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A B S T R A C T   

A tubular porous borosilicate membrane contactor was investigated for ozone gas/water mass transfer and the 
removal of contaminants of emerging concern (CECs) in water. Ozone gas/water contact occurs on the mem
brane shell-side, which is coated with a photocatalyst (TiO2-P25), as the ozone gas stream is fed from the lumen 
side and permeates through the pores generating micro-sized ozone bubbles uniformly delivered to the annular 
reaction zone where the contaminated water to be treated flows. Under continuous flow, water pH at 3.0 and 
temperature at 20 ºC, the volumetric mass transfer coefficient (KLa) ranged from 3.5 to 9.0 min− 1 and improved 
with the increase of gas flow rate (QG, 1.5-fold from 0.15 to 1.0 Ndm3 min− 1) and liquid flow rate (QL, 2.0-fold 
from 20 to 50 L h− 1), due to enhanced turbulence on the membrane shell-side and annular zone. The mass 
transfer efficiency was more pronounced as the QG decreased and the QL increased, which is advantageous for 
large-scale applications. The main resistances to ozone transfer were in the water phase boundary layer 
(53–76%) and in the membrane (24–47%; kM = (1.14 ± 0.01) × 10− 4 m s− 1). For an ozone dose of 12 g m− 3 and 
residence time of 3.9 s, removals ≥ 80% were achieved for 13 of 19 CECs spiked in demineralized water (each 10 
µg L− 1), demonstrating the applicability of this membrane contactor for ozonation treatment. Photocatalytic 
ozonation (O3/UVC/TiO2) did not significantly improve the treatment performance due to the low residence time 
inside the contactor.   

1. Introduction 

Growing global health concerns due to the surge in urbanisation and 
industrialisation, leading to water contamination worldwide, are 
driving the ozone technology market globally. Ozonation is a technique 
most successfully applied in several fields of water/wastewater treat
ment [1], such as disinfection [2,3], oxidation of contaminants of 
emerging concern (CECs) [4–7], and removal of colour, odour, and taste 
[8]. Ozone (O3) is usually produced by passing a stream of oxygen (O2) 
through a corona discharge system, which provides energy to convert O2 

to O3 [9]. A major obstacle to wider use of O3 technology is the relatively 
high energy consumption (around 7.2–12.3 kW/kg O3) [1], rather large 
footprint treatment unit, and operational issues related to the dispersion 
of ozone gas in water. Gas-liquid membrane contactors are an emerging 
alternative to traditional O3 injection methods, such as fine bubble 
diffusers, for which O3-liquid transport is a rate-limiting factor due to 
the size and distribution of O3 bubbles. While the principles of direct 
gas-liquid mass transfer of O3 into the aqueous phase are well under
stood, bubbling methods bear several disadvantages, such as locally 
inaccurate O3 dosages due to short-circuiting, low ozone mass transfer 
rates from gas to liquid phase, foam formation in treatment reactors, 
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bubble coalescence and uneconomic off-gas recovery (mainly O2) [1]. 
Moreover, conventional ozonation systems result in the need to use 
deeper tanks to obtain a higher dissolution efficiency of ozone gas into 
the water, as also as unconsumed/unreacted ozone losses and, conse
quently, higher operational costs and footprints. 

Contrary to the basic principles of separation membranes, membrane 
contactors do not offer any selectivity, working just as a convenient 
barrier between the two phases, keeping them separated and allowing 
their contact in a large (as compared to volume) and well-defined 
interfacial area [10]. Compared with direct gas reactor, membrane 
reactor has the following advantages [11–15]: (i) the specific surface 
area of membrane contactors is much higher than in conventional 
contactors and may result in a higher volumetric mass transfer coeffi
cient (KLa); (ii) microscale bubble operation that prevent foaming 
phenomena; (iii) greater control on the dosing of ozone to the water; (iv) 
reduced losses of unreacted ozone; (v) scale-up to almost any size is 
easily possible by adding modules of the same type and size without 
losing transfer efficiency since a constant O3 concentration can be 
established at the gas/liquid interface. Also, no changes in the specific 
energy dissipation are caused, which is crucial in the scale-up of direct 
gas reactors, and membrane reactors have a small footprint. The mem
branes can be used in small cross-section contactors with high linear 
flow rates, resulting in compact units with good plug-flow characteris
tics. In addition, membranes can be functionalised with nanoparticles or 
catalysts to improve membrane performance (nano-enhanced mem
branes) and the removal of water contaminants by catalytic ozonation 
[16–19]. This approach has proved successful in recent research, e.g., 
Mansas et al. [18] demonstrated the enhanced catalytic ozonation ac
tivity of a commercial nanofiltration ceramic membrane functionalized 
with mesoporous maghemite (γ-Fe2O3), also Liu et al. [17] applied a 
CuMn2O4/g-C3N4 catalytic ceramic membrane that increased more than 
3-fold the degradation rate of benzophenone-4 when compared to 
O3-only, and Lee et al. [16] developed a Ce-doped TiOx ceramic mem
brane that proved to be effective in degrading and mineralizing a 
mixture of micropollutants with low specific O3 consumption. 

In the present study, a novel ozone membrane contactor is proposed 
to intensify ozone gas/water mass transfer and, simultaneously, allow 
the use of light and catalyst to activate ozone in a single unit. In the 
tubular porous borosilicate membrane distributor, the O3 stream is fed 
by the lumen side and quickly delivered to the liquid through “virtually” 
unlimited dosing points along the membrane length. An outer quartz 
tube allows light penetration through the annular reaction zone (ARZ), 
where the membrane shell-side is coated with titanium dioxide (TiO2- 
P25). Such configuration allows the O3 that is being dosed through the 
membrane pores to have a pseudo-uniform and direct contact with the 
active catalyst sites. This technological approach enables a more ho
mogeneous distribution of the injected gas, generating O3 microbubbles 
in the water and increasing the rate of ozone mass transfer, thus 
improving the reaction with the pollutants, reducing O3 consumption 
and avoiding, at the same time, catalyst deactivation. Also, the helical 
water flow induced by the location of the inlet/outlet pipes (at opposite 
ends and tangentially to the quartz tube), has proven to improve the 
transport of fluid particles throughout the reactor and to promote 
intense macromixing dynamics [20]. This unique fluid dynamics, where 
contaminated water swirls around the membrane, enables longer con
tact time for the fluid particles to interact with O3 bubbles and reduces 
local points near the membrane shell where higher O3 concentrations 
occur, thus contributing to mass transfer. The increased performance of 
the proposed membrane contactor was assessed by measuring the 
volumetric mass transfer coefficient (KLa), determined in continuous 
mode from a mass balance for O3 in the gas and the liquid phases, 
considering the water pH and temperature (T), the O3 concentration in 
the gas phase ([O3]G), the liquid (QL) and gas (QG) flow rates. Further
more, the mass transfer efficiency (MTE), i.e., the fraction of O3 that 
dissolves into the aqueous solution, was also determined. Lastly, also in 
continuous mode, the ozone membrane contactor was applied to treat a 
mixture of 19 CECs spiked in demineralized water at low concentrations 
(10 µg L− 1) to simulate the concentrations and the range of contami
nants typically found in water and wastewater. The primary aim was to 
determine CECs degradation efficiency envisaging its application in 

Nomenclature 

1
kGH Mass transfer resistance in the gas boundary layer (s m− 1). 
1
kL 

Mass transfer resistance in the liquid boundary layer (s 
m− 1). 

1
kM 

Mass transfer resistance in the membrane matrix (s m− 1). 
ni Number of bubbles of diameter deq. 
[CECs]0 CECs concentration in the feed liquid stream (μg dm− 3). 
[O∗

3] Ozone concentration in the liquid phase at saturation (g 
m− 3). 

