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Abstract

The engineering of electrocatalytic membrane reactors provides potential perspectives to integrate
membrane separation with electrocatalytic technology for efficient removal of emerging organic
pollutants from wastewater. Here, electro-responsive microfiltration (MF) carbon nanofibre (CNF)
membranes were synthesised by poly(acrylonitrile) PAN electrospinning and subsequent
carbonization, followed by oxygen plasma treatment to induce their surface wettability and
reactivity for electrocatalytic water treatment. The electrocatalytic performance of CNF
membranes was fine-tuned via oxygen plasma treatment to yield reaction Kinetic constants up to
29.6 x 10 and 15.6 x 102 min? against methylene blue (MB) and acetaminophen (ACP),
respectively, which were 1.4 to 1.8 times higher than that exhibited by pristine CNF membranes.
The water permeance across CNF membrane was gradually enhanced with increasing the plasma
exposure time up to 5 min to exhibit 4.65 x 10° L.m?.h™.bar?, while the removal efficiency of MB
and ACP was significantly improved to reach 99 and 91%, respectively during combined MF and
EC reaction, which was 2.4 to 10.3 times higher than that achieved during MF alone. The achieved
performance of oxygen plasma treated CNF membranes was attributed to their enhanced
wettability (water contact angle ~ 24°) and raised electro-oxidation capacity (oxygen evolution
potential ~ 1.6 V) with introducing oxygen-containing groups on the membrane surface. This work
offers an effective scalable fabrication methodology to engineer flexible and functional CNF

membranes with excellent electrocatalytic performance towards cost-effective water treatment.
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1. Introduction

The growing occurrence of emerging organic pollutants, such as organic dyes,
pharmaceutical drugs, and personal care products in water and wastewater have threatened human
health and aquatic ecosystems [1-4]. Water remediation methods to tackle this issue were
developed based on physical adsorption [5], biological treatment [6], chemical/catalytic oxidation
[7], and membrane separation [8]. Membrane technologies, such as microfiltration (MF) and
ultrafiltration (UF) have been widely employed in the remediation of water and wastewater due to
their operation simplicity, relatively low cost, and high separation efficiency [9-12]. However,
both MF and UF are limited by the membrane fouling issue due to the accumulation of the captured
organic pollutants on the surface or pores of the membranes, leading to water permeability decline
[13-15].

Electrocatalytic membrane reactors (ECMRs) were developed as hybrid water treatment
technologies to overcome the latter challenges by integrating membrane separation with
electrocatalytic degradation of organic pollutants [16-18]. In ECMRs, the generated oxidizing
radicals and electron transfer are the main mechanisms for the degradation of organic pollutants
by applying a potential difference between electro-conductive membrane anode and cathode,
enhancing mass transfer from the bulk solution to the reactive membrane anode surface during the
membrane filtration process [19, 20]. To date, membrane electrode materials involve mainly
inorganic ceramic, polymer composite and carbon-based membranes [21]. Inorganic ceramic
membranes were frequently employed in ECMRs due to their high electrocatalytic performance
towards organic pollutant remediation [17, 22]. For example, mixed TisO7 and TisOg membranes
were found to degrade 79% of acetaminophen pharmaceutical with a reaction kinetic constant of

17.3 x 10 min't at an applied cell voltage of 4 to 6.5 V [23]. However, the fabrication of ceramic



ECMRs requires complex chemical and thermal treatment methods, while metal/metal oxide
materials can be exposed to corrosion and leaching during the electrocatalytic reactions [24-27].
In contrast, polymer composite membrane anodes were fabricated by incorporating conductive
nanomaterials within the polymeric matrices via wet chemistry or deposition techniques to
improve their electrical conductivity and electrocatalytic properties. For instance, ZnO coated
electrospun poly(acrylonitrile) (PAN) membranes were found to achieve excellent removal
efficiency above 95% against various organic dyes with a reaction kinetic constant of 4.9 x 103
mint after the application of 15 to 30 V [13]. Nonetheless, polymer composite membranes were
limited by their poor electrical conductivity and reduced electrocatalytic performance [28].

On the other hand, carbon-based membranes have captured a great interest in the
development of ECMRs due to their high electrical conductivity, excellent adsorption capability
and mechanical stability [29]. Recently, PAN-based carbon nanofibres were reported as promising
candidates to develop microfiltration ECMRs due to their large specific surface area, high
electrical conductivity, and low cost [30-32]. The electrospinning of PAN dope solutions has
become a versatile technique to synthesize continuous porous carbon nanofibre (CNF) membranes
via thermal stabilization and carbonization of electrospun PAN membranes [30, 33, 34]. However,
the electrospun PAN-based CNF membranes were found to suffer from poor mechanical
properties, limited wettability, and reduced electro-oxidation capacity due to the lack of active
functional groups on CNF membrane surface [29, 30]. Considerable effort has been expended to
improve the wettability and electrochemical properties of CNF membranes by chemical
functionalization with metal/metal oxide nanomaterials [30, 35]. For example, SnO; incorporated
CNF membranes incorporated were found to remove 85% of sulfamethoxazole during combined

microfiltration and electrocatalytic (MF/EC) reaction with a reaction Kinetic constant of 3.9 x 10"



