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ABSTRACT

Graphene nanosheets have outstanding adsorption efficiency toward organic molecules but the potential as sorbent for water purification is strongly limited by the
tedious recovery of the nanosheets after the treatment, which can cause secondary contaminations. Here, we demonstrate that graphene oxide (GO) and reduced GO
(rGO) nanosheets aggregation in tap water, enabling their separation by dead-end microfiltration (MF) on commercial polymeric hollow fiber modules. No evidence
of GO/rGO contamination was found in microfiltered water and chemical potability of treated water was confirmed by standard protocols. Moreover, GO/rGO can be
recovered (by inverting the filtration modality from IN-OUT to OUT-IN), washed and reused, this allowing the regeneration and reuse of both graphene nanosheets
and the filtration module. The procedure (called here GO + MF) was optimized on tap water spiked with ofloxacin (OFLOX) or methylene blue (MB), as reference.
The optimized procedure was then applied both with GO and rGO to the removal of a mixture of perfluoroalkyl substances (PFASs) from tap water at pg/L levels, the
highest concentration found in water resources abstracted for water consumption. We demonstrate that rGO + MF procedure allows to remove 138 pg/g of total
PFASs in only 30 min, i.e. an efficiency 3-5 times higher than granular activated carbon (43 pg/g) used in real potabilization plants for PFASs removal.

1. Introduction

The removal of emerging contaminants (ECs) is a research and in-
dustrial priority [1-4] requiring the urgent development of facile, sus-
tainable, and highly efficient technologies in answer to the recently
adopted European Drinking Water Directive 2020/2184 [5] and, more
generally, to the UNs Sustainable Development Goal 6 ‘Ensure access to
water and sanitation for all’ [6].

Graphene oxide (GO) and reduced graphene oxide (rGO) nanosheets
have shown outstanding adsorption properties toward several organic
and metal ion water contaminants, with superior performances with
respect to other carbon-based nanomaterials [7-16].

The outstanding performances of GO are due to the synergy between
high surface area, multiple surface functional groups as interaction-
binding promoting sites, and good water dispersibility [17,18]. Addi-
tionally, GO can be chemically manipulated in order to tailor its
adsorption capability against pollutants [14,19-22]. GO nanosheets
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have shown adsorption maximum capacity of about 428 mg/g [17] for
methylene blue (MB), a dye, 550 mg/g for rhodamine B (RhB), another
dye, and 356 mg/g for ofloxacin (OFLOX), a fluoroquinolone antibiotic
[23]. Metal ions such as Cu (II), Zn (II) and Pb (II) are effectively
removed as well, with a maximum capacity of 117 mg/g, 345 mg/g and
1119 mg/g respectively [24]. Graphene oxide nanosheets have been also
employed in combination with polymers like chitosan in the coagula-
tion/flocculation process to remove turbidity and various contaminants
[25].

Perfluoroalkyl substances (PFASs) [26] are a family of persistent
compounds used in many industrial processes and everyday products,
including polymers, pharmaceuticals, adhesives, insecticides and fire
retardants, that have been found around the world in groundwater,
surface water and even drinking water, and are a source of potentially
severe health risk [27]. Several cases of contamination have been
discovered around the world and Italy hosts the third most important
case, in terms of extension of the polluted land: an area extending for
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almost 200 km? between the counties of Padua, Verona and Vicenza
(Veneto Region, Northern Italy). High concentrations of several PFASs
have been observed in 2013 in freshwater and groundwater [28,29]. A
significant social and scientific activity ended in the establishment of
PFASs limits in drinking water in the recently adopted drinking water
directive EU 2020/2184 [5].

Conventional purification technologies are partially ineffective in
the removal of these substances from water and nanomaterials are ex-
pected to play a key role for enhanced purification from PFASs [30-34].
To date, only a few number of examples of treatment on PFASs by
graphene materials has been reported [30,31,35,36], and most of them
are limited to some specific molecules (e.g. perfluorooctanoic acid,
PFOA, and perfluorooctanesulfonate, PFOS) [37-44].

Becanova et al. [36] recently described the fabrication of graphene
and benzylamine modified graphene monoliths and their use as passive
samplers for preconcentration of a mixture of PFASs in contaminante
sites. Longer chain (C > 8) perfluoroalkyl acids (PFAAs) were adsorbed
more efficiently than shorter chain PFAAs, which were better removed
only upon modification of the monoliths with benzylamine moieties. In
general, 3D graphene materials, such as foams and aerogels, are
preferred as adsorbing materials for purification purpouses bacause of
their ease of use and recovery, which can favour regeneration and reuse
[11,45-49]. For some specific contaminants, i.e. methylene blue and
heavy metals, their performance has been found to be competitive with
granular activated carbon (GAC, the industrial standard), but their
fabrication generally requires freeze-drying or other demanding pro-
cessing that may limit future scale up.

