
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
7/

20
26

 1
:4

1:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The enhancemen
aSchool of Chemistry and Chemical Engin

Chengdu 610500, P. R. China. E-mail: wang

Tel: +86 28 83037300
bSichuan Provincial Key Laboratory of Envir

Gas Fields and Environmental Safety, Chen
cHade Oil and Gas Development Departme

Korla 841000, P. R. China

† Electronic supplementary informa
10.1039/d1ra00452b

Cite this: RSC Adv., 2021, 11, 14017

Received 19th January 2021
Accepted 2nd March 2021

DOI: 10.1039/d1ra00452b

rsc.li/rsc-advances

© 2021 The Author(s). Published by
t of ozone–liquid mass transfer
performance in a PTFE hollow fiber membrane
contactor using ultrasound as a catalyzer†

Bing Wang, *ab Huan Zhang,a Qingjie Meng,c Hongyang Ren,a Mingyang Xionga

and Chunyang Gaoa

A comprehensive assessment of a polytetrafluoroethylene (PTFE) hollow fiber membrane contactor and

ultrasound for intensifying ozone–liquid mass transfer was conducted simultaneously. The initial part of

the study concentrates on the systematic analysis of the previous literature related to the reinforcement

on the ozone–liquid mass transfer. In this paper, the introduction of a membrane contactor and

ultrasound as a catalyzer that increased the mass transfer coefficient (KLa) may be partially attributed to

the increase of the net surface area and the decrease of the mass transfer resistance, thus leading to the

enhancement of the ozone mass transfer rate and acceleration of the ozone decomposition in solution.

Results revealed that the maximum value of the KLa value was 0.7858 min�1 in the PTFE hollow fiber

membrane contactor in the presence of the ultrasound, while only 0.5154 min�1 in a single ozone

aeration at an intake flow of 300 L h�1, ozone dosage of 32.38 mg L�1 and operating temperature of

293.15 K. A 52.46% improvement of the KLa value was obtained in the presence of the ultrasound. In

addition, the dosage of sodium chloride appeared to have a positive correlation with KLa, but a negative

correlation with the concentration of dissolved ozone. The sulfolane destruction by ozonation,

ultrasound and the combination between the ozonation and ultrasound were performed to further verify

the enhancement of the ozone mass transfer performance. It has been established that the O3/US

combined process was a promising method, giving the maximum degradation of sulfolane (96.5%) with

the synergistic index as 2.41.
1. Introduction

It is well known that ozone has the characteristics of strong
oxidation performance, environment protection and high effec-
tiveness; it has also been widely observed and investigated for the
wastewater treatment and ozone-based processes to improve the
quality of water.1–3 The total reaction rate of the ozonation
process can be affected by both the reaction kinetics and mass
transfer coefficient (KLa).4 However, the main disadvantage of
ozone is its low solubility and instability in aqueous solution,
which limits the extent of its application. Ozonation processes
are conventionally carried out by the gas bubble formation using
ozone–water contactors, including porous diffusers, injector
nozzles, bubble columns and venturi injectors.5–8 However, in
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those cases, ozone–liquid transport is a rate-limiting process due
to the size and distribution of ozone bubbles.9 An alternative
approach is to increase the ozone mass transfer from the gas
phase to the liquid phase using membrane contactors.

Membrane contactors act as a convenient barrier between
the gas and water phases, and offer several advantages of higher
gas–water contact area, higher efficiency of ozone dissolution,
no foaming and low-energy demand. Because of their non-polar
structure, polymeric membranes employed for gas–liquid
membrane contacting offer the advantage of hydrophobicity to
differing degrees. Hollow ber congurations can be produced
with small diameters of a few mm, thus achieving a very high
specic internal membrane surface area. Porous membranes
with ozone durability are used as ozone–water membrane con-
tactors, such as polytetrauoroethylene (PTFE), polyvinylidene-
uoride (PVDF), polyethylene (PE) and polyvinyluoride (PVF).
The ozone durability of the above membrane contactors obeys
the order of PTFE > PVDF > PE > PVF.10 The commonly used
porous membrane materials are PVDF and PTFE, both uo-
ropolymers, which show the strongest chemical stability among
the polymer group, as the electronegativity of uorine atoms
and the absence of carbon double bonds in the structure
prevent an ozone or OH-radical attack.11 However, previous
RSC Adv., 2021, 11, 14017–14028 | 14017
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studies indicate that PVDF is susceptible for material alter-
ations, which may take place over time. Bamperng et al.10

treated dye solutions with ozone membrane contactors, and
observed an ozone ux decline of 30% for PVDF membranes
compared to PTFE over 16 h. For the PTFE membranes, no
property changes over time have been reported. In addition,
PTFE is characterized as the high melting point, low solubility,
high thermal stability, low friction, and low surface energy.12,13

Thus, the PTFE hollow ber membrane could be regarded as an
ideal membrane contactor.

