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This work presents a ceramic tubular membrane coated with a continuous graphene-TiO; nanocomposite thin-
film for contaminants of emerging concern (CECs) removal from synthetic and real matrices in single-pass
flow-through operation. Microfiltration ceramic membranes were coated in situ with graphene (G)-TiO2-P25
nano-composite using two different methods: Membrane type A - TiO2-P25 incorporated in the G preparation
stage (1% [MA-1], 2% [MA-2] and 3% [MA-3] [w/v]), and Membrane type B - TiO2-P25 thin-film uniformly
coated over the G film surface (coating layers: 3 [MB-1], 6 [MB-2], and 9 [MB-3]). After the catalyst deposition
and before the pyrolysis step, air was forced to pass through the membranes pores (inside-outside mode),
providing a porous film. The CECs solution (diclofenac-DCF, 17f-estradiol-E2, 17a-ethinylestradiol-EE2 and
amoxicillin-AMX) was prepared using Ultrapure water (UPW) or an urban wastewater after secondary treatment
(UWW) fortified with 500 pgL™! of each CEC. Membranes were characterized by the following techniques:
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Fourier-Transform Infrared spectroscopy
(FTIR), Diffuse Reflectance UV-Visible spectroscopy (DR UV-Vis) and Raman spectroscopy. The membranes
coated with MA-3 and MB-2 catalyst films, irradiated by UVA light, showed the highest ability for CECs removal.
Furthermore, the Relative flux reduction ratio (RFR) decreased around 45% in the absence of UVA light, owing to
membrane fouling. The combination of filtration and oxidation (G-TiO,-UVA) provided a permeate with higher
quality and minimized membrane fouling. Although membrane type B allowed for a permeate with higher
quality, membrane type A provided a higher permeate flux.

towards One Water — One Health approach [1]
The European Parliament recently approved the minimum re-

1. Introduction

Urban wastewater treatment plants (UWWTPs) are the major hot-
spots for contaminants of emerging concern (CECs) (e.g. pharmaceuti-
cally active compounds, pesticides, industrial chemicals, etc.), antibiotic
resistant bacteria (ARB) and antibiotic resistance genes (ARGS), release
to water compartments, and, consequently, new approaches are
required to reduce CECs& ARB&ARGs mass fluxes into the environment,
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quirements at the European level for the first time for reclaimed water (i.
e., urban wastewater that has been treated in a reclamation plant) to be
used for agricultural purposes, in a safe way, protecting people and the
environment [2]. Due to its high separation efficiency, membrane
filtration, specially nanofiltration and reverse osmosis, is an up-and-
coming technology for tertiary treatment of urban wastewaters,
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towards CECs&ARB&ARGs removal, achieving a permeate with high
quality, safe to be reused in agriculture irrigation [3-5]. However,
disposal of concentrate waste stream, high energy requirements, low
permeate flux, low selectivity and fouling, constitute significant obsta-
cles to broader implementation in UWWTPs [6,7]. Thus, the use of
photocatalytic membrane reactors (PMRs) may appear as a very prom-
ising solution. PMRs are hybrid systems coupling photocatalysis with
membrane filtration in a single unit [8,9]. The main action mechanisms
of PMRs are CECs&ARB&ARGs retention and oxidation. The generation
of highly reactive oxygen species (e.g. OH® and O, * radicals) on the
membrane surface are able to: i) enhance membrane permeability and
hydrophilicity and ii) improve the antifouling membrane properties
through oxidation of organic molecules, and microbiota adsorbed onto
the membrane surface and blocking the membrane pores, leading to a
higher and more constant permeate flux and a concentrate with higher
quality [6,10-12]. Additionally, CECs& ARB&ARGs are forced towards
the membrane surface, increasing its concentration near the liquid/
catalyst interface, boosting the reaction rate.

Although semiconductors, such as TiO3-P25, can be anchored on
ceramic membranes to improve its performance (nano-engineered
membrane) [8,13], the high recombination rate of photogenerated e/h"
is a major drawback [14]. Graphene (G) is a single layer of a carbon
hexagonal network showing a high surface area with delocalization of &
electrons, boosting the charge carrier’s separation in photocatalytic re-
actions. G-based TiO; membrane for CECs& ARB&ARGs removals has
recently been reported elsewhere [15-17]. Almeida et al. [18] reported
TiOy/graphene oxide (GO) nanocomposite immobilized into poly
(vinylidene difluoride-co-trifluoroethylene) (P(VDF-TrFE)) fibers,
showing high oxidation rates for methylene blue. Rao et al. [19] fabri-
cated a flat membrane interconnecting TiO2 nanowires, Fe;O3 nano-
particles, and GO sheets for the removal of humic acids from water. All
these studies used flat-shaped membranes and a great majority of G-
based TiO, membranes are porous polymeric supported (e.g., poly-
vinylidene fluoride, PVDF; polysulfone, PSF; polypropylene, PP; and
polyacrylonitrile, PAN) [20-23]. Moreover, among the significant
number of publications on photocatalytic membranes with G-based,
only a few are related to ceramic tubular membranes [24-26].

Until now, a significant amount of G-TiO, composites have been
prepared through various techniques using more than one stage without
achieving a continuous G layer in the membrane [27-29]. Moreover,
most of them have several limitations, either in the membrane area or in
the need to prepare highly expensive chemical vapor deposition (CVD)
graphene and subsequent transfer graphene to the membrane surface.
Therefore, the method of preparing graphene-based membranes is the
key to the large-scale fabrication of nanosheet membranes on tubular
substrates for industrial applications. In a previous work of our research
team, a ceramic membrane doped with a continuous graphene layer was
fabricated in a single pyrolysis step, using chitosan as precursors of G,
and applied for salt rejection [30].

Hence, this work reports for the first time a ceramic tubular mem-
brane coated with a continuous G-TiO nanocomposite thin-film for
CECs removal from synthetic and real matrices in single-pass flow-
through operation. The functionalization of the microfiltration mem-
branes (MFs) was optimized using two different methods to verify which
is the best option regarding the quality and quantity of the permeate: A)
TiO2-P25 incorporated in the preparation stage of G, and B) TiO,-P25
deposited over the G layer. The photocatalytic membranes were
assembled in a PMR, having an outer borosilicate tube as reactor win-
dow, and UVA lamps located around the window, and further tested for
the removal of a mixture of four CECs (diclofenac-DCF, 17p-estradiol-E2,
17a-ethinylestradiol-EE2 and amoxicillin-AMX) using Ultrapure water
(UPW) or Urban wastewater (UWW) after secondary treatment, as re-
action matrices.
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Table 1
Summary of membrane nomenclature.
Membrane Fabrication conditions Nomenclature
Membrane type A CS + 1% of TiO2-P25 + MA-1
TiO2-P25 incorporated in the G pyrolysis
preparation stage CS + 2% of TiO2-P25 + MA-2
pyrolysis
CS + 3% of TiO2-P25 + MA-3
pyrolysis

Membrane type B
TiO,-P25 thin-film uniformly
coated over the G film surface

CS + pyrolysis + 3 coating MB-1
layers (TiO»-P25)
CS + pyrolysis + 6 coating MB-2
layers (TiO2-P25)
CS + pyrolysis + 9 coating MB-3
layers (TiO,-P25)

*Note: CS - Chitosan; G — Graphene.

