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Water impact

Upcycling of plastic membrane industrial scraps
and reuse as sorbent for emerging contaminants
in waterf
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Scraps obtained as waste of the industrial production of polysulfone and polysulfone-graphene oxide
hollow fiber membranes (PSU-HF and PSU-GO-HF, respectively) were converted into granular materials
and used as sorbents of several classes of emerging and standard water contaminants, such as drugs,
heavy metal ions, and a mixture of per- and poly-fluoroalkyl substances (PFASs). The millimetric sized
granules (PSU and PSU-GO, respectively) outperformed granular activated carbon (GAC), the industrial
sorbent benchmark, in the adsorption of lead, diclofenac, and PFOA from tap water. Adsorption
mechanism insight was achieved by molecular dynamics simulations, demonstrating the key role of
graphene oxide (GO) on PSU-GO material performance. With respect to GAC, PSU-GO adsorption capacity
was two times higher for diclofenac and PFOA and ten times higher for lead. Material safety was assessed
by surface enhanced Raman spectroscopy, excluding GO nanosheets leaching, and combined potability
test. Overall, our work proves that scrap conversion and reuse is a valuable strategy to reduce plastic
industrial waste disposal and to integrate standard technology for enhanced water purification.

Waste derived from the industrial production of polysulfone hollow fibers (PSU-HF) and PSU-graphene oxide hollow fibers (PSU-GO-HF) can be converted

into high-value adsorbent materials. Safe and innovative granules are manufactured from such production scraps and are exploited in the purification of
drinking water, targeting the removal of emerging contaminants, such as PFASs. Molecular dynamics simulations were performed to highlight the
adsorption mechanism. PSU-GO granules exhibited superior performance in the removal of lead, PFOA, and diclofenac, with respect to granular activated

carbon (GAC).
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Introduction

The last seventy years have seen a fiftyfold increase in the
production of chemicals, which is expected to triple again by
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2050." Such chemicals are applied in thousands of industrial
and civil products, and it is extremely challenging to
introduce safe and sustainable technologies for their removal
from the environment. The saturation limit capacity for some
of these chemicals (e.g. per- and poly-fluoroalkyl substances,
PFASs) has already been reached,”™ calling for the urgent
adoption of risk-mitigation actions and the development of
new remediation strategies. Currently, great attention is
focused on the removal of ‘emerging contaminants’ (ECs),
i.e. pharmaceuticals, cosmetics, and pesticides, from water
sources. Adsorption on granular activated carbon (GAC) is
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the most exploited technology to remove ECs from water in
potabilization plants®® and more than 5 million tons of GAC
are produced annually for water treatment applications.” The
environmental impact of GAC production, activation,
transport, regeneration, and disposal is almost incalculable.
Moreover, GAC shows poor adsorption performance for
several classes of ECs, such as short chain PFASs and other
small polar molecules, or metal and heavy metal ions.*’
Finding alternative materials and strategies to replace GAC
and to widen removal selectivity and efficiencies toward ECs
is extremely challenging.

In the last decade, new materials and technologies have
been proposed as adsorbents of various class of
contaminants. These include biochar,'® metal-organic
frameworks'' and graphene related nanomaterials.'>"?
Among them, graphene oxide (GO) exhibited remarkable
maximum adsorption capacities (Qmax) for several organic
pollutants with respect to GAC, ie. for the ofloxacin
antibiotic, Qumax of 650 mg gGo_1 vs. 95 mg ggac |
reported.™”

Given the large global request of materials for water
treatment, sustainability issues related to their production
should be considered when proposing new solutions. In this
respect, sorbents derived from industrial wastes are
particularly interesting.

