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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) have garnered attention as a pressing environmental issue due to 
their enduring presence and suspected adverse health effects. This study assessed the rejection or removal ef
ficacy of PFAS by commercial reverse osmosis (RO) and nanofiltration (NF) membranes and examined the im
pacts of surfactants, ion valency and solution temperature that are inadequately explored. The results reveal that 
the presence of cationic surfactants such as cetyltrimethylammonium bromide (CTAB) increased the rejection of 
two selected PFAS compounds, perfluorooctanoic acid (PFOA) and perfluorobutanoic acid (PFBA), by binding 
with negatively charged PFAS and preventing them from passing through membrane pores via size exclusion, 
whereas the presence of anionic surfactants such as sodium dodecyl sulfate (SDS) increased the PFAS rejection 
because the increased electrostatic repulsion prevented PFAS from approaching and adsorbing onto the mem
brane surface. Moreover, aqueous ions (e.g., Al3+ and PO4

3−) with higher ion valency enabled higher rejection of 
PFOA and PFBA through increased effective molecular size and increased electronegativity. Finally, only high 
solution temperature at 45 ◦C significantly reduced PFAS rejection efficiency because of the thermally expanded 
membrane pores and thus the increased leakage of PFAS. Overall, this research provides valuable insights into 
the various factors impacting PFAS rejection in commercial RO and NF processes. These findings are crucial for 
developing efficient PFAS removal methods and optimizing existing treatment systems, thereby contributing 
significantly to the ongoing efforts to combat PFAS contamination.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS), broadly utilized in 
various industrial and consumer applications [1], have emerged as a 
major concern because of their indefatigability, bioaccumulative nature, 
and negative consequences on human health and the environment [2]. 
Contamination of water sources by PFAS exacerbates these issues, 
demanding effective filtration and degradation methods for their 
removal. On April 10, 2024, EPA announced the final National Primary 
Drinking Water Regulation (NPDWR) establishing legally enforceable 
levels, called Maximum Contaminant Level (MCL) for PFOS and PFOA at 
4 ng⋅L−1, for PFNA, PFHxS, GenX at 10 ng⋅L−1, and for mixture con
taining two or more of PFHxS, PFNA, GenX, and PFBS at 1 ng⋅L−1 in 
drinking water. These regulations have extended beyond the US, as 

governments worldwide have placed heavy restrictions on the two most 
common PFAS, PFOA and PFOS (8 carbon long-chain PFAS). Ascribed to 
the trace levels and prevalence of PFAS, elimination of PFAS from 
water/wastewater is still a formidable obstacle.

Various PFAS-removing techniques and technologies have been 
previously investigated, adsorption (e.g., activated carbon) and ion ex
change (IX) resins are among the few commercially applied technologies 
by water treatment plants for removing PFAS [3]. Adsorption using 
powdered activated carbon (PAC) and granular activated carbon (GAC), 
which have shown effectiveness (e.g., >80 %) in removing long-chain 
PFAS (≥ 6 carbons) from water systems [4,5]. However, activated car
bon techniques still struggle with the adsorption of short-chain PFAS (<
6 carbons) that have lower removal efficiencies of <40 % [6,7]. More
over, dissolved organic carbon (DOC) in water could reduce the capacity 
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of GAC for PFAS removal and promote desorption, or decreased removal 
of PFAS as indicated by the release of PFAS previously adsorbed onto 
GAC [8,9]. Similarly, anion exchange resins, where PFAS with negative 
charge bind with the positively charged functional groups within resin, 
have also shown promise in filtering PFAS in water systems [10]. The 
quaternary ammonium or dimethyl ethanol ammonium polyacrylic gel 
resins have proven the most effective for PFAS removal (e.g., >90 %) 
[9]. The adsorption capacity ranges from 19 to 1090 mg⋅g−1, depending 
on the resin type and water characteristics (e.g., pH) [11]. However, 
both activated carbon and ion exchange removal techniques suffer from 
competitive adsorption, low adsorption capacities or affinity toward 
specific PFAS (e.g., short‑carbon ones), and costs due to frequent 
chemical regeneration to restore the adsorbent material or expensive 
disposal of the exhausted adsorbents [12]. For instance, exhausted resins 
require chemical regeneration using a salt or base mixed with methanol 
or ethanol and produces toxic wastewater for disposal [13].

