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Abstract

Challenges associated with water separation technologies for per- and polyfluoroalkyl substances 

(PFASs) require efficient and sustainable processes supported by a proper understanding of 

the separation mechanisms. The solute rejections by nanofiltration (NF) at pH values near the 

membrane isoelectric point were compared to the size- and mass-transfer-dependent modeled 

rejection rates of these compounds in an ionized state. We find that the low pKa value of 

Corresponding Author: Dibakar Bhattacharyya – Department of Chemical and Materials Engineering, University of Kentucky, 
Lexington, Kentucky 40506, United States; Phone: 859-312-7790; db@uky.edu. 

Complete contact information is available at: https://pubs.acs.org/10.1021/acsestwater.2c00043

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsestwater.2c00043.

More details about the materials, the description of the methods used for characterization, analytical, and performance measurements; 

calculation of parameters, data processing, more ionogenic organics separation results; description and calculation for the models 

used; complementary material characterization (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS ES T Water. Author manuscript; available in PMC 2022 July 11.

Published in final edited form as:

ACS ES T Water. 2022 May 13; 2(5): 863–872. doi:10.1021/acsestwater.2c00043.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



perfluorooctanoic acid (PFOA) relates to enhanced solute exclusions by minimizing the presence 

and partitioning of the protonated organic compound into the membrane domain. The effects of 

Donnan exclusion are moderate, and co-ion transport also contributes to the PFAS rejection rates. 

An additional support barrier with thermo-responsive (quantified by water permeance variation) 

adsorption/desorption properties allows for enhanced separations of PFAS. This was possible 

by successfully synthesizing an NF layer on top of a poly-N-isopropylacrylamide (PNIPAm) 

pore-functionalized microfiltration support structure. The support layer adsorbs organics (178 mg 

PFOA adsorbed/m2 membrane at an equilibrium concentration of 70 mg/L), and the simultaneous 

exclusion from the NF layer allows separations of PFOA and the smaller sized heptafluorobutyric 

acid from solutions containing 70 μg/L of these compounds at a high water flux of 100 L/m2-h at 7 

bar.
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1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) have been a major focus of interest since 

these compounds are ubiquitous1–4 and have concerning health effects.5–7 Some of 

the most commonly studied PFAS compounds are perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonic acid (PFOS)8 and more recently hexafluoropropylene oxide dimer 

acid (HFPO-DA, also referred to as GenX, DuPont’s substitution for PFOA).9 These 

compounds differ from some nontoxic compounds mainly because fluorine is included in 

their chemical structure instead of hydrogen. The electronegativity of the fluoroalkyl results 

in interesting intermolecular and intramolecular properties,10 for example, acting as good 

surfactants,11 being good oxygen carriers,12 among others. A good understanding of these 

unique properties, as well as the similitudes they share with other organic compounds, can 

help improve the separation mechanisms for their removal from water bodies.
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Currently, activated carbon (AC), ion exchange (IX) resins,13 and membranes are the main 

technologies used to separate PFASs from water.14 While the primary focus of these 

technologies has been to meet current EPA or state regulatory standards associated with 

drinking water (e.g., 70 ppt),15 the handling of the captured PFAS presents an additional 

problem. Powdered activated carbon (PAC), which serves as a good adsorption technology 

for PFOA (277 mg/g),16,17 has proven less efficient for adsorbing short-chain PFAS,17,18 

with removal efficiency around 20% for ~100 ppt perfluoropentanoic acid.19 Furthermore, 

PAC must be regenerated through thermal reactivation.8 A main environmental concern 

from thermal reactivation is the generation of fluorinated byproducts, for example, 8–13% 

of the decomposition products from PFOA and PFOS at pyrolysis conditions are not fully 

mineralized.20–22 The release of these smaller sized generated fluorinated compounds can 

thus become a new contamination issue if not treated properly after the regeneration 

process.8 The use of IX resins requires high capacity and post-regeneration. Sodium 

hydroxide–methanol mixtures are needed to obtain high regeneration yields23 and are not 

necessarily designed for producing concentrated desorbed solutions. This causes a new 

waste management issue in which a more complicated mixture is generated.8 On the other 

hand, polyamide thin-film composites such as nanofiltration (NF) and reverse osmosis 

(RO) membranes function under a different separation mechanism.24–26 These membranes 

partially exclude PFAS regardless of their chain lengths and let water pass through, with the 

consequent formation of a more concentrated solution and a clean permeate stream. “Loose” 

polyamide thin-film composites also offer a less energy-intensive process relative to RO.27 

