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ARTICLE INFO ABSTRACT

Keywords: A novel nanofiltration membrane, whose active layer consists of 98.6 wt% of a thermocatalytic perovskite with

Nanoc‘omposite composition Srg gsCep.15Fe03.5 (CSF), 1.0 wt% of graphene oxide (GO), and 0.4 wt% of a humic acid-like (HAL)

‘S/\t,ro?tmm ferrate crosslinker, was deposited over a commercial flat-sheet polyethersulfone support with good reproducibility by a
astewater

simple 1-step coating procedure. The synergistic coupling of CSF and the crosslinked GO resulted in an improved
catalytic activity for bisphenol A (BPA) abatement as a model pollutant. The thermocatalytic CSF/GO/HAL
(GOT) membrane was tested in a nanofiltration crossflow apparatus with a model BPA solution and with a real
urban wastewater treatment plant effluent. Its performances were compared with those of a HAL crosslinked GO
(GOHAL) reference membrane. The GOT membrane presented high rejection towards BPA, antifouling proper-
ties, and stability under the filtration conditions. Moreover, when compared to the GOHAL reference, the
thermocatalytic GOT membrane was able to reduce the concentration of BPA and the total organic carbon in the
feed during filtration. Hence, the GOT membrane appears to have high potential in water treatment due to its
multifunctional characteristics, which include molecular sieving, thermocatalytic oxidation of organic pollutants,
and self-cleaning properties. Additionally, the membrane material showed no significant toxicity to the aquatic
model organisms Raphidocelis subcapitata, Aliivibrio fischeri, and Daphnia magna at concentrations below 50 ppm.

Contaminants of emerging concern
Toxicological tests

1. Introduction treatment options for the abatement of CECs in urban and industrial

wastewater streams, thus mitigating the problem of their release into the

In recent years, an increasing number of organic contaminants of
emerging concern (CECs) has been found in natural water systems [1-3].
These water pollutants, which include pharmaceuticals, industrial aux-
iliaries, pesticides, and consumer products, cannot be fully degraded by
the conventional physical and biological treatments, and therefore they
are eventually discharged into the aquatic environment. Although the
concentrations of these CECs typically do not exceed the pg L' level,
they can be potentially harmful to aquatic life in receiving waters [4,5].
Moreover, CECs and their chemical or biological transformation prod-
ucts can enter the food chain or contaminate drinking water resources,
with a potentially negative impact on human health [6,7]. In this
context, advanced oxidation processes (AOPs) are attractive tertiary
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environment [8]. AOPs are based on the in-situ production of strong
oxidants, such as hydroxyl and superoxide radicals, for the fast oxidation
of CECs. Ozonation and UV-C treatments [9-11] are established AOPs
for the depollution and disinfection of wastewater, drinking water, and
water in recirculated systems (e.g. recirculated aquaculture systems
[12,13]). Besides them, other AOPs, such as Fenton-based processes
[14,15], and photocatalytic abatement by ceramic semiconductors (e.g.
titanium dioxide) [16,17] are emerging as highly promising methods for
CECs removal from wastewaters. However, these technologies rely on
the addition of chemicals and/or light exposure.

Among ceramic materials, certain perovskites have been recently
reported to promote the advanced oxidation of organic pollutants in
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wastewater [18-23] without chemical additives and under dark condi-
tions. The degradation mechanisms that are involved in this thermoca-
talytic process have not been clarified yet. According to Chen et al. [22],
surface electron transfer (SET) is the most probable mechanism for the
oxidation of organic pollutants by these perovskites under dark condi-
tions. Based on SET, the ceramic thermocatalyst acts as an “electron
tunnel” by transferring electrons from the adsorbed organic contami-
nants to the adsorbed oxygen species, thus degrading organics and
forming reactive oxygen species, which can further react with the dis-
solved organic compounds. For instance, strontium ferrate and Ce-doped
strontium ferrate were observed being effective in degrading various
model pollutants, e.g. bisphenol A, acid orange 7, acid orange 8, and
acetamiprid [23,24], under dark conditions. Moreover, we have recently
coupled the thermocatalytic abatement of organic pollutants by a
perovskite with nominal composition SrggsCeo15Fe0s.5, hereinafter
named CSF, with membrane technology, as a separate step for the
degradation of organic pollutants in the membrane concentrate [24,25].
Integration of CSF with membrane distillation [24] allowed drawing of
clean water at the cold side (permeate) of the membrane, while simul-
taneously degrading organics concentrated at the hot side of the mem-
brane. Therefore, thermal energy, which can be taken from renewable or
waste heat sources, drives water permeation through the membrane and
the same time activates CSF for the thermocatalytic degradation of
CECs. In a different study [25], we combined CSF thermocatalysis under
dark conditions with an Al,Os-doped silica nanofiltration tubular
membrane [26] in two ways: (i) addition of CSF at the membrane feed
during filtration allowed for CECs abatement, while mitigating mem-
brane fouling and improving the quality of permeate of the NF mem-
brane, which did not show complete rejection of CECs; (ii) pre-
concentration of the wastewater by nanofiltration allowing for a
strong reduction of the thermal energy needed for CECs abatement by
CSF. These two CSF-membrane concepts were shown to be effective in
the production of pure water without creating a toxic concentrate and
with no need for additional chemicals or light sources.

