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A B S T R A C T   

Determining the reliability of nanofiltration (NF) membranes for the removal of contaminants of emerging 
concern, including polyfluoroalkyl substances (PFASs), pharmaceuticals, and personal care products (PPCPs), is 
important for ensuring drinking water safety. This study aimed to clarify the factors that influence the removal of 
nine major PFASs during submerged NF treatment via extrapolation based on the factors that influence PPCP 
removal. The rejection of nine PFASs in ultra-filtered dam water by a polypiperazine-amide (NF270) membrane 
increased from 71 % to 94 % at a low permeate flux of 5 L/m2 h as the PFAS molecular dimensions increased. 
PFASs with a carboxylic acid (-CO2H) were rejected to a greater extent than PFASs with a sulfo group (-SO3H). 
Further, negatively charged PFASs or PPCPs were rejected to a greater extent than uncharged and positively 
charged PPCPs. Our findings suggest that the rejection of PFASs can vary because of the (i) clearance distance 
between the PFASs’ molecular dimensions and NF membrane pore diameter and (ii) intensity of electrostatic 
repulsion between the PFASs’ functional groups and NF membrane surface. Our study indicates that submerged 
NF can achieve high PFAS rejection; however, variations in rejection among PFASs can become more prominent 
owing to a low permeate flux.   

1. Introduction 

Trace organic chemicals (TOrCs), particularly perfluoroalkyl sub
stances (PFASs), pharmaceuticals, and personal care products (PPCPs), 
are challenging contaminants that have caused increasing concern 
regarding their threat to the safety of drinking water (Bieber et al., 
2018). Among advanced drinking water treatment processes, nano
filtration (NF) membranes with a typical molecular weight cut-off of 
150–2000 g/mol (Boussu et al., 2006; Mohammad et al., 2015) repre
sent a powerful separation technology that can remove most chemicals. 
Because the molecular weight (MW) of PPCPs (200–1000 g/mol) is 
equivalent to the pore diameter, TOrC rejection by NF membranes can 
vary considerably depending on the interaction between the membrane 
surface and TOrCs. The primary rejection mechanisms of TOrCs, 
including PPCPs, by NF membranes (i.e., size exclusion, electrostatic 
interaction, and adsorption) have been established in many previous 
studies (Bellona and Drewes, 2005; Lee et al., 2022; Nghiem et al., 2006; 
Verliefde et al., 2008a; Wang et al., 2024); thus, whether a chemical will 

be rejected can be estimated based on its physicochemical properties. 
However, PFAS rejection trends may differ from PPCP rejection trends 
due to the differences in chemical structure between PFASs and PPCPs 
(aliphatic and aromatic compounds, respectively). 

High (>95 %) PFAS rejection by NF membranes has been reported 
previously (Zhi et al., 2022), except for some PFASs such as per
fluorooctane sulfonamide (PFOSA) (72 % by NF270) (Steinle-Darling 
and Reinhard, 2008) or perfluorooctanoate (PFBA) (85 % by NF90) (Li 
et al., 2021). Furthermore, most previous studies have focused on 
removing two major PFASs in water environments, namely, per
fluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) 
(Abbasian Chaleshtari and Foudazi, 2022; Liu et al., 2022; Mastropietro 
et al., 2021; Zeidabadi et al., 2023). Interestingly, many studies (Li et al., 
2021; Liu et al., 2021; Pramanik et al., 2017; Safulko et al., 2023; Toure 
and Anwar Sadmani, 2019) have found that the rejection of low MW 
(413 g/mol, carboxylate ion) PFOA was higher than that of high MW 
(499 g/mol, sulfonate ion) PFOS. However, owing to an insufficient 
understanding of the mechanisms underlying PFAS rejection by NF 
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membranes, the causes of the differences in rejection between PFOA and 
PFOS have not been clarified. 

