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a b s t r a c t 

Per-and poly-fluoroalkyl substances (PFASs) are a class of persistent compounds that are resistant to 

degradation. Here we developed an effective method of degrading perfluorooctanesulfonate (PFOS) by 

hydrated electrons (e aq 
−) that are generated from 3-indole-acetic-acid (IAA) upon UV irradiation. The 

method takes advantage of spatial proximity of IAA and PFOS by their co-sorption to an organic poly- 

mer, 12-aminolauric acid (ALA), which was pre-intercalated into the interlayer space of an expandable 

clay mineral, montmorillonite. The interlayer spacing of this clay nanocomposite is greatly expanded rel- 

ative to unmodified montmorillonite. The maximum adsorption capacity of IAA and PFOS is 168 and 

1550 mmol/kg, respectively. This process achieved 40–70% defluorination of a 10 ppm PFOS solution at 

neutral pH in a 325 mL vessel. The presence of bicarbonate and chloride ions, or natural groundwater 

showed a minimal impact on PFOS degradation. Based on identification of prominent degradation prod- 

ucts, a degradation pathway is proposed, where the primary degradation process is breakage of the C-F 

bonds (with fluorine replaced by hydrogen), with some cleavage of the C –C bond. This approach provides 

an alternative for treating concentrated PFAS solutions under ambient conditions. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a class of syn- 

hetic chemical compounds with surfactant properties. These com- 

ounds are useful in various industrial applications such as tex- 

iles, carpet manufacturing, food packaging, leather treatment, and 

re-fighting foam ( Houtz et al., 2013 ; Sznajder-Katarzy ́nska et al., 

019 ). These prolific uses of PFASs are largely ascribed to the 

trength of the carbon - fluorine bond, which requires 485 kJ/mol 

o break ( O’Hagan 2008 ). A subclass of PFASs, perfluoroalkyl 

cids (PFAAs), are thermally stable and resistant to oxidation. Be- 

ause of their widespread applications, PFAAs have made into 

he EPA’s list of emerging contaminants. PFAAs are persistent 

nd bio-accumulative, and have been shown to be environmen- 

ally hazardous and potentially carcinogenic ( Cooke 2017 ; Sznajder- 

atarzy ́nska et al., 2019 ). Due to its widespread occurrence and 
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egulatory focus, perfluorooctanesulfonic acid (PFOS), a particular 

FAA, has received much attention. While production in the United 

tates has voluntarily been phased out since 2002, PFOS still exists 

s a legacy product ( Cooke 2017 ). Thus, exposure to PFOS in the 

nited States remains a concern. 

Several technologies have recently been explored for the 

estructive defluorination of PFAAs, including photocatalytic 

 Chen et al., 2020 ; Tian et al., 2016 ), plasma ( Lewis et al., 2020 );

nd electrochemical ( Schaefer et al., 2019 ; Wang et al., 2020 ) treat-

ents. However, these methods often do not completely break 

own PFASs, and they either require expensive electrodes, use haz- 

rdous materials, or are energy-intensive. While ultrasonic degra- 

ation has achieved success in complete defluorination, the re- 

uired frequency and power greatly limit the application of this 

ethod ( Fernandez et al., 2016 ). 

Photochemical methods used to defluorinate PFAAs often rely 

n hydrated electrons, as these are highly reactive ( Cui et al., 

020 ). Hydroxyl radicals are ineffective for PFAAs, likely due to the 

igh strength of the C-F bond ( Javed et al., 2020 ). However, highly 

https://doi.org/10.1016/j.watres.2021.117221
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117221&domain=pdf
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eductive hydrated electrons can break the C-F bond ( Bentel et al., 

019 ; Chen et al., 2020 ; Gu et al., 2020 ; Wang et al., 2020 ). While

revious studies ( Qu et al., 2014 ; Qu et al., 2010 ; Song et al., 2013 )

ave used hydrated electrons, generated through photoionization 

f iodide or sulfite, for treatment of PFOA and PFOS, the large- 

cale application of this approach may be limited due to: 1) the 

oxicity of iodide and sulfite, and generation of elevated levels of 

ndesirable byproducts (e.g., sulfate); 2) the difficulty of maintain- 

ng anoxic and high pH conditions that are required for the de- 

uorination reaction, as both O 2 and protons can quickly consume 

ydrated electrons. 

Recent studies ( Gu et al., 2016 ; Gu et al., 2017a ) have used hy-

rated electrons to degrade both PFOS and PFOA under partially 

xic (dissolved oxygen, DO = 5 mg/L) and alkaline pH (9.2) con- 

itions. Loss of hydrated electrons from reaction with O 2 is par- 

ially compensated by a high production rate in a high photon 

ux UV/sulfite system. A more recent study has examined the ef- 

ects of vacuum ultraviolet (VUV) at a pH of 12 ( Bentel et al.,

020 ). However, sulfite and an alkaline condition (pH > 9) were 

till required in these systems. Other studies have adopted vari- 

tions of UV systems to alleviate some of these requirements. 

un et al. (2018) used a combination of UV and nitrilotriacetic 

cid (NTA), which scavenged hydroxyl radicals and thereby mini- 

ized their reaction with hydrated electrons. While PFOS degra- 

ation was still sensitive to pH, it was less sensitive to O 2 level. 