Here, we demonstrate that commercial GO and rGO 2D-nanosheets
can be used without any additional processing for adsorption of con-
taminants from water and then easily removed from the treated water by
combining an innovative two steps method consisting of adsorption in
batch and microfiltration (MF) on polyethersulfone hollow fiber (PES-
HF) modules (Plasmart 100 module, Medica Spa). Such modules have a
filtering surface of about 0.1 mz, cut off of 1.000 KDa (inner diameter
~280-300 pm, outer diameter ~360-400 pm) and are a well-established
technology for plasmapheresis (i.e. plasma purification) and drinking
water disinfection, due to their removal of bacteria and microorganisms,
with log retention LRV = 9 (i.e. 99,99999999 % retention) [50]. We
demonstrate that PES-HF modules retain GO/rGO nanosheets quanti-
tatively after the adsorption of microcontaminants from tap water. We
studied GO and rGO (99 % reduced) having different surface chemistry
and charge, to gain an insigth on adsorption mechanisms. The capacity
of the procedure (from now on GO + MF) is demonstrated on OFLOX and
MB, since they have strong affinity with GO but are not retained by PES-
HF modules (neither by adsorption on PES polymer nor by physical
filtration through the membrane porosity) [51]. Moreover, we demon-
strate the suitability of this procedure for the removal of a mixture of
fourteen selected PFASs in tap water at the maximum concentration so
far found in contaminated sources.

2. Materials and methods
2.1. Materials

OFLOX and MB were purchased from Merck, Germany, and used
without further purification. PFASs standard (CH3CN:H,0 9:1, 200 ng/
mL) were purchased from Agilent Technologies (Santa Clara, CA, US).
All the experiments on PFASs were carried out by using polypropylene
vials. GO was purchased from Layer One (previously called Abalonyx)
and used without further purification (graphene oxide powder < 35
mesh, product code 1.8, XPS: O/C ratio 0.39 + 0.01, C 70.1 + 0.9 %, O
27.2+0.9%,N0.2+0.1%,S1.0+0.1%,8Si0.8+0.1%,Cl0.7+0.1
%; manganese, a typical residue from synthesis, below 0.1 %) [52]. rGO
was purchased from Layer One and used without further purification
(rGO powder, fully reduced, carbon content of about 98.5-99 % weight).
GAC was purchased from CABOT Norit Spa (Ravenna, Italy, Norit GAC
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830 AF, MB index min 240 mg/g, BET surface area > 1000 m?%/g, see
Fig. S1 and Table S1, SI for further details) [53]. In order to remove sub-
millimetric particles (namely separating powder from granules), GAC
was washed with deionized water at a mild flux, then dried overnight in
an oven at 40 °C. River water was collected by the HERA Pontelagoscuro
drinking water treatment plant after sedimentation, flocculation,
filtration on sand and two stadium ozonization, but before GAC and final
disinfection treatments.

Plasmart 100 MF module (Versatile® PES hollow fibers, membrane
area filtering surface 0.1 m2, pore average size 100-200 nm) were
provided by Medica Spa (Medolla, Italy) [35].

2.2. Preparation of GO/rGO starting suspension and nanosheets
morphology characterization

Typically, each batch of GO/rGO starting suspension consisted of a 2
mg/mL dispersion in deionized water (total volume 50 mL and total GO/
rGO content 100 mg). The dispersion was sonicated for 4 h. The
morphology of isolated GO deposited on silicon was studied by atomic
force microscopy (AFM). Data were acquired in tapping mode employ-
ing a NTEGRA microscope of NT-MDT and rectangular silicon probes
(RTESPA-300, Bruker, k = 40 N/m, ® = 300 kHz). Image processing and
particle shape analysis was performed using SPIP software (Fig. S2,
Table S2, SI). XPS spectra were acquired by hemispherical analyser
(Phoibos 100, Specs, Germany), calibrated on Au 4f7/2 peak at 84.0 eV
and using a Mg Ka excitation (Fig. S3, SI). AFM on rGO was not per-
formed since rGO consists of larger aggregates rather than nanosheets.
Aggregation experiments (Fig. S4, SI) were carried out starting from this
suspension and diluting it in Milli-Q water, tap water and river water (Po
river). Scanning electron microscopy (SEM) analysis were performed on
GO and rGO both in Milli-Q water and tap water and SEM imaging were
acquired with ZEISS LEO 1530 FEG (Fig. S5, SI). For the adsorption tests,
the starting solution was diluted with tap water spiked with
contaminants.

