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ABSTRACT

The European Union has identified fluorite (CaF,) as a critical raw material (CRM) due to its economic importance, negligible
recycling, and high import dependency. This study investigates a functionalized graphene oxide (fGO) membrane for purifying
wastewater containing dissolved fluorides below the solubility limit of CaF, and the subsequent CRM recovery. While the
fundamental interaction is known in batch systems, closed-loop recovery processes using this kind of membrane remain

unexplored. Utilizing f{GO synthesized via a scalable, green approach, we transition beyond conventional adsorption to a dynamic

membrane-stripping cycle. Comprehensive material characterization is provided. The f{GO membranes were tested in a real-case

scenario using cleanroom facility wastewater. Fluorine concentration was successfully reduced from 21 down to 1.4 mg ™", meeting
the EU/USA discharge and drinking water standards. High-purity CaF, powder was recovered. This work establishes a viable,
non-conventional membrane-based approach for waste valorization, advancing circular economy principles in the semiconductor
and microelectronics industries by transforming a hazardous waste into a strategic resource.

1 | Introduction

The concept of critical raw materials (CRMs) has gained signif-
icant global attention, particularly within the European Union
(EU) due to their high economic importance and significant
supply risk. These materials are essential for industrial value
chains and strategic sectors, including renewable energy, digital
technologies, and defense. The European Commission regularly
publishes its list of CRMs, accompanied by the EU Critical Raw
Materials Act (a legislative framework outlining definitions,
projects, initiatives, and regulations) [1]. The list of CRMs
highlights potential vulnerabilities and encourages sustainable
sourcing and resource efficiency. Among these materials, fluo-
rite (or fluorspar), a mineral composed of calcium fluoride

(CaF,), has been on this list since its very first release in 2011
and has never left it. Fluorite is a crucial industrial mineral
with diverse applications, ranging from the production of hydro-
fluoric acid, a precursor for many fluorine-containing chemi-
cals, to its use as a flux in aluminum, iron, and steel making and
in the manufacture of enamels and optical lenses. Observing the
trend of this CRM over the years, its import in the EU slightly
decreased (69% in 2011 [2], 70% in 2017 [3], 66% in 2020 [4],
and 60% in 2023 [5]), while the recycling rate barely increased
from 0% to 1% over a decade. The EU’s reliance on imports of
fluorite, coupled with its indispensable role in key industries,
underlines the urgency of developing alternative sources and
recovery strategies, with particular focus on recycling methods,
which are currently lacking.
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While the sources of fluorite are primarily minerals and related
extraction activities, the sources of fluorides are less limited.
Chemical industries, metallurgical industries, glass manufac-
turers, and cleanroom facilities, especially those involved in
semiconductor manufacturing or related high-tech industries,
often generate wastewater streams containing significant concen-
trations of fluoride ions. The discharge of such effluents is strictly
regulated due to the potential adverse health effects of exces-
sive fluoride intake, with national and international regulations
imposing stringent limits on fluoride concentrations in drinking
water and environmental discharges. For drinking water, USA sets
this limit to 4.0mgL™", while the EU set this value at 1.5mgL™"
[6]. Therefore, the recovery of fluorine from these waste streams,
rather than its mere removal and disposal, presents an attractive
opportunity. Specifically, the recovered fluoride can be converted
into CaF,, effectively regenerating the CRM. This approach not
only mitigates environmental pollution but also aligns perfectly
with the principles of a circular economy, promoting waste reuti-
lization and reducing the reliance on primary resource extraction.

The conventional method for converting fluoride in CaF, is
based on the precipitation of CaF,, obtained by adding calcium-
containing chemicals to the fluorine-rich solution and exploiting
the poor solubility of CaF, in water (17mgL™" at 20°C, corre-
sponding to about 8mgL™" of fluoride at 20°C), which is
extremely low compared to other fluorides like sodium fluoride
(42 gL‘1 at 20°C). The solution can then be filtered, and the
precipitate recovered. However, this method, while being simple
and effective, cannot reduce the concentration of fluorides down
to 1.5mgL™" as required for safe discharge of wastewater or
drinking water in the EU, with this target being about 6 times
lower than the solubility limit. To achieve this sub-solubility
polishing, conventional industrial frameworks often rely on
purely extractive technologies such as activated alumina, ion
exchange resins, or reverse osmosis (RO). While these methods
can successfully drive residual fluoride concentrations down to
permissible discharge limits, they generate highly concentrated,
complex secondary waste streams rather than facilitating resource
recovery. Consequently, a critical technological gap remains: a
system capable of bridging the deficit between stringent environ-
mental compliance and high-purity mineral circularity. For this
reason, it is necessary to investigate new and efficient ways to
further reduce the concentration of fluorides in water below
the solubility limit while contemporaneously recovering such a
precious resource.

