
Science of the Total Environment 934 (2024) 173368

Available online 20 May 2024
0048-9697/© 2024 University of Technology Sydney. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Peruorooctanoic acid-contaminated wastewater treatment by orward
osmosis: Perormance analysis
Yahia Aedan , Ali Altaee *, John L. Zhou , Ho Kyong Shon
Centre or Green Technology, School o Civil and Environmental Engineering, the University o Technology Sydney, 15 Broadway, NSW 2007, Australia

H I G H L I G H T S G R A P H I C A L A B S T R A C T

• A parametric study evaluated the easi-
bility o PFOA treatment using a CTA FO
membrane.

• Synthetic wastewater and actual waste-
water rom PFOA-contaminated soil
were used as eed solutions.

• PFOA rejection was higher at acidic
than alkaline pH and MgCl2 than NaCl
draw solution.

• PFOA rejection remained at 99 % when
the PFOA concentration increased rom
5 to 100 mg/L.

• 96 % water ux recovered ater mem-
brane backwashing with 40 ◦C DI water
using actual wastewater.
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A B S T R A C T

Peruorooctanoic acid (PFOA) is a persistent compound, raising considerable global apprehension due to its
resistance to breakdown and detrimental impacts on human health and aquatic environments. Pressure-driven
membrane technologies treating PFAS-contaminated water are expensive and prone to ouling. This study pre-
sented a parametric investigation o the eectiveness o cellulose triacetate membrane in the orward osmosis
(FO) membrane or removing PFOA rom an aqueous solution. The study examined the inuence o membrane
orientation modes, eed pH, draw solution composition and concentration, and PFOA concentration on the
perormance o FO. The experimental results demonstrated that PFOA rejection was 99 % with MgCl2 and
slightly >98 % with NaCl draw solutions due to the mechanism o PFOA binding to the membrane surace
through Mg2+ ions. This fnding highlights the crucial role o the draw solution's composition in PFOA treatment.
Laboratory results revealed that membrane rejection o PFOA was 99 % at neutral and acidic pH levels but
decreased to 95 % in an alkaline solution at pH 9. The decrease in membrane rejection is attributed to the
dissociation o the membrane's unctional groups, consequently causing pore swelling. The results were
confrmed by calculating the average pore radius o the CTA membrane, which increased rom 27.94 nm at pH 5
to 30.70 nm at pH 9. Also, variations in the PFOA concentration rom 5 to 100 mg/L did not signifcantly impact
the membrane rejection, indicating the process's capability to handle a wide range o PFOA concentrations. When
seawater was the draw solution, the FO membrane rejected 99 % o PFOA concentrations ranging rom 5 mg/L to
100 mg/L. The CTA FO treating PFOA-contaminated wastewater rom soil remediation achieved a 90 % recovery
rate and water ux recovery o 96.5 % ater cleaning with DI water at 40 ◦C, ollowed by osmotic backwash. The
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results suggest the potential o using abundant and cost-eective natural solutions in the FO process, all without
evident membrane ouling.

1. Introduction

PFAS (per- and polyuoroalkyl) are enduring contaminants released
into the environment through various industrial processes. These sub-
stances, characterised by their persistent nature, originate rom the
manuacturing and using diverse products such as nonstick cookware,
water-repellent clothing, frefghting oams, ood packaging materials,
stain-resistant abrics, and cosmetic ormulations. PFAS continue to be
utilised in specifc crucial applications due to the absence o viable
alternative options (Wang et al., 2018). Studies have uncovered the
extensive occurrence o peruorooctanoic acid (PFOA) in diverse water
reservoirs globally, encompassing surace water, groundwater, waste-
water, and tap water. The prevalence o these peruorinated compounds
in diverse water bodies raises concerns about their potential environ-
mental and health impacts (Zhang et al., 2022; Crone et al., 2019).
Exposure to PFAS may result in elevated cholesterol levels, compro-
mised immune unction, and an increased risk o cancer (Sunderland
et al., 2019). Laboratory studies on animals have provided supporting
evidence, revealing liver, thyroid, immune, and pancreatic unction al-
terations due to PFAS exposure (Coperchini et al., 2021).

The remarkable resilience and characteristics o PFAS can be
attributed to the exceptionally strong carbon‑uorine (C–F) bonds
present within their wholly or partially uorinated alkyl chains, leading
to distinctive attributes, including high thermal and chemical durability,
alongside hydrophobic and lipophobic characteristics (Lenka et al.,
2021). Advanced treatment methods, like electrocatalysis, photo-
catalysis, and oxidation, can disintegrate PFAS substances. These tech-
niques demand considerable energy usage and specifc reaction
circumstances with substantial cost (Alalm and Bofto, 2022; Chen
et al., 2023), resulting in unattractive methods or removing PFAS.
Other advanced treatment techniques that have demonstrated a degree
o efcacy include powdered activated carbon (PAC), super adsorbents,
and ion exchange (IX) (Hopkins et al., 2018). Nevertheless, when
applied to the treatment o PFAS, these technologies encounter con-
straints linked to actors such as the concentration o organic matter,
salinity, PFAS concentration, and co-contaminant presence (Hopkins
et al., 2018; Dixit et al., 2021).

Due to their high selectivity, nanofltration (NF) and reverse osmosis
(RO) processes are utilised most to separate PFAS compounds rom
water bodies. Membrane selectivity is determined by surace charac-
teristics, including porosity, size o pores, material, contact angle, and
zeta potential (Das and Ronen, 2022). NF and RO membranes proved
highly eective in achieving a >90 % removal rate o PFAS rom
contaminated wastewater (Mastropietro et al., 2021). Baudequin et al.
(Baudequin et al., 2011) researched the removal o PFAS and deter-
mined that RO can eectively eliminate nearly all peruorinated alkyl
compounds (PFCs) rom treated water. Similarly, Flores et al. (2013)
achieved comparable outcomes, observing over 99 % removal o PFOA
in a water treatment plant using RO fltration. NF membrane showed
promise in eliminating PFOA, thanks to its superior water ux and more
economical nature than reverse osmosis. Wenjin et al. (Tang et al., 2022)
conducted a study demonstrating the efcacy o a SiO2/PMIA hollow
fbre NF membrane in removing 98.6 % PFOA rom aqueous solutions o
25 μg/L initial concentration. A separate investigation conducted by Yu
and colleagues (Yu et al., 2016) ound that the NF270 membrane ach-
ieved a 97 % removal o PFOS rom polluted water o 100 μg/L initial
concentration. Despite the considerable success o NF and RO mem-
branes in removing PFAS, their susceptibility to organic and inorganic
ouling poses challenges. Another drawback o NF and RO membranes is
their considerable energy consumption, potentially elevating opera-
tional costs and rendering them economically challenging. Regular

maintenance and membrane replacement are essential to uphold NF and
RO systems' high removal efciency and prevent ouling and scaling,
which can impair perormance (Lenka et al., 2021).