Within the current trend of process intensification, the possibility to
integrate the selective CECs rejection of NF with the advanced oxidation
of contaminants in a single functional membrane is highly attractive, in
reason of the numerous benefits resulting from the synergistic integra-
tion of these two technologies [27]. Thus, different functional NF
membrane concepts, in which contaminant oxidation is performed by
photocatalytic materials [28,29] or enzymes immobilized on the mem-
brane surface [30,31], have been proposed in the past years. An obvious
advantage of these devices is that the immobilization of the biocatalyst
or photocatalyst over the membrane surface solves the problem of its
recovery. Moreover, synergistic interaction between the catalyst and the
membrane matrix can increase degradation rates. For instance, a few
TiOs-functionalized graphene oxide (GO) membranes have been
recently reported [32-36]. These membranes combine the well-known
photocatalytic activity of TiO» nanoparticles [37] with the ability of
GO films to provide CECs rejection in the NF range [38-42]. Moreover,
the chemical interaction between TiO5 and GO is beneficial for CECs
abatement, by extending the light absorption spectrum of the ceramic
photocatalyst to the visible light, by hindering electron-hole pair
recombination, and because organic contaminants are adsorbed by GO
near the photocatalytic centers where reactive oxygen species are
formed. At the same time, the formation of reactive oxygen species over
the membrane surface can mitigate fouling, thus extending the service
time between cleaning cycles. The development of such photocatalytic
membranes implies solving several challenges concerning membrane
fabrication and unit design [27]. Furthermore, photocatalytic mem-
branes might not be suitable for all water systems, because turbidity
might hinder the photocatalytic process. On the other hand, oxidation of
organic contaminants under dark conditions was achieved by immobi-
lization of enzymes (e.g., laccase [43,44]) on the surface of NF mem-
branes, although these biocatalytic NF membranes are difficult to clean
and their service time is limited due to the intrinsic fragility of the
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biocatalysts.

In response to the above-described drawbacks of the photocatalytic
and the enzymatic membranes for water depollution, here we present a
new type of nanofiltration membrane, which can simultaneously retain
and degrade CECs by means of the thermocatalytic perovskite CSF. The
membrane was prepared via a facile procedure, and its functioning does
not require light or additional chemicals. CSF ceramic powder is typi-
cally synthesized by the solution-combustion method and calcined at
1000 °C to obtain the active cubic crystal structure [45]. It consists of
flake-shaped dense particles with lateral dimensions ranging from 1 to
30 pm and thickness smaller than 0.2 pm [24]. Such ceramic particles
are not suited to fabricate ceramic membrane layers with pore size in the
micropore range (which is needed to achieve CECs rejection) by the
typical powder dispersion dip-coating procedures. Therefore, we used a
completely different approach in this work. The CSF powder (98.6 wt%)
was embedded in a crosslinked GO matrix (1.4 wt%) to obtain a stable
NF membrane layer. A waste-derived humic acid-like (HAL) biopolymer
was used as a crosslinker, because it was shown to be highly effective in
providing stability to GO against exfoliation [46-48]. HAL was obtained
from a renewable source, and it is inexpensive and non-toxic. The CSF-
GO-HAL composite was deposited on top of a commercial polymeric
ultrafiltration flat-sheet support. Even when used at loading as low as
1.4 wt%, crosslinked GO allowed to obtain a CSF membrane with
selectivity in the NF range and stable in our crossflow filtration tests. The
membrane was tested with the model industrial wastewater pollutant,
bisphenol a (BPA), and with a real wastewater effluent, to investigate
the ability of the membrane to retain and degrade water pollutants and
to mitigate fouling. The synergistic interaction between GO and CSF was
investigated with batch abatement experiments. Moreover, the potential
toxicity of CSF particles following a possible release into the environ-
ment was tested with aquatic model organisms.

2. Materials and methods

All the chemicals used in this work were purchased from Sigma-
—Aldrich unless otherwise specified. The deionized water had a re-
sistivity higher than 18 MQ cm™!. Wastewater secondary effluent was
sampled from the wastewater treatment plant in Aalborg West
(57.049422° N, 9.864735° E), Denmark. The samples were cooled at
5 °C within 1 h after collection and kept at this temperature until used
for the filtration experiments. The thermocatalytic perovskite (CSF) was
prepared by the solution-combustion synthesis [23], the graphene oxide
(GO) dispersion according to a modified Hummers' method [46], and the
crosslinker (HAL) and by Montoneri's extraction procedure [49]. Ori-
ginPro 2021 (OriginLab Corporation, Northampton, MA USA) was used
to analyze data, prepare graphs, and perform iterative non-linear re-
gressions and calculations of 95 % confidence limits for abatement tests
and EC50 values.

2.1. CSF synthesis

1.80 g strontium nitrate anhydrous (AVOCADO Research Chemicals
Ltd., 99 %), 4.04 g iron (III) nitrate nonahydrate (98 %) and 0.65 g
cerium (III) nitrate hexahydrate (99 %), 7.68 g citric acid (99.5 %), and
9.25 g of ammonium nitrate (99.5 %) were dissolved in 200 mL of
deionized water. The pH of the solution was adjusted to 6.0 using
ammonium hydroxide (25 wt%) and the glass beaker was placed on the
hot plate and kept at 80 °C for the evaporation of the water under
continuous magnetic stirring. After obtaining a sticky gel, the hot plate
was set to the maximum temperature (310 °C) to start the gel self-
ignition. After the combustion, the as-burned powder was calcined at
1000 °C for 5 h with a heating rate of 5 °C min~. After calcination,
about 2 g of Sry g5Cep.15Fe03.5 powder were obtained.
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2.2. Preparation of the stock GO dispersion