Size distribuition of GO/rGO aggregates in tap water was obtained by
Laser Granuloumeter Saturn II (Micromeritics, Norcross, GA, USA). The
quantitative study of lateral sizes was performed using percentile anal-
ysis [54].

2.3. GO/rGO loading capacity of MF modules

100 mL of GO/rGO starting suspension was filtered at 50 mL/min
with a Cole-Parmer Masterflex® peristaltic pump on Plasmart 100
module in OUT-IN modality. This procedure was repeated with new
batches of GO/rGO under the same conditions until saturation was
reached (i.e. module clogging). The same protocol was applied also to
determine the capacity of IN-OUT filtration modality.

2.4. Pores size and distribution of MF modules

The size of pores of PES-HF was obtained by using a liquid-liquid
displacement porosimeter Poroligl000 (Porometer, Germany-
Belgium). The single fibre was sealed in loop shape with epoxy resin
onto an inox stainless steel sample holder. Isobutanol-water was used as
the wetting liquid, while water saturated with isobutanol was used as
the displacement liquid. Through-pores size distribution was deter-
mined by using the Young — Laplace equation. A contact angle of 40° was
measured for PES-HF with an OCA Dataphysics instrument.

2.5. GO/rGO release experiments

The presence of GO and rGO in filtered water after the tandem GO/
rGO + MF experiments was checked by UV-Vis analysis in comparison
to the spectra of standard suspensions at known concentrations (Fig. S6,
SI) and total organic carbon (TOC) analysis in comparison to tap water
(Table S3, SI). UV-Vis was performed by Cary 3500 UV-Vis
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spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
2.6. Adsorption-microfiltration procedure optimization

In a typical experiment, GO starting suspension (total amount of GO
80 mg, total volume 40 mL) was added to a solution of OFLOX or MB in
tap water (30 mg of OFLOX/MB in 60 mL, i.e. 0.5 mg/mL) and stirred for
30 min in darkness. The suspension obtained in this way was then
filtered through a MF module, OUT-IN modality, at 55 mL/min using a
Cole-Parmer Masterflex® peristaltic pump and the amount of OFLOX in
filtered water was checked by liquid chromatography (HPLC-UV), ac-
cording to an already reported protocol by using HPLC coupled with a
variable wavelength detector (Agilent Technologies, 1260 Infinity;
detection limit 25 ng/L) [51]. The maximum amount of OFLOX or MB
removed by a single MF module was estimated by repeating the pro-
cedure with a new batch of GO + OFLOX/MB suspension until clogging
of the module was reached (Fig. S7, S8 and S9, SI). Method optimization
was made at different initial concentration of OFLOX (Fig. S10 and
Table S4, SI).

2.7. Regeneration experiments

GO/rGO regeneration: GO starting suspension (total amount of GO
200 mg, volume 100 mL) was added to a solution of MB (300 mg/L, total
volume = 250 mL) and stirred for 30 min as for the experiment
described above in section 2.6. In the case of rGO basing on previously
reported adsoprtion isotherms studies [17], a concentration of MB of
100 mg/L, and total volume of 250 mL were used. After this time, GO/
rGO was centrifuged (18000 rpm, 5 min), washed with 200 mL of
ethanol for three times, filtered on a fritted-disc Biichner funnel, dried
under vacuum and reused for a second adsorption cycle. This process
was subsequently repeated in order to perform a third and last cycle.

Module regeneration: GO/rGO starting suspension (total amount of
GO 1.4 g, volume 700 mL, about 2 g/L) was added to an equal amount of
tap water to induce flocculation and stirred for 30 min. The suspension
was then filtered at 50 mL/min with a Cole-Parmer Masterflex peristaltic
pump on a Plasmart 100 module in OUT-IN modality. GO was then
extracted from the module through the application of alternated water
(200 mL/min) and compressed air (4 bar) flows in IN-OUT modality and
simple mechanical shaking of the module. In this way, 1.1 g of GO was
collected (i.e. 75 % of the original amount). The recollected GO was then
dispersed again in water and used for additional two cycles with an
additional drop of GO maximum loading of about 35 %. Similarly, rGO
was extracted by flowing water at 200 mL/min without the need of
compressed air, in IN-OUT modality. In this way, 1.3 g of rGO were
recollected (i.e. > 90 % of the original amount). The recollected rGO was
used for additional cycles and recollected with yield higher than 90 % in
each run.

