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Abstract  12 

Per- and polyfluoroalkyl substances (PFAS) are a group of 4000+ man-made compounds of great 13 

concern due to their environmental ubiquity and adverse effects. Despite a general interest, few 14 

reliable detection tools for integrative passive sampling of PFAS in water are available. A 15 

microporous polyethylene tube with a hydrophilic-lipophilic balance sorbent could serve as a flow-16 

resistant passive sampler for PFAS. The tube’s sampling rate, Rs, was predicted based on either 17 

partitioning and diffusion, or solely diffusion. At 15 ℃, the laboratory measured Rs for 18 

perfluorohexanoic acid of 100+/-81 mL day-1 were better predicted by a partitioning and diffusion 19 

model (48+/-1.8 mL day-1) across 10-60 cm s-1 water flow speeds (15+/-4.2 mL day-1 diffusion only). 20 

For perfluorohexane sulfonate, Rs at 15 ℃ were similarly different (110+/-60 mL day-1 measured, 21 

120+/- 63 versus 12+/-3.4 mL day-1 in respective models). Rs values from field deployments were in-22 

between these estimates (46 +/-40 mL day-1 for perfluorohexanoic acid). PFAS uptake was not 23 

different for previously biofouled membranes in the laboratory, suggesting the general applicability of 24 

the sampler in environmental conditions. This research demonstrates that the polyethylene tube’s 25 

mailto:rlohmann@uri.edu
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sampling rates are sensitive to the parameterization of the models used here and partitioning-26 

derived values should be used.   27 

 28 
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 32 

Synopsis:  33 

A tube passive sampler design was investigated for deriving sampling rates of nine PFAA with good 34 

agreement between measurements in the laboratory, field, and model derived values.  35 

 36 

1. Introduction  37 

Per- and polyfluorinated alkyl substances (PFAS) are a group man-made compounds that 38 

have been identified as contaminants of emerging concern. For decades, PFAS have been used in 39 

the production of fluoropolymers, water and stain proof surfaces, non-stick cookware, food contact 40 

materials, and aqueous film forming foams (AFFF) used to fight hydrocarbon fires.1,2,3,4 Several 41 

PFAS pose a wide range of adverse human health impacts due to their ability to bioaccumulate, 42 

persist, and be passed on from mother to infant.5,6 PFAS have been ubiquitously detected in 43 

environmental matrices including drinking water, biota, sediments, air, and human serum.7,8,9,10,11,12 44 

Specific human health effects include negative impacts on immune system response, obesity and 45 

high cholesterol risks, and increased tumor incidence associated with specific cancers.5 Some 46 

PFAS, most notably perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) have 47 

been phased out from production in the US and in the European Union.4,13 However, the United 48 

States’ current regulations are narrowly focused on PFOA and PFOS despite the potential 49 

occurrence of over 4000 PFAS compounds of variable chemistry, in contrast to the European 50 

Union’s attempt to eliminate the use of additional PFAS.13,14,15  51 
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Concerns over the presence and effects of PFAS have increased the need for affordable and 52 

reliable tools for monitoring and investigating environmental PFAS contamination. Passive sampling 53 

is a low-cost alternative to traditional (active) water grab sampling that requires no power source for 54 

in-situ deployments.16,17 The unique chemistry of PFAS makes most traditional equilibrium-based 55 

passive sampling technology not applicable for monitoring ionic PFAA in water. Instead, existing 56 

passive samplers for PFAS are typically operating in linear uptake as integrative samplers, such as 57 

the polar organic chemical integrative sampler (POCIS) design.18,19,20,21,22 To reduce the impact of 58 

flow on uptake reported in studies using POCIS, we tested a passive sampler with a thicker 59 

membrane first introduced for passive sampling of glyphosate, aminomethyl phosphonic acid 60 

(AMPA), and PFAS in groundwater.19,23,24,25,26,27 This tube passive sampler possesses a 0.2 cm thick 61 

microporous high density polyethylene (HDPE) membrane in contrast to the 0.014 cm thick 62 

membranes reported for POCIS deployments.23,24  63 

Integrative samplers report time weighted averages of water concentrations that can give a 64 

more representative depiction of surface water contamination across diurnal, tidal, and seasonal 65 

trends than discrete grab sampling.18,24,27,28,29,30,31 Other passive sampler designs such as the 66 

diffusive gradient in thin film (DGT) samplers have been investigated for PFAS in surface 67 

waters.32,33,34,35 Recently, an equilibrium-based sampler for PFAS was investigated, using modified 68 

nanographene hydrogel to create a water-based sampler as opposed to sorbent-based sampler.36 69 

This study was hence performed to calibrate and validate an integrative passive sampler based on a 70 

microporous polyethylene tube sampler filled with sorbent for the accumulated of dissolved PFAS in 71 

surface waters. 72 

Integrative passive samplers require a thorough understanding of sampling rates (Rs, volume 73 

per time) that relate the accumulated mass of the target compounds to environmental 74 

concentrations. The transfer of analyte from water into the sampler can be described (see Equation 75 

1) using the overall mass transfer (k0) of a dissolved polar organic compound separated into three 76 
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main steps: mass transfer through the water boundary layer (kw), transfer through the membrane 77 

(km), and finally through the sorbent (ks) with units of velocity for all three transfers: 78 