Membrane-based separation process has widely been studied for the 
removal of PFAS. Our previous study summarized the relevant literature 
that explored the influences of PFAS's carbon chain length, water 
matrices such as pH, ionic strength and organic matters, and trans
membrane pressure on the membrane rejection of PFAS [14]. For 
example, high transmembrane pressure could result in high water re
covery, despite of the operational cost rise. However, this high pressure 
could compress the membrane structure and ultimately affect the 
permeability and solute separation. Yu et al. reported a decrease in PFAS 
removal from 97 % to 94.5 % when increasing the transmembrane 
pressure from 0.4 MPa to 1.2 MPa due to the elevated membrane fouling 
potential, membrane compaction or concentration polarization. By 
contrast, the changes of solution pH, salinity and organic matters may 
change membrane surface properties (e.g., hydrophobicity and surface 
potential) and ionization states of PFAS. For example, Zeng et al. re
ported an increase in PFAS removal of 80 % to 98 % when increasing pH 
from 3.3 to 7 (initial feed concentration of 500 mg⋅L−1) [15]. Hara- 
Yamamura et al. reported an increase in PFAS removal of 9 % to 91 % 
when increasing the salt rejection ratio of NaCl from 28 % to 52 % by 
exposing the membrane to the hypochlorite solution [16]. Moreover, 
NOM could deposit and then form a fouling layer on membrane surfaces, 
influencing porosity, shape, and surface states and hence PFAS retention 
[9,17]. Wang et al. claimed that PFOS bonded strongly to organic 
matters via hydrophobic interactions and slightly increased the PFOS 
rejection from 90 % to 93 % with bovine serum albumin (BSA) and >95 
% with sodium alginate (SA) [17]. Clearly, the types of organic matters 
could exert different binding with membranes or even PFAS and result in 
changes of PFAS removal.

In addition to the above reported findings, there are still limited 
understandings of some chemical factors such as the valency of aqueous 
ions, surfactants and their types, and solution temperature variations 
that are present in complex wastewater or brines generated from in
dustrial processes (e.g., mining and semiconductor manufacturing). The 
reported influences of common cations and anions in water on PFAS 
rejection in NF or RO filtration are largely debatable. For instance, Zhao 
et al. found that divalent cations such as Ca2+ and Mg2+ can bridge with 
the head functional groups of PFOS through electrostatic interactions 
[18], which may increase the apparent molecular weight of PFOS and 
the PFOS removal from 94.0 % (0.1 mM Ca2+) to 99.3 % (1 mM Ca2+) on 
the NF membrane due to the enhanced steric hindrance [18,19]. DFT 
analysis indicated that Na+ could only bind with one PFOS, whereas 
Ca2+ or Fe3+ preferred to coordinate with two PFOS molecules [20]. 
Conversely, Soriano et al. showed that cations may neutralize the 
negative charges on the NF/RO membrane surface and reduces elec
trostatic shielding effect, which negatively affects the PFAS removal 
[21]. Moreover, different anions (e.g., Cl−, SO4

2−, and PO4
3−) may also 

affect membrane rejection of PFAS [20,22]. For instances, Zhao et al. 
proved that the presence of SO4

2−, and PO4
3− ions increased PFOS 

rejection rate of nanofiltration membrane from 92.65 % to 94.74 % and 
97.60 %, respectively [20]. This increase could be ascribed to negatively 

charged anions that enhance the overall negativity on the NF membrane 
surface, increasing the electrostatic repulsion repelling the membrane 
and the negatively charged PFOS molecules. However, the same study 
also reported no significant change in PFOS rejection with the presence 
of Cl− ions, highlighting how there is no definitive answer for the effect 
of anion presence on the impacts of PFAS by RO/NF processes.

Furthermore, surfactants are commonly present in wastewater due to 
the use of cleaning, detergents, emulsification, and foaming agents and 
even natural waters. Surfactants, amphiphilic molecules with both hy
drophilic and hydrophobic regions, can interact with PFAS and affect 
their rejection during RO and NF filtration. Surfactants can compete 
with PFAS molecules for adsorption onto the surface of the RO or NF 
membrane. Depending on their relative affinities for the membrane 
surface, surfactants may either enhance or reduce the adsorption of 
PFAS. For example, cationic surfactants have positively charged hy
drophilic heads and hydrophobic tails. These surfactants can interact 
with negatively charged PFAS due to electrostatic attraction and 
enhance the removal of some PFAS through coagulation, flocculation, or 
adsorption [23]. Particularly, among many surfactants, sodium dodecyl 
sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) have been 
found to increase PFAS rejection by RO/NF membranes because sur
factants can form micelles, which are aggregates of surfactant molecules 
in water [24,25]. CTAB and SDS are commonly utilized in industrial and 
consumer applications (e.g., household detergents, personal care prod
ucts and antimicrobial agents) [26,27]. For example, Hara-Yamamura 
et al. reported an increase in PFPeS removal of 52 % to 96 % when 
increasing the molar ratio of a commercial surfactant Montaline™ C40 
over PFAS from 0 to 7300 [16,28]. Anionic surfactants, similar to PFAS, 
have negatively charged hydrophilic heads and hydrophobic tails and 
may encounter PFAS for the active sites on membrane surface, which 
may increase or reduce the PFAS removal efficiency [23]. However, the 
effect of cationic surfactants on the PFAS removal via RO or NF is not 
well documented.