2.8. Core-shell HF-GO module fabrication and use for comparative GO +
MF and microfiltration experiments

The core shell PES-GO hollow fibers module was prepared by
filtering 25 mL of the starting GO suspension through the module OUT-
IN at 1 bar and then performing a thermal annealing at 80 °C for 12 h;
[51] then the filtering-annealing cycle was repeated, giving the final
device. Ultimately, 100 mg of GO were loaded and fixed on the outer
wall of the fibers. Filtration experiments were performed in the same
OUT-IN modality (tap water 100 mL, OFLOX 20 mg, contact time 30
min, flow rate 55 mL/min).

2.9. PFASs kinetic experiments
A standard solution of the fourteen PFASs in methanol was prepared

starting from the commercial mixture (final concentration: 5 mg/L). GO
powder (25 mg) was sonicated in 2.5 mL of distilled water for 2 h, then
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22.5 mL of tap water were added (pH = 6.9). The suspension was spiked
with 50 pL of the mixture of fourteen PFASs and the final concentration
of each contaminant was 10 pg/L in a total volume of 25 mL. After a
variable contact time (10 min, 30 min, 4 h and 24 h) on a rotary shaker,
the samples were centrifuged 10 min at 10000 rpm and the amount of
PFAS:s in filtered water was determined by UPLC-MS/MS (details in SI,
section 7.1). The same procedure was applied to rGO (pH of the sus-
pension was 7.2) and GAC (pH of the suspension was 7.3). In the case of
GAC, no sonication was performed.

2.10. PFASs removal experiments

A standard solution of the fourteen PFASs in methanol was prepared
starting from the commercial mixture (final concentration: 5 mg/L). GO
or rGO (25 mg, Abalonyx, rGO 99 % reduced) were sonicated in 2.5 mL
of distilled water for 2 h, then 22.5 mL of tap water were added (pH =
6.9). The suspension was spiked with 50 uL of the mixture of fourteen
PFASs and the final concentration of each contaminant was 10 ug/L in a
total volume of 25 mL. After 30 min of contact time on a rotary shaker
the suspension was filtered in a OUT-IN modality at 55 mL/min using a
Cole-Parmer Masterflex® peristaltic pump. The concentration of PFASs
in filtered water was checked by UPLC-MS/MS (details in SI, section
7.1).

3. Results and discussion
3.1. GO/rGO aggregates size analysis and microfiltration demonstration

A GO suspension was prepared by dispersion of GO powder in
deionized water and sonication for 4 h. Atomic force microscopy (AFM)
analysis revealed a percentage of monolayers > 99.0 % with a median
size (D50) of about 170 nm. Moreover, the 90 % of GO nanosheets (D90)
have a lateral size lower than 600 nm (Fig. 1a, Fig. S2 and Table S2, SI).
However, if the suspension was directly prepared in tap water under the
same conditions, the dispersion was not stable and flocculation could be
observed after a few minutes (Fig. 1b and Fig. S4, SI). Scanning electron
microscopy (SEM) images of the GO suspension in tap water dropped on
silicon substrate confirm the presence of aggregates, contrasting with
the almost uniform distribution of single flakes of GO in Milli-Q water
(Fig. S5, SI). The size of GO aggregates was analyzed by laser diffraction
particle size analyzed (LG) since, given their intrinsic limits, AFM (size
< 100 pm) and dynamic light scattering (DLS, size < 10 um) attempts
failed. The size distribution percentiles obtained was D10 = 8 um, D50
=41 um and D90 = 64 pm (see also Table S2, SI). PES-HF mean pore size
measured by porosimeter analysis (Fig. 1c, 1d and Fig. S2¢, S2d, SI) was
in the in the range of 200-250 nm with the minimum pore size close to
100 nm. Therefore, the size of aggregates was at least two orders of
magnitude higher than the pore size of PES-HF, meaning that the sheets
would be retained by microfiltration on MF modules in dead-end
filtration modality, i.e. with flow passing through the membrane
porous wall (OUT-IN modality, inset of Fig. 1c). Evidence of graphene
aggregates within the pores of the membrane were observed by optical
microscopy analysis (Fig. S8b, SI).

In the same conditions, a reduced GO (rGO) suspension was prepared
and analyzed. As expected from the high reduction state of rGO, the
suspension was less stable and faster precipitation of rGO was also
observed in this case. The lateral size distribution was D10 = 6 um, D50
=16 um and D90 = 32 pm (LG), slightly lower that GO, but of the same
order of magnitude. GO and rGO have extremely different chemical
structures, GO is highly oxidised, with O/C ratio of 0.4, with C-O
functionalities representing almost 50 % of all carbon atoms. In contrast,
rGO is a fully reduced material, where 99 % of atoms are carbon and
only 1 % oxygen atoms, as revealed by XPS analysis (Fig. S3, SI).