2. Materials and methods
2.1. Chemicals

Amoxicillin (AMX, MW = 365.40 g molfl, CAS# 26787-78-0),
diclofenac sodium salt (DCF, MW = 318.13 g mol ™!, CAS# 15307-79-
6), 17p-estradiol (E2, MW = 272.38 g mol’l, CAS# 50-28-2) and 17a-
ethinylestradiol (EE2, MW = 296.403 g mol~!, CAS# 57-63-6) were
supplied by Sigma-Aldrich. A CECs stock solution (500 mg L) was
prepared by dissolving AMX/DCF/E2/EE2 in acetonitrile (Fisher
Chemical™) followed by gradual dilution with ultrapure water (UPW),
resulting in an acetonitrile content of 16% (v/v). TiOy Aeroxide® P25
(Evonik, Germany, > 99.5% (w/w) purity, 80% anatase and 20% rutile
crystalline phases, average crystal size of 25 nm, specific surface area of
50 m? g %, and density of 3.9 g cm™>) was used as photocatalyst. The
surfactant Triton™ X-100 was purchased from Sigma-Aldrich and used
in the preparation of the TiO2-P25 suspension for membrane coating.
Chitosan (CS) from Sigma-Aldrich (low molecular weight) was used as a
precursor to graphene films. For AMX, DCF, E2 and EE2 determination
by HPLC-DAD, acetonitrile and methanol obtained from Fisher Chem-
ical™ and oxalic acid dehydrate (100%) from Panreac Quimica SLU
were used as mobile phases. AvistaClean® P611 (Avista Technologies,
United Kingdom) solution was used to clean the membrane after each
experiment. UPW (Millipore Direct-Q®, 18.2 MQ em ™! at 25 °C) was
used to prepare eluents and CECs solutions, as also for membrane
cleaning before each experiment and permeability tests. To evaluate the
photonic flow, 2-Nitrobenzaldehyde-2NB (99% purity) provided by
Labbox Labware, S.L. was used. A non-photoactive microfiltration
a-Alp03 membrane (outside-inside filtration mode) with 100 nm pore
size (40-55% porosity), an outside diameter of 2 cm, internal diameter
of 1.6 cm, length of 20 cm and effective membrane area of 84 cm? was
purchased from Inopor®, Germany.

2.2. Fabrication of continuous G-TiOy thin-films on membrane shell-side

Continuous multi-layer defective G-TiO5 thin-films over the ceramic
membrane shell-side were prepared in situ following the procedure
detailed described in Presumido et al. [30]. A CS solution was prepared
by adding slowly 5 g of CS in 250 mL of UPW acidified with acetic acid
(25%). A photocatalyst aqueous suspension was prepared by adding 5 g
of TiO2-P25 powder and two drops of TritonTM X-100 in 250 mL of
UPW.

G-TiO2 nanocomposite thin-films were prepared using two methods:
(A) TiO2-P25 incorporated in the G preparation stage, and (B) TiO2-P25
thin-film uniformly coated over the G film surface (Table 1). For mem-
brane type A, different amounts of TiO2-P25 (1% [MA-1], 2% [MA-2]
and 3% [MA-3] [w/v]) were added to the CS solution. For values
higher than 4% w/v, the film was not continuous. A detachment and
peeling off of the resulting G-TiO film from the alumina membrane was



P.H. Presumido et al.

visibly observed. Hence, a maximum of 3% TiO, (w/v) was used in this
work. Before use, the prepared suspensions were magnetically stirred for
24 h and sonicated for 15 min at 50 kHz. The prepared suspensions were
used to coat the membrane shell-side with one immersion using a dip-
coating method with an immersion rate and withdrawing speed of 8
cm min ! and an immersion time of 1 min (Dip-Coater RDC 15, Bungard
Elektronik GmbH & Co. KG). The G-TiO, decorated membrane was dried
by placing it in a horizontal position over a heating plate at 100 °C for
30 min, at a rotation speed of 40 rpm, followed by another 30 min in an
oven at 100 °C. Subsequently, the membranes were subjected to com-
pressed air flow (inside-outside mode) at 5 bars for 10 min, providing a
physical opening of the pores. Then, the membrane with CS-TiO5-P25
film was pyrolyzed under argon flow (300 mL min~'), at a heating rate
of 5 °C min~ until reaching 600 °C for 4 h [31]. Insert Table 1

For the preparation of membrane type B, the same procedure
described above was repeated using a CS solution without TiO3-P25;
after which, the G-decorated membrane was immersed in a TiO,-P25
solution using the same dip-coating procedure. Following each immer-
sion, the membrane was dried in an oven at 100 °C for about 15 min and
this procedure was repeated (coating layers: 3 [MB-1], 6 [MB-2], and 9
[MB-3]) until achieving the desired mass of the catalyst on the mem-
brane surface (17, 24 and 30 mg of TiO3).

Regardless of the deposition method (A or B), the membrane func-
tionalized with G-TiO, was inserted into the reactor and cleaned
through the permeation of UPW for 1 h. The total mass of catalyst
deposited on the membrane was calculated by weighing the membrane
prior to catalyst deposition and after the cleaning and drying process.
Furthermore, the membranes before and after the reactions were
weighed (dry mass) to measure the possible leaching of TiO, and the
difference was<1% of the total mass of TiO5. Also, the absorbance of the
concentrate and permeate streams at 500 nm, characteristic of TiO2, was
negligible during the reaction period.

2.3. Characterization techniques

Raman spectra were recorded at room temperature with a Horiba
Jobin YvonLabram HR UV-Visible-NIR (200 - 1600 nm) Raman Mi-
croscope Spectrometer, using a 632 nm laser as the excitation source.
Raman spectra were recorded in random points of a 1 x 1 cm? film.

The morphology of the sample was analyzed by Scanning electron
microscopy (SEM) using a JEOL JSM 6300 apparatus equipped with an
X-MAX detector of Oxford Instruments and coupled with energy
dispersive X-ray (EDS) analysis. To determine the surface porosity and
pore size distribution on the G-TiO3 functionalized samples, SEM images
from randomly chosen area (around 100 points) were analyzed by Image
Pro software. The textural properties of tested samples were analyzed
using liquid nitrogen porosimetry or the Brunauer-Emmett-Teller (BET)
adsorption-desorption isotherms, measured by Micrometrics ASAP
2020 V 1.05H surface area analyzer.

The surface morphology was investigated by Atomic force micro-
scopy (AFM) with NanoScope 3D (Veeco, USA) microscope operated in
taping mode under ambient conditions. Etched silicon probes with
spring constant 20 — 80 Nm ™! were used. Image analysis was done by
Nanoscope image processing software. The Roughness surface
morphology (RSM) is calculated as the root mean square average of
height deviations taken from the mean data plane (Eq. (1)):

/ 2
RSM = % (€D)]

where Z; is the maximum vertical distance between the highest and
lowest data points in the image.

Fourier Transform Infrared spectra (FTIR) of samples were recorded
on ATR-FTIR Nicolet iS10 (Thermo Scientific) spectrometer in the range
4000-500 cm ™! with a resolution of 4 cm™! and at room temperature.
The UV-Visible diffuse reflectance spectra (DRS) were recorded on a
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Shimadzu 2600 UV-Visible spectrometer with an integrating sphere
attachment within the wavelength range from 200 to 700 nm. An
Attension Theta optical tensiometer with automated liquid pumping
system was used for the contact angle measurements. UPW was used as
the probe liquid.

The point of zero charge (pHp,c) of the G-TiO, film was determined
following a pH drift test as described elsewhere [32]. Briefly, an amount
(5 mL) of 0.01 M NaCl solution was placed in a flask and the pH was
adjusted to a value between 2 and 10 by addition of 0.01 M HCl or 0.01
M NaOH. Then, 15 mg of G-TiO film powder was added and the final pH
was measured after 24 h under stirring at room temperature. After the
shaking process, the final pH of suspensions was recorded. The differ-
ence between final and initial pH value (ApH) was plotted against initial
pH. The point of intersection of the resulting curve at with ApH = 0 gives
the value of pHp,c.

X-ray powder diffraction (XRD) data for the quantitative phase
analysis were acquired on a Shimadzu XRD-7000 diffractometer with a
Cu Ko radiation (40 kV and 30 mA).

2.4. Preliminary photocatalytic tests in a batch reactor

As there is an impossibility to compare G-TiO2 membranes with a
TiO5 membrane in continuous filtration mode, since there are significant
differences in size and distribution of the pores (discussed in more detail
in section 3.1), batch tests were carried out to evaluate the oxidation
ability of the different catalyst thin-films over the membrane shell-side.
Hence, a tubular MF membrane was cut into small pieces of 1 cm in
length. G-TiO3 and TiO-, films were produced on the external surface of
the small pieces of MF membrane using the methods described in Sec-
tion 2.2. Under batch conditions, the following catalyst films/system
were tested and compared towards CECs oxidation: pristine membrane
piece, G membrane piece, UVA + pristine membrane piece, UVA + G
membrane piece, UVA + TiO, membrane piece, and UVA + G-TiO,
membrane pieces (Membranes type A or B).

