Advanced Redox Technology (ART) Lab
U MOl #Z 3% a

| http://artlab.re.kr

Ozonation Process

Changha Lee

School of Chemical and Biological Engineering
Seoul National University




Properties of Ozone
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* The name of ozone is derived from ‘ozein’, which is a Greek word meaning smell

- Strong oxidant: ozone gives eye and skin irritations
- Resonance structure: electrophilic & nucleophilic
- MW: 48

« Unstable in water. Half-life at 20°C, neutral pH is around 20~30 min
OH radical is produced during the decomposition of ozone in water.
The ozone decomposition is accelerated under alkaline conditions

« UV absorbance : the absorption peak appears at 245 nm in gas phase, and at
260 nm in aqueous phase (¢ = 3292 M-tcm)

* Henry’s constant:100 atm/M (20°C), 35 atm/M (0°C)



Oxidation Power of Ozone

TABLE Standard Half-Cell Potentials for Chemical Oxidants Used in
Water Treatment at 25°C

Oxidant Reduction half-reaction E?4, volts
Ozone Y2059 + H + € — 120, + ¥2H,0 2.04
Hydrogen peroxide %H,0, + H" + ¢ — H,0 1.78
Hydroxyl radical OH+H"+e¢ — H,0O 2.59
Permanganate “MnO; + %“H" + = — 4 MnO,, + %H,0 1.68
Ferrate % FeO;~ + %H" + ¢~ — %Fe(OH), , + %4H,0 2.07
Chlorine dioxide ClO, + ¢~ — ClO3 .15
Hypochlorous acid ~ ¥2HOCI + Y2H* + e~ — Y2CI~ + ¥2H,0 1.49
Hypochlorite 1on 20CIE + H+ e — 2 CI" + 2H,0 0.90
Hypobromous acid  “2HOBr + “2H" + ¢~ — Y2Br™ + 2H,0 1.33
Hypoiodous acid 12HOI + V2H" + ¢ — Y217 + 12H,0 0.98
Monochloramine YONH,Cl + H" + ¢ — Y2Cl + VaNH; 1.40
Dichloramine WNHCIL, + 34H" + e — 12Cl- + YaNHy 1.34
Oxygen Y40y, + H + ¢ — ¥2H,0 1.27

O; +e — 05 E =101V
Weak one-electron oxidant



Resonance Structure and UV Absorption
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Ozonation for Water and Wastewater Treatment

@ Drinking water treatment

@ Waste water treatment

@ Sewage water treatment

@ Groundwater treatment



Ozonation for Water Treatment
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Ozonation System for Water Treatment
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Four basic components

The ozonation system for water
treatment consists of four basic
components;

A. Gas feed system

B. Ozone generator

C. Ozone contactor

D. Off-gas destruction system



Ozone Generator
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Dielectric tube Cooling water
Ozone generation Corona discharge
First, the ozone generation was Oxygen-containing gas passes through
discovered in the electrolysis of two electrodes separated by dielectric
sulfuric acid. Ozone can be produced discharge gap. These electrons provide
by several ways, but corona discharge energy to disassociate dioxygen

Is predominantly used in industry molecules into atomic oxygen.



Ozone Contactor. (Ozonation Reactor)

A. Counter Current Contactor
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Ozone Generator & Ozone Contactor

@ Duksan DWTP, Busan, Korea

1. Ozone generator 2. Ozone contactor




Chemistry of Ozone Decomposition

Staehelln and Hoigne, 1985
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Chemistry of Ozone Decomposition

The pH of the water is important because OH- initiates ozone decomposition

O; + OH — HO, + O, k=70 M1lsl
O; + HO, — ‘OH + O,-+0,, k=2.8x10°M1lgl

The initiation of ozone decomposition can be accelerated by increasing pH or
by adding hydrogen peroxide

pK, (H,O,) = 11.6

PKa (HOZ' )=4.8

HO,- : Hydorperoxide radical

O,:- : superoxide radical, O,-- : ozonide radical



Chemistry of Ozone Decomposition

HO, — -OH + O,, k=1.4 % 105s1

pH>8 O;- & O- + 0,, k =21X103M1s? k,=3.3x 10%s

O: — -:OH + OH-, k=108s

.OH + 0, — HO,- + O, k=0.1~2x109M*sl

This reaction is fast and important particularly when the -OH scavenger
concentration is low in water.