Traditional water treatment and resource recovery technologies,
such as standard nanofiltration membranes, often face limitations
in terms of selectivity, fouling, and chemical resistance [7, 8].
In recent years, graphene oxide (GO) membranes have emerged
as a promising alternative, offering several advantages. These
membranes, made of a stack of two-dimensional GO nanosheets,
possess unique properties including high water permeability,
tunable interlayer spacing for precise molecular sieving, excellent
mechanical strength, and antifouling characteristics [9, 10]. The
selectivity of GO membranes is primarily governed by the synergy
between electrostatic interactions and physical confinement.
Donnan exclusion plays a crucial role when charged species
are present in the solution. The negatively charged functional
groups on the GO surface create an electrostatic barrier that
repels co-ions, making the GO membranes good candidates as

cation-exchange membranes [11]. Simultaneously, the interlayer
distance between GO nanosheets acts as a sub-nanometer sieve.
By tuning this spacing to approximate the hydrated radii of target
ions, the membrane can effectively discriminate between species
that would otherwise exhibit a similar chemical behavior [12].
Furthermore, these membranes can be produced through scalable
and green methods [13]. Finally, these membranes find their ideal
application in dead-end filtration systems, highly desirable thanks
to their operational simplicity and low energy consumption of the
order of 107" kWhm™, one order of magnitude lower than that
of reverse osmosis systems (thanks to the lower applied pressure)
and two orders of magnitude lower than thermal evaporation
processes (the filtration is performed at ambient temperature)
[14]. These characteristics make GO membranes a good candidate
for challenging separation processes, potentially overcoming the
drawbacks associated with conventional polymeric or ceramic
membranes (Table S1).

In the field of raw material recovery, GO membranes are
reported for their efficacy in lithium recovery from water
sources, a CRM well known for energy storage applications
[15-17]. However, the application of these membranes for
other specific CRMs, like fluorite, remains largely unreported.
One area where the advanced separation capabilities of GO
membranes can be particularly impactful is in the recovery
of fluorine from industrial wastewater. While literature exists
on composite materials containing GO [18] or static batch
adsorption [19], no studies have yet tested and engineered
GO membranes for a circular recovery cycle of fluorite, nor
addressed the engineering challenges of a continuous recovery
process. By transforming a dangerous waste into a valuable
product, the application of GO membranes for fluorine recovery
can contribute to a more sustainable and resource-efficient
industrial ecosystem, bridging the gap between wastewater
remediation and sustainable resource management.

This study demonstrates a closed-loop system utilizing function-
alized graphene oxide (fGO) membranes specifically tailored to
overcome the limitations of both conventional chemical precip-
itation and standard extractive technologies. By targeting the
residual fluoride fraction that escapes standard precipitation,
this system achieves a distinct quantitative dual advantage that
traditional alternatives (like reverse osmosis, activated alumina,
or ion exchange resins) do not readily offer: the simultaneous
achievement of high-purity CaF, recovery and the reduction of
effluent fluoride retention to strictly below the EU drinking water
limit of 1.5mgL™". Tailored for the recovery of fluoride ions from
real cleanroom wastewater, this approach aimed at closing the
loop on fluorite utilization. The fGO is produced following a
refined, scalable, and green methodology, based on a modifica-
tion of a method we described previously [20]. This approach
offers a key advantage over traditional, environmentally impactful
solvent-based membrane synthesis. A quaternary ammonium
methacrylate derivative was selected for functionalization to
target fluoride ions. The permanent positive charge of the ammo-
nium moiety creates localized anion-exchange sites within the
fGO channels, facilitating fluoride transport and capture through
strong electrostatic attraction. The performance of different GO
membranes is compared using a set of artificial solutions to
test their selectivity for fluoride ions under various conditions.
Selectivity and recovery rate as a function of the concentration
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of fluorides and competing anions are reported, together with
a real-case study of defluorination of wastewater from a clean-
room facility.

2 | Material and Methods
2.1 | Solutions Preparation

Solutions at different concentration of sodium fluoride (>99%
purity, Thermo Scientific), sodium chloride (>99% purity, Fisher
BioReagents), sodium sulfate (anhydrous, >99% purity, Thermo
Scientific), sodium phosphate monobasic (anhydrous, >99%
purity, Fisher BioReagents), sodium hydroxide (anhydrous,
>98% purity, Merck), calcium hydroxide (>98% purity, Thermo
Scientific), and calcium chloride (dihydrate, >99% purity, Thermo
Scientific) have been prepared dissolving the salts in deionized
water (Milli-Q IQ 7000, Merck Millipore).

2.2 | Functionalized Graphene Oxide

In this new functionalization procedure of the GO sheets, we
dedicated significant effort on improving the sustainability of
the process we previously reported [20], strongly reducing the
energy consumption of the UV radiation source (from a 500 W
lamp with an irradiance of 2kWm™ down to a 6W led with
an irradiance of 0.35kWm ™, keeping the same exposure time)
and substituting the N,N-dimethylformamide (an hazardous,
environmental persistent, non-green solvent widely used in
industrial processes) with water and dimethyl isosorbide, a biode-
gradable, non-hazardous, green solvent derived from D-sorbitol,
obtained from biomasses (renewable feedstock). Also, we substi-
tuted 4-hydroxybenzophenone with 2-hydroxybenzophenone (its
less hazardous counterpart) and the (2-(acryloyloxy)ethyl)trime-
thylammonium chloride with 2-(methacryloyloxy)ethyltrimethy-
lammonium chloride (a similar but more stable and less
hazardous reagent).

