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A B S T R A C T

In this study, the efficiency of three different hybrid systems coupling ultrafiltration (UF) with (i) UVC/H2O2, (ii)
UVC/TiO2, and (iii) UVC was evaluated for the treatment of a secondary effluent (SE) from a municipal was-
tewater treatment plant and a surface water (SW) from Miedwie Lake, both spiked with 5mg L−1 of oxyte-
tracycline (OTC). A ceramic membrane made of TiO2 was tested. The effect of H2O2 concentration (30 to
120mg L-1) on the UVC/H2O2-UF system and of P25-TiO2 loading (0.5 to 1.5 g L-1) in suspension on the pho-
tocatalytic UVC/TiO2-UF system were investigated. A photonic flux of 5.1 J s-1 was provided in all systems. The
maximum pure water flux (PWF) was 111 L m-2 h-1. Adsorption on the photocatalyst particles and/or on the
membrane surface was found to be an important contribution for the removal of OTC and dissolved organic
carbon (DOC). The UF membrane contributed significantly to photocatalyst and pollutants rejection in the
photocatalytic membrane reactor (PMR) with the UVC/TiO2 system; whereas when using the UVC/H2O2 pro-
cess, with the highest H2O2 dose, the membrane effect was negligible. Using SE as reaction matrix in the UVC/
TiO2-UF system with 1.0 g L-1 of TiO2, the complete OTC removal was achieved in 5 h with a mineralization of
49%. For the same reaction period, a DOC removal of 52% was achieved with the UVC/H2O2-UF system (120mg
H2O2 L-1). A similar permeate flux decrease (ca. 40%) was observed in both cases. Furthermore, the highest
reduction of permeate flux (60%) was observed when using the UVC-UF system. Using SW as reaction matrix,
higher OTC degradation rates and percentage of mineralization were reached for the same reaction period, when
compared with SE, due to the lower COD and inorganic salts concentration present in the surface water.

1. Introduction

Antibiotics are a special group of pharmaceuticals used to treat
bacterial infections in human and veterinary medicine [1]. Commonly,
these compounds are not completely metabolized and are excreted as
active substances [2]. The conventional treatments used in urban
wastewater treatment plants (WWTPs) are not efficient to completely
remove those contaminants of emerging concern (CECs), leading to
their release into the aquatic systems, causing adverse effects on sur-
roundings [3]. Several studies have reported the occurrence of anti-
biotics in the aquatic environments [4–6]. Therefore, robust new
methods must be implemented to safely discharge those effluents into

the environment.
Advanced oxidation processes (AOPs) have been successfully ap-

plied for the removal of antibiotics from aqueous solutions [7]. Among
AOPs, the ultraviolet C light (UVC) combined with hydrogen peroxide
(UVC/H2O2 system) is widely used due to its high efficiency in hydroxyl
radicals production. Regarding photocatalysis, crystalline titanium di-
oxide (Evonik P25-TiO2), with a unique combination of anatase (pre-
dominantly) and rutile crystal structures, has effectively become a
standard as photocatalyst [8]. Hybrid systems coupling the AOPs ad-
vantages with membrane technologies have gained significant attention
in recent years for the treatment of aqueous solutions [9]. Photo-
catalytic membrane reactors (PMRs) can be divided into two main
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groups: (i) systems with a photocatalyst suspended in the reaction so-
lution and (ii) systems with the photocatalyst immobilized in or on the
surface of the membrane (photocatalytic membranes). In the first case,
the photocatalyst active surface area is much larger than in the second
one and the membrane plays the important role of selective barrier for
the photocatalyst particles, allowing their reuse [10,11]. In addition, it
could serve also as barrier for the compounds to be degraded. In the
latter system, the membrane functionalization with photocatalyst im-
proves the membrane performance, through in-situ degradation of
pollutants, enhancing the antifouling properties of the membranes and
achieving a high quality permeate [11].