u et al. (2020) observed photoreductive degradation of PFOS by 

V irradiation in the presence of ethylenediaminetetraacetic acid 

EDTA) over a range of pH (4–10) with the removal of O 2 , but the

egradation and defluorination efficiency of PFOS at acidic pH were 

uch lower than at alkaline pH. In this process, EDTA served as a 

cavenger of hydroxyl radicals. However, EDTA is toxic ( Oviedo and 

odríguez 2003 ). In addition, in treatment systems with compli- 

ated water chemistry containing organic matter, co-contaminants, 

nd anions (such as bicarbonate/carbonate, sulfate, and nitrate), 

ydrated electrons can rapidly react with these species and fur- 

her lower their efficiency towards PFAS degradation ( Buxton et al., 

988 ; Gu et al., 2016 ; Gu et al., 2017b ). 

Tian et al. (2016) developed a novel approach through the 

se of an organic polymer, hexadecyltrimethylammonium bromide 

HDTMA), that was intercalated into the interlayer region of a clay 

ineral montmorillonite. This HDTMA-montmorillonite nanocom- 

osite was highly hydrophobic and even organophilic. PFOA/PFOS 

nd 3-indole-acetic acid (IAA), a common component of natural 

rganic matter in soils and sediments ( Chen and Kenny 2007 ; 

iura et al., 2011 ) and a source of hydrated electrons, were co- 

orbed to HDTMA. Upon UV irradiation, hydrated electrons were 

enerated from IAA to degrade adjacent PFOA/PFOS. The negatively 

harged planar surface of HDTMA-modified montmorillonite stabi- 

ized indole radical cations, consequently inhibiting their recombi- 

ation with hydrated electrons. Nearly complete reductive defluo- 

ination of both PFOA and PFOS was achieved over a pH range of 

–11 and in air ( Tian et al., 2016 ). The authors postulated that the

nterlayer region of montmorillonite prevented entry of protons 

nd dissolved oxygen to consume hydrated electrons. A more re- 

ent study ( Chen et al., 2020 ) reported a near complete defluorina- 

ion of PFOA by hydrated electrons even without montmorillonite 

caffold. This approach used positively-charged HDTMA to co-sorb 

egatively-charged PFOA and IAA to form self-assembled micelles, 

hich increased the degradation efficiency of PFOA due to the spa- 

ial proximity between hydrated electrons and PFOA ( Chen et al., 

020 ). 

Despite these encouraging results, this approach has a few 

imitations. It is well-known that HDTMA is toxic and antibac- 

erial, even when it is intercalated into the interlayer region of 

ontmorillonite ( Boyd et al., 1988 ). Additionally, the maximum 

orption capacity of HDTMA-montmorillonite is lower than other 
2 
lternatives such as resins ( Deng et al., 2010 ; Yu et al., 2009 ;

aggia et al., 2016 ; Zhang et al., 2019 ). For these reasons, a more

nvironmentally friendly and highly adsorbing material is desir- 

ble. In addition, while this clay nanocomposite-based approach 

as been shown for PFOA degradation ( Tian et al., 2016 ), the path-

ay for PFOS degradation and intermediate product formation has 

ot been identified. Some intermediate degradation products may 

e more toxic than the parent compound ( Brendel et al., 2018 ; 

abadi et al., 2020 ; Rice et al., 2020 ). Finally, the effects of natural

rganic matter, co-contaminants, and competing anions such as ni- 

rate, and bicarbonate on PFOS degradation are currently unknown. 

 potential replacement, which overcomes many of the limitations 

f HDTMA, is 12-Aminolauric acid [ALA; NH 2 (CH 2 ) 11 COOH)]. ALA 

s a saturated omega fatty acid with a 12-carbon atom chain, pos- 

essing both amino and carboxylic groups. It has many properties 

f medium-chain fatty acids. It is nontoxic and readily found in 

any edible plants ( Liu et al., 2013 ). ALA is a bacterial metabo-

ite ( Wilding et al., 2015 ), and can be readily intercalated into the 

xpandable clay interlayer when protonated ( Zeng et al., 2016 ). 

The objective of this study was to develop a technique to ef- 

ectively degrade PFASs under specific conditions. PFOS was se- 

ected as a model compound due to its prevalence and high re- 

alcitrance. To achieve a high rate and extent of PFOS degradation, 

AA was selected because it has a high efficiency of emitting hy- 

rated electrons upon UV irradiation (a 254 nm monochromatic 

ource) ( Tian et al., 2016 ). ALA was pre-intercalated into the in- 

erlayer region of montmorillonite. Sorption isotherms of IAA and 

FOS onto ALA-modified montmorillonite were determined. The 

ate and extent of PFOS degradation and defluorination were sub- 

equently determined, along with identification of transformation 

roducts of PFOS degradation. The effects of competing anions and 

atural groundwater were evaluated so that this technology could 

e evaluated for in or ex situ application to contaminated water. 

his study develops a PFOS degradation technology, which poten- 

ially can be used to remediate contaminated water without haz- 

rdous chemical additions. 

