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Abstract

Five column experiments were conducted using a mixture of 10 per- and polyfluo-
roalkyl substances (PFASs) to explore sampling techniques for the PFAS injection
solution concentration in order to accurately determine the tracer mass within the
experimental system and close the mass balance. Samples of the injection solution
were first taken by the method of pouring from the injection container into sampling
tubes and analyzed for PFAS concentration. The results showed a drastic increase in
the concentration of certain PFASs over the course of injection (up to 763%), leading
to incomplete mass balances and low recovery rates. By contrast, when the injection
solution was sampled by pipetting away from the air—water interface, the mass bal-
ance greatly improved (PFAS recovery percentages increased from an average of
62%—-102%). The observed concentration increase by the method of pouring can be
attributed to the attraction of certain PFASs to the air—water interface. Factors such
as carbon chain length and solubility were found to impact this attraction most, while
surprisingly, the air—water interfacial sorption coefficients did not appear to be signif-
icantly influential. This phenomenon is important to column experiments, as elevated
local concentrations may promote micelle or hemi-micelle formation, consequently
affecting the transport and sorption characteristics of the compounds under study.
These aspects should be thoroughly considered in future studies to ensure a correct
calculation of mass balance and therefore to correctly characterize the behavior of
PFASs in the environment, and may also be relevant in remediation investigations,

such as column tests with granular activated carbon.

ABBREVIATIONS: 9CL-PF30NS, 9-chlorohexadecafluoro-3-oxanonane-1-sulfonic acid; CMC, critical micelle concentration; CT, column test; PFAS,
per- and polyfluoroalkyl substance; PFDS, perfluorodecanesulfonic acid; PFOS, perfluorooctanesulfonic acid; PFOSA, perfluorooctane sulfonamide; VIC

PFAS, varying injection concentration PFAS.
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1 | INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) comprise a class
of fluorinated chemicals used in various consumer products
and numerous industrial processes, having been in produc-
tion for over 80 years (Buck et al., 2011; Smeltz et al., 2023).
Despite many desirable properties, the non-reactivity and
resistance to degradation of PFASs raise growing concerns
regarding its occurrence and persistence in the environment
(Evich et al., 2022; Li et al., 2023; Moody & Field, 2000).
Consequently, research into the fate and transport of PFAS
in the environment is highly important (Bréunig et al., 2017;
Marchiandi et al., 2021; Sharifan et al., 2021). Injection-
extraction experiments with soil columns provide an essential,
long-established approach, especially for groundwater inves-
tigations, and are particularly useful for studying the transport
of chemicals through porous media and their interaction with
grain surfaces (May et al., 2023).

The interpretation of results from injection-extraction
experiments, such as column tests aiming to ascertain tracer
sorption rates, heavily relies on a closed or semi-closed mass
balance (Bi et al., 2010; Pang et al., 2005; Schijven & Has-
sanizadeh, 2000; Shackelford, 1994). The critical aspect here
is identifying the tracer mass within the system, as the over-
estimation of the mass may lead to the overestimation of
sorption rates. Thus, accurately measuring the concentration
of the injection fluid is crucial.

Preliminary experiments with PFASs in empty columns
showed that throughout the injection phase, during which
the water level in the container decreased, PFAS concen-
trations varied. We hypothesized that this was due to a
non-homogeneous injection solution. Potential explanations
for this phenomenon include PFAS hydrophobicity, inter-
actions at the air—water interface, and micelle formation
(Brusseau & Van Glubt, 2021; Honda et al., 2007; Kancharla
et al., 2022). A varying injection concentration complicates

Plain Language Summary

This study looked at how 10 different per- and polyfluoroalkyl substances (PFASs),
which are harmful chemicals, stick to sand and natural soil. The researchers wanted to
see if the way they collected samples affected the measured PFAS levels. When sam-
ples were poured, some PFAS concentrations appeared to increase, giving incomplete
results. But when samples were taken with a pipette, recovery improved. The concen-
tration increase, seen when using the pouring method, is caused by PFAS gathering
at the air—water surface, influenced mainly by their chain length and solubility. This
matters because high local concentrations can change how PFASs move and stick to
materials. Understanding this helps scientists accurately measure PFASs and design

better cleanup methods for contaminated water.

the closing of the mass balance, resulting in challenges in
determining PFAS transport parameters, such as sorption
rates. As of now, there is scarce knowledge about the inci-
dence of these issues in column test studies, their origins, and
avenues to address them (Grieco et al., 2021; Niarchos et al.,
2022; Umeh et al., 2024).