Due to their abundance and easy processability, plastic
waste deriving from the production of polyethylene (PE),
polypropylene (PP), polyvinylchloride (PVC), polystyrene (PS),
and polyethylene terephthalate (PET) have been widely
investigated. It has been shown that they can adsorb a wide
range of pollutants, including toxic, hydrophobic, persistent,
and bio-accumulative substances, such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
dichloro-diphenyl-trichloroethanes (DDTs), heavy metals, and
others."*"°

In this regard, our group recently reported on the
conversion of plastic waste derived from the industrial
production of polysulfone hollow fiber (PSU-HF) membranes
into porous granules." PSU-HF are largely exploited
membranes for the production of ultrafiltration modules for
biomedical filtration,'® gas separation,'® water disinfection,*
and nanomaterials purification.'**'

Their graphene oxide modified version (PSU-GO-HF), has
further expanded their application range to drinking water
purification thanks to the simultaneous filtration and
adsorption properties, enabled by GO nanosheets.>**’

The production of commercial PSU-HF and PSU-GO-HF
modules requires a hot-wire cutting process to cut the as-
spun hollow fibers bundle to fit the final cartridge size
(Fig. 1a). The process creates PSU-GO-HF scraps (about 10%
of the total mass produced, Fig. 1b), which must be disposed,
with consequent economic and environmental costs. It has
been estimated that the current yearly production of hollow
fiber membranes is approaching the hundreds of thousand
tons scale and due to the increasing number of applications
(i.e. ultrafiltration, membrane contactors, pervaporation,
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Fig. 1 a) Industrial

hot-wire cutting of hollow fiber
generating membrane scraps, b) PSU-GO-HF scraps.

bundles,

microfiltration, reverse osmosis, forward osmosis, pressure
retarded osmosis, and many other liquid/liquid or liquid/
solid separation), the hollow fiber membrane global market
projections foresee an annual growth rate of 14.3% from
2023 to 2030, reaching USD 1.76 billion by 2030, meaning
also a massive increase of the scraps byproducts.*®

We demonstrated that PSU-HF and PSU-GO-HF
membrane scraps, from here named PSU and PSU-GO, could
be converted into granular porous materials with high
potential for drinking water treatment and excellent
adsorption  capacity toward emerging contaminants,
including PFASs.

The selectivity of PSU and PSU-GO toward drugs (i.e.
ofloxacin, carbamazepine, and diclofenac),”*™" PFASs (i.e.
(CF);-(CF),3, where (CF), indicates the number of fluorinated
carbons),®*>* and heavy metals (ie. U, V, Cr, As, Cu, and
Pb),>>*’ chosen for environmental relevance,*® was studied.
Moreover, adsorption capacity tests were performed on three
selected contaminants of environmental concern, Lie.
diclofenac (DCF),>**" perfluorooctanoic acid (PFOA)*** and
lead (Pb).>*’

Production scale-up, which enabled automatic grinding of
scraps precursors, allowed the validation of PSU and PSU-GO
in standard sized commercial cartridges. Evaluation of such
cartridges under domestic tap working conditions, in

This journal is © The Royal Society of Chemistry 2024
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comparison to commercial standard technologies (GAC and
hollow fibers ultrafiltration modules), was also performed.

Experimental

Materials

Ofloxacin (OFLOX), diclofenac (DCF), benzophenone-4 (BP4),
carbamazepine (CBZ), bisphenol A (BPA), benzophenone-3
(BP3), rhodamine B (RhB), and caffeine (CAF) were purchased
from Sigma-Aldrich (DE) and wused without further
purification (Fig. S1, ESI¥).

PFASs standard mixture (CH;CN:H,O 9:1, 200 pug mL™)
were purchased from Agilent Technologies (Santa Clara, CA,
USA) (Fig. S2, ESIf). Ethanol absolute anhydrous was
purchased from Carlo Erba Reagents (Val-de-Reuil, Cedex,

FR).
Metal salts were purchased from CPA chem Ltd. (BG) as
UO,(OOCCH3),, NH,VO;, Cr(NO);, H3;AsO,, Cu(NO;),,

Pb(NO3),, Cd(NO3),, Ni (NO3), in HNO;z 2% solution. Nitric
acid (=89.0%) was purchased from Honeywell (FR). Granular
activated carbon (GAC) was purchased from CABOT Norit Spa
(Ravenna, IT, Norit), product reference: GAC 830 AF (MB
index min 240 mg g ', BET surface area >1000 m”> g ", details
in Table S1, ESIT). To remove sub-millimetric particles, GAC
was washed with deionized water at a mild flux, then dried
overnight in an oven at 40 °C.