1

𝑘0
=

1

𝑘𝑤
+

1

𝑘𝑚𝐾𝑚𝑤
+

1

𝑘𝑠𝐾𝑠𝑤
 (eqn 1), 79 

where  Kmw is the partitioning constant (g water per g HDPE) for a given compound between the 80 

membrane and water, and  81 

Ksw is the partitioning between the sorbent and water (g water per g sorbent).17,20, 32, 34,35 82 

 83 

This model can be adjusted to reflect the unique chemistry of each PFAS, and the properties 84 

of the microporous membrane and sorbent used in the tube passive sampler for PFAS. The use of a 85 

thick membrane suggests that resistance through this barrier will dominate uptake kinetics.37 The 86 

transport through the water boundary layer (kw) can be estimated using a numerical approach 87 

recently published.38 This numerical method was used to estimate km and ks based on the thickness 88 

of each barrier and the diffusion through each barrier27. The latter diffusion was calculated as the 89 

aqueous diffusivity multiplied by the porosity of the barrier. We assume that all diffusion transport is 90 

through the pore spaces of the membrane and sorbent, with only adsorption processes as opposed 91 

to absorption. 92 

While we assume that mass transfer is rate-limited by diffusion across the membrane, not the 93 

sorbent layer, both terms are retained in the equation to verify this.37 Equation 1 is then rearranged, 94 

with the ks and km terms substituted as follows (eqn 2): 95 

1

𝑘0
=

1

𝑘𝑤
+

𝑑𝑚

𝐾𝑚𝑤∗(𝐷𝑤∗∅𝑚)
+

𝑑𝑠𝑏𝑙

𝐾𝑠𝑤∗(𝐷𝑤∗∅𝑠)
 (eqn 2) 96 

 97 

where  Dw is the aqueous diffusion of a PFAS compound (cm2 s-1),  98 

∅ is the porosity of the membrane (∅m) and sorbent (∅s, in %), and  99 

d (cm) are the thicknesses of the membrane (dm) and sorbent boundary layer (dsbl).27  100 

 101 
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With this model, the sampling rate can be predicted, and investigated across many 102 

environmental parameters including water flow speed, water temperature, water viscosity, as well as 103 

physical parameters associated with sampler designs including membrane types and different 104 

sorbent choices using equation 3 where A (cm2) is the total surface area of the tube passive 105 

sampler:  106 

1

𝑅𝑠
=

1

𝑘0∗𝐴
 (eqn 3) 107 

 Sampling rate (cm3 second-1) can then be used as the conversion between mass of a given 108 

PFAS compound accumulated within the sampler to the time weighted average concentration in the 109 

water during the deployment length (eqn 4):. 110 

𝐶𝑤 =
𝑁𝑠

(𝑅𝑠∗86.4) ∗𝑡
 (eqn 4), 111 

Where  Cw is the time weighted average water concentration (ng L-1),  112 

 Rs is converted to L day-1, by the conversion factor of 86.4 113 

Ns is the mass of a PFAS compound measured in the sampler (ng), and  114 

t is the length of the deployment (days).  115 

 116 

Equation 4 can also be rearranged to calculate a sampling rate for experimentally deployed 117 

passive samplers with known water concentrations in a laboratory setting. The use of this simple 118 

adjusted model can be compared to a more recent derivation of the model that has been highlighted 119 

for use with disk-shaped samplers in the literature which provides a more detailed model for steady 120 

state conditions in the sorbent layer.37  121 

1

𝑘0
=

1

𝑘𝑤
+

𝑑𝑚∗ 𝜏𝑚
2

(𝐷𝑤∗∅𝑚)
+

𝑑𝑠𝑏𝑙∗ 𝜏𝑠
2

(𝐷𝑤∗∅𝑠)
 (eqn 5), 122 

 123 

where  dsbl is the assumed thickness of the sorbent boundary layer at steady state conditions, which 124 

is 0.33 * the half thickness of the sorbent,  125 
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𝜏𝑚 is the tortuosity of the flow path through the membrane pore space, which is always 126 

assumed to be 1, and  127 

𝜏𝑠 is the tortuoisity of the flow path through the sorbent bed, which is assumed to be 1.3 from 128 

other sorbent modeling literature.26  129 

 130 

Most prior work reported calculated sampling rates for PFAS by POCIS sampler.25,33,,31 The 131 

use of a thick, polyethylene membrane could then be a favorable alternative to previously tested 132 

passive samplers, with a lower partitioning PFAS to the membrane, an increased duration of the 133 

linear uptake phase and a reduced flow dependency.26  134 

 In summary, the purpose of this study was to (i) validate the uptake of PFAS in the tube 135 

passive sampler in a tank under controlled laboratory conditions (ii) investigate the impacts of flow, 136 

temperature, and biofouling on the measured and modeled sampling rates of selected PFAS, and 137 

(iii) assess the performance of PFAS mass transfer modeling approaches from the literature for 138 

integrative passive samplers.  139 

 140 

Materials & Methods  141 

Chemicals and Reagents. Liquid chromatography-grade methanol (LC-MeOH), and water 142 

(LC-water) were purchased from Fisher Scientific (New Hampshire, USA) along with ammonium 143 

hydroxide (NH4OH), ammonium acetate (C2H7NO2), ACS-grade ethanol (EtOH) and ACS-grade 144 

methanol (MeOH). Analytical standards were used to create native compound standards from the 145 

