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Abstract
Per- and polyfluoroalkyl substances (PFASs) are lipophilic pollutants of increasing health concern due to their environmental 
persistence, bioaccumulation, and toxicity. Remediation techniques have been set up for PFAS removal, such as electron 
beam, which exhibits excellent performance due to its cost-effective ability of producing large amounts of both reducing and 
oxidizing species. However, the degradation efficiency and mechanisms of the shorter-chain PFASs by eBeam irradiation are 
poorly known. Herein, perfluoroheptanoic acid was exposed to different eBeam doses of 0–75 kGy. We tested the effect of 
pH (6.0 and 13.0), nitrate ions, and fulvic acids in water. Results show that highly alkaline conditions favored the removal of 
perfluoroheptanoic acid at 100.0 μg/L with complete elimination at eBeam doses of 50 kGy and 75 kGy. Nitrate, fulvic acid, 
and  CaCO3 alkalinity did not inhibit perfluoroheptanoic acid degradation. Defluorination and decarboxylation are proposed 
to be the major degradation pathways based on the identification of two degradation products. Overall, our findings show 
that eBeam irradiation is a promising remediation technique to break down the shorter-chain PFASs.
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Introduction

Per- and polyfluoroalkyl substances (PFASs) are of seri-
ous concern to human health and ecological systems (Chu 
et al. 2020; Pelch et al. 2019). Among PFASs, it is gener-
ally accepted that perfluorocarboxylic acids (PFCAs) are 
persistent, bioaccumulative, ubiquitously present in the 
environment, and recalcitrant to removal by drinking water 
and municipal wastewater treatment processes (Wang et al. 
2017; Zhang et al. 2019a, b). These compounds have been 
measured in drinking water at numerous sites in the United 

States and in other parts of the world at concentrations rang-
ing up to several tens of ng/L (Ateia et al. 2019). Researchers 
have confirmed that PFCAs have multiple toxic effects on 
humans such as immunotoxicity, hepatotoxicity, develop-
mental toxicity, and carcinogenicity (Piekarski et al. 2020). 
In monitoring PFCAs, most of the attention has been payed 
on perfluorooctanoic acid (PFOA) (Lindim et al. 2016; Ong 
et al. 2020). Research on the other analogs such as perfluoro-
heptanoic acid (PFHpA) is largely missing. PFHpA is likely 
to be present in water and is one of the intermediates of 
the degradation of PFOA (Trojanowicz et al. 2019). Inves-
tigations on PFHpA may also shed light on understanding 
its degradation mechanisms under man-made remediation 
processes. We have, therefore, focused on studying the deg-
radation of PFHpA in water.

A number of methods have been investigated to remove 
PFASs, including adsorption, reverse osmosis, and nanofil-
tration (Mahinroosta and Senevirathna 2020; Zhang et al. 
2019a, b). Thermal techniques have the ability to degrade 
PFASs (Ahrens et al. 2019; Wu et al. 2019; Zhang et al. 
2016). Advanced oxidation processes (AOPs) like UV, ozo-
nation, and Fenton oxidation have been sought to eliminate 
PFASs. The AOPs use highly reactive oxidizing species 
such as hydroxyl radicals (·OH) and sulfate radicals  (SO4

·−) 
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to degrade PFASs (Hori et al. 2005, 2007, 2008; Liu et al. 
2017, 2019, 2020; Qu et al. 2016; Yang et al. 2020; Zhang 
et al. 2016). Other technologies such as ionizing radiation 
(photons and electrons) to degrade PFCAs are emerging and 
have shown the ability to eliminate different PFASs includ-
ing PFOA (Kim et al. 2018; Ma et al. 2017; Trojanowicz 
et al. 2019; Wang et al. 2016). The decomposition of studied 
PFASs is highly dependent on experimental conditions such 
as pH and oxygen levels (i.e., absence or presence of oxygen 
in water). Very few in-depth studies have been performed to 
know the degradation mechanisms of PFHpA (Trojanowicz 
et al. 2019). Therefore, we focused on the degradation mech-
anisms of PFHpA in laboratory grade distilled water when 
exposed to high energy (10 million electron volts) electron 
beam (eBeam) irradiation doses between 0 and 75 kGy. Pre-
vious studies in our laboratory and elsewhere have identified 
some key parameters that could influence PFAS degradation 
(Wang et al. 2016; Trojanowicz et al. 2019, 2020).

