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Abstract

The effect of superficial gas and liquid velocities upon ozone mass transfer in a co-current upflow reactor filled with granular silica gel is
studied. A concentration of dissolved ozone at steady state is observed depending on technological and operating conditions of the reactor.
Increase of gas velocity is found to increase both the overall mass transfer coefficient and the concentration of dissolved ozone at steady
state. Increase in liquid velocity at fixed gas velocity decreases the concentration of dissolved ozone at steady state. Ozone decompositior
in the presence of silica gel is investigated and shown limited to self decomposition in liquid bulk. Ozone mass transfer is modelled from
experiments carried out under different conditions of bed height, gas flow rate and liquid flow rate in order to predict the overall mass
transfer coefficient involved in further simulations of ozone concentration profiles along the length of packed bed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Materials and methods

Ozone is known as the most powerful chemical oxidant A simplified scheme of the experimental equipment used
available for water treatmeffit]. However, the removal of  in this study is shown ifrig. 1lists the main physical charac-
organic matter is often limited during direct ozone treatment teristics of the granular silica gel used. The packed bed was
due to the stable by-products formation. Then, application disposed on a support grid located above a ceramic porous
of advanced oxidation processes may be required to achievelistributor to gas introduction. The liquid flow was injected
high oxidation yields of organic pollutants when their re- using a peristaltic pump and a pulsation limiter through two
activity towards molecular ozone is low. In this field, many inlet points set under and at each side of the gas diffuser.
processes have been developed using ozone with activatind.iquid flow rate (20, 30, 40, 6& 0.6 I/h) was measured by
systems to promote the organic matter oxidation. Two types a flowmeter. Liquid passed through the column co-currently
of activating systems are found. The first one includes hy- with the gas bubbles. The reactor was equipped with outlets
drogen peroxide, catalysts and UV radiation whose reactionat the top of the packed bed for solution analysis and for
with ozone generates highly reactive secondary oxidantsliquid and gas discharge. On-line monitoring was performed
such as free radical species in the medii23]. The sec- for ozone concentrations in the liquid phase and in the gas
ond one involves solid materials such as activated aluminaphase. Ozone concentration in the gas phase was analysed
or active carbon acting as adsorbents to concentrate theby the UV method[6] (BMT Messtechnik 961 analyser)
organic matter in solid phase and then to promote its ox- while the ozone concentration in the aqueous phase was ob-
idation, leading to an exothermic reactipf5]. The aim tained -0.5%) using an electrochemical probe fed at a high
of this paper is therefore to study ozone mass transfer andenough liquid flow rate to prevent ozone depletion (Orbi-
decomposition in a co-current upflow reactor packed with sphere Laboratories analyser 26506 with sensor 2301). Ex-
granular silica gel that is another potential adsorbent to be periments were conducted using demineralised water at pH
used for low organic pollutants concentration followed by 6 at 289 K. Ozone was produced from pure oxygen and its
oxidation with ozone at ambient temperature. concentration in the gas phase at the outlet of the genera-

tor was fixed to 100 g/mNTP (£2%). Gas flow rate (10,
" Corresponding author. Tek:33-562-88569-7; fax:+33-562-885600. 204 11/h NTP) was roughly measured by a flowmeter at the
E-mail address: joel.albet@ensiacet.fr (J. Albet). inlet of the column and adjusted using a volumetric counter
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Nomenclature

a specific interfacial area (fimd3)

C ozone concentration (gAh

Ce ozone concentration of the gas phase &/m

Cai ozone concentration of the gas at column
inlet (g/n?)