® mint at an applied cell voltage of only 1 V [30]. CNF membranes were also coated with Fe/Co
alloy nanoparticles and found to degrade 100% of tetracycline during combined MF/EC reaction
with a reaction kinetic constant of 9.5 x 10 min? [35]. However, the latter functionalization
methods involve complicated wet chemistry and hydrothermal treatment that limit their feasibility.
Conversely, oxygen plasma treatment was suggested as an innovative clean technology to
introduce oxygen-containing groups on carbon materials without using any chemicals or solvents
to improve their wettability and surface reactivity [29, 36, 37]. The physicochemical and
electrochemical properties of carbon materials can be fine-tuned by manipulating the parameters
of plasma treatment, opening possibilities for CNF membranes in electrocatalytic water treatment.
Therefore, it is worth investigating the impact of oxygen plasma treatment on the separation and
electrocatalytic performance of electrospun CNF membranes towards a scaled-up fabrication of
reactive ECMRs from carbon nanofibres.

Here, a novel approach to synthesize hydrophilic flexible CNF microfiltration membranes
was proposed using PAN electrospinning and carbonization, followed by oxygen plasma
treatment. Through oxygen plasma treatment, the wettability and reactivity of CNF membranes
were improved, enabling favourable contact between the CNF reactive sites and the aqueous
electrolytic solutions. Thus, the synthesized oxygen plasma treated CNF membranes can provide
effective platforms for simultaneous separation and electrocatalytic degradation of multiple
organic pollutants in cross-flow membrane reactors. The expansion of such innovative
electrocatalytic CNF membranes will enable feasible manufacturing of ECMRs with controllable
surface reactivity and distinctive electrocatalytic performance via oxygen plasma treatment to

support the expansion of water remediation systems.



2. Materials and methods
2.1. Materials

Copolymerized poly(acrylonitrile) (PAN) precursors with 1 wt.% itaconic acid and 3 wt.%
methyl methacrylate were obtained from (Jilin Tanggu, China). N,N-dimethylformamide (DMF)
(analytical reagent, 99.8%) was purchased from (Chem-Supply, Australia). Sodium sulfate
(Na2S0s) (anhydrous, >99.0%), methylene blue (MB) dye (hydrated, >99.5%), and acetaminophen

(ACP) pharmaceutical (>99.0%) and were purchased from Sigma-Aldrich.

2.2. Fabrication of nanofibrous PAN membranes

The nanofibrous PAN membranes were synthesized using electrospinning technique as
previously reported [34]. Briefly, dope solutions of 5 to 12 wt.% PAN in DMF were prepared by
stirring at room temperature until homogenous solutions were obtained. Dissolved PAN/DMF
solutions were filled into 20 mL plastic syringes connected to (23 Gauge) metal needles. The
syringes were then fixed in a commercial electrospinning system (HOLMARC HO-NFES-043 U,
Kerala, India). The electrospinning parameters were fixed at an applied voltage of 20 KV and a
flow rate of 0.8 mL.h. The electrospun nanofibres were collected on a rotating metallic drum
collector wrapped with aluminium with a rotational speed of 300 rpm and a fixed distance of 20
cm from the needle tip. All electrospinning experiments were conducted at room temperature and
constant humidity about 30% until 100 £10 um membrane thickness was achieved for all the
samples. The as spun PAN membranes were denoted as PAN 5, PAN 8, PAN 10, and PAN 12,

corresponding to the PAN concentration from 5 to 12 wt.%.



2.3. Stabilization and carbonization of PAN membranes

The electrospun PAN membranes were stabilized by oxidation in air using a fan-forced lab
oven (Thermo Scientific) to chemically prepare the PAN nanofibres for the carbonization process.
The membranes were thermally stabilized at fixed temperature of 250 °C, while the residence time
was varied from 30 to 130 min to select the relevant time for the target extent of stabilization
reaction. During the thermal stabilization process, the linear structure of PAN was converted to
cyclized PAN structure. An extent of stabilization (cyclization) reaction (EOR) of 60 to 80% was
commonly utilized for the preparation of high-quality carbon fibres [34, 38]. Therefore, an EOR
of 70% was selected as the target EOR before the carbonization step in this work. The EOR of the
stabilized membranes was calculated based on Equation 1 [34, 39], where Abs (1590) and Abs
(2242) are the measured absorbances of the C=N and C=N functional groups at wavenumbers of
1590 and 2242 cm', respectively. The impact of residence time on the calculated EOR is presented
in Fig. S1. The stabilized membranes were then carbonized inside the carbon fibre research line
furnace at the Carbon Nexus in Deakin University (Fig. S2). Briefly, the stabilized membranes
were fixed using tensioned carbon fibre tows, which were pulled at a line speed of 65 m/h through
three-zone furnace. The furnace temperatures at the three zones were fixed at 400, 600, 800 °C,
respectively under atmospheric N2 flow to replace O2 gas out of the furnace and avoid membrane
degradation. The resulting carbonized PAN membranes were named as CNF 5, CNF 8, CNF 10,

and CNF 12, corresponding to the concentration of PAN from 5 to 12 wt.%.