It leads to the consumption of ozone and -OH, lowering the oxidation
capacity of the system.



Ozone Decay in Contaminated Waters

Oligotrophic surface water
Groundwater
Natural Water
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DOC < 4 mg/L, HCO,/CO,> < 6 mM, pH 6-8

Wastewater

6 < DOC <15 mg/L, HCO;/CO4% 6 < mM, pH 6-8



Promotors and Inhibitors for Ozone Decomposition

Initial phase Secondary phase

¢ e.g. sec—amines

no *OH 0,

e.g. olefins 0
nitrite 9_, HO,* < O,*%

HOy «——

DOM,,
e~ transfer / /(
! ,
e.g. tert—amines
phenols
? O,7 or HO,™

-OH ms

Inhibitors e.g. formate, methanol,
e.g. t—-BuOH

carbonate

No O,



Reactions of Ozone with NOM and Carbonates

Molecular ozone reacts with NOM (natural organic matter) in different mechanisms.
(1) O; + NOM; — NOM,,,
(2) O; + NOM, — NOM,* + Oj
(3) ‘OH + NOM; — NOMy + H,O or NOM; + OH-
NOM; + O, - NOM-O, — NOM;* + O,"
(4) -OH + NOM, —» NOM, + H,O

NOM, + O, - NOM,-O,  — no O, formation
Carbonates are important -OH sinks in natural water (sources of CO;).

.OH + CO,> — CO,~ + OH- k=3.9 x 108 Mg
.OH + HCO, — CO, + H,0 k=8.5 x 106 M-1g2



Reactions of Ozone with NOM and Carbonates

CO, " Is also a reactive oxidant, and is easily scavenged by NOM

A B
] -
IOH 155 [HCOS.!DTIEE [HCO-]
M ¢ M4 3
DOC
6-10-12| 0.3:10%F a) 2mM/(mg-I'1)
a) b) 1mM/(mg-i1)
41012 0.2-10°9F
2:-10-12f 0.1-109F
0 | | I . 0
0 1 2 3 4 mg-]'1 0
DNOM-DOC DNOM-DOC

Fig.  Steady-state concentrations of OH' and HCO;/CQ; " that occur in a water as a func-

tion of DOC.

Assumptions: A: 2.4 mg/l O, are transformed within 100 s (i.e. 0.5 pM - s*') to produce OH"
with a yieldfactor of 0.5; OH"-scavenging rate-coefficient from Fig. 14. B: As for A, and: half
of the OH" produced react with HCOj; to produce HCO;/CO;-; HCO; /CO; -scavenging rate-

coefficient are from Fig. 16



Oxidation of Contaminants by Ozonation

— Direct reaction

@ — Relatively slow and selective
3 k03
L

(micropollutant)

e@ H Kon — Indirect reaction

— Fast and nonselective

> Second-Order rate constant for the reaction of ozone and ‘OH

Compound ko; (M1s7) k oy (M-1s1)
Atrazine 6 3x10°
Geosmin <10 8.2x10°

Carbofuran 620 7x10°

Dinoseb 1.5x105 4x10°




Oxidation of Contaminants by Ozonation

-d[P]/dt = ko3[P1[O;] + k .ou[P][*OH]

~

Ln([PY/[Po) = -(kos [[O51dt + k.o [[*OH]d)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

*OH exposure

Ln([pCBA]/[pCBA],) i Sk 0, exposure
= -Kou, pcaa) [OH] 1 °°/
*pCBA: a *OH probe | TTttnnesees

.
----------------------------------------------------------------------------------------------------------------------------------------------------------------



Oxidation of Contaminants by Ozonation
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Oxidation of Contaminants by Ozonation

@ Ozonation of microcystins
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Symbols: experimental data, Lines:
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Kim and Lee, 2019 (Environ. Sci. Technol.)
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The R, Concept

Elovitz and von Gunten (1999)

-d[P]/dt = ko3[P1[O;] + k .ou[P1[*OH]

~

Ln([PY/[P],) = ~(kos [O;]dt + k .o [[*OH]d)

Ln([PV[Py) = -(kos * R ik .on)/[O;]dt

Rei = J['OH]t / I[OS]t

R, : the ratio of *OH exposure to O; exposure (assumed to be almost constant
over time)
R, Is dependent on water conditions and the O, dose and the input of H,0O,.



