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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• O3-liquid mass transfer enhancement 
provided by stainless-steel membrane 
contactor. 

• KLa values up to 3 times higher than 
those obtained in a traditional bubble 
column. 

• Liquid and gas flow rate have a major 
impact on the ozone mass transfer. 

• 80% removal for 12 of the 23 PhACs at 
very short contact times. 

• Linear correlation between UV254 
reduction and specific ozone dose.  

A R T I C L E  I N F O   
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A B S T R A C T   

A tubular porous stainless steel membrane contactor was characterized in terms of ozone-water mass transport, 
as well as its application in removing 23 pharmaceuticals (PhACs) detected in the secondary-treated municipal 
wastewater, under continuous mode operation. The volumetric mass transfer coefficient (KLa) was evaluated 
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based on liquid flow rate, gas flow rate, and ozone gas concentration. The KLa values were substantially 
improved with an increment in liquid flow rate (1.6 times from 30 to 70 dm3 h− 1) and gas flow rate (3.6 times 
from 0.30 to 0.85 Ndm3 min− 1) due to the improved mixing in the gas-liquid interface. For the lowest liquid flow 
rate (30 dm3 h− 1), the water phase boundary layer (82%) exhibited the major ozone transfer resistance, but it 
became almost comparable with membrane resistance for the highest liquid flow rate (70 dm3 h− 1). Additionally, 
the influence of the specific ozone dose (0.39, 0.53, and 0.69 g O3 g DOC− 1) and ozone inlet gas concentration 
(CO3 ,g,in = 27, 80, and 134 g Nm− 3) were investigated in the elimination of 23 PhACs found in secondary-treated 
municipal wastewater. An ozone dose of 0.69 g O3 g DOC− 1 and residence time of 60 s resulted in the removal of 
12 out of the 23 compounds over 80%, while 17 compounds were abated above 60%. The elimination of PhACs 
was strongly correlated with kinetic reaction constants values with ozone and hydroxyl radicals (kO3 and kHO

• ), 
leading to a characteristic elimination pattern for each group of contaminants. This study demonstrates the high 
potential of membrane contactors as an appealing alternative for ozone-driven wastewater treatment.   

1. Introduction 

The global population growth and industrialization have contributed 
to an increasing number of pollutants continually entering water re
sources, primarily due to human activities. Contaminants of emerging 
concern (CECs) present in surface water have raised public concern due 
to their ubiquity, toxicity, and bioaccumulation in the water environ
ment (Patel et al., 2019). Among CECs, pharmaceutically active com
pounds (PhACs) are one of the most prevalent micropollutants released 
in water bodies from a variety of sources (Samal et al., 2022). In 
particular, wastewater treatment plants (WWTPs) are recognized as one 
of the major hotspots for releasing PhACs and microbial pollution into 
receiving aquatic ecosystems (Michael et al., 2013; Botero-Coy et al., 
2018; Lopez et al., 2022). As most of these compounds are designed to 
exhibit biological activity, they may adversely affect sensitive aquatic 
organisms even at extremely low concentration levels (Santos et al., 
2010). Hence, suitable tertiary/quaternary treatments must be imple
mented to improve WWTP depuration capacity and reduce the contin
uous introduction of these CECs into the aquatic compartments. 

For decades, ozonation has become a widely employed technology to 
eliminate recalcitrant contaminants in water/wastewater attributed to 
the high oxidative potential of ozone (O3, E◦ = 2.07 V vs. SHE–standard 
hydrogen electrode) (Beltrán, 2004). Once O3 is dissolved in water, 
pollutants can generally be oxidized by a direct route with molecular O3 
or through an indirect pathway mostly driven by strong oxidizing 
agents, such as hydroxyl radicals (HO•) (E◦ = 2.8 V vs. SHE), generated 
from self-decomposition of ozone (Staehelin and Holgné, 1982). 

Water ozonation methods have traditionally been applied injecting 
the O3 gas stream into the liquid phase by sparging gas bubbles via gas 
diffusers (Gottschalk et al., 2010). However, some drawbacks hinder the 
use of this conventional injection method, such as low gas-liquid mass 
transfer. Additionally, to ensure a higher dissolution efficiency of O3 gas 
in the aqueous phase, large contact tanks are required (Gao et al., 2005; 
Gottschalk et al., 2010). Recently, membrane contactors for injecting 
ozone into water have risen as promising methods to overcome these 
limiting factors (Schmitt et al., 2022). In gas-liquid membrane con
tactors, the porous membrane acts as a passive barrier between the gas 
and water phases, separating the two fluids and enabling continuous 
contact in a stable interfacial area (Pabby and Sastre, 2013). This 
configuration offers several advantages over traditional reactors. Major 
benefits include a high volumetric mass transfer efficiency, predictable 
flow patterns, easy scale-up by modular design, and small reactor foot
prints (Pines et al., 2005; Schmitt et al., 2022). Moreover, using mem
brane contactors may minimize operational costs from a reduction in the 
required ozone dosage (due to the multiple injection points) and a 
decrease in the requirements for off-gas disposal (John et al., 2022). 

Some studies have explored the efficacy of ozone membrane con
tactors in water treatment for CECs abatement. For instance, Schmitt 
et al. (2023) tested a polytetrafluoroethylene (PTFE) hollow fiber 
membrane contactor to promote the ozonation of a sewage fortified with 
two PhACs. The system showed high removal rates with short residence 
times (<3 s). Similarly, Stylianou et al. (2018) demonstrated that a 

ceramic tubular membrane contactor was effective for the treatment of 
four pollutants in natural surface waters. Recently, Presumido et al. 
(2022) presented a borosilicate membrane contactor, operated in 
continuous mode, to enhance gas (ozone)-liquid (water) mass transfer, 
as well as its application in the elimination of a CECs mixture fortified in 
demineralized water. The authors reported removal rates exceeding 
80% for 13 of the 19 CECs using an O3 dose of 12 g m− 3 and a liquid 
residence time of 3.9 s. 

According to our review of the state-of-the-art, further exploration of 
ozonation processes using membrane contactors for water/wastewater 
treatment, in particular for the elimination of CECs at realistic concen
trations in real effluents, is still required. 

This work aims to assess the performance of a stainless-steel mem
brane contactor for intensifying ozone-water mass transfer and its 
application in the removal of a broad range of PhACs at realistic con
centration levels (ppb: μg L− 1) under continuous flow conditions. In this 
novel configuration, the ozone gas is introduced through the lumen side 
of the membrane and rapidly transferred to the liquid phase via 
numerous ozone injection points along the length of the membrane. A 
spiral motion of the liquid around the shell side of the membrane is 
enabled by the tangential inlet and outlet of the liquid. This facilitates a 
more uniform dispersion of the injected gas, enhancing mass transfer 
and pollutant oxidation (Presumido et al., 2022). The present work was 
focused on three main aspects: (i) the presence of relevant PhACs in 
secondary-treated municipal wastewater, (ii) the effect of different 
operational parameters, including the O3 gas concentration (CO3 ,g,in), 
liquid flow rate (QL), and gas flow rate (QG) on the volumetric mass 
transfer coefficient (KLa), and (iii) the abatement of 23 PhACs detected 
in the secondary-treated municipal wastewater in relation to the specific 
ozone dose. 