Briefly, commercial GO dispersion (2% w/w in H,0, >95% mono-
layer, 14-17 pm lateral size, Graphenea) is diluted with dimethyl
isosorbide (DMI, >99% purity, Merck) to a concentration of
2gL™". Then, 2-hydroxybenzophenone (HBP, 99% purity, Thermo
Scientific) is added to the dispersion in an amount triple with
respect to the mass of GO. The dispersion obtained in this way was
stirred for 15min. At this point, it was exposed to UV radiation
(365nm MicroBrite LED, Advanced Illumination) for 5min with
an intensity of 350 W m™> while stirring. After this treatment, the
result is GO functionalized with HBP. Subsequently, the disper-
sion was centrifuged (R-10M, REMI) at 4000 rpm for 30 min. The
precipitate was washed in ethanol (anhydrous, >99.5% purity,
Merck) and centrifuged. This step was repeated 3 times to separate
the unreacted material. The f{GO obtained in this way (fGO-Step
D) is dispersed again in DMI in a concentration of 2gL™". To
achieve the final desired functionalization, the proper amount of
2-(methacryloyloxy)ethyltrimethylammonium chloride solution
(72% in H,0, Thermo Scientific) is added to the dispersion in
the ratio 5:1 with respect to f{GO-Step I. The solution is exposed
to UV, centrifuged, and washed again. The only difference is
that the exposure time was 15min in this case. After the final
washing, fGO-Step II is obtained, and it is stored in ethanol in

a concentration of 5g ™", A visual representation of the function-
alization procedure is provided in the Supporting Information
(Figure S1).

2.3 | Membrane Fabrication

GO membranes were fabricated using a pressure-assisted
method. A commercial polymeric support made of polyethersul-
fone (PES, @ 47 mm, nominal pore size 100 nm, Sterlitech) was
placed at the bottom of a dead-end filtration apparatus (HP4750,
Sterlitech). A GO solution is poured into the cell, and pressure is
applied to it from the top by means of compressed air. The solu-
tion is forced to pass through the polymeric support, while the
GO sheets accumulate on the surface of the polymer, forming
the typical GO membrane-stacked structure. The process is
stopped once all the solution is passed through the support. The
membranes obtained in this way have a diameter of 38 mm (an
area of 11.34cm”) and a mass loading of 0.18 mgcm™ (2mg of
GO per membrane).

Three different types of membranes were produced following
the procedure described above: pure GO membranes, obtained
by diluting the commercial GO dispersion with deionized H,O
down to a concentration of 0.05gL™"; Ca-rich GO membranes,
obtained by diluting the commercial GO dispersion with a 10 mM
CaCl, solution down to a concentration of 0.05gL™" and stirred
for 1h before use; and f{GO membrane, obtained by diluting the
fGO-step II dispersion with deionized H,0 down to a concentra-
tion of 0.05gL™".

2.4 | Characterization Techniques

Electron microscopy characterization was carried out with a
field-emission scanning electron microscope (FESEM Supra 40,
manufactured by Zeiss) equipped with a Si(Li) detector (Oxford
Instruments) for energy-dispersive X-ray (EDX) spectroscopy.

X-ray diffraction (XRD) spectroscopy (X'Pert pro, Malvern
Panalytical) was employed to measure the interlayer distance
between GO sheets in the stacked membranes and to check the
purity of the recovered CaF,. The instrument was set to work with
a Bragg-Brentano configuration, exploiting a Cu-K source with
1=1.541874A. The measurements were performed with a step
size of 0.026° at a scan speed of 200sstep™.

Thermogravimetric analysis (TGA) was performed on approxi-
mately 2mg of the sample using a TG 209 F1 Libra thermobalance
(NETZSCH GmbH). Samples were heated from 25 to 800°C at a
constant rate of 20 °C min~" under a nitrogen flow of 40 cm® min™".
The experimental mass error was typically below 0.05 mg (corre-

sponding to approximately +2.5%).

Evolved gas analysis was carried out using a TGA-FTIR
setup. Gas-phase IR spectra were acquired using a Bruker Tensor
II spectrometer equipped with a gas cell maintained at 200 °C to
prevent condensation of degradation products. The TGA instru-
ment and the FTIR spectrometer were coupled via a heated
transfer line (230 °C) using a NETZSCH FT-IR Coupling System.
Prior to analysis, the transfer line was cleaned with three cycles of
evacuation and nitrogen refill to ensure a stable IR background.
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Infrared spectra of the evolved gases were recorded at intervals of
approximately 3 °C (about every 105s).