The current paper has the following objectives: (i) 
to investigate the effect of solution pH on the degrada-
tion of PFHpA by eBeam irradiation at different eBeam 
doses (0–75 kGy) to establish the optimum conditions for 
its removal; (ii) to examine the influence of typical water 
constituents, e.g., alkalinity, nitrate ion, and fulvic acid, to 
understand the possible inhibitors of eBeam-mediated deg-
radation of PFHpA in water; and (iii) to elucidate the major 
degradation pathways by which PFHpA degrades when 
exposed to eBeam doses in aqueous samples.

Experimental methods

Chemicals and supplies

Perfluoroheptanoic acid (PFHpA) (50.0 μg/mL in methanol) 
was obtained from Wellington Laboratories (ON, Canada). 
Methanol and water of HPLC grades were purchased from 
Macron Fine Chemicals and Sigma-Aldrich, respectively. 
Sodium hydroxide (98.4% purity), ammonium acetate, and 
ammonium hydroxide were individually obtained from J.T. 
Baker, BDH, and Ward’s Science (ON, Canada). The Oasis 
WAX vacuum cartridges (30 μm particle size, 1 cc) used for 
solid-phase extraction (SPE) were obtained from Waters.

eBeam irradiation and dose measurements

The samples were exposed to varying eBeam irradiation 
doses (i.e., 5, 10, 25, 50, and 75 kGy) at the eBeam facil-
ity of the National Center for Electron Beam Research 
(NCEBR) at Texas A&M University using a 10 MeV, 15 kW 
linear accelerator. The delivered dose was calibrated based 

on the alanine dosimetry using the BrukerScan EPR spec-
trometer (Wang et al. 2016). During eBeam irradiation, a 
large number of aqueous electrons  (e−

aq), hydrogen radicals 
 (H·), and ·OH are expected to be produced when interacting 
with water according to Eq. 1 (Miller 2005):

Values in brackets represent the “G values” (number of 
species produced by 0.1 MeV of energy absorbed), and  H·, 
 e−

aq, and ·OH are highly reactive species, while  H3O+ is the 
hydrated proton.

Sample preparation

Stock solutions were used in preparing the experimental 
samples. In preparing the samples for eBeam irradiation, the 
initial concentration of PFHpA was set at 100.0 μg/L, which 
was obtained after diluting the stock solution in water. The 
effect of solution pH was studied at pH 13.0 and 6.0, which 
were prepared using 0.1 M NaOH and without pH adjust-
ment, respectively. Fifty milliliters (50 mL) of the experi-
mental sample were placed in HDPE bottles and purged with 
nitrogen in an oxygen-free glove box to remove the dissolved 
and headspace oxygen. Additionally, to investigate the 
effect of typical water components, different concentrations 
of alkalinity (i.e., 25, 50, 50, and 75 mg/L  CaCO3) added 
as bicarbonate, nitrate ions, i.e., 5, 10, 15, and 20 mg/L, 
and natural organic matter, e.g., fulvic acid at 25, 50, 75, 
and 100 μg/L, were added as the experimental variables. 
The samples were amended with these constituents prior to 
nitrogen purging. Afterward, the samples were sealed with 
parafilm and exposed to different eBeam doses.

eBeam dosing

The samples were exposed to high energy (10 MeV) eBeam 
doses by placing the samples on an automated sample con-
veyance system. This system was calibrated to ensure that 
the samples received the specific target eBeam dose as the 
samples traversed under the eBeam linear accelerator’s scan 
horn from produced the high energy electrons. The samples 
were stored at 4 °C before and after eBeam treatment.

Sample processing

After irradiation, the samples were passed through the Oasis 
WAX vacuum cartridges (30 μm particle size, 1 cc), which 
were first pre-conditioned with 1.0 mL 0.1% ammonium 
hydroxide in methanol (3 times), followed by 1.0 mL 100% 

(1)
e−(electrons) + H2O → [2.6] e−

aq
+ [0.55] H∙

+ [2.7]H3O + [0.7]H2O2 + [2.6] HO∙ + [0.55]H2
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methanol (3 times). Each sample was vortexed for 5–10 s to 
ensure uniformity at a speed of 10 using MINI VORTEXER 
before loading 1 mL with a vacuum running. Ammonium 
acetate (1.0 mL of 25 mM) was added using a regular vac-
uum setting (10′’-20′’ Hg Vacuum). The cartridges were 
dried at a low vacuum for 3–5 min and then eluted by 0.1% 
ammonium hydroxide in methanol (1.0 mL) under a low 
vacuum. The eluted solution was transferred into 1.5 mL 
microfuge tubes, covered with parafilm, and stored at 4 °C 
prior to performing liquid chromatography-mass spectrom-
etry/mass spectrometry (LC–MS/MS) analysis.

