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Abstract—The overall mass transfer coefficient k_, - in the flow characteristics was determined by the measurement
of the diffusivity of ozone, density of agueous solution, and viscosity. However, the measured values k,, - in the range
of 0.0096-0.0622 min™ show large changes in hydraulic retention time, and the dissolved ozone concentration C, .
presented under 0.1 mg/l is lower than the dissolved ozone observed. The overall mass transfer coefficient k ,, , in the
0zone decomposition was determined by measurement of the equilibrium dissolved ozone, overal decomposition rate
constant, and overall Henry's law constant. The measured values k, , are in the range of 0.0441-0.0749 min™, and
they present small changes depending on the hydraulic retention time. Furthermore, the measured dissolved ozone con-
centration C_ , presents alarger vaue than the C_ .. Then, the k,, ,is sdlected as an input overal mass transfer coeffici-
ent to predict the dissolved ozone requirement in the ozone contactor.
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INTRODUCTION

Many researchers have meesured and improved on the overdl
mass trandfer coefficient of oxygen, acicular goethite, and ozone,
using various resctors [Kang et d., 1986, 1990; Koh et d., 1989,
Yoon, 1999]. A bubble column has been largely applied to the field
of chemicad enginearing because it needs only small amounts of
working expenses and shows abig masstrandfer coeffident between
the phases [Kang e d., 1990]. The purpose of this paper isto deter-
mine the overadl mass trandfer coefficient usng the methods thet
consder reactor flow characteristics and ozone decomposition char-
acterigtics in the ozone contactor. The 0zone contactor in this study
isabubble column that has a continuous liquid phase and dispersed
gas phase where the factors of reactor performance are the Sze of
the bubble, gas holdup, and flow characteridics[Kang et d., 1936,
1990; Koh et d., 1989; Choi and Lee, 1992; Choi, 2001; Lee and
Lee 2002; Leeet d., 2003]. Thek,,  in the flow characteridicsis
measured by the liquid mass transfer coefficient and the specific
interfacid area. The oedific interfacia area can be determined by
the bubble size and gas holdup, which depends on the gas ve ocity
amgor factor for thek,, .. The values of k.., , in the ozone decom-
pogtion are edimated by usng atrid and error method where the
overdl decompaosition rate condant k., and Henry'slaw condant H,
were determined by the multiple regresson andlyss empirica equa
tion. The sHlected overdl mass trandfer coefficient k., ,, wasinputted
to predict the dissolved ozone requirement in the 0zone contactor.

EXPERIMENTAL METHODS

The ozone contactor used in the continuous experiment is shown

"To whom correspondence should be addressed.
E-mail: jarhim@korea.com

201

[ I

[ [
|j Off-gas

Syringer  Impinger

Flowmeter

Pump

Water bath

Conductometer

Valve

—1
Compressor Flowmeter ﬁ—l
~ Effluent
I:I a Conductivity
sensor

Ozone generator

Press gage Stirrer

Ozone
contactor

Fig. 1. The schematic diagram of the experimental apparatus.

in Fg. 1. The ozone generdtor is a dlent dectricd discharger thet
has awater cooling system at the outsde of the discharge tube and
filter, which is a moidure filter and is used to remove nitric acid
caused by humidity. The ozone contactor is made of acryl and its
height and diameter are 2,000 mm and 100 mm rdlatively. The mea:
urements of the flow of water and air are done by a water meter
and flow meter, Dwyer, USA, repectively. The modd of the sam-
ple loading pump is PH-0430D and its totd pump head is 4.5m,
rated power consumption 95 Wetts. In addition, it hasadrain vave
to control theflow leve. The azone off gas can be measured inthe ab-
sorption battle with 400 ml of 2% potassum iodide solution [Clesceri
et d., 1985; Yoon et d., 1999]. The pictures of the Sze and number
of the air bubbles are taken by ASA 1600 high-resolution film with
ashutter rate of 1/60 second. The flows in the ozone contactor are
the plug flow of up-flow for the ozone and axid digpersion flow of
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Table 1. Conditions of the determination of dispersion number, dispersion intensity, and thek,, ¢