2.0 g of natural graphite (Graphit Kropfmiih] GmbH) and 1.0 g of
sodium nitrate (99 %) were added to 50 mL of 98 % sulfuric acid under
vigorous stirring, while the temperature of the mixture was kept at 0 °C
by an ice bath. 7.0 g of potassium permanganate was added to the
suspension slowly to prevent a sudden temperature increase. After
stirring the mixture was stirred for 10 min, the reaction flask was placed
into a water bath at 35 °C for 1 h and a thick dark green paste was ob-
tained. The paste was slowly poured into 80 mL deionized water and a
dark brown suspension was obtained. After adding 500 mL of deionized
water, followed by 6 mL of 30 % HyO2 solution, the mixture color
changed into light yellow. After that, the suspension was washed with
200 mL HCI (5 %) one time, and with 500 mL deionized water 5 times.
The absence of sulfates in the mixture was confirmed by the barium
chloride test. The dispersion was diluted with deionized water to obtain
a GO concentration of 28 g L™ This stock GO dispersion was used for
the synthesis of the nanocomposite powders and membranes.

2.3. Preparation of the stock crosslinker solution

The humic acid-like crosslinker (HAL) was isolated from green
compost produced at ACEA Pinerolese Industriale S.p.A. waste treat-
ment plant in Pinerolo, Italy, according to a procedure reported else-
where procedure [49,50]. The green compost was obtained from the
collection of urban public park trimmings and home gardening residues
aged for >180 days. HAL was isolated by treating 50 g of the green
compost with 1 L of 6 M aqueous NaOH under stirring at 60 °C for 4 h.
The extracted liquid phase was then separated from the solid waste by
centrifugation and concentrated over an ultrafiltration membrane
(MWCO = 5KDa). The retentate fraction was then dried at 60 °C for 24 h
to give a black solid. The so obtained potassium salt of HAL was dis-
solved in water to obtain a stock solution with a crosslinker concen-
tration of 11.2 g L1

2.4. Membrane fabrication

The stock GO dispersion was mixed with the crosslinker solution to
reach a GOHAL mixture with HAL/GO weight ratio of 0.4. The CSF
powder was ground in a mortar, dispersed in deionized water (10 g LY,
and then ultrasonicated for 30 min. The dispersed CSF was added in the
GOHAL mixture to obtain membrane materials with CSF loading of 0 wt
%, 26 wt%, 93 wt%, 97.2 wt%, and 98.6 wt%. After adding 5 pL of
concentrated HCI (37 wt%) for each milliliter of CSF/GO/HAL disper-
sion to promote crosslinking between GO and HAL, the final mixture was
stirred for 4 h and directly used for membrane fabrication. A poly-
ethersulfone (PES) ultrafiltration membrane (MWCO = 100 kDa, Synder
Filtration, Vacaville, CA USA) was selected as support for the thermo-
catalytic perovskite-graphene oxide nanocomposite films. Before
coating, the support was soaked in water overnight to remove chemical
impurities from its surface and then dried in air for one day. Thermo-
catalytic perovskite-graphene oxide supported on flat-sheet poly-
ethersulfone membrane (hereafter referred to as “GOT membranes™)
were prepared by Meyer rod-coating with a wire bare coater with 50 pm
modulation and application length of 320 mm (Industrial Physics Inks &
Coatings B.V., Capelle aan den IJssel, The Netherlands). After coating
the supported membranes were dried in the air and cured in a vacuum
oven at 80 °C overnight. Unsupported membrane materials for XRD and
HRTEM analyses and the toxicological tests were obtained by drying the
CSF/GO/HAL dispersions in the air and following the same curing
procedure used for the supported GOT membranes.

2.5. Materials characterization

X-ray diffraction (XRD) measurements were performed on a PAN-
alytical Empyrean diffractometer, operating at 45 kV and 40 mA, with
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Cu Ka radiation. Srg gsCeg 15FeOs 5 was indexed in the Inorganic Crystal
Structure Database (ICSD) under code #249012. Membrane structure
was observed at SEM (ZEISS EVO 50 XVP microscope) with LaB6 source.
The samples were mounted on metallic stubs with double-sided
conductive tape and ion coated with a 5 nm chromium layer to avoid
any charging effect. The chemical composition of samples was analyzed
by Energy-Dispersive Spectroscopy (EDS) using Oxford EDS INCA (Ox-
ford Instruments). High-resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL 3010-UHR instrument. The
X-ray photoelectron spectroscopy (XPS) analyses were performed with a
VGMicrotech ESCA 3000Multilab, equipped with a dual Mg/Al anode.
The spectra were excited by the monochromatized Al Ka source (1486.6
eV) run at 14 kV and 15 mA. The analyzer was operated in the constant
analyzer energy (CAE) mode. For the individual peak energy regions,
pass energy of 20 eV set across the hemispheres was used. Survey spectra
were measured at 50 eV pass energy.

2.6. Thermocatalytic abatement tests and water analysis

200 mL of bisphenol A (BPA) solution (10 mg L~ !in deionized water)
was poured in a 500 mL three-neck round bottom flask immersed in an
oil bath. The solution was heated under reflux to 50 °C. Then, the
powdered membrane material was added to reach a concentration of
0.5 g L ™! and the pH was adjusted to 7.0. The solution was continuously
stirred and sampled at regular time intervals. The collected samples
were filtered over 0.45 pm syringe filters and analyzed by HPLC (Sum-
mit-Dionex, with a Luna 5 1 C18 100 A column (250 x 4.60 mm), mobile
phase (isocratic acetonitrile/water = 60/40) flow of 1 mL min_l, uv
detector at 230 nm) to determine BPA concentration. Total organic
carbon (TOC) analysis was performed on a VarioTOC (Elementar,
Hanau, Germany).

