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Abstract 

Laboratory tests and column tests were carried out in a waterwoks to investigate the removal of short- and long-
chain PFAS using activated carbon filtration and ion exchange treatment. For all adsorbents, the sorption affinity of 
short-chain per- and polyfluoroalkyl carboxylic acids (PFCA) was significantly lower than that of long-chain PFAS or 
short-chain per- and polyfluoroalkyl sulfonic acids (PFSA). In the PFAS-polluted groundwater matrix, the short-chain 
PFCA PFBA and PFPeA could only be sufficiently removed with activated carbon over short run times of 6000 and 
11,000 bed volumes (BV), respectively. Longer PFCA with a chain length of C6 or more were removed over longer run 
times.

The removal of short-chain PFCA using ion exchange media could also only be achieved over relatively short run 
times of 5000 BV for PFBA, 10,000BV for PFPeA and 18,000 BV for PFHxA. These are sometimes significantly longer than 
those of activated carbon. Due to the higher material costs for ion exchange media, there are nevertheless no lower 
operating costs when the ion exchangers are used in single-use mode. However, ion exchangers can be regenerated 
and then reused which can result in economic advantages compared to activated carbon filtration. However, for the 
extensive regeneration, especially for the elution of the long-chain PFAS, the additional use of ethanol is needed in 
the process. In contrast, the short-chain PFBA and PFPeA can be extracted without organic solvent from a weakly 
basic ion exchanger.

Keywords  Per- and polyfluoroalkyl substances, PFAS, Removal, Drinking water, Activated carbon, Ion exchange, 
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Introduction
The group of per- and polyfluoroalkyl substances (PFAS) 
is a large family of anthropogenic substances. They con-
sist in part of aliphatic, acyclic hydrocarbons in which 
many (poly) or all (per) of the hydrogen atoms have been 

replaced by fluorine atoms (Buck et al. [3]). These carbon 
chains are connected to different functional groups. Due 
to their hydrophilic and hydrophobic properties, PFAS 
are as well oil and water repellent. PFAS show a high 
stability to thermal, biological and chemical processes. 
Thus, they have been used in a wide range of industrial 
and household products over several decades. One main 
application is their use in aqueous film forming foams 
(AFFF).

The group of PFAS can be subdivided into per- and 
polyfluoroalkyl carboxylic acids (PFCA) and per- and 
polyfluoroalkyl sulfonic acids (PFSA). In addition to 
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these two subgroups, a broad variety of PFAS exist with 
different chemical structures at the non-fluorinated 
part of the molecules (Buck et  al. [3]). Single perfluori-
nated substances, like perfluorooctane sulfonic acid 
(PFOS) and perfluorooctanoic acid (PFOA), have been 
well researched and are regulated due to their extreme 
resistance to degradation and their bioaccumulation 
potential. Owing to their very high toxicity to humans, 
the use of PFOS has been forbidden in the EU to a large 
extend since 2006 (EC [7]), based on agreements in the 
Stockholm Convention. The use of PFOA is also strongly 
restricted and in 2019 the use of firefighting foams con-
taining PFOA has also been banned in the EU (Stock-
holm Convention [28]). Since over 150 countries across 
all inhabited continents have ratified the Stockholm Con-
vention, the use of designated PFAS is virtually banned 
worldwide (Brennan et al. [2]).

Consequently, alternative PFAS are now used in many 
applications. These PFAS have either shorter-chain 
lengths or are only partly fluorinated compounds (such 
as the fluorotelomers) [1, 24, 26]. The non-fluorinated 
part of the fluorotelomers with shorter-chain lengths 
might be degraded microbially in the environment lead-
ing to the formation of PFCA or PFSA (Pancras et  al. 
[21]). Short-chain PFAS are defined to have five or less 
carbon atoms in the case of PFSA and to have seven or 
less carbon atoms in the case of PFCA ([3], OECD [20]).

In general, short-chain PFAS are less toxic than long-
chain PFAS; however, the short-chain PFAS have been 
found to be more mobile in groundwater and able to 
move more rapidly in the case of soil contamination 
[33]. This is apparent by comparing the drinking water 
guidance values set from the German Environmental 
Protection Agency for the C4 compound PFBA (per-
fluorobutanoic acid) of 10 µg/L and for the C8 compound 
PFOS of 0.1 µg/L (UBA [34]). Nevertheless, short-chain 
perfluoroheptanoic acid (PFHpA) has a health-oriented 
guidance value of 0.3  µg/L and thus exhibits a compa-
rable toxicity like PFOS. In addition, the EC Drinking 
Water Directive 2020/2184 includes a drinking water 
limit value of 0.1 µg/L for the sum of 20 PFAS (C4 to C13 
of PFCA and PFSA) (EU [8]).