The most described PMRs focuses mainly on systems utilizing
polymeric membranes with a photocatalyst in suspension. However, the
application of this type of membranes in PMRs has some serious
drawbacks due to their low resistance to UV light and their possible
destruction by hydroxyl radicals [12–14]. On the other hand, inorganic
membranes, especially ceramic membranes, are more stable and re-
sistant to chemical factors and UV radiation. Furthermore, ceramic
membranes exhibit other advantages that make them more appropriate
for PMRs applications: high/low pH stability, high temperature toler-
ance and pressure resistance, long service life and abrasion resistance
[15]. The main ceramic membrane materials used are Al2O3, ZrO2 or
TiO2. Above all, pure titanium dioxide membranes exhibit major ad-
vantages, due to their highly hydrophilic surface and, as a consequence,
good fouling resistance properties [16].

Besides pollutants degradation, sorption effects have been reported
during the treatment of pharmaceuticals by PMRs on the membrane
and/or on the TiO2 surface. With respect to the adsorption on the
photocatalyst particles, its isoelectric point (point of zero charge, PZC)
determines the adsorption efficiency of the compounds. For the com-
monly used Evonik P25-TiO2 the pHPZC is 6.8 [17]. At higher pH values,
the TiO2 particles tend to adsorb positively charged contaminants;
while for lower pH values, the adsorption of negatively charged pol-
lutants is favored. The adsorption of organic compounds on the mem-
brane revealed also to be an important removal process, which usually
occurs at the initial stage of the filtration being influenced by the
membrane surface, the support layer and the membrane pores [18–20].

Oxytetracycline (OTC) is an important broad spectrum antibiotic
widely used in veterinary medicine to control infectious diseases and
growth promotion [21]. Its use has been described in different animal
productions, such as livestock [22,23] and aquaculture [23,24]. Most
OTC is excreted without being metabolized, leading to its frequent
detection in the environment [21]. OTC concentrations in the range
from 0.23 to 0.71mg L−1 have been reported in surface waters in China
[25], while dosages up to 0.34 μg L−1have been detected in rivers in the
United States [26]. In the vicinity of animal production in Iowa, OTC
was also detected in groundwater samples [23]. Although studies on the
OTC removal by UVC/H2O2 process [27], photo-Fenton [28], anodic
oxidation [29], UV-254 nm/activated persulfate (PS) [30], TiO2 pho-
tocatalysis [31] and membrane separation [32] have been reported in
the literature, to the best of our knowledge, none using AOPs-UF hybrid
systems with different effluent matrices has been described.

The main aim of the present work was to assess the degradation of a
model antibiotic, OTC, using three different hybrid processes: UVC/
TiO2 photocatalysis (with TiO2 in suspension), UVC photolysis and
UVC/H2O2 oxidation combined with UF using a ceramic membrane.
The matrix effect was evaluated by spiking OTC in a secondary effluent
from a municipal wastewater treatment plant (MWWTP) and in surface
water from Miedwie Lake, Poland.

2. Materials and methods

2.1. Wastewater and surface water

A real wastewater sample was collected downstream the secondary
treatment of a sewage treatment plant from Northwest Poland. The

natural surface water was obtained fromMiedwie Lake, a main drinking
water supply for Szczecin, Poland. The respective water quality para-
meters are summarized in Table S1 in the supplementary material. It is
possible to observe that the secondary effluent (SE) is a more complex
matrix than the surface water (SW), presenting higher values of all the
parameters analyzed, such as organic matter, dissolved solids and in-
organic ions. Feed solutions used in the experiments were prepared
using these waters spiked with OTC ([OTC]0= 5mg L−1).

2.2. Chemicals

Oxytetracycline hydrochloride (OTC, C22H24N2O9.HCl, 496.89 g/
mol) was supplied by Sigma-Aldrich and used as a model compound.
The initial concentration of OTC ([OTC]0) was 5mg L−1 which corre-
sponded to 35mg of its mass in a feed solution. Titanium(IV) oxide
(TiO2) Aeroxide® P25 (Evonik, Germany; average particle size of 21 nm,
BET specific surface area of 35-65 m2 g-1, density of 4.26 g cm-3, 80%
wt. anatase and 20% wt. rutile crystalline phases) ≥99.5% (w/w)
purity was used as suspended photocatalyst in concentrations of 0.5,
1.0 or 1.5 g L−1. The hydrogen peroxide supplied by Avantor
Performance Materials Poland S.A. was used in UVC/H2O2 experiments
(30< [H2O2]0< 120mg L−1) and in photonic flux measurements.
Ultrapure water (Simplicity™, Millipore) was used for membrane
cleaning and as matrix in some experiments. The acetonitrile and me-
thanol used for HPLC analysis were obtained from Scharlau and oxalic
acid dehydrate (100%) by Merck Millipore.