Wellington PFAC-30PAR mix plus an additional four analytical compounds (Table S1). Mass labeled 146 

surrogate solutions were derived from Wellington Laboratories’ MPFAC-30ES plus an additional 147 

three mass labeled compounds purchased from Wellington Laboratories (Canada). Standards with a 148 

range of purity (94-98%) were used to create spiking solutions for all laboratory experiments and 149 

consisted of 24 individual compounds purchased from Toronto Research Chemicals (Canada), 150 

SynQuest (Florida, USA), Apollo Scientific (United Kingdom), and Santa Cruz (Texas, USA) (S1). 151 
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Solutions were created from solid standards and diluted in LC-MeOH before being stored in the 152 

refrigerator while awaiting use. Only 9 PFAA compounds (the C4-C8 PFCA and the C4-C8 PFSA) 153 

have published aqueous diffusivities, an important parameter for the modeling of sampler uptake. 154 

These 9 PFAA were included in the twenty-four-mix spiked into the experimental apparatus and are 155 

the focus of this study. Two specific PFAA will be highlighted, PFHxA and PFHxS, as they have 156 

become broadly used in place of PFOA and PFOS and recently have been oft detected in 157 

environmental matrices; three additional PFAS compounds, two long chain (>C7) PFCA and one 158 

fluorotelomer sulfonate were also included in the study. 159 

Passive Sampler Assembly. The assembly of the tube passive samplers for PFAS was 160 

based on the method outlined by Fauvelle et al, 2017.23 Microporous polyethylene tubes purchased 161 

from the Pall Corporation (Filtroplast, 12 mm O.D., 8 mm I.D. 35% porosity, 2.5 um pore size, 0.6 g 162 

cm-3 density) were cut into 7 cm long sections. These 7 cm long tube sections were then submerged 163 

in a 24-hour EtOH wash which was followed by a 24-hour LC-MeOH wash. Once fully dry, one end 164 

of the tube was closed using a snap-in polyethylene cap purchased from McMaster Carr, and 600 165 

mg of Oasis hydrophilic lipophilic balance (HLB) sorbent was measured out and poured inside the 166 

open end of the tube. HLB sorbent was chosen as opposed to weak anion exchange (WAX) due to 167 

its affinity for a wider range of chemistries aside from just anionic PFAS, which will be vital to future 168 

applications.20 Prior to deployment in the laboratory, assembled tube samplers were conditioned for 169 

at least 24 hours in LC-MeOH, followed by 24-hours in LC-water. The tube samplers were then 170 

either immediately deployed into the laboratory, field, or stored in LC-water until the experiment 171 

began.  172 

Passive Sampler Extraction. Immediately following deployment, the tube passive sampler 173 

was placed in a 15 mL Falcon Tube and centrifuged at 4000 rpm for 2 minutes using an Eppendorf 174 

Centrifuge 5810 (Fisher Scientific, USA) to remove any water remaining in the tube membrane or 175 

sorbent. This centrifugation step is repeated until no further water is collected in the bottom of the 176 

tube. At this point, the tube was either frozen for future extraction after a maximum of six months or 177 
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extracted immediately using liquid solid extraction (LSE). Tube samplers were submerged in 178 

approximately 6 mL of LC-grade MeOH that had been spiked with a mass labeled surrogate 179 

standard (MPFAC-30ES+3) within a 15 mL Falcon tube.  After 24 hours, this methanol extract was 180 

collected in a pre-labeled, pre-cleaned Falcon tube. The tube sampler was centrifuged as previously 181 

described to remove any additional LC-MeOH, which was added to the collected extract. The 182 

sampler was then extracted in another 6 mL of LC-grade MeOH, resulting in roughly 12 mL total of 183 

extract. The extract was concentrated to approximately 0.5 mL in total volume under a gentle stream 184 

of Nitrogen while heated to 35℃. An aliquot of this final concentrate was diluted with 4 mM 185 

Ammonium Acetate in water and prepared for analysis via liquid chromatography tandem mass 186 

spectrometry (LC/MS/MS)  187 

Instrumental Analysis. LC/MS/MS analysis was performed at the University of Rhode 188 

Island on a Shimadzu Prominence liquid chromatograph (UFLC) coupled to SCIEX TripleQuad 5500 189 

MS/MS operating in negative mode for all laboratory and most field samples. Field samples 190 

collected in on Cape Cod were analyzed at Harvard University using an Agilent 6460 Triple 191 