The generation of concentrated and easy-to-handle aqueous solutions of PFAS can provide 

new opportunities to move toward a zero-waste discharge alternative by potentially coupling 

the technology with PFAS destruction techniques.8,28–31

Polymeric microfiltration (MF) membranes have the capability of holding materials within 

their pores, supporting additional functionalities and providing an increased surface area 

for interactions. These characteristics allow for the introduction of metals and charged 

molecules,32,33 grafted molecules,34 and scaffolds for physical immobilization32,35,36 for 

applications such as catalysis, adsorption, and the development of responsive materials. The 

separation of PFAS and other pollutants from contaminated water sources has also been 

studied.35,37 Successful coupling of a polyamide thin-film layer on top of a functionalized 

open support presents some intriguing opportunities to create a single-step process, which 

concentrates and further purifies PFASs from an aqueous solution with a minimum decrease 

of the membrane water permeance. To the best of our knowledge, this has not been achieved 

yet because the synthesis of a polyamide layer on top of an open structure remains a 

challenge. Interfacial polymerization reactions38,39 are further restricted by hydrophobic 

interactions in MF membranes such as poly(vinylidene fluoride) (PVDF), which reduces the 

liquid entry pressure of the organic phase.

This study focuses on (1) understanding the separation of environmentally relevant 

ionogenic organics, such as PFASs, by the exclusion mechanisms associated with NF 

membranes by using commercially available NF270 membranes, (2) the synthesis of 

polyamide thin film on top of a temperature-responsive and an open porous support that 

combines the benefits of the exclusion mechanism of NF membranes with adsorption, and 
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(3) the application of such composite membranes to the study of PFAS separation leading to 

a more sustainable water treatment solution.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals.

The details of the chemicals used and some of their properties are listed in Tables S1 and S2.

2.2. Pore Functionalization and Synthesis of Polyamide Films.

To achieve the synthesis of a polyamide thin-film membrane on top of an open polymeric 

structure, a two-step process was implemented, as described in Figure 1. First, a commercial 

MF membrane PVDF400 was used as a porous support structure, on which an in-pore 

polymerization was performed similarly as described in previous work.35 The poly-N-

isopropylacrylamide (PNIPAm) mass gain was adjusted (Figure S1) to minimize defects 

on the PNIPAm-PVDF created support. At this synthesis stage, the pores decreased in size 

and obtained their temperature-responsive functionality. For the synthesis of the polyamide 

top layer, a piperazine-trimesoyl chloride interfacial polymerization reaction was used, as 

detailed in our previous work.40 Thus, a nonporous NF-PNIPAm-PVDF thin-film composite 

was created.

2.3. Materials Characterization.

The surface morphologies of the porous support structures and the polyamide film were 

evaluated using a field emission scanning electron microscope (FESEM) (FEI Helios 

Nanolab 660). A K-alpha X-ray Photoelectron Spectroscopy (XPS) from Thermo Scientific 

was used for measuring the atomic composition of both the surface and the depth 

profile. More details on these techniques are provided in the Supporting Information. 

Hydrophobicity was studied by measuring the water contact angle using a drop shape 

analyzer, Kruss DSA100, by the sessile drop technique.

2.4. Separation Performance Experiments.

The transport of solutes and water through the polyamide thin-film composite and the 

porous structures were studied under convective and nonconvective (diffusive) processes. 

For solutions containing contaminants, such as PFAS, and other organic compounds 

for analogous studies, a small-volume continuous crossflow membrane testing unit was 

created (see Figure S2) on which two membranes were tested simultaneously. The 

thermo-responsiveness and performance testing of the porous supports and the thin-film 

composites were studied using a Sterlitech Membrane Test Cell System (WA) with four 

simultaneous cells and a larger processing capacity.40 All samples were taken after 3 h of 

stabilization. The solutes permeabilities through NF membranes were tested in a diffusion 

cell under a concentration gradient and were modeled using the solution-diffusion equation 

Jsolute = B·ΔC (modeled as a reverse osmosis type membrane).26 The solute permeability 

coefficient (B) under diffusive conditions was then calculated. An automated in-line ILC07 

(PermeGear) system is explained in more detail in the Supporting Information, S1.4. 

Adsorption experiments were run in batch mode, primarily on a temperature-controlled 

shaker. Complimentarily studies were also run in a stirred (~300 rpm) flow through 
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dead-end cell Sterlitech HP4750. Details of the commercial and previously synthesized 

membranes are presented in Table S3.

