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ABSTRACT

Lead (Pb) is a typical contaminant in water with adverse effects on human health. Hong Kong’s incident of drinking
water contamination by Pb in 2015 caused severe public concerns regarding drinking water safety. Conventional
treatment methods for Pb removal generally require electricity, chemical dosage, and considerable time and space, which
significantly restrict their use for rapid water purification under emergency situations. In this study, a polyvinyl alcohol/
polyacrylic acid (PVA/PAA) composite nanofibrous membrane was developed for the rapid and effective removal of
Pb from water. The PVA/PAA membrane had a high water permeability of 550 L/m*/h/kPa - 710 L/m*/h/kPa, which
allowed the filtration to be driven by gravity (e.g. with a water height of 10.0 cm). The membrane showed consistently
high removal efficiency of Pb (> 95%) with a volumetric loading up to 3000 L/m’. This high removal efficiency was
attributed to the combined effects of complexing and electrostatic attraction between Pb and PAA. An esculent citric acid
was used to regenerate the exhausted PVA/PAA membrane. The regenerated membrane maintained its removal efficiency
of Pb over a five-cycle filtration. These results imply that the PVA/PAA composite membrane can be repeatedly used in
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electricity-free filtration devices for rapid elimination of Pb under emergency situations.
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1. Introduction

Reliable and safe drinking water is vital for a modern
society. World Health Organisation (WHO) reported
that in 2017, almost 30% of the global population was
encountering drinking water contamination and close to
half a million death per year was caused by contaminated
drinking water (World Health Organisation, 2019). Heavy
metals are typical contaminants in drinking water with
significant toxicity to human health (Chowdhury et al.,
2016). Therefore, WHO has established rigorous standards
to regulate the concentration level of heavy metals in
drinking water (World Health Organisation, 2011). For
example, the guideline concentration of lead (Pb) is 10 pg/L.
However, actual Pb concentration may go high over
100 pg/L when Pb-contained components are used in
the water supply system (Gonzalez et al., 2013; World
Health Organisation, 2011). An incident of drinking water
contamination by Pb occurred in Hong Kong in 2015
(HKSAR Government, 2015) where the Pb concentration
in tap water greatly exceeded the WHO standard. Due to
the severe threats of Pb to public health (Papanikolaou
et al., 2005), effective strategies for rapid removal of Pb
are required to produce safe drinking water under such
emergency situations.

Various approaches have been investigated to
treat Pb contamination (Fu and Wang, 2011), such as
chemical precipitation (Matlock et al., 2002), adsorption
(Babel and Kurniawan, 2003), ion exchange (Guo et al.,

2013), membrane filtration (Mehdipour et al., 2015), and
electrochemical treatment (Liu et al., 2013). Although
these methods could achieve an effective removal of Pb,
they generally require electricity, chemical dosage, and/or
considerable space and time. Due to these constraints, these
conventional methods may not be suitable for situations
that require instant and highly-mobile water production,
such as rapid provision of safe drinking water for chemical
leakage incidents. An ideal treatment technology for such
emergency situations should be electricity-free, chemical-
free, compact, and highly efficient with the ability to
remove contaminants instantaneously.

Gravity-driven membrane filtration is a technique
using gravity to drive water permeating across a membrane
(Pronk et al., 2019). It has been used in different scenarios
of decentralised water treatment thanks to its simple,
mobile, and electricity-free operation (Derlon et al.,
2012; Oka et al., 2017; Peter-Varbanets et al., 2010). The
existing gravity-driven membrane filtrations mainly rely
on microfiltration (MF) and ultrafiltration (UF), which can
retain microorganisms and suspended solids (Pronk et al.,
2019). However, they are generally not effective to remove
dissolved contaminants such as heavy metals due to the
small sizes of the contaminants. Nanofibrous membrane is
a type of highly porous membrane consisting of numerous
nanofibres fabricated by electrospinning (Ahmed et al.,
2015). The large porosity allows the membrane to be driven
by gravity (Guo et al., 2017; Wang et al., 2017a; Wang et
al., 2017b). Meanwhile, its great internal area provides
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abundant sites for functional groups to capture the targeted
contaminants (Aliabadi et al., 2013; Kampalanonwat and
Supaphol, 2010).

In the current study, a highly porous and
functionalised nanofibrous membrane using water
soluble polyvinyl alcohol (PVA) and polyacrylic acid
(PAA) was fabricated to achieve one-step rapid removal
of Pb from water. The membrane filtration behaviours
including water permeability and removal efficiency
of Pb were systematically investigated under a gravity-
driven condition. A simple citric acid wash was developed
to in-situ regenerate the exhausted membrane to allow
its sustainable reuse. The findings may inspire the
development of novel membrane filter products for rapid
water purification in emergency and disaster relief.

