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ABSTRACT 

 

Previously lauded for their widespread utility, per- and polyfluoroalkyl substances (PFAS) 

have garnered increasing attention as a threat to human health and the environment around the 

globe. The demonstrated persistence, bioaccumulation, and toxicity of PFAS have driven 

regulatory concentration limits for drinking water and discharges into the low nanogram per liter 

(ng/L) range. While destructive PFAS technologies are under development, several established 

treatment approaches including adsorption (e.g., activated carbon, ion exchange resin, 

organoclays, etc.) and high-pressure membrane separation via nanofiltration (NF) and reverse 

osmosis (RO) have demonstrated success in meeting PFAS regulatory limits.  

Closed-circuit desalination (CCD) is an emergent, nonconventional high-pressure membrane 

system design that affords the benefits of continuous, semi-batch operation with the ability to 

achieve very high recovery (≥97%). Providing volume reduction in excess of 33x, CCD represents 

an attractive option when considering its application as a standalone PFAS treatment approach 

or as part of a treatment train used to increase the efficiency and reduce the overall costs of 

subsequent destructive technologies. Four commercially available high-pressure membranes 

(NF270, NF90, BW30, and SW30) spanning the NF and RO separation ranges were evaluated 

for PFAS rejection performance in a full-scale CCD pilot module operating at 97% recovery. The 

results of the membrane evaluation were compared based on overall PFAS rejection and 

estimated specific energy consumption. Subsequently, additional testing was conducted to probe 

the underlying mechanisms of PFAS rejection by the NF270 membrane at high recoveries in a 

CCD system.  

The results of this study identified the NF90 to have comparable PFAA rejections to the SW30 

at a quarter of the specific energy consumption in the CCD system operating at 97% recovery. 

Moreover, the NF90 exhibited a higher final rejection of PFOS, a compound of significant 

regulatory interest, by a margin of 0.09%. Finally, the addition of sulfate ions negatively impacted 

PFAA rejection by the NF270 in CCD configuration. Under the increased sulfate condition, it 

appears that the increased permeation of PFOS contributed to approximately 4.5x106 nanograms 

of PFOS adsorbing to components of the membrane elements during the first sequence of the 

experiment; representing a reduction in the retentate PFOS concentration of approximately 

48,600 ng/L. The additional NF270 experiments indicate that PFAA rejection by loose NF involves 

steric, electrostatic, and adsorptive effects that were not observed during the tight NF and RO 

experiments due to the predominance of steric effects.  
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INTRODUCTION 

 

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic fluorine containing 

compounds that span a wide range of physicochemical properties. First discovered in the late 

1940’s, PFAS quickly gained popularity for their high surface activity, water- and oil-repellency, 

chemical and thermal stability, and a host of other favorable properties that propelled their use 

into a diverse array of commercial and industrial applications [1,2]. Unfortunately, extreme 

persistence of PFAS chemicals in the environment has emerged as an unforeseen side-effect of 

their advantageous structure. PFAS are so persistent, that they are often referred to as “forever 

chemicals.”  

The persistence and bio-accumulative properties of PFAS came to the forefront of the human 

and environmental health community when studies published in 2001 identified the widespread 

occurrence of PFAS chemicals in the blood of humans and animals [3,4]. Numerous follow up 

studies have linked exposure to PFAS chemicals with a variety of negative human health 

outcomes, including some cancers and other chronic illnesses [5,6]. Additionally, due to the 

potential for significant bioaccumulation, regulators in the United States and several other 

countries have suggested drinking water PFAS concentration limits in the low nanogram per liter 

(ng/L) range. In May 2016, the United States Environmental Protection Agency (USEPA) issued 

a drinking water health advisory limits for PFOS and PFOA at individual or combined 

concentrations of 70 ng/L [7,8]. Beyond the health advisory limits the USEPA has also stated its 

intent to establish enforceable maximum concentration limits (MCLs) for both PFOS and PFOA 

in the near future [9].  

To date, most of the regulatory attention has been focused on the PFAS subclass known as 

perfluoroalkyl acids (PFAAs); a surfactant-like molecule that are characterized by their fluorine 

saturated aliphatic tails and ionic functional groups. However, as the understanding of PFAS in 

the environment expands, the number of potential PFAS compounds has ballooned to over 3,000 

unique structures, some recent publications have stated the number of individual PFAS exceeds 

9,000 compounds [1,10]. Currently, the Safe Drinking Water Act (SWDA) regulates the presence 

of approximately 90 contaminants in drinking water across the United States [11]. In light of these 

daunting statistics, it is worth noting that as the number of discoverable PFAS chemistries 

continues to grow, the population of relevant PFAS represents a small fraction. Recent studies 

suggest that the number of relevant PFAS, those that were manufactured or potentially released 
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to the environment in large enough quantities to pose a significant risk to human health and the 

environment, is likely much lower. One study cited the number of “commercially relevant” PFAS 

as approximately 256 PFAS compounds [12].  

While the extent of the PFAS universe and their relevance remains under debate, the threat 

posed by PFAS to global water resources does not. The current understanding of PFAS is 

sufficient to warrant action to protect human health and the environment. As a result, the 

environmental engineering community has assumed the investigation of PFAS treatment 

alternatives. Some available treatment technologies are relatively mature (e.g., adsorption, high 

pressure membrane separation) while others, particularly destructive PFAS technologies, remain 

in the early stages of development [13]. The purpose of this study is to investigate the PFAS 

treatment efficacy of an emergent high-pressure membrane configuration known as closed-circuit 

desalination (CCD).  

CCD relies on an alternative operational configuration relative to conventional high-pressure 

membrane applications. The CCD configuration investigated in this study operates as a semi-

batch, continuous feed system capable of achieving recoveries >97%. The CCD approach is also 

regarded for its high degree of operational flexibility, energy efficiency, and compact footprint 

when compared to conventional high-pressure membrane designs. Based on these qualities, the 

CCD approach has the potential to revolutionize the application of high-pressure membranes as 

a PFAS treatment alternative.  

1.1 Objectives 

Objective 1: PFAS separation evaluation of four commercially available high-

pressure membranes in CCD configuration. Four commercially available, high-pressure 

membranes were selected for evaluation: NF270, NF90, BW30, and SW30 (DuPont, Wilmington, 

DE). The selected membranes span the treatment range of loose NF to tight RO, allowing for the 

evaluation of PFAS rejection performance against potential operating costs. During high recovery 

experiments, the membranes were assessed for both operational performance (e.g., requisite 

feed pressures, fouling, etc.) and PFAS rejection performance. 

While many researchers have investigated the PFAS rejection performance of high-

pressure membranes in standard, single-pass configurations; no previous studies were identified 

that have assessed the PFAS separation efficacy of high-pressure membranes in semi-batch, 

continuous flow CCD configuration. Moreover, most of the previous high-pressure membrane 

PFAS treatment research has focused on bench or small pilot scale systems relying on membrane 

coupons or miniature membrane elements to assess performance. This study utilized full-size, 
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high-pressure membrane elements operating at flow rates consistent with large scale pilot 

applications.  

Objective 2: Mechanistic investigation of PFAS rejection by the NF270 membrane in 

CCD configuration. The NF270 membrane has gained popularity as a PFAS treatment 

alternative for its reported PFAS selectivity, low operating pressure, and general resistance to 

fouling. This study aimed to further examine the primary rejection mechanisms that underpin the 

NF270 performance and how they might be impacted at the high recoveries achievable in CCD 

configuration. The effects of pH, ionic strength, and PFAS concentration on PFAS rejection 

performance were evaluated.  

1.2 Thesis Organization 

This thesis is organized and presented in a way that broadly introduces the reader to the 

topic, defines the objectives of the study, provides the historical and contemporary context for the 

research through a comprehensive literature review, establishes the experimental approach with 

descriptions of the supporting equipment/analyses, and culminates with a thorough discussion of 

the results and conclusions.  

The results and discussion section is broadly broken into two primary subsection based on 

Objective1 and Objective 2 of this study. The reader will find that the conclusions section 

addresses the primary findings derived from the results of both sub-studies conducted to address 

Objective 1 and Objective 2. 
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LITERATURE REVIEW 

 

A comprehensive literature review provides the requisite background information to 

appropriately contextualize the purpose and findings of this study. The literature review provides 

a brief history of the development of thin-film composite membrane technology, traces the 

emergence of PFAS as a contaminant of worldwide concern, reviews the existing literature that 

involves the use of high-pressure membranes in PFAS treatment applications, and finally 

discusses the development of and an introduction to the nonconventional CCD approach of high-

pressure membrane system design.  

2.1 Brief History of Thin-Film Composite Membranes 

In 1748, observations made by the French physicist Jean-Antoine Nollet are regarded as 

the first documentation of the osmotic phenomenon, where solvent migration across a semi-

permeable membrane occurs based solely on the presence of a solute concentration gradient. 

Remarkably, nearly 200 years would pass before scientists and engineers could begin to realize 

the potential of this discovery. Advances in polymer science during the early 1940’s, driven by 

military-industrial complex of World War II, set the stage for the development of the earliest 

versions of membrane separation technology [14]. 

By the late 1950’s, a UCLA based team led by Loeb and Sourirajan, had pioneered the 

development of asymmetric cellulose acetate membranes. The Loeb and Sourirajan team 

exploited a phase-inversion process to develop a chemically homogeneous membrane that 

displayed significant physical differences along its cross-section. Phase-inversion casting 

promoted the development of a relatively thin but dense layer of cellulose acetate on top of a 

thicker, more porous layer of the material. Subsequent experiments would demonstrate that the 

thin, dense layer of cellulose acetate was primarily responsible for the ion selectivity properties of 

these early membranes [14–16]. Loeb-Sourirajan membranes, as they would come to be known, 

established a crucial stepping-stone for the development of modern, thin film composite (TFC) 

membranes in the early 1960’s.  

Thin film composite membranes can be defined as multilayer membrane systems, where a 

thin polymeric film (0.3-3 µm) is chemically fixed onto the surface of a microporous support layer 

(~40 µm) [16]. The thin polymeric veneer and thicker support material may be referred to as the 

selective and non-selective layers, respectively. Depending on the membrane configuration (e.g., 
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spiral wound membranes), the thin film composite membrane may be adhered to an inert support 

fabric for increased performance, ease of use, and handling.  

The dual-layer nature of the TFC membrane afforded a high degree of design versatility by 

allowing each layer to be tuned independently [16]. Research and development teams quickly 

seized the opportunity to optimize both the ultrathin active layer and microporous support layer 

for maximum application specific efficiency. In fact, prior to the development of TFC technology, 

membranes capable of separation below approximately 10,000 Daltons (Da) were either 

classified as ultrafiltration (UF) membranes or reverse osmosis (RO) membranes based on 

performance [17]. The development of TFC membranes increased the resolution of molecular 

screening, creating a new membrane classification between UF and RO, referred to as 

nanofiltration (NF).  

Outperforming the competition combined with lower manufacturing costs contributed to TFC 

membranes becoming the predominant membrane design in contemporary RO and NF 

applications. In a TFC membrane, the selective layer is primarily responsible for establishing the 

controlling properties of the membrane (e.g., ion selectivity, permeability, etc.). With that in mind, 

the burgeoning membrane industry readily identified microporous polysulfone as a high-

performing support polymer for thin-film composite membranes and focused resources on 

developing selective layer polymers [17].  

As the understanding of TFC membranes improves, materials scientists continue to develop 

novel selective layer chemistries aiming to improve upon a membranes fouling resistance, 

selectivity, reactivity, etc. From the earliest iterations of membrane technology, the potential of 

membranes to serve as a physical barrier in water treatment has been readily identified. 

Consequently, membranes have found widespread application in many facets of water treatment, 

including water and wastewater treatment facilities, water reclamation applications, mineral 

extraction operations, and food and beverage production, among many others.  

2.2 Emerging Contaminant: PFAS 

Developed in the late 1940’s, per- and polyfluoroalkyl substances (PFAS) are a class of 

synthetic, organic chemicals identified by their strong carbon-fluorine (C-F) bonds and surfactant-

like behavior. PFAS quickly gained popularity for their high surface activity, water- and oil-

repellency, chemical stability, and a host of other physicochemical properties that propelled their 

use into a diverse array of commercial and industrial applications. The PFAS family of compounds 

number over 3,000 unique structures and have found use in the textile, food packaging, 

firefighting, metal plating industries, and many others [1,2].  
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The widespread use of PFAS and the well-documented persistence of PFAS chemicals in 

the environment lead to a global distribution of PFAS, ultimately accumulating in both humans 

and the environment [1,18]. The extent of PFAS occurrence in the environment and the degree 

of human exposure was first realized in two seminal papers published in 2001. In January 2001, 

Hansen et al published the results of a study focused on quantifying the concentrations of select 

PFAS in 65 human sera samples acquired from a repository. Hansen et al identified 

perfluorooctane sulfonate (PFOS) in all 65 human sera samples included in the investigation, 

suggesting that PFAS may be broadly present in the blood of the general population [3]. Two 

months later, Giesy and Kannan published the results of a global wildlife survey that identified 

detectable concentrations of PFOS in the tissue of various wildlife, extending from Alaskan polar 

bears to sea faring birds in Antarctica [4]. These results highlighted the persistence and 

bioaccumulation potential of PFAS compounds. 

Following the discovery of their ubiquity, significant effort has been focused on determining 

the human- and ecotoxicological impacts of PFAS exposure. Numerous laboratory scale animal 

investigations and several large-scale human epidemiological studies have been performed. The 

findings of these studies generally establish a link between PFAS exposure and adverse human 

health impacts (e.g., high cholesterol, thyroid disease, reduced immune response, etc.) [5,6]. As 

a result of their documented persistence, bioaccumulation potential, and toxicity, PFAS chemicals 

have garnered increasing regulatory attention. 

As early as 2000, the United States Environmental Protection Agency (USEPA) was 

working to reduce the production and use of PFAS by negotiating the phase out of PFOS 

production with one the world’s largest producers of PFAS, the 3M Corporation [19]. In the 

subsequent years, PFOS and many other PFAS compounds, including perfluorooctanoic acid 

(PFOA), would receive the continued attention of the USEPA in addition to national environmental 

regulatory agencies in Europe and Canada [18,20]. 

In 2012, under the Safe Drinking Water Act (SDWA) Unregulated Contaminant Monitoring 

Rule (UCMR), the USEPA mandated the monitoring of six PFAS compounds: PFOS, PFOA, 

perfluorononanoic acid (PFNA), perfluorohexanesulfonic acid (PFHxS), pefluoroheptanoic acid 

(PFHpA), and perfluorobutanesulfonic acid (PFBS) at public drinking water providers serving 

more than 10,000 people [21]. During the monitoring period between 2013 and 2015, detectable 

levels of the selected PFAS were identified in public water supplies serving over 16.5 million 

people in 36 different US states and territories. Based on these results, the USEPA issued 
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drinking water health advisory limits for PFOS and PFOA at individual or combined concentrations 

of 70 ng/L in May 2016 [7,8,22].  

In February 2019, the USEPA established a PFAS Action Plan, with the stated goals of 

evaluating the need for PFOS and PFOA drinking water maximum contaminant levels (MCLs), 

investigating the toxicity of additional PFAS, developing a more comprehensive understanding of 

PFAS distribution in water resources, and many others centered around protecting human health 

and the environmental from PFAS compounds [9].  

In the United States, in addition to the evolving Federal regulatory framework surrounding 

PFAS, several States, including California, New Jersey, Colorado, Texas, and Michigan, have 

enacted policies to monitor and regulate the presence of PFAS compounds in drinking water and 

the environment. Many States have elected to regulate more PFAS compounds at lower 

concentrations than currently included in the USEPA guidance [5]. Moreover, around the world, 

countries including Australia, Canada, Germany, Italy, Denmark, Sweden, and the United 

Kingdom, have enacted PFAS regulations [5]. 

Based on the persistence, bioaccumulation, and toxicity criteria, PFAS compounds are 

tracking towards enforceable concentration limits in drinking water and the environment in the 

United States and abroad. In fact, in a February 2020 update to the USEPA’s 2019 PFAS Action 

Plan, the USEPA established its intent to regulate PFOS and PFOA under the SDWA [23]. To 

date, most of the regulatory attention has been focused on long-chain perfluoro alkyl acids 

(PFAAs), specifically PFOS and PFOA. However, recent advances in PFAS science and 

analytical technology allow for the quantification of more PFAS compounds at significantly lower 

limits of detection. Therefore, the future regulation of additional PFAS compounds, including 

short-chain PFAAs and other homologues, is a reasonable prediction. The growing number of 

PFAS of interest is exemplified in the most recent installment of the UCMR that includes 29 total 

PFAS compounds [24].  

In consideration of the expanding body of evidence regarding PFAS toxicity and the inertia 

towards enforceable regulations, drinking water utilities and responsible parties linked to PFAS 

contamination have begun to investigate and implement PFAS treatment technologies. PFAS 

sorption via ion exchange (IX) or activated carbon (AC) media and physical separation by high 

pressure membranes represent the prevailing strategies for treating PFAS impacted water 

matrices [25,26]. Several promising destructive PFAS technologies are being tested at the 

laboratory scale, however the technologies generally lack the requisite level of development for 

full-scale deployment. As it stands, removing PFAS from water resources, by separation or 
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destruction, is the most pressing goal. However, elimination of PFAS by destruction remains the 

ultimate goal, to mitigate the risk of future release.  

At their current stage of development, many of the burgeoning destructive PFAS 

technologies, including hydrothermal liquification [27], electrochemical treatment [28], and 

plasma-based processes [29], are better suited for batch style operations. In accordance with the 

strength of PFASs signature C-F bond, destructive PFAS technologies tend to be energy 

intensive. Given the low concentrations of environmental relevance, to approach optimum 

efficiency and achieve commercial viability, batch style PFAS destruction techniques would 

benefit from pretreatment where the PFAS is first concentrated before destruction. Therefore, a 

foreseeable technological approach to PFAS management would consist of a treatment train or 

hybrid approach consisting of concentration by sorption (IX, AC, etc.) or physical separation (high 

pressure membranes) followed by a destructive process on the concentrated residual.  

Regardless of the final disposition, the ability to concentrate PFAS is a valuable tool in 

current and foreseeable PFAS management strategies. If the volume reduction and PFAS 

concentration factor of PFAS containing waste is sufficiently high, the spectrum of commercially 

viable destructive technologies will broaden based on efficiencies gained through reaction kinetics 

and scale of application.  

2.3 High-Pressure Membranes & PFAS 

By the early 2000’s, in lockstep with advancements in analytical methods and lowering 

detection limits, trace organic contaminants (TOrCs) (e.g., endocrine disrupting compounds 

[EDCs], pharmaceuticals and personal care products [PPCPs], pesticides, etc.) were 

acknowledged as an emergent threat to human health and the environment. High pressure 

membranes (i.e., NF and RO) were readily identified as TOrCs treatment alternatives based on 

their high rejection of dissolved salts and low molecular weight organics and established 

performance record in the water treatment industry [30–32].  

2.3.1 Membrane Only Approach 

In more recent years, as PFAS rose to prominence as a major TOrC of concern in the 

water supply, high-pressure membranes were again adopted as a trusted treatment option 

[33,34]. In a 2006 study, Tang et al. tested the PFOS rejection efficacy of four commercially 

available RO membrane coupons treating semiconductor wastewater (PFOS concentrations 

ranging from 0.5 to 1,500 milligrams per liter [mg/L]) and reported PFOS rejections generally 

greater than 99% [33]. In a follow up investigation, Tang et al. reported PFOS rejections from 

three commercially available NF membranes generally greater than 90% in a similar study 
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examining the PFOS rejection performance against high strength industrial wastewater [35]. Eva 

Steinle-Darling and Martin Reinhard expanded on the work of Tang et al. and studied the rejection 

performance of four commercially available NF membrane coupons quantifying 15 different PFAS 

(molecular weights [MW] ranging between 263 and 713 grams per mole [g/mol]) at feed 

concentrations between 150 and 400 ng/L. Steinle-Darling and Reinhard reported NF membrane 

rejections greater than 95% for anionic PFAS with MW greater than 300 g/mol [36].  

Based on the comparable PFAS rejection and lower operating pressures of NF 

membranes relative to RO membranes, subsequent high-pressure membrane mediated PFAS 

separation research largely focused on the performance of NF membranes. Appleman et al. 

analyzed the rejection performance of nine perfluoroalkyl acids (PFAAs) by two NF270 membrane 

coupons in series across three synthetic water matrices and a range of flux conditions (17 to 75 

LMH) [37]. The quantified PFAAs were present in the feed water at concentrations between 330 

and 973 ng/L with associated analytical detection limits between 10 and 20 ng/L. The NF270 

rejected the target PFAAs at >95% except for PFBA, which exhibited the lowest rejection at 93%. 

Interestingly, Appleman et al. observed a PFBA (93%) rejection greater than the PFPeA (73%) 

rejection reported by Steinle-Darling and Reinhard, despite the fact that the molecular weight of 

PFPeA is 40 g/mol larger than PFBA [36,37].  

Zhao et al. investigated the PFOS rejection performance of the NF270 nanofiltration 

membrane in bench scale membrane coupon experiments as a function of pH, PFOS 

concentration, calcium ion (Ca2+) concentration, and magnesium ion (Mg2+) concentration [38,39]. 