The R, Concept

Table  Comparison of R, values determined during ozonation of natural waters

No, Conditions R Reference

(a3

Surf: ters of .
! LI{JESZZ:\;O?LLO ozone, [Oa]o = 2 ppm (1.2 ~1,5)x107 This study

2 Han River of Seoul, Korea ozone, [O_,ﬁ]O = 1.56 ppm 4.6x10%° Cho et al., 2003

North Saskatchewan
3 River water, Canada ozone, [O] =5 ppm 1.8x10*% Chelme-Ayala et al, , 2011

Lake Zurich water,

. — % 109
Switzerland ozone, [Oa]0 2 ppm 1.9x10 Lee et al., 2007

Lake Zurich water,

Switzerland O,/H0,,[0,), =2 ppm 7.8x107 Lee et al,, 2007




Ozone-Resistant Contaminants

C@ ;& A A\CIA\W

Geosmin 2_MIB Atrazine
[Oj %\ @
S~
o O
1,4-Dioxane MTBE Benzene

Fast conversion of O; into *OH is needed.



Modified Ozonation Processes

O./H,O, Process UV/O, Process
H,0, < HO,-+ H* pK,=11.8 | O3 + H,0 +hv = H,0, + O,
O, + HO,- — *OH + O, +0, | H,0, & HO,-+ H* pK,=11.8

Source: Applied Process Technology, Inc.
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Reactions of Ozone with Contaminants

@ Mechanisms of ozone reactions

Primary reactions of ozone with a compound (S)

S+0,

v

v

S*-0-0-Or

(1)

—+ $%-0°+10, (0,)

(2)

H-S*-0-0-Or

C=C + O,

3)

(4)

> S'++O3'_
S+'O' + 02'_

S-0-0-0-H

(5) O/ O\ O
\ /

C—C

(1) Oxygen atom transfer to anionic, uncharged and cationic species

(2) Electron transfer

(4) Ozone insertion

(5) Ring formation

(3) Formation of an oxyl radical



Reactions of Ozone with Contaminants

- Electron transfer reactions

O; + O, — 0, + 03 _
superoxide ion ozonide anion
HO; + O, —— HO; + 0; .
hydroperoxide anion hydroperoxyl  ozonide anion

- Oxygen atom transfer reactions

OH" + 0O, — HO; + 0,

hydroperoxide
anion

Fe* + O, e Feo;l + 0,
Fe')

NO; + O, —_ NO; + 0,

Br + 0_; e "‘BrO- + 01
- + 0‘; SR 10° + 03
(at high [1"] follows: [0+ H* = IOH + 1" = [, + OH")

(1)

(2)

(3)

(4)

(5)

(6a)
(6b)



Reactions of Ozone with Contaminants

- Ozone addition reaction (Criegee mechanism)

i o
1 - 4
t A "Se=a
Asc=c” A=Y AN
R ~R AR R l-l-HEO
—OH
] C#O F‘I\c/G O
~OH RZ “OH



Reactions of Ozone with Contaminants

@ Linear free energy relation between two electron redox potential and the rate
constant by ozone

log of 2nd-order rate-constant with ozone

10

y=53+42x R=0986

- 3107

- 3107

- 300

SRR P R R R N N S N N A A T N A
O S Rate constants not:
MRRE SRR SANNANT L A e Wy S Y x

-0'.5 0 0.5
Two-electron oxidation Potential (V)

(33s) /3wy = duo0zo 10j m;



Gibbs energy, G

e Thermodynamics vs. Kinetics

From Atkins’ Physical Chemistry

=
A*G \ﬁ

14,6l

Reaction coordinate



Reactions of Ozone with Contaminants

@ Second-order rate constants for reactions of ozone with various compounds

tear tm,37 _— - S
s to T e e e
‘ @-CH=CH; O TR
no o

HE c.-g_ -
102 |- é Ch_H [ {103 o 100 {1

CH; CI™NH c=0 E
Cl._Cl o 0
Ci!-\H 102 .
H s
1 @ @ ¢= 105
NO C= o

@ 2 Ch_Cl ~or

CI¥  Cl g

* C;Oc; D72

10-2 |- CH3Hg*/CH3HgOH = o7 o
v =0

o 4s




_Reactions of Ozone with Contaminants

Compound k.o3(M"l s7h )2 kog M~ 1s™hH
Algal products

Geosmin < 10? >1h 8.2 x 10°
2-Methylisoborneol < 10* >1h ~3x 10’
(MIB)

