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Society's increasing use of chemicals poses a challenge for
drinking water producers. Accepted concentrations for per- and
polyfluoroalkyl substances (PFASs) in finished water are lower than
ever before with new regulations often enacted based on findings
made possible by improved analytical techniques and correspondingly justified health concerns. Nanomembrane filtration removes
compounds, including PFASs, based primarily on size-exclusion,
however, treatment and/or disposal of PFAS laden membrane concentrate remains a challenge. This study combined feedwater
nanofiltration with granular activated carbon (GAC) and anion exchange (AIX) for concentrate treatment. Nanofiltration removed

Water impact
Drinking water contaminated with per- and polyfluoroalkyl substances
(PFASs) poses a health risk to affected consumers due to poor PFAS
removal in conventional drinking water treatment plants. In our
study, nanofiltration (NF) for drinking water treatment was combined
with anion exchange (AIX) or granular activated carbon (GAC) for treatment of the NF waste stream. NF showed high removal efficiency for
all PFASs (on average 99%). PFAS removal efficiencies were up to fourfold higher for the concentrated NF waste stream using AIX and GAC
adsorption compared to the treatment of raw water. The combination
of NF with AIX or GAC adsorbents offers drinking water providers reliable PFAS removal and the benefit of effective NF waste stream treatment using regenerable AIX and GAC materials.

PFAS concentrations on average by 99% including some PFASs
with molecular weights smaller than the membrane nominal cutoff
of 270 Da, indicating membrane rejection mechanisms additional
to size-exclusion. Treatment of raw water and concentrate was
compared in column tests. AIX showed up to threefold greater
half-time of saturation than GAC, however with a higher rate of
decreasing efficiency, while GAC removed approximately 20% of
incoming PFAS concentrations consistently after treatment of
15 000 bed volumes (BVs). Overall, GAC and AIX removed 2.6-fold
and 4.1-fold more PFAS mass per adsorbent volume from the concentrated retentate than from raw water indicating that the
combination of nanofiltration with GAC or AIX increases the efficiency of the adsorbent materials in comparison to only using
GAC or AIX filters.

1 Introduction
Per- and polyfluoroalkyl substances (PFASs) are a group of
man-made chemicals with unique physico-chemical properties.1 Their ability to repel both oil and water in combination
a
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with their durability makes them chemicals of choice in a
wide range of applications.1,2 PFASs are considered persistent
and mobile chemicals as they show the ability to undergo
long-range transport and several PFASs have been shown to
be bioaccumulative and toxic, making them chemicals of very
high concern.3–5 Contaminated ground and surface water has
led to high PFAS concentrations in drinking water, with severe exposure of several communities.6–8 Conventional drinking water treatment often results in similar or even higher
PFAS concentrations in finished drinking water compared to
raw water, due to inefficient treatment techniques or PFAS
precursor transformation by destructive methods.9,10 Removal of PFASs from raw drinking water therefore remains a
major challenge and cost-efficient treatment methods have
not been identified. Granular activated carbon (GAC) is a versatile adsorbent material that can be used to effectively remove PFASs from water if new or freshly regenerated.9,11,12
However, operation of GAC filters using typical regeneration
operational cycles in drinking water production is unfavorable for PFAS removal which requires much shorter bed run
times.11,13 Consequently, GAC filters have to be frequently replaced or regenerated if applied for effective PFAS removal.
Other treatment techniques identified to remove PFASs include anion exchange (AIX), and membrane filtration techniques such as reverse osmosis and nanofiltration (NF).12 In
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contrast to adsorption materials like GAC or AIX, removal efficiencies of membrane processes generally are independent
of concentrations of organic matter, salts or co-contaminants
as the rejection mechanism of the membrane functions primarily by size-exclusion.14 Membranes can be operated for
long periods of time as long as membrane fouling is controlled in the treatment train design.15,16 In contrast to direct
application of adsorption materials like GAC and AIX, the application of a nanofiltration treatment step gives greater stability and reliability for the removal of PFASs especially in the
case of fluctuating PFAS levels in raw water and given
the risk that future PFAS regulatory levels may be lowered.
Furthermore, nanofiltration can be used to remove natural
organic matter, hardness, pesticides, and microbiological
pathogens, thereby incorporating several treatment goals in a
single treatment process. In order to make membrane techniques ready for large scale treatment of water sources contaminated with PFASs, suitable management of the membrane reject water, also referred to as concentrate, brine or
retentate, is crucial. Reject water is commonly released into
nearby watercourses or the ocean, reinjected into deep nonpotable aquifers, or sent to wastewater treatment facilities.14
These concentrate management solutions are however hardly
feasible for PFAS contaminated concentrates as one should
prevent emissions into the environment and wastewater
treatment is typically not able to remove PFASs sufficiently.17
Therefore, treatment of the concentrate laden with PFASs
and other contaminants remains a challenge and is considered one of the main limitations of membrane
filtration.12,18–20
Few studies exist evaluating differences in PFAS adsorption of both GAC and AIX sorbents in a direct comparison.
Even fewer studies exist combining full-scale membrane techniques with pilot-scale GAC and AIX filters, respectively, even
though this treatment set-up is being discussed as having the
potential to be a new standard approach for the removal of
PFASs in full-scale drinking water treatment.12,21 In this
study, the treatment of PFAS contaminated raw water was investigated using a full-scale nanofiltration membrane pilot
plant combined with column adsorption experiments applying a GAC and an AIX material. Objectives were to i) investigate the removal efficiency of PFASs using a nanofiltration
membrane and ii) compare the sorbent materials GAC and
AIX for the removal of PFAS contaminated raw water as well
as membrane reject water and hence examine the effect of
PFAS concentration factors on the adsorption performance of
the adsorbents.