The batch experimental system was composed mainly of a 200 mL
thermostatic glass vessel, a magnetic stirrer, and a UVA lamp (Philips TL
6 W, Anax = 365 nm) located above the vessel. 150 mL of CECs solution
prepared with UPW ([CEC]0 = 500 pg L1 of each) was added to the
vessel (25 °C) and mixed by magnetic stirring. The MF membrane piece
was inserted in the bottom of the vessel. CECs adsorption on the catalyst
film was evaluated during 10 min and, immediately afterwards, the UVA
lamp was switched on, starting the reaction for 180 min. CECs photolysis
was evaluated in the absence of the membrane pieces. Samples were
collected at a predefined series of time intervals and then analyzed in
terms of CECs concentration.

2.5. Photocatalytic membrane reactor’s setup and experimental
procedure

The lab-scale system integrates: i) a photocatalytic membrane
reactor (vertical position) equipped with four UVA lamps (Philips TL 6
W, Amax = 365 nm, photonic flux of 1.19 + 0.02 J s 1) located exter-
nally to the reactor window; ii) a 5 L feed tank (cylindrical glass vessel)
coupled to a thermostatic bath (Julabo, model F12-EH) and a magnetic
stirrer (CAT, model M5); iii) a gear pump (Tuthill Pump Group, DGS.68)
to feed the membrane module; iv) a system to control the pump, lights
and flow rate, and v) a back pressure regulator (BPR) connected to a
personal computer to regulate the transmembrane pressure. The PMR
unit comprises an inner-tubular ceramic membrane and an outer boro-
silicate glass tube (length: 15.5 cm; internal diameter: 6 cm; thickness: 9
cm; maximum pressure: 12.5 bar), as reactor window, allowing UVA
light to penetrate into the annular reaction zone until the membrane
surface. Polytetrafluoroethylene (PTFE) tubes were used to connect the
whole system units (Fig. S1).

First, the feed tank was filled with 5 L of CECs solution, which was
maintained at 25 °C. The CECs solutions were prepared using UPW or
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Table 2
Main physicochemical characteristics of the urban wastewater (UWW)
collected after secondary treatment in a UWWTP (Northern Portugal).

Parameter (units) Values
Color Pale yellow
pH 7.2
Temperature (°C) 16.7
Conductivity (uS cm™) 198
Turbidity (NTU) 0.9
Absorbance at 254 nm (AU) 0.15
Transmittance at 254 nm (%) 70.8
Dissolved organic carbon (mg L™!) 6.2
Dissolved inorganic carbon (mg L™~1) 2.9
Chemical oxygen demand (mg O, L™ 1) 26
Total dissolved iron (mg L 0.2
Total suspended solids (mg L 1.5
Volatile suspended solids (mg L™!) 0.5
Total nitrogen (mg L™%) 35
Total phosphorous (mg L™}) 1.9
Nitrite — N-NO3~ (mg L) 0.1
Sulfate — SO, (mg L™1) 19.0
Chloride — CI~ (mg L™) 17.4
Bromide — Br’ (mg L™ 1) < 0.08"
Fluoride - F (mg L™1) < 0.03"
Phosphate - PO,>~ (mg L) <0.5"
Sodium — Na* (mg L™1) 0.93
Ammonium — NH;* (mg L™1) < 0.02°
Potassium — K™ (mg L’l) 5.2
Magnesium — Mg?* (mg L™1) 1.7
Calcium - Ca** (mg L) 15.4

@ Limit of detection.
b Limit of quantification.

UWW fortified with the same amount of CECs ([CEC]0 = 500 ug L1 of
each). No pH correction was performed for the UWW fortified with
CECs. The main characteristics of the UWW sample are presented in
Table 2. Insert Table 2

The CECs adsorption on the membrane surface was evaluated for 30
min (without permeation), in which the solution passed through the
entire system in dark (recirculation mode). Immediately, the cross-flow
velocity (CFV) and the transmembrane pressure (TMP) was set to 0.01
m s~! and 10 bar, respectively, and the UVA lamps were switched on,
starting the reaction time. The CECs solution filtration was carried out in
outside-inside mode. Prior to the photocatalytic experiments, all mem-
branes were firstly stabilized with UPW filtration (Jy) water at a TMP of
10 bar for 1 h. The membrane’s permeability was evaluated using UPW
at multiple TMP (3, 6, 10 bar). The permeate flux (J¢gcs) was determined
through collecting a volume of permeate during a certain period of time.
Samples were collected at predefined times (0, 15, 30, 45, 60, 90, 120,
150, 180, 210 min). The retentate was continuously recirculated to the
feed tank. Permeate samples were collected under time intervals until
steady-state conditions (90 min) were achieved and then analyzed in
terms of CECs.

In order to investigate the antifouling properties of the G-TiO,
membranes, the Flux recovery ratio (FRR), the Relative flux reduction
ratio (RFR), reversible fouling ratio (Rr) and irreversible fouling ratio
(Rir) were determined. After the experiment, the membranes were
washed with UPW for 1 h to remove loosely attached organics. Then, the
flux of the cleaned membrane (J¢y) was measured again at 10 bar. The
FRR (Eq. (2)), RFR (Eq. (3)), Rr (Eq. (4)) and Rir (Eq. (5)) were calcu-
lated as follows [33]:

FRR(%) = (JE—M) x 100 2
0
Jo — Jeres
RFR(%) = (J—) x 100 3
0
Rr(%) — (@) < 100 @
0
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Rir(%) = (J—° ;JCM) % 100 (5)
0

The photonic flow was determined by the actinometry of 2NB (10
mM) [34]. 2L of 2NB solution was placed in the reactor vessel, recir-
culated in all system for 10 min in the dark, and a control sample was
taken. After, the 4 UVA lamps were turned on and samples were
collected at predefined times (0, 7.5, 15, 22.5, 30, 37.5, 45 min). The
BPR was fully open, and no permeation occurred.

2.6. Analytical determinations

The CECs concentrations were followed by a reversed-phase HPLC
using a VWR Hitachi ELITE LaChrom equipped with a Merck LiChro-
sorb® RP-18 (5 pm) LiChroCART® 125-4 column and a L-2455 diode
array detector (DAD). An isocratic elution (48:52 (v/v) acetonitrile/
0.014 M oxalic acid) was used for E2, EE2 and DCF determination. For
the AMX quantification, the equipment was operated in a gradient mode
using acetonitrile/methanol/0.014 M oxalic acid with ratios of 10:5:85
(v/v) from 0 to 3 min, 15:5:80 (v/v) from 3 to 5 min, 10:5:85 (v/v) from
5 to 8 min. The flow rate was set at 1.0 mL min~?, the injection volume
at 50 uL and DAD at 230 nm for AMX and 280 nm for E2, EE2 and DCF.
The retention times for E2, EE2, DCF and AMX were 4.0 min, 5.1 min,
9.4 min and 3.3 min, giving detection limits of 7.86 yg L%, 18.8 ug L™,
15.2 uyg L7 and 10.7 pg L™}, respectively. The 2NB concentration was
determined using an isocratic elution with 60% 0.014 M oxalic acid/
40% acetonitrile, at a flow rate of 0.60 mL min~'. The retention time and
the detection limit were 7.6 min and 2.4 mg L™}, respectively.

Turbidity, total nitrogen, total phosphorous, total dissolved iron,
chemical oxygen demand, total suspended solids, volatile suspended
solids were all determined according to the Standard Methods [35]. The
total dissolved carbon and dissolved inorganic carbon were measured in
a Shimadzu TOC-V¢gy analyzer (Shimadzu, Kyoto, Japan). pH and
temperature were measured using a Hanna Instruments HI-2020 edge®
hybrid. Conductivity was determined by Hanna Instruments HI9828
multiparameter meter. The absorption spectra were evaluated between
200 and 800 nm using a Merck Spectroquant® Prove 300 UV/Vis
spectrophotometer. Inorganic anions were analyzed by ion chromatog-
raphy (Dionex ICS-2100 LC) equipped with an IonPac® AS11-HC 250
mm x 4 mm column (T = 30 °C) and an anion self-regenerating sup-
pressor (ASRS® 300, 4 mm) under an isocratic elution of 30 mM KOH at
a flow rate of 1.5 mL min~'. Inorganic cations were also evaluated by ion
chromatography in a Dionex DX-120 LC coupled with an IonPac®
CS12A 250 mm X 4 mm column at ambient temperature and a CSRS®
Ultra II cation self-regenerating suppressor (4 mm) under an isocratic

elution of 20 mM methanesulfonic acid at a flow rate of 1.0 mL min ™.