The rejection of TOrCs, including PFASs and PPCPs, by NF mem
branes can vary considerably depending on the specific NF operating 
conditions. For example, operating the NF process at a low permeate flux 
can reduce energy consumption, although a considerable reduction in 
the rejection of low MW TOrCs also occurs (Fujioka et al., 2012; Tang 
et al., 2007). Moreover, a low permeate flux (e.g., 5 L/m2/h) must be 
applied for submerged NF membrane treatments owing to the maximum 
(≈ 1 bar) transmembrane pressure (TMP) (Fujioka et al., 2021; Zhou 
et al., 2023). Our previous study (Boivin and Fujioka, 2024) demon
strated that submerged flat-sheet NF membrane treatment could enable 
the omission of the pre-treatment (e.g., microfiltration) process for 

surface water treatment. In addition, the submerged treatment induced 
less membrane fouling due to its low permeate flux. The other advan
tages over pressurized NF systems include requirements for low-pressure 
pumps and plastic pipes and the fact that pressure vessels are not 
required to install NF membrane elements. However, assessments of 
PFAS rejection by NF membranes in the literature have been predomi
nantly performed at high pressure and cross-flow orientations designed 
for spiral-wound NF membrane elements. Therefore, the fate of PFASs 
during submerged NF membrane treatment remains unclear. 

This study aimed to clarify the factors affecting variable PFAS 
rejection during submerged nanofiltration of dam water. In particular, 
we evaluated the rejection of nine PFASs, including five perfluoroalkyl 
carboxylates (PFCAs) and three perfluoroalkyl sulfonates (PFSAs), using 

Table 1 
Physicochemical characteristics of the evaluated PFASs and PPCPs at pH 7.5. The properties were obtained using MarvinSketch software (ChemAxon; Budapest, 
Hungary).     

Formula at pH7.5 MW [Da] MPA [Å2] at pH 7.5* Ionization [%] LogD 

PFASs Carboxylates PFHxA C6F11O2
– 313 30.0 100 0.18 

(Negatively (PFCAs) PFHpA C7F13O2
– 363 32.1 100 0.88 

Charged)  PFOA C8F15O2
– 413 33.8 100 1.58   

PFNA C9F17O2
– 463 35.7 100 2.28   

PFDA C10F19O2
– 513 35.6 100 2.99  

Sulfonates PFBS C4F9O3S– 299 31.2 100 0.25  
(PFSAs) PFHxS C6F13O3S– 399 33.6 100 1.65   

PFOS C8F17O3S– 499 34.2 100 3.05  
Ether acid Gen-X C6HF11O3

– 330 32.9 100 0.47 
PPCPs Uncharged & Acetaminophen C8H9NO2 151 19.9 0 0.90  

hydrophilic Ethenzamide C9H11NO2 165 30.3 0 1.02   
Antipyrine C11H12N2O 188 32.2 0 1.22   
DEET C12H17NO 191 36.9 0 2.50   
Caffeine C8H10N4O2 194 28.3 0 -0.55   
Crotamiton C13H17NO 203 37.8 0 3.09   
Primidone C12H14N2O2 218 39.0 0 1.12   
Isopropylantipyrine C14H18N2O 230 38.1 0 2.35   
Carbamazepine C15H12N2O 236 39.9 0 2.77   
Cyclophosphamide C7H15Cl2N2O2P 261 44.6 0 0.10   
Griseofulvin C17H17ClO6 353 51.9 0 2.17   
Thiamphenicol C12H15Cl2NO5S 356 50.6 0 -0.22  

Uncharged & Triclosan C12H7Cl3O2 290 39.9 40 (-) 4.76  
hydrophobic Triclocarban C13H9Cl3N2O 316 47.9 0 4.93  
Positively Salbutamol C13H22NO3

+ 239 38.2 99 -1.23  
charged Propranolol C16H22NO2

+ 259 39.0 98 0.82   
Atenolol C14H23N2O3

+ 266 31.5 98 -1.33   
Disopyramide C21H30N3O+ 340 64.5 100 0.65   
Sulpiride C15H24N3O4S+ 341 51.9 97 -1.17   
Lincomycin C18H35N2O6S+ 407 56.6 75 -0.91   
Diltiazem C22H27N2O4S+ 415 63.9 83 1.97   
Tiamulin C28H48NO4S+ 494 81.5 99 2.50   
Clarithromycin C38H70NO13

+ 748 107.2 97 1.73   
Azithromycin C38H74N2O12

2+ 749 112.4 97 -2.44   
Roxithromycin C41H77N2O15

+ 837 120.1 97 1.41   
Tylosin C46H78NO17

+ 916 91.0 89 1.34  
Zwitterion Norfloxacin C16H18FN3O3 319 41.9 91 -0.87   

Ciprofloxacin C17H18FN3O3 331 42.8 91 -0.76   
Enrofloxacin C19H22FN3O3 359 43.7 91 -0.15   
Levofloxacin C18H20FN3O4 361 43.1 85 -0.83   
Tetracycline C22H25N2O8 444 56.4 98 -3.99   
Chlortetracycline C22H23ClN2O8 479 58.7 96 -3.60  

