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A B S T R A C T   

Polysulfone-graphene oxide hollow fiber membranes (PSU-GO HFs) with simultaneous adsorption and ultrafil
tration capabilities are herein described and proposed for enhanced and simplified Point-of-Use (POU) drinking 
water purification. The PSU-GO HFs were prepared by phase inversion extrusion by a customized semi-industrial 
plant and their morphology, surface properties, and porosity were investigated by combined Scanning Electron 
Microscopy (SEM), contact angle and Raman confocal microscopy, in relation to different GO:PSU ratios (1–5% 
w/w GO vs PSU) and to the final adsorption-ultrafiltration properties. Filtration modules of PSU-GO HFs of 
filtering surface (FS) in the range 0,015–0,28 m2 showed same ultrafiltration capability of PSU-HF standard 
filters. Synergic adsorption properties were demonstrated by studying the adsorption maximum capacity of 
ciprofloxacin antibiotic (CIPRO) vs GO ratio in dead end in-out configuration, the standard configuration used 
for PSU HFs commercial modules. Loading of 3,5% GO vs PSU was selected as case study, representing the best 
compromise between performance and GO nanofiller amount. Heavy metals (Pb, Cu and Cr(III)) and poly
fluoroalkyl substances (PFAS) removal capabilities from tap water were competitive and in some cases out
performed Granular Activated Carbon (GAC), the standard industrial sorbent. Ciprofloxacin removal from tap 
water was also under real operational conditions. Moreover, release of GO from working PSU-GO modules was 
excluded by Surface Enhanced Raman Spectroscopy (SERS) analysis of treated water having the state-of-the-art 
limit of quantification of 0.1 μg/L for GO nanosheets.   

1. Introduction 

Polysulfone (PSU) porous membranes are well-known and used 
membranes for micro and ultrafiltration for hemodialysis and water 
disinfection purposes [1–4]. Their wide range of applications relies on 
the structure versatility of such membranes, with morphology and 
porosity that can be tuned by the choice of several parameters including 
processing solvent/non solvent, coagulation temperature, casting solu
tion composition and humidity [5–7]. In recent years, aiming at 

membranes with enhanced mechanical properties, biofouling resistance 
and multifunctionality, doping of PSU membranes (mainly flat mem
branes) with nanomaterials have been widely investigated [8]. 

Carbon-based nanomaterials such as carbon nanotubes (CNT), 
nanofibers and graphene-reinforced membranes have been fabricated by 
phase inversion processes adapted to integrate such nanomaterials [9]. 
It has been shown that doping of PSU with carbon nanotubes of different 
structure (single, multiwalled) and functionalization (i.e. amine, azide, 
carboxylic groups) increases water permeability (up to ~600 Lm− 2h− 1) 
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[10], improves tensile strength and modulus, increases materials crys
tallinity and thermostability [11] and enhanced rejection of NaCl solu
tion [12]. With the advent of graphene 2D materials, having higher 
processability and lower costs than CNT, graphene doped membranes 
have been also realized [13,14] and have shown improved thermal and 
mechanical properties [15,16], ion exchange capability [17] and arse
nate rejection capability (just to mention few) [18], than undoped 
analogues. 

Adsorption properties were observed for these membranes [19,20]. 
For instance Badrinezhad et al. demonstrated methylene blue adsorption 
from water with removal efficiency of about 80% by 0,75% doped PSU 
membranes [21] and desorption of about 40% which was lower that 
than observed in graphene free membranes. Some of us, reported the 
fabrication of PSU-GO adsorptive membranes with 5% in weight of GO 
content and demonstrated the ability of this membranes to adsorb 
selected emerging contaminants (ECs) in mixture in tap water with 
significant enhancement of removal of hydrophilic molecules including 
ofloxacin antibiotic, carbamazepine and diclofenac [22]. 

On this line, here we report the fabrication of PSU hollow fiber (PSU- 
HFs) membranes through an ad hoc developed industrial pilot plants 
(Medica spa, production capacity 200,000 Km/yr) doped with GO at 
different loadings (PSU-GO HFs). We investigated the structural, filtra
tion and adsorption properties of modules realized by the newly 
developed HFs aimed at their exploitation for the fabrication of multi
functional modules for point-of-use (POU) drinking water treatment. 

POU drinking water treatment systems are installed on the water 
supply lines ahead of water taps, and/or dispensers to provide on-site 
water purification. A wide range of POU technologies have emerged in 
recent years including adsorption membrane filtration and disinfection 
that are combined in a specific sequence to form a POU system. These 
systems are exploited to adjust water taste and odour and are expected 

to remove hazardous contaminants such as ECs [23–28] not completely 
removed during drinking water treatment such as perfluoroalkyl chain 
substances (PFASs) [29–36]. 