2.7. Pseudo-first-order kinetic model fitting

A pseudo-first-order model (Eq. (6)) was fitted to experimental data
of CECs oxidation in the batch system, as a simple mathematical model,
using a nonlinear regression method (Fig. P software for Windows from
Biosoft).

[CEC], = [CEC],, x e *exext (6)

where [CEC]; and [CEC], are CEC concentration (uM or pg L’l) after
a certain time (t) and just before reaction beginning (t = 0), respectively,
and kcge (min~1) is the pseudo-first-order kinetic constant. The goodness
of fitting was evaluated considering the relative standard deviations, the
residual variance (SZR) and coefficient of determination (R?).

2.8. Toxicity screening using zebrafish embryo bioassay
The zebrafish embryo bioassay, carried out based on the OECD Fish

Embryo Acute Toxicity (FET) Test 236 [36], was used to evaluate the
competence of the ceramic tubular membranes coated with G-TiOy in
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reducing the toxicity of synthetic and real matrices fortified with four
CECs. The zebrafish embryo bioassay involved ten different treatments:
synthetic matrix (dechlorinated water - control), solvent control
(acetonitrile in dechlorinated water; the percentage of acetonitrile is
equal to amount in the CECs working solution), real matrix (UWWTP
secondary effluent), real matrix + acetonitrile, and CECs in synthetic
and real matrices before and after the treatment with the membranes.

2.8.1. Zebrafish maintenance and eggs collection

Adults zebrafish AB strain were kept in dechlorinated water at 28 +
1 °C and under a photoperiod of 12:12 h (light:dark). Animals were fed
ad libitum, twice a day, with commercial food Tetramin (Tetra, Melle,
Germany), supplemented every two days with live Artemia spp. In order
to induce zebrafish breeding, in the afternoon prior to the beginning of
the embryo bioassay, adults in a proportion of 2:1 (male:female) were
allocated in a breading box to reproduce. At the following day, 1.5 h
after the beginning of the light period, newly fertilized eggs were
collected and cleaned in order to start the embryo bioassay [37].

2.8.2. Zebrafish embryo bioassay OECD 236

The clean zebrafish eggs were observed in a magnifying glass and
randomly allocated in 24-well plates (one embryo per well) previously
incubated with 1.5 mL of each treatment. In each 24-well plate was
assigned one treatment composed of 20 embryos divided into five rep-
licates plus an internal plate control (4 embryos). The plates were
randomly maintained in an incubator at 26 °C + 0.5 for 96 h under the
same photoperiod as the adults. The treatment solutions were renewed
daily in order to maintain oxygen saturation and the integrity of the
solutions. Embryos were checked every day for mortality and dead
embryos were removed. Embryo development was checked under an
inverted microscope (Nikon Eclipse 5100 T) coupled with a digital
camera Nikon D5 - Fi2, and morphological abnormalities on the head,
tail, notochord, pericardial and yolk-sac oedemas, and hatching rate
were recorded as present or absent at 24, 48, 72, and 96 h post-
fertilization (hpf) [37,38]. At each observation time point, the
different abnormalities were grouped and presented as total
abnormalities.

2.8.3. Statistical analysis

Data obtained during the embryo bioassay were computed in Sta-
tistica 12.5 (Statsoft, USA). Data were tested for homogeneity of vari-
ances using Leven’s test and transformed if required. If the homogeneity
of variances was met, a one-way ANOVA followed by Fisher’s least
significant difference (LSD) test was performed in order to evaluate
differences between the CECs in synthetic/real matrices and the syn-
thetic/real matrices without the CECs; as well as differences between the
CECs in both matrices before and after treatment with membranes. If the
homogeneity of variances was not met even after data transformation,
data were analyzed by Kruskal-Wallis followed by Multiple Comparison
Rank Test. Significant differences were set at p < 0.05.

3. Results and discussion

The best G-TiO; functionalized membranes towards CECs rejection
and permeate quantity were MA-3 (membrane type A) and MB-2
(membrane type B) (see section 3.2.2). Therefore, the discussion on
membrane characteristics and results is based on these two samples and
compared to their respective controls - in the absence of light (MA-
3yvaofr and MB-2yyaoff)-

3.1. Characterization of the catalyst film immobilized on the porous
membrane

The G-TiO2 nanocomposite films were obtained through a facile and
single-step method in which CS was used as a precursor to graphene
production. The surface of the ceramic membrane modified with G-TiO2
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Fig. 1. SEM images of the top surface of the MA-3 (a) and MB-2 (d) modified
membranes with the expected EDS spectra (b, €) and surface pore size distri-
bution (c, f).
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(d

Fig. 2. Tapping mode AFM image of the sample MA-3: section 5 um x 5 um x 800 nm - top view image (a) and surface plot image (b); and the sample MB-2: section:

5pum x 5 pm x 1200 nm - top view image (c) and surface plot image (d).

was wholly covered by a continuous film without the apparent presence
of pinholes or cracks (Fig. 1). The preparation method for MA-3 resulted
in a continuous film of G interspersed with aggregates of TiO,, creating a
discontinuity in the G layer, which allows more defects in the catalyst
film (Fig. 1a). The image also shows that TiO5 was bound together with
G at the time of its formation by pyrolysis in an oxygen-free atmosphere.
On the other hand, Fig. 1d (MB-2) shows a continuous G layer covered
by TiO4 nanoparticles. The surface morphology itself presented a slight
agglomeration caused by the deposition of the photocatalyst over the G
layer (Fig. 1d). Fig. la presents debris scratched from the graphene
membrane to visually show a comparison between two different zones of
the MA-3 film. From the analysis of EDS (Fig. 1b and 1e), the two
different zones of the manufactured membranes indicate the presence of
carbon, titanium and alumina, describing the materials of the G film,
TiO4 film and the ceramic membrane (a-Al»03), respectively. The EDS
results show the presence of carbon on the entire surface of the MA-3,
even when zone Z2 is analyzed, which shows strong signs of the pres-
ence of both titanium and carbon. This indicates that G and TiO5 are
incorporated into each other. In contrast, for the manufacturing method
of MB-2, the G film was coated with a TiO; layer. In zone Z2, where
titanium is the predominant element, the TiO, film covers the G signal
(Fig. 1e).

Hence, SEM analysis provides strong evidence that the G-TiO, was
successfully prepared, in which the TiO, was bonded together with G
film or coated over the G layer. This structure is beneficial for membrane
fabrication as G can enhance the connection with TiO, and improve the
strength of the membrane to be used as a barrier for the retention of
CECs. In addition, the contact between G film and TiO; nanoparticles
minimizes charge recombination, enhancing photocatalytic activity (see

section 3.2.1). Insert Fig. 1

The comparison of the surface porosity and pore size distribution
between the TiOg-functionalized G samples (Fig. 1c¢ and 1f) are set up to
the following values: 1) the sample MA-3 showed a mean pore size of
67.3 nm with an average film porosity of 13.3%; and 2) the sample MB-2
presents a mean pore size of 48.4 nm with an average film porosity of
12.1%. Although the sample MB-2 presents a narrow pore size distri-
bution than MA-3, both are classified as ultrafiltration membranes. In
general, several ranges of G-TiO2 micropores have been measured in the
sample MB-2, making the catalyst surface more accessible/available for
the solid-liquid interactions (i.e., the tendency of higher membrane
fouling). The accumulation of the nanoparticles over the G film increases
the surface roughness of membrane type B and subsequently reduces
membrane fouling resistance.

