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Abstract: This study investigates the ozonation of CI Reactive Black 5 (RB5) by using the rotating packed
bed (RPB) and completely stirred tank reactor (CSTR) as ozone contactors. The RPB, which provides
high gravitational force by adjusting the rotational speed, was employed as a novel ozone contactor. The
same ozone dosage was separately introduced into either the RPB or the CSTR for the investigation, while
the experimental solution was continuously circulated within the apparatus consisting of the RPB and
CSTR. The decolorization and mineralization efficiencies of RB5 in the course of ozonation are compared
for these two methods. Moreover, the dissolved and off-gas ozone concentrations were simultaneously
monitored for the further analysis. As a result, the ozone mass transfer rate per unit volume of the
RPB was significantly higher because of its higher mass transfer coefficient and gas–liquid concentration
driving force. Furthermore, ozonation kinetics was found to be independent of the gravitational magnitude
of an ozone gas–liquid contactor. Therefore, the results suggest employing RPBs as ozone-contacting
devices with the advantage of volume reduction. The experimental results, which can be used for further
modeling of the ozonation process in the RPB, also show the requirement of correct design for the RPB.
Consequently, the present study is useful for the understanding of practical application of RPBs.
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NOTATION
a Specific area of gas–liquid interface per unit

volume of contactor (m2 m−3)
ap Specific area of packing per unit volume of

packed bed (m2 m−3)
Abs597.6 Absorbance at wavelength of 597.6 nm
ADMI American Dye Manufacturer’s Institute
CAGe Gas concentration of ozone of off-gas

(mg dm−3 or M)
CAGi Gas concentration of ozone of holdup gas

(mg dm−3 or M)
CAGi0 Gas concentration of ozone of inlet gas

(mg dm−3 or M)
CALb Dissolved ozone concentration in bulk liquid

(mg dm−3 or M)
CALi Dissolved ozone concentration at gas-liquid

interface (mg dm−3 or M)
CB0 Initial concentration of RB5 (mg dm−3 or M)
Ci Concentration of compound i in solution (M)
CTOC TOC concentration (mg dm−3)
CTOC0 Initial TOC concentration (mg dm−3)

CSTR Completely stirred tank reactor
CI Colour Index
COD Chemical oxygen demand (mg dm−3)
dp Diameter of wire (m)
DA Liquid diffusion coefficient of ozone (m2 s−1)
ErA Enhancement factor of ozone mass transfer
Ha Hatta number, (DA�kiCi)

0.5/k0
LA

HA Henry’s law constants of ozone, CAGi/CALi

(M M−1)

kd Reaction rate constant of ozone self-
decomposition (s−1)

ki Reaction rate coefficient for the ozonation of
compound i (M−1s−1)

k0
LA Physical liquid-phase mass transfer coeffi-

cients of ozone (m s−1)
mO3A Applied ozone dosage defined by eqn (1)

(mole)
mO3R Amount of ozone consumption defined by

eqn (3) (mole)
mO3T Amount of ozone transferred by gas–liquid

mass transfer defined by eqn (4) (mole)
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QG Gas flow rate (dm3 s−1)
QL Liquid flow rate (dm3 min−1)
r Radial position of packed bed (m)
r1 Inner radius of packed bed (m)
r2 Outer radius of packed bed (m)
r2 Regression coefficient
RB5 Reactive Black 5
RPB Rotating packed bed
t Time (s)
TOC Total organic carbon
VH Volume of gas holdup (dm3)
VL Volume of liquid (dm3)
VR Gas–liquid contacting volume (dm3)
Wp Weight of packing in packed bed (kg)
ZB Axial height of packed bed (m)

ηTOC TOC removal efficiency defined by eqn (2)
(%)

ρp Density of wire (kg m−3)

1 INTRODUCTION
Ozone is widely used as an oxidant in water and
wastewater treatments. The ozone-containing gas
generated from the ozone generator is transferred
to water by introducing it through the gas–liquid
contactor. The common advantages of ozonation
are to increase the decolorization, mineralization and
biodegradability of the solution.1,2 Furthermore, the
rate-limiting step in many ozonation processes is
attributed to the gas–liquid mass transfer rate.3–5

It indicates that the ozonation performance can be
enhanced by increasing the gas–liquid mass transfer
rate of ozone. Consequently, the innovation of an
ozone-contacting device with better mass transfer
efficiency is desirable.