. Materials and methods 

.1. Chemicals 

All chemicals used were of laboratory grade or higher and pro- 

ured from Fisher Scientific unless specified elsewhere. HDTMA 

romide, and PFOS (CAS Number 1763–23–1) were purchased from 

igma-Aldrich. Water, methanol, and ammonium acetate used for 

leaning and mobile phases were purchased from Fisher as LC/MS 

rade. 

.2. Synthesis of organoclay nano-composites 

Montmorillonite SWy-3 was procured from the Source Clays 

epository of the Clay Minerals Society (West Lafayette, IN). Bulk 

Wy-3 was ground and 0.02–0.5 μm size fraction was separated 

y repeated suspension and centrifugation. ALA-intercalated mont- 

orillonite nanocomposite was synthesized according to a pre- 

ious method ( Zeng et al., 2016 ). The HDTMA-montmorillonite 

anocomposite was prepared as described previously ( Boyd et al., 

988 ). The detailed method for clay separation and synthesis of 

LA- and HDTMA-intercalated montmorillonite nanocomposites is 

escribed in Section 1 of the Supporting Information (SI). To con- 

rm intercalation of ALA into the montmorillonite interlayer, pow- 

er X-ray diffraction (XRD) analysis was performed for SWy-3, 

DTMA-modified SWy-3, and ALA-modified SWy-3 (SI Section 2 ). 

dditional characterization was not carried out, because our pre- 

ious study already characterized ALA-intercalated clay nanocom- 
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osite ( Zeng et al., 2016 ) including XRD, Fourier transform infrared 

pectroscopy (FTIR), and total organic carbon (TOC) analysis. 

.3. Batch sorption experiments of IAA, F −, and PFOS 

Batch equilibrium experiments were carried out to determine 

orption of IAA, F −, and PFOS onto SWy-3 clay and organoclay 

anocomposites. The fluoride sorption experiment was performed 

o account for any possible loss of aqueous F − that may be released 

rom PFOS defluorination. SWy-3 clay and organoclay nanocom- 

osites were kept at a concentration of 2.2 g/L. For time course 

inetic experiments, initial concentrations of 1 mM, 1 mM, and 

 ppm were used for IAA, PFOS, and F sorption, respectively. For 

orption isotherm experiments, the initial concentrations of IAA 

nd PFOS ranged from 0.05 mM to 2.25 mM, and from 0 to 20 mM,

espectively. For both types of experiments, the adsorbed amounts 

f IAA and PFOS were calculated by the difference in aqueous con- 

entration between the initial and the final time points. All sorp- 

ion experiments were carried out in duplicate. The detailed meth- 

ds for these sorption experiments are described in SI Section S3. 

.4. IAA, F −, and PFOS analyses from sorption experiments 

IAA concentration was analyzed spectrophotometrically using 

 method modified after Tang and Bonner (1948) using a Ther- 

ofisher Genesys 10vis spectrophotometer (Waltham, MA). For 

igh throughput analysis, F − concentration was analyzed using the 

PADNS colorimetric method, which is based on the reaction be- 

ween fluoride and a zirconium-dye lake ( Marier and Rose 1966 ). 

luoride concentration was also periodically checked using ion 

hromatography (IC). These two methods compared favorably with 

o significant difference. 

For high concentration sorption experiments ( > 3 mM), PFOS 

oncentration was determined using an HPLC system. For low 

oncentration sorption experiments ( < 3 mM), samples were 

nalyzed commercially at Eurofins laboratory (Sacramento, Ca) 

 Shoemaker 2018 ). These methods are described in SI Section S4. 

.5. Experimental setup of PFOS degradation 

The PFOS degradation experiments were conducted in a pho- 

ochemical reactor (model XPA-7, Xujiang Electromechanical Inc., 

anjing, China) equipped with an internal quartz photoreac- 

or (height = 400 mm; internal diameter = 40 mm, vol- 

me = 325 mL). The UV source was a low-pressure mercury lamp 

Philips; 254 nm, 36 W), which was fully immersed into the reac- 

ion solution. The light intensity at the surface of the sheath was 

.5 mW cm 

−2 ( Tian et al., 2016 ). At the beginning of the experi-

ent, SWy-3 and ALA-SWy-3 were pre-loaded into the reactor, to 

hich IAA and PFOS were subsequently added. The initial concen- 

rations of PFOS, IAA, and clays were 10 mg/L, 1 mM, and 2.2 g/L, 

espectively, in 18.2 Mohm 

•cm water. A high PFOS concentration 

f 10 mg/L was selected to facilitate F detection and was relevant 

o PFAS-concentrated wastewater. The pH was adjusted to 7 using 

 N HCl or NaOH. The PFOS, IAA, and clay suspensions were ho- 

ogenized with a stir plate. The degradation experiment was ini- 

iated when the UV lamp was turned on. The reaction vessel was 

ept at ambient temperature using a circulating water bath. Vari- 

us controls were run along with samples, including no-UV source, 

o IAA, and no clay. Duplicate experiments were conducted. Sam- 

ling times were pre-determined according to a previous study 

 Tian et al., 2016 ), at which points, subsamples of 5 mL in volume

ere collected from the reactor using a transfer pipette. The pH 

emained nearly neutral throughout the experiment. 

