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CEE 697K
ENVIRONMENTAL REACTION KINETICS

Lecture #21

Case Study: NOM-oxidant kinetics

Introduction

Kinetic Spectrum Analysis
|

71 For mixtures of many closely related compounds

1 A new continuum of rate constants

mEg,NOM —
= Kinetic: Shuman model [Cl = Z[Ci le™
i1

m Equilibria: Perdue model

1 Very general, but highly subject to errors
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Factors affecting DBP levels

1 Raw water NOM levels (e.g., TOC)
-1 Specific precursor content of the RW NOM
7 NOM removal

1 Disinfection regime

type & dose
location in plant
contact time & temp
pH

-1 Degradation in DS (affects some)

CEE697K Lecture #21

NOM Oirigins
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Practical Management Question:

Which is the more important source?

01 allochthonous g0k Leare 1o GUTOChthonoOUS

An Aquatic Humic “Structure”
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Aliphatics: Haloform Reaction
| s

o RLS is deprotonation (k;) under many conditions

+

9 H IO_ O

_ |
CHg C-CH, = CHy C=CH, <«——> |brs C=cH, I
[

O Many LFERs exist HoC
for estimating K s
E.g., Perrin et al., 1982 [e) o OH" o o
" I oc I
1 Then relate CH3— C—CHZCI o CH3— C—CHCI2 lﬁH 5 CH3— C—CCI3
k] to Ka 2
OH™
4 0 0
Il
CHy C=CCl3 —— > CHy C-OH CHy C-0~
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An Aquatic Humic “Structure”

NOM Fractions:

Northeast MA ‘

Forge Pond Tap Water

Granby, MA
@ CEE697K Lecture #21
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Same DOC

Sp. Abs. (L/m/mg-C)
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. Aoged leaves from 3 locations in Wachusett watershed
Leaching Experiments

EN

White White Red

PI ne CEE697KOL§<.:!§|'5 #21 Maple
fpeen

0 Level 2
ecoregions
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Leaching of leaves
Dark 8 ?
. —&— Maple UV
Non-sterile 16 1| —— oak UV 8
ore —A— Pine UV

conditions 14| mmm Maple SUVA 7

Substantial slow 'g 12| o (p)iizsé%\\l/i re
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organics § "1 1 ° £
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Leaching: Sp-THAAFP

180

Filtered leachate

Chlorinated &
analyzed for
THAAs

Mostly

trichloroacetic acid
THAA yield
divided by DOC

Specific THAA
(precursors)

160

140 l
1204 [ l -

100
80
60

40

Specific THAA Formation (ug/mg-TOC)

20 A

T
1

Light Maple

Dark Maple #1 -
Dark Maple #2
Dark Oak #1
Dark Oak #2
Dark Pine #1
Dark Pine #2
Light Oak
Light Pine
D.Biocide Maple
D.Biocide Oak -

Specific THAA Formation for Leaching Study
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COOH COOH

0]
Lignin Monomers © ©\ @ /©\
OCHjz CH30 OCHg
OH OH OH OH

CH COOH

From:
Perdue & Ritchie, 2004

0 2
Concentration (mg/100 mg OC)

4-Hydroxy-  Vanillic acid 4-Hydroxy- Syringic acid
benzoic acid benzaldehyde
CH3 CHs
-1 Aromatic structures cHo co cHo co
m from CuO
degradation
Syri | OCH; CH30 OCH; OCHJ
yrlngy OH OH OH OH
chillyl Vanillin 4-Hydroxy- Syringaldehyde Acetovanilione
acetophenone
Cinnamyl COOH CHs COOH
- co 7
CH;0 OCHs OCHj
OH OH OH
CEE697K Lf-ﬂyﬂ?o%g] Acetosyringone Ferulic acid
cinnamic acid
100
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Lignin s 4" [ =
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- E m as / ASV
4] oC ocv
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0

5 0 . 1
Mass Ratio

Concentration (mg/100 mg OC)

Lignin Phenol Group Obs. Range Median  Mean  Std. Dev.
Vanillyl* (V) 57 024-318 0.68 1.02 0.78
Syringyl® (S) 55 0.02-2.88 036 0.50 0.50
Cinnamyl® (C) 54 0.01 - 0.68 0.04 0.07 0.11
p-Hydroxy! () 57 0.12-1.46 036 0.45 0.27
Total Lignin Phenol® 55 0.59 - 6.66 1.41 2.06 1.47

Mass Ratio (Relative to Vanillyl Content)

Obs Range Median  Mean _ Std. Dev.
Syringyl (S:V) 68 0.03-1.75 0.43 0.50 032
Cinnamyl (C:V) 68 0.02-0.86 0.06 0.11 0.13
p-Hydroxy (P:V) 55 0.19-1.22 0.51 0.54 023