2.7. Filtration tests

Crossflow filtration tests were performed on flat sheets membranes
(filtration area 25 cm?) in a lab-made NF apparatus reported elsewhere
[51]. In brief, the setup consists of a NF module connected with a high-
pressure pump (BEVI, IEC 34-1, Sweden), which controls the pressure of
the membrane feed, and a rotary lobe pump (Philipp Hilge Gmbh & Co.,
Novalobe 60/1.90, Germany), which controls the crossflow velocity.
Two pressure transmitters (Danfoss, MBS 4010, Nordborg Denmark) are
present at the module inlet and outlet. The mass flow of the permeate
was measured by a balance (Mettler Toledo, Mono Bloc series,
Switzerland) connected to a computer. Tests started by filling up the
feed tank with 1.8 L. The apparatus was operated at a transmembrane
pressure difference of 5.0 bar, with a pumped water flux of around 4 x
10°® m® s7!, and a feed temperature of 50 °C. The membrane perme-
ability was measured by a balance placed below the permeate beaker.
During filtration, samples were collected from feed and permeate at
various times. Membrane selectivity was calculated based on the con-
centration of BPA in the permeate and in the feed, according to Eq. (1):
Cpermeate a

selectivity =1 —
Cfecd

2.8. Toxicological tests

Toxicity tests were carried out to assess the potential ecotoxicity of
CSF particles if accidently released into the environment. The test
included the aquatic model organisms Aliivibrio fischeri, Raphidocelis
subcapitata and Daphnia magna. Dispersions of CSF in aqueous solutions
were prepared using sonication (Qsonica Q55, Newtown CT, USA).
Toxicity test with the luminescent bacterium A. fischeri and the unicel-
lular green microalgae R. subcapitata (formerly Pseudokirchneriella sub-
capitata) was carried out partly as described by Papagiannaki et al. [52].
A. fischeri DSM 7151 was incubated in white 96-well plates (CulturPlate,
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Perkin Elmer) on a microshaker at 200 rpm in the presence of 10
different concentrations of CSF (n = 8). Changes in bioluminescence
were quantified after 30 min using a Victor X2 Multilabel Plate Reader
(Perkin Elmer). R. subcapitata was incubated in 96-well clear Nunclon
microplates (Thermo Scientific) on a shaker at 40 rpm with illumination
(6500 Ix) in the presence of 10 different concentrations of CSF (n = 8).
The endpoint was inhibition of growth measured as absorbance using a
Thermo Multiskan Plate Reader (Thermo Scientific). Acute toxicity and
starvation survival of the crustacean D. magna was carried out partly as
described by Nielsen and Roslev [53]. D. magna was incubated in 24-
well clear microplates with one animal per well (2 mL) in darkness in
the presence of 3 different concentrations of CSF (n = 24), in triplicate.
The endpoint for acute toxicity (24 h and 48 h) was inhibition of
mobility whereas the endpoint for starvation-survival was death defined
as the complete absence of movement (body, antennae, filtration
apparatus). Acute toxicity and starvation survival were expressed as
inhibition (I) relative to control samples: I =1 — (R; / R;) where R; and R,
are responses measured for inhibited and control samples, respectively.
Concentration-response curves were fitted to a Log-logistic model using
iterative non-linear regression:

A2 — Al

I 100 ¥ @

Response = Al +
where Al is the bottom asymptote, A2 is the top asymptote, X represents
the median effective concentration (EC50), C is the CSF concentration
(mg L™Y), and p is a model parameter representing the slope of the curve.
Median starvation survival time (SS50) for D. magna was calculated from
non-linear regression and a sigmoidal survival curve [53].
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3. Results and discussion
3.1. GOT nanocomposites

XRD patterns of CSF/GO/HAL nanocomposites (GOT nano-
composites) with different perovskite content are shown in Fig. 1a. The
diffractogram of the starting GO powder shows a main peak at 11.33° 20,
which corresponds to an interlayer distance of 7.79 A and to an O/C
atomic ratio of about 0.27 in agreement with the literature [54]. The
presence of a single peak in this diffractogram is consistent with the
layered structure shown by the TEM micrograph in Fig. 1b. These staked
structures disappear upon crosslinking with HAL, and the diffractogram
of GOHAL indicates a highly disordered material, as confirmed by the
TEM image in Fig. lc. Indeed, it was already observed that upon
crosslinking and thermal stabilization, HAL brings a high degree of
disorder in GO materials, which preserves the membrane permeability
preventing the formation of dense graphitic domains and reducing the
tortuosity of the permeation path of the water molecules across the
membrane [46]. The low-intensity peak at about 26° 20 in the GOHAL
diffractogram can be ascribed to the formation of small graphitic do-
mains during the curing of the material at 80 °C [55]. The angular range
of the perovskite CSF, 30-85° 20 does not overlap with those of GO and
GOHAL, which are instead concentrated between 5° and 30° 26. This
allows noticing the presence of CSF in the GOT nanocomposites without
disturbance. The relative intensities of the perovskite signals decrease
with the decrement of the CSF component in the formulation from the
nanocomposite with 98.6 % of GO loading (GOT_98.6 %) to the nano-
composite with 26 % of CSF loading (GOT_26%). Pure CSF contains
traces (about 1 wt%) of CeOs, as already observed in the literature [23].
The perovskite phase structure and microstructure seem not to be

a) *
* * * *
R amaman . PV A * *
) A A A CSF
S| - A A A GOT_98.6%
s
2
£ \J N
g A GOT_26%
§ \_‘—M‘
GOHAL
GO
RN B BLELELL A ELEL A DA A A B B B B
10 20 30 40 50 60 70 80 90
20

c) GOHAL

Fig. 1. Morphology of GOT nanocomposites: (a) XRD diffractograms of selected GOT materials and of their components graphene oxide (GO), HAL crosslinked GO
(GOHAL), and thermocatalytic perovskite (CSF), where the symbols (*) indicate the characteristic peaks of CSF; HR-TEM micrographs of (b) GO, (c) GOHAL, and (d)

