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Abstract

Ozonation membrane contact was carried out with a tubular membrane module to study the effects of the flow rates and the temperatures
of the liquid phase on ozone transfer and on the enhancement of mass fluxes. Changes in liquid temperature gave both positive and negative
effects on the ozone fluxes for the nitrite solutions. The increase of the ozone fluxes with temperature was observed until the temperature
approached approximately 40◦C. Ozonation membrane contact was also applied to decolorize Norwegian natural organic matter (NOM) at
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ypical color concentrations in the range of 15–20 mg Pt/L. The ozone consumption for NOM decolourization tended to decreas
iquid flow rates. A simple mass transfer model was proposed for the ozonation membrane contactor for the NOM decolourizati
ere. The model was developed based on the concepts of the ozone consumption and the enhancement factor and can be us

he influence of mass transfer on the effluent colour concentration of the NOM. The experimental results validated the proposed
eviations in the range of−9 to +7%. The decolourization rate constants obtained from the concentration–time (C–τ) model for the ozonatio
embrane contactor were found to be in the range of 139.44–298.81 M−1 s−1. Simple concept to design ozonation membrane contact
OM decolourization was proposed. The kinetic characteristics for the NOM decolourization in ozonation membrane contactor are

n this paper.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ozone is a strong oxidizing gas and offers a variety of
eactions with both organic and inorganic substances due
o the direct reaction with ozone and the indirect reaction
ith hydroxyl radicals formed during ozonation. Ozonation

s applied in several environmental engineering processes for
arious purposes, for example disinfection of drinking water,
xidation of micropollutants, removal of odor, colour and par-

icles. The benefit of ozone on environmental application is
ell-known and extensively discussed in the literature[1–3].

∗ Corresponding author at: Advanced Water and Membrane Center, Insti-
ute of Environmental Science and Engineering, Nanyang Technological
niversity, Innovation Centre, Block 2 Unit 237, 18 Nanyang Drive, Singa-
ore 637723, Singapore. Tel.: +65 6794 1514; fax: +65 6792 1291.
E-mail address:jirachote@ntu.edu.sg (J. Phattaranawik).

A conventional reactor to perform ozonation is a bub
column which is easy to set up and operate. However, s
problems from bubble column have been found, for exam
flooding, uploading, emulsion, and foaming. These di
vantages can be defeated by using a gas–liquid mem
contactor[4].

Gas–liquid membrane contactor is a membrane proce
which hydrophobic membranes (PTFE and PVDF) are
as a barrier to separate gas and liquid phases. The adva
of the membrane contactor over conventional contactor
be briefly shown as follows: (1) much higher interfacial a
per volume is available than for conventional contactors
higher mass transfer coefficients result in higher gas t
fer rates and a smaller process volume for installation
the effluent mixture gas (O2/O3) from membrane conta
tor can be more easily recycled back to the ozone gene
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Nomenclature

C ozone concentration (mg/L)
d inside diameter of tubular membrane (m)
DO3−w diffusion coefficient of ozone in water (m2/s)
E enhancement factor (−)
H Henry constant ((g/m3)G/(g/m3)L)
JO3 ozone flux (g/m2 s)
kdc NOM decolourization rate constant defined by

Eq. (11) (M−1s−1)
kG mass transfer coefficient for gas stream (m/s)
kL mass transfer coefficient for liquid stream (m/s)
kM membrane transfer coefficient (m/s)
L effective membrane lenght (m)
M molar (mol/L)
N number of fibers
QG gas flow rate (L/h)
QL liquid flow rate (L/h)

because of much lower moisture content, and (4) the ozone
gas concentration at liquid–gas interface can be easily con-
trolled at required values without the problems from flooding
or uploading. More advantages of membrane contactor over
a conventional bubble column have been reviewed in[4].
Additionally, contacting and mixing patterns of ozone gas
and in the liquid stream in a membrane contactor are dif-
ferent from those in a conventional bubble column. Because
contacting and mixing patterns can affect selectivity of series
and parallel reactions[5], the membrane contactor can pos-
sibly give different reaction characteristics from the bubble
column for some ozone-based reactions, such as ozonation
of natural organic matter (NOM).