Rotating packed beds (RPBs) have been used as
gas–liquid contactors for the applications of adsorp-
tion, distillation and stripping, etc.6–8 RPBs are
designed to generate high acceleration of liquid owing
to the centrifugal force. The target solution contacted
with gas flows through the packed material in the
environment of high gravity. This novel technology is
also named ‘Higee’. According to previous studies,6–12

RPBs have high gas–liquid mass transfer coefficients,
which are important for increasing the gas–liquid mass
transfer rate. Recently, RPBs have been introduced as
ozonation contactors by Lin and Liu13 and Chen
et al.14 Their studies investigated the effects of operat-
ing variables on the ozonation in RPBs. It is still essen-
tial, however, to compare the ozonation process using
the RPB with that using the convectional contactors
such as the completely stirred tank reactor (CSTR).
The comparison would clarify the advantages of mass
transfer properties and the possible difference of
ozonation dynamics for ozone gas–liquid mass transfer
combined with reactions of pollutants in an RPB.

This study employs the RPB and CSTR separately
as the ozonation contactor to treat the reactive dyes of
the textile. The reactive dyes, which are predominant

in the application of dyes, have significant impacts
upon the conventional methods of wastewater treat-
ments due to their poor biodegradability, especially
those containing azo-groups.15,16 The CI Reactive
Black 5 (RB5) is one of the common reactive dyes
and was chosen as a target pollutant. The experimental
solution of 5.5 dm3 was continuously circulated within
the apparatus consisting of the RPB and CSTR, while
the same ozone dosage was separately introduced into
either the RPB or the CSTR for comparison. The
removal of the absorbance, ADMI value and total
organic carbon (TOC) concentration are measured in
the course of RB5 ozonation. Moreover, the dissolved
and off-gas ozone concentrations are simultaneously
monitored for further analysis.

As a result, the ozone mass transfer rate per unit
volume of the RPB was found to be remarkably higher
than that of the CSTR. This can be attributed to
the higher mass transfer coefficient and gas–liquid
concentration driving force in the RPB. Furthermore,
the ozonation kinetics of RB5 was examined and
compared with the uses of these two types of ozone
gas contactors. The ozonation of RB5, however, seems
to be better when in ozone is introduced into the
CSTR due to its significantly larger volume than
the RPB in this study. Consequently, the use of
an RPB was considered advantageous to reduce the
volume of an ozone contactor. This study provides
useful information about the application of an RPB in
ozonation processes.

2 EXPERIMENTAL
2.1 Materials
The RB5, chemical formula C25H26N5O19S6·4Na,
was purchased from Aldrich Chemical Company
(Amherst, NY, USA); it was of 55% purity, and
had a molecular weight of 991.8. The characteristic
wavelength of absorbance of RB5 is 597.6 nm,
which is responsible for the dark blue color arising
from aromatic rings connected by azo groups. The
prescription of RB5 concentration (CB0) as the sole
organic target was 100 mg dm−3 with the initial
TOC concentration (CTOC0) of about 24.6 mg dm−3.
The initial pH value of the solution was 8.3. All
experimental solutions were prepared with deionized
water. No other chemical, as scavenger or promoter,
was added to the solution.

2.2 Ozone gas–liquid contactors
Figure 1 shows a simple description of an RPB, which
consists of a rotator and a stationary case. The 304
stainless steel wire wrapped in the shape of annular
rings is stacked in the packed bed. The density (ρp)
and diameter (dp) of the wire are 8478 kg m−3 and
2.2 × 10−4 m, respectively. The rotator is connected
to a rotor shaft on two bearings, which are in turn
mounted on a steel structure. The shaft is connected
to a motor, which is controlled by a speed regula-
tor. The rotational speed is controlled at 1500 rpm,
which provides gravitational force of 103 g based on
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Figure 1. Schematic diagram of RPB contactor. Components: 1,
stationary liquid distributor; 2, seal; 3, packed bed rotator; 4, housing
case; 5, rotor shaft; 6, motor.