[O3] Dissolved ozone concentration at time t (g m− 3). 
[O3]G Ozone concentration in the inlet gas stream (g Nm− 3). 
[O3]Gout Ozone concentration in the outlet gas stream (g Nm− 3). 
[O3]L Dissolved ozone concentration in the outlet liquid stream 

at steady-state conditions (g m− 3). 
a Gas–water interfacial area of membrane per unit water 

volume (m− 1). 
d32 Sauter mean diameter (mm). 
deq Equivalent spherical bubble diameter (mm). 
DK Knudsen diffusion coefficient (m2 s− 1). 
DM Effective diffusion coefficient of ozone in the membrane 

(m2 s− 1). 
DO3 Diffusion coefficient of ozone in the gas phase (m2 s− 1). 
DwO3 Diffusion coefficient of ozone in water (m2 s− 1). 
dpore Mean pore diameter (m). 
H Henry coefficient. 

Ha Hatta number. 
kd Self-decomposition constant of ozone (s− 1 or min− 1). 
kG Mass transfer coefficient in the gaseous phase (m s− 1). 
kL Mass transfer coefficient in the water phase (m s− 1). 
KL Overall mass transfer coefficient based on water phase (m 

s− 1). 
KLa Volumetric mass transfer coefficient based on water phase 

(s− 1 or min− 1). 
kM Mass transfer coefficient in the membrane (m s− 1). 
kO3 Rate constant of the direct reaction between O3 and the 

pollutant (M− 1 s− 1). 
M Molar mass of ozone (g mol− 1). 
MTE Mass transfer efficiency (%). 
ODI Inlet O3 dose rate (g m− 3). 
QG Gas flow rate (Ndm3 min− 1). 
QL Volumetric water flow rate (L h− 1). 
R Ideal gas constant (J K− 1 mol− 1). 
Re Reynolds number. 
T Temperature (ºC or K). 
TOD Transferred ozone dose (g m− 3). 
Δx Membrane thickness (mm). 
ε Porosity of the membrane (%). 
εG Gas holdup (%). 
τ Hydraulic retention time (s). 
τp Pore tortuosity.  
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water/wastewater treatment. 

2. Materials and methods 

2.1. Chemical reagents 

The O3 probe was validated by the iodometric method with the use of 
potassium iodide (KI, Merck), sodium thiosulfate (Na2S2O3, Pronalab), 
and amide (Sigma). In addition, the 2% KI solution was used to destroy 
any remaining O3 in the outlet gas stream. Sulfuric acid (H2SO4, Pro
nalab) and sodium hydroxide (NaOH, Merck) solutions were used to 
adjust the solution pH. Titanium dioxide Aeroxide® P25 (TiO2-P25, 
Evonik, Germany) ≥ 99.5% (w/w) purity was used as the photocatalyst, 
and the surfactant Triton™ X-100 (Sigma-Aldrich) was used in the 
preparation of the TiO2-P25 suspension for membrane coating. Ultra
pure water (Millipore Direct-Q®, 18.2 MΩ cm− 1 at 25 ◦C) was used to 
prepare all solutions and demineralized water-DW (Panice®) was used 
in all tests. The nineteen CECs applied in DW to investigate the perfor
mance of the ozonation system were supplied by Sigma-Aldrich, namely: 
17α-Ethynylestradiol (EE2), 17β-Estradiol (E2), Acesulfame K (AC-K), 
Atenolol (ATNL), Bisoprolol (BSPL), Carbamazepine (CBZ), Carbamaz
epine 10,11-epoxide (CBZ-EPX), Diclofenac (DCF), Diethyltoluamide 
(DEET), Diuron (DRN), Heptafluorobutyric acid (PFBA), Irbesartan 
(ISTN), Losartan (LSTN), Melamine (MLN), Pentadecafluorooctanoic 
acid (PFOA), Nonafluoro-1-butanesulfonic acid (PFBS), Saccharin 
(SCH), Trifluoromethanesulfonic acid (TFMS) and Valsartan (VSTN). 

Further details on the CECs can be found in Table S1, in the Supple
mentary Information file. 

2.2. Lab-scale prototype 

The schematic diagram of the lab-scale prototype is shown in Fig. 1. 
The apparatus consists of an ozone system and an ozone membrane 
reactor. 

2.2.1. Ozone system 
O3 was generated from oxygen (O2, 99.995% supplied by Air Liq

uide) by a BMT 802 N generator with a production capacity of up to 
4 g O3 h− 1 (at 100 g Nm− 3, 20 ºC). The input gas flow rate (QG =

0.15–1.00 Ndm3 min− 1) was controlled with the aid of a digital mass 
flow meter (Alicat Scientific). The O3 concentration in the gas flow 
([O3]G = 20–80 g Nm− 3) was controlled by changing the power input to 
the O3 generator and was monitored with an O3 analyser (BMT 964). 
Before passing through the analyser, the residual O3 leaving the reactor 
passes through a column to separate the liquid and gas phase and is 
directed to a sample gas dehumidifier (BMT DH3b). After this, the gas 
phase was vented through the catalytic O3 destruction unit (Heated 
Catalyst BMT) and sequentially to an O3 destroyer bottle (containing a 
2% KI solution) before going into exhaustion. The concentration of O3 in 
water was monitored using a measuring cell AQC-D12 with a reference 
electrode for ozone (Grundfos Alldos) connected to a controller Conex 
DIA-1 (Grundfos Alldos). According to the manufacturer’s 

Fig. 1. Schematic representation of laboratory-scale setup. Note: DEH – dehumidifier; GEN – ozone generator; GP – gear pump; H-CAT – heat catalyst (ozone 
destruction); MC – ozone measuring cells; MFC – mass flow controller; MS – magnetic stirrer; MSB – magnetic stir bar; O2 – oxygen; O3AN – ozone analyser; pH – pH- 
meter; TC – temperature controller; TM – temperature meter; Continuous lines – water; Dotted lines – water + ozone gas stream; Dashed lines – ozone gas stream. 
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specifications, the measuring range was 0.05–50 g O3 m− 3, sensitivity 
< 0.02 g O3 m− 3, and accuracy < ± 5%. The O3 probe was calibrated 
using the iodometric method, based on the oxidation of iodide with O3 
and posterior evaluation of the produced iodine or its ion in solution 
[21,22]. The analysis of iodine was made by titration with Na2S2O3. The 
iodometric method is described in detail in the Supplementary 
Information. 

2.2.2. Ozone membrane reactor 
The ozone membrane reactor comprises an inner tubular borosilicate 

microfiltration membrane (ASTM VitraPOR from ROBU; outside diam
eter: 20.9 mm; internal diameter: 10.5 mm; wall thickness: 5.2 mm; 
useful length: 174 mm; porosity: 45%; BET: 1200 m2 g− 1) with 5 µm 
pore size adequately installed in an outer quartz tube (outside diameter: 
42.2 mm; internal diameter: 38.2 mm; length: 200 mm) vertically fixed 
in a stainless-steel structure. The borosilicate membrane and quartz tube 
ends were tightly sealed by two movable polypropylene flanges. The 
membrane outlet was connected to a shut-off valve to allow gas 
permeation through the porous glass membrane. In this system, the O3 
gas stream is fed by the lumen side of the membrane, while the water to 
be treated is introduced in the shell side of the membrane, and the gas/ 
water contact takes place at the outer membrane surface. DW (with or 
without CECs) was pumped from a jacketed vessel to the ARZ using a 
gear pump (ISMATEC BVP-Z pump). Viton O-rings (ozone-resistant) 
were used to ensure sealing conditions within the reaction module. 
Polytetrafluoroethylene (PTFE) and stainless-steel tubes were used to 
connect the liquid and gas units of the system, respectively. 