In order to achieve the optimum design criteria of the
ozonation membrane contactor, the mass transfer in the tubu-
lar membrane contactor with and without a chemical reac-
tion should be thoroughly studied. Therefore, this paper is
intended to study the ozone transfer with and without a
chemical reaction in the tubular membrane contactor. Nitrite
solutions were used in this work, and the module was also
used to decolorize Norwegian NOM, as a typical contaminant
in Norwegian water source, to evaluate the performance of
ozonation membrane contactor. The simple design equations
and criteria were proposed in the paper. The kinetic details of
the NOM decolourization by ozone were also evaluated and
compared to the available literature.
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1

KL,O3

= 1

kG,O3HO3

+ 1

kM,O3HO3

+ 1

kL,O3

(1)

The overall mass transfer coefficients with ozonation
(KL,O3) can be measured from the experiments.kG,O3 and
kL,O3 can be calculated from the available mass transfer cor-
relations or measured from the oxygen transport experiments.
The membrane mass transfer coefficient (kM,O3) can be eval-
uated by the dusty-gas model. The ozone solubility in pure
water is evaluated by Henry’s constants for the temperature
range of 273–333 K with 10% mean error[6];

log

(
HO3

kPa m3 mol−1

)
= 5.12− 1230

T (K)
(2)

When a chemical reaction occurs in the liquid phase, mass
transfer resistance in the liquid boundary layer is reduced and
mass transfer rate is enhanced. An increase of mass transfer
rate due to a chemical reaction is quantified by the enhance-
ment factor (E) defined by Eq.(3) [7].

E = JO3(with reaction)

JO3(without reaction)
(3)

The ozone fluxes (JO3) without a chemical reaction refer
to the flux for pure water. The resistant-in-series model with a
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. Theory

Ozone transport in a gas–liquid membrane contactor
he gas phase through membrane into the liquid phas
e described by the resistance-in-series model, express
hemical reaction in the liquid phase in membrane cont
an be expressed by Eq.(4).

1

KL,O3

= 1

kG,O3HO3

+ 1

kM,O3HO3

+ 1

kL,O3E
(4)

In a gas–liquid membrane contactor, the resistance to
ransfer in the liquid boundary layer has been already pr
o be the dominant step and can occupy more than 95
verall mass transfer resistances[4,5] for the case of low

iquid Reynolds number and low gas solubility. As a res
he simpler model can be obtained when the mass t
er resistances in the membrane and in the gas phas
eglected, expressed in Eq.(5):

O3 = EkL,O3

(
CG,O3

HO3

− CL,O3

)
(5)

WhereCG,O3 and CL,O3 are the bulk concentrations
zone in the gas phase and the liquid phase, respec
G,O3/HO3 is the ozone concentration in the liquid phas

he gas–liquid interface and also represents the driving
f ozone transfer in Eq.(5).

The effect of salt concentration on the ozone solubility
e evaluated by the Sechenov relation[6,8], and 500 mg/L
itrite solution lowered the ozone solubility by only 0.8
he well-known Leveque mass transfer correlation (Eq.(6))

s commonly used to calculated the mass transfer coeffi
n the liquid phase in membrane contactor.

hL = kLd

DO3−w
= 1.62

(
Re Sc

d

L

)1/3

Re Sc
d

L
≥ 10 (6)
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Fig. 1. Experimental apparatus diagram.

3. Experimental

There were two parts of the experiments. First, the ozone
transfer experiments with pure water and 500 mg/L nitrite
solutions were carried out to study the mass transfer char-
acteristics of ozone in the tubular module, performed at
NTNU (Norway). Second, the experiments for the NOM
decolourization were performed at both NTNU and EAWAG
(Switzerland) with the same module and the same experi-
mental conditions to study the kinetic details of the NOM
decolourization by ozone.

3.1. Ozone transfer experiments

The experimental setup diagram is exhibited inFig. 1. The
tubular PVDF membrane module (UMP-153) with Viton®

seals was purchased from Pall Corporation. The properties
of the membrane are listed inTable 1, and the module char-
acteristics are summarized inTable 2. The housing material
of the module is claimed to be polysulfone, which seems not
to resist ozone. However, the resistance to ozone of the mod-
ule was proved by using 100 mg/L ozone for 1 week before
the main program of experiments was started.