Table 1. Specification of RPB contactor used in this study

Item Unit Value

Inner radius of packed bed, r1 m 0.023
Outer radius of packed bed, r2 m 0.059
Axial height of packed bed, ZB m 0.02
Weight of packing in packed bed, Wp kg 0.0686
Volume of gas-liquid contacting, VR dm3 0.185
Volume of housing case dm3 1.04
Specific area of packing per unit volume

of packed bed, ap

m2 m−3 793

Total packing area, ap × VR m2 0.147
Voidage of packed bed m3 m−3 0.956

the arithmetic mean radius of the RPB. Liquid enters
the RPB through six holes in the liquid distributor.
These six holes are arranged in two vertical groups
of three per group with groups spaced 180◦ apart.
The liquid is sprayed on the inside edge of the RPB
and thrown outwards by the centrifugal force. The
gas is introduced from the outside and flows counter-
currently with respect to the liquid in the RPB. The
specification of the RPB contactor is given in Table 1.

The CSTR of 17.2 cm inside diameter, volume
5.5 dm3, is made of Pyrex glass and equipped
with a water jacket to maintain a constant solution
temperature of 25 ◦C in all experiments. The design of
the CSTR is based on the criteria of the shape factors
of a standard six-blade turbine.17 The stirring speed is
as high as 800 rpm to ensure complete mixing, based
on the results of previous tests.18,19 The gas diffuser, of
cylindrical shape with the pore size of 10 µm, is located
at the bottom of the CSTR. Note that the gas–liquid
contacting volume (VR) in the CSTR (5.5 dm3) is
about 30 times that in the RPB (0.185 dm3) due to
the small dimensions of the RPB. In addition, the VR,
specific area of packing (ap) and voidage of packed
bed are determined as πZB(r2

2 − r1
2), 4Wp/(dpVRρp)

and 1 − Wp/(VRρp), respectively.

2.3 Analytical
The color of the RB5 solution is measured by both the
absorbance of characteristic wavelength (Abs597.6) and

an ADMI method. The optical spectra (200–900 nm)
in UV-visible absorption are scanned by the UV-visible
spectrometer (model Cintra 20, GBC, Dandenong,
VIC, Australia). The pH value is continuously
monitored by the pH meter (model 300T, Suntex,
Taipei, Taiwan) with a glass probe sensor. The TOC
concentration (CTOC) of the sample is analyzed by a
TOC analyzer (model 700, OI Corporation, Texas,
USA). The instrument utilizes the UV-persulfate
technique to convert the organic carbon for the
subsequent analysis by an infrared carbon dioxide
analyzer calibrated with the potassium hydrogen
phthalate standard. Moreover, the dissolved ozone
concentration (CALb) is measured instantly by the
liquid ozone monitor (model 3600, Orbisphere Lab,
Neuchâtel, Switzerland) with a sensor of membrane-
containing cathode.

2.4 Experimental procedures
Ozone-containing gas generated from pure oxygen
by the ozone generator (Tairex Environmental
Technology, Taiwan) is introduced into RPB and
CSTR separately with the gas flow rate (QG)
of 0.0323 dm3 s−1. Before starting the ozonation
experiments, the ozone gas is bypassed to the
photometric analyzer (model SOZ-6004, Seki, Tokyo,
Japan) to assure the stability of the fed ozone
concentration (CAGi0) as 30 mg dm−3. Then, the gas
stream at the preset flow rate is directed into the
contactor when reaching the set conditions. The total
experimental solution of 5.5 dm3 (VL) is circulated
between the CSTR and RPB continuously with the
flow rate (QL) of 0.6 dm3 min−1. The same applied
ozone dosage (mO3A) for the RPB or CSTR is defined
in eqn (1).

mO3A = QG × CAGi0 × t (1)