100 x 0.29 x Abs (1590)

Extent of cyclization reaction (EOR) (%) = Abs (2242) + (029 x Abs (1590)) (D




2.4. Oxygen plasma treatment of carbon nanofibrous (CNF) membranes

The carbon nanofibrous (CNF) membranes were treated using plasma oxidation technique
to improve their physicochemical properties and surface reactivity by introducing oxygen-
containing functional groups on the surface of CNF membranes. The oxygen plasma treatment
was conducted within Cambridge Nanotech FI1JI F200 atomic layer deposition facility by allowing
oxygen flow of 100 sccm at a plasma power of 300 W. The oxygen plasma exposure time was
varied from 1, 3, and 5 to 7 min to investigate the impact of exposure time on the morphological,
physicochemical and electrocatalytic properties of CNF membranes. The oxygen plasma treated
CNF membranes were denoted as O-CNF-1, O-CNF-3, O-CNF-5, and O-CNF-7 membranes,

corresponding to exposure times of 1, 3, 5, and 7 min, respectively.

2.5. Materials characterization

The morphologies of PAN, CNF, and O-CNF membranes were investigated using scanning
electron Microscopy (SEM) Zeiss Supra 55VP field emission gun with an accelerating voltage of
5 KV at a working distance of 10 mm. The membranes were coated by 3 nm gold thin film using
a Leica EM ACEG600 sputter coater (Leica Microsystems, Australia) to minimize charging effect
during the SEM imaging. The captured images were analyzed using “Image]J” software to estimate
the fibre diameter of the membranes as previously reported [40].

A capillary flow porometer (3GZH Quantachrome, Florida, U.S.A.) was utilized to
determine the pore size distributions of the membranes. The mean pore size and pore size
distribution were assessed by plotting the pore size versus the differential pore number percent.

The membranes were cut into 25 mm diameter circular discs, followed by wet-up/dry-up setup



using Porofil as a wetting liquid. An analytical grade N2 gas was used to apply the required pressure
for liquid flow across the membranes.

The mechanical properties of CNF membranes were investigated using an Instron 30 KN
tensile tester (Instron model 5967 Corporation, USA) to obtain the stress-strain curves. The tensile
tester was equipped with a 50 N load cell, while the length and width of the samples were fixed at
30 and 15 mm, respectively with a tensile testing rate of 1 mm.min*. Three measurements were
conducted for each sample, and the results were then averaged.

Thermal gravimetrical analysis (TGA) using TA Q50 instrument was utilized to assess the
thermal stability of nanofibrous PAN membranes upon stabilization and carbonization processes.
The membranes were heated under air at a rate of 10 °C/min from 25 to 900 °C, while the weight
percent was monitored.

X-ray diffraction (XRD) patterns of CNF membranes were collected by X-ray
diffractometer (XRD, PANalytical, Xpert Powder) with Cu Ka radiation of A = 0.15405 nm and a
10 mm mask. XRD scans were conducted at 40 kV and 30 mA in the range of 26 = 10 to 80" with
0.0065 step size and 300 s per step to enhance the signal to the noise ratio. The XRD patterns were
then analyzed using High Score Plus software to evaluate the graphitic structure of the CNF
membranes.

Fourier transform infrared (FTIR) spectrometer (Bruker Lumos) equipped with a
germanium crystal, was used to monitor the chemical changes of nanofibrous PAN membranes
upon stabilization, carbonization, and plasma oxidation processes. The membranes were scanned
using attenuated total reflectance (ATR) mode from 600 to 4000 cm™* wavenumber with 128 scans

and a 4 cm resolution.
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Raman spectroscopy was used to investigate the chemical structure of as-spun, stabilized,
and carbonized PAN membranes. Raman spectroscopy was conducted by Renishaw Raman
spectroscopy by fixing the samples on glass substrates covered by aluminium foil. The
measurements were performed using a 50x objective and 514 nm argon ion laser. The laser power
was reduced to 50% to avoid sample damage. The spectra were then collected over exposure time
of 20 seconds and 3 accumulations.

X-ray photoelectron spectroscopy (XPS) analysis was performed at RMIT University to
evaluate the surface chemistry of CNF and O-CNF membranes. XPS analysis was carried out on
a Kratos Axis Supra utilizing a monochromatized Al Ka X-ray Source (E photon = 1486.7 eV) at
a pressure around 5 x 10® Torr. The samples were mounted on sticky carbon tape and maintained
under high vacuum (2 x 107 Torr) for 2 h. High resolution spectra were collected at 40 eV pass
energy with 0.1 eV step size, 100 ms dwell time and 20 scans. The data analysis was then
conducted using CasaXPS software by applying Shirley background. Relative Sensitivity Factor
(RSF) of each element was determined using the software library for quantitative analysis. Element
calibration was employed with respect to the carbon peak centred at 284.6 eV [41]. The high-
resolution spectrum of each element was then deconvoluted using CasaXPS software, while mixed
Gaussian-Lorentzian functions (GL30) were employed to fit the deconvoluted peaks.