CL ozone concentration of the liquid phase (8fm

Cy concentration of dissolved ozone at

the equilibrium (g/m)
C>®  concentration of dissolved ozone at steady
state (g/m)

de diameter of column (m)

dp diameter of gas bubble (m)

dp particle diameter (m)

Do,  ozone diffusivity in water (rf/s)

G superficial gas velocity in empty column (m/h)
H bed height (m)

He Henry’'s constant (atm)

k first-order rate constant{(3)

Ky kinetic constant of decomposition

reaction (s1)
KLa overall mass transfer coefficient in liquid

phase (s1)

L superficial liquid velocity in empty
column (m/h)

M water molecular weight (18 g/mol)

[OH™] hydroxide ions concentration (mol/l)
QG gas flow rate (I/h)
QL liquid flow rate (I/h)

R gas constant (0.082 | atm/mol K)
S column cross section area gn

T temperature (K)

Z distance along tubular reactor (m)
&g gas holdup (dimensionless)

0 water density (kg/rf)

Table 1
Main characteristics of the packing material (Prolabo Granulated Silica
gel)

Medium screen (mm) 2-5
Average diameter of particles (mm) 3.33
Bulk density 0.75
Density of packed bed (kg/fh 370

Void fraction of bed 0.24
Surface area (Rig) ~500
External surface area per volume of bed?(mr) 1370

uously entered the bottom of the reactor through a diffuser
located under the impeller axis. The relative gas pressure in
the reactor was maintained at 0.2 bar. The agitation speed
was fixed at 500 rpm and the temperature of the solution
was kept at 293 K using an immersion thermostat with a cir-
culating water flow. Ozone gas was applied for at least the
required time to obtain the equilibrium state in the liquid
phase (8 min) to then allow stopped-flow measurements of
dissolved ozone concentration. Dissolved ozone concentra-
tion was determined by the indigo dosage methtd%),
based on indigo trisulfonic acid discoloration by ozone in
acid medium conditiorfi7].

3. Results and discussion

Variation with time from start-up of ozone concentration
in the liquid phase at the top of the fixed bed was studied
for different gas velocities, liquid velocities and bed heights.
Fig. 2 presents typical ozone absorption curves obtained for
a 0.2m bed height with superficial gas velocity of approxi-
mately 5 or 10 m/h£0.5 m/h) and superficial liquid veloc-
ity of approximately 10, 15, 20 or 30 m/B-0.3 m/h). Each
experiment shows a start-up period of 5—-6 min depending on
ozone transfer rate after which a concentration of dissolved
ozone at steady stat€™ is reached. For each operating
condition, the constant dissolved ozone concentration value
obtained is the result of a dynamic equilibrium between the

located in the vent gas line after the ozone analyser. Themass transfer of ozone coming from the gaseous phase and
residual ozone in gas was destroyed by a potassium iodidethe ozone decomposition in the liquid phase. From these
solution absorber followed by thermal destruction. The rela- data, it can be noticed that the ozone dissolved concentration
tive gas pressure at the top of the column was maintained atat steady state increases with the superficial gas velocity. In
0.2 bar to favour ozone dissolution in aqueous phase. Ozoneaddition, the increase of liquid velocity is shown to lower
gas transfer measurements were carried out at different conthe concentration of dissolved ozone at steady state. Varia-

ditions of bed height, gas flow rate and liquid flow rate.

. A 0.05m diameter column was carefully packed from
the bottom to a given height (0.20, 0.35, 0.50 m) with the
granular silica gel (Prolabo Granulated Silica géBble 1

Additional experiments in semi-batch mode were carried
out using a 21 stirred vessel filled with 1.51 of ultra-pure
water containing when needed 81 §/f powdered silica
gel (Merck Silica gel, grade 10180). The silica gel patrticle
size range is 80-130m with an average pore diameter of
40A. Ozone was produced at a concentration of 4Gg/m
NTP (+2%). The gaseous flow (68 0.51/h NTP) contin-

tion with time of the ozone concentration in the liquid phase
at the top of the packed bed for different bed heights with
fixed flows of gas and liquid at, respectively 5 and 10 m/h is
given in Fig. 3. Comparison of the curves shows that con-
centration of dissolved ozone at steady state increases with
bed height while ozone transfer rate is clearly unaffected.
Figs. 4 and Sighlight the influence of operating conditions

on the ozone concentration in aqueous phase at steady state.
The dissolved ozone concentration reached at steady state
linearly increases with bed height and varies as a function
of gas—liquid flow ratio.
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Fig. 1. Scheme of the experimental apparatus.