Fourier transform infrared (FTIR) spectroscopy (Bruker Tensor
II) was performed on the material in attenuated total reflection
(ATR) configuration.

Z-potential was measured by a Litesizer DLS 500 (Anton Paar) on
solutions with a concentration of 0.1gL™.

The residual anion concentration after the filtration tests was
measured using ion chromatography. The analyses were carried
out using a Metrohm 883 IC Basic Ion Chromatograph with
chemical suppression; the column used for the separation of the
different anions was a Metrosep A Supp 5 — 250/4.0. The system
was previously calibrated with certified standard solutions.

Elemental analysis—isotope ratio mass spectrometry (EA-IRMS)
was performed using a Thermo Scientific FlashSmart Elemental
Analyzer operated in the oxidative mode. Approximately, 1 mg
of each sample was weighed into tin capsules and combusted at
1020°C. Analyses were carried out in quintuplicate on GO before
and after functionalization.

Elemental impurities in the recovered salt were determined
by high-resolution inductively-coupled plasma mass spectrom-
etry (ICP-MS) using a Thermo Scientific Element ICP-HRMS.
Approximately 100 mg of sample was weighed and digested with
8 ml of 68% HNO; in a microwave digestion system. The digestion
program consisted of a 15min ramp to 200°C, followed by a
15min hold at 200°C, and subsequent cooling. Scandium was
added as an internal standard before digestion in order to monitor
both instrumental drift and possible anomalies occurring during
sample preparation. After digestion, the solution was diluted to
50ml; then, 3.15ml of this solution was further diluted to 10 ml
prior to multi-element quantitative ICP-MS analysis.

Raman spectroscopy was performed using a DXR Raman
Microscope (Thermo Fisher Scientific) operating in the high-
resolution mode (spectral resolution of 5cm™) using a 532nm

—
O
~

laser operating at 6mW. Data acquisition was performed using
OMNIC software, setting an acquisition time of 30s.

2.5 | Filtration Tests

Filtration tests were performed in the same dead-end apparatus
used for membrane fabrication (Figure S2). If not stated other-
wise, the applied pressure is 1bar, and the feed volume is 50 ml
(40ml for stripping solutions). Between different tests, the appa-
ratus was carefully washed with abundant deionized H,0O and

dried with compressed air in order to prevent any contamination.
Each filtration test was repeated 3 times for repeatability purposes.

The retention is evaluated as 1 minus the fraction of the target
ion detected in the permeate. The recovery was evaluated as the
fraction of the target ion detected in the stripping solution. Both
are reported as percentages.

3 | Results and Discussion

3.1 | Material Characterization

Z potential measurements (Figure 1a) performed on GO and fGO
show how the functionalization impacted the surface charge of
the material, moving from —23mV for pristine GO to +11mV
for fGO. The potential shift is linked to the reduction of oxygen
functional groups (negatively charged in water) and the addition
of positively charged amine groups. ATR-FTIR spectroscopy
analysis (Figure 1b) highlights the progressive modification of GO
through sequential functionalization. The spectrum of pristine
GO was compared with those of two functionalized samples,
obtained after the incorporation of 2-hydroxybenzophenone
(fGO-Step I) and the subsequent introduction of a quaternary
ammonium methacrylate derivative (fGO-Step II), as described in
the Experimental section.

The spectrum of GO (black line in Figure 1) exhibits a vibra-
tional profile typical of oxidized graphene materials, in agree-
ment with the literature [21-23]. A broad band centered around
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(a) Z potential measurements on GO and fGO. (b) ATR-FTIR spectra of graphene oxide (GO, black), functionalized GO after

reaction with 2-hydroxybenzophenone (fGO-Step I, red), and after subsequent modification with a quaternary ammonium methacrylate derivative

(fGO-Step II, blue).
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3400cm™" (1) is assigned to O—H stretching vibrations from
the hydroxyl and carboxylic acid groups. A sharp absorption
at 1760cm ™" (2) corresponds to the C=0 stretching of carbox-
ylic acids, predominantly located at the edges of GO sheets
[21,23,24]. The signal at 1630 cm ™" (3) arises from C=C stretching
vibrations of the conjugated carbon framework in the graphene
lattice [21, 23]. The band at 1200cm ™" (4) is attributed to C—OH
stretching, while the absorption at 1039cm™ (5) corresponds
to C—O—C vibrations of epoxy functionalities, indicative of GO
oxidation [21, 23, 25].

Upon HBP addition (red line), new spectral features emerge,
suggesting a successful interaction or covalent incorporation.
A slight shift of the C=0 stretching band (2) toward lower wave-
numbers is observed, reflecting the contribution of the aromatic
ketone group in HBP [26]. The broader band around 1600cm™
(3) is likely due to overlapping C=C stretching vibrations from
both GO and the aromatic rings of HBP [26]. Furthermore, the
C—Ostretching vibration of the phenolic hydroxyl in HBP contrib-
utes to the intensified band near ~1050cm™ (5) [26]. Finally, a
structural reorganization of graphene oxide is observed, indicative
of a photoreduction process or a rearrangement of the carbon
framework. The disappearance of IR bands in the 1000-600cm ™
region can be attributed to the loss of oxygen-containing func-
tional groups (such as C—O0, epoxides, and alcohols), promoted
by the photosensitizing action of benzophenone. This suggests a
partial transition toward more aromatic and less functionalized
structures, consistent with rGO [27].

