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The kinetics of ozone photolysis were investigated experimentally in well-characterized
aqueous solution and by a conceptual kinetic and mechanistic model developed based
on possible reaction pathways. The primary quantum yield of ozone photolysis at 254-nm
wavelength was measured at 20°C as 0.48 + 0.6. The rate of ozone photolysis increased
with increasing light intensity, ozone concentration and pH, and decreased with increas-
ing inorganic carbon concentration in water. The model was able to predict the experi-
mentally observed rate of ozone photolysis quite well for various combinations of UV
light intensity, initial ozone concentration and water characteristics. In the mechanistic
model, the formation of the hydroxyl radical, which is the primary oxidant in the O,/UV
process, was tied to the decomposition of ozone; therefore, the model can now be
extended to predict the oxidation rates of water contaminants by the hydroxyl radical

generated in the O;/UV process.

Introduction

The process of ozonation coupled with ultraviolet radia-
tion (O;/UV) is one of the most effective chemical oxidation
techniques for treatment of contaminated waters and
wastewaters. This process is capable of oxidizing organic sub-
stances at ambient temperature and pressure to innocuous
reaction products, such as carbon dioxide, carboxylic acids,
and halide ions. Since the mid-1970s, it has been applied for
oxidation of cyanides in wastewaters (Garrison et al., 1975) as
well as synthetic organic compounds, for example, oxalic and
acetic acids (Kuo et al, 1977), methyl and ethyl alcohol
(Ikemizu et al., 1987), and trichloroethane, trichloroethylene,
tetrachloroethylene, and chloroform in surface and ground-
water (U.S. EPA Report, 1990). Pentachlorophenol and other
substituted phenols were oxidized successfully treated by ap-
plication of the same process (Gurol and Vatistas, 1987;
Johnson and Gurol, 1988). The O,/UV process was also used
to eliminate the natural organic matter in water in order to
reduce the subsequent formation of trihalomethanes (Glaze
et al., 1983; Arai et al., 1992; Akata and Gurol, 1992).

The process of oxidation by the O,/UYV process in a reac-
tor requires an understanding of the mechanism of ozone

photolysis under UV exposure, the chemical oxidation of the -

organic compounds, and kinetics of ozone transfer from gas
phase into aqueous solution. However, very few of the stud-
ies reported in the literature have addressed these funda-
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mental aspects of the process, or made an attempt to differ-
entiate among the physical and chemical reaction steps. Gen-
erally, the studies were confined to the process feasibility un-
der limited conditions (Kearney et al., 1987); otherwise, the
process was described by empirical models (Khan et al., 1985;
Prengle, 1983; Barker and Taylor, 1985; Peyton et al., 1982).
These models, which use system-specific lumped parameters,
are inadequate to describe the process under different opera-
tional conditions.

The first attempt to identify the mechanism of ozone pho-
tolysis was made by Peyton and Glaze (1988), who confirmed
the formation of hydrogen peroxide as the first reaction in-
termediate of ozone photolysis. It was also proposed that the
secondary reactions lead to the production of hydroxy!l radi-
cal (OH"), the major oxidant in the O,/UV process. How-
ever, very few detailed investigations have been made regard-
ing the kinetics and mechanism of the radical chain reactions
that describe the initial and the subsequent reactions of ozone
photolysis. Tkemizu et al. (1987) reported a decomposition
rate for ozone that was first order with respect to both ozone
concentration and UV light intensity, in the range of 0.03-0.4
mol/m> of ozone and 2-40 W-m ™2 of light intensity, The
decomposition rate showed slight dependence on pH of solu-
tion in the pH range of 2-9. Based on this empirical-rate
expression, the overall quantum yield of ozone decomposi-
tion in aqueous solution without radical scavengers was esti-
mated to be greater than 3 (Morooka et al., 1988). Yao et al.
(1992) attempted to model the oxidation of butyric acid based
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on an extensive list of reactions by assigning values for sev-
eral unknown constants at pH 2 and 7.

Hence, additional research is needed in order to quantity
the rate of ozone photolysis and oxidation of organic com-
pounds by hydroxyl radical and by direct photolysis. To be
able to characterize the process effectively under various op-
erating and water-quality conditions, these reactions should
be investigated separately, and incorporated into a compre-
hensive process model that also includes an expression for
the rate of mass transfer of ozone (Akata, 1994). The objec-
tive of the present article is to investigate the kinetics of ozone
photolysis experimentally in a batch system under controlled
conditions based on the kinetic model composed of antici-
pated elementary reaction steps. In this study, ozone was dis-
solved in water before being exposed to UV light in order to
eliminate the mass-transfer considerations for ozone. The ef-
fects of light intensity, ozone concentration, and the water
characteristics were studied systematically. The experimental
results were then compared to the model predictions for con-
firmation and verification of the kinetic model.