Quadrupole Liquid Chromatography-tandem Mass Spectrometer following the method in previous 192 

work.37 For additional details on the operating conditions, quality assurance, and interlaboratory 193 

comparison data refer to Tables S7-S10 in the SI.  194 

Experimental Tank Deployments and Measurements. To measure laboratory uptake and 195 

sampling rates, triplicate tube passive samplers were deployed at four different flow rates (0, 10, 20, 196 

and 60 cm s-1) and two different temperatures (15℃ and 25℃). Each trial consisted of a 14-day 197 

deployment, where duplicate 50 mL water grab samples were taken at the beginning and end of 198 

each deployment to verify PFAS concentrations during deployments (Fig S3). Water samples were 199 

extracted and analyzed in accordance with methods detailed in literature and used to calculate 200 

sampling rates for corresponding individual passive samplers using equation 4.36,39 For additional 201 

details on the experimental tank design and construction, see SI.  202 
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 PFAS Uptake by HDPE Membranes and HLB Sorbent. As part of the validation process of 203 

this passive sampler design and model, partitioning was measured for PFAS between the 204 

microporous polyethylene membrane (Kmw) and water (Ksw). Two complementary approaches were 205 

used to quantify Kmw values reflecting different deployment conditions: (1) Batch experiments on a 206 

shaker table (low flow) were performed in conjunction with (2) deployments of membranes without 207 

sorbent in the experimental tank at high water flows. Batch experiments, with either sorbent or tube 208 

membranes without sorbent were deployed in bottles of LC-grade water spiked with a known 209 

concentration of PFAS compounds. Kmw trials were specifically important to understanding the 210 

uptake of PFAS into the sampler due to the predicted high resistance to uptake of the membrane 211 

phase. For additional details on the Ksw methods, see SI.  212 

Uptake by Bio Fouled Tube Membranes. Field deployments might incur an additional 213 

resistance to uptake from biofouling that is not accounted for in most laboratory and model methods. 214 

Clean tubes were left in a riverine environment for one month to naturally bio foul. These tubes were 215 

then re-conditioned (as above) and deployed in the experimental tank alongside freshly prepared 216 

tubes at two similar temperatures and two distinct flow speeds (0 and 60 cm s-1) to investigate 217 

potential interferences of biota and environmental detritus on uptake through the microporous 218 

membrane.  219 

Field Deployments. Passive samplers were deployed in the field for 14-28 days at three 220 

locations, including AFFF-impacted groundwater (JBCC) and river (QR9) downstream of a former 221 

fire training area on Joint Base Cape Cod, MA (USA) and a river downstream of a historical textile 222 

mill in Westerly, RI (Pawcatuck). Groundwater deployments (n = 3) were conducted for 14 days in 223 

June 2021 in a previously characterized PFAS plume40 where the average linear groundwater 224 

velocity is 0.0005 cm s-1. River deployments occurred between October 2019 and September 2020 225 

at QR09 (n = 9), and in May 2021 at Pawcatuck (n = 2). Grab samples of surface and groundwater 226 

were collected during deployment and/or recovery of passive samplers and extracted in the manner 227 
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described in previous literature by either the University of Rhode Island or Harvard University.36,39,41 228 

For additional environmental and field QA/QC details, see SI.  229 

Development of a Numerical Model. A correlation between aqueous diffusion coefficients 230 

for 5 PFCA at 20 ℃ reported by Schaefer et al. and the number of fluorinated carbons was used to 231 

derive best fit Dw values.  These diffusivities were then applied to calculate mass transfer coefficients 232 

(MTC) through the water boundary layer, microporous membrane layer, and sorbent layer for each 233 

compound (eqn 2, eqn 5, Table S3).42 We assumed that transport is entirely through the pore space 234 

of the microporous membrane and that the only diffusion within the sorbent layer is from aqueous 235 

diffusion within the water saturated interior, as in prior work.32  Diffusion coefficients were adjusted to 236 

reflect the change in temperature in these experiments (15-25  ℃) using equation 6.43  237 

𝐷𝑇1

𝐷𝑇2
=

𝑇1

𝑇2
∗

𝑣𝑇2

𝑣𝑇1
 (eqn 6) 238 

Where  D is the aqueous diffusivity at two given temperatures (T1 and T2),  239 

And v is the dynamic viscosity of water at a given temperature.  240 

 241 

Results & Discussion 242 

 Validation of tube passive sampler. Laboratory experiments were conducted to investigate 243 

the impact of temperature, flow rate, deployment length and biofouling on the sampling rates of the 244 

target PFAA by the PE-tube passive sampler. Sampling rates were calculated for laboratory and 245 

field observed samplers using equation 4. To be able to predicts sampling rates, laboratory 246 

experiments were completed to independently quantify PFAS sorption to the HDPE membrane and 247 

the HLB sorbent of the passive sampler. With those values, the predicted model sampling rates 248 

were then compared to the field and laboratory observed sampling rates.  249 

Sampling Rates of PFAS by PE tube samplers in laboratory experiments. Sampling 250 

rates of PFAA by the tube passive sampler in the laboratory experiments increased with chain 251 

length. For example, for PFCA, average sampling rates across 10-60 cm s-1 water flow increased 252 
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from PFBA (12 ± 6), to PFPeA (18 ± 5 mL day-1) to PFHxA (120 ± 51 mL day-1), and PFOA (120 ± 253 

55 mL day-1) at 25℃ . PFSA had higher overall sampling rates than PFCA but displayed the same 254 

trend in chain length between PFBS, PFHxS, and PFOS (Table 1). To assess the impact of 255 

environmental variables of these sampling rates, the influence of water velocity and temperature on 256 

sampling rates was investigated.  257 

Table 1. Sampling Rates For 9 PFAA.  Laboratory and field observed sampling rates for 9 PFAA compounds of interest 258 
compared to two different derivations of a  model for predicting sampling rates at three temperatures for flow rates between 0.5-60 259 
cm/s. All observed values display one standard deviation, all predicted models display the uncertainty associated with the predicted value in 260 
the same units. Lab observed sampling rates were derived from 14-day deployments while field observed were 21-32 days in 261 
length.  262 

