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B ABSTRACT

Poly- and perfluoroalkyl substances (PFASs) have caused severe public concerns due to their
toxicity and extensive occurrence in the aquatic environment. This study reports a highly porous
amine-functionalized membrane for the rapid capture of GenX and other anionic PFASs (e.g.,
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA)) from contaminated
water with near-zero energy consumption. The optimized membrane, prepared by
electrospinning of polydiallydimethylammonium chloride using crosslinked polyvinyl alcohol
as a binder, had a high water permeability of ~2700 Lm>h'kPa!. This high permeability
enabled rapid gravity-driven filtration of contaminated water with a merely 5 cm water head,
corresponding to an estimated energy consumption as low as 2.7x10* kWh/m?®. Meanwhile, the
membrane showed highly-efficient capture of GenX (> 97%), PFOS (> 99 %), and PFOA (>
99 %). A large capture capacity of up to 1.2x10% ug/m? was demonstrated for GenX. The
captured GenX was recovered and concentrated with a small-volume NaCl/methanol solution,
which simultaneously regenerated the membrane for its reuse. Over a 12-cycle capture-
recovery test, the membrane demonstrated a high GenX recovery ratio of 94% and a volumetric
concentration factor of 40. Our study provides a promising strategy for effective capture and

recovery of GenX to enable its sustainable control and remediation.
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H INTRODUCTION

Poly- and perfluoroalkyl substances (PFASs), such as perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA), have been widely detected in the environment and human
bodies.!"® Because of their extreme persistence and toxicity,”” PFOS and PFOA have been

strictly regulated over the past decades'®!?

and have been replaced with short-chain PFASs in
a number of industrial and commercial products.'® ' In recent years, the ammonium salt of
hexafluoropropylene oxide dimer acid (HFPO-DA), commonly known as GenX and used as a
main substitute chemical for PFOA, has been under public scrutiny and has been the subject of

several major lawsuits related to drinking water contamination. !>

Recent toxicological investigations reveal that GenX has similar or even worse effects on the
environment and human health compared to PFOA.?* 2! Despite the quick actions by
governments and manufacturers to curtail its discharge,?** GenX is still continuously detected
in the surface water with concentrations from several to hundreds ng/L.?> 2 Urgent measures
are called for to remediate GenX contamination for the protection of drinking water safety and
public health.?”> 28 For example, its manufacturer, Chemours, has been mandated a minimal
removal of 99% from its industrial waste effluent for subsequent destruction or reuse.”” Treating
GenX contaminated waters with low environmental concentrations yet huge volumes is a
daunting challenge. Adsorption is able to remove GenX with some success while conventional
sorbents such as activated carbon and resins requires extended treatment time (often due to

mass transfer limitations).>® On the other hand, advanced oxidation®' or electrochemical
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treatment? are highly energy intensive and are not suitable for treating large volumes of dilute
streams. Highly efficient technology for the rapid capture and recovery of GenX is yet to be

developed.

This study reports a highly porous nanofibrous membrane with a nano-functionalized amine
chemistry to separate GenX via an electricity- and chemical-free filtration. The large porosity
of the membrane can enable rapid water transport even under gravity alone while the amine-
based functionalization can realize effective removal of GenX due to their high affinity. A
subsequent rinsing step was performed to recovery the enriched GenX for further destruction
or recycle and to regenerate the exhausted membrane. Our study shows the feasibility of the
rapid and effective remediation of water contaminated by GenX and other anionic PFASs using

energy-efficient membrane separation.

B MATERIALS AND METHODS

Chemicals. Polyvinyl alcohol (PVA, n = 1700, i.e., the number of repeating units, TCI),
polydiallydimethylammonium chloride solution (PDDA, 20 wt.% in water, Sigma-Aldrich),
and deionized (DI) water were used to prepare PVA/PDDA nanofibrous membranes by
electrospinning. Acetic acid (99%, Dieckmann), glutaraldehyde (25 wt.% in water, Dieckmann),
and hydrochloride acid (37%, VWR) were used to crosslink the membranes. GenX was
received in the form of HFPO-DA (97%, Alfa Aesar). PFOA and PFOS were purchased from

Sigma-Aldrich. The properties of GenX, PFOA, and PFOS were summarized in Table S1
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(Supporting Information SI). Methanol (VWR) and sodium chloride (Uni-Chem) were used to

prepare the rinsing solution for GenX recovery and membrane regeneration.