The streaming potential of CNF and O-CNF membranes was measured using an
Electrokinetic Analyzer SurPASS 3 with a gap cell (Anton Paar, Australia) to evaluate the surface
charge of the membranes. The membrane streaming potential was determined within a pH range
between 2 to 11 using 0.1 M KCI electrolyte, 0.1 M HCI, and 0.1 M KOH titrants. Three
measurements were recorded for each membrane at different pH values, and the average values

were then calculated to analyze the membrane streaming potential.
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Water contact angle of CNF and O-CNF membranes was measured using Biolin Scientific
goniometer and 3 pL drop of deionized water to assess the membrane hydrophilicity. The drop
images were captured after 15 s of drop impact on the membrane surface. The data analysis was
conducted by OneAttension Theta Lite software. The contact angles on both sides of the drop were
estimated by fitting the drop image to the Young’s Laplace equations, followed by averaging the
estimated values.

The electrochemical properties of CNF and O-CNF membranes were analyzed using three-
electrode system connected to a potentiostat (BioLogic SP-300, France) electrochemical
workstation. The synthesized membranes were used as working electrodes, while graphite rod and
Ag/AgCl (in 3.5 M KCI) were used as counter and reference electrodes, respectively. Linear sweep
voltammetry testing was conducted using 0.1 M Na>SOs electrolyte solution to record the current
density at a varied scanning voltage from 0to 2.5 V vs Ag/AgCl with a scan rate of 20 mV.s™. The
maximum current density and oxygen evolution potential (OEP) were then deduced from the linear

sweep voltammograms as reported elsewhere [37, 42].

2.6. Electrocatalytic membrane reactor setup and performance testing

The performance of CNF and O-CNF membranes was investigated using a laboratory-scale
electrocatalytic membrane reactor (ECMR) combined with cross-flow filtration system as depicted
in Fig. S3. The CNF and O-CNF membranes with an effective membrane area of 25 cm? were
used as electrocatalytic membrane anodes, connected to the positive terminal of a DC power
supply (RIGOL DP832- 30V/3A, Beijing, China). A titanium (Ti) mesh with a pore size of 77 um
was connected to the negative terminal of the DC power supply to act as a cathode in the ECMR.

Both electrodes were mounted inside the reactor and separated utilizing a 1 mm thick

12



poly(dimethylsiloxane) (PDMS) separator. Methylene blue (MB) (5 ppm) and acetaminophen
(ACP) (20 ppm) aqueous solutions were used as model organic pollutants to assess the separation
and electrocatalytic performance of the fabricated membranes. A peristaltic pump was connected
to the feed line to circulate the organic pollutant solution from the feed container to the reactor
with a 200-rpm circulation speed. A supporting electrolyte solution of 0.1 M Na>SO4 was provided
in the feed solution to provide ionic conductivity to the analyzed solutions during the
electrocatalytic reaction [43]. The membrane reactor was operated in three modes, including batch
electrocatalysis (EC), cross-flow microfiltration (MF) and cross-flow microfiltration combined
with electrocatalysis (MF/EC) to evaluate the membrane performance at different operating
modes.

In batch-type EC mode, 10 mL of the model organic pollutant was also kept inside the
membrane reactor, while a potential difference of 2 V was applied between CNF membrane anode
and Ti mesh cathode using the DC power supply. In this mode, an operating pressure was not
applied to avoid permeation across the membrane so that the electrocatalytic properties of CNF
membranes can be evaluated without the impact membrane filtration. The electrocatalytic reaction
was conducted in dark to avoid the impact of light during the electrocatalytic reaction. At fixed
time interval of 30 min, 2 mL aliquot of organic pollutant solution was pipetted from the reactor
to a quartz cuvette for analysis using USB-2000 UV-Visible spectrophotometer (Ocean Optics,
United States) to measure the variations in the concentrations of MB and ACP solutions.

In cross-flow MF mode, the feed solution was circulated inside the reactor, while the
retentate was recirculated back to the feed tank. An applied pressure of 20 kPa was then provided
to allow the solution permeation across the CNF membranes. The water permeance was

determined based on Equation 2 [44]:
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permeate volume (L)

Water permeance = (2)

(membrane area (m?)) x (time (min)) x (pressure (bar))

The permeate solutions were then analyzed using the UV-Visible spectrophotometer to measure

the solute rejection percent of MB and ACP, respectively using Equation 3 [45]:
o Co
Solute rejection % = (1—6) x 100 3)
f

Where C, and Ct represent the concentrations of the permeate and feed solutions, respectively.

In combined microfiltration with electrocatalysis (MF/EC) mode, cross-flow MF process
was operated at an applied potential difference of 2 V between the active electrodes. Consequently,
simultaneous separation and electrocatalytic degradation of organic pollutants can be attained. The
feed solution was circulated inside the membrane reactor, while both the retentate and permeate
solutions were recirculated back to the feed tank. At fixed time interval of 30 min, 2 mL aliquot
of organic pollutant solution was collected from the permeate side to a quartz cuvette for analysis

using UV-Visible spectrophotometer as previously explained.
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3. Results and discussion

The morphology and structural properties of CNF membranes are discussed and correlated
with the concentration of PAN precursor in the dope solutions. The impact of oxygen plasma
treatment on the physicochemical and electrochemical properties of O-CNF membranes is then
explained and linked to their separation and electrocatalytic performance. The suggested
mechanisms for the separation and electrocatalytic degradation of model organic pollutants are
then provided based on the surface chemistry and electrochemical properties of the synthesized

CNF and O-CNF membranes.