Liquid samples are drawn out from the CSTR at
desired time intervals in the course of experiments
to analyze their properties. The residual dissolved
ozone in the samples is removed by stripping
with nitrogen. According to the test results, the
residual dissolved ozone with the initial value of
5 mg dm−3 can be stripped by nitrogen with more
than 98% removed (below 0.1 mg dm−3) within 30 s
and complete removal within 60 s from the solution,
which is determined by the indigo method with the
detection limit of 0.01 mg dm−3. The sample volume
and nitrogen flow rate are 20 cm3 and 0.0167 dm3 s−1,
respectively. For the ozonation regime with negligible
residual dissolved ozone, the sampling time interval
does not affect the measurements of absorbance
and TOC of solution. In the ozonation regime with
significant residual dissolved ozone, the sampling time
interval should be longer, say 10 min, in order to
reduce the lag effect of nitrogen stripping. For the
sampling time interval of 10 min, the lag effect of
quenching the ozonation reaction on the experimental
results is less than 5% (estimated by noting that
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Figure 2. Experimental apparatus sketch. Components: 1, oxygen cylinder; 2, drying tube; 3, ozone generator; 4, flow meter; 5, three-way valves;
6, rotating packed bed gas–liquid contactor; 7, stirred reactor; 8, sample port; 9, pumps; 10, thermostat; 11, liquid ozone monitor; 12, gaseous
ozone detector; 13, KI solution; 14, vent to hood.

30 s/10 min is about 5%) and may be tolerable. Thus,
the results are presented with the ozonation time
intervals as noted above. In addition, a circulation
pump is used to transport the liquid from the CSTR
to the sensor of dissolved ozone monitor with a flow
rate of 0.18 dm3 min−1, and to reflow it back during
the ozonation. All the experiments are carried out
repeatedly to guarantee the accuracy of the obtained
data. From the study of Chen et al,14 the Henry’s
constant (HA) and volumetric mass transfer coefficient
of ozone (k0

LA a) in the RPB are 4.18 and 0.0975 s−1,
respectively. The experimental apparatus employed in
this work is illustrated in Fig 2.

3 RESULTS AND DISCUSSION
3.1 Decolorization and mineralization of RB5 by
ozonation
The initial values of Abs597.6 and ADMI for the
RB5 solution were 2.69 and 1620 units, respectively.
As shown in Fig 3, the reductions of Abs597.6 and
ADMI remarkably increase with ozonation time to
reach 100%, because the first attack of ozone on
RB5 is through the cleavage of dye chromophores,
resulting in the reduction of absorbance in visible
wavelengths, which are characterized by an N=N
bond.20 In addition, the variations of Abs597.6 and
ADMI (which is calculated from the absorbances at
438, 540 and 590 nm) show similar trends under
the same condition of ozone introduction, which
indicates the consistent reductions of absorbances in
these characteristic wavelengths during the ozonation
of RB5. Furthermore, the efficiency of decolorization
is obviously greater with the introduction of ozone
into the CSTR. The time required for 99% removal
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Figure 3. Variations of Abs597.6 and ADMI reductions with time for
the ozonation of RB5.

of color is about 10 and 30 min by introducing ozone
into the CSTR and RPB, respectively.

In terms of mineralization of the RB5 solution,
the variations of the normalized TOC concentration
(CTOC/CTOC0) are shown in Fig 4. The TOC of
the solution is reduced by 41% (at 90 min) and
60% (at 100 min) by using the RPB and CSTR as
the ozone contactors, respectively. Apparently, the
mineralization rate is slower than the decolorization
rate. This can be explained in terms of the degradation
of the parent compound’s aromatic rings which lags
behind that of the chromophores. Another cause is
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Figure 4. Variation of CTOC/CTOC0 with time for the ozonation of RB5.
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that the intermediates containing organic carbons are
resistant toward further oxidation. This explanation is
consistent with the experimental results of other azo
dyes reported by Alvares et al20 who observed a lag of
COD removal behind the decolorization. Additionally,
the elimination rate of TOC, CTOC, was also found
to be faster when introducing ozone into the CSTR
compared with introducing it into the RPB.

Moreover, the variations of dissolved (CALb) and
off-gas (CAGe) ozone concentrations were analyzed to
examine the consumption of ozone, which is related
to the solution reactivity in the course of ozonation of
RB5 (Fig 5). The CALb remained almost undetectable
in the early period of ozonation, while the CAGe

increased gradually with ozonation time. The higher
CAGe value of the RPB reveals its overall lower ozone
utilization for ozonation times <27 min. In this early
stage, the reactivity of the solution is high and the
ozone transferred from the fed gas into solution (CALb)
is consumed immediately. Afterwards the CALb value
starts to increase in the liquid phase, indicating the
lower reactivity of the solution in the later ozonation
stage. Then both CAGe and CALb approach to the
steady values of about 27 and 5 mg dm−3, respectively.
It is observed that the increase in the CALb value started
earlier and increased faster with the introduction of
ozone into the CSTR compared with the RPB results.
Hence, according to the results of decolorization,
mineralization and ozone accumulation, the ozonation
of RB5 progresses faster by employing the CSTR as
the ozone contactor.