A tubular asymmetric ceramic ultrafiltration membrane with mo-
lecular mass cut-off (MMCO, according to manufacturer) of 10 kDa and
brand name of “Filtanium™” (TAMI Industries, France) was used in the
experiments. This membrane is made of titanium dioxide, with 0.25m
of length and with external and internal diameters of 0.01 and 0.006m,
respectively. The effective membrane area was 47× 10−4 m2. Before
experiments, this brand new membrane was chemically cleaned with
NaOH and H3PO4 solutions according to the procedure recommended
by the manufacturer.

2.3. Experimental procedure

The studies were carried out in a lab-scale installation equipped
with two flow-through photoreactors (Villuminated=0.84 L each) con-
taining one UVC lamp each (Philips TUV 16W, λmax= 254 nm, pho-
tonic flux of 5.1 ± 0.1 J s−1). The respective schematic representation
was already presented by Szymański et al. [33] and can be seen in the
supplementary material (Fig. S1). The photoreactors were installed
between the feed tank and the membrane module made of stainless
steel, with 0.25m of length and 0.015m of diameter, where the ceramic
membrane was housed. The membrane was not irradiated by UV light,
not acting photocatalytically in the reaction. The filtration was carried
out in the inside-out mode. According to previous works of the group
[33,34], a feed cross-flow velocity (CFV) of 6m s−1 and a transmem-
brane pressure (TMP) of 0.1 MPa were selected, taking into account
their influence on the membrane fouling. The permeate flux was esti-
mated measuring the volume permeated through the membrane during
a certain period of time. The maximum pure water flux (PWF) was
111 L m-2 h−1. The initial permeate flux (J0) was measured with ul-
trapure water at the beginning of each experiment, corresponding ap-
proximately to the PWF. The feed tank was filled with 7 L of OTC so-
lution (5mg L−1) and the temperature was set at (20 ± 1) ºC. Except
for UF only and UVC photolysis systems, different H2O2 or photo-
catalyst amounts were initially added to the feed tank. Using the PMR
with the UVC/TiO2-UF system, before turning on the UVC lamps (t
=0min), the OTC adsorption on the photocatalyst was evaluated
during 30min followed by 10min of recirculation throughout the entire
installation to evaluate OTC adsorption on the membrane (with the
permeate valve closed). In the UVC/H2O2-UF experiments (without
photocatalyst), the OTC adsorption on the membrane surface was
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carried out in the dark during 10min, before oxidant addition, also
with the permeate valve closed. The different dark periods to evaluate
OTC adsorption by TiO2 particles or by the membrane were selected
based on analysis of changes of OTC concentration. It was found that
elongation of adsorption time above 30min and 10min, respectively,
did not contribute to significant changes of OTC concentration in the
feed.

The amount of OTC adsorbed on TiO2 nanoparticles or on the UF
membrane is calculated according to Eq. 1 (mass balance of a batch
reactor).

= × −q V
m

OTC OTC([ ] [ ] )t t0 (1)

where qt is the concentration of OTC in the solid phase at time t (mg
g−1), [OTC]0 is the initial concentration of OTC in the liquid phase (mg
L−1), [OTC]t is the concentration of OTC in the liquid phase at time t
(mg L−1), m is the TiO2 or the membrane mass (g) and V is the solution
volume (L).

After checking the OTC adsorption by the TiO2 and/or the mem-
brane in all systems, the UVC lamps were turned on, the permeate valve
was opened and the experiments were conducted for 5 h with the re-
circulation of the permeate to the feed tank. The permeate flux (J) and
OTC/DOC removal efficiency were evaluated at different time intervals.
The photonic flux was determined by H2O2 (73.5 mM) actinometry
[quantum yield (Φ)= 1.11] [35].