Compo

und 

Temp 

℃ 

Lab Observed 

Rs (mL day-1) 

n = 3  

Field Observed 

Rs (mL day-1)  

n = 11 

Field Observed 

Rs (Gardiner et 

al. 2022) 

EQN 2 Rs 

Low Kmw 

(mL day-1) 

EQN 2 

High Kmw 

(mL day-1) 

EQN 5 Rs 

(mL day-1) 

PFBA 5  16 (±06)  3.7 (±1.3) 63 (±33) 14 (3.9) 

15 22 (±12) 11 (±05) 7.3 (±5.5) 5.1 (±1.8) 86 (±45) 19 (5.3) 

25 12 (±6)   6.7 (±2.3) 110 (±59) 25 (7.0) 

PFBS 5  44 (±20)  2.9 (±1.0) 89 (±46) 13 (3.6) 

15 40 (±11) 67 (±24) 22(±7.9) 4.1 (±1.4) 120 (±63) 18 (5.0) 

25 100 (±57)   5.3 (±1.9) 160 (±83) 23 (6.4) 

PFPeA 5  30 (±11)  2.9 (±1.0) 8.7 (±4.5) 13 (3.6) 

15 18 (± 5) 35 (±18) 12 (±2.9) 4.1 (±1.4) 12 (±6.2) 18 (5.0) 

25 45 (±7)   5.3 (±1.9) 16 (±8.3) 23 (6.4) 

PFHxA 5  37 (±13)  3.6 (±1.3) 35 (±18) 11 (3.1) 

15 100 (±81) 46 (±40) 18 (±5.5) 5.0 (±1.8) 48 (±25) 15 (4.2) 

25 120 (±51)   6.6 (±2.3) 63 (±33) 19 (5.3) 

PFHxS 5  55 (±28)  26 (±9.2) 89 (±46) 8.7 (2.4) 

15 94 (±31) 67 (±28) 23 (±10) 35 (±13) 120 (±63) 12 (3.4) 

25 200 (±72)   48 (±17) 160 (±83) 16 (4.5) 

PFHpA 5  46 (±20)  2.9 (±1.0) 58 (±30) 8.7 (2.4) 

15 72 (±60) 59 (±15) 23(±7.0) 3.9 (±1.4) 79 (±41) 12 (3.4) 

25 200  (±130)   5.2 (±1.8) 100(±54) 16 (4.5) 

PFHpS 5  41 (±23)  12 (4.1) 120 (60) 6.8 (1.9) 

15 100 (±110) 120 (±83) 17 (±2.5) 16 (±5.7) 160 (±82) 9.4 (2.6) 

25 280 (±110)   21 (±7.5) 210 

(±110) 

12 (3.4) 

PFOA 

 

5  41 (±19)  6.2 (±2.2) 37 (±19) 6.8 (1.9) 

15 62 (±16) 58 (±10) 23 (±5.1) 8.5 (±3.0) 52 (±27) 9.4 (2.6) 

25 120 (±55)   11 (±3.9) 68 (±35) 12 (3.4) 

PFOS 5  38 (±22)  19 (±6.8) 190 

(±100) 

4.9 (1.4) 
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15 400 (±160) 63 (±24) 23 (±7.5) 27 (±9.4) 260 

(±130) 

6.7 (1.9) 

25 290(±110)   35 (±12) 340 

(±180) 

8.8 (2.5) 

 263 

Influence of water flow velocity on Rs. For PFHxA and PFHxS, sampling rates were not a 264 

function of flow rate between 10-60 cm s-1 for laboratory and field observed, or equation 2 modeled 265 

sampling rates (Fig 1). Observed sampling rates did also not change as a function of water flow for 266 

the other PFAS (Table 1). The lack of water flow effect on sampling rate extended down to 0.5 cm s-267 

1 based on the model (eqn 2) for flow rates below the 10 cm s-1 limit of most handheld flow meters. A 268 

lower value of approximately 0.5 cm s-1 flow speed is predicted to result in similar sampling rates as 269 

those seen between 10-60 cm s-1 (Figure S4 and S5).   270 

 271 

FIGURE 1. Modeled and observed sampling rates of PFHxA and PFHxS at two temperatures 272 

in the field deployments (15 ℃) and laboratory experiments (15 and 25 ℃). Error bars display 1 273 

standard deviation for measurements and propagated uncertainty for modeling data. Figure includes 274 

previous groundwater deployments of this passive sampler by Kaserzon et al.24 275 

 276 
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Influence of temperature on Rs. The laboratory observed sampling rates increased for 277 

PFAA with increasing (10 ℃)  temperature. The sampling rate increase with temperature for the tube 278 

passive sampler was greater for PFSA, on average by 46%, than for PFCA of similar chain length 279 

