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AbstractÐA dynamic kinetic model for the advanced oxidation process (AOP) using hydrogen per-
oxide and ultraviolet irradiation (H2O2/UV) in a completely mixed batch reactor (CMBR) is devel-
oped. The model includes the known elementary chemical and photochemical reactions, and literature
reported photochemical parameters and chemical reaction rate constants are used in this model to
predict organic contaminant destruction. Unlike most other kinetic models of H2O2/UV oxidation
process, the model does not assume that the net formation rate of free radical species is zero
(pseudo-steady state assumption). In addition, the model considers the solution pH decrease during
the process as mineral acids and carbon dioxide are formed. The model is tested by predicting the
destruction of a probe compound, 1,2-dibromo-3-chloropropane (DBCP) in distilled water with the
addition of inorganic carbon. The new model developed in this work gives better predictions of the
destruction of the target organic compound than the model based on the pseudo-steady state assump-
tion. The model provides a comprehensive understanding of the impact of design and operational
variables on process performance. Accordingly the ability of the model to select optimum process
variables, such as hydrogen peroxide dosage, is illustrated. # 1999 Elsevier Science Ltd. All rights
reserved

Key wordsÐadvanced oxidation processes, kinetic model, hydrogen peroxide, ultraviolet irradiation,
batch reactor, organic contaminant, radical scavenger

NOMENCLATURE

The following abbreviations are used in this paper:

AdOx2 advanced oxidation model, the computer

software for the model developed in this
paper

AOP advanced oxidation process
CMBR completely mixed batch reactor

DBCP 1,2-dibromo-3-chloropropane
EE/O electrical energy per order
hn UV irradiation

ODE ordinary di�erential equation
R1 organic pollutant compound 1
R2 organic pollutant compound 2

UV ultraviolet

The following symbols are used in this paper:

b optical pathlength (cm)
Ca the concentration of species A (M or

mol lÿ1)

Cao the initial the concentration of species A (M
or mol lÿ1)

CT,CO3
total inorganic carbonate concentration (M
or mol lÿ1)

EE/O electrical energy per order (kWh kgal-

lonÿ1 orderÿ1)
f the fraction of UV irradiation absorbed by a

light absorbing species
I0 incident UV-light intensity (einsteins lÿ1 sÿ1,

or eins. lÿ1sÿ1)
k second order reaction rate constant (Mÿ1 sÿ1)
k0 pseudo-®rst-order rate constant (sÿ1)
ka equilibrium constant
ra reaction rate of species A in the system

(M sÿ1)
t process operating time (s)
e molar extinction coe�cient (Mÿ1 cmÿ1)
FP primary quantum yield
FT overall quantum yield

INTRODUCTION

The H2O2/UV advanced oxidation process (AOP)
is an attractive alternative to traditional non-
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destructive water treatment processes (e.g. air strip-

ping, adsorption, membranes) because it can miner-

alize contaminants from water as opposed merely

transporting them from one phase to another.
Designing a least cost H2O2/UV process for com-

mercial applications requires the determination of

important design and operational variables such as

the optimum oxidant and irradiation dosages within

the reactor. In this study, a mathematical model

was developed for this process which can aid engin-

eers in determining these important parameters and
determine the fate of the contaminants within the

reactor.

According to Peyton (1990), AOPs can be math-

ematically modeled at several di�erent levels,

depending on the known kinetic pathways and reac-

Table 1. The elementary reactions in the H2O2/UV AOP system

No. Reactions Rate constants, Mÿ1 sÿ1 Reference

1 H2O2/HO2
ÿ+hn = 2HO

.
k1 (measured for the speci®c system, sÿ1)

or rUV,H2O2
� ÿrHOA=2 � ÿFH2O2

I0 fH2O2
�1ÿ eÿA�

a

A � 2:303b�eH2O2
CH2O2

� eR1
CR1
� eR2

CR2
� eSCS � eHOÿ

2
CHOÿ

2
�

fH2O2
=2.303b(eH2O2

CH2O2
+eHOÿ

2
CHOÿ

2
)/A

eH2O2
=17.9±19.6 Mÿ1 cmÿ1, eHOÿ

2
=228 Mÿ1 cmÿ1

FH2O2
=FHO2ÿ=0.5

2 H2O2+HO
.
= H2O + HO.

2 k2=2.7�107 Buxton et al., 1988
3 HO

.
+ HO2

ÿ=HO.
2 + OHÿ k3=7.5�109 Christensen et al., 1982

4 H2O2+HO.
2 = HO

.
+ H2O + O2 k4=3.0 Koppenol et al., 1978

5 H2O2+O.ÿ
2 =HO

.
+ O2 + OHÿ k5=0.13 Weinslein et al., 1979

6 HO
.
+ CO3

2ÿ=CO.ÿ
3 +OHÿ k6=3.9�108 Buxton et al., 1988

7 HO
.
+ HCO3

ÿ=CO.ÿ
3 +H2O k7=8.5�106 Buxton et al., 1988

8 HO
.
+ HPO4

2ÿ=HPO.ÿ
4 + OHÿ k8=1.5�105 Maruthamuthu et al., 1978

9 HO
.
+ H2PO4

ÿ=HPO.ÿ
4 +H2O k9=2.0�104 Maruthamuthu et al., 1978

10 H2O2+CO.ÿ
3 =HCO3

ÿ+HO.
2 k10=4.3� 105 Draganic et al., 1991

11 HO2
ÿ+CO.ÿ

3 =CO3
2ÿ+HO.

2 k11=3.0� 107 Draganic et al., 1991
12 H2O2+HPO.ÿ

4 =H2PO4
ÿ+HO.

2 k12=2.7� 107 Nakashima et al., 1970
13 HO

.
+ HO

.
= H2O2 k13=5.5� 109 Buxton et al., 1988

14 HO
.
+ HO.

2 = H2O + O2 k14=6.6� 109 Schested et al., 1968
15 HO.