Concentration

Obs. Range Median  Mean  Std. Dev.
Totatddgnin helok #0153 0.42-394 9.7 107 98
% DOC as Lignin o5 024-312 0.6 1.0 0.7
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Other plant products

Steroids .
Porphyrins Nucleic
T Acids
Terpenoids Water Soluble Acids
Mevalonic acid Misc. N & S
Acetate compounds
Flavonoids '
Unsaponifiable
Liquids
Pyruvate
Proteins
Shikimic Acid
Saponifiable /
Liquids Carbohydrates

Aromatic Compounds
CEE697K Lecture #

Activated non-N precursors

Nitrogenou
precursors

From: Robinson, 1991

Aromatic Amines

o Proposed degradation
pathway for 3-amino
benzoic acid.

12/1/2013
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Aromatic

Amines
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2.0
Lipids
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2.50

2.00 %
1.50 4§
o 4
b= =
4
1.00 1 D
0.50 4 tannins
condensed
. hydrocarbons
0.00
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o/C

o Van Krevelen diagram for the Dismal Swamp DOM, compound classes are represented by the circles
overlain on the plot. The distinctive lines in the plot denote the following chemical reactions: (A)
methylation/demethylation, or alkyl chain elongation; (B) hydrogenation/dehydrogenation; (C)
hydration/condensation; and (D) oxidation/reduction.

Sleighter & Hatcher, 2007 [J.T8%¢ §8€ 47*859)

0 Watershed “Full-scale 0 Water Treatment Plant
0 Natural system monitoring 0 Engineered System

£ Physical processes o Physical processes

£ Chemical processes £ Chemical processes

0 Biological processes “Lab-scale 0 Biological processes

simulation

T

Fupdamental Igsting

/
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Biodegradation of leaf leachate

27

0 ~ 50% biodegradable

0 Bacteria grow
1.2

preferentially on

—@— Phase 1 (C_=6.7 mg/L) <
—O— Phase 2 (C_=5.4 mg/L) NOM <3000 amu

—O— Phase 3 (C_=7.9 mg/L)
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Leaching & Biodegradation
E
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Cumulative Frequency
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soils

m Redwater Creek, sandy soil:

Transport & Soil Properties

o Case study: TOC & soil properties

m Clearwater Creek, high clay content:

CEE697K Lecture #21

Parallel watersheds in Australia (Cotsaris et al., 1994)

Presumed Attenuated of TOC by adsorption to clay

Impacts on specific NOM components & precursors 22

o River Bank Filtration

Subsurface processes

Effect of Bank Filtration on Precursors

100
Weiss et al., 2001 #

= AWWA ACE 80 1

o Groundwater rechqrge
Aiken & others

60 q

40 4

1

0

THMFP/DOC (|

>

—— Ohio River
—O— Wabash River
—A— Missouri River

CEE697R Lecture #211

2
DOC (mg/L)

T
3

:
4
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O

O

The Future: Higher MW DBPs

NOM research

o ESI with Ultra High-
Resolution Fourier
Transform lon Cyclotro
Resonance Mass
Spectrometry

Benefits

o Unambiguous molecular
formulae

32

2
ESI-TOF MS zoocvo2 -
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Abundance
GRS - e

39

Chlorinated Water + Br Winnipeg

Glo.®

Abundance
(1) »

i

=

L

408.863 408.945  409.027 409.108  409.19  409.272  409.354  409.436
CEE697K Lecture #21 mlz

Ultra-high resolution MS

Reemtsma et al., 2006 [ES&T: 40:19:5839]
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the lines) and fulvic acid molecules detected by SEC-FTICR-
MS in the river isolate (dots (islaridt407 R4 and: tfiahgles
(island no. 25)).
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The dilemma of NOM

1 How to model reaction kinetics in such a complex
mixture?

Kinetic spectrum?
Fictive components?

Fully empirical?

CEE697K Lecture #21

Lee & Von Gunten, 2010

-1 Comparative study of 5 oxidants

Lee, Y. and U. von Gunten (2010). "

." Water Research 44(2): 555-566.

71 Looked at rates of removal for micropollutants for
each

-1 Compared to bulk oxidant demand

CEE697K Lecture #21

12/1/2013
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a phenol b aniline [ butenol (olefin)
101ﬂ
I HO- HO- HO-
Q 108 9, o,
"0 106 Clo,
o Go, o,
(sl = 10 Hocl
' HFeO; HOCI =
102 HFeQ =
C 4 HFeO;
O w
e . .
(75) glycine dimethylamine trimethylamine
C (1° amine) (2°amine) (3° amine)
o d 101“
O 100
O %
e s
O sw
102
100
5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10
pH pH pH
Fig. 1. pH dependent second-order rate constants (k) for the reaction of the oxidants, chlorine (HOCI), chlorine dioxide
(CIO,), ferrate"! (HFeO,"), hydroxyl radicals (HO), and ozone (O,)
Lee, Y. and U. von Gunten (2010). .