Mycrocystin-LR 3.4 % 10* s

Compound ko, (M b5 h ta kog M~ 's™h
Pesticides

Atrazine 6 96 min 3% 10°
Alachlor 3.8 151 min 7 x 10°
Carbofuran 620 56 7 % 10°
Dinoseb 1.5x 10°° 0.23s 4 % 10°
Endrin <0.02 >20d 1 % 10°
Methoxychlor 270 2 min 2 x 10"°

Half life: 1 mg/L [O;] at pH =7



Reactions of Ozone with Contaminants

Compound k{;.j{M_] 5_]} 12 Ko (M~ 5_]}
Solvents

Chloroethene 1.4 % 10% 2.5s 1.2 % 10"
Cis-1.2-dichloroethene 540 64 s 3.8 < 10°
Trchloroethene 17 34 min 2.9 % 10°
Tetrachloroethene <1 =4d 2 % 10°
Chlorobenzene 0.75 13h 5.6 % 10°
p-Dichlorobenzene <3 =3h 5.4 %107
Compound ko,M™"'s™") fia koy M™'s™h
Fuel (additives)

Benzene 2 4.8h 7.9 x 10°
Toluene 14 41 min 5.1%10°
o-Xylene 90 6.4 min 6.7 x 107
MTBE 0.14 2.8d 1.9 % 10
t-BuOH ~ 3x107° 133d 6 % 10°
Ethanol 0.37 26h 1.9 % 107

Half life: 1 mg/L [O;] at pH =7



Reactions of Ozone with Contaminants

Compound ko, M~'s™) to° kou M~'s™)
Nitrite (NO3) 3.7 x 10° 0.1s 6 x 10°
Ammonia (NH;/NH; ) 20/0 96 h 9.7x 1074
Cyanide (CN7) 10°-10°* ~1s 8 x 10°
Arsenite (H,AsO7) > 7P 82 min 8.5% 10%¢
Bromide (Br™) 160 215s 1.1 x 107
Sulfide

H.S ~3x 10 ~1s 1.5x 10
S 3% 107 20 ps 9 % 10°
Manganese (Mn(II)) 1.5 x 10° ~23s 2.6x 107
Iron (Fe(II)) 8.2 x 10° 0.07s 3.5% 108

*Cyanide reacts with ozone via a radical chain reaction, rate constant given is a result of the overall process
Pestimated from ref. 2.

“Half-life time at pH 7 for [O3] =1 mgl™" (ozone reaction only).

4Rate constant for NH;.

“Rate constant for H;AsO 5.



Reactions of Ozone with Contaminants

1 1 1 |

14 PER, MTBE
“"GEU
ATRA
014 THI
Oxidation predominantly by ozone
0.01

3 Carbofuran

0.001 E Fe(IIHEDTA"

Fraction reacting with OH radicals

0.0001 ' : .
10° 10°® 107 10°¢

Ratio Rc of concentration of OH radicals and ozone



Reactions of Ozone with Contaminants (Product Study)

Ramseier and von Gunten, 2008 (Ozone Sci. Eng.)
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(a) MC-LR, -RR, -LA and -LF

MC-LR ([M+H]* = 995.5560; C4oH75N19013)
MC-RR ([M+H]* = 1038.5730; C45H7gN13013)
MC-LA ([M+H]* = 910.4920; C4eHggN;042)
MC-LF ([M+H]" = 986.5233; C5,H;,N;04;)
D-Glu—Mdha—p-Ala

\

D-Glu—Mdha—p-Ala

.
7 Le ° X

f iH D-Mehsp/

/Slte A] Alkene group (Cs-Cy) in Adda

[Site B] Alkene group (C;-Cg in Adda

(b) MC-YR

MC-YR
(IM+H]" = 1045.5353; C5,H73N10043)

p-Glu—Mdha—p-Ala

|
L-Arg D-MeAsp
[Site A] Alkene group (Cs-Cy) in Adda
[Site B] Alkene group (C,-Cg) in Adda
[Site D]