PSU and PSU-GO scraps and empty cartridges and PSU-
HF and PSU-GO-HF modules were provided by Medica SpA.

Preparation of granules and cartridges assembly

PSU and PSU-GO granules were prepared by manual or
mechanical grinding of commercial PSU-HF and PSU-GO-
HF,” coextruded with a 3.5% content of GO with respect to
PSU weight (Fig. S3a and S3b, ESIt).>’” For mechanical
grinding, a commercial blade grinder (Ceramic Instruments
Srl, IT, sieve cut-off = 2 mm, Fig. S18, ESIf), with a
production capacity of 0.75 kg h™, was used.

The specific surface area of the granules measured by N,
adsorption (Brunauer-Emmett-Teller model) was in the
range of 23-26 m* g”* for both materials.*

Small prototype cartridges (14 mm diameter, 65 mm
length, dead volume 6 mL, empty bed contact time (EBCT) =
0.5 min, bed volume = 0.01 L) were filled with PSU granules,
PSU-GO granules, or GAC (Fig. S4a-c, ESIT). The final weight
of material in the cartridges was 0.4 g for PSU, 0.73 g for
PSU-GO, and 2.3 g for GAC. These cartridges were used for
the lab scale test reported in Fig. 3 and 5. For pilot plant
testing (Fig. 6), commercial standard sized and reusable
cartridges (49 mm diameter, 250 mm length, dead volume
250 mL, EBCT = 0.14 min, bed volume = 0.5 L) were filled
with 33 g of PSU-GO mechanically grinded granules or 33 g
of PSU granules or 130 g of GAC (Fig. S4d-f, ESIf). The
different material weights reflected the need to maintain
consistent EBCT for all adsorbents and to ensure cartridges
volume fulfilling.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Images of PSU (a) and PSU-GO (b) granules, and SEM images at
different magnifications of PSU (c and e) and PSU-GO (d and f).

Adsorption bench-scale test

A tap water solution of eight heavy metals and metalloids (i.e.
Pb, Cu, Cd, Ni, Cr(m), As(v), V, and U) at a final concentration
of 100 ug L™ each was prepared and then filtered on the
cartridges using the filtration set up in Fig. S5, ESL} Samples
were collected every 250 mL. Each fraction was immediately
acidified with 1% HNO; and analyzed by ICP-MS (details in
ESL} section 4).

A solution of eight emerging contaminants, including
OFLOX, DCF, BP4, CBZ, BPA, BP3, RhB, and CAF (structures
in Fig. S1, ESIt), at 0.5 mg L™* each, was prepared and then
filtered. Samples were collected every 100 mL and analyzed
by HPLC-UV (details in the ESI} section 4).

A solution of fourteen PFASs with alkyl chains in the range
(CF)3—(CF);3 (structures in Fig. S2, ESIf) with concentration
of 0.5 pg L™ each in tap water was prepared and filtered on
the tested cartridges. Samples were collected after 0.5 L and 1
L of filtration and analyzed by UPLC-MS/MS (Waters
ACQUITY® UPLC H-Class PLUS - XEVO TQS Micro mass
detector, details in the ESLF section 4).

In each case, the total filtered volume of water was 1 L
and samples were collected in polypropylene test tubes.

Filtration on PSU, PSU-GO, and GAC small cartridges was
carried out at a constant flow of 20 mL min~", corresponding
to an EBCT = 0.5 min (set up in Fig. S5, ESIf).

New cartridges were used for each class of contaminants,
and all tests were carried out in duplicate, with results
reported as the mean value with standard deviation.

Environ. Sci.. Water Res. Technol., 2024, 10, 1097-1107 | 1099
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Fig. 3 a) PSU, PSU-GO and GAC cartridges and adsorption selectivity
on b) heavy metals, c) organic contaminants, and d) PFASs.

Bench-scale loading curves test on DCF, PFOA, and Pb

Experiments were carried out by flowing the spiked tap water
through PSU, PSU-GO, and GAC small prototype cartridges
(20 mL min™", EBCT = 0.5 min) and by sampling aliquots at
predefined intervals for further analyses and quantification
of the contaminant. The experiments were carried out until
cartridge saturation was reached (meaning when input
concentration equals output concentration, Cry = Coyr) OF
until the removal was about 50% of the initial value.