Item Water flowrate Water velocity HRT Gasflowrate Gas velocity Gas flowrate/Water flowrate
Run (L/hr) (m/hr) (min) (L/hr) (m/hr) (GIL)
10.0 18 0.05
20.0 3.6 0.10
I 200.0 40.0 3 30.0 54 0.15
40.0 72 0.20
50.0 9.0 0.25
6.0 12 0.05
120 24 0.10
1 120.0 24.0 5 18.0 36 0.15
24.0 4.8 0.20
30.0 6.0 0.25
4.0 0.8 0.05
8.0 16 0.10
1 80.0 17.0 7 120 24 0.15
16.0 32 0.20
20.0 4.0 0.25
35 0.7 0.05
7.0 14 0.10
\% 70.0 13.0 9 105 21 0.15
140 2.8 0.20
175 35 0.25
25 05 0.05
5.0 10 0.10
Y, 50.0 10.0 12 75 15 0.15
10.0 20 0.20
125 25 0.25

Table 2. Conditions of the determination of the dissolved ozone
concentrationsand thek,, ,

Item Gasozone  Ozone HRT Gasflowrate/
conc. dose (min) Water flowrate
Run (mg/L) (mgOy/L) (GIL)
23 0.5
35 0.7
Vi 45 0.9 9 0.2
6.0 11
3
5
VIl 45 0.9 7 0.2
9
12
7.3 0.15
55 0.20
VI a4 11 9 0.25
37 0.30

downt-flow for the aqueous solution. The digoersion numbers (tracer:
NaCl, 1 M) were measured by the following method. The charac-
teridics of the ozone contactor as afunction of G/L ratio for afixed
HRT were measured, and then the digperson number depending
on the hydraullic retention time was determined from the FORTRAN
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program by atrid and error method. The operating conditions of
the ozone contactor to determine the k, - areshown in Table 1. The
dissolved 0zone concentration depending on the height of the ozone
contactor is presented in Teble2. Run VII is the operating condi-
tion to determine the k, .

DETERMINATION OF THE OVERALL
MASS TRANSFER COEFFICIENT

The overdl mass transfer coefficient in the ozone contactor isa
geedy date laminar flow as an axid digperson, and it has assump-
tionsasfollows.

(a Pressures are linearly changed by the height of contactor, and
the gas holdup and interface has a congtant vaue.

(b) The redgtance of mass transfer on the ozone asorption is
limited to the axis of liquid phase and is not increased by the ozone
depletion. The rate of the ozone depletion isthe first order reaction
inliquid phase but isto be neglected in the gaseous phase.

(c) Henry'slaw is gpplied.

The overdl mass trander coefficient was determined by the mass
trandfer coefficient of the liquid phasein the flow characterigtics of
reactor and mass belance in the decompostion of the agueous solu-
tion. The overdl masstrandfer coefficient k., - can be produced by
multiplying the liquid mass trandfer coefficient and the specific inter-
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facia area. Theliquid masstrandfer coefficient and viscosity can be
cdculated by Egs (3) and (4), repectively [Bingham, 1922; Danck-
werts, 1970].

K=k xa @

ae_ B8

dy(1-&,)

k xL
D

ﬁ =2.15[(T —8.44) +,/8078.4 +(T —8.44)7 —120
L

where d, isthe average diameter of the bubble

Themethod thet is used to produce the overdl masstrandfer coef-
fidentsisatrid and error method, which are determined by the chang-
ing rates of concentration depending on the hydraulic retention time
for the dissolved ozone [Carphentier, 1981; Sotdo et d., 1989; Yoon,
1999; Zhou and Smith, 2000; Bewtraand Nicholas, 1970].
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C*L -C, =C*Le’kLaMl +kI;)DCL(e7kLa‘M‘ -1) ©6)

La,M

kLa(T) :kLa(ZO) x1.024"% (7)

FLOW PATTERN AND DISSOLVED OZONE

The digperson number presents the flow characteridtics of the
reector, and the large vaue shows a completdy mixed flow. If the
vaueisandl, it becomes a plug flow that improves the efficiency
of the reactor. Therefore, the digperson number will affect the effi-
dency for thetrestment of an objective That i, if the optimum ratio
of G/L is determined for the smdl vaue of disperson number, the
efficdiency of the reactor can beincreasad. The experimenta result of
the digperson number in the ozone contactor is presented in Teble 3.
The dispersion number according to the hydraulic retention time
(HRT) in the ozone contactor as the function of theratio of G/IL is
presented in Fg. 2. The disperson number is directly proportiona
to the increment of HRT and G/L ratio, and it is0.03-0.13. Thein-
tengty of digoerson can be expressed as the parameter which mea

