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ARTICLE INFO ABSTRACT

Editor name: Junyong Zhu Reverse osmosis (RO) is increasingly applied for PFAS removal from contaminated inland waters but generates a
highly concentrated reject stream, complicating concentrate management. However, concentrate post-treatment
may offer advantages due to reduced volumetric flow and elevated PFAS concentrations, while high-recovery
operation can improve both RO economics and treatment feasibility. Nevertheless, the limited implementation
of concentrate treatment leaves uncertainties, e.g., regarding the effects of elevated PFAS and competing con-
stituents, while high-recovery operation is constrained by membrane scaling, conventionally mitigated by
antiscalants, which are increasingly viewed critically. To address these challenges, two complex real water
matrices with contrasting PFAS levels, both prone to CaCOs scaling and organic fouling, were investigated.
Following particle removal, partial softening with weak and strong acid cation exchange resins (WAC, SAC) was
evaluated as an alternative scaling control. Additionally, concentrate and raw water treatment were evaluated
using PFAS-specific precipitation and powdered activated carbon. The results demonstrated that WAC offered the
highest potential for scaling mitigation via synergistic hardness removal and pH reduction and employment of
closed-circuit RO mitigated organic fouling and achieved exceptional recoveries up to 98.4%. The commercial
membrane (BW30) maintained high PFAS rejection, including short- and ultra-short-chain compounds. Notably,
concentrate treatment and higher recoveries improved specific PFAS removal while reducing chemical demand,
particularly for long-chain PFAS. Conversely, for certain PFAS compounds (e.g., short-chain, carboxylic PFAS),
increased recovery increased load removal but reduced removal efficiencies, likely due to competitive effects
from co-occurring constituents, which may limit compliance with threshold values and highlights the need for
further research.
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1. Introduction and anion exchange, RO offers superior PFAS removal [1,4] and thus has

been implemented in full-scale for PFAS removal for inland desalination

Dense membrane filtration, nanofiltration (NF) and reverse osmosis
(RO), have emerged as effective options for per- and polyfluoroalkyl
substances (PFAS) removal from contaminated water sources, with RO
in particular enabling the removal of a wide range of PFAS, including
short-chain and ultra-short chain species [1-5]. Compared to conven-
tional water treatment, e.g., aeration, coagulation, flotation, river bank
filtration, sand filtration, as well as advanced treatment processes, such
as porous membrane filtration, ozonation, granular activated carbon
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applications [6].

One disadvantage of RO and NF operation is the generation of a
concentrated waste stream (concentrate or brine) enriched in PFAS and
potentially necessitating post-treatment [4,6]. However, post-treatment
offers several advantages for PFAS treatment in comparison to direct
treatment of the feed. The concentrate typically accounts for only about
10-25% of the raw water volume, which enables the use of more
compact treatment units. Furthermore, the elevated concentrations can
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also enhance the performance of subsequent treatment processes such as
adsorption processes. Franke et al. [7] demonstrated that, when treating
NF concentrate, specific PFAS removal (mass removed PFAS per volume
of adsorbent) was 2.6 times higher with granular activated carbon
(GAC) and 4.1 times higher with anion exchange resins compared to raw
water treatment. Therefore, concentrate treatment can be more
economically viable than raw water treatment [8].

Thus, the idea of increasing the RO recovery to address several
challenges simultaneously is compelling. For inland desalination plants,
high recoveries are a prerequisite for economically viable operation due
to the difficult disposal of concentrates, limited water abstraction rights,
and the need to minimize specific energy consumption (see Supple-
mentary Information Fig. S3). Moreover, with respect to PFAS destruc-
tion, i.e., defluorination, high-temperature incineration presently
constitutes the most viable option [9], and its economic feasibility im-
proves significantly as the treatment volume is reduced, i.e., by mini-
mizing brine through maximized recovery. This is particularly relevant
for ultra-short-chain PFAS, which are essentially not retained by con-
ventional drinking water treatment technologies [5], but occur at
elevated concentrations, for instance in the European River Elbe, where
they represent the primary contributor to the overall PFAS load [10].

Consequently, increasing the recovery may not only improve the
overall economics of RO operation, but also open up novel opportunities
for concentrate management, potentially offering more attractive
treatment options compared to direct treatment of the raw water.
However, attaining high recoveries also entails certain drawbacks. First,
it may compromise the retention of constituents, particularly PFAS
[11,12]. Second, elevated solute concentrations in brines may hinder the
post-treatment of short-chain PFAS, for example by increasing compe-
tition from co-occurring ions [13] and organic matter [14]. Moreover,
attaining high recoveries is constrained by membrane scaling, which in
current practice is controlled through the application of antiscalants.
While effective for scaling control [15], antiscalants can introduce
further challenges, including their potential permeation [16,17], which
may raise public health concerns and, under unfavorable conditions,
contribute to the formation of harmful disinfection by-products [18].
Moreover, the detection and quantification of antiscalants is not yet
established as standard analytical practice. In particular, the analysis of
antiscalants in the permeate is complex and represents a considerable
analytical challenge [17]. This is problematic in the context of PFAS
treatment, as the use of RO to remove PFAS may be undermined if
additional treatment chemicals introduce new contaminants or risks
that are themselves challenging to quantify. Moreover, concentrate
treatment is becoming increasingly important but may be hampered by
the presence of antiscalants. For example, antiscalants can deteriorate
salt removal by precipitation [19] and may compete with PFAS for
adsorption sites, thereby reducing the effectiveness of PFAS removal.

Thus, this study investigates options for high-recovery RO operation
to concentrate PFAS for facilitated post-treatment of the RO concentrate
while producing a nearly PFAS-free permeate, without the use of scale
inhibitors. To enable high-recovery operation without antiscalants, ion
exchange (IEX) pre-treatment is implemented. IEX is applied in practice
for scale control by removing scaling-relevant ions [20] and is subject of
ongoing research into novel configurations and synergistic coupling
with RO operation, particularly to reduce regeneration brines [21-24], a
major barrier to wider IEX implementation [25].

First, the experimental system and methodology were characterized,
including the expected PFAS rejection by the membrane system and
potential adsorption of PFAS to system components (chapter 3.1.1),
before assessing the influence and suitability of different ion-exchange
resins used for (partial) softening as pre-treatment on the subsequent
RO stage (chapter 3.1.2). Second, the influence of different pre-
treatment options, operating conditions (permeate flux, recovery), and
modes of operation (continuous vs. closed-circuit) on membrane per-
formance in terms of scaling, fouling, and the rejection of standard water
quality parameters and PFAS, including short und ultra-short-chain
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PFAS, were investigated (chapter 3.2). Third, a comparison between
raw water treatment and concentrate treatment at different recovery
ratios was conducted (chapter 3.4). In this context, this study addresses
whether high recovery is beneficial overall, given that the concomitant
concentration of salts and natural organic matter (NOM) may impair the
subsequent removal of PFAS, in particular of short-chain PFAS.

The experiments were conducted at technical scale using two chal-
lenging real water matrices both prone to CaCOs scaling and organic
fouling but representing high and low PFAS contamination scenarios. A
hybrid treatment train was investigated, comprising conventional pre-
treatment (cartridge filtration, iron and manganese removal), ultrafil-
tration (UF), partial softening by IEX, and a RO stage. The resulting
concentrates were subsequently treated using different PFAS removal
strategies, including the PFAS-specific precipitation agent PerfluorAd®
[26] and powdered activated carbon.

Although previous studies have investigated advanced treatment
trains for high-recovery RO operation [21,23,27], the use of CCRO to
enable high recovery and PFAS removal [11,12], PFAS removal from
concentrates [13,28] as well as comparing raw-water and RO-
concentrate treatment for PFAS removal [7], important knowledge
gaps remain regarding the interactions among individual treatment
steps. It is insufficiently understood how increasing recovery affects
PFAS retention, scaling and fouling propensity, and the composition and
subsequent treatability of the resulting concentrate, as well as which
pretreatment and operational strategies can mitigate these adverse
effects.

The novelty of this study therefore lies in its holistic assessment of a
treatment train for two real PFAS-contaminated water matrices with
differing PFAS concentrations on a technical scale. The study evaluates
IEX softening as a pretreatment strategy to enable high-recovery oper-
ation without antiscalant addition, investigates CCRO as an operational
strategy to mitigate organic fouling at elevated DOC concentrations, and
assesses the effects of high-recovery operation on membrane perfor-
mance. Thereby providing practically relevant performance data, e.g.,
evaluating the retention of ultra-short-chain PFAS by commercially
available RO membranes under realistic high-recovery conditions.