2.5. Analytical Methods: LC-MS/MS, ICP-MS, TOC, UV–Vis, and Conductivity.

PFAS compounds were measured using a Shimadzu chromatograph (Model: LC-20 AD) 

equipped with a SIL 20 AC HT autosampler that was interfaced with electrospray ionization 

(ESI) from an AB SCIEX Flash Quant mass spectrometer (MS/MS) (Model: 4000QTRAP) 

and a Macherey Nagel analytical column. For the analysis of sodium, chloride, and calcium 

ions, an inductively coupled plasma mass spectrometer (ICP-MS) from Agilent (7800) 

was used. For most of the non-PFAS organic compounds, a total organic carbon analyzer 

(TOC-5000A) from Shimadzu was used. For measuring 2,4,6 trichlorophenol (2,4,6 TCP) 

and methylene blue, a UV–vis spectrometer (VWR UV-6300PC) was used, with a 29241 

and 664 nm wavelength, respectively. For completing the ion balance in solution, H+ and 

OH− were measured using a pH sensor. A conductivity meter Orion Star 212 from Thermo 

Scientific equipped with DuraProbe 4-electrode conductivity cells was used for measuring 

single salt concentrations. Limits of detection and more information can be found in the 

Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Separation Characteristics of Organic Ionogenic Compounds Through a Loose 

Polyamide Thin Film.

NF membranes are great candidates for sustainably separating PFAS from water. These 

membranes can be used to overcome technological limitations such as (1) maintaining high 

PFAS separation regardless of the chain size, (2) avoiding saturation of the membrane 

separation capacity, and (3) limiting the generation of hazardous mixtures. As shown 

in Figure S3, commercial DuPont NF270 membranes can concentrate the initial sample 

concentration five-fold, even at 400 ppm levels, while maintaining rejections rates as high 

as 90%. Researchers have thoroughly studied the transport mechanism of inorganic ions24,25 

where ions have a fixed charge and the membrane surface charge is a function of the 

pH.42–44 The Donnan steric pore model with dielectric exclusion (DSPM-DE) has been 

broadly used to represent this transport. The main partitioning and mass-transfer equations 

(i.e., the extended Nernst–Planck equations) are presented in eqs 1 and 2.40 Partitioning 

accounts for steric (considering the ion i and “pore size” of the membrane, ϕi), Donnan 

(charge, exp −
ziF

RT
ΔψD ), and dielectric (Born solvation, exp −

ΔW i

kT
) exclusions are presented 

in eq 1. Here, ci is the ion concentration (mol/m3), γi is the ion activity coefficient, zi is the 

ion valence, F is the Faraday constant (C/mol), ΔψD is the Donnan potential (V), R is the 

universal gas constant (J mol−1 K−1), T is the temperature (K), ΔW is the Born solvation 

energy barrier (J), and k is the Boltzmann constant (J/K). The ion flux (mol m−2 s−1) 

(Ji, eq 2) through the polyamide layer accounts for diffusive Di, p
dci

dx
, electrical potential 

−
ziciDi, p

RT
F

dψ

dx
, and convective coupling (Ki,cciJv) transport, where Di,p is the ion-hindered 

diffusion coefficient (m2/s), ψ is the electrical potential (V), x is the distance (m), Ki,c is a 

hindrance convective factor, and Jv is the permeate volume flux (m/s). However, organic ions 
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that protonate and deprotonate as a function of the aqueous media pH add an extra layer of 

complexity and a predictive model for such a system currently does not exist.

Partitioning (eq 1)

γi 0
+

ci 0
+

γi 0
−

ci 0
−

= ϕi ⋅ exp −
ziF

RT
ΔψD ⋅ exp −

ΔW i

kT
(1)

Extended Nernst–Planck equation (eq 2)

ji = − Di, p

dci

dx
−

ziciDi, p

RT
F

dψ

dx
+ Ki, cciJv (2)

3.1.1. Size, Shape, and Ionization Aspects.—Unlike inorganic ions, the size of 

organic ionogenic compounds can differ dramatically between their length and width. A 

simple example to analyze is fatty acid. Particularly, volatile fatty acids (VFAs) have become 

of great interest in recent years due to their potential use as biochemical building blocks45 

for molecular structures. In this study, the experimental separation of model compounds 

at different pH conditions was explored using commercial DuPont NF270 membranes 

(Figure 2a–c). Figure 2a, which includes the membrane isoelectric point (IEP, ~3.646–49) 

and molecules’ pKa for reference, shows how the increase in the chain length of the 

fatty acids (FAs) tested did not contribute to a decrease in the transport through the 

polyamide membrane. Zhu et al.50,51 recently investigated VFA separation using a Dow 