2.4. Analytical determinations

The OTC concentration was determined by HPLC LaChrom Elite
(Hitachi, Japan) equipped with UV/Vis detector. The reverse-phase
column used was a Purospher® STAR RP-18 250-4 (5 μm) (Merck). The
detailed description of the analytic system and procedure can be con-
sulted elsewhere [7]. Inorganic ions concentration were determined by
ion chromatography (850 Professional IC, Herisau Metrohm, Switzer-
land). The analysis was performed according to the procedure already
described by Mozia et al. [36]. The H2O2 concentration was measured
by the colorimetric metavanadate method [37]. Dissolved organic
carbon (DOC) and dissolved inorganic carbon (DIC) were monitored
using a multi N/C 3100 analyzer (Analytik Jena, Germany). Na2SO3 in a
Na2SO3-to-H2O2 molar ratio of 1:1 [38] was added to OTC and DOC
samples to stop the degradation process. Chemical oxygen demand
(COD) was measured by Merck®Spectroquant kit. Conductivity, total
dissolved solids (TDS), UV254 absorbance, pH and turbidity were eval-
uated according to methods already described by Szymański et al. [39].
Before determination of OTC concentration, DOC, inorganic anions,
UV254 absorbance, conductivity and TDS parameters, samples were
filtered through 0.45 μm Nylon filters from Cole-Parmer.

3. Results and discussion

3.1. OTC removal from secondary effluent in the photocatalytic membrane
reactor by UVC/TiO2-UF hybrid system

Initially, OTC adsorption on the TiO2 particles during the treatment
of the SE spiked with 5mg L−1 of OTC by the PMR with the UVC/TiO2-
UF system was analyzed for 30min before turning on the UVC lamps
(without recirculation through the membrane module), until reach
equilibrium. The increase on the TiO2 dosage from 0.5 to 1.5 g L−1

showed to enhance the OTC removal efficiency from 12 to 36%, re-
spectively. The pH of the feed solutions was around 7.4, value above the
point of zero charge of TiO2 (pHPZC= 6.8 [17]). Under these condi-
tions, the photocatalyst surface is negatively charged and the OTC
species are almost evenly distributed between its zwitterion, H2OTC± ,
and anionic HOTC- forms (according to OTC speciation diagram [7]).
Therefore, the observed OTC adsorption is probably due to the inter-
action between the TiO2 photocatalyst particles and the zwitterion

H2OTC± species. Pereira et al. [7] reported a significant OTC adsorp-
tion on TiO2 surface (35%) when working with an OTC pure solution
(20mg L−1) using 0.5 g TiO2 L-1 at pH 7.5. In our study, using SE as
solution matrix, OTC adsorption was almost 3 times lower (12%) than
that observed for the same TiO2 dosage (0.5 g TiO2 L-1) using a pure
solution of OTC (35%). This is mainly related to the present of addi-
tional organic and inorganic species in the SE matrix, which affects
negatively the OTC adsorption on the photocatalyst surface. It should
be noted that, even with the SE as reaction matrix, a higher OTC ad-
sorption (36%) was observed when using a higher TiO2 concentration
(1.5 g TiO2 L−1), due to the greater availability of photocatalyst sorp-
tion sites. In this case, an amount of 1.1mg of OTC was adsorbed per
gram of TiO2.

Subsequently, the OTC adsorption on the membrane was evaluated,
before turning on the UVC lamps, by recirculating the feed solution
through the entire installation for 10min (with the permeate valve
closed). At the end of this process, an additional decrease in the OTC
concentration (in relation to the one obtained after the TiO2 particles
addition) of about 13–29 % was observed. It should be noted that all the
used tubing is made of stainless steel in order to avoid the adsorption of
organic species. Therefore, it was ensured that the decrease to OTC
concentration in the liquid phase during the dark period corresponds
only to its adsorption on the TiO2 membrane. It is known that relatively
low molecular weight organic compounds (OTC) can access and diffuse
to the membrane's internal sites and pores [18], and may, subsequently,
be desorbed into the permeate. In order to confirm this behavior, an
adsorption experiment was performed where the membrane was im-
mersed in a beaker with an OTC solution ([OTC]0= 5mg L−1) until
reach equilibrium (24 h). At the studied conditions, a reduction of 21%
on the OTC concentration in the liquid phase was observed, corre-
sponding to an adsorption capacity of 7.2× 10-3 mg of OTC per gram of
membrane. In order to verify the OTC sorption under process condi-
tions, ultrafiltration alone (in the darkness) was analyzed. In case of SW
the most significant decrease of OTC in feed was observed after 10min
(15%) and did not change even after 2 h. When SE was applied as a
feed, the highest decrease (11%) of OTC content caused by the sorption
occurred after 10min and during next 20min of the process it reached
16%. The observed difference between OTC adsorption in case of SE
and SW can be attributed to the presence of suspended solids, which
concentration in the wastewater was higher, as can be judged from
turbidity values. The suspended solids played a role of adsorbent and
therefore the final removal of OTC in SE was slightly higher compared
to SW. On the opposite, a more complex composition of SE compared to
SW resulted in a slightly slower adsorption due to competition between
wastewater components and OTC.