Another method of enhancing the mass transfer of ozone
into solution is through the use of ultrasonic irradiation
(US).14–17 In the past few years, ultrasonic irradiation has a broad
prospect of application in the catalysis aspect.18–21 Ozone is
decomposed thermolytically in the vapor phase of a cavitation
bubble by sonolysis.22 When ozone bubbles enter the ultra-
sound system, the turbulence would reduce the liquid lm
thickness.23 Then, the KLa increases. In addition, one of the
mechanical effects of ultrasound is the breakage of the ozone
bubbles,14 which leads to the larger specic surface area.
Therefore, the ozone mass transfer coefficient KLa would
increase in the presence of ultrasonic irradiation. Furthermore,
hydroxyl radicals will be produced in the vapour phase of the
cavitation bubbles during the ultrasonic process.24

As a clean and environmentally friendly energy source, the
demand for natural gas is on the rise. For example, the devel-
opment of China's natural gas industry has made signicant
progress in recent years, driven by the increasing domestic
demand and the soaring oil and natural gas prices abroad.25

Thus, the widespread use of sulfolane is all but inevitable. With
the extensive application of sulfolane, it has been found in the
overhaul wastewater. The most serious problems caused by large
amounts of highly hazardous overhaul wastewater are generated
by the sulfolane associated with the natural gas purication
process, which lingers in the equipment, and then enters the
effluent in the equipment maintenance period. Common symp-
toms of exposure to sulfolane are headache, nausea, tiredness,
gastrointestinal upset, tremors, or convulsions. Furthermore, it
can cause irritation of the eyes and skin allergies. Therefore,
wastewater-containing sulfolane has become an environmental
concern. Thus, it is of importance to explore efficient treatment
processes for the removal of such pollutant.

The objectives of the present study were (a) to use ultrasound to
improve the ozone–liquid mass transfer in the PTFE hollow ber
membrane contactor; (b) to analyze the enhancement mechanism
of ozone mass transfer using ultrasound; (c) to evaluate the effect
of operation parameters on the KLa value and dissolved ozone
concentration, and (d) to investigate the synergistic effect between
ultrasound and ozonation for removing sulfolane.
2. Overview of work done on the
intensification of ozone–liquid mass
transfer in recent years

Ozonation, as one of the effective advanced oxidation processes
(AOPs), has been extensively used to remove refractory organics
14018 | RSC Adv., 2021, 11, 14017–14028
in wastewater. It is necessary to improve ozone–liquid mass
transfer due to the relatively low solubility of ozone. Many
interesting methods by vast scholars proposed for the
enhancement of ozone–liquid mass transfer have been
demonstrated in the recent past, and some of the recent
investigations have been highlighted here to present a degree of
condence.

Graça et al.26 investigated the ozone–water mass transfer
enhancement in continuous mode using a macroscale oscilla-
tory ow reactor provided with smooth periodic constrictions
(OFR-SPC). The obtained results indicated that KLa increased
with an increase in f (up to 4 Hz), x0 (up to 15 mm), and the gas
ow rate (up to 150 N cm3 min�1). Sabelfeld and Geißen27 have
studied the ozone mass transfer in a helically wounded hollow
bermembrane contactor, which is dependent on the operating
conditions. In comparison, the high-ozone-dosage low-liquid
velocities were favorable. Additionally, the mass transfer
enhancement was related to the gas ow orthogonal to the
helical wounded bers at the ber shell. The obtained results
indicated that the helical structure of the hollow bers of the
ozone–liquid membrane contactor contributed to the high
ozone ow rates and high ozone dissolved concentration,
increasing the mass transfer coefficient. Ratnawati et al.28

studied the effect of the ozone-containing gas ow rate (over
a range of 2–5 L min�1) and pH (over a range of 4–10) on the
ozone mass transfer coefficient in a bubble column reactor. The
obtained results indicated that a maximum KLa of 2.1 � 10�3

s�1 at pH 4 with a gas ow rate of 4 L min�1 was obtained.
Stylianou et al.29 investigated the ozone transfer to water using
a tubular hydrophobized a-Al2O3 membrane contactor. The pH
and ozone concentration values played a signicant role in the
dissolved ozone concentration, while the temperature has
relatively little effect on the measured ozone. Abdullah et al.30

studied the ozone–liquid mass transfer under semi-batch
conditions in a bubble column, a baffled column and an
oscillatory baffled reactor (OBR). The obtained results indicated
that the ozone mass transfer efficiency increased from 57%
using the baffled reactor to 92% with OBR when the liquid and
gas supercial velocities were 0.3 and 3.4 cm s�1, respectively.
Ren et al.4 investigated the effect of different supercial gas and
liquid velocities on the overall liquid side volumetric mass
transfer coefficient (kLa) in a novel microchannel reactor. As is
well known, the reaction behavior of the multiphase reaction
depends on the ozone mass transfer and the residence time in
the microchannel. Kukuzaki et al.31 investigated the ozone
transfer with tubular hydrophilic and hydrophobized Shirasu
porous glass (SPG) membranes based on the ozone absorption
into water. It has been reported that the uorocarbon functional
group of an organosilane compoundmodied the surface of the
SPG membranes. A maximum overall mass transfer coefficient
(KL) of 1.2 � 10�5 m s�1 was obtained for the 0.51 mm hydro-
phobizedmembrane. It can be observed that the KL value for the
hydrophobized SPG membranes was much larger, as compared
to that obtained for the hydrophilic membrane (2.1 �
10�6 m s�1). An enhanced turbulence at the surface of the
membrane could contribute to the higher KL values. Gao et al.8

investigated the characteristics of the Karman contactor as an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Major physical properties of the PTFE hollow fiber membrane
contactors