The final spectrum (blue line), corresponding to the introduc-
tion of the quaternary ammonium compound, shows additional
complexity. An increase in absorption is observed in the high-
wavenumber region (~3000-3500cm™"), attributed to O—H and
C—H stretching vibrations (1). The band near 1700cm™" (2),
assigned to carbonyl stretching, is more intense in pristine GO,
and its intensity decreases in Step I and further in Step II, indi-
cating a partial consumption or transformation of carboxylic/ester
groups during the two-step functionalization. In contrast, the
band around 1600cm™ (3) becomes relatively more prominent
in the final spectrum, which can be ascribed to overlapping
C=C stretching vibrations from the methacrylate moiety and the
aromatic domains of the GO/HBP framework. Finally, a broad
and intensified band in the 1100cm™ region (5) is consistent
with C—O/C—N stretching modes associated with the quaternary
trimethylammonium methacrylate units [28].

These spectral changes confirm the progressive functionalization
and structural evolution of the GO-based membrane through a
two-step chemical modification process.

TGA was performed to assess the thermal stability of the samples
and to further confirm the progressive functionalization of GO.
The thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of the f{GO membranes are presented in Figure 2.
To support the interpretation of each weight loss event, the
corresponding FTIR spectra of the evolved gases are provided in
the Supporting Information.

An initial weight loss of approximately 5% is observed for GO
in the temperature range of 55-135°C, which is attributed to
the release of physically adsorbed water on the hydrophilic GO

50— GO
——STEP|
STEPII

216°C

.
.
-
-
~
~
.
.
s
.
g

-1 5 T T T T
100 200 300 400 500 600

Temperature (°C)

FIGURE 2 | TGA and DTGA curves of graphene oxide (GO, black),
GO functionalized with 2-hydroxybenzophenone (fGO-Step I, red), and
GO further modified with a quaternary ammonium methacrylate deriv-
ative (fGO-Step 11, blue).

surface [29]. This weight loss is also evident in fGO-Step II, where
FTIR analysis of the evolved gases indicates, in addition to water,
the presence of CO, (Figure S3). The DTG peak corresponding
to this event is centered at 87°C. Interestingly, in fGO-Step I,
the weight loss in this region is significantly lower compared to
pristine GO, suggesting a partial loss of surface hydrophilicity.
This observation is consistent with the partial removal or trans-
formation of oxygenated functional groups, likely due to side
reactions occurring during the first functionalization step.

As the temperature increases from 150 to 230°C, GO undergoes
a significant weight loss of approximately 28%, with a DTG
peak centered at 185°C. This step is attributed to the thermal
decomposition of oxygen-containing functional groups, particu-
larly carboxylic (—COOH) and carbonyl (C=0) moieties, which
evolve as H,0, CO,, and CO. This interpretation is supported by
the FTIR analysis of the released gases (Figure S4).

Further weight loss occurs at approximately 216 °C as evidenced
by a DTG peak at this temperature. This thermal event results
in a 23% mass loss in fGO-step I and increases to approximately
32% in fGO-Step II. It is similarly attributed to the decomposition
of residual carboxylic and carbonyl groups, as confirmed by the
presence of CO, and CO in the evolved gas spectra (Figure S5)
[20]. The lower mass loss observed for f{GO-Step I relative to GO
in this temperature range further supports the interpretation that
some of the native oxygen functionalities were already removed or
chemically altered during the first functionalization step.

Finally, a distinct weight loss of about 14% is observed exclusively
in the fGO-Step II sample at around 305°C. FTIR analysis of the
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evolved gases reveals two new absorption bands corresponding to
trimethylamine (TMA) and hydrogen chloride (HCI), indicating
the thermal decomposition of the quaternary ammonium moiety
introduced during the second functionalization step (Figure
S6) [20].

Nitrogen EA-IRMS on pristine GO showed a non-determinable
nitrogen content, whereas the post-grafting material exhibited an
average nitrogen content of 0.1063+0.0070 % w/w, corresponding
to 0.00106+0.00007mg of N per mg of fGO. The detection of
nitrogen only after grafting supports the successful introduction of
nitrogen-containing quaternary amine groups onto the fGO surface.

Raman spectra of GO and fGO were collected to further investi-
gate the structural changes following functionalization (Figure
S7). Pristine GO exhibited an I,/I; intensity ratio of 0.95,
which decreased to 0.83 for fGO. The G band showed a slight
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S 8000+ — GO .
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FIGURE 3 |

downshift towards 1580cm™". These combined effects demon-

strate a decreased oxygen defect density and enhanced structural
ordering of the carbon lattice, confirming that functionalization
proceeded alongside a partial reduction, without introducing
additional structural defects [30].