Mechanism of Ozone Photolysis

The principal reactions anticipated during ozone photoly-
sis in pure water, as presented by Peyton and Glaze (1988),
are listed below:

Initiation/Light Absorption

0;+H,0"5H,0,+0, @, )
Propagation

H,0,-2%20H" oI, @)

H,0, < HO, +H" PK, 3 3)

HOZ_ +03 i O3~ +H02' k4 (4)

HO,- » H* + 0~ PK, s (5)

0,7 +0;-0;,7+0, ke (6)

O;-+H*>O0H-+0, k; @)

OH +H,0, - HO,+H,0 kg (®)

OH +HO, — HO,+OH" kg C)]

OH +0; » HO,+0, ko (10)
Termination

20H - H,0, ki, QD

2HO; - H,0, +0, ky, (12)

HO;+0;” +H,0-H,0,+0,+0H" k,; (13)

According to this reaction scheme, photolysis of aqueous
ozone produces hydrogen peroxide as the primary product
(Reaction 1), which then can photolyze directly into hydroxyl
radical (Reaction 2). In addition, the dissociated form of hy-
drogen peroxide, peroxy ion (HO3), reacts also with ozone
(Reaction 4). This reaction leads to the production of ozonide
ion (O3 ) and hydroperoxide radical (HO;), both of which
produce hydroxyl radical as shown by Reactions S to 7. Hy-
drogen peroxide and ozone consume hydroxyl radical, as in-
dicated in Reactions 8 to 10. However, these reactions also
propagate by producing the superoxide radical (HO;™ ), which
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reacts with ozone to generate more hydroxyl radical. In pure
water, chain reactions can be terminated by radical-radical
reactions between the chain carriers OH, O;7, HO,, as de-
scribed by Reactions 11-13.

In pure water decomposition of ozone is also initiated by

hydroxide ion (Staehelin and Hoigne, 1982):

0;+0H™ - HO,+ 0, kg (14
Although this reaction was included in the overall reaction
scheme, it has to be noted that ozone decomposition by this
reaction is too slow compared to ozone decomposition under
UV exposure.

In natural water, bicarbonate and carbonate ions, which
are generally abundant, can participate in various reactions
with the free radicals. These ions might serve as the major
inorganic scavengers of hydroxyl radical (Staehelin and
Hoigne, 1982) as well as the chain carries (Peyton and Glaze,
1988; Liao and Gurol, 1995) as shown below:

OH +HCO;™ - HCO;+OH" ks (15)
OH +CO,~ - CO;  +OH™  ky (16)
HCO,™ < H* +CO,~ K, 1, QD
HCO; = H* +CO;” PK, s (18
CO;” +H,0, > HO;+HCO,™ kyo (19
CO;” +HO,” » 0, +HCO;™  ky (20)
HCO3/CO;~ +1 — Products k; @D

Here the reactions of hydroxyl radical with bicarbonate and
carbonate ions (Reactions 15 and 16) produce bicarbonate
and carbonate radicals (HCO; and CO;™ ), which propagate
the chain by reacting with hydrogen peroxide (Reactions 19
and 20). These radicals might also react with other scav-
engers (I) present in water matrix, as shown by Reaction 21.
The rate and equilibrium constants for Reactions 3-20 re-
ported for room temperature (20-23°C) are presented in
Table 1.

Kinetic Model

According to the reaction mechanism proposed for pure
water, decomposition of ozone is initiated by its interaction
with UV light, which constitutes the primary step of photoly-
sis, and the subsequent radical reactions further contribute to
decomposition of ozone. Hydrogen peroxide is expected to
be the only stable reaction intermediate. Based on this pro-
posed mechanism, the overall rate of change in the concen-
trations of dissolved ozone and hydrogen peroxide in a batch
reactor can be expressed as follows:

- d[03]/dt = (Dpla + k4[H02_ ][03] + k5[02_ ][03]
+ k1o[OH J[O,]1+ k ,JOH™ ][0,] (22)
d[H,0,1/dt = @, I, + ky,[OH T + k1, [HO; I
+ k3[HO;1[0;7 10, 1, — k,[HO, ™ ][05] - k4[OH '][H,0,]
— ko[OH 1[HO, ™ 1- k%IH,0,1[CO;~1 (23)
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Table 1. Rate and Equilibrium Constants for Principal
Reactions of Ozone Photolysis

Rate Constant

M~ 1-s71)
Equilibrium
Constant Constant (pK,) Reference
PK, 3 11.8 Sauer et al., 1984
ky 2.8%x10° Staehelin and Hoigne, 1982
PK, 5 4.8 Rabani and Nielsen, 1969
ke 1.6x10° Buhler et al., 1984
k, 5.2x1010 Buhler et al., 1984
kg 2.7x107 Christensen et al., 1982
kg 7.5%x10° Christensen et al., 1982
k1 3.0x10° Bahnemann and Hart, 1984
ky 5.5x%10° Farhataziz and Ross, 1977
ks 7.6%10° Bielski and Allen, 1977
ki 8.9x107 Bielski and Allen, 1977
ki 70 Staehelin and Hoigne, 1982
ks 3.6x107 Weeks and Rabani, 1966
kg 42x108 Weeks and Rabani, 1966
PK, 17 10.3 Larson and Buswell, 1942
PK, 15 7.9 Eriksen et al., 1985
kig 8.0x10° Behar et al., 1970
ky 5.6x%107 Behar et al., 1970
where
ko= (ki ofH" [+ ky0 K, 3)/THT] (24)
The term (Z)p represents the decomposition rate of ozone

by the initiation reaction. The (])p is the primary quantum
yield of ozone photolysis, which is defined as the number
of moles of ozone decomposed per mole of light photons
absorbed by ozone. The I, is the average rate of photon
absorption by dissolved ozone. The average primary decom-
position rate of ozone can be expressed explicitly on the basis
of the Beer’s Law as follows:

=0, 1,=0,1,(1—¢

—2.3A)

—(d[Os]/dr) 25

where I, is the incident UV light intensity and A is the aver-
age light absorption by ozone. The absorption coefficient for
ozone has been reported to be 3,600 M~'.cm™! at a wave-
length of 254 nm (Bahneman and Hart, 1984). Due to the
strong light absorption, I, can be assumed to be about equal
to I,, that is, ozone functions like an actinometer. As a re-
sult, Eq. 25 can be simplified into Eq. 26:

—(dlOs]/d) ,= (1, (26)

The term, (]) in Eq. 23 describes the average decomp051-
tion rate of H O2 by the primary photolysis step. The (Z)
the primary quantum yield and I, is the rate of UV hght
absorption by H,O,. It should be noted that H,0, does not
absorb UV light strongly, and ', which is the absorption co-
efficient for H,O,, is only 19.6 M~ '-cm~! at 254 nm
(Baxendale and Wilson, 1956). As a result, Eq. 27, which de-
scribes the rate of primary photolysis of hydrogen peroxide in
planar geometry according to the Beer Lambert Law, can be
reduced to Eq. 28 for low concentrations of hydrogen perox-
ide based on Taylor series expansion:
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(d[H,0,1/dt) , = Q) I,

=23¢,a'b'I,[H,0,]

(Z);Io(l _ e—2.3a'b’[H202]) @n

(28)

The path length of the light at a given wavelength (b) de-
pends upon the type, the geometry, and the construction ma-
terial of a reactor as well as the transmitting medium and the
type of the absorbing molecule. Since the reactor used in this
study has a cylindrical geometry, and the primary interest in
this study is to determine the spatial-average rates of reac-
tions involving average concentrations of ozone and hydrogen
peroxide rather than the exact distribution of light intensity
within the reactor, the average hydrogen peroxide rate of
change in our reactor can be described by the following
semiempirical expression:

(d[H,0,]/dt), = 2.3¢;a’befi I,[H,0,] 29)
where by is called the “effective” optical pathlength of UV
light in the experimental reactor for hydrogen peroxide.

To be able to evaluate the experimental results based
on the kinetic expressions given by Egs. 22-29, the
primary quantum yield for ozone photolysis ({9,) and the “ef-
fective” optical pathlength of UV light in the experimental
reactor for hydrogen peroxide need to be determined inde-
pendently. The primary quantum yield for hydrogen peroxide
photolysis ((Z) ) is already provided in the literature as 0.5
(Hunt and Taube 1952; Baxendale and Wilson, 1956).

Experimental Methods

The apparatus used in this study includes an ozone gas
generator, a photochemical chamber, a reaction vessel, and
two UV spectrophotometers for ozone measurements (Figure
1. The experiments were conducted under batch conditions
in a quartz vessel. The vessel was placed in a chamber that
contained concentrically placed 16 removable low-pressure
mercury lamps that emit UV light primarily at 254 nm (that
is, 93% of the light emitted in the UV range) at a power
rated as 2.2 W per lamp. The UV dosage was controlied by
keeping the desired number of UV lamps in the chamber.
The cylindrical reaction vessel had an inner diameter of 13
cm, and was filled to contain 2 L of solution during experi-
ments. It was equipped with openings for ozone gas inlet and

Liquid Sample

(—4—@__

UV spectrophotometer for
03 in liquid measurement

O3 stream
influent

UV reactor 4

and UV spectrophowmets:
Reactor vessel Gas
TotazmeWwI
Figure 1. Experimental setup.
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outlet for liquid sampling. A glass diffuser was used to sparge
ozone gas into the solution. The solution in the reaction ves-
sel was mixed by a magnetic stirrer during ozonation and the
UV exposure, and the experiments were conducted at a tem-
perature of 20+ 1°C. The increase in the temperature of the
solutions due UV exposure was less than 1°C. Ozone gas was
generated from oxygen by using Welsbach T-408 ozone gen-
erator. Ozone gas concentration in the influent and effluent
gas was measured continuously by a UV spectrophotometer
that was calibrated by the potassium iodide method (Stan-
dard Methods, 1985).