GOT_98.6 % powders.
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altered by the presence of GO in the formulation. The TEM micrograph
in Fig. 1d shows the close contact of the GOHAL matrix with CSF in
GOT_98.6 %. This type of interface is desirable for the synergistic
interaction between the GO-based matrix and the ceramic semi-
conductor for the abatement of water contaminants [56,57].

3.2. CSF-GO synergism in the abatement of bisphenol A

The potential synergism between GO and CSF was investigated by
testing the thermocatalytic degradation of bisphenol A (BPA), as a
model pollutant, by GOT nanocomposites at 50 °C. GOHAL powders
were loaded with 26 wt%, 93 wt%, 97.2 wt%, and 98.6 wt% of CSF, and
named in Fig. 2 after GOT_26%, GOT_93%, GOT_97.2 %, and GOT_98.6
%, respectively. Moreover, the same test was performed with the pure
GOHAL and CSF powders as references. The BPA normalized concen-
tration (C/Cp) as a function of the test time is plotted for the different
membrane materials in Fig. 2a. As expected, GOHAL alone cannot
achieve the abatement of BPA (50 ppm in deionized water), which is
instead degraded by CSF (45 % BPA abatement in 2 h). The GOT_98.6 %
nanocomposite achieves 52 % BPA abatement in 2 h, indicating a syn-
ergistic interaction between GO and CSF, as already reported for other
catalytic and photocatalytic semiconductor ceramics [58,59]. On the
other hand, when the CSF loading is reduced to 93 wt% (GOT_93%
powder) <20 wt% of BPA is degraded in 2 h. In order to highlight the
impact of the material composition on the thermocatalytic perfor-
mances, the kinetic constants (k) of the thermocatalytic degradation of
BPA by GOT nanocomposites were calculated according to a pseudo-first
order reaction mechanism and plotted in Fig. 2b as a function of the CSF
loading in the membrane material. The sample with 98.6 % CSF loading
shows the highest abatement rate constant: (6.2 + 0.3) x 1073 min’l;
while the pure CSF powder has k = (5.2 + 0.1) x 103 min~ L. However,
k declines with decreasing CSF loading, i.e. increasing the amount of
GOHAL in the material. Indeed, the kinetic constants decreased to (1.89
+0.08) x 1073, (1.72 £ 0.05) x 1073, and (1.6 + 0.9) x 10~* min™" for
GOT nanocomposites with a CSF loading of 97.3 wt%, 93 wt%, and 26
wt%, respectively. This trend can be explained by considering that be-
sides acting synergistically with CSF, GOHAL can envelop and passivate
CSF particles, preventing them to adsorb oxygen species and water
contaminants, thus curbing the degradation of BPA via the SET mech-
anism already described in the Introduction section. It is also not sur-
prising that the highest BPA abatement rate is obtained for a compound
with a small content of GOHAL (i.e., 1.4 wt%) with respect to CSF (i.e.,

a) 1.0 Re8—o—o o0 g 4 GOHAL
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98.6 wt%). Indeed, as shown in Fig. 1d, GOHAL tends to form porous
nanoribbons, which have a specific surface area much larger than that of
the dense and compact CSF nanoparticles. The BPA abatement kinetic
constant measured for GOT_98.9 % at 50 °C under dark conditions has
the same magnitude of those reported for TiO,-based photocatalysts
under light irradiation [60-63].

3.3. GOT membranes

We deposited continuous GOT membranes with CSF loading of 98.6
% over a polyethersulfone (PES) UF membrane as support, being
GOT_ 98.6 % the most active material in the degradation of BPA.
Moreover, membrane layers prepared with CSF loadings higher than
98.6 % after drying showed scarce homogeneity and poor adhesion to
the support during handling. The aspect and size of the GOT _98.6 %
membranes used in the filtration experiment are depicted in Fig. 3a. A
collection of SEM micrographs of a GOT_98.6 % membranes at different
magnifications is shown in Fig. 3(b-e). The surface of the membrane
appears to be continuously coated by the GOT_98.6 % layer (Fig. 3b).
Although channels and inhomogeneities appear on the membrane sur-
face, GOT_98.6 % membranes still present good rejection towards BPA
and organic matter, as will be discussed in Sections 3.4 and 3.5. The
thickness of the active layer is very limited and not easily measurable
given the intimate interaction with the support, as visible in Fig. 3c. At
higher magnification (Fig. 3d), it is evident that the active phase is
layered on the top of the support, with GOHAL covering the PES support
and embedding CSF aggregates. The contrast shown by the secondary
electron image (Fig. 3e) well reproduce what is visible in the back-
scattered electron images (not reported for brevity) and the EDS anal-
ysis confirms that part a of the membrane is essentially composed by
GOHAL, with signals related to the presence of carbon and oxygen atoms
(atomic percentage C = 72.67 + 8.21, O = 23.43 + 9.58); whereas part
B is essentially composed by Sr, Fe and O atoms (atomic % Sr = 12.38 +
5.39, Fe = 18.16 4+ 1.87, O = 53.42 4 10.10). Hence, the Sr/Fe atomic
ratio measured in g is compatible with the nominal composition of CSF.
Ce atoms are also detected by EDS, but it is not possible to quantify this
element, due to the low concentration. EDS also shows the presence of
impurities of S and Cl, as confirmed by XPS analysis (see Section 3.5). S
impurities probably derive from the Hummers' synthesis of GO, whereas
Cl impurities come from the HCl used to promote chemical crosslinking
of GOHAL.
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Fig. 2. (a) Relative concentration of BPA (C/Cy) as a function of the time for selected GOT nanocomposites (experimental conditions are described in Section 2.6).
The lines in the graph indicate the fitting of the pseudo-first order kinetic model over the experimental points; (b) the pseudo-first order kinetic constants (k) as a