Electron microscopy was employed to check the uniformity of
the GO membranes (Figure 3). No appreciable difference was
observed between the different samples in terms of superficial
roughness. On the contrary, a different thickness was observed.
GO membranes have a thickness of 0.8-1.0 um, while Ca-rich
GO membranes have a thickness of only 0.6-0.8pm and fGO
membranes have a thickness of 1.0-1.2 pm. These values are easily
explained by considering the effect of the addition of Ca®" ions
(like many other cations), which are known in the literature to
be responsible for shrinking the structure of the membrane and
improving its compactness [31]. Accordingly, fGO is expected to

1 um
=
100000

1000

I\Io membrane PES GO Ca-richGO fGO

(a) Top view of a fGO membrane. (b) Cross section of a Ca-rich GO membrane. (c) Cross section of a GO membrane. (d) Cross

section of a fGO membrane. (e) XRD patterns of the different membranes and supports. (f) Water flux comparison of different membranes.
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be thicker than GO due to the presence of the functional monomer
on the surface of the GO sheets, which is also reported in the
literature to be a strategy to increase and control the interlayer
distance between the GO sheets [32].

XRD analysis (Figure 3e) performed on dried membranes
confirmed that the smallest interlayer distance is observed in
the GO membranes (0.75nm), which increases in the case of the
Ca-rich GO membranes (0.78nm) due to the presence of Ca*"
ions inside the channels. As expected, the grafting of a polymeric
monomer on the surface of the GO flakes translated into the
observation of the largest interlayer distance (0.87nm) in the case
of fGO. Due to the small thickness of these membranes, the broad
amorphous peak of the PES support is clearly visible in all samples
(centered around 18°).

The water flux was evaluated for all membranes using deionized
H,0. The results are reported in Figure 3f. The impact of the PES
support was totally negligible. The water flux of GO membranes
was the lowest, being one order of magnitude lower than that
of Ca-rich GO and fGO membranes. Among them, fGO showed
the highest flux, reaching almost 300 Lbar"'m >h™". The water
uptake was evaluated by weight. The membranes were dried at
40°C overnight under low-vacuum conditions inside a glass oven
(B-585, Biichi). Afterwards, they were immersed in deionized
water for 2 h and then gently dried using lint-free paper and imme-
diately weighed. GO membranes showed a water uptake of 40% of
their dried weight compared to 25% for the f{GO membranes. PES
support alone showed a water uptake of 20%.

3.2 | Filtration Tests

The first set of filtration tests was performed in order to
compare the selectivity of the different membranes towards
fluorides. To do so, a NaF 22mgL™" solution (F~ 10mgL™")
was employed. The solution was passed through the apparatus
first and then filtered using a PES membrane. Samples were
collected and analyzed for both cases in order to exclude
any possible adsorption from the apparatus or from the PES
membrane. IC analysis confirmed that the NaF feed solu-
tion and those samples had the same fluoride concentration.
After that, the NaF solution was filtered through 3 different
membranes (GO, Ca-rich GO, and fGO). After each permeate

collection, a 0.1 M NaOH stripping solution was filtered. This
solution was used to collect the fluoride ions trapped inside
the membrane and substite them with hydroxide ions. This
process was repeated 3 times for each membrane using the
same solutions, thus reducing the concentration of fluorides in
the permeate after each filtration while increasing its concen-
tration in the stripping solution. IC analysis performed on both
permeates and stripping solutions is reported in Figure 4a. The
results indicate good reproducibility in terms of retention but
more variability for the recovery, with the exception of the
Ca-rich GO. We suppose that stable recovery in this specific
case is due to the presence of the calcium ions, which effectively
prevent the channels from widening under wet conditions [31]
while simultaneously providing preferential sites for fluoride
adsorption. Furthermore, NaOH amplifies this effect by weak-
ening the hydrogen bonds responsible for the stability of the
stacked structure of these membranes. As a result of this first
set of tests, f{GO was selected as the best-performing material.
It exhibited the highest retention, slightly higher than GO.
It also exhibited the highest recovery, being slightly higher
than that of Ca-rich GO. To further confirm the mechanism
of fluorine removal, EDX analysis was performed on the f{GO
membranes after the tests, which revealed no detectable trace
of fluorine. This result is consistent with a reversible adsorption
mechanism, providing evidence of the stripping effectiveness of
the NaOH solution. This is evidence that the quaternary amine
grafted on the surface of the GO sheets can enhance the affinity
for fluorides without creating sites in which the fluorine ions
become permanently trapped.