Membrane contactor
parameters Value

Mean pore diameter [mm] 0.22
Porosity [%] 83.8
External diameter [mm] 2.291
Wall thickness [mm] 0.453
Contact angle [�] 102.66
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ozonation unit by measuring the volumetric mass transfer
coefficient of ozone (KLa), gas hold-up (3G), and bubble size. It
has been observed that increasing the gas and liquid ow rates
signicantly enhances the rates of ozone absorption, owing to
the small bubbles produced by the Karman contactor. The
augmentation of small bubbles has increased the interfacial
area of the gas–liquid contact, leading to the increase of KLa.
Although the Karman contactor was expensive compared with
other conventional bubble columns, its performance was
satisfactory due to the high performance. Intensication of the
ozonemass transfer using a reactor has been reported by Mitani
et al.32 This reactor was composed of a microporous stainless
steel tubular gas diffuser, leading to a decrease in the gas
bubble size and improvement in the overall mass transfer area.
It was observed that as the liquid ow rate increased from 3.33
� 10�6 to 2.08 � 10�5 m3 s�1, the KLa value increased from
0.0223 to 0.316 s�1 in our system. In most studies, the gas ow
rate had a positive inuence on the ozone mass transfer coef-
cient. In contrast, the liquid ow rate was dominant in the rate
of ozone mass transfer in this study. Farines et al.33 investigated
the inuence of the supercial gas and liquid velocities on the
ozone mass transfer using a co-current upow reactor lled
with granular silica gel. It was found that the dissolved ozone
concentration depends on the technological parameters and
conditions of the reactor. At steady state, increasing the gas
velocity yields the increase in both overall mass transfer coef-
cient and dissolved ozone concentration. Hsu et al.34 studied
the ozone mass transfer from gaseous to solution using a new
gas-inducing reactor. The effect of several operational parame-
ters, namely agitation speed, supercial gas velocity, tempera-
ture and working liquid level on the ozone volumetric mass-
transfer coefficient (KL,O3

a), was investigated in a semi-batch
system. The obtained experimental results indicated that an
increase of the ozone volumetric mass-transfer coefficient could
be attributed to the increase of the agitation speed, tempera-
ture, and supercial gas velocity. Jakubowski et al.35 studied the
ozone mass transfer using a conned plunging liquid jet con-
tactor (CPLJC). The overall volumetric mass transfer coefficient
(KLa) plays an important in the ozone mass transfer perfor-
mance of the CPLJC. It was observed that increasing the volu-
metric gas ow rate (QG) leads to an increase of the interfacial
area (a), thus KLa. It has been reported that the KLa value was in
the 0.301–0.474 (s�1) range.

Intensication of the ozonemass transfer using acoustic and
hydrodynamic cavitations has been reported by Karamah et al.36

The effect of the application of acoustic cavitations, hydrody-
namic cavitations, and the combination of acoustic and
hydrodynamic cavitations on the ozone mass transfer was
observed using four process schemes. The obtained results
presented a synergistic effect between the hydrodynamic and
acoustic cavitations to improve the ozone mass transfer. The
enhancement of the acoustic cavitation was higher than that of
the hydrodynamic cavitation. The enhancement effect by the
ozone mass transfer decreased in the order of combination of
the hydrodynamic cavitation, sonication and ozonation >
combination of sonication and ozonation > combination of
hydrodynamic cavitation and ozonation. For the combination
© 2021 The Author(s). Published by the Royal Society of Chemistry
of both types of cavitation and ozonation, the enhancement of
the chemical effect of cavitation was 3.68 times the mechanical
effects. Weavers and Hoffmann37 studied the sonolytic degra-
dation of ozone using both closed and open continuous-ow
systems in order to explore the inuence of the mass transfer
on the chemical reactivity under ultrasound. By measuring the
mass transfer coefficient (KLa2), it was observed that the O3

mass transfer diffusing into the aqueous phase was increased.
This can be explained in that the application of the ultrasonic
waves improved the ozone–liquid mass transfer as a result of
the sonolytic degradation of O3, producing a larger driving force
to accelerate the dissolution of gaseous O3.
3. Experimental
3.1 Materials

The membrane contactors used in the present study were
purchased from DD Water Group Co. (Zhejiang Province,
China). Characterizations of the PTFE hollow ber membrane
contactors are as follows in Table 1 and Fig. S1.† The diameter
distributions of the microbubbles were measured using the
method described in the previous research.38 All chemicals used
in this study were of analytical grade. Deionized water freshly
prepared in the laboratory was used in all experiments.
3.2 Experiment set-up

The experimental apparatus is constitutive of the membrane
contactors and ultrasonic generation system, as shown in Fig. 1,
which is made entirely of plexiglass (acrylic) with a breadth of
0.06 m, a depth of 0.06 m, and a height of 0.6 m. There were 20
membrane contactors, which were installed at the bottom of the
reactor, and each PTFE hollow ber membrane contactor was
150 mm in length. One end of the membrane contactor was
positioned at the bottom of the reactor, and the other end was
well sealed to ensure that ozone was introduced into the liquid
phase through the membrane contactors.