100 | Environ. Sci.: Water Res. Technol., 2024, 10, 1097-1107

View Article Online

Environmental Science: Water Research & Technology

a) 100 4 i } i I : 1 i
s & & =2 = 2 =
2 80 £ & &8 &5 5 5 & &
— 1 8 s 3 < < < <
[ H £k g 2 g 8 g
<) £ I S
£ &« a a o a
g ©01= S
o S é
201 & I Hydrophobicity
&
0
2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Log Kow

b)

PFBA (CF), PFPoA (CF),

PFOA (CF),

PFDoDA (CF),,

c)

—e— VDW
25| —a— Eg

/

GO Stabilization energy (kcal/mol)
o w 5 &
|

PFBA-(CF)3
PFPOA-(CF)s
PFHXA-(CF)s
PFHPA-(CF)s|

PFOA-(CF);
PFNA-(CF)s
PFDA-(CF)s
PFUNDA-(CF)10
PFDODA-(CF)y1!
PFTIDA-(CF)12
PFTeDA-(CF); 3

Fig. 4 a) Trend of removal vs. logK,,, of carboxylates PFASs ((CF)s—
(CF)13); b) adsorption of PFASs of different chain lengths on GO
nanosheets (representative snapshots taken from MD simulations); c)
energy components of the AEnging for PFASs of different lengths with
GO. Total binding energy (AEpinging. 9rey bars), van der Waals
interactions (E,qw. green line), nonpolar solvation (Enonpolar solvations
yellow line), electrostatic terms (Eg, red line).

Filtration set up is reported in Fig. S5, ESLf The initial
concentration was Cyy = 100 pg L™ (Pb), 1 mg L™ (DCF) and
1 pg L' (PFOA). The concentration was chosen as the lowest
possible in accordance to our detection limits and in good
correlation with the maximum concentration found in water
(ie., 50 pg L™ Pb,*° 836 pg L™ DCF*' and 5-25 pg L™
PFOA™).

New cartridges were used for each contaminant, and all
tests were carried out in duplicate, with results reported as the
mean value with standard deviation. Details of the protocol
used for quantification are reported in the ESIf (section 4).

Cartridge integrity, regeneration and reuse

For GO leaching studies on PSU-GO cartridges 5 L of
ultrapure water were filtered at 100 mL min™" and fractions
were collected after each liter. Finally, 10 L were recirculated
for 1 h at 100 mL min~". At the end of the experiment, 11 L
of water were filtered. Samples were analyzed by surface-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Loading curves of a) Pb, b) DCF, and c) PFOA expressed as
removal % vs. bed volumes of PSU (blue lines), PSU-GO (grey lines) and
GAC (orange lines). Full results are reported in Fig. S15, ESLf

enhanced Raman spectroscopy (SERS). Details of the protocol
and of the analysis are reported in ESI} (section 5, Fig. S6, S7
and Table S5).

The release of adsorbed contaminants from exhausted
cartridges was studied by flowing 1 L of fresh tap water in
saturated cartridges at 20 mL min™". The final concentration
of DCF, PFOA, and Pb was analyzed by UV-vis, UPLC-MS/MS,
and ICP-MS, respectively.

Regeneration experiments were performed on PSU-GO
cartridges previously used for PFOA loading curve (Fig. 5)
and then washed by using mQ water/EtOH (1 L) at different
ratios (70:30 — 50:50 — 0:100 v/v),** flowed at 20 mL
min~".

After washing, a solution of PFOA (2 L, 1 ug L") was
flowed at 20 mL min".

Pilot-plant adsorption tests

Adsorption tests were performed on commercial standard
sized cartridges already suitable for  point-of-use
applications and filled by PSU (33 g), PSU-GO (33 g), and

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 a) Set-up of the pilot plant used in this work. The pilot is
connected directly to the tap. Spiked water in tank 1 (100 L capacity) is
flowed through the cartridge (PSU-GO in the picture, filter 3) and
filtered water is collected in tank 2 (100 L capacity). After 100 L are
filtered, water is pumped from tank 2 to tank 1 (bypassing the
cartridge) and the concentration is checked and adjusted to the target
initial value. b) and c) Comparison between removal capacity on Pb
and PFOA.