Similarly, the water temperature variations could have profound 
impacts on membrane properties such as porosity and rigidity and thus 
PFAS removal. Hang et al. reported that the PFAS removal decreased 
from 91 % to 85 % when increasing the feed solution temperature from 
15 ◦C to 35 ◦C [29], due to the expanded the membrane pores that 
increased the passage of PFAS through the membrane. Das et al. re
ported that increasing solution temperatures from 50 ◦C to 70 ◦C led to a 
reduction of PFPeA rejection from 85 % to 58 % due to the thermal 
expansion of the NF polymer membrane, because of an increase in pore 
size, and thus, a reduction in PFAS pollutant rejection [30].

To further our understanding of the effects of the valency of common 
cations and anions, surfactants, and water temperature on PFAS rejec
tion in RO/NF membrane process, this study systematically assessed the 
rejection of PFAS using commercial RO or NF membranes and synthetic 
water with variations of substance and temperature that mirrors com
plex PFAS-containing water such as brackish groundwater near coastal 
areas with seawater intrusion or chemical manufacturing effluent with 
high levels of specific cations and surfactants. Two different PFAS 
compounds, perfluorooctanoic acid (PFOA) and perfluorobutanoic acid 
(PFBA) with eight and four carbons respectively, were employed for 
comparative studies. Furthermore, the PFAS-spiked solutions mixed 
with different cationic and anionic ions (e.g., Na+, Mg2+, and Al3+) at 
the same molar concentrations were used to compare the ion valency 
effect on PFAS removal. Similarly, different surfactants (e.g., CTAB and 
SDS) were further added to evaluate the interactions of surfactants and 
PFAS and the resulting PFAS rejection. The impact of solution temper
ature on membrane filtration and PFAS removal was assessed. Finally, 
the membrane surface characterization (e.g., PFAS accumulation and 
distribution) was examined through surface chemical and work function 
mapping by atomic force microscope (AFM).
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2. Methods and materials

2.1. Membrane filtration unit preparation

The commercial RO membrane (BW30–2540) and NF membrane 
(NF90–2540), purchased from Dow FilmTec (Minneapolis, MN), both 
comprised a polyamide selective layer on the top membrane surface, a 
polysulfone intermediate layer, and a polyester support layer. A cross- 
flow membrane filtration device (Crossflow Cell CF042, Sterlitech, 
Kent, WA, USA) was assembled to host the membrane coupon with a 
filtration area of 42 cm2. The detailed setup has been described in our 
previous study [14]. Briefly, a constant feed flow rate (30 ml⸱min−1) was 
maintained using a high performance liquid chromatography (HPLC) 
dual-head digital pump. Other relevant parameters such as solution 
salinity and temperature are described below.

2.2. PFAS rejection assessment

The two PFAS concentrations were measured by an Agilent Liquid 
Chromatography with tandem mass spectrometry (LC-MS-MS) [31]. The 
method detection limits (MDLs) for PFBA and PFOA are 47 ng⋅L−1 and 
17 ng⋅L−1 respectively. The assessment experiments were conducted 
with the following factors, including different levels of surfactants (SDS 
and CTAB), different cationic and anionic ion types, and different feed 
solution temperatures. When varying these parameters, other parame
ters remained constant. For instance, a trans-membrane pressure of 55.0 
bar and 13.8 bar was consistently used for RO and NF filtration, 
respectively. The resulting permeate flux of RO and NF membrane under 
55 and 13.8 bar was 97 ± 0.3 LMH and 78 ± 1.8 LMH, respectively. An 
initial PFOA or PFBA concentration (10 mg⋅L−1) was consistently used in 
the following experiments The relatively high concentration of 10 mg 
L−1 for PFOA and PFBA was primarily used to facilitate effectively 
analytical measurement by the detection method as the residual PFAS 
concentration in the filtrate is usually low or even lower than the 
detection limit. To better assess the rejection and removal performance 
of the tested RO or NF systems, this study adopted a high concentration 
to effectively measure the remaining PFAS in the filtered water samples.

