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Abstract: Ozone absorption in water was investigated in a mechanically stirred reac-
tor, using both the semi-batch and continuous mode of operation. A model for the
precise determination of the volumetric mass transfer coefficient in open tanks with-
out the necessity of the measurement the ozone concentration in the outlet gas was
developed. It was found that slow ozone reactions in the liquid phase, including the
decomposition of ozone, can be regarded as one pseudo-first order reaction. Under the
examined operating conditions, the liquid phase was completely mixed, while mix-
ing in a gas phase can be described as plug flow. The volumetric mass transfer coef-
ficient was found to vary with the square of the impeller speed.
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INTRODUCTION

When ozone from a gas mixture is absorbed in water of different quality, the
appearance of free ozone in the water means that there are no fast reactions of 0zo-
ne with substances originally present in the water. Very simple Equations describe
the ozone transfer from a gas mixture to water in stirred tanks in which liquid pha-
se is completely mixed. For the continuous mode of operation, the Equation is:

Gin Cop —Gout Cogyr = KeaVier —cp) )
and for the semi-batch mode:
dc ¥
—L=Kpa(e —c)-n )
dr

where 1 is the overall rate of the slow ozone reactions in the liquid phase. In the
case of distilled water r|_ represents the ozone self-decomposition rate. The value
of r_ may be easily determined by using Eq. (3), which also holds for the conti-
nuous mode of operation:

GIN Ca, ~Gout Coyyyp = LCL +1LV 3)
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In Egs. (1) and (3), G and L represent the gas and liquid volumetric flow
rates, respectively, and Cg and c|_ the ozone concentration in the gas and liquid
phase, respectively. However, the experimental determination of the volumetric
mass transfer coefficient from Egs. (1) or (2) requires the ozone concentration in
the liquid phase, which is in equilibrium with ozone partial pressure in the gas
phase, to be known. This concentration, ¢| , is the product of the solubility ratio
S, and average ozone concentration in the gas bubbles present in the gas—liquid
dispersion in the reactor, Cg , according to the Henry law:

¢l =sCg “4)

A variety of data for the equilibrium concentration of ozone in water as a

function of temperature is reported in the literature.l=11 The influence of pH and

ionic strength of the liquid phase on the equilibrium ozone concentration was
also considered.!1,12

Literature values of the solubility of ozone in water, converted to a solubility
ratio at 20 °C and pH 7, are summarized in Table I.

TABLE L. Literature values of the solubility ratio

Reference S
1 0.340
2 0.334
3 0.355
4 0.290
5 0.309
6 0.245
7 0.243
8 0.241
9 0.251
10 0.240
11.1 0.257
11.2 0.270
11.3 0.240
114 0.200
11.5 0.210
11.6 0.220

The values of solubility ratios from Table I can be summarized into two
groups. In the first group, values of around 0.3 and above are predicted,!~> while
in the second group, the values are in the range from 0.2 to 0.27.6711

The value of the solubility ratio suggested by Bin,!0 which approximately re-
presents the mean value of the distribution ratios predicted in the literature,6-11
and has been adopted by IOA, was used in this work.
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On the other hand, the average ozone concentration in gas bubbles present in
a gas—liquid dispersion in reactor, Cg , depends on the mixing status in the gas
phase. It is evident that the value of the equilibrium ozone concentration calcula-
ted on the basis of the ozone concentration in the effluent gas will be lower than
that calculated from the ozone concentration in the influent gas. Consequently, these
different approaches may result in different obtained values of the volumetric mass
transfer coefficients and, furthermore, in different behaviors of the volumetric mass
transfer coefficient when some of the operating conditions are changed (impeller
speed, power input or superficial gas velocity). In this way, different authors sug-
gested different correlations for predicting the volumetric mass transfer coeffi-
cient as a function of power consumption or impeller speed in stirred tank reactors.

Ouederni et al.6 suggested the value of volumetric mass transfer coefficient
to vary with impeller speed to the power 0.67, while Anselmi et al.!3 suggested
the exponent 2. Mallevialle et al.14 and Bouaifi et al.!> suggested that the volu-
metric mass transfer coefficient vary with the specific power input to the power
of 0.5, while Qiu et al.16 suggested exponent 0.4 and Yocum!7 0.46.