W
8

ozone

20

Concentration, uM

Concentration, uM

(¢}

Oxidant Resigluals

Concentration, uM

to show the trend.
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Time. min

Lee, Y. and U. von Gunten (2010).

20

Fig. 2. Consumption kinetics of the selective oxidants, (a) ozone, (b) ferrate", (c) chlorine, and (d) chlorine dioxide, in a
secondary wastewater effluent (RDWW) at pH 8. Symbols represent measured data and lines connect each data point

chlorine dioxide

30 40 50 6

Time. min
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Lee, Y. and U. von Gunten (2010). .

Micropollutant Destruction

17a-ethinylestradiol (EE2)

b

f le (SMX)

c Carbamazepine (CBZ)

0

= ~cio, HoCl

clo,
HOCI
2+ 24 -2+
0 20 40 80 80 100 0 30 60 20 120 150 0 30 60 90 120 150
Oxidant dose, uM Oxidant dose, pM Oxidant dose, pM
o Atenolol (ATL) ? Ibuprofen (IBP) E p-chlorobenzoate (pCBA)
. -
F CIO,HOCIHFeO,
4 0, + t-BuOH
&
5 HO-
[
o 1 - &
2
ks 2+ 24
0 30 60 90 120 150 o 30 60 20 120 150 o 30 60 90 120 150

Oxidant dose, uM

Oxidant dose, uM

Oxidant dose, yM

Fig. 3. Logarithm of the residual concentrations (log(c/c,)) of selected micropollutants as a function of oxidant doses in a
secondary wastewater effluent (RDWW) at pH 8: (a) EE2, (b) SMX, (c) CBZ, (d) ATL, and (e) IBP. Symbols represent measured
data and lines connect each data point to show the trend. The lines for hydroxyl radicals represent the linear regression of
data. For the selective oxidants, the reaction time of 1 h was given to simulate realistic treatment conditions.

[NO,1,/[0.],
] 2 4 6 8 10 12
[ i " " " i "
a [NH,"],/[HOCI], b [NO, 1,/[HOCI],
1 2 3 5 o 1 2 3 4 5
100 + d Y L 4 | 100 5 t : x
0, CIO, Fe(VI) HO- kg%
80 4 r 2
§ = ¥ Fe(VI)
s
£ 60 60 +
E
2
g w0 40 i HOCI
= 2 20 4 0,
0+ T T T T ¢ [1] T T T T
0 20 40 60 80 100 0 20 40 60 80 100
[NH,"T,, bM [NO, 7, kM

Fig. 4. Effect of (a) ammonia (NH,*) and (b) nitrite (NO,") on the transformations of EE2 during treatment of a secondary
wastewater effluent RDWW) by different oxidants at pH 8. Preliminary experiments were conducted to determine the
oxidant dose for each oxidant to achieve a 80% transformation of EE2 in RDWW without additionally spiked ammonia
and nitrite. They were 20 UM for chlorine, 3 UM for chlorine dioxide, 8 UM for ozone, 8 UM for ferrate"!, and 37 UM for
hydroxyl radicals. Symbols represent measured data and lines connect each data point to show the trend.

Lee, Y. and U. von Gunten (2010).

12/1/2013
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Ferrate reaction with surface waters

0 25 UM ferrate dose, pH 6.2

—&— Readsboro MA pH 7.5

From: Jiang et al., 2013

Ferrate Concentration (uM)

30
r 1.6
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25 4 —v— Houston TX pH 6.2 L 14 ©
= —0— Palmer MA pH 6.2 -
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e F12 g
] =]
-5 20 g
= F10 =
£ s
8 15 Los £
S 8
© g
2 10 0.6 S
= From: Jiang et al., 2013 °
g Los 2
5 - @
Loz “
0 T T T T T 0.0
0 5 10 15 20 25 30
EE K +
CEE697 Lrﬁnuere(rﬁ%s
Low D High pH
ow Dose, High p
0 25 UM, pH 7.5
40
—&— pH 7.5 Buffered Blank L oo
4 —A— Amherst MA pH ~7.5 .
—v— Houston TXpH 7.5
30 4 —&— Palmer MApH 7.5

0 5 10 15 20 25

Time (min)
CEE697K Lecture #21

Ferrate Concentration (mg/L as Fe)
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High Dose, Low pH

=™
5 50 UM, pH 6.2

—O— pH 6.2 Buffered Blank Frs
50 g —v— Houston TX pH 6.2 2
— —— Palmer MA pH 6.2 *
= —&— Readsboro VT pH 6.2 @®
= <
40 A [}
§° £
o From: Jiang et al., 2013 M2 5
S =
8 30 g
5 c
<]
S g
L ] 5]
5 20 1, 8
o 2
- o
=
10 4 o
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CEE697K  Lecture 1‘-{91 )