NF-45 membrane, where the separation performance was also highly dependent on the 

solution pH. For the largest fatty acid tested in this study, octanoate, the rejection was as 

low as 0% when less than 50% of the species were protonated. When octanoate was fully 

deprotonated, octanoate rejection increased to 30% (corroborated in Figure S4). To prove 

that higher rejection of octanoate can be expected at higher pH (which is associated with 

a higher negatively charged surface52), the separation of octanoate was tested at pH 10, 

which resulted in a rejection rate of around 75% (Figure S4). The fact that the rejection of 

octanoate goes as low as 0% at lower pH, while the rejection of analogous anionic PFASs 

(Figure 2b) stays high, regardless of the chain length,29,53,54 suggests that the shortest axis 

of the compound’s structure contributes the most to the rejection, although the rejection can 

be shape-influenced. Figure 2d compares the largest distance of the narrowest axis of the 

molecules/ions tested, referred to in this study as the effective chemical structure diameter. 

Details in the calculation are shown in the Supporting Information and summarized in Table 

S5. For the linear molecules, the circumscribed circle to the triangular base of the tetrahedral 

geometry was used. Values for bare (nonhydrated) structures were at least 33% smaller than 

the pore size of the membrane.

To isolate the separation mechanisms involved in the process, the DSPM-DE was used and 

the charge and dielectric exclusion at the interface (eq 1) were annulled (Xd = 0, εp = 

εbulk). Therefore, the combination of size partitioning (using the effective chemical structure 

diameter) and the mass transfer through the polyamide domain (eq 2) was investigated. 

Details on the modeling are explained in our previous work,40 and some additional data are 
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presented in the Supporting Information (Table S6). In Figure 2e, the modeled size- and 

mass-transfer-dependent rejections of compounds in an ionized state (considering Na+ as 

the counterion) were compared against experimental results at the lowest pH tested (near 

the membrane IEP) where charge (Donnan) effects are expected to be minimal. For the 

case of PFOA, the modeled rejection accounted for up to 46% of the total separation, and 

an additional barrier not captured by the model brought the experimental rejection values 

up by 44%. However, for FAs and 2,4,6 TCP, an opposite effect was observed, where the 

experimental rejection rates were significantly below the modeled values for the ionized 

compounds. The experimental results for chloride resembled modeled rejections close to its 

ionic state. The exploration of charge and other exclusion mechanisms is therefore needed to 

explain the variation in experimental rejections from these similar effective size molecules.

3.1.2. Other Partitioning Effects: Charge and Hydrophobic/Hydrophilic 

Interactions.—The charge effects coming from the membrane’s surface and solutes were 

studied to help understand additional or reduced contributions from the observed modeled 

rejection rates. A detailed discussion is presented in the Supporting Information, S3.6. 

The reduced PFOA rejection (Figure S7) by a PIP/PAH-PS35 NF membrane that is more 

positively charged than NF270,40 in addition to the enhanced strong adsorbed PFOA found 

in the PIP/PAH-PS35 membrane (Figure S8), suggested that NF membranes that contain an 

increased number of amine groups in the surface will partition more PFOA and consequently 

have lower rejection. pH-dependent rejection results of multivalent organic and inorganic 

anions under different pH conditions (Figure S9) suggested that the high experimental 

rejection of PFOA and PFOS maintained at moderate pH values could not be related to 

Donnan partitioning effects alone.

Partitioning due to hydrophilic and hydrophobic interactions is not considered in the 

traditional DSPM-DE and they affect the partitioning of the organic ionogenic compounds 

into the membrane domain, particularly for the cases where the organic compounds start 

protonating before the membrane surface (i.e., when pKa > IEP). For example, 2,4,6 TCP 

is a molecule that has a strong interaction with the RO membranes when nonionized,55 

reducing the experimental rejections as observed when compared to the modeled ionized 

compounds in Figure 2e. These interactions can also be correlated to the octanol–water 

partitioning coefficient, including the effect of pH (Figure S10). This parameter helped 

explain the exclusion trend observed for fatty acids (Figure 3a). The literature values for 

Kow and pKa for PFAS, however, account for a large standard deviation, which makes this 

analysis nonconclusive.

3.1.3. Role of Counterions.—The transport of ions through NF membranes involves 

the ion and the counterion moving simultaneously across the polymer to maintain the 

electroneutrality condition. Charge exclusion of co-ions is expected from eq 1 and this 

has been studied for the case of inorganic anions.46 In Figure 2a–c, solutions contained 

H+ or Na+ as the main counterion depending on the solution pH and the molecule pKa. 