Forward osmosis (FO) is a promising technology inspired by natural
osmosis processes. It entails the transer o water molecules through
specialized semi-permeable membranes, moving rom an area o lower
osmotic pressure, termed the eed solution (FS), to an area o higher
osmotic pressure, known as the draw solution (DS). The latter includes a
broad range o ionic and non-ionic solutions, including naturally
occurring saline solutions such as seawater and RO brine. The inherent
phenomenon o osmosis grants the FO several advantages. It garnered
attention across numerous applications due to its energy efciency
(McCutcheon et al., 2005), eective exclusion o a diverse array o
pollutants, and low ouling propensity (Mi and Elimelech, 2010), mak-
ing the FO process an appealing alternative to conventional processes in
membrane separation technologies like NF and RO methods, which
necessitate substantial energy consumption in pumping systems to
generate the pressure required or moving water molecules to the
desired side o the membrane. Multiple studies have indicated that
ouling problems are comparatively less troublesome in the FO process
when contrasted with the RO and NF processes (Singh et al., 2023; Yan
et al., 2024). This advantage arises rom ouling in FO, which could be
reversible, thus negating the requirement or costly chemical cleaning
procedures (Ibrar et al., 2021). FO has garnered signifcant attention or
various applications, including deploying the FO desalination pilot plant
in La Réunion, France, which exemplifes the practical implementation
o FO in seawater desalination. This initiative employs FO technology to
generate potable water rom seawater, highlighting its promise in
mitigating water shortages along coastal areas (Zhu et al., 2021). Also,
the FO membranes used or wastewater treatment showed low ouling
propensity and excellent contaminant rejection (Kumar Singh et al.,
2021). Atab et al. (Atab et al., 2015) employed FO membrane to treat
synthetic wastewater with varying organic loading rates and demon-
strated efciencies exceeding 98 % or the removal o chemical oxygen
demand (COD), 70 %–84 % or total organic carbon (TOC), 98 % or
phosphate, and 84 %–96 % or NH4. Although the FO process showed
promising potential or wastewater treatment, it has not been thor-
oughly investigated or PFAS-contaminated wastewater treatment. Low
ouling and energy demands make the FO process an eective alterna-
tive or removing PFAS rom contaminated wastewater.

This research seeks to explore the utilisation o FO in treating
wastewater contaminated with PFOA while also examining how various
operational parameters o FO aect its overall eectiveness in the
treatment process. The study hypothesis is that PFOA commonly rep-
resents PFAS compounds in the wastewater. The research questions are
as ollows: i) how might the phenomenon o reverse salt ux (RSF)
originating rom the draw solution impact the rejection o PFOA by the
FO membrane? ii) is FO membrane ouling reversible when seawater is
the draw solution? and iii) how does the pH o eed solutions aect the
membrane ux and rejection efciency o PFOA? Factors such as
membrane orientation, eed pH, PFAS concentration, and draw solution
type could signifcantly impact the FO perormance. For instance,
positively charged divalent ions in the eed solution could bridge be-
tween PFAS compounds and the surace o the membrane. Also, the pH
o the eed solution may impact the surace charge o the membrane and
the interaction with PFAS compounds in the solution.
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2. Materials and methodology

2.1. Materials

All materials were used as received without modifcations. Sodium
chloride (NaCl, 99 % purity), magnesium chloride (MgCl₂, 99 % purity),
and peruorooctanoic acid (PFOA, 95.5–104.5 % purity) powder were
acquired rom Sigma-Aldrich (Australia). For the FO membrane,
FTSH2O™ at sheet Cellulose Triacetate (CTA) was sourced rom
Sterlitech Corporation (USA). Seawater was collected rom Athol Beach
in Sydney, New South Wales. Wastewater contaminated with PFOA was
sourced rom electrokinetic soil remediation in NSW, Australia.

2.2. FO cell setup

A Sterlitech Acrylic CF042-FO Membrane Cell was utilised in the FO
tests. The FO unit accommodates an FOmembrane with an active area o
42 cm2 (holding a volume o 17 mL on each side o the membrane) and
crossow channels on both sides. The membrane underwent an over-
night immersion in deionized water to guarantee thorough wetting. At
the beginning and conclusion o every experiment, the membrane un-
derwent a 30-min rinse with deionized water to eliminate surace ions.
Two ow meters rom Blue-White Industries (F-550) were attached to
the FS and DS sides to measure the ow rate o solutions. Continuous
monitoring o the reservoir masses or FS was carried out using a digital
scale (A&D EK-15KL) that interaced with a computer or periodic
weights recording the FS. The mass measurements recorded over time
were utilised to ascertain the permeate water ux across the membrane
throughout the experiment. Two Cole-Parmer gear pumps were con-
nected to the FO setup to sustain a consistent ow o the FS and DS at 2
Liters per minute (LPM) in concurrent confguration to minimise the
external concentration polarization (ECP) (Fig. 1). In this specifc system
confguration, both FS and DS operated in a closed-loop manner. Any
trapped air or vibrations within the system could lead to inaccuracies in
the ux measurements. To preempt any potential problems, both sides
o the membrane had deionized water (DI) circulated until the baseline
water ux reached zero. All FO tests were conducted at room temper-
ature (21 ± 3 ◦C). Conductivity was measured throughout the FO
experiment using an HQ 14d (HACH, Australia) portable conductivity
meter.