Polysulfone hollow fiber (PSU-HFs) membranes consist of hollow 
fibers with surface pores and macrovoids of porosity in the range 5–100 
nm that have been recently introduced in the POU water purification 
market for water disinfection, i.e. removal of bacteria, viruses and en
dotoxins capability. PSU-HFs modules are exploited as last treatment 
step after adsorption and/or ion exchange and/or reverse osmosis steps 
to remove pathogens [37,38]. Aiming at simplified and more efficient 
POU systems [39], here we propose adsorptive PSU-GO HFs based 
modules for combined ultrafiltration and adsorption of different water 
pollutants, both organics and heavy metals. Previous studied on 
PSU-HFs doped with carbon nanoparticles and prepared by phase 
inversion DMF→water showed adsorptive capability toward benzene, 
phenol and toluene from aqueous solution [40] with adsorption capacity 
(qmax) of the membranes increasing with carbon nanoparticle concen
tration in the range 50–60 mg/g. Zahri et al. [41] reported 
PSU-graphene oxide hollow fiber membranes prepared by phase inver
sion from a mixture DMAC, THF and EtOH to water and demonstrated 
gas separation properties with CO2/N2 and CO2/CH4 selectivity 
enhancement by 158% and 74% respectively with respect to neat PSU 
membranes. More recently, Sainath et al. further enhance the CO2/CH4 
gas separation performance of PSU-GO HFs by zeolitic imidazolate 
nanoparticles inclusion [42]. 

However, at the best of our knowledge no examples of PSU-GO HFs 
for combined adsorption and ultrafiltration for the removal of pollutants 
in mixture in tap water have been reported. Here, we consider selected 
organic and heavy metal contaminants of concern recently revised in the 
drinking water directive EU 2020/2184 [43], including perfluoroalkyl 
substances (PFASs) [29–34] Pb and Cr [44,45] and studied their 
adsorptive removal by the newly developed PSU-GO HF modules. 
Moreover, to evaluate safe use of the proposed filters for drinking water 
filtration, we tested the release of GO nanosheets from such modules 
through Surface Enhanced Raman Spectroscopy (SERS) method, 
allowing state of the art limit of quantification of GO in water down to 
0.1 ppb. 

2. Experimental part 

2.1. Materials 

GO powder was purchased from Abalonyx (AS, Norway, now Layer 
One, Aker) and used without further purification (graphene oxide dry 
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%, N 0.2 ± 0.1%, S 1.0 ± 0.1%, Si 0.8 ± 0.1%, Cl 
0.7 ± 0.1%, Mn below 0.1%). Standard PSU HFs (Medisulfone®) and 
PSU Ultrafiltration modules were provided by Medica Spa. 

2.2. Porosity 

PSU HFs and PSU-GO 3.5% HFs have been analyzed for pore size and 
pore distribution through liquid-liquid-displacement-porometer (LLDP), 
Poroliq TM1000 (Porometer, Germany-Belgium). PSU HFs porosity 
were measured after spinning without glycerinization, since glycerin 
impairs the porometer measurement. PSU-GO 3.5% HFs were analyzed 
after mild glycerinization, extensive water washing and air-drying at 
room temperature, to remove any glycerin residual. Fibers to be 
analyzed by LLDP were prepared by horizontally placing one or more 
hollow fibers into the holder and sealing with a bicomponent glue the 
fibers’ edges; measurement occurred in out-in modality. The isobutanol 
saturated with water was the wetting liquid and the water saturated 
with butanol was the displacement liquid. 

Fig. 1. a) PSU HFs and b) filtration modules, with different amounts of GO (w/ 
w). From left to right: pristine PSU; PSU-GO 1%; PSU-GO 2.5%; PSU-GO 3%; 
PSU-GO 3.5%; PSU-GO 5%. Details of fibers spinning, and modules fabrication 
are described in ESI (Fig. S1). Cartridge size are 6.5 cm length, 1.5 cm diameter, 
4.5 mL dead volume. 

M. Zambianchi et al.                                                                                                                                                                                                                           



Journal of Membrane Science 658 (2022) 120707

3

2.3. HF spinning and module assembling 

The dope solution is prepared adding PSU granules to a GO solution 
in NMP, obtained after 24–36 h of sonication, at room temperature 
(25 ◦C). PSU is mixed with the GO solution (ratio 1 → 5% w/w PSU/GO, 
polymer concentration range 10–20% PSU-GO/NMP), alternating pro
peller immersion mixing and sonication, while viscosity is checked 
periodically. The resulting dope solution is extruded with a lab scale 
benchtop spinning plant, with a maximum dope solution capacity of 3 kg 
at room temperature (Hollow fibers spinning plant is shown in Fig. S1, 
ESI). During extrusion in the spinneret, the dope solution enters in 
contact with a precipitation solution composed of water and NMP. The 
PSU-GO HFs then freely fall in a coagulation bath, are collected by a 
bobbin system, moved into a washing bath, and finally collected onto a 
collection wheel. Fibers are stocked in bundles and then kept in water 
for solvent extraction and glycerinization, and ultimately dried at open 
air. 1 kg of material corresponds approximately to 20 km of fibers. 

Lab-scale modules of standard PSU Medisulfone® and PSU-GO HFs 
were prepared. Small bundles of closed fibers are obtained cutting the 
dried stocked bundles with a hot wire. Fibers are then potted in poly
urethane resin at the edges inside a module scaffold and then centri
fuged. The potting is ultimately cut (to open the fibers) and headers were 
welded. 