To assess the effect of combining the ozonation process with pho
tocatalysis in the removal of CECs, four UVC lamps (Philips TL 11 W, 
λmax = 254 nm) were located externally to the reactor window. UVC 
radiation was chosen since it is able to effectively activate both TiO2 and 
O3. O3 has an absorption band at 200–300 nm with a maximum at λ of 
254 nm [23,24]). A photon flow (2.89 ± 0.08 W) inside the ARZ was 
measured by ferrioxalate actinometry [25,26] (Fe3+ = 6 × 10− 3 M; 
overall quantum yield, ΦT = 1.39 ± 0.02; optical path length =
8.65 mm;). An aluminium shell enclosed the illuminated reactor setup to 
prevent light escape to the surroundings. 

2.3. Photocatalytic borosilicate membrane 

2.3.1. Preparation of the photocatalytic membrane 
The membrane was first cleaned with a 10% HCl solution and ul

trapure water according to the procedure recommended by the manu
facturer. 2% (w/v) TiO2-P25 suspension (250 mL) with two drops of 
TritonTM X-100 was stirred for 24 h and placed in an ultrasonic probe 
(Vibra-Cell™ VCX 130 from Sonics) with a frequency of 20 kHz (80% 
amplitude) for 15 min. The prepared suspension was used to coat the 
external surface of the membrane following an immersion coating 
method [27], employing an automatic dip-coating unit (RDC 15 from 
Bungard-Elektronik) with an immersion rate of 8 cm min− 1 and im
mersion time of 1 min. After each immersion, the membrane was dried 
in an oven at 100 ºC for 15 min. The process was repeated four times 
and, afterwards, the membrane decorated with TiO2-P25 was taken for 
heat treatment in a furnace (up to 450 ºC for 2 h). Before its use in 
photocatalytic tests, the coated membrane was placed inside the reactor 
and ultrapure water was recirculated throughout the system in the dark 
for 1 h to remove unbounded TiO2-P25 particles. The total mass of 
catalyst deposited on the membrane was calculated by weighing the 
membrane before catalyst deposition and after the cleaning and drying 
process. 

2.3.2. Characterization of the photocatalytic membrane 
The membrane surface morphology was observed by scanning elec

tron microscopy (SEM). A Jeol JSM 7401 F Field Emission Scanning 
Electron Microscope equipped with Gentle Beam mode was employed to 
characterise the developed modified membranes’ surface morphology. 

X-ray powder diffraction (XRD) patterns of the samples that performed 
the phase identification were recorded on a D/max 2550Pc automatic 
diffractometer of polycrystalline (Cu Kα radiation, Rigaku-D/ 
MAX2500/PC, Japan) that operated at 40 keV and 100 mA over the 
range of 20 º < 2θ < 90 º at a scanning rate of 0.02ºs− 1. Mercury 
intrusion porosimeter equipment (PoreMaster 60, Quantachrome Inst.) 
was used to determine the pore size and porosity of the membrane after 
TiO2-P25 deposition. 

2.4. Evaluation of gas/liquid mass transfer 

Ozone gas/water mass transfer was determined in continuous mode 
operation and the effect of water pH and temperature (T), the concen
tration of O3 in the gas stream ([O3]G), liquid (QL) and gas (QG) flow 
rates in the volumetric mass transfer coefficient (KLa) was assessed.  
Table 1 presents the experimental conditions used in all gas/liquid mass 
transfer tests. To begin the experimental trial, the borosilicate mem
brane was filled internally with the ozone gas stream with the shut-off 
valve fully open (Fig. 1). This procedure ensured that the entire inte
rior of the membrane was filled with the gas. The residual O3 stream was 
directed to a 2% KI solution in an O3 destroyer bottle. Subsequently, DW 
was pumped and the shut-off valve was immediately closed. The con
centration of dissolved O3 in the water at the reactor outlet was analysed 
in situ, and the data were collected at regular time intervals. 

2.4.1. Gas/liquid mass transfer calculations 
The two-film theory was used for the modeling of the O3 mass 

transfer, typically controlled by resistance on the liquid side. As O3 is 
slightly soluble in water, resistance to mass transfer is located in the 
liquid film [28]. Thus, the volumetric mass transfer coefficient (KLa) can 
be calculated from the mass balance of O3 in the liquid, considering plug 
flow conditions, and represented by Eq. 1: 

d[O3]

dt
= KLa × ([O∗

3] − [O3]) − kd[O3] (1) 

Where, d[O3 ]
dt is the variation of dissolved O3 concentration in water as 

a function of time (mg L− 1 min− 1), KLa is the product of the O3 mass 
transfer coefficient (min− 1) through the liquid phase (KL) and the 
interfacial area (a), [O3]* is the O3 saturation concentration in the liquid 
in equilibrium with the gas phase (mg L− 1) at the experimental tem
perature and kd is the self-decomposition constant of O3. 

The self-decomposition of O3 (kd = (131 ± 7) × 10− 4 min− 1) is a very 
slow step when compared to the O3 dissolution process (see supple
mentary data file). Therefore, considering a negligible self- 
decomposition constant of O3 and the following boundary conditions 
for continuous mode operation: [O3] = 0 at t = 0; [O3] = [O3]L at t = τ, 
the integration of the Eq. (1) leads to Eq. (2): 

KLa = −
1
τ × ln

(

1 −
[O3]L
[O∗

3]

)

(2) 

where [O3]L is the dissolved ozone concentration in the outlet liquid 
stream at steady-state conditions, and τ is the liquid residence time, 
calculated taking into account the gas holdup (εG). 

The parameter a is essential for processes involving gas-liquid mass 
transfer (Eq. 3) and requires the determination of εG and the Sauter 
mean diameter (d32), which can be obtained from the bubble size dis
tribution data (Eq. 4). 

a = 6 ×
εG

d32
(3)  

d32 =

∑n

i=1
ni ×d3

eq

∑n

i=1
ni ×d2

eq

(4) 

where ni is the number of bubbles of diameter deq. 
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Images obtained from a high-speed digital video camera (Photron, 
FASTCAM SA-Z) allowed the determination of the bubble size distri
bution and mean bubble size. Further details are provided in Supple
mentary Information. 

In O3 membrane contactors, the membrane creates an additional 
mass transfer resistance, significantly reducing process efficiency. For a 
conventional membrane contactor with a hydrophilic membrane, the 
overall mass transfer resistance (1/KL) is given by Eq. (5) [29]. 

1
KL

=
1

kGH
+

1
kM

+
1
kL

(5) 

where kG, kM, and kL are the individual mass transfer coefficients for 
the gaseous phase, the membrane, and the liquid phase, respectively; 1/ 
kGH, 1/kM and 1/kL are the mass transfer resistances in the gas boundary 
layer, membrane matrix, and liquid boundary layer, respectively; H is 
the Henry coefficient. In a gas-liquid membrane contactor, the resistance 
to mass transfer in the liquid boundary layer has already been proved to 
be the dominant step of overall mass transfer resistance for the case of 
low liquid Reynolds number and low gas solubility [30]. As a result, the 
simpler model can be obtained when the mass transfer resistance in the 
gas phase is neglected (i.e., 1/kGH ≅ 0), owing to the ozone diffusion 
coefficient in the gas phase is 4 orders of magnitude higher than in the 
water [31,32] (Eq. 6). 

1
KL

=
1

kM
+

1
kL

(6)  

2.5. Evaluation of CECs removal 

CECs removal was evaluated in continuous mode using DW 
contaminated with 19 CECs (10 µg L− 1 each) and different reaction 
processes: (i) ozonation (with O3 permeation and light irradiation off); 
(ii) photocatalysis UVC/TiO2 (no O3 permeation), and (iii) photo
catalytic ozonation (O3/UVC/TiO2). The following operational condi
tions were applied: CECs solution inlet flow rate (QL = 150 L h− 1), O3 

concentration at the gas inlet ([O3]G = 5, 20, 40, 60, 100 or 200 g 
Nm− 3), and gas flow (QG = 0.15 or 0.75 Ndm3 min− 1), corresponding to 
different inlet O3 doses (ODI = 2, 6, 12 or 18 g m− 3). The ozone con
centrations in the inlet and outlet of the system were monitored and the 
transferred ozone dose (TOD; g m− 3) was calculated according to Eq. 7: 

TOD =

(
[O3]G − [O3]Gout

)
× QG

QL
(7) 

where [O3]Gout is the O3 concentration in the outlet gas stream. 
The samples were taken at pre-determined time intervals and the 

residual ozone was removed immediately by placing the samples in a 
water bath at 80 ºC. After each experiment, the ozone membrane con
tactor was washed by pumping DW through the ARZ. 