Also, solute concentrations of 1 mM were equivalent to a H+ concentration at pH ~3. Na+ 

and H+ are monovalent cations and can be compared by means of their steric exclusion 

effects. Results in Figure S11 show the expected decrease in the modeled rejections of 
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ionogenic compounds when H+ is the counterion. The experimental concentrations of 

both the cations and the anions were monitored and some permeate concentrations are 

presented in Figure S12. The rejection of the ion and the counterion of NaCl and the FAs 

at their highest pH tested, thus containing Na+ as the counterion, is presented in Figure 

3a, and two main observations are discussed. First, the permeate samples were found in a 

1:1 sodium:counterion ratio (within one standard deviation, Figure S13) according to the 

expected simultaneous transport of the cation and anion. Secondly, and of great significance, 

is how the sodium ion significantly varied its transport (i.e., its rejection) through the 

membrane depending on the anion in solution. Using this same principle, the transport of 

PFOS with Ca2+ has been found to increase the rejection by complexation.56

The present study also takes advantage of the electroneutrality condition57 for measuring 

and validating the analytical detection of ionizable organic compounds from single solute 

aqueous solutions. An ICP-MS was used for measuring the sodium counterion of solutions 

made of the salt form of three anions (PFOA, octanoate, and Cl−). Figure 3b shows how the 

electroneutrality condition translates to the analytical method by locating the concentrations 

of cations vs anions around the x = y line, for both the synthetic feed solutions and the 

collected permeates, from easy-to-analyze NaCl to harder-to-analyze compounds such as 

perfluorooctanoate. Samples are introduced into the ICP-MS in a 2% nitric acid (~0.45 

M) matrix, and consequently, at high H+ concentration, it is expected to become the main 

counterion, while Na+ ions become easily available for detection. The present analytical 

approach can offer theoretical detection limits of 59 ppt for sodium ions,58 which translates 

to a theoretical detection limit of 1.1 ppb for perfluorooctanoate. In this study, the sodium 

detection limit obtained was around 300 ppt. Additionally, Figure S14 shows the immense 

benefit of the linear correlation between the measured Na+ and PFOA concentrations from 

23 ppb to 23 ppm, reducing sample preparation efforts needed (e.g., dilutions).

3.2. Toward Enhanced PFAS Separation.

3.2.1. Synthesis of a Polyamide Thin Film on Top of an Open Polymeric 

Structure.—To obtain superior PFAS separation by taking advantage of the benefits 

offered by using NF membranes, and without compromising water permeance rates, a dual 

exclusion–adsorption platform is proposed (Figure 4a). A thin-film polyamide layer was 

successfully formed on top of an open porous structure, as described in Figure 1. Initially, 

the commercial porous PVDF400 was functionalized with PNIPAm, which has a lower 

critical solution temperature (LCST) of ~32 °C. At the LCST, the polymer experiences 

a conformation change,59 collapsing chains and becoming more hydrophobic when 

transitioning to higher temperatures. This allows for thermo-responsiveness and potential 

temperature-swing PFAS adsorption/desorption. After synthesizing a top polyamide layer, 

the dual exclusion–adsorption platform was obtained. The PNIPAm incorporated into 

the PVDF pores turned the composite more hydrophilic (captured through contact angle 

measurements (Figure S15)), which was critical for allowing the interfacial polymerization 

reaction in the second synthesis step. An expected, water permeance decrease (Figure 

4b), caused by the decrease of the pore size followed by the addition of a nonporous 

polyamide top layer from PVDF400 to NF-PNIPAm-PVDF, was observed. The transition 

of the morphology from a porous to a nonporous structure was well-captured through SEM 
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imaging (Figures 4c,d and S16). Similarly, the elemental composition observed through XPS 

analysis proved the addition of PNIPAm on the porous support along with the formation of a 

polyamide layer on the membrane surface. The presence of fluorine was the main indicator 

of the PVDF porous support structure. The presence of nitrogen and oxygen in Figure 4e 

revealed the addition of PNIPAm. The transition from an abundance of nitrogen and oxygen 

on the surface to a fluorine-dominated region, observed in Figure 4f, confirmed the synthesis 

of the NF membrane layer on top of the porous structure with PNIPAm. This approach, in 

which the pores are functionalized, brings immense opportunities for tailoring functionalities 

such as quaternary amine groups for higher PFAS adsorption capacity.

3.2.2. Separation Performance of the NF-PNIPAm-PVDF Composite.—The 

separation performance of the NF-PNIPAm-PVDF membrane was initially tested under 

convective flow using a neutral organic compound (such as sucrose) and inorganic salts 

(sodium sulfate and calcium chloride) (Figures S17 and S18). The results of the separation 

resembled a loose polyamide thin-film composite, in which the rejection of sucrose (~1 

nm diameter) and Na2SO4 was close to 70%. As observed in Figure S16e, the 10 000× 

magnification SEM image of NF-PNIPAm-PVDF exposed a small section that contained a 

defect, which could also have contributed to the decreased rejection of sucrose and Na2SO4 

relative to other NF membranes.