Table 1
Membrane properties

M
m

P

Pure oxygen (99.8%) was used in all experiments. The
ozone gas was generated from the oxygen gas in a Labora-
tory Ozonizer 300 (Erwin Sander). The ozone concentrations
in the gas stream were measured using an Ozone Analyzer
BMT 961 (UV-photometric method) with a measurement
uncertainty of 1.5%. The flow rate of the gas stream was
30 L/h, and the flow rates of the liquid stream ranged from
6 to 12 L/h, giving Reynolds numbers ranging from 16.4 to
32.8. The hydraulic retention times (τ) ranged from 9.9 to
39.7 s. The inlet ozone concentrations in the gas stream were
set at 50± 0.2 mg/L for all experiments. The liquid tempera-
tures were adjusted and controlled at the required values using
a thermostatically controlled heater. (Lauda model E100). DI
water was used to study the ozone transfer without a chemical
reaction, while sodium nitrite (NaNO2) solution at a concen-
tration of 500 mg/L (7.2× 10−3 mol/L) was utilized to study
the ozone transfer accompanied with the oxidation in the liq-
uid phase. The ozone fluxes for pure water were determined
by mass balances on the liquid phase, while the ozone fluxes
for the nitrite solutions were evaluated by the mass balances in
the gas phase. The residual ozone concentrations in the aque-
ous solutions were determined by the indigo method[9,10].

3.2. NOM decolourization by ozonation membrane
contactor

im-
i eros
O were
u by

T
M

F Inter

2 1534.8
embrane
aterial

Nominal pore
size (�m)

Membrane
porosity
(�)

Membrane
thickness (�m)

VDF 0.2 0.7 600

able 2
odule characteristics

iber i.d. (mm) Fiber o.d. (mm) Effective module length (mm)

.6 3.8 200.3
The experimental setup in this section at EAWAG was s
lar to that described above section except that an Ans
EM ozone detector and an Ozonia ozone generator
sed. The NOM solutions in this study was prepared

nal specific area (m2/m3) Internal interface area (m2) Number of fibers

0.084 50
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mixing the NOM concentrate from the ion exchange unit
in the drinking water plant (Meraker community, Norway)
with DI water. The NOM concentrate was removed from
the plant by using the concentrate NaOH solution, and pH
of the NOM concentrate was 13.6. The pH of the NOM
solutions was adjusted to pH 7 by 0.1 M H2PO4 solution.
The decolourizations of the NOM solutions were monitored
by measuring the colour unit (mg Pt/L) at UV wavelength
410 nm[11] (Norwegian standard method). The initial colour
concentrations of the NOM solutions and dissolved organic
carbon (DOC) were 18.6± 0.17 mg Pt/L at pH 7.0± 0.1 and
2.66± 0.4 mg/L, respectively. The initial UV absorbance at
254 nm was 14.8± 0.9 m−1.

4. Results and discussions

The average variation in the ozone flux measurements
was approximately 5.1% in each repeated experiment. The
residual ozone concentrations in the water were measured in
triplicate, and the average variation was found at 6%. The
average standard deviation in the spectrophotometric mea-
surements for the NOM solutions and the indigo reagent I was
about 2.8%. The average values of the experimental results
are shown inFigs. 3–9.
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Fig. 3. Effect of temperatures and flow rates on ozone fluxes for pure water.

decomposition in pure water for this study was only 0.5%,
which can be negligible.

Figs. 3 and 4shows the ozone transfer in membrane con-
tactor. The influences of liquid flow rates and bulk liquid
temperatures on the mass fluxes of ozone gas for pure water
are shown inFig. 3. The mass fluxes of ozone decreased
with increasing liquid bulk temperatures but increased with
increasing flow rates. Lower ozone solubilities at higher tem-
peratures resulted in lower concentration driving force in
liquid phase (see Eq.(5)).