Membrane fabrication and characterization. PVA/PDDA nanofibrous membranes were
fabricated using an electrospinning setup with three injection nozzles. For each membrane, a
polymer dope solution was prepared by dissolving 10 wt.% PVA and 0-3.3 wt.% PDDA in DI
water in a 90 °C water bath overnight. The dope solution was cooled to room temperature (~
25 °C) and transferred to three 10 mL syringes (i.e., a total volume of 30 mL). Electrospinning
was performed at a voltage of 18 kV, an injection rate of ~ 0.003 mL/min, a collection distance
of 15 cm, and a receiving roller speed of 100 rpm. The electrospun membrane was subsequently
immersed in the crosslinking solution containing 96 mL acetic acid, 4 mL glutaraldehyde, and
0.1 mL HCI for a duration of 0.5 h. The crosslinked membrane was then thoroughly rinsed with
DI water and stored in a DI water bath before further use. The fabricated membranes were
designated as PDDA-0, PDDA-1, PDDA-2, and PDDA-3 according to their PDDA content of
0, 1.0, 2.0, and 3.3%, respectively. Scanning electron microscope (SEM), elemental analyzer,
and precision balance were used to characterize the morphology, structure, chemical
composition, porosity, and grammage of the membranes (Supporting Information S2). At least
three independent membrane samples were tested to determine membrane elemental

composition, porosity, and grammage.

GenX capture and recovery. The capture of GenX was performed using a gravity-filtration
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cell with an effective filtration area of 3.3 cm? (Supporting Information S3). A membrane
coupon was placed in the cell followed by DI water rinsing. Subsequently, 2 L solution of GenX
at a concentration of 200 pg/L was continuously introduced to the cell to implement gravity-
driven filtration at a constant water head of 5.0 cm (corresponding to a hydrostatic pressure of
0.49 kPa). A digital balance connected to a computer datalogging system was used to monitor
the weight (and thus the volume) of permeate water collected as a function of time, and
permeate samples were collected at specific volumetric intervals. Membrane regeneration and
GenX recovery were performed for the PDDA-2 membrane over 12-cycle filtration tests to
evaluate the durability of the membrane. At the end of each filtration cycle, the membrane was
regenerated and the captured GenX was recovered by rinsing the membrane with a 50 mL
mixture of 10 g/L NaCl and methanol with a volume ratio of 30/70%.* For comparison, the
capture of PFOA and PFOS by the PDDA-2 membrane were also evaluated under identical
operational conditions only the volume of feed solution was 4 L. The concentration of PFAS
samples were determined by direct injection of samples into a liquid chromatography coupled
with mass spectrometry (LC-MS) (Supporting Information S4).>* The details of the calculation
for membrane separation performance including water flux and capture ratio of PFAS as well

as the recovery of GenX are described in Supporting Information S3.

B RESULTS AND DISCUSSION

Membrane characterization. The electrospun membranes show typical nanofibrous structure

consisting of a number of nanofibers, while the addition of PDDA has mild effect on membrane
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morphology (Figure 1A). Elemental analysis reveals the presence of nitrogen in the PDDA-
doped membranes (e.g., 0.3% for PDDA-1 to 0.6% for PDDA-3, Figure 1B), confirming the
successful incorporation of PDDA. Membrane grammage (i.e., mass per unit membrane area)
decreases with increasing the PDDA content (Figure 1C), which can be attributed to the reduced
loading of nanofibers as a result of enhanced electrostatic repulsion.®> According to the
membrane grammage and the pre-determined weight content of PDDA in the membranes (i.e.,
0-3.3 wt.%), the PDDA-2 membrane possessed the highest PDDA loading of 4.0 g/m? among
all the membranes (Supporting information S6). All the membranes present high water
permeability ranging from 1615 to 3308 Lm?h'kPa! (Figure 1D), which is 3-4 orders of
magnitude higher than that of typical gravity-driven membranes.*® The high water permeability
can attributed to the hydrophilic nature of the polymers (e.g., PVA and PDDA) and the high
porosity of the membranes (e.g., ~ 90%, Figure 1C). Such high water permeability is beneficial
for the rapid water production under gravity-driven condition (e.g., using a 5 cm water head in
this study) and therefore enables near-zero energy filtration (e.g., corresponding to a specific

energy consumption of 2.7x10* kWh/m?®, Supporting Information S7).
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Figure 1. (A) SEM micrographs of membrane morphology, (B) elemental composition of C, H, and N, (C)
grammage (i.e., mass per unit membrane area) and porosity, and (D) water permeability for the various
PDDA membranes. The error bars represent the standard deviation acquired from at least three

independent samples.