Negatively Naproxen C14H13O3
– 230 33.6 100 -0.08  

charged Nalidixic acid C12H11N2O3
– 232 33.7 90 0.21  

(Carboxylates) Mefenamic acid C15H14NO2
– 241 39.5 100 2.23   

Fenoprofen C15H13O3
– 242 38.2 100 0.47   

Ketoprofen C16H13O3
– 254 39.5 100 0.40   

Diclofenac C14H10Cl2NO2
– 296 43.6 100 1.05   

Indometacin C19H15ClNO4
– 358 47.7 100 0.55   

Bezafibrate C19H19ClNO4
– 362 33.3 100 0.69  

Negatively Sulfamethoxazole C10H10N3O3S– 253 42.2 98 -0.08  
charged Sulfathiazole C9H8N3O2S2

– 255 40.1 98 0.08  
(sulfonamides) Sulfamerazine C11H12N4O2S– 264 46.3 76 0.03   

Sulfadimidine C11H11N4O2S– 278 34.3 76 0.16   
Sulfamonomethoxine C11H11N4O3S– 280 42.5 69 0.33   
Sulfadimethoxine C12H14N4O4S– 310 37.2 80 0.73  

* MPAs of the compounds were calculated using their ionized or uncharged forms with projection optimization. 
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a polypiperazine-amide (NF270) membrane. The selected PFASs 
included PFOA, PFOS, perfluorohexanesulfonic acid (PFHxS), per
fluorononanoic acid (PFNA), and hexafluoropropylene oxide dimer acid 
(HFPO-DA, or GenX), all of which have been regulated in drinking water 
by the United States Environmental Protection Agency (PFAS Drinking 
Water Rule). The PFAS rejection mechanisms were further explored by 
extrapolating the rejection mechanisms of 46 PPCPs based on their 
physicochemical properties. This study aims to establish criteria for 
estimating the level of PFAS rejection based on PFAS properties. 

2. Results and discussion 

2.1. Size exclusion and electrostatic interactions 

The rejection of the selected PFASs (Table 1) by the submerged NF 
membrane module ranged from 71 % to 94 % (Fig. 1a). Notably, two 
distinct linear increasing trends were observed between PFCAs and 
PFSAs. High rejection (e.g., >90 %) was expected for all PFASs because 
of the electrostatic repulsion between the negatively charged PFASs 
(Supplementary Materials, Figure S1) and NF membrane surface (zeta 
potential of approximately -20 mV at pH 8) (Tu et al., 2011). The rela
tively low rejection of low-MW PFASs can be attributed to the low 
operating permeate flux (5 L/m2h) in the submerged filtration orienta
tion, in which a limited transmembrane pressure (TMP) of approxi
mately 100 kPa was available. The low PFAS rejection at the low 
permeate flux was presumably caused by the low permeate volume per 
unit time against a near-constant solute flux for any permeate volume 
(Ma et al., 2024; Wijmans and Baker, 1995). In fact, the rejection of 
PFOAs, PFHxSs, and PFOSs at a high permeate flux of 40 L/m2/h (88 %– 
94 %) was higher than that observed at the low permeate flux of 5 

L/m2/h (79 %–90 %) (Fig. 2). 
A similar increasing rejection trend with increasing MW was 

observed for PPCPs (Fig. 1b). Each PPCP rejection is shown in the 
Supplementary Materials, Figure S2. Generally, the rejection of 
positively charged and low-MW PPCPs (MW <300 g/mol) was lower 
than that of uncharged and negatively charged PPCPs. Positively 
charged PPCPs can be more concentrated on the membrane surface than 
in the bulk solution because of the electrostatic attraction force from the 

Fig. 1. Rejection of PFASs and PPCPs by the NF270 membrane as a function of (a, b) molecular weight and (c, d) minimum projection area (MPA) at pH 7.5: 
Carboxylate (R-COO–), sulfonate ion (R-SO3

–), sulfonamide ion (R-SO2N–-R’), hydrophobic (HP), and hydrophilic (HL). Each symbol shows the average and error 
ranges of duplicated tests after 1 day of NF treatment using ultra-filtered dam water at a permeate flux of 5.0 L/m2h, feed temperature of 22 ◦C, and TMP of 37 kPa. r 
= Pearson correlation coefficient. 