GAC (130 g). Other comparative experiments were done by
using PSU-HF and PSU-GO-HF commercial ultrafiltration
modules.

Experiments were performed using a pilot plant
directly connected to the tap (flow rate about 3 L
min™', EBCT = 0.14 min in non-continuous sampling
mode). Further details on the pilot plant set-up are
reported in the ESIf (section 11). Tap water solution
of Pb (Ciy = 30 pug L™) and PFOA (Cy = 0.5 ug L™
were used. For each contaminant a new cartridge was
used.

Environ. Sci.: Water Res. Technol., 2024, 10, 1097-1107 | 1101
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Results and discussion
Material preparation and characterization

Optical microscopy and Scanning Electron Microscopy (SEM)
of PSU and PSU-GO, prepared by manual cutting of PSU-HF
and PSU-GO-HF, showed granules with sizes in the range of
300 um-2 mm (Fig. 2).

The cutting process preserved the inner lumen size (250-
300 pum), wall section thickness (about 50 pm), inner wall
skin porosity (5-80 nm), and outer wall porosity (5-10 um) of
the pristine hollow fibers. Finger-like pore channels in the
section of the fibers were also preserved (Fig. 2e and f).

ATR FT-IR and TGA analyses on PSU and PSU-GO
showed almost identical features, likely due to the low
percentage of GO in the matrix (Fig. S8 and S9, ESIf). TGA
curves displayed similar profiles with a slight increase in
decomposition temperature for PSU-GO (536 °C vs. 528 °C,
and 657 °C vs. 647 °C for PSU and PSU-GO, respectively,
Fig. S9, ESI{). The extensive characterization of PSU-GO
fibers (before the manual cutting) was reported in our
previous work, including SEM, liquid-liquid displacement
porometry, contact angle and Raman confocal microscopy.
In particular, Raman spectra revealed homogeneous
distribution of GO sheets within the hollow fiber, with no
evidence of aggregation.””

Bench-scale adsorption selectivity tests

The selectivity of PSU and PSU-GO was studied under flow
conditions on mixtures of heavy metals and different classes
of organic contaminants in comparison to GAC. Removal
results were normalized with respect to the sorbent weight
and are shown in Fig. 3 (results in % removal and full data
are reported in Fig. S10-S13, ESIf). PSU-GO showed higher
selectivity with respect to PSU for all tested metals, in
particular toward Pb (103 ug g ™" vs. 48 ug g'), Cu (90 ug g
vs. 8 ug g ') and Cr (58 pg g vs. 27 ug g'), while GAC
showed negligible adsorptions for all considered metals
(Fig. 3b). The observed trend suggests a mechanism,
primarily driven by electrostatic interactions between the
metal ions and the negatively charged GO surface, as already
highlighted in the literature.*’ Indeed, the affinity of PSU-GO
follows the order Pb(u) > Cu(i) > Cr(ur), which well correlates
with the electronegativity of the metals (2.3, 1.9, and 1.6,
respectively).

With respect to organic contaminants, PSU-GO showed
higher selectivity for OFLOX, BP4, and DCF than GAC and
PSU (Fig. 3c). On the other hand, the removal of RhB and
BP3 was slightly higher for PSU than that of PSU-GO.

With respect to PFASs, PSU-GO showed higher selectivity,
compared to GAC, for PFASs with a chain length >(CF);. PSU
showed comparable performance to PSU-GO for >(CF)g. GAC
was the only sorbent able to capture perfluorobutyric acid
(PFBA, (CF);) and perfluoropentanoic acid (PFPeA, (CF),),
with a removal >99%, which decreased down to 40% with
longer chain length (Fig. 3d).

102 | Environ. Sci.. Water Res. Technol.,, 2024, 10, 1097-1107
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PFAS adsorption mechanism

Due to the critical environmental relevance of PFASs, and to
the higher performance of PSU-GO with respect to PSU on
their removal (Fig. 3d), we investigate the adsorption
mechanism of PFAS on GO.