Ozone/oxygen gas was bubbled into the reaction vessel
containing the solution for about 10 minutes until steady-state
conditions were reached. The gas flow was then turned off.
The initial dissolved ozone concentration in solution was
measured as 0.08-0.25 mM, depending on the pH of the so-
lution. The solution was then exposed to the UV radiation at
an incident light intensity of 1.5x107% to 58X 107° ein-
stein/L-s. The decomposition of ozone as a function of time
was measured by pumping the reactor content continuously
through a flow cell placed in a UV spectrophotometer. The
dissolved ozone concentration was monitored by measuring
the UV absorbance of the solution at a wavelength of 258
nm. The spectrophotometers were calibrated by the potas-
sium iodide method (Standard Methods, 1985). The range of
reproducibility with this technique was +5% of the average
ozone concentration.

The intensity of the UV lamps as received in the reactor
was measured by the method of ferrioxalate actinometry
(Parker, 1953; Hatchard and Parker, 1956). In this method,
ferrioxalate is reduced by UV light to ferrous iron, which
forms a stable complex with 1,10-phenanthroline. The fer-
rous-1,10-phenanthroline complex can be detected by a spec-
trophotometer at a wavelength of 551 nm. The ferrioxalate
solution was radiated under exactly the same conditions as
ozone photolysis, and the light intensity received was esti-
mated based on a quantum yield of 1.25 mole ferrous iron
formed per einstein light photons absorbed by the actinome-
ter (Parker, 1953; Hatchard and Parker, 1956). The number
of UV lamps used in the photochemical chamber vs. the UV
light intensity measured by actinometry is presented in Fig-
ure 2.

MPWHE FWWE FRWE RWWe e Fww

y = 017917 + ?.68125: R= 0'99801

0. 0 P—r—r—r
0 5 10 15

Number of Lamps

Figure 2. UV light intensities vs. number of UV lamps.
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The concentration of hydrogen peroxide in solution was
determined by the method of horseradish peroxidase—cata-
lyzed oxidation of N,N,diethyl-p-phenylene-diamine (DPD)
(Bader and Hoigne, 1988). Samples of 10 mL were taken from
the reaction vessel and transferred into the vials containing
horseradish peroxidase and DPD. The color of solutions was
quantified as light absorbance at 558 nm. Hydrogen peroxide
(% 30) was purchased from Fisher Chemical company.
Horseradish peroxidase and N, N-diethyl-p-phenylene-di-
amine were obtained from Sigma Chemical. Potassium triox-
alatoferrate was purchased from Alfa company.

The aqueous solution was prepared with or without ACS-
certified sodium bicarbonate to adjust the total inorganic car-
bon concentrations (C;) in the range of 0-10 mM. The pH
was then adjusted to 2-9 by dilute H,S0O, and NaOH solu-
tions. For measurement of the primary quantum yield for
ozone photolysis, additional experiments were conducted on
concentrated HCIl solutions (0.02-0.2 N). The optical path
length of the experimental system was measured by using so-
lutions of hydrogen peroxide (0.23 mM) in the presence of
allyl alcohol (CH, = CH— CH,OH), as described later in the
text,

Primary Quantum Yield of Ozone Photolysis

According to the presented mechanism of ozone photoly-
sis, the primary decomposition rate of ozone is expected to
be equivalent to the overall decomposition rate in a2 medium
where the secondary chain reactions of ozone with HO, ™,
0,7, and OH, and the decomposition of ozone initiated by
OH™ are inhibited. The reactions of ozone with HO,  and
O, and OH™ can be eliminated in a highly acidic solution
where these species exist in negligible concentrations ( pK,,
of H,0,, HO; and H,O are 11.8, 4.8, and 14, respectively).
Furthermore, in the presence of a high concentration of an
OH " scavenger, the reaction of OH" with ozone is expected
to be eliminated as well. Thus, the average overall ozone de-
composition rate under these conditions can be expressed as
a zero-order reaction, as presented by Eq. 26. Integration of
Eq. 26 results in

[0;1=10s], - 0,1t =[0;], — k ¢ (30)

where [O,], is the initial ozone concentration and [O;] is the
average ozone concentration at time ¢ in solution. Hence,
when the experimental data are obtained in the acidic solu-
tion containing radical scavengers, ozone concentration as a
function of time is expected to produce a straight line. The
(Z)p can then be determined by plotting the slope (k,) ob-
tained at various light intensities (/,) as a function of the
corresponding light intensity.

Concentrated HCI solutions were used for determination
of the primary quantum yield. Since the Cl™ ion is highly
reactive toward OH " radical, concentrated HCI solution is
expected to work as an effective trap for OH ' radicals. The
reaction of C1~ with the OH " radical might lead to a set of
chain reactions that are presented in Table 2 (Jayson et al.,
1972; Chameides and Stelson, 1992). The initial reaction of
OH " with C1~ produces Cl° which further reacts with C1™ to
produce Cl,(g). These reactions can also produce HO;; how-
ever, since no appreciable amounts of O,~ will be present in
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Table 2. The Anticipated Reactions of C1 ~ in O,/UV

Process
Equilibrium or
Reaction Rate Constant
OH +ClI"+H* > H,0+Cl' 20x10"0 M~2.571
Cl'+Cl™ =« Cl,~ 2x10° M
Cl,” +Cl,” - Cl(@+2C1- 1.4Xx1010 M~ t.s!
Cl,” 40, > 201 +0, 1x10° M~ 17!
Cl,” +H,0, -»2Cl~ +H* +HO; 14x10° M~ 157!

the highly acidic solution, this reaction should not propagate
the chain. It should also be noted that the reaction of Cl~
with O; is negligible due to its very low rate constant of 3 X
1072 M~!-s~! (Hoigne et al., 1985). Hence, according to the
existing literature, HCl is not expected to promote the de-
composition of ozone. To confirm this hypothesis, the experi-
ments were conducted at various concentrations of HCl in
the range of 0.02-0.2 N.