2 Experimental
2.1 Nanofiltration pilot plant
Nanofiltration membranes used were spiral wound membranes (NF270-400; Dow Filmtech™ Membranes) with a
nominal molecular weight cut-off (MWCO) of 270 Da. The
treatment train consisted of a 30 μm polypropylene patron
filter (GE Infrastructure Water and Process Technology
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Purtrex filter), a feedwater pump with antiscalant injection
and two NF270 membranes in series. A feedwater flow rate of
2.3 m3 h−1 was targeted with 78% permeate recovery. Partial
clogging of the prefilter due to manganese particles from the
delivery pipeline led to the filter being needed to be replaced
on seven occasions which resulted in slightly lower feed pressures and slightly higher concentrations of PFAS in the permeate than observed on average. Raw water was groundwater
from Stadsträdgården, Uppsala, Sweden, a groundwater well
field contaminated with PFASs (Table 2). Samples of raw water, permeate and reject water were taken once a week for a
period of 35 weeks (17 March to 17 December 2015). For the
general water quality data, see Table 1. Both raw and reject
water were further treated using GAC and AIX adsorption columns (Fig. 1).

2.2 Column experiments
Adsorbents in the column experiments were GAC of the type
Filtrasorb® 400 (Calgon Carbon Corporation, Feluy, Belgium)
and the AIX resin A600 (Purolite®, Llantrisant, Wales, for
specifications, see the ESI†). Column experiments were run
at the Bäcklösa municipal drinking water treatment plant
(Uppsala, Sweden) according to a procedure described earlier22 (Fig. 1). Briefly, 400 mL adsorbent was filled into a 55
cm high and 5.2 cm wide glass column each. A sintered glass
filter was integrated at the bottom of each column to hold
the adsorbent in place. Two different water types were run
through the columns: untreated raw water and membrane reject water. Flow rates through the columns were kept constant at 70–80 mL min−1 for each column with the help of
peristaltic pumps.

Table 1 Average water quality data in raw water, water permeating the
NF270 membrane and membrane reject water measured at two different
occasions throughout the 35 week membrane experiment

Parameter

Unit

Raw water

Permeate

Reject water

Temperature
Turbidity
Colour
Conductivity
pH
Hardness
TOC
HCO3
NO32−
F−
Cl−
SO42−
COD-Mn
Fe2+/3+
Mn2+
Cu2+
Na+
Ca2+
Mg2+
U6+

°C
FNU
mg L−1 Pt
mS m−1 (25 °C)
—
°dH
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
μg L−1
μg L−1
μg L−1
mg L−1
mg L−1
mg L−1
μg L−1