2.5.1. CECs analysis 
The analysis of the selected CECs in water samples was performed in 

an Acquity UPLC® liquid chromatograph interfaced to a XEVO TQD® 
triple quadrupole mass spectrometer (LC-MS/MS) equipped with an 
electrospray interface (ESI) from Waters (Milford, MA, USA). The 
analytical methodology is described in detail in the Supplementary In
formation, including Table S2 and Table S3. 

3. Results and discussion 

3.1. Characterisation of TiO2 coated borosilicate membrane 

The membrane prior to and after catalyst immobilization was 
examined using the SEM technique (Fig. 2). The fresh borosilicate sur
face (Fig. 2a) is typical of a silica-based material with the presence of 
nanoparticles and significant roughness. On the other hand, the surface 
of the membrane with TiO2-P25 composite (Fig. 2b) became more uni
form and presented fewer imperfections and roughness compared to the 
unmodified membrane. Uniform deposition of c.a. 623 mg of TiO2-P25 
over the entire membrane was obtained after 4 immersions in the 

Table 1 
Experimental conditions employed in all ozone mass transfer tests.  

QG 

(Ndm3 min− 1) 
[O3]G 

(g Nm− 3) 
QL 

(L h− 1) 
τ 
(s) 

pH Temperature 
(ºC) 

[O∗
3]

a 

(g m− 3) 
[O3]L

a 

(g m− 3) 
KLaa 

(min− 1) 

Effect of pH 
0.75  21.0  50  10.1  3.28  20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 
0.75  21.6  50  10.1  5.00  20 3.02 ± 0.02 1.86 ± 0.01 5.70 ± 0.08 
0.75  20.8  50  10.1  6.96  20 2.55 ± 0.01 1.39 ± 0.01 4.69 ± 0.07 
0.75  20.6  50  10.1  9.00  20 1.16 ± 0.05 0.58 ± 0.02 4.13 ± 0.04 
Effect of Temperature 
0.75  21.4  50  10.1  3.28  15 4.8 ± 0.1 3.54 ± 0.04 8.02 ± 0.08 
0.75  21.0  50  10.1  3.28  20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 
0.75  21.2  50  10.1  3.29  25 4.5 ± 0.1 3.02 ± 0.03 6.59 ± 0.05 
Effect of QL 

0.75  20.3  20  25.2  3.28  20 4.65 ± 0.07 3.57 ± 0.04 3.51 ± 0.01 
0.75  20.3  30  16.8  3.21  20 4.65 ± 0.07 3.42 ± 0.03 4.79 ± 0.02 
0.75  20.1  35  14.4  3.14  20 4.65 ± 0.07 3.28 ± 0.09 5.13 ± 0.03 
0.75  20.0  40  12.6  3.24  20 4.65 ± 0.07 3.20 ± 0.04 5.59 ± 0.05 
0.75  21.0  50  10.1  3.28  20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 
0.75  20.0  60  8.4  3.20  20 4.65 ± 0.07 2.81 ± 0.07 6.83 ± 0.02 
0.75  20.1  150  3.4  3.12  20 4.65 ± 0.07 1.36 ± 0.02 6.18 ± 0.06 
Effect of [O3]G 

0.75  21.0  50  10.1  3.28  20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 
0.75  40.0  50  10.1  3.20  20 11.15 ± 0.06 8.06 ± 0.07 7.64 ± 0.02 
0.75  60.3  50  10.1  3.14  20 21.14 ± 0.08 14.8 ± 0.1 7.12 ± 0.08 
0.75  80.3  50  10.1  3.08  20 30.7 ± 0.2 22.3 ± 0.1 7.7 ± 0.2 
Effect of QG 

0.15  80.8  50  10.1  3.21  20 30.7 ± 0.2 19.3 ± 0.2 5.9 ± 0.1 
0.30  81.8  50  10.1  3.17  20 30.7 ± 0.2 19.7 ± 0.2 6.1 ± 0.1 
0.50  80.0  50  10.1  3.09  20 30.7 ± 0.2 21.2 ± 0.9 7.0 ± 0.2 
0.75  80.3  50  10.1  3.08  20 30.7 ± 0.2 22.3 ± 0.1 7.7 ± 0.2 
0.75  21.0  50  10.1  3.28  20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 
0.85  23.0  50  10.1  3.30  20 4.65 ± 0.07 3.45 ± 0.03 8.1 ± 0.7 
1.00  22.0  50  10.1  2.90  20 4.65 ± 0.07 3.63 ± 0.04 9.0 ± 0.4  

a Standard Error 
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catalyst suspension, which allowed not only the occurrence of thin-films 
of the catalyst on the membrane surface, but also an accumulation of 
large amounts of TiO2-P25 particles in the membrane pores (not attained 
with fewer immersions). Consequently, after the addition of the TiO2 
surface layer, the membrane showed a pore size of 3.8 µm, meaning a 
decrease in the initial pore size of the pristine membrane (5 µm). This 
allows reducing the size of the O3 bubbles generated by the contact 
between the membrane surface and the liquid phase. In this case, an 
average size of 0.20 ± 0.04 mm of O3 bubbles was obtained, with 
> 60% of bubbles < 0.1 mm, followed by > 30% of bubbles between 0.1 
and 0.3 mm (Conditions: QL = 150 L h− 1; QG = 0.75 Ndm3 min− 1; 
T = 20 ºC). More details on the bubble size measuring are reported in 
Supplementary Information. The average bubble diameter for bubble 
column can vary between 2 and 4 mm [33]. 

TiO2-P25 films deposited on the membrane surface were subjected to 
thermal treatment (at 450 ºC) to stabilize the catalyst on the membrane 
surface. The XRD pattern of the material before and after thermal 
treatment (Fig. 2c) confirmed a mixed anatase crystal structure (JCPDS 
file No.73–1764) and rutile crystal structure (JCPDS file No.78–1510). 
The distinct diffraction peaks observed in the 2θ values of 25.3 º, 37.8 º, 
48.0 º, 54.0 º, 55.1 º, 68.9 º, 70.3 º, and 75.0 º correspond to (101), (004), 
(200), (211), (105), (204), (116), (220) and (215) of the anatase crystal 
planes. The distinct diffraction peaks for rutile are observed at 27.5 º, 
36.1 º, and 41.3 º, corresponding to the (110), (101), and (111) planes, 

respectively. Consequently, the expected photocatalytic activity of the 
TiO2-450ºC immobilised on the membrane surface is very similar to 
TiO2-P25. 

3.2. Effect of operating parameters on KLa in the ozone membrane 
contactor 

3.2.1. Water pH and temperature 
The increase in the water pH (from 3 to 9) negatively influenced KLa 

values (Table 1 and Fig. 3), as reported by Roth and Sullivan [34], who 
point to a decrease in Henry’s constant for O3 in water as the pH drops. 
According to the authors, a lower value of Henry’s constant leads to a 
higher value of solubility and, consequently, of KLa. Thus, the concen
tration of O3 in water ([O3]L) increased gradually as the pH dropped 
(Table 1 and Fig. 3), with [O3]L at pH 3 around 3 times higher than at pH 
7. Decreasing the pH of the solution can help reduce O3 
self-decomposition (since hydroxide ions act as reaction initiators, Eqs. 8 
and 9 [35–37]) and promote the dissolution of O3 in the liquid phase. 
Therefore, for better gas-liquid mass transfer results and increased O3 
concentration in the water, the pH of the solution must be reduced to 
create an acidic environment minimising the presence of hydroxide ions. 
Thus, to avoid the decomposition of the molecular ozone into hydroxyl 
radicals, all the tests to assess mass transfer were carried out at a pH 
value of 3. 