3.1. Morphological and structural properties of CNF membranes

The morphology of macroporous CNF membranes synthesized from different PAN
concentrations (5 to 12 wt.%) is presented across the SEMs in Fig. 1a-d, while the SEM images of
pristine, stabilized, and carbonized PAN with different PAN concentrations are shown in Fig. S4
for reference. At lower PAN concentration of 5 wt.%, deformed and discontinuous fibres were
observed in the CNF 5 membrane network, while more stable uniform nanofibrous networks were
achieved at higher PAN concentrations. Therefore, higher PAN concentrations above 5 wt.% were
required to avoid fibre deformation and discontinuity upon thermal stabilization and carbonization
at high temperature above 800 °C [46]. The mean pore size and fibre diameter of the CNF
membranes were found to increase consistently with greater PAN concentration in the dope
solutions from 5 to 12 wt.% as shown in Fig. 1e and f. The CNF fibre diameter was increased from
72.1 to 428.9 nm with PAN concentration from 5 to 12 wt.%, respectively due to the generation
of more tangled polymer chains, which would result in larger CNF fibre diameters [47]. Similarly,

the mean pore size of the CNF membranes increased from 0.40 to 3.16 pum with increasing the
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CNF fibre diameters due to packing restrictions associated with larger fibre deposition by
traditional electrospinning as reported in the literature [48-50].

The stress-strain curves of the CNF membranes with different PAN concentrations are
presented in Fig. 1g to evaluate their mechanical properties. The mechanical properties of CNF
membranes were significantly enhanced upon increasing the concentration of PAN from 5 to 12
wt.%. The CNF 12 membrane was found to exhibit a modulus of elasticity about 344 MPa and
elongation at break around 8%, which was 4 times higher than the CNF 5 membranes with an
elasticity modulus and an elongation percent of only 82 MP and 2%, respectively. Interestingly, a
tensile strength of 13.7 MPa was exhibited by CNF 12 membrane that was 11 times higher than
CNF 5 membrane with only 1.2 MPa. Such significant improvement in the mechanical properties
upon increasing PAN concentration validates that the mechanical stability and flexibility of CNF
membranes can be optimized with increasing PAN concentration in the dope solutions [34, 51,
52]. Therefore, the resulting CNF 12 membranes were selected to conduct the subsequent oxygen
plasma treatment and performance testing due to their enhanced mechanical properties. Such
flexible resilient CNF membranes were required to avoid any accidental damage or break of the

membranes during the filtration and electrocatalytic remediation of contaminated water.

3.2. Morphology and chemical composition of O-CNF membranes

The large area macroporous CNF membranes were treated using oxygen plasma oxidation
to improve their surface reactivity and wettability by introducing oxygen functional groups on the
membrane surfaces [53-55]. The morphology of oxygen plasma-treated CNF membranes is
presented in Fig. 2a-e. Rougher carbon nanofibres were observed with increasing the oxygen

plasma exposure time from 1 min (O-CNF-1) to 7 min (O-CNF-7) due to the etching impact of ion
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bombardment during oxygen plasma treatment [55]. The impact of oxygen plasma treatment on
CNF chemistry was presented by FTIR analysis. As shown in FTIR spectra in Fig. 2f, the O—H
(3105 cm™) and C=0 (1709 cm™) stretching vibration peaks were evolved upon increasing the
oxygen plasma exposure time from 1 to 7 min, corresponding to O-CNF-1 to O-CNF-7,
respectively [55-57]. Thus, the production of sufficient oxygen-containing functional groups on
the CNF membrane surfaces upon oxygen plasma treatment was verified.

The presence of oxygen-containing functional groups on CNF membranes was further
assessed using XPS analysis to identify the surface chemistry and chemical composition of O-CNF
membranes (Fig. 3, S9, and Table S1). In Fig. 3a-c, the C 1s spectrum of CNF membranes was
deconvoluted into 6 peaks, including graphitic carbon C=C (284.4 eV), amorphous carbon C-C
(285.3eV), C-O/C-N (286.3 eV), C=0 (287.8 eV), O-C=0 (289.1eV), and n—=_ transition (292.0
eV) [58, 59]. The contribution of oxidized carbon moieties was boosted with increasing the plasma
exposure time from 0 to 5 min, while the intensity of amorphous carbon C—C peak was increased
on the expense of graphitic carbon C=C peak. Thus, an effective reaction of oxygen plasma with
the carbon nanofibres was validated. As presented in the N 1s spectrum of CNF membranes in Fig.
3d-f, 4 deconvoluted peaks were attributed to pyridinic N (398.2 eV), pyrrolic N (399.9 eV),
graphitic N (401.1 eV), and oxidized N (402.5 eV) [58, 60, 61]. The intensity of oxidized N peak
was also raised with oxygen plasma treatment due to the reaction with oxygen-containing groups
generated on CNF membranes. In Fig. 3g-i, the O 1s spectrum of CNF membranes was fitted into
4 peaks, including O-C/O-H (532.1 eV), C=0 (531.0 V), O—C=0 (533.2 eV), and H20 (535.3
eV) [59, 62]. The intensities of O—C/O-H, and H20 peaks were increased with oxygen plasma
exposure from 0 to 5 min in agreement with the FTIR analysis. The above XPS analysis confirms

the successful functionalization of CNF membranes with oxygen-containing groups after oxygen

17



plasma treatment, while O—-C and O-H moieties are predominately attached to the carbon
nanofibres. The attachment of oxygen-containing functional groups on CNF membrane surface

may induce the physicochemical and electrochemical properties of CNF membranes [63-65].