The objective of this study was to explore sampling tech-
niques for the PFAS injection solution concentration in order
to accurately determine the tracer mass within the exper-
imental system and ultimately close the mass balance for
injection-extraction experiments with PFASs.

2 | MATERIALS AND METHODS

Five column tests (CT1-5) were conducted. The injection
fluid contained Viennese tap water, which is oxic Alpine
karstic spring water with low ionic content, a pH of approxi-
mately 8, and an electrical conductivity of 250 pS/cm (Oudega
et al., 2021), and a mix of 10 PFASs (with the exception of
CT3, in which eight PFAS were used). The 10 PFASs were
selected to represent a diverse range of substances present
in the environment, in terms of type, functional group, chain
length and usage (Table 1).

The experimental set-up (see graphical abstract) comprised
a glass Erlenmeyer injection container with a magnetic stirrer,
polypropylene tubes, and a glass column filled with either lab-
grade quartz sand measuring 0.6—1.3 mm in diameter (CT1-3)
and natural soil (CT4-5). The magnetic stirrer was used to
generate a vortex intended to prevent the accumulation of
PFASs at the air—water interface. The injection volume in all
tests was two pore volumes, corresponding to 1500 mL for
CT1-3 and 600 mL for CT4-5. Each PFAS had a target con-
centration of 2.5 ug/L in CT1-4 and a target concentration
of 250 ng/L in CTS5 (Table 2). Following the injection of the
PFAS solution, flushing was carried out with the same tap

85U80]7 SUOWILLOD 3ARER.D 8|qedl|dde aus Aq peusenob aJe saonse VO ‘@sn Jo sajnJ Joj AreiqiT8uljuO 8|1/ UO (SUORIPUOD-pUe-SWLRY/LIo" A3 1M AeJq 1 BUI UO//SARY) SUORIPUOD Pue SWe | 8U1 83S *[920z/70/9T] Uo AriqiT8uluo A8|iM eusnyeueIyo0D Aq 2600L Z1ZAZ00T 0T/I0p/woa" A3 1M ARe.q | pu1|UO'SSesde//Sdy WOy papeoumoq ‘Z ‘9202 ‘€99T6EST



OUDEGA ET AL. Vadose Zo 30f10
TABLE 1 Per- and polyfluoroalkyl substances (PFASs) used in the column experiments.
Charge
state (pH
PFAS Full name CAS number Type Chain length ~T)
PFPeA Perfluoropentanoic acid 2706-90-3 Carboxylic acid (PFCA) (6] Anionic
PFOA Perfluorooctanoic acid 335-67-1 Carboxylic acid (PFCA) C8 Anionic
PFDoDA Perfluorododecanoic acid 307-55-1 Carboxylic acid (PFCA) Cl12 Anionic
PFPeS Perfluoropentanesulfonic acid 2706-91-4 Sulfonic acid (PFSA) C5 Anionic
PFOS Perfluorooctanesulfonic acid 1763-23-1 Sulfonic acid (PFSA) C8 Anionic
PFDS Perfluorodecanesulfonic acid 335-77-3 Sulfonic acid (PFSA) C10 Anionic
6:2 FTS 6:2 Fluorotelomer sulfonic acid 27619-97-2 Fluorotelomer sulfonate C8 Anionic
PFOSA Perfluorooctane sulfonamide 754-91-6 Sulfonamide precursor C8 Neutral
ADONA 4,8-Dioxa-3H-perfluorononanoic acid 919005-14-4 Ether-based PFCA C6 (perfluorinated Anionic
segment)
9CI-PF30NS 9-Chlorohexadecafluoro-3-oxanonane-1-  73606-19-6 Perfluoroether PFSA C6 equivalent Anionic

sulfonic
acid

water. A total of 12 pore volumes of tap water were injected
for the flushing phase of the experiment, which lasted 24 h.