In a separate experiment to maximize PFOS degradation, a high 

lay concentration (5 g/L) was used. The initial mixture of PFOS, 
3 
lay, and IAA were allowed to mix overnight to achieve maximum 

orption. At the beginning and over the course of the experiment, 

dditional IAA was spiked three times (0, 3, and 6 h, 1 mM each 

ime) to ensure adequate supply of hydrated electrons, while with- 

ut disturbing the experimental setup. 

To determine the potential effects of competing anions on PFOS 

egradation ( Cheng et al., 2010 ; Schaefer et al., 2019 ), degradation 

xperiments were repeated in the presence of 0–1 mM sodium bi- 

arbonate or sodium nitrate. Degradation experiments were also 

erformed in natural groundwater (procured from CDM Smith, see 

able S1 for water chemistry). In the groundwater experiment, 

0 ppm PFOS was spiked into the groundwater in the presence of 

 mM IAA and 2.2 g/L of clay. The pH of the groundwater remained

t ~6.5 throughout the experiment. 

.6. Analysis of PFOS and degradation products 

Analysis of PFOS and its transformation products in aqueous so- 

ution required a high mass resolution, low detection limit method. 

hus, these analyses were performed on a LC ultra-high pres- 

ure liquid chromatography (UHPLC) system. Data were acquired 

n a Sciex X500R Quadrupole Time-of-Flight Mass Spectrome- 

er (QToF/MS) system SWATH® in Data-Independent Acquisition 

ode. The data were processed via Sciex OS software (ver 1.6.1) 

or quantification of target compounds with standards. Concerning 

he suspect compound analysis, a compiled list of candidate in- 

ermediates was screened using Sciex OS. Non-target analysis was 

onducted using Masterview (ver 1.3.1) for the extraction of peaks 

rom the SWATH full scanned data and for statistical data analyses, 

ncluding principal components analysis and log fold change ver- 

us p-value plot, shown as a volcano plot (Figure S1). Confidence 

f compounds in the list for suspect analysis and the created list 

y Masterview were identified from mass accuracy (mass error < 

 mg/L), isotopic pattern from molecular formula (% difference iso- 

ope ratio < 20%), and MS/MS library confirmation. 

. Results 

.1. Characterization of organo-clay nanocomposites 

ALA and HDTLA intercalation increased the interlayer spacing 

f SWy-3 from 12.4 to 17.0 Å and from 12.4 to 13.2, respectively 

 Fig. 2 , Table S2). Although the amount of ALA intercalated into 

he interlayer of SWy-3 was only 4 times cation exchange capac- 

ty (CEC), the interlayer spacing was expanded to a similar level 

s that achieved by much higher amounts of ALA, at least an 

rder of magnitude higher than the amount used in this study 

 Pagtalunan et al., 2018 ). Between ALA and HDTMA, ALA expanded 

he layer spacing to a higher extent. Our previous study based 

n XRD, FTIR, and TOC analyses confirmed that intercalated ALA 

ormed chemical bonds with clay mineral ( Zeng et al., 2016 ). 

.2. Sorption experiments 

Kinetic sorption experiments (Figure S3) demonstrated that IAA 

orption to ALA-SWy-3 occurred quickly, with equilibrium attained 

ithin approximately 2 h. There was a negligible loss of IAA to 

lassware (i.e., no clay) and little sorption to unmodified SWy-3. 

he level of IAA sorption was similar between ALA-modified (Fig- 

re S3) and HDTMA-modified SWy-3 ( Tian et al., 2016 ). 

Rapid sorption of PFOS to ALA-SWy-3 was also observed (Figure 

4), reaching equilibrium in approximately 5 h. In comparison, the 

ate and extent of PFOS sorption to SWy-3 were much lower. There 

as no measurable loss of aqueous PFOS in the absence of clay. 

luoride showed no measurable adsorption (Figure S5). 
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Fig. 1. Fluoride generation from PFOS degradation. All starting concentrations of PFOS were 10 ppm, all IAA concentrations were 1 mM, and all clay concentrations were 

2.2 g/L except the red points, labeled as high concentration ALA-SWy-3 which was 5 g/L and IAA was added at 0, 3 and 6 h. A) ALA-SWy-3 yielded the highest amount of F, 

but SWy-3 showed a negligible amount of fluoride generation. Limited amounts of fluoride ( < 5%) were generated from PFOS with UV only, in the presence of IAA and SWy-3 

alone, or in their combination. B) Different concentrations of bicarbonate anion showed an increasing interference as its concentration increases, however the interference 

even at 1 mM was small. C) Nitrate concentrations ranging from 0 to 1 mM showed a significant inhibition, with the extent of inhibition proportional to its concentration. 

D) The initial rate of defluorination, but not the ultimate extent, decreased in a PFAS-impacted groundwater matrix (Table S1). Error bars are smaller than the symbol sizes. 
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IAA sorption to SWy-3 was negligible (Figure S6). However, 

AA sorption to ALA- and HDTMA-SWy-3 was significant. All the 

orption isotherms were described using the Langmuir isotherm 

quation. The maximum sorption capacity (C max ) of IAA followed 

he order of SWy-3 < HDTMA-SWy-3 < ALA-SWy-3, i.e., 6, 140, and 

68 mmol/kg, respectively (Table S3). The Langmuir constant, K L , a 

easure of sorption affinity, followed the same trend. 

