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Environmental significance

Independent mode sorption of perfluoroalkyl acids
by single and multiple adsorbents

Hildo Krop,@*a Christian Eschauzier,” Els van der Roest,® John R. Parsons®
and Pim de Voogt & <@

Infinite dilution partition coefficients, K o, of a series of unbranched perfluoralkylacids, PFAAs with 3 to 8
CF, units between water and commercially available weak anion exchange (WAX) and strong anion
exchange (MAX) polymers, Cig-modified silica, hydrophilic—lipophilic balance polymer (HLB), and Al,O3
sorbents were determined with self-packed columns using an HPLC-MS/MS setup. The anionic WAX
sorbent shows a much higher adsorption affinity (about 450 fold) for PFBA than was observed for the
applied hydrophobic sorbent HLB. Since the incremental value for each CF, group is smaller when the
electrostatic adsorption process is observed, the hydrophobic partition coefficient of HLB supersedes the
electrostatic one of WAX at around PFTeDA. Adsorption of PFAAs to Al,Oz was weak and did not show
a clear chain length dependency. A recently developed independent mode (IM) adsorption model is
a more accurate model to combine the electrostatic and hydrophobic interaction terms. This model
predicts the correct behaviour of especially short chain PFAAs in soil or sediment sorption experiments.
Factors increasing sorption efficiency of well- and ill-defined single and multiple adsorbents towards
PFAAs are discussed. The IM model provides a method to optimise sorption remediation strategies of
PFAAs in contaminated waters and proposes a two-step strategy, a starting hydrophobic step followed
by an electrostatic one to remove more efficiently the short chain PFAAs.

This paper addresses sorption of a range of PFAAs (Ncg, = 3-15) onto five specifically selected sorbents. The results of the individual sorption processes are
interpreted by a recently developed Independent Mode model by the same authors. This model distinguishes clearly why sorption processes of PFAAs to different
adsorbents needs to be modelled by addition of the specific partition coefficients, K;, (L kg™ ') of the hydrophobic and electrostatic sorption process, rather than
by addition of their specific standard Gibbs energies, A,G° (k] mol™"). The highest sorption efficiency is achieved by searching for adsorbents which combine
a high sorption constant, K, (L mmol "), and high number of sorption location, C** (mmol kg ) for both the hydrophobic and electrostatic interaction. The
IM-model also concludes that a two-step adsorption technology, a hydrophobic one followed by an electrostatic one is more efficient than mixing such type of

adsorbents together. Therefore this paper establishes a methodology to improve sorption remediation technologies for PFAAs.

1. Introduction

environment and are globally present in all kinds of environ-
mental matrices such as biota, air and surface waters.>® This

Perfluoroalkyl acids (PFAAs) are surfactants composed of
a completely fluorinated alkyl chain (tail) and a carboxylic
functional head' group, which are deprotonated at environ-
mentally relevant pH values>® and their hydrophobicity
increases with increasing fluorocarbon chain length.* PFAAs
have been found to be very persistent in humans and the
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has lead to global concern and to initiatives to restrict the use of
PFAAs in for example fire fighting foams in the EU.”

Drinking water and food intake are major contributors to
human exposure to PFAAs.*'® The presence of PFAAs in
drinking water is therefore regarded as undesirable. It has led to
many reviews addressing both chemical and physical remedi-
ation technologies of drinking water production processes.'**
Despite these different technologies adsorption by natural
systems or man-made systems especially based on granulated
activated carbon (GAC), are applied predominantly.***
However, the use of GAC has the disadvantage that PFAAs with
shorter chain length C < 6 are adsorbed less efficiently. This has
stimulated the search for adsorbents which also more efficiently
remove PFAAs with short chain lengths. It has been shown that
hydrophobic interactions of the tail governs adsorption of
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http://crossmark.crossref.org/dialog/?doi=10.1039/d1em00322d&domain=pdf&date_stamp=2021-12-11
http://orcid.org/0000-0001-6658-3155
http://orcid.org/0000-0001-9065-9797
https://doi.org/10.1039/d1em00322d
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM023012

Published on 26 October 2021. Downloaded by Universiteit van Amsterdam on 5/23/2022 10:57:05 AM.

Environmental Science: Processes & Impacts

PFAAs to carbon containing materials like GAC, powdered
activated carbon, and carbon nanotubes while anionic interac-
tions govern adsorption to anion-exchange resins (AER) like
mixed-mode, strong Anion-eXchang (MAX), Weak Anion-
eXchange (WAX), different kinds of clay mineral and metal
oxides like several aluminium and iron oxides.'*> Special
treatments of these adsorbents or changing the pH or ionic
strength of the solution can also change the sorption strength
in varying degree. In addition adsorption strength also
increases on increasing carbon chain length with both types of
sorption interaction. It appears that the electrostatic interaction
is more often dominant for shorter chain PFAAs while the
hydrophobic interaction dominates longer chain PFAAs.** Re-
ported soil or sediment properties that specifically govern
sorption processes of PFAAs are soil organic carbon fraction,*?*®
protein content and anionic exchange capacity (AEC).>” Despite
many attempts modelling and understanding adsorption
behaviour of surfactants in general and PFAAs in particular
remains difficult. Both linear and more often non-linear models
like the Langmuir and Freundlich isotherms have been applied
with limited success in that they could explain the observed
phenomena but could not extrapolate the model to other
similar reported sorption phenomena.”®** Models that incor-
porate a hydrophobic, electrostatic and/or other sorption energy
term on the same sorption location are called dual-mode
models (DM) e.g. the Donnan and Virial models applied to
PFAA.”?**! However in a recent paper*” this DM interaction
model has been compared to an independent mode (IM) model
where both interaction terms on different sorption locations are
considered. This IM model could not only derive the thermo-
dynamic equations governing the DM model under specific
conditions, but could also explain other sorption phenomena
such as fast and slow desorption, mixed first and second order
rate processes and kinetic hysteresis.