Flocculation of GO/rGO in river matrix (details in materials and
methods section) was also studied to unravel the potential of the pro-
posed approach also for treating other water matrixes. As shown by
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a)
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Fig. 1. Size analysis of graphene
nanosheets-aggregates and of PES-HF
pores. a) AFM image of GO nanosheets
deposited from deionized water on sili-
con. b) GO dispersion in Milli-Q water
(left) and tap water (right) after 30 min
at concentration 0.1 mg/mL showing
flocculation in tap water. c) Pores on the
PES-HF fiber surface, the inset shows a
PES-HF single fiber used for micro-
filtration and of the flow pathway in the
OUT-IN modality. The fluid enters from
the external wall of the hollow fibers
and passes through the section to enter
the fiber lume (lume diameter 300 pm.
d) Pore size distribution measured with
a liquid-liquid displacement poros-
imeter, from the pressure value of bub-

Fig. S4, SI, flocculation was observed also in river water, with a much
slower kinetic than that observed in tap water. Flocculation of GO in tap
water has been already observed and ascribed to the effect of ions type
and valence and to ionic strength that are almost negligible in deionized
water [55,56]. River water has similar hardness (about 20 °F), but lower
conductivity (432 vs 669 uS/cm a 20 °C, details in table S3, SI) and
contains dispersed algae (210000 algae/L). The observed slower floc-
culation could be likely ascribed to the lower ionic strength of the river
water matrix.

The exfoliated starting GO suspension in deionized water was then
diluted with tap water to induce flocculation and then filtered until
saturation of the MF module, highlighted by MF module clogging and
drop of flow rate (from 50 mL/min to 15 mL/min), was reached. A
maximum GO capacity of about 1.4 g was estimated for the MF module.

The opposite transmembrane filtration modality (IN-OUT), with the
fluid entering the fiber lume and passing through the section to the
external wall, was also considered. In this case, a maximum GO loading
capacity of 800 mg was estimated, about half of the capacity of the OUT-
IN modality. The higher value observed for the OUT-IN modality can be
likely ascribed to the higher dead volume of the outer inner-fiber space.
OUT-IN modality was selected as the ideal configuration and used for
the following water purification experiments. Almost similar behaviour
was observed for rGO with higher loading (about 1.7 g) in the OUT-IN
modality. Optical microscopy analysis of the fibers after GO/rGO
loading showed the presence of aggregates retained into fiber section
pores (Fig. S8b, SI).

Fig. 2 shows the comparison between high speed centrifugation and
microfiltration procedures on GO and rGO. Incresing centrifugation time
up to 30 min at the maximum speed did not affect the precipitation
yield. It can be clearly seen that centrifugation leads to uncomplete
precipitation, in particular in the case of rGO. As a result, reiterated
centrifugations are required, while in the case of MF treatament a clear
solution is oberved after a single step. It should be pointed out that

l I ‘ o ble point at 0.18-0.25 bar. Permability
curve and repeated measurements are
~60F 1  reported in Fig. S2¢, S2d, SIL
X
2
Q40 1
<
8
5201 1
o
or 4
70 100 200 300 400500 700

PES-HF pore dimeter (nm)

beside the highest operational simplicity of MF, the MF cartridges have
standard cut-off, this ensuring that protocol reproducibility is indepen-
dent from the operators, treatment time and scale.

Standard chemical potability of treated water in accordance to cur-
rent EU regulation (D. Lgs. 31/01) was confirmed for treated water
(Table S3, SI) [56]. The analysis also confirmed the absence of secondary
contamination by metal ions that could be released from GO nanosheets
(i.e. manganese-containing chemicals are used during GO synthesis).
Moreover, in order to check the presence of possible release of GO from
the module, we performed UV-Vis analysis on treated water (after
concentration by rotary evaporation) and compared the spectra to those
of GO suspensions at concentrations in the range of 2.5-10 mg/L
(Fig. S6a and S6c, SI). After filtration, the sample was clear and no traces
of GO in filtered water, within the LOD of the method (~2.5 mg/L), were
found in the UV-Vis spectrum. This finding was in good agreement with
the total organic carbon (TOC, Table S3, SI) measurements, being 3 mg/
L for GO + MF solution and 2 mg/L for pristine tap water. rGO retention
was tested as well, comparing the UV-vis analysis of a suspension of rGO
1 mg/mlL, before and after filtration on MF module, with a standard
solution of rGO 5 mg/L and no evidence of rGO was found in treated
water (Fig. S6b, SI).