There was little PFOS sorption to SWy-3, but there was a sig- 

ificant amount of PFOS sorption to ALA-SWy-3 (Figure S7). Inter- 

stingly, there appeared to be two separate sorption stages. The 

rst stage occurred at a low Ce concentration and it could be de- 

cribed using the Langmuir isotherm equation. The second stage 

ould not be fitted with this model and may be related to the for- 

ation of (semi)micelle. The maximum sorption of PFOS to ALA- 

Wy-3 in the second stage was much higher, reaching as high as 

600 mmol/kg compared to only 10 mmol/kg to SWy-3, suggesting 

hat the intercalated ALA served as an effective adsorbent. 

.3. PFOS defluorination 

PFOS defluorination, calculated as the percent of measured flu- 

ride ion relative to the total amount of fluoride available in initial 

FOS, was monitored ( Fig. 1 A). Without applied UV radiation, flu- 

ride was not generated in various combinations of IAA, SWy-3, 

nd ALA-SWy-3 ( < 0.5%, data not shown). With UV radiation, flu- 

ride generation was less than 5% in water, IAA, SWy-3 or their 
4 
ombinations. In contrast, significant defluorination was observed 

n the presence of ALA-SWy-3, reaching 41%. At a higher clay con- 

entration (5 g/L), the extent of defluorination reached as high as 

1% ( Fig. 1 A). However, spiking of IAA at 0, 3 and 6 h did not in-

rease fluoride yield, suggesting that hydrated electrons generated 

rom excess IAA were not used to degrade PFOS. A likely reason 

ay be that excess IAA could not enter the interlayer of montmo- 

illonite because of a limited sorption capacity of the intercalated 

LA, and thus hydrated electrons were likely generated outside the 

lay interlayer and would not have a chance to degrade the inter- 

ayer PFOS. . 

The presence of bicarbonate and nitrate anions decreased both 

he initial rate and final extent of PFOS defluorination ( Fig. 1 B-C), 

ith nitrate exhibiting a greater inhibitory effect. The extent of in- 

ibition was proportional to the concentration of these competing 

nions. The presence of PFAS-impacted natural groundwater did 

ot affect the rate and extent of defluorination ( Fig. 1 D), even in

he presence of 3.1 mM chloride anion (Table S1). Some fluoride 

as generated without PFOS and ALA-SWy-3, likely due to direct 

hotolysis of native PFASs in groundwater by UV light. 

.4. PFOS degradation 

The extent of defluorination does not necessarily represent the 

xtent of degradation, because intermediate transformation prod- 

cts may accumulate over time. Thus, liquid chromatography-high 
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Fig. 2. Removal of PFOS over time. All PFOS starting concentrations were 10 ppm, 

all IAA concentrations were 1 mM, and all clay concentrations were 2.2 g/L. A) PFOS 

degradation shown as both branched and linear isomers in water and in 1 mM 

bicarbonate solution. Total PFOS removal was 97% by 10 h. B) PFOS degradation 

under the above conditions except that a higher concentration of ALA-SWy-3 (5 g/L) 

was used and IAA was added at 0, 3 and 6 h. PFOS removal reached approximately 

95% in 8 h. Error bars are smaller than the symbol sizes. 
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Fig. 3. Degradation of PFOS and production of intermediate products over time in 

a solution of 10 ppm PFOS, 1 mM IAA, and 2.2 g/L ALA-SWy-3. Concentrations are 

shown as percentages of the starting PFOS concentration, C 0 . A) PFOS degradation in 

a water matrix; B) PFOS degradation in a matrix also containing 1 mM bicarbonate. 
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esolution mass spectrometric (LC 

–HRMS) analysis was performed 

o quantify PFOS and its transformation products. Interestingly, 

early all branched PFOS was removed in both water and bicarbon- 

te solutions within two hours, but it took much longer to remove 

inear PFOS ( Fig. 2 A), consistent with a previous study ( Jin and

hang 2015 ). By 9 h, total PFOS concentration decreased by 90%. 

y 10 h, over 90% of the linear and nearly 100% of the branched

FOS were removed from solution. Consistent with the defluori- 

ation result ( Fig. 1 B), the presence of bicarbonate inhibited the 

emoval rate of both linear and branched PFOS ( Fig. 2 A). 

In the experiment with 5 g/L ALA-SWy-3 concentration 

 Fig. 2 B), the concentration of total PFOS dropped quickly within 

he first half hour followed by a slower removal period. Rapid re- 

oval of PFOS ( Fig. 2 B) but little fluoride accumulation ( Fig. 1 A)

n the first half hour suggests that degradation intermediates were 

ormed, but over extended time, these products were degraded to 

enerate fluoride ( Fig. 1 A). By approximately 5 h, PFOS was re- 

oved by 90%. 