The present study reports on the adsorption affinity of
a series of six unbranched PFAAs with 3 to 8 CF, units (Ncg, = 3-
8) to five different sorbents including commercially available
anionic (anion-exchange) and hydrophobic materials. The
measured data are interpreted in order to understand how more
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efficient adsorption materials for PFAAs can be selected. We
show how these individual adsorption materials can be
combined to estimate the sorption efficiency of PFAAs in simple
batch experiments.

2. Materials and methods

2.1 Chemicals and materials used

Methanol (ULC/MS, Biosolve, Valkenswaard, The Netherlands);
sub-boiled water (in-house produced); ammonium acetate
(99.999%, Sigma Aldrich, Zwijndrecht, The Netherlands) were
used for liquid chromatography. The chemicals injected were:
perfluorobutanoic acid (PFBA), perfluoropentanoic acid
(PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic
acid (PFHpA), perfluorooctanoic acid (PFOA) and per-
fluorononanoic acid (PFNA) and were supplied by Sigma
Aldrich. Sorbents used were: WAX, HLB and MAX (Waters,
Etten-Leur, The Netherlands); Al,O; (0.063-0.200 mm, Merck,
Darmstadt, Germany); silicium carbide (SiC, Alfa Aesar, Ger-
many) and C;g as a commercially available column (Pathfinder
300 PS; internal diameter 4.6 mm; length 50 mm; particle
diameter 3.5 pm; Shimadzu, Duisburg, Germany).

2.2 Column preparation

The C;3 column was the only commercially available column
that was used and consisted of a Si-network with chemically
bonded C18-groups. Other sorbent materials were not available
as commercial columns, and were either packed from powdered
material or from particles obtained from dismantled SPE
cartridges. Stainless steel HPLC columns (10 X 2 mm) were
filled with either HLB; WAX; MAX or Al,O;. In the case of the
WAX and MAX materials, columns were filled with a 1:99
(w: w) mixture of WAX or MAX and SiC. Table 1 shows an
overview of the different properties of the adsorbents.
Columns were weighed before and after filling to measure
the exact amount of material added. The inertness of SiC was
checked by injecting PFBA and PFOA and observing no reten-
tion of the analytes, that eluted with the void peak corre-
sponding to the dead volume of the column. All materials had

Table 1 Relevant properties of the sorbents tested. Information from packaging or contact with manufacturer if not stated otherwise

Anion exchange

Name Surf. area Particle size Pore size capacity (AEC) Estimated number of sorption sites®

Unit m> g’ pm A (angstrom) pmol m~> mmol kg™ Polarity

WAX 800 30 80 0.723 578 Electrostatic (positive)
Cig 73° 3 100 ne’ Hydrophobic

HLB 800 30 80 ne 261° Hydrophobic

Al,O; 15°¢ 60-757 0.0700° 0.10 Electrostatic (positive)
MAX 815 30 80 0.301 245 Electrostatic (positive)
SiC ne Inert

“ Can be found from literature or calculated by multiplying surface area by AEC value for anionic interaction as is done here. * Confirmed by in-
house Brunauer-Emmet-Teller (BET) measurements. ¢ Schwarzenbach et al. (2016).* ¢ Done by fractioning with 60-75 um sieves. ° Bauerlein et al.

(2012).*/ ne = non-existent.
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a particle size in the same order of magnitude: 30-75 pm, except
for Cy5 (3.5 um), which may be important for the adsorption
process. Columns were conditioned prior to use during 2 h with
a 60 : 40 MeOH : H,O flow of 0.2 mL min~". Column tempera-
tures were maintained at 30 °C in a column oven.

2.3 Experimental procedure

Solutions in methanol were made for each compound with
a concentration range of 5.0-503 ng ml~ ' (8 levels) and were
stored at —20 °C to prevent any evaporation of methanol. Before
injection, the methanol solutions were mixed with water (in
a 60 : 40 ratio) to improve the chromatographic peak shapes. An
aliquot of 5 pL of this solution was injected (with a SIL-20A
autosampler) into a HPLC system consisting of a Shimadzu
LC-20AD XR pump, and a SCL-10A VP system controller (Shi-
madzu, Kyoto, Japan). The LC system was run in the isocratic
mode with a flow of 0.2 mL min~' and a mobile phase con-
sisting of varying mixtures of methanol and sub-boiled water
(40, 45, 50, 55, 60, 70 and 80%) containing 0.2 mM ammonium
acetate in order to favour ionization conditions in the ESI-MS
system.** Measuring time depended on ¢yeon and chain
length of the PFAAs, and varied from 5 min to 60 min. Analytes
were detected with a tandem mass spectrometer (4000 Q Trap;
Applied Biosystems, Toronto, Canada) operating in the negative
ionization mode. Mass transitions applied for all analytes
measured are shown in Table SI.1 in the ESL.}