Ozone was produced from extra-dry and high-purity oxygen
by using a CF-G-3-20 g generator (Qingdao Guolin, China). The
ow rate of ozone was controlled by a rotameter incorporated
into the ozone generator. Varying the electricity of the ozone
generator regulated the gaseous ozone concentration, as could
be seen in Table S1.† The ultrasonic probe connected with an
ultrasonic generator (MS-ZDB, 20 kHz, Handan City Meishun
Machinery Co., Ltd) was arranged at the top of the reactor.
RSC Adv., 2021, 11, 14017–14028 | 14019
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Fig. 1 Schematic diagram of the experimental apparatus.
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Dissolved ozone concentrations were measured by indigo
method.39 The off-gas ozone leaving the reactor was trapped in
gas absorption bottles containing 2% (w/v) KI solution. The pH
value of the solution was buffered close to 3 by adding sulfuric
acid solution, which depressed the ozone self-decomposition.
The pH was determined using a pHS-3C meter.

One mL samples were taken at each interval, and were
extracted with 1 mL dichloromethane. The analysis of the
samples in dichloromethane was performed using an Agilent
6890 GC equipped with auto-sampler and Flame Ionization
Detector (FID). The samples were injected to the GC, and
chromatographic separation was made on a fused silica capil-
lary column (ZB 5MSI, Phenomenex). High purity helium was
used as the carrier gas with a head pressure of 250 kPa. The
temperature of the injection port was set as 165 �C, and the
injection was set on splitless mode with 5.00 mL injection
volume. The initial temperature was set to 90, and then ramped
to 175 �C with 10 �C min�1 rate, where it kept constant for
3 min. The FID detector temperature set at 250 �C.

Before the experimental operation, the reactor was pre-
ozonated for 5 min to satisfy any ozone demand in the
reactor, and then it was washed several times with distilled
water to exclude any possible side effects.
Fig. 2 Frequency distribution of the bubble size with different aeration
patterns.
3.3 Determination of KLa

The transformation rate of ozone into hydroxyl radicals is
strongly pH-dependent. In principle, for pH < 7, this variable
has a slight inuence on the ozone decomposition. Therefore,
the natural ozone self-decomposition can be neglected in this
study (pH 3).

The mass transfer coefficient (KLa) (min�1) in the ozonation
process can be expressed as follows:

dc

dt
¼ KLaðCs � CÞ � r (1)

where Cs, C, and r are the ozone equilibrium concentration,
dissolved ozone concentration and ozone self-decomposition
rate, respectively.
14020 | RSC Adv., 2021, 11, 14017–14028
In which r ¼ 0, then eqn (1) can be further rewritten as:

ln

�
Cs

Cs � C

�
¼ KLa� t (2)

The slope of ln[Cs/(Cs � C)] against t is the KLa value.

4. Results and discussion
4.1 Effect of the operating parameters on the bubble size
distribution

4.1.1 Effect of the aeration patterns. The aeration pattern is
an important factor of inuencing the bubble diameter. In this
section, the aperture of the PTFE hollow-ber membrane
aerator and bubble rock aerator were 0.22 and 1.55 mm,
respectively. Fig. 2 presented the frequency distribution of the
bubble diameter with different aeration patterns. The peaks of
the bubble diameter distribution of the hollow-ber membrane
aerator were located in a smaller diameter range (40–49.9 mm)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Sauter mean radius under two different aeration patterns

Aeration patterns PTFE hollow-ber membrane Bubble rock
Sauter mean radius [mm] 52.78 86.25

Table 3 Sauter mean radius under four different ultrasound powers

Ultrasound power [W] 0 1000 1500 2000
Sauter mean radius
[mm]

52.78 35.62 32.81 30.49
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than that of the bubble rock aerator (60–69.9 mm). Notably, the
Sauter mean radius of the bubbles ranges from 52.78 mm to
86.25 mm with an increasing aperture from 0.22 mm to 1.55 mm,
as illustrated in Table 2.

The balance between the uid shear stress and surface
tension force in solution caused the bubbles to form. Thus, the
single spherical bubble diameter can be estimated by eqn (3).40

deq ¼
�

8d0r

CDU0
2rL

�0:5

(3)

Here, d0, r, CD and U0 are the orice diameter, surface tension,
drag coefficient and liquid velocity of the shear ow, respec-
tively. As can be seen in eqn (3), the appreciable positive inu-
ence was observed between the bubble size and aperture of the
aeration pattern. It agreed with the experimental results.
According to the obtained results, the PTFE hollow-ber
membrane aerator was used in the subsequent studies.

4.1.2 Effect of the ultrasound power. In this work, a hollow-
ber membrane aerator was selected. The effect of the ultra-
sound power on the bubble size distribution is exhibited in
Fig. 3.