Before the photolysis experiments were started, ozone gas
was sparged into the HCl solution until the ozone concentra-
tion in the solution was stabilized. Ozone dosage was kept at
45 mg per liter of gas for all the experiments. The ozone
concentrations reached under these conditions were ob-
served to vary inversely with the strength of the HCl solution.
This is probably due to the inverse dependence of ozone sol-
ubility on the ionic strength of the solution (Gurol and Singer,
1982). After the ozone gas was turned off, the solutions were
exposed to the UV radiation.

The aqueous ozone concentration measured as a function
of time at various HCl concentrations and a UV light inten-
sity of 4.4x 1079 einstein/L-s is shown in Figure 3. These
experimental results support the contention that ozone de-
composition reaction is zero order with respect to ozone con-
centration when the secondary reactions are quenched effec-
tively (Eq. 26). The zero-order rate constant determined from
the slopes of the straight lines for different HCl concentra-
tions is equal to (2.18+0.08)x10~° M-s™ !, Furthermore,
there is no apparent dependence of the rate constant on the
solution strength, confirming that reactions of CI~ do not
promote ozone decomposition.

In Figure 4, the ozone concentration is shown as a function
of time for various light intensities in 0.1 N of HCI solution.

—e— HCI=0.02 N ]
—&— HCI=0.05 N
—%—HCI=0.10 N
—o—HCI=0.20 N

1=4.4x10° E/L-s

1

Az- -
=

R -
° 1. -

dbdddasaalasaalaasalaaasi,
L]

0 20 40 60 80 100 120
Time (s)
Figure 3. Photolysis of ozone in HCI solutions.
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Figure 4. Photolysis of ozone at various light intensi-
ties.

The zero-order rate constant (k, = (), 1,) was calculated from
the slopes of the straight lines of the ozone profiles, and re-
plotted as a function of the corresponding I, in Figure 5.
The slope of the straight line in this figure yields (Z)p as 0.48
+0.06. Taube (1956) reported the quantum yield of ozone
disappearance in acetic acid solution at a wavelength of 254
nm as 0.62. The higher quantum yield reported by Taube
could be because of the nonspecific iodometric method used
for ozone measurement. Hydrogen peroxide and organic per-
oxides interfere with the iodometric measurement of ozone.
Furthermore, acetic acid may not provide enough radical
scavenging capacity, and may also promote ozone decomposi-
tion.

Ozone photolysis in gas phase has been investigated in the
UV wavelength range of 248-266 nm by several investigators
(Biedenkapp and Bair, 1970; Jones and Wayne, 1970; Philen
et al.,, 1977). It was suggested that the photolysis of ozone in
gas produces excited oxygen atom O('D) and ground state
oxygen atom O(3Pj), which propagate the chain reaction
leading to further ozone decomposition. Based on the mea-
surements of O('D) and OCP)), the primary quantum yield
for gaseous ozone decomposition was reported to be about

3. 00— rrrrtrrrtrrrrrrrr b
2.50+ 3
~ 2.00-- -.-
L - e
I s
s 1.507 -_l-
Z - Slope=@ =0.48 + 0.06 ]
- o -
100 R’=0.9960 T
0.50F +
0.00 :.. st aaaa baa ot oo e salaa ..:

0 1 2 3 4 5 6

1,(10° Einstein/L-s)

Figure 5. Ozone photolysis rate constant vs. UV light
intensity.
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1.0. Hence, it can be concluded that the primary quantum
yield of ozone photolysis in the UV wavelength of about 254
nm in aqueous solution is about half of the yield in the gas
phase.

Effective Optical Path Length in the Experimental
Reactor for Hydrogen Peroxide

The light path for hydrogen peroxide in the experimental
reactor was determined by measuring the photolysis rate of
H,0, at a low concentration (2.3x10™* M) to make sure
that Eqgs. 28 and 29 would be applicable. Allyl alcohol at 0.1
M was added to the solution as a scavenger for OH " radicals
in order to quench the secondary reactions (Volman and
Chen, 1959). The solution pH was then adjusted to 7. Under
these conditions, the decomposition of hydrogen peroxide can
be described by Eq. 29, which upon integration for a batch
reactor yields:

In([H,0,1/H,0,), = =230, a'byl,1 =~ ks (31)

This expression indicates that the first-order rate constant
(k) to be obtained for decomposition of H,O, will be a
function of (DI’,, 1,, d, and b.. In Figure 6, the results of the
experiments with H,O, are presented according to Eq. 31.
The decomposition of H,O, follows a first-order reaction
with respect to H,O, concentration, as expected. The first-
order reaction rate constant (k;) calculated for each I, was
replotted as a function of the corresponding I, in Figure 7.
For (o, =05 and & =19.6 M~ "-cm™!, b,; was estimated
from the slope of the straight line in Figure 7 as 10.3+1.9
cm. This is a reasonable value for b, considering that the
reactor used in this study has an inner diameter of 13 cm.