Phenol in tyrosine

RI
PYR7
(IM+H]"* = 1077.5251; C5oH73N10045)
p-Glu—Mdha—np-Ala o
g/ g HN OH
- NH ‘o

I
L-Arg——D-MeAsp

HN Rl
. —

RI
] o NH
|
Y- D-MeAsp
p-Glu—Mdha—p-Ala
RI oy,
LY e
Os™np

|
Y

D-MeAsp

Reactions of Ozone with Contaminants (Product Study)

Kim and Lee, 2019 (Environ. Sci. Technol.)

PLR2 ([M+H]* = 835.4308; C3;HsgN1,042)
PRR2 ([M+H]"* = 878.4478; C37HgoN13043)
PLAZ2 ([M+H]* = 750.3668; C34Hs;N7042)
PLF2 ([M+H]* = 826.3981; C,4HzgN70,3)

\l
X

PLR1 ([M+H]" = 795.3995; C34HssN10042)
\' PRR1 ([M+H]* = 838.4165; C34H3s6N13012)
)‘ PLA1 ([M+H]" = 710.3355; C3,H4sN7043)

PLF1 ([M+H]* = 786.3668; C37H5N;04;)

PYR4
(IM+H]* = 901.4050; CyoHs57M10014)

p-Glu—Mdha—p-Ala

. | OH
PYR6 R "o HN o
([M+H]* = 1061.5302; CgyH75N1q014) o NH o
D-Glu—Mdha—p-Ala oH L-Arg——n0-MeAsp
o H'}\QOH PYR2
\H o ([M+H]* = 861.3737; C37Hs3N1044)
L-Arg p-MeAsp B-GIu—Mdha—D-Alla oH
|_RI g HN on
O NH o
L-Arg ——D-MeAsp
RIll PYR3
([M+H]* = 899.3893; CaoHs5M10014)
p-Glu—Mdha—p-Ala
PYR5 F . Sk
(IM+H]* = 1059.5145; C5;H7qN1g014) o N o
p-Glu—Mdha—p-Ala o L-Arg ——p-MeAsp
NP O PYR1
N o (IM+H]* = 859.3580; C37Hs51M1014)
L-Arg——D-MeAsp D-GIu—Mdha—n-AIa o
RI LS HN o
Qs Snp

p-MeAsp



Reactions of Ozone with Contaminants (Product Study)

(c) MC-LW

MC-LW
([M+H]* = 1025.5342; C54H;3N3043)

p-Glu—Mdha—p-Ala \

H
[Site A] Alkene [C4-Cs) in Adda
[Site B] Alkene (Cg-C) in Adda

PLW2
(M+H]* = 873.3624; C34Hs3N304s)

n-GIu—Mdha—n-Ala\l
o,

o L-Leu

PLWGE

(IM+H]" = 1057.5240; C54H;3Ng044)
n-GIu—Mdha—D-Ala\\

. L
_m OANA

Q

Indelic double bond in tryptophan

Rl

PLW7

(IM+H]* = 1073.5189; CsaH73Ng0y5)
n-GIu—Mdha—D-Ala\\

g—"' “"‘v./’Lc
RI QVWHH

o o L-Leu
= WH
H—D-MeAsp/I -
HO,
e}
N—=0
H
® Reaction | (RI)
R—C=0
R —C=C—R; -
il 0=C—R,

® Reaction Il (RII)

oH (o]
. — X
R™ == "0OH R

HO,

® Reaction Il (RIl)

OH OH
I —
R H R OH
® Reaction IV (RIV)
R
Qé:o
NH,

é=o
— -
HN—C=0

H

Kim and Lee, 2019 (Environ. Sci. Technol.)