The surface profile at the nanometer scale was effectively presented
by the AFM technique. The top view image displays the selected image
from a top-down perspective, where the height information is repre-
sented by the color at a given scale from 0.0 to 1200.0 nm, indicating
generally low roughness of the sample MA-3 (Fig. 2a) and sample MB-2
(Fig. 2c). Surface Plot image displays the selected image with color-
coded height information in a three-dimensional perspective (Fig. 2b
and 2d). The Roughness surface morphology (RSM) for the sample MA-3
has shown higher homogeneity of the surface, with very similar RSM
values for the sections of 5 um x 5 ym x 800 nm (RSM; 5,m = 52.9 nm,
Fig. 2b) and 10 ym x 10 pm x 1500 nm (RSM; 10ym = 75.39 nm — data
not showed). The sample MB-2 has shown slightly higher roughness
(RSMy 5,m = 56.38 nm, Fig. 2d and RSMj 5,, = 82.21 nm - data not
shown). Additionally, the analytical AFM performance for the sample
MB-2 was much more time/accuracy demanding, also indicating the
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Fig. 3. (a) The FTIR spectra of graphene (G), TiO»-P25 (T) and G-TiO»-func-
tionalized samples (MA-3 and MB-2); (b) The UV-Vis spectra of graphene (G)
and G-TiO,-functionalized samples (MA-3 and MB-2); the inset of panel (b)
shows the bandgap energies of graphene (G), TiO»-P25 (T) and G-TiO»-func-
tionalized samples (MA-3 and MB-2); (c) The RAMAN spectra of graphene and
G-TiO,-functionalized sample (MA-3).
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higher roughness of the membrane surface.

Similar values of surface porosity and roughness of the tested ma-
terials (MA-3 and MB-2) are directly reflected in their analytical per-
formances — both membranes resulted in the stabile structure with
enhanced photocatalytic activity (section 3.2). The major difference in
membranes’ fabrication procedures is further demonstrated by the
higher accessibility/availability of the TiO; active sites — manifesting the
higher CECs abatement of the MB-2 sample (with TiO» thin-film layer).
Insert Fig. 2

The FTIR spectra of G and G-TiO-functionalized samples (Fig. 3a)
show the corresponding peaks at: 1055 cm ™! (C-0), 1067 cm™~!(C-0),
1085 cm ™! (C-0), 1137 em ™ (C-OH), 1207 ecm ™! (C-OH), 1236 cm ™! (C-
OH) and 1597 ecm™! (C = C) [39-41]. The surface oxygen-containing
functional groups render the possibility of covalent linkage of TiO,
onto the G surface [42]. The intensities of those peaks are low for the
MA-3 sample due to the influence of TiO; incorporated into CS before
pyrolysis and, therefore, less exposure of the photocatalyst on the
membrane surface. The peak at 3390 cm ™! originates from the hydroxyl
group of water [39], which also demonstrates the hydrophilic surface of
the MB-2 sample [43]. The bands at 2961, 2926 and 2854 cm™~! corre-
spond to the C-H stretch vibrations of the methylene group [44]. The
slight difference detected in the peak position for the tested samples is
due to the difference in the degree of hydrogen bonding and other in-
teractions [45]. The low peak of the lattice vibration of TiOy (Ti-O-Ti
stretching) has been recorded in the wavelength of 703 em~! [40] and
1400 cm™! [39] for the MB-2 sample. Moreover, Ti—O—C bond has
been detected at a wavelength of 1096 em~! (MA-3) and 1085 cm ™!
(MB-2) demonstrating an interaction between TiO» and G [41]; the Ti-
element was dominantly present on the MB-2 surface of membrane
(previously confirmed by the EDS technique).

The UV-Vis absorption spectra were measured in the diffuse reflec-
tion mode to access the optical absorption of composite material
(Fig. 3b). An enhanced absorption capacity of the G-TiO3 composites in
the range of 200-700 nm is shown, and the absorption region is
extended to the near-infrared region. The enhanced absorption of the G-
TiO, composites is attributed to the presence of the Ti—C and Ti—O—C
bonds. The characteristic absorption band of the graphene centered at
264 nm is attributed to the 1 — =* transition of aromatic C—C bonds
[46]. The shoulder present in the G-TiO,-functionalized samples at 298
nm corresponds to the n — n* transition of C=0 bonds. The adsorption
peak at 315 nm and 385 nm indicates the formation of continuous G-
TiO4 nanofilm [19,43]. It was observed that the peak position for the G-
TiOa-functionalized composites at 315 nm slightly shifted to 318 nm
compared to the G. This redshift (of 3 nm) results from charge-transfer
interactions between G and TiO,, which is also confirmed by
enhancing the Raman signal [47]. The bandgap energies, Eg (eV) of the
MA-3 and MB-2 samples obtained from the Tauc Plot method [48], are
2.36 and 2.65 eV, respectively, much lower than that of the pure TiO; -
3.36 eV (mostly in the range of 3.1-3.4 eV) [49]. After the modification
of TiO,, the Eg is narrowed, and the light absorption range of TiO2 can
be extended into the visible region. The unique structure of the MA-3
facilitates the electron transfer due to the less exposed TiO, particles
(i.e., graphene is providing the space separation of photoelectron and
hole pairs in rapid electron transfer units), leading to the inhibition of
the recombination of the e —h™ pairs [43,50].

Raman spectroscopy was applied to determine the crystalline quality
of the composite with continuous G-TiO film — MA-3 (Fig. 3c). Two
sharp picks have been detected for the G and G-TiOs-functionalized
sample: 1360 cm ™! for the D band (disorder carbon) and 1594 cm ™~ for
the G band (graphene carbon) [51]. D-band corresponds to the struc-
tural carbon disorders [40], while the G-band can be attributed to the
first-order scattering of Eog proton of SP? carbon atoms of graphene [52].
The crystal structure, disorder and defects may be further determined by
the relative intensity of D and G peaks. The position of D- and G-band
(Fig. 3c) is the same for both samples, where the higher intensity of
peaks implies the density of structural defects in the G-TiO5 sample (MA-
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Fig. 4. CECs removal efficiency (a) and removal rate in umol h~! (b) from an
UPW and, permeate flux as a function of the reaction time for the different

catalyst films using membrane type A: MA-3uvaorr (FEER:; —[]—), MA-1
(M;— M —), MA-2 (E—H—) and, MA-3 EZ; ); CECs

removal efficiency (c) and removal rate in umol h™! (d) from an UPW and,
permeate flux as a function of the reaction time for the different catalyst films

using membrane type B: MB-2yvaor (RN —(O—)» MB-1 (BES; —-6-),
MB-2 (B; —IRj—) and MB-3 ( [ITTTTTT;
after 210 min of reaction (J2;0). Conditions: [CEC]o = 500 pg L5 T=25°C
CFV = 0.01 m s~ %; TMP = 10 bar.

); €) Permeate flux in L m2h!

3). The G band in thermally reduced TiOs-sample slightly shifts to the
lower frequencies, showing the broader peaks with higher intensities
[44]. The intensity ratio ID/IG of the G sample (0.64) increased for the
MA-3 sample (0.69) due to the removal of oxygenated groups after the
thermal treatment (reestablishment of conjugated graphene network)
[51]. The further analysis showed marginal G-band shrift ¢ 5 ecm Dtoa
lower frequency at 1589 cm™' (from 1594 cm™'), which confirms the
interaction (charge transfer) between graphene and TiOy [39]. The
broad 2D peak at 2960 cm ™! is typically present in the graphene spectra,
indicating the possible formation of the multi-layer structure and the
presence of the amorphous carbon phase [43,52].

The phase structures of the TiO2-P25 samples after pyrolysis were
confirmed by XRD and compared to pure TiO,-P25, as shown in Fig. S2.
The characteristic diffraction peaks appearing at 20 = 25.3 and 20 =
27.4 diffraction planes for the anatase and rutile, respectively [53]
{Mani, 2012 #65}. The results before and after pyrolysis at 600 °C are
similar. Kim et al. [54] reported that the anatase-rutile phase trans-
formation occurred at temperatures above 600 °C. Therefore, the char-
acterization data indicated that the heat treatment did not affect the
TiOg crystallinity. Insert Fig. 3

3.2. Performance of the photocatalytic membranes

3.2.1. Batch tests

Preliminary CECs removal experiments using small pieces of the
membranes were carried out in a batch reactor. All these experiments
are laid out in Table S1. Experiments with a pristine membrane showed
a negligible CECs removal, indicating insignificant i) photoactivity of
the membrane material and ii) photolysis of CECs in the presence of UVA
light. Furthermore, the membrane coated with TiOy and G-TiO, thin
films showed negligible CECs adsorption.