Filtering surface (FS) of the modules was 0,025 m2 (standard PSU 
HFs) or 0.015 m2 (PSU-GO HFs) and they were assembled into a car
tridge of 5 mL dead volume. 

For characterization at tap POU, modules with U-shaped fibers were 
prepared with FS 0.28 m2; U-shaped modules can be directly connected 
to the tap, working with tap water pressure (3 bar; mean flow rate 5 L/ 
min). 

2.4. Ciprofloxacin adsorption experiments 

The adsorption capacity of PSU-GO HFs containing different GO 
loadings (Fig. 1) was tested under dynamic conditions by filtering tap 
water spiked with ciprofloxacin. In a typical experiment, 5 mg/L CIPRO 
tap water solution was filtered in dead end in-out transmembrane mo
dality on PSU-GO HFs module at a constant flow of 5 mL/min. Fractions 
each 200 mL were collected and analyzed by UV–Vis analysis (Agilent 
Cary 3500) to determine CIPRO concentration. The filtration experi
ments were carried out until the removal was below 2%. The experi
ments were repeated in triple by using new modules for each repetition. 

2.5. Cut-off determination by dextrans filtration 

Fluorescent dextrans at different molecular weight (MW) were used 
as tracers for cut-off determination. Fluorescein isothiocyanate dextran 
4 kDa, 10 kDa, 20 kDa, 40 kDa, 70 kDa were purchased from Merck. A 
solution of each tracer in N-propyl-gallate was prepared at a concen
tration of 5 mg/mL. Lab-scale modules of PSU and PSU-GO 3.5% HFs 
were tested, (three modules for each tracer). The modules were pre- 
rinsed with water and the tracer solution was filtrated in dead end in- 
out modality at constant pressure. The filtrate was collected in sequen
tial fraction of 500 μL volume each. A total of 12–14 fractions were 
collected for each module. Samples were analyzed by a fluorometer 
(Fluoroskan, ThermoFisher Scientific) at the excitation wavelength of 
484 nm and emission wavelength of 538 nm. Experiments were repeated 
in triple by using each time a new module. 

2.6. PFASs removal experiments and analysis 

Tap water spiked with a mixture of fourteen PFASs C3–C13 was 
prepared and filtered (dead end, in-out) at 5 mL/min using a Cole- 
Parmer Masterflex® peristaltic pump on the selected PSU HFs, PSU- 
GO 3.5% HFs and GAC modules, previously washed with 2 L of MilliQ 
water. GAC was tested for comparison. The concentration of each 

contaminant was 0.5 μg/L in a total volume of 1 L. The concentration of 
PFASs in filtered water was analyzed by UPLC-MS/MS (Waters Acquity, 
UPLC BEH C18 analytical column, details in ESI). 

2.7. Heavy metals removal experiments and analysis 

Mineral water spiked with a mix of heavy metals and metalloids (Pb, 
Cu, Cd, Ni, Cr(III), As(V), V and U) at a final concentration of 100 μg/L 
each was prepared starting from individual 1 g/L stock solutions (ICP- 
MS standards, VWR). Spiked mineral water was filtered on selected 
modules (PSU HFs, PSU-GO 3.5% HFs and GAC), previously washed 
with 1 L of MilliQ water. Flow was set at 5 mL/min and 3 L of water were 
treated, then flow was incremented to 40 mL/min and two more liters 
treated for a preliminary evaluation of performance under different flow 
conditions of the selected modules. Samples were collected every 200 
mL. Each fraction was immediately acidified with 1% HNO3 Suprapur 
(Sigma-Aldrich) and solutions were analyzed by ICP-OES (Model 5800, 
Agilent). 

At the end of the filtration experiment, the mobility of adsorbed 
contaminants was tested by passing three fractions of 50 mL MilliQ 
water at 20 mL/min in-out mode, and two more fractions of 50 mL in 
reverse out-in flow. Concentration was measured as described above and 
percentage of release respect to total adsorbed was calculated. Module 
filling material weight was 0.2, 0.26 and 1.5 g for PSU HFs, PSU-GO 
3.5% HFs and GAC, respectively. All tests were carried out in dupli
cate and reported as mean value with standard deviation. 

2.8. Potability of filtered water 

Chemical and biological parameters included in the Italian D.Lgs 31/ 
01 (implementation of 98/83/EU Directive) were tested in tap water 
before and after in-out filtration through PSU-GO 5% module with U- 
shaped fibers of FS 0.28 m2 at 5 L/min, total volume 100 L. 