3.3. Physicochemical and electrochemical properties of O-CNF membranes

The physicochemical properties of CNF and O-CNF membranes were investigated to
evaluate their surface charge and wettability, which govern the interactions between the
membranes and organic pollutants present in aqueous solutions. The streaming potential of CNF
and O-CNF membranes was assessed to determine their surface charges across a pH range from 2
to 11 (Fig. 4a). The streaming zeta potential of pristine CNF membrane was increased negatively
by 55% to reach -31 mV at pH 6 after 1 min of oxygen plasma exposure. Extended plasma
exposure time was found to induce the formation of more negative charges on the O-CNF
membrane surface charge, leading to more negative streaming potentials of -40 and -45 mV at pH
6 for O-CNF-5 and O-CNF-7, respectively. The isoelectric point of pristine CNF membranes was
also shifted from a pH of 4.6 to 2.8 and 2.5 upon increasing the plasma exposure time to 5 and 7
min, respectively. Thus, more negative charges were generated on the O-CNF membranes across
wider pH range. This negative shift can be explained by the production of oxygen-containing
functional groups on CNF surfaces upon oxygen plasma treatment as explained in the FTIR and
XPS analysis [66-68]. The presence of negative surface charges on the CNF membrane surface
may improve the electrostatic interactions with the cationic organic contaminants in wastewater
[69, 70]. The membrane surface wettability can be also enhanced with presence of negative charges
on CNF surface [71]. Thus, water contact angle measurements were conducted to investigate the

changes in the CNF surface wettability upon oxygen plasma treatment, which is an essential
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property required in water purification applications [71, 72]. The water contact angle of pristine
CNF membranes (135.7°) was significantly reduced with increasing the oxygen plasma exposure
time from 1 to 7 min to stabilize around 24° for O-CNF-5 and O-CNF-7 membranes, and this was
associated with a consistent increase in the oxygen content on CNF surface up to 20 at.% (Fig.
4b). Hence, the reduced water contact angle was attributed to the improved surface hydrophilicity
with the introduction of oxygen-containing functional groups upon oxygen plasma treatment [73,
74].

The electrochemical properties of O-CNF membranes were investigated using linear sweep
voltammetry (LSV) technique to determine the variation in the maximum current density and
oxygen evolution potential (OEP) with oxygen plasma treatment. Fig. 4c and S10 present the LSV
polarization plots of pristine CNF and O-CNF membranes with a varied plasma exposure time
from 1 to 7 min. The maximum current density was raised with oxygen plasma to reach up to ~20
mA.cm-? after plasma exposure of 5 to 7 min, which was 2 times higher than that of the pristine
CNF membrane (Fig. 4d). The raised current density was attributed to the reduced charge transfer
resistance with the presence of oxygen-containing functional groups on O-CNF membranes [75,
76]. In addition, the OEP of pristine CNF membranes was shifted from 1.29 V to higher OEP up
to 1.62 V with plasma exposure of 5 to 7 min, which agreed with relevant reported studies in the
literature [29, 37]. The higher OEP may improve the electrocatalytic performance of O-CNF
towards pollutant degradation rather than the competitive oxygen evolution reaction, and hence,

the current efficiency can be improved at lower energy consumption [77-79].
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3.4. Separation and electrocatalytic performance of O-CNF membranes (cross-flow MF/EC)

The macroporous O-CNF membranes were investigated in cross-flow filtration MF/EC
mode to evaluate their potential for pollutants removal from synthetic water effluents. The O-CNF
membranes were first investigated in crossflow MF mode without applying an electric field to
assess their performance for the removal of MB and ACP pollutants via microfiltration alone. The
pure water flux across the O-CNF membranes was determined at an applied pressure of 20 kPa to
evaluate the water permeance performance across the membranes. The impact of oxygen content
on the water permeance of O-CNF membranes is demonstrated in Fig. 5a. The water permeance
of O-CNF membranes was gradually enhanced with increasing the oxygen content to reach 4.65
x 10° L.m2.h"L.bar? with ~20 at.% oxygen after 5 min of plasma exposure, which was higher by
40% than that of pristine CNF membranes. The water permeance was then plateaued at 4.82 x 10°
L.m2.h.bar with further increase in the plasma exposure time to 7 min, indicating the saturation
of CNF surface with oxygen-containing groups with plasma exposure beyond 5 min. Such high
water permeance of O-CNF membranes was also 4.5 to 21.5 times higher than relevant electrospun
ZnO/ PAN and SnO2/CNF membranes, respectively in the literature [13, 30]. The enhanced water
permeance with oxygen plasma treatment can be attributed to the improved surface wettability
with the introduction of oxygen-containing groups on CNF membrane surface [80-82]. The solute
rejection performance of O-CNF membranes was also investigated to analyze their selectivity and
sieving properties against MB and ACP pollutants (Fig. 5b). The pristine CNF membranes were
found to remove only 29.2% and 3.8% of MB and ACP, respectively during the microfiltration
process since their pore size (~ 3.2 um) was much larger than MB and ACP sizes [83-85]. Thus,
the achieved small solute rejection percent can be explained by n-n interactions between the carbon

nanofibres and the organic pollutants [86-88]. Interestingly, oxygen plasma treatment was found
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to improve the rejection of MB and ACP by 1.4 to 2.4 times to reach 41% and 9%, respectively
with increasing the oxygen content to ~20 at.%. The improved MB rejection was attributed to
electrostatic interactions between the generated negative charges on O-CNF membranes and the
cationic MB dyes [89, 90], while the enhanced ACP rejection was explained by the hydrophilic
interactions with the oxygen-containing groups on O-CNF membrane surface [91, 92].