2 + HO.
2 = H2O2+O2 k15=8.3� 105 Bielski et al., 1985

16 HO.
2 + O.ÿ

2 =HO2
ÿ+O2 k16=9.7� 107 Bielski et al., 1985

17 HO
.
+ O.ÿ

2 =O2+OHÿ k17=7.0� 109 Beck, 1969
18 HO

.
+ CO.ÿ

3 =? k18=3.0� 109 Holeman et al., 1987
19 CO.ÿ

3 +O.ÿ
2 =CO3

2ÿ+O2 k19=6.0� 108 Eriken et al., 1985
20 CO.ÿ

3 +CO.ÿ
3 =? k20=3.0� 107 Huie et al., 1990

21 HO
.
+ R1=? k21

b

22 HO
.
+ R2=? k22

b

23 HO
.
+ R1H = ? k23

b

24 HO
.
+ R2H = ? k24

b

25 HO
.
+ S = ? k25

b

26 CO.ÿ
3 +R1=? k26

b

27 CO.ÿ
3 +R2=? k27

b

28 HPO.ÿ
4 +R1=? k28

b

29 HPO.ÿ
4 +R2=? k29

b

30 O.ÿ
2 +R1=? k30

b

31 O.ÿ
2 +R2=? k31

b

32 HO.
2 + R1=? k32

b

33 HO.
2 + R2=? k33

b

34 R1+hn = ? k34 (measured for the speci®c system, sÿ1)
or rUV,R1

=ÿFR1
I0 fR1

(1ÿ eÿA)

a

fR1
� 2:303 beR1

cR1
=A

35 R2+hn = ? k35 (measured for the speci®c system, sÿ1)
or rUV,R2

=ÿFR2
I0 fR2

(1ÿ eÿA)

a

fR2
� 2:303 beR2

cR2
=A

36 S + hn= ? k36=0 (measured for the speci®c system, sÿ1)
or rUV,S=ÿFSI0 fS(1ÿ eÿA) = 0

c

37 H2CO3
*\H++HCO3

ÿ pKa1=6.3 Stumm et al., 1972
38 HCO3

ÿ\H++CO3
2ÿ pKa2=10.3 Stumm et al., 1972

39 H3PO4\H++H2PO4
ÿ pKa3=2.1 Stumm et al., 1972

40 H2PO4
ÿ\H++HPO4

2ÿ pKa4=7.2 Stumm et al., 1972
41 H2O2\H++HO2

ÿ pKa5=11.6 Perry et al., 1981
42 HO2A\ H++O2A

ÿ pKa6=4.8 Perry et al., 1981
43 R1H\ H++R1 pKa7

b

44 R2H\ H++R2 pKa8
b

*References: aphotolysis rate; bdepends on target organic compound; cignore the humic substance loss from photolysis.
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tion rate constants, computer resources available,

and the modeling objectives. Compared to other
types of mathematical models, a kinetic model gives
the most information and provides the best check

of the model against actual laboratory data,
because all de®ned or proposed reactions in the sys-
tem are considered and the rate equations are writ-

ten for all the main species in solution.
Most kinetic models utilize the pseudo-steady

state approximation for the kinetic description of
free radical species in the system (Lay, 1989; Glaze
et al., 1992; Weir and Sundstrom, 1993; De Laat

and Dore, 1994; Glaze et al., 1995; Hong et al.,
1996). To invoke the pseudo-steady state approxi-
mation, the net formation rates of free radical

species are assumed to be zero. Among the kinetic
models for the H2O2/UV process employing the

pseudo-steady state assumption, the model for a
completely mixed batch reactor (CMBR) proposed
by Glaze et al. (1995) and Lay (1989) considered

most of the important reactions occurring in the
reactor and was veri®ed using a comprehensive ex-
perimental study. Their model was able to predict

the contaminant concentration as a function of
time under di�erent hydrogen peroxide dosages.

Perhaps the most comprehensive kinetic model
developed to date was presented by Stefan et al.
(1996). In the their model, kinetic degradation path-

ways for the breakdown of acetone to carbon diox-
ide were proposed and the degradation of acetone
(the parent chemical compound) and by-products

were predicted by invoking the pseudo-steady state
assumption for the formation of radical species.

Yao et al. (1992) developed a kinetic model for
the H2O2/UV process using the ACUCHEM soft-
ware (Braun et al., 1988) which is available from

the National Institute of Standards and Technology
(NIST). The kinetic model does not utilize the
pseudo-steady state assumption; however,

ACUCHEM does have these signi®cant limitations:
(1) acid±base equilibrium and variable photolysis

rates are not easily considered and (2) complex ¯ow
reactor kinetics cannot be considered.
Liao (1993) and Liao and Gurol (1995) developed

a kinetic model for a completely mixed ¯ow reactor
(CMFR) and they were also able to consider the in-
¯uence of background organic matter (BOM) on

the reactor performance. For a CMFR that is fed
with a constant in¯uent concentration, steady state

exists and it is possible to invoke the pseudo-steady
state assumption for the formation of radical
species.

Many of theses studies demonstrated that sol-
ution pH has an important impact on the process
e�ciency (Lay, 1989; Glaze et al., 1995; Liao and

Gurol, 1995; Stefan et al., 1996). However, most
of the models assumed a constant pH (Lay, 1989;

Glaze et al., 1995; Liao and Gurol, 1995; Hu,
1997); and in fact, pH of the solution drops as or-
ganic compounds are oxidized into mineral acids,

carbon dioxide or acidic intermediates. In this
study, we found that the maximum pH change

that occurs from degradation of micropollutants in
water does not a�ect the model results signi®cantly
in natural water with typical amounts of alkalinity.

However, they maybe situations which have high
concentrations and low bu�er capacity and the
change in pH would have to be considered.