Under the same total ultrasonic frequency (20 kHz) input
condition, the percentage of small bubbles was found to
increase (Fig. 3), while the Sauter mean radius of the bubbles
decreased from 50.78 to 30.49 mm with the increasing power
operated from 0 to 2000 W. The motion of the bubbles in this
system was in the presence of ultrasound. The size of the
bubbles was mainly determined by the bubble coalescence and
breakup behavior, and ultrasonic action. For the same system,
the motion of the bubbles kept a balance between the bubble
coalescence and breakup in the absence of ultrasound.
Fig. 3 Frequency distribution of the bubble size with different ultra-
sound powers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
However, a synthetic effect caused by such factors as cavitation
effect, micro-jetting and turbulence has an obvious effect on the
production of bubbles in the presence of ultrasound. These
comprehensive effects destroyed the balance between the
motion, growth, coalescence and breakup of the original
bubbles, and caused much more violent turbulence in the gas–
liquid two-phase ow to make more bubbles break up.
Remarkably, the introduction of ultrasound decreased the
mean radius of the bubbles (Table 3).
4.2 Effects of operating parameters on the ozone mass
transfer

4.2.1 Effect of the aeration patterns. In this part, the
experiments were carried out as in Section 4.1.1. The aeration
patterns made a remarkable impact on the dissolved ozone
concentration and KLa. The obtained results are illustrated in
Fig. 4 and Table 4.

As evident in Fig. 4(a), the concentration of dissolved ozone
in the PTFE hollow-ber membrane aeration was signicantly
higher than that of bubble rock aeration. KLa followed the same
trend as the concentration of dissolved ozone (Fig. 4(b)). From
Section 4.1.1, it can be seen that the bubble size produced in the
PTFE hollow-ber membrane aeration (52.78 mm) was smaller
than that of bubble rock aeration (86.25 mm). The smaller
bubbles offer the higher interfacial area for the ozone–liquid
contact, which favors the ozone mass transfer. It was found that
the 0.7858 and 0.2601 min�1 of KLa were obtained by the PTFE
hollow-ber membrane aeration and bubble rock aeration,
respectively. The PTFE hollow-ber membrane aeration was
over triple the KLa value of the bubble rock aeration. It could be
concluded that the bubble size has a great inuence on the
ozone mass transfer.

4.2.2 Effect of the gaseous ozone concentration. The
gaseous ozone concentration could directly affect the ozone–
liquid mass transfer efficiency. In this section, the dissolved
ozone concentration and KLa under different gaseous ozone
concentrations were investigated, as shown in Fig. 5 and Table
5.

As can be seen in Fig. 5(a), the concentration of dissolved
ozone increased with increasing gaseous ozone concentration.
The results indicated that an increase in the gaseous ozone
concentration is benecial to the mass transfer of ozone to
some extent. An increase in the gaseous ozone concentration is
expected to correspond with an increase in the equilibrium
ozone concentration in solution, which can be explained by
Henry's law,41

Cs ¼
½O3�g
H

(4)
RSC Adv., 2021, 11, 14017–14028 | 14021
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Table 4 The concentration of dissolved ozone and KLa in different aeration patterns

Aeration patterns
Dissolved ozone
concentration (mg L�1) KLa (min�1)

PTFE hollow-ber membrane aerator 7.6093 0.5154
PTFE hollow-ber membrane aerator with US 11.1071 0.7858
Bubble rock aerator 1.0472 0.1586
Bubble rock aerator with US 2.2964 0.2601

Fig. 4 Effect of the aeration patterns on (a) the concentration of dissolved ozone and (b) KLa (pH 3; intake flow rate 300 L h�1; gaseous ozone
concentration 32.38 mg L�1; temperature 293.15 K; US power 1000 W).

Fig. 5 Effect of gaseous ozone concentration on (a) the concentration of dissolved ozone and (b) KLa (pH 3; intake flow rate 300 L h�1;
temperature 293.15 K; US power 1000 W).
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where H is the Henry law constant, and [O3]g represents the
ozone dosage.

An increase in the equilibrium ozone concentration could
improve the ozone mass transfer driving force. The main
driving force for ozone mass transfer is a concentration differ-
ence in the gas–liquid two-phase.29,31 It has been reported that
ozone in the solution would reach saturation at a xed
temperature. Inuenced by the dissolution, reaction and
decomposition of ozone, the ozone concentration in solution
14022 | RSC Adv., 2021, 11, 14017–14028
would stop continually increasing when it was saturated at
a xed ozone input as the reaction time was prolonged and
obtained a balance in solution. The ozone mass transfer from
gas to liquid is mainly controlled by liquid lm. This leads to
the increase of KLa (Fig. 5(b)). It was observed that the intro-
duction of ultrasound increased the KLa value to 0.7858 min�1,
compared to 0.5154 min�1 of the ozonation in the absence of
ultrasound in the PTFE hollow ber membrane contactors,
suggesting that the addition of ultrasound can contribute to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The concentration of dissolved ozone and KLa in different
gaseous ozone concentrations

Gaseous ozone concentration
Dissolved ozone
concentration (mg L�1) KLa (min�1)

2.59 mg L�1 0.4471 0.3273
2.59 mg L�1 with US 0.9930 0.3328
12.58 mg L�1 2.9469 0.4187
12.58 mg L�1 with US 5.1689 0.5980
32.38 mg L�1 7.6093 0.5154
32.38 mg L�1 with US 11.1071 0.7858
43.92 mg L�1 11.3943 0.5755
43.92 mg L�1 with US 12.9430 0.8053

Table 6 The concentration of dissolved ozone and KLa on different
intake flow rates

Intake ow rate
Dissolved ozone
concentration (mg L�1) KLa (min�1)