The concentration o PFOA in both the permeate and eed was
evaluated with an ultra-perormance liquid chromatography-mass
spectrometry (SHIMADZU, Japan). A KINETEX LC18 column, sized at
100 × 2.1 mm, was utilised along with a mobile phase composed o a
mixture o acetonitrile and ammonium acetate (70/30, v/v) owing at a
rate o 0.2 mL/min. A 10 μL was the sample injection volume. The
analytes (m/z = 499.05) were quantifed utilising selected-ion

monitoring (SIM) technique. A noticeable peak was discerned at 1.8
min, with a 0.1 μg/L detection limit or PFOA.

2.3. Membrane, seawater, and wastewater characteristics

The asymmetrical membrane is composed o a layer o CTA polymer
that includes a polyester support screen embedded within it. The choice
o commercial CTA membrane was because o its extensive application
in various wastewater studies and its remarkable resilience in chal-
lenging wastewater conditions, attributed to its high tolerance to chlo-
rine, minimal RSF, and efcient water ux properties (Wu et al., 2018).
It eatures a dense active layer tailored specifcally or osmotically
driven processes with thickness measures <50 μm (Cath et al., 2006).
The active layer displayed a contact angle o approximately 68.2◦ ± 1◦,
indicating moderate hydrophilicity (Xie et al., 2012a). Table A.1 in
Appendix A outlines the eatures o the CTA FO membrane. The natural
hydrophilicity o CTA promotes eective membrane wetting, thus
lowering internal concentration polarization (ICP) and boosting water
ux in the FO process (Cath et al., 2006). Analysis o seawater and
wastewater was conducted via inductively coupled plasma mass spec-
trometry (ICP-MS), with the fndings are presented in Table 1. For the
PFOA wastewater, the initial PFOA concentration in the contaminated
soil was 10 mg/L, and in the wastewater rom the soil remediation, it

Fig. 1. Customised FO experimental setup.

Table 1
Characterization and analysis o seawater sample.
Parameter Measurement instrument Seawater Wastewater

Conductivity LAQUA meter (Horriba,
Japan)

54.8 ± 1 ms/
cm

1.871 ± 3 ms/
cm

PFOA LC-MS (Shimadzu,
Japan)

– 17.92 ± 3 mg/
L

Total dissolved
Solids

LAQUA meter (Horriba,
Japan)

27,500 ± 100
mg/L

1752 ± 0.5
mg/L

pH LAQUA-pH meter
(Horriba, Japan)

7.3 9.53

Mn ICP-MS (Agilent, United
States)

85 ± 0.5 mg/L 1710 ± 20
mg/L

Si ICP-MS (Agilent, United
States)

– 10 ± 0.5 mg/L

K ICP-MS (Agilent, United
States)

338 ± 1 mg/L 14.9 ± 0.1
mg/L

Mg ICP-MS (Agilent, United
States)

1151.5 ± 4
mg/L

1.12 ± 0.1
mg/L

Cl ICP-MS (Agilent, United
States)

1858.5 ± 3
mg/L

33.5 ± 2 mg/L

Ca ICP-MS (Agilent, United
States)

400 ± 5 mg/L 0.9 ± 0.1 mg/
L

Na ICP-MS (Agilent, United
States)

1385 ± 3 mg/
L

27.3 ± 3 mg/L

Y. Aedan et al.
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was 17.92 mg/L. Previous studies stated that PFAS contamination
ranges rom a ew mg/L up to 460 mg/L mg/L (Brusseau et al., 2020).
The membrane samples (new, ouled, and washed) were analysed using
scanning electron microscopy (SEM) with an EVO LS15 SEM instrument
rom Zeiss, Australia. A sputtering machine was used to coat all samples
with a thin layer o Iridium (5 nm) prior to SEM analysis. Additionally,
energy dispersive X-ray (EDX) analysis was conducted employing a
Bruker SDD XFlash 5030detecter instrument rom Zeiss, Australia.

2.4. Salt and water fux

During the FO experiments, one litre o deionized (DI) water was
inused with 5 mg o peruorooctanoic acid (PFOA) to create the eed
solution. The eed solution's pH was neutralised with hydrochloric acid
(HCl) and sodium hydroxide (NaOH). The draw solution was ormulated
by combining one litre o DI water with 0.6 M NaCl or 0.6 M MgCl₂.
Sampling and conductivity measurements were conducted on both eed
(FS) and draw solutions (DS) at the onset and conclusion o the exper-
iments. All our experiments were perormed or seven hours. In this
study, it is essential to note that none o the experimental runs involved
the application o any external hydraulic pressure on either side o the
membrane. Following each experiment, the membrane underwent a
rinsing process with deionized water at a ow rate o 2.8 LPM (crossow
velocity o 51 cm/s) or 30 min to wash any accumulated salts rom the
membrane's surace rom preceding tests.

The ux permeation o the CTA membrane, measured in L/m2h, was
calculated by evaluating the variation in weight o the eed solution (FS)
throughout the process, ollowing the equation described in reerence
(Zhang et al., 2014):

Jw = ΔW
A*Δt (1)

In Eq. (1), Jw represents the membrane water ux (L/m2h), ΔW
corresponds to the variance in the eed solution (FS) weight measured in
Kg, A denotes the membrane area expressed in m2, and Δt signifes the
time interval measured in hours (h).

Flux reduction (JR) was calculated ater the membrane cleaning or
30 min with DI water to obtain the eectiveness o the physical cleaning
method in water ux recovery and reusing the membrane again or the
same previous experiment using the ollowing equation:

JR =
(
1 JaJi

)
×100 (2)

Ja and Ji represent the average ux o the water beore and ater the
membrane cleaning. The determination o the RSF denoted as V (g/L),
involved evaluating the concentration rise in the eed solution through

the ollowing method:

V =
Cm  Cimi

At (3)

In Eq. (3), the volume and concentration o the initial FS are denoted
as Ci (g/L) and mi (L), respectively. Likewise, the volume and solute
concentration o the FS measured at time t are represented as C (g/L)
and m (L), respectively.