2. Material and methods 

2.1. Reagents 

Potassium indigotrisulfonate (C16H7K3N2O11S3, Sigma-Aldrich) was 
used to determine the O3 concentration in the liquid phase. A phosphate- 
buffered solution (NaH2PO4 and H3PO4, Sigma-Aldrich) was employed 
to adjust the pH when needed. All chemical solutions were prepared 
using a Milli-Q water system (resistance >18.2 MΩ cm− 1). Demineral
ized water (DW) was employed for the cleaning of the membrane con
tactor and mass transfer trials. All laboratory chemicals were of 
analytical grade without any further purification. Pharmaceutical 
reference standards, as well as isotopically labeled internal standards 
(ILIS), were obtained from LGC Standards and Dr. Ehrenstorfer™. 

2.2. Wastewater sampling collection 

The effluent sample was collected after the secondary biological 
treatment from a municipal WWTP located in the North of Portugal. This 
WWTP provides services to a population of approximately 120,000 
equivalent inhabitants. Furthermore, industrial discharges represent 
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around 17% of the estimated total in the low season, and the remaining 
83% corresponds to domestic wastewater. The studied WWTP is mainly 
composed of preliminary treatment (screening, desanding, and 
degreasing), primary settling, activated sludge biological treatment, 
followed by final disinfection using ultraviolet radiation. The sample 
was collected during one typical day of WWTP operation after secondary 
treatment and used within the next three days. Table S1 summarizes the 
main physical and chemical characteristics of the secondary effluent, 
and their corresponding analytical methods employed are presented in 
Text S.1. 

For PhACs quantification, the samples were preserved at − 20 ◦C in 
the dark until analysis (details about the quantification of pharmaceu
ticals can be found in Text S.2 in the supplementary information). 

2.3. Membrane contactor 

The ozone contactor consists of an exterior quartz tube (outside 
diameter = 42 mm; internal diameter = 38 mm; length = 200 mm) and a 
concentric inner tubular membrane made of stainless steel 316L 
(average pore size = 1 μm; porosity = 21%; outside diameter = 20 mm; 
internal diameter = 16 mm; membrane thickness = 2 mm; useful length 
= 187 mm; provided by AmesPore®). This material is known to be an 
austenitic grade of stainless steel highly ozone-resistant (Sleeper and 
Henry, 2002). Two movable polypropylene flanges are used to seal the 
membrane, and the quartz tube ends. The tangential inlet and outlet 
points located in the flanges allow a helical motion of the liquid in the 
annular space between both tubes. Ozone-resistant Viton O-rings were 
employed to guarantee sealed conditions within the reaction unit. The 
membrane module was supported vertically by a stainless-steel struc
ture. For more details, please see the previous work of V. Vilar research 
group (Presumido et al., 2022). 

2.4. Experimental setup and procedure 

The diagram of the experimental setup used for all trials is presented 

in Fig. 1. A BMT 802 N ozone generator fed with pure oxygen (O2, 
99.995% supplied by Air Liquide) was used to generate the ozone gas 
stream. The input gas flow rate was modulated by a digital mass flow 
controller (Alicat Scientific), and the ozone generator power input was 
adjusted to reach the desired O3 concentration. An O3 gas analyzer (BMT 
964) was used to measure the O3 gas concentration in the inlet and 
outlet gas streams of the membrane reactor. Dissolved O3 concentration 
was monitored using the indigo method (Bader and Hoigne, 1982). All 
trials were conducted in continuous mode, using a single feed water pass 
through the annular reaction zone (ARZ). The O3/O2 gas mixture was 
fed into the membrane from its lumen side, permeating through its pores 
structure and being delivered to the ARZ through millions of small-sized 
bubbles. Meanwhile, the liquid phase was pumped from a 5 L-jacketed 
glass vessel, coupled to a thermostatic bath for regulating temperature, 
to the ARZ of the membrane contactor, where O3 gas-water contacting 
occurs. In the gas-liquid mass transfer trials, the membrane reactor 
outlet was connected to the upper inlet of the column (1.5 dm3, column 
height of 370 mm and Øinner = 73 mm) to separate the residual undis
solved ozone from the liquid and minimize the liquid residence time 
inside the column. The water samples were collected in the outlet of the 
column located at the bottom. For PhACs removal trials, the outlet 
stream of the membrane contactor was connected to the inlet of the 
column located at the bottom, where water samples were collected at 
the upper outlet of the column, to increase the liquid residence time in 
the system and enhance the interaction of dissolved ozone and PhACs in 
the liquid bulk. Samples were collected at pre-determined time intervals 
once steady-state conditions were reached. In the collected samples, 
residual O3 concentration was rapidly eliminated by immersing the tube 
with the water sample in a water bath at 80 ◦C. The off-gas was collected 
at the top of the column, passed through the dehumidifier, and directed 
to the O3 analyzer. Finally, the remaining gas was vented through the 
catalytic O3 destruction system and sequentially to washing bottles 
containing of 2% KI solution before being released. After each experi
mental run, the membrane contactor was cleaned by pumping demin
eralized water through ARZ. The experimental conditions for all tests are 

Fig. 1. Diagram of the experimental setup employed for a) experiments on ozone mass transfer and b) for PhACs removal tests.  
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presented in Table 1. 
The estimation of parameters regarding ozone was done at steady- 

state conditions using the equations presented by Gottschalk et al. 
(2010) as follows: 

Applied ozone dose, AO3D (g O3 m− 3) 

AO3D =
QG × CO3 ,g,in

QL
(1) 

Transferred ozone dose, TO3D (g m− 3) 

TO3D=

(
CO3 ,g,in − CO3 ,g,out

)
× QG

QL
(2) 

Consumed ozone dose, CO3D (g O3 m− 3) 

CO3D = TO3D− CO3 ,l,out (3) 

Ozone transfer yield, η(O3) (%) 

η(O3)=
TO3D
AO3D

× 100 (4)  

where CO3 ,g,in and CO3 ,g,out are the concentration of ozone in the inlet and 
outlet gas streams (g Nm− 3), respectively; CO3 ,l,out is the concentration of 
ozone in the outlet liquid stream; QG is the gas flow rate (Ndm3 min− 1) 
and QL (dm3 h− 1) is the liquid flow rate. As the dissolved effluent organic 
matter (dEfOM) and nitrite (NO2

− ) normally determine the ozone con
sumption characteristics in wastewater effluents, the transferred O3 dose 
was normalized to the dissolved organic carbon (DOC) and corrected to 
nitrite (NO2

− ) concentration of the secondary effluent (i.e., g O3/g DOC 
= g O3/g DOC - (48/14)(g NO2

− N/g DOC)) (Lee and Von Gunten, 2016). 
Thus, the specific transferred O3 doses were 0.39, 0.53, and 0.69 g O3 
g− 1 DOC. 

2.5. Estimation of ozone mass transfer in the membrane contactor 

Ozone mass transfer experiments were conducted using demineral
ized water at acidic conditions (pH = 2.5) to avoid O3 decomposition 
reactions. Initially, the O3 gas was fed by the lumen side of the mem
brane, with the shut-off valve fully open, filling the inner space with gas. 
Following, the water was pumped into the annular zone, and the shut-off 
valve was closed immediately to allow the permeation of the gas into the 
liquid side. The concentration of ozone in the off-gas and in the liquid 

samples collected at the membrane reactor outlet were measured over 
time until steady-state conditions. A constant temperature of 20 ◦C was 
used for all experiments. The effect of various operating parameters in 
the volumetric mass transfer coefficient, i.e., ozone concentration in the 
inlet gas stream (CO3 ,g,in = 40–80 g Nm− 3), liquid flow rate (QL = 30–100 
dm3 h− 1), and gas flow rate (QG = 0.3–0.85 Ndm3 min− 1) was investi
gated under continuous mode operation. 

