02120 -
70 0302

S 00t

- ‘_o 23
0. 255

"_.°yp.,209 T
’ vgp‘,ljfas_: ‘

) ‘_'0 272
A .'50.26:3
L o2st
L0248
Cem

023550 A

0.013'
S 0.367 . .
0.437 -
0.39%
0301
x0§28'8 o

0.228.
- ;0 21'4
0,198
o~185«_;
*oxsa - {.;
.0,133.
0101 R

0312
0322
0.311
0.30.5

L0482

ozes

0.260 .

0243
0:238:%
0.236- - -

0.232

‘~o 2212 ;__'. -

O 209

B o oeoiw'

0‘19'2 '

0167_, ,'_;
Gaup- T
. :»io‘uo__‘ ‘__* -
006215 S
00371-: o

s

0409

0.328
0,322

" 0309“‘\ :

0, 297 ’

0:292
0277

.0.266

0256 .. .

. 0.252

'.0;2,48'- RN

'o»'2'35--'7~ :
0.225

218
| 0204‘~
“a‘rﬂw

T nde

o

oo ;_j_r-" -

S 0.019_;'_ ot

0'145_,,‘_ w» ;
o
o 099-’ Ll
0-032 A
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