Determination o membrane rejection efciency o PFOA was con-
ducted through the utilisation o the subsequent equation:

R =
(
1CpC

)
×100% (4)

R represents the membrane's rejection efciency expressed as a per-
centage, Cp denotes the permeate concentration in (g/L), and C signifes
FS concentration in (g/L).

3. Results

3.1. Impact o draw solution

The inuence o the DS and the orientation o the membrane on
water ux and PFOA rejection by the FO membrane was assessed under
conditions involving 0.6 M NaCl or MgCl2 draw solutions and a 5 mg/L
PFOA eed solution at 22 ◦C. The primary process o FO membrane
separation consists o a combination o electrostatic interactions and
size exclusion. Likewise, electrostatic repulsion occurs when an FO
membrane removes PFOA because o the negatively charged carboxylic
acid unctional group o PFOA and the negatively charged surace o the
FO membrane. In the PROmode, MgCl2 achieved a maximumwater ux
o 18.30 ± 0.02 L/m2h, while in the FO mode, it reached 9.42 ± 0.01 L/
m2h. The osmotic pressure across the membrane was aected in the FO
mode primarily because o the exacerbated internal concentration po-
larization (ICP) phenomenon observed on the porous support layer (SL)
acing the DS (Zhao et al., 2011; Parida and Ng, 2013; Zhang et al., 2016;
Cath et al., 2013). The water uxes associated with NaCl were 12.40 ±
0.02 L/m2h and 8.50 ± 0.01 L/m2h in the PRO and FO modes, respec-
tively. Utilisation oMgCl₂ as a DS led to a notable enhancement in water
ux compared to NaCl (Fig. 2A), primarily attributed to the higher os-
motic pressure o MgCl₂ (Du et al., 2020).

Throughout the our experiments, the average water ux o the
membrane was greater or the PRO mode, measuring 11.56 ± 0.02 L/
m2h or NaCl and 15.90 ± 0.02 L/m2h or MgCl₂ draw solutions,
compared to the FO mode, where it measured 7.56 ± 0.01 L/m2h or
NaCl and 9 ± 0.01 L/m2h or MgCl₂ draw solutions, respectively

Fig. 2. Inuence o the draw solution and direction o the membrane in the FO and PRO mode or NaCl and MgCl2 or the our experiments (A) on the ux o water
over time, (B) average ux o water (in columns), average reverse ux o salt (in dots).

Y. Aedan et al.
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(Fig. 2B). For the FO mode, the average RSF was 11.92 ± 0.01, 11 ±
0.01 g/m2h or NaCl and MgCl₂ DSs, respectively, and 12.60 ± 0.01,
9.52 ± 0.01 g/m2h or NaCl and MgCl₂ DSs in the PRO mode, respec-
tively (Fig. 2B). The dierences in RSF were caused by the molecular
weight and characteristics o ions, as the molecular weight o magne-
sium (Mg2+) is larger than that o sodium (Na+). FO membrane rejection
to molecular weight and divalent ions is higher than that o smaller
molecular weight and monovalent ions. This size dierence can
contribute to a lower reverse ux or MgCl2 than NaCl. Compared to
Na+, the higher valence charge o Mg2+ will enhance its rejection
because the FO membrane is negatively charged. Interestingly, a lower
RSF in the PRO mode or MgCl2 could be caused by the greater water
ux in the PRO, diluting the DS at the membrane boundary layer.

When MgCl₂ was used as the draw solute, the membrane exhibited a
PFOA rejection efciency o approximately 99 % in both PRO and FO
modes. By contrast, when NaCl was the draw solution, the rejection was
around 98 %. This dierence could be a result o the electrostatic
interaction o Mg2+ ions with two head unctional groups o PFOA,
while a single Na+ cation tends to bind only with one PFOA molecule
(Wang et al., 2015), producing an apparent rise in the PFOA's molecular
weight. This phenomenon contributes to an enhanced rejection o PFOA
by promoting the molecular weight cut-o o contaminants in the so-
lution (Zhao et al., 2013; Zhao and Wang, 2016). It could be concluded
that MgCl2 exhibited better water ux, PFOA rejection, and lower RSF
than NaCl, underlining the importance o DS composition on the FO
perormance. It is clear that despite the greater water ux in PRO mode,
no compromise in PFOA rejection was detected. Thereore, operating
the FO membrane in the AL-DS is preerable, provided that membrane
ouling is not compromised.

3.2. Impact o DS concentration

During these experimental investigations, MgCl₂ and NaCl draw so-
lutions were employed at concentrations o 0.6 M, 0.8 M, and 1 M in the
FO experiments, with the FS o 5 mg/L PFOA dissolved in DI water. The
experimental protocol assessed the eects o DS concentration on PFOA
rejection in PRO mode orientation as this mode yields better water ux.

As expected, the water ow rose proportionally with the concen-
tration o DS, with MgCl2 resulting in better water ow compared to
NaCl, primarily due to its more substantial osmotic pressure. At the
beginning o the FO tests, 1 M MgCl2 achieved 25.70 L/m2h water ux
compared to 21.23 L/m2h or the 1 M NaCl, demonstrating a 20 % in-
crease in the water ux (Fig. 3A). Nevertheless, a noticeable reduction in
water ux occurred during the frst hour o FO tests using 1 M MgCl2,
primarily due to the higher initial water ux. As a consequence, this

higher water ux produced a rapid draw solution dilution, thus reducing
osmotic pressure. Following the frst hour o the FO process, a gradual
decrease in the permeate o water ux persisted until the experiments
had concluded (Fig. 3A). However, FO experiments conducted with
higher draw solution concentrations experienced a sharper drop in the
permeate ux as time progressed.