Fig. 2. SEM images of the (a) unmodified borosilicate membrane, (b) borosilicate membrane after deposition of TiO2-P25 (2% w/v), and (c) XDR patterns of pure 
TiO2-P25 and after thermal treatment. 
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O3 +OH− →HO−
2 +O2 (8)  

O3 +HO−
2 →OH• + O2 +O−

2 (9) 

According to Henry’s law, the solubility and half-life of the O3 
molecule can be directly affected by the liquid temperature. The water 
temperature was shown to be inversely proportional to the O3 concen
tration in the liquid-phase (Table 1 and Fig. 3). Therefore, by increasing 

the temperature: (i) the O3 decomposition was accelerated and the 
stability of O3 in water decreased, thus reducing the [O3]L [38]; (ii) 
specific properties of the liquid were changed, such as lower surface 
tension and viscosity, increasing the transfer resistance through the 
liquid-phase due to the reduction of cavitation intensity [39]. As can be 
seen in Fig. 3, the KLa value reached a maximum reduction of approx
imately 20% at a 10 ºC increase in temperature (15 ºC to 25 ºC) and the 
amount of O3 in the water showed a small tendency to fall with the 
increase of the operational temperature (Fig. 3). The small difference in 
the KLa value between 20 ºC and 25 ºC may be related to the fact that this 
parameter involves two opposite contributions. On the one hand, Hen
ry’s constant decreases as the temperature increases, leading to lower O3 
solubility. On the other hand, the Arrhenius equation predicts an in
crease in the reaction rate of ozonation with temperature [40]. Despite 
this, ozonation has the advantage of taking place under normal condi
tions of temperature, thus minimising the need to heat the reactor, 
which is economically preferable. Thus, hereafter only data taken at 20 
ºC will be analysed. 

3.2.2. Liquid flow rate 
For different liquid flow rates (QL = 20–150 L h− 1), it can be seen 

(Fig. 4a) that the KLa value increased up to QL of 50 L h− 1 and after that 
remained constant. A possible reason for this phenomenon is that with 
increasing QL there is a more significant liquid turbulence, i.e., a higher 
Reynolds number, resulting in the formation of smaller gas bubbles or 
thinner liquid films, with a consequent increase in the interfacial area, 
and reducing the resistance to O3 transfer in the water phase boundary 
layer. Furthermore, hydrodynamics studies of tubular photoreactors 

Fig. 3. Effect of water pH value ( ; ) and operating temperature 
( ; ) on KLa value (open symbols) and on ozone solubility in 
the liquid-phase-[O3]L (closed symbols). Conditions: QL = 50 L h− 1; [O3]G 
= 20 g Nm− 3; QG = 0.75 Ndm3 min− 1. 

Fig. 4. Effect of liquid flow rates (a) on KLa value and (b) on dissolved ozone concentration over time; (c) “Wilson plots” for volumetric mass transfer coefficient and 
water flow, and (d) mass transfer resistances in the water phase boundary layer (1/kL) and in the membrane (1/kM) as a function of water flow rate (QL = 20 
( ), 30 ( ); 35 ( ); 40 ( ); 50 ( ); 60 ( ); 150 ( ) L h− 1). Conditions: QG = 0.75 Ndm3 min− 1; [O3]G = 20 g Nm− 3; T = 20 ºC; 
pH = 3. 
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with tangential position of inlet/outlet pipes have shown that these re
actors tend to exhibit turbulent flow patterns even at low Reynolds 
numbers [41] and a longer effective flow path (i.e., longer contact time) 
due to the helical motion of the water around the inner tube [20]. 
Another reason for this phenomenon is that the shear rate on the 
membrane surface increases as the flow rate increases. Therefore, the 
microbubbles attached by surface tension to the membrane surface are 
removed faster. It is worth remembering that when the reactor works in 
continuous mode, there is a direct interference between the liquid ve
locity and the residence time. Therefore, with the increase in the liquid 
flow, inversely occurs the reduction of the concentration of O3 in the 
water at steady-state (Fig. 4b). Thus, the [O3]L decreased from 3.6 g m− 3 

to 1.4 g m− 3 when QL increased from 20 L h− 1 to 150 L h− 1. 
The membrane mass transfer coefficient (kM) was obtained from 

“Wilson plot”, whereby the values of 1/KL was plotted against 1/QL 
(Fig. 4c). Thus, the mass transfer resistance in the membrane (1/kM) was 
determined by extrapolating the linear fit of the data to 1/QL = 0, 
implying QL → ∞ and thus 1/kL ≈ 0 (see Eq. 6). The same linear trend 
has been reported in other studies combining membranes with O3 [29] 
and O2 [42]. A least-squares regression analysis of the data in Fig. 4c 
gave a value of 1/kM = (8.8 ± 0.1) × 103 s m− 1 for the tubular porous 
borosilicate membrane, which corresponds to the kM value of (1.14 

± 0.01) × 10− 4 m s− 1. The resistance in the membrane matrix is affected 
by pore size, membrane thickness and hydrophobicity. Membranes with 
smaller pores, larger thicknesses and lower hydrophobicity present 
greater resistance to O3 mass transfer [43]. This emphasizes the 
importance of the structural material used. The mass transfer coefficient 
in the membrane can be also calculated from the structural properties of 
the membrane as [42]: 

kM =
DM × ε
τp × Δx

(10) 

where DM is the effective diffusion coefficient of ozone in the mem
brane (m2 s− 1), ε is the porosity of the membrane (45%), τp is the pore 
tortuosity and Δx is the membrane thickness (5.2 mm). The τp was 
estimated by the porosity-tortuosity relationship defined by Iversen 
et al. [44] (τp = (2 − ε)2

/ε). Inside the membrane pores, the gas can flow 
by molecular diffusion and Knudsen diffusion. DM can therefore be 
expressed as Eq. 11 [45]: 

DM =
1

1
DO3

+ 1
DK

=
1

1
DO3

+ 1
dpore

3 ×
̅̅̅̅̅̅̅̅̅̅̅̅̅
8 ×R×T

π ×M

√
(11) 

where DK is the Knudsen diffusion coefficient, defined by DK =
dpore

3 ×
̅̅̅̅̅̅̅̅̅̅̅
8×R×T

π×M

√

, DO3 is the diffusion coefficient of ozone in the gas phase (2 ×

10− 5 m2 s− 1 at 20 ºC [32]), T is the temperature (293.15 K), M is the 
molar mass of ozone (47.998 g mol− 1), R is the ideal gas constant 
(8.3145 J K− 1 mol− 1), and dpore is the mean pore diameter (3.8 × 10− 6 

m). By substituting the terms in Eq. 10 gives kM = 1.4 × 10− 4 m s− 1 

which is slightly higher than the experimental kM value of (1.14 ± 0.01) 
× 10− 4 m s− 1. This shows the consistency of the experimental results 
obtained. Moreover, using Eq. 6 and the experimental values KL and kM, 
the liquid-phase mass transfer coefficient (kL) can be obtained by the 
following equation (Eq. 12). 

kL =

(
1

KL
−

1
kM

)− 1

(12) 

The results of individual mass-transfer resistances for O3 dissolution 
in water are shown in Fig. 4d. The resistance to diffusion through the 
water phase boundary layer (1/kL) is the main resistance to ozone 
transfer providing 53–76% of the total mass transfer resistance, while 
the contribution of the membrane phase varies between 24% and 47%. 
In the present study, the membrane was doped with TiO2, which has a 
superhydrophilic character. Kukuzaki et al. [29] reported the main 

resistances to ozone transfer for hydrophilic and hydrophobic mem
branes and showed that the individual mass transfer coefficient for 
membrane and water phase were higher when using a hydrophobic 
membrane. This is a consequence of the liquid penetration into the pores 
which over time makes the resistance in the membrane more significant 
and closer to the liquid phase resistance [46]. Hence, it is assumed that 
the membrane pores were partially wetted, leading to a higher mem
brane resistance than the non-wetted pores. The reduction in resistance 
to diffusion through the water phase boundary as flow rate increased 
(Fig. 4d) resulted from higher shear over the membrane, which favoured 
faster removal of the microbubbles attached by surface tension to the 
membrane surface. 