The previous kinetic models for the H2O2/UV
AOP have been applied with di�erent levels of suc-
cess, but invoking the pseudo-steady state assump-

tion does result in signi®cant errors in some cases.
Consequently, a kinetic model with the following
improvements is developed as part of this study
because this model can be solved in several minutes

using a microcomputer and one does not have to
evaluate when simplifying assumptions lead to erro-
neous results: (1) all identi®ed and reasonably pro-

posed photochemical and chemical reactions with
regard to the degradation of parent organic com-
pounds are considered; (2) the process kinetics does

not employ the pseudo-steady state assumption to
simplify the rate expressions; (3) the change in sol-
ution pH during the process is considered; and (4) a

powerful ordinary di�erential equation (ODE) sol-
ver is utilized to solve the kinetic model equations,
a set of very sti� ODEs. The objective of this work
is to develop an advanced oxidation model

(AdOx2) which is able to predict the degradation
of parent organic pollutants and the consumption
of hydrogen peroxide in a CMBR. Consequently,

the process e�ciency under various operating con-
ditions, including initial hydrogen peroxide concen-
tration, UV-light intensity, alkalinity, pH, and the

presence of background organic matter, can be
evaluated.

THE MECHANISM OF THE H2O2/UV OXIDATION
PROCESS

Table 1 summarizes all the photochemical and
chemical reactions together with literature reported

rate constants for those reactions that are common
in any H2O2/UV process. All photochemical and
chemical kinetic parameters as well as rate laws are

obtained from independent research reported in the
literature (Baxendale and Wilson, 1957; Buxton et
al., 1988; Mallard et al., 1992).

The elementary reactions of H2O2 photolysis

Early investigations of hydrogen peroxide pho-
tolysis (Hunt and Taube, 1952; Baxendale and
Wilson, 1957; Volman and Chen, 1959) as well as

more recent studies (Schested et al., 1968; Bielski et
al., 1977, 1985) have indicated that the following
radical chain reactions occur in a hydrogen per-
oxide solution with UV-light irradiation.

A kinetic model for H2O2/UV process 2317



Initiation: (primary photolysis of H2O2 or HO2
ÿ)

H2O2=HOÿ2 � h� ÿ42HO: �1�

Propagation:

H2O2=HOÿ2 �HO ÿ4H2O=OH ÿ �HO2, �2�

H2O2 �HO2=O2 ÿ4HO�H2O=OH ÿ �O2: �3�

Termination:

HO�HO ÿ4H2O2, �4�

HO�HO2=O2
ÿ ÿ4H2O=OH ÿ �O2, �5�

HO2 �HO2=O2
ÿ ÿ4H2O2=HOÿ2 �O2: �6�

The overall quantum yield (FT) of hydrogen per-
oxide in this reaction chain is unity at the UV-light
wavelength of 254 nm, while the primary quantum

yield (FP) of the primary photolysis reaction of
hydrogen peroxide (equation 1) at the same wave-
length is 0.5.

Reaction mechanism in the presence of target organic
pollutants

In the H2O2/UV process, hydroxyl radicals pro-
duced by the photolysis of hydrogen peroxide
quickly react with organic compounds in the sol-

ution (reactions (21)±(24) in Table 1). In order to
make this kinetic model more widely applicable, it
is assumed that there are two pollutant organic

compounds (represented by R1 and R2) present in
the solution. If these organic compounds are acidic
compounds, they may exist in both protonated
(R1H and R2H) and anion forms (R1

ÿ and R2
ÿ). In

addition to be oxidized by hydroxyl radicals, some
organic pollutants may be subject to direct photoly-
sis under UV irradiation as shown by reactions (34)

and (35). Some organic pollutants may also be oxi-
dized by superoxide radicals (reactions (30)±(33) in
Table 1), or carbonate and phosphate radicals

(reactions (26)±(29) in Table 1), of which the for-
mation and loss mechanisms will be described in
more detail below.

Reaction mechanism in the presence of other species

In natural waters, there exist various inorganic

substances and background organic matter (BOM)
which usually reduce the oxidation e�ciency of tar-
get pollutants by consuming signi®cant amounts of

hydroxyl radicals in the H2O2/UV system (reactions
(6)±(9) and (25) in Table 1). These substances are
called hydroxyl radical scavengers since in most

cases their reactions with hydroxyl radicals do not
yield species that propagate the reaction chain.
Carbonate and bicarbonate ions are the most com-
mon inorganic hydroxyl radical scavengers in natu-

ral waters, while humic substances (represented by
S in the reaction pathways) are the most common

organic hydroxyl radical scavengers.
The mechanisms of carbonate species scavenging

hydroxyl radicals have been investigated by several

researchers (Glaze and Kang, 1988, 1989a,b; Peyton
and Glaze, 1988). Carbonate and bicarbonate ions
(CO3

2ÿ/HCO3
ÿ) react with hydroxyl radicals to pro-

duce carbonate radicals, CO3Ç
ÿ and HCO3Ç (reactions

(6) and (7) in Table 1), which are reported to be
similarly active and therefore can be referred to as

one term, CO3Ç
ÿ (Chen and Ho�man, 1975; Larson

and Zepp, 1988). In general, the most signi®cant
reaction of CO3Ç

ÿ is to react with hydrogen peroxide
forming superoxide radicals, HO2Ç (reactions (10)

and (11) in Table 1, Peyton and Glaze, 1988). CO3Ç
ÿ

also reacts with hydroxyl radicals and other free
radicals (reactions (18)±(20) in Table 1). Since CO3Ç

ÿ

is a weak oxidant, it may react with some target or-
ganic compounds (reactions (26) and (27)). But for
the treatment of most organic pollutants, these

reactions are insigni®cant and can be ignored. The
role of phosphate ions in the H2O2/UV process is
similar to that of carbonate ions as represented by

reactions (8), (9) and (12) (Peyton et al., 1987).
Humic substances impact the process e�ciency

by absorbing UV-light, which reduces the photoly-
sis of hydrogen peroxide (reaction (36) in Table 1),

as well as by scavenging hydroxyl radicals (reaction
(25) in Table 1). The AdOx2 model does not con-
sider the in¯uence of the by-products which are

formed from both of the above mechanisms, and
the degradation of humic substances from photoly-
sis is ignored (i.e., assume rs,UV=0). However, the

AdOx2 model accounts for the reduction of the
hydrogen peroxide photolysis, as well as target or-
ganic compounds photolysis, due to light absorp-
tion by humic substances (see the photolysis rate

expressions for the photolytic reactions (1), (34),
and (35) in Table 1). This approach has been used
successfully by Liao (1993) and Liao and Gurol

(1995) and Hu (1997).