function of the CSF loading in the GOT nanocomposites.
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Fig. 3. GOT_98.6 % membrane: (a) macroscopic aspect and size of an operating GOT_98.6 % membrane and (b-e) SEM images of the membrane at different
magnifications. Low magnification images of surface (b) and cross-section (c), the arrow evidence the active layer on the top of the PES support (d—e) high
magnification micrograph of the surface, where a and § indicate the positions chosen for EDS analysis.

3.4. Bisphenol A rejection and abatement by GOT 98.6 % membranes

The PES support, three GOT_98.6 % membranes, and a GOHAL
reference sample (prepared with the same method used for the nano-
composite membranes) were tested in a crossflow nanofiltration appa-
ratus to evaluate their water permeance, their rejection of BPA, the
ability of CSF to oxidize BPA molecules in the retentate when immobi-
lized on the membrane surface, and the reproducibility of GOT mem-
brane performances. The PES support used in this study is a commercial
ultrafiltration membrane with MWCO of 100 kDa and water permeance
of about 100 Lm™2h ™! bar~!. Fig. 4a shows that water permeance drops
down to 0.8 and 1.3 L m~2 h™! bar™! after coating with GOHAL and
GOT_98.6 % layers, respectively. It is surprising that GOT 98.6 %
membrane, which largely consists of dense ceramic particles, has higher
permeance than the GOHAL reference, which is entirely made of a
water-permeable material, i.e., HAL-crosslinked GO. However, water
permeation across GO-based membranes is a complex process [64],
involving different paths and mechanisms, including the nearly

“frictionless” transport in nanocapillaries between non-oxidized regions
of stacked graphene oxide sheets and the flow through wrinkles and
nanopores at the sides of GO nanosheets. Therefore, different phenom-
ena can explain the increased water permeability upon the addition of
CSF to GOHAL. For instance, GO sheets tend to align parallelly to the
membrane surface creating a high-tortuosity path for the permeation of
water molecules. On the contrary, in GOT_98.6 % the GOHAL ribbons
are bonded to the surface of the CSF particles (Fig. 1d) and GO nano-
channels can assume different orientations, reducing the tortuosity of
the permeation path. The ability of GOT membranes for simultaneous
BPA abatement and clean water production is here evaluated (Fig. 4b).
In a typical filtration experiment, the feed containing 10 mg L™! of BPA
in deionized water was kept at 50 °C under stirring until the end of the
filtration. Regarding the filtration performance, the GOHAL membrane,
used as a control experiment in the absence of CSF, retained BPA in the
retentate with a selectivity higher than 97 % during all the duration of
the filtration. As expected, no degradation of BPA was observed, but BPA
concentration remained almost constant in the feed consistently with
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Fig. 4. Filtration tests with model BPA solution (10 g L' in deionized water): (a) water permeance for the PES support, the GOHAL reference, and GOT_98.6 %
membrane; (b) BPA concentration in the feed and the permeate during filtration with the reference GOHAL and 3 different GOT_98.6 % membranes: “membrane 1”
and “membrane 2” were fabricated from the same GO and CSF batches, while “membrane 3” was prepared from separate GO and CSF batches. Gray and pink areas
indicate the 95 % confidence for the fittings of the equation y = A exp (-Bx) over the experimental points taken for GOHAL and GOT_98.6 %, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the low recovery factor (about 1.19) achieved in our filtration experi-
ments. Three filtration experiments were performed with three
GOT_98.6 % membranes, prepared following the same coating proced-
ure on three PES sheets. The results obtained for the three GOT_98.6 %
samples are surprisingly similar (Fig. 4b), which indicates that the
membrane fabrication process is reproducible although depending on a
manual coating procedure and “membrane 3” was prepared using ma-
terials from different batches than “membrane 1” and “membrane 2”.
Indeed, all the three the GOT_98.6 % membranes show the ability to
retain and degrade BPA during filtration, owning the thermocatalytic
activity of the membrane material observed in Fig. 2. Moreover, the
concentrations of BPA in the feed during the three filtration experiments
are plotted in Fig. 4b and can be fitted with good approximation (R? =
0.93) with the equation y = 9.9 &+ 0.1 exp {(—0.027 + 0.002) x}, which
stress the high reproducibility of the GOT_98.6 % membranes presented
in this work. Additionally, GOT 98.6 % membranes present good
selectivity towards BPA, indicating that the coated layers are enough
continuous and with a sufficiently limited defect density efficiently
reject BPA, although the SEM images in Fig. 3 show some in-
homogeneities on the membrane surface. The BPA concentration of the
initial feeds in the three experiments was measured to be 10.19 + 0.03
mg L™}, while the BPA concentration in the permeate remained nearly
constant at 0.33 + 0.09 mg L. This observation suggests that during
crossflow filtration the GOT 98.6 % active layer did not undergo rele-
vant changes and the membranes continued producing a clean
permeate. However, it should also be noticed that, while the permeate
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composition remained constant during filtration, the concentration of
the BPA in the feed dropped from about 10.2 mg L ™! at the beginning of
the experiment to about 6 mg L ™! after 18 h, due to the thermocatalytic
abatement of the pollutant. Therefore, the selectivity of the membrane
decreased from 97 % to 94 %, according to Eq. (1). Different phenomena
can generate this decrement in selectivity, including adsorption and
concentration polarization of BPA at the membrane surface. However,
we cannot exclude that GOT _98.6 % membranes were affected by the
crossflow conditions used in these experiments with the formation of
small defects, which slightly reduced the selectivity of the membrane.
This aspect should be investigated in future studies.