Most cases of PFAS contamination of groundwater 
have resulted from firefighting operations using aque-
ous film forming foams near airports. These contami-
nations are often characterised by the occurrence of 
long-chain PFAS, like PFOS, PFHxS and PFOA. More 
recent groundwater contaminations are often charac-
terised by contributions from short-chain PFAS, such as 
PFBA, PFPeA (perfluoropentanoic acid) or PFHxA (per-
fluorohexanoic acid) [12, 25, 38].

Adsorption onto granular activated carbon (GAC) is 
a field-proven technology for the removal of long-chain 

PFAS, like PFOS and PFOA, from contaminated water 
[14, 27]. Due to the raising concerns of emerging short-
chain PFAS, new treatment technologies have recently 
been developed, investigated and evaluated.

Sustainable PFAS treatment technologies ensure 
a destruction of the substance until full degradation 
and mineralisation has occurred. Nevertheless, due 
to the very high electronegativity of fluorine and the 
very stable chemical bond between carbon and fluo-
rine, destruction technologies for PFAS are very energy 
intensive. PFAS destruction has been investigated for 
electrochemical degradation, sonochemistry, plasma 
destruction, oxidation processes, UV radiation and 
incineration [15, 22, 30, 32, 35, 37]. In the case of drink-
ing water treatment and of certain contaminant site 
remediation, PFAS concentrations can be rather low, 
and thus, these technologies are not very attractive 
from an economical perspective.

In general, economic benefits can be felt from treat-
ment technologies when a PFAS liquid–liquid separation 
or an adsorption step is used before the PFAS destruction 
step. In the first case, the amount of water to be treated 
is significantly reduced resulting in a large energy saving 
for the destruction technology. In the second case, PFAS 
are accumulated on a solid phase and then the further 
destruction technology takes place via the combustion of 
the adsorbents with a thermal destruction of the PFAS. 
Effective technologies for pre-concentration of PFAS 
include reverse osmosis, foam fractionation, distillation 
and ion exchange, including resin regeneration. Adsorp-
tive media which are effective for some PFAS include 
granular activated carbons (GAC), anion exchangers 
(IEX), amorphous aluminium hydroxide and organoclays 
[5, 11, 19, 31, 36].

The operation time of adsorptive media can be 
increased by applying a flocculation step with PFAS-
specific coagulation compounds prior to adsorption to 
decrease the PFAS concentration in the adsorbent feed or 
to reduce, e.g. the concentration of natural organic sub-
stances, which compete for adsorption sites. One exam-
ple of this approach is the PerfluorAd® technology [4].

Ion exchangers are utilised in a “single-use” or can 
be regenerated after their adsorption capacity has been 
exceeded. During the regeneration procedure, the func-
tional groups on the ion exchange media are transferred 
back to their original form and a further cycle of sorp-
tion can be performed. Therefore, the ion exchanger 
can be used for a number of adsorption cycles without 
replacing the filter material. After the regeneration pro-
cess, the removed PFAS are present in high concentra-
tions in the liquid regenerate, which has to be further 
treated to mineralize the pollutants. Thus, IEX with 
regeneration is a liquid–liquid separation procedure 
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that can reduce the volume of PFAS containing water 
that has to be treated.

In this paper, PFAS removal from water by activated 
carbon adsorption and both strong base (SBA) and 
weak base anion exchangers (WBA) is investigated. 
Results are evaluated related to capacities and operat-
ing times for both long-chain and short-chain PFAS. 
The influence of operating parameters, such as carbon 
bed depth on PFAS breakthrough, is discussed. Meth-
ods for resin regeneration are shown and resulting 
separation factors, which indicate the volume of PFAS 
containing water related to the initial volume of water, 
are determined.

Materials and methods
Adsorption materials
For the experimental PFAS studies five GAC and six 
basic anion exchange media were used. An overview of 
the adsorbents and their characterisation parameters 
are given in Tables 1 and 2.

Investigated GAC types differ in raw material, sup-
plier and origin. In water treatment processes in Ger-
many, bituminous coal (bit)–based GAC types are 
mostly applied in full-scale adsorbers. In addition, 
lignite-based GAC and GAC of various compositions 
where the raw materials are unknown have been inves-
tigated. These materials have an open pored structure. 
More recently, new coconut shell (CC)-based GAC 
types with a high activation grade have been developed. 
In opposite to the conventional CC-based GAC, they 
differ in pore structure and have a higher mesopore 
volume.