Finally, it compares the downstream treatment of concentrates
generated at different recovery levels with direct raw-water treatment,
thereby assessing whether increased recovery provides an overall
benefit despite the concurrent concentration of salts and organic matter.
A further novel aspect is the antiscalant-free process design. Avoiding
antiscalant addition may become increasingly relevant in view of
stricter regulatory requirements and growing concern regarding anti-
scalant use in drinking-water treatment. In addition, antiscalant-free
operation may simplify subsequent concentrate treatment, for example
by avoiding interference with precipitation processes or competition for
adsorption sites.

2. Material and methods
2.1. Feed water

Two different real water sources were evaluated, referred to as raw
water 1 and 2. Here, “raw” denotes the state of the water before any
studied pre-treatment. Raw water 1 is hard groundwater from a
contaminated site (aqueous film-forming foam) with a high concentra-
tion of PFAS (3 PFASy ~ 4,000 ng/L), particularly PFBA (C4), PFPeA
(Cs), PFHxA (Cg) and PFHxS (Cg). Additionally, it exhibits elevated
levels of iron (approximately 0.1 mg Fe/L) and turbidity (>10 FNU).
Raw water 1 was collected onsite and delivered to the lab. Raw water 2
is service water supplied from the potable water distribution system
Duisburg. It is moderately hard and has low levels of PFAS. [29].
Typically, only PFBA, PFHxA, and PFOA (Cs) are detectable (> 1 ng/L).
It is in compliance with recent German drinking water regulations.
Table 1 summarizes the compositions of raw water 1 and 2.

For trifluoroacetic acid (TFA), the minimum and maximum values
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Table 1
Composition of raw water 1 and 2.
Parameter Unit Raw water 1 Raw water 2
pH - 7.1 7.9
Conductivity pS/cm 730 446
TDS mg/L 530 351
Sodium 21 20.0
Potassium 5.0
Calcium 102 70.0
Magnesium 13 4.0
Chloride 16 29.0
Hydrogen-carbonate 310 165
Nitrate 3 12
Sulfate 97 46
Feotal 0.1 -
Iron error % 2.3 —4.8
Total hardness mg/L CaCO3 308 191
Carbonate hardness 254 135
TOC mgC/L 3.15 2.68
SAC (1/m) 7.7 7.6
SUVA L/(mgC*m) 2.4 2.5
Turbidity FNU 13 <0.1
Slcalcite ) —-0.07 0.41
Z PFAS» ng/L ~4000 10-30
ZPFAS4 ~1000 4-12
TFA pg/L 1.2-1.6 (n=2) 1.7-44(n=4)

are reported, along with the number of sampling campaigns (in
brackets). The distribution of PFAS in the raw water is further displayed
in the Supplementary Information Fig. S1 along with additional details
on PFAS sum parameters.

Raw water 1 represents a typical hard groundwater sample for
remediation purposes or for drinking water treatment with multiple
treatment objectives, such as iron removal, PFAS removal, and soft-
ening. Raw water 2 was selected because its quality is representative of a
typical (pre-treated) feed to a dense membrane stage. On the one hand, it
symbolizes the challenge of concentrating and removing low-
concentration contaminants, while at the same time representing a
demanding water matrix that causes both CaCOs scaling and organic
fouling [30,31]. Moreover, it contains ultra-short-chain PFAS, such as
TFA (1.7 to 4.4 pg/L), for which no regulatory thresholds currently exist
yet [10].

2.2. Experimental procedure

Depending on the specific experiment, various water qualities were
generated that differed in terms of the raw water source, the applied pre-
treatment, and the chosen operating conditions. The experimental pro-
cedure is illustrated in Fig. 1 and all experiments with their respective
settings are summarized in Table 2.

2.2.1. Preliminary experiments

Preliminary experiments were conducted to characterize the mem-
brane and to evaluate the impact of IEX pre-treatment on both raw
waters. All membrane tests were conducted with BW30 2540 (DuPont)
[32]. The commissioning of new membranes and the cleaning process
were conducted in accordance with our previous study [31]. The
membrane was initially characterized in terms of its rejection perfor-
mance toward standard water quality parameters and selected PFAS
using raw water 2 as the feed. To emulate higher PFAS pollution levels,
raw water 2 was spiked with typical short-chain (=100 ng/L PFBA,
~250 ng/L PFBS) and long-chain (=~ 200 ng/L PFOA, ~500 ng/L PFOS)
PFAS. The objective of the spiking experiment was to ascertain whether
elevated concentrations of PFAS would result in the adsorption of PFAS
onto undersaturated surfaces, thereby yielding PFAS mass losses within
the system. The experiment was also designed to assess the impact of
high concentration differences on the analytical determination of PFAS,
with the range of differences being two orders of magnitude.
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Two different types of cation IEX material were tested: weak acid
cation (WAC) in the proton (Lewatit® CNP 80 WS, Lanxess) and strong
acid cation (SAC) in the sodium form resin (Lewatit® S 1567, Lanxess).
Batch tests were conducted to assess the impact of the two IEX materials
on the composition of the respective feed water. Prior to use, the resins
were rinsed with deionized (DI) water to remove potential contami-
nants, particularly organic matter initially leaching from fresh resins. A
quantity of 12 g of each resin was added to beakers containing 250 ml of
the respective feed water. The contents of the beakers were then stirred
for a period of 20 min, which is approximately the EBCT of the experi-
ments using IEX pre-treatment. The resin mass was selected to avert
resin exhaustion during the course of the experiments. The stirring time
was determined in advance to reach equilibrium. All tests were per-
formed twice for both resins and both raw waters, along with corre-
sponding controls without resin addition. Following the termination of
the experiments, the pH and EC of the samples were measured. The
samples were then filtered (0.45 pm) to analyze ions and measure total
organic carbon (TOC) and total carbon (TC) for total inorganic carbon
(TIC) determination.

2.2.2. Hybrid treatment schemes

Due to the high fouling potential (elevated turbidity and iron con-
centrations), raw water 1 was pre-treated step wise, see Fig. 1 c). First a
cartridge filter (10 pm) separated particles, which reduced the turbidity
by roughly 50%. Thereafter the water was aerated and treated with an
UF plant (SIMA-tec GmbH) equipped with an inside-out Multibore
(DuPont) UF membrane (length 1.15 m, and 3.3 m® membrane surface),
for advanced particle and iron removal. This resulted in turbidity of less
than 0.3 FNU and a total iron concentration below 0.02 mg/L. The
aeration boosted CO, degassing, causing the pH to rise from 7 to 8.7,
which in turn led to precipitation of CaCOs. The visible precipitates were
retained by UF filtration.

The UF filtrate was conditioned to approximately pH 7 by adding
CO2 and was subsequently used as the RO feed in experiment 1.1 (see
Table 2). For experiment 1.2 the UF filtrate was further pre-treated by
partial softening using SAC-IEX. In both experiment 1.1 and 1.2, the
water was completely recirculated (recirculation of permeate and
concentrate back to the feed tank). The release of CO5 associated with
the full recirculation was offset by controlling the pH through CO,
dosing.

In contrast, raw water 2 was treated continuously, i.e., the feed tank
was constantly refilled with fresh raw water, while permeate and
concentrate were discharged. In the experimental series 2 (Exp. 2.1 to
2.6), only partial softening by SAC- and WAC-IEX was used as pre-
treatment. The same IEX columns and RO system were used for both
waters for partial softening (see Fig. 1 d). Three IEX columns were
operated in series (=~ 10 L of resin).

The fully automated RO pilot plant was supplied by SIMA-tec GmbH
(Schwalmtal, Germany). The apparatus consists of a standard pressure
vessel with a diameter of 2.5 in. and a length of 40 in., equipped with a
single spiral-wound element (active membrane area 2.6 m?). Online
measurements encompass pressure (feed, concentrate, permeate), flow
rate (permeate, concentrate), electrical conductivity (EC) in permeate
and concentrate, pH (permeate and concentrate), and temperature. The
modes of operation of the plant include continuous feed and bleed mode,
which is referred to as continuous flow (coFRO), and discontinuous
semi-batch, closed-circuit reverse osmosis (CCRO). Further information
is available in the supplement (chapter 1.2) and our preceding studies
[30,31].

2.2.3. Concentrate treatment

PFAS removal was investigated from raw water and concentrate
samples to evaluate if concentrate treatment offers advantages over raw
water treatment and to investigate the influence of the recovery.