Ozone absorption in water results from both gas—liquid concentration [OH] expressed in mol/l.

mass transfer and from dissolved ozone decomposition re-

action. Following the Whitman and Lewis film theory and C =

because of non-resistance to ozone mass flux in the gas film,

i i - —2428
the ozone transfer rate can be defined using the overall vol He — 3.84 x 107[OH‘]0-035exp( - )

umetric mass transfer coefficieK{ a and the equilibrium
concentration of dissolved ozowg'. This second parame-
ter is given by Henry’s law expressedig. (1) when con-
sidering ozone as an ideal gas. The Henry's constdat (
in atmosphere) is calculated by means of the correlation (2)

p RT

——C
M He G

69

1)

)

Ozone mass transfer in the fixed bed reactor can be mod-
elled according to a mass balance in both gas and liquid
phases given the following considerations:

proposed by SullivafB]. This correlation takes into account e For the gas velocities used, the reactor operates in

pH effect on ozone solubility by means of hydroxide ions
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Fig. 2. Ozone absorption at different gas and liquid velocities for a bed height of 0.2 m.

bubble-type regime characterized by gas bubbles highly
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Fig. 3. Ozone absorption at different bed heights for given gas and liquid velogities§m/h, L ~ 10 m/h).
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Fig. 4. Effect of bed height on concentration of dissolved ozone at steady state for different gas and liquid velocities.
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Fig. 5. Effect of gas-liquid flows ratio on concentration of dissolved ozone at steady state for different bed heights.
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dispersed in a liquid floW9]. This consideration is sup- rate constanky equal to 16 x 10~4s~%, taking Do, as
ported by visual observation. 1.3 x 109m?/s at 293K [14] and two values ofK:
e The dimensions of the reactor and solid particlEg4p > 2 x 10~*m/s and 2x 10~>m/s. These& values are valid,
50 andH /d. > 0.5), the linear variation with height of the  approximately, for reactors in which ozone is fed through
dissolved ozone concentration, and the constant pressurawo different devices: a diffuser plate and a bubble column
drop per packing height are all consistent with plug-flows [15]. In any case, they represent the orders of magnikjde
of water and gas through the bed. has in agitated tanks and bubble colurfit®]. TheHa num-
e The intra-particle diffusion effects are not considered. bers obtained with and without powdered silica gel in the
e The ozone absorption process is assumed to be isothermateactor are the same and, respectively equal to 0.0023 and
and isochoral. 0.023 forK| = 2 x 10~%m/s and 2x 10~°m/s. TheHa is
much lower than 0.1 and according to Charpertiéi, this
result indicates that the reaction of ozone decomposition is
very slow and takes place in the water bulk. Accordingly,
the ozone absorption is controlled by the reaction rate of

ozone decomposition. As well, silica gel does not enhance
mass transfer without ozone decomposition in the gas phase.
0zone decomposition in the liquid phase and the ozone

For the liquid phaseq. (4)includes the gas to liquid mass reaction in water through the fixed bed can be considered
transfer term and in addition a kinetic decomposition term . 9

with constant rate coefficiefit for dissolved ozone decom- limited to self decomposition in the liquid bulk. The ki-
netic constantky) of 1.6 x 10~*s~1 can be used foK_a

The ozone mass balance developed for a unit volume of
cross-section ared and height & is then given at steady
state for the gas and liquid phases by, respectiig. (3)
and (4) Ozone mass balance iy. (3)is limited to ozone

position. S
determination.
Qc dCG — K a(C*—C 3 Considering that there is no self-decomposition of ozone
s dz La(Cy —Cu) 3) in the liquid film near the gas—water interface, the overall
oL dc, mass transfer coefficients were identified by solgs. (3)
< daz - K a(C{ — CL) — kqCL (4) and (4)simultaneously using a Runge—Kutta 4th order nu-