3.2 Comparison of ozonation processes with
ozone gas introduced in the RPB and CSTR
The dissimilar ozonation performance may be caused
by different ozone gas–liquid mass transfer rates.
Therefore, further examination was made to dis-
tinguish the mass transfer characteristics of these
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Figure 5. Variations of CALb (a) and CAGe (b) with time for the
ozonation of RB5.

two contactors. As for different ozonation kinetics
and mechanisms, variation in mineralization efficiency
could be observed with the same ozone consumption.
Accordingly, the dependence of TOC removal effi-
ciency (ηTOC) on the amount of ozone consumption
(mO3R) was examined during the ozonation of RB5.
The ηTOC and mO3R are defined by eqns (2) and (3),
respectively.

ηTOC = (CTOC0 − CTOC)/CTOC0 (2)

mO3R = ozone applied − ozone exited − ozone

accumulated in holdup gas and liquid

=
∫ t

0
QG(CAGi0 − CAGe)dt − CAGiVH

− CALbVL (3)

In eqn (3), CAGi is the ozone concentration in holdup
gas of the contactor, and taken as CAGe in the calcu-
lation for simplicity, and VH is the volume of holdup
gas in the contactor. As shown in Fig 6, the extent
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Figure 6. ηTOC vs mO3R/(CB0VL) for the ozonation of RB5. Line: the
plot of correlation equation of
ηTOC(%) = 1.68 mO3R/(CB0VL) (mol mol−1) with r2 = 0.958.

of mineralization of the solution apparently and con-
sistently depends on the value of mO3R/(CB0VL) for
these two contactors. The equation of ηTOC(%) =
1.68 mO3R/(CB0VL) (mol mol−1) is presented, with
r2 = 0.958. The ozonation mechanism of the pollu-
tant in the RPB is the same as that in the CSTR. Fig 6
shows that the ozonation kinetics is independent of
the gravitational magnitude of ozone gas–liquid con-
tactors. Accordingly, the ozonation kinetics obtained
from other kinds of ozonation reactors can be directly
applied for the RPB contactor.

The pH value of solution slightly increases from
8.3 to 8.7 during the ozonation. The radical
ozonation, which is more non-selective toward the
pollutant elimination, would be enhanced at higher
pH values by the generation of hydroxyl radicals
from ozone decomposition.21 In Fig 5, the steady
ozone concentrations in the later period reveal
that the consumption of ozone in the experimental
conditions of this study mainly resulted from
the self-decomposition of ozone, while the TOC
content of the solution was still noticeable and
decreasing. The reaction rate constant of ozone self-
decomposition (kd) can be calculated as 0.00 332 s−1

by employing kd = QG(CAGi0 − CAGe)/(VLCALb) with
the steady state values of CAGe(27.2 mg dm−3) and
CALb(5.0 mg dm−3). This kd value in the basic
condition at pH = 8.3–8.7 is evidently greater than
that of 0.000 145 s−1 at pH = 5.25. Furthermore,
the approximately linear relationship of ηTOC with
mO3R/(CB0VL) as shown in Fig 6 also supports that
the contribution of the radical ozonation on the
elimination of RB5 is significant.

In addition, the ratio of consumed to applied ozone
(mO3R/mO3A) is used as a quantitative indicator to
represent the ozone utilization, as depicted in Fig 7.
The mO3R/mO3A value decreases with mO3A from
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0.52 to 0.14 and 0.80 to 0.18 for the cases with
RPB and CSTR as ozone contactors, respectively.
The decreasing mO3R/mO3A value may be caused
by the lower reactivity of the reacted solution and
the accumulation of dissolved ozone. Evidently, the
mO3R/mO3A value was apparently lower at the same
mO3A when using the RPB as the ozone contactor.
The ozone utilization increased 24–67% as ozone
was introduced into the CSTR. This phenomenon
caused the difference of overall ozonation performance
between the two cases.