The two-film theory was adopted to describe the ozone mass transfer, 
which is usually controlled by the resistance in the liquid phase 
(Kukuzaki et al., 2010). The volumetric mass transfer coefficient (KLa) 
(min− 1) has been estimated from the mass balance of ozone in the liquid 
phase, under plug flow conditions, according to Eq. (5). 

dCO3 ,l

dt
=KLa×

(
CO3

* ,l − CO3 ,l
)
− kd×CO3 ,l (5)  

where, dCO3 ,l
dt (mg dm− 3 min− 1) represents the change of liquid O3 con

centration (CO3 ,l) over time (t), KLa (min− 1) is the product of the O3 mass 
transfer coefficient in the liquid phase (KL) and the interfacial area (a), 
CO3

* ,l (mg dm− 3) is the concentration of O3 in the liquid in equilibrium 
with the gas phase, and kd (min− 1) is the rate constant of ozone self- 
decomposition. Both CO3

* ,l and kd were measured in semi-batch mode 
(more details are provided in Text S.3 in the Supplementary material). 
Under the working conditions of this study, ozone decomposition was 
negligible, presenting a kd value of (115 ± 7) × 10− 4 min− 1 (see Fig S1- 
a). Therefore, for a continuous mode operation, the integration of Eq. (5) 
results in Eq. (6), considering the following boundary conditions: 
CO3 ,l= 0 at t = 0 and CO3 ,l = CO3 ,l,out at t = τL. 

KLa= −
1
τL

× ln
(

1 −
CO3 ,l,out

CO3
* ,l

)

(6)  

where CO3 ,l,out (mg dm− 3) is the ozone concentration in the liquid phase 
at the reactor outlet under steady-state conditions, and τL is the liquid 
residence time, determined by Eq. (7). 

τL =(1 − εG) ×
VR

QL
(7)  

where VR (dm3) is the annular zone volume of the membrane reactor 
(0.166 dm3), and εG is the gas holdup fraction (more details about the 

Table 1 
Experimental conditions used in the ozone mass transfer tests and in PhACs removal experiments using secondary-treated wastewater.  

Ozone mass transfer tests (pH = 2.5, T = 20 ◦C) 

Parameter QG (Ndm3 min− 1) CO3 ,g,in (g Nm− 3) QL (dm3 h− 1) τL (s) CO3
* ,l 

a (g m− 3) CO3 ,l,out 
a (g m− 3) KLa,20◦C (min− 1)a 

QG 0.30 80 70 8.2 23.5 ± 0.1 4.7 ± 0.06 1.7 ± 0.1 
0.50 8.0 8.3 ± 0.2 3.4 ± 0.2 
0.75 7.5 11.0 ± 0.1 5.3 ± 0.1 
0.85 7.4 12.1 ± 0.2 6.1 ± 0.2 

CO3 ,g,in 0.75 40 70 7.5 9.3 ± 0.03 4.3 ± 0.08 5.2 ± 0.2 
60 16.4 ± 0.02 7.6 ± 0.1 5.1 ± 0.3 
80 23.5 ± 0.1 11.0 ± 0.1 5.3 ± 0.1 

QL 0.75 80 30 17.5 23.5 ± 0.1 14.0 ± 0.1 3.2 ± 0.3 
50 10.5 12.6 ± 0.1 4.6 ± 0.06 
70 7.5 11.0 ± 0.1 5.3 ± 0.1 
90 5.8 9.21 ± 0.08 5.3 ± 0.4 
100 5.3 8.47 ± 0.09 5.5 ± 0.4  

PhACs removal tests (pH = ~7.4, T = ~20–22 ◦C) 

Test number QL (dm3 h− 1) τ (s) QG (Ndm3 min− 1) CO3 ,g,in (g Nm− 3) AO3D (g m− 3) TO3D (g m− 3) CO3D (g m− 3) Specific O3 dose (g O3 g DOC− 1) 

1 100 60 0.75 20 9 6.3 6.3 0.39 
2 27 12 8.6 8.6 0.53 
3 40 18 11.0 10.6 0.69 
4 100 60 0.25 80 12 10.4 10.4 0.65 
5 0.15 134 12.0 11.6 0.73  

a ± standard error. 
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experimental procedure for the evaluation of εG, interfacial area, and 
bubble size are provided in Text S.4). 

The overall mass transfer resistance, 1/KL, was also investigated for 
the hydrophilic membrane contactor, described as three resistances in 
series according to Eq. (8) (Kukuzaki et al., 2010). 

1
KL

=
1

kGH
+

1
kM

+
1
kL

(8)  

Where kG, kM, and kL are the individual gas phase, membrane, and liquid 
phase mass transfer coefficients, respectively; 1

kGH, 1
kM 

and 1
kL 

are the gas, 
membrane, and liquid mass transfer resistances, respectively; H repre
sents the adimensional Henry’s law constant. In a membrane contactor, 
the mass transfer resistance is controlled by the liquid side during gas- 
liquid absorption (Johnson and Davis, 1996; Iversen et al., 1997). 
Since the diffusivity of ozone in gas is 104 times greater than liquid phase 
(Johnson and Davis, 1996), the gas phase mass transfer resistance can be 
ignored. Thus, Eq. (8) may be rewritten as: 

1
KL

=
1

kM
+

1
kL

(9) 

Details about the calculation of the membrane mass transfer coeffi
cient (kM) can be found in Text S.5 of the supplementary information. 

3. Results and discussion 

3.1. Effect of operating conditions on the gas-liquid mass transfer in the 
membrane contactor 

The influence of three parameters on the volumetric ozone mass 
transfer coefficient, namely the flow rate of the inlet gas and liquid 
streams, and ozone concentration in the inlet gas stream, was investi
gated to gain a deeper understanding of the gas-liquid mixing. 

3.1.1. Effect of inlet gas flow rate 
The ozone mass transfer coefficient was investigated for inlet gas 

flow rates ranging from 0.30 to 0.85 Ndm3 min− 1, while CO3 ,g,in and QL 
were kept at 80 g Nm− 3 and 70 dm3 h− 1, respectively. As can be seen 
from Fig. 2a, KLa increased 3.6 times as the QG increased from 0.30 to 
0.85 Ndm3 min− 1, indicating a considerable influence of gas flow rate in 
ozone mass transport. This behavior may be attributed to the greater 
mixing induced by a higher number of bubbles dispersed in the liquid as 
the inlet gas flow rate increases. As a result, a higher fraction of gas is 
inside the annular zone, subsequently boosting the liquid velocity in the 
gas boundary layer (lower liquid residence time inside the reactor). This, 
in turn, enables a higher driving force for ozone dissolution. In addition, 
the same principles explain an almost linear correlation between the 
ozone concentration in the liquid phase at the reactor outlet, at steady 
state conditions, and the inlet gas flow rate. These findings agree with 
previous studies regarding the positive influence of gas flow rate on the 
KLa using ozone membrane contactors (Wang et al., 2021; Presumido 
et al., 2022). Nevertheless, opposite trends were also observed by other 
authors, which can be associated with a decrease of the liquid residence 
time inside the reactor (Bamperng et al., 2010; Berry et al., 2017). 