However, the functionalized membranes boosted the CECs removal,
where G-TiO; thin-films performed better than TiO, thin-film, indi-
cating that the incorporation of TiO3 nanoparticles on G nanosheets are
able to improve the photocatalytic activity of the membrane surface.
Membrane type B showed better results than membrane type A
(maximum kcgc.g = 1.3-fold increase, #C11 and #D11) due to the better
exposure of the TiO, nanoparticles to the UVA light. Although the
increment in the amount of photocatalyst deposited on the membrane
showed a positive effect on CECs oxidation, the reaction rate will reach a
maximum value with further film thickness increase, as it will be dis-
cussed in the following sections [55].

3.2.2. PMR tests using synthetic CECs solutions

Prior to CEC oxidation experiments, the hydraulic permeability of
each membrane was evaluated by the slope of the straight line obtained
by plotting the water flux values, measured in fixed conditions of tem-
perature (25 °C), as a function of the TMP (3, 5, 10 bar), according to
Darcy’s law (Fig. S3). The hydraulic permeability computed from the
slope flux for MA-3 and MB-2 were 7.8Lm 2h !bar! and
2.6 L.m 2h ! bar !, respectively. The membrane hydrophilicity or
wetting capacity is one of the most important factors for improving the
pure water flux and reducing fouling. The membrane with less water-



P.H. Presumido et al.

contact angle has better hydrophilicity properties [56]. The addition of
TiOy nanoparticles on the membrane surface decreased the contact
angle for MA-3 and reached a value of zero for MB-2 (Table S2). This can
be attributed to the presence of TiOy hydrophilic nanoparticles in the
upper layer of MB-2. The presence of TiO, nanoparticles containing a
large number of hydrophilic hydroxyl groups on the surface of the
membrane increases its hydrophilicity [57]. The outermost surface of
membrane type B has a layer of TiO, which is highly wettable. How-
ever, below the layer of TiO,, there is a layer of graphene that has hy-
drophobic characteristics. Although MB-2 has a smaller apparent
contact angle than MA-3, the high TiO, content on the surface of
membrane type B caused a high decrease in the permeate flux. This
permeate flux decline could be attributed to pore blocking by the TiOy
nanoparticles, correlated with the reduction in porosity and mean pore
radius (see Fig. 1c and f).

In continuous-flow experiments using PMR, the pristine/commercial
MF membrane could not reject CECs molecules due to its larger pore size
when compared with the diameter of the target organic compounds and
its non-photoactive characteristic. Furthermore, tests were carried out
with the BPR fully open (no permeation) in the absence of light, in order
to evaluate the possible adsorption of the CECs in the experimental
setup. CECs adsorption on the membrane with and without a catalyst
thin-film was negligible (<1%). However, in the presence of light and
catalyst thin-film, CECs rejection achieved maximum values of nearly
60% (Fig. 4a and 4c). Insert Fig. 4

The membranes coated with multi-layer G-TiOy films (A or B)
without physical treatment showed no water permeation (maximum
pressure of 10 bar), confirming the hypothesis that the pores were
created by the passage of an air stream through the membrane (inside-
outside mode). This procedure creates nanogaps in the CS film after the
catalyst deposition and before the pyrolysis step. The success of the pore
preparation process in multi-layer graphene membrane derives from the
ability of CS to form conformal, continuous films on arbitrary substrates
and its subsequent transformation into defective doped G upon pyrolysis
at 600 °C. Pyrolysis causes a profound structural change of the poly-
saccharide forming doped G even after physical treatment. The goal was
to achieve a membrane able to reject CECs and allow the permeation of
nutrients, producing a safe and nutrient-rich permeate for irrigation in
agriculture [58]. For example, recent experimental investigations using
a microfiltration membrane proved that physical opening methods using
an electron beam or a laser could be an excellent approach to create
variable-sized graphene nanopores to tune selectivity and molecular
diffusivity [59].

As expected, in the presence of UVA light, the functionalized mem-
branes exhibit an improvement in the membrane permeate flux and
quality, and reduced membrane fouling (Fig. 4), due to the synergetic
functions for CECs oxidation and self-cleaning process. Maximum CECs
rejection coupling continuous filtration with photocatalysis were as
follows: (i) 48 and 53% (DFC); (ii) 56 and 65% (E2); (iii) 54 and 62%
(EE2); 49 and 45% (AMX) for membranes MA-3 and MB-2, respectively.
Membrane type B enables a slightly higher CECs rejection than mem-
brane type A, which can be explained mainly by the better exposure of
the photocatalyst to light. As the preparation method of membrane type
B only inserts TiO5 after the formation of the G layer in the membrane
shell-side, a greater amount of catalyst is susceptible to being activated
by UVA light. For membrane type B, catalyst thin-films with approxi-
mately 17, 24 and 30 mg of TiO, were obtained when 3, 6 and 9 im-
mersions of the G membrane in the catalyst suspension were carried out.
Although an increment on the catalyst film thickness improved the CECs
rejection efficiency, permeate flux declined (Fig. 4c, to be further dis-
cussed below), leading to a maximum CECs removal rate (pmol h b
(Fig. 4d) for the catalyst film with 6 layers.

For membrane type A, CECs removal efficiency (Fig. 4a), permeate
flux (Fig. 4e) and consequently, CECs removal rate (Fig. 4b) increased
with the increment on TiO2 mass (1, 2 and 3% w/v) used in the prep-
aration of the CS solution (before pyrolysis). For values higher than 4%
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Fig. 5. Flux recovery ratio (FRR), relative flux reduction ratio (RFR), reversible
fouling ratio (Rr) and irreversible fouling ratio (Rir) to assess antifouling per-
formance of G-TiO, membranes with (MA-2 and MB-3) and without (MA-
3uvaoft and MB-2yvyaog) UVA irradiation.

w/v, the film was not continuous and for that reason, 3% w/v was
considered the optimum concentration of TiO,.

According to the data presented in Fig. 4b and 4d, the CECs removal
rate followed the sequence E2 > EE2 > DCF > AMX. CECs have starkly
different chemical properties, and their particle size can vary from 11.5
to 46 pm (mean molecule size: DCF - 11.5-39.6 pm; AMX — 10-30 pm;
E2/EE2 — 30-46 pm) [60-62]. Under the experimental conditions (pH =
6.9), DCF and AMX are both negatively charged molecules. Also, the
pHp; for the G-TiO film powder was found to be 6.4 (Fig. S4). As the
solution pH is higher than the catalyst zero-point charge, the surface of
G-TiO; film is negatively charged, providing selective rejection of the
negatively charged CECs. These results were confirmed by the zeta po-
tential analyses (Table S2). Regarding hormones, neutral molecules for
the pH working conditions, their rejections positively correlated with
their larger molecular dimension (size exclusion) and fairly hydrophobic
characteristics (logKow = 4.01 and logKow = 3.67, respectively).