High Dose, High pH

o |
1 50 UM, pH 7.5

60
—@— pH 7.5 Buffered Blank L 3
—&A— Ambherst MA pH ~7.5

50 —w— Houston TX pH 7.5
—&— Palmer MApH 7.5
—&— Readsboro MA pH 7.5

40 +

) From: Jiang et al., 2013 Lo

Ferrate Concentration (uM)
Ferrate Concentration (mg/L as Fe)

®

0 T T T T T 0

10 15
CEE697K Lecture #21
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Houston Data Isolated

1 More data improves accuracy
60

—v— Houston TXpH 7.5

50 §

40 A

30 A

20 A

Ferrate Concentration (uM)

10 4

Ferrate Concentration (mg/L as Fe)

0 T T T T T 0
0 5 10 15 20 25 30

Time (min)

Ferrate Concentration (uM)

Integrate curve to get CT vs time

o1 Simple “rectangle” method

60
| —v— Houston TXpH 7.5 | L 3
50 3 N
[2]
©
<
40 - >
E
- 2 S
30 | ©
€
'\ S
o
5 .
20 ] S Light
Q scattering
'\ g background
10 L (not ferrate)
v 1
0 T T T T T -0
0 5 10 15 20 25
Time (min)
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Model for pollutant oxidation

o Simple 2" order kinetics
Pollutant (P) reacts with an oxidant (O)
dp dp
= = —kIPll0] 7 = —klOldt

0 Integrate but keep [O] time variable

t

P, t
ln[P]] =—k f [0]dt In[P] — In[P,] = —k f [0]dt
P, 0 0

71 And you end up with an expression in terms of CT

t
P, = Poe_k Jylolat P, = Poe—k(CT)
<[ £E697K Lecture #21 j

Kinetic Analysis, high dose

|4 |
1 50 UM dose, Houston Water

1.0 1 e e m====) 0 Alkyl alcohols

o Alkyl amines

0.8 4

— ethynlestradiol
—— sulfamethoxazole
— — — - bromide
————— Sulfide

—-——  Nitrite

77777 Phenol
——— Analine

0.6 1

0.4 4

Fraction Remaining

0.2

T T f 4
6.0 6.5 7.0 75 8.0 85 1 sulfides

0.0

PHEEE697K Lecture #21
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|
01 25 UM dose, Houston Water

Kinetic Analysis, low dose

PREEGO7K Lecture #21

6.0 6.5 7.0 75 8.0

1.0 4 =) 0 Alkyl alcohols
o Alkyl amines
0.8 4
jo2}
< N
s ethynlestradiol
© sulfamethoxazole
qE, 0.6 1 — — — - bromide
[ A £ B Rttt Sulfide
s - E:ritel
“C)' oS enol
g 04 ——— Analine
[
0.2 1
0.0 ; : ‘ : . )

8.5 o sulfides

(7)  HO4 + HOy — H,0, + 20;

(8)  HOy + HO3y = HyOp + O3 + Oy

The overall pattern of the ozone decomposition mechanism is shown in Figure II-

secondary oxidants,
especially OH radical

The “problems” with 0zone  ozene decomposiion

in real waters does not

[p— match predictions
Hoigné, Stachelin, and Bader hani Ozone decomposition occurs in a
chain pracess that can be represented by the following fundamental reactions (Weiss O3
1935; Stachelin et al. 1984), including initiation step 1, propagation steps 2 to 6, and H0
break in chain reaction steps 7 and 8
OH~,
-k ” ky =7.0 x 10' M7 57!
1 0; + OH™ — + 1 §
M 3 HO; + O, HO; : hydroperoxide radical ‘ ;
) HO, 3 0, + 1+ k; (ionization constant) = 10748 Oz %
2 2 O3 superoxide radical ion HO,
02
ke = 9 M1 =1 / 0
@ 05+ 0y 2 0 + 0, ky = 1.6 x 10° M7 s 2
2 & O3~ : ozonide radical ion o:
3
(3) 0y + H* £ HO ky = 5.2 % 101 M7t Os
# [ koy=23 x 10%s7! H*
HO,
“ HO; = OH + O, fg = 1.1 x 10° 57! HO,
ks g
(5) OH + O3 — HOy ks =2.0 x 10° M5!
ke ‘ Many important
©) HO,— HO, + Oy ke =2.8 X 10°s~" y Imp

Chain
Breakdown

H,0
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Mechanistic model is “off”

o Initiation

reaction rate

constant must
be “adjusted”

to match actual

data

Elovitz, M. S. and U. Von
Gunten (1999). "Hydroxyl
Radical Ozone Ratios During
Ozonation Processes. I-the R-Ct
Concept." Ozone-Science &
Engineering 21(3): 239-260.