35

2.4 Calculations

The partition coefficients between PFAAs and the sorbent
materials were determined using a chromatographic retention
method similar to that described previously.* Briefly, the
retention time or first moment (g, in min) of an analyte injected
on a column with a sorbent material, was corrected for the dead
volume ¢, (see Table SI.2}) and multiplied with the flow rate (Q,
in mL min~") to yield the retention volume for one measure-
ment (Vi in mL). This volume, divided by the total mass (m in g)
of the column sorbent gives the partition coefficient (K in mL
g~ " adsorbent) for a specific eluent composition (eqn (1)).
(tr —1)Q

Kp = —— 1
° Msorbent ( )

Because no elution occurred if the analytes were injected in
a mobile phase consisting of pure water, such as observed in the
previous study,’ methanol was used as organic modifier. When
the InKp values obtained with different organic modifier
contents in the mobile phase were plotted against the volume
fraction of methanol (¢), straight lines were obtained that could
be extrapolated in order to estimate the In(Kp, o) with 100% water:

In(Kp) = ¢ - S, + In(Kp o) (2)

with a slope S, that depends on the length of the CF, chain. The
95% prediction interval of extrapolation to Kp, o was calculated
from the regression line and is reflected in the error bars (see
the Results section).

This journal is © The Royal Society of Chemistry 2021
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2.5 Sorption model of surfactants

PFAAs as an example of a specific type of surfactants can adsorb
both by their head (electrostatic interaction) and/or tail
(hydrophobic interaction) to an adsorbent and the main issue is
how to model the overall interaction of PFAAs with at least two
different adsorbents. Currently two models have been described
in the literature, the Virial and NICA-Dannon one.?®

In both these models the overall standard Gibbs energy of
adsorption of a molecular PFAA moiety, A,Gomt' (k] mol %) is
the sum of its hydrophobic and electrostatic contribution at its
specific sorption location. This molecular DM model is depicted
in Table 2. It is assumed that at environmentally relevant
concentrations no other molecular surfactant interactions (e.g.
between surfactant moieties themselves) are present. Conse-
quently the total molecular sorption constant, K (L mmol ), is
a product of the electrostatic, K", and hydrophobic interaction
energies, K™%, being K¢ x K™ since K™% = exp(—AGopmolee/
RT). If each sorption location can only be filled with one PFAA
moiety and all PFAA moieties are attached to these locations by
the same sorption energy then the Langmuir conditions are
fulfilled and K refers to the Langmuir sorption constant, K. In
that case the DM model of the combined interaction with two
adsorbents leads to one Langmuir sorption isotherm where
Ki°?! is given by the product of the electrostatic and hydro-
phobic interaction and a specific value of C2ya5'*® (mmol kg™*
sediment) representing the total number of possible sorption
locations on the combined adsorbents where the PFAA moiety
can interact both by the head (electrostatic) and tail (hydro-
phobic) simultaneously (see Table 2).

In the recently developed IM model*” it is assumed that in
sediment or soil sorption experiments the hydrophobic moiety
(tail) of the PFAA can adsorb to one adsorbent location while the
electrostatic moiety (head) of the PFAA can adsorbed to another
adsorbent location. Therefore only one part of the PFAA moiety
is involved in an adsorption process, either the head or the tail.
The molecular picture of this model is also depicted in Table 2.
The overall standard Gibbs energy of sorption for the IM model
is not simply the sum of both interaction terms anymore but the
overall sorption constant, K is now the sum of the different
sorption constants, K¢ + K™Y, This leads to a different
expression of A Gomole (see Table 2). If each sorption location
can only be filled with one PFAA moiety and all PFAA moieties
are attached to these locations by the same sorption energy then
the Langmuir conditions are fulfilled and K refers to the
Langmuir sorption constant, K;. Therefore the IM model of the
combined interaction leads to an overall adsorption isotherm
consisting of two Langmuir sorption isotherms, one for the
hydrophobic interaction by the tail (k") and other one for the
electrostatic interaction by the head (K{'°), each having their
own number of sorption locations C?Kﬂ;x and c?,ymdgx (mmol kg ™"
sediment) (see Table 2). The Freundlich isotherm is not
appropriate because the sorption model is ill defined and the
isotherm is merely empirical.