Analytical methods

PFHpA analysis

The analysis of PFHpA was performed by Integrated 
Metabolomics Analysis Core (IMAC) at Texas A&M Uni-
versity. Specifically, PFHpA in the samples was detected and 
quantified on a triple quadrupole mass spectrometer (Altis, 
Thermo Scientific, Waltham, MA) coupled to a binary pump 
HPLC (Vanquish, Thermo Scientific). The MS parameters 
were optimized for PFHpA under direct infusion at 5 µL/min 
to identify the SRM transitions (precursor/product fragment 
ion pair) with the highest intensity. The optimized param-
eters included polarity (negative), precursor (m/z 363.1), 
product (m/z 318.9), collision energy (10.23 V), and RF Lens 
(36 V). Samples were maintained at 4 °C on an autosampler 
before injection. The injection volume was 10 µL. Chro-
matographic separation was achieved on a Hypersil Gold 
column (5 µm, 50 × 3 mm, Thermo Scientific) maintained 

at 30 °C using a 9.5-min solvent gradient method. Solvent A 
was water (0.1% formic acid) and solvent B was acetonitrile 
(0.1% formic acid). The flow rate was 0.6 mL/min. Sample 
acquisition and analysis were performed with TraceFinder 
3.3 (Thermo Scientific). A variety of quality control samples 
were run alongside the experimental samples. Experiments 
were carried out in triplicates, and standard errors were less 
than 10%.

Product identification

The transformation products of PFHpA were measured by 
untargeted liquid chromatography high resolution accurate 
mass spectrometry (LC-HRAM-MS) analysis. It was per-
formed on a Q Exactive Plus orbitrap mass spectrometer 
(Thermo Scientific, Waltham, MA) coupled to a binary 
pump HPLC (UltiMate 3000, Thermo Scientific). Full MS 
spectra were obtained at 70,000 resolution (200 m/z) with 
a scan range of 50–750 m/z. Full MS followed by ddMS2 
scans were obtained at 35,000 resolution (MS1) and 17,500 
resolution (MS2) with a 1.5 m/z isolation window and a 
stepped NCE (20, 40, 60). Samples were maintained at 4 °C 
before injection. The injection volume was 10 µL. Chro-
matographic separation was achieved on a Hypersil Gold 
column (5 µm, 50 × 3 mm, Thermo Scientific) maintained 
at 30 °C using a 9.5-min solvent gradient method. Solvent 
A was water (0.1% formic acid), and solvent B was acetoni-
trile (0.1% formic acid). The flow rate was 0.6 mL min−1. 
Sample acquisition was performed using Xcalibur (Thermo 
Scientific). Data analysis was performed with Compound 
Discoverer 3.1 (Thermo Scientific).

Fig. 1  a Removal of perfluoroheptanoic acid (PFHpA) at 100.0 μg/L 
and b its pseudo-first-order fitting after eBeam irradiation (i.e., 0, 5, 
10, 25, 50, and 75 kGy) at different solution pH values, i.e., 6.0 and 

13.0. A significant removal of PFHpA was observed at pH 13.0 as 
compared to that at pH 6.0
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Results and discussion