During the injection phase, four or five samples were col-
lected from the injection fluid. During CT1, sampling was
conducted by pouring 5 mL from the injection container
directly into a sample test tube, with the goal of minimiz-
ing the amount of materials and surface area that the PFAS
solution would come in contact with, and thereby reduc-
ing potential PFAS adsorption. During CT2-5, two sampling
methods were utilized: pouring 5 mL as well as pipetting
5 mL, which was done from the bottom of the water col-
umn adjacent to the entry of the tube that drains the injection
fluid from the injection container. Both during the injection
and flushing phases, samples of 5 mL were extracted from
the column effluent at intervals ranging from 5 to 30 min.
All samples were diluted with 5 mL of methanol to enhance
solubility. The analysis of PFAS was performed using liquid
chromatography coupled with mass spectrometry, adhering to
United States Environmental Protection Agency draft method
1633 (Environmental Protection Agency, 2022), as described
in Obeid et al. (2023).

To close the mass balance post experiment, all materi-
als used in the experiments (the stirrer, tubes, glass column,
interior of the injection container, and in CT2-5, the pipet)
were washed with ethanol, which was collected and analyzed
for PFASs. In addition, three representative 20 g samples
of the porous media were taken from the top, middle, and
bottom of the column. These samples were mixed with a
50 mL 0.3% ammonium methanol solution in a shaker for 2
h. Subsequently, the solution was analyzed using the method
previously described.

3 | RESULTS AND DISCUSSION

In all tests, five PFAS—namely perfluorododecanoic acid,
perfluorooctanesulfonic acid (PFOS), perfluorodecanesul-
fonic acid (PFDS), perfluorooctane sulfonamide (PFOSA),
and 9-chlorohexadecafluoro-3-oxanonane-1-sulfonic acid
(9CL-PF30NS; henceforth collectively referred to as VIC
PFASs, varying injection concentration PFASs)—showed
an increase in injection concentration during the injection
phase when using the pouring method. In CT2, concentration
increases during the injection phase varied from 266% to
764%, depending on the substance, while the injection con-
centrations of non-VIC PFASs remained relatively constant
(Figure 1). The mass balance for CT2 demonstrated that the
measurement of the injection mass of the VIC PFASs was
markedly improved by using the pipetting method, yielding
an average recovery of 109% for the pipetting method versus
55% for the pouring method (Table 2). This shows that the
liquid at the surface (preferentially sampled by the pouring
method) contains a higher concentration of PFAS than
liquid deeper in the water column (preferentially sampled
by the pipetting method), that is, PFASs accumulated at the
air—water interface, which is a well-established phenomenon
(Brusseau, 2019; Silva et al., 2019; Vierke et al., 2013).
This likely causes the high injection concentrations observed
when using the pouring method, especially toward the
end of the injection phase when (due to the abstraction
of the injection solution, as well as due to the shape of
the Erlenmeyer injection flask) the air—water interface
becomes large compared to the volume of the injection fluid
(Figure 1).

85U80]7 SUOWILLOD 3ARER.D 8|qedl|dde aus Aq peusenob aJe saonse VO ‘@sn Jo sajnJ Joj AreiqiT8uljuO 8|1/ UO (SUORIPUOD-pUe-SWLRY/LIo" A3 1M AeJq 1 BUI UO//SARY) SUORIPUOD Pue SWe | 8U1 83S *[920z/70/9T] Uo AriqiT8uluo A8|iM eusnyeueIyo0D Aq 2600L Z1ZAZ00T 0T/I0p/woa" A3 1M ARe.q | pu1|UO'SSesde//Sdy WOy papeoumoq ‘Z ‘9202 ‘€99T6EST



15391663, 2026, 2, Downloaded from https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.70097 by CochraneAustria, Wiley Online Library on [16/04/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

