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Dynamic Model of Ozone Contacting Process with Oxygen
Mass Transfer in Bubble Columns

Y. H. Chen1; C. Y. Chang2; C. Y. Chiu3; W. H. Huang4; Y. H. Yu5; P. C. Chiang6; Y. Ku7; and J. N. Chen8

Abstract: The dynamic process of the dissolution of ozone in a countercurrent bubble column is studied for model establi
Bubble columns have been used widely for ozone contacting in the plant and laboratory. Ozone is produced by oxygen-enr
through an ozone generator, and introduced into the bottom of the column equipped with the gas diffuser. The ozone contactin
proceeds for a temporary and unsteady period before reaching steady state. The available ozone dissolution models employ
description of the dissolved ozone profiles were commonly developed for the steady state. Moreover, oxygen mass transfer
neglected in the preceding ozone dissolution models. However, this information is desirable for proper operation of ozone diss
a bubble column. Thus, the objective of this study is to model and investigate the dynamic ozone dissolution process in a bubb
with the oxygen mass transfer. The dynamic axial dispersion model proposed is employed to predict the variations of ozone an
concentrations along the column, and the amount of off-gas. The validity of the model is demonstrated by comparing the predict
with the experimental data. The dynamic model of ozone dissolution is useful and referable for proper prediction of the variabl
ozone contacting system in a bubble column.

DOI: 10.1061/~ASCE!0733-9372~2002!128:11~1036!

CE Database keywords: Ozone; Bubbles; Dynamic models; Mass transfer.
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Introduction

Ozone is widely used as an oxidant applied in water treatment
disinfection. It is commonly produced by electrical discharge i
pure oxygen or oxygen-enriched gas through an ozone gene
The mixture of gases composed of oxygen and ozone is tr
ferred to water by bubbling it through the bulk solution. T
efficiency of ozonation processes is usually dependent on the
solved ozone concentration. Certainly, a quantification of the
solved ozone concentration variation is critical to the rational
sign and optimization of the ozonation treatment.

1Graduate Institute of Environmental Engineering, National Taiw
Univ., Taipei 106, Taiwan.

2Graduate Institute of Environmental Engineering, National Taiw
Univ., Taipei 106, Taiwan ~corresponding author!. E-mail:
cychang3@ccms.ntu.edu.tw

3Dept. of Environmental Engineering, Lan-Yang College of Techn
ogy, I-Lan 261, Taiwan.

4Graduate Institute of Environmental Engineering, National Taiw
Univ., Taipei 106, Taiwan.

5Graduate Institute of Environmental Engineering, National Taiw
Univ., Taipei 106, Taiwan.

6Graduate Institute of Environmental Engineering, National Taiw
Univ., Taipei 106, Taiwan.

7Dept. of Chemical Engineering, National Taiwan Univ. of Scien
and Technology, Taipei 106, Taiwan.

8Graduate Institute of Environmental Engineering, National Chi
Tung Univ., Hsin-Chu 300, Taiwan.

Note. Associate Editor: George A. Sorial. Discussion open until A
1, 2003. Separate discussions must be submitted for individual paper
extend the closing date by one month, a written request must be filed
the ASCE Managing Editor. The manuscript for this paper was subm
for review and possible publication on August 17, 2001; approved
February 13, 2002. This paper is part of theJournal of Environmental
Engineering, Vol. 128, No. 11, November 1, 2002. ©ASCE, ISSN 073
9372/2002/11-1036–1045/$8.001$.50 per page.
1036 / JOURNAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 200

J. Environ. Eng. 2002
d

r.
-

-

Bubble column reactors~BCRs! are commonly used in plant
and laboratories for ozone contacting in the United States
throughout the world~Langlais et al. 1991!. Compared to other
ozone contactors, BCRs offer the advantage of the little mai
nance, high liquid phase content for treatment, reasonable m
transfer rates at low-energy input, little space required, and r
tively low cost ~Deckwer and Schumpe 1993!. Although other
kinds of ozone contactors such as jet pump contactors also
higher mass transfer performance~Wright et al. 1998!, BCRs are
more feasible for a large liquid flow rate due to its simple geo
etry and construction. Bubble columns are typically construc
with 18–22 ft water depths to achieve 85–95% ozone tran
efficiency. Ozone-containing gas is introduced into the bottom
the column. The direction of the liquid flow may be cocurrent
countercurrent. Since gaseous ozone is not completely transfe
into the water, the columns are covered to hold the off-gas c
taining the residual ozone. The off-gas from the head space o
bubble column should not be discharged into the atmosph
since ozone is an air pollutant. Instead, gas with high-purity o
gen can be recycled to the ozone generator. Otherwise, ex
ozone must be removed by a destruction process before the g
discharged. Therefore, the excess amount and the ozone co
tration of the off-gas offer valuable information for the follow-u
treatment of being recycled or discharged~Masschelein 1982!.

Certainly, there exists a temporary and unsteady period be
the ozone contacting system reaches the steady state. The
able ozone dissolution models employed for the description of
dissolved ozone profiles were commonly developed for the ste
state~Mariñas et al. 1993; Zhou et al. 1994; Huang et al. 199!.
Le Sauze et al.~1993! applied several models to simulate th
ozone transfer in a bubble column and found that the axial
persion model gives the best modeling of a pilot unit. Chiu et
~1997, 2002! and Qiu et al.~2001! have studied the dynamic
ozone absorption and reactions in stirred tank vessels. Howe
such information about the dynamic process of ozone dissolu

o
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in bubble columns is still scarce. Accordingly, the prediction
the treating qualities of water such as theCtc factor in the initial
stage of ozone contacting is usually not available. Also, the
quired duration for steady-state establishment remains to be
termined. TheCtc factor is defined as the product of the conce
tration of the dissolved ozone,C, in milligrams per liter, and the
contact time,tc , in minutes. The value ofC would be assumed to
the value at the point in the column of concern, whiletc would be
assumed to thet10 value, wheret10 is determined by the tracer tes
and equals the time necessary for 10% of the tracer mass to
the column~Langlais et al. 1991!. Furthermore, one of the advan
tages of ozone dissolution is its contribution to dissolved oxyg
which can be used in the biological process after the decomp
tion of ozone~McGhee 1991!. The concentration of ozone is usu
ally relatively low with respect to that of oxygen in the carri
gas. The oxygen mass transfer may affect the ozone conce
tions of the liquid and off-gas. However, the description of t
role of oxygen is usually not included in modeling the ozo
dissolution. This would result not only in a lack of information
the dissolved oxygen concentration but also in an incomplete
scription of the ozone mass transfer during the ozone contac
processes.