ar Rean(CmC) TkaoC ®  grestheextent of axia dispersion.
Table 3. Dispersion number in the ozone contactor
- Parameters GIL HRT (min) ) i o2 E(6),.. D/U.L
0.0 10 0.33 0.076 0.54 0.04
0.05 0.8 0.52 0.103 0.43 0.05
| 0.10 30 0.7 0.88 0.175 0.35 0.10
0.15 ) 0.7 1.04 0.182 0.34 0.10
0.20 0.7 119 0.205 0.42 0.12
0.25 05 170 0.278 0.30 0.17
0.0 09 1.20 0.09 0.30 0.05
0.05 0.6 2.35 0.17 0.24 0.09
I 0.10 50 0.6 2.95 0.21 0.22 0.12
0.15 ' 0.6 3.70 0.23 0.21 0.14
0.20 05 3.85 0.24 0.21 0.14
0.25 05 4.75 0.30 0.20 0.18
0.0 0.7 2.01 0.08 0.27 0.04
0.05 0.6 481 0.17 0.19 0.10
" 0.10 70 05 521 0.19 0.19 0.11
0.15 04 7.27 0.24 0.17 0.14
0.20 04 7.30 0.25 0.19 0.12
0.25 04 7.38 0.25 0.18 0.15
0.0 09 3.95 0.09 0.24 0.05
0.05 0.6 7.00 0.15 0.14 0.08
v 0.10 9.0 05 9.26 0.18 0.15 0.10
0.15 ’ 04 9.35 0.19 0.17 0.11
0.20 04 13 0.23 0.15 0.14
0.25 04 1.4 0.24 0.15 0.14
0.0 0.7 8.8 0.1 0.24 0.06
0.05 0.7 115 0.15 0.14 0.08
Vv 0.10 120 05 16.9 0.20 0.13 0.11
0.15 ' 04 185 0.22 0.13 0.12
0.20 04 20.0 0.24 0.13 0.14
0.25 04 217 0.25 0.15 0.15
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The digperson number was from 0.025 to 0.13. Then the flow pat-
tern might be close to the plug flow pattern with an intermediate
amount of disperson. The digoerson number shows a smooth vaue
after HRT 9 minutes and 0.2 for theratio of G/L. Theratio of G/L
and HRT is determined by the minimum vaue of the effective operar
tion of the reactor, and then the conditions for the optimum opera:
tion of the ozone contactor are determined as HRT 9 minutes and
0.2for theratio of G/L.

The digperson intengty of the fluid usng the function of the Rey-
nolds number and the ratio of G/L under the conditions of Run from
toin Table1 is shown in Fg. 3. The intendty of disperson can be
expressed asfollows:

Intensity of dispersion= D, ©)
U ds
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where D, istheaxid disperson codffident of ozone, U, isthe superfi-
dd liquid velocity and dy is the diameter of the ozone contactor.
The dispersion intengity is decreasad by the increment of the Rey-
nolds number, and it is increased by the increment of the ratio of
GIL. The disperson intensty is0.6-3.2 which is affected by theratio
of G/L rather than that of the Reynolds number. Because the dis-
person intendty is more affected by dispersion coefficient than by
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water velocity, the digperson coefficient is affected by advection
owing to the G/L ratio rather than Reynolds number. The digper-
son intengty that has the ratio of G/IL by 0.05is0.6-1.5, and it is
mainly transferred by the molecular diffuson. In the case of theraio
of G/L by 0.1, the disperon intensty is 2.4-2.8, which is mainly
trandferred by the molecular diffusion and advection [Yoon, 1999].

The dissolved ozone is an input parameter to estimate the vaue
of k., v in the equation of mass balance. The measured values for
the height of the contactor usng the function of the ozone dose,
HRT and ratio of G/L under the conditions of Run from VI to V1l
in Table 2 are presented in Fig. 4. The pH is 7.0, weter temperature
is20°C, TOCis0.04 mg/L, Alkdinity isOmg CaCO,/L, and ionic
grength is zero. The dissolved ozone (mg/l) isincreased by the con-
ditions of the parameters, such asthe lower height of the contactor,
large of ozone dose (Mmg/l), longer HRT, and the increment of the
ratio of G/L [Yoon, 1999; Park & d., 2001; Rhim, 2003]. The rate
of increase for the dissolved ozone is Sgnificantly increased by the
ozone dose of 0.90 mg/l, 9 minutes of HRT, and 0.2 of the ratio of
GIL, and thenit isalmog condant after the conditions are met. How-
ever, the dissolved ozone is decreased at 0.25 of the ratio of G/L.
The dissolved ozone is increased less than 0.2 of the ratio of G/IL
because the mass trandfer is increased by the effect of the Sze and
numbers of the azone bubble depending on the increment of the
ratio of G/L. But it is decreased more than 0.25 of the ratio of G/L
because the mass transfer is reduced by such factors as the lower
concentration of ozone in the bubble, decrement of the concentra:
tion gradient for the water solution under the condtant ozone dose
even though the spedific interfacid areais increased by the incre-
ment of the number of bubbles. Therefore, the optimum conditions
to presarve the dissolved ozone are assumed to be HRT 9 minutes,
0.20 of theratio of G/L [Yoon, 1999].