Fig. 2. Rejection of three PFASs by the NF270 membrane at a permeate flux of 
40 and 5 L/m2/h. 
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negatively charged NF membrane surface (Verliefde et al., 2008a), 
which can result in high permeation and low rejection. A distinctly high 
rejection (99.9 %) was observed for the uncharged and hydrophobic 
(logD = >4.0) PPCPs (triclosan and triclocarban) (Fig. 1b). Because 
their MWs are relatively large (approximately 300 g/mol), they are 
predominantly rejected and adsorbed on the membrane pores through 
hydrophobic interactions (Bellona et al., 2004; Verliefde et al., 2008b), 
thus leading to low concentrations in the permeate (i.e., high rejection). 
However, the rejection of these hydrophobic chemicals can decrease 
over time when their adsorption sites on the membrane are occupied 
(Kimura et al., 2003). Although the typical cut-off value of LogD for 
hydrophobic compounds is 2.0 (Bellona et al., 2004), a high LogD cut-off 
value of 4.0 was used in this study after identifying the remarkable 
differences that occurred above 2.0 (Supplementary Materials, 
Figure S3). The high cut-off value can be attributed to the lower or 
almost absent shear force (cross-flow velocity) on the NF membrane 
surface and low permeate flux, which can reduce adsorption onto the 
membrane. Compared with uncharged and hydrophilic PPCPs, the 
rejection of negatively charged PPCPs was generally higher than that of 
uncharged and positively charged PPCPs. No differences in rejection 
were observed among PPCPs with different functional groups, such as 
carboxylic acid and sulfonamide groups. 

To confirm the effects of the major separation mechanisms (i.e., size 
exclusion, electrostatic interaction, and adsorption) on the rejection of 
PFASs and PPCPs, the rejection data were further analyzed using 
another dimensional property, the minimum projection area (MPA), 
which is the area of the compound projection with the minimum plane 
of its circular disk (Supplementary Materials, Figure S4). The two- 
dimensional MPA of each compound can be directly associated with 
the clearance between the compound and membrane pores (Fujioka 
et al., 2020); thus, compounds smaller than the pore-opening area are 
more likely to permeate. Our previous study (Fujioka et al., 2019) 
showed that the MPA could explain the distinct rejection of two simi
larly structured compounds by a reverse osmosis (RO) membrane (30 % 
and 88 %) for N-nitrosodimethylamine (C2H6N2O, MW = 74 g/mol, 
MPA = 19.4 Å2) and isobutyraldehyde (C4H8O, MW = 72 g/mol, MPA =
22.9 Å2). In this study, PFSA rejection increased sharply over a short 
range from 31 to 34 Å2 MPA, while PFCA rejection remained high 
regardless of the MPA (Fig. 1c). However, the correlation between the 
MPA of PFCA and NF rejection (Pearson correlation coefficient r = 0.71) 
was lower than that with MWCO (r = 0.95), possibly because of the short 
range of the MPA (MPA = 30.0–35.7 Å2) compared with that of MWCO 
(313–513 Da) and similar MPA between PFNA and PFDA (35.7 and 35.6 
Å2, respectively). The rejection of GenX (branched PFAS with a 
carboxylate ion, MPA = 32.9 Å2) was higher than any of the PFCAs 
(MPA = 30.0–35.7 Å2). Although this result may have been impacted by 
other structural factors, such as the presence of ether acid (Supple
mentary Materials, Figure S1), such dynamics were beyond the scope 
of this study. In the same MPA range, the rejection of negatively charged 
PPCPs was higher than that of uncharged and positively charged PPCPs 
(Fig. 1d). The rejection of two uncharged and hydrophilic PPCPs (cro
tamiton and isopropylantipyrine) showed relatively high rejection 
(78–79 %), likely due to their relatively high hydrophobicity (LogD =
3.09 and 2.35, respectively). Notably, the rejection of sulfathiazole, a 
negatively charged PPCP, was very low (31 %) compared with that of 
similarly sized PPCPs. Although its uniqueness as a thiazole with a sulfur 
atom (C3H3NS) in its chemical structure might have caused this low 
rejection, exploring low-rejection PPCPs was beyond the scope of this 
study. Our findings suggest that negatively charged PFCAs and PPCPs 
can be highly rejected, likely because of carboxylate ions. 