The objective of this study is to model and investigate
dynamic ozone contacting process in a countercurrent bubble
umn with the oxygen mass transfer. Three major factors are
cluded in the dynamic ozone contacting model:~1! hydrodynamic
behavior;~2! gas–liquid mass transfer; and~3! ozone decompo-
sition reaction kinetics. Note that the reaction kinetics of t
model considers solely the decomposition of the dissolved oz
in water, which is applicable to the cases of the disinfection
oxidation with a relative small amount of impurity~Smith and
Zhou 1994!. For systems with a considerable amount of conta
nants, the role of the contaminants should then be include
describing the ozonation kinetics and ozone consumption. T
would be taken as our further work. Based on the dynamic a
dispersion model~DADM ! proposed in this paper, the dynam
variations of the ozone and oxygen concentration profiles ca
predicted. Further, the experimental data of the ozone dissolu
in the bubble column are obtained for the model verificati
Moreover, the effects of the simplified assumptions, which
glect the oxygen mass transfer or superficial gas velocity va
tion, on ozone dissolution simulation are examined. The valid
of the model is demonstrated by the good agreement of the
dicted results with the experimental data. The proposed mode
provide useful information about the dynamic dissolution proc
of ozone in a bubble column.

Theoretical Analysis

Modeling of the dynamic processes of ozone dissolution in
bubble column requires quantification of the rates of the m
transfer and ozone decomposition reaction associated with
hydrodynamic condition of the system. Noting that the diffusi
ties of ozone and oxygen in the gas phase are about 104 times
higher than those in the liquid phase, this study assumes tha
resistance of the mass transfer is solely contributed by the liq
phase. As the ozone is dissolved in water, it may be consume
the self-decomposition reaction. For spontaneous ozone de
position to oxygen in water, the overall reaction and the co
sponding pseudo-first-order decomposition rate equation ma
expressed in the following forms~Kuo and Huang 1995!:

2O3→3O2 (1)
JOUR
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a
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e

2
dCALb

dt
5

2

3

dCOLb

dt
5kdCALb (2)

It is noted that Eq.~1! is an overall expression. In fact, the ozon
decomposition involves a rather complex mechanism. The hy
dynamic condition of the flow field affects the concentration p
files. A dynamic axial dispersion model is developed to descr
the dynamic processes of ozone dissolution in a countercur
bubble column. The derivation of the governing equations
shown in detail in the Appendix. The resulting equations in
mensionless forms are as follows.

For the overall mass balance of the gas phase, one may ha
dimensionless governing equation such as Eq.~3! for the super-
ficial gas velocity:

dUG

dz
5

aP

bP
UG2ErASt GA

11aP

bP
yA~uAGi2uALb!

2Rf OSt GO

11aP

bP
yO~uOGi2uOLb! (3)

for

0<z<hB*

with boundary condition~BC!:

z50
(4)

UG51

For hB* ,z<1, UG50. The dimensionless height of the ga
bubbles (hB* ), which can be calculated by Eq.~5!, has the maxi-
mum value of unity:

dhB*

dt
5RuGLUG,z5h

B
* (5)

with initial condition ~IC!:

t50 hB* 50 (6)

The governing equations of ozone and oxygen in gas and liq
phases are as follows. For the hold-up gases,

]uAGi

]t
5RuGLF 1

PG

]2uAGi

]z2 2
]~UGuAGi!

]z

2ErASt GA~uAGi2uALb!G (7)

]uOGi

]t
5RuGLF 1

PG

]2uOGi

]z2 2
]~UGuOGi!

]z

2Rf OSt GO~uOGi2uOLb!G (8)

For the liquid phase,

]uALb

]t
5

1

PL

]2uALb

]z2 1
]uALb

]z

1ErASt LA~uAGi2uALb!2DaAuALb (9)

]uOLb

]t
5

1

PL

]2uOLb

]z2 1
]uOLb

]z

1Rf OSt LO~uOGi2uOLb!1DaOuALb (10)

For the gas ozone in the free volume in the column,
NAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 2002 / 1037
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duAGe

dt
5RLFUG,z51~uAGi,z512uAGe! (11)

The ICs of Eqs.~7!–~11! are

t50

uAGi5uOGi5uALb5uAGe50 (12)

uOLb5uOLb0

The BCs of Eqs.~7!–~10! are as follows:
At the bottom,z50:

uAGi511
1

PG

]uAGi

]z
(13)

uOGi511
1

PG

]uOGi

]z

]uALb

]z
5

]uOLb

]z
50 (14)

At z5hB* :

]uAGi

]z
50

(15)
]uOGi

]z
50

uALb52
1

PL

]uALb

]z
(16)

uOLb5uOLb02
1

PL

]uOLb

]z

Eqs.~3!–~16! represent the governing equations of the DADM f
the two-phase contacting process of the gases~ozone and oxygen!
and the liquid accompanied with liquid ozone decomposition i
countercurrent bubble column. It is worth noting the distinguish
contributions of this analysis with others. The present work c
siders:~1! the dynamic state;~2! the oxygen mass transfer;~3! the
effect of the ozone decomposition; and~4! the superficial gas
velocity variation. The steady-state studies of Zhou et al.~1994!
and Huang et al.~1998! considered the gas velocity variatio
while neglected the oxygen mass transfer (St GO5St LO50), and
that of Mariñas et al.~1993! neglected the oxygen mass transf
and gas velocity variation~St GO5St LO50, UG51). Further
note that, in the present model, both the ozone decomposition
adsorption are considered as included in Eqs.~2! and ~7!–~10!.
WhenErA andRf O are close to unity, the gas adsorption is main
physical. Otherwise, chemical adsorption proceeds.