All of the investigated IEX materials are styrene divi-
nylbenzene-based copolymers. Both macroporous and 
gelular resins were investigated.

Water matrices
For the batch experiments, demineralized water or 
tap water was used and for the field column experi-
ments, PFAS-contaminated groundwater was used. 

Concentrations of relevant parameters are listed in 
Table 3.

Batch experiments
IEX were pre-treated with 1  M hydrochloric acid and 
1  M caustic soda to remove impurities and monomers 
prior to batch experiments [25]. IEX samples were taken 
after centrifuging at 1300 g for a time of 20 min to strip 
off adhering water and convert the material to a compa-
rable state.

Sorption equilibria of PFAS on IEX were determined 
by equilibrating a series of resin quantities between 0.3 
and 2 g with 1 L of tap water spiked with PFAS for at least 
60 h. Tap water was used to simulate competitive effects. 
Eight different dissolved PFAS (PFBA, PFPeA, PFHxA, 
PFHpA, PFOA, PFBS, PFHxS and PFOS) were added 
to the tap water at an initial concentration of 100  µg/L 
each. The pH was adjusted to 7.0 ± 0.3 using an imida-
zole buffer (10 mM) and hydrochloric acid. For all batch 
experiments pyrolysed brown glass flasks were used.

Table 1  GAC characterisation

GAC​ Raw material Origin Iodine 
number, 
mg/g

GAC-bit 1 Bituminous coal (agglomerated) USA 1080

GAC-bit 2 Bituminous coal (agglomerated) Asia 1010

GAC-lig 1 Lignite 650

GAC​ Unknown 920

GAC-CC Coconut shells 1260

Table 2  Resin properties

IEX Manufacturer Type Structure Form

A532E Purolite SBA macroporous chloride

D5706 Purolite WBA macroporous free base

D5705 Purolite WBA macroporous free base

MP62 Lewatit WBA macroporous free base

M800 Lewatit SBA gelular chloride

K6362 Lewatit SBA gelular chloride

Table 3  Water matrices—chemical parameters

Parameter Tap water Ground water
(PFAS 
contaminated)

SO4
2− mg/L 58 37

Cl− mg/L 27 19

NO3
− mg/L 3.8 17

HCO3
− mg/L 332 368

Ca2+ mg/L 112 119

Mg2+ mg/L 13 10

pH – 7.4 7.2

TOC mg/L 0.9 0.7

PFPrA µg/L – 0.12

PFBA µg/L – 0.19

PFPeA µg/L – 0.74

PFHxA µg/L – 0.62

PFHpA µg/L – 0.26

PFOA µg/L – 0.60
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After equilibration (temperature: 25 ± 2  °C), the pH 
values were measured and PFAS concentrations (c) 
were determined. PFAS were analysed by HPLC-MS/
MS according to the standard method DIN 38,407–42 
(DIN [6]). A HPLC system 1290 from Agilent Technolo-
gies coupled to a triple quad 6500 system from Sciex 
was used. Due to the elevated PFAS concentrations, 
no pre-concentration was needed but direct injection 
into the HPLC system could be applied. For quantifica-
tion, isotope-labelled internal standards were added to 
the samples and an external calibration in tap water was 
used. Based on the measured PFAS concentrations, equi-
librium solid phase concentrations (q) were calculated by 
mass balances.

Sorption equilibria for the IEX were correlated by 
means of the semi-empirical Langmuir approach:

The respective Langmuir equilibrium parameters KL 
and qmax were deduced from linearized plots (Sontheimer 
[29]).

For low liquid phase concentrations c, the Langmuir 
relationship reduces to a linear relationship because 
(KLc) <  < 1:

If experimental equilibrium data showed a linear cor-
relation between q and c, Eq.  2 was used to determine 
the respective parameters. All isotherms were plotted for 
individual substances.

IEX loaded with PFAS during column experiments 
with contaminated groundwater were regenerated in 
batch mode. Mean PFAS loadings (= solid phase concen-
trations) were calculated by integrating the experimental 
data of the PFAS breakthrough during column operation. 
This value was used to determine the efficiency of regen-
eration. Resin samples were taken at the top end of a filter 
column to obtain the part with the highest PFAS loading. 
1 g of PFAS loaded and centrifuged (1300 g, 20 min) IEX 
material was shaken with 10 or 20  mL of the different 
regenerates for at least 60  h. Following this, PFAS con-
centrations were determined in the liquid regenerate, and 

(1)q = qmax

KL · c

1+ KL · c

(2)q = qmaxKLc =L c.

based on the mean PFAS loading, the regeneration per-
centage was calculated.