Zhao et al reported that increases in pH, PFOS concentration, Ca2+ concentration, and Mg2+ 

concentration were all positively correlated to PFOS rejection by the NF270 membrane. By 

independently manipulating the experimental variables, Zhao et al was able to increase the PFOS 

rejection from approximately 86% to 99% at constant transmembrane pressure (TMP). Zhao et al 

hypothesized that the increase in PFOS rejection as a function of increasing pH (pH 3 to pH 9) 

was due to the increasing negative charge density of the NF270 membrane surface. The pKa of 

PFOS has been reported between 0.14 and <1 [36,40,41]. Therefore, at most environmentally 

relevant pH conditions, and those tested by Zhao et al, aqueous phase PFOS can be assumed 

to be present as an anion. Moreover, the semi-aromatic polypiperazine active layer of the NF270 

is known to have surface amine functional groups with an isoelectric point (IEP) at approximately 

pH=3, indicating that at pH > 3, the surface of the NF270 membrane will exhibit a net negative 

charge [36,42]. Consequently, in the pH range tested by Zhao et al (pH 3 to pH 9), the electrostatic 

repulsion forces between the PFOS anion and the NF270 membrane surface are expected to 

increase, relating to an increase in rejection.  
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Moreover, Zhao et al. proposed that increasing concentrations of divalent cations, Ca2+ 

and Mg2+, increase PFOS rejection by several mechanisms. Zhao et al. suggested that calcium 

and magnesium ions can complex with one or two PFOS molecules, creating a larger molecule 

that increases the steric hindrance and sieving mechanisms of rejection. Additionally, Zhao et al 

noted that the calcium and magnesium ions can act as counter-ion bridges between the negatively 

charged PFOS anion and NF270 active layer, causing an accumulation of PFOS at the membrane 

surface that would further hinder PFOS diffusion but exhibit little impact on smaller, more mobile 

water molecules. Similarly, complexation of calcium or magnesium with two PFOS anions is 

anticipated to contribute to the accumulation of PFOS at the membrane surface by generating a 

net neutral charge of the complexed molecule, thereby diminishing the electrostatic repulsion 

between PFOS and the NF270 membrane surface.  

Continuing to build upon the body of knowledge surrounding high pressure membrane 

treatment for PFAS, C.J. Liu et al. investigated the effect of membrane system operating 

conditions (i.e., flux and recovery) on PFAS rejection performance in a nanofiltration (NF270) and 

reverse osmosis (ESPA) membrane [43]. C.J. Liu et al. utilized three pilot size (2540) membrane 

elements in series and increased the aggregate flux between 10 and 30 liters per square meter 

per hour (LMH) which corresponded to a single pass system recovery between 17% and 52%. 

C.J. Liu et al. quantified 10 PFAAs and tested two PFAS impacted water matrices, a synthetic 

AFFF spiked weak electrolyte solution with a total PFAA concentration of approximately 80 µg/L, 

and a AFFF impacted groundwater collected from a military installation with a total PFAA 

concentration of approximately 6.8 µg/L.  

C.J. Liu et al. observed limited impact of flux/single pass recovery on the PFAS rejection 

performance by the NF and RO membranes when testing the synthetic AFFF spike water. C.J. 

Liu et al. reported PFAS solute rejections >98% and >99% across the range of flux conditions by 

the selected NF and RO membranes, respectively. However, C.J. Liu et al. observed a positive 

flux dependent relationship on the rejection performance of shorter chain perfluoroalkyl sulfonic 

acids (PFSAs) when testing the AFFF impacted groundwater on the NF membrane. PFSA 

rejections ranged from approximately 90% to 98% at 10 LMH to approximately 93% to 98% at 30 

LMH. No flux dependent relationship was observed for the quantified shorter chain perfluoroalkyl 

carboxylic acids (PFCAs) when testing the AFFF impacted groundwater on the NF membrane, 

with reported PFCA rejections >97% for all flux conditions. Therefore, Liu et al. hypothesized that 

background matrix effects, in part, related to the dissolved organic matter (DOM) and Ca2+ ions 

present in the groundwater, initially inhibited rejection of the shorter chain PFSAs but was 

ultimately overcome by the dilution effect associated with increased flux, as predicted by common 
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membrane diffusion models [44]. Additionally, Liu et al. postulated that the apparent flux 

independence of shorter chain PFCA rejection was related to physicochemical differences in the 

PFCA and PFSA functional groups that underpin membrane-solute and matrix-solute interactions.  

2.3.2 Treatment Train Membrane Approach  

Beyond to the application of high-pressure membranes as a standalone PFAS treatment 

technology, scientists and engineers have recently begun to investigate the efficacy of high-

pressure membranes as part of a treatment train approach, involving the implementation of 

additional PFAS management technologies in addition to high-pressure membrane filtration. In 

this capacity, high-pressure membranes are typically utilized as a pre-concentration process, to 

increase the efficiency of subsequent PFAS separation or destruction technologies. However, 

some studies have addressed pretreatment to increase the removal efficiency of nanofiltration.  

A 2016 study published by Yu et al. examined the impact of coagulation, flocculation, and 

sedimentation as a pretreatment for nanofiltration by the HYDRACORE50 and NF270 membrane 

coupons [45]. The researchers added humic acid to the synthetic aqueous matrix to better 

simulate natural water conditions. In general, the NF270 outperformed the HYDRACORE50 with 

regards to PFOS rejection, achieving approximately 97% and 86% removal efficiency, 

respectively. Yu et al. observed PFOS interacting with both the humic acid species and the flocs 

and hypothesized hydrophobic interactions were the primary mechanism of sorption. A marked 

increase in PFOS rejection by the NF membranes was observed when treating the coagulation-

flocculation-sedimentation supernatant when compared to DI water spiked with PFOS. Moreover, 

Yu et al. reported that the coagulation-flocculation-sedimentation pretreatment had an overall 

positive impact on the membrane fouling characteristics. Through examination of Scanning 

Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) imaging, the researchers 

concluded that the supernatant formed a more permeable fouling layer, attributed to the 

accumulation of loose flocs at the membrane surface, where the untreated humic acid solution 

formed a dense fouling layer that caused notable decreases in flux performance.  

NF270 nanofiltration membrane coupons have been employed in a batch concentration 

experiments where a batch of feed water is passed to the membrane coupon, the permeate is 

discharged, and the resulting retentate is recycled back to the feed until a given volume reduction 

(i.e., concentration factor) is achieved. Soriano et al. utilized a NF270 membrane coupon to 

volumetrically concentrate a batch of industrial process water by a factor of five that contained 

perfluorohexanoic acid (PFHxA) concentrations between 64 and 204 milligrams per liter (mg/L). 

The residual concentrate was sent to a boron doped diamond electrochemical degradation 
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process where reported PFHxA degradation achieved 98% [46]. As a treatment train, blending 

the NF permeate and the effluent of the electrochemical degradation process, the researchers 

were able to achieve an approximate 89% reduction in PFHxA mass [46]. 

Nanofiltration (NF membrane: ACM5-TSF) has been utilized as a preconcentration step 

for nanoscale zero valent iron (nZVI) catalyzed ultraviolet (UV) PFAS degradation [47]. 

Specifically, NF was used in a single-pass configuration to treat PFAS impacted groundwater, 

containing a perfluorooctanoic acid (PFOA) concentration of approximately 100 µg/L. The 

reported PFOA rejection by the NF membrane was 99.62%. The single-pass retentate was 

supplied to a photocatalysis reactor which reportedly destroyed 59.41% of the influent PFOA 

mass. As a result, the treatment train approach achieved a reported 65% reduction of residual 

PFOA mass compared to NF alone [47].  

Similarly, Franke et al. employed the NF270 to investigate the impact of preconcentration 

on the performance of AC and IX adsorbent media [48]. The researchers obtained PFAS impacted 

groundwater from a site in Uppsala, Sweden with total quantified PFAA concentrations of 

approximately 174 ng/L. Franke et al. reported two NF270 membranes operating with an influent 

flow rate of approximately 10 gpm and a permeate recovery of 78% were able to achieve a an 

average PFAA rejection of >99%. Passing the NF retentate onto AC and IX adsorbers realized a 

respective 2.6-fold and 4.1-fold in PFAA adsorption capacity when compared to the raw water.  

2.3.3 Novel Membranes 

In the pursuit of higher performing and increasingly PFAS selective membranes, research 

focusing on the development of novel high-pressure membrane materials has emerged. The 

primary goal of novel membrane development is to improve upon the commercially available 

membranes in terms of cost, PFAS rejection performance, fouling resistance, ease of production 

use, or any combination thereof.  

Wang et al. developed a novel poly(m-phenylene isophthalamide) hollow fiber NF 

membrane in to explore the potential operational advantages afforded to hollow fiber membranes 

versus flat sheet, spiral wound membranes [49]. Wang et al. argued that hollow fiber NF 

membranes larger membrane surface area per unit module at a competitive manufacturing price 

point versus the spiral wound alternative. The novel hollow fiber membrane developed by Wang 

et al. was characterized to have a nominal molecular weight cutoff (MWCO) of 904 Daltons (Da) 

with a mean effective pore radius of 0.404 nanometers (nm). The researchers tested the novel 

hollow fiber membrane for PFOS rejection across a range of concentrations (50 to 500 µg/L) and 

flux conditions (20 to 58 LMH). Wang et al. reported PFOS rejections between approximately 91% 
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and 97.5% during experimentation. In contrast to commercially available NF membranes, like the 

NF270, Wang et al. observed decreased PFOS rejection performance as a function of increasing 

flux. Wang et al. attributed this phenomenon to identifying membrane-solute repulsion as the 

primary mechanism of PFOS rejection, as opposed to size exclusion, in addition to the impacts 

of increased concentration polarization realized at higher flux.  

Returning to TFC flat sheet style membranes, Boo et al. developed a novel polyamide 

selective layer via the introduction of bipiperidine during the interfacial polymerization process 

with the intent to increase the effective pore radius of a negatively charged NF membrane [50]. 

Boo et al. hypothesized that an appropriate increase in effective pore radius while maintaining a 

negative surface charge would increase the permeation of foulants (e.g., Ca2+) while retaining 

high PFAS rejection performance. Boo et al.’s membrane was characterized to have an effective 

pore radius of approximately 0.6 nm versus the NF270 effective pore radius of 0.4 nm and a 

negative zeta potential approximately half that of the NF270 (-12 millivolts [mV] versus -21 mV) 

at pH 7. Operating at approximately 80 LMH, a synthetic electrolyte solution with a PFOA 

concentration of approximately 1 mg/L was utilized to evaluate the novel NF membrane against 

the NF270. The novel NF membrane achieved comparable PFOA rejection (novel membrane: 

~89%, NF270: ~90%) and more favorable calcium rejection (novel membrane: ~45%, NF270: 

~65%), however the novel membrane (100 psi) required higher feed pressures compared to the 

NF270 (45 psi).  

Lastly, J. Wang et al. developed a novel poly(piperazineamide) TFC sheet membrane, 

similar in overall construction to commercially available NF membranes but characterized to have 

a MWCO of 400 Da and an effective pore radius of 0.46 nm [51]. J. Wang et al. performed PFOS 

(499 g/mol) and PFBS (299 g/mol) rejection experiments on the NF membrane coupon controlling 

for both PFAS solute concentration (ranging from 25 to 150 micrograms per liter [µg/L]) and ionic 

strength. The ionic strength of the feed water was manipulated between 0 and 100 millimolar 

(mM) by the addition of sodium chloride (NaCl) while the PFOS and PFBS concentration was held 

constant at 50 µg/L. J. Wang et al. observed a positive correlation between rejection and solute 

concentration for both PFOS (88.3% to 92.5%) and PFBS (47.7% to 50.4%). Similarly, a positive 

correlation between rejection and ionic strength was observed for PFOS (89.6% to 91.9%). 

However, a negative relationship was observed between rejection and ionic strength for PFBS 

(48.9% to 20.5%).  

These findings led J. Wang et al. to conclude that size exclusion was the primary rejection 

mechanism of PFOS, while electrostatic repulsion was the primary rejection mechanism of PFBS 

for the novel NF membrane. The J. Wang et al. conclusions were bolstered by an observed flux 
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decline while operating at a constant feed pressure in the ionic strength experiments. The 

observed flux decline associated with increasing ionic strength is attributed to pore shrinkage 

within the NF membrane active layer, therefore increasing the size exclusion effects associated 

with PFOS rejection; however, it is assumed that pore shrinkage was not significant enough to 

impact size exclusion of PFBS. Instead, J. Wang et al. hypothesized that the decrease in 

electrostatic repulsion forces associated with the increase in ionic strength permitted more PFBS 

to permeate the membrane, thus describing the juxtaposing rejection relationships between 

PFOS, PFBS, and ionic strength.  

2.4 Closed Circuit High-Pressure Membrane Configurations 

Since the UCLA based team led by Loeb and Sourirajan developed the first high-pressure 

cellulose acetate membranes in the late 1950’s, plug flow has been the predominant design of 

high-pressure membrane systems, hereby referred to as conventional applications. In 

conventional applications, feed water is passed to a pressurizing pump before entering a pressure 

vessel containing the membrane elements, where a portion of the feed flow is forced across the 

semi-permeable membrane and discharged as permeate while the retained portion of the feed is 

discharged as retentate or brine. If additional recovery is desired, the retentate from the lead 

pressure vessel may be passed to a secondary pressure vessel and so on. Most high recovery, 

conventional high-pressure membrane applications are limited to three stages in series due to 

the operational complexities of balancing flux, flow, and pressure across the membrane elements 

to mitigate fouling [52,53]. Furthermore, because of the operating demands (e.g., crossflow 

velocities, etc.) of conventional high-pressure membrane applications, the systems were not 

energy efficient and the cost per unit of treated water was too high to promote widespread 

adoption of the technology [54]. 

To improve upon the limitations of the conventional, single-pass high-pressure membrane 

systems, scientists and engineers began experimenting with energy recovery devices and novel 

operating configurations. Circa 2011, Desalitech, a company recently acquired by DuPont, began 

commercializing a novel high-pressure membrane process called closed circuit desalination 

(CCD) [52,53,55]. CCD could be configured to operate in batch or semi-batch modes depending 

on the influent water quality and desired output. Fundamentally, the CCD approach relies upon 

the retention and recirculation of retentate during batch or semi-batch operation. During CCD, the 

retentate is recirculated to the feed side of the pressure vessel where it is mixed with fresh feed 

water and the feed flow and permeate flow are matched so water/pressure does not accumulate 

in the system. The recirculation of the retentate affords favorable hydrodynamic conditions 
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allowing the system to maintain high crossflow velocities and achieve high recovery. Compared 

to conventional single pass applications were recovery is a function of feed pressure and the 

number of membrane elements, the CCD approach allows the single-pass (modular) recovery to 

remain low and returns recovery as a function of sequence duration [52].  

For example, in a CCD system with three membrane elements in a single pressure vessel, 

the system can operate at an average modular recovery of 30% (an approximate single-pass 

recovery of 10% for each membrane element) and return the retentate to the feed side of the 

membrane to be mixed with fresh feed. The CCD system continues to operate in this fashion until 

the desired total recovery is achieved, at which point the CCD system discharges the retentate 

and fills the system with fresh feed to begin a new sequence [52]. Thereby decoupling the number 

of membrane elements from system recovery and allowing a theoretical CCD system to achieve 

the same recovery in a significantly reduced footprint relative to its staged, single-pass 

counterpart [54,56].  

The CCD system is equipped with two variable frequency drive (VFD) pumps: a feed pump 

and a retentate recirculation pump. The VFDs allow the system to incrementally generate more 

pressure as required to overcome the increasing osmotic pressure during a sequence. The 

retentate recirculation pump is required to produce nominally more pressure to force the retentate 

to mix with the fresh feed at feed side of the pressure vessel during CCD. It is important to note 

that during CCD, the system is not discharging pressurized retentate; therefore, the retentate 

recirculation pump is only obligated to boost the pressure of the retentate beyond the frictional 

losses of the pressure vessel. In this way, the CCD approach provides an additional advantage 

over conventional applications by increasing pumping efficiency and limiting energy losses during 

high recovery operation [57]. 

As the CCD technology matured, a versatile semi-batch configuration gained popularity for 

its ability to achieve recoveries up to 97% and offer significant operational flexibility. The semi-

batch CCD system spends most of the operating time in CCD mode with periodic transitions to 

plug flow mode used to discharge retentate. The combination of CCD followed by plug flow is 

referred to as a sequence, as once the retentate has been purged from the system at the end of 

plug flow operation, the system will re-enter CCD and thus begin another sequence. The CCD 

system operator dictates the duration of each sequence when specifying the target system 

recovery. It is important to note that the volume of permeate required to reach the target recovery 

is a function of the “dead volume” of the CCD system. Because no retentate is discharged during 

CCD mode, when the target recovery is achieved, all the water contained within the system is 
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effectively retentate and will be purged before the next sequence can begin. Therefore, equivalent 

volumes of retentate are generated at the end of each sequence, regardless of recovery.  

In addition to the potential energy savings, operational flexibility, higher maximum recovery, 

and smaller footprint associated with the CCD technology compared to conventional high-

pressure membrane configurations, research suggests that the semi-batch style of CCD operation 

has enhanced resistance to membrane fouling. Frequent pressure and salinity fluctuations 

associated with the semi-batch sequencing in conjunction with consistent crossflow velocities are 

hypothesized to mitigate both biological and inorganic fouling [52,53,58]. A recent study by 

Warsinger et al. suggests that the operational transience that underpins the semi-batch CCD 

operation is a major factor in reducing the potential for inorganic fouling, even when foulants are 

concentrated beyond theoretical saturation limits [58]. Warsinger et al. state that the frequent 

purging of brine and introduction of fresh feed water at the end of each operational sequence 

negates any progress toward foulant nucleation and any crystals that may have formed may 

dissolve.  

Considering the potential for significant volumetric recovery improvement, energy, and cost 

savings, and increased operational flexibility, the CCD approach is a powerful alternative to 

conventional high pressure membrane applications. The practicability of the CCD approach is 

furthered in the context of PFAS treatment and PFAS residual management. Given the 

widespread occurrence of PFAS in global water resources, the low concentrations of concern, 

and the recalcitrance of PFAS to destructive technologies, the ability to isolate and concentrate 

PFAS mass is a compelling resource for environmental engineers.   
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MATERIALS AND METHODS 

 

3.1 CCD Pilot System 

A large CCD pilot system was provided by Desalitech, a DuPont brand, for the membrane 

evaluation experiments. The pilot module is housed in a standard 20-foot intermodal shipping 

container, outfitted to include all of the requisite, plumbing, pumps, valves, and tie-ins. The pilot 

module contained a single 4-meter pressure vessel. The pressure vessel was configured to hold 

three 8-inch by 40-inch spiral wound membrane elements and a membrane spacer. The pilot 

module was located at the Colorado School of Mines WE2ST Water Technology Hub in Denver, 

Colorado, where all the testing for this study was completed.  

The CCD pilot module included SCH80 PVC plumbing on the low-pressure feed and 

discharge lines and welded stainless steel plumbing on the high-pressure retentate recirculation 

portion of the system. The pilot module was controlled using a human-machine interface (HMI). 

Determination of the VFD pump speeds, antiscalant dosing rate, and recovery calculations were 

controlled/performed automatically by the programmable logic controller (PLC). The system is 

equipped with sensors (e.g., flow meters, digital pressure transmitters, temperature, and 

conductivity probes, etc.) to measure and monitor the system function.  

The basic configuration of the CCD pilot module plumbing is depicted in Figure 3-1. At the 

beginning of CCD operation, fresh feed is supplied to the system by the feed pump at a rate 

determined by the desired flux. Feed is based through the membrane elements. Feed pressure 

is controlled to achieve the desire flux. Generated permeate is continuously discharged to 

atmospheric pressure. Feed that did not permeate the membrane is retained in the system as 

retentate and is boosted by the retentate recirculation pump to a pressure sufficient to open the 

check valve and mix the retentate with fresh feed as it enters the feed-retentate side of the 

pressure vessel. The retentate recirculation rate is a user-determined value that provide 

operational flexibility of the crossflow velocity during CCD operation.  
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Figure 3-1 Basic CCD Plumbing Configuration 

 

The system flow meters monitor permeate production during CCD and once the user 

determined recovery has been achieved, the system enter plug-flow mode. During plug flow 

mode, the retentate discharge valve opens and the system enters a different hydraulic regime 

designed to operate at high crossflow velocity and low pressure (i.e., low flux) to promote 

hydrodynamic shear at the membrane surface. The system is flushed under plug flow conditions 

until the dead volume of the closed-circuit portion of the system has been discharged through the 

retentate discharge valve. Once the retentate has been purged from the system, the retentate 

discharge valve closes and CCD operation resumes. The combination of CCD operation followed 

by a plug flow flush is referred to as a sequence. Again, a sequence is comprised of CCD 

operation until the target recovery has been achieved, followed by plug-flow operation to 

discharge retentate. 

3.2 Selected High-Pressure Membranes 

Four commercial, high-pressure membranes were selected for PFAS rejection evaluation 

in the CCD pilot module. The NF70, NF90, BW30, and SW30 were selected based on their 

coverage of characteristic separation performance between loose NF and tight RO. All of the high-

pressure membranes utilized in this study were, full-size (8040), spiral wound elements, provided 

by DuPont Water Solutions (Wilmington, DE).  

A summary of relevant membrane characteristics is presented below in Table 3-1.  
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Table 3-1 Summary of Membrane Characteristics 

Parameter 
Membrane 

NF270-
400/34i 

NF90-
400/34i 

BW30XFR-400/34 
SW30XFR-

400/34 

Classification NF NF RO RO 
Manufacturer DuPont DuPont DuPont DuPont 

Active Layer  
Semi-

aromatic 
polyamide 

Aromatic 
polyamide 

Aromatic 
polyamide 

Aromatic 
polyamide 

Isoelectric Point 2.56a, <3b 3.43a, <4b <3c - 
Zeta Potential 
(mV) at pH=5.4 -40c -12c -4c - 

Average Pore 
Radius (nm) 

0.42d, 0.41d, 
0.44f 0.34d, 0.38f - - 

MWCO (g/mol) 340f, 200g 180f, 200h - - 
Pure Water 
Permeability 
(LMH/bar) 

14.0i, 17.1j 11.44j 3.5i 1.6k 

Membrane 
Active Area 
(ft2/element) 

400l 400l 400l 400l 

a. [42] 
b. [59] 
c. [60] 
d. [61] 
e. [50] 
f. [62] 
g. [63] 
h. [64] 
i. [65] 
j. [66] 
k. [67] 
l. Information supplied by manufacturer. 