2.9. GO release tests by SERS 

PSU HFs and PSU-GO 3.5% HFs modules were washed with 2 L of hot 
MilliQ water (80 ◦C) in dead end in-out configuration at 50 mL/min 
using a Cole-Parmer Masterflex® peristaltic pump, to remove glycerin. 
After that, 1 L of tap water was filtered in-out modality at a flow of 250 
mL/min in PSU HFs, sampling every 250 mL. Thereafter, 500 mL, 
collected from the previous fractions, were recirculated for 2 h at 250 
mL/min. The flow used was significantly higher than the maximum one 
that the module is supposed to ensure to guarantee porosity and filtra
tion capacity (i.e. max flow 50 mL/min). This flow may cause me
chanical stress of the hollow fibers, with possible release of GO from the 
fibers. Same procedure was performed on PSU-GO HFs. Samples were 
analyzed using surface-enhanced Raman spectroscopy (SERS), following 
a previously described protocol [46]. Analytical features of the method 
for the determination of GO nanosheets in water are described in ESI 
(Table S7, Figs. S13–S16, ESI). The calibration curve shown in the inset 
of Fig. 10 was built using the intensity of the D peak, as analytical signal, 
for the concentration range 0.1–10 μg/L. The practical limit of quanti
fication (P-LOQ), which is defined as the minimum level at which GO 
can be measured in water samples with accuracy higher of 80% and 
relative standard deviation (RSD) lower than 10%, was 0.1 ppb. 

Additionally, to confirm that our methodology can detect GO release 
from the PSU-GO fibers, previously used PSU HFs modules and both 
used and new PSU-GO HFs modules were opened with a hacksaw (ESI, 
Fig. S14). Fibers extracted from the modules were cut and dried in a 
desiccator for 72 h. Subsequently, a known weight of fibers was added to 
20 mL of deionized water and overstressed through sonication for 30 
min in an ultrasonic bath. Three different weights of fibers were tested 
using three SERS substrates for each weight (ESI, Table S8). 
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3. Results and discussion 

3.1. PSU-GO HFs modules fabrication and characterization 

Hollow fibers of PSU-GO at 1%, 2.5%, 3%, 3.5% and 5% w/w (GO: 
PSU) were obtained by phase inversion procedure (NMP→water) of a 
GO:PSU casting solution (PSU/NMP 10–20% w/w, PSU/GO 1–5% w/w) 
at room temperature, through a pilot spinning line, according to the 
protocol described in materials and method and by using the pre- 
industrial pilot line shown in Fig. S1. The membranes were then 
assembled in prototype modules (details in materials and method sec
tion) of filtering surface (FS) 0.015 m2 that were then used for the 
following performance tests. The maximum flow rate acceptable for 
these cartridges was about 100 mL/min. Membranes and corresponding 
modules are shown in Fig. 1. 

The pore average size of PSU and PSU-GO HFs were analyzed by 
porometer and the pore distribution through LLDP (Liquid-Liquid- 
Displacement-Porometer, details in materials and methods). The size of 
through-pores of PSU and PSU-GO fibres was considered as the MFP 
(Mean Flow Pore Size) which represents the pore range with an amount 

of 50% of the total flow (point of intersection of LLDP- and Half-Perm- 
Curve). 

Table 1 summarize porosity data (see also Table S1, ESI). PSU-GO 
HFs showed average pore size of 13 nm, i.e. higher than that deter
mined for standard PSU HFs (6 nm), this being likely due to the slightly 
different extrusion conditions exploited for PSU-GO spinning. 

The morphology of PSU-GO fibers resemble that of the pristine PSU 
HFs with wall section thickness of about 50 μm, lume diameter of 
250–300 μm and outer porosity of 5–10 μm Fig. 2 (and Fig. S2, ESI). 
Fig. 2 shows the observe general morphology of PSU-HFs observed by 
optical microscopy under ambient light and the detail of a single fiber 
observed by SEM. 

The cross-section SEM images of PSU-GO HFs as a function of the GO 
loadings, at 1%, 3.5% and 5% loading are instead shown in Fig. 3 and 
Fig. S2 ESI. PSU-GO HFs show the typical hollow fiber structure, with 
extended finger-like pores and a thin sponge-like layer beneath it. An 
average wall thickness of ca. 45 ± 5 μm and inner diameter of ca. 220 ±
20 μm was observed for all the samples together with a slight increase in 
the micro-void size is observed on increasing GO loading. Some large GO 
flakes can be seen exposed at the outer surface of the pores (Fig. 3f, 
representative SEM image of PSU-GO 1%) in accordance with the con
tact angle measurements (Fig. S3, ESI), showing a decrease from 60.1 
±4.1◦ for PSU to 53.1±2.1◦ for PSU-GO 3.5%, indicating a slight 
enhancement of the surface hydrophilicity. 

Raman spectra of GO and PSU-GO HFs are showed in Fig. 4. The 
spectrum of PSU showed main peaks located at around 790, 1146, 1584, 
1605, and 3068 cm− 1, correlated to the asymmetric C–S–C, asymmetric 
C–O–C vibration, aromatic ring chain vibration, and C–H vibration, 
respectively. The broad peak at around 2900 cm− 1, can be ascribed to 
the PSU methyl bonds. The Raman spectrum of GO showed two char
acteristic peaks at 1350 and 1596 cm− 1 (Fig. 4a), corresponding to the D 
band (defects or disorders) and G band (pristine sp2 carbon atoms) of 
GO. No overlap between the D band from GO and other characteristic 
peaks of PSU were observed this allowing the identification of GO dis
tribution on PSU-GO composites by Raman mapping. 