3.1.2. Effect of the ozone concentration in the inlet gas stream (CO3 ,g,in) 
Fig. 2b shows a negligible impact of CO3 ,g,in in the KLa values, 

considering values ranging between 40 and 80 g Nm− 3. On the other 
hand, the ozone concentration in the liquid phase at the reactor outlet 
under steady-state conditions increased almost proportionally with 
CO3 ,g,in, since more O3 molecules are available in the gas phase (higher 
partial pressure). As a result, the driving force of the mass transfer is 
enhanced, leading to larger values of CO3 ,l,out, in agreement with Henry’s 
law (Sotelo et al., 1989). This trend was also observed by previous au
thors using membrane contactors (Kukuzaki et al., 2010; Berry et al., 
2017; Sabelfeld and Geiβen, 2019). 

3.1.3. Effect of liquid flow rate 
The gas-liquid mass transfer coefficient was evaluated for liquid flow 

rates varying from 30 to 100 dm3 h− 1 corresponding to Reynolds 
numbers of 181–604, respectively. As illustrated in Fig. 2c., KLa 
increased 1.6 times with the liquid flow rate from 30 to 70 dm3 h− 1, and 
after that, the trend was almost constant. This enhancement is attributed 
to higher Reynold numbers, enabling diminutive gas bubbles and the 
potential acceleration of liquid film renewal at the interface, based on 
thin film renewal theory. This, in turn, develops thinner liquid films, 
reducing the boundary layer resistance to transfer O3 into the water 
phase and enhancing the mass transfer. Additionally, a spiral motion (a 
swirl) of the water around the membrane shell-side is induced by the 
inlet and outlet pipes, which are positioned perpendicular to the fluid 
flow direction and tangentially to the shell, both located at the top on 
opposite sides in the horizontal plane. This effect is observed when a 
minimum value of liquid velocity is provided, according to the di
mensions of the reactor (Moreira et al., 2019). This leads to a longer 
effective flow trajectory and enhances the rate of shear on the membrane 
surface, dragging the gas bubbles from the membrane surface to the bulk 
(Presumido et al., 2022). 

It should be noted that the increase of KLa did not follow a linear 
trend with QL, and the values reached a plateau when QL ranged from 70 
to 100 dm3 h− 1. This behavior suggests that for QL values between 70 
and 100 dm3 h− 1, the liquid boundary layer thickness remains similar. 
Additionally, the membrane resistance also gains an important role in 
the O3 mass transfer (see Fig. 3b). 

Similar trends have been reported in previous studies, indicating that 
the volumetric mass transfer coefficient of ozone in water was most 
significantly affected by changes in liquid flow rate (Pines et al., 2005; 
Berry et al., 2017; Zoumpouli et al., 2018). However, higher liquid ve
locities shorten liquid residence time and mainly affect the concentra
tion of dissolved ozone at the reactor outlet. For instance, CO3 ,l,out was 
found to decrease from 14.0 to 8.5 mg L− 1 when QL increased from 30 to 
100 dm3 h− 1. Selecting the optimal liquid velocity that ensures a desired 
level of dissolved O3 concentration to get an adequate kinetic reaction is 
a key point. 

Moreover, the overall mass transfer coefficient, KL, was calculated 
from experimental values of KLa and the gas-water interfacial area (a). It 
was found that the tubular stainless membrane steel contactor provided 
an interfacial area in the range of 2054–2841 m− 1, with a homogenous 
distribution of ozone gas bubbles with an average size of 0.25 mm (see 
Fig. S3). Therefore, KL values were estimated in the range of 1.9 and 4.5 
× 10− 5 m s− 1 for QL between 30 and 100 dm3 h− 1, respectively. 

The investigated gas-liquid membrane contactor showed KLa values 
in the range of 1.7–6.1 min− 1, which are higher than those reported for 
the conventional bubble columns (KLa ~0.3–1.6 min− 1) (Roustan et al., 
1996), and slightly lower than venturi injection systems (KLa ~3.6–12.6 
min− 1) (Roustan, 2003). Nonetheless, in terms of energy consumption, 
venturi injectors require a higher specific power consumption compared 
to membrane contactors (Gottschalk et al., 2010; My Hanh Le et al., 
2022). 

3.1.4. Estimation of membrane transfer coefficient and mass transfer 
resistances 

Mass transfer is not only dominated by the resistance of the liquid 
boundary film but also by the membrane itself. By using the so-called 
Wilson plot method (Wilson, 1915), the mass transfer coefficient in 
the membrane, kM, was estimated by plotting the experimental data of 
1/KL against 1/QL. 1/kM was obtained by the interception of the straight 
line with the y-axis (where 1/QL = 0, implying QL → ∞ and thus 1/kL ≈

0) of the Wilson plot in Fig. 3a. Under the applied experimental condi
tions, the 1/kM was found to be (9.74 ± 0.05) × 103 s m− 1, equivalent to 
a kM value of (1.03 ± 0.05) × 10− 4 m s− 1. 

For a membrane with liquid-filled pores, the mass transfer coefficient 
can be determined from Eq. (S8), taking into consideration the structural 
characteristics of the stainless-steel membrane. Based on calculations, 
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Fig. 2. Effect of the (a) gas flow rate, (b) ozone gas concentration in the inlet stream, and (c) liquid flow rate on KLa values (left side figure) and the dissolved ozone 
concentration at the membrane reactor outlet (right side figure). Conditions: pH = 2.5, T = 20 ◦C, (a) QL = 70 dm3 h− 1, CO3 ,g,in = 80 g Ndm− 3, (b) QG = 0.75 Ndm3 

min− 1, QL = 70 dm3 h− 1; (c) QG = 0.75 Ndm3 min− 1, CO3 ,g,in = 80 g Ndm− 3. 
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the theoretical value obtained was kM = 2.19 × 10− 5 m s− 1, which ex
ceeds the experimental value, kM = (1.03 ± 0.05) × 10− 4 m s− 1 by a 
factor of 4.7. The possible reason for the large difference between the 
two values may be attributed to the assumptions considered to obtain 
Eq. (S8): constant tortuosity, cylindrical pores, and lognormal distribu
tion of the membrane pore size (Kreulen et al., 1993; Lu et al., 2008). 

These assumptions probably resulted in an overestimation of the 
mass transfer resistance through the membrane. Similarly, Khaisri et al. 
(2010) observed similar results when they studied CO2 absorption 
through PTFE hollow fiber membrane contactor. According to the au
thors, the Wilson plot method produced a more accurate prediction of 
membrane mass transfer resistance than the theoretical method. 

The analysis of the individual mass-transfer resistances in the liquid 
phase was calculated by substituting the experimental value of KL and 
kM obtained from the Wilson plot method in Eq. (9). Fig. 3b shows the 
results of individual mass transfer resistances for ozone dissolution at 
different liquid flow rates. It can be noticed that under conditions of low 
liquid flow rates (QL = 30 dm3 h− 1), the main resistance to O3 transfer is 

through the liquid phase boundary layer (1/kL), contributing to 82% of 
the overall mass transfer resistance (Fig. 3c), with the remaining 18% 
coming from the membrane. However, when increasing QL to 100 dm3 

h− 1, the liquid-phase resistance becomes almost comparable with 
membrane resistance and contributes to 57% and 43% of the overall 
mass transfer resistance, respectively. Although a higher liquid flow rate 
can enhance gas transport in the water phase by decreasing the liquid 
boundary layer resistance, it might also intensify the membrane wetting, 
which hinders gas transport in the membrane (Khaisri et al., 2009). 