Our assumption was that there is not one reason for the behavior of the ozo-
ne and oxygen volumetric mass transfer coefficients to differ when the impeller
speed is changed.

Pejanovi¢!8 found that the oxygen volumetric mass transfer coefficient va-
ried with the square of the impeller speed in the same stirred tank reactor as used
in this study.

This fact was the basis for the determination of the mixing level in the gas
phase in this reactor.

The main objective of this work was to establish a model for precise deter-
mination of the ozone volumetric mass transfer coefficient in opened mechanic-
cally stirred tanks, without the necessity of measuring the ozone concentration in
the effluent gas.

EXPERIMENTAL

The experimental set up is schematically shown in Fig. 1. A closed reactor was used for the
continuous mode of operation, while semi-batch experiments were performed in an open tank.

The impeller speeds and gas flow rates were chosen in the ranges which provide that mecha-
nical sucking be avoided.

An ozone generator Ozone Lab 100/DS, Yanco Industries Ltd. Burton, Canada, was used.
Ozone was absorbed in water in a standard mechanically stirred reactor, equipped with Rushton ty-
pe 6-bladed impeller. The diameter of the tank was 200 mm and the height 400 mm, while the li-
quid height in the reactor was around 200 mm, and was measured in each experimental run. In this
way, the volume of liquid in the reactor was around 6 dm?, but varied from one experiment to ano-
ther. The impeller speed ranged from 300 to 600 min™!, while the gas flow rate was 0.567 dm3 min™! for
continuous and 0.25 dm? min'! for the semi-batch mode of operation. The ozone concentrations in
both the liquid and gas phase were measured by standard iodometric titration.
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Fig. 1. Experimental set up: oxygen bomb (1), gas flow-
K] meter (2), ozone generator (3) and stirred tank (4).

RESULTS AND DISCUSSION
Continuous mode

The experiments were performed in the same reactor and with the same
“clean” water quality as used in the study of Stankovic.!® We are of the opinion
that Stankovic arbitrarily assumed that the ozone decomposition reaction is zero
order with respect to ozone and that there were no fast and slow chemical reac-
tions of ozone with substances present in the “clean” water. This approach resul-
ted in too low values of the volumetric mass transfer coefficients obtained.

The experimentally measured values of ¢g , Cg . and CL, and the two va-
lues of K| a, (K a)our, calculated on the basis of the average ozone concentra-
tion in the gas bubbles being equal to the ozone concentration in the outlet gas
flow, and ( K|a)m, calculated assuming that Cg =( CG,y +5 CGoyr )/6, are summari-
zed in Table II. Only this combination of G,y and CG,,, assures that (K a)n
depends on the square of impeller speed.

TABLE II. Ozone volumetric mass transfer coefficient as a function of impeller speed (gas flow
rate: 0.567 dm3 min'!, liquid flow rate: 1.5 dm?® min!, temperature: 18 °C, solubility ratio: 0.256).
The dependence of ( K a),, on impeller speed is shown in Fig. 2.

n Con Coour CL v (Ka)our  (Kia)y

min’! mg dm™ mg dm3 mg dm dm? min! min’!
300 5.480 4.034 0.168 6.23 0.152 0.142
6.554 4.846 0.226 6.18 0.154 0.144

7.627 5.648 0.295 6.32 0.154 0.144

400 5.480 3.593 0.271 5.87 0.281 0.250
6.554 4314 0.360 5.93 0.288 0.255

7.627 5.085 0.440 5.81 0.288 0.256

500 4.944 2.888 0.314 5.86 0.468 0.388
5.480 3.232 0.362 5.76 0.475 0.394

6.017 3.606 0.411 5.54 0.482 0.401

600 4.944 2.625 0.380 5.92 0.761 0.568
5.480 2.948 0.436 5.92 0.761 0.568

6.017 3.277 0.492 5.92 0.756 0.566
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The ozone volumetric mass transfer coefficient is neither affected by the ozo-
ne concentration in the inlet and outlet gas flow, nor the free ozone concentration
in the water. This means that the ozone self-decomposition and slow chemical
reactions in the liquid phase do not influence the value of the physical ozone volu-

metric mass transfer coefficient.
1

(K @) min?