To investigate the impacts of the cationic and anionic surfactants' 
impacts on the PFAS rejection, the feed solution was spiked with SDS or 
CTAB to reach the final concentrations of 1 mM, 2 mM and 5 mM, 
separately. Similarly, other feed PFAS solutions were also prepared with 
sodium chloride (NaCl), magnesium chloride (MgCl2), aluminum chlo
ride (AlCl3), sodium sulfate (Na2SO4) and sodium phosphate (Na3PO4) 
at the same molar concentration of 100 mM to evaluate the impacts from 
different cations or anions on PFAS rejection. For temperature effect 
experiments, the feed water temperature was maintained at 15, 25, 35 or 
45 ◦C by being stored in a water bath (JOANLAB) and poured in a stirred 
cell (Sterlitech) just before experiments. Permeate and feed samples 
were collected after the system was equilibrated for 1 h at each condi
tion. Removal rates or rejection of PFOA or PFBA by the RO and NF 
membranes under the above various conditions were determined 
accordingly by measuring the PFAS concentrations in the filtrate or 
permeate samples.

2.3. Chemical and electronic mapping of RO/NF membranes

The major methods for membrane properties such as permeability or 
pore size of the RO and NF membranes before and after filtration have 
thoroughly been characterized and reported in our previous study [14]. 
This study further employed AFM-IR to verify the changes of some other 
important membrane properties (e.g., surface chemical distribution and 
hydrophobicity). To examine the presence of PFAS adsorption on the 
membrane surface after filtration, a Bruker AFM-IR technology 
(NanoIR2, Anasys Instruments, Inc., Santa Barbara, CA, USA) was used 
in to map the membrane surfaces following our reported method 
[30,31].

To verify the PFAS adsorption on the RO/NF membrane surface after 
filtration, Kelvin probe force microscopy (KPFM) was further used to 
map the work function of the membrane surfaces following our reported 
method [32]. The work function arises from the electrostatic barrier 
created by the double dipole layer at the surface [33], which reflects the 
minimum energy required to move an electron from the interior of a 
solid material into the vacuum immediately adjacent to the surface of 
the material. The surface potential measured through KPFM corresponds 
to the contact potential difference (CPD), which represents the variation 
in work functions between the sample surface and the probe tip, as 
elaborated in Section S1 of the Supporting Information (SI).

2.4. Statistical analysis

The results (e.g., data points and bars) are represented by mean 
values ± standard deviation (SD) from duplicate or triplicate experi
ments. The differences between different test groups were tested using 
one-way analysis of variance (ANOVA) and post hoc t-test with signifi
cant difference at p < 0.05.

3. Results and discussions

3.1. Effects of cationic and anionic surfactants on PFOA and PFBA 
rejection

Fig. 1 compares the rejection of PFOA and PFBA in the presence of 
two different surfactants (SDS and CTAB) at three different concentra
tions (1 mM–5 mM). The rejection of PFOA or PFBA was both over 99 % 
for RO and higher than those for NF (Fig. 1a and b). As a result, neither 
SDS nor CTAB exerted any noticeable impacts on their rejections on RO. 
For the NF membrane, increasing the two surfactants' concentrations 
consistently enhanced both PFOA and PFBA rejection efficiency as 
presented in Fig. 1c and d, probably due to several different mecha
nisms. First, the surface accumulation of SDS or CTAB surfactants low
ered the membrane permeate flux as shown in Tables S1 and S2. This 
fouled NF membrane could block or slow down the passage of PFAS. 
Secondly, the positively charged CTAB may bind with the negatively 
charged PFAS and form a complex cluster with large molecular sizes and 
thus enhance the rejection. By comparison, the negatively charged SDS 
would likely conquer the surface adsorption sites and increase negative 
charges on membrane surface, which have been confirmed with surface 
zeta potential data in Fig. S3 and improved the PFAS rejection.

3.2. Effects of ion valence on PFOA and PFBA rejection

Surface and groundwater always include common ions such as 
aluminum (Al3+), calcium (Ca2+), magnesium (Mg2+), and sodium 
(Na+), or typical anions such as chloride (Cl−), nitrate (NO3

−), sulfate 
(SO4

2−) or phosphate (PO4
3−). PFAS and these ions could have complex 

electrostatic interactions with these mineral ions and ultimately affect 
the membrane filtration performances [20]. Typically, elevated water 
salinity may trigger a shielding effect on the negatively charged mem
brane, leading to a reduction in the thickness of the electrical double 
layer. This decrease diminishes the electrostatic repulsion between the 
membrane and PFAS, consequently lowering the rejection rate [34].