The mass transfer resistance is also affected by the material and 
properties of the membrane (porosity, pore size, and hydrophobicity). 
Membranes with lower porosity, lower pore size, and a low hydropho
bicity exhibit higher resistance to ozone mass transfer (Zhang et al., 
2017; Li et al., 2020). As the investigated membrane is hydrophilic, 
water enters more easily into the pores, increasing the membrane 
resistance due to the slower diffusion of ozone molecules in water 
compared to gas (Johnson and Davis, 1996). However, the addition of a 
hydrophobic layer to the membrane shell-side can be a solution to 
overcome this limitation (Stylianou et al., 2015). 

For similar conditions, the stainless-steel membrane (used in this 
study) presents a membrane resistance 1.4-fold higher than the boro
silicate membrane tested by Presumido et al. (2022). These results may 
be attributed to the fact that the porosity and mean pore size of the 
borosilicate membrane used by authors were about 2.0 and 3.8 times 
greater, respectively, when compared to the stainless-steel membrane 
investigated in this study. Therefore, as the membrane porosity and pore 
size increase, higher amounts of ozone gas is able to diffuse through the 
membrane, decreasing the resistance on the membrane side. Neverthe
less, higher pore size can also increase the risk of wetting, reducing the 
mass transfer (Bakeri et al., 2012). Comparing both membrane con
tactors, the main disadvantage of the tubular stainless-steel contactor 
was the higher membrane resistance compared to the borosilicate con
tactor. This, in turn, resulted in lower KLa values for this study than 
those presented by Presumido et al. (2023). However, regarding 
long-term performance, stainless steel membranes could be a better 
alternative to be implemented at full-scale due to their higher thermal 
and mechanical stability (Song et al., 2011). 

3.2. Comparison with other gas-liquid contactor systems 

A comparison of the performance of the membrane contactor with 
conventional gas-liquid systems is crucial to assess the degree of process 
intensification that can be achieved. For the purpose of obtaining a more 
accurate comparison of the membrane contactor performance with 
other gas-liquid contactors, the ASCE standards method for measuring 
oxygen mass transfer was used (ASCE, 2007). In this sense, two pa
rameters were considered: standard oxygen transfer rate (SOTR, kg h− 1) 
and standard oxygen transfer efficiency (SOTE, %). The SOTR is defined 
as the amount of gas being dissolved per unit of time, while SOTE 
measures the mass of gas transferred to the liquid phase in relation to the 
mass of gas supplied to the system. The SORT and SOTE were calculated 
by Eq. (10) and Eq. (11), respectively, at standard conditions (20 ◦C 
water temperature and pressure at 1.013 Pa). 

SOTR=KLa,O2 × CO2
* ,l × VR (10)  

SOTE=
KLa,O2 × CO2

* ,l × VR

WO2

(11)  

where KLa,O2 refers to the oxygen volumetric mass transfer coefficient 
(min− 1), CO2

* ,l is the dissolved oxygen concentration in equilibrium (9.20 
mg L− 1 (Carvalho et al., 2021)), and WO2 is the mass flow rate of O2 in the 
air stream (kg O2 h− 1). WO2 was calculated by assuming that the air be
haves as an ideal gas, containing 23 wt% of O2 at standard conditions. 

The KLa,O2 values were estimated from the O3 mass transfer co
efficients following the surface renewal theory (Beltrán et al., 1998), as 

Fig. 3. (a) Graphical scheme for the determination of the mass transfer coef
ficient in the membrane by Wilson plot method, (b) mass transfer resistances, 
(c) contribution to total mass transfer resistance (%) in the liquid phase and in 
the membrane as a function of liquid flow rate. Conditions: QL = 30, 50, 70 and 
100 dm3 h− 1, CO3 ,g,in = 80 mg Ndm− 3, QG = 0.75 Ndm3 min− 1, pH = 2.5, T =
20 ◦C. 

M.A. Prada-Vásquez et al.                                                                                                                                                                                                                    



Chemosphere 349 (2024) 140888

8

given by the relation in Eq. (12). 

KLa,O3

KLa,O2

=

̅̅̅̅̅̅̅̅
DO3

DO2

√

= 0.9 (12)  

where DO3 (1.76 × 10− 9 m2 s− 1) (Johnson and Davis, 1996) and DO2 
(2.17 × 10− 9 m2 s− 1) (Wilke and Chang, 1955) are the diffusion co
efficients of O3 and O2 gases in water at 20 ◦C, respectively. 

The SOTR and SOTE values are presented in Table S2 (Supplemen
tary material). It can be seen that the SOTR and SOTE values for tradi
tional injection systems, such as fine bubble diffusers (DeMoyer et al., 
2001; Gillot et al., 2005) and venturi injectors (Therrien et al., 2019; 
Dayıoğlu, 2022) were much higher compared to the membrane con
tactor. It is important to note that these parameters are strongly influ
enced by the reactor volume. Hence, the utilization of equipment with 
greater volumes results in higher values of SOTR and SOTE. For a better 
comparison, two additional parameters were included: the volumetric 
SOTR (VSOTR, kg h− 1 m− 3), which was determined by dividing SOTR by 
the reactor volume, and the second term, the specific SOTE (SSOTE, % 
m− 1), determined by dividing the SOTE by the height of the fluid or 
water depth (h, m). 

From comparable data in terms of VSOTR, the membrane contactor 
transferred a higher amount of O2 mass into the water per unit of volume 
compared to bubble diffusers and venturi injectors. Similarly, regarding 
the SSOTE efficiency parameter, the membrane contactor achieved an 
O2 mass dissolution per unit of reactor height between one to two orders 
of magnitude greater compared to traditional contactors. This feature 
make it an appealing device for practical applications in reactions of gas- 
liquid mass transfer. 

On the other hand, although the ASCE method (ASCE, 2007) was 
initially introduced to describe the oxygen dissolution into water, in this 
study, both parameters were also extended for the O3 transfer efficiency 
(TE, %), as given in Eq. (13). For this case, the mass flow rate of O3 (WO3 )

was determined from the inlet QG and CO3 ,g,in. The TE is an important 
parameter for setting optimal operation conditions in ozone-based ap
plications (Wang et al., 2023). 

TE (%)=
KLa×CO3

* ,l × VR

WO3

(13)  

Fig. S5 shows the transfer efficiency (TE) for O3 at different QL and QG 
calculated based on ASCE standard method. It can be observed that 
higher QL generated higher transfer efficiency values at a fixed QG. This 
characteristic becomes particularly advantageous for large-scale pro
cesses in which higher volumes of wastewater need to be treated, such as 
those produced by municipal WWTPs. On the other hand, for a fixed QL, 
the increase of QG developed an almost constant O3 transfer efficiency. 
This behavior was probably attributed that the variation of QG was small 
(from 0.50 to 0.85 Ndm3 min− 1) and thus, the efficiency loss remained 
almost constant for this range of QG. It is expected that with higher QG (e. 
g., 0.85 to 2 Ndm3 min− 1) efficacy will decrease, mainly attributed to the 
shorter contact time between gas− liquid phases. 

According to the experimental conditions that used demineralized 
water with no chemical reaction, the maximum TE of 35% was attained. 
In this way, considering the O3 doses required for PhACs abatement in 
the secondary-treated wastewater, it was selected a QG of 0.75 Ndm3 

min− 1 (second value with highest TE) and a QL of 100 dm3 h− 1. 