GAC was dried and pulverised. Sorption equilibria of 
PFAS on GAC were determined by equilibrating a series 
of activated carbon quantities between 0.5 and 150  mg 
with 1 L of the initial solution. The contact time was 24 h 
when a constant concentration was achieved. The initial 
solution was demineralized water spiked with four PFAS 
(PFBA, PFPeA, PFHxA, PFOA) at an initial concentra-
tion of 6 µg/L each.

Sorption equilibria for activated carbon were deter-
mined using the Freundlich approach. Isotherms were 
determined for individual PFAS.

The respective equilibrium parameters KF and n were 
deduced from linearized plots (Sontheimer 1988).

Column experiments in the field
Column experiments with GAC and IEX were carried out 
in a waterworks in Southern Germany, which receives 
PFAS-contaminated groundwater that was caused by a 
soil contamination with PFAS containing paper sludge 
(Karlsruhe Regional Council [13]). The primary PFAS 
present in this raw water are the short-chain PFPeA and 
PFHxA at concentrations of 0.74 and 0.62 µg/L, respec-
tively (see Table 3).

Two types of column experiments were carried out 
to obtain PFAS breakthrough curves. For a compara-
tive evaluation of adsorption behaviour of different GAC 
the GCS test (Granular Carbon Selection Test) was used 
[9]. In this small column test procedure, the adsorbents 
are used in their original grain size. The optimal experi-
mental set up of the GCS test was developed by taking 
mass transfer processes and operational feasibility into 
account. The filter and process parameters are given 
in Table  4. Due to the high filtration velocity and the 
low bed depth, breakthrough of PFAS is obtained after 
around three weeks. According to the short Empty Bed 
Contact Time (EBCT) the shape of the breakthrough 
curves differs from full-scale data. Thus, the data from 
GCS test should not be upscaled and only be used for 
adsorbents comparison.

(3)q = KF · cn.

Table 4  Parameters for adsorber design and operation

Column diameter GCS test GAC pilot plant IEX

0.05 m 0.3 m 0.1 m

GAC bed depth 0.8 m 1 m 2 m 3 m 4 m 1 m

EBCT 2.4 min 8 min 16 min 24 min 32 min 2.4–6 min
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For the evaluation of the PFAS removal efficiency of 
GAC based on operation time or specific throughput, a 
GAC pilot plant was operated. The process parameters 
are adapted to full-scale adsorbers for micro pollutant 
removal (see Table  4). In the GAC pilot plant break-
through curves could be determined at different GAC 
bed depths. The filtration velocity of the pilot adsorber 
was 8 m/h.

The IEX column pilot investigations were performed 
with a volume of 8 L of resin, and fluxes between 10 and 
25  BV/h (EBCT = 2.4 to 6  min) and filtration velocities 
varying between 10 and 25 m/h were adjusted.

The resin regeneration in column mode was carried out 
directly during the pilot plant filter loading using iden-
tical equipment. The first regeneration was performed 
using 1 M caustic soda. The second and third regenera-
tions were done with a 1 M sodium chloride solution in 
45% ethanol. The fourth regeneration was carried out 
with 1  M hydrochloric acid in 45% ethanol. The regen-
erant flux was approximately 2 BV/h in co-current flow. 
The amount of regenerant was 3 BV for the first three 
regenerations and 6 BV for the fourth regeneration. Dur-
ing the regeneration process, the effluent water was sam-
pled at different time intervals for analysis.

Results
Influence of PFAS chain length and adsorbent properties
Activated carbon
Long-chain PFAS are better adsorbed by GAC than 
short-chain PFAS due to a decreasing polarity with chain 
length [11, 18, 19]. In addition, perfluorinated alkyl sul-
fonates (PFSA) are better adsorbable than perfluorinated 
carboxylic acids (PFCA) [16]. Equilibrium batch studies 
were carried out to compare adsorbability of the different 
PFAS compounds. The increasing adsorption capacity of 
the sorbents for PFAS with increasing chain length was 
confirmed for the carbonic and the sulfonic compounds 

in the equilibrium batch studies with demineralized 
water (see Fig.  1). With increasing chain length, higher 
Freundlich KF values and lower Freundlich n values were 
determined (see Table  5). The experimental investiga-
tions with activated carbon showed the following order 
of sorption: PFOA > PFHxA > PFPeA > PFBA.