2.2. Role of functional groups 

The rejection of negatively charged PFASs and PPCPs by the NF270 
membrane was further analyzed to identify the causes of the variability 
of rejection within each group of compounds. The rejection of PPCPs 

with a carboxyl acid or a sulfoamide group (R-SO2N-R’) was more var
iable than that recorded for PFASs (Fig. 3). This was attributed to their 
complex chemical structures and physicochemical properties. For 
example, mefenamic acid rejection was relatively low (77 %) compared 
with that of similarly sized PPCPs, likely owing to its relatively high 
hydrophobicity (LogD = 2.2) compared to that of other PPCPs (LogD =
-0.1–1.1). Further, sulfamerazine rejection was also low (81 %) despite 
its high molecular dimension (MPA = 46 Å2), likely because of its 
relatively low (76 %) dissociation level (Table 1). Similar to the findings 
for negatively charged PPCPs, the rejection of PFASs was higher than 
that of uncharged and positively charged PPCPs in the MPA range of 
30–37 Å2 (Fig. 3). Despite the significant differences in chemical 
structure between PFASs (aliphatic compounds) and PPCPs (aromatic 
compounds), negatively charged PFASs and PPCPs did not show a clear 
difference in rejection in the MPA range of 34–37 Å2. This implies that 
the rejection of negatively changed PPCPs and PFASs may show 
comparatively high levels regardless of their chemical structure. How
ever, PFAS rejection exhibited a clear trend with PFCA rejection. 

Specifically, PFCAs (pKa = 0.3–0.4) and PFSAs (pKa = -3.3) are fully 
dissociated in solution at pH 7.5 and can act as strong acids. Owing to a 
simple single-chain structure, their MPAs (30–36.6 g/mol) do not vary 
considerably despite the significant variation in MW (299–513 g/mol). 
However, MPA values were within the critical range for determining the 
rejection of uncharged PPCPs (Fig. 3). Therefore, in addition to the size 
exclusion mechanism, electrostatic repulsion is essential for determining 
whether different PFASs will be rejected. Among similarly sized and 
negatively charged PFASs and PPCPs (PFOA, PFOS, and nalidxic acid), 
PFOS had three hydrogen acceptors with a partial negative charge of 
-0.66 electron units in the gas phase and -0.69 electron units in water 
medium on each oxygen atom (Supplementary Materials, Figure S1). 
In contrast, PFOA had two hydrogen acceptors with a partial negative 
charge holding -0.76 electron units on each oxygen atom in the gas 
phase and -0.83 electron units in the water medium. The higher partial 
negative charge of PFOA may represent the primary cause of its higher 
rejection (Fig. 4). This presumption may be supported by the equivalent 
rejection of nalidixic acid, which presents a high partial negative charge 
of -0.83 electron units on each oxygen atom in the gas phase and -0.92 
electron units in the water medium (Supplementary Materials, 
Figure S5). The results suggest that PPCPs and PFASs with fully disso
ciated carboxylate ions can be highly rejected because of high electro
static repulsion from the carboxylate ions of the NF membranes. 

Fig. 3. Rejection of PFASs with a carboxylate (R-COO–) or a sulfonate ion (R- 
SO3

–) and PPCPs with a carboxylate ion or sulfonamide (R-SO2N-R’) group by 
the NF270 membrane as a function of minimum projection area (MPA) in a 
solution at pH 7.5. 
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2.3. Implications 

Previous studies have predominantly evaluated PFAS rejection using 
high-pressure (i.e., high-permeate flux) NF treatment, which provides 
high PFAS rejection. In contrast, the low permeate flux adopted in this 
study enabled the evaluation of variations in PFAS rejection. It should be 
noted that using only one relatively loose NF membrane (NF270) rep
resents a limitation of this study because the rejection of TOrCs, 
including PFASs, can vary depending on the selection of NF membranes. 
Further, because PFAS rejection by submerged NF treatment is lower 
than that by pressurized NF treatment, the adoption of submerged NF 
treatment should be carefully considered depending on local PFAS 
regulations and PFAS occurrence in source water. In addition, this study 
did not assess the two lowest MW PFCAs, perfluorobutanoic acid 
(C4HF7O2) and perfluoropentanoic acid (C5HF9O2). Our findings reveal 
that the rejection of PFCAs is relatively high because of the presence of 
carboxylate ions. However, considering that size exclusion is also one of 
the most dominant mechanisms governing PFAS rejection, further 
comprehensive evaluations, including for perfluorobutanoic acid per
fluoropentanoic acid, may be needed to ensure compliance with strin
gent water quality regulations. 