 

3.3 Background Water Quality 

The feed water utilized for the CCD membrane experiments was obtained from Denver 

Water, the drinking water service provider at the Colorado School of Mines WE2ST Water 

Technology Hub facility. A summary of the background water quality is presented below in Table 

3-2. 
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Table 3-2 Summary of Background Water Quality Parameters 

Parameter Unit 
Average 

(n=8) 
Std 
Dev 

pH - 8.5 0.07 
Alkalinity mg/L as CaCO3 57 7 
TOC mg/L 2.96 0.74 
Fluoride mg/L 0.65 0.14 
Chloride mg/L 24.01 3.21 
Sulfate mg/L 88.23 13.72 
Barium mg/L 0.044 0.005 
Calcium mg/L 25.80 8.66 
Potassium mg/L 2.15 1.46 
Magnesium mg/L 5.64 1.24 
Sodium mg/L 20.40 2.64 

 

3.4 PFAS Rejection Experiments 

Prior to testing each membrane type, the membrane elements were loaded into a 4-meter 

pressure vessel. Limited quantities of glycerol were used to facilitate membrane loading. The 

membrane were installed and configured per the manufacturers specifications. Each membrane 

type was tested separately. Once the membranes had been loaded, the membranes were 

compacted under continuous operation for a minimum of 48 hours using dechlorinated tap water 

until normalized flux had stabilized. The operating conditions for membrane compaction were a 

flux of 12 gfd, feed flow of 10 gpm, retentate recirculation flow of 25 gpm, and a sequence recovery 

of 75% 

When the membranes were ready for testing, a fresh batch of approximately 1,700-gallons 

of feed water was prepared. The feed water was dechlorinated with sodium metabisulfite (dose 

of ~3 mg/L), pH adjusted with concentrated sulfuric acid (93.4%), and then spiked with a PFAS 

containing AFFF concentrate solution. Prior to testing, the feed tank was mixed with two 

recirculating pumps (aggregate flow ~80 gpm) for a minimum of 1 hour.  

Each membrane was tested for two consecutive sequences. During CCD and plug flow 

operations, an inline chemical dosing pump dosed the feed flow with a proprietary antiscalant 

solution (20% v/v) to a target dose of 1.6 mg/L. Following completion of each membrane 

experiment, the membrane elements were removed, soaked in a 1% w/w sodium metabisulfite 

solution, then sealed in plastic sheaths for storage. 

For Objective 1, the preliminary CCD PFAS rejection experiments for each membrane were 

conducted under identical operating conditions (e.g., flux, feed flow, retentate recirculation flow, 
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etc.). Attempts were made to maintain similar feed water conditions between experiments. 

However, based on the nature of the testing, minor variations in feed PFAS concentration, pH, or 

other background water quality parameters were observed but are not expected to have a 

significant impact on the membrane performance. A summary of the NF270 test conditions and 

the quantified PFAS feed water concentrations are presented in Table 3-3 and Table 3-4, 

respectively. Similarly, the water quality information for the NF90 experiment is presented in Table 

3-5 and Table 3-6, for the BW30 in Table 3-7 and Table 3-8, and for the SW30 in Table 3-9 and 

Table 3-10.  

For the experiments associated with Objective 2, the operating conditions for each 

experiment were conducted under identical operation conditions (e.g., flux, feed flow, retentate 

recirculation flow, etc.) to those completed for Objective 1. However, during the Objective 2 

related experiments, the background water quality of the feedwater was intentionally manipulated. 

The feedwater was dechlorinated with sodium metabisulfite (dose of ~3 mg/L), pH adjusted with 

concentrated sulfuric acid (93.4%) or concentrated solution of sodium hydroxide pellets pre-

dissolved in deionized water, sodium sulfate certified ACS grade anhydrous sodium sulfate, 

Fisher Chemical, Pittsburgh, PA) and calcium chloride (certified ACS grade calcium chloride 

dihydrate, Fisher Chemical, Pittsburgh, PA) were pre-dissolved in four gallons of deionized water 

prior to being added to the feedwater. The feedwater was spiked with a PFAS containing AFFF 

concentrate solution. Prior to testing, the feed tank was mixed with two recirculating pumps 

(aggregate flow ~80 gpm) for a minimum of 1 hour.  

Table 3-3 Summary of NF270 Test Conditions 

Membrane NF270 
Feed pH 6.4 
Feed Temperature (oF) 58.3 
Feed Conductivity (µS/cm) 336.53 
Feed TOC (mg/L) (n=2) 2.36 
Feed Flow, Qf (gpm) 10 
Retentate Recirculation Flow, Qr 

(gpm) 
25 

Permeate Flow, Qp (gpm) 10 
Flux (gfd) 12 
Target Recovery (%) 97 
Anti-Scalant Dose (ppm) 1.6 
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Table 3-4 Summary of NF270 experiment feed PFAS concentrations and analytical LOQs. 

 PFAS Analtye (n=6) 
PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 

Avg Feed 
(ng/L) 191 579 373 326 696 1056 3393 123 15311 

Std. Dev. 33 72 131 15 140 113 178 53 2327 
RSD (%) 17.1 12.4 35.2 4.5 20.2 10.7 5.2 43.2 15.2 
Permeate 
LOQa 1 1 5 1 20 1 1 2 10 

Feed LOQa 10 10 50 10 200 10 10 20 100 
Retentate 
LOQa 100 100 500 100 2000 100 100 200 1000 

a. LOQ presented in ng/L units and vary due to sample dilutions.  
 

Table 3-5 Summary of NF90 Test Conditions 

Membrane NF90 
Feed pH 6.14 
Feed Temperature (oF) 56.5 
Feed Conductivity (µS/cm) 340.32 
Feed TOC (mg/L) (n=2) 2.20 
Feed Flow, Qf (gpm) 10 
Retentate Recirculation Flow, Qr 

(gpm) 25 

Permeate Flow, Qp (gpm) 10 
Flux (gfd) 12 
Target Recovery (%) 97 
Anti-Scalant Dose (ppm) 1.6 

 

Table 3-6 Summary of NF90 experiment feed PFAS concentrations and analytical LOQs. 

 PFAS Analtye (n=6) 
PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 

Avg Feed 
(ng/L) 200 502 709 377 776 698 3656 308 19557 

Std. Dev. 42 41 30 9 19 20 148 16 1689 
RSD (%) 21.0 8.2 4.3 2.3 2.5 2.8 4.0 5.0 8.6 
Permeate 
LOQa 1 2 1 1 1 1 1 1 1 

Feed LOQa 10 20 10 10 10 10 10 10 10 
Retentate 
LOQa 100 200 100 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions. 
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Table 3-7 Summary of BW30 Test Conditions 

Membrane BW30 
Feed pH 6.00 
Feed Temperature (oF) 65.6 
Feed Conductivity (µS/cm) 274.84 
Feed TOC (mg/L) (n=2) 3.60 
Feed Flow, Qf (gpm) 10 
Retentate Recirculation Flow, Qr 

(gpm) 25 

Permeate Flow, Qp (gpm) 10 
Flux (gfd) 12 
Target Recovery (%) 97 
Anti-Scalant Dose (ppm) 1.6 

 

Table 3-8 Summary of BW30 experiment feed PFAS concentrations and analytical LOQs 

 PFAS Analtye (n=6) 
PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 

Avg Feed 
(ng/L) 227 592 590 344 749 733 3846 523 19985 

Std. Dev. 36 47 39 21 47 47 262 38 1691 
RSD (%) 16.0 7.9 6.5 6.2 6.2 6.4 6.8 7.2 8.5 
Permeate 
LOQa 1 2 1 1 1 1 1 1 1 

Feed LOQa 10 20 10 10 10 10 10 10 10 
Retentate 
LOQa 100 200 100 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  

 

Table 3-9 Summary of SW30 Test Conditions 

Membrane SW30 
Feed pH 5.85 
Feed Temperature (oF) 74.0 
Feed Conductivity (µS/cm) 242.02 
Feed TOC (mg/L) (n=2) 3.66 
Feed Flow, Qf (gpm) 10 
Retentate Recirculation Flow, Qr 

(gpm) 25 

Permeate Flow, Qp (gpm) 10 
Flux (gfd) 12 
Target Recovery (%) 97 
Anti-Scalant Dose (ppm) 1.6 
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Table 3-10 Summary of SW30 experiment feed PFAS concentrations and analytical LOQs. 
 

PFAS Analtye (n=6) 
PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 

Avg Feed 
(ng/L) 186 800 685 350 876 810 4081 425 19193 

Std. Dev. 37 101 40 47 166 92 525 56 3409 
RSD (%) 20.1 12.7 5.8 13.5 18.9 11.3 12.9 13.2 17.8 
Permeate 
LOQa 5 10 2 1 1 1 1 1 2 

Feed LOQa 50 100 20 10 10 10 10 10 20 
Retentate 
LOQa 500 1000 200 100 100 100 100 100 200 

a. LOQ presented in ng/L units and vary due to sample dilutions.  

 

Table 3-11 Summary of NF270 EXP2 experiment feed PFAS concentrations and analytical 
LOQs. 

 
PFAS Analtye (n=2) 

PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
Avg Feed 
(ng/L) 279 638 794 365 798 881 4267 474 27322 

Std. Dev. 39 31 62 25 34 90 219 15 2870 
RSD (%) 13.8 4.8 7.9 6.9 4.3 10.2 5.1 3.1 10.5 
Permeate 
LOQa 1 5 2 1 1 1 1 1 1 

Feed LOQa 10 50 20 10 10 10 10 10 10 
Retentate 
LOQa 100 500 200 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  

 

Table 3-12 Summary of NF270 EXP3 experiment feed PFAS concentrations and analytical 
LOQs. 

 
PFAS Analtye (n=2) 

PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
Avg Feed 
(ng/L) 235 599 696 299 708 712 3797 461 25224 

Std. Dev. 26 3 14 2 8 2 67 0 75 
RSD (%) 11.0 0.5 2.1 0.8 1.1 0.2 1.8 0.0 0.3 
Permeate 
LOQa 1 5 2 1 1 1 1 1 1 

Feed LOQa 10 50 20 10 10 10 10 10 10 
Retentate 
LOQa 100 500 200 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  
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Table 3-13 Summary of NF270 EXP4 experiment feed PFAS concentrations and analytical 
LOQs. 

 
PFAS Analtye (n=2) 

PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
Avg Feed 
(ng/L) 399 748 703 332 853 810 4120 462 19015 

Std. Dev. 186 144 23 12 40 18 128 41 1010 
RSD (%) 46.7 19.2 3.2 3.6 4.7 2.3 3.1 8.8 5.3 
Permeate 
LOQa 1 5 2 1 1 1 1 1 1 

Feed LOQa 10 50 20 10 10 10 10 10 10 
Retentate 
LOQa 100 500 200 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  

 

Table 3-14 Summary of NF270 EXP5 experiment feed PFAS concentrations and analytical 
LOQs. 

 
PFAS Analtye (n=2) 

PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
Avg Feed 
(ng/L) 304 681 686 295 700 722 3746 477 20436 

Std. Dev. 33 99 38 1 7 22 35 79 6803 
RSD (%) 11.0 14.5 5.6 0.4 0.9 3.1 0.9 16.7 33.3 
Permeate 
LOQa 1 5 2 1 1 1 1 1 1 

Feed LOQa 10 50 20 10 10 10 10 10 10 
Retentate 
LOQa 100 500 200 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  

 

Table 3-15 Summary of NF270 EXP6 experiment feed PFAS concentrations and analytical 
LOQs. 

 
PFAS Analtye (n=2) 

PFPeA PFHxA PFOA PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
Avg Feed 
(ng/L) 51 111 67 42 100 101 544 45 2129 

Std. Dev. 20 3 2 1 3 1 6 0 40 
RSD (%) 38.6 2.7 3.1 3.4 3.5 1.4 1.1 0.8 1.9 
Permeate 
LOQa 1 5 2 1 1 1 1 1 1 

Feed LOQa 10 50 20 10 10 10 10 10 10 
Retentate 
LOQa 100 500 200 100 100 100 100 100 100 

a. LOQ presented in ng/L units and vary due to sample dilutions.  
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3.5 PFAS Analysis 

Samples were collected for analysis in 15 mL polypropylene centrifuge tubes (Falcon; 

Corning, NY). Samples were analyzed for targeted PFAS using liquid chromatography quadrupole 

time-of-flight mass spectrometry (LC-QToF-MS). PFASs were measured on a SCIEX X500R 

QTOF-MS system (Framingham, MA) using electrospray ionization in negative mode (ESI-) with 

SWATH® Data-Independent Acquisition for both TOFMS and MS/MS mode. Target analytes 

were identified based on retention time and mass compared to analytical standards, and 

quantified using calibration standards ranging from 0.074 ng/L to 7.4 μg/L, with the majority of 

analytes having a minimum limit of quantitation (LOQ) between 0.074 ng/L and 7.4 ng/L. The 

LOQs for quantified PFAS in the feed, permeate, and retentate samples for each experiment are 

summarized in Table 3-4, Table 3-6, Table 3-8, Table 3-10, Table 3-11, Table 3-12, Table 3-13, 

Table 3-14, and Table 3-15. The analytical column used was a Phenomenex (Torrance, CA) 

Gemini C18, 5 μm, 100 mm x 3 mm.  

Targeted analysis of nine PFAS compounds was accomplished with authentic reference 

standards. Precursor ion data was collected for m/z 100-1200 for 1283 cycles with a total scan 

time of 842 ms and accumulation time of 20 ms, with ion spray voltage set at –4500 V and 

temperature set to 550 °C. The ion source, curtain, and collision (CAD) gas were set to 60 psi, 35 

psi, and 10 psi, respectively. The collision energy was set to –5 V and the declustering potential 

to –20 V, both with no spread. Product ion (MS/MS) scanning was conducted for m/z 50-1200 

Da. The accumulation time for each SWATH window was 50 ms and collision energy was –35 V 

with 30 V spread. The instrument was mass calibrated every 5 injections using SCIEX ESI 

Negative Calibration Solution. 

3.6 Water Quality Analysis 

Source water quality was characterized by total organic carbon (TOC), anions, cations, and 

metals. TOC was measured using a carbon analyzer (Shimadzu ion TOC-L, Columbia, MD). 

Anions were measured using ion chromatography (IC; ICS-900, Dionex, Sunnyvale, Ca), while 

cations/metals were analyzed using inductively coupled plasma optical emission spectroscopy 

(ICPOES; optima 5300 DV, PerkinElmer, Fremont, CA). 

3.7 Closed Circuit Desalination Calculations 

As previously stated, the semi-batch, continuous flow CCD configuration for high-pressure 

membrane treatment is a relatively recent technological development and, as a result, has not 

been widely studied or adopted in practice. Therefore, defining the nomenclature for how the 

membranes will be evaluated in CCD configuration is necessary.  
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In traditional membrane science, the two most common types of quantifying rejection are 

referred to as observed rejection (Robs) and intrinsic rejection (Rint). Traditionally, observed 

rejection refers to what can be measured analytically by sampling the feed and permeate and 

calculating the rejection of the solute of interest by the membrane. In the prevailing context, 

intrinsic rejection refers to a rejection calculation that attempts to account for the effect of 

concentration polarization at the membrane surface [68]. Simply, concentration polarization is the 

accumulation of solutes at the membrane surface at higher concentrations relative to the bulk 

solution. There are several mechanisms that can contribute to concentration polarization, but 

accounting for the effect attempts to provide a more accurate representation of the rejection 

performance of the membrane by accounting for the elevated concentration at the membrane 

surface not characterized in a bulk feed sample.  

For the purposes of this study, the definition of observed rejection will effectively remain the 

same, however, the technical definition of intrinsic rejection will be redefined. Moving forward, in 

the context of this study, intrinsic rejection will instead refer rejection calculated during CCD 

operation using a mass weighted feed solution, comprised of some part fresh feed and some part 

retentate. As previously stated, the flux and retentate recirculation rate were held constant across 

the membrane evaluation experiments. Therefore, the feed and retentate mass weights were 

fixed during CCD operation. The feed flow weight was calculated as a function of the feed flow to 

the total combined flow at the pressure vessel entrance during CCD operation: 𝐹𝑒𝑒𝑑 𝐹𝑙𝑜𝑤 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐹𝑙𝑜𝑤 =  10 𝑔𝑝𝑚 35 𝑔𝑝𝑚 = 0.2857⁄⁄ . Similarly, the retentate flow 

weight was calculated as: 𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝐹𝑙𝑜𝑤 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐹𝑙𝑜𝑤 =  25 𝑔𝑝𝑚 35 𝑔𝑝𝑚 = 0.7143⁄⁄ . 

The generic observed and intrinsic rejection equations used in the evaluation of the high-pressure 

membranes in this study are provided below as Equation 3-1 and Equation 3-2, where i = a 

recovery monitoring point, 𝐶𝑝,𝑖  = the solute permeate concentration at recovery i,  𝐶𝑓̅̅ ̅ = the average 

feed concentration of the solute, and 𝐶𝑟,𝑖 = the solute retentate concentration at recovery i.  

 
 𝑅𝑜𝑏𝑠 = 1 − (𝐶𝑝,𝑖𝐶𝑓̅̅ ̅ ) 

 

(3-1) 

 
 
 𝑅𝑖𝑛𝑡 = 1 − ( 𝐶𝑝𝑒𝑟𝑚,𝑖[(𝐶𝑓̅̅ ̅ ∗ 0.2857 ) + (𝐶𝑟,𝑖 ∗ 0.7143)]) 

 

(3-2) 
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Similar in its uniqueness, the semi-batch, continuous flow nature of the CCD system 

utilized for this study involves a slightly different approach to calculating recovery. Recovery (Y) 

is generally defined as the percentage of feedwater that permeates the membrane and emerges 

as treated water. In a simple single pass membrane application, system recovery is calculated by 𝑌 =  𝑄𝑝 𝑄𝑓⁄ , where Qp = permeate flow rate and Qf = feed flow rate.  

However, because the CCD system operates as a semi-batch process, that only 

periodically discharges retentate, it is more useful to think of recovery in term of total volumes 

versus instantaneous flow rates. Equation 3-3 and Equation 3-4 establish the system of equations 

that can be substituted to generate Equation 3-5, where Vp = total volume of permeate, Vf = total 

volume of feedwater, and Vr = total volume of retentate.  

 
 𝑌 =  𝑉𝑝𝑉𝑓 

 

(3-3) 

 
 
 𝑉𝑓 =  𝑉𝑝 +  𝑉𝑟  

 
(3-4) 

 
 
 𝑌 =  𝑉𝑝𝑉𝑝 +  𝑉𝑟 

 

(3-5) 

 
 

In the CCD system utilized in this study, the operator specifies the desired recovery, fixing the 

value of Y for a given sequence. Additionally, the value of Vr is fixed based on the dead volume 

of the feed-retentate side of the system. Therefore, Equation 3-5 can be solved for Vp, the total 

volume of permeate that must be generated in each sequence before the desired recovery has 

been achieved and the fixed volume of retentate can be discharged.  
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RESULTS AND DISCUSSION 

 

4.1 Objective 1: CCD Membrane Evaluation 

The purpose of Objective 1 of this study was to investigate the PFAA rejection performance 

of four commercially available high-pressure membranes (NF270, NF90, BW30, and SW30) 

operating in CCD configuration at 97% recovery. The membranes selected for evaluation 

spanned the characteristics separation ranges of NF and RO treatment. A summary table of the 

selected membrane’s characteristics is provided in Table 3-1.  

Each membrane’s basic operating performance was characterized prior to assessing the 

PFAA rejection performance to ensure the membranes were operating within anticipated ranges 

and per the manufacturer’s specifications for feed pressure, TCSF, TOC rejection, and 

conductivity rejection. During the experiments, operating parameters were logged to data cloud, 

and general water quality samples were collected to evaluate membrane integrity and operating 

stability. 

Following the analysis of each membrane’s performance, the membranes were compared 

based on the final calculated PFAA rejection and estimated specific energy consumption modeled 

using DuPont’s ROSA Membrane Projection Software.  

4.1.1 Nanofiltration Membrane: NF270 

The NF270 membrane has been a popular membrane for high-pressure membrane PFAS 

treatment research based on its low driving pressure requirements (i.e., high permeability) and 

ideal MWCO for PFAS selectivity versus potential foulants. The NF270 membrane experiment 

was performed using the CCD system according to the conditions outlined in Section 3.4.  

The following subsections describe the operating and PFAA rejection performance of the 

NF270 membrane.  

 NF270 Operating Analysis 

During the NF270 experiment, several operating parameters were recorded to assess 

general membrane performance. Feed and retentate pressures, TCSF, and calculated TOC and 

conductivity rejection are presented below for Sequence 1 and Sequence 2. Establishing the 

membranes operating integrity is critical to substantiating the PFAA rejection performance by the 

NF270.  
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In order to maintain constant flux, the VFD pumps on the pilot module must incrementally 

increase the pressure over the course of CCD operation to overcome the increasing osmotic 

pressure. The osmotic pressure within the closed-circuit portion of the system increases during 

CCD because there is no discharge of retentate until the target recovery has been achieved. 

Therefore, retained ions accumulate in the closed-circuit portion of the system during CCD, 

however this effect is partially mitigated by the mixing of the retentate with fresh feed water. The 

main consequence of this system characteristic is an increase in net-driving pressure required to 

maintain constant permeate flux (12 gfd) in these experiments. However, as discussed in Section 

4.1, the CCD configuration maintains a higher degree of energy efficiency by preserving the 

majority of the retentate pressure energy in the closed-circuit portion of the system.  