PFASs capture. The blank membrane PDDA-0, which contained PVA only, had negligible
capture of GenX (Figure 2A). In contrast, the PDDA incorporated membranes (PDDA-1, 2, and
3) had progressive higher capture ratios at higher PDDA loadings, which reveals the critical
role of PDDA on the capture of GenX. This effect can be attributed to the electrostatic
attractions between the positively charged quaternary amine group in PDDA and negatively
charged carboxylic group in GenX.’” The PDDA-2 membrane presented the highest capture
ratio of > 97% with the GenX loading up to 1.2x10° pg/m?, which is partly due to its richest

content of PDDA among all the membranes (Supporting Information S6). Although PDDA-3
9
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membrane also had high PDDA content, its capture ratio of GenX was lower than that of the
PDDA-2 membrane, which may be attributed to the reduced residence time of GenX within the
PDDA-3 membrane as a result of its high water permeability (Figure 2D). The capture ratio of
GenX by filtration was significantly higher than that by adsorption with same treatment time
(Figure S4, Supporting Information S8), which can be attributed to the greatly improved mass
transfer in the “flow-through” filtration mode. Similar enhancement effects of “flow-through”
over “flow-by” have been observed in the context of catalysis.*® In addition to GenX, the
PDDA-2 membrane also presented excellent capture efficiency for PFOS and PFOA (Figure
2B). The capture ratio of PFOS and PFOA remained at ~ 95% with the PFOS or PFOA loading
up to 2.4x10° pg/m?. Although PFOS and PFOA has been replaced by short-chain PFAS (e.g.,
GenX) for decade, their occurrence in the water system are continuously reported.*” ** Our
results demonstrate the great potential of the PDDA membranes for highly efficient capture of
PFASs (e.g., PFOS, PFOA, and GenX) from contaminated water. In addition to the capture of
single PFAS, we also evaluated the ability of the PDDA-2 membrane for capturing GenX,
PFOA, and PFOS from their mixed solution containing 10 pg/L for each compound (Supporting
Information S9). For volumetric loading of up to 6000 L/m?, the membrane showed high capture
ratios of = 99% for all three PFASs (Figure S5). With the increase of volumetric loading, the
capture ratio of GenX was reduced and those of PFOS and PFOA remained stable. This result
is consistent with Figure 2B and other published literature,® which can be attributed to the
lower affinity of GenX to amine-based functional groups compared to PFOS and PFOA

(Supporting Information S10). Nevertheless, the capture ratio of GenX remained at > 92% with

10
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Figure 2. (A) The capture ratio of GenX as a function of GenX loading for the various PDDA membranes,
and (B) the capture ratio of PFOS, PFOA, and GenX for the PDDA-2 membrane. Experimental conditions:
2 L feed solution containing 200 pg/L GenX, effective membrane filtration area of 3.3 cm?, water head of 5.0
cm. For the capture of PFOA and PFOS, the volume of feed solution was 4 L while other experimental

conditions were identical. The error bars represent the standard deviation acquired from at least three

independent samples.

GenX recovery and membrane regeneration. Following the effective capture of GenX from
a contaminated water, its subsequent recovery is also critical for the potential destruction or

recycle of the compound as well as the sustainable reuse of the membrane. A simple rinsing