5
=
Y
= 10
g

184

"6 10 2 2 e 20 &
time (mdn)

time (min)

W experimental deta. — o= TO Mg
— = M= 120 Mgt reveree kmn=?2°"!°"

Figure 3a.Ozone decomposition as a function of time for [0i],=20.1 M,

[McOH], = 70 M, and [acetatc],= 350 1M in a 1 mM phosphate buffer at
pH 8.0 and 23°C. Square symbols represent experimental data, and line-
plots represent the ACUCIIEM model results lor the kinetic modcl
described in the fext. Inset: Data (symbols) und ACUCHEM simulations
(line-plots) for pCBA loss.

A simpler view: Direct & Indirect Pathways

High pH
UV light
H,0,

Decomposition

Classic “ozone demand”

O

'OH

Oxidized
Products

Direct

Use of peroxide with ozone is an

H,0, O,
Reaction
Bicarbonate
Indlref:t Z » H,0,0,
Reaction \ \ )
Oxidized
Products

“advanced oxidation process” (AOP)

Natural waters cayse gzone decomposition to varying
degrees without any added initiators
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Ozone Loss: focus on NOM
5

¢ Organic Demand in colored waters

— Empirical stoichiometric approach

) 0.45 : ‘
é" 0.4 + Direct reaction with NOM,
E’ 035 4 Doesn’t really account for .
» Ozone loss in first 5 = e
i S 03+
minutes £
s . 0.25
¢ fulvic acids S
2 02
¢ data from Legube 8
o 0.15
et al, 1989 S
S 01
c
; 0.05
© 0
0 1 2 3 4 5

CEE697K  Lecture #21  gpecific UV Absorbance

Ozone loss: focus on decomposition
=

0 Incorporating Inorganic Reactions:
Semi-empirical kinetic approach Takes inorganic

matrix into

First-order decay in solution account, and
dlo B allows for
[ 3] = —a)[o ] C. =C....e ot variable contact
dt 3 (OF O3, initial .
times, but treats
Specific ozone loss rate (w) in's ! all DOC as the
same

= Yurteri & Gurol (1988)
Logw =—-356+0.66 pH + 0.61log TOC —0.42log Alk

m Orta de Velasquez et al. (1994)
Logw =-393+0.24 pH +0.75log Abs,., +108log TOC —0.19log Alk

CEE697K Lecture #21
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Ozonation of trace organics: Direct Ren
55|
1 Od‘l o1 Shut down OH radical formation to isolate
. molecular ozone (O,) rate. |
L]
o e o Oxidation of nitroimidazoles during ozonation.

el [Nitroimidazole], = 10 mg/L., T = 298 K.

)

my |pH = 2; [-BuOH] = 0.1 M
g 06 5% (©), MNZ; (), DMZ; (4), TNZ; (0], RNZ.

.\ .
-E: VI“ L
= S )
o i dM] _ L 1) e M

wos Fo, +THO = *’d—’ = I\URM][O!} -*MII),I\’”,HO']
‘n' ‘;‘ .
0.2+ ‘\':'\ .". - ,- : ol r s Sanchez-Polo, M., J. Rivera-Utrilla, et al.
. “a. 0L, _'_' * mwsi (2008). "Removal of pharmaceutical
~ss N R Wil | compounds, nitroimidazoles, from waters|
0.0 . ! ) r. % s s s 2 "3 by using the ozone/carbon system."
0 2 4 6 8 10 Water Research 42(15): 4163-4171.
t (min)

Indirect Ren: But we can’t measure OHe
=n

7 If you can’t measure them directly maybe you can do
it indirectly

Use small amounts of a “probe compound” HO.__.0
m Sacrificial reactant that is easy o measure and selective

Benzene (Hoigne & Bader, 1979) by GC

p-chlorobenzoic acid is now more common
u Easy fo measure by HPLC cl
m 5x107 M Ts"! with OH radical, but <0.15 M-'s™! with O,

Hoigne, J. and H. Bader (1979). "Ozonation of
Water - Oxidation-Competition Values of Different
Types of Waters Used in Switzerland.” Ozone-
Science & Engineering 1(4): 357-372.