merical integration method in order to minimise a least
Ozone decomposition in water has been investigated by nu-squares criterion of the difference between the measured
merous authors. Kinetic expressions have been proposed/alues and the calculated ones. The boundary conditions
taking into account the initiator role of hydroxide ions in adopted were aZ = 0, Cg = Cgj andC. = 0. Table 2

the radical mechanisii0-12] A previous study confirmed  shows that the increase of the superficial gas velocity from 5
that for a solution pH ranging from 3 to 10 at 293 K, ozone to 10 m/h results in a nearly proportional increase of¢ha
decomposition in water occurs according to a first-order re- value while the liquid velocity effect remains low. These
action with respect to ozong3]. To make sure that sil-  observations fit previous ones described and suggest that
ica gel is unreactive towards ozone, experiments in batchthe overall mass transfer variation is mainly controlled by
mode were performed using an agueous solution containingthe specific interfacial area variation)(linked to the gas

81 g/m? powdered silica gel to minimise the intra-particle hold-up change which strongly depends on the superficial
diffusion effect. Further to the saturation of the solution by gas velocity{17—20] Experimental data from Roustan et al.
ozone, stopped-flow measurements of dissolved ozone con{18] shows that the gas holdupg] linearly increases with
centration were made. Ozone decomposition takes place acthe gas flow rate while the bubble size (volume-to-surface
cording to a pseudo-first-order reaction with respect to the mean bubble diameter) is independent of the liquid flow rate
ozone concentration. The kinetic constkpts comparedto  and increases little with the gas flow rate. The specific in-
the one evaluated from the reference test carried out using

only water and corresponding to ozone self decomposition.

The results reveal that the constant rate coeffidigfar dis- Table 2

solved ozone self decomposition is equal 162 10 s K| a values identified for ozone absorption through a fixed bed of 0.5m
and remain unchanged when powdered silica gel is presentygignt at different gas and liquid velocities

in the reactor. In addition, the Hatta number has been cal-

. . —1 0
culated in order to establish the zone of water where the re-& (™M L (m/h) Kia x10° (s79) (x2%)
action is taking place. For a first-order irreversible reaction, 5.4 10.0 6.40
Hatta number is defined as: 5.3 15.0 7.56

5.2 19.9 8.09

(kaDo,)%® 5.0 29.7 8.64
Ha=—p"— ®) 105 10.0 1053
10.3 15.0 12.04

with kg and Do,, respectively the first-order rate constant 10.2 20.0 12.42
29.8 13.79

and the ozone diffusivity in water. With these parameters, 190
the kinetic regime of absorption can be established. By pH = 6, 7 = 289K, He = 45452atm, ¢} = 324g/n?, Cg =
checking thisHa was calculated from value of first-order 1119g/n?.
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Fig. 6. Numerical simulation results f@§ = 5.3m/h, L = 150m/h, K a = 7.56 x 10 3s ! andkg = 1.6 x 1074s L.

terfacial area is related to the gas holdup and the diametere Turbulent flow Re = 1912—-2985):
of bubble €p) by Eq. (6} Kia = 0.110x G°615

6 Eg
a = —

db 1 - Eg

®)
(6)

with K ainmin~! andG in m/h.
In our study, the superficial liquid velocity varies between
As well, the gas holdup linearly increases with the gas 10 to 30 m/h corresponding to Reynolds number in the range
flow rate while the bubble size is less affected, resulting in 615-1845. Using the correlations (7) and (8), respectively,
a positive variation of the specific interfacial area. for the laminar and the turbulent liquid flow, we found that
Moreover, Roustan et gl18] have proposed two experi-  K_avalues in empty bubble column are on the average 50%
mental correlations folK| a determination in an empty bub-  lower than those obtained with the silica gel packed bed for
ble column operating in co-current upflow of gas (ozone) and the two liquid flow regimes. In addition, ol a values are
water for two liquid flow regimes described by the Reynolds in agreement with the gas-liquid mass transfer coefficients
number Re): for co-current upflow in packed beds obtained by Alexan-
. _ . der and Shaljil7] with various packing materials such as
* Laminar flow Re = 680): standard cylindrical extrudates (3.17 mm diameter) and rings
KiLa = 0.092 x G°516 (6.35 mm diameter).