Method of Solution of the Model Equations

The average rates of change of ozone and hydrogen perox-
ide concentrations in the O3;/UV process can now be de-
scribed by Egs. 22-29. The solution to these equations, which
include two nonlinear ordinary differential equations, is not
accessible by analytical methods. In this study, a computer
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[ 3]
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w
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v
™
<

[ H,0,] =0.23 mM

Aliyl Alcohol =0.1 M ¢

—® I, =30 x 10°E/Ls
—®—] =58 x 10° E/L-s
—* I, =110 x 10° E/L-s

In [Hzoz]/[Hzoz]o

'
w
<

]
-
]

0 5 10 15 20 25 30 35 40
Time(10? s)

Figure 6. Photolysis of hydrogen peroxide by UV radia-
tion.
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Figure 7. Hydrogen peroxide photolysis rate constant
vs. UV light intensity.

program was designed on a spreadsheet (Excel 4.0) by using
the fourth-order Runga-Kutta algorithm to solve the equa-
tions numerically (Gerald and Wheatley, 1983). The two dif-
ferential equations (Egs. 22 and 23) were first reduced to a
function of only the concentration of the two stable molecules,
ozone, and hydrogen peroxide. This was accomplished by as-
suming steady-state conditions for all the radical species and
instantaneous equilibrium for all the acid/base conjugates.
The initial ozone concentration, the light intensity, the water
characteristics in terms of the pH, the total inorganic carbon
concentrations, and the values of the rate constants were
provided as inputs into the computer program. The time step
for the integration process was set at 0.5 s, which was suffi-
cient to provide negligible round-off error at each time step.
The program was run to predict the concentrations of ozone
and hydrogen peroxide as a function of time within the de-
sired time interval.

It was found that the contribution of the radical-radical
termination reactions, presented by Egs. 11-13, to the over-
all reaction mechanism was negligible due to very low radical
concentrations. The contribution of self-decomposition of
ozone described by Eq. 14 was also negligible due to very
small rate constant. The sensitivity of the model was also
tested for k;, which is the rate constant of the reactions of
HCOj and CO;™ by any reactant other than H,0,/HO,".
Since in our test solutions, carbonate ions were the only such
reactants, and there is no information in the literature re-
garding the rate of these reactions, it was assumed that HCO;
and CO;~ react with carbonate ions with an unknown rate
constant of k,. The sensitivity of the model to k, was then
tested by solving the model equations for k; values in the
range of 10° to 10° M~! s~ for various concentrations of
total inorganic carbon, Cr, in the range of 0.8-10 mM. It
should be noted that the typical rate constants for the reac-
tion of CO;~ with inorganic species are in the range of
10°-10° M~! s~ ! (Behar et al., 1970). The results of this
analysis showed that ozone and hydrogen peroxide concen-
trations were not sensitive to the value of &; in the range of
interest. On the other hand, the model equation predicted
that HCO; and CO;~ will primarily be trapped by the car-
bonate ions, and the amount of HCO; and CO;~ that is ex-
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pected to react with H,0,/HO, "~ would be very small in the
presence of inorganic carbon even at a concentration of 0.8
mM.

Under these conditions, the average decomposition rate of
ozone is reduced to a mixed order with respect to ozone con-
centration, with apparent rate constants that are functions of
measurable parameters, as presented below:

— d[0;]/dt = C + C*[0;]+ C**[0, ] (32)
where
C=0,, (33)
4‘6k10a,beff¢;710[H202]
* _ 9Lk + 34
C* =2k¥H,0,] KIHCO, " | (34)
o ki l,0, -
k¥[HCO; ]
and
ki=(k,K,;)/[H"] (36)
kis=Ckys[H™ 1+ kK, 3) /[H"] 37D

Here, C is an ozone-independent coefficient, and C* and
C** are the coefficients of the terms that are first- and sec-
ond-order with respect to ozone, respectively. The zero-order
term describes the primary photolysis of ozone. In C* the
first term describes the reaction of ozone with HO, , and
the second term describes the reaction of ozone with OH"
radical, which is produced directly from the photolysis of hy-
drogen peroxide. The rate of the latter reaction decreases in
the presence of carbonate ions due to radical scavenging. The
second-order term describes the reaction of ozone by OH’
radical, which is produced as a result of the chain reactions
initiated by the reaction of ozone with HO,  species. This
term also includes the effect of carbonate scavenging. The
amount of contribution of each term to the rate of ozone
decomposition determines the overall order of the reaction
and the magnitude of the observed reaction rate at a given
condition.