0.1

100 1000 Fig. 2. Dependence of the volumetric mass
n, mint transfer coefficient on impeller speed.

However, increasing the impeller speed causes a rapid increase of the volu-
metric mass transfer coefficient. Pejanovi¢!8 determined the oxygen volumetric
mass transfer coefficient in the same reactor as used in this work, at 14 °C, and
with a gas flow rate of 40 dm3 h™!. These values, converted to the conditions
from Table II, are summarized in Table III.

TABLE III. Oxygen volumetric mass transfer coefficient as a function of impeller speed

n/ min! 300 400 500 600
(K)o, / min™! 0.175 0.312 0.487 0.706

Pejanovi¢!8 showed that the oxygen volumetric mass transfer coefficient de-
pends on the square of the impeller speed, which also holds for the ozone volu-
metric mass transfer coefficient ( K| @), from Table II. The ratio of these two coef-
ficients is approximately 0.814. This ratio may also be estimated from the ex-
pression given in the literature:!2

n
(KLa)o, _{ Do, 5)
(KLa)o, | Do,

where Do, and Dg, are the molecular diffusivities of ozone and oxygen in
water, respectively, and the exponent n depends on the model of molecular
diffusion, being 1 for the two-film model and 0.5 for the surface renewal and
penetration model. However, different values of the ozone end oxygen molecular
diffusivities are given in the literature. Gottschalk!? suggests that the ratio bet-
ween the ozone and oxygen molecular diffusivities in water is 0.622, while Bin20
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recommends the value of 0.83. Nevertheless, the value obtained in this work
seems to be reasonable.

Therefore, a plug flow for mixing in the gas phase is proposed, which was also
reported by Wu et al.” The ozone volumetric mass transfer coefficient may now be
determined in an open continuous flow stirred reactor, without measuring of ozone
concentration in the outlet gas, from Eq. (1) and with ¢| = s( G, T3 oy )/6.

Semi-batch mode

Determination of the ozone volumetric mass transfer coefficient from Eq. (2)
requires the overall rate of ozone decomposition and slow chemical reactions in
the liquid phase to be known. This rate was determined using Eq. (3) and is ex-
pressed by the following equation:

fL = —ff—L —ky+kcL ©)
T

where ko and Kk are the pseudo rate constants, being 0.05 mg dm3 min~! and
0.1 dm3 min~!, respectively, for Belgrade drinking water at 20 °C.

In a recent paper, Bin?! recommended the method of treatment of experi-
mental data assuming that the equilibrium ozone concentration in water is appro-
ximately constant during absorption. Since this is not quite true, a different app-
roach is proposed.

It was found that the change in free ozone concentration in drinking water with
time, during an absorption run, may be fitted well by the following expression:

¢ =a(l-eb7) (7)

Eqation (7) indicates that the free ozone concentration in water is an incre-
asing function of the absorption time. Consequently, the driving force for absorp-
tion from Eq. (2) decreases with time, causing an increase in the ozone concen-
tration in the outlet gas flow and the ozone equilibrium concentration with ab-
sorption time. The form of Eq. (7) suggests that the change of the ozone equi-
librium concentration in water with time may be well represented by a linear in-
crease of this concentration with increasing free ozone concentration in water:

ol =cp, +Ac (8)

In this way, Eq. (2) becomes:

dc *
d_zl'_: Kia(c{, +Ac, —c)—ko—kicp )
and the solution of this equation is:
K ac] -k
cL LeM, 0 [1 _e—(KLa(l—A)+k1)r] (10)

B KLa(l— A)+ kl
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By comparing Egs. (7) and (10), one may find that:

K ac| —k
a= L, 70 (11)
KLa(l — A)+ kl
and:

b=Kpa(l-A)+k (12)

The time derivative of Eq. (7) is:
do _ abe 07 (13)

dr

This means that this time derivative of the free ozone concentration in water
may be found at any given time, if the values of the constants @ and b are deter-
mined from the best fit of the change of free ozone concentration in water with
time. The exact values of ¢ and constant A are not necessary to be known.