The adsorption trend of PSU-GO as a function of the
n-octanol/water partition coefficient (logK,,) of each
molecule (expressing the hydrophobicity) for carboxylate
PFASs is plotted in Fig. 4a.

The removal efficiency increased with the hydrophobicity
of contaminant molecule (see Table S6, ESIf). According to
previous studies,****** the two driving forces that need to
be considered in PFASs adsorption are electrostatic
repulsion and hydrophobic interaction. The comparison
between the removals of sulfonate and carboxylate PFASs
with same amount of CF ((CF);: PFBS vs. PFPeA; (CF)g:
PFHXS vs. PFHpA; (CF)g: PFOS vs. PFNA) highlights that i)
there is a correlation between the number of CF groups
and the removal capacity, and ii) due to a higher
hydrophobicity of the sulfonate group, sulfonate PFASs are
better adsorbed than the carboxylate ones by both PSU and
PSU-GO, (Fig. S14 and Table S7, ESI}).

The binding energy (AEuinging) between PFASs and GO is
obtained by the sum of three energetic terms: electrostatic
interactions, van der Waals interactions, and surface energy
(Fig. 4c). As the PFASs chain elongates, the AEyi,qing With GO
increases, well reproducing the experimental trend. The
driving forces controlling the adsorption process are the van
der Waals (VDW) interactions, originated between the
perfluoroalkyl chains and the GO sheet. VDW contribution is
hydrophobic in nature and strongly depends on the
adsorbate chain length: the longer the PFAS chain, the
stronger the interaction with GO.

Additionally, the surface energy Esyrr contribution
(hydrophobic effect) assists the binding with an almost
constant value among the different PFASs, even if in terms
of magnitude Esyrr is smaller than the VDW interactions.
The surface energy term originates from the hydrophobic
perfluoroalkyl chain of the PFAS that interact with the
hydrophobic surface of the GO instead of interacting with
water, with which the interaction is unfavorable. While
VDW and Egyrr contributions favor the adsorption process,
the electrostatic term (E) is detrimental to the binding.
This term takes into consideration i) the Coulombic
repulsion between the negatively charged GO ({potential =
-43.1 + 2.4 mV) and the negatively charged carboxylate of
PFASs, and ii) the polar solvation term. The hydrophilic
portions of PFASs are forcedly desolvated upon the
formation of the complex with GO, causing an overall
destabilization of the system.

Altogether, these results confirm that, as previously
reported in literature,® when the hydrophobic interactions
(van der Waals plus hydrophobic effect) overcome the
electrostatic repulsion between PFASs and GO, the binding
of PFASs, and their consequent removal, occurs.

This journal is © The Royal Society of Chemistry 2024
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Bench-scale adsorption capacity tests

Based on the selectivity observed in previous experiments
(Fig. 3), we selected one contaminant per each class (ie.,
DCF, PFOA and Pb) and tested the adsorption capacity of
PSU-GO, PSU and GAC. Fig. 5 shows the results in removal
% vs. bed volume while results are expressed as a function of
output concentration (Coyr), or cumulative npg of
contaminant removed on g of sorbent (ug g™') are reported in
the ESIT (Fig. S15). Experiments were carried at EBCT = 0.5
min, until saturation conditions occurred (i.e., Coyr = Cix) OF
when the adsorption capacity was half of the initial value.

In Fig. 5, PSU-GO adsorbed Pb with maximum removal
approaching values in the range 75-43%, after 500 bed
volumes, while PSU was ineffective, and GAC saturated after
100 bed volumes (Fig. 5a). Similarly, PSU-GO showed higher
adsorption capacity than PSU (Fig. 5b) toward DCF, and no
saturation was observed even though the adsorption capacity
decreases faster than for GAC.

With regards to PFOA, PSU-GO adsorption capacity
remained almost constant even after 500 bed volumes
(Fig. 5¢), outperforming GAC and PSU.