In Exp. 3.1, the PFAS-specific precipitant PerfluorAd® (Cornelsen
Umwelttechnologie GmbH, CU) was tested. PerfluorAd® was applied to
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Table 2

Summary of experiments.

Exp. Raw water (RW) type Type of experiment PFAS-20 TFA
D and pre-treatment samples samples
0.1 RW 2 spiked with coFRO at 25 LMH and X
PFAS ¢ =80%
0.2 RW 1 and 2 Batch tests with SAC
and WAC resin
1.1 RO feed 1.1: RW 1 coFRO at 10 LMH at X
after: CF, aeration + 50,76 and 87% ¢
UF
1.2 RO feed 1.2: RW 1 coFRO at 10, 20 LMH X X
after: CF, aeration + at 76, 84 and 90% ¢
UF + 80% SAC
2.1 RO feed 2.1: RW 2 coFRO at 20 LMH at
with 50% SAC 90% ¢
2.2 RO feed 2.2: RW 2 coFRO at 20 LMH at X X
with 50% WAC 90, 95 and 80% ¢
2.3 RO feed 2.2: RW 2 CCRO at 20 LMH at
with 50% WAC 90% dcc
2.4 RO feed 2.2: RW 2 CCRO at 20 LMH at X
with 50% WAC 95% ¢cc
2.5 RO feed 2.2: RW 2 coFRO at 15, 28.7 X X
with 50-70% WAC LMH at 96, 97.7% ¢
2.6 RO feed 2.2: RW 2 CCRO at 15, 30 LMH
with 40-70% WAC at 97.7, 98.4% ¢cc
3.1 RW 1 and concentrate  Precipitation: 200 mg/ X
Exp. 1.2 L PerFluorAd® + 10
mg/L FeCls
3.2 RW 1 and concentrate ~ PAC adsorption: 100 X
Exp. 1.2 mg/L PAC
3.3 Various concentrates PAC adsorption: 50 X
generated from RW2 mg/L PAC

raw water 1 and to the concentrates derived from raw water 1. Ac-
cording to the supplier's recommendation (CU), a PerfluorAd® dose of
200 mg/L and 10 mg/L FeCls was used.

Furthermore, powdered activated carbon (PAC) was tested to study
the adsorption of PFAS. PAC adsorption tests were conducted with raw
water 1 and two concentrates generated from raw water 1, collected at
75% and 90% recovery. It should be noted that pre-treatment and
scaling events influenced the PFAS concentration of raw water 1 (see
chapter 3.2), therefore, the concentration factor related to the initial
PFAS concentration (3 and 6) is significantly lower than the hydraulic
concentration factor (4 and 10). Only concentrated samples of raw water
2 were used for adsorption tests because the PFAS concentration in the
raw water was too low. Four different recoveries were investigated (83,
91, 96 and 98%). The concentration of PAC was set to cover the wide
range of concentration factors and was fixed at 100 mg/L for raw water 1
and 50 mg/L for raw water 2. The reaction time was 72 h. Norit® SA
Super (Cabot) powdered activated carbon (PAC), produced from plant-
based raw materials, was used (iodine number: 1050 mg/g; median
particle size dsg = 15 pm).

It is important to emphasize that the PAC tests were not primarily
conducted to assess PAC treatment. Rather, their primary objective was
to investigate how different feed concentration, ranging from raw water
to highly concentrated streams, affect the loading capacity. Accordingly,
these results can be applied to fixed-bed GAC systems, where the
determination of adsorption isotherms using PAC is standard practice
for initial capacity evaluation.

2.2.4. Summary of experiments
Table 2 summarizes the experiments conducted.

2.3. Analysis

Relevant cations and anions were analyzed by ion chromatography
(IC) using two Metrohm Eco IC systems. The TOC and total carbon (TC)
concentrations were measured using a Shimadzu TOC-L analyzer, and
the total inorganic carbon (TIC) concentration was determined as the
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difference between the TC and TOC concentrations. Dissolved organic
carbon (DOC) was determined from 0.45 pm-filtered samples using a
TOC-L analyzer. The distribution of TIC species (CO2, HCOs™, and
COs:>") was determined based on the measured pH. The spectral ab-
sorption coefficient (SAC) at 254 nm was determined for samples filtered
through 0.45 pm membranes. Furthermore, pH and electrical conduc-
tivity (EC) were measured using WTW 3310 and inoLab Cond 7310
(Xylem Inc.) handheld devices, in conjunction with online monitoring.
Further insight into lab analysis and online monitoring can be found in
our previous study [31].

The analysis of PFAS was conducted in a certified commercial lab-
oratory (IWW Analytik und Service GmbH, Miilheim, Germany) in
accordance with the German Drinking Water Directive. The limit of
quantification (LOQ) for PFAS from the )" PFASy list compounds is 1
ng/L.

In addition, TFA analysis was conducted using a gas chromatography
— mass spectrometry (GC-MS) headspace approach [33] with an LOQ of
approx. 0.5 pg/L. In brief, TFA in the water sample was automatically
esterified at 80 °C with methanol and sulfuric acid in a head space vial.
The formed volatile TFA-methyl ester were collected in the gas phase
above the liquid phase and afterwards directly injected into a GC-MS
system (GC-MS-QP2010 Ultra, Shimadzu Instruments, Japan) for
analysis.

PFAS analysis is susceptible to numerous potential error sources,
particularly during routine laboratory sample preparation steps such as
sample filtration [34,35], as applied in this study for concentrates, PAC
solutions, and PerfluorAd® samples. Prior to PFAS sample preparation,
the pressure filtration system was rinsed with Milli-Q water and equip-
ped with a new 0.45 pm filter. Filtration was then performed with the
respective water matrix to pre-condition the system, and the initial
filtrate, where potential adsorption or leaching effects may occur, was
discarded and not used for PFAS analysis. Pre-rinsed HDPE bottles were
used for sample storage and adsorption tests, pre-rinsed PP bottles for
shipment, and cellulose-based filters were employed, as these materials
are recommended for PFAS analysis [34].

2.4. Calculations

Permeabilities are reported as corrected permeabilities (P,) see eq.
(1), calculated as the ratio of permeate flux (Jp) to the effective driving
force, i.e., the difference between transmembrane pressure (TMP) and
transmembrane osmotic pressure (TMr) while accounting for tempera-
ture effects via membrane-specific temperature correction functions
(TCFys:¢) provided by the membrane supplier [20]. The impact of os-
motic pressure was approximated correlating (x) the electrical conduc-
tivity of the concentrate (ECc) to the osmotic pressure.

_ Jp*TCFas:c  Jp*TCFa5:¢

P, = ~
¢ TMP — TMr ~ TMP — x*EC.

@

The recovery (¢) in coFRO is the fraction of permeate to discharged
brine flow. For raw water 2, CCRO operation was investigated, too. In
this case, the closed-circuit recovery (¢.;) was applied, which excludes
the influence of flushing and can be calculated from the system volume,
the closed-circuit time, and the flux [30].

In this study, two different types of rejection were calculated, each
using a different reference concentration. In Fig. 1 d), a synopsis of the
various rejection calculations is provided (illustrated by the blue boxes),
along with a demonstration of the distinct applied feed concentrations.
Given the low single-pass recovery rate (4 to 8%), it can be deduced that
the bulk and concentrate concentrations are approximately equal, see
supplement Table S1. Therefore, the bulk rejection is related in an
approximation to the concentrate concentration (c¢):
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Cp

Bulk Rejection = 100%*| 1 —————
] ? %*(CF + Cc)

~ 100%* (1 —z—") @

C

Bulk rejection was used for most results because it is (nearly) inde-
pendent of recovery and therefore allows meaningful comparison with
other systems, for example by practitioners. Further information on the
calculation and assumptions can be found in the supplementary chapter
1.2. In addition, the bulk log removal value (LRVp,y) was calculated
with:

LRV = —logy, (cc/ CP) 3

Moreover, the observed (plant) rejection was calculated by relating
the permeate (cp) to the feed concentration (crqy) before pre-treatment,
particularly to enable comparison of different pre-treatment options.

Since PFAS concentrations in most permeate samples were below the
LOQ, two approaches were used to estimate rejection and permeate
quality. First, a minimum rejection was calculated by assuming the
permeate concentration to be equal to the LOQ (Fig. 2 f). For TFA, the
permeate concentration was estimated via a mass balance based on the
corresponding volumetric flow rates (Q) and concentrations (c), and was
subsequently used to calculate TFA rejection:

_ Qr*cr — Qc*cc
Qp
The saturation index (SI) and the ion balance error were calculated

using PhreeqC (version 3.8.6.17100; database phreeqc.dat). In Figs. 3
and 5 also show the estimated calcite SI, representing the SI directly
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before the scaling event, as estimated from online EC and pH mea-
surements. Calculations of measurement uncertainty are described in
the Supplementary Information (chapter 1.3).