3.2.3. Applied ozone concentration 
The effect of O3 concentration in the inlet gas stream ([O3]G) on the 

values of [O3]L and on KLa are summarised in Table 1 and Fig. 5. Note 
that when [O3]G increases 4 times (from 20 g Nm− 3 to 80 g Nm− 3), [O3]L 
raises ~7 times (from 3.18 g m− 3 to 22.3 g m− 3) (Fig. 5a). The rela
tionship between O3 in the gas-phase and soluble O3 in the liquid-phase 
can be represented by Henry’s law. The concentration of dissolved O3 in 
water at steady-state increases with the enhancement of equilibrium 
pressure and O3 gas concentration, due to the higher O3 diffusion rate 
[29]. Therefore, by increasing the [O3]G, more O3 molecules are avail
able in the liquid-phase, improving O3 concentration (driving force). In 
turn, the KLa values for the different initial [O3]G were almost constant 
and independent (Fig. 5b), which shows the stability of the ozone mass 
transfer device in good agreement with those observed by other studies 
[29,47,48]. The rate of mass transfer is obviously controlled by the 
degree of turbulence and shear in the shell side of the membrane. 

3.2.4. Inlet ozone gas flow rate 
The mass transfer results (Fig. 6) indicate that a higher ozone gas 

flow rate (QG) decreases the required time to reach the dissolved O3 
equilibrium in the reactor and slightly improves the equilibrium con
centration. With the increase in QG, the amount of O3 injected per unit of 
time increases and, thereby, accelerates the dissolution rate of O3 until 
equilibrium (Fig. 6a). Additionally, an increase in the gas flow rate en
hances the turbulence in the gas-liquid interface [29] and, therefore, 
improve the number/velocity of the generated bubbles and disperse the 
liquid better, resulting in a higher gas-liquid interface area and enabling 
a higher mass transfer (Fig. 6b). Moreover, the liquid is fed tangentially 
to the inner surface of the outer tube, inducing a helical motion of the 
water that provides additional gas mixing. It reduces local points near 
the external membrane surface where greater O3 concentrations are 
observed, enhancing the mass transfer. A pressure differential between 

Fig. 5. Effect of applied ozone concentration on ozone solubility in the liquid- 
phase (a) for ozone concentrations of 20 ( ), 40 , 60 and 80 

g Nm− 3 and (b) the respective KLa values. Conditions: QL = 50 L h− 1; QG 

= 0.75 Ndm3 min− 1; T = 20 ºC; pH = 3. 
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the gas and water phases can enable larger O3 dosages and control the 
amount of O3 delivered to the water. 

In continuous mode, raising the gas velocity from 0.75 to 1.00 Ndm3 

min− 1, KLa increased 1.3-fold, presenting its highest value in DW with 
no reaction (9.0 ± 0.4 min− 1, Table 1). Considering that in conventional 
ozonation processes, KLa ≅ kLa, the intensified volumetric mass transfer 
coefficients obtained in this work is higher than in bubble columns [49] 
and comparable to a highly optimized venturi injectors [50] and static 
mixers [51] (Table 2). Moreover, membrane contactors have further 
advantages over conventional injectors. Membrane length can be 
quickly increased, meaning even more O3 “dosing” points, which is not 
possible for conventional single-point injection systems, like the venturi 
tube and static mixer. In addition, functionalized membranes can be 
applied to enhance the performance of the ozonation system, either for 
O3/O2 separation to obtain an O3-enriched gas stream or for promoting 
synergetic catalytic effects with O3. Compared with other membrane 
contactors (Table 2), the present study enabled higher mass transfer 
coefficients (KLa and KL - from 2 to 30 times higher, except for the study 
of Pines et al. [52]), as allows the use of functionalised membrane to 
promote synergistic effects between photocatalysis and ozonation for 
water/wastewater treatment purposes. 

3.3. Mass transfer efficiency (MTE) 

The mass transfer efficiency (MTE) is defined as the portion of 
applied O3 that goes into the solution and is calculated from the mass of 
applied O3 and the mass of O3 in the liquid-phase as follows (Eq. 13): 

MTE(%) =
QL × [O3]L
QG × [O3]G

× 100 (13) 

For a fixed QL of 50 L h− 1 (Fig. 7), a slight increase on MTE was 

observed with the decrease in the QG, mainly associated with a higher 
contact time between both phases. On the other hand, for a fixed QG of 
0.75 Ndm3 min− 1, it can be seen that the MTE increased proportionally 
with the water flow (Fig. 7). This indicates the ability to work with low 
gas/liquid volumetric ratios, which is an appealing feature when 
considering the treatment of large volumes of wastewaters, such as 
secondary effluents from urban wastewater treatment plants (WWTPs). 
For the operational conditions tested, the highest mass transfer effi
ciency of 23% was obtained by applying the lowest input QG, 0.75 Ndm3 

min− 1, and the highest QL, 150 L h− 1. Other contacting devices such as 
multi-orifice oscillatory baffled column can achieve higher rates of MTE 
although the equipment involved may require higher power input [53]. 
Therefore, these conditions were selected for the following ozonation 
tests to assess the membrane contactor application for the removal of a 
mixture of CECs in water. 

3.4. Ozone membrane contactor for the degradation of CECs 

The effectiveness of the ozone membrane contactor was evaluated by 
targeting the removal of 19 CECs in deionized water at natural pH of 6.5. 
The target CECs include four short-chain perfluorinated compounds 
(HFBA, PFBS, PFOA, TFMS), three angiotensin II receptor blockers 
(VSTN, ISTN, LSTN), two beta-blockers (ATNL and BSPL), two hormones 
(E2 and EE2), an anti-inflammatory (DCF), two artificial sweeteners 
(AC-K and SCH), a flame retardant (MLN), an herbicide (DRN), an insect 

Fig. 6. Effect of inlet ozone gas flow rate (a) on ozone solubility in the liquid- 
phase for gas flow of 0.75 , 0.85 and 1.00 Ndm3 min− 1 

and (b) in the respective KLa values. Conditions: QL = 50 L h− 1; [O3]G = 20 g 
Nm− 3; T = 20ºC; pH = 3. 

Table 2 
Characteristics of ozone-liquid contacting systems.  

Type of contactor Liquid flow 
(L h− 1) 

Gas flow 
(Ndm3 min− 1) 

KLa (min− 1) / KL (m s− 1) Reference 

Conventional Static mixers 90–138 0.4–0.8 6–18 min− 1 [51] 
Venturi injectors 1080–6336 3–24 4.2–18 min− 1 [50] 
Bubble column 100–450 5–20 0.18–1.2 min− 1 [49] 

Membrane Non-porous tubular polydimethylsiloxane (PDMS) 0.3–1.2 0.1 2.4 × 10− 6 m s− 1 [70] 
Tubular Shirasu porous glass (SPG) 72–480 0.2 1.2 × 10− 5 m s− 1 [29] 
Polytetrafluorethylene (PTFE) hollow fiber membrane 100–500 – 0.438 min− 1 [39] 
Flat porous and non-porous Teflon membranes 1.5–120 0.10–0.11 7.6 × 10− 5 m s− 1 [52] 
Polytetrafluoroethylene (PTFE) hollow fiber membrane 100–500 – 0.7858 min− 1 [71] 
Tubular porous borosilicate 20–150 0.15–1.00 3.5–9.0 min− 1 / 5.4 × 10− 5 m s− 1 This work  

Fig. 7. Ozone mass transfer efficiency (MTE %) as a function of water 

and inlet gas flow rates obtained using the ozone 

membrane contactor. Conditions: [O3]G = 20 g Nm− 3; T = 20 ºC; pH = 3; fixed 
QL = 50 L h− 1 or fixed QG = 0.75 Ndm3 min− 1. 
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repellent (DEET), carbamazepine (CBZ) and its metabolite (CBZ-EPX). 
These CECs were selected based on their occurrence in the water cycle, 
persistence during treatment and potential toxicity to health and the 
environment, according to the results obtained in several screening 
campaigns conducted under the NOR-WATER project (http://nor-water. 
eu/en/home/). CECs in water can react simultaneously with ozone 
(direct reaction) and hydroxyl radicals (indirect reaction) at different 
rates depending on the water pH. The underlying mechanisms for in situ 
formation of hydroxyl radicals by oxidation of water with O3 at pH 7–9 
have been extensively described in the literature [32,35,54,55]. 