=
&
<
:
w (senunuo)))
ecl 41! 01 Sel LOT - €Ll 86 - 41! 91l (%) spoyow yrog
¥Sl 8LI 901 (4 8! - LyC 001 - L1 LT1 (%) K12r0021 1odiq
01 ¥8 101 L6 101 — cel 96 — LOT 8! (%) A10A0021 MO
8¢9 ge88 oy €6€°11 095 — 96¢€6 0LSE — 93197 14944 SSeul [ej0],
el Sve 4! €LY 14 - 891 9 - 9¢ € wWasAs uwnjo)
gce 0581 0 €9y LS - 861 0 - 23 0 BIPSW SnoIod
1685 6£99 6201 LSY01 6LVY - 0668 96¢ - LESY levy ueniyg
918 6CLL S06¢ [1¥8 ey — L1vS 9¢9¢ - 9lly 978t ypoq—uonoofuy
oIy 6v6Y I8¢ 180 L96€ - 68LE 895¢ - 0T6¢ Y6LE 1odid—uonoafuy
v1C9 62501 966¢ (4728 Icsy — SYOL SOLE - eley 868¢ anod—uonoaluy €ISL
€L 9L L6 06 101 ge 06 101 122 001 SOT1 (%) spoyow yrog
601 ITr 86 oIl 001 6Cl 801 101 Sel 66 LOT (%) A10A0001 J0d1q
99 LS 96 YL 101 1c L 101 0c 101 €01 (%) K19A0021 MO
C6¢ Ooriy 899¢ 186¢ 8LLE €09¢ 0601 68S¢ C8LT 991¢ 9eTy SSewr [e10],
861 ¥0¢ I eel 91 LEL €8 L S9L Sl 6 wWa)sAs uwmjop)
CLS €EL © <9 0 (4314 8¢ 0 €e6l Se 6S BIPSW Snolod
1298% £0S¢€ 9999 ¥8€S 9LE 33 6v6¢ £86¢ L8 9Ive 891y juanjyyg
LYES SL8S LLLE ILT9 8SLE TLT0T LySy 149 LT18 8SPE 0S01 yoq—uonoafuy
86S¢ £66¢ €ELE 808Y T6LE 86LC I8LE [45%% £90¢ 88V¢ L96¢ 1odid—uonoafuy
L60L 9SLL (4413 YESL YCLE 9rSLT eres evse OLTPT 8Tre eely mod—uonoaluy CI?L
6 9¢ 06 €9 L6 el LL L6 14! 6 16 (%) A10A0021 MO
106C 908¢ £96¢ SOy 9L8¢ 0€0T 906¢ L18C YLST 06T Y€0¢ SSeul [ej0],
61 143 S ¥4 8 LT Ic € €€ L € wWasAs uwnjo)
8% 1201 I L 8¢l Srel el (4 6ev1 (44! € BIPSW SnoIod
66¢C I€LT 866C LO0Y 0vLe 88 CLLT 4514 01 SSLT 820¢ juaniyyy
8965 6189 Soee €659 0L6C €LTSI €6LE Sléec YOS 11 (4283 0ocee Inod—uonoafuy [ 1891
m aderoAe SVAd SNO€Ad VNOaVv vSOdd  SLAT9 Sadd SOdd Soddd vaoadd vodd Vaddd JUSUIDINSEIAT 1593
m D6 utnjos)
m *dn-)as TejuewTIadX? 9} JO SITOAIISAI JURIAJIP ur uondafur-jsod pue -a1d panseow (Su) (sSVIJ) seoueisqns [AeoronfjAfod pue -1ad Jossejy 7 A TAV L

40f10



15391663, 2026, 2, Downloaded from https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.70097 by CochraneAustria, Wiley Online Library on [16/04/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