Raman mapping and depth profiling techniques are shown in Fig. 4b 
and fig. S4 (ESI). All tested PSU-GO samples, including 1%, 3.5% and 5% 
GO loading amount, showed GO almost homogeneous distribution in
side the hollow fiber section. As expected, PSU-GO 5% revealed the 
highest D peak intensity (5 × 104 CCD cts). Meanwhile, GO flakes on 
PSU-GO 3.5% showed the best integration with the finger-like PSU 
matrix structure, according to the D peak distribution of GO from the 
relative z-stack imaging (Fig. 4b). 

3.2. Tailoring of GO loading in PSU-GO HFs 

Ciprofloxacin (CIPRO), a fluoroquinolone antibiotic, is strongly 
adsorbed by GO [47] but it is not removed by PSU HFs, thus we here 
exploited CIPRO removal from water to study its adsorption as a func
tion of GO loading amount in order to optimize the hollow fibers 
composition. Tap water spiked with CIPRO was filtered through mod
ules of PSU-GO HFs in Fig. 5a, dead-end transmembrane modality 
(in-out), at low flow rate (5 mL/min) until breakthrough was reached 
(about 3L filtered). CIPRO spike at 5 mg/L was chosen to enable fast 
detection by UV, the low flow rate was selected to reach the highest 
contact time allowed in flow experiments and establish the highest 
removal capacity of the modules. Three independent modules were used 
for each loading curve experiment. We estimated the maximum 
adsorption capacity (Qmax) as milligrams of CIPRO removed per gram 
of composite by the plateau of the loading curves (PSU-GO, Fig. S5, ESI). 
As shown by Fig. 5b the performances were independent from the initial 
concentration of CIPRO in the range 0.5–5 mg/L. The overall trend of 
adsorption capacity Qmax on increasing GO doping amount is shown in 
Fig. 4c, with Qmax increasing from 0.25 mg/g to about 6 mg/g from PSU 
HFs (0% GO) to PSU-GO 5% HFs. No significant advantage was observed 
by increasing GO amount from 3.5% to 5%, this highlighting PSU-GO 

Table 1 
Diameters of through-pores (nm) obtained by using LLDP.   

Small pore size Mean Flow Pore Maximum pore size 

PSU 6.2 ±0.3 6.4 ±0.4 6.5 ±0.3 
PSU-GO 3.5% 11 ±1 13 ±2 22 ±6  

Fig. 2. PSU-GO HFs morphology. a) Optical microscopy image of fibers, b) HF 
wall and section. 
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3.5% as the best compromise between performance and costs, mainly 
affected by GO doping amount. 

The maximum adsorption capacity of GO for CIPRO estimated by 
isotherm curve is about 250 mg/g of GO at the equilibrium time (24 hs) 
[47]. In our experimental conditions, the contact time at 5 mL/min is 
about 35 s, thus far from the equilibrium conditions, the maximum 
adsorption capacity expressed in mg removed/gr of total GO was 168 
mg/g of GO (PSU-GO 3,5%), which is close to the value at the equilib
rium (250 mg/g), this indicating that the flow rate does not significantly 

affect the total removal capacity of PSU-GO HFs filters. 

3.3. Molecular weight cut-off (MWCO) and ultrafiltration of PSU-GO 
HFs 

The MWCO of PSU-GO 3.5% HFs, taken as reference, was determined 
by fluorescent dextrane filtration experiments. Fluorescein isothiocya
nate (FITC) dextranes of different MW were filtered over PSU and PSU- 
GO HFs in dead end in-out modality. The MWCO of HFs is conven
tionally defined as the MW of the molecule with 90% retention. Fig. 6a 
shows the trend of retention vs FITC-Dextrane MW and a MWCO of 15 
kDa, and 62 kDa are estimated for PSU and PSU-GO 3.5% HFs, respec
tively, in line with the porometer determination (Table S1, ESI). 
Nevertheless, permeability of PSU and PSU-GO HFs (UF coefficient) 
were almost comparable. Indeed, ultrafiltration coefficients estimated 
by flowing pure water through the filters and measuring pressure and 
ultrafiltration rate, were similar, i.e. 7.6±1.0 (PSU) and 10.1±1.7 (PSU- 
GO) (Fig. 6b and also Fig. S6, ESI). 

3.4. Removal of PFASs and heavy metals 

Tap water (pH 7, 1L) spiked with a mixture of fourteen PFASs (0.5 
μg/L each) of different molecular size (C3–C13, Fig. 6) and end- 
substitution (sulphonates or carboxylates) was filtered through PSU, 
PSU-GO HFs 3.5%, and GAC for comparison (details in ESI, Fig. S7). All 
modules showed higher removal toward long chain molecules (C8–C13). 
PSU-GO showed higher removal for sulphonated PFASs respect to 
carboxylate analogues of same length (i.e. C6: 99% for PFHxS vs 79% for 
PFHpA, or C4:35% for PFBS vs 4% for PFPeA). Fig. 7 shows the removal 
efficiencies normalized to the amount of adsorbing material in each 
module, expressed as mass of PFASs removed per gram of sorbent ma
terial. The adsorption capacity of PSU and PSU-GO HFs was significantly 
higher than that of GAC for almost all PFASs. The total amount of PFASs 
removed by PSU-GO 3.5% was up to seven times more efficient than 
GAC. 