8.5
0.12
5.0
69
7.8
17.4
2.8
333
4.4
1.1
39
39
1.3
<20
<5
<20
25.9
98.1
15.6
31

8.5
0.13
3.8
54
7.7
12.6
<1.0
273
4.4
0.8
39
<3.0
<1.0
<20
<5
<20
24.4
74.1
9.3
<0.5

8.5
0.14
6.3
117
7.9
34.9
14.4
556
3.9
2.2
40
180
6.8
<20
5.3
38
33.8
186.5
38.1
150
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Fig. 1 Schematic of the treatment of PFAS contaminated raw water using two nanofiltration membranes connected in series resulting in filtrated
water and membrane reject water. In addition, the raw water and the membrane reject water were treated using granulated activated carbon
(GAC) or anion exchange (AIX) adsorption material.

2.3 Sampling and analysis
Column experiments were run over a period of 12 weeks and
samples were taken every two weeks. This resulted in an experiment runtime of 23 100 bed volumes (BVs, see also eqn (2)) for
all GAC (FS400) columns and 18 600 and 21 600 BVs for the AIX
(A600) columns treating raw and membrane reject water, respectively. All columns were backwashed every week after each
sampling occasion in order to simulate typical full-scale operation. Samples were taken in 250 mL plastic bottles according to
the instructions provided by ALS Scandinavia and stored at 4
°C in the dark before being shipped to ALS Scandinavia located
in Stockholm, Sweden, for analysis.23 In total, 15 PFASs were
analyzed including C4–C12 perfluorocarboxylates (PFCAs; i.e.
PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA,
PFDoDA), C4, C6, C8 and C10 perfluorosulfonates (PFSAs; i.e.
PFBS, PFHxS, PFOS, PFDS), the C8 perfluoroalkyl sulfonamide
FOSA and the fluorotelomer sulfonate 6 : 2 FTSA. Standard
method reporting limits varied between 2 and 25 ng L−1. For
the purpose of illustrating the adsorption treatment's removal
efficiency R [%] in respective graphs, PFAS concentrations
lower than the limit of quantification (LOQ) in outgoing column water were treated as completely removed (R = 100%). For
calculating average removal efficiencies for the membrane process, concentrations <LOQ were set to 0.5 LOQ. The performance of the adsorption materials with respect to PFAS removal was compared with that of the column adsorption
model proposed by Lin and Huang:24
t  

1  P 
ln 

kc  1  P 

(1)

where t describes the elapsed experimental time [h], τ stands
for the half-time of saturation [h or BV], kc is the column constant [h−1 or BV−1] and P is the fraction of PFAS breakthrough
through the material (C/C0). In order to normalize eqn (1) for
the applied flow rate, the time variable in eqn (1) can be
expressed as treated BV as expressed by eqn (2):
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BV 

tr
Vad

(2)

where t is the experimental time [h], r describes the flow rate of
water through the column [mL h−1] and Vad [mL] is the volume
of the adsorbent material. From the linear regression of ln(P/(1
− P)) versus treated BV (eqn (1)) one can thus determine the
model parameters τ as the y-intercept and kc from the regressions slope. τ [BV] is a measure for the adsorption capacity of
the respective material, as it corresponds to the 50% breakthrough, while the column constant kc [BV−1] describes the
mass transfer rate for the column. The mass transfer rate includes not only the effects of the adsorbent but also the column hydraulics such as short circuiting and wall effects. Calculations and graphical visualizations were carried out with the R
software and the RStudio interface.25,26

3 Results and discussion
3.1 Removal efficiency of the nanofiltration process
Average concentration factors of reject water vs. feedwater,
CREJ/CRAW, reached values of up to 5 and were higher for longer chain PFASs (Tables 2 and S1 in the ESI†). It is difficult
to draw conclusions about the removal efficiency of short
chain vs. long chain PFASs as feedwater concentrations were
higher for longer chain PFASs naturally leading to higher
concentration factors. The average removal efficiency of
>99% in this study is higher than what was reported for
other studies applying NF270 membranes to treat PFAS
containing water.15,27,28 Appleman and coauthors27 observed
concentrations of up to 40 ng L−1 of PFBS and PFHxS in the
permeate of a NF270 membrane treating spiked deionized
water (initial concentrations ca. 1000 ng L−1). In their study,
other short chain PFASs (i.e. PFBA, PFPeA and PFHxA) also
showed lower rejection rates than what was found in the
present study. Yu et al.28 observed a rejection rate of PFOS
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Table 2 Average concentrations [ng L−1] of frequently detected PFASs in raw water, membrane permeate and reject water throughout the full 35 week
membrane experiment. Molecular weights (MW [g mol−1]) are given for comparison with the molecular weight cut-off of the NF270 membrane (270
Da). CREJ/CRAW describe compound-specific average concentration factors reached in reject water compared to raw water. Values for CREJ/CRAW relate
to the average reporting limits (LOQ), where values <LOQ were replaced with 0.5 LOQ
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−1