100 L h�1 3.1798 0.2602
100 L h�1 with US 11.9565 0.3738
200 L h�1 4.2491 0.3332
200 L h�1 with US 12.9491 0.4825
300 L h�1 7.6093 0.5154
300 L h�1 with US 11.1071 0.7858
400 L h�1 6.6267 0.4343
400 L h�1 with US 10.1673 0.5381
500 L h�1 5.7404 0.3604
500 L h�1 with US 7.0174 0.4900
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mass transfer of ozone dissolved into solution. Similar results
have also been reported by Weavers et al.37 for the enhancement
of ozone mass transfer using ultrasound. The local turbulence
created by ultrasonic cavitation helps to decrease the mass
transfer resistance for the ozone–liquid transfer.42 Considering
the energy consumption and exhaust ozone, 32.38 mg L�1 was
used for the following studies.

4.2.3 Effect of the intake ow rate. In this part, the effect of
the ozone intake ow rate varying from 100 to 500 L h�1 on the
ozone mass transfer was studied, and is presented in Fig. 6 and
Table 6.

As can be seen in Fig. 6(a), the equilibrium ozone concen-
trations increased with an increase in the intake ow rate,
ranging from 100 L h�1 to 300 L h�1 and 100 L h�1 to 200 L h�1

in both ozone system and the combination between ozone and
ultrasound system, respectively. Similar results were reported in
the literature.38 In contrast, the KLa value increased rst and
then gradually decreased (see Fig. 6(b)). The maximum KLa
value reached (0.7858 min�1) was higher than that of the
condition without ultrasound (0.5154 min�1). A 52.5%
improvement of the KLa value was obtained with the introduc-
tion of ultrasound, indicating that ultrasound could promote
the mass transfer performance. Ultrasound appears to be
a promising way to overcome the transfer limitations and
Fig. 6 Effect of the intake flow rate on (a) the concentration of dissolved
temperature 293.15 K; US power 1000 W).

© 2021 The Author(s). Published by the Royal Society of Chemistry
improve the ozonemass transfer, compared to the same process
without ultrasonication. It was observed that KLa increased due
to the turbulence and surface renewal. Moreover, the rising
velocity of the small ozone bubbles that produced the
membrane contactors increased with the increasing intake ow
rate. Thus, small bubbles were less likely to coalesce into larger
bubbles. As is well known, the ozone mass transfer resistance
was mainly controlled by the liquid phase. Increasing the intake
ow rate caused a greater turbulence between the gas phase and
the aqueous phase, which is conducive to the mixing of the gas–
liquid two phases. It can be inferred that the faster ozone intake
ow rate enhanced the mixing degree between the ozone–liquid
two-phase, resulting in a decreased mass transfer resistance;
thus, enhancing the ozone mass transfer coefficient. In
contrast, the ozone intake ow rate was too fast to have enough
time to collapse in the bulk solution, which caused the poor
ozone mass transfer performance. Hence, based on the ob-
tained results, the ozone intake ow rate of 300 L h�1 was used
in the subsequent studies.

4.2.4 Effect of the operating temperature. The operating
temperature has an impact on the solubility, decomposition
rate, and stability of the ozone molecules in solution. In this
ozone and (b) KLa (pH 3; gaseous ozone concentration 32.38 mg L�1;

RSC Adv., 2021, 11, 14017–14028 | 14023
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Fig. 7 Effect of operating temperature on (a) the concentration of dissolved ozone and (b) KLa (pH 3; intake flow rate 300 L h�1; gaseous ozone
concentration 32.38 mg L�1; US power 1000 W).

Table 7 The concentration of dissolved ozone and KLa in different
operating temperatures

Operating temperature
Dissolved ozone
concentration (mg L�1) KLa (min�1)

293.15 K 7.6093 0.5154
293.15 K with US 11.1071 0.7858
303.15 K 4.2419 0.5002
303.15 K with US 7.6242 0.6402
313.15 K 3.4887 0.4875
313.15 K with US 3.4845 0.5211
323.15 K 2.3343 0.4364
323.15 K with US 3.9435 0.4801
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section, the effects of various temperatures from 293.15 to
323.15 K on the dissolved ozone concentration and KLa were
investigated, and are presented in Fig. 7 and Table 7.

The results in Fig. 7(a and b) showed that the ozone equi-
librium concentration and KLa in water decreased with the
increase of the operating temperature in each system, indi-
cating the increase of temperature against ozone mass transfer.
Fig. 8 (a) Variations in the dissolved ozone concentration with time und
system temperature (pH 3; intake flow rate 300 L h�1; gaseous ozone c

14024 | RSC Adv., 2021, 11, 14017–14028
Both ozone equilibrium concentration and KLa value could be
boosted by the addition of ultrasound. The higher the temper-
ature, the lower the ozone equilibrium concentration in solu-
tion. This phenomenon can be explained by Henry's constants
(273–333 K):43

log

�
H

kPa m3 mol�1

�
¼ 5:12� 1230

TðKÞ (5)