11



194

195

196

197

198

199

200

201

202

203

204

205
206
207
208
209
210
211

212

213

214

using NaCl/methanol solution was performed to simultaneously extract the captured GenX and
to regenerate the membrane. As shown in Figure 3, the PDDA-2 membrane maintained high
capture ratio of GenX (e.g., > 95%) over the 12 capture-recovery cycles, suggesting the
successful regeneration of the membrane. Since the used membrane was regenerated by only
50 mL NaCl/methanol solution after treating 2 L solution of 200 pg/L GenX, a high volumetric
concentration factor of 40 was achieved for the GenX recovery. Meanwhile, 94.0% of the GenX
in the feed water was recovered from the membrane and concentrated in the small-volume
rinsing solution. The highly effective capture, recovery, and concentration of GenX enables its
further destruction or reuse in a centralized way, which can significantly reduce the overall

treatment cost while improving the efficiency.
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Figure 3. The capture ratio of GenX by PDDA-2 membrane over 12 capture-recovery cycles. Experimental
conditions: 2 L feed solution containing 200 ng/L GenX, effective membrane filtration area of 3.3 cm?, water
head of 5.0 cm. At the end of each filtration cycle, 50 mL mixture of 10 g/L NaCl and methanol with a volume
ratio of 30/70% was added into the cell to recover the captured GenX and regenerate the membrane.
Subsequently, 50 mL DI water was added into the cell to rinse the membrane for next filtration cycle. Total

12-cycle filtration tests were performed.

The global occurrence of GenX poses daunting threats to the environment and public health.>

20.25 A recent study by Joerss et al. revealed the transport of GenX far to the remote Arctic

12
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Ocean,*! which presents alarming evidence for the wide spread of GenX contamination.
Effective control and remediation strategies are urgently called to prevent the further discharge
of GenX into the environment as well as to remove it from the contaminated waters. Our study
presents a sustainable membrane filtration technology to address this critical issue through (1)
the effective capture of GenX from a large-volume contaminated water using a gravity-driven
PDDA nanofibrous membrane, and (2) its concentration and recovery for further destruction or
recycle (Figure 4). In addition, the rapid filtration process requires no electricity input, which
may be used in remote areas or in underdeveloped regions and offers significant advantages
over other technologies (e.g., electrochemical degradation).*> Meanwhile, the sustainable reuse

of the membrane also effectively reduces the operational cost.

To control the discharge of GenX from the industrial sources, one can further implement a
multi-pass filtration to ensure a high overall capture efficiency of > 99% that has been mandated
in some countries.?’ The captured GenX can be recovered for further reuse or treatment within
the manufacturing site and thus curtails its transport to the environment. For the removal of
GenX from contaminated surface waters, the gravity-driven filtration technology can be
integrated into the existing water treatment chains as a polishing step.’® Alternatively, it can
potentially be used as a point-of-use treatment technology for the decontamination of GenX in

household (e.g., tap waters or groundwaters).*?

To enable such practical applications, future
studies need to systematically investigate membrane separation performance under a wider

range of feed water qualities as well as the effect of biofilm growth and membrane fouling on

13
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the removal efficiency.*® The novel filter can also be potentially used for the removal of other

anionic PFASs.
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Figure 4. Illustration of the proposed gravity-driven membrane filtration technology for the sustainable

capture and treatment of GenX.

B ASSOCIATED CONTENTS

Supporting Information. S1. Properties of GenX, PFOA, and PFOS; S2. Membrane
characterization; S3. Gravity-driven filtration setup; S4. LC-MS analysis for PFASs; S5.
Calculation of water permeability, capture ratio, and recovery ratio; S6. PDDA content of the
membranes; S7. Specific energy consumption; S8. Comparison between filtration and
adsorption; S9. Membrane separation performance for mixed PFASs; S10. Binding affinity of

PFASs with PDDA membranes; S11. Effect of organic matter on the removal of GenX; S12.

14



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267
268

Comparison between the PDDA-2 membrane and SPE cartridge; S13. Membrane pore size.

This material is available free of charge at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
Chuyang Y. Tang, Department of Civil Engineering, The University of Hong Kong, Pokfulam,
Hong Kong SAR, China.

Phone: +852 28591976; Email: tangc(@hku.hk; ORCID: http://orcid.org/0000-0002-7932-6462.

Notes

The authors declare no completing financial interest.

B ACKNOWLEDGEMENTS

The study is supported by the Joint Research Scheme (National Natural Science Foundation of
China and Research Grants Council of Hong Kong) (N HKU706/16). The authors thank the
Electron Microscope Unit at The University of Hong Kong (HKU) the support on microscopic
characterization, and the School of Biological Sciences at HKU for providing LC-MS analysis.
The authors also thank Mr. Wentao Shang and Prof. Alicia An from the City University of Hong

Kong for their assistance on pore size analysis.