Thereafter, the influence of TiO2 concentration on the permeate flux
during the treatment of SE spiked with 5mg L−1 of OTC in the PMR was
evaluated (Fig. 1a, Table 1). When the experiment was performed with
TiO2 suspended in distilled water spiked with OTC, no membrane
fouling was observed in the system, and the permeate flux was equal to
pure water flux (PWF) (data not shown). However, when studying the
OTC removal from SE, the permeate flux declined over time indicating
that contaminants present in the wastewater contributed to membrane
fouling. Nonetheless, the permeate flux increased with photocatalyst
loading increase from 0.5 to 1.0 g L−1. Table 1 presents a comparison
between the OTC total degradation times (below the detection limit),
permeate flux deterioration and DOC removals achieved after 5 h of
treatment for both reaction matrices, SE and SW, with the different
hybrid systems studied. When using 0.5 g TiO2 L−1, at the end of the
reaction, the permeate flux decreased for 50% and, in the case of 1.0 g
TiO2 L−1, it was reduced 38%. This difference may be due to the greater
removal of organic contaminants with a higher photocatalyst amount.
On the other hand, an increase in the TiO2 dosage to 1.5 g L−1 did not
have significant improvements in the permeate flux. Despite allowing
more active photocatalyst sites, a higher TiO2 amount can also hinder
the light penetration, decreasing the degradation of the organic
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compounds, increasing, consequently, the membrane fouling.
The total OTC degradation (below the detection

limit= 0.01mg L−1) was achieved after 20min of reaction for all the
TiO2 doses tested (Table 1). It is important to note that the adsorption/
desorption phenomenon of the OTC from the membrane was observed
during all the experiments. For example, when using 1 g TiO2 L-1 in the
PMR set up, as the photocatalytic process plays an important role in the
OTC removal from the concentrate, the antibiotic is no longer detected
after 20min (Fig. S2). On the other hand, the removal profile of OTC in
the permeate presents a peculiar behavior. Initially, the membrane re-
tains the pharmaceutical molecule, probably due to the initial adsorp-
tion effect. However, after 15min it is possible to detect again the an-
tibiotic in the reaction solution. Even when the compound was totally
removed from the feed solution (after 20min), a concentration of
0.1 mg L−1 was detected in the permeate due to the continuous deso-
rption of the molecule from the membrane. The maximum OTC con-
centration detected in the permeate was 0.4mg L−1 (9% of the initial
value). Since the permeate is continuously recycled, the antibiotic
molecules were totally photodegraded and no longer detected after
120min. Regarding DOC, the values measured in the permeate (col-
lected at sampling point SP2 in Fig. S1) were always lower than the
ones measured in the feed (collected at sampling point SP1 in Fig. S1) at
the same time. This indicates that larger molecular weight organic
compounds present in the SE are rejected by the membrane.

In Fig. 1b it is presented, for the different TiO2 dosages, a com-
parison between: (i) the DOC removal efficiency due to the adsorption
on the photocatalyst particles (Rads = [F0-Fads]/F0×100%), (ii) the
overall efficiency of DOC removal in the feed (Rfeed = [F0-F5]/
F0×100%), and (iii) the total efficiency of DOC removal, regarding the
feed and permeate composition (Rtotal = [F0-P5]/F0×100%). F0 re-
presents the feed initial DOC concentration, Fads is the feed DOC after
adsorption, F5 is the DOC concentration in the feed after 5 h of treat-
ment and P5 is the DOC concentration on the permeate after a reaction
period of 5 h. It can be observed that the adsorption of organic con-
taminants on the photocatalyst particles significantly influenced the
treatment efficiency in the PMR. DOC removal due to adsorption in-
creased from 11% to 20% when TiO2 concentration increased from 0.5
to 1.0 g L−1. A further increase on TiO2 amount had a negligible effect
on DOC removal by adsorption. The total DOC removal observed using
the UVC/TiO2-UF system (Rtotal) ranged from 41% to 52% and no sig-
nificant improvement was observed for TiO2 concentrations higher than
1.0 g L−1. In this case, the photocatalyst particles probably start to
contribute to the so-called screening effect: higher TiO2 dosages can