The similar trends of the results were also reported in the
literature.44–46 When the operation temperature increased from
293.15 to 323.15 K with the decrease of the dissolved ozone
concentration, this caused the decrease of the ozone mass
transfer driving force, and hence decreased KLa. It was found
that with an increase in the temperature, the viscosity and/or
surface tension decreased, resulting in a reduction of the cavi-
tation intensity. Thus, the liquid phase resistance increased.
Considering the obtained results and associated discussion,
293.15 K was established as the optimum operating tempera-
ture for further studies.
er different ultrasonic powers, and (b) the corresponding KLa value and
oncentration 32.38 mg L�1; temperature 293.15 K).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 8 The concentration of dissolved ozone and KLa in different
ultrasonic powers

Ultrasonic
powers

Dissolved ozone
concentration (mg L�1) KLa (min�1)

0 W 7.6093 0.5154
1000 W 11.1071 0.7858
1500 W 11.5598 0.6902
2000 W 11.8260 0.6401

Table 9 The concentration of dissolved ozone and KLa in different
NaCl concentrations

NaCl concentrations
Dissolved ozone
concentration (mg L�1) KLa (min�1)

0 mg L�1 7.6093 0.5154
0 mg L�1 with US 11.1071 0.7858
500 mg L�1 5.2646 0.6065
500 mg L�1 with US 9.1563 0.8457
1500 mg L�1 3.2598 0.7831
1500 mg L�1 with US 7.5644 0.9158
2000 mg L�1 2.2661 0.8632
2000 mg L�1 with US 4.6545 1.1144
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4.2.5 Effect of the ultrasonic power. Ultrasound power has
great signicance for acoustic cavitation. This is because it has
an effect on the collapse intensity, number of cavitation bubbles
and economy of the cavitation system.47 To our knowledge, the
ultrasound contributes to the improvement of the ozone
transfer performance.48

As observed in Fig. 8(a) and Table 8, it was demonstrated that
increasing the ultrasonic power (from 1000 to 2000 W) has
a positive effect on the dissolved ozone concentration. However,
when the ultrasound power increases (from 1000 to 2000 W),
the KLa value will decrease (from 0.7858 min�1 to 0.6400 min�1)
(Fig. 8(b)). In the same condition, a blank test (ultrasonic power
is 0) was also carried out.

The result was attributed to the following reasons. On the
one hand, ultrasound could create the mechanical effects,
including a greater mixing and break up of the ozone
bubble,14,37 which increased the specic surface area (seen
Section 4.1.2). Tsochatzidis et al.49 reported that the increase of
the input ultrasonic power at a constant ultrasound frequency
increases the opportunity of the cavitation bubble collapse. The
acoustic streaming accelerated the interfacial turbulence by
cavitation bubbles collapse at the interface of the gas–liquid
phase. Thus, the KLa value increased in the presence of ultra-
sound. On the contrary, when the ultrasound power reached
a certain value, cavitation would tend to saturation. When the
ultrasound power further increased, the cavitation bubbles
would be too big to collapse, and an acoustic screen forms in
Fig. 9 Effect of NaCl on (a) the concentration of dissolved ozone and (b
32.38 mg L�1; US power 1000 W; temperature 293.15 K).

© 2021 The Author(s). Published by the Royal Society of Chemistry
this system. As a result, this led to a decrease in the KLa value. In
addition, with higher ultrasound power, the temperature in
solution would increase. As is well known, the higher temper-
ature is very unfavourable for the solubility of ozone in water.
Considering the obtained results and lower energy waste, the
optimum ultrasonic power was 1000 W.

4.2.6 Presence of sodium chloride. Sodium chloride has
been used for the improvement of the chemical reactions in the
presence of ultrasound.50 It was also reported that the addition
of sodium chloride gave higher gas phase holdup and mass-
transfer coefficient due to the noncoalescing action of the
electrolyte.14,29 Therefore, it is necessary to investigate the dis-
solved ozone concentration and KLa value trends in the exis-
tence of sodium chloride.

As could be seen from Fig. 9 and Table 9, the introduction of
sodium chloride was negatively correlated with the concentra-
tion of dissolved ozone, and positively correlated with the KLa
value. The highest KLa value was obtained with the dosage of
NaCl of 1500 mg L�1 (1.1144 min�1). To the best of our
knowledge, the addition of NaCl could decrease the gas solu-
bility.51 However, the bubble diameter decreased with an
increase in the salt concentration.52 Similar results were also
reported by Walker et al.53 The increase of KLa attributed to the
) KLa (pH 3; intake flow rate 300 L h�1; gaseous ozone concentration

RSC Adv., 2021, 11, 14017–14028 | 14025
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Fig. 10 Proposed enhancement pathway for ozone mass transfer by
ultrasound.
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larger available gas–liquid interfacial area. On the one hand, the
ionization of NaCl makes the production of vast quantities of
charged ions in solution. The electrical adsorption of these ions
enhanced the liquid lm of the bubble. So, the coalescence of
the bubbles was suppressed, causing the decrease of the bubble
size.52 On the other hand, the presence of NaCl lowers the zeta
potential of the bubble interface in water, thereby increasing
the bubble stability in the system, leading to the decrease of the
bubble size.54 In addition, the surface tension in the water
increased with the increase in the concentration of NaCl solu-
tion. Furthermore, the bubble size decreases with increasing
surface tension.55 These small bubbles in the system subse-
quently increase the net gas–liquid interfacial area. At the same
time, a decrease in the bubble diameter prolongs the bubble
residence time in liquids.52 This would increase the ozone mass
transfer from the gas phase to the liquid phase.51 From the data
obtained, it seems that the degree of increase in the mass
Fig. 11 (a) Comparison of different reaction systems in terms of the destr
in different reaction systems (intake flow rate 300 L h�1; gaseous ozone
initial sulfolane concentration 200 mg L�1).