The concentration of hydrogen peroxide can be presented

as
d[H,0,]/dt = D — D*[H,0,]~ D**[H,0,]* (38)
where
D=C=0,1, (39)
D=0,, (40)
D* = k§[0;1+2.3d b5, 1, 41
D 4.6a by P, 1,k* +2k5k$[0;] “2)
k3[HCO,]
and
kg =Ckg[H 1+ koK, 3)/[H ] (43)
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Table 3. Values of Parameters used in Experiments and the
Model Simulation

Parameter Base Value Values Tested
UV intensity (einstein/L-s) 1.5x107% 1.5%x1079-11.0x10"%
Initial ozone concentration (mM) 0.25 0.25-0.0625
pH 7 6-9
C; (mM) 0.8 0.8-10

The sensitivity of the model equations to (DP was tested for
the (Z)p values of 0.48 and 0.62, the value reported by Taube
(1957). The difference in the predicted ozone concentrations
for these two values was about 7%, which is in the range of
the experimental measurement error. For the rest of the
modeling efforts, the (b, of 0.48 was substituted in the model
equations. The program was run to predict the profiles of
ozone and hydrogen peroxide for the selected base and the
range of the parameters listed in Table 3.

Results and Discussion
Effect of UV light intensity

The measured and predicted ozone concentration profiles
are presented on normalized basis in Figure 8 as a function
of time at various light intensities. The initial ozone concen-
tration is 0.25 mM (12 mg/L) for all the experiments. The
results show that increasing the light intensity increases the
rate of ozone decomposition, and the prediction of the model
coincides very well with the experimental data for the base
conditions listed in Table 3. According to the model equa-
tions (Eqs. 32-43), the primary rate of ozone photolysis in-
creases directly with light intensity, and furthermore the rate
of the secondary reactions accelerate due to faster formation
of hydrogen peroxide as an intermediate. The calculations
revealed that all three terms in Eq. 32 contributed about
equally to the overall decay rate of ozone. Hence, it can be
concluded that the first-order decay with respect to ozone
concentration as reported by Ikemizu (1987) is only an empir-
ical force fitting of this complex kinetic expression to the ex-
perimental data.

1 1 1 1 L
L L r " L

] [
pH= Pred.I=1.5¢-6 E/L-s |
C,=0.8 mM ® Exp. I=1.5e-6 E/L-s |
— -Pred. 1 =3.0e-6 E/L-s
B Exp. [=3.0e-6 E/L-s ]

o 0.6 — — -Pred. I=4.4e-6 E/L-sT
gn ¢ Exp. I=4.de-6 E/L-s ]

I I L R N N N Pred.I =5.6e-6 EIL-s-.r
X Exp. I=5.6e-6 E/L-s +

0.2 +

0 12.5 25

37.5 50 62.5 75
Time (s)

Figure 8. Comparison of predicted and measured ozone
profiles for various UV light intensities.
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Figure 9. Comparison of predicted and measured ozone
profiles for various C, values.

Effect of C;

The experimentally observed and predicted ozone decom-
position profiles are presented in Figure 9 for various Cy val-
ues. The initial ozone concentration is kept at 0.25 mM for
all the experiments. The results clearly show that increasing
the concentration of the carbonate/bicarbonate at a constant
pH causes a retardation on the decomposition rate of ozone.
This supports the contention that the secondary reaction of
ozone with hydroxyl radical is successfully suppressed in the
presence of radical scavenging carbonate ions. The same car-
bonate effect is aiso observed on the rate of self-decomposi-
tion of ozone that is initiated by hydroxide ion (Hoigne, 1976).
The photokinetic model predicted the experimental data pre-
sented in Figure 9 very well, further confirming that the as-
sumptions made in reducing the model to Egs. 3243 were
justified under the experimental conditions of this study.

Effect of pH

The experimental data and the model predictions on the
decomposition of ozone at various pH values are presented
in Figure 10. Here, ozone decomposition profiles were plot-
ted for the absolute concentrations of ozone rather than the
normalized concentrations. This was because of obtaining
different initial ozone concentrations at different pH values
prior to exposure to UV radiation due to seilf-decomposition
of ozone (Eq. 14). According to the experimental data pre-
sented in this figure, the rate of ozone photolysis was not
affected by the pH significantly. A similar observation was
made earlier by Morooka et al. (1988), who reported that
ozone decomposition rate was proportional to hydroxide ion
concentration with only an order of 0.07.

According to the reaction mechanism presented earlier, the
pH could affect the rate of ozone photolysis in two ways.
Increasing the pH increases the dissociation of H,O, to
HO, ", and as a result accelerates the reaction rate of ozone
with HO, . Secondly, an increase in the pH is expected to
reduce the concentration of OH' by shifting the
HCO,; /CO;~ equilibrium to CO;"~, which is a more effec-
tive OH " scavenger than HCO,;~ (Table 4); this should re-
duce the rate of the secondary reaction of ozone with OH"

3290 November 1996 Vol. 42, No. 11

12.0

I1=1.5x10" E/L-s
o0 Exp.pH=6

10.0 Pred. pH=6
— — -Cor.Pred.pH=

—~ 8.0 8 Exp.pH=7 .
2 BP0 NN\ 0 e Pred. pH=7
En ¢ Exp.pH=8
~ 6.0 — - -Pred. pH=8 -
5-": Ao Exp.pH=9
= Pred. pH=9

s alasalaaadasalaDalaas

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 10. Comparison of predicted and measured
ozone profiles at various pH.