3.5. Antifouling properties

The ability of the thermocatalytic GOT_98.6 % membrane to retain
the non-toxic organic matter and to mitigate fouling was investigated by
filtering the effluent collected from an urban wastewater treatment
plant. The collected wastewater samples had a starting total organic
carbon concentration (TOC) of about 50 mg L' and it was fed to the
membranes at a temperature of 50 °C. Fig. 5a shows the permeate flux as
a function of the time when filtering the wastewater effluent on a
GOT _98.6 % membrane and the GOHAL reference. For both membranes,
the flux of the permeate (J,) decreases along the filtration time, which is
typical for fouled membranes. However, in the case of the GOHAL, J,
starts from 4.6 L m™2 h™! and drops to 2.8 L m~2 h™! after 24 h of
filtration time, while the permeate flux of GOT_98.6 % decreases only
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Fig. 5. Filtration of a wastewater plant effluent over GOT_98.6 % and GOHAL membranes: (a) Permeate flux (J,) as a function of the filtration time, experimental
points (bullets), and exponential decay fittings (lines), whose equations are reported in the graph; (b) total organic carbon (TOC) of the feed as a function of the
filtration time; (c) TOC of the permeate as a function of the time. Experimental conditions are described in detail in Section 2.7.
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from 3.7 Lm 2h~!to 2.1 Lm 2 h~!. The lower decrement of permeate
flow for GOT_98.6 % than GOHAL can be ascribed to the thermocatalytic
properties of the first membrane. Indeed, GOT_98.6 % mitigates fouling
by partially degrading the organic matter deposited on the membrane
surface. To confirm this hypothesis, TOC of the retentate (C retentaze) and
permeate (Cipermeare) Samples were measured at different filtration
times. Fig. 5b shows the TOC of the retentate relatively to the starting
TOC of the wastewater effluent fed to the membrane. Surprisingly in
both cases, we observed a drop of the TOC concentration in the feed
solutions during filtration. In the case of the GOHAL membrane, which is
characterized by a passive filtration layer, TOC abatement can be
attributed to adsorption of organic molecules on the membrane surface,
which is caused by water permeation through the membrane and by the
chemical similarity of GOHAL with the dissolved humic substances and
is consistent with the J, decline observed in Fig. 5a. The TOC in the feed
of GOT_98.6 % presents a higher decrement than GOHAL after 4 h of
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filtration time. In this case, TOC abatement can be caused both by the
adsorption on the membrane surface and by the thermocatalytic
degradation of the organic matter. The ability of GOT_98.6 % to degrade
organic matter can explain the lower tendency to fouling than GOHAL,
as observed in Fig. 5a. Moreover, Fig. 5¢ shows that the GOT_98.6 % can
produce a cleaner permeate (lower TOC) than GOHAL.

X-Ray Photoelectron Spectroscopy was used to analyze the changes
on membrane surface after 24 h of filtration. Fig. 6A and B shows the
survey spectra of the GOHAL and GOT_98,6 % fresh and after filtering
the wastewater effluent for 24 h under crossflow conditions. The fresh
membranes present the peaks attributable to C and O, typical of oxidized
graphene. However, we can observe also small peaks related to Na (Nals
binding energy = 1072 eV), Cl (C12p = 198.6 eV), and S (S2p = 169.5
eV) which are probably residues of the reagents used in the extraction of
HAL, the synthesis of GO, and for the membrane crosslinking and curing
process, respectively (according to the procedures in Sections 2.2, 2.3,
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Fig. 6. XPS analysis of the membrane surfaces fresh and after 24 h of filtration: (A) survey spectra of GOHAL; (B) survey spectra of GOT_98.6 %; (Ah C1s region of

GOHAL, BYH C1s region of GOT_98.6 %.
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and 2.4). After filtration, the signals relative to these elements disap-
pear, as expected since these impurities are weakly bonded to the
membrane material and ready to be washed out during filtration. On the
other hand, two new peaks appear after filtration, namely Ca2p and N1s.
The Ca2p peak can be ascribed to scaling, i.e., precipitation of CaCO3 on
the membrane surface. The N1s peak is centered at 400 eV, which is a
typical value for organic nitrogen compounds [65], indicating the
deposition of organic and biological substances on the membrane sur-
face during filtration, i.e., fouling. These findings confirm the capacity of
both membranes to partially retaining both the inorganic and organic
components of the wastewater feed. Nevertheless, the N/Ca atomic ratio
is 2.8 for GOT 98.6 % and 3.6 for the GOHAL reference. The lower
concentration of organic N on the membrane surface for the GOT_98.6 %
confirms the antifouling properties of this membrane due to the ther-
mocatalytic activity of CSF, which was observed in Fig. 5a.