Experiment

The validity of the DADM is verified by the experimental data b
carrying out ozone contacting processes. Modeling equations
the corresponding ICs and BCs are solved by the finite-differe
and fourth-order Runge–Kutta methods with the Turbo C p
gram. Some values of the parameters required for the model
to be determined before solving the system equations.

Instrumentation and Materials

An airtight bubble column of 15.8 cm inside diameter made
polyvinyl chloride with an effective volume of 28.18 l is em
ployed in this work. A solution of about 1.33 m height (L) is held
in the column for all experiments, while the aspect ratio of
1038 / JOURNAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 200
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height to diameter is 8.42. The volume of the free space (VF) in
the bubble column is about 2.10 l. The gas diffuser of the pe
rated ceramic plate with a diameter and mean pore size of
cm and 28mm is located at the bottom of the column. Ozon
containing gas generated by pure oxygen (yA1yO51) is intro-
duced into the column with various gas superficial velocit
(uG051.33– 9.48 mm/s). The generation of ozone is control
by the power input of the ozone generator~model FSX-0.1, Fuji,
Tokyo! at constant gas pressure~98 kPa!. The fed (CAGi0) and
discharged (CAGe) gas ozone concentrations are measured by
ultraviolet ~UV! photometric ozone analyzer~model SOZ-6004,
Seki, Tokyo!, which is calibrated by the potassium iodide~KI !
titration method~Rankness et al. 1996!.

A liquid-storage tank is equipped with a thermostat to maint
a constant temperature for the solution at 21°C in all experime
Two pumps~models MD-30 RZ and MD-70 RZ, Iwaki, Tokyo!
are used to transport the liquid into and out of the column with
liquid superficial velocities (uL51.42– 4.25 mm/s). A liquid
ozone monitor~model 3600, Orbisphere Laboratory, Neucha`tel,
Switzerland! with a sensor with membrane-containing cathode
used to analyze the dissolved ozone concentration (CALb). The
meters of the dissolved oxygen~model Oxi 340,
Wissenschaftlich-Technische Werksta¨tten GmbH & Co. KG
~WTW!, Weilheim, Germany! and conductivity~model LF 340,
WTW, Weilheim, Germany! with sensors of model CellOx 325
~WTW, Weilheim, Germany! and model TetraCon 325~WTW,
Weilheim, Germany! are used to measure the dissolved oxyg
concentration and conductivity, respectively. The retention ti
of the liquid flowing from the bottom of the column to the senso
is about 12–36 s for the differentuL employed. All the recorded
data are adjusted with the corresponding instrument response
~Letzel et al. 1999! of about 1–7 s and the retention time fo
examining the concentration variations of the effluent from
column.

At the top, the pressure transmitter~model 691, Huba, Wu¨ren-
los, Switzerland! with a range of 0–30 kPa is used to measure
gas pressure (PT) of the free space. At the middle (zM), a differ-
ential pressure transmitter~model 692, Huba, Wu¨renlos, Switzer-
land! with a range of 0–10 kPa is employed to detect the press
difference (PZM

2PT) for computing the liquid height. At the
bottom, a model ST 3000 differential pressure transmitter~Hon-
eywell, Phoenix, AZ! with a range of 0–2 kPa is used to give th
pressure difference (DP) of two points@with hydrostatic height
(hs)# with and without aeration. The gas holdup («G) is then
estimated by the differential hydrostatic pressure method emp
ing «G5DP/@(rL2rG)ghs# ~Shetty et al. 1992!.

All experimental solutions are prepared using deionized wa
without other buffers. The conductivity of the water used is le
than 1ms/cm. The measured value of pH during ozone contac
in the bubble column is about 6.360.3. The initial dissolved oxy-
gen concentration (COLb0) in the experiments is close to the sat
rated value in equilibrium with air asuOLb050.21/@PT(1
1aP)yO#. For example, 0.21/@PT(11aP)yO#50.190, at PT

51 atm, yO50.984, andaP50.124, while the measureduOLb0

@5COLb0 /(COGi0 /HO)#50.187 ~COLb058.9 mg/L, with COGi0

51468 mg/L,HO530.81).

Experimental Procedures

There have been numerous studies about the mixing effect on
performance of bubble columns, for example, those of Levens
~1972!, Deckwer et al.~1974!, Rice et al. ~1981!, Shah et al.
~1982!, Langlais et al.~1991!, Deckwer and Schumpe~1993!, and
2

.128:1036-1045.



D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 o

n 
04

/3
0/

14
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.
Table 1. Summary of Hydrodynamic and Mass Transfer Properties at Various Superficial Gas (uG0) and Liquid (uL) Velocities; Inlet Gas: Pure
Oxygen,L51.33 m, temp.5294 K

uG0 ~mm/s! uL ~mm/s! EL ~m2/s! tL ~s! kL
0

Oa ~s21) «G ~—! kL
0

Aa ~s21)

1.33 1.42 0.00855 934 0.00664 0.00435 0.00588
1.33 2.83 0.00856 467 0.00682 0.00419 0.00604
1.33 4.25 0.00852 311 0.00664 0.00437 0.00588
2.31 4.25 0.01254 310 0.00795 0.00863 0.00704
4.85 4.25 0.02334 307 0.01270 0.0184 0.01125
7.40 4.25 0.03261 304 0.01680 0.0285 0.01488
9.48 4.25 0.04120 302 0.01930 0.0349 0.01709
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Zahradnı´k and Fialova´ ~1996!. Their results indicate that the axia
dispersion coefficient of liquid (EL) is probably a function of
uG0 , column diameter, solution properties, gas-diffuser des
etc. A pulse-input tracer test has been commonly conducte
examine the hydrodynamic behavior of the experimental app
tus employed. Sodium chloride~NaCl! is chosen as the liquid
tracer in this work due to its low volatility and easy quantificati
by the conductivity measurement. The concentration and injec
volume of NaCl(aq) used in each tracer test are 200 g/L and
mL, respectively.EL can be obtained according to the residen
time distribution~RTD! of the tracer. As for gas phase mixing
BCRs are often modeled with neglect of the axial dispersion
gas, since the dispersion influent of the gas phase is insignifi
in the homogeneous bubbling regime~Shetty et al. 1992; Zahr
adnı́k and Fialova´ 1996!. Thus, the value ofPG for the modeling
requirement in this work is chosen as high as 500 for the p
flow assumption of the gas phase.