Ion exchange
The sorption mechanism of PFAS onto anion exchange 
resins is a mixture of anion exchange and physical sorp-
tion, like van der Waals interaction [23, 36], that might 
be less dependent on substance polarity. Sorption iso-
therms for the eight PFAS found in the ground water 
(using strong base IEX K6362) are shown in Fig. 2. The 
experimental investigations with IEX K6362 and several 
other resins (Fig.  2 and Table  6) lead to the following 
order of adsorption of the PFAS: PFOS > PFHxS > PFBS 
≈ PFOA > PFHpA > PFHxA > PFPeA > PFBA. A large dif-
ference in adsorption affinity can be seen depending on 
the PFAS chain length and the functional group. The C4 
compound PFBA shows the lowest solid phase concen-
trations and thus a low adsorption affinity. For the PFCA, 
the isotherms become steeper with increasing chain 
length which implies that longer-chain PFCA are better 
removed from the solution than short-chain PFCA. This 
dependency is also observed for the PFSA.

Furthermore, sulfonated PFAS of the same chain 
length show a higher adsorption affinity than carboxylic 
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Fig. 1  Adsorption isotherms for PFAS in double-log depiction 
(matrix: demineralized water; multicomponent system, initial 
concentration: 6 µg/L each compound; AC: AC-bit1 pulverised; 
contact time: 24 h)

Table 5  Freundlich equilibrium parameters for PFAS 
adsorption onto activated carbon (matrix: demineralized water; 
multicomponent system, initial concentration: 6  µg/L each 
compound; AC: AC-bit1 pulverised; contact time: 24 h))

KF (µg/g)/(µg/Ln) n-

PFBA 828 0.72

PFPeA 1281 0.66

PFHxA 2099 0.63

PFOA 5757 0.22
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Fig. 2  Isotherms of the sorption of different PFAS onto IEX K6362 
(matrix: tap water)
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acids. With regard to PFSA, the C4 substance PFBS 
absorbs as well as the C8 carboxylic acid PFOA. The 
isotherms of PFHxS and PFOS exhibit very steep 
straight lines which do not flatten under the selected 
experimental conditions.

Equilibrium parameters using the Langmuir approach 
according to Eqs. (1) and (2) are listed in Table 6, where 
short-chain PFAS are printed in italics. For IEX K6362 
and the three investigated sulfonated substances and 
PFOA, only the product of qmax and KL (= ΠL) was 
determined, as the experimentally obtained equilib-
rium concentrations were linear under the selected test 
conditions. Residual concentrations were below the 
limit of detection for PFOS in all IEX samples meaning 
that the slope of the isotherm was infinite. Here, even 
using 0.3 g of IEX led to a complete adsorption of the 
100 µg of PFOS present in the water.

Figure  3 shows the isotherms of six anion exchange 
media for the adsorption of the short-chain perfluori-
nated carboxylic acid PFPeA. The strong base anion 
exchanger A532E and the weak base anion exchanger 
D5706 show the steepest isotherms. In equilibrium 
with a liquid phase concentration, e.g. 1  µg/L, these 
IEX have a loading of 28 and 20 μg/g, respectively.

Selection of GAC​
The granular carbon selection test (GCS test) was devel-
oped to compare the adsorption capacities of different 
types of GAC [9] in order to select the optimal GAC. 

Table 6  Langmuir equilibrium parameters (Eq. (1) and (2)) for PFAS adsorption onto investigated IEX out of drinking water

ΠL = qmaxKL

A532E D5706 D5705 MP62 M800 K6362

qmax
µg/g

KL
L/µg

qmax
µg/g

KL
L/µg

qmax
µg/g

KL
L/µg

qmax
µg/g

KL
L/µg

qmax
µg/g

KL
L/µg

qmax
µg/g

KL
L/µg

PFBA 2129 0.004 641 0.018 298 0.023 ΠL = 1.8 L/g 318 0.006 137 0.010

PFPeA 2027 0.014 1461 0.014 460 0.025 729 0.012 529 0.010 331 0.010

PFHxA 5280 0.012 631 0.105 975 0.030 ΠL = 19 L/g 394 0.052 432 0.020

PFHpA 22500 0.007 ΠL = 66 L/g 373 0.263 ΠL = 51 L/g 489 0.101 678 0.041

PFOA – ΠL = 130 L/g ΠL = 65 L/g ΠL = 89 L/g ΠL = 60 L/g ΠL = 48 L/g

PFBS – ΠL = 120 L/g ΠL = 75 L/g 1,025 0,052 ΠL = 79 L/g ΠL = 41 L/g

PFHxS – – – ΠL = 229 L/g – ΠL = 330 L/g

PFOS – – – ΠL = 260 L/g – –
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Fig. 3  Isotherms of the sorption of PFPeA onto different ion 
exchangers (matrix: tap water)
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Breakthrough curves for PFBA and PFOA using five dif-
ferent GAC types are shown in Fig. 4.