2. Materials and methods
2.1. Chemicals

Lead nitrate (Pb(NO,),, > 98.5%, VWR) was used as
the source of Pb. PVA (molecular weight of ~74800, TCI)
and PAA (50 wt.% water solution, Acros Organics) were
used to fabricate the PVA/PAA composite nanofibrous
membrane via electrospinning. Acetic acid (RCI Labscan),
glutaraldehyde (24-26 wt.% water solution, Dieckmann),
and hydrochloric acid (37%, VWR) were used to crosslink
the PVA/PAA membrane. Citric acid (Dieckmann) was
used to prepare the regeneration solution for membrane
reuse.

2.2. PVA/PAA membrane fabrication

The polymer solution was prepared by dissolving PVA
and PAA with desired amount in water at a 90°C water bath
overnight. The PVA content was fixed at 10 wt.% and the
PAA content was 0, 1, and 10 wt.%, with the corresponding
membranes named as PVA, PVA/PAA1, and PVA/PAA10,
respectively. The prepared solution was then taken out
of the water bath and cooled down to room temperature
before further using. An electrospinning machine (ET-2535,
Ucalery) was used to fabricate the PVA/PAA nanofibrous
membrane. A 30 mL polymer solution was evenly
loaded into three spinnerets used for electrospinning. The
fabrication parameters were: a polymer injection rate of
0.03 mm/minute, a voltage of 22 kV, and a collection
distance (from the top of spinneret to the collect roll) of
15 cm. The electrospun nanofibrous membrane was then
carefully peeled off from the collector and immersed in
a crosslinking solution consisting of 96 mL acetic acid,
4 mL glutaraldehyde, and 0.1 mL hydrochloric acid for
30 minutes. The crosslinked membrane was thoroughly
rinsed with and stored in Milli-Q water.
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2.3. Membrane characterisation

The morphology and structure of the nanofibrous
membrane were characterised by a field emission scanning
electron microscope (FE-SEM, S-4800, Hitachi). A
sputter coater (SCD 005, Bal-tecTM) was used to coat a
thin layer of gold on the membrane sample before SEM
characterisation. Functional groups in the nanofibrous
membrane were analysed by a Fourier transform infrared
spectrometer (FTIR, Nicolet iS5, Thermo Scientific)
equipped with an attenuated total reflection (ATR, iD5,
Thermo Scientific). All membrane samples used for SEM
and FTIR characterisation were freeze-dried in advance.
Membrane porosity (¢) was measured using a weight
method (Wang et al., 2017b):

(Wwet_Wd‘ry)/Pw

Wywet-Wq
() Waryop)

£ = x100% (1)

where W,,, and W, are the weight of the wet and dry
membrane samples, respectively; p,, and p, are the density
of water and polymer, respectively. The reported porosity
data were acquired from at least three parallel tests.

2.4. Filtration experiments

A gravity-driven filtration cell modified from
our previous study was used to perform the filtration
experiments (Guo et al., 2017). Briefly, a membrane coupon
was packed in the cell with an effective filtration area of
3.5 cm’. Approximately 50 mL water was added into
the cell to rinse the membrane first. Subsequently, a feed
solution containing 200 pg/L Pb was continuously pumped
into the cell by a micro-peristaltic pump (BT100-2J,
Longer Pump). The water height was maintained at 10.0
cm (equivalent pressure of 0.98 kPa) by adjusting the pump
rate. Permeate samples were collected at predetermined
volume intervals. The water permeability was calculated
using following equations:

Am/pw
Ju = AL @)
— v
A=l 3)

where J,, is water flux, 4m is the collected mass of permeate
(measured by a digital balance), 4, is the effective filtration
area, ¢ is the collection time, 4 is water permeability, and
AP is the applied pressure.

The concentration of Pb was determined by an
inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7900). The instrumental detection limit of Pb was
0.05 pg/L (Appendix A). The removal efficiency of heavy
metal was calculated by:
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CP
R=(1-2)x 100%, @)
Gy

where R is the removal efficiency, C, and C;, are the Pb
concentration of permeate and feed samples, respectively.
All the filtration experiments were triplicated.