Degradation efficiency of PFHpA by eBeam 
irradiation

Effect of solution pH

In this study, the removal performance of PFHpA 
(100.0 μg/L) by different eBeam doses (0–75 kGy) was 
explored at two different initial pH values (6.0 and 13.0). 
As shown in Fig. 1a, increasing elimination of PFHpA 
was observed with the increase in eBeam dose. Complete 
removal of PFHpA was achieved at 50 kGy and 75 kGy at 
pH 13.0. In comparison, there was only partial PFHpA deg-
radation (< 10%) at pH 6.0 even at 75 kGy of eBeam dose. 
Previous studies from our laboratory (Wang et al. 2016) and 
other laboratories (Trojanowicz et al. 2019, 2020; Ma et al. 
2017) have reported similar results, in which PFOA and per-
fluorooctanoic sulfonate degradation was favored by highly 
alkaline conditions. It is well known that aqueous electrons 
 (e−

aq) predominate under alkaline conditions compared to 
the ·OH that predominates under acidic conditions (Trojano-
wicz et al. 2019, 2020; Ma et al. 2017). It is noteworthy to 
mention that the removal of PFHpA at both pH conditions 
appears to follow the pseudo-first-order reaction kinetics 
(Fig. 1b).

Effect of alkalinity, nitrate ion, or natural organic matter

To investigate the effect of common water components, the 
PFHpA solutions were individually amended with bicarbo-
nate, nitrate ions, and natural organic matter (used as fulvic 
acid) at varying concentrations, and then irradiated with 
50 kGy eBeam at pH 13.0. As presented in Fig. 2, complete 
removal of PFHpA was found even in the presence of these 
additives at the test concentrations, indicating no inhibitory 
effect from these three water components. Differently, our 
recent study suggested the significantly enhanced effects of 
alkalinity and nitrate ions for defluorination performance 
of PFOA via eBeam irradiation (Wang et al. 2016). It is 
known that the reactive species such as  e−

aq and ·OH could 
interact with bicarbonate and nitrate ions to form carbonate 
radicals  (CO3

·−) and nitrate radicals  (NO3
·−), respectively. 

The results from Fig. 2a and b suggested that these two sec-
ondary radicals may also play a positive role in oxidizing 
PFHpA in water.

In previous studies, we had shown that natural organic 
matter in the form of fulvic acid was capable of attenuating 
the reduction of PFOA (Wang et al. 2016). However, in this 
study, despite fulvic acid concentration was ranged from 25 
to 100 µg/L, there was still complete degradation of PFHpA 
at 50 kGy (Fig. 2c).

Fig. 2  Effect of a alkalinity, b nitrate ion, and c fulvic acid on the 
removal of perfluoroheptanoic acid (PFHpA) at 100.0 μg/L by eBeam 
at 50  kGy and pH 13.0. The presence of all three additives did not 
have any effect on the removal of PFHpA, which has always complete 
elimination under these conditions
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Transformation products and pathways

The transformation products of PFHpA by eBeam irra-
diation were analyzed using untargeted high resolu-
tion LC–MS analysis. As listed in Table 1, two reaction 
products of PFHpA were identified as P-282 and P-294 
with their individual molecular formulas of  C6HF11 and 
 C7H4F10O. It is noteworthy that a good agreement between 
the experimental and calculated molecular weights was 
observed, as indicated by the small errors (< 5  ppm). 
Based on these identified byproducts (i.e., P-282 and 
P-294), the reaction pathways of PFHpA by eBeam irra-
diation were tentatively proposed and are shown in Fig. 3. 
Defluorination and decarboxylation appear to be the two 
major reaction patterns. Previous studies with PFOA also 
appear to show that both defluorination and decarboxyla-
tion reactions occur during eBeam irradiation (Trojanow-
icz et al. 2019). More in-depth investigations can be per-
formed in future to measure the inorganic fluoride ions 
released from PFHpA and the mineralization efficiency 
after eBeam irradiation.

Conclusion

In this study, the breakdown of PFHpA under varying 
eBeam doses in laboratory grade distilled water was evalu-
ated. It is observed that highly alkaline condition (i.e., pH 
13.0) favored the decomposition of PFHpA with complete 
breakdown observed at 50 and 75 kGy. This was in contrast 
to less than 10% breakdown at pH 6.0 even at 75 kGy eBeam 
dose. The presence of bicarbonate, nitrate ions, and natural 
organic matter did not appear to have any inhibitory effect in 
degrading PFHpA under the experimental conditions. Two 
transformation products of PFHpA by eBeam irradiation at 
50 kGy were identified using untargeted LC–MS analysis, 
indicating defluorination and decarboxylation as two domi-
nant reaction pathways that occur at this dose. Overall, this 
study demonstrates the efficacy of high energy eBeam irra-
diation for the complete breakdown of a 7-carbon PFAS.
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