The performance of O-CNF membranes was then investigated for simultaneous
microfiltration and electrocatalytic degradation of MB and ACP under cross-flow MF/EC mode
and benchmarked with batch electrocatalytic (EC) mode (Fig. S11, S12, and Table S2). A potential
difference of 2 V was applied between O-CNF membrane anodes and Ti mesh cathodes for the
degradation of 5 ppm MB and 20 ppm ACP, respectively. The MF/EC reaction Kinetics for MB
and ACP degradation were found to follow pseudo first order reaction kinetics (Fig. S12). As
presented in Fig. 5c, the MF/EC reaction kinetic constants for MB and ACP removal were
gradually increased with increasing the oxygen content to ~20 at.% with plasma exposure time up
to 5 min to reach 29.6 x 10 and 15.6 x 102 min?, respectively. The MF/EC reaction kinetic
constants for MB and ACP removal were 2.4 and 1.7 times higher than the reaction kinetic
constants exhibited by EC alone, respectively. However, the MF/EC reaction kinetic constant was
then plateaued with increasing the plasma exposure time above 5 min due to the saturation of CNF
membrane surface with oxygen-containing groups [93, 94]. The enhancement in the reaction
Kinetic constant upon oxygen plasma treatment can be explained by the elevated OEP and current
efficiency arising from the generated catalytic active sites of oxygen-containing functional groups
on the CNF surface [36, 95, 96]. It was also found that 99% of MB and 91% of ACP were removed
during MF/EC process after 2.5 h, and thus outperforming other relevant CNF materials in the

literature as explained in Table 1. Such high removal efficiency under MF/EC mode was 2.4 to
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10.3 times higher than the removal efficiency attained under MF alone against MB and ACP,
respectively (Table S3). The stability and reusability of the synthesized O-CNF-5 membranes
during MF/EC removal of MB and ACP were also evaluated to validate the process scalability in
practical water treatment. The MF/EC reaction kinetics were investigated over 8 reuse cycles for
the removal of MB and ACP, respectively (Fig. S13). The reaction kinetic constants for MB and
ACP degradation were quite stable even after 8 runs under cross-flow MF/EC mode (Fig. 5d). The
MF/EC reaction kinetic constants for MB and ACP removal were reduced by only 4.4 x 10 and
2.4 x 10 min%, respectively. In addition, the XPS analysis after MF/EC reaction revealed the high
stability of O-CNF membranes without any significant chemical changes, while the contribution
of oxidized carbon moieties was increased due to the adsorption of generated hydroxyl radicals
during MF/EC process (Fig. S14 and S15) [97, 98]. Such high-performance stability emphasizes
the potential of O-CNF membranes in the development of durable O-CNF MF membranes with
self-cleaning capability.

The considerable improvement in the reaction kinetics and their stability during MF/EC
mode validate the potential of oxygen plasma treated CNF membranes towards simultaneous
microfiltration and electrocatalytic degradation of organic pollutants as illustrated in Fig. 6. The
application of a potential difference between Ti cathode and O-CNF membrane anode induces the
production of electron-hole pairs on the active anode. The positive holes can act as strong oxidizing
agents for the adsorbed organic pollutants and water molecules on the surface of O-CNF
membranes [99, 100]. The improved wettability of O-CNF membranes via oxygen plasma
treatment promotes a strong interaction between the electrolyte solution and the active catalytic
sites on O-CNF membrane anodes [101, 102]. The generation of oxygen-containing groups on O-

CNF membranes also enhances the ionic interactions with MB pollutant via ©-7 interaction and
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electrostatic attraction [84, 86, 90], while the interaction with ACP pollutant was promoted via
hydrogen bonding [87, 102]. The captured organic pollutants on O-CNF surface can be then
oxidized via direct or indirect oxidation pathways into H.O and CO., while the competitive oxygen
evolution reaction can be retarded by raising the OEP of O-CNF membranes via oxygen plasma
treatment [21, 35, 36]. During the direct oxidation, O-CNF can be excited by applying a potential
difference between the active electrodes, leading to the generation of electron-hole pairs [22, 29].
The positive holes can act as strong oxidizing agents to the adsorbed organic pollutant molecules,
degrading them into H.O and CO> [103, 104]. On the contrary, indirect oxidation is another
possible pathway for the degradation of organic pollutants on O-CNF anode surface by the
adsorption and oxidation of H,O molecules on the O-CNF anode surface to active “OH radicals
[105, 106]. The active "OH radicals can be then utilized to oxidize the adsorbed organic
contaminants on the O-CNF anode surface, while the CNF can act as a conductor to transfer the
generated electrons and accelerate the electrocatalytic degradation reaction rate [107-109].
Furthermore, the presence of oxygen-containing functional groups and improved wettability of O-
CNF membrane anodes upon oxygen plasma treatment would facilitate the adsorption of the

reactive hydroxyl radicals for efficient degradation of organic pollutants [102].
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4. Conclusions and prospects