2.5. Membrane regeneration

To ensure a sustainable reuse of the nanofibrous
membrane, a simple citric acid wash was adopted to
regenerate the exhausted membrane (e.g. PVA/PAAL).
After the completion of initial filtration for Pb solution,
a 50 mL 1 M citric acid solution was introduced to the
filtration cell to in-situ regenerate the membrane. The
regenerated membrane was then rinsed by ultrapure water.
After the rinsing, a new cycle of Pb filtration experiment
was conducted (under identical test conditions of the initial
cycle). The filtration/regeneration experiment was repeated
for a total of five cycles.

3. Results and discussion

3.1. Membrane characterisation
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Figure 1. SEM micrographs of nanofibrous membranes of
(a) PVA; (b) PVA/PAAL; and (c) PVA/PAA1O. Insets were
used to show the micrographs with a higher magnification.
All the micrographs were acquired at an acceleration
voltage of 5.0 kV.

The morphology and structure of PVA, PVA/PAAL,
and PVA/PAA10 nanofibrous membranes are presented in
Figure 1. All the membranes showed the typical reticulate
appearance consisting of numerous nanofibres (Wang and
Hsiao, 2016). The nanofibre diameter of the pure PVA
membrane ranged generally from 100 nm to 200 nm (Figure
1(a)). With the incorporation of PAA into the nanofibrous
membranes, the distribution of nanofibre diameters was
broadened (Figures 1(b) and 1(c)). With a high PAA content
of 10% (see PVA/PAA10 in Figure 1(c)), larger-diameter
nanofibres of several hundred nanometers were more
frequently observed. In addition, this membrane appeared
to have less open area than the pure PVA membrane,
indicating a reduction in its porosity.

1707 cm'| !
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PVA/IPAA1
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Figure 2. ATR-FTIR spectra of PVA, PVA/PAAL1, and PVA/
PAA10 nanofibrous membranes.

Figure 2 presents the characterisation of functional
groups of the membranes by ATR-FTIR. The PVA
membrane showed characteristic peaks at 1090 cm™,
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2940 cm’', and 3315 cm, which are assigned to functional
groups of -COC, -CH, and -OH of the polymer, respectively
(Hyder et al., 2006; Mansur et al., 2008). The inclusion
of PAA in the PVA/PAA1 and PVA/PAA10 membranes
significantly weakened these peaks due to the dilution of
the PVA content. On the other hand, the peak at 1707 cm’,
corresponding to carboxylic groups -COOH (Kirwan et al.,
2003), became intense for the PVA/PAA10 membrane due
to the high concentration of -COOH groups contained in its
PAA polymer.
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Figure 3. Water permeability (bars) and porosity (circles)
of PVA, PVA/PAAT1, and PVA/PAA10 nanofibrous
membranes. Water permeability was measured at a water
height of 10.0 cm (i.e. 0.98 kPa).

Membrane water permeability and porosity are shown
in Figure 3. The water permeability of the nanofibrous
membranes ranged from 550 L/m*/h/kPa to 1100 L/m’/
h/kPa, which is 3 - 4 orders of magnitude higher than the
value for conventional UF membranes (e.g. 0.2 L/m’/h/kPa
- 5 L/m’/h/kPa) used in gravity-driven membrane filtration
(Fane et al., 2011; Pronk et al., 2019). Such a high water
permeability allows a much more rapid water purification
and greatly reduces the required water head (10.0 cm in
this study vs 0.4 m - 1.0 m in conventional membranes).
Compared with the pure PVA nanofibrous membrane, the
PVA/PAA composite nanofibrous membranes showed a
reduced water permeability, which may be attributed to the
decreased membrane porosity (e.g. 91% for PVA membrane
and 72% for PVA/PAA10 membrane). This result suggests
that an overloading of PAA in the composite nanofibrous
membrane may compromise the membrane porosity and
water permeability.
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3.2. Lead removal performance
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Figure 4. (a) The Pb concentration in the permeate samples
(C,) and (b) Pb removal efficiency (R) of PVA, PVA/PAAL,
and PVA/PAA10 nanofibrous membranes at different
volumetric and Pb mass loadings. The feed concentration
of Pb was 200 pg/L. The volumetric loading represents the
volume of the treated solution normalised by the effective
filtration area, and Pb mass loading is calculated as the
product of Pb concentration in the feed water (200 pg/L)
and the volumetric loading.