For example, during each sequence of the NF270 experiment, the PV feed pressure 

increased from approximately 38 to 56 psi (Figure 4-1). Correspondingly, the retentate pressure 

increased from approximately 24 to 41 psi (Figure 4-1). The pressure loss across the PV was 

approximately 14 psi for the duration of the CCD operations.  

To evaluate the permeability of the membrane, and to evaluate potential membrane 

fouling and scaling during CCD operation, operating parameters such as temperature, permeate 

flux, and net-driving pressure were transformed into temperature corrected specific flux (TCSF). 

A membrane not experiencing fouling is expected to exhibit a stable TCSF, while membranes that 

are experiencing fouling will exhibit a decreasing TCSF between sequences. If present, the 

degree to which the fouling is reversible by the plug flow flush between sequences will be realized 

in the return of the TCSF to pre-CCD conditions. The TCSF during the NF270 experiments CCD 

operations (Sequence 1 and Sequence 2) are presented in Figure 4-2 and remained relatively 

constant at 0.28 gfd/psi. 
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Figure 4-1 NF270 pressure vessel feed pressure (black circles) and retentate pressure (gray 
circles) measured over the two-sequence experiment. 

 

 

Figure 4-2 TCSF (black circles) as a function of time for the NF270 membrane experiment. 

 

Examining Figure 4-1, the PV feed pressure returned to baseline conditions at the end of 

Sequence 1 and the beginning of Sequence 2. The transition between Sequence 1 and Sequence 

2 has been demarcated on Figure 4-1 at approximately 68 minutes of run time. Figure 4-2 
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establishes that the TCSF was stable over the duration of the experiment. Therefore, it can be 

concluded that the NF270 membrane did not experience significant fouling over the test period.  

The NF270 performance during the test period may also be assessed by the analyzing 

the rejection of common solutes. The observed rejection and intrinsic rejection for total organic 

carbon (TOC) was calculated at five recovery setpoints (80%, 90%, 94%, 96%, and 97%) and are 

presented below in Figure 4-3.  

 

 

Figure 4-3 Average observed and intrinsic TOC rejection (black circles) by NF270 as a function 
of recovery. The terminal ends of the error bars represent the calculated rejections for each 
sequence. The rejection type corresponding to each graph is identified along the right side of the 
figure. A second order polynomial regression line (light gray dashed) has been added for visual 
aid in identifying trends, the regression does not represent a predictive model. 

 

The average observed TOC rejection exhibited a slightly decreasing trend with increasing 

recover ranging from 65.6% to 61.2% between 80% and 97% recovery. Alternatively, the average 

intrinsic TOC rejection exhibited an increasing trend ranging between 88.6% and 97.9% during 

the same monitoring period. The divergent rejection trends may be indicative of the primary 

rejection mechanisms of TOC present in the water matrix. As described in common membrane 

solution-diffusion models, the observed rejection of partially rejected solutes is anticipated to 

decrease during CCD operation as the concentration of the solute on the feed-retentate side of 

the membrane increases with time [44]. This effect is mathematically expressed by Fick’s law of 

diffusion (Equation 4-1), where 𝐽 = flux in units of mass per unit area per time, 𝐷𝑖 = diffusion 
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coefficient for solute, 𝑖 in units of area per time, and 𝑑𝐶𝑖 𝑑𝑥⁄  = the concentration gradient of solute, 𝑖.  
 𝐽 = −𝐷𝑖  𝑑𝐶𝑖𝑑𝑥  

 

(4-1) 

 
 

Given the diversity of dissolved organic carbon species, it is possible that the divergent 

rejection trends are a function of the TOC speciation. If a fraction of the TOC is more suited for 

diffusive or advective transport across the membrane, the more readily retained portion would 

concentrate on the feed-retentate side of the membrane during CCD operation and potentially be 

responsible for the rejection behavior. Additional characterization of the TOC fractions in the 

permeate and retentate would be required to assess the rejection of TOC more accurately. 

Conductivity (µS/cm) rejection (Figure 4-4) is a common monitoring parameter for assessing 

membrane performance [69]. 

 

 

Figure 4-4 Observed (gray circles) and intrinsic (black circles) conductivity rejection versus 
recovery. Calculated rejection values are displayed independently for each sequence. 

 

Similar observations are made regarding the divergent trends of the observed and intrinsic 

conductivity rejections during the CCD monitoring period. While conductivity measurements are 

a bulk parameter, incorporating many aspects of background water chemistry, the divergent 

trends in the conductivity rejections are likely related to the accumulation of less mobile (i.e., 

multivalent) ions on the feed-retentate side of the membrane during CCD. In the absence of a 
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more detailed ion analysis of the feed, permeate, and retentate, it is difficult to speculate regarding 

the primary mechanisms underlying conductivity rejection performance.  

The manufacturer reports stabilized NF270 salt rejections for sodium chloride (80%), 

calcium chloride (50%), and magnesium sulfate (99.3%) when operated at 18 gfd [69]. 

Furthermore, the NF270 rejections were comparable to a previous study that reported conductivity 

rejection of 47.9% at 70% recovery and 43.3% at 85% recovery with a feed pressure of 43.5 psi 

[70]. Considering the background ion concentrations, the NF270 conductivity rejection was within 

the anticipated range during the test period. 

In summary, based on the performance data collected during the NF270 test period, the 

NF270 was operating within the manufacturer’s specifications, in general accordance with the 

anticipated performance of a loose NF membrane. Additionally, measurable fouling was not 

observed during the NF270 experiment. Should the membrane have been operating outside of 

anticipated performance ranges or manufacturers specification, where applicable, the PFAA 

rejection data would have to be discounted pending a more thorough autopsy of the membranes. 

However, having validated the standard operating parameters of the NF270 membranes used in 

this experiment, it is now possible to perform an equitable assessment of the NF270 membranes 

PFAA rejection performance.  

 NF270 PFAS Rejection Performance 

The NF270 was evaluated for PFAS rejection performance by collecting simultaneous 

samples from the retentate and permeate lines at sequence matched recovery set points: 75%, 

85%, 90%, 92%, 94%, 95%, 96%, and 97%. Similarly, feed samples were collected at sequence 

matched recovery set points: 75%, 90%, and 95%.  

Table 4-4 presents the average feed concentration of the selected PFAS quantified in the 

NF270 experiment. Because an authentic AFFF concentrate solution was used to introduce PFAS 

compounds into the feed water, the feed concentrations of the PFAS homologues vary by orders 

of magnitude. For the purposes of this study PFAS analytes were limited to PFAAs and those 

present at high enough concentrations in the feed to reasonably quantify in the permeate. Typical 

of the AFFF utilized, the PFSAs are generally present at higher concentrations relative to the 

PFCA of corresponding chain length and the PFOS concentration dominates the distribution of 

PFAA concentrations by an order of magnitude.  

Observed (Figure 4-5 and Figure 4-7) and intrinsic (Figure 4-6 and Figure 4-8) rejections 

were calculated for the quantified PFAAs by Equation 4-1 and Equation 4-2 at each recovery set 

point during Sequence 1 and Sequence 2. Within the monitoring period, average PFCA observed 
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rejections generally exhibited a negative trend as a function of recovery and ranged between 

98.8% and 57.4% for PFPeA, 98.0% and 72.9% for PFHxA, and 92.8% and 82.6% for PFOA. 

Average intrinsic rejections for the quantified PFCAs were relatively stable during the monitoring 

period ranging between 96.0% and 98.0% for PFPeA, 99.4% and 98.5% for PFHxA, and 96.5% 

and 99.8% for PFOA.  

Interestingly, the larger PFOA molecule (414 g/mol) had a lower observed rejection 

compared to the smaller PFHxA (314 g/mol) and PFPeA (264 g/mol) molecules at 75% recovery. 

This phenomenon may be related to uncertainty in the data, particularly at the 75% and 80% 

recovery points. However, the relative magnitude of the decrease in rejection as a function 

recovery was inversely correlated to PFCA chain length. At 97% recovery, the average observed 

rejection for the PFCAs was directly related to chain length: PFOA>PFHxA>PFPeA. The chain 

length dependence of observed rejection as a function of recovery is reinforced by classic 

molecular diffusion models. Many equations derived to estimate the diffusivity of a molecule rely 

on a proportionality to the molecules weight or size. Therefore, shorter chain length PFCAs would 

be expected to have increased diffusivity, higher flux across the same concentration gradient, and 

lower rejection as a result.  

Finally, the relatively stable intrinsic rejection values for the quantified PFCAs suggest that 

the accumulation of PFAS and other background water quality constituents during CCD operation 

had little impact on the rejection of PFCAs by the NF270 during this study.  

Like the PFCAs, the average observed rejections of PFSAs during the monitoring period 

generally exhibited a marked negative trend as a function of recovery except for PFOS. The 

average observed rejections ranged between 88.8% and 2.4% for PFPrS, 92.9% and 30.0% for 

PFBS, 96.0% and 62.1% for PFPeS, 84.7% and 59.7% for PFHxS, 75.5% and 64.2% for PFHpS, 

and 76.6% and 69.8% for PFOS. A similar chain length dependence is observed for the PFSAs 

with regards to the magnitude of the decrease in rejection during the monitoring period. At 97% 

rejection, the average observed rejection was directly related to chain length: 

PFOS>PFHpS>PFHxS>PFPeS>PFBS>PFPrS.  
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Figure 4-5 Average observed rejection (black circles) of quantified PFCAs by the NF270 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFCA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 

 

 

Figure 4-6 Average intrinsic rejection (black circles) of quantified PFCAs by the NF270 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFCA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-7 Average observed rejection (black circles) of quantified PFSAs by the NF270 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been 
added for visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-8 Average intrinsic rejection (black circles) of quantified PFSAs by the NF270 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

Moreover, at 75% recovery, the average observed rejection of PFOS (76.6%) is decidedly 

lower than shorter chain homologues PFPeS (96.0%), PFBS (92.9%), and PFPrS (88.8%). 

Considering the significant differences in molecular weight between the PFSAs, this observation 



39 
 

may, in part, be explained by the differences in the hydrophobicity of the compounds and their 

propensity to accumulate at the membrane surface. Examining Equation 4-1, molecular flux is a 

function of the aqueous diffusivity of the molecule and the applied concentration gradient (driving 

force). Schaefer et al. recently reported aqueous diffusivities for PFBS (1.1E-5 cm2/s) and PFOS 

(0.54E-5 cm2/s) [71]. The PFSA aqueous diffusivities are expected to differ from the diffusivities 

across the membrane, however, estimates of PFAS diffusivities across the NF270 are not 

available. Higgins et al. has reported a general chain length dependence of PFAS Koc values, 

indicating that longer chain PFAS are more hydrophobic and likely to interact with the solid phase 

[72]. Considering the increased hydrophobicity of PFOS relative to PFPeS, PFBS, and PFPrS, in 

addition to the significantly higher concentration of PFOS in the feed water, it is anticipated that 

PFOS is more likely to accumulate at the membrane surface. Additionally, chain length dependent 

sorption of PFAS to membrane materials has been well documented in high-pressure membrane 

applications [36,43,51,73]. Assuming that the transport of the PFSAs across the NF270 is 

diffusion limited, it is possible that magnitude of the concentration gradient across the membrane 

due to membrane-solute specific interactions overcame the differences in aqueous diffusivities. 

The relatively stable observed rejection for PFOS during the monitoring period is 

interesting because it suggests a dynamic rejection relationship with recovery. In other words, the 

NF270s PFOS rejection performance increases as a function of increasing PFOS concentration. 

This effect is realized on Figure 4-9, as the average intrinsic rejection of PFOS increases from 

88.7% to 98.2% during the monitoring period. It has been reported that the critical micelle 

concentration (CMC) for PFAS is primarily related to chain length and functional group, with longer 

chain length PFAS generally exhibiting lower CMCs. PFOS is reported to have an approximate 

CMC of 4573 mg/L but surfactants have been observed to form hemi-micelles in the range of 0.01 

to 0.001 of the CMC (45.73 mg/L to 4.57 mg/L) [74,75]. The average PFOS concentration in the 

retentate at 97% recovery was 0.33 ± 0.01 mg/L, making the formation of hemi-micelles unlikely. 

However, it is possible that PFOS complexes formed with counter ions, steric hindrance due to 

solute accumulation at the membrane surface, and other factors influenced PFOS rejection as a 

function of recovery. The role of these mechanisms in PFOS rejection by the NF270 is further 

investigated in Section 5.3 of this study.  

Juxtaposing the PFOS intrinsic rejection behavior, the quantified short chain PFSAs 

(PFPeS, PFBS, PFPrS) exhibited a negative correlation with rejection, the magnitude of the 

rejection delta (the difference in solute rejection between the highest and lowest rejection 

calculated during the monitoring period) was chain length dependent. This behavior is also 

indicative of a dynamic rejection as a function of recovery relationship. The observed trend 



40 
 

suggests that short chain PFSA rejection is negatively impacted by the accumulation of other 

PFAS solute, dissolved ions, or other aqueous species during CCD operation. The role of these 

mechanisms in short chain PFSA rejection by the NF270 is further investigated in Section 5.3 of 

this study. 

4.1.2 Nanofiltration Membrane: NF90 

Similar to the NF270, the NF90 membrane has been the subject of several publications’ 

investigating the efficacy of high-pressure membrane PFAS separation. Relative to the NF270, 

the NF90 is considered a tight nanofilter based on its characteristic increase in rejection of 

monovalent ions. Uniformly, the literature has characterized the NF90 to have a lower MWCO 

relative to the NF270, a smaller average pore radius, but a less dense negative surface charge 

at environmentally relevant pH conditions (Table 4-1).  

Additionally, the NF90 has an active layer surface that is considerably rougher, with more 

pronounced topography at the micron scale, when compared to the NF270 [60]. The differences 

in surface roughness between the NF270 and the NF90 are directly related to the polymer 

chemistries that underpin their construction, however the roughness of the NF90 is often 

implicated in the membrane’s propensity to foul. The surface roughness provides additional 

surface area and the development of a more favorable film layer for foulants to adhere. The NF90 

membrane experiment was performed using the CCD system according to the conditions outlined 

in Section 4.4.  

The following subsections describe the operating and PFAA rejection performance of the 

NF90 membrane.  

 NF90 Operating Analysis 

Like the NF270 experiment, during the NF90 experiment, several operating parameters 

were recorded to assess general membrane performance. 

During each sequence, the PV feed pressure increased from approximately 57 to 91 psi 

(Figure 4-9). Correspondingly, the retentate pressure increased from approximately 42 to 75 psi 

(Figure 4-9). The pressure loss across the PV was approximately 15 psi for the duration of the 

CCD operations.  

During Sequence 1 the TCSF decreased from 0.163 to 0.137 gfd/psi (16.0% decrease) 

and during Sequence 2 from 0.172 to 0.142 gfd/psi (17.4% decrease) (Figure 4-10). The observed 

decrease in TCSF during CCD operation is indicative of membrane fouling, however, following 

the plug-flow discharge of the retentate at the end of Sequence 1, the TCSF returned to a pre-

fouling condition. These results suggest that the fouling that occurred during Sequence 1 was 
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reversible fouling. Specifically, the fouling appears to have been reversed by the hydrodynamic 

shearing during the plug-flow operation at the end of Sequence 1. The plug-flow operational 

subroutine at the end of each sequence is designed to operate at a low pressure and high cross 

flow velocity to mitigate membrane surface fouling that occurs during CCD operation. Based on 

the data available, it appears that the plug-flow operation was successful in reversing the fouling, 

however longer-term study is warranted to assess the impact of continued operation on fouling 

and fouling reversal.  

 

 

Figure 4-9 NF90 pressure vessel feed pressure (black circles) and retentate pressure (gray 
circles) measured over the two-sequence experiment. 

 

Figure 4-10 TCSF (black circles) as a function of time for the NF90 membrane experiment. 
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The NF90 performance during the test period may also be assessed by the analyzing the 

rejection of common solutes. The observed rejection and intrinsic rejection for total organic carbon 

(TOC) was calculated at five recovery setpoints (80%, 90%, 94%, 96%, and 97%) and are 

presented below in Figure 4-11.  

 

 

Figure 4-11 Average observed and intrinsic TOC rejection (black circles) by NF90 as a function 
of recovery. The terminal ends of the error bars represent the calculated rejections for each 
sequence. The rejection type corresponding to each graph is identified along the right side of the 
figure. A second order polynomial regression line (light gray dashed) has been added for visual 
aid in identifying trends, the regression does not represent a predictive model. 

 

The average observed TOC rejection exhibited a decreasing trend ranging from 76.4% to 

65.4% between 80% and 97% recovery. Alternatively, the average intrinsic TOC rejection 

exhibited an increasing trend ranging between 92.2% and 98.0% during the same monitoring 

period. The divergent rejection trends may be indicative of the primary rejection mechanisms of 

TOC present in the water matrix by the NF90.  

Unlike the NF270 experiment, the NF90 membrane exhibited evidence of fouling during 

CCD operation. While the observed fouling is hypothesized to be reversible by hydrodynamic 

shearing, fouling cannot be eliminated as a factor impacting TOC rejection. Given the nature of 

the experimental source water, finished drinking water, the majority of the TOC fraction is 
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assumed to be dissolved. A previous study reported that TOC rejection by the NF90 increased 

from 90.6% to 93.2% after the membrane had been fouled with TOC during constant feed 

pressure experiments [76]. The researchers noted significant normalized flux decline, likely 

associated with the formation of a cake-layer at the membrane surface that increased TOC 

rejection by enhancing the sieving effect but decreased the water permeability [76]. However, 

considering the similarities of the source water to the NF270 experiment and the comparable 

trends in observed an intrinsic TOC rejection, it is unlikely that TOC rejection by the NF90 was 

significantly impacted by fouling. Furthermore, if TOC adsorption was the primary foulant, a more 

pronounced increase in intrinsic rejection and a stable or increasing observed rejection would be 

expected based on the findings of the previous study.  

Therefore, similar to the NF270 experiment, it is hypothesized that the increase in intrinsic 

TOC rejection as a function of recovery is an artifact of the accumulation of less mobile TOC on 

the feed-retentate side of the membrane during CCD operation. Additional characterization of the 

TOC fractions in the permeate and retentate would be required to assess the rejection of TOC 

more accurately. 

 

 

Figure 4-12 Observed (gray circles) and intrinsic (black circles) conductivity rejection versus 
recovery. Calculated rejection values are displayed independently for each sequence. 

 

Calculated observed and intrinsic conductivity rejection values are presented in Figure 4-

12. Observed conductivity rejection generally decreased as a function of recovery ranging 

between 95.8% and 79.2% during CCD operation. Intrinsic conductivity rejection remained 
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relatively stable, with a slight increasing trend ranging between 97.0% and 98.3% during CCD 

operation.  

The manufacturer reports a stabilized NF90 salt rejection 98.7% for a 2,000 mg/L 

magnesium sulfate solution operating at 70 psi and 15% recovery. A previously published study 

investigating salt rejection by the NF90 reported 93% calcium chloride rejection, 92% sodium 

chloride rejection, and 93% sodium sulfate rejection in dead-end configuration experiments 

operating at high pressure (290 psi) and high flux (50 LMH) [64]. Based on the feed water quality, 

the NF90 conductivity rejection was within the anticipated range during the test period.  

In summary, based on the performance data collected during the NF90test period, the 

NF90 was operating within the manufacturer’s specifications, in general accordance with the 

anticipated performance of a tight NF membrane. Although measurable fouling was observed 

during the NF90 experiment, the fouling appeared to be hydrodynamically reversible by the plug 

flow flush. Additional investigation is recommended to assess the potential for the observed 

fouling to impact long-term performance of the NF90. Having validated the standard operating 

parameters of the NF90 membranes used in this experiment, it is now possible to perform an 

equitable assessment of the NF90 membranes PFAA rejection performance.  

 NF90 PFAS Rejection Performance 

The NF90 was evaluated for PFAS rejection performance by collecting simultaneous 

samples from the retentate and permeate streams at sequence matched recovery set points: 

75%, 85%, 90%, 92%, 94%, 95%, 96%, and 97%. Similarly, feed samples were collected at 

sequence matched recovery set points: 75%, 90%, and 95%.  

Table 4-6 presents the average feed concentration of the selected PFAS quantified in the 

NF90 experiment. Similar concentration proportions are observed for the PFAS homologues 

when compared to the NF270 experiment, indicating that the AFFF concentrate solution is 

homogeneous. 

Observed (Figure 4-13 and Figure 4-15) and intrinsic (Figure 4-14 and Figure 4-16) 

rejections were calculated for the quantified PFAAs by Equation 4-1 and Equation 4-2 at each 

recovery set point during Sequence 1 and Sequence 2. Within the monitoring period, average 

PFCA observed rejections generally exhibited a stable trend as a function of recovery. Calculated 

average PFCA observed rejection was 100% for PFPeA, ranged between 100% and 99.66% for 

PFHxA, and 100% and 99.65% for PFOA. Average intrinsic rejections for the quantified PFCAs 

were observed to be stable during the monitoring period maintaining 100% for PFPeA, ranging 

between 100% and 99.98% for PFHxA, and 100% and 99.92% for PFOA.  
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In general, the quantified PFCAs were well rejected by the NF90 membrane, with 

diminished performance limited to the extreme end of the investigated recovery range, 

approaching 97%. The stable observed PFCA rejections suggest a behavior similar to that 

exhibited by PFOS during the NF270 experiment, where the membrane rejection performance 

increased as a function of recovery and feed-retentate PFCA concentration. Refer to the stable 

average observed rejection and increasing intrinsic rejection for PFOS by the NF270 on Figure 

4-7 and Figure 4-8, respectively. This hypothesis was difficult to evaluate during this study given 

the inherent uncertainties of PFAS quantification and the associated decrease in rejection 

resolution approaching 100% rejection. Considering the stable observed and intrinsic rejections 

of the quantified PFCAs, the accumulation of PFAS and other background water quality 

constituents during CCD operation did not significantly impact the rejection of PFCAs by the NF90 

during this study.  