The separation of PFAS was measured in batch and continuous flow, with both pressure and 

concentration driving forces. The PFOA adsorption capability of the NF-PNIPAm-PVDF 

membrane was proved and compared against the control nonadsorptive NF270 membrane 

(Figure 5a). Besides enabling the construction of the NF layer on top of the open porous 

structure, PNIPAm provided faster adsorption of PFOA in batch adsorption and dead-end 

filtration modes, as observed in Figure S19a,b. A dynamic adsorption ratio (defined in 

the Supporting Information, S4.3) of 4.6 was found between the NF-PNIPAm-PVDF 

and the PVDF400 membranes after ~6 min of passing PFOA solutions in a dead-end 

mode. PNIPAm can also offer adsorption selectivity toward certain model hydrophobic 

compounds,60 as was the case for methylene blue (Figure S20). At an equilibrium 

concentration (Ce) of 70 mg/L PFOA, the 178 mg/m2 membrane was adsorbed (qe) by the 

NF-PNIPAm-PVDF membrane, and 26% of the adsorption capacity was regenerated using 

water at T(22 °C) < LCST (Figure S21).

The overall retention of the PFAS compounds PFBA, GenX, and PFOA was tested using 

a crossflow system (Figure 5b). A total of 2 mM CaCl2 was added into the solution 

as a potential complexation agent for enhancing PFAS separation by exclusion and for 

enhancing adsorption onto the PNIPAm due to the priming effect on the charged PFAS 

molecules.61,62 The experimental temperature used was maintained above the PNIPAm 

LCST (36 °C) to favor the adsorption mechanism. Retentions at 12 h (~50% for PFBA 

and ~70% for PFOA and GenX) can be expected to come mainly from rejection effects; 

the initial adsorption phenomenon was not observed due to the standard deviation of 

the data obtained. By comparing Na2SO4 and PFOA rejections between the commercial 

NF270 and the present synthesized membranes (Figure 5b.2), it can be concluded that 

the decreased PFAS separation was due to the quality of the synthesized NF layer and 

increasing the density or minimizing the presence of defects would ensure higher PFAS 
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rejections. Convective flow results were validated with diffusive flow conditions (Figure 

5c), with higher solute permeability coefficients (B) for PFOA and Na2SO4 observed for 

the NF-PNIPAm-PVDF relative to NF270 membranes. The diffusive transport of PFAS was 

positively correlated to the chain length of the compounds, as can be seen by the higher B 

values for PFBA compared to PFOA (Figure 5c.2). Figure S22 shows the diffusive flux from 

which B values were calculated, and Figure S23 includes the effect of CaCl2 in solution and 

results from the NF270 membranes.

3.2.3. Thermo-Responsiveness.—The water permeance, also referred to as the water 

permeability coefficient (A), of the pore-functionalized PNIPAm-PVDF, the composite 

NF-PNIPAm-PVDF membrane, and the NF270 membrane as control were measured at 

different temperatures and corrected for the change in the viscosity of water due to the 

change in the temperature (as explained in the Supporting Information, S4.5). Figure 6a 

summarizes the calculated water permeance and Figure 6b shows the ratio of A (39 °C) 

over A (21 °C) after viscosity corrections. The NF270 membrane resembled the expected 

temperature independence of the viscosity-corrected water permeability, and the PNIPAm-

PVDF membrane showed similar thermo-responsiveness behavior, as reported previously.35 

Surprisingly, the thermo-responsiveness was fully transferred toward the polyamide thin-

film composite (NF-PNIPAm-PVDF). For this phenomenon to be possible, the porous 

support must have had a significant impact on the transport of water through the overall 

thin-film composite, as has been discussed in previous studies.63–65 The support-layer water 

permeance could have a large impact on the water of the membrane if the selective NF 

layer had a comparable permeability or contained a significant number of defects. These 

two possible reasons were evaluated through a resistance model (Figure S24) similar to 

the one conducted by Werber et al.66 A detailed discussion is presented in the Supporting 

Information, S4.5. The model results are presented in Figures S25 and S26 and Table S9. 

The minimal presence of visible defects on the NF-PNIPAm-PVDF membranes suggested 

the high influence of the temperature-responsive nature of the support on the observed water 

permeance of the NF-PNIPAm-PVDF could be driven by an NF layer permeability that is 

comparable to or higher than the support permeance. This leads to the possibility of having 

created an NF layer structure looser than commercial NF270 membranes.