3.3. Pharmaceuticals removal from secondary-treated municipal 
wastewater 

3.3.1. Occurrence of pharmaceuticals 
A total of 33 pharmaceuticals were selected for this study based on 

several criteria, including (i) high consumption rate, (ii) frequency 
detected in municipal WWTPs, and (iii) their potential risk to the 
environment (de Jesus Gaffney et al., 2017). The main detected 

pharmaceuticals and their concentrations are presented in Table 2. 
Within the pharmaceuticals class, 23 compounds were detected above 
the limit of quantification (LOQ), belonging to 11 different therapeutic 
classes: 2 anti-inflammatories, 6 antibiotics, 3 anticonvulsants, 3 anti
hypertensives, 1 anthelmintic drug, 2 anti-ulcer agents, 1 iodized 
contrast media, 1 lipid regulator, 1 β-blocker, 2 anxiolytics, and 2 an
tidepressants. The concentration levels ranged from 0.01 to 1.52 μg L− 1 

(1522 ng L− 1), whereas the sum of the pharmaceutical mixture reached 
a total of 7.31 μg L− 1. Among the identified PhACs, the highest average 
concentrations were found for the non-steroidal anti-inflammatory drug 
(NSAID) diclofenac (1.52 μg L− 1), the iodized contrast media family 
iopromide (1.04 μg L− 1), followed by the antihypertensive irbesartan 
(0.75 μg L− 1), whereas the lowest concentrations values were detected 
for the anthelmintic levamisole and the anti-ulcer agent pantoprazole 
(0.01 μg L− 1). The level found of diclofenac is correlated to its high 
consumption in Portugal, presenting the highest share of the 
over-the-counter drugs market (without no prescription), 18.4% in 2018 
(Infarmed, 2018). In relation to antibiotics, fluoroquinolone ciproflox
acin was the antibiotic with the highest concentration detected (0.39 μg 
L− 1), followed by the macrolide clarithromycin (0.13 μg L− 1). 

The results obtained in this study are consistent with previous find
ings reported in European WWTP secondary effluents (de Jesus Gaffney 
et al., 2017; Lopez et al., 2022; Sá et al., 2022). For instance, de Jesus 
Gaffney et al. (2017) found diclofenac concentrations ranging between 
0.05 and 4.2 μg L− 1 in Portuguese WWTP secondary effluents. Likewise, 
the authors detected ciprofloxacin at an average concentration of 0.35 
μg L− 1. 

3.3.2. PhACs removal using the ozone membrane contactor 
The performance of the ozonation membrane contactor, operated in 

continuous mode, in the removal of the 23 PhACs detected in the 
secondary-treated municipal wastewater was assessed under several 
specific ozone doses (0.39, 0.53, and 0.69 g O3 g DOC− 1). As shown in 
Fig. 4a, increasing the ozone doses led to a greater extent of PhACs 
abatement. At the lowest ozone dose of 0.39 g O3 DOC− 1, only 3 out of 
the 23 compounds (atorvastatin, clindamycin, and diclofenac) were 
degraded by over 80%. The low removal may be related to the rapid 
consumption of ozone by the dissolved effluent organic matter (dEfOM) 
(Hoigné and Bader, 1994). In fact, ozone was completely consumed 
within 60 s (system residence time), indicating that the O3 dose applied 

Table 2 
Concentration of pharmaceuticals detected in the municipal wastewater after 
secondary treatment.  

Therapeutic group Compound Concentration (μg L− 1) 

Anti-inflammatory Diclofenac 1.52 
Antibiotics Ciprofloxacin 0.39 

Clarithromycin 0.13 
Trimethoprim 0.04 
Sulfamethoxazole 0.10 
Clindamycin 0.03 
Norfloxacin 0.09 

Anticonvulsants Carbamazepine 0.51 
Gabapentin 0.68 
Primidone 0.14 

Anti-hypertensive Irbesartan 0.75 
Losartan 0.33 
Valsartan 0.02 

Anthelmintic Levamisole 0.01 
Anti-ulcer agents Pantoprazole 0.01 

4-hidroxy omeprazole sulfide 0.08 
Iodized contrast media Iopromide 1.04 
Lipid regulator Atorvastatin 0.18 
Beta-blocker Metoprolol 0.02 
Anxiolytic Lorazepam 0.11 

Alprazolam 0.01 
Antidepressants Venlafaxine 0.44 

O-desmethylvenlafaxine 0.68  
Total load 7.31  
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is below the Immediate Ozone Demand (IOD). For the intermediate 
ozone dose, 0.53 g O3 g DOC− 1, 9 compounds (ciprofloxacin, sulfa
methoxazole, diclofenac, trimethoprim, clindamycin, atorvastatin, car
bamazepine, O-desmethylvenlafaxine - venlafaxine metabolite and 
4-hydroxy-omeprazole sulfide - omeprazole metabolite) were elimi
nated over 80%. These PhACs contain electron-rich moieties (e.g., ani
lines, olefins, amines, and deprotonated amines), which exhibit a high 
reactivity for the direct reaction with ozone (Table S4 presents the 
ozone-reactive moieties for each compound). As shown in Fig. S6-a, the 
PhACs abatement was strongly correlated with reported second-order 

rate constants with O3 (kO3). Compounds that typically exhibit kO3 ≥

104 M− 1 s− 1 at circumneutral pH, present removal efficiencies higher 
than 80% even for low ozone transferred doses (>0.21–1.24 g O3 g 
DOC− 1) (Zimmermann et al., 2011; Lee and von Gunten, 2012). A 
similar trend was observed in Fig. S6-a, in which compounds with higher 
kO3 were more quickly eliminated from the wastewater during 
ozonation. 

For the highest specific ozone dose of 0.69 g O3 g DOC− 1, 17 out of 
the 23 PhACs reached removals of more than ≥60%, of which 12 
compounds were abated higher than 80%. Chemical compounds that are 

Fig. 4. Removal efficiency for the 23 pharmaceuticals detected in a secondary-treated wastewater, using the membrane reactor coupled with a column, operated in 
continuous mode (τ = 60 s) as a function of (a) specific ozone doses 0.39, 0.53, and 0.69 g O3 g DOC− 1 (the Specific transferred O3 dose was corrected for nitrite 
consumption) and (b) O3 concentration in the inlet gas stream and same AO3D applied (12 mg O3 L− 1). For more details on the experimental conditions of each test, 
see Table 2. 
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moderately ozone-resistant with kO3 between 102 and 104 M− 1 s− 1, e.g., 
metoprolol, underwent an increase in elimination level by around 66% 
or in the case of levamisole which was removed to values lower than the 
limit of quantification. On the contrary, compounds with low reaction 
rate with O3 (kO3 <102 M− 1 s− 1), such as alprazolam, gabapentin, lor
azepam, and primidone, reached low removals (around 30–45%), with 
particularly low elimination levels for pantoprazole (13%) and iopro
mide (24%). The low removal of these compounds is related to the 
presence of carboxylic acid groups (gabapentin), halogen substituents 
(iopromide, alprazolam), or amides (primidone) that, due to their 
electron-withdrawing nature, are practically unreactive towards ozone 
oxidation (Nakada et al., 2007). The free radical HO•, generated from O3 
natural decomposition, plays a crucial role in their abatement during 
ozonation (Elovitz and Von Gunten, 1999). For ozone-resistant com
pounds, kO3 <102 M− 1 s− 1, the main oxidation pathway is the 
radical-type chain mechanism through HO• radicals. In contrast, for 
compounds with kO3 between 102 and 104 M− 1 s− 1, a simultaneous 
ozone molecular and radical mechanism occurs with the same order of 
magnitude (Lee and Von Gunten, 2016). As depicted in, the degradation 
efficiency of ozone-resistant compounds (highlighted region in light 
blue) was also well correlated with their kHO• values. For instance, 
iopromide with lower HO• reactivity, kHO• <1 × 109 M− 1 s− 1, reached 
the lowest percentage removal compared with the hypertensive com
pounds such as valsartan and losartan (kHO• > 5 × 1010 M− 1 s− 1). There 
was a weak, non-significant correlation between the removal PhACs, 
and the three variables: net charge, molecular weight, and solubility (see 
Fig. S7). 