 

Figure 4-13 Average observed rejection (black circles) of quantified PFCAs by the NF90 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFCA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-14 Average intrinsic rejection (black circles) of quantified PFCAs by the NF90 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFCA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

The average observed rejections of PFSAs by the NF90 during the monitoring period 

generally exhibited a slight negative trend as a function of recovery except for PFOS. The average 

observed rejections ranged between 99.8% and 98.6% for PFPrS, 99.9% and 98.9% for PFBS, 

99.9% and 99.2% for PFPeS, 99.8% and 99.4% for PFHxS, 99.8% and 99.7% for PFHpS. The 

average observed rejection of PFOS was stable at 99.9% during the monitoring period. A chain 

length dependence is observed for the PFSAs with regards to the magnitude of the decrease in 

average observed rejection during the monitoring period.  

Similarly, at 97% recovery, the average observed rejection was directly related to chain 

length: PFOS>PFHpS>PFHxS>PFPeS>PFBS>PFPrS.  
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Figure 4-15 Average observed rejection (black circles) of quantified PFSAs by the NF90 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-16 Average intrinsic rejection (black circles) of quantified PFSAs by the NF90 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

Discerning noteworthy trends in the average intrinsic rejection of PFSAs by the NF90 is 

difficult due to the proximity of the average intrinsic rejections to 100%. With the exception of 

PFHxS at 75% recovery (99.88%), the average intrinsic rejections for the quantified PFSAs were 

>99.9% during the monitoring period.  
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The lack of PFAS concentration dependence or background water quality strength on 

PFAA rejection during CCD operation suggests that the primary mechanism of PFAA rejection by 

the NF90 membrane is size exclusion. Compared to the NF270, it appears that repulsive 

electrostatic forces between the NF90 membranes negative surface charge and the PFAA anions 

serve a reduced role in the rejection of the quantified PFAAs.  

4.1.3 Reverse Osmosis Membrane: BW30 

The first reverse osmosis membrane selected for evaluation was the BW30, a brackish 

water RO membrane that is designed to operate at lower net driving pressure relative to a sea 

water RO membrane, but at the same time sacrificing monovalent ion rejection performance. The 

BW30 shares the same parent aromatic polyamide active layer chemistry as the NF90, however 

casting and surface modification differences between the two membranes bestow different 

performance.  

 

The surface of the BW30 is characterized to carry a net negative charge at environmentally 

relevant pH conditions, however the charge density is lower than the NF90 and NF270 (Table 4-

1). Despite the surface charge, the expected prevailing mechanism for PFAA rejection by the 

BW30 is size exclusion. The BW30 membrane experiment was performed using the CCD system 

according to the conditions outlined in Section 4.4.  

 BW30 Operating Analysis 

During the BW30 experiment, several operating parameters were recorded to assess 

general membrane performance. 

 

During each sequence of the BW30 membrane experiment, the PV feed pressure 

increased from approximately 120 to 150 psi (Figure 4-17). Correspondingly, the retentate 

pressure increased from approximately 115 to 145 psi (Figure 4-17). The pressure loss across 

the PV was approximately 5 psi for the duration of the CCD operations. The TCSF remained 

relatively constant at 0.081 gfd/psi during CCD operations (Figure 4-18).  
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Figure 4-17 BW30 pressure vessel feed pressure (black circles) and retentate pressure (gray 
circles) measured over the two-sequence experiment. 

 

 

Figure 4-18 TCSF (black circles) as a function of time for the BW30 membrane experiment. 

 

Examining Figure 4-17, the PV feed pressure returned to baseline conditions following the 

completion of Sequence 1. The transition between Sequence 1 and Sequence 2 has been 

demarcated at approximately 70 minutes of run time. Figure 4-18 establishes that the TCSF was 
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stable over the duration of the experiment. Therefore, it can be concluded that the BW30 

membrane did not experience significant fouling over the test period.  

Like the previous experiment, the performance of the BW30 during the test period may 

also be assessed by the analyzing the rejection of TOC. The observed rejection and intrinsic 

rejection for total organic carbon (TOC) was calculated at five recovery setpoints (80%, 90%, 

94%, 96%, and 97%) and are presented in Figure 4-19.  

The average observed TOC rejection exhibited a slight increasing followed by a slight 

decreasing trend ranging from 65.3% to 68.0%, with a maximum of 72.5%, between 80% and 

97% recovery. Alternatively, the average intrinsic TOC rejection exhibited a slight increasing trend 

ranging between 89.7% and 98.7% during the same monitoring period. Similar to the previous NF 

experiments, the divergent rejection trends may be indicative of the primary rejection mechanisms 

of TOC present in the water matrix by the BW30. It is hypothesized that the increase in intrinsic 

TOC rejection as a function of recovery is an artifact of the accumulation of less mobile TOC on 

the feed-retentate side of the membrane during CCD operation. However, further analysis of the 

TOC fraction present in the permeate and retentate would eb required to further assess this 

hypothesis.  

Unexpectedly, the BW30 underperformed with regards to average observed TOC rejection 

compared to the NF90. Considering the characteristic differences of the membranes relating their 

classifications (NF versus RO), the BW30 is expected to exhibit higher TOC rejection when 

compared to the NF90. However, the feed water for the BW30 experiment contained 

approximately 60% more TOC relative to the feed water in the NF90 experiment.  
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Figure 4-19 Average observed and intrinsic TOC rejection (black circles) by BW30 as a function 
of recovery. The terminal ends of the error bars represent the calculated rejections for each 
sequence. The rejection type corresponding to each graph is identified along the right side of the 
figure. A second order polynomial regression line (light gray dashed) has been added for visual 
aid in identifying trends, the regression does not represent a predictive model. 

 

 

Figure 4-20 Observed (gray circles) and intrinsic (black circles) conductivity rejection versus 
recovery. Calculated rejection values are displayed independently for each sequence. 
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Calculated observed and intrinsic conductivity rejection values for the BW30 are presented 

in Figure 4-20. Observed conductivity rejection generally decreased as a function of recovery 

ranging between 98.1% and 91.1% during CCD operation. Intrinsic conductivity rejection 

exhibited a slightly increasing trend, ranging between 98.7% and 99.6% during CCD operation.  

The manufacturer reports a typical stabilized BW30 salt rejection 99.65% and a minimum 

salt rejection of 99.4% for a 2,000 mg/L sodium chloride solution operating at feed pressure of 

225 psi and 15% recovery. A previously published study investigating salt rejection by the BW30 

reported 96.2% sodium ion rejection in a 585 mg/L sodium chloride solution [65]. Sodium and 

chloride ions have some of the smallest ionic radii of common ions in natural water and are 

considered some of the most likely to permeate a high-pressure membrane. Referring to the 

background water quality presented in Table 1-1, the smaller monovalent ions like sodium and 

chloride are present at lower concentrations than larger divalent ions like calcium and sulfate. 

Therefore, the anticipated conductivity rejection during the BW30 membrane experiments should 

be meet the manufacturers minimum specification for stabilized salt rejection. 

Furthermore, there is a notable difference between observed conductivity rejections 

between Sequence 1 and Sequence 2, where the conductivity rejection in Sequence 2 lags the 

conductivity rejection of Sequence 1 by nearly 2% at similar recoveries. Such a pronounced 

difference was not observed in the other membrane experiments and is suggestive of impaired 

performance by the BW30 membranes. 

Though no significant fouling was observed during the experiment, the observed 

conductivity rejection of the BW30 membranes used in this study are indicative that the BW30 

membranes are operating below the manufacturer’s specifications. Because the BW30s 

performance and integrity could not be fully validated, the PFAS rejection results must be 

discounted.  

 BW30 PFAS Rejection Performance 

The BW30 was evaluated for PFAS rejection performance by collecting simultaneous 

samples from the retentate and permeate streams at sequence matched recovery set points: 

75%, 85%, 90%, 92%, 94%, 95%, 96%, and 97%. Similarly, feed samples were collected at 

sequence matched recovery set points: 75%, 90%, and 95%.  

Table 4-8 presents the average feed concentration of the selected PFAS quantified in the 

BW30 experiment. Similar concentration proportions are observed for the PFAS homologues 

when compared to the NF experiments, indicating that the AFFF concentrate solution is 

homogeneous. 
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Observed (Figure 4-21 and Figure 4-23) and intrinsic (Figure 4-22 and Figure 4-24) 

rejections were calculated for the quantified PFAAs by Equation 4-1 and Equation 4-2 at each 

recovery set point during Sequence 1 and Sequence 2. Within the monitoring period, average 

PFCA observed rejections generally exhibited a slight decreasing trend as a function of recovery. 

Calculated average PFCA observed rejection ranged between 100% and 98.2% for PFPeA, 100% 

and 97.9% for PFHxA, and 99.59% and 98.3% for PFOA. Average intrinsic rejections for the 

quantified PFCAs were observed to be stable during the monitoring period ranging between 100% 

and 99.88% for PFPeA, 100% and 99.84% for PFHxA, and 99.85% and 99.94% for PFOA.  

In general, the PFCA rejection by the BW30 underperformed relative to the NF90. This 

result was not anticipated based on the classification of the BW30 as a loose RO membrane and 

the NF90 as a tight NF membrane. The PV feed pressure at the beginning of each sequence was 

more than two times as high for the BW30 (120 psi) compared to the NF90 (57 psi) when operating 

at the same flux; providing further evidence that the BW30 has a tighter active layer that would 

be expected to exert additional molecular sieving properties relative to the NF90.  

 

 

Figure 4-21 Average observed rejection (black circles) of quantified PFCAs by the BW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 
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Similar underperformance of the BW30 compared to the NF90 is evident in the observed 

and intrinsic rejection of PFSAs by the BW30. Average observed rejection of PFSAs by the BW30 

exhibited a slightly decreased trend ranging between 99.37% and 97.2% for PFPrS, 99.41% and 

97.5% for PFBS, 99.25% and 97.5% for PFPeS, 99.37% and 97.9% for PFHxS, 99.46% and 

98.1% for PFHpS, and 99.43% and 98.0% for PFOS.  

Average intrinsic rejection of PFSAs by the BW30 exhibited a slightly increasing or stable 

trend ranging between 99.81% and 99.88% for PFPrS, 99.82% and 99.90% for PFBS, 99.77% 

and 99.93% for PFPeS, 99.80% and 99.92% for PFHxS, 99.83% and 99.93% for PFHpS, and 

99.83% and 99.92% for PFOS. 

 

 

Figure 4-22 Average intrinsic rejection (black circles) of quantified PFCAs by the BW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

Comparing the calculated BW30 rejection values to the NF270, NF90, and SW30 

experiments, more variability is observed in the rejections calculated during the monitoring period. 

Similar to the trans sequence discrepancy in conductivity rejection noted on Figure 6-20, the 

rejection of PFAAs was generally lower in Sequence 2 compared to Sequence 1. Similar 

observations can be made for the other membrane experiments; however, the effect was more 

pronounced during the BW30 experiment, particularly at high recoveries.  
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Figure 4-23 Average observed rejection (black circles) of quantified PFSAs by the BW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-24 Average intrinsic rejection (black circles) of quantified PFSAs by the BW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

Many of the chain length dependent rejection behavior observed in the NF experiments is 

not present in the BW30 experiment. The absence of chain length dependent rejection trends as 
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a function of recovery may be partially explained by the variability in the data. Both observed and 

intrinsic rejections for the quantified PFAAs, regardless of chain length or functional group, were 

relatively similar by the BW30, which represents another departure from the results of the NF 

experiments.  

In general, the decreased PFAA rejection performance of the BW30 compared to the 

NF90 in conjunction with the increased variability of the data and the similar PFAA rejection profile 

despite significant differences in molecular size suggests the potential for compromised 

membrane integrity.  

The PFAA rejection performance in addition to the conclusion that the BW30 was not 

meeting the manufacturers operating specifications indicate that either the integrity of one or more 

of the BW30 membrane elements was compromised or the differences inherent to CCD 

configuration are not conducive BW30 performance. Additional testing is warranted to further 

elucidate the nature of the PFAA rejection performance by the BW30.  

4.1.4 Reverse Osmosis Membrane: SW30 

The final membrane to be tested and the second reverse osmosis membrane selected for 

evaluation was the SW30, a sea water RO element that is optimized to provide the highest levels 

of ion rejection at the lowest possible net driving pressure. The SW30 shares the same parent 

aromatic polyamide active layer chemistry as the BW30 and NF90, however casting and surface 

modification differences between the two membranes bestow different performance.  

Physical characterization of the SW30 membrane is relatively limited, most of the 

characterization of the SW30 membrane focus on salt rejection performance (Table 4-1). Similar 

to the BW30, size exclusion is expected to be the prevailing mechanism for PFAA rejection by 

the SW30. The SW30 membrane experiment was performed using the CCD system according to 

the conditions outlined in Section 4.4.  

 SW30 Operating Analysis 

During each sequence with the SW30 membrane, the PV feed pressure increased from 

approximately 260 to 284 psi (Figure 4-25). Correspondingly, the retentate pressure increased 

from approximately 251 to 276 psi (Figure 4-25). The pressure loss across the PV was 

approximately 8 psi for the duration of the CCD operations. The TCSF remained relatively 

constant at 0.045 gfd/psi during CCD operations (Figure 4-26). 
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Figure 4-25 SW30 pressure vessel feed pressure (black circles) and retentate pressure (gray 
circles) measured over the two-sequence experiment. 

 

 

Figure 4-26 TCSF (black circles) as a function of time for the SW30 membrane experiment. 

 

Examining Figure 4-25, the PV feed pressure returned to baseline conditions at the end 

of Sequence 1 and the beginning of Sequence 2. The transition between Sequence 1 and 
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Sequence 2 has been demarcated on Figure 4-25 at approximately 69 minutes of total operating 

time. Figure 4-26 establishes that the TCSF was stable over the duration of the experiment. 

Therefore, it can be concluded that the SW30 membrane did not experience significant fouling 

over the test period.  

The SW30 performance during the test period may also be assessed by the analyzing the 

rejection of common solutes. The observed rejection and intrinsic rejection for total organic carbon 

(TOC) was calculated at five recovery setpoints (80%, 90%, 94%, 96%, and 97%) and are 

presented below in Figure 4-27.  

The average observed TOC rejection exhibited generally stable trend ranging from 54.3% 

to 60.6% between 80% and 97% recovery. Alternatively, the average intrinsic TOC rejection 

exhibited an increasing trend ranging between 85.2% and 97.9% during the same monitoring 

period. Similar to the previous experiments, the rejection trends may be indicative of the primary 

rejection mechanisms of TOC present in the water matrix by the SW30. It is hypothesized that 

the increase in intrinsic TOC rejection as a function of recovery is an artifact of the accumulation 

of less mobile TOC on the feed-retentate side of the membrane during CCD operation. However, 

further analysis of the TOC fraction present in the permeate and retentate would eb required to 

further assess this hypothesis. 

The SW30 performed comparably to the BW30 in terms of the overall TOC rejection 

profile. In direct rejection comparison, both the BW30 and SW30 exhibited lower average 

observed TOC rejections compared to the NF90 during the monitoring period. However, as 

similarly noted in the BW30 discussion, the feed water for the SW30 contained over 60% more 

TOC relative to the feed water in the NF90 experiments. Referring to Equation 4-1 and Equation 

4-2, because the intrinsic TOC rejection profiles were similar for the NF90, BW30, and SW30, a 

decrease in average observed TOC rejection is anticipated for the BW30 and SW30 if additional 

TOC was present in the feed water. 
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Figure 4-27 Average observed and intrinsic TOC rejection (black circles) by SW30 as a function 
of recovery. The terminal ends of the error bars represent the calculated rejections for each 
sequence. The rejection type corresponding to each graph is identified along the right side of the 
figure. A second order polynomial regression line (light gray dashed) has been added for visual 
aid in identifying trends, the regression does not represent a predictive model. 

 

 

Figure 4-28 Observed (gray circles) and intrinsic (black circles) conductivity rejection versus 
recovery. Calculated rejection values are displayed independently for each sequence. 
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Calculated observed and intrinsic conductivity rejection values for the SW30 experiment 

are presented in Figure 4-28. Observed conductivity rejection generally decreased as a function 

of recovery ranging between 98.2% and 96.2% during CCD operation. Intrinsic conductivity 

rejection exhibited a slight increasing trend ranging between 98.4% and 99.80% during CCD 

operation.  

The manufacturer reports a stabilized SW30 salt rejection 99.8% for a 32,000 mg/L 

sodium chloride solution operating at 800 psi and 8% recovery. The manufacturer reports a 

minimum salt rejection of 99.65%. Based on the feed water quality, the SW30 conductivity 

rejection was within the anticipated range during the test period.  

In summary, based on the performance data collected during the SW30 test period, the 

SW30 was operating within the manufacturer’s specifications and significant fouling was not 

observed.  

 SW30 PFAS Rejection Performance 

The SW30 was evaluated for PFAS rejection performance by collecting simultaneous 

samples from the retentate and permeate streams at sequence matched recovery set points: 

75%, 85%, 90%, 92%, 94%, 95%, 96%, and 97%. Similarly, feed samples were collected at 

sequence matched recovery set points: 75%, 90%, and 95%.  

Table 4-10 presents the average feed concentration of the selected PFAS quantified in 

the SW30 experiment. Similar concentration proportions are observed for the PFAS homologues 

when compared to the previous experiments, indicating that the AFFF concentrate solution is 

homogeneous. 

Observed (Figure 4-29 and Figure 4-31) and intrinsic (Figure 4-30 and Figure 4-32) 

rejections were calculated for the quantified PFAAs by Equation 4-1 and Equation 4-2 at each 

recovery set point during Sequence 1 and Sequence 2 for the SW30 experiment. Within the 

monitoring period, average PFCA observed rejections were very stable as a function of recovery. 

Calculated average PFCA observed rejection remained at 100% for PFPeA, PFHxA, and PFOA 

during the monitoring period. Similarly, the calculated average PFCA intrinsic rejection remained 

at 100% for PFPeA, PFHxA, and PFOA during the monitoring period. 

The SW30 membrane rejected the quantified PFCAs remarkably well. PFCAs quantified 

in this study were not detected above their associated LOQ in any of the permeate samples 

collected during Sequence 1 and Sequence 2 of the SW30 experiment.   
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Figure 4-29 Average observed rejection (black circles) of quantified PFCAs by the SW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 

 

Figure 4-30 Average intrinsic rejection (black circles) of quantified PFCAs by the SW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-31 Average observed rejection (black circles) of quantified PFSAs by the SW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated observed 
rejection for each sequence. The PFSA corresponding to each graph is identified along the right 
side of the figure. A second order polynomial regression line (light gray dashed) has been added 
for visual aid in identifying trends, the regression does not represent a predictive model. 
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Figure 4-32 Average intrinsic rejection (black circles) of quantified PFSAs by the SW30 as a 
function of recovery. The terminal ends of the error bars represent the calculated intrinsic rejection 
for each sequence. The PFSA corresponding to each graph is identified along the right side of 
the figure. A second order polynomial regression line (light gray dashed) has been added for 
visual aid in identifying trends, the regression does not represent a predictive model. 

 

The average observed rejections of PFSAs by the SW30 during the monitoring period 

generally exhibited a slight negative trend as a function of recovery except for PFHpS and PFOS. 

The average observed rejections ranged between 100% and 99.1% for PFPrS, 100% and 99.6% 
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for PFBS, 100% and 99.3% for PFPeS, and 99.91% and 99.4% for PFHxS. The average observed 

rejection of PFHpS was stable at 100% until the 97% recovery monitoring point when the 

calculated PFHpS average observed rejection was 99.5%. The calculated average observed 

PFOS rejection was relatively stable within the margin of error between 99.9% and 99.8%. A 

general chain length dependence is observed for the PFSAs with regards to the magnitude of the 

decrease in average observed rejection during the monitoring period, however some of the 

PFSAs deviate slightly. At 97% recovery, the rejection of PFSAs was correlated to chain length 

but deviated slightly: PFOS>PFBS>PFHpS>PFHxS>PFPeS>PFPrS.  

Similar to the NF90, it is difficult to discern recovery dependent trends in the average 

intrinsic rejection of the quantified PFSAs due to the proximity of the average intrinsic rejections 

to 100%. The calculated average intrinsic rejection for the quantified PFSAs was >99.9% during 

the monitoring period.  

The lack of PFAA concentration dependence or background water quality strength on 

PFAA rejection during CCD operation suggests that the primary mechanism of PFAA rejection by 

the SW30 membrane is size exclusion. This finding is consistent with the nature of tight RO 

membranes. While RO membranes are generally characterized by their salt rejection, the MWCO 

of the SW30 has been reported at 100 g/mol [77]. PFPrS, the smallest PFAA quantified in this 

study, has a molecular weight of 249 g/mol, nearly 2.5 times the reported MWCO of the SW30. 

Therefore, the SW30 is anticipated to reject the PFAAs quantified in this study very well.  

In general, both the PFCAs and PFSAs quantified in this study, were well rejected by the 

SW30 membrane. The SW30 achieved the highest rejections of the quantified PFAAs at 97% 

recovery of the membranes evaluated during this study.  

4.2 CCD Membrane Evaluation Comparison  

As stated in Objective 1, one of the primary goals of this study was to complete a thorough, 

preliminary evaluation of PFAS rejection for four commercially available, high-pressure 

membranes operating in CCD configuration. The selected membranes spanned the characteristic 

filtration ranges of loose NF to tight RO. A summary of select characteristics for each membrane 

evaluated in this study (NF270, NF90, BW30, and SW30) is provided in Table 4-1. The 

experiments for each membrane were conducted under identical operating conditions (e.g., flux, 

feed flow, retentate recirculation flow, etc.), as detailed in Table 4-3, Table 4-5, Table 4-7, and 

Table 4-9. Feed water conditions were similar between experiments with summarized water 

quality constituent concentrations in Table 4-4, Table 4-6, Table 4-8, and Table 4-10. Minor 
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variations in feed PFAS concentration, pH, or other background water quality parameters were 

observed but are not expected to have a significant impact on the membrane performance. 