15


http://pubs.acs.org/
mailto:tangc@hku.hk
http://orcid.org/0000-0002-7932-6462

269

270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

REFERENCES

1. Lang, J. R;; Allred, B. M.; Field, J. A.; Levis, J. W.; Barlaz, M. A., National Estimate of
Per-and Polyfluoroalkyl Substance (PFAS) Release to US Municipal Landfill Leachate.
Environ. Sci. Technol. 2017, 51, (4), 2197-2205.

2. Xiao, F., Emerging Poly-and Perfluoroalkyl Substances in the Aquatic Environment: A
Review of Current Literature. Water Res. 2017, 124, 482-495.

3. Poothong, S.; Thomsen, C.; Padilla-Sanchez, J. A.; Papadopoulou, E.; Haug, L. S,
Distribution of Novel and Well-known Poly-and Perfluoroalkyl Substances (PFASs) in Human
Serum, Plasma, and Whole Blood. Environ. Sci. Technol. 2017, 51, (22), 13388-13396.

4. Choi, Y. J.; Kim Lazcano, R.; Yousefi, P.; Trim, H.; Lee, L. S., Perfluoroalkyl Acid
Characterization in U.S. Municipal Organic Solid Waste Composts. Environ. Sci. Technol. Lett.
2019, 6, (6), 372-377.

5. Zhang, T.; Zhang, B.; Bai, X.; Yao, Y.; Wang, L.; Shu, Y.; Kannan, K.; Huang, X.; Sun, H.,
Health Status of Elderly People Living Near E-Waste Recycling Sites: Association of E-Waste
Dismantling Activities with Legacy Perfluoroalkyl Substances (PFASs). Environ. Sci. Technol.
Lett. 2019, 6, (3), 133-140.

6. Kwiatkowski, C. F.; Andrews, D. Q.; Birnbaum, L. S.; Bruton, T. A.; DeWitt, J. C.; Knappe,
D. R. U.; Maffini, M. V.; Miller, M. F.; Pelch, K. E.; Reade, A.; Soehl, A.; Trier, X.; Venier, M.;
Wagner, C. C.; Wang, Z.; Blum, A., Scientific Basis for Managing PFAS as a Chemical Class.
Environ. Sci. Technol. Lett. 2020, 7, (8), 532-543.

7. Kim, S.-K.; Kannan, K., Perfluorinated Acids in Air, Rain, Snow, Surface Runoff, and
Lakes: Relative Importance of Pathways to Contamination of Urban Lakes. Environ. Sci.
Technol. 2007, 41, (24), 8328-8334.

8. Liu, S.; Yin, N.; Faiola, F., PFOA and PFOS Disrupt the Generation of Human Pancreatic
Progenitor Cells. Environ. Sci. Technol. Lett. 2018, 5, (5), 237-242.

9. Sunderland, E. M.; Hu, X. C.; Dassuncao, C.; Tokranov, A. K.; Wagner, C. C.; Allen, J. G.,
A Review of the Pathways of Human Exposure to Poly- and Perfluoroalkyl Substances (PFASs)
and Present Understanding of Health Effects. J. Expo. Sci. Environ. Epidemiol. 2019, 29, (2),
131-147.

10. Hogue, C., U.S. EPA Unveils Plans for PFASs. C&EN Global Enterprise 2018/05/28, 2018,
pp 15-15.

11. European Environment Agency, Emerging Chemical Risks in Europe — ‘PFAS’.
https://www.eea.europa.cu/themes/human/chemicals/emerging-chemical-risks-in-europe

12. The State Water Board of California, Response Levels Lowered for Water Systems
Statewide as PFAS Investigation Continues. In 2020.

13. Schaider, L. A.; Balan, S. A.; Blum, A.; Andrews, D. Q.; Strynar, M. J.; Dickinson, M. E.;
Lunderberg, D. M.; Lang, J. R.; Peaslee, G. F., Fluorinated Compounds in U.S. Fast Food
Packaging. Environ. Sci. Technol. Lett. 2017, 4, (3), 105-111.

14. Barzen-Hanson, K. A.; Roberts, S. C.; Choyke, S.; Oetjen, K.; McAlees, A.; Riddell, N.;
McCrindle, R.; Ferguson, P. L.; Higgins, C. P.; Field, J. A., Discovery of 40 Classes of Per- and
Polyfluoroalkyl Substances in Historical Aqueous Film-Forming Foams (AFFFs) and AFFF-

16


https://www.eea.europa.eu/themes/human/chemicals/emerging-chemical-risks-in-europe

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

Impacted Groundwater. Environ. Sci. Technol. 2017, 51, (4), 2047-2057.