The performance of the GAC is different for PFBA and 
PFOA, which may be due to their adsorption in different 
pores. While the best removal of PFOA is observed using 
the GAC-lig 1, this activated carbon showed the lowest 
adsorption capacity for PFBA. The earliest breakthrough 
for PFOA was observed using the GAC-CC, whereas this 
activated carbon was better than the GAC-lig for PFBA 
removal. The GAC-bit 1 and GAC-bit 2 were equally as 
good for PFBA removal and performed in the middle 
range for PFOA.

Based on these results it seems clear that the selec-
tion of the optimal GAC for PFAS removal depends on 
the composition and concentrations of the PFAS mixture 
and the concentrations levels that the water should be 
cleaned up to. The results determined here can also be 
used to support optimization of treatment methods to 
reach desired threshold concentrations. For example, the 
100 ng/L for 20 single PFAS that is set in the EC Drinking 
Water Directive can be supported by selecting an appro-
priate GAC by measuring breakthrough curves for all 
PFAS and by determining the PFAS sum concentrations.

Pilot‑scale column investigations
Activated carbon
GAC column tests were used to determine the operation 
time of a full-scale GAC adsorber. The GAC adsorber 
used in the pilot-scale test received contaminated 
groundwater and PFAS concentrations were measured 
at different bed depths of the adsorber. The normalised 
breakthrough curves for C4 to C8 PFCA for GAC-CC at a 
bed depth of 1 m are shown in Fig. 5. PFBA breakthrough 
could be observed at 5,000 BV. At a specific throughput 
of 11,000 BV the effluent and initial concentration were 
equal, i.e. c/c0 = 1. Following this and due to chromato-
graphic effects in the GAC bed with desorption of PFBA, 
the effluent concentration is higher than the influent 

concentration. Adsorption equilibrium for PFBA is not 
achieved even after a throughput of 25,000 BV.

As the PFAS chain length increases, longer operation 
times until initial breakthrough are achieved. A 10% 
breakthrough is observed at 6000 BV for PFBA, at 11,000 
BV for PFPeA, at 16,000 BV for PFHxA, at 20,000 BV 
for PFHpA and at 23,000 BV for PFOA (initial concen-
trations are listed in Table 3). At these operation times, 
the material-specific GAC loadings are 2.4  µg/g for 
PFBA, 17  µg/g for PFPeA, 21  µg/g for PFHxA, 11  µg/g 
for PFHpA and 29 µg/g for PFOA (using a bulk density of 
GAC of 0.47 kg/L).

Previous investigations show that removal efficien-
cies of activated carbons strongly depend on the type of 
activated carbon used. Suitable activated carbons show 
incipient breakthrough for PFOS at 30,000 to 40,000 BV 
and for PFOA at 20,000 to 30,000 BV [16, 17]. This per-
formance is confirmed by the test results shown here.

In general, GAC adsorbers are considered to be effec-
tive and feasible taking into account operational and eco-
nomic factors so long as a specific throughput of at least 
15,000 BV can be achieved. Under the given boundary 
conditions (especially the given initial concentrations 
for PFAS and a 10% breakthrough in maximum), GAC 
removal is effective for long-chain PFOA and short-
chain PFHpA and PFHxA. However, GAC adsorption is 
not effective or results in short operation times of GAC 
adsorbers for PFBA and PFPeA and this would therefore 
result in high specific treatment costs.

The effectiveness of GAC adsorption for certain micro 
pollutant removal (e.g. pesticides) was shown to increase 
with increasing filter bed depth and thus increasing 
EBCT [10]. This effect was investigated for the removal of 
PFBA. Breakthrough curves were measured in different 
bed depths for filtration velocities of 7.5 and 3.75  m/h. 
With increasing EBCT (corresponding to increasing bed 
depth), the specific throughput to a 100% breakthrough 
for PFBA removal (Fig.  6) decreases. By increasing the 
EBCT from 8 to 24  min the specific throughput for a 
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100% breakthrough for PFBA decreased by 23%. This is 
caused by competitive adsorption in the upper filter bed 
with desorption of PFBA.