4. CONCLUSIONS

We found that the separation of PFAS using NF membranes significantly differs from 

other ionogenic organics with similar effective diameters. FAs and 2,4,6 TCP, which have 

pKa values > membrane IEP, experienced experimental rejections (near the membrane 

IEP) below the predicted rejection of their ionized form by contributions from size 

partitioning and mass-transfer (modeled). The reduced exclusion barrier was associated with 

hydrophobic interactions favoring partitioning of the organics. The experimental rejection of 

PFOA and PFOS, however, presented higher experimental rejection rates than the modeled 

values. Even though the effects of Donnan exclusion and counterion transport were proven 

to partially affect the rejection of PFAS, other main contributions that are not covered in this 

study were responsible for maintaining high PFAS rejection rates.
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The synthesis of an NF layer on top of a PNIPAm pore-functionalized support structure 

combined the exclusion and adsorption mechanisms. Images from a scanning electron 

microscope and the analysis of the depth profile using X-ray photoelectron spectrometry 

validated the synthesis procedure. The temperature-responsive behavior of the PNIPAm was 

reflected in the water permeance of the thin-film composite with values ranging between 7 

and 24 (L m−2 h−1) per bar of pressure applied. A water-transport resistance model, used 

in conjunction with previous results, suggested that the NF layer formed on top of the open 

porous structure could be less dense than the thin film from typical commercial NF270 

membranes.

The separation of PFAS using the dual exclusion–adsorption platform was tested under 

different modes. A batch adsorption study gave a value of qe = 178 mg/m2 membrane for 

PFOA when Ce = 70 mg/L, with 26% of the adsorption capacity regenerated (of 14.6 cm2 

sample area) using 20 mL of water at T (22 °C) < LCST. Additional results from a dead-

end convective flow experiment suggested that PNIPAm sped up the dynamic adsorption 

capacity of the pore-functionalized platform. Also, PNIPAm allowed for selective adsorption 

of other model compounds such as methylene blue. The steady-state rejection of PFAS 

by NF-PNIPAm-PVDF membranes in a crossflow system for a feed solution containing 

70 μg/L of each compound was ~70% for PFOA and GenX and ~50% for PFBA. The 

promising results obtained, combined with the synthesis of denser NF layers and tailored 

functionalization for adsorption, may lead to a more sustainable water treatment process for 

PFAS separation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis steps for the creation of a polyamide thin film on top of an open polymeric 

structure with pore functionality.
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Figure 2. 
Experimental (a–c) and modeled separation of ionogenic organic and inorganic ions using 

a commercial DuPont NF270 membrane. (a) Fatty acids of three different chain lengths 

(C8, C5, and C3) at 144.2, 160, and 148 ppm, respectively. (b) Fluorinated compounds 

with a backbone of 8 carbons and different functional groups (carboxylic acid (PFOA) 

and sulfonic acid (PFOS)). PFOA and PFOS (~160 ppm each) were run as a mixture. (c) 

Organic and inorganic symmetric anions: 2,4,6 trichlorophenol (2,4,6 TCP, ~165 ppm) and 

chloride coming from a NaCl ~59 ppm solution. Each compound/ion was measured directly 

by (a) TOC, (b) LC-MS/MS, and (c) UV–vis and ICP-MS. pH was modified either using 

NaOH to keep Na+ as the main counterion or HCl. A crossflow membrane unit at 65 psi, 

25 °C. Synthetic solutions were made in ASTM type 1 water. The isoelectric point (IEP) 

of the membrane and the electrolyte pKa are indicated in each plot. (d) Critical distance 

(diameter) of molecules/ions tested compared to the modeled pore diameter of the DuPont 

NF270 membrane. In the case of PFOA, PFOS, and fatty acid tested, the critical distance 

or dimension was considered as the diameter of an imaginary cylinder formed by the 

molecule. Details on the calculation for molecules’/ions’ critical dimension are presented 

in the Supporting Information and summarized in Table S5. (e) Comparison between the 

modeled steric and mass-transfer-related rejection of ionized solutes (colored bars) and the 

experimental rejections at pH ~ IEP (i.e., the lowest pH tested) (light blue circles). Some 

modeling parameters used were: Xd = 0, εp = εbulk, Na+ as the counterion, Jw = 65 LMH, 

0.5 mM of individual solutions, and rp = 0.43 nm.
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Figure 3. 
Relevance of the counterion in the transport of organic anions through an NF membrane. 