3. Results and discussion
3.1. Preliminary experiments

3.1.1. System characterization: PFAS losses and rejection

Fig. 2 depicts Exp. 01, in which raw water 2 was spiked with PFAS. In
parts a) through d), the PFAS mass within the system is shown for PFAS
sum parameter (a) the spiked PFAS compounds (b, ¢) and unspiked PFAS
compounds (d). The left bars represent the PFAS mass immediately after
spiking, whereas the right bars show the results of triplicate measure-
ments after 24 h of filtration at a flux of 25 LMH under fully recirculated
conditions, i.e., with both permeate and concentrate returned to the feed
tank. For the PFAS sum parameters, PFOA, PFOS, PFHpA, and PFHxA,
the differences between the PFAS masses measured immediately after
spiking and after 24 h of filtration were within the variability of the
triplicate measurements. The results were therefore considered consis-
tent with the absence of relevant systematic PFAS losses. Interestingly,
PFBA and PFBS showed higher measured masses after 24 h of operation.
Potential explanations include contamination or artefacts during sample
preparation, for example from glassware or filter materials. However,
the apparent increases may also be explained by the uncertainty asso-
ciated with the individual initial measurement. The differences between
the left and right bars were approximately 10%, which is within the
typical uncertainty range assumed for individual measurements (+30%;
see the Supplementary Information chapter 1.3).

This indicates that adsorption of PFAS onto surfaces, e.g., the
membrane, is not relevant for the given setup, even under high con-
centrations, as e.g., experienced in later experiments at high recovery
and concentrate recirculation.

This is different from what has been reported about PFAS adsorption
on membranes. For instance, Cao et al. [13] reported for comparable
membranes an adsorption of roughly 2 pmolppos/mﬁembrane, which
would translate for our system into approximately 2.6 mg PFOS
adsorption. The absence of observed adsorption in our study is pre-
sumably attributable to the long service time of the system used treating
real water matrices with elevated PFAS concentrations. It's likely that
most of the adsorption happened earlier, and the system is nearly
saturated.

The minimum rejection of PFAS (Fig. 2 f), indicated by non-
detectable concentrations in the permeate, is high and consistent with
reports in the literature for the same membrane [2]. Notably, minimum
PFAS rejection even exceeded that of standard water quality parameters
(Fig. 2 e) that are typically known to show high retention in RO, such as
sulfate.

3.1.2. IEX resin batch tests

Table 3 summarizes the results of the batch tests (Exp. 02) conducted
to characterize the influence of the SAC and WAC resins to raw water 2.
The cation removal achieved with the SAC is substantially higher; for
example, calcium and magnesium removals are 97% and 95%, respec-
tively, compared to 78% and 63% with the WAC. This behavior is
inherent to the different IEX resins: while SAC resins remove both
temporary and permanent hardness nearly completely, hardness
removal by a WAC resin in the hydrogen form is limited to the carbonate
(temporary) hardness, i.e., the fraction associated with alkalinity [20].
In other words, exchange proceeds only as long as carbonate and bi-
carbonate species can buffer the released protons, and thus sufficient
alkalinity is available. However, overall TDS removal is significantly
enhanced by WAC, as proton release lowers the pH and shifts the
dominant TIC species from bicarbonate to uncharged dissolved carbon
dioxide (CO5). This pH-induced speciation shift raises the dissolved CO-
concentration to roughly 50 times atmospheric equilibrium, thereby
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Table 3

Exp. 02: Comparison of the effect of IEX pre-treatment on the properties of raw
water 2. Average values from duplicate experiments with the maximum devia-
tion indicated.

Parameter Unit Raw water 2 IEX-effluent
SAC WAC
TDS 350.4 + 6.2 361.3 + 6.7 128.8 + 2.3
Calcium mg/L 67.9 + 3.4 2.7+0.1 14.7 £ 0.7
Magnesium 4.4 +0.3 0.2 £ 0.05 1.64 + 0.06
Sodium 21.0 £ 0.7 1079 £ 1.3 21.2+0.2
TIC mgC/L 329+1.8 325+15 8.2+5.6
Bicarbonate 161.8 161.0 0.09
Carbon dioxide mg/L 35 2.3 30.1
EC uS/cm 449 4515 +2 301 +1.4
pH 7.85 £ 0.05 8 +0.03 3.62 £0.01
SI 0.34 -0.85 —8.64
T mbar 193 244 94
Ion-error % —4.8 -3.8 -3.18

driving extensive CO: stripping and resulting in an overall TIC removal
of approximately 75%. However, it should be noted that stirring and the
relatively high surface to volume ratio of the used Erlenmeyer Flasks in
the batch tests favor CO, degassing compared to typical used feed tanks
in full scale applications. Though, the high CO; access will still yield in
TIC removal, as observed in the technical scale operation of WAC as pre-
treatment for RO operation. Here, even partial softening with WAC
(chapter 3.2.2), followed by blending 50% WAC-treated water with 50%
untreated raw water 2, resulted in TIC removal of approximately
25-30%. Moreover, it should be emphasized that, even if less TIC were
removed by CO: degassing at larger scale, this would not compromise
the advantages of WAC operation. Reduced CO;, removal would result in
a lower pH and, consequently, in a comparable or a lower SI (depending
on the extent of CO5 degassing).

Compared to the SAC-, the WAC-IEX offers several advantages when
treating water that causes CaCOs scaling. First, for WAC, the concurrent
removal of calcium and bicarbonate significantly reduces the SI of
calcite, whereas SAC primarily removes calcium while leaving alkalinity
(almost) unaffected, which leads to factor 10 times lower SI for the WAC.
Furthermore, the high TDS removal of the WAC, during (partial) hard-
ness removal and the shifting of TIC fractions to CO2, results in a sig-
nificant reduction in osmotic pressure (n), approximately half of that of
the raw water. On the contrary, the osmotic pressure after SAC treat-
ment increases compared to the raw water. This can be explained by the
ion-exchange mechanism, which releases two moles of sodium into the
solution for each mole of total hardness removed [25]. In the present
case, this stoichiometry increases the molar concentration of dissolved
ions by roughly 2 mM, corresponding to an osmotic pressure rise of
about 50 mbar.

The slight pH increase observed after SAC treatment can be attrib-
uted to changes in carbonate speciation associated with the removal of
total hardness. As calcium and magnesium are removed, their aqueous
carbonate complexes (such as CaCO3(,q) and CaHCO:" [36]) decrease, so
that a larger fraction of TIC remains as free bicarbonate and carbonate
species, which leads to a modest increase in pH.

In the following, the influence of IEX pre-treatment is further
investigated on a technical scale (chapter 3.2.1 and 3.2.2). Moreover, in
chapter 3.2.3 both pre-treatment options are holistically evaluated.

3.2. Hybrid treatment of raw water 1

3.2.1. Raw water 1

Fig. 3 a) shows the permeability and calcite saturation of Exp. 1.1.
The increase in recovery had a marginal effect on the permeability loss,
which was about 3% per day for 50, 76 and 87% recovery, indicating a
high fouling rate for all investigate recoveries. The high permeability
decline is presumably related to organic fouling and discussed later.
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However, after approximately 10 h of operation at 87% recovery, a
significant decline (13% per day) in permeability was observed. This
decline is attributable to CaCOs scaling, as demonstrated by the char-
acteristic decrease in the concentrate's pH and a slightly delayed
concentrate EC drop [30,31], see Fig. 3 b). The drop in pH during CaCO3
precipitation in scaling event 1.1 is caused by the release of protons
when bicarbonate is converted to carbonate upon binding with calcium
[31,37].

Following scaling event 1.1, the membrane was chemically cleaned
and restored before Exp. 1.2 began, in which the feed was switched to UF
filtrate that had previously been pre-treated by partial softening with
SAC-IEX. In this experiment, the system was operated at 90% recovery
and only a marginal decline in permeability due to fouling was observed
from 200 to 500 h of operation, see Fig. 3 ¢). The main difference be-
tween Exp. 1.1 and 1.2 is the much lower calcium concentration (30 mg/
L instead of 100 mg/L) due to SAC-IEX softening. It is therefore likely
that the markedly improved permeability performance is primarily
linked to the lower calcium concentration. Calcium can enhance organic
fouling by promoting the formation of cross-linked gel layers with nat-
ural organic matter (e.g., alginates and humic acids), which are known
to cause severe organic fouling [38,39]. Thus, for feed water with a high
organic fouling potential such as raw water 1, SAC-IEX offer additional
benefit compared to WAC-IEX even though its effect on CaCOs scaling
prevention is less pronounced (see chapter 3.1.2 and the following
chapter 3.2.2).