15. Heydebreck, F.; Tang, J.; Xie, Z.; Ebinghaus, R., Alternative and Legacy Perfluoroalkyl
Substances: Differences Between European and Chinese River/Estuary Systems. Environ. Sci.
Technol. 2015, 49, (14), 8386-8395.

16. Sun, M.; Arevalo, E.; Strynar, M.; Lindstrom, A.; Richardson, M.; Kearns, B.; Pickett, A.;
Smith, C.; Knappe, D. R. U., Legacy and Emerging Perfluoroalkyl Substances Are Important
Drinking Water Contaminants in the Cape Fear River Watershed of North Carolina. Environ.
Sci. Technol. Lett. 2016, 3, (12), 415-419.

17. Gebbink, W. A.; van Asseldonk, L.; van Leeuwen, S. P. J., Presence of Emerging Per-and
Polyfluoroalkyl Substances (PFASs) in River and Drinking Water Near a Fluorochemical
Production plant in the Netherlands. Environ. Sci. Technol. 2017, 51, (19), 11057-11065.

18. Reisch, M., Chemours Named in GenX Lawsuit. C&EN Global Enterprise 2017, 95, (41),
11-11.

19. Reisch, M., Merged Lawsuit Hits DuPont, Chemours. C&EN Global Enterprise 2018, 96,
(7), 9-9.

20. Gomis, M. L.; Vestergren, R.; Borg, D.; Cousins, I. T., Comparing the Toxic Potency In
Vivo of Long-chain Perfluoroalkyl Acids and Fluorinated Alternatives. Environ. Int. 2018, 113,
1-9.

21. Guo, H.; Wang, J.; Yao, J.; Sun, S.; Sheng, N.; Zhang, X.; Guo, X.; Guo, Y.; Sun, Y.; Dai,
J., Comparative Hepatotoxicity of Novel PFOA Alternatives (Perfluoropolyether Carboxylic
Acids) on Male Mice. Environ. Sci. Technol. 2019, 53, (7), 3929-3937.

22. Hogue, C., Toxicity Level Proposed for GenX. C&EN Global Enterprise 2018, 96, (46),
15-15.

23. Reisch, M., Chemours Pledges GenX Controls. C&EN Global Enterprise 2018, 96, (21),
14-14.

24. Hogue, C., Tight EU Regulation of GenX Proposed. C&EN Global Enterprise 2019, 97,
(11), 15-15.

25. Pan,Y.; Zhang, H.; Cui, Q.; Sheng, N.; Yeung, L. W. Y.; Sun, Y.; Guo, Y.; Dai, J., Worldwide
Distribution of Novel Perfluoroether Carboxylic and Sulfonic Acids in Surface Water. Environ.
Sci. Technol. 2018, 52, (14), 7621-7629.

26. Galloway, J. E.; Moreno, A. V. P.; Lindstrom, A. B.; Strynar, M. J.; Newton, S.; May, A. A.;
Weavers, L. K., Evidence of Air Dispersion: HFPO-DA and PFOA in Ohio and West Virginia
Surface Water and Soil near a Fluoropolymer Production Facility. Environ. Sci. Technol. 2020,
54,(12), 7175-7184.

27. Hogue, C., Hunting for GenX in People. C&EN Global Enterprise 2019, 97, (14), 22-25.
28. Ahearn, A., A Regrettable Substitute: The Story of GenX. Podcasts: The Researcher's
Perspective 2019, 2019, (1).

29. Hogue, C., US EPA Cites Chemours for Fluoroether Releases. C&EN Global Enterprise
2019, 97, (8), 19-19.

30. Wang, W.; Maimaiti, A.; Shi, H.; Wu, R.; Wang, R.; Li, Z.; Q1, D.; Yu, G.; Deng, S.,
Adsorption Behavior and Mechanism of Emerging Perfluoro-2-propoxypropanoic Acid (GenX)
on Activated Carbons and Resins. Chem. Eng. J. 2019, 364, 132-138.