(Table 1, Fig 1, Fig S5). This increase is reflective of diffusivity’s dependency on temperature, which 280 

was accounted for in the model development and application to accurately predict a 40% increase in 281 

sampling rate differences between 15 and 25 ℃.  Additionally, the 25 ℃ laboratory observations 282 

exhibited a larger standard deviation in sampling rate amongst replicates than what as observed in 283 

the 15 ℃ or field observed sampling rates.  284 

Uptake of PFAS by Biofouled tubes. To validate the performance of these passive 285 

samplers under field conditions, biofouling might introduce an additional resistance to uptake. There 286 

was no obvious difference between the mass of PFAS on clean and bio fouled tubes during 287 

concurrent laboratory experiments (Fig 2). This could be explained by considering how a thin, high 288 

water-content layer of algae, sponge, or other organic matter (Figure S8) compares to the thick 289 

polyethylene membrane in thickness and permeability45,46. However, biofouling conditions are very 290 

difficult to recreate in the laboratory, and the conditioning of these field-exposed tubes likely altered 291 

the biofouling layer. Further experiments, such as tube deployments in a laboratory setting with live 292 

algae/bacteria might be necessary to better assess the impact of biofouling on PFAS uptake. 293 

To further explore this question, a fourth term was added to equation 2 to account for the 294 

uptake resistance introduced by a bio fouled membrane. We estimated the thickness of the 295 

biological layer to be 0.04 cm based on observation, and used reported Koc values as a proxy for the 296 

affinity of PFAS to the organic material in the bio fouled layer:47  297 

1

𝑘0
=

1

𝑘𝑤
+

𝑑𝑚

𝐾𝑚𝑤∗(𝐷𝑤∗∅𝑚)
+

𝑑𝑠

𝐾𝑠𝑤∗(𝐷𝑤∗∅𝑠)
+  

𝑑𝑏

𝐾𝑜𝑐∗(𝐷𝑤∗∅𝑏)
  (eqn 7) 298 

 299 

The addition of the biofouled layer as parameterized above resulted in a 0.2-2% decrease in 300 

the modeled sampling rate for PFHxA and PFHxS at 15 and 25 ℃, which is insignificant when 301 
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compared to the 52% uncertainty within the model. These considerations indicated the kinetic 302 

impact on sampling rate can be neglected when predicting sampling rate of a field deployed passive 303 

sampler, though physical issues such as pore blockage or sorbent congestion may remain a 304 

concern. Using the equation 7, a 1 cm thick layer of biofouling was calculated to be the limit at which 305 

the sampling rate would decrease by more than 25% for PFHxA and PFHxS at flow speeds >0.5 cm 306 

s-1.   307 

 308 

FIGURE 2. Comparison of mean PFAS mass (ng) measured in co-deployed tube samplers 309 

under similar conditions in the experimental tank. Error bars are 1 standard deviation of the 310 

mean.  311 

 312 

Uptake of PFAS Over Time. Replicate passive samplers were deployed for 3, 7, 16, 28, and 313 

54 days in the experimental tank to determine the length of time in which there is a net uptake of 314 

PFAS. The results suggest that linear uptake was maintained for most compounds between 0-16 315 

days (Fig 3). As molecular weight increased, curvi-linear uptake and potential saturation at the 316 

sorbent/membrane interference by high molecular weight compounds was exhibited between 16 and 317 

54 days (Fig 3). For example, uptake of PFDA, PFHpS, and PFOS seemed to cease, exhibiting no 318 
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visible increase in mass after 16 days. PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFBS, PFHxS, and 319 

6:2 FTS showed likely curvi-linear uptake as little to no increase in mass was exhibited between 16-320 

28 days before increases were observed at 54 days. The apparent reduced uptake of PFAS 321 

observed here could be explained by electrostatic repulsion of diffusing compounds within the pore 322 

space of the PE membrane once it PFAS have covered its surface (see below). These results 323 

suggest that a shorter deployment length of 14 days should be used to ensure all compounds 324 

remain in or close to the linear uptake during sampler deployment. For high molecular weight 325 

PFSA’s like PFHxS, PFHpS, and PFOS, this could explain the discrepancy between field sampling 326 

rates being lower than both laboratory and model-derived sampling rates.  327 

 328 

Figure 3. Mean uptake (ng) of PFAS by replicate passive samplers over 3, 7, 16, 28 and 54 329 

days (Error bars are 1 standard deviation).  330 

 331 

Sampling Rates of PFAS in the field. PFHxA displayed sampling rates of 40 ±10 mL day-1 332 

in the riverine field deployments at >20 cm s-1 water velocity for 21-32 days at two temperature 333 

profiles, 5 and 15℃ (Table 1). These values are not different given the overlapping uncertainties with 334 
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the laboratory observed sampling rates (100±81 mL day-1) and model predicted sampling rates (48 335 

±25 mL day-1). Sampling rates for PFHxS showed slight differences between the field values (50 336 

±20 mL day-1) and the similar laboratory (120 ±63 mL day-1) and modeled (110 ±53 mL day-1) 337 

sampling rates. Field sampling rates could be lower than model or laboratory derived sampling rates 338 

due to their longer (14 versus 28-32 day) deployment lengths. Tube passive samplers deployed in 339 

the field displayed lower variance than laboratory observed passive samplers with an average 340 

standard deviation of 43% in the field replicates compared to 61% in the laboratory. The high 341 

variance in the lab measured sampling rates likely reflects the high standard deviation in the lab 342 

measured Kmw values from the tank experiments (Table S6).  343 

Passive samplers deployed in the field in this experiment exhibited higher sampling rates 344 

than those reported by a recent study using this design in waste water treatment plant effluent 345 