MW [g mol ]
Raw water
Permeate
Reject water
CREJ/CRAW

PFBA

PFPeA

PFHxA

PFHpA

PFOA

PFBS

PFHxS

PFOS

213.03
<6.0
<6.0
12
>2.0

263.04
<7.0
<5.0
12
>1.7

313.04
14
<5.0
65
4.6

363.05
<8.0
<5.0
15
>1.9

413.06
<10
<5.0
35
>3.5

299.09
11
<5.0
47
4.3

399.10
110
<10
470
4.4

499.12
39
<7.0
190
5.0

(initial concentration 100 μg L−1) between 94 and 97% for
both deionized water and deionized water fortified with a
humic acid concentration of 20 mg L−1 with decreasing removal efficiency and with increasing transmembrane pressure on the NF270 membrane. They saw a slight increase
in the removal efficiency for the humic acid containing
PFOS solution as compared to the pure deionized water solution. The higher removal efficiencies found in the present
study compared to their study might have arisen because
the feedwater PFAS concentrations were lower or a lower
membrane flux was used. Other factors that influence the
removal efficiency include constituents present in natural
groundwater, possible removal in the prefilter, or the degree of membrane fouling which has shown both positive
and negative effects for the rejection of organic micropollutants.15,27,29 Generally, comparisons to other studies
should be made with care as many experimental parameters as well as water quality are often substantially different
between studies. Other studies have not used natural raw
water as was done in this study, which hampers direct
comparisons.
Interestingly, PFASs with molecular weights (MWs) lower
than the nominal MWCO of 270 Da were found to be concentrated by the membrane process by a factor of approximately
two. This is in line with the findings of Appleman et al., who
reported that PFBA (MW = 213 g mol−1) was rejected to 93%
by filtration through NF270.27 This indicates that other processes than size exclusion were involved for the rejection of
PFASs, such as electrostatic repulsion and diffusion into the
polymeric phase of the membrane.16,19,30,31 Average PFAS
concentrations in the membrane permeate were <LOQ. In individual occasions, due to prefilter clogging, PFHxS and PFOS
were detected at concentrations >LOQ in the permeate. The
respective removal efficiencies reached by the membrane
treatment were, however, >95% in all occasions (Table S1 in
the ESI†).

3.2 Removal efficiency of the adsorbents
Longer chain PFASs (i.e. PFHxA, PFOA, PFHxS and PFOS) were
removed more efficiently than short chain homologues (i.e.
PFBA, PFPeA and PFBS) by both materials (Fig. 2). This was
expected, as the adsorption of longer chain PFASs is reportedly promoted by hydrophobic effects for both GAC and

This journal is © The Royal Society of Chemistry 2019

AIX.13,32,33 In line with results obtained in earlier research,
PFSAs were retained better than PFCAs, which was especially
apparent for the AIX resin.11,22 Removal efficiencies of below
zero percent were observed for both materials for PFHxA and
PFHpA, indicating desorption processes over time. This has
been observed in previous studies and can be explained by
displacement of the shorter chain PFCAs by DOC, other contaminants and longer chain PFASs.13,22,34,35 Interestingly, desorption was observed for the GAC column treating the less
concentrated raw water but not for GAC fed by the membrane reject water. Slopes for change in PFAS removal efficiency for the GAC material over time generally were less
steep for the GAC column treating reject water as compared
to the GAC column treating raw water. After 23 100 BVs, removal efficiencies for PFHxA were even larger for the GAC
column treating reject water (16%) than those for GAC
treating raw water (−8%). One possible explanation could be
that the larger amount of organic matter in the reject water
compared to raw water (14 mg L−1 vs. 2.8 mg L−1, see
Table 1) created additional sorption sites in the column
treating reject water.36,37 In addition, enhanced biofilm
growth in the column treating reject water could increase the
sorption capacity of GAC for PFASs as observed for other
micropollutants.38–40 The AIX material performed better for
the treatment of both raw and membrane reject water than
GAC in the beginning of the experiment. However, as time
continued, the GAC material was observed to consistently remove around 20% of the frequently detected PFCAs (viz.
PFHxA, PFHpA and PFOA). In contrast to that the AIX column showed a steeper decrease in the removal efficiency
over time, and a lower removal efficiency was observed than
that for the GAC column for these compounds towards the
end of the experiment.