As shown in Fig. 8a, the ozonation showed satisfactory degradation 
(>80% for 13 out of the 19 CECs) applying an ozone dose of 12 g m− 3 

(TOD = 4.3 g m− 3) and a QL of 150 L h− 1. The greater removal of CECs 
as a function of O3 dosage (Fig. 8a) can be related to higher rate of O3 
mass transfer in the membrane ozonation reactor [56]. The highly stable 
organic compound MLN and short-chain perfluoroalkylated 
substances-PFAS (PFBA, PFOA, PFBS, TFMS) showed a low reactivity 
with ozone even at higher ozone doses (ODI = 18 g m− 3; TOD =
7.1 g m− 3). Studies on the degradation of the MLN compound are still 

lacking, especially with O3. Maurino et al. [57] tested several advanced 
oxidation processes to remove MLN and concluded that only photo
catalysis and the generation of SO4

•- are capable of transforming MLN. 
They indicated that the primary photocatalytic event is the oxidation of 
the amino group, which reacts slowly with O3 [58]. For the poor 
removal of PFAS, a possible explanation may be the low reactivity with 
O3, indicating that large amounts of energy are required for their 
degradation [59]. The recalcitrance of PFAS towards ozonation is due to 
their strong carbon–fluorine bonds that make this compound a very 
stable and resistant pollutant. Other authors have also reported that 
ozonation has been shown to be relatively ineffective for PFAS 
destruction even with a long residence time [60–62]. As the membrane 
contactor was designed to evaluate the interaction of the photocatalytic 
ozonation process, the O3/UVC/TiO2 process was also performed to 
promote the generation of hydroxyl radical species (Fig. 8b). Nonethe
less, the removal of MLN or PFAS was not improved. The low residence 
time (3.9 s) and UVC fluence (50 mJ cm− 2) applied in this treatment, 
resulting in a considerably lower UV dose than those normally used in 
WWTP [63], may be acting as limiting factor for the effective oxidation 

Fig. 8. CECs removal in continuous mode: effect of (a) ozone dosage, (b) UVC/TiO2 process and (c) inlet ozone concentration in the gas stream. Conditions: DW 
spiked with CECs (10 µg L− 1 of each CEC); T = 20 ºC; pH = 6.5; QG = 0.15 and 0.75 Ndm3 min− 1; QL = 150 L h− 1; [O3]G = 20, 40, 100 and 200 g Nm− 3. * The 
removal values are presented as the maximum percentage that can be determined, taking into account the limits of quantification of the analytical method (Table S3). 
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of these compounds. This is underlined by the experiment without ozone 
(photocatalysis, UVC/TiO2), where negligible removals (<10%) for all 
CECs were obtained. On the other hand, O3/UVC/TiO2 process had a 
slightly better removal efficiency than the ozonation for SCH (from 44% 
to 62%), which can be related to the greater amount of hydroxyl radicals 
available in the medium, since SCH shows high reactivity with this 
radical [64]. 

To further assess the ozonation treatment, tests were carried out for 
two O3 doses (ODI of 6 or 12 g m− 3) and for each two O3-gas flow rates 
(QG of 0.15 or 0.75 L min− 1) (Fig. 8c). For the same ODI it is advanta
geous to reduce the QG while increasing the ozone-gas concentration 
applied to the treatment. Since the main driving force for ozone mass 
transfer is the concentration difference in the gas–liquid two-phase. This 
indicates that more O3 is being transferred from the gaseous to the liquid 
phase as a result of the increase in [O3]G [65] and, consequently, the 
degradation rate of CECs is promoted (Fig. 8c). 

Another important factor in the interpretation of results is the 
determination of the Hatta number (Ha), a recognized necessary stan
dard that provides information about the competition between reaction 
kinetics and the rate of mass transfer [66]. As seen previously (Section 
3.2.2 ), the mass transfer mechanism in the ozone membrane contactor 
can be divided into three regions (gaseous phase, membrane, and liquid 
phase). Therefore, Ha is the criterion for determining where the reaction 
occurs. In the present study, the data required to calculate this number 
can only be obtained for 13 of the 19 CECs, i.e., those that were effec
tively removed with ozonation (for ODI = 12 g m− 3, QG = 0.75 Ndm3 

min− 1; QL = 150 L h− 1). These 13 CECs were divided into 8 groups due 
to their similarity. To identify the reaction regime and place during the 
reaction between CECs and dissolved ozone, the Ha is given by (Eq. 14) 
[67]: 

Ha =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kO3 × DwO3 ×[CECs]0

√

kL
(14) 

where kO3 is the rate constant of the direct reaction between ozone 
and the pollutant (M− 1 s− 1), DwO3 is the diffusivity of ozone in water 
(1.76 × 10− 9 m2 s− 1) [68], [CECs]0 is the CECs concentration in the feed 
liquid stream (M) and kL is the ozone mass transfer coefficient to the 
liquid (KL cannot be considered due to the high mass transfer resistance 
in the membrane – Section 3.2.2 ). Since the reaction is with a mixture of 
13 CECs, the kO3 value adopted for each group was that of the chemical 
with the lowest rate constant, as it will limit the overall reaction rate (see 
Table S4). The kL of 4.8 × 10− 5 m s− 1 was calculated considering the 
value of KLa obtained in our study for the experimental conditions used 
in the CECs ozonation. The Ha values obtained for the studied com
pounds were below 0.5 (Table S4). According to Charpentier [69], this 
corresponds to a moderate reaction, which occurs both in the liquid film 
and in the liquid bulk. The most recommended reactors to promote this 
type of reaction have high interfacial area and high liquid retention 
time. In the present study, the tubular porous borosilicate membrane 
contactor gave a high interfacial area (2131.6 m− 1) and a short liquid 
retention time (3.9 s), an advantageous feature when treating effluents 
with high flow rates, such as urban wastewater. 

4. Conclusions 

This study has proven the viability of using a tubular porous boro
silicate membrane contactor for radial delivery of O3, promoting 
intensification of ozone mass transfer in a compact device and this was 
applied for the removal of CECs in water. The pseudo-uniform feed 
distribution of O3 along the length of an annular membrane creates 
innumerable micro-sized bubbles, increasing the surface area of the O3 
bubble in contact with the liquid allowing for a controlled “titration” of 
O3 to the water-side. 

Operating in continuous mode and under atmospheric pressure, the 
KLa values for this membrane reactor (3.5 – 9.0 min− 1) were comparable 

to that of a venturi injector and were superior to other membrane con
tactors reported in the literature. The significant enhancements obtained 
for KLa and MTE using this ozone membrane contactor with low gas/ 
liquid volumetric ratios, make this type of contactor highly effective for 
ozone gas/water mass transfer in water treatment. 