Fig. 1. Effect of TiO2 dosage on: a) permeate flux [TiO2]: (⬛) 0.5, ( ) 1.0 and
( ) 1.5 g L−1; and b) DOC removal (⬛) Rads, ( ) Rfeed and ( ) Rtotal during
OTC removal from a SE using the UVC/TiO2-UF system. Conditions:
[OTC]0= 5.0mg L−1; pH=7.4, T=20 °C; CFV=6m s−1; TMP=0.1MPa.

Table 1
Comparison of OTC total degradation times in the feed, DOC removals in the feed and permeate after 5 h of reaction and permeate flux deterioration when using SE
and SW as reaction matrix with different hybrid systems.

Matrix Hybrid system OTC
degradation timea

(min)

DOC removal
(%)

J5/J0b

Feedc Permeated

SE UVC-UF 90 22 30 0.40
UVC/TiO2-UF (0.5 g TiO2 L−1) 20 36 41 0.50
UVC/TiO2-UF (1.0 g TiO2 L−1) 20 39 49 0.62
UVC/TiO2-UF (1.5 g TiO2 L−1) 15 38 52 0.61
UVC/H2O2-UF (30 mg H2O2 L−1) 30 35 41 0.48
UVC/H2O2-UF (60 mg H2O2 L−1) 20 47 51 0.50
UVC/H2O2-UF (120 mg H2O2 L−1) 10 51 52 0.60

SW UVC-UF 60 23 35 0.40
UVC/TiO2-UF (1.0 g TiO2 L−1) 15 52 55 0.68
UVC/H2O2-UF (120 mg H2O2 L−1) 10 64 65 0.62

a Defined as the time required to reduce the initial OTC concentration to below the detection limit.
b Defined as the ratio between the permeate flux after 5 h of experiment and the initial one.
c Defined as the overall efficiency of DOC removal in the feed [(F0-F5)/F0×100%]. F0 represents the feed initial DOC concentration and F5 is the DOC con-

centration in the feed after 5 h.
d Defined as the total efficiency of DOC removal, regarding the feed and permeate composition [(F0-P5)/F0×100%]. F0 represents the feed initial DOC con-

centration and P5 is the DOC concentration on the permeate after a reaction period of 5 h.
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mask the photosensitive surface of the photocatalyst particles, hin-
dering the light dissemination [33]. Therefore, 1.0 g L−1 of TiO2 proved
to be the most viable dosage within the investigated photocatalysts
loadings. It is also worth noting the difference between Rfeed and Rtotal

values, which can be attributed to the rejection of larger molecular
weight organic pollutants by the membrane. These data clearly show
that membrane separation played an important role on the overall
treatment efficiency. Furthermore, the system exhibited an effective
rejection of photocatalyst particles from the treated water, allowing its
recovery. The permeate had a turbidity< 1.0 NTU, value 4100 times
lower than the feed turbidity of one containing TiO2 particles.

3.2. OTC removal from Secondary Effluent during UVC photolysis and
UVC/H2O2 processes coupled with UF

The second stage of the research was focused on the OTC removal
(5 mg L−1) from SE using the hybrid UVC photolysis-UF and UVC/
H2O2-UF systems, varying the H2O2 concentrations from 30 to
120mg L−1. The OTC oxidation by H2O2 (in the absence of light)
showed to be feasible. However, this reaction is slow and, at the tested
conditions (pH=7.4 and 20 °C), only a maximum of 12% of OTC re-
moval was obtained after 5 h of reaction (data not shown).