In this work, an innovative stepwise methodology was developed to synthesize flexible
microfiltration carbon nanofibre membranes with fine-tuned wettability and surface reactivity via
oxygen plasma treatment for effective separation and electrocatalytic degradation of emerging
organic pollutants. The CNF membrane wettability and surface reactivity were enhanced by
introducing oxygen-containing functional groups on CNF membrane surface via oxygen plasma
treatment. The water contact angle of O-CNF membranes was reduced to 24° after plasma
exposure for 5 min, leading to a high water permeance of 4.65 x 10° L.m?2.h™.bar? across the
membranes. The introduction of oxygen plasma was also found to enhance the electrocatalytic
properties of O-CNF membranes by raising their electro-oxidation capacity and oxygen evolution
potential up to 1.62 V with increasing the oxygen content on CNF surface to ~20 at.%.

The improved surface reactivity and electrocatalytic properties of O-CNF membranes were
found to synergistically boost the removal efficiency against MB and ACP up to 99 and 91% under
MF/EC mode with reaction kinetic constants 29.6 x 10 and 15.6 x 10 min’, respectively. Such
high reaction kinetic constants were kept stable even after 8 reuse cycles to demonstrate the
capability of O-CNF membranes for cost-effective water purification, outperforming other
relevant CNF membranes in the literature. The current study offers a scaled-up fabrication scheme
of functional microfiltration CNF membranes with enhanced mechanical flexibility and

electrocatalytic performance to support the intensification of electrocatalytic membrane reactors.
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Figures and Tables

Pore size (um)

(f) 500 - 4
—&— Mean fibre diameter
—=&— Mean pore size

H

o

o
T

w
=3
o

N
o
o
N
Mean pore size (um)

Mean fibre diameter (nm)
=
o

5 6 7 8 9 10 1 12
Carbonized PAN concentration (wt.%)

16
(9) ®—cnrFs
14} ——CNF 8
= CNF 10
g 12p CNF 12 - g
@ 10} y
]
g, "
[}
Py v
‘a
]
-

5 6 7 8 9
— Tensile strain (%)

Fig. 1. SEM images of (a) CNF 5, (b) CNF 8, (c) CNF 10 and (d) CNF 12. (e) The pore size
distribution of CNF membranes with different PAN concentrations from 5 to 12 wt.%. (f) The
variation in mean fibre diameter and pore size of CNF membranes with different varied PAN

concentrations from 5 to 12 wt.%. (f) Stress-strain curves of CNF 5, CNF 8, CNF 10, and CNF 12.
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Fig. 2. (a-e) The SEM morphology of pristine CNF and O-CNF membranes with a varied plasma

exposure time from 1 to 7 min. (f) FTIR spectra of pristine CNF and O-CNF membranes with

different plasma exposure times from 1 to 7 min.
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Fig. 3. (a-c) The high resolution deconvoluted peaks of XPS C 1s spectra for pristine CNF and O-
CNF membranes. (d-f) The high resolution deconvoluted peaks of XPS N 1s spectra for pristine
CNF and O-CNF membranes. (g-i) The high resolution deconvoluted peaks of XPS O 1s spectra

for pristine CNF and O-CNF membranes.
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Fig. 4. (a) The variation of zeta potential of CNF and O-CNF membranes with different pH values.
(b) The change in water contact angle and oxygen content of O-CNF membranes with oxygen
plasma exposure time. (¢) Linear sweep voltammograms of CNF and O-CNF membranes with
different plasma exposure times from 1 to 7 min. (d) The variation of current density and oxygen

evolution potential with oxygen plasma exposure time from 1 to 7 min.
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Table 1. A comparison between the synthesized O-CNF membrane anodes in this work with

relevant PAN-based and carbon nanofibre-based membrane anodes in the literature for the removal

of different organic pollutants, including dyes and pharmaceuticals.

Membrane Organic Applied Electrolyte Water Reaction kinetic ~ Reference
anode pollutant voltage or permeance constant (k)
current (L.m?.h™.bar?) (10 min?)
ZnO/PAN 20 ppm 15V 0.17 M NaCl 1016 4.9 [13]
nanofibres Methylene blue
CNT/CNF 10 ppm 50mA 0.1 M H;SO, - 7.6 [110]
Methylene blue
CNF 200 ppm 35V 0.1M - 5.1 [29]
Acetaminophen Na>SO4
0,-CNF 200 ppm 35V 0.1M - 25.7 [29]
Acetaminophen NazSO4
Fe-Co/CNF 30 ppm 1Vv 0.1M - 9.5 [35]
Tetracycline NazSO4
SnO,/CNF 10 ppm 1V 0.01 M NaCl 216.4 3.9 [30]
Sulfamethoxazole
O-CNF-5 5 ppm 2V 0.1M 4650 29.6 This work
Methylene blue NazSO4
O-CNF-5 20 ppm 2V 0.1M 4650 15.6 This work
Acetaminophen NazSO4
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