Notably, GO/rGO could be recovered after use, allowing regenera-
tion and reuse (see also section 3.3). Inversion of water flow direction
through the MF cartridge, enable GO/rGO aggregates detaching from
the HF surface and pores cavities. A volume of water from 0.2 to 0.35 L
per gram of rGO/GO was required to yield a recovery of about 80 %.

3.2. Optimization of the adsorption-microfiltration procedure (GO + MF)

After establishing the capability of MF modules to retain GO nano-
sheets, adsorption experiments were performed for the removal of
OFLOX and MB in spiked tap water by exploiting the experimental setup
shown in Fig. 3. OFLOX was selected as a reference substance due to its
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Fig. 2. Centrifugation of GO/rGO vs MF treatment. A suspension of GO or
rGO in deionized water was diluted with tap water, as for water treatment
experiments, then centrifugated at 10000 rpm for 10 min or microfiltered. Top:
GO suspension before centrifugation (a), after centrifugation (b), and after MF
(c). Bottom: rGO suspension before centrifugation (d), after centrifugation (e),
and after MF (f).

strong affinity for GO (maximum adsorption capacity of GO nanosheets
> 300 mg/g of GO) [23,57], quick equilibrium time [58-60], and ease of
detection. MB was selected because it is considered the standard for
adsorption tests on carbon materials (Fig. S7, SI).

Firstly, we excluded any possible contribution of PES-HF to the
adsorption of OFLOX [51] and MB (Fig. S9, SI). Then we performed
removal exeriments on OFLOX and MB. We found that the removal of
OFLOX at initial concentration in the range 25-300 mg/L, was inde-
pendent on the initial concentration, with values ranging between 99.8
% and 86.8 % (Fig. S10 and Table S4, SI). In order to facilitate the
analytical detection, we performed all the subsequent experiments at an
initial concentration of 300 mg/L. In a typical experiment, a sample of
tap water spiked with OFLOX or MB was added to the starting GO sus-
pension, stirred for 30 min in darkness, then filtered through a MF
module and the amount of OFLOX or MB in filtered water quantified by
HPLC (OFLOX) or UV-Vis (MB) analyses.

The maximum amount of OFLOX removed by a single MF module
was then estimated by repeating the GO + MF experiments on the same
MF module until clogging was reached, filtering at each repetition a new
aliquote of GO and OFLOX solution (300 mg/L). In these conditions, we
were able to remove about 240 mg of OFLOX per gram of GO (60 % of
removal each repetition) and 356 mg for MB per gram of GO by using a
single MF module (Fig. 4). It should be noted that the maximum
adsorption capacity estimated at the equilibrium by adsorption iso-
therms of granular activated carbon (GAC), the industrial benchmark for
adsorption on OFLOX and MB, are 95 mg/g and 187 mg/g respectively
[17], and that <5 % of removal was observed for GAC after 30 min
treatment.
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Fig. 3. Sketch of the adsorption-microfiltration process (GO + MF) for ECs
removal. a) Adsorption: GO nanosheets are introduced in tap water spiked with
OFLOX or MB and the solution is stirred at room temperature for 30 min in
darkness; b) filtration: the suspension is filtered through the MF module in
OUT-IN transmembrane modality.

3.3. Regeneration of exhausted GO/rGO nanosheets

After recovering of exhausted GO/rGO materials as previously
described in section 3.1, regeneration possibility was also investigated
and the whole procedure is schematized in Fig. 5. To this aim, after
adsorption of MB, recollected sheets were washed with ethanol (about
10 mL of ethanol per mg of MB), recovered by centrifugation and final
filtration, dried and reused in a second run of adsorption. In the case of
GO, a drop of removal from 99 % — 90 % — 70 % was observed on going
from the first to the third run, likely due to loss of material during each
washing/filtration phases. Neverthless, it should be pointed out that in
this experiment a very high concentration of MB was used in order to
saturate GO (i.e. 75 mg MB in 250 mL of water, 300 mg/L). Similar trend
was observed for rGO.