After approximately 400 h of operation, pH control via CO2 dosing
was stopped to investigate the effect of the higher pH on scaling for-
mation (Fig. 3 d) and on the retention of selected standard parameters
and PFAS (Fig. 3 e and f). Subsequently, a significant decrease in pH was
observed at a pH of approximately 8, indicating a renewed CaCOj3 pre-
cipitation (scaling event 1.2). Since the concentrate and permeate were
fully recirculated in Experiment 1.2, calcium accumulated on the
membrane due to precipitation and thus depleted in the recirculate as
the experiment progressed (<5 mg Ca®*/L). Consequently, a state of
equilibrium was reached after a short period, and the permeability
stabilized. The pH continued to rise due to CO: degassing until it, too,
reached equilibrium at approximately 8.8 (Fig. 3 c and d).

This highlights the strong influence of pH on CaCOs scaling: when
CO2 dosing is stopped, the saturation index rises sharply from 1.19 at pH
7.45 to more than 1.7 at pH 8 (Fig. 3 ¢), thereby promoting scaling at this
pH. This demonstrates once more the advantage of proton exchange
during softening with WAC compared to SAC.

The trend in bulk EC rejection closely follows that of the concen-
trate's pH value (Fig. 3 e), that is, as the pH value increases, an increase
in EC rejection can be observed [30]. The increase in pH exhibited a
substantial impact on the rejection of TIC, which rose from 93.5% at a
concentrate pH of 7.4 to more than 99.2% at a pH of 8.8. This can be
explained by the shift of TIC species toward charged components as the
pH increases, meaning that the amount of uncharged CO2, which is not
retained by dense membranes [40].

Concurrently, the concentrations of the well rejected bicarbonate
and carbonate and thus the TIC rejection increase with increasing pH
[30]. Since bicarbonate is the dominant anion in the feed, the increase of
EC rejection is largely associated with increasing TIC rejection. In
addition, as the negative charge of the membrane increases with pH
[2,41], the electrostatic repulsion of negatively charged compounds also
increases. This, in turn, further enhances TIC rejection by increasing the
rejection of bicarbonate and carbonate and also improves the rejection
in general of other ions, not only anions but also cations, because the
permeate must remain charge neutral [42], as exemplified by the
increasing rejection of sodium and nitrate.

In contrast, PFAS rejection was not significantly impacted by the pH,
see Fig. 3 f). This can be attributed to the primary exclusion mechanism
of PFAS in RO membranes, namely size exclusion, rather than electro-
static interaction, which are more relevant for NF membranes [2].
Although for PFBA a higher rejection at the lowest pH was observed, this
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may not be related to the pH, but to the fact that the rejection was
determined before the scaling event and thus at higher calcium con-
centrations. Liu et al. [39] investigated the influence of the calcium
concentration on PFAS rejection and found that calcium, humic sub-
stances and PFAS may bridge to larger complexes, which boost PFAS
rejection, in particular rejection of short-chain PFAS, such as PFBA.
Interestingly, after the second scaling event, both the decline in
permeability decreased and PFBA rejection fell slightly, which might be
related to a less pronounced organic fouling layer, due to the exhaustion
of calcium.

Lastly, during Exp. 1.1 and 1.2, a decline of the PFAS feed concen-
tration was observed. The concentration of PFAS-4 and PFAS-20
decreased from the raw water to the feed concentration by approxi-
mately 50% and 40%, respectively, see Fig. 3 g). Interestingly, the cal-
cium concentration exhibited a similar decreasing trend. Moreover, after
the second scaling event, the PFAS feed concentration remained con-
stant with no further declining trend (see Supplementary Information
Fig. S4). Therefore, the observed PFAS removal might be linked to
CaCO:s precipitation, as adsorption of PFAS onto system components had
previously been ruled out, see chapter 3.1.1. CaCOs precipitation
occurred during the two scaling events, in addition to aeration of the raw
water for the purpose of iron removal, see chapter 2.2.2. Retention of
PFAS on minerals, such as limestone (CaCOs3) [43] and dolomite [44]
has been reported. As stated by Lv et al. [43], PFAS retention on lime-
stone is governed by two main factors. First, electrostatic interactions:
the zeta potential of limestone is generally only slightly negative and
shifts toward more positive values at higher ionic strengths [43] (e.g., as
given within the concentrate of our study) which enhances electrostatic
attraction with negatively charged PFAS. Second, the relatively high
specific surface area of limestone provides a greater density of sorption
sites [43]. This may point to beneficial synergistic effects of softening
processes, for example fluidized bed pellet softening, which may enable
partial PFAS removal as well. The influence of CaCOj3 precipitation on
PFAS removal was not an objective of this study. Nevertheless, the
observed association appears substantial and warrants further investi-
gation. At this stage, the proposed relationship between PFAS removal
and CaCOs precipitation remains observational, as it is based solely on
correlations between their concentrations. Future work should therefore
systematically investigate the underlying mechanisms, for example
through adsorption-isotherm experiments and by characterizing scaling
layers.

Fig. 4 shows the influence of the flux on the rejection of standard
parameters (a), PFAS (b) and permeability (c). As expected, the rejection
of all solutes increases because solute flux remains nearly constant,
while the water flux rises with increasing pressure, i.e. with increasing
permeate flux, which effectively dilutes the solute concentration in the
permeate [45]. Noteworthy is the sharp increase in nitrate rejection,
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which has risen from 92 to 96%. The in general low ion rejection is
discussed later (chapter 3.2.2).

The influence of flux on PFAS rejection is particularly pronounced
for ultra-short chain TFA and short-chain PFBA. The observed increase is
critical for compliance with current German drinking water standards:
at 10 LMH the permeate does not meet the limit, whereas at 20 LMH
compliance is achieved (see Supplementary Information Fig. S5).
However, the benefit of higher overall rejection at higher fluxes comes at
the price of increased permeability loss, in addition to higher operating
costs due to elevated pressure. Fig. 3 c) shows that the permeability
decreases directly with increasing flux, which is presumably related to
enhanced concentration polarization at higher flux. Moreover, the
permeability decline over time increases by approximately a factor of
five, which is likely associated with increased organic fouling, as dis-
cussed previously.

3.2.2. Raw water 2

Fig. 5 compares Exp. 2.1 and 2.2: operation with SAC-IEX (a, b) and
WAC-IEX (c, d) as pre-treatment strategies. In both cases, 50% of the raw
water was subjected to softening, while the remaining 50% bypassed
treatment and was directed to the mixed feed tank. With SAC-IEX pre-
treatment, permeability decreased sharply from the start (Fig. 5 a), and
scaling was already indicated by a drop in concentrate pH after 3 h
(Fig. 5 b). On the contrary, WAC-IEX pre-treatment enabled stable
operation with moderate permeability drop at recoveries of 90 and even
95% with no signs of membrane scaling (Fig. 5 c and d). The advantages
of WAC-IEX pre-treatment identified in the preliminary experiments
(chapter 3.1.2) were further confirmed upon coupling IEX with subse-
quent RO operation, yielding significantly lower calcite supersaturation
at 90% recovery (e.g., SI < 1 for WAC-IEX versus SI > 2 for SAC-IEX), see
Fig. 5 a) and c). The linear permeability decline in the WAC-IEX case is
presumably caused by organic fouling, since the concentrate DOC rea-
ches about 30 mgC/L and 60 mgC/L at 90% and 95% recovery,
respectively. Mitigation strategies are discussed later in this chapter,
exemplified by CCRO operation.

To further assess the influence of SAC and WAC pre-treatment, the
observed rejection (Fig. 5 e) was evaluated based on the overall same
conditions (pre-treatment 50:50, 90% recovery, 20 LMH). Therefore, the
rejection of salts (based on EC measurement), TIC, and characteristic
ions were determined. The hardness was excluded from the analysis
because the permeate concentrations of calcium and magnesium were
below the LOQ. The WAC configuration exhibited an overall higher salt
rejection, resulting in a 20% lower permeate TDS. This is surprising
considering the positive effect of elevated pH on the rejection (see Fig. 3
d) and the significantly higher concentrate pH of the SAC (7.92)
compared to WAC (7.10) configuration. The enhanced performance is
presumably linked to the change of the ion composition. For once, SAC
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softening produces a higher ionic strength effluent compared to WAC,
see Table 3. An increase in ionic strength enhances charge screening,
which may partially offset the beneficial effect of elevated pH in the SAC
configuration, thereby leading to reduced rejection. Secondly, the
application of SAC-IEX leads to an increase in monovalent sodium
concentration, resulting in an approximately fourfold higher sodium
concentration in the SAC-IEX configuration. As monovalent ions are
generally less retained, this may contribute to the reduced permeate
quality in case of the SAC-IEX configuration. The lower TIC removal in
the WAC configuration is attributed to a higher fraction of uncharged
CO: in the feed.