THE K., IN THE FLOW CHARACTERISTICS
The mass trandfer coefficient in the flow characteridticsis deter-
mined by the liquid mass trandfer codfficient and the specific inter-

fadd area The parameters and vaues required to cdeulate thek,, ¢
are shown in Table4. The diffusvity of ozone in water was deter-

Table 4. Results of the overall masstransfer coefficient Kk, ¢

0.04 . | . | . .

0.03

0.02

Gas hold-up

0.01

Gas velocity(m/hr)

Fig. 5. Effect of gasvelocity on gas holdup.

mined by Eq. (10) of the Wilke-Chang formules:

Dxy _7.4x10°(eM)"”
T Vo.s

where € isthe assodiation factor of ozone, M, isthe molecular weight
of water, and V isthe molar volume of ozone a its norma boailing
temperature. The specific interfecid area can be determined by the
bubble size and gas holdup, which depends on the gas velocity a
mgor factor for the k. - [Kang & d., 1986]. The effect of gasveodity
on gas holdup under the conditions of Run from | to V in Teble 1
is shown in Fig. 5. The coefficient of determination is 0.986, and
the sandard deviation is 0.000752. Asareault, it is conddered that
asmdl eddy is incressed by the increment of the energy distinc-
tion rate, and then the k,, ( is increased by the increment of gas-
liquid contact frequency [Kang et d., 1986; Yoon, 1999]. The size
of the bubble is 0.1-0.2 cm, and the average size is 0.15cm. The
spedific interfacid areais 0.4-1.3cm™. The vaue of ki, ¢ is 0.0096-
0.0622min™, and the C,_ verified by the mass baance is under

(10)

HRT (min)
3 7 9 12
Parameters and uni
gas velocity (U, cm/sec) 0.200 0.133 0.089 0.078 0.056
water velocity (U,: cm/sec) 1.110 0.670 0.480 0.370 0.280
NREED%MUQ 1.109 663.3 4752 366.3 277.2
Mo
A [
N*EbLDD 273.7 273.7 273.7 273.7 273.7
N,(0.323N~NZY) 69.63 53.89 45.72 40.14 34.92
D MNs. ;-3
kg 10 cm/se% 1.040 0.545 0.320 0.249 0.160
£,(0.00406U,,+0.00201) 0.0312 0.0215 0.0150 0.0134 0.010
a&?l—fﬁs—: om™ 1.290 0.880 0.610 0.540 0.400
b (s
Kea (ke xa min™) 0.0622 0.0327 0.0192 0.0149 0.0096

Korean J. Chem. Eng.(Val. 22, No. 2)
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0.1 mg/l and islower than the observed dissolved ozone.
THE k., v IN THE OZONE DECOMPOSI TION

Thevduedf k ,  is messured by the mass baance in the ozone
decompogtion:

(& The overdl decompadtion rate condtant and the overdl Henry's
law condant were predicted by the multiple regresson andyss Egs
(12) and (12) [Yoon, 1999).

(b) The equilibrium dissolved 0zone concentration can be mea:
sured by Henry’slaw equition.

(0) Thevaue of k .y was determined by usng atria and error
method by means of the subdtitution of the factors of (a), (b) and
observed dissolved ozoneinto Eq. (6).

(d) Thevauesof k_, r and k,,, , verified.

To measure the vadue of ko, and H,, the test water is used by the
prescribed water, thet is, a mixture of pure water and humic acid.
ThepH is 7.0, temperature is 20 °C, TOC is 0.158 mg/L, akdinity
is 10mg/, and ionic strength is zero. The value of G is the equilib-
rium dissolved ozone concentration and is produced by the subdti-
tution of the partia pressure of the dissolved ozone (0.11 kPa, 1.086%
10 am) and Henry'slaw constant (496,021 kPaimol,). In addition,
the vaue is converted into the unit of mg/l after calculaing the mole
(1.23x10°°) of C; [Yoon, 1999; Rhim, 2003].

l0gko=0.053]pH] +0.018] Temp] +0.20log[ 1.5

-0.33log[AlK]+0.43log[ TOC]-2.6 (1)
InH,=0.23In[pH]+0.57IN Temp] +1.40[1.5

+0.024]AIK]+0.053 TOC]+10.71 (12)

p=H.C (13

The overdl mass trandfer coefficient using the mass bdance in
the ozone decompodition is presented in Table 5. Thevaues of K,
(min™) are 0.0441-0.0749, and they present smal changes depend-
ing on the hydraulic retention time.