Fig. 2 compares the rejection efficiencies of PFOA and PFBA by the 
RO and NF membranes when NaCl, MgCl2, AlCl3 Na2SO4 and Na3PO4 
were added at the same molar concentration (100 mM). Tables S3 and 
S4 indicate that the spiked salts did not induce noticeable membrane 
scaling or reduction in permeate flux, which therefore is not a major 
factor for the PFAS removal. The dependence of the removal of PFOA 
and PFBA on the types of cation or anions is more evident for the NF 
membranes than for the RO membrane. Fig. 2a and b shows that varying 
the types of these ions did not change the rejection efficiencies of PFOA 
and PFBA by RO, since both PFOA and PFBA are larger than the mem
brane pores of RO and thus are effectively rejected regardless of the 
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presence of different ions in the feed solution. Recent studies have 
questioned solution-diffusion model for describing the solvent transport 
in RO membrane and concluded that water and solvent transport in RO 
membranes is driven by a pressure gradient and solvent permeance 

depends on solvent viscosity, solvent molecular size and membrane pore 
size [35,36]. The presence of different salts in feed solution could 
significantly alter the membrane surface characteristics and the in
teractions with PFAS. Moreover, Fig. 2c and d indicates that under the 

Fig. 1. Rejection efficiencies of PFOA and PFBA by the RO and NF membranes in the presence of CTAB (a)–(c) and SDS (b)–(d). * represents significant differences (p 
< 0.05) between two test groups. Operation condition: Temperature for all experiment was 25 ◦C, TMP of RO and NF was 55.0 bar and 13.8 bar, respectively.

Fig. 2. Rejection efficiencies of PFOA and PFBA by the RO and NF membranes with different salts at 100 mM and pH around 5.6. (a) and (c) are the results when 
NaCl, MgCl2 and AlCl3 were present. (b) and (d) are the results when NaCl, Na2SO4 and Na3PO4 were present. * Represent significant differences (p < 0.05, t-test) 
between two test groups.
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same operation condition, the rejection of both PFOA and PFBA by NF 
slightly increased when the ion valence increased from +1 to +3 or 
decreased from −1 to −3. This result is consistent with a study showing 
that Na+, Ca2+, and Fe3+ at same concentration of 0–2 mM escalated the 
rejection efficiency of PFOS (100 μg L−1 or 0.2 μM) by a NF (ESNA1-K1) 
membrane by 2–3 % due to the bridging interactions between poly
valent valence cations and group of PFOS molecules [20]. Positively 
charged cations could interact with the negatively charged PFAS and 
increase effective molecular size of PFAS via the formation of a PFAS- 
cation complex, which thus increased the rejection efficiency by RO or 
NF [22]. Thus, Al3+ exhibited the most pronounced impact on the 
rejection efficiency enlargement of PFOA and PFBA, probably because of 
the above complexation effect. Aside from differences in valence of 
cations or anions, the impact of ionic strength on PFAS rejection is also a 
critical factor. To date, there are few studies exploring the interplay 
between long- and short-chain PFAS, reverse osmosis (RO) and nano
filtration (NF) membranes, and the effects of ions and ionic strength. Our 
previous paper shows that high salinity of NaCl would cause the increase 
of the osmotic pressure and result in decline of PFOA/PFBA rejection 
[14]. Similarly, Wang et al. found that as the ionic strength of feed so
lutions increased from 0 to 100 mM NaCl, the rejection of PFBS dropped 
from 48.9 % to 20.5 %, whereas the rejection of PFOS only increased 
slightly from 89.6 % to 91.5 % [17]. This may be attributed to the dif
ference in the size and electrostatic forces between the short-chain PFBS 
and the long-chain PFOS. The shorter-chain PFBS is easier to penetrate 
the NF membrane under the weak electrostatic repulsion and weak size 
exclusion mechanism. Conversely, Zhao et al. found that the presence of 
Ca2+ and Mg2+ enhanced the rejection of long-chain PFOS by the NF270 
membrane [20], because multivalent cations could complex with PFAS 
and increase their molecular size, which ultimately results in greater 
rejection by the membrane.