MODEL EQUATIONS

Governing equation in a CMBR

The mass balance for a species, A, in a comple-
tely mixed batch reactor (CMBR) yields the follow-
ing ordinary di�erential equation:

dCa

dt
� ra, Ca

��
t�0 � Ca0 �7�

in which Ca0 is the in¯uent concentration of species
A, Ca is the concentration of A at time t, and ra is
the overall kinetic rate expression of the species A
in the reaction system.

John C. Crittenden et al.2318



Kinetic rate expressions

Based on the reactions in Table 1, the overall

kinetic rate expressions can be written for inclusion

in equation 7. These species include: H2O2/HO2
ÿ,

HOÇ , HO2Ç /O2Ç
ÿ, CO3Ç

ÿ, HCO3
ÿ/CO3

2ÿ, HPO4Ç
ÿ,

H2PO4
ÿ/HPO4

2ÿ, R1 (or R1
ÿ/R1H), R2 (or R2

ÿ/R2H),

and S,

rH2O2
� rUV,H2O2

�ÿk1�H2O2�� ÿ k2�H2O2��HO�

ÿ k3�HOÿ2 ��HO� ÿ k4�H2O2��HO2�

ÿ k5�H2O2��O2
ÿ� ÿ k10�H2O2��CO3

ÿ�

ÿ k11�HOÿ2 ��CO3
ÿ� ÿ k12�H2O2�

� �HPO4
ÿ� � k13�HO��HO� � k15�HO2�

� �HO2� � k16�HO2��O2
ÿ�, �8�

rHO � rUV,OH��2k1�H2O2�� ÿ k2�H2O2��HO�

ÿ k3�HO��HOÿ2 � � k4�H2O2��HO2�

� k5�H2O2��O2
ÿ� ÿ k6�HO� ÿ k6�HO�

� �CO2ÿ
3 � ÿ k7�HO��HCOÿ3 � ÿ k8�HO�

� �HPO2ÿ
4 � ÿ k9�HO��H2PO

ÿ
4 � ÿ k13�HO�

� �HO� ÿ k14�HO��HO2� ÿ k17�HO��O2
ÿ�

ÿ k18�HO��CO3
ÿ� ÿ k21�HO��R1�

ÿ k22�HO��R2� ÿ k23�HO��R1H�

ÿ k24�HO��R2H� ÿ k25�HO��S�, �9�

rHO2
� k2�H2O2��HO� � k3�HOÿ2 ��HO�

ÿ k4�HO2��H2O2� ÿ k5�O2
ÿ��H2O2�

� k10�H2O2��CO3
ÿ� � k11�CO3

ÿ��HOÿ2 �

� k12�H2O2��HPO4
ÿ� ÿ k14�HO2��HO�

ÿ k15�HO2��HO2� ÿ k16�HO2��O2
ÿ�

ÿ k17�O2
ÿ��HO� ÿ k19�O2

ÿ��CO3
ÿ�

ÿ k30�O2
ÿ��R1� ÿ k31�O2

ÿ��R2�

ÿ k32�HO2��R1� ÿ k33�HO2��R2�, �10�

rCO3
ÿ � k6�HO��CO2ÿ

3 � � k7�HO��HCOÿ3 �

ÿ k10�CO3
ÿ��H2O2� ÿ k11�CO3

ÿ�

� �HOÿ2 � ÿ k18�CO3
ÿ��HO�

ÿ k19�CO3
ÿ��O2

ÿ� ÿ k20�CO3
ÿ��CO3

ÿ�

ÿ k26�CO3
ÿ��R1� ÿ k27�CO3

ÿ��R2�, �11�

rHCOÿ3 � ÿk6�CO2ÿ
3 ��HO� ÿ k7�HCOÿ3 ��HO�

� k10�CO3
ÿ��H2O2� � k11�CO3

ÿ�

� �HOÿ2 � � k19�CO3
ÿ��O2

ÿ�, �12�

rHPO4
ÿ � k8�HO��HPO2ÿ

4 � � k9�HO��H2PO
ÿ
4 �

ÿ k12�HPO4
ÿ��H2O2� ÿ k28�HPO4

ÿ�

� �R1� ÿ k29�HPO4
ÿ��R2�, �13�

rH2PO
ÿ
4
� ÿk8�HPO2ÿ

4 ��HO� ÿ k9�H2PO
ÿ
4 ��HO�

� k12�HPO4
ÿ��H2O2�, �14�

rR1
� ÿk21�R1��HO� ÿ k23�R1H��HO� ÿ k26�R1�

� �CO3
ÿ� ÿ k28�R1��HPO4

ÿ� ÿ k30�R1�

� �O2
ÿ� ÿ k32�R1��HO2�

� rUV,R1
�ÿk34�R1��, �15�

rR2
� ÿk22�R2��HO� ÿ k24�R2H��HO� ÿ k27�R2�

� �CO3
ÿ� ÿ k29�R2��HPO4

ÿ� ÿ k31�R2�

� �O2
ÿ� ÿ k33�R2��HO2�

� rUV,R2
�ÿk35�R2��, �16�

rS � ÿk25�S��HO� � rUV,S�ÿk36�S��: �17�

The solution pH is calculated during the inte-
gration based on solution charge balance assuming
the destroyed parent compounds are completely

converted into carbon dioxide (or strictly speaking,
H2CO3*) and mineral acids.
The simultaneous ordinary di�erential equations

that result from the substitution of the above rate
equations 8±17 into the governing equation 7 were
solved using a backward di�erentiation formula
method (Gear's method) called DGEAR. DGEAR

and the associated nuclei are adaptations of a pack-
age designed by Hindmarsh based on Gear's sub-
routine DIFSUB (Hindmarsh, 1974).