CEE697K Lecture #21
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Competitive kinetics with probe
1 Pollutant (P) and probe compound (pCBA)
pCBA, = pCBAye *pcBalCT)
Pt = Poe_kP(CT)
& PCBA _
Pt In (pCBAO = kpCBA (CT)
In <P_o> = —kp(CT) e
1 pCBAt)
CT) =— In
(€7 kpCBA <pCBAo
If you know k, and want to If you want to determine k,
estimate oxidation of P: from measurements of P:
P\ _ kp , (pCBA, In (ﬂ)
Inl—)= In ko = k P,
Py kpCBA pCBA, P — "pCBA In (pCBAt>
CEE697K Lecture #2 pCBA,
Determining OHe rate constants
| se
0 Fig. 3. Determination of OH radical reaction constant.
pH = 9; T = 298 K; [nitroimidazole], = 7 X 1075 M;
[PCBA], = 7.25 X 1075 M. (0), MNZ; (O), DMZ; (#), TNZ; (0), RNZ.
201 .
i (2)
P ko =k 0
1.6 - P pCBA ! pCBA,
" (PCBAO)
= - M
z K In( M‘)
c krcl =
4 08 . [ 1n {Z5BA.
Fa 2’ i E PCBA
B o Sanchez-Polo, M., J. Rivera-Utrilla, et al.
0.4 - 9 A paeet” X (2008). "Removal of pharmaceutical
’ 3= compounds, nitroimidazoles, from waters|
by using the ozone/carbon system."
0.0 - T T ™ 1 Water Research 42(15): 4163-4171.
0.00 0.05 0.10 0.15 0.20 0.25]
Ln (pCBA/pCBA,)
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Can we simplify a bit¢

Oxidation competition values

Based on relatively linear pseudo-1%" order loss rate for

micropollutants (i.e., In(P/P.) vs t gives a straight line)
Expected if aggregate OHe reacting substances do not
undergo appreciable depletion during ozonation

Ozone decomposition produces a uniform yield of OHe

over time and ozone dose (typically ~0.5M/M)

Hoigne, J. and H. Bader (1979). "Ozonation of
Water - Oxidation-Competition Values of Different
Types of Waters Used in Switzerland.” Ozone-
Science & Engineering 1(4): 357-372.

CEE697K Lecture #21

Oxidation-competition method

First assume a near constant OHe yield from ozone
decomposition so that monitoring loss of ozone provides
an estimate of the OH reactions taking place

Then all OHe produced either reacts with the target
pollutant (M) or the background matrix (S;) and the two
are in direct competition

. . . . k M
And the fraction reacting with M is: f= fulM]
e clplunivie S kilSi]
kst - n
"y oxid
OH (2)
I3,
= 5 consumption of GiI° by

rate = I(k; [5,]) all scavengers S,

From: Hoigne & Bader, 1979
CEE697K Lecture #21
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Fraction of OH . kM [M]
that reacts with M f= Y k;i[Si]

Using M as a probe

L) | d(a0y)| ky[M1|_ d(a0y)
at |1 dt |[SkiS]|” dtQy
[

Production rate of OH radicals

o Now:

0 Where the oxidation-competition value is defined as:

Z ki [Si] A03 AO

Qy = = . M, It
M And rearranging: In =—-

kv i ( t/MO) ( /Mo) Q0

o And as we've shown previously This is what we can actually measure

()i ()l
nl—|= n|l—— or nl—|=—In({—

Py kpCBA pCBA, Py key My

0 We can now use () to estimate loss of “P” by simply measuring

AQO, L (Pe) _ ke 805
"\Py) " kw O

Field Values

01 Values of QQ have
been measured on
many natural waters

~2 -4 ~gmgfl 0L
FIG. 8
oxidation compelilion value of dffferent Lypes
of rawwaters based on benzene as a reference micro-
pollutant, vs. he uv shoorbance of rawwator.

Water samples from:

1 Lake oi Jucerne, Lucerne 7 felden

2 8 felden, Zniltrated
an 9 €clden, infi trated
3 20
Fl 2
Hoigne, J. and H. Bader (1979). 2 2
"Ozonation of Water - Oxidation- Y Soom AL x .
ain lake iniltrated
Competition Values of Different i frl1. e e} 26 ot A gromamtar
L L Sroundwater Fallau
Types of Waters Used in i1 6 chopel ill, K.C.. USA
. . 12 Litzelsee {Universily Lake)
Switzerland.”" Ozone-Science & 13 wountain wellw inay GR} W' Diluled seoorcary eifluert
E . . R 2 CEE69 14 ll 1 in D3k b?:c:é fication
ngineering 1(4): 357-372. 15 Srouadwater Sc ¥ B luled s

16  Groundwater DG after nizr.
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Some complications

01 Yet they noted an initial reaction that did not

conform to their simple model

[benzene]

w T Eam e 4 gfm
ozore added ozore added
FIG. 4
ced groundwaler (DRC = 7 g/i; WIL-W =
sosphale buttar). 4 before und & eiter proozonslion wita

.3 mg/ly aiiutden

B) Wator from My s (DOC = 3.1 g/fly NH_-N = 0.7 mg/i; diiuzleon 0.75;
54 - 8.%; phespl buffer). O before Znd M after preozonstion with

2.5 q,-“mj QZOIE .