Table 1 summarizes the total amount of contaminant (i.e.,
Pb, DCF, PFOA) removed, normalized per gram of sorbent. In
the case of Pb, the mass removed by PSU-GO was 10 times
higher than that obtained with GAC, while PSU showed
negligible adsorption. The amount of DCF and PFOA globally
removed by PSU-GO was 2 and 6 times higher than the
amount adsorbed by GAC and PSU, respectively. This
evidence supports our previous study showing that the SSA
for N, measured by BET is not representative of the sorbent
capacity in the liquid phase (SSA for N, being 23 m®g™" vs.
1000 m*g™").*°

To date, the best sorption performances for Pb, DCF and
PFOA have been achieved by using carbonaceous materials,
including i) GAC (PFOA 112 mg g ',** DCF 6.85 mg g ',*® Pb
58 mg g ' "), ii) GO (PFOA 0.4 mg g ',*® DCF 128 mg g',*
Pb 55.80 mg g '*%), iii) carbon-nanotubes (Pb 97 mg g,>’
PFOA 124 mg g ' **) or iv) nanocomposites, such as modified
graphene aerogel (Pb 368 mg g™*,>*** PFOA 1575 mg g™**°).
However, it should be noted that the above-mentioned
materials and performance were estimated from batch
experiments and related adsorption isotherms at the
equilibrium time (not under flow as in this work), carried out
in ultrapure water (not tap drinking water as in this work)
and with contact times of hours (rather than seconds as in
this work).

Table 1 Adsorption capacity values normalized per gram of adsorbent,
estimated at the plateau of the loading curve

Adsorption capacity (mass of
contaminant/mass of adsorbent; pg g™)

Contaminant PSU GAC PSU-GO
Pb 1.1 21.5 230.1
DCF 389.8 951.6 2400.2
PFOA 1.1 3.2 6.1

This journal is © The Royal Society of Chemistry 2024
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Overall, these discrepancies prevent a proper and direct
comparison of our results with the literature. To overcome
this issue, we characterized GAC and PSU/PSUGO-HF
standard cartridges in the same experimental conditions of
our materials.

Materials integrity, regeneration and reuse

We investigated the potential leaching of GO nanosheets
from PSU-GO cartridges by surface-enhanced Raman
spectroscopy (SERS) analysis of filtered water. This
methodology is based on the deposition of the analyte on a
SERS active substrate based on gold nanoparticles and allows
the quantification of GO down to 0.1 ug L™.°° No significant
differences were found between tap water, used as control,
and the PSU-GO treated water samples (Fig. S7 and Table S5,
ESIt), indicating that no release of GO occurred. In addition,
chemical and biological water potability was verified on tap
water after filtration (Table S8, ESIt).

Moreover, stable adsorption of contaminants was tested
by washing the saturated cartridges with fresh tap water and
measuring the concentration of the analytes in the washing
solution.

Releases lower than 8% for Pb, 6% for DCF, and 1.5% for
PFOA (Fig. S16a-c, ESIt) were found.

Finally, given the importance of cartridge regeneration, we
carried out some preliminary regeneration tests on cartridges
saturated with PFOA.

To this aim, the cartridge was washed with ultrapure H,0/
EtOH solution at different ratios and the amount of PFOA
recovery under different conditions was estimated. The best
recovery in terms of maximum amount recovered (2.1 g,
45.3%) was achieved by using a solution at 70:30 v/v ratio
(ultrapure H,O/EtOH).

The washed cartridge was then used for a second filtration
cycle and adsorption capacity are reported in Fig. S17, ESL} Both
cycles showed adsorption efficiency of about 98% suggesting
that it is possible to regenerate and reuse PSU-GO cartridges.
Further studies on different contaminants will be addressed to
fully assess the possibility of reuse for these materials.

Granules production upscale and pilot-plant tests

The scraps grinding process was upscaled by using a
commercial blade mechanical grinder with steel blades and
production capability of 0.75 kg h™ (Fig. S18a and b, ESI¥).
Chromium release from the blades during the grinding was
excluded by dedicated tests, with released Cr(m) < 5 ng g*
(section 11, ESIt).

The size of the granules was in the range 0.3-2 mm (due
to the grinder cut-off) and a standard sized commercial
cartridge was filled with the obtained granules (Fig. S18c,
ESIt).