50f10

m ‘proe oruojnsauejuadoronyyrod ‘§od.d ‘proe orourjuadoron(jrad ‘yod.d ‘oprwreuojns auejoooionfjrod ‘YSOHd proe otoueoooronjiad ‘yOd proe oruojnsoueidooron[yrad ‘SO (proe druojnsauedspoionfyrod
m ‘SAAd ‘proe drourdapoporonfirad ‘yYAoddd proe oroueuouoton[jiad-He-exop-gy ‘YNOQY ‘PIoB OIUoj[Ns- [-aUBUOUBXO-E-0I0N[JEIPLXAYOIO[Yo-6 ‘SNOCId-[D6 PIOB OIUOJ[NS ISWO[RI0ION[) Z:9 ‘SIJd 7:9 :SUONRIAIQQY
u “UWN[od Y} UI BIpaw snoxod ay) SUIPN[OXa ‘pasn S[ELIJEW [ SOPNOUT WISAS UWIN[OD YT, “IOUTRIUOD UONIS[UT o) UT 3J9 PIN[J UONO[UI JO Junowe ) 0} pAIYSTom ‘SaSeIAR o8 SOSSBUl UONIS[U] (970N
'
o
m 791 91 Y01 99 €9 Lyl 9 01T Saol1 61 61¢ (%) spomew ylog
L9C e 601 (4! 09L Ievl (49! ITT 71901 1€¢ 61¢ (%) K1280221 10d1q
811 I 00T (44 s AL I 601 8¢S Y91 61¢ (%) K19A0221 IN0Og
LY L9 191 Ly 986 1254 681 871 6LCI 0LE S9¢ SSewl [ejo],
€l I I 8 (@ (14 0¢ 0 0S C 0 w)sKs uwnjo)
€l 0 0 0 0 101 0 0 143 0 0 BIpaW SNoIoq
06¢ S91 091 6¢ 786 Sor 691 811 S611T 89¢ §9¢ Jusnyiyy
1474 8601 129! L 9¢1 VLI 96¢ Sel SCl €61 LLT og—uonafuy
9C1 929 Lyl [43 0¢I 81 SCl 12! 4! 091 LLT Jodrd—uonoafuy
(433 061 191 (48! 81 6C¢ L9Y 9¢l 8¢€T 9¢¢ LLT Inod—uonosfug GIS9L
(014 SS IL (94 €L oI 86 8L 61 8L L8 (%) spomow yog
89 0L 6L 99 LL I 69 98 €9 98 6 (%) K19A0221 10d1d
8C 9t S9 [43 69 9 0S IL I L 8 (%) 1080021 O]
8L6 9¢ST St6 Prel STL 999 ¥€6 868 €L 186 9001 Ssewl [e30],
06 €S € LL € 0LE 1T € ¥9¢ € C wa)sAs uwnjo)
8¢ 0 0 0 0 1ce 0 0 €LT (43 0s BIpaW SnoIod
0€8 €871 £v6 L9TI L SL €16 968 SOI Sv6 Y56 jusnigy
eeve L8LT £cel SEIe £66 LY69 €091 SCTT £86¢ 0S¢I 121! og—uondafuy
0evl L0Te 1611 9¢€0C 0r6 611¢C Soel 08501 OLTT 14Nt 6801 Jodid—uonoafug
9eve 99¢¢ Sl Seey 9101 9LLTT 1681 19¢1 96L9 123! 0cel Inod—uonosfuy ¥ 1S9L
aeroAe SVAd SNO€Ad VYNOQV vVSOodd  SLAT:9 Sadd Soad Seddd vaoeadd vodd Vodad JUIUIDINSBIAT 159}
106 uwno))
(ponunuo)) 7 ATAVL
4
<
&8
<
Q
53]
a
=)
o




[oe]
~ ., |PFPeA ® Pour ® Pipet PFPeS
Byl
5
g o 1
g o -
|
(@)
oL Ml HWE NN NE BN | (B @i HE BE =8
o]
_ T |e:2FTS ADONA
ESN
5"
I
3w -
o/ HE BN wE NS B | A &S EBA BER BB
[oe]
_ — |PFOA PFOS
E
57
§m
T T ' am mm Bm Ha Il

TE

PFOSA

9 12 15 180

Concentration (ug/L)
3 6

I.I. J:nl-l-lL

PFDODA * 9CI-PF30NS

9 12 15 18 0

Concentration (ug/L)
6

_l-__-].]'lll

0.25 0

Volume left in injection container (L) Volume left in injection container (L)

0.25 0

FIGURE 1 Measured per- and polyfluoroalkyl substance (PFAS) concentrations in the injection container during CT2 injection, using the
pouring method versus the pipetting method. A concentration of 2.5 pug/L was intended. *Concentration above axis (26.6 ug/L for
perfluorodecanesulfonic acid [PFDS] and 21.3 ug/L for perfluorododecanoic acid [PFDODA]). ADONA, 4,8-dioxa-3H-perfluorononanoic acid;
PFOS, perfluorooctanesulfonic acid; PFOA, perfluorooctanoic acid; PFOSA, perfluorooctane sulfonamide; PFPeA, perfluoropentanoic acid; PFPeS,
perfluoropentanesulfonic acid.
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In all tests, the average observed injection mass of the
VIC PFASs was lower (corresponding to higher observed
recovery) when based on the pipetting method rather than
on the pouring method (Table 2). Using the pouring method
to measure injection mass resulted in challenges in distin-
guishing sorption processes, given the ambiguity surrounding
whether the VIC PFAS were (1) actually present in the injec-
tion fluid at such high concentrations and subsequently sorbed
to the porous media or (2) if their actual concentrations in the
injection fluid were lower.