Except for the BW30, the membranes were observed to have been operating within the 

manufacturer’s specifications at the time of testing. Based on the conductivity rejection observed 

during the BW30 membrane experiment (Figure 4-20), it was determined that the BW30 

membranes were operating below the manufacture’s specifications. It is hypothesized that the 

integrity of one or more of the BW30 membrane elements was compromised or that the physical 

operating differences (e.g., hydraulics) inherent to CCD configuration are not conducive to BW30 

performance. Given the uncertainty regarding the BW30 performance, the PFAS rejection results 

should be discounted, and additional testing performed. With that said, it is the understanding of 

the authors that the BW30 membrane is being phased out of commercial production and replaced 

with the CR100 membrane.   

Based on the TCSF analysis performed for each membrane from operating data generated 

during the two sequence experiments, the NF270, BW30, and SW30 did not experience 

significant fouling during the monitoring period. Alternatively, the NF90 experienced measurable 

fouling over the duration of each sequence (Figure 4-10). During the NF90 experiment, the TCSF 

decreased approximately 16.0% during Sequence 1 and approximately 17.4% during Sequence 

2 relative to the initial conditions at the beginning of each sequence. However, the TCSF was 

observed to return to the baseline condition at the beginning of Sequence 2 following the plug 

flow flush at the end of Sequence 1. Based on this observation, the fouling of the NF90 during 

Sequence 1 and Sequence 2 was determined to be reversible by the plug flow flush between 

sequences, which is designed to produce high crossflow velocities at low pressure to maximize 

hydrodynamic shear at the membrane surface. Additional testing would be required to determine 

the ability of the plug flow flush to reverse fouling over many sequences.  

As anticipated, because the experiments were operated at constant flux, the average TCSF 

(gfd/psi) during the monitoring period for each membrane was correlated to the characteristic 

tightness (as indicated by pure water permeability values reported in Table 4-1) for each 

membrane: NF270 (0.28 gfd/psi)>NF90 (0.151 gfd/psi)>BW30 (0.081 gfd/psi)>SW30 (0.045 

gfd/psi). A membrane with a lower permeability value is more restrictive to water permeation and 

requires a higher net driving pressure on the feed side of the membrane to achieve an equivalent 

flux.  

Using the quantified PFAA permeate concentration collected at each monitoring point 

during Sequence 1 and Sequence 2, a simple Riemann model (Equation 4-2) was developed to 

estimate the final concentration of the PFAAs in the batch of permeate generated during the 
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experiment. Adequate infrastructure was not available at the testing location to collect a well-

mixed permeate sample from the permeate tank. The developed model allowed for the estimation 

of final permeate concentrations below the analytical detection limit of a standard aqueous 

sample. 

 
 𝐶𝑝,𝑒𝑠𝑡 =  ∑ (∆𝑥 ∗ 𝑄𝑝) ∗ 𝑓(𝑥𝑖)𝑛𝑖 𝑄𝑝 ∗ 𝑡  

 

(4-2) 

 
In Equation 4-2, 𝐶𝑝,𝑒𝑠𝑡 = estimated final solute permeate concentration, i = a recovery 

monitoring point, 𝑓(𝑥𝑖) = solute mass in permeate at monitoring point i, ∆𝑥 = modeled time 

duration occupied by solute at concentration 𝑓(𝑥𝑖) at monitoring point i, 𝑄𝑝 = permeate flow rate, 

and 𝑡 = total sequence time. The final permeate PFAA concentration model relied on the Riemann 

midpoint approximation method to estimate the incremental PFAA mass addition to the total 

permeate volume as a function of the time duration occupied at each concentration. During CCD 

operation, the rejected portion of the PFAA mass accumulates on the feed-retentate side of the 

system and as previously discussed, the observed PFAA rejection generally decreases relating 

to increases in instantaneous PFAA permeate concentrations. The amount of PFAA mass 

contributed to the permeate over a given time is a function of the permeate concentration and the 

length of time. Because the experiments were operated at constant flux (i.e., constant permeate 

flow rate) during CCD operation, we are able to estimate the amount of PFAA mass delivered 

using the midpoint Riemann method. Figure 4-33 illustrates and example of the model approach.  
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Figure 4-33 An illustrative example of the simple final permeate PFAA concentration model 
developed using the Riemann midpoint approximation method. This figure illustrates the graph of 
PFHxS mass deliver to the permeate versus the length of time spent at that condition during 
Sequence 1. The figure is provided for illustrative purposes, the model outputs were computed 
using spreadsheet software.  

 

The final permeate PFAA concentration model was run for each analyte, for both 

sequences, and for each membrane evaluated. The model outputs were compiled and used to 

calculate the final rejection of the quantified PFAAs by each membrane.  

Figure 4-34 provides a summary of the final rejections values calculated using the 

permeate model outputs and the average PFAA feed concentrations (Tables 4-4, 4-6, 4-8, 4-10) 

for each membrane evaluated in this study. 

Figure 4-34 highlights several differentiating PFAA rejection performance trends amongst 

the evaluated membranes that underpin Objective 1 of this study. First, it is clear that the NF270 

displayed the lowest final PFAA rejection profile. All of the final rejection values for the NF270 

were <92% with a maximum final rejection for PFOA (91.15%) and a minimum final rejection for 

PFPrS (37.92%). On the other hand, all of the final rejection values for quantified PFAAs by the 

NF90, BW30, and SW30 were >98%.  
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Figure 4-34 Horizontal bar plot of the calculated final rejections of each PFAA by every membrane 
evaluated in this study. The calculated final rejection is displayed next to the terminus of the 
corresponding bar. The membranes associated with each sub-plot are identified on the right 
portion of the figure.  

 

In general, the NF270 exhibited stronger rejection of the PFCAs compared to the PFSAs 

of corresponding chain length. Additionally, there appears to be a direct correlation between chain 

length and the final rejection of the PFAA by the NF270. The strength of this trend is diminished 

for PFHpS and PFOS which exhibited lower final rejections relative to the shorter chain 

homologues, PFHxS and PFPeS. 
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Moving on to the higher performing membranes, considering all the quantified PFAAs, the 

SW30 demonstrated the highest rejection performance while the BW30 final rejections were 

markedly lower on a per compound basis relative to the NF90 and SW30. The SW30 and the 

NF90 both demonstrated high rejection of quantified PFCAs but the short chain PFSA rejection 

by the SW30 were notably higher than the NF90. Alternatively, the NF90 exhibited a nominally 

higher rejection for PFHxS compared to the SW30, calculated at 99.68% versus 99.67%, 

respectively. Moreover, the NF90 outperformed the SW30 with regards to the final rejection of 

PFOS by a margin of 0.09%. It is possible that the NF90 exhibited higher final PFOS rejection 

compared to the SW30 due to physical differences in the morphology of the membrane active 

layer surface. The NF90 is considered to have a rougher and more hydrophobic surface relative 

to the SW30 [35,60,66,78–80]. Therefore, it is hypothesized that accumulation of large 

hydrophobic molecules, like TOC and PFOS, at the membrane surface of the NF90 formed a 

diffuse layer that improved the rejection of large molecules but had little impact on smaller, more 

mobile PFAAs. This hypothesis is reinforced by the reversible fouling observed during the NF90 

experiment, which is indicative of a weakly adhered cake layer.  

The difference in short chain PFSA rejections between the NF90 and SW30 may be 

indicative of the prevailing mechanisms of rejection for these compounds by the different 

membranes. The data suggest that the rejection of PFAAs by the NF90 is subject to mechanisms 

beyond molecular sieving, the expected predominant mechanism of PFAA rejection by the SW30. 

This effect is illustrated in a comparison of the final rejection of PFPeA (263 g/mol) versus PFBS 

(299 g/mol) by the NF90. PFPeA and PFBS both possess molecular weights significantly greater 

than the nominal MWCO reported in the literature for the NF90 (Table 4-1), however the NF90 

exhibited a significantly higher rejection for the smaller PFPeA molecule (100%) relative to the 

larger PFBS molecule (99.43%). In fact, this observation remains valid when comparing the any 

of the quantified PFCAs (PFPeA, PFHxA [313 g/mol], and PFOA [413 g/mol]) to PFPeS (349 

g/mol), PFHxS (399 g/mol), and PFHpS (449 g/mol).  

In general, the NF90, BW30, and SW30 all exhibited stronger rejection of PFCAs relative 

to PFSAs; however, the effect is more pronounced in the NF90 when specifically compared to the 

SW30. It appears that the final rejection of PFSAs by the NF90 is more negatively impacted by 

factors related to CCD operation (e.g., increasing PFSA concentration on the feed-retentate side 

of the membrane, increasing ionic strength, etc.). The NF90 is anticipated to have a net negative 

surface charge at the experimental conditions, which would exert a repulsive electrostatic force 

on PFAA anions, resulting in increased PFAA rejection performance relative to an uncharged 

membrane (Table 4-1). It is hypothesized that as the electric double layer (EDL) is compressed 
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as a function of increasing ionic strength and the effective distance of electrostatic repulsive forces 

is diminished during CCD operation, that short chain PFSA anions can more readily approach the 

NF90 membrane surface. Moreover, is appears that differences in the functional properties 

between the sulfonate and carboxylate headgroups may disproportionately impact PFSA rejection 

compared to PFCA rejection of similar size.  

The chain length dependency of the quantified PFSA rejection by the NF90 is clearly 

displayed on Figure 4-34. The final PFSA rejection values by the NF90 were directly related to 

PFSA chain length: PFOS>PFHpS>PFHxS>PFPeS>PFBS>PFPrS. The chain length 

dependence of PFSA rejection by the NF90 may be related to steric hindrance differences 

associated with the approach of smaller versus larger PFSA molecule to the NF90 membrane 

surface. The observed chain length dependence of PFSA rejection by the NF90 complements the 

theory that a diffuse cake layer formed at the membrane surface that increased the rejection of 

larger PFSAs (e.g., PFOS) but did not impact the rejection of smaller, more mobile, short chain 

PFSAs. 

For reference, the average feed concentration (n=6) for each quantified PFAA and the 

final predicted permeate concentrations used to calculate the final rejections in Figure 4-34 for 

each membrane experiment are presented in Figure 4-35a and Figure 4-35b, respectively.  
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Figure 4-35 (a) The average feed concentration (n=6) and (b) the predicted final permeate 
concentration after two sequences) of each quantified PFAA for each membrane experiment. 

  

In addition to quantifying the PFAA rejection performance of each membrane, ROSA 

Membrane Projection Software (ROSA) was utilized to estimate the specific energy requirement 

for each membrane experiment. The ROSA software has recently been updated to include 

modeling capabilities for CCD style systems. The ROSA software incorporates detailed water 

quality information, the configuration of the system (e.g., size of the pressure vessel, the number 

of elements tested, volume of piping, etc.), the membrane elements tested, and the operating 

parameters of the system (e.g., flux, recovery, retentate recirculation rate, etc.) to generate an 

a 

b



74 
 

output. The ROSA software did not include the exact SW30XFR-400/34 membrane in the library 

of available elements; however, the SW30HRLE-400 was identified as a suitable modeling proxy 

and was selected for this comparison.  

It is evident from Figure 4-36 that the specific energy consumption predicted by the ROSA 

software is related to the pumping energy required to generate the requisite net driving pressure 

to maintain constant flux. All the membrane experiments were conducted under the same 

constant flux conditions (12 gfd).  

 

 

Figure 4-36 ROSA predicted specific energy for each membrane experiment. Specific energy 
presented in units of kilowatt hours per cubic meter of permeate produced (kWh/m3).  

 

There are several published studies that investigate the energy efficiency of CCD style 

systems relative to more conventional high-pressure membrane applications. In general, the 

studies have identified CCD as a more energy efficient option, particularly considering the 

reduced capital costs, inherent fouling resistance, and overall operational flexibility afforded by 

CCD systems [53,56,57,81,82]. The CCD approach gains a significant energy advantage over 

convention high-pressure membrane designs because the pressure energy contained in the 

retentate does not leave the system during CCD operation like it would in a single-pass system.  
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Considering the magnitude of the potential financial liability associated with PFAS 

contamination, it is prudent to identify treatment approaches optimized for both treatment efficacy 

and cost. Using feedwater with relatively high PFAA concentration by environmental standards, 

both the NF90 and SW30 membranes rejected the quantified PFAS remarkably well while 

achieving 97% recovery. Referring to Figure 4-35(b), the highest predicted concentration of a 

quantified PFAA in the final permeate was 12 ng/L (PFHxS) for the NF90 and 23 ng/L (PFOS) for 

the SW30. This performance is impressive considering the volume of the PFAS impacted water 

was reduced by 3,300%. Although the CCD approach is generally considered more energy 

efficient than convention high-pressure membrane applications, identifying the highest performing 

membrane at the optimal specific energy retains significance. As previously discussed, the SW30 

generally outperformed the NF90 with regards to PFAA rejection in CCD operation, except for 

PFOS, which was better rejected by the NF90. Furthermore, short chain PFSAs were consistently 

better rejected by the SW30 compared to the NF90. Still, the NF90 performed very well compared 

to the SW30. The compound with the lowest final rejection by the NF90 was PFPrS, the smallest 

PFAA quantified during this study, at 99.25%.  

Based on the current regulatory environment, that has identified long chain compounds as 

the greater threat to human health and the environment, this study has identified the NF90 as the 

strongest candidate for PFAS treatment by high-pressure membranes in CCD configuration. 

Though the SW30 exhibited higher PFAA rejection for more compounds, the 400% cost 

differential between the NF90 and the SW30, the marginal increases in PFAA rejection may not 

be justified. With that said, each treatment scenario should be evaluated independently to address 

its specific concerns. Relative PFAS concentrations, background water quality, and many other 

factors may impact membrane performance. Additionally, the NF90 was the only membrane to 

experience measurable fouling during the experiment. The fouling appeared to be 

hydrodynamically reversible, however long-term performance of the NF90 in CCD configuration 

represents a pressing need for additional research. 

4.3 Objective 2: Mechanistic Investigation of PFAS Rejection by the NF270 

Since the conception of employing high-pressure membranes as a viable PFAS treatment 

option, the NF270 nanofiltration membrane has been a popular choice by academics and industry 

[35,36,38,39,43,60]. In general, nanofiltration membranes are an attractive option for PFAS 

treatment because of their characteristically high-water permeability (i.e., low operating 

pressures), fouling resistance, and separation selectivity for larger molecules and multivalent ions. 

The NF270 meets many of these advantages in addition to possessing a high density of surface 
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functional groups with labile protons, conferring a strongly negative surface charge to the NF270 

at environmentally relevant pH conditions (Table 4-1). Many publications have focused on 

quantifying the rejection of PFAS or attempting to elucidate the underlying mechanisms of PFAS 

rejection by the NF270 membrane [35–39,43,46]. Most of the existing research assessing PFAS 

rejection and the NF270 has been limited by elevated LOQs or bench-scale studies utilizing 

surrogates versus full-scale elements.  

The CCD pilot module offered a unique opportunity to assess the PFAA rejection 

performance of the NF270 across a wide range of PFAA concentrations in full-scale elements. 

Because during CCD operation, the retentate is not discharged, the retained portion of the PFAA 

solutes accumulate on the feed-retentate side of the system. This allows for the investigation of 

a wide range of PFFA concentrations in a single experiment. However, due to the scale of the 

system, some experimental control was yielded. For example, the source of the feedwater was 

dechlorinated tap water which related to some variations in background water quality.  

This portion of the study aimed to probe the underlying mechanisms of PFAS rejection by 

the NF270 membrane by varying the pH, ionic strength, and PFAS concentration conditions 

against an authentic water matrix in a CCD system equipped with full-scale membrane elements.  

4.3.1 Mass Balance Model 

To assist in vetting some of the observed phenomenon in PFAA rejection by the NF270 

during this portion of the study, a mass balance model was developed to track PFAA mass within 

the CCD system as a function of recovery. The model performs iterative calculations to estimate 

the PFAA solute concentrations in the permeate and retentate during CCD operation assuming a 

static feed solute concentration and a constant solute rejection. The constant solute rejection 

assumption locks the percentage of combined feed-retentate solute mass that permeates the 

membrane in a single pass.  

Figure 4-37 and Figure 4-38 are example models outputs for observed and intrinsic 

rejection for PFBS plotted with the actual data for the NF270 experiment described in Section 

5.1.1.2. 
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Figure 4-37 Model prediction (gray line) and actual PFBS (black circles) observed rejection by the 
NF270. 

 

 

Figure 4-38 Model prediction (gray line) and actual PFBS (black circles) intrinsic rejection by the 
NF270. 

 

As demonstrated in Figure 4-37, the mass balance model can be fitted well to the observed 

rejection data for PFBS, however the intrinsic rejection prediction deviates significantly from the 

actual data. Conceptually, if the constant solute rejection assumption is valid, the intrinsic rejection 

for any compound should manifest as a constant value as a function of recovery because the 

system would reject the same proportion of feed-retentate solute, regardless of concentration. 

The non-linearity observed in the actual PFBS intrinsic rejection data suggests that the rejection 

of PFBS is impacted by factors related to CCD operation, such as increasing PFBS concentration 

or the increase in ionic strength on the feed-brine side of the system as a function of recovery. 
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The mass balance model was able to accurately describe the observed rejection behavior 

of any of the PFAA compounds that exhibited a characteristic concave inflection and maintained 

a relatively flat intrinsic rejection. Interestingly, PFOS exhibited a very distinct rejection behavior 

that was not well described by the model. Figure 4-39 and Figure 4-40 present the model outputs 

alongside the actual observed and intrinsic PFOS rejection calculated from the NF270 experiment 

described in Section 4.1.1.2. 

 

 

Figure 4-39 Model prediction (gray line) and actual PFOS (black circles) observed rejection by 
the NF270. 

 

 

Figure 4-40 Model prediction (gray line) and actual PFOS (black circles) intrinsic rejection by the 
NF270. 

 

A dramatic shift in the rejection profile of PFOS as a function of recovery compared to 

PFBS is observed. In Figure 4-39, the observed rejection of PFOS is relatively flat, indicating that 

as the concentration of PFOS increased during CCD operation, NF270 PFOS rejection 
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performance increased. This observation is validated by the positive linear relationship between 

intrinsic rejection and recovery observed in Figure 4-40.  

Both instances of deviation from the mass balance model are indicative of factors 

impacting solute rejection beyond diffusion mediated processes alone.  

4.3.2 NF270 Duplicate Experiment (NF270 EXP2) 

A duplicate experiment to the original NF270 experiment, as described in described in 

Section 5.1.1.2, was conducted to validate the observed results. A summary of the PFAS 

feedwater concentration is provided in Table 4-11. Due to in accuracies of the 2,500-gallon feed 

tank graduations, the feedwater for the duplicate experiment exhibited higher average 

concentrations of PFAA relative to the original NF270 experiment (Table 4-4).  

Moving forward, for simplicity of presentation, discussion of PFAA rejection performance 

by the NF270 may be limited to PFBS, as a surrogate for short chain PFAAs, and PFOS, as a 

surrogate for long chain PFAAs. The average intrinsic rejections of PFBS and PFOS are 

presented side-by-side for the original NF270 experiment (EXP1) and the duplicate NF270 

experiment (EXP2) in Figure 4-41(a) and Figure 4-41(b), respectively. 

 

 

Figure 4-41 Average intrinsic rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP1 and (b) NF270 EXP2. The terminal ends of the error bars 
represent the calculated observed rejection for each sequence. The PFSA corresponding to each 
graph is identified along the right side of the figure. A second order polynomial regression line 
(light gray dashed) has been added for visual aid in identifying trends, the regression does not 
represent a predictive model. 

 

a b 
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Examining Figure 4-41, PFBS exhibits slightly decreased intrinsic rejection performance 

in NF270 EXP2 versus NF270 EXP1 which may be an artifact of the increased PFBS 

concentration in EXP2 relative to EXP1. However, the same characteristic concave inflection of 

the PFBS intrinsic rejection if observed. Similarly, a positive correlation between intrinsic PFOS 

rejection and recovery is observed in both experiments. Interestingly, the increase slope of the 

trend is not as steep in EXP2 as in EXP1. This is hypothesized to be a result of the apparent 

increasing rejection performance of PFOS by the NF270 as a function of increasing PFOS 

concentration. Therefore, because the average feedwater PFOS concentration was elevated 

178% in EXP2 relative to EXP1, it is theorized that the difference in intrinsic rejection performance 

is related to the apparent concentration dependence of PFOS rejection by the NF270. 

To further compare the results of the two experiments, the permeate sample 

concentrations were run through the Riemann permeate concentration model to calculate the final 

rejection of each PFAA. The final rejections for each PFAA for NF270 EXP1 and NF270 EXP2 

are presented in Figure 4-42.  

Outside of PFOS and PFPeS, similar final rejection values and final rejection trends 

amongst compound groups are noted for the quantified PFAAs between the experiments. The 

difference is PFOS final rejection is hypothesized to be a result of concentration dependent 

rejection behavior of PFOS by the NF270.  
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Figure 4-42 Horizontal bar plot of the calculated final rejections of each PFAA by NF270 EXP1 
and EF270 EXP2. The calculated final rejection is displayed next to the terminus of the 
corresponding bar. The experiments associated with each sub-plot are identified on the right 
portion of the figure. 

 

Based on the results comparison of NF270 EXP1 and NF270 EXP2, the experimental 

outcomes were quite similar despite the previously discussed differences in feedwater PFAA 

concentrations. For the remainder of the study, NF270 EXP2 was therefore utilized as the 

reference condition. NF270 EXP2 has been identified as the more representative reference 

condition based on the observed concentration dependent rejection behavior of some PFAAs. 