Rer concept

71 Recall from the discussion on simple consecutive

reactions:
A—»B—sC

The ratio of the concentrations of intermediate to the

reactant approaches a constant, when k;>>k;

B, k _k
[A] kii _ki N kii

Now consider A to be ozone and B to be OH radical, and

we get:

Rop & % = constant
ar=oo "
3

CEE697K Lecture #21
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R concept

65|
01 Elovitz & Von Gunten, 1999

Use the same competitive OH reaction approach with a
probe compound as Hoigne & Bader

However, instead of measuring

- —V-—=—k—P LPll:_O_H]_ = Products
[0 prabe, ¢ AQ,, they chose to record the
=R micropollutant
full ozone CT
03 —> 7.0k —>]
s -\ R Elovitz, M. S. and U. Von Gunten
L e radusts (1999). "Hydroxyl Radical Ozone

$0H ‘seavenging Ratios During Ozonation Processes.
I-the R-Ct Concept." Ozone-Science
& Engineering 21(3): 239-260.

Figure 1. Reaction Scheme for the formation of #OH from O decomposition and the
subsequent quenching of »OH by scavengers (s, major pathway) and the
probe compound or mictopollutant (P, minor pathway). Adapted from
reference (20)

Rer & o _ constant
Rer concept | ¥ 02
xa

o The simple 2" order model is:

d[pCBA
[pdt ] = ~kpcpalpCBA][OH] :> % = —kpcpalpCBA]Rcr[05]
0 Rearranging and integrating we get: ﬁ

CBA t d[pCBA]
In <%) = _kpCBARCTL [03]dt <:I [ppC—qu] = _kpCBARCT[03]dt

o Which gives the final form used in experimental
evaluation: l ([pCBAt]

_" [PCBAO])/ .
—kpcpa fo [05]dt

CEE697K Lecture #21
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RCT

Rer concept il

o1 Simple model system )

Elovitz, M. S. and U. Von Gunten
(1999). "Hydroxyl Radical Ozone
Ratios During Ozonation Processes.

0y (M)

H

2
“lvodl{vaod]

T T 2 T T T
10 20 ao 40 50 80 70 8o

time (min)

Figure 2a. Dcplction of ozone and pCBA as a function of reaction time.
[0a]. = 20.1 pM, [MeOH], =70 uM, and [acetate],=350pM in a 1 mM
In ( [p CBAt] ) phosphate buffer at pti 8.0 and 13°C. Tnset: First-order kinetic plot for the

it sl § decomposilion of ozone.
[PCBA,]

t
—kpcpa fo [05]dt

In (PCBAVPCBA),)

I-the R-Ct Concept.” Ozone-Science a y . -
. . . . o 5 105 1104 1.5 104 210t
& Engineering 21(3): 239-260. o

CEE¢  Figure 2b.+OH-exposure (*OH-ct) versus the corresponding Os-exposure (Oy-ct) for
ozonation of the mode] system of Figure 2a.

Rer

Rer concept IV A4 |
o 1 L
g "
€. 4] potscogred
0 Lake Zurich water T fm :
Y N
——— . . «
kinetics e
Figure 4a. First-order ozone d ition kinctics for ion of T.ake Zirich
'| st SfCIge may or mqy no water (collecied at u depth of 32m) at three different reaction
conditions.
be linear e i
In ([pCBAt]) = slmre i
—  \[pCBA] g -
= : 8
—kpcpa fo [05]dt F
g w
Elovitz, M. S. and U. Von Gunten i ooy ;
(1999). "Hydroxyl Radical Ozone = : = o
Ratios During Ozonation Processes. & T R w;‘\';f
I-the R-Ct Concept.” Ozone-Science ({Oglet (emin)

& Engineering 21(3): 239-260.

CEES97K Figure 4b. R, plots for the ozonation experiments of Figure 4a showing the two
linear R, regions.
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. oH
Incorporating both pathways Re 2 5= constant
69 |
o1 The expanded 2" order model is:

d[P
% = —kou[P][OH] + ko3[P][05] :> % = —koy[PlRcr (03] + ko3 [P1[05]

0 Rearranging and integrating we get: B

[Pe] d[P] _

t
n ({P_O]> — —(kouRer + koa) JO [051dt Gmmm o7 = ~CeonRer + koa)[03]dt

[ or:

[P,] = [P,]e~konRer+kos) [y10sldt

CEE697K Lecture #21

Roe= 0.9 X101

&

=15 x1010

IngPCBAJPCAAL)

both pathways I

Qg (uM)

1 \;" 2Il‘1' !'Wj‘v an
fE0y3t {uric)

o1 Porrentruy Water

T v
o 0 100 150 200 250 500
time (min)