The opposite situations were found for the temperature
effect when 500 mg/L NaNO2 solutions were used in the
system, shown inFig. 4. The ozone fluxes increased with
increasing bulk liquid temperatures until the temperatures
approached 40◦C. When a fast chemical reaction takes place
in the liquid phase, the temperature can have both negative
and positive effects on the ozone fluxes. The reaction rate
constant was enhanced by temperatures because lower acti-

F mg/L
N

.1. Ozone transfer in membrane contactor

The tubular membrane module UMP-153 (Pall Comp
erved the experiments well. Although, the module hou
nd potting materials were claimed to be polysulfone
ormal silicone epoxy, respectively, they resisted ozone

hrough the experimental period 5 months.
The theoretical ozone decompositions in pure water i

embrane module at temperatures 20 and 40◦C at various
ow rates are displayed inFig. 2. At lower flow rates, th
heoretical ozone decompositions are higher because l
ydraulic retention times. The maximum theoretical oz

ig. 2. Theoretical ozone decay in membrane contactor for liquid bulk
eratures 20 and 40◦C at various flow rates.
ig. 4. Effect of temperatures and flow rates on ozone fluxes for 500
aNO2 solutions.
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Fig. 5. Enhancement factors at various flow rates and temperatures for
500 mg/L NaNO2 solution.

vation energy, while lower ozone solubility can reduce both
ozone concentration involved in the reaction and concentra-
tion driving force in mass transfer. Thus, higher reaction rate
constant was counter-balanced by lower ozone concentration
in liquid and a lower mass transfer driving force at 40◦C.
The positive effect of the temperature on the reaction rate
constant dominated the ozone fluxes when the temperature
was lower than 40◦C for the ozonation of nitrite to nitrate in
this study. The enhancement factors (E) defined by Eq.(3)are
shown inFig. 5. The temperatures considerably increased the
enhancement factors from 38 at 20◦C to 97 at 40◦C because
the ozone fluxes into pure water decreased with increasing
temperature, while the ozone fluxes into the nitrite solution
increased with increasing temperature. The effect of liquid
flow rates on the enhancement factors was relatively slight
because increases of ozone fluxes with and without the reac-
tion in similar magnitudes were obtained, and thenE as the
ratio of the fluxes with the reaction to the fluxes without the
reaction slightly changed with the flow rates.

4.2. NOM decolourization and simple design concepts
for ozonation membrane contactor

The observed ozone fluxes for the NOM solution were
very close to the fluxes for pure water. The enhancement
f or
f ance-
m ctors
f rel-
a ne
c lved
o prox-
i in
m OM
m
p y).
A en

from the same source in Norway, it would be reasonably
assumed that NOM in this study has similar characteristics,
and the molecular weight might be in the same range because
those Norwegian NOM values are influenced by the same
northern climate. Accordingly, the NOM concentrations in
this study could be roughly 8.31× 10−7 mol/L.

The residual ozone concentrations in the NOM solutions
were lower than 0.05 mg/L. The results from the mass bal-
ance in the liquid phase show that the amounts of residual
ozone leaving the module in the liquid phase were approxi-
mately 3–5% of total ozone transferred into the liquid phase.
Hence, most ozone transferred into the liquid phase was con-
sumed by the reactions in the NOM solutions before leaving
the module, and the ozone concentrations in the bulk liq-
uid approached zero when they are compared to the ozone
concentration at the gas–liquid interface. In addition, more
than one reaction should take place in the liquid phase, when
the NOM solutions were employed. The possible reactions
related to NOM can be written by Eqs.(7)–(9)for both direct
and indirect reactions[13,14].

• Direct reaction:

O3 + NOM → products from decolourization,

kdc for the decolourization rate constant (7)
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actors for the NOM solution ranged from 1.04 to 1.07%
rom 4 to 7% flux enhancement. Thus, the observed enh
ent factors were approximately 1. Low enhancement fa

or ozonation of the NOM solutions were attributed by
tively low NOM concentrations together with low ozo
oncentrations in the solutions in molar unit. The disso
zone concentration at the gas–liquid interface was ap

mately 2.74× 10−4 mol/L, and the NOM concentrations
olar unit can be roughly estimated from DOC, and N
olecular weight, ranging from 2400 to 3900[12] ([12] com-
ared eight NOM taken from eight different lakes in Norwa
lthough NOM in[12] and NOM in this study were not tak
O3 + NOM → products from reaction with other

function groups (8

Indirect reaction: chain reaction to accelerate oz
decomposition

O3 + NOM → OH• + products (9

Eq. (9) is an initiation step for ozone decomposition
OM, please see[2,13] for more details. The locations
ach reaction have not been identified yet. However, H
umber (Ha) defined as the ratio of the rate of ozone
umed in the boundary layer to the rate of mass transfer a
he boundary layer for reaction would be used to locate
egimes of the reactions.

a =
√

kO3DO3−w

kL
∈ (10)

Ha for ozonation of NOM can be estimated from
zone decay with first-order reaction rate in NOM solutio
xpressed in Eq.(10). The average value of the first-ord
ate constant for the ozone decay (kO3) in the NOM solution
as 8.8× 10−3 s−1 taken from[15] in which overall reac

ions were included. Additionally, the rate constant was
n the similar range found in[14]. Mass transfer coefficien
n the liquid phase (kL) were calculated by Eq.(6).