14026 | RSC Adv., 2021, 11, 14017–14028
transfer coefficient with an increase of the interfacial area is
greater than the decrease caused by the decrease in ozone
solubility due to the addition of NaCl. The KLa value increased
with the NaCl concentration. Nevertheless, this is in disagree-
ment with the results of other researchers, who showed that the
changes in the surface tension exerted considerable inuence
on the bubble size, but it had no signicant impact on the mass
transfer.56 In short, the order-of-magnitude increase in the
interfacial area at high salt concentration is the chief cause of
the high KLa value.52 Therefore, the KLa value increases.
4.3 Discussion on the enhancement mechanism

According to the comprehensive results obtained, the
enhancement of the ozone mass transfer in aqueous medium
increased with the introduction of ultrasound into the ozone
system (Fig. 10). Ultrasonic cavitation bubbles were subjected to
the surface tension, viscous force, inertia force and buoyancy in
the uid, and collapsed when the gas–liquid phase interface
was precipitated. The periodic precipitation of these bubbles
from the phase interface caused the local uids near the gas–
liquid interface to be periodically replaced, leading to the strong
disturbance on the liquid surface and resulting in the defor-
mation and turbulence of the phase interface, thus renewing
the uids on the interface surface. This is an important
hydrodynamic instability phenomenon. The interfacial turbu-
lence causes mass transfer in the form of convection, greatly
reducing the mass transfer resistance. In addition, the contact
area of ozone with water will be increased due to the ultrasound
with the breakage of ozone bubbles, which can signicantly
enhance the whole dissolution process. Many ozone bubbles
and cavitation bubbles previously existing in the solution
became larger. When the size of the bubbles exceeded a certain
value, the cavitation bubble and ozone bubbles encountered
catastrophic collapse. The bubble radii become increasingly
small. In addition, the cavitation bubbles gradually release
energy through implosions to attack the ozone bubbles, making
them easily decompose in the liquid. According to the note
uction of sulfolane; (b) kinetic data fitting for the sulfolane removal rate
concentration 32.38 mg L�1; US power 1000 W; temperature 293.15 K;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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above, the ultrasound irradiation increased the mass transfer
and decomposition of ozone.
4.4 Removal efficiency of sulfolane in different processes

To further investigate the synergy of ultrasonic and ozone, we
take sulfolane as the model pollutant and use the removal rate
of sulfolane to be the targets, conducting the applied research
to the oxidation capability in ozonation, ultrasound (US) and
ozonation/ultrasound systems, respectively. The results are
shown in Fig. 11(a). As shown in Fig. 11(a), the degradation
effect of sulfolane obeyed the order of O3/US > O3 > US. About
96.5% of sulfolane was removed within 60 min, while only 9.5%
of sulfolane was removed by US alone. From the kinetic anal-
ysis, it has been established that the sulfolane removal rate
followed pseudo-rst-order kinetics with trends being displayed
in Fig. 11(b), and the obtained values of the kinetic rate
constants are given in Table S2.†

The introduction of ultrasound to ozonation further
enhanced the sulfolane degradation, indicating that ultrasound
increased the ozone mass transfer and accelerated the
production of OHc in the ozonation process. The synergistic
index (E) for the combined process of O3/US was calculated as
follows:

E ¼ kO3=US

kUS þ kO3

(6)

Considering the results of Table S2,† we obtained the rate
constants for the combined process of ozonation, and found
that it was 2.41 times higher than that of adding them inde-
pendently for sonication and ozonation. This phenomenon
illuminated a good synergistic effect between ultrasound and
ozonation. With larger values of E, in particular, better syner-
gistic effects were achieved.
5. Conclusions

The nding of the present study proved that ultrasound was
a more favorable choice for the enhancement of ozone mass
transfer than separate experiments involving only ultrasonic
irradiation alone or single ozonation. The increase of ozone
mass transfer in the presence of ultrasound may be partially
attributed to (1) a reduction of the mass transfer resistance; (2)
a larger contact area between ozone and liquid solution; (3)
renewal of the uids on the interface surface. It was obvious
that the presence of ultrasound heightens KLa to 0.7858 min�1

compared to 0.5151 min�1 of the ozone system. The increase of
KLa was derived from the increase of the ozone mass transfer
and the acceleration of the ozone decomposition. The presence
of NaCl in the liquid decreases the bubble size. It was also
shown that the KLa value increases, and the concentration of
dissolved ozone decreases with a higher concentration of NaCl.
The destruction of sulfolane was further performed to investi-
gate the enhancement of the ozone–liquid mass transfer in the
PTFE hollow ber membrane contactor in the presence of
ultrasound. It was observed that the degradation efficiency of
© 2021 The Author(s). Published by the Royal Society of Chemistry
sulfolane by O3–US and O3/US follows the order of O3/US > O3 >
US.
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