Subsequent NF270 experiments discussed in this study had more similar feedwater PFAA 

concentrations to NF270 EXP2, therefore it was determined to represent a better frame of 

reference for direct comparison. 

4.3.3 NF270 pH 9 Experiment (NF270 EXP3) 

To help assess the role of electrostatic repulsive forces in PFAA rejection by the NF270, 

the pH of the feedwater as raised to pH = 9.07 (NF270 EXP3). Rasing the pH to a value of 9 was 

selected to promote the deprotonation of surface functional groups without raising the pH so high 

as to increase the likelihood of scaling [65]. A summary of the PFAA feedwater concentrations for 

NF270 EXP3 is provided in Table 4-12. 
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In the absence of fouling, if raising the pH to 9 would increase the negative surface charge 

density of the NF270 membrane, it was hypothesized that an increase in PFAA rejection by the 

NF270 would be observed. However, as illustrated in Figure 4-43, the intrinsic rejection of the 

PFAA proxies by the NF270 was not significantly impacted by the pH adjustment.  

 

 

Figure 4-43 Average intrinsic rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP2 and (b) NF270 EXP3. The terminal ends of the error bars 
represent the calculated observed rejection for each sequence. The PFSA corresponding to each 
graph is identified along the right side of the figure. A second order polynomial regression line 
(light gray dashed) has been added for visual aid in identifying trends, the regression does not 
represent a predictive model. 

 

Furthermore, to ensure that membrane fouling did not impact the PFAA rejection during 

the experiment the TCSF was plotted as a function of operating time during Sequence 1 and 

Sequence 2 (Figure 4-44). During NF270 EXP3, the TCSF was relatively stable and is not 

indicative of membrane fouling.  
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Figure 4-44 TCSF (black circles) as a function of time for the NF270 EXP3 experiment. 

 

Based on these results, it is determined that the pH increase did not have a significant 

impact on the negative surface charge density of the NF270 membrane during the experiment. It 

is possible that a marginal increase in negative surface charge density of the NF270 membrane 

was overwhelmed by the increase in ionic strength on the feed-retentate side of the system during 

CCD and was not able to influence PFAA rejection at high recovery.  

4.3.4 NF270 Calcium Chloride Experiment (NF270 EXP4) 

To explore the role of electrostatic repulsive forces in PFAA rejection by the NF270, 500 

grams of calcium chloride (CaCl2) were introduced into the feedwater (NF270 EXP4). The pH of 

the feed tank was adjusted to 6.20 for NF270 EXP4. A summary of the PFAA feedwater 

concentrations for NF270 EXP4 is provided in Table 4-13. 

The 500-gram supplement of calcium chloride represented the addition of approximately 

2.04 mM of calcium ion concentration and approximately 4.08 mM of calcium ionic strength to the 

feedwater. Calcium salt was selected for addition to the feedwater because it is a large divalent 

counter-ion to the PFAA anions. Calcium is relatively well rejected by the NF270 membrane and 

is expected to accumulate on the feed-retentate side of the system during CCD operation. The 

addition of both ionic strength and a PFAA counter-ion is hypothesized to impact the PFAA 

rejection in two competing ways. First, the addition of ionic strength it is anticipated to decrease 
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the time necessary for the EDL to sufficiently compress and the associated Debye length to 

approach PFAA molecular scales, allowing PFAAs to approach the membrane more readily, 

increasing PFAA permeation. Second, the addition of a counter-ion may promote PFAA 

complexation, causing an increase in molecular volume and a decrease in PFAA permeation. 

Zhao et al. also postulated the potential for the divalent calcium cation to serve as an “ion bridge” 

between the monovalent anionic membrane surface and PFAA functional group charges [38].  

 

 

Figure 4-45 Average intrinsic rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP2 and (b) NF270 EXP4. The terminal ends of the error bars 
represent the calculated observed rejection for each sequence. The PFSA corresponding to each 
graph is identified along the right side of the figure. A second order polynomial regression line 
(light gray dashed) has been added for visual aid in identifying trends, the regression does not 
represent a predictive model. 

 

The average intrinsic rejection performance was not markedly improved by the addition of 

calcium chloride as evidenced in the comparison of the intrinsic rejection of the PFAA proxies 

during NF270 EXP4 (Figure 4-45b) and NF370 EXP2 (Figure 4-45a). This finding is consistent 

with the findings of Zhao et al. who reported insignificant PFOS rejection improvement beyond 

1mM calcium ion concentration [38]. The background calcium concentration in the feed water 

prior to the calcium chloride addition was approximately 0.65 mM (Table 4-2). Therefore, by the 

time the first samples were collected at 75% recovery, the calcium ion concentration was well in 

excess of 1mM assuming modest rejection.  
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Moreover, Zhao et al. proposes that the addition of calcium chloride introduces highly 

mobile chloride anions that work to relieve the Donnan mediated permeation of PFAA anions [38]. 

The PFAA rejection enhancing effects of the calcium ion appear to be diminished at a relatively 

low concentration; however, it is possible that the addition of calcium salts mitigated the potential 

negative impacts of increased ionic strength on PFAA rejection by calcium-PFAA specific 

interactions and introduction of a more mobile anion to relieve Donnan mediated permeation 

pressure.  

4.3.5 NF270 Sodium Sulfate Experiment (NF270 EXP5) 

To further probe the role of electrostatic repulsive forces in PFAA rejection by the NF270, 

500 grams of sodium sulfate (Na2SO4) were introduced into the feedwater (NF270 EXP5). The 

pH of the feed tank was adjusted to 6.15 for NF270 EXP5. A summary of the PFAA feedwater 

concentrations for NF270 EXP5 is provided in Table 4-14. 

The 500-gram supplement of sodium sulfate represented the addition of approximately 

0.85 mM of sulfate ion concentration and approximately 1.7 mM of sulfate ionic strength to the 

feedwater. Sulfate salt was selected for addition to the feedwater because it is a large divalent 

co-ion to the PFAA anions. Sulfate is typically well rejected by the NF270 membrane and is 

expected to accumulate on the feed-retentate side of the system during CCD operation. The 

addition of both ionic strength and a PFAA co-ion is expected to have a two-fold effect. The 

addition of ionic strength, as mentioned in the NF270 EXP4 discussion, is expected to increase 

PFAA flux by reducing the time require to sufficiently suppress the repulsive electrostatic forces 

between the negatively charged membrane surface and the PFAA anions. Second, the high 

retention of a large divalent PFAA co-ion on the feed-retentate side of the membrane might induce 

increase Donnan mediated migration of more mobile, shorter chain PFAAs across the membrane.  
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Figure 4-46 Average intrinsic rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP2 and (b) NF270 EXP5. Note differences in ordinate axes. 
The terminal ends of the error bars represent the calculated observed rejection for each 
sequence. The PFSA corresponding to each graph is identified along the right side of the figure. 
A second order polynomial regression line (light gray dashed) has been added for visual aid in 
identifying trends, the regression does not represent a predictive model. 

 

Examining the intrinsic rejection trends of the PFAA proxies (i.e., PFBS, PFOS) in NF270 

EXP5 (Figure 4-46b) relative to EXP2 (Figure 4-46a), it is apparent that the addition of sodium 

sulfate negatively Impacted the rejection of PFAAs by the NF270. In NF270 EXP5, the average 

intrinsic rejection decreased by 25.8% for PFBS and by 13.9% for PFOS at 97% recovery 

compared to EXP2. Moreover, an inverse rejection trend as a function of recovery is noted for 

PFOS where the appears to be a negative correlation between PFOS concentration and PFOS 

recovery.  

Coincident with the impact to intrinsic rejection, the average observed rejection trends of 

the PFAA proxies in NF270 EXP5 (Figure 4-47b) display similar depression of overall PFAA 

rejection performance relative to EXP2 (Figure 4-47a). At 97% recovery, PFBS is displaying a 

negative rejection of -16.6%, indicating that the permeate PFBS concentration is higher than the 

feedwater concentration.  
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Figure 4-47 Average observed rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP2 and (b) NF270 EXP5. The terminal ends of the error bars 
represent the calculated observed rejection for each sequence. The PFSA corresponding to each 
graph is identified along the right side of the figure. A second order polynomial regression line 
(light gray dashed) has been added for visual aid in identifying trends, the regression does not 
represent a predictive model. 

 

Based on the findings of the rejection analysis, further investigation of the raw PFAA data 

was warranted. Unexpectedly, PFOS concentrations in the retentate were negatively correlated 

to recovery while PFOS concentration in the permeate were slightly increasing, suggesting that 

PFOS mass may be interacting with a nonaqueous phase. This effect was most pronounced 

during Sequence 1 (Figure 4-48); however, the Sequence 2 trends were also atypical, 

characterized by slightly increasing retentate concentrations and relatively stable permeate 

concentrations.  

 

 

Figure 4-48 NF270 EXP5 Sequence 1 permeate PFOS concentrations (gray circles) and retentate 
concentrations (black circles) as a function of recovery.  
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A mass balance performed on the Sequence 1 using the permeate and retentate data 

collected during NF270 EXP5 indicates that approximately 4.5x106 nanograms of PFOS were 

lost. Based on the approximate dead volume of the closed-circuit portion of the system, the lost 

PFOS mass accounts for a concentration decrease of the final retentate of approximately 48,600 

ng/L.  

This data indicates that a significant mass fraction of the PFOS was lost to a nonaqueous 

phase during Sequence 1 CCD operation. It is hypothesized that the PFOS is hydrophobically 

interacting with components of the membrane (e.g., feed spacer, active layer polymer, polysulfone 

support layer, or permeate spacer) depending on the degree of PFOS permeation Alternatively, 

it is possible, but less likely, that the PFOS has formed its own nonaqueous phase at the 

membrane surface due to the severe concentration polarization that has agglomerated PFOS at 

the surface at concentrations high enough to form micelles or hemi-micelles.  

Of note, the NF270 EXP5 experiment was the only NF270 experiment to experience 

measurable fouling during the monitoring period. A graph of TCSF as a function of operating time 

(Figure 4-49) illustrates an 11% TCSF decline during Sequence 1 and Sequence 2. It is also 

evident that the TCSF did not return to pre-Sequence 1 conditions following the plug flow flush 

before Sequence 2. The observed TCSF decline between the beginning of each sequence could 

be the result of hydrodynamically irreversible fouling in the form of a scalant or adhered PFOS 

(and other PFAA) molecules.  

Is it possible that the formation of a foulant layer at the membrane surface of sufficient 

density mitigated the diffusion of similar quantities of PFOS mass into the membrane materials, 

which serves as a potential explanation for the differences in the concentration trends between 

Sequence 1 and Sequence 2.  

Based on the results of NF270 EXP5 it is evident that the addition of ionic strength and 

divalent co-ions in the form of sulfate salts had a deleterious impact on the PFAA rejection 

performance of the NF270 membrane. Additional, longer term studies would be required to more 

completely validate this effect and the potential impact of scaling on the long-term performance 

of the membrane.  
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Figure 4-49 TCSF (black circles) as a function of time for the NF270 EXP5 experiment. 

 

4.3.6 NF270 Reduced PFAA Concentration Experiment (NF270 EXP6) 

To assist in further elucidating the role of PFAA concentration of PFAA rejection by the 

NF270, a final experiment was conducted with feedwater PFAA concentration approximately 10x 

lower (NF270 EXP6) than the reference NF270 experiment (NF270 EXP2). The pH of the feed 

tank was adjusted to 6.20 for NF270 EXP6. A summary of the PFAA feedwater concentrations 

for NF270 EXP6 is provided in Table 4-15. 

Initial assessment of the PFAA proxy rejections by the NF270 during the NF270 EXP6 

experiment validated the concentration dependence of PFOS rejection observed in the previous 

NF270 experiments. As anticipated, there is no discernable impact of concentration on PFBS 

rejection when comparing the average intrinsic rejection of PFBS between NF270 EXP2 (Figure 

4-50a) and NF270 EXP6 (Figure 4-50b). However, a significant difference is realized in the 

intrinsic rejection profile of PFOS between the two experiments.  
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Figure 4-50 Average intrinsic rejection (black circles) of PFBS and PFOS by the NF270 as a 
function of recovery in (a) NF270 EXP2 and (b) NF270 EXP6. Note differences in ordinant axis 
scales. The terminal ends of the error bars represent the calculated intrinsic rejection for each 
sequence. The PFSA corresponding to each graph is identified along the right side of the figure. 
A second order polynomial regression line (light gray dashed) has been added for visual aid in 
identifying trends, the regression does not represent a predictive model. 

 

Following deeper investigation of the results, a confounding trend was observed in the 

permeate PFOS concentrations during Sequence 1 and Sequence 2 (Figure 4-51). PFOS 

permeate concentration decreased as a function of recovery despite increasing retentate 

concentrations at the recovery matched monitoring points.  

 

 

Figure 4-51 NF270 EXP6 Sequence 1 permeate PFOS concentrations (dark gray circles) and 
Sequence 2 permeate PFOS concentrations (light gray circles) as a function of recovery. 
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NF270 EXP6 was conducted following the completion of NF270 EXP5 with an intervening 

system flush. Considering the PFOS mass losses observed during NF270 EXP5 and the 

hypothesis that PFOS could have been hydrophobically interacting with various solid phases 

within the membrane element (e.g., the active layer polymer, polysulfone support layer, or 

permeate spacer) depending on the degree of permeation; it appears that residual PFOS mass 

sorbed to the membrane elements, not sufficiently purged during the system flush following EXP5, 

was being flushed from the permeate side of the membranes during EXP6. This effect was not 

observed for the short chain PFAA proxy, PFBS, which is indicative of the hydrophobicity 

differences reported between short chain and long chain PFAAs [72].  

This data corroborates the work of others who found that PFOS is more likely to sorb to 

components of the membrane elements [43,60]. It is hypothesized that the system flush between 

experiments was sufficient to purge residual weakly interacting PFBS but not more strongly 

interacting PFOS from the membrane elements. While NF270 EXP6 did not validate the intended 

hypothesis of PFOS concentration dependent rejection by the NF270, it did provide an additional 

line of evidence to support the membrane elements as the source of PFOS mass loss during 

EXP5.  
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CONCLUSIONS 

 

The primary objectives of this study were to assess the PFAA rejection performance of four 

commercially available high-pressure membranes (NF270, NF90, BW30, and SW30) spanning 

the characteristic NF and RO membranes operating in CCD configuration at high recovery and to 

further probe the prevailing mechanisms underpinning PFAA rejection by the NF270 membrane.  

Completing this study represents the first time the rejection of PFAAs by high-pressure 

membranes in CCD configuration have been comprehensively evaluated using full-scale 

membranes. Presenting this work advances the understanding of the role high-pressure 

membranes can play in addressing the threat posed by PFAS to global water resources. As the 

environmental engineering practice begins to focus increasing PFAS treatment efficiencies 

through volume reduction and concentration enhancement, the findings of this study are timely.  

Following the evaluation of the four high-pressure membranes operating in CCD 

configuration at 97% recovery, it became clear that slight membrane performance differences 

more readily disregarded in conventional high-pressure membrane applications are magnified in 

the CCD approach. During the two sequence experiments, the SW30 exhibited the highest overall 

PFAA rejection on a per compound basis. However, of more significance in the currently 

regulatory landscape, the NF90 exhibited higher final rejection of PFOS by a difference of 0.09%. 

Despite the seemingly insignificant margin, the concentration factor achieved in a CCD system 

operating at 97% recovery in combination with the low PFOS concentrations of regulatory 

significance, the differences in final PFOS rejection between the NF90 and SW30 are worthy of 

consideration.  

Considering the global distribution of PFAS in water resources, it is prudent to identify 

treatment approaches optimized for both treatment efficacy and cost. Using feedwater with 

relatively high PFAA concentrations, both the NF90 and SW30 membranes rejected the quantified 

PFAS remarkably well while achieving 97% recovery. The highest estimated concentration of a 

quantified PFAA in the final permeate was 12 ng/L (PFHxS) for the NF90 and 23 ng/L (PFOS) for 

the SW30. This performance is impressive considering the volume of the PFAS impacted 

feedwater was reduced by 3,300%. Although the CCD approach is generally considered more 

energy efficient compared to high recovery conventional membrane applications, identifying the 

membrane with optimal PFAA rejection at the lowest specific energy retains significance to further 

decreased cost and energy demands of the CCD approach.  
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Considering the current regulatory environment, that has identified long chain PFAAs as most 

eminent threat to human health and the environment, this study identified the NF90 membrane 

as the strongest candidate for PFAS treatment by high-pressure membranes in CCD 

configuration. Though the SW30 exhibited higher PFAA rejection for more compounds, the the 

400% cost increase associated with the SW30, and an undetermined regulatory landscape may 

deem the marginal increases in PFAA rejection moot. With that said, each treatment scenario 

should be evaluated independently to address its specific concerns. Relative PFAS 

concentrations, background water quality, and many other factors may impact membrane 

performance. Worth noting, the NF90 was the only membrane to experience measurable fouling 

during the experiment. The fouling appeared to be hydrodynamically reversible, however long-

term studies of the NF90 in CCD configuration represents a pressing need for additional research 

to determine the potential impacts of fouling to long-term performance and cost. 

In addition to the side-by-side evaluation of the PFAA rejection by each membrane operating 

in CCD, additional experimentation was performed to further probe the prevailing rejection 

mechanisms of PFAAs by the NF270 membrane. Most notably, it was observed that increasing 

the sulfate ion concentration in the feedwater can have deleterious impacts on the overall rejection 

of PFAAs by the NF270 membrane. Sulfate ions are large divalent co-ions to the PFAA anions 

that are typically well rejected by the NF270 membrane and are expected to accumulate on the 

feed-retentate side of the system during CCD operation. It is hypothesized that a reduction in the 

Debye length in conjunction with Donnan effects caused significant accumulation of PFOS at the 

membrane surface and within the membrane structure. During the first sequence of this 

experiment, approximately 4.5x106 nanograms of PFOS were observed to disappear from the 

aqueous phase. It is likely that the PFOS was hydrophobically interacting with the solid phases 

contained within the membrane elements (e.g., feed spacer, active layer polymer, polysulfone 

support layer, permeate spacer, etc.) depending on the degree of PFOS permeation during the 

experiment. These findings serve as a reminder to evaluate and consider the implications of feed 

water quality on instantaneous and long-term membrane performance, particularly considering 

the surfactant-like behavior of PFAS. 

In conclusion, prior to this study, high-pressure membranes were already established as a 

proven treatment alternative for PFAS impacted water. However, the conventional applications 

were hindered by the limitations of traditional membrane designs (e.g., low recovery, large 

volumes of retentate to manage, fouling, difficult operating conditions, etc.). Based on the results 

of this study, the separation of PFAS by high-pressure membranes in CCD configuration 

operating at high recovery has promising potential in addressing the global PFAS issue. The CCD 
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approach works to mitigate many of the typical pitfalls associated high-pressure membrane 

applications for PFAS treatment. However, CCD is not completely immune to the typical barriers 

associated with high-pressure membrane applications, fouling and retentate management are still 

a concern, but they are more easily surmounted in the CCD method, particularly in the context of 

CCD as a unit process in a treatment train approach. While CCD does not address all the issues 

currently plaguing PFAS treatment, it certainly represents a part of the solution.  

  



95 
 

 

REFERENCES 

 
[1] Z. Wang, J.C. DeWitt, C.P. Higgins, I.T. Cousins, A Never-Ending Story of Per- and 

Polyfluoroalkyl Substances (PFASs)?, Environ. Sci. Technol. 51 (2017) 2508–2518. 
https://doi.org/10.1021/acs.est.6b04806. 

[2] 3M Company, Fluorochemical Use, Distribution and Release Overview, (1999). 

[3] K.J. Hansen, L.A. Clemen, M.E. Ellefson, H.O. Johnson, Compound-Specific, Quantitative 
Characterization of Organic Fluorochemicals in Biological Matrices, Environ. Sci. Technol. 
35 (2001) 766–770. https://doi.org/10.1021/es001489z. 

[4] J.P. Giesy, K. Kannan, Global Distribution of Perfluorooctane Sulfonate in Wildlife, Environ. 
Sci. Technol. 35 (2001) 1339–1342. https://doi.org/10.1021/es001834k. 

[5] The Interstate Technology & Regulatory Council (ITRC) Per- and Polyfluoroalkyl 
Substances (PFAS) Team, Technical/Regulatory Guidance: Per- and Polyfluoroalkyl 
Substances (PFAS), (2020). https://pfas-1.itrcweb.org/wp-
content/uploads/2020/10/itrc_pfas_techreg_sept_2020_508-1.pdf. 

[6] M. Kirk, K. Smurthwaite, J. Bräunig, S. Trevenar, C. D’Este, R. Lucas, A. Lal, R. Korda, A. 
Clements, J. Mueller, B. Armstrong, The PFAS Health Study: Systemic Literature Review, 
(2018). 

[7] United States Environmental Protection Agency, Drinking Water Health Advisory for 
Perfluorooctane Sulfonate (PFOS), (2016). https://www.epa.gov/sites/production/files/2016-
05/documents/pfos_health_advisory_final-plain.pdf. 

[8] United States Environmental Protection Agency, Drinking Water Health Advisory for 
Perfluorooctanoic Acid (PFOA), (2016). https://www.epa.gov/sites/production/files/2016-
05/documents/pfoa_health_advisory_final-plain.pdf. 

[9] United States Environmental Protection Agency, EPA’s Per- and Polyfluoroalkyl Substances 
(PFAS) Action Plan, (2019). https://www.epa.gov/sites/production/files/2019-
02/documents/pfas_action_plan_021319_508compliant_1.pdf. 

[10] A. Cordner, G. Goldenman, L.S. Birnbaum, P. Brown, M.F. Miller, R. Mueller, S. Patton, 
D.H. Salvatore, L. Trasande, The True Cost of PFAS and the Benefits of Acting Now, 
Environ. Sci. Technol. (2021). https://doi.org/10.1021/acs.est.1c03565. 