In the presence of light, the CECs rejection can be correlated with its
reactivity towards hydroxyl radicals (E2 - keog=(1.2 + 0.3) X
101°M's7Y EE2 - keon=(1.5 + 0.2) x 101°°M ! s7!); DCF -
keon=(9.29 + 0.11) x 10°M~!s™!; AMX - keon = (3.93-7.95) x
10°M~1s71) [63-66] and higher driving force for the catalyst surface
([E2]feed = 2.1 & 0.2 mM > [EE2]feeq = 1.8 £ 0.1 mM > [DCFlfeeq =
1.64 + 0.09 mM > [AMX]feed = 1.29 £ 0.08 mM). During the usual
membrane filtration process, solutes are transported from the surface of
the membrane (Cgyrface) to the bulk cross-flow by convective transport
(Jconvection) as a part of the permeate flow. Solutes that are rejected
accumulate (Cpyy) near the surface forming either deposits or a
gelatinous-type layer (fouling). This solute build-up will cause a steep
concentration gradient within the boundary layer, causing a back-
transport of solute into the bulk stream due to diffusion (Jgiffusion)
[67]. Consequently, there is an exponential increase in the concentra-
tion of organic compounds near the membrane surface (Fig. S5), which
are oxidized by the action of reactive species, such as superoxide radicals
(05 *), photogenerated holes (h"), and hydroxyl radicals (OH®), gener-
ated when the G-TiO3 film is exposed to light (UVA) [28]. Therefore, a
hybrid system that couples membrane filtration and photocatalytic
processes appear to be an alternative pathway to preclude the fouling
and improve CECs removal.

In this study, the permeate flux changes were monitored for 210 min
where the starting point of the reaction was carried out by permeation of
UPW and the following points were accomplished with a CEC solution.
The permeability performance of G-TiO, membranes was investigated
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and presented in Fig. 4a and 4c. As can be seen, the highest permeate
flux decline was observed at the beginning of the experiments and after
30 min of reaction time, the permeate flux achieved steady-state con-
ditions in the presence of UVA light (MA-1, MA-2, MA-3, MB-1, MB-2
and MB-3). In the absence of UVA light (MA-3yyaoff and MB-2yyaoff), the
decline in the permeate flux was continuous and did not reach a steady-
state condition even after 210 min of reaction. Generally, the reduction
in permeate flow is attributed to the fouling phenomenon in which the
size exclusion, hydrophobic interaction and electrostatic repulsion are
the mechanisms responsible for the fouling of the membrane surface
[68]. In the absence of UVA light, the RFR of MA-3 or MB-2 membranes
decreased 40 and 45% owing to membrane fouling, respectively.

As shown in Fig. 5, the G-TiO3-UVA system (MA-3 and MB-2) has a
lower RFR and higher FRR than the G-TiO; system (MA-3yyaoff and MB-
2uvaoff)- Generally, lower RFR and higher FRR values indicate better
antifouling properties of a membrane. Additionally, fouling can be
divided into reversible (Rr) and irreversible (Rir) fouling. Rr is a fouling
that could be cleaned by re-washing and is caused by the rejected
contaminant molecules adsorbed or deposited on the surface of the
membrane. Rir fouling is mainly removed by chemical washing or
enzymatic degradation and is formed by various compounds that
strongly bind with the membrane. Fig. 5 shows that both Rr and Rir
fouling strongly decreased with the use of the G-TiO2-UVA system. For
example, Rir decreased from 42.3 and 46.6% for MA-3yyaoff and MB-
2uvaoff to 5.7 and 9.2% for the MA-3 or MB-2, respectively. The G-TiOy
membranes have not only a lower RFR value but also a lower Rir value,
which indicates a higher longevity of the fabricated membranes. Similar

10

); MA-3 (B, —54—); and membrane type B (c): MB-2uvaoft (Y —H&—), MB-2 (I]]]]]]]]], —B—). Conditions: [CEC]o = 500 pg L' T=25°C; pH =

results were also obtained by Xu et al. [69], using a PVDF ultrafiltration
membranes based on the synergy of GO and TiO,.

Hence, the G-TiO5-UVA system presents a better permeability and
antifouling properties when compared to the system in the absence of
light. Fig. 4e also presents the permeate flux during filtration of CECs
solution through the examined membranes. After 210 min, the permeate
flux reached maximum values of 91 Lm 2 h~! and 23 Lm 2 h! for the
MA-3 and MB-2 membranes, respectively. Membrane type A shows the
highest water permeability, which may be attributed to the pyrolysis of
the CS with TiO2 nanoparticles, resulting in more defects in the
continuous G film. The results showed that the permeability of mem-
brane type A increased according to the concentration of TiOy nano-
particles up to 3% ([w/v]), when the film started to create gaps in the
continuous film. On the other hand, when the photocatalyst was added
over the G film (membrane type B), there was a significant decrease in
the permeate flux after 210 min (J210) for increasing amounts of TiO;
(J210-MB-1 23Lm 2h™Y Jyomea 18Lm 2hY Jyomes
11 Lm~2h™Y). Therefore, the accumulation of nanoparticles may lead to
porosity reduction, which affects the flux through the membrane. Insert
Fig. 5

The long-term stability of the G-TiO2 nanocomposite thin-film was
evaluated for an operation period of 12 h. The relative permeates flux
(Jcrcs/Jo) of the membranes A and B with/without UVA radiation (MA-
3uvaoft;, MB-2yuyaoff, MA-3 and MB-2) versus time is displayed in Fig. S6.
The obtained results reveal that a considerable flux decline for all
membranes is observed during the first min of operation. However, after
60 min of filtration the membranes with UVA radiation reached an
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almost constant flux, and the membranes without UVA radiation had a
steep slope up to approximately 60% with 300 min. Moreover, although
all the membranes showed a flux decline during the filtration process, at
the end of the 12-hour filtration, MA-3 and MB-2 membranes reveal
about 40 and 50% higher permeate flux than the respective membranes
without UVA radiation, suggesting the superior potential of membranes
with catalyst activation. The stability of catalyst films was also evaluated
based on the CECs removal for a period of 12 h. Fig. S6b shows the
treatment level achieved for each CEC throughout the experiment. In
general, the CECs removal percentage level was stable throughout the
monitored period, with no evident trends of decreased treatment per-
formance. Mean levels of treatment ranged from 45% removal of AMX to
65% removal of E2 for the G-TiO2-UVA systems.

3.2.3. PMR tests using UWW matrix fortified with CECs

The effectiveness of the PMR system, using MA-3 and MB-2 mem-
branes, was evaluated towards CECs removal from a secondary effluent
from an urban WWTP fortified with 500 pg L of each CEC (Fig. 6).
Fig. 6b and 6c show high RFR values of 70-75%, using the UWW matrix,
near 12 times higher than when using synthetic CECs solutions. This is
associated with the presence of organic matter in the UWW, resulting in
the formation of a dense cake layer around the membrane shell-side,
contributing to a rapid deterioration of the permeate flux. UWW com-
ponents include a broad range of organic (e.g., natural organic matter
composed of humic and fulvic acids, carbohydrates, proteins) and
inorganic species (e.g., carbonate, bicarbonate, nitrite, sulphate, chlo-
ride), which react with OH® and O3 ° radicals, either competing with
organic CECs for oxidation or forming the respective radicals with lower
oxidation potential [70,71]. Moreover, the presence of cation ions
(Ca%*, Mg?* and K) in the UWW solutions (Table 2), might led to a less
negative G-TiO membrane surface due to charge shielding and chem-
ical adsorption [72]. As expected, in the presence of the UVA light,
pollutants are oxidized on the membrane surface, showing a lower
decline in the permeate flux when compared with the system in the
absence of UVA light (RFR higher than 90%) (Fig. 6b and 6¢). Regarding
the permeate flux, as observed during the filtration of a pure synthetic
CECs solution, MA-3 presents higher values than MB-2 (inset graphics of
Fig. 6b and 6c¢).

Although the UWW matrix affects the permeate flux negatively, CECs
rejection was not significantly affected, achieving maximum values of:
(i) 31 and 34% (DFC); (ii) 43 and 49% (E2); (iii) 41 and 45% (EE2); and
29 and 31% (AMX), respectively for MA-3 and MB-2 membranes irra-
diated by UVA light (Fig. 6a). The decline in CECs rejection can be
associated with: i) the existing contaminants (organic and inorganic
matter) in the UWW matrix that are capable of inhibiting the rate of
CECs removal, ii) the deposited/adsorbed pollutants onto the catalyst’s
film, preventing the catalyst contact with light, oxygen and water,
negatively affecting the photocatalytic activity.