LC 

–HRMS analysis revealed that PFOS removal from aqueous 

olution was a result of sorption and degradation. The PFOS 

tock solution contained a small amount of C 8 F 15 HSO 4 (10–20%) 

nd other minor impurities. Both PFOS and these impurities de- 

raded over time. In 16 h, there was over 95% removal of 

FOS and C 8 F 15 HSO 4 . Correspondingly, three degradation products, 

 8 F 16 H 2 SO 3 , C 8 F 15 H 3 SO 3 , and C 8 F 14 H 4 SO 3 accumulated ( Figs. 3 &

8, and Table S4). There was a time lag between PFOS degrada- 

ion and its first product formation, C 8 F 16 H 2 SO 3 , suggesting that 

emoval of PFOS was initially due to sorption to ALA-SWy-3, but 

ubsequently due to degradation. Minor amounts of C 4 F 8 H 2 SO 3 

nd C FH SO were also detected. In the presence of bicarbon- 
8 17 3 

5 
te, there was no significant difference in the relative amounts of 

hese degradation products. Interestingly, the impurity compound, 

 8 F 15 HSO 4 , was not degraded, suggesting that its degradation may 

e more difficult when bicarbonate was present. Other minor im- 

urities including PFEtCHxS and PFNS were completely removed in 

0 h, and the concentration of PFHpS was reduced by 50% (Figure 

9). 

.5. Fluorine mass balance 

The fluorine mass balance was calculated based on measured 

FOS, impurities, and transformation products ( Gu et al., 2020 ). 

he calculated values ranged from 50 to 95% (Figure S10), with a 

oor balance near the beginning and a much better one towards 

he end (~8 h). The lowest fluorine mass balance at 1 hour cor- 

esponded to the sorption maximum but before any significant 

egradation ( Fig. 3 A). Because the fluorine mass balance was calcu- 

ated from aqueous concentrations of PFOS and all transformation 

roducts, PFOS sorption would result in an underestimate. At later 

ime points, a nearly complete fluorine mass balance suggests that 

egradation was dominant, and any transformation products and 

uoride did not sorb to ALA-SWy-3. 

. Discussion 

.1. Sorption of IAA and PFOS to SWy-3 and ALA-SWy-3 

A considerably higher amount of IAA sorption to ALA-SWy-3 

nd HDTMA-SWy-3 than to SWy-3 (Figure S6) is likely due to 

he expanded interlayer spacing and the intercalated ALA/HDTMA, 

hus increasing the number of sorption sites ( Solin, 1997 ). Like- 

ise, the PFOS sorption capacity of ALA-SWy-3 reached up to 

600 mmol/kg (Figure S7), which is orders of magnitude higher 
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Fig. 4. A conceptual model showing the mechanism of PFOS degradation by hy- 

drated electrons generated by UV irradiation of IAA. IAA and PFOS are co-sorbed to 

the organic polymer (ALA, HDTMA, or others), which is pre-inserted into the inter- 

layer region of montmorillonite. For better viewing, the interlayer region is drawn 

not to scale. 
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han PFAS sorption to soils ( Milinovic et al., 2015 ) and mineral sur-

aces ( Johnson et al., 2007 ; Wang et al., 2012 ; Wang and Shih 2011 ;

hao et al., 2014 ). This level of PFOS sorption is in the range of

hose by custom resins (10 0 0 to 50 0 0 mmol/kg of substrate, de-

ending on the resin type and pH) ( Deng et al., 2010 ; Yu et al.,

009 ; Zaggia et al., 2016 ). However, many of these systems require 

on-circumneutral pH, and some even require pH values higher 

han 10, suggesting that adjustment of pH would be required be- 

ore the wastewater could be discharged ( Zhang et al., 2019 ). The 

igh sorption capacities of both IAA and PFOS at neutral pH, as 

hown in this study, would facilitate degradation of PFOS at envi- 

onmentally friendly pH. 

.2. Effects of co-present groundwater constituents 

The greater amount of inhibition by nitrate than by bicarbon- 

te ( Fig. 1 ) was consistent with the result of a previous study 

 Gu et al., 2017a ). A likely reason is that the reaction of hydrated

lectrons with nitrate is much faster than with PFOS, but the reac- 

ion of hydrated electrons with bicarbonate is slower ( Buxton et al., 

988 ; Huang et al., 2007 ). Nonetheless, the inhibitory effect of bi- 

arbonate was still present ( Fig. 1 B). In this case, competitive sorp- 

ion is a likely reason, because the montmorillonite scaffold may 

ot be fully efficient to block entry of anions such as nitrate and 

icarbonate. 

The PFOS degradation experiment showed that a high level of 

hloride (3.1 mM) in a groundwater matrix, along with some levels 

f nitrate (0.15 mM), sulfate (0.11 mM) and dissolved organic car- 

on (DOC, 0.574 mg/L), only decreased the rate of defluorination, 

ot the final extent. In fact, the extent of impact was similar to that 

y 0.1 mM nitrate alone ( Fig. 3 ). However, in natural groundwa- 

er, DOC concentration can range from 2 to 14 mg/L ( Pabich et al.,

001 ; Striegl et al., 2005 ), and the effect of DOC may be more im-

ortant, because it may serve as electron shuttle during solvated 

lectron generation ( Guo et al., 2019 ) and/or block PFOS sorption 

ites of ALA by competitive sorption. 