When comparing scientific literature on sorption experi-
ments of surfactants it turned out that the results could only be
interpreted correctly with the IM model.** This is caused by the

Environ. Sci.. Processes Impacts, 2021, 23, 1997-2006 | 1999
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Table 2 Relevant mathematical adsorption expressions of the DM and IM model

Dual-Mode (DM)

Independent Mode (IM)

SN S

Molecular sorption model

D

Total standard Gibbs energy of the AGRBN = AGURO + AGhmolee AGYUmOIee — _ RTIn{exp(— A GoRO/RT) +

molecular sorption process (A,Gomoec)

exp(—AGhyac"*/RT)}

i i i i molec ‘molec max molec max ‘molec max
TOtfl Lélll’lg:jl’lulr .SOI:ptIOIl isotherm in the _ (KL.elec x KL.hydr) X Cs.elec+hydr X CW o KL‘e]ec X Cs,elec x CW KL‘hydr X Cs,hydr x CW
molecular description s molec ‘molec s ‘molec ‘molec
p 1+ KL,elec X KL,hydr Cw 1+ KL,elec Cw 1+ KL,hydr Cw

Sorption isotherm at infinite dilution in the

molecular and in the partition description CS:(K‘;{%C X Kg,y(?’) X Cy

fact that the mathematical expression of the total standard
Gibbs energy of the molecular sorption process of the DM
model can be derived from the IM model if one of the two
interaction energies is much larger than the other one since if
0 <<1,In(1 +6) = 9. The Virial or NICA-Donnan model does not
work when this condition is not fulfilled leading to difficulties
in applying these models in other experiments. Although the
mathematical expression of the DM can be derived from the IM
its physical picture of sorption processes of the IM model has
not changed when one of the interaction energies is much
larger. In addition it is also quite difficult to understand how
a sorption location will look like if both adsorbents are present
and how these locations must have been formed if these two
adsorbents are mixed. Therefore at low or environmentally
relevant concentrations the IM model best describes to date the
adsorption isotherm when both the head and the tail of
a surfactant is involved in an adsorption process.

In a simple PFAA sorption experiment a certain amount of
adsorbent with a final number of sorption locations is
combined with a dissolved amount of PFAA. At equilibrium the
PFAA fraction adsorbed depends then on the number of sorp-
tion sites occupied in the experimental system and the corre-
sponding K-value. This leads to a ratio of adsorbed PFAA to the
adsorbent, C, in equilibrium with the dissolved fraction of
PFAA. C,, denoted as the partition coefficient K, (L kg~ '). Thus
K, and K are two different equilibrium constants referring to
two different thermodynamic systems, the experimental one
and the molecular one respectively, but are related to each
other. This relationship is governed by the applied sorption
model where at low and environmentally relevant concentra-
tions the Langmuir is applied most often.

The relationship between K, and K;, can be seen when con-
ducting a sorption experiment. At the start of the sorption
experiment the fraction of the PFAA adsorbed to the sediment
will be proportional to the concentration of the PFAA and
therefore the partition constant, K;,, does not vary with the PFAA
concentration (Henry's law region), K, o (L kg~ ' sediment). This
region is called the infinite dilution region and the corre-
sponding Langmuir sorption isotherm in the molecular and

2000 | Environ. Sci.: Processes Impacts, 2021, 23, 1997-2006

molec olec max
Cs = (m,elec X L,hydr) X Cs,elec+hydr X Cy,y

olec max ec

ol max
s L,elec X Cs,elec X Cw+KvILT,1hydr X Cs,hydr X Cw or
olec max olec max
,elec X Cs,elec + I(IIT,]hydr X Cs,hydr) X Cw7

= (K
s = (K55 + Kpo™) x Cy

»

C,
C.
C,

partition description is also included in Table 2. In this case the
Ky, is related to Ki, by eqn (3) *>*

Ko =K x C™* (3)

As soon as the number of sorption locations becomes satu-
rated, less and less PFAA will be sorbed to the remaining empty
locations and the partition constant, Kp, will start to decrease
until it has reached a value of zero (0) when all sorption loca-
tions have been occupied but the value of K itself is not
affected. Consequently the partition constant is a function of
the concentration of the PFAA, K, (C,,).** This implies that when
for modelling purposes the value of Kj, is required, one must
first confirm that the measured partition constant is in the
Henry's law region. In that case the K, value can only be found if
Cg'™, is also known which can only be determined if the
complete Langmuir isotherm is established.

It is clear that for sorption remediation technologies Kp, will
be the relevant parameter but for modelling it is Ki.. Therefore if
one would like to know which adsorbent is more effective to
remove PFAA, their K, , values must be compared to each other.
In case a difference in K, o is found for the same PFAA, it is still
not known if this difference is caused by a difference in sorption
constant of the PFAA, Kj, or a difference in Cg yay (or both) ¢f.
eqn (3). For example, varying the pH may lead to a varying K, o,
but only if at both pH-values the complete Langmuir has been
established one may conclude which of the two parameters (or
both) may have changed.

Finally in case only an electrostatic or hydrophobic adsorp-
tion process occurs for PFAAs with varying CF, groups, Ncg,, the
standard Gibbs energy of the sorption process of the next PFAA,
AG°(N + 1)cr,) can be obtained by assuming that the incre-
mental standard Gibbs energy for each N, AA; G, is constant.