Ion exchange
Figure  7 shows the result of a column experiment with 
the WBA D5706. Normalised PFAS concentrations in the 
filter effluent are shown as a function of water through-
put. In addition, the regeneration times of the IEX are 
displayed by dashed vertical lines. The throughput was 
initially set at 25  BV/h and after the second regenera-
tion (after approx. 50,000 BV) it was adjusted to 10 BV/h. 
PFBA breakthrough of 10% was observed after approxi-
mately 4000 BV. PFPeA concentrations increased slightly 
with a time delay and reach a 10% breakthrough after 
10,000 BV. Breakthrough of the C6 compound PFHxA 
was observed after 25,000 BV.

After the first regeneration with aqueous NaCl solution 
after almost 30,000 BV, there was no interruption in the 
concentrations of the individual PFAS. Thus, treatment 
with sodium chloride solution did not result in success-
ful regeneration of the IEX. An analysis of the regener-
ate confirmed that no PFAS were removed from the 
exchange media.

In the following three regeneration cycles with sodium 
chloride solution or hydrochloric acid and ethanol, 
PFAS desorbed to the regeneration solution. As a con-
sequence, in the subsequent loading cycles, the PFAS 

were adsorbed again onto the resin and concentration 
reductions were seen in the filter effluent. After the sec-
ond and third regeneration, both performed with only 
3 BV of regenerant, individual substances like PFPeA and 
PFHpA are already present in the filtrate. After the fourth 
regeneration, carried out with 6 BV of HCl in ethanol, 
the treated solution had significantly lower PFAS con-
centrations. In the last loading cycle, PFBA was removed 
at 7,000 BV and PFPeA at 12,000 BV until a 10% break-
through occurs. This breakthrough performance is com-
parable to the first cycle from 0 to 25,000 BV.

SBA A532E, which showed the best adsorption per-
formance for all PFAS in batch experiments (Fig.  3, 
Table  4) also had a longer operating time until break-
through of single short-chain PFAS occurred. However, 
this exchanger could not be successfully regenerated, 
and therefore, its cyclic operation, including adsorption, 
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regeneration and then further adsorption, was not 
possible.

Adsorption behaviour for the C3 substance PFPrA with 
different resins is shown in Fig.  8. All media showed a 
very fast breakthrough demonstrating their low affinity 
towards this polar substance. IEX A532 removed PFPrA 
at between 1000 and 2000  BV, and after that a regen-
eration is needed for successful further elimination of 
the substance. Furthermore, for all resins a chromato-
graphic displacement pattern is observed in which PFPrA 
appears in the effluent at concentrations greater than in 
the feed solution.

Regeneration of IEX
Batch experiments showed that by using standard regen-
eration agents (NaOH, HCl, NaCl, Na2SO4, Na2CO3), 
both WBA and SBA can only be regenerated to a minor 
extend, or not at all when PFHxA, PFHpA and PFOA 
are being sorbed. Compared to these PFAS, PFPeA and 
PFBA can be extracted from WBA resins MP 62 more 
easily with standard regeneration agents (Fig. 9).

Using other combined regenerants, like NH4OH and 
NH4Cl or KCl and KOH, as described by Zaggia et  al. 
[38] for partially successful PFAS regeneration, no suffi-
cient regeneration could be achieved by the correspond-
ing investigations. A complete extraction of the adsorbed 
PFCA from IEX A532E could be achieved by using a 
regenerant combination of 1 M NaCl in an ethanol/water 
mixture (45%/55% (v/v)). Regeneration of WBA D5706 
using 0.5 M HCl in 45% ethanol resulted in the highest 
regeneration rates.

During regeneration in filter mode, the regeneration 
effluent was sampled and analysed for PFAS. The regen-
erated PFAS masses were compared to calculated ones 
based on the adsorbed masses. During the second and 
third regenerations of IEX D5706, percentages between 

60 and 80% of each individual PFAS could be extracted. 
During the fourth regeneration with 6 BV of regenerant, 
an almost complete regeneration was achieved for all 
present PFCA with chain length from C4 to C8. Analy-
sis of the total regeneration solution with a volume of 
6 BV after an operation time of 22,000 BV between the 
third and the forth regeneration showed that the con-
centrations of the substances PFPeA, PFHxA, PFHpA 
and PFOA are higher by a factor of 3500 to 6000 than in 
the contaminated groundwater. A further treatment for 
the final PFAS destruction would therefore start with a 
solution in which the PFAS concentrations are 3 orders 
of magnitude higher than in the original raw water. These 
results alone show the huge promise of the method.