.3. Mechanisms of PFOS degradation by hydrated electrons 

Combining the ALA intercalation, IAA and PFOS sorption, and 

ubsequent degradation of PFOS, a schematic model can be pro- 

osed ( Fig. 4 ): 1) ALA enters the interlayer region of montmo- 

illonite, expanding the interlayer spacing and increasing surface 

rea; 2) IAA and PFOS enter the expanded interlayer region and 

o-sorb to ALA; 3) Upon irradiation, IAA emits hydrated electrons 

nd indole radical cations; 4) PFOS is degraded by hydrated elec- 

rons. Generation of hydrated electrons was confirmed previously, 

ased on a combination of electron paramagnetic resonance (EPR) 

easurement, quenching test (DMPO), and Fourier transform in- 

rared spectroscopy ( Tian et al., 2016 ). Because the same source 

f hydrated electrons (IAA), UV lamp, and the experimental sys- 

em were used in this study, it was certain that hydrated electrons 

ere responsible for PFOS degradation. 

This proposed model explains the enhanced sorption of IAA 

Figure S6) and PFOS (Figure S7), and the enhanced rate and extent 

f PFOS degradation ( Figs. 1 & 2 ) by ALA-SWy-3 relative to SWy-3

lone. Instead of sorbing to SWy-3, IAA and PFOS sorb to ALA in 

he SWy-3 interlayer, which has a much higher sorption capacity. 

urthermore, the co-localization of IAA and PFOS to the same poly- 

er ALA decreases the path length that hydrated electrons must 

ravel to the target PFOS molecule, thus enhancing its degradation 

nd defluorination capacities. 

Our observed time-course fluorine mass balance curve was dif- 

erent from those in photoreductive degradation of PFOS ( Gu et al., 

020 ; Sun et al., 2018 ). In those photoreductive reaction systems, 

he fluorine mass balance decreased over reaction time, which was 
6 
scribed to the formation of partially fluorinated intermediates. 

n our clay composite system, because IAA and PFOS were added 

early at the same time as UV irradiation, sorption and degrada- 

ion should have been occurring simultaneously. At the beginning, 

FOS sorption should be dominating over degradation, and thus 

he fluorine mass balance was low (Figure S10), because this bal- 

nce calculation was based on total fluoride recovery in aqueous 

hase. However, with extended time, degradation became impor- 

ant, which explains the improved mass balance of fluorine. To- 

ards the end of the degradation, all sorbed PFOS should have 

een degraded. The ~100% mass recovery of fluorine at the end 

f degradation experiment suggests that fluoride (Figure S5) and 

ntermediate transformation products were fully recovered from 

queous phase and they were not sorbed to mineral surface, con- 

istent with a previous study ( Tian and Gu, 2018 ). 

.4. PFOS degradation pathways 

PFAS degradation and defluorination are controlled by both the 

ead group and the length of the fluoroalkyl chain ( Cui et al., 

020 ), so it is specific to each class of PFASs. For sulfonated PFASs 

uch as PFOS, there are three possible pathways of degradation: 

esulfonation, C 

–C breakage resulting in shorter chain compounds, 

nd H/F exchange ( Cui et al., 2020 ). The presence of sulfonated 

ntermediate products ( Fig. 3 ) suggests that even though the C-S 

ond has a lower energy (272 kJ/mol) than either the C 

–C bond 

346 kJ/mol) or the C-F bond (485 kJ/mol), this C-S bond is not 

roken. Because the cleavage of C-S bond in PFOS by hydrated elec- 

rons has been observed in previous studies ( Bentel et al., 2019 ; 

u et al., 2020 ; Gu et al., 2016 ; Gu et al., 2017a ), lack of such

leavage in this study may be related to stabilization of the sulfonic 

ead by the intercalated ALA, which is the likely site of adsorption 

 Zhang et al., 2011 ). 

The detection of intermediate sulfonated transformation prod- 

cts, C 8 F 16 H 2 SO 3 , C 8 F 15 H 3 SO 3 , and C 8 F 14 H 4 SO 3 , suggests that hy-

rated electrons primarily break the C-F bonds to undergo H/F ex- 

hange. Although density functional theory calculation has shown 

hat the two center C-F bonds have the lowest dissociation bond 

nergy ( Bentel et al., 2019 ), our products analyses do not support 

he C-F cleavage at the center position, suggesting that the degra- 
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ation kinetics of ALA-sorbed PFOS is different from homogeneous 

egradation reaction in aqueous solution. Furthermore, previous 

tudies have shown stepwise defluorination ( Bentel et al., 2019 ; 

u et al., 2020 ; Gu et al., 2016 ; Gu et al., 2017a ; Qu et al., 2010 ;

ong et al., 2013 ), but our time-course accumulation of intermedi- 

te transformation products suggest that there may be single and 

ultiple H/F exchange reactions occurring at the same time. For 

xample, the formation of C 8 F 15 H 3 SO 3 was not at the expense of

 8 F 16 H 2 SO 3 . Likewise, the formation of C 8 F 14 H 4 SO 3 was not at the

xpense of C 8 F 15 H 3 SO 3 ( Fig. 3 ). These data suggest that the second

nd third transformation products (and possibly other downstream 

roducts) may be formed from the parent PFOS directly, without 

equentially going through the predecessor compounds. It has been 

uggested that it is less energetically taxing to further break down 

FASs after they have undergone chain-shortening and that it may 

e more efficient to target the C 

–C bond initially as a means of

nergy conservation ( Yang et al., 2013 ). 