Compared to Cl− and SO4
2−, PO4

3− exhibited the most noticeable 
impact on the NF membrane rejection of PFOA and PFBA, as PO4

3− tends 

to escalate electronegativity of NF membrane surface as supported by 
Fig. 3, which thus increased the PFOA and PFBA rejection [22]. The 
surface zeta potential data for both two membrane surfaces at different 
pH values and different salt concentrations under a fixed pH of 7 are 
shown in Fig. 3 and Table 1. Compared to the pristine RO and NF 
membrane surfaces, the surface zeta potential became lowered when the 
valence of the cations increased or when the cation concentration 
increased as the cations in the feed water could absorb on RO/NF 
membrane surface and thus reduce the negative charges or the zeta 
potentials. Table 1 shows there were greater negative surface zeta po
tentials for both two membranes when SO4

2− and PO4
3− were present, 

indicatives of the surface adsorption of these anions. The higher nega
tive zeta potential will enhance the PFOA and PFBA rejection efficiency 
because of the reinforced electrostatic repulsion. Similar to cations ions, 
the membrane zeta potential gradually reduced as the anionic ion con
centration increased, probably because of the compression of the 
Helmholtz double layer (e.g., diffuse layer). As a result, at higher ionic 
strength, the thinner diffuse layer could increase the tendency of the 

Fig. 3. The RO and NF membrane surface zeta potentials with 1 mM various salts (NaCl, Na2SO4, Na3PO4, MgCl2, and AlCl3) in DI water at different pHs.

Table 1 
Zeta potentials of membrane surfaces with different salt concentrations under 
pH = 7.

Salts Membrane 1 mM 10 mM 100 mM

NaCl RO −22.3 ± 1.0 −17.5 ± 1.5 −12.4 ± 1.3
NF −43.7 ± 1.1 −32.5 ± 1.3 −23.6 ± 1.4

MgCl2 RO −18.4 ± 1.3 −16.5 ± 1.2 −12.6 ± 1.4
NF −35.9 ± 0.7 −27.7 ± 0.8 −25.4 ± 1.7

AlCl3 RO −17.3 ± 1.1 −14.3 ± 0.9 −12.7 ± 1.2
NF −32.7 ± 2.1 −26.3 ± 1.8 −22.6 ± 1.0

Na2SO4 RO −36.4 ± 2.6 −19.6 ± 1.0 −14.2 ± 1.1
NF −41.4 ± 2.9 −30.2 ± 1.8 −24.5 ± 2.1

Na3PO4 RO −38.7 ± 2.3 −20.5 ± 1.7 −14.7 ± 1.0
NF −47.4 ± 3.1 −34.4 ± 2.1 −25.7 ± 1.5
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PFAS adsorption and even passage across the membrane as reported 
previously [14,34].

3.3. Effects of operation temperature on rejections of PFOA and PFBA

Temperature can influence the performance of membrane-based 
filtration processes due to its effects on both the physical properties of 
the solution and the membrane itself [37,38]. For example, a higher 
solution temperature may cause thermal expansion of most polymeric 
membrane materials and decreased water viscosity and increased 
diffusion of solutes across the pores [39], which could potentially reduce 
the rejection of PFAS. Thus, we first measured the mean pore size of the 
NF membrane under different operation temperatures ranges from 15 to 
45 ◦C as shown in Fig. 4a. Our result shows that the evaluated pore size 
of the tested NF membrane increased from 0.41 ± 0.04 nm at 15 ◦C to 
0.65 ± 0.07 nm at 45 ◦C. The increased pore sizes of commercial NF 
membranes at high solution temperatures were reported previously 
[39,40]. The permeate flux of our tested NF membrane also increased 
from 75 LMH to 95 LMH when the solution temperature increased from 
15 to 45 ◦C as shown in Fig. 4b, suggesting a pore opening or increase at 
high solution temperatures.

At elevated temperatures, the lower viscosity of water can improve 
overall membrane flux for both RO and NF membranes. However, no 
significantly different flux changes occurred to the RO membrane in our 
experiments under the solution temperature variations. Some previous 
studies reported a decline of water fluxes when the solution temperature 
decreased. For example, a polyamide composite RO membrane (flat 
sheet, XLE) was found to have a decreased flux as the solution temper
ature decreased from 35 to 15 ◦C when treating synthetic river water 
with the total dissolved solid content of 3.61 g⸱L−1 due to the scale 
formation [41]. Moreover, another study did not observe this the 
permeate flux variation for the same RO membrane under different 

temperatures (35, 25, and 15 ◦C) using 50 mM NaCl combined with 7.5 
ppm humic acid solution as a feed. Instead, the permeate fluxes were 
similar at 25 and 35 ◦C, whereas the flux decline was only significant at 
15 ◦C due to the increased fouling [42]. Our results shows the tested RO 
membrane yielded a stable water permeability in the temperature range 
(15 ◦C to 45 ◦C), suggesting that this temperature variation may not 
cause significant structural changes to the RO membrane. In addition, an 
increased permeate flux from 45.41 LMH to 57.87 LMH was observed 
when the solution temperature further increased from 45 ◦C to 70 ◦C 
(data are not shown in Fig. 4b), likely to due to the structural changes of 
the heated membrane or significantly reduction (~33 %) of water vis
cosity [43].