From eqn (3) it can then be deduced* that A;G’(Nc,) for an
electrostatic adsorption process only, with varying CF, groups
(Ncr,) can be represented by eqn (4a):

AsG(e)lec(]\'/VCFz) = ALG{I')lead-surf + AALG’?ail-water
X Ncg, — RTIn C¢iionic (4a)

This journal is © The Royal Society of Chemistry 2021
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And similarly, for an hydrophobic adsorption process only:

Angydr(]VCFz) = ALG?ail-surf + AALGgead-water
X ]chz — RTln Cg?l?;dr (4b)

Assuming that AA;G° is constant but only varies for the
different types of interaction, a plot of ASGglecorhydr
—RTIn(K, o) vs. Ncr, will give a straight line with a slope that
varies only for the type of interaction. Thus a constant slope for
different unbranched PFAA adsorbents supports the interpre-
tation that only a single specific type of interaction is present in
this sorption process. However the intercept of this plot A,G°(0),
includes not only the standard Gibbs energy contribution of
surface adsorption term, ApGufaceterm, bUt also the contribu-
tion of the total number of sorption sites —RTIn Cg'®*.

3. Results
3.1 Validation

The standard deviation of the retention time for multiple
injections of one standard solution (PFOA) was low, e.g., in
a series of repeated experiments with the C;3 column the
average tr was 5.849 and the standard deviation was =+
0.088 min. In our experiments a minimum of four standard
solutions with different concentrations were analysed in
duplicate. Examples of peak shapes of PFPA from 30% to 100%
MeOH are shown in the ESI (Fig. SI.3.17). The concentrations
injected were all within the linear dynamic range of the LC-MS/
MS system used and lead to C,, values in the order of pg L™
which are far below the critical micelle concentrations (CMC) of
the selected PFAAs (data not shown). CMCs for PFAAs range
from around 156 000 to 14 mg L™ for Ngg, from 4-14.% Within
the applied experimental range no influence of the concentra-
tion on the retention time (and thus on the Kp) was observed,
only the response (area) of the peak increased. This shows that
the partition coefficient is independent of the PFAA concen-
tration and the experiments are conducted in the infinite dilu-
tion range, where K, applies according to the previously
introduced IM model and thus the derived Kp = K, . In total
a minimum of eight results per PFAA mobile phase composition
and sorbent material were used in order to calculate an average
value of the tz and K, ,. Since PFAAs are deprotonated at envi-
ronmentally relevant pH (about 7), the pH was not a variable
during the experiments.

The InK,, values obtained with different fractions of
methanol in the mobile phase were extrapolated back to 100%
water using a linear fit and the 95% confidence interval was
calculated. The values of R*> of the regressions lines of each
PFAA on each adsorbent are shown in Table SI.3.2.T Linearity up
to 100% water of PFBA on a C18 column has been shown before*
and the reasons that linearity of longer chain PFAAs in the range
of 40% to 80% methanol is present, were discussed in the same
reference. In the same reference it has been shown that the pH
has no significant effect on the log ¥’ values, which indicates the
absence of an electrostatic interaction between C;3 and the
PFAAs in the investigated pH range and that therefore only
hydrophobic interaction occurs. Given the even slightly better

This journal is © The Royal Society of Chemistry 2021
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Ncr2
4 6 8 10
0 - L7 k.\; :
AG° 101
-o— Kaolinite

-204 b < —¥— AI203

I NG S —~ HLB

-304 \%\\i\f = C18
~ MAX
. o WAX

Fig. 1 Plot of Ncr, of the sorbates vs. A;GP (in kI mol™) for our five
different adsorbents. The error bars represent the 95% confidence
interval from the extrapolation to 100% water. The kaolinite values are
taken from literature from Xiao et al. (2011).

values of R* for the similar experiments when using a WAX or
MAX column supports the linearity of the capacity factor with
the methanol fraction when similar PFAA experiments are
conducted with the positively charged columns WAX and MAX.
AllIn(K}, o) vs. %MeOH plots are shown in Fig. SI1.3.2-3.2.6.1 The
In K, values are converted into AGe by multiplying with —RT
where R is the gas constant and T'is the room temperature taken
as 300 K and shown in Table SI.3.3.}

3.2 Standard Gibbs energy of adsorption to sorbents, AG°

Experimentally derived A,G® stated in Table SI.37 are plotted vs.
N, for different adsorbents. The resulting graphs are shown in
Fig. 1.

The corresponding values for the slope and the intercept are
presented in Table 3. It is assumed in this paper that these
values are also valid for PFAAs above or below the tested range
(Nc, < 3 or Ngg, > 8). The adsorbents tested are discussed below
in order of increasing polarity and the incremental standard
Gibbs energy of adsorption, AA; G, is discussed in Section 3.3.

For C;3 the standard Gibbs energy of sorption, As-
G215, shown in Fig. 1 becomes more favourable with increasing
number of Ncp, units within the PFAA homologue series
studied. In our experimental set-up it is expected that only
PFAAs with N¢g, = 3 will lead to AG2,¢ < 0 and therefore show
substantial adsorption. Hence, longer chain PFAAs, such as
PFOA (A;G215(7) = —25.9 £ 3.8 k] mol ') are shown to adsorb
better than shorter chain PFAAs such as PFBA (A,G2,5(3) = —6.1
+ 3.8 k] mol™'). The interactions of the C;s material and the
PFAA molecule are expected to have only hydrophobic character
(van der Waals interactions) and to occur between the tail of the
PFAA, and the alkyl chains of the C,3 material (see Fig. SI.4.17).
No electrostatic interactions of the head with the C,g3 material
are observed by a variation in retention time, peak broadening
or additional peaks seen. In addition the AEC of C;3 material is
non-existent (see Table 1) and the value of the intercept in Fig. 1
is positive (+7.0 + 1.7 k] mol™%).