MODEL VERIFICATION ± OXIDATION OF DBCP IN A
CMBR

Glaze et al. (1995) proposed a kinetic model for
the oxidation of organic contaminants using the
H2O2/UV process in a CMBR. Their model was

compared to laboratory experimental results for a
probe compound, 1,2-dibromo-3-chloropropane
(DBCP) (Lay, 1989). The laboratory study was con-

ducted in a cylindrical 70-l (liquid volume) reactor
that had a 33-cm o.d. The UV radiation was pro-
vided by one to four low-pressure mercury lamps
(8.4 W at 254 nm each) symmetrically located in the

A kinetic model for H2O2/UV process 2319



reactor. The optical path length of the system was

determined to be 15.8 cm. The UV-light intensity

(I0) at 254 nm for one, two, three, and four lamps

in the reactor was measured to be 0.26, 0.52, 0.77,

and 1.04�10ÿ6 eins./l s, respectively.
As stated previously, AdOx2 does not assume

the net rate of production of radical species is zero,

whereas the kinetic model of Glaze et al. (1995)

did. In addition, AdOx2 addresses more chemical

reactions and includes light absorption by back-

ground organic matter (BOM). The pH change of

the solution is predicted assuming that the parent

compound, DBCP, is completely converted into

mineral acids (HCl and HBr) and carbon dioxide.

(This assumption would yield the largest impact

of pH change on the model predictions.) The

assumption appears to be valid based on the exper-

imental observation of Lay (1989) that the loss of

DBCP corresponded to appropriate stoichiometric

increases in bromide and chloride ions, and only a

trace of chloracetic acid and other by-products were

detected. Similar observations were reported by

Milano et al. (1990).

The experimental data from the modeling study

of Glaze et al. (1995) was used to verify the

AdOx2 model (the consideration of BOM will not

be veri®ed in this modeling study). The following

parameters reported by Lay (1989) and Glaze et al.

(1995) are used in this modeling study. The second

order rate constant between DBCP and hydroxyl

radicals is 1.5� 108 Mÿ1 sÿ1 (k21); the molar extinc-

tion coe�cient and the photolysis quantum yield of

DBCP at the wavelength of 254 nm are

14.7 Mÿ1 cmÿ1 (eDBCP) and 0.49 (FDBCP), respect-

ively. The rate constants for reactions between

DBCP and other radicals (CO3Ç
ÿ, O2Ç

ÿ, and HO2Ç )

are all assumed to be negligible as compared to

HOÇ .

Figure 1 demonstrates that AdOx2 can accu-

rately predict the DBCP and hydrogen peroxide

data from Lay (1989) for one experiment. Similar

agreements are found for other experiments. If the

DBCP data is plotted as ln(C/C0) vs reaction time,

the data falls on a straight line. This means the

degradation of DBCP in the H2O2/UV process fol-

lows a pseudo-®rst order kinetics,

ln

�
C

C0

�
� ÿk0t, �18�

in which C and C0 are the concentrations of DBCP

at any time t and initial time, respectively; and k0 is

the pseudo-®rst order rate constant for overall

degradation rate of DBCP. Consequently, the com-

parisons between model predictions and experimen-

tal results will be expressed in terms of pseudo-®rst

order rate constants, k0. The measured k0 and the

predicted values for DBCP from both the model of

Glaze et al. (1995) and the AdOx2 model are com-

pared in Table 2 and Figs 2±6. In Table 2, D%
represents the residual between the calculated k0
from AdOx2 and experimental data.

D% � 100� kAdOx ÿ kexperiment

kexperiment
: �19�

The average residual value for all experiments is

13.6%. AdOx2 gives a better prediction for most

of the experiments as compared to the model of

Glaze et al. (1995) that utilizes the pseudo-steady

state assumption and constant pH assumption.

The impact of assuming pseudo-steady-state and

constant pH for several cases are compared in

Table 3. The two assumption model in Table 3

assumes that both assumptions are valid. The con-

stant pH model does not assume pseudo-steady-

state. The AdOx2 model predicts the pH change

and does not utilize the pseudo-steady-state

assumption. According to Table 3, the pseudo-

steady-state assumption has the greatest impact on

the pseudo-®rst order rate constant. As expected,

the rate is lower when the pseudo-state-state

Fig. 1. The comparison between AdOx model prediction and experimental result for one experiment
(operating parameters: [H2O2] = 1.00 mM, [DBCP]0=1.83 mM, CT,CO3

=4 mM, pH 8.4,
I0=1.04� 10ÿ6 eins./l s).
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assumption is invoked because the hydroxyl radical

species concentration is higher when it is not

invoked. In addition, the rate constant is slightly

higher when pH is allowed to decreased as the

result of acid production. There is a di�erence

between ``the two-assumption model'' and the

model of Glaze et al. (1995) which is reported in

Table 2, and this may due to the di�erences in reac-

tion mechanisms and ODE solvers used in the com-

putation programs.

The performance of AdOx2 under various con-

ditions as well as an analysis of the e�ects of di�er-

Table 2. Comparison of experimental measured, Glaze et al.'s model predicted, and AdOx2 model predicted pseudo-®rst-order rate con-
stants of DBCP degradation

[R0]
(mM)

[H2O2]
(mM)

I0
(eins./l s)

[CT,CO3
]

(mM)
pH k0 (�105 sÿ1) EE/O (kWh/kgallon-

order)

Glaze et al.'s
model

experiment AdOx2
model

D (%) experiment AdOx2
model

Group I (changing [H2O2]0)
1.63 0.054 1.04� 10ÿ6 4 8.4 4 26.5 34.2 29.0 14.6 11.3
1.43 0.096 1.04� 10ÿ6 4 8.3 8 30.7 39.2 27.7 12.6 9.90
1.42 0.35 1.04� 10ÿ6 4 8.4 15 61.9 64.7 4.5 6.30 6.00
1.55 0.56 1.04� 10ÿ6 4 8.5 24 81.5 80.4 ÿ1.3 4.77 4.83
1.83 1 1.04� 10ÿ6 4 8.4 56 106 101.4 ÿ1.5 3.67 3.83
1.77 1.5 1.04� 10ÿ6 4 8.4 70 108 111.9 3.6 3.60 3.47
1.5 3 1.04� 10ÿ6 4 8.4 81 107 107.7 0.7 3.63 3.60
1.52 4.4 1.04� 10ÿ6 4 8.4 74 85.5 92.0 7.6 4.53 4.20
3.06 6.6 1.04� 10ÿ6 4 8.5 58 70.9 71.1 0.3 5.47 5.47