The rejection of PFBA by this NF membrane decreased substantially 
with the solution temperature increased from 15 to 45 ◦C compared to 
the result of PFOA (Fig. 4c). However, the rejection of PFOA did not 
substantially reduce when the solution temperature increased, probably 
because PFOA may have a larger molecular radius than PFBA. As shown 
in Fig. 4d, the rejection of PFOA and PFBA by the RO membrane fol
lowed a similar trend as the NF membrane. No significant change of 
PFOA rejection with the increased solution temperature. The PFBA 
rejection slightly decreased from 96.4 % to 95.1 % as temperature 
increased from 15 ◦C to 45 ◦C, which agrees with other studies [44]. For 
example, Dang et al. applied the pore-hindrance model to explain the 
expansion of a polyamide membrane's pore size by 13 % as the solution 
temperatures increased from 20 ◦C to 40 ◦C and the ultimate impact on 
solute diffusion and pollutant rejection [39].

In addition, we also analyzed the temperature dependence of the 
solute transport mechanisms. As the solution temperature rose from 15 
to 45 ◦C, the diffusion coefficients of PFOA and PFBA increased signif
icantly, as summarized in Table S3, which reduce the PFAS removal 
efficiency [39,45]. Table S4 also shows that PFBA had greater diffusion 
coefficients than PFOA at all four temperature and thus its diffusivity 

Fig. 4. (a) Pore radius changes of the NF membrane at different solution temperatures. (b) Permeate flux changes of the RO/NF membranes. (c)–(d) The rejection 
efficiencies of PFOA and PFBA by the NF and RO membranes at different temperatures. * represents significant differences (p < 0.05) between two test groups.
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across the NF membrane was also greater, which explains rapid decline 
of rejection efficiency as the solution temperature rose. Moreover, the 
Knudsen number (Kn) was analyzed to reveal the temperature impact on 
transport mechanisms of solutes across the NF membrane. For both 
PFOA and PFBA, the Kn is larger than 1 (1.38–1.93 for PFOA and 
2.01–2.82 for PFBA), which indicates the contribution of Knudsen 
diffusion to the mass transfer the two PFAS is significant as the char
acteristic length scale of the flow (the diameter of the nanopore) is small 
relative to the mean free path of the molecules being transported. The 
decrease in Kn with the increased temperature for PFAS implies that the 
increase of the membrane pore size outweighed the increased mean free 
path of PFAS molecules. For PFOA, the Kn value decrease to 1.38 at 45 ◦C 
indicates a possible transitioning from the rarefied regime to the con
tinuum regime where transports phenomenon is governed bulk fluid 
properties. Finally, DEffective represents a weighted average of the bulk 
molecular diffusion coefficient and the Knudsen diffusion coefficient. 
For both PFAS, DKunsden is larger than Dbulk, confirming that Knudsen 
diffusion is more significant during the NF membrane filtration.

3.4. Surface characterization of the pristine and used RO/NF membranes

3.4.1. Chemical mapping by AFM-IR
PFAS accumulation on filtration membrane surfaces may induce 

changes of membrane surface properties and interfere with PFAS 
rejection and water permeability. Chemical mapping of PFOA on both 
RO and NF membrane surfaces was achieved via AFM-IR on local 
membrane surfaces. Fig. 5 presents the typical results of AFM-IR map
ping for the RO/NF membranes before and after filtration of PFOA in DI 
water without any surfactants or metal cations in a scale of 500 nm ×
500 nm. The left column images compare the morphology of the four 

membrane samples. The IR mapping images in the middle column 
render the image contrast based on local thermal expansion of the 
membranes by applying the specific IR wavenumber of 1206 cm−1 that 
correspond to the asymmetric stretching of CF2 and CF3 bond [46]. 
Accordingly, the PFOA-deposited NF or RO membranes rendered more 
red areas than the pristine ones due to the higher abundance of –CF3, 
which results in greater IR absorbance and thus the local thermal 
expansion as indicated by the greater amplitude of the positive tip 
deflection voltage.

Compared to the FTIR mapping, this AFM-IR technique clearly offers 
more sensitive and localized detection of PFOA on polymer membrane 
surface, which has not been reported. The IR spectra in the right column 
show that the PFOA-deposited membranes generated characteristic 
peaks of PFOA. Peaks at 1150 cm−1 represent the symmetric CF2 stretch, 
peaks at 1200 cm−1 represent the asymmetric stretching of CF2 and CF3, 
peaks at 1250 cm−1 are an asymmetric CF2 stretch and peaks at 1750 
cm−1 indicate the carboxylate group (COOH). Both RO and NF mem
branes demonstrate the peaks due to C––O stretching (amide I at 1672 
cm−1) and N − H bending (amide II at 1544 cm−1). The peaks at 1584, 
1504, and 1488 cm−1, were attributed to the aromatic ring C − C 
stretching motion. These peaks suggest the existence of polyamide in 
both RO and NF membranes.