Figure 5a. Ozone decomposition as a function of rcaction time for ozonation ir: Pomentruy
watet: [04], = 23.4 uM; [pCBA], = 0.25 uM: [atrazinc], = 0.25 uM; pH 7.2-7.25;
and 10.8°C. Symbols show the cxpenimental data, and the linc-plot shows the
linetic model simulation based on fiting the ozone decomposition data with two
first-order kinetic terms. Tnset: R, plat using pCBA as the *OT-probe compound
Symbals show the experimental data, and (he line-plot shows the lineur i far
calculating the £, values for the initial and secondary reaction phascs.

o
£ )
]
B oos
&
=
Y]
H
Elovitz, M. S. and U. Von Gunten :
. 02
(1999). "Hydroxyl Radical Ozone 1
Ratios During Ozonation Processes. il - " e : i
" . ] % 100 150 200 2% 300
I-the R-Ct Concept.” Ozone-Science s ()
& Engineering 21(3): 239-260. Figure 5b. Relative loss of atrzine during uzoration of Purrentruy water shown in Figure Sa.
Symbols show the experimental data for atrazine disappearance, and the linc-plots
CEE697K | depict the kinetic simulation for wtal atrazine loss (model calculation based on
Eguation 10), us well us the loss ol atrazine via the individual *OH and O,

pathways.
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both pathways I

1 Natural waters

T
6 06 - g -
k OH R CT 5
f OH= 7 b 11 g 08~ E B
kouRcr + ko3 £ : g
] 3
‘ ' § 04
a
-S 1000 M's
B :
o 9 3 T T = =
1w 10f 104 107 10%
Agyvalue
Figure 6, Fraction of micropollutant P reacting with «OH as a function of the R, value.
Calculations assume a ratc constant kow» = 5 x10° M's™" for rcaction of <OH
Elovitz, M. S. and U. and P, and a range (1-1000 M's™) of sccond-order rate constants for rcaction
of Oy and P. Representative R, valucs and their ozonation conditions for three
Von Gunten (1999). weaters tested are included.
0 Increase in Re;
25 10
[ Jioalot iurming wios i
il P 1t0Mpa tvmi w0t s Elovitz, M. S., U. Von Gunten,

—+ Axim et al. (2000). "Hydroxyl

Radical/Ozone Ratios During

% 1 Fe Ozonation Processes. Il. The
M Effect of Temperature, pH,
% Alkalinity, and DOM

Properties."” Ozone-Science &
Engineering 22(2): 123-150.

IjGggct (Mrmin) x10%; -OH]dt {M*min) x1012

e

Figure 3: O;-exposure, «(JH-exposure, and R, values as a function of reaction
temperature in Lake Ziirich water.
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Role of pH

0 Increase in R

U

. MOJ xicE
= fromatsion
& Ryxi08

Elovitz, M. S., U. Von Gunten,
e, et al. (2000). "Hydroxyl
Radical/Ozone Ratios During
Ozonation Processes. Il. The
Effect of Temperature, pH,
Alkalinity, and DOM
20 Properties." Ozone-Science &
Engineering 22(2): 123-150.

wabx Py

J[Oz)dt (M min} X109 ; [-OH]a1 (M*min} x1012

Figure 7: O,-exposure, *OH-exposure, and R, values as a function of reaction pH in
decarbonated Lake Zlirich water.

a4 |

Role of Bicarbonate

O Decreqse in Ry

12 *

— ‘
. foytxce | -18

o & ooz - b Elovitz, M. S., U. Von Gunten,

—a— 7, 2108 - et al. (2000). "Hydroxyl

o Radical/Ozone Ratios During
Ozonation Processes. Il. The
Effect of Temperature, pH,
Alkalinity, and DOM
Properties.” Ozone-Science &
Engineering 22(2): 123-150.

{0t th*min) x10* 3 [[-OH]dt (M*min) x10%2

a Q.78 B 1.8 25
HCOS 1CO.®] frob)

Figure 8. O,-cxposure, *OH-cxposure, and R, values as a lunction of carbonale
alkalinity in Lake Zirich waler.

R ..
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Similar approach used for AOPs

o Advanced oxidation processes
UV with H,0, 0

0 mM H,0,

-1
- 0.15 MM H,0;
Rosenfeldt, E. J. and K. G. Linden -2 o
" om N
(2007). Ths..- R-OH,R-UV concept %_ 3 \\ \\ 0.29 mM H,0,
to characterize and the model =" NN
UV/H202 process in natural g \\ r
waters." Environmental Science & O -4 N
Technology 41(7): 2548-2553. = \h oY
s 291 mMHD, Y, 0.74 mMH,0,
5 b
h 1.47 mM H,0,
<7 o |
0 500 1000

UV Fluence (mJ cm?)
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