Oxygen aeration has often been applied to study the g
liquid mass transfer coefficient by numerous investigators
cause the chemical reaction in the O2–liquid system can be ne
glected and the dissolved oxygen concentration is ea
measured~Alvarez-Cuenca and Nerenberg 1981; Hikita et
1981; Shah et al. 1982; Deckwer et al. 1983; Letzel et al. 19!.
The variation of the effluent dissolved oxygen concentrat
(COLb,eff) is monitored in this study to obtain thekLO

0 a of oxygen
in water. This approach considers the hydrodynamic condit
kLO

0 a of oxygen can then be corrected to obtain thekLA
0 a of ozone

for the physical adsorption bykLO
0 a/(kLA

0 a)5(DO /DA)0.5, ac-
cording to the surface renewal theory~Danckwerts 1970; Bin´
1995!. The values ofDO and DA of 2.2431029 and 1.76
31029 m2/s at 21°C are calculated from Wilke and Chang’s fo
mula ~1955!. Henry’s constant of oxygen (HO) is 30.81 at 21°C
in water ~Sawyer et al. 1994!.

The values of the ozone decomposition rate constant (kd) and
Henry’s constant (HA) are obtained by batch and semibatch e
periments, respectively. The temperature of the deionized w
used in the stirred reactor is maintained at 21°C by a water jac
The stirring speed is as high as 800 rpm to ensure the comp
mixing of the liquid and gas phases according to previous te
Ozone-containing gas is introduced into the reactor with a
flow rate of 1.78 NLPM~L/min at 0°C, 1 atm!. The detailed
geometric size and operation conditions of the stirred reactor
be found elsewhere~Li et al. 2000; Chang et al. 2001!.

Accordingly, ozone dissolution with distinctuL , uG0 , and
CAGi0 in a countercurrent bubble column is performed for t
model verification. Before starting the ozone dissolution exp
ments, the ozone-containing gas is bypassed to the photom
analyzer to assure stability and determine the ozone conce
tion. A portion of the gas stream at a preset flow rate is direc
into the column when reaching the set conditions. All experime
JOUR
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performed to study the dynamic process of ozone dissolution
carried out until reaching steady state~ss! with concentrations of
CALb,ss, COLb,ss, andCAGe,ss.

Results and Discussion

The results concerning the dynamic ozone dissolution in bub
columns include two parts:~1! the parameter determination of th
ozone contacting system; and~2! ozone dissolution experiment
associated with model verification. The system parameters,
cluding EL , kLO

0 a, kLA
0 a, kd , andHA , are estimated. The ozon

dissolution experiments are carried out with different inletsuG0 ,
uL , andyA . The temporal concentration variations of theuALb ,
uOLb , anduAGe are monitored in order to provide experiment
data for model verification.

Ozone Dissolution Parameters Determination

The equation describing the concentration variation of the tra
(Cu5CtQLtL /mt) is similar to Eq.~9! with uALb replaced byCu

without the third and fourth terms on the right-hand side of E
~9!. The IC isCu50 at t50. The BCs at the bottom and top o
the column are similar to Eqs.~14! and~16! of uALb plus a pulse-
input d~t! on the right-hand side of Eq.~16!, respectively.EL

values are obtained from the effluent RTD of the tracer~Leven-
spiel 1972!, as listed in Table 1. It is seen thatEL is dependent
slightly on uL and strongly onuG0 , respectively. This finding is
consistent with the conclusion of previous studies~Deckwer et al.
1974; Deckwer and Schumpe 1993!.

As for oxygen aeration, Eqs.~3!–~6!, ~8!, and ~10! and their
corresponding ICs and BCs are applied to describe theuOLb in the
column. The values ofPL obtained in the tracer tests are used.
comparison ofuOLb from the model prediction to that from th
experiments then gives the proper values ofkLO

0 a. The mass
transfer properties~kLO

0 a, kLA
0 a, and «G) along with hydrody-

namic characteristics~EL andtL) of the bubble column at various
uG0 anduL are listed in Table 1.

From the above results, the parameters ofEL , «G , andkLO
0 a

mainly depend onuG0 . The correlations derived from Table 1 ca
be expressed as:EL51.696uG0

0.803, «G55.168uG0
1.063, and kLO

0 a
50.2567uG0

0.560. The correlation ofEL showsEL}uG0
0.803, which is

considered reasonable for the bubble flow regime~Rice et al.
1981!. Deckwer et al.~1983! illustrated that thekLO

0 a value is
relatively independent of the liquid velocity and is about the sa
for various bubble columns withuL varied from 10 to 120 mm/s
The kLO

0 a values of 0.00664– 0.0193 s21 of this study in Table 1
are greater than 0.000843– 0.00842 s21 obtained from the corre-
lation of Akita and Yoshida~1973!. One may notice that the
higher kLO

0 a values are attributed to the difference of the g
NAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 2002 / 1039
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spargers used~Shah et al. 1982!. The gas sparger of this study
porous with multipores of mean pore size of 28mm, while that of
Akita and Yoshida~1973! is a single hole 5.0 mm in diameter.