In general, the results indicate that WAC-IEX offers significant ad-
vantages over SAC-IEX pre-treatment, which are discussed in detail in
chapter 3.2.3.

The PFAS rejection of the WAC configuration was evaluated at a
recovery of 95%. No PFAS were detected in the permeate samples, as all
concentrations remained below the respective LOQ (< 1 ng/L for PFAS-
20). Consequently, the minimum rejection was estimated using the LOQ
values (see Supplementary Information Fig. S6). Moreover, TFA bulk
rejection of the WAC configuration was evaluated at a recovery of 95%
at 20 LMH and at 96% recovery at 15 LMH, see Fig. 5 f). At 95% re-
covery, TFA permeate concentrations were below the LOQ, so a mass
balance was applied (see eq. (4)), indicating bulk rejections approaching
three log units (~299.9%). At 96% recovery, TFA was detectable in the
permeate. Due to the lower flux, the bulk rejection is substantially
reduced, highlighting the strong influence of flux on the removal of
ultra-short-chain PFAS, see also Fig. 4 b.

It should be noted that the system was operated under a worst-case
scenario in feed-and-bleed mode. Under these conditions, the RO
element is continuously exposed to elevated concentrations, in contrast
to typical full-scale practice where multi-stage configurations are
employed and a concentration profile develops along the plant length.
This operating mode largely explains the comparatively low rejection
observed for certain ions, such as nitrate. Nevertheless, it is noteworthy
that, despite these harsh conditions, PFAS-20 were detected in the
permeate only for raw water 1, and even in this case, typical regulatory
limit values were still met (at 20 LMH see supplement Fig. S5), high-
lighting the strong PFAS removal performance of standard commercial
RO membranes.

Finally, in Exp. 2.3 and 2.4, the plant was operated with WAC pre-
treatment (50:50) and CCRO operation. The objective was to deter-
mine whether it would be possible to mitigate the permeability drop in
conventional operation that occurs due to organic fouling. Fig. 5 g)
displays CCRO operation at 90% closed-circuit recovery (¢qc), which
had approximately 80% less permeability drop compared to continuous
operation, see Fig. 5 c), over 500 h operation. The same findings
emerged in another study we conducted. Here we hypothesized that this
is related to a less compact fouling layer, due to process inherent
frequent flushing in CCRO operation, which allows to (partially) shear
off formed fouling layers in flushing intervals [30].

Furthermore, the plant was operated beyond the exhaustion of the
IEX to ascertain a robust and stable operation even under these harsh
conditions. It was confirmed that the system continued to operate for
approximately 200 additional hours without any indications of scaling.
As in our previous studies [30,31], the first signs of CaCOj3 scaling were
observed in the concentrate pH. Approximately 30 h later, a substantial
decline in permeability was detected. The relatively long period (~ 200
h) of stable operation following exhaustion is due to the fact that the IEX
continuing to soften the water to a certain extent (about another 50 h) as
well as to frequent inherent flushing, which (partially) removes deposits
[30,46].

Moreover, CCRO operation at 95% recovery exhibited a 50% lower
permeability decline compared to continuous operation, see Fig. 5 h).
Another advantage of CCRO operation in this case was that flushing was
not carried out with the mixed feed (50% raw water and 50% softened
water), but exclusively with raw water, thereby further reducing the
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consumption of softened water. However, it must be noted that, due to
the experimental scale (characterized by a high ratio of system volume
to membrane surface area and relatively slow valve actuation leading to
long transition phases), CCRO performance was evaluated using the
closed-circuit recovery. This approach excludes the influence of flushing
(see chapter 2.4) on recovery due to the loss of water and production
time. However, with respect to productivity, defined as the ratio of
filtration time (closed-circuit mode) to flushing time, both typical (25:1
to 100:1) and very high productivity (up to 215:1) settings were applied,
with the latter clearly exceeding values commonly reported in the
literature, e.g., 80:1 and 90:1 [47]. Therefore, the plant availability
(filtration time to total time) was high, ranging from 96 to 99.5%,
allowing transfer to full-scale applications. Further experiments were
carried out to increase the attainable recovery, enabling operations up to
even 98.4% closed-circuit recovery (see Supplementary Information
Fig. S7).

3.2.3. Comparative assessment and implications for IEX selection

For the raw waters studied, which have a high fraction of carbonate
hardness, both the batch experiments and the hybrid IEX-RO treatment
system demonstrated advantages of WAC-IEX in reducing calcite
saturation.

By reducing calcite saturation, WAC-IEX allows for higher RO re-
covery rates or a reduced pre-treatment stream, enabling cost-effective
partial softening in bypass mode. Combined with the higher operating
capacity and lower regenerant consumption reported in the literature
[25,48], this leads to a significant reduction in brine production
compared to SAC-IEX, which represents a major bottleneck in IEX ap-
plications [25]. As shown by the exemplary calculation in Chapter 2.2 of
the Supplementary Information, partial softening using WAC-IEX would
reduce both the required resin volume and brine production by 75%
compared with full-stream SAC softening, while achieving the same
calcite saturation. Moreover, WAC resins can be regenerated with CO2,
either alone or in combination with anion exchange, enabling simulta-
neous cation and anion removal (CARIX process; [49]), which improves
concentrate management by reducing both salinity loading and the use
of hazardous chemicals compared with conventional acid regeneration
(e.g., HCI for WAQ).

In the case of SAC-IEX, the use of non-hazardous NaCl as regenerant
and the combination with downstream RO offer the additional possi-
bility of utilizing the RO concentrate for partial regeneration, thereby
reducing the overall demand for chemicals [21-23]. Although regen-
eration effectiveness strongly depends on feed-water composition, effi-
cient regeneration generally requires a high proportion of monovalent
relative to multivalent cations [21,22].

In addition, the effects on subsequent RO operation vary. The WAC-
IEX pretreatment slightly improved the rejection of conventional water
constituents (Fig. 5 e), while PFAS retention, which was evaluated under
various pH conditions, remained largely unaffected (Fig. 3 f). For SAC-
IEX, however, the near-complete removal of total hardness can offer
additional operational benefits, particularly when combined with a
downstream RO process, e.g., to lower the risk of organic fouling [38].
This is particularly relevant for waters with high potential for organic
fouling, as discussed in chapter 3.2.1.

Another advantage of the hybrid WAC-IEX/RO setup is the sub-
stantially lower TDS content in the IEX effluent and the resulting
reduction in osmotic pressure, see Table 3. This yields in a significantly
lower specific energy consumption. As shown in Chapter 2.2 of the
Supplementary Information for various scenarios, partial WAC softening
could reduce the specific energy consumption (SEC) by approximately
8%, while the savings would increase to up to 15% with complete WAC
softening.