This ozone membrane contactor was also proven to perform effec
tively for the treatment of water/wastewater by ozone-based processes 
and removals above 80% were achieved in 13 of the 19 selected CECs. In 
this case, the application of photocatalytic ozonation (O3/UVC/TiO2) 
did not significantly improve the removal of CECs. Not with standing, 
the versatility of this setup, allowing the membrane to be doped with a 
catalyst and operated under UVC radiation, may prove advantageous 
when treating highly complex wastewater matrices. 
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[49] A.K. Biń, B. Duczmal, P. Machniewski, Hydrodynamics and ozone mass transfer in 
a tall bubble column, Chem. Eng. Sci. 56 (21) (2001) 6233–6240, https://doi.org/ 
10.1016/S0009-2509(01)00213-5. 

P.H. Presumido et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.watres.2021.117932
https://doi.org/10.3389/fenvs.2022.834577
https://doi.org/10.3389/fenvs.2022.834577
https://doi.org/10.1021/acs.estlett.7b00061
https://doi.org/10.1016/j.jwpe.2022.102651
https://doi.org/10.1016/j.jwpe.2022.102651
https://doi.org/10.1016/j.chemosphere.2020.127969
https://doi.org/10.1016/j.chemosphere.2020.127969
https://doi.org/10.1016/j.jwpe.2020.101869
http://refhub.elsevier.com/S2213-3437(22)01544-5/sbref7
http://refhub.elsevier.com/S2213-3437(22)01544-5/sbref7
https://doi.org/10.1080/01919512.2017.1383129
https://doi.org/10.1080/01919512.2017.1383129
https://doi.org/10.1021/ie8001952
https://doi.org/10.1016/j.cej.2020.127393
https://doi.org/10.1016/j.cej.2020.127393
https://doi.org/10.1016/j.memsci.2012.11.060
https://doi.org/10.1016/j.jhazmat.2009.06.026
https://doi.org/10.1016/j.jhazmat.2009.06.026
https://doi.org/10.1016/j.apcatb.2019.03.015
https://doi.org/10.1016/j.apcatb.2019.03.015
https://doi.org/10.1016/j.scitotenv.2020.138664
https://doi.org/10.1016/j.scitotenv.2020.138664
https://doi.org/10.1016/j.cej.2021.132921
https://doi.org/10.1016/j.seppur.2020.118268
https://doi.org/10.1016/j.jece.2020.104043
https://doi.org/10.1016/j.cattod.2018.06.005
https://doi.org/10.1016/j.cattod.2018.06.005
https://doi.org/10.1016/j.scitotenv.2019.02.260
https://doi.org/10.1021/ac60064a013
https://doi.org/10.1016/j.trac.2022.116552
https://doi.org/10.1063/1.1670152
https://doi.org/10.1098/rspa.1956.0102
https://doi.org/10.1098/rspa.1956.0102
https://doi.org/10.1111/php.13429
https://doi.org/10.1111/php.13429
https://doi.org/10.1016/j.cej.2021.132639
https://doi.org/10.1021/acs.iecr.8b06486
https://doi.org/10.1016/j.seppur.2010.03.004
https://doi.org/10.1016/j.seppur.2010.03.004
https://doi.org/10.1016/S0376-7388(99)00040-X
https://doi.org/10.1021/je9602125
https://doi.org/10.1016/j.seppur.2010.02.006
https://doi.org/10.1016/j.seppur.2010.02.006
https://doi.org/10.1021/ie800838u
https://doi.org/10.1021/i100002a004
https://doi.org/10.1021/ic00213a018
https://doi.org/10.1016/j.cej.2016.11.113
https://doi.org/10.1016/j.cej.2016.11.113
https://doi.org/10.1016/S0043-1354(02)00457-8
https://doi.org/10.1016/S0043-1354(02)00457-8
https://doi.org/10.1016/j.apcata.2006.02.059
https://doi.org/10.1016/j.cej.2018.09.188
https://doi.org/10.1016/j.cej.2018.09.188
https://doi.org/10.1016/j.cej.2010.09.060
https://doi.org/10.1016/j.cej.2010.09.060
https://doi.org/10.1002/ceat.201400186
https://doi.org/10.1016/S1383-5866(99)00012-X
https://doi.org/10.1016/j.apcatb.2019.118512
https://doi.org/10.1016/S0376-7388(97)00026-4
https://doi.org/10.1016/j.memsci.2004.07.038
https://doi.org/10.1016/j.memsci.2004.07.038
https://doi.org/10.1016/j.memsci.2005.07.025
https://doi.org/10.1016/j.cep.2014.03.015
https://doi.org/10.1016/j.cep.2014.03.015
https://doi.org/10.1080/01919512.2019.1676196
https://doi.org/10.1080/01919512.2019.1676196
https://doi.org/10.1016/S0009-2509(01)00213-5
https://doi.org/10.1016/S0009-2509(01)00213-5


Journal of Environmental Chemical Engineering 10 (2022) 108671

13

[50] M.S. Baawain, M. Gamal El-Din, D.W. Smith, A. Mazzei, Hydrodynamic 
characterization and mass transfer analysis of an in-line multi-jets ozone contactor, 
Ozone.: Sci. Eng. 33 (6) (2011) 449–462, https://doi.org/10.1080/ 
01919512.2011.622705. 

[51] C. Tizaoui, Y. Zhang, The modelling of ozone mass transfer in static mixers using 
Back Flow Cell Model, Chem. Eng. J. 162 (2) (2010) 557–564, https://doi.org/ 
10.1016/j.cej.2010.05.061. 

[52] D.S. Pines, K.-N. Min, S.J. Ergas, D.A. Reckhow, Investigation of an ozone 
membrane contactor system, Ozone Sci. Eng. 27 (3) (2005) 209–217, https://doi. 
org/10.1080/01919510590945750. 

[53] M.S. Lucas, N.M. Reis, G. Li Puma, Intensification of ozonation processes in a novel, 
compact, multi-orifice oscillatory baffled column, Chem. Eng. J. 296 (2016) 
335–339, https://doi.org/10.1016/j.cej.2016.03.050. 

[54] X. Liu, X. Su, S. Tian, Y. Li, R. Yuan, Mechanisms for simultaneous ozonation of 
sulfamethoxazole and natural organic matters in secondary effluent from sewage 
treatment plant, Front. Environ. Sci. Eng. 15 (4) (2020) 75, https://doi.org/ 
10.1007/s11783-020-1368-0. 

[55] J. Wang, H. Chen, Catalytic ozonation for water and wastewater treatment: recent 
advances and perspective, Sci. Total Environ. 704 (2020), 135249, https://doi.org/ 
10.1016/j.scitotenv.2019.135249. 

[56] K. Yaghmaeian, G. Moussavi, A. Mashayekh-Salehi, A. Mohseni-Bandpei, M. Satari, 
Oxidation of acetaminophen in the ozonation process catalyzed with modified 
MgO nanoparticles: effect of operational variables and cytotoxicity assessment, 
Process Saf. Environ. Prot. 109 (2017) 520–528, https://doi.org/10.1016/j. 
psep.2017.04.020. 

[57] V. Maurino, M. Minella, F. Sordello, C. Minero, A proof of the direct hole transfer in 
photocatalysis: the case of melamine, Appl. Catal. A Gen. 521 (2016) 57–67, 
https://doi.org/10.1016/j.apcata.2015.11.012. 

[58] W.A. Pryor, D.H. Giamalva, D.F. Church, Kinetics of ozonation. 2. Amino acids and 
model compounds in water and comparisons to rates in nonpolar solvents, J. Am. 
Chem. Soc. 106 (23) (1984) 7094–7100, https://doi.org/10.1021/ja00335a038. 

[59] M. Alameddine, A. Siraki, L. Tonoyan, M. Gamal El-Din, Treatment of a mixture of 
pharmaceuticals, herbicides and perfluorinated compounds by powdered activated 
carbon and ozone: synergy, catalysis and insights into non-free OH contingent 
mechanisms, Sci. Total Environ. 777 (2021), 146138, https://doi.org/10.1016/j. 
scitotenv.2021.146138. 
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