17



352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

393

31. Bao, Y.; Deng, S.; Jiang, X.; Qu, Y.; He, Y.; Liu, L.; Chai, Q.; Mumtaz, M.; Huang, J.;
Cagnetta, G., Degradation of PFOA Substitute: GenX (HFPO-DA Ammonium Salt): Oxidation
with UV/Persulfate or Reduction with UV/Sulfite? Environ. Sci. Technol. 2018, 52, (20),
11728-11734.

32. Pica, N. E.; Funkhouser, J.; Yin, Y.; Zhang, Z.; Ceres, D. M.; Tong, T.; Blotevogel, J.,
Electrochemical Oxidation of Hexafluoropropylene Oxide Dimer Acid (GenX): Mechanistic
Insights and Efficient Treatment Train with Nanofiltration. Environ. Sci. Technol. 2019, 53, (21),
12602-12609.

33. Ateia, M.; Arifuzzaman, M.; Pellizzeri, S.; Attia, M. F.; Tharayil, N.; Anker, J. N.; Karanfil,
T., Cationic Polymer for Selective Removal of GenX and Short-chain PFAS from Surface
Waters and Wastewaters at ng/L Levels. Water Res. 2019, 163, 114874.

34. Guo, H.; Wang, J.; Han, Y.; Feng, Y.; Shih, K.; Tang, C. Y., Removal of Perfluorooctane
Sulfonate by A Gravity-driven Membrane: Filtration Performance and Regeneration Behavior.
Sep. Purif. Technol. 2017, 174, 136-144.

35. Frenot, A.; Chronakis, I. S., Polymer Nanofibers Assembled by Electrospinning. Curr. Opin.
Colloid Interface Sci. 2003, 8, (1), 64-75.

36. Pronk, W.; Ding, A.; Morgenroth, E.; Derlon, N.; Desmond, P.; Burkhardt, M.; Wu, B.;
Fane, A. G., Gravity-driven Membrane Filtration for Water and Wastewater Treatment: A
Review. Water Res. 2019, 149, 553-565.

37. Ateia, M.; Alsbaiee, A.; Karanfil, T.; Dichtel, W., Efficient PFAS Removal by Amine-
Functionalized Sorbents: Critical Review of the Current Literature. Environ. Sci. Technol. Lett.
2019, 6, (12), 688-695.

38. Ma, L.; Zhou, M.; Ren, G.; Yang, W.; Liang, L., A Highly Energy-efficient Flow-through
Electro-Fenton Process for Organic Pollutants Degradation. Electrochim. Acta 2016, 200, 222-
230.

39. Hu, X. C.; Andrews, D. Q.; Lindstrom, A. B.; Bruton, T. A.; Schaider, L. A.; Grandjean, P.;
Lohmann, R.; Carignan, C. C.; Blum, A.; Balan, S. A.; Higgins, C. P.; Sunderland, E. M.,
Detection of Poly- and Perfluoroalkyl Substances (PFASs) in U.S. Drinking Water Linked to
Industrial Sites, Military Fire Training Areas, and Wastewater Treatment Plants. Environ. Sci.
Technol. Lett. 2016, 3, (10), 344-350.

40. Penland, T. N.; Cope, W. G.; Kwak, T. J.; Strynar, M. J.; Grieshaber, C. A.; Heise, R. J.;
Sessions, F. W., Trophodynamics of Per- and Polyfluoroalkyl Substances in the Food Web of a
Large Atlantic Slope River. Environ. Sci. Technol. 2020, 54, (11), 6800-6811.

41. Joerss, H.; Xie, Z.; Wagner, C. C.; von Appen, W.-J.; Sunderland, E. M.; Ebinghaus, R.,
Transport of Legacy Perfluoroalkyl Substances and the Replacement Compound HFPO-DA
through the Atlantic Gateway to the Arctic Ocean—Is the Arctic a Sink or a Source? Environ.
Sci. Technol. 2020.

42. Herkert, N. J.; Merrill, J.; Peters, C.; Bollinger, D.; Zhang, S.; Hoffman, K.; Ferguson, P.
L.; Knappe, D. R. U.; Stapleton, H. M., Assessing the Effectiveness of Point-of-Use Residential
Drinking Water Filters for Perfluoroalkyl Substances (PFASs). Environ. Sci. Technol. Lett. 2020,
7,(3), 178-184.

18