3.2.4. Concentrate treatment for PFAS removal
Fig. 6 a) to h) compares PerfluorAd® treatment of raw water 1 (open
markers) and its RO concentrate (filled markers), both with an



M. Futterlieb et al.

Separation and Purification Technology 419 (2026) 140303

a) PFAS-4 b) PFAS-20
100
0.25 co = 1.0 ug/L co = 4.2 pg/L 100 0.071 co=4lpglL Co =18.1 ug/L
3 0.061 R
50.20 1 X
g2 0.05 =
o 2 <
o & >
03 0.154 0.04 A o
=3 &
g% 0.031 &
& $0.104 §
§ 0.02 T
0.051
= 0.011
0.00- 0.00-
Raw water Concentrate Raw water Concentrate
c) PFBA (C4) d) PFPeA (C5)
2.0 100 100
Co = 0.2 pg/L Co = 1.0 pg/L Co = 1.50 pg/L Co = 6.79 pg/L
~ o Hg. o Hg. 0.201 0 Hg, 0 Hg, 90
g 80
o E157 80 3
Qo 0.151 =
S 60 703
oo ]
£ < 1.04 0.10 60 g
O~ . 1 =
33 40 50 u»
! Eo 5 40 g
S 0.5 ]
g 20  0.05
- 30
. 0 0.00- 20
Raw water Concentrate Raw water Concentrate
e) PFHxA (C6) f) PFHpA (C7)
0.301 100
Co = 0.96 pg/L co = 4.08 pg/L Co = 0.24 pg/L Co = 1.14 pg/L
F0.251
g S
% 0.20 =
o [
S £ H
£20.15 £
O~ g
33 o
v £0.10 X
& Q
£ 0.051
0.00-
Raw water Concentrate Raw water Concentrate
g) PFOA (C8) h) PFOS (C8)
1.759 100
Co=0.15 pug/L Co = 0.58 ug/L 14 c=018ugL Co =0.97 ug/L
= 1.501 '
E 1.2 -
1.254 X
8. 1.01 =
o [
S £1.004 H
g8 0.8 g
O~ J
g307s 0.6 a
a3 g
2050 041 &
(S
=~ 0.251 0.21
0.00- 0.0+
Raw water Concentrate Raw water Concentrate
i)
25
1.25
1.00 4
20
0.75
3 0.50
35
$&15] 0251 Concentrate
g\:’, 0.00 (filled) -
o 010 015 020 025 o7 7 T
s A7 el
é’ g oy L T e
s &L 7 -
N o
O PFBA V PFPeS O PFHpA
Raw water O pFes <> PFHXA O PFOA
(open) A PFPeA dh PFHXS $3 PFOS

5 6 7

Initial concentration o (ug/L)
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equivalent dosing concentration of 0.2 g/L, illustrating specific dose
(blue bars) and removal (green bars) of PFAS sum parameters (a, b) as
well as selected individual PFAS (c - h). The specific dose of PerfluorAd®
is lower in each case when treating the concentrate, reflecting the
greater absolute reduction in PFAS contamination compared to raw
water; for example, this reduction is approximately fivefold for PFHpA
and PFOS.

However, the achieved removal efficiencies vary. This is especially
evident for the shorter carboxylic PFAS (PFBA and PFPeA), where
removal from the concentrate is lower, which in turn is reflected in the
overall PFAS-20 removal efficiency. On the other hand, for longer chain
PFAS, the removal is comparable (PFAS-4, PFHxA, PFOS) or even
elevated for the concentrate (PFHpA, PFOA). Interestingly, in the case of
PFHpA and PFOA the removal is not only relatively higher but also
absolutley. For instance, the concentration of PFHpA in the concentrate
after treatment with PerfluorAd® is more than three times lower than
after treatment of the raw water.

Overall, a strong linear relationship between the initial concentra-
tion and the specific dose was observed. Fig. 6 i) displays the specific
removal of individual PFAS versus their initial concentration, together
with linear fits through the origin with different slopes. The slope is
directly proportional to the PFAS removal and can be obtained by
multiplying the slope by the PerfluorAd® dose (0.2 g/L). Most of the
PFAS data points lie between the lines corresponding to 87% and 99.5%
removal (filled area). This linear trend indicates that increasing the re-
covery, and thus the hydraulic concentration factor, will reduce the
required PerfluorAd® mass to achieve comparable PFAS removal,
demonstrating that the initial concentration strongly governs the spe-
cific dose and confirming reports of higher efficiency of concentrate
treatment compared to raw water treatment [7].

Data points outside the filled area between 87 and 99.5% removal
correspond to PFBA and PFPeA, observed in both the raw water and the
concentrate. This can be explained, first, by the short chain length of
these PFAS (C4 and Cs). Shorter perfluorinated carbon chains are more
hydrophilic (lower octanol water coefficient log Kow) and more mobile
(higher diffusivity) [13,50], which increases polarity and water solubi-
lity and, in turn, reduces their sorption and aggregation tendency into
the PerfluorAd® flocs. Moreover, the functional group is decisive, as
illustrated by the fact that the removal of short-chain PFBS, in contrast to
PFBA, is still in the area between 87 and 99.5%. Sulfonate functional
groups induce a higher neagtive charge potentially boosting sorption
[50]. The phenomenon of higher removal of sulfonic acids compared to
carboxylic acids at the same chain length is well documented in the
literature across various treatment methods, e.g., leading to faster break
through of carboxylic PFAS in fixed bed treatment, e.g., ion exchange or
activated carbon [50-52].

With regard to the practical implications of the results, it can be
concluded that, at identical, or comparable removal efficiencies and
PerfluorAd® concentrations in raw-water and concentrate treatment (e.
g., for PFHXA and PFOS), the same PFAS mass load is removed. How-
ever, in the case of concentrate treatment, the same PFAS load can be
removed with a lower PerfluorAd® mass, in proportion to the hydraulic
concentration factor. As an example, at a recovery of 75%, the dosed
PerfluorAd® mass is reduced fourfold, whereas at 90% recovery it is
reduced by a factor of 10. With even higher removal efficiencies, as
observed for longer-chain PFAS (PFHpA, PFOA), the potential to reduce
the required PerfluorAd® dose in concentrate treatment becomes
particularly evident. A simple example comparing raw water and
concentrate treatment is provided in the Supplementary Information
(Fig. S8) for three selected PFAS, showing equal (PFOS), higher
(PFHpA), and lower (PFBA) removal in concentrate treatment compared
with raw water treatment. This example therefore illustrates both the
advantages and potential drawbacks of concentrate treatment. The ad-
vantages are particularly apparent in the substantially lower Per-
fluorAd® demand and, for some PFAS, the potentially higher absolute
PFAS mass removal and even lower effluent concentrations. However,
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for PFAS exhibiting comparable removal in raw water and concentrate
treatment, the absolute PFAS mass removed is similar, whereas the re-
sidual concentration following concentrate treatment remains higher
because of the elevated influent concentration. This raises an important
regulatory question as to whether treatment performance should pri-
marily be evaluated in terms of PFAS mass-load reduction or compliance
with concentration-based discharge limits. Furthermore, where removal
is lower during concentrate treatment, the residual PFAS concentration
may exceed the initial concentration in the raw water, depending on the
RO recovery. This may be of particular concern for PFAS such as PFBA if
the treated concentrate is discharged, see the example in supplement
Fig. S8.However, it should be noted that PerfluorAd® is generally not
designed to target short-chain PFAS. For medium- (PFHpA) and long-
chain (PFOS) PFAS, comparable or even superior removal efficiencies
were achieved when treating the concentrate rather than the raw water,
highlighting the potential of concentrate treatment. Furthermore,
discharge regulations for generated drinking water concentrates, such as
the wastewater ordinance and generally accepted rules of technology,
currently do not define PFAS limits. To the best of the authors knowl-
edge, the only existing regulation for such a facility goes beyond stan-
dard requirements by enforcing a discharge limit based on long chain
PFOA (< 100 ng/L [6]). Thus, comparing concentrate and raw water
treatment with regard to a PFOA threshold reveals clear advantages for
concentrate treatment using PerfluorAd®, as higher relative and abso-
lute removal performance is achieved with a lower specific dosage, see
Fig. 6 g.

Additional experiments using a range of PerfluorAd® dosages are
required to further clarify how recovery affects treatment performance
when target threshold values must be met. These experiments should
also evaluate the potential consequences of overdosing in the raw water
and underdosing in the concentrate, as well as the potential advantages
of two-stage treatment configurations.

Adsorption tests using PAC were conducted with raw water 1 and the
concentrates generated from it, as well as with concentrates derived
from raw water 2 produced at different recovery rates, to investigate the
impact of the recovery. Fig. 7 a), ¢) — h) depict the adsorption capacity
(q) as function of the equilibrium concentration (ceq) for PFAS-20 and
selected individual PFAS. It can be seen that the adsorption capacity
generally increases with recovery. Moreover, the PFAS adsorption ca-
pacity of waters originating from raw water 1 is significantly higher.

PFBA exhibits the lowest adsorption capacity (Fig. 7 ¢) in both waters
due to its short chain length, high polarity, and weak hydrophobic and
electrostatic interactions with PAC, in contrast to PFBS (Fig. 7 d), which
adsorbs more strongly owing to its sulfonate group. Notably, PFBA
shows no initial adsorption for raw water 2 but exhibits measurable
uptake at higher recoveries, indicating a concentration-driven effect.
The absence of uptake at low initial concentrations is likely due to
pronounced matrix and competition effects combined with the inher-
ently low sorption affinity of short-chain PFAS, such that a minimum
PFBA concentration must be exceeded before electrostatic and non-
electrostatic interactions become sufficiently effective to yield a
measurable net uptake despite the simultaneous enrichment of
competing substances. The positive effect of increasing recovery on PAC
treatment of the concentrate, specifically regarding short chain PFBA, is
shown in Fig. S9 of the Supplementary Information, highlighting the
potential to improve short chain PFAS removal at elevated recoveries.