The average permeate ux or NaCl draw solutions was 11.56 ±
0.02, 13.13 ± 0.02, and 18.07 ± 0.02 L/m2h at 0.6, 0.8, and 1 M con-
centrations, respectively. The corresponding average water ux or
MgCl2 was 15.90 ± 0.02, 17.450., and 19.34 ± 0.02 L/m2h at 0.6, 0.8,
and 1 M concentrations, respectively (Fig. 3B). NaCl draw solutions'
corresponding average RSF was 12.60 ± 0.02, 15.50 ± 0.01, and 22.56
± 0.02 g/m2h at concentrations o 0.6, 0.8, and 1 M, respectively. The
average RSF or MgCl2 was 9.52 ± 0.01, 10.04 ± 0.01, and 12.30 ±
0.02 g/m2h at concentrations o 0.6, 0.8, and 1 M, respectively (Fig. 3B).
MgCl2 draw solution exhibited lower RSF than NaCl because it was
rejected more eectively by the FO membrane. As the draw solution
concentration increased rom 0.8 M to 1 M, a greater RSF was recorded,
attributed to the heightened concentration o the solute on the mem-
brane boundary layer, necessitating a longer time or dilution. Typically,
as the draw solution concentration increases, RSF rises because o the
elevated solute concentration within the membrane's boundary.

Despite the observed uctuations in water ux throughout the FO
tests, the PFOA rejection rate remained steady compared to prior ex-
periments. The rejection efciency or NaCl draw solutions at concen-
trations o 0.6, 0.8, and 1 M was approximately 98 %, and or the MgCl2
was approximately 99 % at the same concentration o NaCl draw solu-
tions. Thus, increasing the concentration o the draw solution would
enhance both water ux and RSF while leaving PFOA rejection una-
ected. It should be noted that increasing the draw solution concentra-
tion did not aect FPOA rejection due to i) increasing the draw solution
concentration resulted in an increase in the RSF or the eed solution,
leading to more ions binding with PFOA, thereby increasing its molec-
ular size and rejection by the membrane, ii) the increase in DS con-
centration raised the osmotic pressure, which in turn increased the
permeate ux and balanced the rejection efciency, and iii) PFOA
rejection is inuenced by membrane selectivity. The CTA FO membrane
o 99 % to NaCl rejection will exhibit even better rejection to the large
molecular size PFOA spiked at low concentrations in the eed solution.

3.3. Impact o eed pH

A concentration o PFOA at 5 mg/L at pH 5, pH 7, and pH 9 to
investigate the rejection o PFOA at various pH conditions using 0.6 M
NaCl or 0.6 M MgCl₂ draw solutions. CTA FO membrane tolerates eed

Fig. 3. Perormance o FO process in the PRO mode with three dierent DS concentrations or NaCl and MgCl2 each (A) on water ux, (B) average water ux (column
bars), and average RSF o dierent DS concentrations (dotted lines) o dierent DS concentrations.
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solutions with pH ranging rom pH 4 to pH 7. This approach will allow a
detailed examination o how varying eed solution pH conditions in-
uence the membrane perormance.

Water ux showed a direct correlation with the pH o the FS
(Fig. 4A). The average water ow rate rose by 13.5 % and 17 % or NaCl
and MgCl2 draw solutions, respectively, as the eed solution's pH tran-
sitioned rom pH 5 to pH 9. For pH levels o 5, 7, and 9, the average
water ux was 10.84 ± 0.01, 11.56 ± 0.02, and 12.30 ± 0.01 L/m2h or
NaCl draw solution, and 14.91 ± 0.01, 15.73, and 17.43 ± 0.01 L/m2h
or MgCl2 draw solution. This can be attributed to alterations in the
conormation o polymer structure within the cross-linked membrane,
along with variations in membrane hydrophobicity inuenced by
changes in solution pH. Specifcally, as the pH o the solution rises, the
electrostatic repulsion among ionisable unctional groups within the
membrane's polymeric matrix intensifes, resulting in a higher hydro-
philicity and increased permeate ux (Xie et al., 2012b). These fndings
align with the observed water ux response in polymeric membranes,
which depends on pH (Guo et al., 2021; Mänttäri et al., 2006).

Raising the pH o the FS to pH 9 resulted in a decline in the PFOA
rejection efciency to around 95 % or NaCl and MgCl2. Concurrently,
the rejection efciency or NaCl and MgCl2 remained consistently at 98
% and 99 % or pH levels 5 and 7 (Fig. 4B).

To ascertain the radius o the pores o the CTA FO membrane, the
membrane's porosity (ƿ) was initially established by calculating the ratio
o pore volume to the total membrane volume. The latter was calculated
through gravimetric measurement according to the eq. (Song et al.,
2015):

ƿ = (ω1  ω2)∕ρω
(ωI  ω2)ρw+ ω2∕ρρ

(5)

where ω1 (g) is the wet weight o the membrane, ω2 (g) is and the dry
weight o the membrane, ρω is water density (1.00 g/cm3), and ρρ is the
density o the polymer.

Then, the Guerout–Elord–Ferry equation was employed to measure
the average pore radius o the membrane (Rm) (Garcia-Ivars et al.,
2014):

Rm =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2⋅90 175ƿ)8hTJw

√

ƿPA (6)

where h is water viscosity (Pa s), J is water ux per unit time, P is
operational pressure (0.1 MPa), A is eective membrane area, T is
membrane thickness, and ƿ is membrane porosity.

The average radius o FO membrane pores was calculated rom Eq.

(6) or pH levels 5, 7, and 9 was 27.94 nm, 28.2 nm, and 30.70 nm,
respectively. Although there is no signifcant rise in the membrane pore
radius when the pH transitions rom 5 to 7, a 9.8 % increase in the pore
radius occurs as the eed pH escalates rom 7 to 9, resulting in reduced
PFOA rejection. A undamental mechanism contributing to this phe-
nomenon involves pore swelling. As the solution pH shits towards
alkaline conditions, the complete dissociation o unctional groups oc-
curs, resulting in a repulsive interaction among the negatively charged
polymer chains, which enlarges membrane pores. Subsequently, this
pore enlargement acilitates increased solute permeation, thereby
decreasing PFOA exclusion (Luo and Wan, 2013). In theory, when the
pH level surpasses 2.3, POFA carries a negative charge, suggesting that
raising the pH should intensiy electrostatic repulsion between the
membrane and PFOA, thereby boosting the rejection o PFOA (Hang
et al., 2015). In practical terms, as the alkaline increased rom pH 5 to 7,
the rate o rejection o PFOA remained relatively constant. This result
implies that a concurrent rise in charge repulsion balanced out the
expansion o pores, thereby aecting the rejection o PFOA.