(7)

120.0 G=20.5L/hand L=19.6 L/h —
A\
100.0
KA‘\
80.0 E
g
& 60.0
O
40.0
20—, e e nenenennt N
0.0 === :
0.00 0.10 0.20 0.30 0.40 0.50
H (m)
—— Model (gaseous ozone) ~ ---eee- Model (dissolved ozone)
A Experiment (gaseous ozone) +  Experiment (dissolved ozone)

Fig. 7. Numerical simulation results f@§ = 10.4m/h, L = 10.0m/h, K a = 1053 x 10 3s ! andkg = 1.6 x 1074s 1,
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In order to prove the model suitability for prediction of  [5] 3.D. Willis, Waste Water Treatment, Publication date: 02/02/1994,
ozone concentrations profiles along bed length, numerical  British patent GB 2269167 1994. '
simulations were carried out involving the aver#&ge value [6] 10A, Ozone concentration measurement in a process gas by UV

lative t h locitvi 6. 7show that d adsorption, IOA Standardization Committee, Europe 004/89(F), 1987.
relative to each gas velocitlyigs. 6, /show that good agree- [7] IOA, Colorimetric method for the determination of residual ozone

ment is reached between experimental and model results. in water, IOA Standardization Committee, Europe 004/89(F), 1989.
[8] D.E. Sullivan, Ph.D. Dissertation, Vanderbilt University, Tennessee,

USA, 1979.
4. Conclusion [9] J.L. Turpin, R.L. Huntington, Prediction of pressure drop for

two-phase two component cocurrent flow in packed beds, AIChE J.
i o 13 (1967) 1196-1202.
The influence of gas and liquid flows on 0zone mass [10] F.J. Beltran, Theoretical aspects of the kinetics of competitive 0zone
transfer in a reactor containing a fixed bed of granular silica reactions in water, Ozone Sci. Eng. 17 (1995) 163-181.
gel operating with co-current upflow is examined consid- [11] J. Staehelin, J. Hoigné, Decomposition of ozone in water: Rate of
ering the concentration of dissolved ozone at steady state initiation by hydroxide ion and hydrogen peroxide, Env. Sci. Technol.

d th 0 ¢ f fficient. Th trati 16 (1982) 676-680.
an € overall mass transier coefncient. € concentra Ion[12] J. Weiss, Investigation on the radical bfOn solution, Trans. Faraday

of dissolved ozone at steady state is found to increase with- ~ soc. 31 (1935) 668-681. \

gas velocity and bed height. Liquid velocity is shown to [13] C. Legay, V. Farines, S. Baig, J. Molinier,®®® Journées
cause the opposite effect. Whereas ozone decomposition in Francophones sur les Réacteurs Gaz-Liquide et Gaz-Liquide-Solide,
the presence of silica gel is shown limited to self decompo- __ 8-11 Septembre, Saint-Pierre d'Oléron, France, 1998,

it in liquid bulk. th I t f fficient i [14] V. Matrozov, S. Kachtanov, A. Stepanov, B. Treguhov, Experimental
stion in fiqui ulk, the overall mass transier coeicient Is determination of the molecular diffusion coefficient of ozone in water,

mainly affected by gas velocity. The mathematical model Zhur. Prikl. Khim. 49 (1976) 1070-1073.
based on ozone mass balance is shown able to reproducgl5] F.J. Beltran, S.T. Kolaczkowski, B.D. Crittenden, F.J. Rivas,

the experimenta| observations Concerning the effects of gas Degradation of ortho-chlorophenol with ozone in water, Trans.

P i IChemE 71B (1993) 57-65.
and liquid velocities.
q [16] J.C. Charpentier, Mass transfer rates in gas liquid absorbers and

reactors, Advances in Chemical Engineering, Vol. 11, Academic
Press, New York, 1981, pp. 3-133.
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