PLW4
([M+H]* = 1029.5291; Cg3H73N5045)

p-Glu—Mdha—p-Ala \\I

- i,

L-Leu | o e L-Leu
- NH
H—D-M eAsp L i o H—D-Mensp)
o
NH,
RIl
PLWS

"M"‘H]* = 10455240; C53H73N3014}
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-~ oy
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H—D—Meﬁ\sp DNH H—D—Mensp/
HO,
[s]
MH;
Rw 4RI
PLW3 PLW1

{[M+H]+ = B85.3988; c.uHﬁ'Ianqu]
n—GIu—Mdha—D—Ala\\

"M"‘H]* = 345.36?5; 53!H53N50‘|4]

DJGIu—Mdha—D—AIa\\
L-Leu L-Leu
NH =" NH Yy
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Ozonation Disinfection

@ Inactivation kinetics Advantage

IR Ozone is a powerful oxidant able to
0 Re Cryptosporidium parvum ] achieve disinfection with less contact
: Py ] time and concentration than all weaker
disinfectants, such as chlorine, chlorine
dioxide, and monochloramine

Limitation

Ozone is only used as a primary
disinfectant since it cannot maintain a

12 residual in the distribution system.

Time (min) Thus, ozone disinfection should be coupled
with secondary disinfection.




Disinfection Kinetics

@ Disinfection model

Chick Model (1908)

Disinfectant : Phenol

N
Log— = —KkT
gN

0

Target : Anthracnose spore

Chick-Watson Model (1908)

Disinfectant : Ozone

Logﬁ = —kCT
N

0

Target : E. coli

CT concept



Disinfection Kinetics

@ Disinfection model

Hom Model (1972)

d_N — _kKNC"t™ Integration . log ﬁ — _kChET Disinfectant : Free chlorine

Target : algal-bacteria
Major parameter : t

0

Rational Model (1981)

dN NI Integration Iogﬁ _log[1+ Ny (x-DkC'T]
dt N, Xx—1

Disinfectant : Ozone

Target : Polivirus type 1
Major parameter : N




Disinfection Kinetics

@ Disinfection model

Modified Chick-Watson Model

Integration N k
> log— =———C/[1—exp(—nk't
QNO o o [1—exp(—nk't)]

Logﬁ = —kItht
N, 0

Delayed Chick-Watson Model

L= = 1 N
1 if CT<CiT ==log(—
lag " g(No)

N
|09(N—): _ — = 1 N
0 —K(CT =CiaT) if CTECIagT:EIOQ(N_)
0

where : Ezj;Cdt / t



Disinfection Kinetics

@ Disinfection model
Model fitting : Ozone disinfection

0 A Bacillus subftilis spore_: O  Observed results
— Chick-Watson Model
1 4 -
= 1 = Modified Chick-Watson Model
=2 9 1 — Modified Hom Model
E” 5 . _ — Delayed Chick-Watson Model
3
4 - i
]
i Initial ozone : 1.4 mg/I
5 - pH 8.2, Temp. 20°C
0 1.5 3.0 4.5 6.0 7.5 9.0

Time (sec)



Disinfection Kinetics

@ Disinfection model

observed inactivation ratio, log units

o T no w
o S & M b . I e R o - T < B B =

Model fitting : Ozone disinfection

Ol & A
- A0
22 o 3
D
- o 0OA y
OO DAMA 9% o
L [ Yo
o @
ot
i o0 /T
¢ ONo . DA
L o DA. o .ADA
O A@ =)
OQA .D%
L oe ®
oM A
L OO
1 L 1
0 1 2 3

Predicted inactivation ratio, log units

® > 0O O

Chick Watson Model
Modified Chick Watson Model

Modified Hom Model
Delayed Chick Watson Model

Initial ozone : 1.4 mg/I

pH 8.2, Temp. 20°C



Disinfection Kinetics

@ Validation of disinfection model
N N )
ESS = Z[Iog(—)observed — |Og(—) fitted ]
NO I\IO

Water H ESS (Error sum of squares)
Type P CWM MCWM MHM DCWM
5.6 3.56 2.74 2.58 2.36
Buffer
. 7.1 4.49 3.90 2.24 2.11
Condition
8.2 9.92 4.87 7.17 3.48
Humic 7.1 0.45 0.97 0.09 0.09
Acid 8.2 2.40 1.36 0.26 0.23
5.6 4.10 0.97 0.21 0.13
Han
) 7.1 2.45 1.12 0.32 0.31
River
8.2 2.44 1.44 0.34 0.17
CWM: Chick-Watson Model MCWM: Modified Chick-Watson Model