Calculation of K| a from Eq. (2) requires that the ozone concentration in the
outlet gas flow is also known. It is assumed that this concentration may be calcu-
lated from the integral balance, as a mean value over a predefined period of time.
Since Goyr differs from Gy by less than 1 %, the integral balance Equation for
any 2 minutes duration of absorption is:

CLn+t1tCLna1
Geg,y 2=V (CLn1 —CLn-1) — Eko +k 2}/2

“Gourn = G2 (14)

where n is the minutes of absorption time and V is the liquid volume in the
reactor. Eq. (14) is valid in time intervals in which the ozone concentration in the
liquid phase is close to a linear function of the absorption time, i.e., at the begin-
ning of absorption.

Considering ozone absorption in Belgrade drinking water at 20 °C, the inlet
gas flow rate being 0.25 dm3 min~! and the ozone concentration in the inlet gas
33 mg dm3, the data of the change of the free ozone concentration in water with
time given in Table IV are obtained.

TABLE IV. The dependence of free ozone concentration in water (Gpy = 0.25 dm? min'!, n =400 min'!)

7/ min 0 2 4 10 15
c ./ mg dm?3 0 1.30 2.03 3.30 3.62

Fitting of experimental data from Table IV in Origin 5.0 software gives the
values of parameters a and b in Eq. (7), as follows: a=3.827 mg dm~3 and
b=0.1962 min~!. In that way:

(dC—Lj —0.6171— 28
dr ); dm3 min
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CL = 0.682 mg dm=3 and CL,= 1.242 mg dm3, while from Eq. (14), with V = 6 dm3
and n = 1 min:

_ mg
CGOUT,I = 154056@
The ozone volumetric mass transfer coefficient may now be calculated from

the following Equation:
(dCL) + ko + kICL
dT 1 1
K|_a =
s(ScGOUT,1 +Cg, )/ 0-CL,

The obtained values of the ozone volumetric mass transfer coefficient agree
well with the correlation recommended by Linek et al.22 and with the values ob-
tained by Wu and Masten,? but differ from the values given by Bin and Rous-
tan.23 Since the value obtained in the continuous mode, for a gas flow rate of
0.567 dm3 min~! at the same impeller speed, corrected to the temperature of 20 °C
is 0.266 min~!, the correlation given by Pejanovié¢!8 for oxygen transfer in water
in stirred vessels seems to hold for ozone transfer as well:

K|_a=cons‘[(n3d2)2/3u(13/3 (15)

where d is the diameter of turbine impeller and Ug is the superficial gas velocity.

=0.1977 min~!

CONCLUSIONS

Investigations of ozone transfer to water in a semi-batch and continuous flow
stirred reactor were performed in order to determine the ozone volumetric mass
transfer coefficient. The flooding regime and mechanical sucking in the reactor were
avoided by the correct choice of impeller speed and gas flow rate. The investiga-
tions showed that the value of the ozone volumetric mass transfer coefficient is
not affected by the liquid flow rate, since the corresponding values were obtained
in both types of operation. However, the ozone volumetric mass transfer coeffici-
ent was found to vary with the square of the impeller speed and with the third
root of the gas flow rate. The same behavior was previously reported for oxygen
transfer to water.

N3BONO
ABCOPITLIJA O30HA Y PEAKTOPY CA MEXAHUYKWM MEILIABLEM
JBUJbAHA TAKUR!, BIIAJIA BEJLKOBUR!, MUOJIPAT JIA3UR!, I CPBAH IIEJAHOBUR?

lYHusepsuu_Aem y Huwy, Texnoaowxu gpaxyaitieini y Jleckosuy, Jleckosay, u ZYHueepsuthelﬁ y Beozpaoy,
Texnoaowko—meitiasypuiku gaxyaitieit, beozpao