The second set of experiments was performed in order to test
the selectivity of fGO toward fluorides (Figure 4b). Indeed,
the presence of positively charged monomers containing quater-
nary amines on the surface of the f{GO sheets does not imply
selectivity towards specific anions. For this reason, a set of
solutions containing the same cation (Na™) but different anions
were prepared. Two solutions of NaF, 22 and 550mgL™" (F~ 10
and 250mgL~", respectively), two solutions of NaCl, 16.5 and
410mgL™" (CI” 10 and 250mgL™", respectively), a solution of
Na,SO,, 375mgL™" (SO,*” 250mgL™"), a solution of NaH,PO,,
315mgL™" (PO,*” 250mgL™), and a mixed solution containing
50mgL~" of each anion were used as feed solutions. The stripping
solution was always 0.1 M NaOH. Feed and stripping solutions
were filtered twice each on the same fGO membrane. Different

(@) 100% (0) 25
B2 Retention E ;8 ggm
o 204 i
80% ] Recovery 0 B 250 ppm
60% £ 45 )
>
[}
>
40% - 8 10- 1
o
20% - 54 .
0% - 0+

GO Ca-rich GO fGO

NaF NaCl Na2S04 NaH2PO4

FIGURE 4 | (a) Comparison of different membranes. The solution is NaF 22mg L™ (b) Recovery rate of f{GO membranes. The concentration in

the legend refers to the anions.
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membranes were used for each feed composition to avoid any
contamination. The results show that at a concentration of
250mgL~", the selectivity is higher for fluorides rather than
the other anions. Notably, the recovery rates of sulfates and phos-
phates are comparable, while the chlorides are slightly higher.
At 10mgL™", the recovery rate of fluorides is higher than that of
chlorides, consistent with the results at 250 mg ™" and supporting
the feasibility of the proposed application at lower target concen-
trations. Instead, when all the ions are simultaneously present in
solution at a concentration of 50 mg L™! each, there is minimal
difference in the recovery rate of the different monovalent anions.
However, the recovery of sulfates is strongly reduced, while the
recovery rate of phosphates is slightly lower than that of fluorides
and chlorides. While recovery rate provides insight into the overall
efficiency of the recovery process, these metrics do not provide
information regarding the selectivity of the f{GO membranes. To
address this, selectivity coefficients were calculated (Table S2),
proving moderate selectivity towards both monovalent and diva-
lent anions in single-ion solutions. However, when all the anions
were simultaneously present, the fGO membrane exhibited no
selectivity towards monovalent anions, whereas moderate selec-
tivity towards sulfates and phosphates was observed.

3.3 | Cleanroom Waste Reutilization
The real case study was conducted using a 250ml sample of

wastewater collected in the cleanroom (www.piquetlab.it) of the
National Metrology Institute of Italy (INRiM). The sample was

(a)

' i

kev 1 2 3 4 5

(b)%

collected from the waste of diluted hydrofluoric acid used for
wafer etching. The sample was neutralized using Ca(OH), in
order to precipitate CaF,. The solution became immediately
turbid and was left to rest overnight at ambient temperature.
The neutralization via Ca(OH), addition played a dual role: it
initiated the precipitation of CaF, and simultaneously triggered
the gelation of dissolved silicon species. For this reason, the lower
part of the solution, containing the CaF, precipitate, was collected
and subsequently filtered through a PES membrane to recover the
precipitate (Figure 5a). The rest of the solution, containing the
suspension of polymerized silica and calcium silicate complexes,
was purified using a secondary PES membrane. This ensured that
the remaining filtrate to be treated by the f{GO membranes was
substantially free of silicon, thereby preventing co-precipitation in
the final recovery stage.

The solution was then filtered through an fGO membrane to recover
the remaining fluorides. A 10ml NaOH 0.1 M stripping solution
was used to collect and concentrate the fluorides. The feed and
stripping solutions were alternately filtered 3 times each. This
process was then repeated on the same membrane using 5 different
feed and stripping solutions, all sourced from the same batches.
It is important to note that this f{GO membrane, after fabrication,
was protected with a layer of PES on the top, thus creating a
stacked PES-fGO-PES structure. This was done to prevent the
mechanical damage that was observed on unprotected membranes
after several filtering processes, mainly due to the weakening of
the fGO structure caused by the action of NaOH and the physical
impact of pouring the feed solutions inside the apparatus, directly

(d) 10000 ; ; . : ;

(111)
(220)
El
s
2 5000 ]
2
k3
£
@311)
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FIGURE 5 | (a) PES membrane with white CaF, precipitate. (b) FESEM image of CaF, precipitate. The cubic structure is clearly visible. (c)
EDX spectrum of CaF, precipitate, confirming the presence of calcium and fluorine only. (d) XRD spectrum of CaF, precipitate, confirming the

crystalline structure of pure fluorite.
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onto the membrane surface. The PES-fGO-PES stack successfully
prevented this damage without affecting the water flux.

At the end of the tests, the stripping solution had a concentration
of F of 20.8mgL™". At this point, a solution of Ca(OH), 1gL™"
was added to the stripping solution, with the added volume
being 4% of the stripping solution’s total volume. This increased
the CaF, concentration to more than double its solubility limit
(approximately 41mgL™"), causing the precipitation of the salt.
The stripping solution was filtered through a PES membrane to
recover the precipitate.