The value ofkd is computed from Eq.~2! with ln(CALb/CALb0)
versust in the batch reactor. The obtained value ofkd is 1.47
31024 s21. The rate expression of ozone decomposition c
then be expressed as 2dCALb /dt5kdCALb51.47
31024 s21CALb with R250.998. The value ofkd of 1.47
31024 s21 is small due to the low ionic strength and modera
pH value ~about 6.3! of the deionized water~Staehelin and
Hoigné1982!. Therefore,ErA andRf O computed by Eqs.~19 and
20! are about 1–1.000002 and 1–0.99993 for the conditions s
ied in this work, respectively. These values ofErA and Rf O are
close to unity and thus can be deemed as unity for further
Considering the combined absorption and decomposition
ozone in a semibatch stirred gas–liquid reactor~sb!, one obtains
the mass balance equation, CAGe,ss/HA5@kd

1(kLA
0 a)sb/«L#CALb,ss/@(kLA

0 a)sb/«L#, describing the steady
state condition in the reactor for the consumption of the oz
decomposition. The (kLA

0 a)sb/«L of ozone is determined a
0.0186 s21 by conducting the oxygen aeration in the semiba
reactor and applyingkLO

0 a/(kLA
0 a)5(DO /DA)0.5. With the avail-

able (kLA
0 a)sb/«L , one may perform a linear regression by plo

ting CAGe,ss against@kd1(kLA
0 a)sb/«L#CALb,ss/@(kLA

0 a)sb/«L# at
various inlet gas ozone concentrations. The slope representin
HA is obtained as 3.802. The value ofHA is close to 4.025 de-
rived by Langlais et al.~1991! at the same temperature. The slig
difference may be caused by the difference of the pH and io
strength of the solutions used~Sotelo et al. 1989!. All the above
obtained parameters~EL , kLO

0 a, kLA
0 a, kd , «G , and HA) along

with HO(530.81) are used for model prediction in bubble c
umns.

Ozone Dissolution in Bubble Column

The dynamic variations of the ozone and oxygen concentra
profiles are predicted by solving for Eqs.~3!–~16!. All input val-
ues of the modeling parameters can be obtained from the pre
ing results associated with the operation conditions. The si
lated results of interest, includinguALb , uOLb , uAGe , and
UG,z51 , would be verified with the ozone dissolution expe
ments. Comparative analysis is also performed to elucidate
effect of the simplified assumptions used by different investi
tors on the simulation results of the dynamic ozone contac
processes. The predicted results of the DADM are compared
the experimental data of the ozone dissolution from the beginn
to steady state.

The experimental results ofuALb,eff and uAGe versust with
uL51.42 mm/s,uG051.33 mm/s, and variousyA are shown in
Fig. 1 along with the model predictions of three cases. Cas
considers~1! oxygen mass transfer, and~2! superficial gas veloc-
ity variation; case 2 neglects~1! while considering~2!; and case 3
neglects both~1! and ~2!. The influence ofyA ~0.00428–0.0191!
on the model predictions is found to be negligible. Both t
model predictions and experimental data ofuALb,eff anduAGe ap-
proach the steady-state values ast is greater than 1.5. For a sho
time, sayt,0.3, the model predictions of the three cases
close. However, ast becomes large, the model predictions of ca
3 overestimate about 4–10% ofuALb,eff anduAGe . The difference
between the predictions of cases 1 and 2 being within 2% se
insignificant. In addition, the prediction of case 2 compared w
the experimental data has an error within 4.5%. For other op
tion conditions, the error scales due to neglect may be diffe
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depending on the geometry, flow, mixing, and reactive regim
However, an examination of previous studies~Zhou et al. 1994;
Huang et al. 1998! indicates that the prediction of the dissolve
ozone concentration profile at steady state without considering
oxygen mass transfer is satisfactorily close to the experime
data. One may propose that the oxygen mass transfer ma
neglected for simulation of the ozone concentration with resp
to engineering applications. Note that the dissolved oxygen c
centrations cannot be obtained from cases 2 and 3 assuming
gen as an inert gas. There is a time lag of about 0.05tL for uAGe

between the experimental data and model predictions due to
nonideal complete mixing condition of the free volume. The
sults indicate that the variation of the superficial gas velocity h
better be considered, while the oxygen mass transfer may be
glected for the ozone concentration estimation.

UG,z51 represents the amount of the off-gas that can be u
for computing the ozone transfer efficiency (hOTE) and specific
transferred ozone dosage (mSTOD). hOTE is defined as the percent
age of inlet ozone transferred into target water. That is,

hOTE5
uG0CAGi02uG,z5LCAGi,z5L

uG0CAGi0
512UG,z51uAGi,z51

(17)

mSTOD is defined as ratio of transferred ozone, in moles or mi
grams, to the target water volume, in cubic meters and liters. T
is,

Fig. 1. uALb,eff anduAGe versust for ozone dissolution in counter
current bubble column.uL51.42 mm/s. uG051.33 mm/s. PL

50.221, StGA51.54, StGO50.215, DaA50.1374, RuGL5215.1,
RLF511.62,aP50.128. Symbols: experiments; lines: prediction.s,
n, h : yA50.00428, 0.0115, 0.0191. , –•–, – –: DADM with
cases 1, 2, and 3. Case 1: considers~1! oxygen mass transfer, and~2!
uG variation; case 2: neglects~1! while considers~2!; and case 3:
neglects both~1! and ~2!. ~a! uALb,eff ; ~b! uAGe .
2
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mSTOD5mSAOD3hOTE5
uG0CAGi0

uL
~12UG,z51uAGi,z51!

(18)

where mSAOD5specific applied ozone dosage5CAGi03uG0

3A/(uL3A). Note that the values ofhOTE andmSTOD decrease
with the ozone contacting time until reaching steady state du
variations ofUG,z51 and uAGi,z51 . The steady-state values o
UG,z51 predicted by the model simulations for the three cases
compared with the experimental data, as shown in Fig. 2. I
seen that the prediction of case 1 indicates a good agreement
value ofUG,z51 increases withuG0 , and approaches a constant
high uG0 . In contrast, cases 2 and 3 overestimate and under
mate the values ofUG,z51 , respectively. Consequently, conside
ation of the oxygen mass transfer and superficial gas velo
variation gives an accurate computation ofUG,z51 .