Group II (changing [H2O2]0)
1.11 0.26 1.04� 10ÿ6 0.1 8.1 236 258 228.4 ÿ11.5 1.50 1.70
1.47 0.5 1.04� 10ÿ6 0.1 8.4 267 272 244.2 ÿ10.2 1.43 1.60
1.35 0.79 1.04� 10ÿ6 0.1 8.0 274 271 241.9 ÿ10.7 1.43 1.60
1.32 1.5 1.04� 10ÿ6 0.1 8.2 236 229 220.5 ÿ3.7 1.70 1.77
1.14 3 1.04� 10ÿ6 0.1 8.2 172 160 165.1 3.2 2.43 2.33

Group III (changing [H2O2]0)
1.81 0.27 0.52� 10ÿ6 4 8.3 18.9 31.6 67.2 10.3 6.13
2.08 0.54 0.52� 10ÿ6 4 8.3 23.7 43.2 82.3 8.17 4.50
1.23 1 0.52� 10ÿ6 4 8.4 52.5 53.7 2.3 3.70 3.60
1.33 1.5 0.52� 10ÿ6 4 8.4 55.9 57.8 3.4 3.47 3.37
1.18 3 0.52� 10ÿ6 4 8.5 45.8 53.7 17.2 4.23 3.60
1.16 3.85 0.52� 10ÿ6 4 8.3 41.5 48.8 17.6 4.47 3.97
1.8 6 0.52� 10ÿ6 4 8.2 26.8 37.7 40.7 7.23 5.13

Group IV (changing I0)
1.38 1 0.26� 10ÿ6 4 8.4 30.2 27.8 ÿ7.9 3.20 3.50
1.23 1 0.52� 10ÿ6 4 8.4 52.5 53.7 2.3 3.70 3.60
1.16 1 0.77� 10ÿ6 4 8.4 75.7 77.3 2.1 3.83 3.77
1.83 1 1.04� 10ÿ6 4 8.4 106 101.4 ÿ1.5 3.67 3.83

Group V (changing I0)
1.09 1.5 0.26� 10ÿ6 4 8.4 25.3 29.5 16.6 3.83 3.30
1.33 1.5 0.52� 10ÿ6 4 8.4 55.9 57.8 3.4 3.47 3.37
1.44 1.5 0.77� 10ÿ6 4 8.4 82.7 84.2 1.8 3.50 3.47
1.77 1.5 1.04� 10ÿ6 4 8.4 108 111.9 3.9 3.60 3.47

Group VI (changing CT)
2.34 1 1.04� 10ÿ6 0.01 7.2 228 285.6 25.3 1.70 1.37
1.91 1 1.04� 10ÿ6 1 8.1 179 171.6 ÿ4.1 2.17 2.27
1.42 1 1.04� 10ÿ6 2 8.4 150 137.7 ÿ8.2 2.60 2.80
1.83 1 1.04� 10ÿ6 4 8.4 106 101.4 ÿ1.5 3.67 3.83

Group VII (changing pH)
1.01 1 1.04� 10ÿ6 4 10.4 23.7 27.5 16.0 16.4 13.5
1.04 1 1.04� 10ÿ6 4 9.4 36.1 46.5 28.8 10.7 8.03
1.83 1 1.04� 10ÿ6 4 8.4 106 92.8 ÿ12.5 3.67 3.83
1.02 1 1.04� 10ÿ6 4 7.4 132 119.3 ÿ9.6 2.93 3.13
1.15 1 1.04� 10ÿ6 4 6.4 196 160.4 ÿ18.2 1.97 2.33
1.32 1 1.04� 10ÿ6 4 5.4 219 243.3 11.1 1.77 1.53
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ent operating conditions on the treatment e�ciency

of the H2O2/UV process are discussed in more
detail below.

E�ect of initial hydrogen peroxide concentration on

DBCP degradation

The data from the experimental groups I-III
(see Table 2) reveal the e�ect of the initial hydro-

gen peroxide concentration on the performance of
the H2O2/UV process for various total inorganic
carbonate concentrations and di�erent incident

UV-light intensities. These e�ects are also illus-
trated in Figs 2±4. At low initial hydrogen per-
oxide concentration levels, increasing the hydrogen

peroxide concentration increases the DBCP degra-
dation rate. However, when the hydrogen peroxide
concentration becomes high, the excess hydrogen

peroxide consumes hydroxyl radicals as indicated by

reactions (2) and (3), and the DBCP degradation rate

decreases. Consequently, for a given light intensify,

there is an optimum hydrogen peroxide concentration

with regard to the organic pollutant removal e�ciency

of the H2O2/UV process.

As can be seen from Figs 2 to 4, AdOx2 predicts

the experimental observations very well for most of

the experiments. In the case of low intensity UV

irradiation (I0=0.52�10ÿ6 eins./l s, AdOx2 pre-

dictions for high or low H2O2 concentrations

([H2O2]0R0.54 mM, or [H2O2]0=6 mM) do not

agree with observations as shown in Fig. 4. Under

these conditions, the hydroxyl radical concentration

is low and the direct photolysis of DBCP becomes

the principal mechanism of DBCP decomposition.

The disagreement between the model predictions

and observations under these situations may be due

Fig. 2. E�ect of initial hydrogen peroxide concentration on the pseudo-®rst-order rate constant for the
oxidation of DBCP (operating parameters: CT,CO3

=4 mM; I0=1.04�10ÿ6 eins./l s).

Fig. 3. E�ect of initial hydrogen peroxide concentration on the pseudo-®rst-order rate constant for the
oxidation of DBCP (operating parameters: CT,CO3

=0.1 mM; I0=1.04� 10ÿ6 eins./l s).
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to an inaccurate estimation of the photochemical
parameters of DBCP, i.e., eDBCP and FDBCP.