3.4.2. Work function mapping by KPFM
The KPFM results in Fig. 6 show the topography and surface potential 

changes before and after filtration of the PFAS. The height images (a and 
b) indicate that the membrane surface morphology underwent minimal 
alteration. The CPD images (c and d) convey an increase in surface po
tential across the sample's topography for both RO and NF membranes. 
The right panels of Fig. 6 show the average difference in CPD for the pre- 

Fig. 5. The left two panels show the morphology and IR maps for the pristine and PFOA-deposited RO and NF membranes. The right panel shows the IR spectra of the 
membranes that indicates the presence of the PFOA absorbance at 1206 cm−1. Operation condition: Temperature for all experiment was 25 ◦C, PFOA or PFBA 
concentration was 10 mg⋅L−1, TMP of RO and NF was 55.0 bar and 13.8 bar, respectively.
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and post-filtration of PFOA are ~13 V and ~ 3.5 V, respectively, for the 
NF and RO membranes. The work function of the pristine and used RO 
membranes increased from 2.82 eV to 5.53 eV as calculated by Eq. (S1). 
For the NF membrane, it increased from 0.04 eV to 12.25 eV. Thus, the 
elevated work function at the membrane surface suggests the PFAS 
adsorption increased the energy necessary for electrons to overcome the 
potential barrier and escape from the surface of the membrane. The 
presence of the -CF3 group in PFOA generally imparts enhanced elec
tronegativity to the membrane's surface and increased the surface work 
function. Additional KPFM tests on a PFOA-adsorbed silicon wafer sur
face (the bright region in Fig. S2) reveal the dried-up PFOA molecules 
form a meticulous arrangement of crystal-like structures with a layer 
thickness of a few nanometers. Moreover, there is a steep positive shift in 
surface potential of ~250 mV compared to the surface without PFOA 
(the dark region). These observational results are corroborated by Bai 
et al. (2021), who confirmed that the surface potential of graphite 
exposed to ambient conditions can be affected by surface contamina
tions [47]. This KPFM result further supports the observation of AFM-IR 
that the presence of PFAS on the membrane surface altered both 
chemical fingerprints but also electronic properties of the polymeric 
RO/NF membranes.

4. Conclusion

This comprehensive study sheds light on the intricate influences of 
operating temperature, two surfactants, and ion valency on PFAS 
removal using commercial RO and NF membranes, which remain largely 

elusive but crucial for enhancing our understanding of membrane sep
aration of PFAS. The presence of SDS and CTAB surfactants didn't show 
any noticeable impacts on PFOA and PFBA rejections on RO, while they 
both enhanced the PFOA and PFBA rejection (2–3 %) with NF. The RO 
membranes maintained high rejection of PFOA and PFBA with the 
change of coexistence cationic (Na+, Mg2+, and Al3+) or anionic ions 
(Cl−, SO4

2−, and PO4
3−), likely the rejection mechanism of RO for PFAS is 

primarily size exclusion. The variation of cationic and anionic ions was 
found to enhance the rejection efficiency of PFOA and PFBA with NF 
membrane by 2–3 %. Temperature induced pore size change of NF 
membrane and diffusivity variation of PFAS molecules could play a role 
in enhancing/reducing the removal efficiency of PFBA and PFOA. 
Increased temperature causing larger mean free path of the PFAS mol
ecules lead to intense molecular-membrane wall collisions and signifi
cant Knudsen diffusion (Kn range: 1.38–1.93 for PFOA and 2.01–2.82 for 
PFBA) during filtration processes. Additionally, AFM-IR technique al
lows for the nanoscale-detection of PFOA surface adsorption on mem
branes at remarkably low levels through the wavelengths of 1206 cm−1(- 
CF3) and 1705 cm−1 (-COOH). Chemical mapping at 1206 cm−1 in
dicates the higher signal after PFOA filtration for both NF and RO. The 
introduction of KPFM technique also shows the ability to detect tracing- 
level PFOA surface adsorption by the difference in work function of 
membrane between pre- and post PFOA filtration (~13 V for NF and ~ 
3.5 V for RO).

Fig. 6. High-resolution images of the topography (a–b) and surface potential (c–d) of the pristine NF membrane and the used NF membrane after PFAS filtration. The 
right panel shows the difference in topography and CPD signal (surface potential).
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