3.3 Column half-time of saturation and total loading
Saturation half-time τ derived with the Lin–Huang model was
lower for the GAC material than that for the AIX material, i.e.
predicted breakthrough of respective compounds is faster for
GAC than for AIX. Furthermore, half-time of saturation derived for both materials generally showed a trend towards
longer column life-times for PFASs with greater perfluorocarbon chain length (Fig. S2 in the ESI†), which is a trend
previously found for both GAC and AIX materials.22,35
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Fig. 2 Removal efficiency [%] of frequently detected PFCAs (top) and PFSAs (bottom) for the evaluated granular activated carbon material (F400,
left) and anion exchange resin (A600, right) depending on bed volumes treated. Treatment of both raw water and water rejected by a NF270
membrane was evaluated. Please note that lines are solely added to guide the eye, and do not represent a model.

Significant values for a linear regression could be derived for
PFOA, PFBS, PFHxS and PFOS for the GAC column treating
raw water, PFHxA, PFOA, PFBS, PFHxS and PFOS for the GAC
column treating reject water, and PFHxA, PFHpA, PFOA,
PFBS, PFHxS, and PFOS for AIX treating reject water (Table
S3 in the ESI†), indicating that observed breakthrough curves
were complete and can be expected to follow the pseudo
steady state squared driving force mass transfer model.24 Average membrane reject water concentrations of PFOA, PFBS,
PFHxS and PFOS were by factors of >4, 5, 4, and 5 greater, respectively, than those in raw water during the duration of the
column experiments (Table S2 in the ESI†). Interestingly, the
half-time of saturation for the GAC column treating raw water
was only around a factor of two greater for these compounds
than for the GAC column treating reject water (Table S3 in
the ESI†). For example, for PFHxS, the most prevalent PFAS
in the raw feedwater with 140 ng L−1, the GAC column's halftime of saturation was 76 days while for the reject water column with 590 ng L−1 PFHxS it was 38 days. Similarly for
PFOS, the second most prevalent PFAS with 49 ng L−1 in the
feedwater, the GAC column half-time of saturation was 95
days while for the reject column with 250 ng L−1 it was 40
days. The initial concentrations therefore have a complex influence on the GAC adsorption performance in this study,

1840 | Environ. Sci.: Water Res. Technol., 2019, 5, 1836–1843

and breakthrough curves do not superimpose each other
when expressed on a concentration normalized basis in contrast to what was previously found for GAC adsorption of
other micropollutants.41,42 This could be explained by the impact of organic matter and biofilms which can enhance the
sorption capacity for PFASs in the GAC column treating reject
water in comparison to the GAC column treating raw water.
When considering the total loading, the Lin–Huang model
predicts that in the present study GAC was more efficient at
removing PFASs from membrane concentrate than from raw
water. This observation is further highlighted when summarizing total PFAS adsorption for the adsorption materials on
a volume of adsorbent basis. Fig. 3 shows the PFAS mass removed per liter adsorption material. Both GAC and AIX were
more efficient in removing PFASs from membrane reject water than from raw water. Overall, GAC removed 2.6-fold as
much total PFAS mass per material volume from reject water
than from raw water (10 vs. 4.1 mg total PFAS per L material),
while AIX removed 4.1 times more PFAS mass from reject
than from raw water (19 vs. 4.5 mg total PFAS per L material),
respectively. The performance differences between the two
materials appear more clearly for the columns treating reject
water where AIX showed 1.8-fold greater total PFAS removal
per liter material than GAC as opposed to merely 1.1-fold