3. Conclusions 

This study investigated the factors that influence the removal of nine 
PFASs during submerged NF treatment of ultra-filtered dam water based 
on an extrapolation with the removal of 46 PPCPs. The rejection of 
PFASs generally increased as their molecular dimension (molecular 
weight or minimum projection area) increased, which narrowed the 
clearance in the NF membrane pores. In addition, rejection between 
PFCAs and PFSAs varied based on differences in the intensity of elec
trostatic repulsion between the PFAS functional group and membrane 
surface. Thus, PFASs with fully dissociated carboxylate ions can be 
highly rejected because of high electrostatic repulsion from the 
carboxylate ions of the NF membranes. The presumed mechanisms were 
supported by the rejection trend of the PPCPs with fully dissociated 
carboxylate ions, which also showed high rejection. This study estab
lished criteria for estimating PFAS rejection based on PFAS properties 
during low-permeate flux nanofiltration. 

4. Materials and methods 

4.1. Chemicals 

Nine PFASs (Table 1, Supplementary Material Table S1) were 
evaluated, including five PFCAs (perfluorohexanoic acid (PFHxA), per
fluoroheptanoic acid (PFHpA), PFOA, PFNA, and perfluorodecanoic acid 
(PFDA)); three PFSAs, (perfluorobutanesulfonic acid (PFBS), PFHxS, and 
PFOS); and one per- and polyfluoroalkyl ether acid (PFEA) (2,3,3,3- 
tetrafluoro-2-<1,1,2,2,3,3,3-heptafluoropropoxy> propanoic acid) 
(HFPO-DA, or GenX). A stock solution of PFASs (EPA-537PDSL-R1, 
Wellington Laboratories Inc., Ontario, Canada) contained linear isomers 
of the same components at a concentration of 2000 ng/L. In addition, a 
total of 46 PPCPs were evaluated (Table 1). Stock solutions containing 
each PPCP at 1000 mg/L were prepared in methanol. Based on their 
properties, they were classified into four categories: (a) uncharged (≤50 
% ionized), (b) positively charged, (c) zwitterion (i.e., both positively 
and negatively charged), and (d) negatively charged based on their 
charged species. The uncharged PPCPs were further classified into hy
drophilic (octanol-water coefficient LogD = <4.0) and hydrophobic 
(LogD = ≥4.0) in a solution at pH 7.5. The MPA is the area of compound 
projection with the minimum plane of its circular disk based on the van 
der Waals radius. 

The partial charges of PFASs were calculated by an electrostatic 
potential-based scheme (CHelpG) (Breneman and Wiberg, 1990) based 
on density functional theory (B3LYP/6–311+G(d)//B3LYP/6–311+G 
(d)) using the Gaussian 16 program (Frisch et al., 2016). Partial charges 
determined by the CHelpG scheme were less sensitive to the basis set 
than traditional orbital-based methods, such as Mulliken population 
analysis (Mulliken, 1955). A polarizable continuum model (Tomasi 
et al., 2005) was used for the density functional calculation in addition 
to the gas phase to consider the effect of the dielectric solvent on the 
partial charges. Partially charged ionic functional groups (-CO2

- , -SO2N--, 
and -SO3

- ) were not sensitive to the molecular conformation. To reduce 
the computational cost, the conformation of each molecular geometry 
was not necessarily the global minimum. 

4.2. Nanofiltration module and filtration system 

A commercial NF membrane, NF270 (DuPont/Filmtec; Midland, MI, 
USA), was used for nanofiltration. The NF270 membrane was a 
polypiperazine-amide thin-film composite membrane with a >97 % 
MgSO4 removal capacity, which has been commonly used to assess 
PFAS removal. Two flat-sheet NF270 membrane coupons were used to 
fabricate a submerged NF membrane module with an effective mem
brane surface area of 0.0442 m2. 