The calculation results showed Ha for the ozone d
anged from 0.52 to 0.82. Consequently, the reaction
zone decay should be in the intermediate kinetic reg
ecause 0.3 < Ha < 3[5,16,18]and occurred in both bounda



58 T. Leiknes et al. / Chemical Engineering Journal 111 (2005) 53–61

Fig. 6. Ozone consumptions at various Reynolds numbers.

layer and bulk. Thus, ozone can be consumed by the reactions
Eqs.(7)–(9)in the bulk and in the boundary layer. However,
bulk liquid would be likely to be main reaction zone because
Ha is lower than 1 (mass transfer is faster than reaction rate
in the film).

Mathematically, the magnitude of enhancement factor (E)
mainly depends on reaction rates in the liquid film because
reactions are likely to raise the effective ozone diffusivity[4]
and mass transfer coefficient in the liquid film. If reactions
in the film are fast,E should be much higher than 1 (see
more detail in[5,18]). On another hand, if ozone decay in
the NOM solution mainly takes place in the bulk liquid,E
would be close to 1. Reactions in the bulk liquid can slightly
increase ozone flux because of the slightly higher concentra-
tion difference which represents the driving force of ozone
between interface and bulk (lower bulk concentration). As
the results from Ha andE, main reaction zone of ozone reac-
tion in NOM solution would be in the bulk liquid. However,
it is very difficult to clearly identify the main regimes of each
reaction, and more systematic investigation is required.

The ozone consumptions at various flow rates from
the tubular membrane module at low Reynolds numbers
(Re = 16–54) are shown inFig. 6together with the ozone con-
sumptions from the flat sheet membrane module at higher
Reynolds number (Re = 423) taken from[17]. The ozone
consumptions were relatively higher than the average ozone
c at
0 er
t ased
w t
R

aral-
l ies
r e
d ance
a with
o ion,
e e
t OH
r

HPLC. The ozone decay by the indirect reaction in NOM
solution was proved to be significant[14,15]. Present work
is supposed to focus only the decolourization, and the kinetic
of NOM decolourization by ozone can be possibly analyzed
by conventional concentration–time model (Cτ model).

As in the case of the disinfection process, the exact prop-
erties of the NOM, such as molecular weight, structure, and
reactivity with ozone are difficult to determine, so a simple
model, such as Ct model in batch reactor is widely used. The
C–τ model for NOM decolourization in ozonation membrane
contactor as a continuous flow reactor (τL is liquid hydraulic
retention time) is expressed in Eq.(11).

ln

(
Cout

colour

Cin
colour

)
= −kdc (CL) τL (11)

where

τL = Nπd2
i L

4QL

In Eq.(11), the liquid hydraulic retention time (τL) is contact
time for the decolourization. (CL) is the ozone concentration
(disinfectant) at where the reactions occurred.kdc is NOM
decolourization rate constant (which totally differs fromkO3

in Eq. (10)). However, the calculation results from Eq.(11),
such ask are not supposed to have general significance
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.1 mg O3/mg Pt[1] when the Reynolds numbers were low
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ith increasing Reynolds numbers from 0.27 mg O3/mg Pt a
e = 13 to 0.05 mg O3/mg Pt at Re = 453.
Ozone in the liquid phase could be consumed by the p

el reactions in Eqs.(7)–(9)or other possible parallel–ser
eactions. The reaction in Eq.(7) is responsible for th
ecolourization which can be detected by UV absorb
t 410 nm (Norwegian standard), while ozone can react
ther functional groups in NOM molecules by direct react
xpressed by Eq.(8). Indirect reaction (Eq.(9)) to accelerat
he ozone decomposition in the NOM solutions provides•
adical which can be monitored by OH• probe-�CBA with
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ecausekdc can changes and varies with types and prope
f NOM solution. Eq.(11) is supposed to provide only som
oncept for decolourization.