Due to the mechanical stress applied during the grinding
process, the granules displayed a flattened and partially
opened structure in comparison to manually ground
granules, which exhibited a homogeneous tubular shape (Fig.
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S19, ESIt). However, despite the different morphology, the
granules showed adsorption performance very similar to
those obtained by manual grinding (Fig. S20, ESI{).

Commercial standard cartridges were filled with PSU-GO
granules (Fig. S4, ESIT) and characterized in a pilot plant test
on Pb removal.

As shown in Fig. 6b, PSU showed negligible adsorption of
Pb (total removal about 8 ug g ), while PSU-GO removed up
to 250 ug g ', with the highest removal within the first 100 L
treated (Fig. 6b and S21, ESIf). Remarkably, comparable
adsorption capacity was obtained with small and larger
cartridges (230 pg g ' vs. 250 pg g "), despite the different
concentration of Pb (100 pg L™ vs. 30 ug L") and EBCT (0.5
min vs. 0.14 min). GAC was not tested since no Pb adsorption
was observed in the lab test. In addition, we compared the
granule adsorption performance on Pb to the performance of
standard commercially available PSU-HF and PSU-GO-HF
cartridges, which are the precursors of the granules. As
shown in Fig. 6b, neither PSU granules nor PSU-HF removed
Pb. On the contrary, PSU-GO granules and PSU-GO HF
showed high Pb removal capacity with values of 195 ug g™
and 202 pg g ', respectively (treated volume 420 L) suggesting
that i) granules and HF are characterized by the same
adsorption selectivity and capacity and ii) the adsorption of
Pb is exclusively promoted by GO.

In the same experimental setup, PSU and PSU-GO
cartridges were tested on PFOA removal and compared to
GAC and PSU cartridges (Fig. 6c). Remarkably, PSU-GO
overcomes GAC and PSU in the adsorption of PFOA with
maximum capacities of 12 ug g vs. 1.63 ug g ' and 0.8 pg
g™, respectively.

Conclusions

In conclusion, we reported new sorbent materials derived
from waste of the industrial production of polymeric hollow
fiber membranes. The scraps were converted into granules
(PSU and PSU-GO) through mechanical grinding and their
adsorption properties toward selected water contaminants,
including PFASs, were characterized.

Cartridges of PSU and PSU-GO materials showed excellent
adsorption properties toward several contaminants, higher than
GAC, highlighting their potential for drinking water purification.

In general, with respect to GAC, PSU showed higher
selectivity for BP3 and RhB and for PFASs with chain length
> (CF)s. PSU-GO showed higher selectivity, compared to
GAC, for Pb, Cu, Cr, OFLOX, BP4, DCF and for PFASs with
chain length (CF); — (CF);3. Given the interest for PFASs
removal and their structural similarity, the adsorption
mechanism on GO was investigated by molecular dynamics
simulation. Calculations showed that the GO active sites
mainly drive the adsorption process and favor the removal of
hydrophobic molecules.

In terms of adsorption capacities, PSU-GO removal of
DCF and PFOA were more than 2 times higher than GAC and
6 times higher than PSU. Moreover, the maximum Pb
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removal capacity of PSU-GO was 10 times higher than that
obtained with GAC.

A grinding scale up through an automatic grinder with a
production capability close to 1 kg h™" was demonstrated,
allowing the fabrication and test of larger -cartridges
(commercial standard size) and treatment of water volumes
up to 800 L.

Test performed under tap operational conditions showed
that PSU-GO performances on Pb and PFOA are poorly
affected by the flow rate and overcome GAC standard
material.

Considering the massive global membrane production
and the related mass of scrap byproducts, which is expected
to further increase in the next few years, the approach herein
described, and the suggested application could contribute to
the reduction of plastic waste from the membrane producers.

Moreover, the granular materials obtained from the plastic
scraps could be exploited in synergy with other standard
technologies, including activated carbon sorption and
membrane filtration. Studies in this direction are underway
in situ in a municipal potabilization plant (Hera, Fe, Italy, Po
River source) for drinking water production.
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