The highest adsorption capacity for raw water 1 is found for the Ce-
PFAS, namely PFHxA and PFHxS, with 25 and 40 ng/mg, respectively,
exceeding raw water 2 by factor 200 and 100, respectively. The high
adsorption capacities for PFHxA and PFHxS in raw water 1 are likely a
concentration effect, indicated by the high equilibrium concentrations.
In contrast, the long-chain PFAS, PFOA and PFOS, show the highest
adsorption in raw water 2, which correlates with relatively high equi-
librium concentration, too.

Given that the initial PFAS concentration of raw water 1 is consid-
erably higher than that of raw water 2 (see Fig. 7 i and j), the typically
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Fig. 7. PAC adsoprtion tests applying 100 mg/L (raw water 1 and generated concentrates) and 50 mg/L (concentrates generated from raw water 2): a) to h) loading
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higher equilibrium concentration provides a greater driving force for
adsorption and may thus explain the significantly higher adsorption
capacity observed for raw water 1. However, since the concentrates of
raw water 2 were produced at significantly higher recoveries, the
equilibrium concentration in some cases matches or even exceeds that of
raw water 1. For instance, raw water 1 has an equilibrium concentration
of PFAS-20 that is comparable to the concentration of the concentrate
generated at 96% recovery of raw water 2 (300 ng/L). However, raw
water 1 has a 10-fold higher adsorption capacity. A comparison of the
concentrates of PFOS in raw water 1 and 2 reveals that raw water 2 has
an 8-fold higher equilibrium concentration, yet an approximately 17-
fold lower adsorption capacity. Therefore, differences in initial con-
centration are unlikely to account for the observed performance, and an
influence of the different water matrices appears more plausible.

A comparison of the concentrates at the highest recovery application
for raw water 1 and 2 indicates that the concentrate from raw water 2
yields approximately double the ionic strength. Abulikemu et al. [53]
showed that ionic strength has a significant impact on GAC perfor-
mance, with reduced ionic strength markedly improving PFAS removal.
The effect of ionic strength is primarily explained by the weakening of
electrostatic interactions between the sorbent and PFAS due to
compaction of the electrical double layer and is elevated for short chain
PFAS [53,54]. Moreover, the organic background may also contribute.
The adverse effect of natural organic matter on micropollutant adsorp-
tion, arising from competitive adsorption [55], has been extensively
reported, as organic matter occupies adsorption sites and thus reduces
the effective adsorption capacity of the sorbent for target compounds
[56], in particular for short-chain PFAS [14]. Haist-Gulde [57] reported
significantly faster breakthrough of PFAS-4 in GAC filtration at elevated
concentrations of DOC in the feed water. However, the DOC concen-
tration of raw water 1 is higher than that of raw water 2 (approximately
20%). Still raw water 1 outperforms raw water 2.

Considering the adsorption isotherms of the DOC for both waters, see
Fig. 7 b), reveals higher DOC adsorption capacity of raw water 2
compared to raw water 1. Therefore, significant variations in perfor-
mance can likely be attributed to the organic background, particularly
given the fact that the fraction of PFAS to DOC is over 160 times higher
in raw water 1 than in raw water 2. This suggests less competition with
DOC in raw water 1 compared to raw water 2. The evaluation of the
fraction of the sum of PFAS to the DOC might be an effective parameter
to estimate the adsorption performance, though more research is
needed, in particular advanced characterization of the DOC, e.g., by LC-
OCD.

Finally, in analogy to the PerfluorAd® application, the specific PFAS
removal was plotted versus the initial concentration for raw waters 1
and 2, see Fig. 7 i) and j). Increasing marker darkness denotes higher
initial concentrations (higher recovery), and the slopes of the straight
lines through the origin quantify the respective removal.

For raw water 1, most PFAS follow a linear trend, with slopes cor-
responding to 87-99.9% removal, demonstrating the same positive ef-
fect of higher concentration as noticed for PerfluorAd®. However, in
contrast to PerfluorAd®, the PAC application appears to be more PFAS-
compound-specific: For PFHxA, PFPeA and PFBS, a saturation-like in-
crease is observed, i.e., a pronounced deviation from the linear trend,
indicating that with increasing concentration (and thus recovery) the
gain in specific removal progressively diminishes. This behavior is also
evident for PFBA: increasing the initial concentration only slightly en-
hances the specific removal, while the overall removal efficiency de-
creases markedly, for example from 40 to 15% upon a threefold increase
in concentration.

For raw water 2, a clear separation between long-chain and short-
chain PFAS becomes evident: the specific removal of long-chain com-
pounds such as PFOA and PFOS is substantially higher, whereas PFAS
with fewer than eight carbon atoms show much lower specific removal,
even at elevated initial concentrations. In general, the overall removal
achieved for raw water 2 is markedly lower than for raw water 1, and no
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clear linear trend in specific removal with increasing initial concentra-
tion is observable. This behavior indicates pronounced matrix effects,
most likely driven by competition with DOC for adsorption sites, see
Fig. 7 b).

It should be noted that although increasing recovery enhanced
concentrate treatment via PAC, yielding higher PFAS adsorption ca-
pacity, the overall removal efficiency decreased (see, e.g., Fig. S9 ain the
Supplementary Information for PFAS-20). However, for fixed-bed GAC
systems, this lower batch removal has no practical impact. Due to the
development of a moving mass-transfer zone along the filter bed, near-
complete removal efficiency is maintained, albeit with a faster break-
through of short-chain compounds due to significant lower loading [6].
Given that GAC is already applied for concentrate treatment [6], the
higher loading achieved at elevated recoveries might substantially
extend bed service life or reduces specific carbon consumption. Inter-
estingly, a pronounced increase in recovery (e.g., from 75 to 90% for raw
water 1 and from 90 to 96% for raw water 2) led to a substantial increase
in PFAS-20 loading, almost mirroring the rise in the concentration fac-
tor, see Fig. 7 a) and Fig. S9 a) in the supplement. Thereby, this study
highlights the potential of high-recovery operations to enhance the
economics of increasingly relevant concentrate treatment for micro-
pollutant removal prior to discharge.

4. Conclusion

This study investigated strategies to improve membrane-based
treatment of PFAS-contaminated waters by addressing both PFAS
retention and concentrate management for two real water matrices
prone to CaCOs scaling and organic fouling, with contrasting PFAS
contamination levels on a technical scale. It was hypothesized that high
recovery operation is advantageous for downstream treatment; there-
fore, SAC and WAC ion exchange (IEX) were evaluated as pre-treatment
options to enable high recoveries without the use of antiscalants. The
following conclusions can be drawn:

o WAC-IEX offers advantages over SAC-IEX as a pre-treatment step for
water that causes CaCOs scaling, especially because of
o higher reduction of SI, which allows higher recoveries or less pre-

treatment,
o lower effluent TDS, yielding in lower osmotic pressure for RO
operation and lower RO permeate TDS.

e CCRO operation showed less organic fouling compared to continuous
operation.

e The investigated typical brackish water RO membrane (BW30)
achieved bulk rejections near 3 log units for common long- and short-
chain PFAS and, even for TFA, approaching 2.5 log units at a design
flux of 20 LMH under “worst-case” feed-and-bleed operation

e Both concentrate treatment (vs. raw water treatment) and higher

recovery operation increased specific removal for PerfluorAd® and

PAC, indicating more effective load removal during concentrate

treatment with reduced chemical demand. This effect was most

pronounced for long-chain PFAS, where concentrate treatment
partly achieved higher absolute removal than raw water treatment.

However, particularly for short-chain PFAS, higher load removal at

increased recovery was accompanied by lower removal efficiencies.

Therefore, if it is necessary to assess compliance with limit values,

further studies are required to evaluate the effects of recovery, for

example by testing different sorbent dosages or evaluating two-stage
treatment concepts.

While higher recoveries may reduce removal efficiency in single-

stage PAC and PerfluorAd® systems, the resulting elevated load-

ings may enhance practically relevant GAC bed service life and lower
carbon demand, demonstrating the potential of high-recovery oper-
ations to improve the economics of concentrate treatment.
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e The water matrix is decisive for concentrate post-treatment, in
particular the ratio of DOC to PFAS, presumably due to competitive
DOC adsorption.

e PFAS may adsorb on CaCOs precipitates, which should be further
investigated.
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