Both the initial precipitate and the latter were inspected using
FESEM. The typical cubic crystal structure of CaF, was observed
(Figure 5b). The size of the crystals ranged from hundreds
of nanometers to few micrometers. EDX spectra reported the
presence of only calcium and fluorine, in an atomic ratio of
1:2 (Figure 5c¢). XRD analysis confirmed that the precipitate is
pure CaF,, thanks to the presence of the (111), (220), (311),
(400), and (331) peaks, observed at 28.4°, 47.1°, 55.9°, 68.8°,
and 76.0°, respectively (Figure 5d). High-resolution ICP-MS
was used to confirm the results of EDX and XRD. The main
impurities detected in the recovered CaF, salt were Si, Na,
Al, and Sr, with concentrations of 270+35, 82+19, 64.2+6.0,
and 54.63+0.98mgkg™', respectively. Lower levels were
observed for Fe (9.35+0.15mgkg™"), Ba (3.45+0.06mgkg™),
Sb  (2.6+1.8mgkg™), Li (213+0.66mgkg™"), and Ni
(1.41£0.37mgkg™"). Trace amounts in the order of ugkg™ of
Pb, Cr, Mn, Cd, Bi, V, and Co were also measured, whereas Cu,
Se, and As were below the quantifiable level under the adopted
analytical conditions. Overall, the impurity profile was dominated
by Si, followed by Na, Al, Sr, and Fe, while potentially toxic
elements such as Cd, Pb, As, and Co were present only at trace or
non-quantifiable levels.

The high elemental purity and stoichiometric consistency
observed across these analyses suggest that the recovered material
meets the stringent requirements of acid-grade fluorspar (>97%
CaF,), which is the primary precursor for HF production in the
semiconductor industry.

At the end of this first set of filtrations, the concentration of fluo-
rine in the wastewater was almost halved, passing from 21 mgL™"
down to 11mgL™", while contemporaneously recovering CaF,
as a solid product. At this concentration, the wastewater did
not meet the requirements for discharge or for drinking water
(1.5mgL™" for EU and 4.0mgL™" for USA). Therefore, further
steps of filtration were performed.

We simulated a multistage filtration system by preparing fresh
fGO membranes and using them to further treat the wastewater,
following the filtration protocol previously described. After a
second filtration step, the concentration of fluorine was further
lowered to 4mgL ™", confirming the behavior initially obtained
for the f{GO membranes. This result is already sufficient to satisfy
the USA requirement. A third filtration step allowed us to push
down the concentration further to 1.4mgL™", achieving the goal
of 1.5mgL ™" required by the EU regulation. Taking into account
the entire multi-stage process, 94% of the remaining fluoride was
removed, with 33% recovered as solid CaF,. The comprehensive
mass balance is provided in Table S3.

4 | Conclusion

This study successfully investigated a membrane made of func-
tionalized graphene oxide (fGO) for the purification of cleanroom
wastewater and the recovery of calcium fluoride (CaF,). fGO was
obtained through a novel and green approach. Comprehensive
characterization of the membrane confirmed the effectiveness
of the functionalization procedure. The selectivity of fGO
membranes towards fluorides was tested using different solutions
at different concentrations. The results showed a higher uptake
of fluorides at all concentrations. However, in the presence of
competing anions (especially monovalent), the selectivity drops
drastically, suggesting that their optimal use is as a targeted
polishing step for fluoride-rich industrial streams.

This targeted application was validated using real cleanroom
wastewater through a process combining initial chemical precip-
itation, followed by a multi-stage membrane process. Initial
neutralization with calcium hydroxide precipitated the bulk
fluoride fraction, which was filtered to recover CaF,. The solu-
tion containing the remaining dissolved fraction, which escapes
standard precipitation treatment due to the solubility limit of
CaF,, was subsequently filtered using f{GO membranes. The fluo-
rine removed from the wastewater was concentrated and precipi-
tated in the form of a CaF, fine powder. The f{GO membranes
showed stable performance, retaining approximately 94% of the
remaining fluorine ions within 3 filtration steps and allowing for
arecovery of 33% of that target fluoride fraction as solid CaF,. The
final permeate met the standards for drinkable water, as defined
by USA and EU regulations.

Compared to conventional purely extractive technologies,
such as standard reverse osmosis, activated alumina, or ion
exchange resins, this closed-loop configuration provides a
distinct quantitative advantage by concurrently satisfying
stringent regulatory discharge limits and facilitating resource
circularity without generating a secondary brine disposal
problem. By converting an industrial effluent into a source
of recovered critical raw materials and compliant discharge
water, this work establishes a bench-scale feasibility frame-
work for circular water management in the semiconductor
sector. Future research will focus on enhancing ion-specific
selectivity in multi-anion solutions, evaluating the long-term
stability of these membranes systematically, optimizing the
flux considering the trade-off between permeability and selec-
tivity of these membranes, and transitioning this multi-stage
batch process into a continuous automated system.
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