The NF treatment system (Supplementary Materials, Figure S6) 
included one submerged NF membrane module in a 5.0 L polypropylene 
beaker. The feed solution temperature was controlled using a tempera
ture circulator (Thermax TM-1A, AS ONE, Osaka, Japan), and the feed 
solution was mixed using a magnetic stirrer to minimize concentration 
polarization on the membrane surface. The pipe outlet of the membrane 
module was connected to a peristaltic pump (MP-2000, Tokyo Rikaki
kai; Tokyo, Japan) and pressure gage (KDM30, Krone; Tokyo, Japan) 
using polypropylene pipes, and the permeate was recirculated into the 
5.0 L beaker or collected in a 0.5 L polypropylene beaker. The flow rate 
was periodically monitored using a digital balance (EK-4100i; A&D 
Company, Tokyo, Japan). 

The pressurized NF system used to achieve a high permeate flux of 40 
L/m2 included a 5 L stainless steel feed tank, high-pressure feed pump 
(20NHD15Z, Nikuni; Kawasaki, Japan), NF membrane cell with an 
effective membrane area of 42 cm2 (CF042, Sterlitech; Auburn, WA, 
USA), digital flow meters, two pressure gauges, a needle valve, and a 
temperature control unit coupled with a heat exchange coil (NCB-500, 
Tokyo Rikakikai; Tokyo, Japan). 

Fig. 4. Conceptual image of differences in rejection among similarly sized and 
negatively charged PFASs (PFOA and PFOS) and PPCPs (nalidixic acid) due to 
the differences in their partial negative charge. 
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4.3. Experimental protocols 

The feed water used in the experiments described herein was dam 
water collected in Nagasaki, Japan. To avoid the impact of foulants on 
PFAS rejection, the experimental dam water underwent pre-filtration 
using a polysulfone ultrafiltration module with a molecular weight 
cut-off of 3000 Da and an effective membrane area of 0.19 m2 (SEP- 
1013, Asahi Kasei; Tokyo, Japan). The feed and permeate water quality 
are listed in Supplementary Materials, Table S2. Filtration tests for 
PFASs and PPCPs were conducted separately. After stabilizing the water 
flux of the NF membrane module, the stock solution of PFASs or PPCPs 
was dosed into the pre-filtered dam water at concentrations of approx
imately 400 ng/L or 100 µg/L for each chemical, respectively. The NF 
treatment was performed at a permeate flux of 5.0 L/m2/h and a feed 
temperature of 22 ◦C over one day to achieve steady-state conditions for 
PFAS and PPCP rejection (Liu et al., 2021). Then, the feed and permeate 
samples (200 mL for PFASs and 50 mL for PPCPs) were collected. 

4.4. Analysis 

The analysis of the nine PFAS concentrations in the permeate and 
feed solutions (200 mL) was performed by pretreating the solution with 
solid-phase extraction (SPE) using an Oasis WAX Plus Extraction Car
tridge (Waters, Milford, MA, USA). SPE cartridges were washed with 
ammonium acetate buffer, and the PFAS were eluted in 10 mL of 
methanol. Before the SPE process, surrogate stock solutions containing 
13C8-PFOA, 13C9-PFNA, 13C5-PFHxA, 13C4-PFHpA, 13C6-PFDA, 13C8- 
PFOS, 13C3-PFHxS, 13C3-PFBS, and M3-HFPO-DA (Wellington Labora
tories Inc., Ontario, Canada) were spiked into each sample at 10 µg/L. 
PFASs in methanol were concentrated to 5.0 mL via nitrogen evapora
tion. Then, the PFAS concentrations were analyzed using a Xevo TQ-S 
micro triple quadrupole mass spectrometer (Waters) and an ACQUITY 
UPLC H-Class PLUS System (Waters, Massachusetts, USA). The recovery 
of the surrogate standards ranged from 91 to 119 %. To measure the 
concentrations of the three PFASs (PFOS, PFOA, and PFHxS), the sam
ples were directly injected into the Xevo TQ-S micro triple quadrupole 
mass spectrometer without SPE. The detection limit for each PFAS was 
1.0 ng/L. In turn, PPCP concentrations were analyzed using an 
ACQUNITY ultra-performance liquid chromatograph equipped with an 
atmospheric pressure ionization (API) tandem mass spectrometer (Wa
ters) (Narumiya et al., 2013). 
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