HLB is a neutral polymer with aromatic and amide groups
(see Fig. SI.4.27). The adsorption results show that the AGy 5 of
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PFBA to PFOA are slightly higher than that of C;53 and therefore
its K" is slightly lower. However this difference is not statis-
tically significant. As is the case for Cyg, it is expected that only
PFAAs with Ngp, = 3 will lead to AGiyp < 0 and therefore to
a substantial adsorption onto HLB.

The WAX polymer has two different types of adsorption sites
(see Fig SL.4.31). The first consists of the positively charged N
atoms (pK, = 6) which can have electrostatic interactions with
the negatively charged head groups of PFAAs (AEC = 7.23 X
10”7 mol m™?). Secondly, the apolar matrix of the WAX (which is
similar to HLB) can interact with the hydrophobic tail of the
PFAA, and these interactions would refer to a hydrophobic
sorption mechanism. Our experimental results show that the
intercept of WAX equals —13 + 1.3 k] mol™") which is much
more favourable than that of C,g (+7.0 = 1.7 k] mol ') (see Table
3). The extra electrostatic interaction of the head of the PFAA to
the N-atom in the adsorbent is the main cause of this large
energy difference.

The slope of the plot is similar to that of kaolinite®” and MAX
indicating that only the electrostatic interaction is involved. Any
possible hydrophobic adsorption to the HLB-like matrix there-
fore does not seem to occur at our applied experimental
conditions.

MAX is a polymer similar to WAX with two different types of
adsorption sites, the first consisting of permanently charged N
atoms, which in contrast to WAX are not permanently charged,
and the second an apolar matrix similar to HLB (see Fig S1.4.37).
The mean value of the intercept for this sorbent amounts to —9.6
+ 1.3 k] mol ™" (see Table 3), caused by the electrostatic interac-
tions with the positively charged N atoms. Although the charge on
the nitrogen is permanent the intercept of MAX is higher and its
K, is lower than that observed for the WAX sorbent (—9.6 vs.
—13 kJ mol ). However according to eqn (3) when a variation in
the measured partition coefficients between MAX and WAX for the
same PFAA is observed this variation may be caused by either
a variation in Kj, corresponding to a stronger interaction of the
PFAA to the adsorbent or a variation in the sorption capacity,
Cselecy because more sorption sites per kg adsorbent are present.
In order to distinguish between these two factors a comparison of
AEC values (see Table 1) between both adsorbents, WAX and MAX,
assuming that their AEC-values correlate to Cggjec. The AEC of
WAX is around 2.4 times larger than that of MAX. This suggests
that the number of available sorption sites and thus Cgepe. for
WAX is 2.4 times larger than that for MAX. This will lower the
value of AGyax with —RTIn2.4 = —2.2 k] mol ', thereby
explaining a large part of the difference of —3.4 k] mol " between
the values of A,G° for WAX and MAX. Therefore it seems that the
variation in K}, o between MAX and WAX for PFAA is mainly caused
by the difference in sorption capacity, Csejec, rather than a differ-
ence in sorption affinity (K;) of the PFAA with the adsorbent.

Despite the slightly weaker adsorption affinity of MAX than
of WAX, the interactions of the head combined with the
possibly moderate interaction of the tail makes both ion
exchange polymers very suitable as sorbents for both short and
long chain PFAAs.

Al,O; Interestingly, Al,O; shows only little adsorption and
a slight positive slope for each N, . Table 3 indicates that the
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AEC-value Al,O; is 0.10 mmol kg ' (see Table 1) which is
substantially lower than for WAX or MAX. Therefore one factor
of this reduced adsorption capacity may be caused by the
limited number of suitable sorption locations on Al,O; for PFAA
in the applied experimental conditions.

3.3 Differential standard Gibbs energy of adsorption, AA; G°

Table 3 shows that the slopes (AA.G°) of the hydrophobic
materials Cys (—4.7 + 0.34 k] mol™") and HLB (—4.0 =+
0.40 k] mol™ "), are not significantly different from each other.
As a comparison, standard Gibbs energy of transfer of different
PFAAs from octanol into water (AowG°) was calculated using the
SPARC model-predicted K,, data from Arp and co-workers.*®
The A;Gg15(5, 6, 7) for PFHxA, PFHpA and PFOA of —18; —21
and —25 kJ mol ™" calculated in the present study correspond
almost exactly to AowG® values of —17; —21; —25 k] mol " for
PFHxA, PFHpA and PFOA, respectively. The similarity of the
structures of octanol and C;g material and consequently similar
type of interaction with PFAAs is a likely explanation for this
agreement. As our sorption experiments show, the hydrophobic
contribution of the tail depends on the type of interaction.
Therefore one needs to be careful to compare the differential
contribution of a CF,-group in our sorption experiments with
contributions derived from other hydrophobic parameters like
the K. Comparing for example our values with experimentally
derived K., values by applying an external electrostatic poten-
tial to a water and octanol interface as is done in cyclic vol-
tammetry is not advisable since in such an experiment the K-
value likely includes the hydrophobic effect of the electrostatic
interaction.* The SPARC model is more appropriate since in
this model only the contribution of the octanol itself is
incorporated.