The wastewater matrix components, such as dEfOM and alkalinity 
(bicarbonates/carbonates, HCO3

− /CO3
2− ), can considerably interfere 

with the oxidative capacity of radical-based oxidation reactions, due to 
its scavenging effect over hydroxyl radicals (Lado Ribeiro et al., 2019; 
Asghar et al., 2022). Given the significantly high concentration of both 
constituents in the effluent (e.g., mg L− 1 of DOC and carbonate), a high 
amount of HO• radicals are consumed by the scavengers, decreasing the 
PhACs removal capacity by the indirect pathway. Mathon et al. (2021) 
found for a mixture of 47 CECs present in secondary treated wastewater 
that, the distribution of HO• consumption was: 0.02% by nitrites and 
bromides, 11% by bicarbonates, 60% by the sum of all micropollutants, 
while the remaining 29% was consumed by dEfOM and other chemical 
species. 

Other studies have investigated higher specific ozone doses for the 
abatement of less reactive compounds with ozone in wastewater (Mar
got et al., 2013; Lee and Von Gunten, 2016; Guillossou et al., 2020). For 
instance, Margot et al. (2013) found that even the most ozone-resistant 
micropollutants were highly removed at an O3 dose of 2.6 g O3 g− 1 DOC, 
with an average elimination of 80%. However, authors reported that 
higher ozone doses imply elevated costs, and the generation of toxic 
by-products is more feasible. 

The results presented herein showed similar PhACs abatements using 
ozone membrane contactors for comparable ozone doses (0.14–0.7 g O3 
g− 1 DOC) and residence times (2.8–60 s) (Presumido et al., 2023; 
Schmitt et al., 2023). For instance, Presumido et al. (2023) found re
movals higher than 80% for up to 13 of the 19 CECs spiked in urban 
wastewater with an ozone dose of 18 g m− 3 (1.17 g O3 g− 1 DOC) and 
residence time of 60 s using a borosilicate tubular membrane. On the 
other hand, compared to conventional processes, the PhACs removal 
rates achieved in this study were obtained at a very short residence time 
of 60 s instead of 10–30 min as reported in a conventional process at full 
WWTP scale (Hollender et al., 2009; Kharel et al., 2020). 

Fig. 4b shows the PhACs removal applying the same ozone dose (12 g 
O3 m− 3) while varying CO3 ,g,in (27, 80, and 134 g Nm− 3) and QG (0.15, 
0.25 and 0.75 Ndm3 min− 1) (Table 2). As can be seen, for the highest 
ozone concentration (CO3 ,g,in = 134 g Nm− 3, QG = 0.15 g Nm− 3), 11 out 
of the 23 compounds reached removals higher than 96% or below the 
LOQ. This behaviour can be explained according to the mass-transfer 
theory, in which increasing the ozone-gas input concentration 

enhances the driving force for O3 mass transfer from the gas to the water 
phase (Wang et al., 2019). This, in turn, provides a higher dissolved O3 
concentration enhancing the PhACs removal. Moreover, O3 transfer 
yield η(O3) achieved values near 97% for a CO3 ,g,in of 134 g Nm− 3, 
against 70% and 87% for the tests with CO3 ,g,in values of 27 g Nm− 3 and 
80 g Nm− 3, respectively. These findings demonstrate a favorable char
acteristic when using the same ozone dose applied to the treatment, as 
reducing the gas flow rate, and simultaneously increasing the O3 gas 
concentration can lead to lower operational costs during ozonation 
(Al-Abduly et al., 2014). 

3.3.3. Influence of the ozonation process on the global parameters 
The removal of DOC, specific UV absorbance at 254 nm (UV254), and 

turbidity after ozonation were also investigated as possible control pa
rameters. Fig. 5 illustrates the removal of the mentioned parameters in 
relation to specific ozone doses and concentrations of ozone in the inlet 
gas stream. 

As can be seen in Fig. 5a, an improvement in DOC removal was 
attained when increasing the ozone doses. In particular, when applying 
an O3 dose of 0.39 gO3 gDOC− 1, DOC removal rate was found to be only 
3%, whereas an ozone dose of 0.69 g O3 g DOC− 1 led to a removal of up 
to 22%. The highest DOC removal (27%) was achieved for the highest 
CO3 ,g,in (134 g Nm− 3) (Fig. 5b). These results confirm the inefficiency of 
ozonation in organic matter mineralization, with a minimal DOC 
reduction, even for the highest specific ozone dose tested (Rosal et al., 
2008; Marce et al., 2016; Schmitt et al., 2023). Many authors attributed 
the limited mineralization yield to the generation of persistent organic 
intermediates that result from the oxidation of dEfOM initially present in 
wastewater (Hübner et al., 2015; Iakovides et al., 2019). However, 
although ozonation does not completely mineralize intermediate prod
ucts, it can transform them into more biodegradable compounds, which 
are generally well removed during biological or physical 
post-treatments (e.g., combined with activated carbon adsorption) 
(Margot et al., 2013; Völker et al., 2019). 

The UV254 is a commonly used surrogate parameter to monitor water 
quality that contains aromatic rings or unsaturated carbon bonds. 
Therefore, a reduction of the UV254 indicates the decomposition of 
organic compounds into smaller molecules and a change in the aromatic 
nature of the pollutant (Mecha et al., 2016; Chys et al., 2017). As shown 
in Fig. 5a, a low reduction in UV254 absorbance (22%) was reached with 
a specific ozone dose of 0.39 g O3 g DOC− 1, while a higher decrease 
(36%) was obtained for an ozone dose of 0.69 g O3 g DOC− 1. Similar 
behavior was observed when the highest CO3 ,g,in was applied, reaching a 
reduction of 40% in UV254 absorbance (Fig. 5b). 

Fig. 5c illustrates the relationship between the percentage of the total 
PhACs elimination and the decrease in UV254 at different specific ozone 
dosages. Both parameters showed a good correlation (R2 = 0.996 or 
based on Pearson correlation (rpearsson = 0.97)), which provided support 
for the surrogate-based prediction. Overall, a UV254 decrease of 36% 
corresponds to a total PhACs elimination of 74%. Previous studies have 
also demonstrated that UV254 decrease can be correlated with the 
abatement of individual CECs (Gerrity et al., 2012; Wittmer et al., 2015; 
Chys et al., 2017). 

A linear correlation between the specific ozone dose (SOD) and 
UV254 reduction (UV254 reduction = 54 × SOD) can be helpful to allow 
better monitoring, applying online UV254 measurements, of the ozona
tion process to meet their specific treatment requirements. 