According to previous studies [48–51], the two most important 
factors driving PFASs adsorption are hydrophobic interactions and 
electrostatic interactions. Fig. 7c shows the trend of PFASs removal with 
n-octanol/water partition coefficient (logKOW) for PSU and PSU-GO 
3.5% HFs. It can be seen how logKOW grows linearly with PFASs mo
lecular weight (Fig. S8, ESI). 

It can be observed that PFASs with logKOW in the range 4.5–6.5 are 
better removed by PSU-GO HFs than PSU HFs, and that the same 
removal is observed for logKOW higher than 6.5. This effect emerges 

Fig. 3. Low and high magnification SEM cross-section images of a,e) bare PSU, b,f) PSU-GO 1%, c,g) PSU-GO 3.5%, d,h) PSU-GO 5% HFs.  

Fig. 4. a) Raman spectra of GO and PSU; b) Z stack of Raman maps and the 
relative optical image of PSU-GO 3.5% HFs, constructed by mapping the D- 
band region. 
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despite the higher hydrophilicity of PSU-GO with respect to PSU, as 
shown also by contact angle measurements (Fig. S3, ESI). The slightly 
higher hydrophilicity of PSU-GO seems particularly beneficial to the 
adsorption of short chain PFASs, (4<logKOW <5). Fig. 7c shows that in 
the logKOW range 4.5-6-5, the higher is the hydrophilicity of the PFAS, 
the higher is the gap between the removal value for PSU and for PSU-GO 
HFs. This evidence suggests that repulsive electrostatic interactions are 
less relevant than hydrophobic interactions. On the other hand, exper
iments at higher PFASs initial concentration (10 μg/L rather than 0.5 μg/ 
L; Fig. S9, ESI) show a significant drop in performance of PSU-GO HFs. 
At higher concentration, it has been shown that PFASs can aggregate 
into micelles [52], this would enhance the role of electrostatic rather 
than hydrophobic interactions as sorption driving forces. Overall, this 
evidence suggests a delicate interplay between hydrophobic and elec
trostatic interactions, which govern PFASs adsorption in this system. 
The overall proposed mechanism for PFASs adsorption in PSU-GO HFs 
modules is summarized in Fig. 10. 

The removal of heavy metals and metalloids mix (As(V), Cd, Cr(III), 
Cu, Ni, Pb, U, and V) at 100 μg/L in mineral water (pH 7.5, see ESI, 
Table S4) was also tested. After treating 3 L of contaminated water, 
different affinities of metals towards the proposed materials were 
highlighted. The adsorption capacity of PSU, PSU-GO 3.5% HFs and 
GAC expressed as micrograms of contaminant removal normalized to 
gram of sorbent in the module, toward metal ions and metalloids is 
shown in Fig. 8. PSU-GO 3.5% HFs outperform GAC in the removal of Cr 
(III), Cu and Pb (see Fig. 8). 

The plotting of removal efficiency vs treated volume (Fig. 9) shows 
that removal of Pb and Cu follows a similar trend, with initial removal 
capacity close to 100% for PSU-GO 3.5% HFs and final removal capacity 

Fig. 5. a) From left to right, modules of PSU HFs, and PSU-GO 3.5% HFs. The 
arrow indicates water in and out pathways (i.e. dead end transmembrane in-out 
modality for PSU HFs and PSU-GO HFs,). b) Adsorption capacity as a function 
of the initial CIPRO concentration on PSU-GO 3.5% HFs. c) maximum 
adsorption capacity estimated by the loading curves (ESI), CIN. CIPRO 5 mg/L, 
treated volume 3 L, flow rate 5 mL/min. 

Fig. 6. Ultrafiltration range flow rate of PSU and PSU-GO 3.5% HFs. a) 
Retention of FITC-Dextran, b) Ultrafiltration coefficients of PSU and PSU-GO 
3.5% HFs. Flow rate in shown in Fig. 6, ESI. 
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Fig. 7. a) Removal of a mixture of fourteen PFASs in tap water, total volume =
1 L, CIN = 0.5 μg/L, flow rate = 5 mL/min in μg/g of PSU HFs (blue, total mass 
of composite 260 mg), PSU-GO 3.5% HFs (orange, total mass of composite 270 
mg), and GAC (black, total mass 2.4 g). b) Total amount of PFASs removed μg/g 
after 0.5 L (green) and 1 L (grey) filtered. c) Removal of PFASs mixture in tap 
water vs the PFAS LogKOW of PSU HFs (blue) and PSU-GO 3.5% HFs (orange). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 8. Adsorption capacity Q (μg/g) towards a mixture of different heavy 
metals and metalloids. Three different adsorption materials were compared: 
PSU HFs (blue, left) and PSU-GO 3.5% HFs (orange, right), and GAC granules 
(black, middle). Flow rate 5 mL/min and total filtered volume 3 L, CIN = 100 
μg/L each. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 9. Removal efficiency as function of treated volume (L) of a) Pb2+, b) 
Cu2+, c) Cr(OH)2