3.4. Two step GO + MF vs one step PES-GO core shell HF performances

The performance of the procedure GO + MF was finally compared to
that obtained by using a core-shell PES-GO hollow fibers (HF-GO)
module, having a multilayer GO coating fixed to the PES fiber wall. We
recently demonstrated that adsorption of organic contaminants in core-
shell HF-GO modules occurs by intercalation of the molecules in be-
tween overlapped GO layers [51]. The core-shell HF-GO module was
created by fixing 100 mg of GO on the outer wall of the fibers (details in
section 2.8) and the comparative experiments were performed at an
OFLOX initial concentration of 200 mg/L (see Table S4, SI). Fig. 6a and
6b depict the two different processes: i) GO nanosheets adsorb OFLOX
and the OFLOX loaded GO sheets are then filtered by the MF module in
OUT-IN modality (Fig. 6a), ii) OFLOX spiked water is filtered by a core-
shell HF-GO module having the same overall amount of GO pre-
immobilized on the fiber surface outer wall in OUT-IN modality (i.e.
the flow is forced to pass the GO multilayer, Fig. 6b). In the first case, the
adsorption process mainly relies on the interactions of OFLOX molecules
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Fig. 4. Performance of the GO + MF procedure on OFLOX and MB
removal. Estimation of maximum mass removal for a) OFLOX and b) MB. Each
adsorption experiment was performed on the same MF module until clogging
was reached (Fig. S7 and S8, SI). Experimental conditions for each repetition
were: OFLOX/MB 30 mg, GO 80 mg; contact time 30 min; flow rate 55 mL/min;
treated volume 100 mL.

Fig. 5. Regeneration scheme of exhausted GO/rGO and saturated filter. 1)
GO/rGO is added to polluted water and stirred for 30 min in order to perform
the adsorption, 2) exhausted GO/rGO is filtered in OUT-IN modality through a
MF module, 3) this two-steps procedure is repeated until the clogging of the
module occurs, 4) GO/rGO is recollected from the filter through the use of
water and compressed air fluxes in IN-OUT modality, 5) contaminants are
extracted from GO/rGO by washing with ethanol three times, thus regenerating
the adsorbing material. Regenerated GO/rGO and MF module are then ready
for further adsorption cycles.
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80 4

40

Removal %

GO+MF HF-GO

Fig. 6. Comparison between GO + MF procedure here proposed and MF
on GO coated HF fibers. a) MF module used for the adsorption-microfiltration
process and sketch of the working mechanism. b) Core-shell HF-GO module
(left) and sketch of the working mechanism (right, details in section 2.8).
Intercalation of OFLOX between the overlapped GO sheets in the multilayer has
been already demonstrated [51]. ¢) Comparison between purification perfor-
mances of adsorption performed by monolayer GO followed by microfiltration
(GO + MF; orange bar) and simultaneous adsorption-microfiltration performed
by GO multilayer (HF-GO; blue bar). Experiments repeated twice on two
different modules.

with the functional groups on GO nanosheets, including n-n in-
teractions, H bonds and hydrophobic interactions. In the latter case,
adsorption occurs through the interplay of surface interactions and
intercalation [51].

The removal efficiency estimated by UV-Vis analysis for the GO +
MF procedure was 86 % (174 mg/g), and 70 % (140 mg/g) for the core-
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shell HF-GO module (Fig. 6¢), meaning that intercalation of molecules in
GO multilayers overcomes the loss of surface area of the monolayer
nanosheets. However, while the GO + MF procedure can be reiterated
many times with almost the same performance (Fig. 4a) until saturation
of the MF module by GO and allow regeneration of both GO and MF
cartidge and reuse for three consecutive cyles, the core-shell HF-GO
module performance drops from 70 % to 21 % after the second step.

3.5. Application of GO/rGO + MF to PFASs removal from tap water

The optimized procedure was then exploited for the removal of a
mixture of PFASs of different alkyl chain length (3 < CF; < 13) from
spiked water at the maximum concentrations (10 pg/L) detected in
contaminated groundwaters in Veneto Region (Italy) [28]. GO and rGO
performances vs GAC are summarized in Fig. 7a and 7b.