To determine the Pb removal performance, a feed
solution containing 200 pug/L Pb was filtrated by PVA,
PVA/PAAL1, and PVA/PAA10 nanofibrous membranes
under gravity (i.e. water height of 10.0 cm). The Pb
concentration in permeate samples for the three membranes
are presented in Figure 4(a). The corresponding Pb removal
efficiency is shown in Figure 4(b). Compared to the pure
PVA membrane, the PVA/PAA composite membranes
showed a significantly lower permeate Pb concentration
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and higher removal efficiency. The Pb concentration in the
permeate sample of the pure PVA nanofibrous membrane
consistently exceeded 150 pg/L (corresponding to the
removal efficiency of less than 25%), implying a weak
retention of Pb by PVA alone. In contrast, both PVA/
PAA1 and PVA/PAA10 membranes resulted in permeate
Pb concentrations significantly lower than the WHO
standard for drinking water (10 pg/L) up to a volumetric
loading of 1500 L/m’ (i.e. Pb mass loading of 300 mg/
m’). The efficient removal of Pb by these membranes can
be attributed to their PAA content. The negatively charged
carboxylic groups could capture the positively charged
Pb”" ions thanks to the combined effects of complexing and
electrostatic attraction (Li and Bai, 2006). Upon further
increasing the volumetric loading to 3000 L/m’, the PVA/
PAA1 membrane experienced a breakthrough behaviour
with a dramatically increased permeate Pb concentration,
indicating that its sorption sites had been saturated. In
comparison, the permeate Pb concentration remained below
10 pg/L and the corresponding removal efficiency remained
above 95% for the PVA/PAA10 membrane due to the much
higher PAA content in this membrane.

3.3. Membrane regeneration
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Figure 5. Pb removal efficiency over five filtration-
regeneration cycles by the PVA/PAA1 membrane. During
each cycle, the Pb concentration in the feed solution was
maintained at 200 pg/L and the filtration volume was 1 L.
All filtration cycles were performed at a water height of
10.0 cm.

To ensure the sustainable reuse of the membrane, a
simple and effective regeneration method is required. Acid
solutions such as HNO, and H;PO, have been reported to
desorb Pb from the adsorbent (Li and Bai, 2006). However,
these acids are either highly corrosive or oxidative, which
are not ideal due to potential safety concerns (particularly
for household use scenarios). Since the Pb capture by
the PVA/PAA composite nanofibrous membrane mainly
depends on the interactions between Pb and carboxyl
groups (-COOH) in PAA, a carboxyl group-based acid may
be a promising regeneration agent. In the current study, a
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natural and esculent citric acid was used to regenerate the
exhausted PVA/PAA1 membrane (Figure 5). Compared
to the initial filtration cycle, the overall Pb removal
efficiency by the regenerated membrane maintained well
for additional cycles, demonstrating the highly efficient
regeneration by citric acid wash. The test further verified
the robust property of the PVA/PA A nanofibrous membrane
against a long-term usage. For each cycle, a total volume
of 1 L solution was filtrated while only 50 mL citric acid
solution was enough to regenerate the membrane, which
could concentrate Pb in a small volume solution for further
beneficial recovery.

4. Conclusion

In the current study, a PVA/PAA composite
nanofibrous membrane was developed to conduct an
electricity-free and sustainable filtration to remove Pb
for rapid water purification. The fabricated PVA/PAA
nanofibrous membranes had a typical reticulate structure
consisting of numerous nanofibres as confirmed by SEM.
ATR-FTIR analysis confirmed the successful incorporation
of PAA. The PVA/PAA membranes had a high water
permeability of 550 L/m*/h/kPa - 710 L/m*/h/kPa together
with a porosity of 72% - 90%. These features enabled the
membrane to be operated under gravity (e.g. water height
of 10.0 cm). The filtration experiments revealed the critical
role of PAA for the effective removal of Pb, with the
permeate Pb concentration of the PVA/PAA membranes
consistently stood below the WHO standard of 10 pg/L up
to a volumetric loading of 3000 L/m’. The used membrane
was successfully regenerated by a simple citric acid wash,
which enabled its sustainable reuse.

Appendix A. ICP-MS calibration
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Figure Al. Standard curve of Pb with a dynamic range of
0.05 png/L - 1.00 pg/L in the ICP-MS analysis.
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Figure Al shows the standard curve of Pb with a
dynamic range from 0.05 pg/L to 1.00 pg/L obtained from
the ICP-MS analysis. The lowest calibration concentration
of 0.05 pg/L was detectable. The linearity of the tested
dynamic range (i.e. the lowest calibration concentration of
0.05 pg/L to the highest calibration concentration of 1.00
ng/L) also showed good fits with R* of 0.999. The high
instrumental sensitivity and high linearity of the calibration
curve ensured the accuracy of detection (e.g. confidence
of at least 99.9% removal efficiency for an initial Pb
concentration of 200 pg/L could be achieved).
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