(Table 1).44 PFHxA field sampling rates in two high flow rivers reported in this study were 46 ± 40 mL 346 

day-1 compared to 18 ± 5.5 mL day-1 from literature. One explanation could be the low flow, heavily 347 

polluted nature of the waste water treatment plant environment suppressing uptake of PFAS (i.e. 348 

PFAS were effectively outcompeted) compared to surface waters and experimental lab settings 349 

discussed in this study.  350 

Passive samplers deployed in ground water conditions exhibited comparable sampling rates 351 

to a previous study using the same tube passive sampler design for PFAS monitoring in 352 

groundwater.24 In this study, sampling rates measured ranged from 1.8 – 3.2 mL day-1 for PFBA, 353 

PFPeA, PFHxA, PFHpA, and PFOA compared to 2.0-3.0 mL day-1 for the same compounds 354 

reported by Kaserzon et al. 2019.24 355 

Uptake of PFAS by PE Tube. For the parametrization of the uptake model using equation 2, 356 

the Kmw values are of great importance. Surprisingly, we observed results a difference of almost an 357 

order of magnitude between the low flow batch experiment and tank experiment derived Kmw values 358 

(e.g., for PFOA 0.55 g Water/g HDPE vs 3.5 g Water/g HDPE) (Table S6). In both sets of data the 359 

uptake of PFAA by the empty PE tube membranes increased with chain length. PFSA exhibited 360 
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higher partitioning values between membrane-water phases than their PFCA homologues (Table 361 

S6). Published values for PFAA partitioning to PE were limited, though a published value for PFOS 362 

partitioning to PE was within 20% of the high flow Kmw value for PFOS reported in this study.48 363 

Diffusion through membrane was calculated to be the largest resistance to uptake between the three 364 

phases of this passive sampler design (Fig S7) thus validating the use of this sampling rate model 365 

instead of a diffusion model for predicting uptake.37 We hypothesize that the presence of flow 366 

disrupts the water boundary layer significantly, allowing more PFAS compounds to diffuse and 367 

adsorb into the interior pore spaces of the membrane. This increase in Kmw is significant to the 368 

accuracy of the model, as Figure 4 displays that how the predictions of sampling rate from low Kmw 369 

values better align with our measured groundwater sampling rates as well as previously published 370 

samples.24 Similarly, the higher Kmw derived estimates better represent the field and laboratory tank 371 

measured sampling rates of this study (Fig 4). However, these higher values from the tank 372 

experiments show greater variability and Kmw values must be better constrained to improve this 373 

model approach going forward. For this reason, we suggest using the tank derived Kmw values for 374 

surface waters with flow of >0.5 cm s-1 and using the batch experiment Kmw values for ground water 375 

sampling rate predictions.  376 
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 377 

FIGURE 4. Influence of low and high Kmw values on equation 2 modeling approach in 378 

groundwater and surface water. Error bars display either standard deviation of field/laboratory 379 

replicates or uncertainty of the model. Data is included from previous field deployments of this 380 

passive sampler design by Kaserzon et al. 2019 in groundwater and Gardiner et al. 2022 in waste 381 

water treatment effluent.24,44 382 

 383 

Uptake of PFAS by sorbent. Uptake of PFAS by the HLB sorbent generally increased with 384 

chain length (Table S6) for PFCA and PFSA. Log Ksw ranged from 2.7 for C4 (PFBA) to 6.0 for C9 385 

(PFNA) and were in good agreement with previous literature (3.5-5.7).25 PFSA displayed greater log 386 

Ksw values than PFCA: 4.8 for PFBS, and a linear increase from PFHxS to PFOS (Log Ksw 4.2-5.6) 387 

which were also in line with reported values (4.2-5.3 for PFBS, PFHxS, and PFOS)(Table S6).34 388 

Sorption to HLB was consistent, with an average standard deviation of 3.4%, suggesting that the 389 

uptake of PFAS by the HLB sorbent is not a major source of uncertainty in the model derived 390 

sampling rate predictions. Ksw values were consistently much greater than Kmw values, indicating that 391 

the HLB sorbent is the main receiving phase for any PFAS taken up by the passive sampler.  For 392 
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future applications, an understanding on how environmental matrices will impact Ksw values should 393 

be investigated as well.  394 

Comparison to other Passive Samplers for PFAA. The observed PFAS sampling rates 395 

were compared to published sampling rates from other integrative passive samplers, normalized to 396 

sampler surface area.20,32,33 The tube passive sampler displayed a surface-normalized sampling rate 397 

(Rs/Area, or mass transfer) of almost an order of magnitude higher than the standard POCIS design 398 

(Table S5). The mass transfer fell within the ranges reported for DGT samplers, though it was lower 399 

than the reported modified POCIS method developed with a smaller surface area (Table S5) 400 

Comparison of two Modeling Approaches for Sampling Rate. The core difference 401 

between these two approaches is that equation 2 includes partitioning to the membrane and 402 

sorbent, in addition to diffusion, while equation 5 models uptake rates based on diffusion only.  403 

Several lines of evidence imply that sorption to the membrane is important. Both this study 404 

and two other studies using this tube sampler design for PFAS display a general increase in 405 

sampling rate with chain length (Table 1).24,44 Equation 2 is impacted by the Kmw values used, 406 

serving as a modifier that shows an increase in sampling rate with chain length and molecular mass 407 