MHM: Modified Hom Model DCWM: Delayed Chick-Watson Model



Comparison of CT values

@ CT values (for 2 log inactivation)

Disinfectants

Ozone Free chlorine | Chlorine dioxide Chloramine
(pH 6~7) (pH 6~7) (pH 6~7) (pH 8~9)
E. coli 0.02 0.03~0.05 04~0.8 95~ 180
Polio virus 0.1~0.2 1.1~25 0.2~6.7 768 ~ 3740
Rotavirus 0.006 ~ 0.06 0.01 ~0.05 0.2~2.1 3800 ~ 6500
Giardia lamblia 0.5~0.6 47 ~ 150 26 2200
Cryptosporidium
5~10 7200 78 7200

parvum

CT values : disinfectant concentration (mg/l) x contact time (min)



Ozonation Byproducts

@ Desired and undesired effect of ozonation processes

Disinfection
direct action of O ;

k)
¥ %
water quality
. Disinfecti
sinfection
Oxidation - By-products
direct action of O ; MR RERETicns direct action of O ;
OH radical reactions OH radical reactions
: Endocrmne disruptor i Bromate
i Pesticide i Aldehyde
: SOCs 1




Ozonation Byproducts

@ Reaction scheme for bromate formation

H,0 NH,
NH ,Br u HOBr

=ty

(@) 0, o,
03 02
Br' \\

Br- T’ HOBr/OBr

(b) o 3 o 2

(a) Reaction with ozone
(b) Reaction with ozone and OH radicals
*The bold lines show the main pathways

o!
Bro, =% BrO,



Ozonation Byproducts

@ Inactivation of B. subtilis spores and bromate formation

=1
=)

0}

B. subtilis N/N

Bromate pgl”’

The occurrence of more resistant pathogens such as C. parvum oocysts leads to a demand
for increased CT. Therefore, in waters with bromide levels above 50 ug/l, bromate formation
may exceed the drinking water standard.

One of the decisive factors is the temperature of the treated water. Both the efficiency of
inactivation of microorganisms and bromate formation increase with increasing temperature.



N-Nitrosamines (e.g. N-Nitrosodimethylamine, NDMA)

Genotoxic compound DN

1970~ discovered in beer and sausages,
1990~ detected in wastewater and drinking water

10-° excess lifetime cancer risk concentration in drinking water (WHO):
NDMA 100 ng/L (precautionary value 10 ng/L)

Bromate 3’000 ng/L (drinking water standard 10’000 ng/L)
Bromoform 100’000 ng/L



NDMA Formation by Ozonatio of DMA

H'
CH;),NH -—z-—(CH)NH—'* CH,),NQH
R oy O HOBT
: ool oHNo 1 NH,OH, fast
CH,NHOH NHZBI’ + DMA
: o < NO;y’ -
R, 04} 5 1 slow, low yield
HONH, HO; ¢ N0
I HCH
+
{CH3]1NNH2 - DMA Ha,-.O L > N0y UDMH 03
(UDMH) \ P 1 fast, high yield
- HHOH
"\IHL'.IH {)I
; NDMA

Yang et al. 2009



NDMA Formation by Ozonation of Wastewater

Nitrosamines [ngiL]

200
14
1k
14
12
10

[ I A T A o 1 B o

Full-scale WWTP Regensdorf, Switzerland

O MOk,

H MNMOH

r

IN

Secondary
effluent

il N

P3
Ozonation

P7 SF
Sand filtration

Formation from NOM or specific compounds?

Recommendation
drinking water

Hollender et. al. 2009



NDMA Formation by Ozonation of Micropollutants

O O H,
N2y
SN 100 %
HC ! L —
T
Q-
Fungicide Tolylfluanide N DMST
not in use in the USA -
O CH,
O O \\ i
P AR N—N
N + O,
N,N-Dimethylsulfamide NN . N
(DMS) is a newly discovered &L Ct_!%
metabolite DMS 50 % NDMA

Ozonation of drinking water containing DMS in low mg/L levels

= several 100 ng/L NDMA

Shutdown of ozonation

Ban of tolylfluanide Schmidt and Brauch, 2008