Therefore, these two opposing reaction pathways may result
in a net no-pH effect.

The ozone profiles predicted by the kinetic model fit the
experimental observations reasonably well at pH 7 and 8. The
model predicted a slower rate at pH 6 (see the solid line for
pH 6 in Figure 10). In addition to the reaction pathways pre-
sented by Reactions 1-7, it was reported (Yao et al.,, 1992)
that less than 5% of the OH" radical could be produced di-
rectly from the photolysis of ozone by the following pathway:

0,+H,02%20H +0, (44

Hence, the sensitivity of the model to this pathway was
investigated by including this reaction step in the model. In
the absence of any other information, varying percentages
were assigned for this pathway of direct photolysis of ozone
to OH " (Eq. 44) vs. the pathway that leads to hydrogen per-
oxide formation from photolysis of ozone (Eq. 1). The model
was found sensitive to the direct pathway at pH 6 but not at
pH 7-9. At pH 6, a good agreement with the experimental
observations was obtained when it was assumed that 2% of
ozone decomposes according to Eq. 44 (see the dashed line
in Figure 10 for pH 6).

At pH 9 the model predicted slightly faster decomposition
rate, probably because the ozone measurement technique is
relatively insensitive at lower ozone concentrations. In fact,
when the experiments were repeated at pH 9 for a C, value
of 5 mM where an initial ozone concentration as high as 7.8
mg/L was produced, the fit of the model predictions to the
experimental data has much improved.

Table 4. Relative Effect of pH on Scavenging of OH"
by HCO, /CO;" Ions for C; = 0.8 mM

Relative Effectiveness

pH of OH" Scavenging
6.0 1.0

7.0 2.36

8.0 3.14

9.0 6.82
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Figure 11. Predicted ozone profiles at various pH for
equal initial ozone concentration.

Since the rate of ozone photolysis is a function of ozone
concentration, and lower initial ozone levels can be main-
tained at higher pH values, an attempt was made to uncouple
the pH effect from the effect of ozone concentration by run-
ning the program of the kinetic model for the same initial
ozone concentrations at various pH values. The predicted
ozone profiles presented in Figure 11 indicate that the rate
of ozone photolysis should increase significantly with increas-
ing pH. Hence, the experimental observation of no signifi-
cant pH effect was probably an artifact of varying initial ozone
concentration.

Summary and Conclusions

The kinetics of ozone photolysis under UV exposure were
investigated by laboratory experiments as well as a kinetic
model developed based on known possible reaction path-
ways. The primary quantum yield of ozone photolysis was de-
termined as 0.48 +£0.06 at 254 nm wavelength and 20°C. This
information was then used to describe the effect of pH and
inorganic carbon (C;) in water on the rate and mechanism of
ozone photolysis. It was demonstrated that the rate of ozone
photolysis increased with increasing incident light intensity,
ozone concentration, and pH, and decreased with increasing
C,. A kinetic model of the process, which is a complex func-
tion of the primary quantum yield, the incident UV light in-
tensity, initial ozone concentration, the effective optical path
length of the reactor system, and water characteristics that
include the pH and the total inorganic carbon content, was
developed and tested. The model was able to predict the ex-
perimentally measured rate of ozone photolysis quite well for
various combinations of UV light intensities, initial ozone
concentrations, and water characteristics.

In the O;/UV process, organic and inorganic contami-
nants in water and wastewaters are primarily oxidized by the
hydroxyl radical that is generated from ozone photolysis. This
research provides kinetic information on the hydroxyl radical
formation and consumption as well as ozone photolysis under
various operational and water quality conditions. Therefore,
this information on hydroxyl radical is directly related to the
oxidation rate and mechanisms of the contaminants. The pa-
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rameters identified here as having promotional or hindering
effect on the rate of ozone photolysis are expected to affect
the oxidation rates of the contaminants the same way. For
sample, the oxidation rates are expected to increase with in-
creasing incident light intensity, ozone concentration, and pH,
and decrease with increasing C; of the water. However, cer-
tain organic compounds (chromophores) can directly pho-
tolyze under UV exposure in addition to being oxidized with
hydroxyl radical. Furthermore, the pH of water also deter-
mines the dominant form of the species for ionizable contam-
inants, and the reactivity of the hydroxyl radical with each
species should be taken into consideration as well,

The kinetic ozone photolysis model developed in this study
can readily be incorporated into a comprehensive model
describing the oxidation of contaminant(s) in the O,/UV
process. Such a model should also include the terms for the
rate of ozone mass transfer from gas into liquid, the rate of
oxidation of the contaminant(s), and the reaction intermedi-
ates by the hydroxyl radical and the rate of direct photolysis
of the contaminant(s) and the intermediates. This is the sub-
ject of an article currently under preparation based on a PhD
dissertation (Akata, 1994).
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