(PFPeA 12 mL day-1 to PFOA 52 mL day-1 at 15 ℃). An increase in sampling rate from equation 2 408 

compared to the equation 5 model (Fig 4, Table S6) is observed for compounds that exhibit Kmw 409 

values greater than 1. In contrast, when Kmw is less than 1 in the low flow regime, we see a decrease 410 

in equation 2 sampling rates relative to equation 5 (Fig 4, Table 1). Taking PFHxS for example, 411 

equation 2 predicts a 120 (±63) mL day-1 versus 12 (±3.4) mL day-1 from equation 5. Equation 5 412 

also shows a decrease in sampling rate with chain length, as partitioning considerations are 413 

simplified out of the math, a trend contrary to this study’s data and previous publications24, 44. Both 414 

models do exhibit flow resistance between 0.5-60 cm s-1 in modeled sampling rate predictions, 415 

indicating that the thickness of the membrane still plays a vital role in both estimates (Fig S4, S5). 416 

The propagated error of both models was 52% equation 2 with equation 5 at 29% based off 417 

uncertainties in the terms of each model such as Kmw, Ksw, and diffusivity. These results suggest that 418 



 20 

equation 5 may be the most appropriate approach for explaining sampling rates, with further 419 

refinement necessary.  420 

Comparison of Model, Laboratory, and Field Sampling Rates. Ultimately, equation 2 421 

seem best suited for predicting uptake rates when compared to the field and laboratory data: PFHxA 422 

exhibited sampling rates ranged from 37-46 mL day-1 at two temperatures in the field, while equation 423 

2 models predicted 35-48 mL day-1 (while equation 5 predicted 11-15 mL day-1).  424 

For shorter chain compounds with lower anticipated partitioning to the membrane, equation 5 425 

overestimates sampling rate when compared equation 2 (Table 1). PFBA had field and laboratory 426 

Rs values of 11 (±5.0) and 22 (±12) mL day -1 respectively at 15 ℃, compared to the predictions of 427 

86 ±45 (eqn 5) and 5.1 ±1.8 mL day-1 (eqn 2). This is likely due to overestimated Kmw for these 428 

shorter, more polar compounds and requires further study. PFHxS displayed field values at 15 ℃ of 429 

67±28, with modeled sampling rates of 120 ±63 (eqn 2) and 12 ±3.4 mL day-1 (eqn 5).  430 

 Laboratory measured samples rates were anomalously high in comparison to field and both 431 

model predictions (Table 1, Fig 1). This is likely because of the lack of environmental matrix, which 432 

could compete with PFAS for binding sites on the membrane surface and within the HLB sorbent. In 433 

addition, the significant difference we observed in Kmw values from either batch or tank experiments 434 

seems to suggest that sorption to the membrane can be enhanced in higher-flow environments. 435 

PFHxA sampling rates in the laboratory were almost double that of the sampling rates in the field 436 

(100 ±81 vs 46 ±40 mL day-1). 437 

 Environmental Implications. In this study, the tube passive sampler was shown to take up 438 

PFAA with 4-8 carbon chain lengths in a predictable manner in the field. The resistance to varying 439 

water flows exhibited by the tube passive sampler in both the laboratory and model estimations for 440 

sampling rates (Fig 1, S4, S5) provided an advantage for widespread deployments in surface waters 441 

without the need for site specific calibration. These Rs models can easily be tweaked for 442 

temperatures outside of the 15-25 ℃ discussed here, and a predicted sampling rate, or range of 443 
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sampling rates, can be applied to riverine or estuarine flows >0.5 cm s-1. Further investigation of low 444 

flow conditions may be necessary for broad groundwater deployments, though the initial measured 445 

sampling rates in groundwater from this study were in good agreement with previously reported 446 

data.24 Overall, the sampler promises to be a simple tool that can be used to screen for PFAS 447 

concentrations in environmental waters.  448 

 Future work could investigate a sorbent other than HLB might increase sampler uptake over 449 

time and reduced the potential matrix effect in environmental waters. Sampling rates for the tube 450 

membrane (without sorbent) were lower than all model, field, or laboratory-measured sampling rates 451 

for the tube passive sampler, indicating that the membrane is not the major reservoir for PFAS in the 452 

sampler (Fig S6). This suggests that the leveling off of uptake exhibited between 16-54 days could 453 

be due to sorbent congestion or inefficient transport of PFAS through the membrane layer. The 454 

determination of accurate aqueous diffusion coefficients and Kmw values for many PFAS compounds 455 

is essential to improving the accuracy and application of this work.  456 

Based on the field and laboratory results presented here, we suggest the use of the equation 457 

2’s predicted sampling rates for 14-day deployments, while additional work is needed to better 458 

constrain the importance of Ksw and Kmw values within the model estimates. It is clear from this work 459 

that Kmw is an important term to include in the model to reflect an increase in sampling rate with 460 

chain length, making equation 5 a poor choice. However, equation 2 shows high sensitivity to the 461 

Kmw values, with sampling rates suppressed by Kmw lower than 1 in ground water deployments. 462 

Future directions should characterize the change in these partitioning values in the presence of 463 

environmental matrix, while expanding the number of compounds and methods for PFAS detection 464 

that this sampler design is validated for detecting in surface and ground waters.  465 

 466 

 467 
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 469 
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