To further verify the validity of DADM, ozone dissolution
experiments with variousuG0 are performed and compared wit
the model prediction, as shown in Fig. 3, indicating good agr
ments. All the concentrations~uALb,eff , uAGe , anduOLb,eff) with
higheruG0 reach steady state faster due to higher volumetric m
transfer coefficients~kLA

0 a and kLO
0 a, as indicated in Table 1!.

Further, a higheruG0 gives higher dimensionless concentration
The predicted concentration profiles ofuALb in the bubble column
at t50.2, 0.5, 1.0, and steady state foruG051.33 and 9.48 mm/s
are shown in Fig. 4. It is seen that the shapes of the concentra
profiles in the transient state are similar to those in the ste
state. The value ofuALb /uALb,ss decreases with the axial coord
nate~z! from the bottom to the top of the column. Therefore, t
dissolved ozone concentration near the bottom of the column
proaches the steady state faster.

To show the effects of various dimensionless parameters
the dynamic process of the ozone dissolution in a countercur
bubble column, Figs. 5–7 depict the time variations
uALb /uALb,ss of the effluent at different levels ofPL , DaA , and
kLO

0 a, respectively. Note that the effects ofkLA
0 a, St G , andSt L

on the transient state are reflected bykLO
0 a in Fig. 7, as they are

proportional tokLO
0 a. The following conditions for the column

are assigned as the base values:yA50.0115,yO50.9885,DaA

50.0458, DaO50.00648, kLO
0 a50.00664 s21, PG5500, PL

510.0,St GA51.55,St GO50.216,St LA51.84,St LO52.08,aP

50.128, andRuGL571.3. It is apparent that the approach to t
steady state ofuALb,eff is accelerated by increasing the values

Fig. 2. UG,z51 versusuG0 at steady state for ozone dissolution
countercurrent bubble column.uL54.25 mm/s.yA50.020. Symbols:
experiments; lines: prediction. , –•–, – –: DADM with cases 1,
2, and 3 as specified in Fig. 1.
JOUR
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PL , DaA , andkLO
0 a. As PL increases, the system approaches p

flow and has a higher axial gradient ofuALb and driving force of
the concentration difference. This is favorable to the gas–liq
mass transfer. Further, the values ofuALb at steady state decreas
as DaA increase. The higher decomposition rate of ozone is t
advantageous to reaching steady state. Moreover, an increa
the mass transfer rate of ozone associated with an increas
kLA

0 a, which is proportional tokLO
0 a, results in an increase o

uALb , accelerating the establishment of the steady state. Th
results demonstrate that the DADM proposed in this study is u
ful and referable for the prediction and illustration of dynam
ozone contacting processes.

Conclusions

1. The model proposed considers the oxygen mass transfe
well as the superficial gas velocity (UG) variation. The dy-
namic variations of the ozone and oxygen concentrati
during ozone dissolution in a countercurrent bubble colu
can be well predicted from the beginning to steady state

Fig. 3. uALb,eff , uAGe , and (uOLb,eff2uOLb0)/(12uOLb0) versust for
ozone dissolution in countercurrent bubble column.uL51.42 mm/s.
Symbols: experiments; lines: prediction.s, n, h: yA50.00428,
0.0115, and 0.0191 atuG051.33 mm/s. d: yA50.0192 at uG0

54.85 mm/s.m: yA50.0162 atuG059.48 mm/s. ~a! uALb,eff , ~b!
uAGe , and~c! (uOLb,eff2uOLb0)/(12uOLb0).
NAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 2002 / 1041
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2. For engineering application, the oxygen mass transfer m
be neglected for simulation of ozone concentrations. T
corresponding errors compared with experimental data
found ,4.5% in this study. However, correction ofUG as-
sociated with the hydraulic pressure should be conside
Otherwise, 4–10% of overestimation would result.

Fig. 4. uALb versusz for ozone dissolution in countercurrent bubb
column. uL54.25 mm/s.yA50.0115. Lines: prediction. –•–, – –,
—••—, and : t50.2, 0.5, and 1.0, and steady state.~a! uG0

51.33 mm/s; and~b! uG059.48 mm/s.

Fig. 5. uALb /uALb,ss of effluent versust at variousPL for ozone
dissolution in countercurrent bubble column. Lines: prediction. –•–,
– –, —••—, --------, and : PL50.01, 0.667, 2.5, 10, and 10
~with uALb,ss50.462, 0.501, 0.559, 0.619, and 0.653!.
1042 / JOURNAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 200
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3. Both the oxygen mass transfer andUG variation should be
considered for accurate estimation of the amount of off-g
which is related to the computation of the ozone trans
efficiency and specific transferred ozone dosage.

4. The higher value ofUG increases the saturation concentr
tions of the dissolved ozone and oxygen and the rate of
steady-state establishment owing to the higher mass tran
coefficients. On the contrary, the ozone transfer efficien
decreases withUG . Further, the dissolved ozone concentr
tion near the bottom of the column approaches the ste
state faster.

5. The ozone contacting process in countercurrent bubble
umns reaches the steady state faster with higher values o
Peclet number, ozone decomposition rate, and mass tran
rate.

Fig. 6. uALb /uALb,ss of effluent versust at variousDaA for ozone
dissolution in countercurrent bubble column. Lines: prediction. –•–,
– –, –••–, -------, and : DaA50.0458, 0.5, 1.0, 2.5, and 5.0~with
uALb,ss50.619, 0.523, 0.448, 0.314, and 0.211!.