Adsorption-only tests on GO nanosheets (Fig. 7a, grey bars) showed
increasing removal on increasing alkyl chain length for molecules
ending with a carboxylic group, i.e. perfluorobutanoic acid (PFBA, 3
CFy, <5 %), perfluorononanoic (PFNA, 8 CFp, <20 %), per-
fluorotridecanoic acid (PFTrDA, 12 CFy, >99 %). Higher performances
were observed for sulfonated compounds rather than for carboxylic
analougues, and on the increase of chain length, i.e. per-
fluorobutanesulfonic acid (PFBS, 4 CF; < 5 %), perfluorooctanesulfonic
acid (PFOS, 8 CFy = 43 %). After the MF step (Fig. 7a, yellow bar),
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removal was significantly higher for all compounds (PFBS increased
from < 5 % to 91 %) thanks to the contribution of the PES-HF to the
adsorption. It can also be seen that rGO was more effective than GO
(Fig. 7b; orange bars) in PFASs removal with increasing performance on
increasing PFASs chain length, i.e. 21 % for PFBA (3 CFg), 61 % per-
fluoropentanoic acid (PFPeA, 4 CF3), 95 % perfluorohexanoic acid
(PFHxA, 5 CF5). Sulfonated compounds are better removed than car-
boxylic molecules, i.e. 96 % PFBS (4 CF3) vs 61 % PFPeA (4 CF2). No
significant contribution of the MF step on the removal efficiency was
observed, as shown by the comparison with the experiment including
the MF step (Fig. 7b, blue bars) and with rGO adsorption alone (Fig. 7b,
orange bars).

The lower performance of GO with respect to rGO on both short
chain and long chain sulfonated and carboxylic compounds could be
likely ascribed to the different surface charge of GO and rGO. Indeed, the
Z potential of GO was —43.5 mV (tap water, after 2 h sonication) while
that of rGO was —35.3 mV. The more negative surface charge of GO
leads to a higher repulsive electrostatic interactions with PFASs mole-
cules, which are mostly present in solution as dissociated anions at
neutral pH (such as in our experimental conditions) [61,62]. On the
other hand, the enhancement of performance on increasing the per-
fluoralkyl chain length can be related to the higher hydrophobicity of
the PFASs molecules with octanol-water partition coefficient (log Kow)
values in the range 2.3-8.9 (PFBA, 3 CF;, and PFTeA, 13 CFy,
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Fig. 7. Removal of PFASs from tap water. Removal by a) GO after 30 min of adsorption (GO, grey bars) and after adsorption and microfiltration (GO + MF, yellow
bars), and b) by rGO after 30 min of adsorption (rGO, orange bars), after adsorption and microfiltration (rGO + MF, blue bars) and after adsorption on GAC (green

bars). PFASs initial concentration 10 pg/L each.
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respectively) as already observed by Wu et al. [30] showing that hy-
drophobic interactions, rather than electrostatic ones, dominated PFASs
adsorption onto activated carbon.

The performance were compared to that of GAC [63,64], the stan-
dard adsorber used for PFASs removal in real potabilization plant. The
MF + GO procedure removes about 72 pg/g of PFASs (total ug of PFASs
per gram of sorbent), while the MF 4 rGO removed about 138 pg/g of
PFASs (total pg of PFASs per gram of sorbent), while GAC after 30 min of
contact time removed 44 ng/g of PFASs (total ug of PFASs per gram of
sorbent; this last value increases up to 96.3 ug/g after 24 h), highlighting
the higher suitability of rGO with respect to GO and the higher perfor-
mance of both GO/rGO + MF procedure with respect to GAC for PFASs
adsorption.

It is noteworthy that dedicated kinetic experiments highligthed the
superior perfomance of rGO that, in just 10 min rather than 24 h
required to GAC, expressesed most of its adsoprtion potential (Fig. S11
and Table S9, SI) with PFASs removals up to 3-5 times higher than GAC.

4. Conclusions

In conclusion, we presented a new methodology based on tandem
adsorption on flocculated GO/rGO nanosheets and microfiltration,
requiring only a few minutes to remove organic microcontaminants
from drinking water. According to standard Italian regulation, potability
was confirmed for GO/rGO + MF treated tap water and no evidence of
graphene nanosheets release was found. The procedure exploited com-
mercial GO and rGO nanosheets and commercially available hollow
fiber microfiltration modules. The efficacy of the procedure on the
removal of several classes of emerging contaminants (including OFLOX,
a fluoroquinolone antibiotic) and PFASs was higher than that estimated
for GAC adsorption under the same experimental conditions, in only few
a minutes treatment.

The procedure has been here demonstrated for the removal of
organic contaminants but it could be extended to the removal of metal
cations, such as copper and lead, whose high performance adsorption of
graphene has been widely demonstrated. It provides a complementary
purification technology to the current standard adsorption on GAC for
the removal of contaminants that are not efficiently removed by GAC.
Moreover, synergy between graphene and hollow fiber MF modules
could be exploited to combine depuration and sanitation in a single
device. Indeed, MF modules, even Plasmart modules herein described,
are already used as last step of purification in multitrain point-of-use
devices for final disinfection of treated water. To this aim, automatiza-
tion and prototyping of graphene addiction are ongoing in our lab.
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