The rdationship of the dissolved ozone between the vaues of
k...r and the values of k_, ,, presented in Table4 and 5 rdativey is
shownin Fg. 6. Thevaues of C_ ;- are decreased depending on the
hydraulic retention time, and the verified ozone concentration, which
isunder 0.1 mg/l, islower than the observed vaues.

Therefore, the vaues of k, , which are Smilar to the dissolved
ozone veified by the mass blance, are Hected asthe inputted over-

16 — 16
e kLaM
o I(LaYF
A C —
LM | <
12 a ¢t 12 >
c o
E S
o 08} o8 N
- 3
3 =
04 {04 2
oob—e—r 1. Jog
0 4 8 12 16

Hydraulic retention time (min)

Fig. 6. Thevalues of k_, and dissolved ozone depending on the hy-
draulic retention time.

al mass trandfer coefficient to predict the requirements of the dis-
s0lved ozonein the ozone contactor [Yoon et d., 1999)].

CONCLUSIONS

The following condusions are reeched on the basi's of the results
of thisresearch.

Theindividua mass transfer coefficient k_was deduced experi-
mentaly. The value obtained was 0.16x10°-1.04x10° cm/sec de-
pending on the hydraulic retention time of 3-12 minutes. The e
dficinterfacid areawas determined by the bubble Sze and gashold-
up, and the vduewas 04-1.29 cm ™. Thevaues of k., rand C_ ¢ in
the flow characteritics of ozone contactor were 0.0096-0.0622 min™
and 0.06-0.10 mg/l, respectively. The overdl decompostion rate
congant ko, and the overdl Henry's law congtant H, were deter-
mined by the multiple regression andysis empiricd equation. The
values of K, and H, were 2.86x102 min™ and 496,021 kPa/moal,,
repectively. Thek,,  and C_ , in the decompaosition of ozone were
0.0441-0.0749 min™ and 0.12-0.25 mg/l, respectively. The C_ de-
creased depending on the hydraulic retention time, and the verified
vaue was lower than the meesured dissolved ozone. The vaues of
C_w, Were dmiler to the dissolved ozone verified by the mass bd-
ance Therefore, the vaues k., , Were selected as the overdl mass
trandfer coefficient to predict the dissolved ozone demand in the
0zone contactor.

Table 5. Determination of the overall masstransfer coefficient in the ozone contactor

HRT (min)

Parameters and units 3 > ! 9 12
Kop(min™) 2.86x1072

Cy(mg/L) 0.000

Ci(mg/L) 0.592

C.(mg/L) 0.120 0.130 0.160 0.210 0.250
K. w(min™) 0.0749 0.0489 0.0441 0.0476 0.0441

March, 2005
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NOMENCLATURE

: specific gas-liquid interfacial area[cm™]
: initial ozone concentration of liquid phase [mg/l]
: ozone concentration of liquid phase [mg/l]
¢ . dissolved ozone concentration considered in flow charac-
terigtics[mg/l]
w - dissolved ozone concentration considered in decomposi-
tion characteristics [mg/I]
C. :equilibrium ozone concentration of liquid phase [mg/l]
D :molecular diffusion coefficient of ozone [cm?/sec]
D.
d,

o poow

: axial dispersion coefficient of ozone [cnm?/sec]
: average diameter of the bubble[cm]
d;  :diameter of the ozone contactor [cm]
H, :Henry'slaw constant [kPa/moal{]
k., :individud masstrandfer coefficient of liquid phase[cnvsec]
k.. :overdl volumetric masstransfer coefficient of liquid phase
[sec]
K.m :overal volumetric masstransfer coefficientin T [sec™]
koo :overall decomposition rate constant [sec™]
L :column height [cm]
M, : molecular weight of water [g]
Nge : Reynoldsnumber [-]
Ng : Schmidt number [-]
Ng : Sherwood number [-]
T :temperature[°C or K]
t - hydraulic retention time of water [sec or min|
U, :superfacid gasveocity [cm/sec]
U, :superfacid liquid velocity [cm/sec]
V  :molar volume of ozone at its norma boailing temperature
[cm¥mol]

Greek Letters

& :gasholdup[-]

U :viscosity [glem/sec]

¢ association factor of ozone[-]

p. : specific weight of theliquid [g/cm’]
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