+/Cr(OH)2+.Three different adsorption materials were 
compared. PSU HFs (blue) and PSU-GO 3.5% HFs (orange) and GAC (black) 
granules. Flow rate 5 mL/min and total filtered volume 3 L. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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of 50–60%. On the other hand, a constant removal of about 50% was 
observed for Cr(III). In the case of Pb and Cu, GAC removal capacity was 
about 10–20% lower for the first 2 L treated, then performance was 
similar to PSU-GO 3.5% HFs while negligible adsorption on neat PSU 
HFs was found for all the heavy metals and metalloids. The trend for 
remaining elements is reported in ESI (Fig. S10). Interestingly, as 
observed for ciprofloxacin removal, the observed PSU-GO HFs perfor
mances were independent on the flow rate (changing flow from 5 mL/ 
min to 40 mL/min) as instead observed in the case of GAC (Fig. S12, ESI) 
whose removal became lower than 20%. In addition, by increasing flow 
rate in GAC filter a release of contaminants was observed demonstrating 
a labile adsorption of a fraction of them, due only to entrapment in GAC 
small pore more than chemical bonding. This was not observed oper
ating with PSU-GO HF filters. Mobility of trapped metals was tested and 
compared among selected materials (one module for each material). As 
expected, the weakest adsorption was observed for PSU HFs, for which 
removal is likely to be governed just by pore trapping; while very low 
release was observed for Pb, Cu, and Cr(III) in both GAC and PSU-GO 
3.5% HFs. The release of adsorbed metals was also tested, and details 
are reported in ESI (Fig. S13, Table S5). 

Different studies proved higher Cu and Pb adsorption, if compared to 
other heavy metals, onto negatively charged surfaces with exposed –OH 
and –O groups as in our case, i.e. adsorption on GO, [53–57]. The 
adsorption passes through two different mechanisms: 1) exchange re
action onto permanent negatively charged sites, that involves not hy
drolyzed cations; and 2) surface complexation at variable charged 
hydroxyl edges, that follows selective adsorption, according to the ten
dency of different metals to hydrolyze [54]. 

Cu and Pb hydrolyze more readily than Ni and Cd, and hence are 
more likely to interact with a hydroxylated surface, while Ni and Cd do 
not compete effectively for variable surface charges, due to their lower 
tendency to form hydrolysis products. Consequently, Ni and Cd 
adsorption is more restricted to permanent charge sites, especially in a 
competitive environment, such as a mix of metals. Previous studies 
[57–60] demonstrate that the overall metal affinities for goethite were 
generally found to follow the order Cr > Cu > Pb > Zn > Cd > Co > Ni >
Mn > Ca > Mg, which was consistent with electronegativity or hydrated 
radii of the cations. 

Overall, removal experiments on CIPRO, PFASs and metal ions 

suggest a removal mechanism based on the interplay of electrostatic 
interactions, hydrophobic interactions and π-π stacking between GO and 
the contaminants. Heavy metals are removed with higher performances 
than PFASs, likely thanks to the predominant surface complexation 
mechanisms favored also by positive electrostatic interaction with the 
negatively charged GO flakes. A schematic representation of adsorption 
mechanism for organics and heavy metals is depicted in Fig. 10. 

3.5. Water potability and GO release test by surface-enhanced Raman 
spectroscopy (SERS) 

Chemical and biological water potability was verified on tap water 
before and after filtration as listed in Table S6. In addition, to validate 
the safety of use of the PSU-GO HFs modules, we studied possible release 

Fig. 10. Sketch of the adsorption mechanisms of pollutants on PSU-GO: π-conjugated molecules are adsorbed through π-π stacking, metal ions through electrostatic 
interactions and surface complexation, and PFASs through hydrophobic interactions. 

Fig. 11. SERS spectra for PSU-GO 3.5% (red) and PSU-GO 3.5% fortified 0.1 
μg/L (black). The inset shows the calibration curve. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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of GO nanosheets during water purification. To this aim, we exploited a 
method, recently developed by some of us [46], able to detect and 
quantify GO in water samples at ultra-trace levels using 
surface-enhanced Raman spectroscopy (SERS). The methodology is 
based on the deposition of water GO dispersions on a SERS active sub
strate based on gold nanoparticles. 

The optimized analytical protocol was applied to the detection and 
quantification of GO in tap water samples filtered through PSU HFs and 
PSU-GO 3.5% HFs modules. Water (1L) was filtered at a flow of 250 mL/ 
min, i.e. 2.5-fold higher the maximum operating flow for PSU HFs 
prototype cartridges in Fig. 1b. 

No significant differences can be found between the spectra of water 
samples filtered using PSU and PSU-GO 3.5% HFs modules (ESI, 
Fig. S15), indicating no GO release over the limit of detection (0.11 μg/ 
L). 

In order to further validate the measurements, one of the samples 
was fortified, i.e. GO was added to obtain a GO concentration of 0.1 μg/L 
and this new analyte was evaluated. Fig. 10 shows the spectra of the 
filtered sample as it and after fortification (Fig. 11). Our methodology 
predicted a concentration of 0.11 μg/L (in agreement with the experi
mental spike), with a relative standard deviation (RSD) below 4, in 
accordance with previously RSD of the method. 