After IEX regeneration, PFAS are present in very high 
concentrations in the liquid regenerate. The volume of 
PFAS containing regenerate related to the initial volume 
of groundwater is defined as the separation factor. If a 
regeneration step is performed after the start of break-
through of the substance of interest and 10 BV (instead 
of 6 BV) of regenerate is used, separation factors for IEX 
D5706 can be achieved as shown in Table 7. Separation 
factors of other liquid–liquid separation technologies, 
like reverse osmosis, are in the range of 4 (80% permeate 
to 20% regenerate). Compared to these values, the sepa-
ration factors achieved here for ion exchange, including 
regeneration, are much higher again supporting the use 
of this method for water treatment of PFAS-contami-
nated water. If the amount of regenerant can be reduced, 
for instance to 6 BV, the separation factors will even 
increase.

Comparative evaluation and conclusions
Results have shown that GAC adsorption for the treat-
ment of this groundwater (DOC = 0.7  mg/L, single 
PFAS < 1  µg/L) contaminated with PFAS is effective 
for the removal of short-chain PFAS, such as PFHpA 
and PFHxA, which are present in the groundwater at 
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Table 7  Achievable separation factors if regeneration is carried 
out after the onset of breakthrough of the substance under 
consideration

Parameter Operation time 
until required 
regeneration, BV

Amount of 
regenerate, 
BV

Separation factor

PFPrA 1000 10 100

PFBA 4000 10 400

PFPeA 10,000 10 1000

PFHxA 25,000 10 2500

PFHpA  > 50,000 10  > 5000

PFOA  > 50,000 10  > 5000
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concentrations of several 100  ng/L. In contrast, a com-
plete breakthrough is observed for the short-chain PFBA 
at a specific throughput < 10,000 BV. Owing to this, the 
frequency of GAC replacement for the sorption of PFBA 
would be high and using this treatment process is not 
recommended when taking into account operational and 
economical aspects.

A comparison of the starting breakthroughs (10%) of 
each PFAS is shown for the coconut shell-based GAC as 
well as the IEX D5706 in Table 8.

In this study, comparable specific throughputs for 
(very) short-chain PFAS are achieved for both, GAC and 
IEX. Due to the fact that ion exchange resins are more 
expensive than GAC media, the use of IEX will only 
become the preferred method for this water quality if 
multiple regeneration of IEX is possible. To probe the 
economic efficiency of water treatment using IEX and 
GAC, a price of 8 €/L for ion exchangers and 2 €/L for 
activated carbons was assumed, which is an average price 
(before 2020) that was communicated to the authors by 
water suppliers and material providers.

If the sorption materials are not regenerated and new 
material has to be used after they are exhausted, the spe-
cific material costs (in €/m3 treated water) can be derived 
directly from the operation time. In Fig. 10, these specific 
material costs are shown for one IEX and one GAC for 

three PFAS. Figure 10 shows that despite better adsorp-
tion capacities of the IEX, higher consumable material 
costs result. For instance, for removing PFHxA, resin 
D5706 has an adsorption capacity prior to breakthrough 
that is more than twice that of activated carbon GAC-
CC. However, the higher material costs of the exchanger 
result in higher specific consumable material costs 
(20 cent/m3 compared to 11 cent/m3). These results show 
that a single loading of the IEX with subsequent replace-
ment by new material is not more cost effective than 
using activated carbon. In order to reduce specific mate-
rial costs, regeneration of the exchangers is necessary.

If ion exchangers are regenerated, the specific con-
sumable material costs decrease. For resin D5706, the 
relationship between the specific material costs and the 
number of loading cycles before the ion exchanger has 
to be replaced is shown in Fig.  11 for three short-chain 
PFAS. The figure also shows the specific material costs 
for the investigated GAC-CC which are shown as hori-
zontal straight lines. As it can be seen, the specific mate-
rial costs for the removal of PFHpA and PFHxA are 
already lower for resin D5706 following two adsorption 
and regeneration cycles when compared to GAC-CC. 
For the elimination of PFPeA, 5 cycles of adsorption and 

Table 8  Breakthrough comparison between GAC-CC and IEX 
D5706

PFAS Beginning breakthrough of 
GAC-CC, BV

Beginning 
breakthrough of 
D5706, BV

PFBA 6000 4000

PFPeA 11,000 10,000

PFHxA 16,000 25,000

PFHpA 20,000  > 50,000

PFOA 23,000  > 50,000
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regeneration are needed to outperform specific consum-
able material costs of GAC-CC.

It must be bore in mind though that these results refer 
solely to material costs. The use of IEX would also incur 
costs for the regeneration agents and the disposal or fur-
ther treatment of the regenerate containing PFAS as well 
as for transport and further operation. For a detailed esti-
mation of these costs, further investigations, also includ-
ing GAC reactivation, would be necessary.
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