Figure 8 shows that the mO3R value was slightly
lower than the amount of ozone transferred (mO3T) by
the gas–liquid mass transfer. The mO3T is defined by
the double integration of the specific gas–liquid mass
transfer rate, ErAk0

LAa (CAGi/HA − CALb), with respect
to the volume of gas–liquid contactor and time, as
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shown in eqn (4).

mO3T =
∫ t

0

∫ VR

0
ErAk0

LAa(CAGi/HA − CALb)dVdt

= ozone applied − ozone exited − ozone

accumulated in holdup gas

=
∫ t

0
QG(CAGi0 − CAGe)dt − CAGiVH (4)

In eqn (4), ErA is the enhancement factor of ozone
gas–liquid mass transfer. As a result, the better
ozonation performance of the CSTR is due to its
higher mO3T value.

Further, the average amount of ozone transferred
by gas–liquid mass transfer per unit gas–liquid
contacting volume, mO3T/VR, for these two contactors
were calculated respectively for the comparison. As
shown in Fig 9, the variation of the ratio of the values of
mO3T/VR of RPB to CSTR with ozonation time ranged
between 17 and 23. Based on eqn (4), the mO3T/VR

depends on the ErA, k0
LAa, gas–liquid concentration

driving force (CAGi/HA − CALb) and t; the ErA

depends on the value of the Hatta number (Ha =√
DA�kiCi/k0

LA),3,4 which is inversely proportional to
the k0

LA. Referring to previous studies, the k0
LA values

of the RPB (2.97 × 10−5 –1.32 × 10−4 m s−1)14 and
CSTRs (4.75 × 10−5 –2.32 × 10−4 m s−1)3,4,22 were
found to be in the same order of magnitude.
Accordingly, the ErA value may not be significantly
different for these two contactors. Therefore, the
larger value of ratio of (mO3T/VR)RPB/(mO3T/VR)CSTR

is mainly attributed to the difference of k0
LAa

and CAGi/HA − CALb. The k0
LAa value in the RPB

(0.0975 s−1) is apparently higher than that in the
CSTR (0.02–0.04 s−1) reported by Zaror.23 In this
study, the k0

LAa value in the CSTR was 0.0248 s−1.
Moreover, the ratio of the values of CAGi/HA −
CALb in the RPB to the CSTR was approximately

estimated to be about 3.1 computed from the average
values of CAGe/HA − CALb in Fig 5. Additionally, the
hydrodynamics of the RPB is close to plug flow,
which is more beneficial for a higher gas–liquid
concentration driving force because of the higher
ozone concentration gradient profiles.24 The better
ozonation performance by using the CSTR in this
study may be attributed to its larger volume. Certainly,
the comparison of ozonation performance in a CSTR
with that in a RPB of the same volume would be
helpful to further support this point.

Consequently, it is feasible to reduce the volume
of an ozone gas–liquid contactor by employing RPBs
based on the above analysis. It is worthy of mention
that the further modeling and pilot test are helpful in
the correct design of the size and dimensions of the
RPB. The experimental data obtained in this study
can be used to establish the ozonation model for using
a RPB gas–liquid contactor.

4 CONCLUSIONS
The rotating packed bed (RPB) and completely
stirred tank reactor (CSTR) are compared as an
ozone gas–liquid contactor to treat CI Reactive
Black 5 (RB5). During the ozonation course of RB5,
both the absorbance of characteristic wavelength and
ADMI value decreased quickly and similarly to zero.
The mineralization rate of RB5 was significantly
slower than the decolorization rate because of the
selective attack of ozone and low reactivity of
intermediates. The removal efficiency of TOC (%)
was proportional to the ratio (mol mol−1) of moles
of consumed ozone to that of treated RB5 with the
pre-multiplying coefficient of 1.68. Furthermore, the
ozonation kinetics obtained elsewhere can be applied
adequately for the RPB system. Note that the mass
transfer rate of ozone per unit volume in the RPB
gas–liquid contactor was significantly higher because
of its higher volumetric mass transfer coefficient
(k0

LAa = 0.0975 s−1) and gas–liquid concentration
driving force as compared with the CSTR gas–liquid
contactor (k0

LAa = 0.0248 s−1). The enhancement
factor of ozone gas–liquid mass transfer may not have
significant difference between the RPB and the CSTR.
As a result, it is feasible to reduce the volume of an
ozone gas–liquid contactor by using a RPB, while the
correct design of the size and dimensions of the RPB
is required.
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