When using the UVC-UF system, the permeate flux was significantly
lower than the PWF due to the poor degradation of large organic mo-
lecules responsible for the membrane fouling (Fig. S3, Table 1). It was
observed a systematic decrease of 34% of the initial permeate flux,
achieving a final deterioration of about 60% (during the 5 h of the re-
action). The addition of an oxidant to the system enhanced the
permeate flux values within the oxidant concentrations tested. When
using the highest H2O2 amount, the permeate flux reached a similar
value to the one optimized in the UVC/TiO2-UF system (60% of the
initial value), at the end of process.

The UVC-UF process was found to be efficient for the OTC de-
gradation, achieving a total removal in 5 h, but not for the complete
solution mineralization (Rfeed=22% and Rtotal = 30%). A change in
colour from pale yellow to pale orange was observed, probably due to
the poor mineralization of the parent compounds and to the formation
of by-products that were not photodegraded. A 2.25-fold decrease on
the OTC degradation time occurred with the addition of 30mg L−1 of
H2O2 when compared with the UVC-UF system. In fact, an improve-
ment on the OTC removal rates was verified with increasing H2O2

amounts (Fig. 2a), but even with the lowest oxidant concentration
tested, 30mg L−1, the OTC was no longer detected on the feed after
30min of reaction. López-Peñalver et al. [40] reported 97% of tetra-
cyclines (TC) removal from wastewater using an UVC/H2O2 process
(without a filtration system) only after 60min. The slower antibiotic
degradation described can be due to the lower concentration of oxidant
used (10mg H2O2 L−1) and to the absence of the membrane separation
process.

In addition, in this study, the mineralization efficiency was also
significantly enhanced with H2O2 addition. Within 5 h of reaction, DOC
removals in feed reached 35, 47 and 51% for H2O2 concentrations of
30, 60 and 120mg L−1, respectively (Table 1). The homolytic cleavage
of H2O2 molecules by UVC irradiation leads to an enhancement of the
OTC oxidation by the HO• radicals produced. In fact, at the end of the
treatment process, transparent treated solutions were observed. The
differences observed between the DOC removals on the feed and the
permeate show that the membrane had an important role when using
the systems UVC-UF and UVC/H2O2-UF with 30mg L−1 of H2O2, as
presented in Fig. 2b. As it was above mentioned, without the addition of
oxidant or with a low oxidant dosage, there is a low mineralization of
the solution. As a result, larger molecules are rejected by the mem-
brane, remaining in the feed solution. On the other hand, a slightly
lower contribution of the membrane separation to the overall treatment
efficiency was observed when using a H2O2 concentration of 60mg L−1

and, with the highest oxidant dosage studied (120mg H2O2 L−1), the

feed and total DOC removals are practically the same. The absence of
differences between DOC removals in the permeate and in the feed
samples confirms the more efficient degradation of the organic

Fig. 2. Influence of H2O2 concentration on OTC degradation from SE by UVC/
H2O2-UF system in terms of (a) OTC removal on feed, (b) DOC removal on feed
(closed symbols) and permeate (open symbols) and (c) H2O2 consumption as a
function of time. [H2O2]0: ( ) 0 – UVC-UF; (⬛) 30; ( ) 60 and ( )
120mg L−1. Conditions: [OTC]0=5.0mg L−1; pH=7.4, T= 20 °C;
CFV=6m s−1; TMP=0.1MPa.
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pollutants into low molecular weight compounds capable of passing
through the membrane in the presence of higher dosages of H2O2.

It has to be noted that the hydrogen peroxide molecules are not
rejected by the UF membrane, passing freely to the permeate. This way,
the same amount of oxidant was detected in both feed and permeate
samples, at the same reaction times. The H2O2 consumption was higher
when a higher initial H2O2 dose was used (Fig. 2c). However, the in-
crease of the oxidant concentration from 60 to 120mg L−1 did not lead
to a proportional increase in the OTC degradation, probably due to the
H2O2 consumption in parasitic reactions. The remnant concentrations
at the end of all the reactions were lower than 2.5mg H2O2 L−1.

Therefore, the H2O2 concentration of 120mg L−1 was found to be
the most beneficial one, in terms of membrane performance and pol-
lutants degradation, among all the examined doses. The system proved
to be a promising method for CECs removal present in municipal
wastewaters. However, taking into account that hydrogen peroxide is a
strong oxidant and its presence in treated wastewaters is not desired,
the residual concentration of H2O2 should be carefully monitored.