As in the CECs synthetic solution studies, MB-2 behaves better than
MA-3, considering the CECs removal. The well-controlled morphology
(the pore exposure/accessibility, the functionality /hydrophilicity of the
surface), efficient TiO; interactions with the graphene and good mate-
rial stability disclose the role of multicomponent hybrid photocatalytic-
membrane system. Insert Fig. 6

3.3. Toxicity

The zebrafish embryo bioassays met the OECD FET test 236 criteria:
overall survival and hatching rate in control and solvent control at the
end of the 96 h exposure were > 90% and 80%, respectively. Moreover,
no significant differences were observed between control and solvent
control.

Mortality, total abnormalities, and hatching rate observed on
zebrafish embryos exposed to the CECs in synthetic or real matrices
before and after the treatment using MA-3 or MB-2 are presented in
Table 3. A significant increase of total abnormalities (sum of pericardial
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Table 3

Toxicological effects observed in zebrafish embryos exposed to the CECs, in
synthetic and real matrices (dechlorinated water and UWWTP secondary
effluent, respectively) before and after the treatment with the ceramic mem-
branes MA-3 and MB-2.

Hours post Treatment
fertilization

(hph)

Endpoints

Total
abnormalities
(%)

0+0

Mortality
(%)

Hatching
(%)

24 Synthetic matrix 2.1 + 0.6 0+0
(dechlorinated
water - control)
Synthetic
matrix +
acetonitrile (sol.
control)
Synthetic
matrix 4+ CECs
Synthetic
matrix + CECs
+ MA-3
Synthetic
matrix + CECs
+ MB-2

Real matrix
(UWWTP
secondary
effluent)

Real matrix +
acetonitrile
Real matrix +
CECs

Real matrix +
CECs + MA-3
Real matrix +
CECs + MB-2
Synthetic matrix
(dechlorinated
water - control)
Synthetic
matrix +
acetonitrile (sol.
control)
Synthetic
matrix + CECs
Synthetic
matrix + CECs
+ MA-3
Synthetic
matrix + CECs
+ MB-2

Real matrix
(UWWTP
secondary
effluent)

Real matrix +
acetonitrile
Real matrix +
CECs

Real matrix +
CECs + MA-3
Real matrix +
CECs + MB-2
Synthetic matrix
(dechlorinated
water - control)
Synthetic
matrix +
acetonitrile (sol.
control)
Synthetic
matrix + CECs
Synthetic
matrix + CECs
+ MA-3

5£5 0+0 0+0

15+6* 040 0+0

10+6 0+0 0+0

5+5 0+0 0+0

5+5 0+0

55 0£0 0+0

5+5 10+6 0+0

55 0£0 0+0

5+5 0+0

48 2.1+0.6 0+0 0+0

5£5 040 0+0

15+6* 0+0

10+6 5+£5 0+0

5+5 0+0 0+0

5+5 0+0 0+0

55 0+0 0+0

5+5 100+ 0* # & 0+0

5£5 0+0 0+0

5+5 0+0 0+0

72 2.1+0.6 0+0 17 £2

5+5 0+0 @B+1)x

10

15+6* 27 2% # & 0+0#

10+6 0+0 “4+£1)x

10
545

5+£5 10+6

(continued on next page)



P.H. Presumido et al.

Table 3 (continued)

Hours post Treatment Endpoints
i:lrpt;)hzatlon Mortality Total Hatching
(%) abnormalities (%)
(%)

Synthetic
matrix + CECs
+ MB-2
Real matrix 5+5 5+5 (6 +2)x
(UWWTP 10!
secondary
effluent)
Real matrix + 5+5 0+0 4+1) x
acetonitrile 10
Real matrix + 4+£1)x 100+ 0* # & 0+0*
CECs 10" * # &
Real matrix + 5+5 0+0 (2+1) x
CECs + MA-3 10!
Real matrix + 5+5 5+5 10+6
CECs + MB-2

96 Synthetic matrix 2.1 + 0.6 21+0.6 97.9 £ 0.6
(dechlorinated
water - control)
Synthetic 5+5 10+ 6 95+ 5
matrix +
acetonitrile (sol.
control)
Synthetic 20+5%*& 887 *#& 10+6*#
matrix + CECs &
Synthetic 10+6 5+5 90+ 6
matrix + CECs
+ MA-3
Synthetic 5+5 5+5 95+5
matrix + CECs
+ MB-2
Real matrix 5+5 5+5 95+5
(UWWTP
secondary
effluent)
Real matrix + 5+5 5+5 95+5
acetonitrile
Real matrix + 100 £ 0 * A A
CECs # &
Real matrix + 5+5 0+0 100 + 0
CECs + MA-3
Real matrix + 5+5 5+5 80+t9
CECs + MB-2

“* indicates significant differences (p < 0.05) between CECs in synthetic or in
real matrix and control or UWWTP; “#” and “&” indicate significant differences
between treated and non-treated groups (i.e., CECs in synthetic or real matrices
before and after the treatments with the MA-3 and MB-2, respectively); a — not
measured because all embryos died. Data are expressed as mean + SE (N = 10 for
control; N = 5 for the other treatments).

and yolk-sac oedemas and notochord malformation) was observed in
embryos exposed to the CECs plus synthetic or real matrices when
compared with both matrices without CECs. After 48 h of exposure to
CECs in the real matrix, 100% of the embryos showed pericardial and
yolk sac oedemas, and abnormalities in the notochord (Table 3, Fig. 7)
compared with 5% abnormalities in the real matrix. At 72 and 96 h, 35
and 100% of embryos died, respectively, in the real matrix with CECs.
Similarly, although less severe, the embryos exposed to CECs in the
synthetic matrix also presented a significant increase of abnormalities
(88.3%) at 96 h (Table 3, Fig. 7) compared with no abnormalities
recorded at the synthetic matrix alone at this time point. The mortality
rate for the CECs plus synthetic matrix reached 15% at 72 h and 20% at
96 h compared to 2.1% in synthetic matrix alone in these time points.
With regard to the hatching rate, no embryos hatched after exposition to
CECs in the real matrix and all of them died at 96 h. The hatching rate for
the embryos exposed to CECs in the synthetic matrix was significantly
reduced at 96 h with only 10% of the embryos hatched, compared to
97.9% in the synthetic matrix alone.

The abnormalities and mortality reported for the CECs in both
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Fig. 7. Abnormalities observed in the zebrafish embryo bioassay: Pericardial
oedema - black arrow; yolk sac oedema — red arrow at 48 hpf exposition to
CECs + real matrix (A); Abnormal notochord formation at 96 hpf exposition to
CECs + synthetic matrix (B); normal development at 96 hpf recorded in CECs +
real matrix + MA-3 (C), CECs + real matrix + MB-2 (D) and control - synthetic
water (E).

matrices were significantly reduced after the treatment using MA-3 or
MB-2 with values similar to the synthetic and real matrices (p > 0.05)
(Table 3, Fig. 7). The same effect was observed for the endpoint hatching
rate that was significantly increased after the treatment using both types
of membranes. It is evident that the filtration + oxidation treatment
process increased the fitness of zebrafish embryos and led to a significant
decrease in the toxicity produced by CECs present in the synthetic and
real matrices. Insert Table 3 Insert Fig. 7

4. Conclusions

The PMR with the functionalized membranes, activated by UVA
light, operated in a single-pass flow-through mode for the treatment of
synthetic CECs solutions, exhibits a substantial improvement in the
membrane permeate quality and quantity compared to its performance
in the absence of light. The G-TiO5-UVA systems present high stability
for at least 12 h of continuous operation and reduced reversible and
irreversible fouling due to the synergetic functions for CECs oxidation
and self-cleaning process. Overall, the results in this study indicate that
the G-TiO,-UVA systems investigated achieve good removal of CECs and
were able to reduce CECs toxicity to zebrafish embryos effectively.
Membrane type B enables a slightly higher CECs rejection than mem-
brane type A, which can be explained mainly by its better exposure of
the photocatalyst to light. However, the accumulation of the nano-
particles over the G film increases the surface roughness of membrane
MB-2, confirmed by AFM analysis, reducing its resistance to fouling
when to compared to membrane MA-3.

Although the UWW matrix showed a significant negative effect on
permeate flux when compared to UPW, mainly due to the presence of
substances that may deposit or adsorb onto the membrane’s surface
(blocking the membrane pores), the CECs rejection was similar to the
one obtained with UPW.
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