This finding shows that when only hydrophobic interactions
are expected in the adsorption process of PFAAs the slope is
independent of the type of adsorbent applied and around
a value of =~—4.4 k] mol™'. The HLB polymer structure also
contains amide groups that may be available for sorption.
However, given the similarity of the AA;G° values of HLB and
C,g, we can conclude here that under the applied experimentally
conditions no substantial interaction with the amide group
seem to occur in our experimental setup.

Table 3 Mean values of the intercepts (A;G°(0)) and slopes (AA G°) of
the In Kp vs. Ncr, relationships for each sorbent

Sorbent  AG°(0) + 95% CI (k] mol ') AALG° 4 95% CI (k] mol ")
Cis +7.0 + 1.7 —4.7 £ 0.34

HLB +5.5 £ 2.3 —4.0 + 0.40

WAX —-13 £ 1.3 —2.6 + 0.24

MAX —9.6 £ 1.3 —2.5+0.23

Al 05 —4.3 £ 0.22 0.16 =+ 0.04

Octanol —4.7¢

Kaolinite = +16 —2.6°

Org matter —3.4°

“ Calculated (with the SPARC data) from Arp et al. (2006).** * Calculated
from Xiao et al. (2011).” © From Higgins and Luthy (2007).%°
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The AA;G° values of the interaction between PFAAs and
WAX, MAX and kaolinite are also not significantly different
from each other (~—2.6 k] mol™") but do differ significantly
from those for HLB, C;5 and octanol. Data for sorption of PFAAs
onto kaolinite, a zeolite clay were taken from Xiao et al.,”” using
the lowest Na* concentration (log[Na"] = 107> mol L™%). It is
expected that only an electrostatic sorption process of the head
prevails for this adsorbent. The electrostatic repulsion of the
negatively-charged PFAA head and the negatively charged
kaolinite leads then to a A,G°(0) >>0 which is observed. In the
experimental set-up with kaolinite [Na'] remains constant and
only for Ncr, > 7 does AsGhaolinite become negative, indicating
that substantial sorption will only occur for longer chain PFAAs.

Finally, the value of AALG® for sorption to organic matter®
(—3.4 k] mol™ ", Table 3) is exactly intermediate between the
values of AA;G° for the hydrophobic and the electrostatic
interactions of PFAA ((—4.4 + —2.6)/2). This agrees with an
independent mode if both adsorption processes are present.**
In addition establishing the value of the slope with a specific
adsorbent under the condition that the linear sorption isotherm
is valid can distinguish clearly if only a hydrophobic or an
electrostatic interaction is present or that both interactions
occur at the same time in the applied experimental system. The
value of the slope is also expected to be independent of the ionic
strength of the solution.””

4. Discussion

In this section we discuss the sorption parameters that are most
relevant to select the optimal adsorbents to remove both the
short chain and long chain PFAAs from contaminated waters.
From our measurements it can be deduced that adsorbents with
a positively charged functional group (such as WAX and MAX)
have a higher sorption affinity for the short chain PFAAs than
hydrophobic materials (such as C;5 and HLB). For example, one
can compare the adsorption affinity in terms of removal of PFBA
(Nce, = 3) by WAX (AyGwax = —20.5 k] mol ') and HLB (A,
Gis = —5.4 k] mol™ ") at room temperature cf eqn (5):

Ky [H-205— (-54))

= exp
KII® RT

=~ 450 (5)

1020_
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1010

o (Lkg)

X
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100_

10 T T

Nce2

Fig. 2

View Article Online

Environmental Science: Processes & Impacts

After eqn (4a) and (4b) and using the AG-values from Table 3
for WAX and HLB, respectively, one can deduce that only
beyond Ncp, = 13, (PFTeDA) does the K, , of HLB becomes
higher than that of WAX (see also Fig. 2). As stated in Section 2.5
based on the individually derived K,  values of HLB and WAX in
our experiment (see Table SI.6.11) one can estimate the overall
partition coefficients, Kgff)a', according to the IM and DM model
when both adsorbents are mixed together. Both the individual
and combined infinite dilution partition coefficients, calculated
according to the IM and DM model, of PFAAs with Ngg, varying
from 1 to 14 are shown in Fig. 2.

It has been observed in PFAA sorption experiments on
different soils that the chain-length vs. partition coefficient
relationship decreases from longer chain PFAAs to shorter
chain PFAAs but increases again for the smaller PFAAs notably
PFBA and PFPeA.* This is a logical consequence of the IM
model but not of the DM model. The DM model leads only to
one Langmuir isotherm to express the sorption process of the
combined effect. Since the Ki¢'-values of the DM model only
decreases proportionally, a single Langmuir sorption isotherm
will lead to less and less PFAA sorption by shorter chain PFAA.
This is different for the IM model. For long chain PFAAs the
hydrophobic partition coefficient, pygf, is dominant over the
electrostatic one, K5 (K" >> K5%). When extrapolating to
short chain PFAAs only an extrapolation of the hydrophobic
contribution is applied and therefore the hydrophobic contri-
bution will decrease proportionally. However for short chain
PFAAs the electrostatic contribution will take over because at
shorter chain PFAA Kf,lff becomes higher that Kgyy(?r. Therefore
an extra sorption term will appear for shorter chain PFAAs
leading to an increase of sorption for shorter chain PFAAs, as is
observed.