Finally, a reduction in the turbidity of the treated effluent was 
observed, achieving efficiency values of 51% and 65% with the increase 
of the specific ozone dosage from 0.39 to 0.69 g O3 g DOC− 1, respec
tively. Marce et al. (2016) observed that ozone destroys the solid par
ticles of organic matter, especially during the initial stage of the reaction 
when low ozone doses are transferred. This could explain the rapid 
decrease in turbidity. 
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3.3.4. Mass transfer by chemical reaction in the liquid phase 
An important dimensionless parameter to take into consideration in 

gas-liquid mass transfer in the presence of a reaction is the Hatta number 
(Ha). The Ha number provides information about the kinetic regimes in 
a gas-liquid reaction and allows to identify where the chemical reactions 
take place (Beltrán and Rey, 2018). 

For a second-order irreversible reactions, the Ha number can be 
defined by Eq. (14) (Whitman, 1962). 

Ha=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kO3×DO3 × CP,0

√

kL
(14)  

Where kO3 is the kinetic rate constant of ozone with the compound (M− 1 

s− 1), CP,0 is the initial concentration of PhACs (M), DO3 is the diffusivity 
of ozone in water (1.76 × 10− 9 m2 s− 1) (Johnson and Davis, 1996), and 
kL is the liquid phase ozone mass transfer coefficient. The mass transfer 
coefficient value, kL = 4.45 × 10− 5 m s− 1, was determined based on the 
KLa value obtained under the experimental conditions employed for 
PhACs ozonation (QG = 0.75 Ndm3 min− 1 and QL = 100 dm3 h− 1). The 
Ha numbers were only calculated for 11 of the 23 PhACs, i.e., those that 
were eliminated over 80% with ozonation (for 0.69 g O3 g DOC− 1). 
Under experimental conditions applied in this study, Ha values (see 
Table S5) were found to be in the range of 0.0002 and 0.17. According to 
gas-liquid reaction kinetic theory (Charpentier, 1981), Ha <0.3 in
dicates the development of a slow kinetic regime, and most of the re
action occurs in the liquid bulk, i.e., beyond the film. This means that the 
ozone consumption rate by the PhACs is much slower than the ozone 
mass transfer from the gas to the liquid phase. Reactors with a large 
specific interfacial area and high liquid retention time are proper for 
promoting this type of reaction (Charpentier, 1981). In this study, the 
membrane contactor provided a large interfacial area, however, the 
liquid retention time was very short (5.3 s). By increasing the residence 
time of the aqueous phase in the reactor, would probably have enhanced 
the interaction between the dissolved ozone and PhACs in the liquid 
bulk, and thus improving the CECs removal. 

Finally, it should be highlighted due to the complexity of the 
wastewater matrix, other organic/inorganic species present in the 
sample were not considered in the calculation of Ha numbers. Hence, it 
is possible that these components may also have contributed to an 
enhancement in the transfer efficiency, as observed in Fig. 4. 

4. Conclusions 

The findings of this research proved the ability of the tubular porous 
stainless steel ozone membrane contactor to enhance ozone-liquid mass 
transfer. The gas and liquid flow rates positively influenced the ozone 
mass transfer, probably due to an increase in the Reynold number and to 
the greater mixing induced by the gas stream. Although the mass 
transfer resistance in the liquid boundary layer was demonstrated to be 
dominant for low liquid flow rates, and it became almost comparable 
with membrane resistance for the highest liquid flow rate tested. The 
volumetric mass transfer coefficient KLa values (1.7–6.1 min− 1) proved 
to be three times greater than the conventional bubble diffusers but are 
in the same KLa range as the venturi injection systems. A comparison 
associated with the oxygen transfer into the water, the volumetric SOTR, 
and the specific SOTE showed that the membrane contactor transferred 
O2 mass into the water between one and two orders of magnitude higher 
per unit of volume height than those in traditional contactors. The sig
nificant mass transfer intensification in the membrane contactor makes 
it an attractive device for practical applications in gas-liquid mass 
transfer reactions. 

The investigated ozone membrane contactor was also applied to 
eliminate 23 PhACs detected in the secondary-treated wastewater. 
Under continuous mode operation and residence time of 60 s, 12 out of 
the 23 PhACs achieved removals higher than 80% for the highest spe
cific ozone dose of 0.69 g O3 g− 1 DOC. There was a strong correlation 

Fig. 5. UV254, DOC, and turbidity removal percentages after ozonation as a 
function of (a) specific ozone doses (0.39, 0.53, and 0.69 g O3 g DOC− 1), (b) 
ozone concentration in the inlet gas stream (80 and 134 mg Ndm− 3) and (c) 
correlation between PhACs removal and UV254 reduction. For more details on 
the experimental conditions of each test, see Table 1. 
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between micropollutant elimination and kO3 and kHO• values, which 
resulted in a characteristic pattern of elimination for each compound 
group. Compounds containing carboxylic acid groups, halogen sub
stituents, or amides were highly resistant to ozonation. Regarding global 
physicochemical parameters, there was no significant mineralization 
observed at the end of the treatment time under the experimental con
ditions investigated. However, it is recommended that post-treatment 
methods such as biological filtration using activated carbon can be 
employed after ozonation to address the main limitations of this process. 
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Dayıoğlu, M.A., 2022. Experimental study on design and operational performance of 
solar-powered venturi aeration system developed for aquaculture – a semi-floating 
prototype. Aquac. Eng. 98, 102255 https://doi.org/10.1016/J. 
AQUAENG.2022.102255. 

de Jesus Gaffney, V., Cardoso, V.V., Cardoso, E., Teixeira, A.P., Martins, J., Benoliel, M. 
J., Almeida, C.M.M., 2017. Occurrence and behaviour of pharmaceutical compounds 
in a Portuguese wastewater treatment plant: removal efficiency through 
conventional treatment processes. Environ. Sci. Pollut. Res. 24, 14717–14734. 
https://doi.org/10.1007/s11356-017-9012-7. 

DeMoyer, C.D., Gulliver, J.S., Wilhelms, S.C., 2001. Comparison of submerged aerator 
effectiveness. Lake Reserv. Manag. 17, 139–152. https://doi.org/10.1080/ 
07438140109353982. 

Elovitz, M.S., Von Gunten, U., 1999. Hydroxyl radical/ozone ratios during ozonation 
processes. I. The R(ct) concept. Ozone Sci. Eng. 21, 239–260. https://doi.org/ 
10.1080/01919519908547239. 

Gao, M.T., Hirata, M., Takanashi, H., Hano, T., 2005. Ozone mass transfer in a new gas- 
liquid contactor-Karman contactor. Sep. Purif. Technol. 42, 145–149. https://doi. 
org/10.1016/j.seppur.2004.07.004. 

Gerrity, D., Gamage, S., Jones, D., Korshin, G.V., Lee, Y., Pisarenko, A., Trenholm, R.A., 
von Gunten, U., Wert, E.C., Snyder, S.A., 2012. Development of surrogate correlation 
models to predict trace organic contaminant oxidation and microbial inactivation 
during ozonation. Water Res. 46, 6257–6272. https://doi.org/10.1016/j. 
watres.2012.08.037. 

Gillot, S., Capela-Marsal, S., Roustan, M., Héduit, A., 2005. Predicting oxygen transfer of 
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