Fig. 7. uALb /uALb,ss of effluent versust at variouskLO
0 a for ozone

dissolution in countercurrent bubble column. Lines: prediction. –•–,
– –, —••—, -------, and : kLO

0 a50.001a, 0.003b, 0.00664c,
0.01d, 0.02e ~with uALb,ss50.203, 0.431, 0.619, 0.702, and 0.808!. ~a!
kLA

0 a50.000886,St GO50.0325,St LO50.313, St GA50.233, St LA

50.277. ~b! kLA
0 a50.00266, St GO50.0975, St LO50.939, St GA

50.699, St LA50.832. ~c! kLA
0 a50.00589, St GO50.216, St LO

52.08,St GA51.55,St LA51.84. ~d! kLA
0 a50.00886,St GO50.325,

St LO53.13, St GA52.33, St LA52.77. ~e! kLA
0 a50.0177, St GO

50.649,St LO56.26,St GA54.66,St LA55.55.
2
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Appendix: Mathematical Model and Derivation

With the decomposition of ozone and formation of oxygen,
mass transfer rates of ozone~A! and oxygen~O! may be enhanced
and retarded, respectively. The ratios of the mass transfer
with the decomposition of ozone and formation of oxygen to t
without may be signed by the enhancement factor of the oz
decomposition (ErA) and retarding factor of the oxygen forma
tion (Rf O), respectively. According to the film model~Danckw-
erts 1970!, theErA of ozone andRf O of oxygen can be expresse
as in Eqs.~19! and ~20!:

ErA5
Ha

sinhHa
~CAGi /HA!coshHa2CALb

CAGi /HA2CALb
(19)

Rf O512
3

2

DA

DO
F Ha
sinhHa S CAGi

HA
coshHa2CALbD2S CAGi

HA

2CALbD G Y S COGi

HO
2COLbD (20)

with Ha5AkdDA/kLA
0 . The common value ofkLA

0 is in the order
of 2 – 331023 m/s ~Langlais et al. 1991!. The DA in water is
determined as 1.7631029 m2/s at 21°C. Substitution of thes
values andkd allows one to calculate the value ofHa. Accord-
ingly, the values ofErA andRf O can then be estimated from Eq
~19! and ~20!, which are significantly different from unity only
when kd is greater than the magnitude of 200 s21 ~where Ha
>0.3). Qiu et al.~2001! found that the value ofkd obtained for
their experimental conditions increases from 231025 to 2 s21 in
the pH range of 2 to 12. Thus, the values ofErA andRf O calcu-
lated are about 1–1.000002 and 1–0.99993 for the condit
examined in this study and can be reasonably taken as unity
the common cases of the ozone self-decomposition. Should
experimental conditions give the values ofHa.0.3, then one
would have to perform the computation ofErA andRf O as noted
in the present model.

The system variables of interest include the gas velocity,
gas and liquid concentration profiles. Assumptions of the mo
may be deemed properly as follows~Mariñas et al. 1993; Zhou
et al. 1994; Huang et al. 1998!:
1. For the homogeneous bubbling flow regime, the dispers

coefficients, gas holdup, and mass transfer coefficients
constant along the height of the column;

2. The end effect of the column can be neglected;
3. Pressure varies linearly with the column height owing to

hydrostatic head;
4. Henry’s law applies; and
5. Chemical reactions in gas phase are neglected.
Based on the above assumptions, the overall mass balance o
phase may be described by Eq.~21!. The left-hand-side term rep
resents the variation of the local gas concentration, while
right-hand-side terms stand for the dispersion effect, convect
and ozone and oxygen mass transfers, respectively.

«G

]CG

]t
5«GEG

]2CG

]z2 2
]~uGCG!

]z
2ErAkLA

0 aS CAGi

HA
2CALbD

2Rf OkLO
0 aS COGi

HO
2COLbD (21)
JOUR
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Applying the ideal gas equation and noting that the hydrost
pressure (P) decreases linearly with the axial coordinate from t
bottom of the column, one has

CG5
P

RT
5

PT1«LrLg~L2z!/ f p

RT
5

PTbP

RT
(22)

with bP511aP(12z/L), andaP5«LrLgL/( f PPT).
Substituting Eq.~22! into Eq. ~21!, and putting in dimension-

less forms, one may obtain Eq.~3! of the dimensionless superfi
cial gas velocity (UG) and the related Eqs.~4!–~6!. While the
bubbles rise along the axial coordinate of the column, the liq
height (L) also increases due to the accumulation of the
holdup. The increasedL tends to be constant as the gas bubb
reach the liquid surface. Steady stateL is considered to be equa
to L0 /(12«G), whereL0 is the liquid height with no gas holdup

Further, the gas phase governing equations of ozone (CAGi)
and oxygen (COGi) can be expressed in dimensionless forms~7!
and ~8!. The liquid phase governing the equations of ozo
(CALb) and oxygen (COLb) should consider ozone decompositio
terms according to Eq.~2! to give Eqs.~9! and ~10!. The gas
ozone concentration (CAGe) in the free volume (VF) in a bubble
column can be described by Eq.~11! with the complete mixing
assumption. The dimensionless variables and parameter grou
the system equations are defined in the Notation. Note that
Peclet numbers represent the flow condition. As the values
Peclet numbers become large, the system tends to approach
flow. For small values of the Peclet numbers, the flow wou
behave as in complete mixing. Furthermore, the Stanton
Damköhler numbers stand for the significance of the mass tra
fer and chemical reaction, respectively.