The fresh GOT_98.6 % also shows the characteristic signals of Sr
(Sr3d5/2 = 134.1 eV), Fe (Fe2p3/2 = 710.9 eV), and Ce (Ce3d5/2 =
882.1 eV), confirming the presence of CSF [66]. The binding energies of
the different components of C1s peaks are shown in Fig. 6A' and B' for
GOHAL and GOT_98.6 % respectively. In both cases components relative
to graphitic carbon (C—C and C—H at 284.6 eV) oxidized carbon
(C—OH and C—0O—C at 286.3 eV) and carboxyl groups (—C=O at
288.5 eV) are present. By comparing the C distribution between GOHAL
and GOT_98.6 % a notable decrease of the relative amount of C—OH,
C—O—C component is seen suggesting an interaction of the CSF with
the hydroxyl groups of the GO. After filtration, the component relative
amount of —C—=0O0 increases due to the deposition of oxidized organic
matter [54,65].

3.6. Toxicological studies with aquatic model organisms

Aquatic model organisms from different trophic levels were exposed
to CSF particles to assess the potential ecotoxicity of the membrane
perovskite if released into the environment. The short-term toxicity of
hazardous substances to aquatic organisms was classified based on LC50
and EC50 values [67]. Substances with EC50 values >10 mg L 'inacute
toxicity tests belong to the group with the least apparent ecotoxicity and
are not considered very harmful in the environment [67]. This was the
case for the two CSFs tested in the current study. Indeed, Table 1 shows
that the acute toxicity at 20 °C for 3 model organisms is low with median
effective concentrations (EC50) above 50 mg L~ for the green micro-
algae R. subcapitata and the zooplankton organism D. magna. The
apparent EC50 for the luminescent bacterium A. fischeri was above 100
mg L.

The ecotoxicity potential of the thermocatalytic perovskite CSF
material is likely temperature-dependent and additional toxicity assays
were therefore conducted with D. magna at four incubation tempera-
tures (10, 20, 25, and 30 °C). The results showed that short-term toxicity
(0-48 h) of the CSF material at concentrations between 0.5 and 50 mg
L ! was negligible regardless of incubation temperature (Fig. 7). At very

Table 1
EC20 and EC50 for the CSF powder in toxicity tests with three aquatic model
organisms at 20 °C.

A. fischeri (30 min) R. subcapitata (72 h) D. magna (48 h)
EC20 EC50 EC20 EC50 EC20 EC50
mgL! mgL~! mgL! mgL! mgL~! mgL!
59.8 >100 19.7 >50 >50 >50
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Fig. 7. Starvation survival of D. magna exposed to CSF powder at four tem-
peratures (10, 20, 25 and 30 °C). The number of surviving animals at different
time points (N) is expressed relative to the number of live animals at the
beginning of the experiment (Ny).

stressful conditions where test animals were incubated >48 h without
access to a food source (starvation-survival), the highest CSF concen-
trations (50 mg L) resulted in somewhat decreased survival at 10 °C
relative to control samples (Fig. 7). The median survival times (SS50) for
D. magna at 10 °C was 9.3 days in the absence of CSF material whereas
incubation with 50 mg L' CSF resulted in SS50 values of 7.7 and 8.2
days, respectively. The differences for 50 mg L~! were not statistically
significant for all time points at 10 °C (p > 0.05) and effects were not
observed at the more environmentally relevant exposure concentrations
of 0.5 and 5 mg L. No effects of the CSF material relative to control
samples were observed at elevated temperatures of 25 and 30 °C
regardless of exposure concentration (Fig. 7).

4. Conclusions

A novel thermocatalytic nanofiltration membrane was prepared by a
simple coating procedure, which allowed embedding a perovskite with
composition Srg gsCep 15Fe0s5 (CSF) in a crosslinked graphene oxide
matrix. The new membrane material (GOT) demonstrated the benefit of
coupling the thermocatalytic perovskite with crosslinked graphene
oxide in terms of both CECs abatement and processability. A GOT
membrane containing 98.6 wt% CSF is the best compromise to improve
the material efficiency in water depollution without blocking the active
surface sites of the perovskite. Moreover, a material with such compo-
sition is suitable for coating continuous films over a commercial PES
support. The GOT_98.6 % membranes prepared in this study showed
selectivity and water permeability in the nanofiltration range. When
used at 50 °C, GOT_98.6 % membranes were able to retain and degrade
BPA in a model solution and to mitigate fouling while filtering a real
wastewater plant effluent. GOT membranes are prepared by a highly
reproducible method, which does not require organic solvents in any
step from the synthesis of the starting materials (i.e., GO, HAL and CSF)
to the deposition of the filtering layer. Additionally, we provided
experimental evidence of the low toxicity of the thermocatalytic mate-
rial towards aquatic organisms. A major drawback of the membrane is
the need to operate at temperatures higher than ambient in order to
achieve appreciable abatement rates. However, many industrial waste-
waters either have already a temperature suitable for GOT activation or
can be heated on site by low-grade waste heat with no additional costs.
Moreover, in many geographical areas solar thermal energy can be
exploited for the heating of the wastewater stream fed to the membrane.
Long term stability of GOT membranes under real operation conditions
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needs to be demonstrated as well. Despite these concerns, the reported
thermocatalytic GOT membranes present simultaneous functionalities
with no need for additional chemicals and light sources. These func-
tionalities include selectivity in the nanofiltration range, thermocata-
lytic abatement of organic contaminants, and antifouling properties.
Hence, this thermocatalytic membrane has attractive abilities for
wastewater treatment.
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