A measurable amount of C 4 F 8 H 2 SO 3 indicates that there has 

een some chain-shortening, as the C 

–C bond has been broken in 

ome of the PFOS molecules ( Gu et al., 2016 ). Through molecular 

rbital calculation of PFOS, Gu et al. (2016) suggests that the low- 

st unoccupied molecular orbitals of PFOS is mainly located on the 

oiety of C4, C5, C6, C7, and C8 atoms, and external electron tends 

o localize in the region over these C atoms, thus weakening the 

 

–C sigma bond and facilitating the C 

–C bond cleavage. 

.5. Energy requirements 

In the 2.2 g/L nanocomposite experiment, it took approximately 

 h for one log unit (i.e., 90%) removal of PFOS ( Fig. 2 A) using

 36 W UV bulb in a 0.325 L reaction vessel, requiring almost 

0 0 0 w-h/L of energy. Alternatively, the higher clay concentration 

eactors reached a log unit removal of PFOS within 5 h ( Fig. 2 B).

his reduced the power requirement almost by half, at 550 w-h/L. 

hile this power requirement is not as efficient as electrochemical 

ethods ( Schaefer et al., 2019 ; Trautmann et al., 2015 ), it is about

s efficient as other methods of hydrated electron generation, most 

otably the UV sulfite system ( Gu et al., 2017a ; Gu et al., 2017b ). 

To further optimize this system, the amount of organic polymer 

ntercalated into the montmorillonite interlayer can be increased 

 Pagtalunan et al., 2018 ), which could increase sorption capacities 

f IAA and PFOS to further enhance PFOS degradation. Addition- 

lly, it is possible to increase the concentration of ALA-SWy-3 up 

o 10 or 15 g/L before there is a rheological change of SWy-3. This

ould further increase the rate and extent of PFOS degradation to 

ptimize power generation. 

.6. Implications for treatment 

This clay nanocomposite approach provides a remediation tech- 

ology for PFASs using an easily made, robust, organo-modified 

lay, which does not require the application or use of hazardous 

hemicals. Because the ALA and montmorillonite bear minimal 

osts, approximately $90 and $2–5 per kg respectively, the pre- 

ominant energy requirement is the operation of a UV lamp. 

The observation that several impurities in the PFOS stock were 

lso destroyed by this method suggest that this method would 

e viable against other recalcitrant PFASs. More importantly, the 

act that this method worked in the presence of bicarbonate and 

itrate, and even in natural groundwater matrix suggests this 

ethod may be broadly applicable to wastewater treatment. While 

he highest concentration of nitrate used in this study (1 mM) is 

ar above the action limit set by the USEPA ( Ward et al., 2018 ) and

lso above typical groundwater and surface freshwater levels (1–

 mg/L, which is 0.02 – 0.05 mM) ( Spalding and Exner 1993 ), bi-

arbonate concentrations in natural groundwater can be as high 
7 
s 500 mg/L (8.2 mM) in carbonate aquifers ( Trainer and Heath 

976 ). Likewise, in PFAS-impacted groundwater, other PFASs may 

e at higher levels than those in the groundwater tested in this 

tudy ( Guelfo and Adamson 2018 ; Houtz et al., 2013 ). Under these 

omplex conditions, the degradation efficiency of PFASs may de- 

rease. However, decreased efficiency may be compensated by in- 

reased loadings of ALA and ALA-SWy-3 nanocomposite. Additional 

esearch is required to fully demonstrate the utility of this method 

or scaling up. We envision that this method may be effective for 

reating concentrated PFASs in investigator-derived wastewater. In 

hose cases, liters of concentrated PFAS wastewater may be treated 

sing a larger UV lamp and larger benchtop reactors (5 – 25 liters), 

hich increase both the volume of treatable liquid and the flux of 

he incident radiation. One potential drawback of this approach is 

uildup of degradation intermediates over the experimental time 

rame. However, with optimization (such as increased ALA loading) 

nd prolonged reaction times, these intermediates may be further 

egraded. Alternatively, these intermediate products may be re- 

oved via either advanced oxidation processes or biological degra- 

ation. 

. Conclusions 

These experimental results demonstrate that the degradation 

f PFOS via an IAA catalyzed reaction can be enhanced by or- 

anic modification of montmorillonite. The clay provides a protec- 

ive scaffold for the organic polymer ALA, which can then function 

s a sorbent for PFASs. Upon exposure to hydrated electrons gen- 

rated by the co-sorbed IAA under UV irradiation, PFOS undergoes 

egradation, forming intermediate products and fluoride. The pres- 

nce of nitrate and bicarbonate inhibited PFOS degradation, with 

itrate having a greater inhibition than bicarbonate. The technol- 

gy provides the framework for an environmentally friendly and 

ost-effective technology, which does not require any use of any 

azardous materials. Due to these reasons this technology provides 

he potential for an in-situ or ex-situ remediation technique for 

FAS-concentrated, small-volume wastewater, such as investigator- 

erived wastewater However, additional research is needed to op- 

imize the performance for scaling-up applications. 
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