Conversely, there was a decrease in the rejection efciency o PFOA
at pH 9, indicating that the pore swelling eect became more dominant
under these conditions, leading to a slight decline in PFOA rejection.
These results underscore the complex actors inuencing the rejection o
PFOA under varying pH conditions. Results also showed that as the pH
level increased, there was a decrease in RSF (Fig. 4B). For pH 5, 7, and 9,
the average RSF was 12.90 ± 0.01, 12.60 ± 0.01, and 9.13 ± 0.02 g/
m2h or NaCl and 11.11 ± 0.01, 9.52 ± 0.01, and 8.28 ± 0.01 g/m2h or
MgCl2 draw solution, respectively. The decline in average RSF at pH 9
may be linked to the rise in pH levels, leading to an augmentation o the
negative charge on the surace o the FO membrane. Consequently, this
phenomenon also results in the suppression o salt ux. These fndings
underline the importance o eed solution on PFOA rejection and water
ux, with better PFOA rejection at slightly acidic and neutral pHs but at
the expense o water ux. However, the eed pH could be adjusted to
achieve the target PFOA rejection or water ux.

3.4. Impact o PFOA concentration with seawater draw solution

A seawater solution eaturing a total dissolved solids (TDS) concen-
tration o 27.5 g/L and a pH o 7.1 was employed as the draw solution.
The eed solution comprised PFOA with concentrations o 5 mg/L, 50
mg/L, and 100 mg/L. The objective is to evaluate membrane rejection
and ouling behaviour in response to variations in PFOA concentrations
when seawater is the draw solution.

Following each experimental run, the membrane underwent a

Fig. 4. (A) Average water ux or three dierent pH levels o each DSs o NaCl and MgCl2, and (B) rejection efciency (column bars) and average salt reverse ux
(dotted line) or dierent pH levels.
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cleaning process with DI water owing at a rate o 2 LPM or 30 min,
ater which the same FO experiment was repeated. This procedure
aimed to mitigate ouling eects, enabling membrane reuse. The initial
water ux was 12.10 ± 0.02 L/m2h, then gradually declined to a steady
ux o 9 ± 0.02 L/m2h (Fig. 5D). This decline is credited to a gradual
reduction in the osmotic pressure gradients resulting rom alterations in
the concentrations o the solute in the eed and draw solutions

throughout the module and membrane ouling. The average water ux
measured around 10.10 ± 0.03 across the three dierent PFOA con-
centrations in the eed solution. This fgure was notably lower than the
water ux observed in the 0.6 M NaCl draw solution used in previous
experiments in this paper. This disparity can be attributed to a lower
osmotic potential o seawater as contrasted to the 0.6 M NaCl draw
solution (Ahmed et al., 2018). It can be observed that increasing the

Fig. 5. Perormance o the FO process with seawater DS (A) new membrane, (B) ouled membrane, (C) DI water washed membrane or 30 min ater the frst running
experiment, (D) water ux o three dierent PFOA concentrations, (E) water ux or 0.5 and 100 mg/L PFOA FS, cycle one using a new membrane, and cycle two
using the same membrane ater washing with DI water or 30 min, (F) the FO selectivity or dierent eed concentrations.
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PFOA concentration rom 5 mg/L to 100 mg/L did not aect water ux.
Additionally, ater repeating the experiment using the washed

membrane, a small decrease in the average water ux by 2.9 % and 2.2
% or PFOA concentrations o 5 mg/L and 100 mg/L was observed when
compared to the frst experiment. This means that the membrane did not
experience permanent ouling, as a physical cleaning process resulted in
<3 % ux declining ater reusing the same membrane (Fig. 5A, B, C, E).
The average RSF observed across the three experiments was 8.90 ± 0.03
g/m2h, lower than that o a 0.6 M NaCl and MgCl2 draw solution. This
dierence can be attributed to seawater's various divalent and mono-
valent ions besides NaCl and MgCl2. Consequently, the osmotic pressure
driving water movement across the membrane diminishes when
seawater is employed as the draw solution, resulting in decreased RSF.
However, despite lower RSF, the rejection efciency or all three
dierent PFOA concentrations remained consistently high at 99 %. The
multiple divalent ions in seawater, such as (Mn2+, Mg2+, and Ca2+)
leaned to bind with two head unctional groups o PFOA, creating an
apparent rise in the molecular weight (MW) o PFOA, thus also
increasing retention o PFOA (Zhao and Wang, 2016). Fig. 5F presents
the FO membrane selectivity or 5 mg/L to 100 mg/L PFOA eed con-
centrations, indicating constant membrane selectivity (Js/Jw). The CTA
membrane selectivity remained between 0.89 and 0.91 despite the in-
crease in PFOA concentration. The fndings rom the experiment

highlight the easibility o employing seawater as an organic draw so-
lution or treating PFOA-contaminated water, oering the possibility o
producing reshwater at minimal energy and cost or saely disposing o it
into the ocean.

The experiments were extended until 75 % and 90 % o the FS were
recovered to investigate the perormance o the CTA membrane at high
recovery rates, processes that took 22 and 28.5 h, respectively. The
estimation o the recovery rate (Rc) involves determining the proportion
o permeate ow relative to the eed ow using the provided ormula:

Rc =
(Wp
W

)
×100% (7)

In Eq. (7), Wp and W represent FS (L/min) and permeate ow rate.
Throughout these durations, a notable sharp decline o 22.5 % in water
ux within the frst hour was observed, alling rom a starting value o
12.25 ± 0.02 L/m2h to 9.50 ± 0.02 L/m2h. Subsequently, there was a
consistent decline to 7.97± 0.2 L/m2h or the 75 % recovery experiment
and 7.84 ± 0.02 L/m2h by the conclusion o the 90 % recovery experi-
ment (Fig. 6A). These sharp declines in water ux were the result o a
higher initial water ux, which rapidly diluted the draw solution (DS).
As the experiment progressed, draw solutions underwent urther dilu-
tion, reducing the osmotic driving pressure between the eed and draw
solutions, thereby inuencing water ux rates. Additionally, gradual

Fig. 6. (A) water ux or 75 % and 90 % recovery rate, (B) a comparison o new membrane water ux and ux o a membrane already washed 30 min with DI water
ater the frst running experiment, (C) average water ux or new membrane with 75 % and 90 % recovery rates and washed membrane or the same recovery rates.
The FO processes were operated in AL-DS.
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ouling accumulated on the membrane's AL, acing the seawater draw
solution, exacerbating a decrease in ux. Results also indicate that the
average water ux measured at 75 % FS recovery is 9.18 ± 0.03 L/m2h.