The ozone concentration in the boundary layer and
ulk for membrane contactor has to be redefined bec

t differs from conventional plug flow and batch reacto
or conventional plug flow reactor, such as bubble colu
zone in the liquid phase is continuously consumed alon

iquid flow and considerably changed with the liquid ret
ion time. As a result, the ozone concentration at the ex
ubble column is usually used in theCτ model for a con
inuous flow reactor. Differently, the reactor configuratio
embrane contactor makes the ozone concentration
as–liquid interface relatively constant. In membrane

actor, fresh ozone is slowly introduced into the liquid ph
long the module length, and the ozone concentration i

iquid phase at the gas–liquid interface depends on the o
oncentration in the gas phase. The calculation results i
tudy from Eqs.(14) and (15)show that the effluent ozon
oncentration in the gas phase is different from the inlet o
oncentration by only 7%, and the average ozone conce
ion in the gas phase is just 3.5% different from the inlet oz
oncentration. If high ozone concentration, high flow rat
as, and short module are employed, the ozone concent
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Fig. 7 displays the possible ozone concentration pro

n the reaction regimes in the bulk and boundary laye
heCτ model in a tubular membrane reactor. The reac
egimes cover both liquid boundary layer and the bulk.
verage ozone concentration in the gas phase at the gas
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Fig. 7. Hypothesis diagram for ozone concentration in the reaction regimes in tubular membrane for Eq.(11).

interface along the membrane module can be calculated by
Eqs.(14) and (15). Consequently, the ozone concentration in
the liquid phase at the gas–liquid interface is approximately
C̄∗

L/HO3 when the resistances in the membrane and gas phase
are negligible. The average ozone concentration in the reac-
tion regimes in the bulk and the boundary layer is presumably
C̄∗

L/2 because the ozone concentration in bulk approached

zero. Therefore, (CL) ≈ C̄G,O3
2HO3

.

Fig. 8 shows the decolourization rate constants of the
NOM (kdc) based on Ct concept in the tubular membrane
contactor. The rate constants increased with liquid flow rates
from 139.44 M−1 s−1 at Re = 13.67 to 298.81 M−1 s−1 at
Re = 54.69. The obtained rate constants for Norwegian NOM
decolourization were considerably lower than those of the
typical inactivation rate constant for disinfection.

From above discussions, one conclusion can be drawn.
The reaction characteristic of the NOM solutions is changed
with respect to the Reynolds numbers or with respect to the
mass transfer coefficient. Higher Reynolds numbers provided
lower ozone consumptions and higher decolourization rate
constants. Ozone could be consumed by the parallel reactions

rs.

or parallel–series reactions, and selectivity for each reaction
is probably varied with the Reynolds number. More ozone
would be decayed by the chain reaction in Eq.(9) at lower
flow rates. Higher decolourization rate constants were the
evidence that the selectivity on the decolourization is higher
at higher Reynolds numbers. Therefore, lower ozone decay
should occur and made ozone more selective to the decolour-
ization in Eq.(7)at higher flow rates. In practical application,
high flow rate should be used because both low ozone decay
and high flux can be obtained.

The possible reason for the lower ozone consumption is
the difference in reactor configurations between bubble col-
umn and membrane contactor. Compared to a conventional
bubble column, ozone transferred is slowly added into the
liquid phase in membrane contactor. The difference in reac-
tor configuration can lead to different reaction selectivity[5]
and the appearance kinetic reaction would be changed. More
detail and exact reason would be investigated in our next
work.