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Total PFAS mass removed per volume adsorbent [mg PFASs
removed per L adsorbent material] for the experiment duration of 12
weeks. Total amounts of treated bed volumes of raw water were
23 100 BVs for the granular activated carbon (GAC; Filtrasorb® 400)
and 18 600 BVs for the anion exchange (AIX; Purolite® A600) material
and for the reject water 23 100 BVs (GAC) and 21 600 BVs (AIX),
respectively.

greater removal for more dilute raw water (Fig. 3). The increased uptake of total PFASs for the columns treating membrane reject water is in agreement with a previous study on
micropollutant removal using several engineered materials.43
Earlier studies have suggested that the presence of organic
matter reduces PFAS removal by GAC, indicating that organic
matter competes for sorption sites with PFASs and other
micropollutants.9,13,27 The performance difference between
GAC and AIX could therefore be explained by the lower capacity of AIX resin for organic matter.44 Thus, higher organic matter concentrations in the membrane reject water possibly
influenced the overall PFAS removal performance of AIX to a
lesser extent than the GAC performance. It was expected that
the AIX adsorption capacity would be adversely affected by the
greater concentrations of sulphate, bicarbonate, and organic
matter in the membrane reject water, however AIX seemed to
be influenced by the water quality only to a small extent.

3.4 Future perspectives
This study evaluated the use of membrane filtration to improve the removal of PFASs in raw water for drinking water
production in comparison to using only GAC or AIX treatment and the use of GAC and AIX to free membrane reject
water from PFASs. The nanofiltration process successfully removed PFASs frequently detected from groundwater in the
City of Uppsala, Sweden, on average to >99%. Even PFASs
with molecular weights smaller than the membrane nominal
MWCO of 270 Da were found to be concentrated in the membrane reject water, suggesting other reject mechanisms additional to size-exclusion. In contrast to the removal of PFASs
using GAC and AIX, the nanofiltration process was stable and
provided the additional benefit of reducing concentrations of
organic matter (TOC), hardness, and uranium as shown in
the difference between raw water and permeate values in
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Table 1. The feasibility of applying either GAC or AIX for the
treatment of membrane reject water depends on water quality
and on target water quality levels for the treated reject water.
Generally, AIX showed up to threefold greater half-time of
saturation than GAC, whereas the GAC material removed
around 20% of the incoming PFAS concentration consistently
after treatment of 15 000 BVs. PFAS adsorption onto AIX appears to be more dependent on the PFAS concentrations in
the water to be treated and less affected by the water quality,
while for GAC organic matter may be a primary factor for
lower overall PFAS adsorption.
Ultimately, this study showed that stable PFAS removal
from drinking water can be achieved by NF filtration and that
PFAS adsorption using AIX and GAC can be up to four-fold
more efficient for a concentrated waste stream than for more
dilute raw feedwater. The combination of NF with AIX or
GAC adsorbents offers drinking water providers reliable PFAS
removal and the benefit of effective NF waste stream treatment using regenerable AIX and GAC materials. Future work
should verify the greater adsorption capacity offered by both
AIX and GAC when treating NF concentrate as opposed to
more dilute feedwater and address cost–benefit calculations
in order to provide a cost competitive solution both for PFAS
removal from drinking water and for prevention of PFAS release into the environment. Future work should also examine
the effect of co-removal of organic matter on PFAS removal
for both AIX and GAC. Greater organic matter concentrations
are often associated with a negative influence on PFAS removal for both AIX and GAC in particular.
Generally, future applications need to be able to remove
PFASs from membrane concentrate for proper disposal. Results presented in this study indicate that adsorption onto either GAC or AIX with subsequent incineration of the materials can be considered a realistic solution, ready for current
full scale application. Other possibilities include membrane
arrays which could increase recovery up to 90–95% and thus
increase the PFAS concentrations in the membrane reject water by a factor of >10, which may make GAC or AIX even
more efficient. The presented treatment combination could
further be compared to treating a more concentrated waste
stream with destructive processes, such as coagulation/filtration combined with incineration of the filter residuals or
novel techniques like electrochemical or sonochemical treatment processes.
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