It reduced by 1.6 % to reach 9.03 ± 0.03 L/m2h or the 90 % recovery
(Fig. 6C), a reduction compared to the previous experiment (Section
3.4). This is because o the eects o continued dilution o the DS and

Fig. 7. (A) Water ux comparison between pristine and washed membranes achieving a 90 % recovery rate, (B) average water ux and PFOA rejection efciency, (C)
FTIR analysis and comparison, (D) EDX analysis or the pristine membrane, and (E) EDX analysis or the washed membrane.
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membrane ouling rom the prolonged experiment duration compared to
the previous one. Using DI water to rinse the membrane or 30 min and
conducting the experiment again produced a minor reduction in average
water ux, with reductions o 2.3 % and 2.5 % observed or 75 % and 90
% recovery rates (Fig. 6B). These results indicate that the FO membrane
is reversible and could only be mitigated by DI water cleaning. The
membrane rejection o PFOA or both recoveries was 99.3 % ± 0.002,
slightly higher than in the previous experiment (3.4) due to the
screening eect (Xiong et al., 2021). As the fltration time increased, the
membrane's pores became more clogged, which was benefcial or
enhancing the fltration process and resulted in a higher rejection
efciency.

3.5. PFOA contaminated wastewater

The CTA membrane was used to remove PFOA rom contaminated
wastewater containing 17.90 mg/L o PFOA generated during electro-
kinetic soil remediation. FO mode (AL-FS) was employed to minimise
permanent ouling on the membrane. One litre o wastewater, pre-
fltered with a (Durapore® Membrane Filter, 0.45 μm, Sigma-Aldrich,
Australia), served as the FS, while seawater was the DS. Experiments
continued until a 90 % recovery rate was achieved. The pH was 7.3 or
the seawater draw solution and 9.7 or the wastewater FS. The target
recovery rate in this test is 90 % to concentrate PFOA in a small volume,
acilitating its management. Ater the fltration experiment, the mem-
brane was cleaned with DI water at 40 ◦C and a ow rate o 2 LPM or 30
min. DI water at 40 ◦C was chosen or its efciency in dissolving and
removing ouling materials (Ibrar et al., 2020). Then, the membrane was
backwashed with a 0.6 M NaCl solution (on the AL) and DI water (on the
SL) at 40 ◦C and a ow rate o 3 LPM. Backwashing with NaCl demon-
strated positive outcomes in removing ouling rom the membrane pores
(Yu et al., 2017).

The initial water ux or the pristine membrane was 10.52 ± 0.02 L/
m2h, decreased to 10 ± 0.02 L/m2h ater two hours, ollowed by a
gradual decline to reach 6.81 L/m2h at the end o the experiment. In
comparison, the initial water ux or the washed membrane was 10.32
± 0.02 L/m2h, which declined to 9.64 ± 0.02 L/m2h ater two hours,
then gradually decreased urther to reach 6.46 L/m2h ater 23 h
(Fig. 7A). The average water ux was 8.15 ± 0.01 L/m2h or the pristine
membrane and decreased by 3.5 % to 7.86 L/m2h or the washed
membrane (Fig. 7B). In Fig. 7B, the average water ux or the pristine

and washed membrane was 7.5 % and 4 % higher than that or NaCl DS,
while 9.40 % and 12.66 % lower than that or MgCl2 DS tested under the
same membrane direction (Fig. 2B). The discrepancy in water ux
highlights the impact o alkaline eed solution (pH 9.7) on the mem-
brane permeability and pore size. Under alkaline conditions, the
expansion o pores reduces the membrane selectivity, leading to a slight
reduction in PFOA retention (Fig. 7B). Alkaline eed condition also
aected the PFOA rejection efciency, recording 95 % rejection or both
experiments, which is aligned with the fnding above (Fig. 3B) due to the
dissociation o unctional groups takes place at alkaline conditions,
leading to repulsive interactions among the negatively charged polymer
chains, causing the pores o the membrane to expand. Notably, the PFOA
concentration in the FS at the end o the FO experiment was 159.49 mg/
L.

Both the pristine and cleaned membranes underwent scanning with
an EDX and FTIR scanning microscope, ollowed by a comparison o
their spectra. Analysis o the spectroscopy data revealed that the spectra
o the cleaned membranes closely resembled those o the new mem-
branes (Fig. 7C), indicating that the membrane did not undergo severe
ouling. Nevertheless, the changes observed in the membrane's
elemental composition ollowing washing can be interpreted as ouling
signs (Fig. 7D, E). The increase in carbon content to 74.32 wt% could be
a residue rom organic pollutants bound to the membrane surace. The
decrease in oxygen rom 32.42 wt% to 21.94 wt% may indicate the loss
o hydrophilic groups, aecting the membrane's water permeability.
Introducing ions like chlorine (0.83 wt%) and magnesium (0.47 wt%)
might cause by inorganic ouling, where salts rom the eed or cleaning
agents bind onto the ouled membrane, altering ow dynamics and
fltration efciency. Thereore, the FO membrane requires more
requent cleaning, increasing the backwash cleaning, or applying
chemical cleaning due to the impaired-quality eed solution rom soil
treatment.