Pipetting improved the mass balance for VIC PFASs while
not negatively impacting the mass balance of the non-VIC
PFASs, with some exceptions. For example, in CT2, the
recovery of perfluoropentanoic acid was calculated to be
107% while using the pipetting method and 103% while using
the pouring method. This indicates that sampling the injec-
tion solution by pipetting can result in an underestimation
of the injection concentration, suggesting that the accumu-
lation of certain substances at the air—water interface leads
to lower concentrations in the bulk of the injection solution,
which can also be seen in Figure 1. This underestimation of
the injection concentration is most pronounced in CT3 and
CT5, where the majority of PFASs show recoveries exceed-
ing 100% for the pipetting method, due to higher masses in the
effluent than in the injection container (e.g., PFOSs in CT3).
While this mainly points to an underestimation of the injec-
tion mass due to a heterogeneous injection solution, sampling
biases might also have affected these mass balance discrep-
ancies. Because different PFASs break through at different
times, the effluent breakthrough curves (from which the efflu-
ent mass was calculated) are drawn with varying number of
data points (effluent samples), which can lead to uncertain-
ties. Further discrepancies might arise from the measurement
of sorbed PFASs, as only three representative soil samples
were measured post experiment. While in some of these cases,
the pouring method yields better results for specific sub-
stances (e.g., 4,8-dioxa-3H-perfluorononanoic acid, CT3), in
other cases, substances exhibit recoveries well below 100%
(e.g., PFOS, CT5). However, when comparing the pipetting
method, the pouring method, and the average between both
methods for all tests, the pipetting method performs best
overall (Figure 2).

CTS, similar to CT2—4, shows higher recovery rates when
using the pipetting method than when using the pouring
method. The lower injection concentrations in CT5 do not
seem to negate the VIC phenomenon; aggregation at the air—
water interface is as strong as it is in CT2-4, leading to a
significant underestimation of injection concentrations, and
thus overestimation of recovery rates, when using the pipet-
ting method (Table 2). CT5 also shows significant increases in
pouring concentrations during the injection phase, for exam-
ple, for PFDS and PFOSA, like in CT2 (Figure 1). One
explanation for this is that while the concentration at which

micelle formation occurs, known as the critical micelle con-
centration (CMC), is typically in the mg/L range, studies have
shown that aggregation into hemi-micelles on surfaces, such
as the glass container, could already occur at concentrations
around 0.001 x CMC (Alves et al., 2020; Kancharla et al.,
2022). This indicates that the bulk of the PFASs in the injec-
tion container might be sorbed to either the glass Erlenmeyer
or the air—water interface, instead of being homogeneously
distributed. Because this mechanism was not directly mea-
sured, it is not possible to rule out aggregation at the glass
walls. In fact, the case for this kind of sorption is supported
by the higher mass sorbed to the column system of VIC
PFAS than non-VIC PFAS in all tests (Table 2). During the
injection phase, the falling air—water interface might “collect”
these PFASs sorbed to the glass Erlenmeyer, which leads to
increased concentrations at the air—water interface at the end
of the injection phase.