The IM sorption model will show a varying fraction of PFAA
adsorbed on either the HLB or WAX adsorbent in a batch
experiment when both adsorbents are mixed together. Such
a picture cannot be made with the DM model since it is
unknown how both adsorbents will have combined to create
their DM sorption locations. The different fractions adsorbed
for each PFAA on either WAX or HLB according to the IM model
can also be predicted, (see SL.VT for the relevant methodology).
If a sorption experiment is conducted in 1 L of water where for

v Kp,ohhl (DM model) =|(p'0hydr . Kp,Oe!ec Likg
—— vaoto(al (IM model) =Kp.ohydr+ Kp.oelec Likg

- K, 0"°° (WAX) Likg
o Ky o™ (HLB) Likg

Infinite dilution partition coefficients of PFAAs for WAX and HLB independently (black) and for a system with a mixture of WAX and HLB

according to the IM (red) and DM (blue) model. K, o-values with N¢g, > 8 or N¢r, < 3 are estimated by assuming that the linearity for each

adsorbent as shown in Fig. 1 still holds.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Estimated fraction of a specific PFAA adsorbed by WAX (green)
and HLB (black) conducted in a batch experiment in 1 L of water with
10 g of both adsorbents and a PFAA starting mass of 100 nmol. C (%)
values above N¢r, > 8 are estimated by assuming that the linearity for
each adsorbent as shown in Fig. 1 still holds.

example 100 nmol of a specific PFAA and 10 grams of HLB and
WAX adsorbent with the characteristics from Table 1 have been
added together and adsorption occurs in the Henry's law region
the adsorption efficiency of the HLB/WAX mixture is expected to
vary from 97.66% for PFC,A to 99.9999980% for PFC,,A (see
Table SI1.6.27) but the adsorbed fractions on either WAX or HLB
vary strongly as can be seen in Fig. 3.

Since PFAAs contain both a hydrophobic moiety and an
electrostatic moiety the best selection of adsorbents for reme-
diation technologies according to the IM model are ones with
high K§'*“ and high C23%. for the electrostatic adsorbent like
WAX, and high K¥*" and high C8fy4 for the hydrophobic
adsorbent like HLB. In addition the electrostatic adsorbent
which is important to remove the shorter chain PFAAs is most
effective if its sorption locations can no longer be occupied by
the longer chain PFAAs since even for this electrostatic inter-
action Kj'g’ increases with increasing Ngg,. These long chain
PFAAs with their often dominant hydrophobic interaction can
be removed first by a hydrophobic adsorbent e.g. HLB. This will
leave the short chain PFAAs still in solution but these ones can
now be removed more efficiently by an electrostatic adsorbent
e.g. WAX. All the sorption locations present at the electrostatic
adsorbent are then only used to adsorb the short chain PFAAs.
Thus according to the IM model a two step sorption remedia-
tion technology, starting with a hydrophobic adsorbent fol-
lowed by an electrostatic one, both with as high as possible
Cg"™, is the most efficient adsorption remediation technology
for PFAAs contaminated waters rather than mixing these types
of adsorbents. Based on our results the Al,O; adsorbent is less
appropriate for removing PFAAs from relevant water systems.

In PFAA sorption experiments conducted with soil or sedi-
ment it is not clear which specific adsorbents are involved and
how to estimate the K}, o-values required in risk assessments. In
this case the K" and Cs’hyar, and the K¢ and Cs\olec Must be
estimated from the soil/sediment sample. While for the
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Khydr many estimation methods exists in the form of K. esti-
mation methods, this does not count for K. In addition
corresponding Cghyar and Csléjec values must also be estimated.
In this respect the most important soil/sediment parameters
that seem to be related to these Cg"** values are soil organic
carbon fraction (f,.) for Cg}yar which is well established, and the
AEC for Cg&ec in case of anionic surfactants like PFAAs.*
However, firstly the exact relationship between f,. and
Cshyar and therefore also between K,. and KW s not well
established and secondly it is still early to conclude that AEC is
indeed a suitable descriptor for Cgje. It also shows clearly why
for example a correlation between electrostatic surfactants with
a negatively charged head, e.g., PFAAs and the CEC is hardly
found since the CEC is strongly correlated to adsorption by
a positively charged surfactant.

If, as assumed in the present study, the AEC is a suitable
descriptor for C8ge. of an anionic surfactant and its value is
expressed in umol m™> as is often done (see Table 1), then
C83%. expressed in pmol kg~ " as in eqn (3) is also a function of
the surface area and the K}, s will increase when the surface area
increases or the particle diameter decreases e.g. comparing fine
and course soil size fractions.'”*? This increase in K, with
decreasing particle size is therefore not caused by an increasing
adsorption strength of the surfactant moiety to the adsorbent,
K. but by an increase of Cgele. in the applied experimental
system and therefore the smaller the grains for the specific
adsorbent the higher its C§'5%. (mmol kg~ " sediment) leading to
a higher K, o-value c¢f. eqn (3), the better the adsorption reme-

diation technology will work as expected.
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