4.3. Design equations for NOM decolourization by
ozonation membrane contactor

The design concepts for the NOM decolourization in
ozonation membrane contactor can be developed based on
the experimental results and simple mass balance in the mem-
b brane
c
T e
t side
e M by
o med
t

E

C

Fig. 8. Decolourization rate constants at various Reynolds numbe
rane contactor. The simple mass balance in the mem
ontactor for the NOM solution can be written by Eq.(12).
he left hand side of Eq.(12) refers to amount of ozon

ransferred into the liquid phase, while the right hand
xpresses the removal of the colour concentration of NO
zone.Ψ is the ozone consumption (mg of ozone consu

o reduce one colour unit or mg Pt/L), shown inFig. 6.

kL
C̄G,O3

HO3

NπdL = QLΨ (Cin
colour − Cout

colour) (12)

Eq.(12)can be rewritten by Eq.(13).

out
colour = Cin

colour −
EkLC̄G,O3(Nπ dL)

HO3QLΨ
(13)
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Fig. 9. Comparisons of calculation and experimental results for the effluent
colour concentration of the NOM solutions.

where

C̄G,O3 = Cin
G,O3

+ Cout
G,O3

2
(average mass transfer driving force) (14)

and

Cout
G,O3

= Cin
G,O3

− EkLC̄G,O3(Nπ dL)

QG

(from mass balance in gas phase) (15)

Eqs.(14) and (15)are used to calculate the average ozone
concentration at the gas phase, which is then used to calculate
the mass transfer driving force of ozone. The enhancement
factor for the NOM solution can be assumed to be 1 as found
from the experiments.

Prediction of effluent color concentration of NOM solu-
tion (Cout

colour) calculated by Eqs.(13) and (15)is shown in
Fig. 9. Three mass transfer correlations (Eqs.(6), (16) and
(17)) [20] were chosen to calculate mass transfer coefficients
in Eq. (13). Those correlations are in Leveque’s family of
equations[20], which are commonly used to predict mass
transfer coefficients in hollow fiber and tubular membrane
modules. For calculation of mass transfer coefficients, diffu-
s
a pera-
t ution
s L).
T the
N of
t
t lour
c
( ults,
w

Eq.(6).

ShL = kLd

DO3−w
= 1.30

(
Re Sc

d

L

)1/3

, Re Sc
d

L
≥ 10

(16)

ShL = kLd

DO3−w
= 1.08

(
Re Sc

d

L

)1/3

, Re Sc
d

L
≥ 10

(17)

Please note that the data inFig. 6 for ozone consumption
and Eq.(12) are not complete, and more experiments are
required to study the NOM characteristic for the ozone con-
sumption.Fig. 6and those design equations would be limited
only for the initial colour concentrations of the NOM solu-
tions between 18 and 22 mg Pt/L.

TheCτ model in Eq.(11)can be combined with Eq.(13)
to obtain new equation that can describe the influence of mass
transfer coefficient and ozone consumption on the decolour-
ization rate constants (kdc). After substituting Eq.(11) into
Eq. (13) and then rearranging, the decolourization rate con-
stant for NOM decolourization based onCτ concept can be
expressed as

kdc = − 1(
C̄G,O

) ln

(
1 − EkLC̄G,O3 (NπdL)

Cin H Q Ψ

)
(18)
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A
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A cial
s

ion coefficient of ozone in liquid is 1.26× 10−9 m2/s[17,19]
nd physical properties of pure water at the same tem

ure were presumably used as properties of the NOM sol
ince DOC of the NOM solution was low (only 2.6 mg/
heoretically, influence of the NOM on the viscosity of
OM solution can be ignored[21] because mass fraction

he NOM in the solution was lower than 0.001%. InFig. 9,
he calculation results for predictions of the effluent co
oncentration from Eq.(13)with Eqs.(16) and (13)with Eq.
17) show a good agreement with the experimental res
hich are better than the prediction results from Eq.(13)with
3
2HO3

τL colour O3 L

. Conclusions

Ozone transfer into pure water and the nitrite solu
n the tubular membrane contactor was investigated.
nfluences of the liquid temperatures and flow rates on
zone fluxes were studied. Increase in liquid temper
educed ozone fluxes into pure water, but raised the o
uxes into NaNO2 solutions. The increase of the ozo
uxes into NaNO2 with the liquid temperatures was obser
ntil the temperatures approached 40◦C because the count
alancing effect between the rate constant and the conc

ion driving force was found. The tubular ozone memb
ontactor was also used to decolourize the Norwegian N
igh flow rates provided both low ozone decay and
zone flux. The decolourization rate constants evaluate

heCτ model ranged from 139.44 to 298.81 M−1 s−1. The
imple mass transfer model was proposed to predict the
nt colour concentration and also used to design the m
rane contactor. The proposed model gave a good agre
ith the experimental results with average deviation of
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