E�ect of initial hydrogen peroxide concentration on
H2O2 consumption

According to Beer±Lambert law and the de®-
nition of overall quantum yield, under UV ir-
radiation, the overall photolysis rate of a pure
hydrogen solution can be expressed as follows:

rH2O2
� ÿFTI0�1ÿ eÿD�, �20�

D � 2:303eb�H2O2�, �21�
in which FT is the overall quantum yield of hydro-
gen peroxide, I0 is the incident UV-light intensity, e
is the molar extinction coe�cient of hydrogen per-

oxide at the irradiation wavelength, b is the optical
path length of the system, [H2O2] is the hydrogen
peroxide concentration; D is the optical density of

the system, which primarily depends on hydrogen

peroxide concentration. The rate expression can be

simpli®ed when D is very small or very large as fol-

lows.

When D is small, the decomposition of hydrogen

peroxide follows a ®rst order kinetics,

rH2O2
� ÿFTI0�1ÿ eÿD�1ÿ FTI0D

� ÿ2:303ebFTI0�H2O2�: �22�

While when D is large, it is zero order,

rH2O2
� ÿFTI0�1ÿ eÿD�1ÿ FTI0: �23�

In the DBCP experiments, D values ranged from

about 0.0375 to about 4, and in most cases, it was

around 0.65. Data analysis shows that all the exper-

imental results and AdOx2 model predictions of

hydrogen peroxide degradation can be ®t with

either a zero or a ®rst order rate expression with

Fig. 4. E�ect of initial hydrogen peroxide concentration on the pseudo-®rst-order rate constant for the
oxidation of DBCP (operating parameters: CT,CO3

=4 mM; I0=0.52�10ÿ6 eins./l s).

Fig. 5. AdOx model predicted relationship between the initial hydrogen peroxide concentration and the
pseudo-®rst-order rate constant of hydrogen peroxide consumption.

A kinetic model for H2O2/UV process 2323



high correlation coe�cients. A pseudo-®rst order
kinetic rate expression is chosen to study the hydro-

gen peroxide consumption as it is for the DCBP de-
composition.
Figure 5 shows AdOx2 model predictions of the

relationship between the pseudo-®rst order rate con-
stant of hydrogen peroxide consumption and the in-
itial hydrogen peroxide concentration. It indicates

that in addition to impacting the degradation rate
of DBCP, increasing the initial hydrogen peroxide
concentration decreases the pseudo-®rst order rate
constant of hydrogen peroxide consumption. This

implies that using excess hydrogen peroxide for the
process will not only increase the operating cost,
decrease the removal rate of the organic pollutants,

but also leave a high hydrogen peroxide residual in
the treated water.

E�ect of incident UV-light intensity

Figure 6 shows the e�ect of the incident UV-light

intensity on the pseudo-®rst order degradation rate
constants for both DBCP (also see data group IV
in Table 2) and hydrogen peroxide. It can be seen

that the pseudo-®rst order degradation rate con-
stants for both DBCP and hydrogen peroxide are

proportional to the incident UV-light intensity
within the UV-light intensity range studied.

E�ect of total inorganic carbonate concentration

Figure 7 shows the e�ects of the total inorganic
carbonate concentration (CT,CO3

) on the pseudo-
®rst-order rate constants of both DBCP (also see

data group VI in Table 2) and hydrogen peroxide.
Obviously, increasing CT,CO3

decreases the oxidation
rate of DBCP signi®cantly. This is because the car-
bonate species scavenge signi®cant amounts of hy-

droxyl radicals, as previously discussed. However, a
change in CT,CO3

has little e�ect on the consump-
tion rate of hydrogen peroxide. This is expected

because photolysis is the major mechanism for
hydrogen peroxide loss.

E�ect of pH

Figure 8 shows the e�ect of initial solution pH
on the pseudo-®rst order rate constants of both
DBCP (also see data group VII in Table 2) and

Fig. 6. E�ect of incident UV-light intensity on pseudo-®rst-order rate constants of both DBCP and
hydrogen peroxide degradation (operating parameters: CT,CO3

=4 mM; [H2O2]0=1.00 mM).

Table 3. Sensitivity analysis: comparison of AdOx2 predictions vs two-assumption model, and constant pH assumption model predic-
tions

[R0]
(mM)

[H2O2]0
(mM)

I0
(eins./l s)

[CT,CO3
]

(mM)
pH k0 (�105 sÿ1)

experiment two-assumption
model

const. pH
model

AdOx2
model

1.63 0.054 1.04� 10ÿ6 4 8.4 26.5 8.54 33.5 34.3
1.43 0.096 1.04� 10ÿ6 4 8.3 30.7 10.3 38.9 39.1
1.42 0.35 1.04� 10ÿ6 4 8.4 61.9 16.8 60.9 64.0
1.55 0.56 1.04� 10ÿ6 4 8.5 81.5 19.4 71.2 79.0
1.83 1 1.04� 10ÿ6 4 8.4 106 24.4 92.6 98.4
1.77 1.5 1.04� 10ÿ6 4 8.4 108 25.8 101.1 107.5
1.5 3 1.04� 10ÿ6 4 8.4 107 23.7 95.8 101.4
1.52 4.4 1.04� 10ÿ6 4 8.4 85.5 20.1 81.2 85.7
3.06 6.6 1.04� 10ÿ6 4 8.5 70.9 14.9 59.4 65.8
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hydrogen peroxide. When the total inorganic car-

bonate concentration is held constant, an increase

in initial solution pH decreases the oxidation rate

of DBCP signi®cantly. This is because the carbon-

ate ion (CO3
2ÿ) concentration increases with increas-

ing pH, and CO3
2ÿ is a much more e�ective

scavenger of hydroxyl radicals than HCO3
ÿ (see the

second order rate constants in Table 1). In addition,

the dissociated form of hydrogen peroxide (HO2
ÿ) in

alkaline media reacts with hydroxyl radicals more

than two orders of magnitude faster than hydrogen

peroxide does. Higher pH values slightly enhance

the decomposition of hydrogen peroxide for the

same reason. Furthermore, the molar extinction

coe�cient of HO2
ÿ is more than ten times greater

than that H2O2 (with the same quantum yield as

H2O2), and thus increases the hydrogen peroxide

decomposition.

pH change during reaction, which is caused by

Brÿ, Clÿ, and CO2 (H2CO3*) formation, is import-

ant. When the inorganic carbonate concentration is

relatively high (CT=4 mM), and the solution is well

bu�ered, the AdOx2 model predicts the solution

pH only drops about 0.2 unit (for a typical run, pH

changes from 8.4 to 8.22). This small pH drops sig-

ni®cantly a�ects the process e�ciency because of

the change in carbonate/bicarbonate ion distri-

bution. When the inorganic carbonate concen-

tration is low (CTR0.1 mM), AdOx2 predicts pH

decreases of 0.63±1.31 units during the process

depending on operating conditions, and this

impacts process performance in a similar fashion.