[11] O. US EPA, National Primary Drinking Water Regulations, (2015). 
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-
regulations (accessed July 20, 2021). 

[12] R.C. Buck, S.H. Korzeniowski, E. Laganis, F. Adamsky, Identification and Classification of 
Commercially Relevant Per- and Poly-fluoroalkyl Substances (PFAS), Integrated 
Environmental Assessment and Management. n/a (2021). 
https://doi.org/10.1002/ieam.4450. 



96 
 

[13] D.M. Wanninayake, Comparison of currently available PFAS remediation technologies in 
water: A review, Journal of Environmental Management. 283 (2021) 111977. 
https://doi.org/10.1016/j.jenvman.2021.111977. 

[14] J. Glater, The early history of reverse osmosis membrane development, Desalination. 117 
(1998) 297–309. https://doi.org/10.1016/S0011-9164(98)00122-2. 

[15] M.C. Porter, Handbook of Industrial Membrane Technology, Noyes Publications, 1990. 

[16] J.E. Cadotte, R.J. Petersen, Thin-Film Composite Reverse-Osmosis Membranes: Origin, 
Development, and Recent Advances, in: Synthetic Membranes:, AMERICAN CHEMICAL 
SOCIETY, 1981: pp. 305–326. https://doi.org/10.1021/bk-1981-0153.ch021. 

[17] R.J. Petersen, Composite reverse osmosis and nanofiltration membranes, Journal of 
Membrane Science. 83 (1993) 81–150. https://doi.org/10.1016/0376-7388(93)80014-O. 

[18] R.C. Buck, J. Franklin, U. Berger, J.M. Conder, I.T. Cousins, P. de Voogt, A.A. Jensen, K. 
Kannan, S.A. Mabury, S.P. van Leeuwen, Perfluoroalkyl and polyfluoroalkyl substances in 
the environment: Terminology, classification, and origins, Integrated Environmental 
Assessment and Management. 7 (2011) 513–541. https://doi.org/10.1002/ieam.258. 

[19] United States Environmental Protection Agency, EPA and 3M Announce Phase Out of 
PFOS, [Press Release]. (2000). 
https://archive.epa.gov/epapages/newsroom_archive/newsreleases/33aa946e6cb11f35852
568e1005246b4.html (accessed May 12, 2021). 

[20] United Nations Environment Programme, Governments unite to step-up reduction on global 
DDT reliance and add nine new chemicals under international treaty, [Press Release]. 
(2009). 
http://chm.pops.int/Convention/Pressrelease/COP4Geneva9May2009/tabid/542/language/e
n-US/Default.aspx (accessed May 12, 2021). 

[21] United States Environmental Protection Agency, Revisions to the Unregulated Contaminant 
Monitoring Regulation (UCMR 3) for Public Water Systems, (2012). 
https://www.govinfo.gov/content/pkg/FR-2012-05-02/pdf/2012-9978.pdf. 

[22] X.C. Hu, D.Q. Andrews, A.B. Lindstrom, T.A. Bruton, L.A. Schaider, P. Grandjean, R. 
Lohmann, C.C. Carignan, A. Blum, S.A. Balan, C.P. Higgins, E.M. Sunderland, Detection of 
Poly- and Perfluoroalkyl Substances (PFASs) in U.S. Drinking Water Linked to Industrial 
Sites, Military Fire Training Areas, and Wastewater Treatment Plants, Environ. Sci. Technol. 
Lett. 3 (2016) 344–350. https://doi.org/10.1021/acs.estlett.6b00260. 

[23] United States Environmental Protection Agency, EPA PFAS Action Plan: Program Update, 
(2020). https://www.epa.gov/sites/production/files/2020-
01/documents/pfas_action_plan_feb2020.pdf. 

[24] O. US EPA, EPA Takes Action to Address PFAS in Drinking Water, US EPA. (2021). 
https://www.epa.gov/newsreleases/epa-takes-action-address-pfas-drinking-water (accessed 
May 18, 2021). 



97 
 

[25] American Water Works Association, Per- and Polyfluoroalkyl Substances (PFAS) - 
Treatment, (2020). https://www.awwa.org/Portals/0/AWWA/ETS/Resources/Per-
%20and%20Polyfluoroalkyl%20Substances%20(PFAS)%20-%20Treatment.pdf?ver=2020-
09-22-072333-547. 

[26] E.R.V. Dickenson, C. Higgins, Treatment Mitigation Strategies for Poly- and Perfluoroalkyl 
Substances., Water Research Foundation, Denver, CO, 2016. 

[27] J. Yu, A. Nickerson, Y. Li, Y. Fang, T.J. Strathmann, Fate of per- and polyfluoroalkyl 
substances (PFAS) during hydrothermal liquefaction of municipal wastewater treatment 
sludge, Environ. Sci.: Water Res. Technol. 6 (2020) 1388–1399. 
https://doi.org/10.1039/C9EW01139K. 

[28] C.E. Schaefer, C. Andaya, A. Maizel, C.P. Higgins, Assessing Continued Electrochemical 
Treatment of Groundwater Impacted by Aqueous Film-Forming Foams, Journal of 
Environmental Engineering. 145 (2019) 06019007. https://doi.org/10.1061/(ASCE)EE.1943-
7870.0001605. 

[29] G.R. Stratton, F. Dai, C.L. Bellona, T.M. Holsen, E.R.V. Dickenson, S. Mededovic Thagard, 
Plasma-Based Water Treatment: Efficient Transformation of Perfluoroalkyl Substances in 
Prepared Solutions and Contaminated Groundwater, Environ. Sci. Technol. 51 (2017) 
1643–1648. https://doi.org/10.1021/acs.est.6b04215. 

[30] K. Kimura, G. Amy, J.E. Drewes, T. Heberer, T.-U. Kim, Y. Watanabe, Rejection of organic 
micropollutants (disinfection by-products, endocrine disrupting compounds, and 
pharmaceutically active compounds) by NF/RO membranes, Journal of Membrane Science. 
227 (2003) 113–121. https://doi.org/10.1016/j.memsci.2003.09.005. 

[31] C. Bellona, J.E. Drewes, P. Xu, G. Amy, Factors affecting the rejection of organic solutes 
during NF/RO treatment—a literature review, Water Research. 38 (2004) 2795–2809. 
https://doi.org/10.1016/j.watres.2004.03.034. 

[32] M. Bodzek, 15 - Membrane technologies for the removal of micropollutants in water 
treatment, in: A. Basile, A. Cassano, N.K. Rastogi (Eds.), Advances in Membrane 
Technologies for Water Treatment, Woodhead Publishing, Oxford, 2015: pp. 465–517. 
https://doi.org/10.1016/B978-1-78242-121-4.00015-0. 

[33] C.Y. Tang, Q.S. Fu, A.P. Robertson, C.S. Criddle, J.O. Leckie, Use of Reverse Osmosis 
Membranes to Remove Perfluorooctane Sulfonate (PFOS) from Semiconductor 
Wastewater, Environ. Sci. Technol. 40 (2006) 7343–7349. 
https://doi.org/10.1021/es060831q. 

[34] P. Lipp, F. Sacher, G. Baldauf, Removal of organic micro-pollutants during drinking water 
treatment by nanofiltration and reverse osmosis, Desalination & Water Treatment. 13 (2010) 
226–237. https://doi.org/10.5004/dwt.2010.1063. 

[35] C.Y. Tang, Q.S. Fu, C.S. Criddle, J.O. Leckie, Effect of Flux (Transmembrane Pressure) 
and Membrane Properties on Fouling and Rejection of Reverse Osmosis and Nanofiltration 
Membranes Treating Perfluorooctane Sulfonate Containing Wastewater, Environ. Sci. 
Technol. 41 (2007) 2008–2014. https://doi.org/10.1021/es062052f. 



98 
 

[36] E. Steinle-Darling, M. Reinhard, Nanofiltration for Trace Organic Contaminant Removal: 
Structure, Solution, and Membrane Fouling Effects on the Rejection of Perfluorochemicals, 
Environ. Sci. Technol. 42 (2008) 5292–5297. https://doi.org/10.1021/es703207s. 

[37] T.D. Appleman, E.R.V. Dickenson, C. Bellona, C.P. Higgins, Nanofiltration and granular 
activated carbon treatment of perfluoroalkyl acids, Journal of Hazardous Materials. 260 
(2013) 740–746. https://doi.org/10.1016/j.jhazmat.2013.06.033. 

[38] C. Zhao, J. Zhang, G. He, T. Wang, D. Hou, Z. Luan, Perfluorooctane sulfonate removal by 
nanofiltration membrane the role of calcium ions, Chemical Engineering Journal. 233 (2013) 
224–232. https://doi.org/10.1016/j.cej.2013.08.027. 

[39] C. Zhao, C.Y. Tang, P. Li, P. Adrian, G. Hu, Perfluorooctane sulfonate removal by 
nanofiltration membrane—the effect and interaction of magnesium ion / humic acid, Journal 
of Membrane Science. 503 (2016) 31–41. https://doi.org/10.1016/j.memsci.2015.12.049. 

[40] F. Xiao, Emerging poly- and perfluoroalkyl substances in the aquatic environment: A review 
of current literature, Water Research. 124 (2017) 482–495. 
https://doi.org/10.1016/j.watres.2017.07.024. 

[41] L. Vierke, U. Berger, I.T. Cousins, Estimation of the Acid Dissociation Constant of 
Perfluoroalkyl Carboxylic Acids through an Experimental Investigation of their Water-to-Air 
Transport, Environ. Sci. Technol. 47 (2013) 11032–11039. 
https://doi.org/10.1021/es402691z. 

[42] J.F. Fernández, B. Jastorff, R. Störmann, S. Stolte, J. Thöming, Thinking in Terms of 
Structure-Activity-Relationships (T-SAR): A Tool to Better Understand Nanofiltration 
Membranes, Membranes. 1 (2011) 162–183. https://doi.org/10.3390/membranes1030162. 

[43] C.J. Liu, T.J. Strathmann, C. Bellona, Rejection of per- and polyfluoroalkyl substances 
(PFASs) in aqueous film-forming foam by high-pressure membranes, Water Research. 188 
(2021) 116546. https://doi.org/10.1016/j.watres.2020.116546. 

[44] J.G. Wijmans, R.W. Baker, The solution-diffusion model: a review, Journal of Membrane 
Science. 107 (1995) 1–21. https://doi.org/10.1016/0376-7388(95)00102-I. 

[45] Y. Yu, C. Zhao, L. Yu, P. Li, T. Wang, Y. Xu, Removal of perfluorooctane sulfonates from 
water by a hybrid coagulation–nanofiltration process, Chemical Engineering Journal. 289 
(2016) 7–16. https://doi.org/10.1016/j.cej.2015.12.048. 

[46] Á. Soriano, D. Gorri, A. Urtiaga, Efficient treatment of perfluorohexanoic acid by 
nanofiltration followed by electrochemical degradation of the NF concentrate, Water 
Research. 112 (2017) 147–156. https://doi.org/10.1016/j.watres.2017.01.043. 

[47] A. Boonya-atichart, S.K. Boontanon, N. Boontanon, Study of hybrid membrane filtration and 
photocatalysis for removal of perfluorooctanoic acid (PFOA) in groundwater, Water Science 
and Technology. 2017 (2018) 561–569. https://doi.org/10.2166/wst.2018.178. 

[48] V. Franke, P. McCleaf, K. Lindegren, L. Ahrens, Efficient removal of per- and polyfluoroalkyl 
substances (PFASs) in drinking water treatment: nanofiltration combined with active carbon 



99 
 

or anion exchange, Environmental Science: Water Research & Technology. 5 (2019) 1836–
1843. https://doi.org/10.1039/C9EW00286C. 

[49] T. Wang, C. Zhao, P. Li, Y. Li, J. Wang, Fabrication of novel poly(m-phenylene 
isophthalamide) hollow fiber nanofiltration membrane for effective removal of trace amount 
perfluorooctane sulfonate from water, Journal of Membrane Science. 477 (2015) 74–85. 
https://doi.org/10.1016/j.memsci.2014.12.038. 

[50] C. Boo, Y. Wang, I. Zucker, Y. Choo, C.O. Osuji, M. Elimelech, High Performance 
Nanofiltration Membrane for Effective Removal of Perfluoroalkyl Substances at High Water 
Recovery, Environ. Sci. Technol. 52 (2018) 7279–7288. 
https://doi.org/10.1021/acs.est.8b01040. 

[51] J. Wang, L. Wang, C. Xu, R. Zhi, R. Miao, T. Liang, X. Yue, Y. Lv, T. Liu, Perfluorooctane 
sulfonate and perfluorobutane sulfonate removal from water by nanofiltration membrane: 
The roles of solute concentration, ionic strength, and macromolecular organic foulants, 
Chemical Engineering Journal. 332 (2018) 787–797. 
https://doi.org/10.1016/j.cej.2017.09.061. 

[52] A. Efraty, R.N. Barak, Z. Gal, Closed circuit desalination -- A new low energy high recovery 
technology without energy recovery, Desalination & Water Treatment. 31 (2011) 95–101. 
https://doi.org/10.5004/dwt.2011.2402. 

[53] R.L. Stover, Industrial and brackish water treatment with closed circuit reverse osmosis, 
Desalination and Water Treatment. 51 (2013) 1124–1130. 
https://doi.org/10.1080/19443994.2012.699341. 

[54] S. Lin, M. Elimelech, Staged reverse osmosis operation: Configurations, energy efficiency, 
and application potential, Desalination. 366 (2015) 9–14. 
https://doi.org/10.1016/j.desal.2015.02.043. 

[55] A. Efraty, R.N. Barak, Z. Gal, Closed circuit desalination series no-2: new affordable 
technology for sea water desalination of low energy and high flux using short modules 
without need of energy recovery, Desalination and Water Treatment. 42 (2012) 189–196. 
https://doi.org/10.1080/19443994.2012.683141. 

[56] S. Lin, M. Elimelech, Kinetics and energetics trade-off in reverse osmosis desalination with 
different configurations, Desalination. 401 (2017) 42–52. 
https://doi.org/10.1016/j.desal.2016.09.008. 

[57] D.M. Warsinger, E.W. Tow, K.G. Nayar, L.A. Maswadeh, J.H. Lienhard V, Energy efficiency 
of batch and semi-batch (CCRO) reverse osmosis desalination, Water Research. 106 
(2016) 272–282. https://doi.org/10.1016/j.watres.2016.09.029. 

[58] D.M. Warsinger, E.W. Tow, L.A. Maswadeh, G.B. Connors, J. Swaminathan, J.H. Lienhard 
V, Inorganic fouling mitigation by salinity cycling in batch reverse osmosis, Water Research. 
137 (2018) 384–394. https://doi.org/10.1016/j.watres.2018.01.060. 

[59] K.L. Tu, L.D. Nghiem, A.R. Chivas, Coupling effects of feed solution pH and ionic strength 
on the rejection of boron by NF/RO membranes, Chemical Engineering Journal. 168 (2011) 
700–706. https://doi.org/10.1016/j.cej.2011.01.101. 



100 
 

[60] Y.-N. Kwon, K. Shih, C. Tang, J.O. Leckie, Adsorption of perfluorinated compounds on thin-
film composite polyamide membranes, Journal of Applied Polymer Science. 124 (2012) 
1042–1049. https://doi.org/10.1002/app.35182. 

[61] L.D. Nghiem, A.I. Schäfer, M. Elimelech, Removal of Natural Hormones by Nanofiltration 
Membranes: Measurement, Modeling, and Mechanisms, Environ. Sci. Technol. 38 (2004) 
1888–1896. https://doi.org/10.1021/es034952r. 

[62] M.J. López-Muñoz, A. Sotto, J.M. Arsuaga, B. Van der Bruggen, Influence of membrane, 
solute and solution properties on the retention of phenolic compounds in aqueous solution 
by nanofiltration membranes, Separation and Purification Technology. 66 (2009) 194–201. 
https://doi.org/10.1016/j.seppur.2008.11.001. 

[63] L. Braeken, B. Bettens, K. Boussu, P. Van der Meeren, J. Cocquyt, J. Vermant, B. Van der 
Bruggen, Transport mechanisms of dissolved organic compounds in aqueous solution 
during nanofiltration, Journal of Membrane Science. 279 (2006) 311–319. 
https://doi.org/10.1016/j.memsci.2005.12.024. 

[64] H.M. Krieg, S.J. Modise, K. Keizer, H.W.J.P. Neomagus, Salt rejection in nanofiltration for 
single and binary salt mixtures in view of sulphate removal, Desalination. 171 (2005) 205–
215. https://doi.org/10.1016/j.desal.2004.05.005. 

[65] K.L. Tu, A.R. Chivas, L.D. Nghiem, Effects of membrane fouling and scaling on boron 
rejection by nanofiltration and reverse osmosis membranes, Desalination. 279 (2011) 269–
277. https://doi.org/10.1016/j.desal.2011.06.019. 

[66] L. Zhu, Rejection of Organic Micropollutants by Clean and Fouled Nanofiltration 
Membranes, Journal of Chemistry. 2015 (2015) e934318. 
https://doi.org/10.1155/2015/934318. 

[67] J.T. Arena, B. McCloskey, B.D. Freeman, J.R. McCutcheon, Surface modification of thin film 
composite membrane support layers with polydopamine: Enabling use of reverse osmosis 
membranes in pressure retarded osmosis, Journal of Membrane Science. 375 (2011) 55–
62. https://doi.org/10.1016/j.memsci.2011.01.060. 

[68] S. Bouranene, P. Fievet, A. Szymczyk, M. El-Hadi Samar, A. Vidonne, Influence of 
operating conditions on the rejection of cobalt and lead ions in aqueous solutions by a 
nanofiltration polyamide membrane, Journal of Membrane Science. 325 (2008) 150–157. 
https://doi.org/10.1016/j.memsci.2008.07.018. 

[69] DuPont Water Solutions, FilmTec(TM) Reverse Osmosis Membranes Technical Manual, 
(2020). 

[70] Y. Dubowski, R. Greenberg-Eitan, M. Rebhun, Removal of Trihalomethane Precursors by 
Nanofiltration in Low-SUVA Drinking Water, Water. 10 (2018) 1370. 
https://doi.org/10.3390/w10101370. 

[71] C.E. Schaefer, D.M. Drennan, D.N. Tran, R. Garcia, E. Christie, C.P. Higgins, J.A. Field, 
Measurement of Aqueous Diffusivities for Perfluoroalkyl Acids, Journal of Environmental 
Engineering. 145 (2019) 06019006. https://doi.org/10.1061/(ASCE)EE.1943-7870.0001585. 



101 
 

[72] C.P. Higgins, R.G. Luthy, Sorption of Perfluorinated Surfactants on Sediments, Environ. Sci. 
Technol. 40 (2006) 7251–7256. https://doi.org/10.1021/es061000n. 

[73] T. F. Mastropietro, R. Bruno, E. Pardo, D. Armentano, Reverse osmosis and nanofiltration 
membranes for highly efficient PFASs removal: overview, challenges and future 
perspectives, Dalton Transactions. 50 (2021) 5398–5410. 
https://doi.org/10.1039/D1DT00360G. 

[74] Q. Yu, R. Zhang, S. Deng, J. Huang, G. Yu, Sorption of perfluorooctane sulfonate and 
perfluorooctanoate on activated carbons and resin: Kinetic and isotherm study, Water 
Research. 43 (2009) 1150–1158. https://doi.org/10.1016/j.watres.2008.12.001. 

[75] R.L. Johnson, A.J. Anschutz, J.M. Smolen, M.F. Simcik, R.L. Penn, The Adsorption of 
Perfluorooctane Sulfonate onto Sand, Clay, and Iron Oxide Surfaces, J. Chem. Eng. Data. 
52 (2007) 1165–1170. https://doi.org/10.1021/je060285g. 

[76] P. Xu, J.E. Drewes, T.-U. Kim, C. Bellona, G. Amy, Effect of membrane fouling on transport 
of organic contaminants in NF/RO membrane applications, Journal of Membrane Science. 
279 (2006) 165–175. https://doi.org/10.1016/j.memsci.2005.12.001. 

[77] N. Ates,  this link will open in a new window Link to external site, N. Uzal, Removal of heavy 
metals from aluminum anodic oxidation wastewaters by membrane filtration, Environmental 
Science and Pollution Research International. 25 (2018) 22259–22272. 
http://dx.doi.org.mines.idm.oclc.org/10.1007/s11356-018-2345-z. 

[78] J.R. McCutcheon, M. Elimelech, Influence of membrane support layer hydrophobicity on 
water flux in osmotically driven membrane processes, Journal of Membrane Science. 318 
(2008) 458–466. https://doi.org/10.1016/j.memsci.2008.03.021. 

[79] A. Simon, L.D. Nghiem, P. Le-Clech, S.J. Khan, J.E. Drewes, Effects of membrane 
degradation on the removal of pharmaceutically active compounds (PhACs) by NF/RO 
filtration processes, Journal of Membrane Science. 340 (2009) 16–25. 
https://doi.org/10.1016/j.memsci.2009.05.005. 

[80] J. Nikkola, H.-L. Alakomi, C. Tang, Bacterial Anti-Adhesion of Coated and Uncoated Thin-
Film-Composite (TFC) Polyamide (PA) Membranes, Journal of Coating Science and 
Technology. 1 (2014) 1–7. https://doi.org/10.6000/2369-3355.2014.01.01.1. 

[81] B. Sutariya, H. Raval, Analytical study of optimum operating conditions in a semi-batch 
closed-circuit reverse osmosis (CCRO) process, Separation and Purification Technology. 
(2021) 118421. https://doi.org/10.1016/j.seppur.2021.118421. 

[82] A. Efraty, Closed circuit desalination series no-6: conventional RO compared with the 
conceptually different new closed circuit desalination technology, Desalination and Water 
Treatment. 41 (2012) 279–295. https://doi.org/10.1080/19443994.2012.664741. 

 