HcnutuBana je abcopmiyja 030Ha Y BOAM Y HIAPKHOM M MPOTOYHOM PEAKTOPY ca MEXaHH-
YKUM MelIameM. Pa3BujeH je mozaen 3a mpenusHo oapehuBame KoepHuIrjeHTa IpeHoca Mace 030Ha
y OTBOPEHUM CyHOBUMa, Oe3 moTpede 3a MepemeM KOHLICHTPAIMje 030Ha y M3/Ia3HoM racy. IToka-
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3aHO je J]a ce CIOope XEMHjCKE peaKirje 030Ha ca MOIyTaHTHMa IPUCYTHUM Y BOIH, YKIbYUyjyhu u
CIIOHTaHY JEKOMIO3HUIIMjy 030Ha, MOTY TPETHPATH Kao jeHA YKYITHA XEMHjCKa peaKija Icey0-Tp-
Bor peza. [Ipu onepaTuBHUM ycioBHMa KopuiheHUM y OBOM pajly, Mellame y TeuHoj dasu je uie-
aJIHO, JIOK C€ 3a MelIllambe y IacHoj (a3u MoXke IPUMEHUTH MOJEN KIUIHOT CTpyjama. KoHcTaToBaHO
je Ia 3ampeMHMHCKH KOe(HILHjEeHT NPEeHOca Mace 030Ha pacTe HMPONOPLHOHAIHO KBajapary Opoja
o0praja MeIanmIe.

PN B WD -

13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.

(TTIpumsbeno 19. jyna 2006, peBuaupano 27. nenem6pa 2006)

REFERENCES

H. Benbelkacem, H. Cano, S. Mathe, H. Debellefontaine, Ozone Sci. Eng. 25 (2003) 13

M. Kuosa, A. Laari, J. Kallas, Ozone Sci. Eng. 26 (2004) 277

J. H. Perry, Chemical Engineers Handbook, 6t Ed., McGraw-Hill, New York, 1984, p. 3

E. Rischbieter, H. Stein, A. Schumpe, J. Chem. Eng. Data 45 (2000) 338

J. C. Morris, Ozone News 1 (1998) 14

A. Ouederni, J. C. Mora, R. S. Bes, Ozone Sci. Eng. 9 (1987) 1

C. A. Jakubowski, B. W. Atkinson, P. Dennis, G. M. Evans, Ozone Sci. Eng. 25 (2003) 1

J. A. Roth, D. E. Sullivan, Ind. Eng. Chem. Fundam. 20 (1981) 137

J. Wu, S. Masten, J. Environ. Eng. (2001) 1089

A. Bin, Proceedings of the International GLS 7 Conference, (2005), Strasbourg, France, 2005

. B. Langlais, D. A. Reckhow, D. R. Brink, Lewis Publishers, 1991
. C. Gottschalk, J. A. Libra, A. Saupe, Ozonization of Water and Waste Water, Wiley-VCH,

Germany, 2000

G. Anselmi, P. G. Lignola, C. Raitano, G. Volpicelli, Ozone Sci. Eng. 6 (1984) 17

J. Mallevialle, M. Roustan, H. Roques, Cebedeau, (1975) 175

M. Bouaifi, G. Hebrard, D. Bastoul, M. Roustan, Chem. Eng. Proc. 40 (2001) 97

Y. Qiu, C. H. Kuo, M. E. Zappi, Environ. Sci. Technol. 35 (2001) 209

F. H. Yocum, Water 76 (1979) 135

S. Pejanovi¢, Ph.D. Thesis, University of Belgrade, Faculty of Technology and Metallurgy,
Serbia and Montenegro, 1992

1. Stankovi¢, Ozone Sci. Eng. 10 (1988) 321

A. Bin, private communications (2006)

A. Bin, Exp. Therm. Fluid Sci. 28 (2004) 395

V. Linek, V. Vacek, J. Sinkul, P. Benes, Ellis Horwood, Chichester, (1988)

A. Bin, M. Roustan, Proceedings of the International Specialized Symposium IOA 2000,
Fundamental and Engineering Concepts for Ozone Reactor Design, (2000), Toulouse, France,
(2000), 89.