Notation

The following symbols are used in this paper:
A 5 cross section area of column (m2);
a 5 specific gas–liquid interfacial area based on

volume of liquid and gas~1/m!;
CAGe , CAGe,ss

5 gas concentration of ozone in free volume an
its steady-state value~M or mg/L!;

CAGi , CAGi0

5 gas concentrations of ozone of holdup and in
gases~M or mg/L!;

CALb , CALb,eff

5 dissolved ozone concentrations in bulk and
effluent liquids~M or mg/L!;

CALb,ss 5 steady-state value ofCALb ~M or mg/L!;
CALi 5 dissolved ozone concentration of liquid at

gas–liquid interface~M or mg/L!;
Ce , Ce 5 experimental concentration data and its av-

erage value~M or mg/L!;
CG 5 total gas concentration in gas phase~M or

mg/L!;
COGi , COGi0

5 gas concentrations of oxygen of holdup and
inlet gases~M or mg/L!;

COLb , COLb,eff

5 dissolved oxygen concentrations in bulk and
effluent liquids~M or mg/L!;

COLb0 , COLb,ss

5 COLb at initial time and steady state~M or mg/
L!;
NAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 2002 / 1043
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COLi 5 dissolved oxygen concentration of liquid at
gas–liquid interface~M or mg/L!;

Cp 5 predicted concentration values~M or mg/L!;
Ct 5 tracer concentration~mg/L!;
Cu 5 dimensionless concentration of

tracer5CtQLtL /mt ;
DA , DO 5 molecular liquid diffusion coefficients of

ozone and oxygen (m2/s);
DaA , DaO 5 Damköhler numbers of ozone (5«LkdL/uL)

and oxygen
@53«LkdLCAGi0HO /(2uLCOGi0HA)#;

EG , EL 5 gas and liquid axial dispersion coefficients
(m2/s);

ErA 5 enhancement factor of ozone defined as in
Eq. ~19!;

f P 5 unit converted factor of
pressure5101 325 Pa (atm)21;

g 5 standard acceleration of gravity59.8 m/s2;
HA , HO 5 Henry’s law constants of ozone

(5CAGi /CALi) and oxygen (5COGi /COLi)
(M M21);

Ha 5 dimensionless Hatta number,5AkdDA/kLA
0 ;

hB , hB* 5 dimensional (m) and dimensionless (hB*
5hB /L) heights of rising gas bubbles at
time t;

hs 5 hydrostatic height of two different positions
for estimating«G , «G5DP/@(rL2rG)ghs#
~m!;

kd 5 decomposition rate constant of ozone~1/s!;
kLA

0 , kLO
0 5 physical liquid-phase mass transfer coeffi-

cients of ozone and oxygen~m/s!;
(kLA

0 a)sb 5 value ofkLA
0 a in semibatch reactor~1/s!;

L, L0 5 liquid heights at steady state, or with no gas
holdup ~m!;

mSAOD 5 specific applied ozone dosage,5CAGi0

3uG03A/(uL3A) ~mg/L!;
mSTOD 5 specific transferred ozone dosage defined as

~18! ~mg/L!;
mt 5 injection tracer mass~mg!;

NLPM 5 L/min at 0°C, 1 atm;
P 5 hydrostatic pressure as function of location

of column in Eq.~22! ~atm!;
PT 5 gas pressure at free space~atm or kPa!;

PzM 5 P at positionzM ~kPa!;
PG , PL 5 Peclet numbers of gas@5uG0L/(EG«G)#

and liquid @5uLL/(EL«L)# phases;
QL 5 liquid flow rate ~L/s!;
R 5 gas constant,50.082 atm L K21 mol21;

Rf O 5 retarding factor of oxygen defined as in Eq.
~20!;

RLF 5 ratio of modified volume of liquid to free
space,5A«LLuG0 /(VFuL);

RuGL 5 gas–liquid velocity ratio,5uG0«L /(uL«G);
R2 5 determination coefficient,

12@((Ce2Cp)2/((Ce2Ce)
2#;

r 2 5 correlation coefficient;
StGA , StGO 5 gas Stanton numbers of ozone

@5kLA
0 aL/(uG0HA)# and oxygen

@5kLO
0 aL/(uG0HO)#;

StLA , StLO 5 liquid Stanton numbers of ozone
(5kLA

0 aL/uL) and oxygen (5kLO
0 aL/uL);

T 5 temperature~K!;
1044 / JOURNAL OF ENVIRONMENTAL ENGINEERING / NOVEMBER 200
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t, tc 5 time ~s!, and contact time~min or s!;
tL 5 mean liquid phase residence time,5L«L /uL

~min or s!.
t10 5 time for 10% of tracer mass to exit column

~min or s!;
UG , UG,z51 , UG,z51,ss

5 uG /uG0 , uG,z5L /uG0 , andUG,z51 at steady
state;

uG , uL 5 superficial gas and liquid velocities~m/s or
mm/s!;

uG,z5L , uG0 5 outlet and inlet superficial gas velocities
~m/s or mm/s!;

VF 5 volume of free space (m3 or L!;
yA , yO 5 mole fractions of ozone and oxygen of inlet

gas;
z 5 axial coordinate of column from bottom

~m!;
zM 5 z at positionM near middle of column~m!;
aP 5 pressure ratio,5«LrLgL/( f PPT);
bP 5 local variable,511aP(12z/L);

d(t) 5 Dirac delta function to represent discontinu-
ous pulse;

DP 5 pressure difference between two positions
with and without aeration of hydrostatic
heighths for estimating«G , «G5DP/@(rL

2rG)ghs# ~Pa!;
«G , «L 5 relative gas and liquid holdups;

hOTE 5 ozone transfer efficiency defined as in Eq.
~17!;

uAGi , uAGe 5 CAGi /CAGi0 , CAGe /CAGi0 ;
uALb , uALb,eff , uALb,ss

5 CALb /(CAGi0 /HA), CALb,eff /(CAGi0 /HA), and
steady-state value ofuALb ;

uOGi 5 dimensionlessCOGi , COGi /COGi0 ;
uOLb , uOLb,eff , uOLb0

5 COLb /(COGi0 /HO), COLb,eff /(COGi0 /HO), and
COLb0 /(COGi0 /HO);

mL 5 liquid viscosity (kg m21 s21);
rG , rL 5 gas and liquid densities (kg/m3);

sL 5 liquid surface tension~N/m!;
t 5 dimensionless time,5t/tL; and
z 5 dimensionless axial coordinate of column

from bottom,5z/L.

Subscripts
sb 5 semibatch stirred reactor; and
ss 5 steady state.
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