Fig. 7. E�ect of total inorganic carbonate concentration on pseudo-®rst-order rate constants of both
DBCP and hydrogen peroxide degradation (operating parameters: I0=1.04� 10ÿ6 eins./l s;

[H2O2]0=1.00 mM).

Fig. 8. E�ect of solution pH on pseudo-®rst-order rate constants of both DBCP and hydrogen peroxide
degradation (operating parameters: I0=1.04� 10ÿ6 eins./l s; [H2O2]0=1.00 mM; CT,CO3

=4 mM).
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Unfortunately, the experimental pH values were not

reported; therefore, the predicted pH values could
not be compared to measured values.

Impact of operating parameters on the process e�-
ciency

Figure 9 shows AdOx2 predicted pseudo-®rst
order rate constants of DBCP degradation vs the
initial molar ratio of hydrogen peroxide to the or-

ganic pollutant compound, DBCP, under various
processing conditions. Figure 9 indicates that there
is an optimum oxidant to organic compound ratio
for the destruction of the organic pollutant.

Furthermore, these optimum values and corre-
sponding molar ratio of hydrogen peroxide to the
organic compound are greatly a�ected by process

operating parameters such as incident UV-light
intensity, the total inorganic carbonate concen-
tration in the solution, and the initial solution pH.

Among these process operating parameters, the
inorganic carbonate concentration shows the great-
est e�ect on the process e�ciency. An economic
analysis, such as the EE/O concept introduced by

Bolton and Cater (1994), can be used to determine
whether carbonate removal (perhaps by softening),
pH adjustment, or increasing UV-light intensity is

cost e�ective for a given situation.
Bolton and Cater (1994) introduced a ``®gure of

merit'', electrical energy per order (EE/O), to evalu-

ate the cost e�ciency of photodegradation water
treatment processes. This ``®gure of merit'' (EE/O)
is de®ned as the electrical energy (in kWh) required

to reduce the concentration of a pollutant by one
order of magnitude in 1000 U.S. gallons (3785 l) of
water. The EE/O value for a CMBR may be calcu-
lated from the following equation:

EE=O � P� �t=3600� � 3785

V� log�C0=C �

� 2:42P

Vk0
�kWh=kgallon-order�, �24�

in which P is the lamp power (kW), t is the ir-

radiation time (s), V is the reactor volume (l), C0 is
the initial concentration of the pollutant, C is the
®nal concentration of pollutant at the end of the
UV irradiation, and k0 is the pseudo-®rst order rate

constant of the organic compound degradation (1/
s). According to Bolton and Cater (1994), EE/O
values of 10 or less are considered favorable.

The EE/O values for the DBCP oxidation process
can be estimated according to the preceding
equation. Unfortunately, the electrical power of the

UV lamps was not directly reported (Lay, 1989;
Glaze et al., 1995). However, the UV intensity at
254 nm was measured to be 8.4 w for each lamp (or
expressed as 0.12 w/l each, or 0.26� 10ÿ6 eins./l s
each). Assuming an electrical e�ciency of 30%
(Bolton and Cater, 1994), the EE/O values are cal-
culated and reported in Table 2. It indicates that

applying an optimum hydrogen peroxide dosage,
reducing inorganic carbonate concentration, and
adjusting pH value to a lower level can reduce the

EE/O value. Obviously, increasing UV-light inten-
sity, which corresponds to higher electrical energy
consumption, is not the best way to increase the

pollutant removal rate since it may increase the EE/
O value.

CONCLUSIONS

A dynamic kinetic model (AdOx2) for the
advanced oxidation process using the combination
of hydrogen peroxide and ultraviolet irradiation in
a completely mixed batch reactor (CMBR) has been

Fig. 9. AdOx model predicted relationship between the molar ratio of [H2O2]0/[DBCP]0 and the
pseudo-®rst-order rate constant of DBCP degradation.
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developed in this work. The AdOx2 model is
based on known elementary chemical and photo-

chemical reactions. Literature reported photochemi-
cal parameters and chemical reaction rate constants
are used in this model to describe the kinetic rates

of all the main species in the solution, and to pre-
dict the organic compound destruction. The e�ects
of water quality, such as the presence of carbonate

and bicarbonate ions, pH, as well as the presence of
humic substances, on the process e�ciency are con-
sidered in AdOx2 (although, only the results for

organic-free water is presented here). Unlike most
other kinetic models of H2O2/UV oxidation process,
AdOx2 does not assume that the net formation
rate of free radical species is zero (pseudo-steady

state assumption). It also considers the pH decrease
during the process as mineral acids and carbon
dioxide are formed. The model provides a compre-

hensive understanding of the impact of design and
operational variables, such as initial hydrogen per-
oxide concentration and UV-light intensity on pro-

cess performance, and these design and operational
variables can be optimized using the model.
The following conclusions may be drawn from

the model veri®cation:

1. The AdOx2 model that does not employ
pseudo-steady state assumption and constant pH
assumption gives a better prediction of the

destruction of target organic compound than a
model that uses these assumptions.

2. The presence of inorganic carbonate ions greatly

decreases the e�ciency of the H2O2/UV process
because they scavenge hydroxyl radicals.

3. There exists an optimum hydrogen peroxide

dosage for each set of reactor conditions with
regard to the organic pollutant removal e�ciency
of the H2O2/UV process.
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