3.3. OTC removal from Miedwie Lake water using different hybrid AOP–UF
processes

In the third stage of assays, the removal of 5mg L−1 of OTC from a
surface water (SW) from Miedwie Lake was evaluated using different
hybrid AOP–UF processes (UVC/TiO2-UF and UVC/H2O2-UF) or UVC-
UF system. 1.0 g TiO2 L−1 and 120mg H2O2 L−1 were applied in the
UVC/TiO2-UF and UVC/H2O2-UF systems, respectively, corresponding
to the optimum values found when using the SE as reaction matrix. As
in the previous studies, despite achieving a complete OTC degradation
in 60min, a low mineralization (DOC removal of 35%, even after 5 h)
was verified when using the UVC-UF process. Table 1 shows that the
addition of the oxidant or photocatalyst proved to enhance significantly
the efficiency of the systems. During the UVC/TiO2-UF operation, the
OTC was no longer detected after 15min of reaction and the total DOC
concentration was reduced in 55% at the end of process (5 h). When
using the UVC/H2O2-UF system, the OTC total oxidation (below the
detection limit) was achieved in 10min, attaining a DOC removal of
65% in 5 h. The effluent matrix proved to affect both the OTC removal
and mineralization. The hybrid system UVC/H2O2-UF showed to attain
the higher DOC removals and the faster OTC removal. This system also
showed a higher efficiency on the degradation of large molecular
weight organic pollutants, evidenced by the negligible difference be-
tween DOC removals in the feed and permeate. All the experiments
with the SW as reaction matrix achieved higher mineralization values
and OTC degradation rates than with SE. For example, when using SE as
feed matrix for the UVC/H2O2-UF (120mg H2O2 L−1) system, a DOC
removal of about 52% was attained; when using the lake water as feed,
a Rtotal of 65% was achieved. This fact can be explained by the higher
COD and inorganic salts concentration in the SE (Table S1), especially
alkali and alkaline earth metals ions and inorganic carbon (HO% sca-
vengers [41,42]). Yuan et al. [43] reported also the negative effect of a
wastewater effluent matrix on OTC degradation using a UVC/H2O2

system, when compared with other water matrices (ultrapure water,
surface water and drinking water).

The obtained results revealed that, despite the better results
achieved with the UVC/H2O2-UF system, both UVC/TiO2-UF and UVC/
H2O2-UF hybrid processes are promising methods for the tertiary
treatment of WWTP effluents and for the removal of CECs from surface
waters.

4. Conclusions

The performance of three different hybrid systems coupling i) ul-
trafiltration (UF) and advanced oxidation processes (UVC/H2O2 and
UVC/TiO2 photocatalysis) or ii) UF and UVC photolysis, was compared
for the treatment of a secondary effluent and a surface water spiked

with a model antibiotic, oxytetracycline (OTC - C22H24N2O9). All the
studied systems proved to attain the complete degradation of
C22H24N2O9. The permeate flux proved to be significantly influenced by
the photocatalyst loading and oxidant concentration. The lowest
permeate flux was observed with the UVC-UF system, due to its low
mineralization efficiency. When using the UVC/TiO2-UF system, the
adsorption of the organic contaminants on the TiO2 particles con-
tributed significantly to the overall treatment efficiency and the mem-
brane showed to have a significant role on the pollutants and photo-
catalyst particles separation from the treated water. A photocatalyst
concentration of 1.0 g L−1 was observed to originate the best perfor-
mance. When using the UVC/H2O2-UF system, with the highest H2O2

concentration (120mg H2O2 L−1), a higher degradation of the organic
pollutants was achieved due to the generation of larger amounts of
hydroxyl radicals, making the role of the membrane marginal. The
presence of higher COD and inorganic salts dosages in the SE resulted in
lower mineralizations and slower OTC degradations than in SW, for all
the hybrid systems studied.

The hybrid system coupling UVC/H2O2 process (120mg H2O2 L-1)
with a UF ceramic membrane (UVC/H2O2-UF system) showed the best
results regarding the permeate flux and pollutants degradation, proving
to be an effective technology for the removal of pharmaceuticals from
waste and surface waters. Furthermore, the process seems to be at-
tractive also in terms of retentate disposal, since the concentrate does
not contain photocatalyst particles.
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