(a) Rejection of the cation and the anion after separation using commercial DuPont NF270 

membranes, corresponding to the highest pH tested from the respective anion from Figure 

2, thus ensuring Na+ as the main counterion. The different anions in solution influenced 

the Na+ retention. (b) Translation of the electroneutrality condition on the single solute feed 

and permeate samples from filtration experiments toward analytical techniques. 1:1 cation/

anion analytical detection for sodium octanoate, sodium perfluorooctanoate, and sodium 

chloride solutions (no pH modification). Sodium was measured using ICP-MS, Octanoate 

was measured using TOC, perfluorooctanoate was measured using LC-MS/MS, and chloride 

was measured using ICP-MS.
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Figure 4. 
(a) Diagram illustrating the developed material and its separation mechanisms (exclusion 

and adsorption) toward PFAS separation. (b) Water permeability coefficient (A) or also 

called water permeance (thickness-dependent) of the commercial PVDF400, PNIPAm-

PVDF (weight gain 14.8%), and NF-PNIPAm-PVDF membranes (PNIPAm weight gain 

10.0–11.7%) was calculated from the equation Jw = A·(ΔP). Data for NF270 was included 

for comparison. The permeability was measured over a pressure range of 1.4–4.0 bar for 

the PVDF400 membrane, 1.9–9.2 bar for the PNIPAm-PVDF and NF270 membranes, and 

2.0–9.6 bar for the NF-PNIPAm-PVDF membrane. Crossflow systems were used for these 

measurements. For the membrane containing functional materials and the NF270 membrane, 

the measurements were taken at 21–22 °C; PVDF400 measurements were taken at 26 °C 

and adjusted to 21 °C using viscosity corrections. (c, d) SEM of the surface transformation 

from the (c) pore-functionalized material to the formation of the (d) thin-film polyamide. 

(e, f) XPS depth profiles of the respective materials from each SEM image to corroborate 

PNIPAm and polyamide addition. Carbon accounts for the remaining percent.
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Figure 5. 
PFAS separation under a diffusive and a convective flow. (a) PFOA adsorption over time in 

a batch mode. Membranes were set up in a 50 mL centrifuge tube, agitated in a shaking 

platform at 150 rpm, and the temperature was kept at 38 °C. Forty-eight milliliters of the 

initial volume of a solution with 130 ppb was initially fed. Membranes had a 14.6 cm2 area, 

with approximate weights of 0.2 g. The NF-PNIPAm-PVDF membrane contained ~10% 

PNIPAm. Error bars represent the analytical error from measurements. (b) Retention of 

PFAS in a convective flow. Heptafluoropropylene oxide dimer acid (HFPO-DA) fluoride 

(GenX), perfluorooctanoic acid (PFOA), and heptafluorobutyric acid (PFBA) over time. 

Polymeric membranes were tested using two cells on a crossflow membrane unit and error 

bars represent the standard deviation between the two cells. T = 36 °C, pH ~5.7, and ~100 L/

m2-h at 7 bar permeate flux, 70 ppb of each PFAS, and 2 mM CaCl2 as feed concentration. 

(b.2) Comparison of the rejection of PFOA and Na2SO4 between NF-PNIPAm-PVDF and 
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NF270. (c) Permeability coefficients of PFOA and Na2SO4 as an inorganic salt control, 

through NF membranes modeled as denser reverse osmosis membranes using the solution-

diffusion equation for solute transport. The experiment was run in a constant driving force 

in-line diffusion system, at 37 °C, ~10 ppm concentration of each PFAS for starting feed 

concentrations in type I water over 12 h. (c.2) PFAS diffusive permeability coefficients 

through the NF-PNIPAm-PVDF membranes.
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Figure 6. 
Impact of the temperature on the viscosity-corrected water permeance of PNIPAm-

synthesized membranes. The water permeability coefficient (A) or also called water 

permeance (thickness-dependent) was calculated from the equation Jw = A·(ΔP) and then 

corrected for the effect of the temperature on the viscosity of water by normalizing to 

the viscosity at 21 °C. (a) Water permeance as a function of temperature for PNIPAm-

PVDF (PNIPAm weight gain of 14.8%), NF-PNIPAm-PVDF (PNIPAm weight gain of 10.0–

11.7%), and NF270 membranes. The temperature was increased from an initial value of 

21–39 °C (hollow points) before being reset to 21 °C (shaded points). A crossflow unit 

was used for the measurements. (b) Ratios of the viscosity-corrected water permeability 

coefficient (A) at 39 °C to the water permeability (A) at 21 °C. The final permeability at 21 

°C (shaded point) was used to calculate the permeability ratio.
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