To explain why particular PFASs accumulate at the air—
water interface and/or glass walls, while other PFASs do not,
we compared the air—water interfacial sorption coefficient
(K,w) and the chain length of the substances in this study
(Psillakis et al., 2009). The K,y range for the VIC PFAS
species falls between —5.2 and -2.9 log, whereas the non-VIC
PFASs have a K,y ranging from -3.9 to —1.4 log (Mud-
laff et al., 2024). This overlap suggests that differences in
reported K 45, values alone do not fully explain the distinct
air—water interface enrichment behavior observed here. How-
ever, it should be noted that literature K 45, values may not
fully represent this system, particularly for ionic PFASs (all
substances used in this study, except PFOSA), whose inter-
facial behavior is strongly influenced by solution chemistry
(e.g., pH, ionic strength, and multivalent cations). As a result,
these K,y values may not accurately reflect the effective
interfacial partitioning in the injection container. In contrast,
carbon chain length is known to strongly influence PFAS
surface activity and interfacial adsorption (Brusseau & Van
Glubt, 2021). Therefore, carbon chain length may provide a
better explanation of this distinct behavior of VIC PFAS, as
each of the five VIC PFASs have a carbon chain length of
8 or more. However, as some PFASs in this study have a
chain length of 8 (but not more) and do not show the same
behavior (e.g., 6:2 fluorotelomer sulfonic acid), other char-
acteristics must also contribute to this behavior. Solubility
could be a significant factor, as the range for the VIC PFAS
is —0.98 to 1.51 log;, mg/L, in comparison with 1.34-3.09
log ;o mg/L for non-VIC PFASs (Sosnowska et al., 2023). Nev-
ertheless, despite perfluorooctanoic acid and 9CL-PF30ONS
both possessing a chain length of 8 and solubilities of 1.34
and 1.51 log;, mg/L, respectively, the former is not a VIC
PFAS, while the latter is. This discrepancy might be due to
differences in molecular structure—9CL-PF30NS contains
an oxygen atom within its carbon skeleton, potentially alter-
ing its behavior (Allendorf et al., 2019). This shows that the
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FIGURE 2 Average total mass recovery for CT1-4 as found by using the pouring method, pipetting method, and the average of these two

methods to calculate injection mass. CT5 was excluded because of the significantly lower injection concentrations. 6:2 FTS, 6:2 fluorotelomer
sulfonic acid; 9CI-PF30NS, 9-chlorohexadecafluoro-3-oxanonane-1-sulfonic acid; ADONA, 4,8-dioxa-3H-perfluorononanoic acid; PFDoDA,
perfluorododecanoic acid; PFDS, perfluorodecanesulfonic acid; PFOS, perfluorooctanesulfonic acid; PFOA, perfluorooctanoic acid; PFOSA,

perfluorooctane sulfonamide; PFPeA, perfluoropentanoic acid; PFPeS, perfluoropentanesulfonic acid.

VIC phenomenon cannot be predicted on the basis of a single
characteristic.

The phenomena in this study were observed under a
specific experimental configuration, and injection container
shape, material, and surface-area-to-volume ratios may influ-
ence the magnitude of the effect. We found that stirring alone
does not resolve this problem, even if it disrupts the air—
water interface by creating a vortex. Alternative solutions may
include ensuring that the surface area to volume ratio does
not become too large. This could be achieved, for instance,
by using a larger injection volume that is not fully injected,
or a differently shaped flask, such as a graduated cylinder
or a cylindrical container. Despite these solutions, the sur-
face area to volume ratio of the injection solution would still,
to a certain extent, increase over time during injection. Fur-
thermore, the material of the injection container may have
influenced the concentrations due to potential sorption to the
glass walls. Other materials, such as polypropylene or high-
density polyethylene, might show better performance and
should be considered in future experiments.

4 | CONCLUSIONS

Of the 10 investigated PFASs, five substances, characterized
by longer carbon chain lengths and lower solubility than the
others, were found to increasingly congregate at the air—water
interface during injection, resulting in a non-homogenous dis-
tribution in the water column of the injection solution. While
sampling the injection solution by pipet did not overcome

the difficulties in accurately establishing the injection mass
for each PFAS in all experiments, it did show a significant
improvement over pouring.

These findings suggest that care must be taken when deter-
mining concentrations of PFASs in injection solutions during
soil column experiments. Factors that need consideration
include the material and shape of the injection container, the
sampling method, what point in the water column is sam-
pled, and the frequency and intervals at which sampling is
conducted. Furthermore, it should be considered to wash all
materials that came into contact with PFASs using a solvent
(such as ethanol). These samples should then be measured for
PFAS concentration, as adsorption can occur on any material.

Addressing these challenges is crucial for accurately deter-
mining injection mass and closing the mass balance during
injection—extraction experiments with PFASs, which in turn
enables the correct determination of sorption rates. These con-
siderations, as well as the phenomena discussed in this study,
should be taken into account and documented thoroughly
in future PFAS injection—extraction experiments, including
remediation investigations.
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