Fig. S15 (ESI) shows the spectra of water samples prepared by son
ication of different quantities of PSU-GO in water (Fig. S15a) as well as 
the comparison to the SERS spectra of water samples prepared from 
sonication of PSU HFs as control sample (same amount, Fig. S15b). The 
sonication of PSU-GO fibers in water clearly causes the release of small 
quantities of GO and this release can be easily detected by our SERS 
protocol. Noteworthy, not significant differences between the results 
obtained with fibers extracted from new modules or modules already 
used for water filtration. Finally, considering a 3.5% of GO in PSU-GO 
HFs, the calculated release of GO after 30 min of sonication, was al
ways lower than 0.2% (ESI, Table S8). To the best of our knowledge, this 

is the first case of study on release from PSU-graphene composite with a 
limit of quantification below the mg/L limit, typically achieved by 
UV–vis or TOC analyses [61]. 

3.6. Preliminary real conditions POU test 

For validation of PSU-GO 3,5% HFs modules we performed a 
removal test in a pilot connected to the tap working with a reservoir 
allowing us to spike water before treatment with the PSU-GO modules. 
Module with U-shaped bundles (0.28 m2 Fig. 12a and b) were produced 
since they are the standard POU module structure proposed by the 
producer (Medica spa). The amount of GO estimated in these modules 
was about 210 mg on a total HF weight of 6 g. For validation, tap water 
(100 L) was spiked with CIPRO (at 1 mg/L) and operated at about 2.5 
bar (2 L/min). 5 L samples were collected and at each sampling the inlet 
solution was also collected and checked by HPLC-UV analysis. Fig. 11 
shows the overall set-up (a) the module structure (b) and U-shape 
membranes inside the module (c). An initial removal of about 65% was 
found which decrease to about 30% after 40 L (Fig. S17, ESI). Despite the 
observed removal decay, the total mass of removed CIPRO in 100 L 
normalized to the amount of GO in the module, was about 110 mg 
removed per g of GO, compared to the 168 mg/g GO obtained in lab 
scale prototypes tested at 5 mL/min (Fig. S5, ESI). The estimated contact 
time of real size U-shaped module at 2 L/min is 10-fold lower than the 
one of lab scale prototypes tested at 5 mL/min, meaning that the 
removal of CIPRO by GO mediated adsorption is only partly affected by 
contact time (and/or flow rate). 

It should be remarked that for this experiment we used a ppm spike 
of CIPRO which is far from the environmentally occurring concentration 
of CIPRO (ng-μg/L). This preliminary study on real size devices sug
gested that for POU applications, GO distribution and availability seem 
to affect the adsorption capacity more than flow rate. The removal decay 
could be likely enhanced by improving the distribution of GO 

Fig. 12. a) PSU-GO 3.5% cartridge (FS 0,28 m2, U-shaped HFs) connected at the tap (at 2.8 bar as shown by the manometer). Composite weight in each module about 
6 g, with 210 mg of GO. b) zoom of the cartridge and c) of the U shape assembled fibers. d) Removal trend of CIPRO (spike at 1 mg/L). 
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nanosheets within the composite and by reducing their aggregation 
which likely limits the exposed surface area and the overall adsorption. 

4. Conclusions 

A new class of GO enhanced ultrafiltration modules produced with a 
semi-industrial pilot plant, has been herein described. We demonstrated 
that PSU-GO HFs modules preserve ultrafiltration properties of com
mercial PSU HF modules, but also exhibited the adsorption properties 
typical of GO nanosheets. PSU-GO HFs have been proved superior to 
both pristine PSU HFs and GAC, the industrial standard adsorbent, in the 
removal of several classes of water contaminants. In particular, PSU-GO 
removal of ciprofloxacin antibiotic, Pb, Cu, and Cr(III); and per
fluoroalkyl substances (PFASs, C4–C13) from real tap water matrix, 
were higher than that of GAC with a performance much less affected by 
the operational flow rate and negligible release at higher flow rate 
compared to for GAC. Higher selectivity for short chain PFASs with 
respect to GAC was observed. The importance of removing PFASs with 
logKOW higher that 5 was pointed out by the Stockholm Convention on 
Persistent Organic Pollutants [62], since that value is the threshold for 
bio-accumulation and bio-concentration. Preliminary tests on POU real 
scale filters for tap water purification at tap operational conditions 
(pressure-flow rate) demonstrated comparable performance of small 
prototype working at low flow rate (5 mL/min) for CIPRO. Such ca
pacity, as expected was lower than that of graphene nanosheets 
dispersion due to reaggregation of GO sheets in the composite. The 
absence of GO secondary contamination in after-treatment water has 
been verified through SERS experiments with a limit of detection of 0.1 
μg/L and prove the safe use of these devices for water tretament. Some 
challenges are still to be tackled to exploit the full potential of this 
material, as compared to purely adsorption filters, to optimize the set-up 
to create more favorable kinetic conditions for the adsorption, to mini
mize the reaggregation of GO nanosheets to enhance their distribution 
and exposure of such sheets to the outer pore surface. Studies in these 
directions are currently in progress. 
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