4. Power consumption and implications

The subsequent equation was utilised or determining the specifc
power consumption (Ps):

Ps =
PQ + PiQi

η*Qp
(8)

P represents the hydraulic pressure o the FS (bar), while Pi

Fig. 7. (continued).
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represents the hydraulic pressure o the DS (bar). Q and Qi are ow rates
(m3/h) or the FS and DS, respectively, η signifes the efciency o the
circulating pump (0.85 in this research), and Qp is the permeate ow
rate (m3/h). Specifc power consumption (kWh/m3) or the 75 % re-
covery rate was 0.00038 kWh/m3, while the 90 % recovery rate was
0.00031 kWh/m3 (Table 2). The PS decreases with the increase in the
permeate ow, according to Eq. (8). Compared to RO and NF mem-
branes used in PFAS wastewater treatment, the Ps in the FO membrane
are signifcantly lower without compromising its rejection efciency
(Liu et al., 2021; Tang et al., 2006). For example, or the Filmtec NF270
membrane to obtain 95 % and 99 % PFAS rejection at 90 % and 97 %
recoveries, the specifc power consumption was 2.8 kWh/m3 (Luo and
Wan, 2013). In another study, the membrane achieved up to 99.4 %
rejection o PFHxA o up to 200 mg/L initial concentration (Ahmed
et al., 2018). When the tighter NF90 membrane was employed or PFAS
treatment, the rejection efciency was 98.8 % to 99.9 % (Xiong et al.,
2021), slightly higher than the NF270 (Xiong et al., 2021). Nevertheless,
a power consumption o 0.18 kWh/m3 was necessary or PFAS treat-
ment, which remained elevated compared to the FOmembrane. Another
study (Yu et al., 2017) reported a 90 % PFAS rejection by the NF90
membrane. Filmtec low-pressure BWCR100 and SW30 membranes
achieved >99 % rejection o PFAS at 0.10 kWh/m3 and 0.04 kWh/m3

power consumption (Xiong et al., 2021). Overall, the FO membrane
achieved comparable recovery rates and rejection o PFAS compounds at
a lower energy demand. Although FO membranes are almost 4.5 times
more expensive than NF/RO membranes (Altaee et al., 2014), mem-
brane replacement costs account or only 5 % o the total treatment cost,
whereas energy costs account or 44 % o total costs (Rosales-Asensio
et al., 2019). When comparing the cost o energy, FO is more economical
than the NF/RO process only when regeneration o the draw solution is
not required. Sodium lignin sulonate and ertilizing draw solutions, or
instance, do not need any regeneration. I seawater is the draw solution,
the product obtained through the FO process is diluted seawater, which
can be either desalinated or reshwater generation or disposed o to the
sea without regeneration. The FO process holds the potential or PFAS-
contaminated wastewater treatment at a competitive cost and peror-
mance compared to pressure-driven membranes.

5. Conclusion

This research investigates the efcacy o cellulose triacetate (CTA)
FO membrane in removing PFOA rom wastewater. The study reveals
that the FO membrane demonstrates a notable capability, achieving a
PFOA removal efciency o 99 % when utilising a 0.6 M MgCl2 DS in FO
and PRO modes. Similarly, a high removal rate o 98 % or PFOA is
observed in both modes when employing a 0.6 M NaCl DS. This
discrepancy in removal efciencies is attributed to electrostatic

interactions o Mg2+ with the two unctional groups o PFOA. In
contrast, a single sodium (Na+) typically binds with only one PFOA
molecule. Interestingly, varying concentrations o DS do not signif-
cantly inuence the rejection efciency o PFOA. However, using an
alkaline pH 9 DS decreases PFOA's rejection efciency to 95 % due to
unctional group dissociation, leading to repulsive interactions among
negatively charged polymer chains and subsequent enlargement o
membrane pores, thereby reducing rejection efciency.

Furthermore, employing seawater as a DS leads to a 99 % rejection
efciency o PFOA due to the existence o multiple divalent ions (e.g.,
Mn2+, Mg2+, Ca2+) in seawater, which tends to bind with the two
unctional groups o PFOA, thereby increasing PFOA's apparent molec-
ular weight (MW) and enhancing its retention. Utilising actual waste-
water with a pH o 9.5 as the FS and seawater as the DS resulted in a
nearly 95 % rejection o PFOA without experiencing permanent ouling.
The FO membrane exhibits promising prospects in treating PFOA-
contaminated wastewater without experiencing permanent ouling.
Notably, its energy efciency surpasses nanofltration (NF) and reverse
osmosis (RO) membranes, rendering it advantageous regarding opera-
tional costs and its contribution to mitigating climate change.
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Table 2
Comparison between NF, FO, and RO membranes or the treatment o PFAS-contaminated wastewater.
Contaminant Membrane Recovery (%)

Flux (L/m2 h)
Rejection (%) Es (kWh/m3) Re

PFAS (0.125 mg/L) Filmtec NF 270 90 %
97 %

>95
99

2.8 (Liu et al., 2021)

PFHxA (60–200 mg/L) Filmtec NF270 /86.0–94.0 (L/m2 h) 96.6–99.4 (Soriano et al., 2017)
PFAS (26.78 mg/L) Filmtec NF90 90 %/20 (L/m2 h) 98.8–99.9 0.18 (Saulko et al., 2023)
PFOA (100 mg/L) Hydranautics NF ESNA1-K1 92.6–97.9 (Zhao et al., 2018)
PFAS (77 ng/L) Filmtec NF90 80 %/ 90 % (McClea et al., 2023)
PFAS (35.5 mg/L) Filmtec BW CR100 90 %/20 (L/m2 h) 98.9–99.9 0.1 (Xiong et al., 2021)
PFAS (27.4 mg/L) Filmtec SW30 90 %/20 (L/m2 h) 98.4–99.7 0.04 (Saulko et al., 2023)
PFOA (5–100 mg/L) FTSH2O CTA FO

Seawater (AL-DS)
28 %/10.23 (L/m2 h)
75 %/9.13 (L/m2 h)
90 %/9.03 (L/m2 h)

99
99.3
99.3

0.001
0.00038
0.00031

This study

Y. Aedan et al.
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Appendix A

Table A.1
Characteristics o cellulose triacetate FO membrane (Sterlitech,
USA).

Parameter FTSH2O (CTA)
Water permeability - A 0.69 (L/m2 h⋅bar)
Salt permeability - B 0.34 (L/m2 h)
Contact angle active layer 68.1 ± 1 (o)
Contact angle support layer 60.2o ± 0.5 (o)
Zeta potential 12.8 ± 1.18 (mV)
Structure parameter - S 707 (μm)
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