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• EO as destructive treatment for PFAS- 
contaminated landfill leachate and 
groundwater.

• Identification of new halogenated sub-
stances using suspect and non-target 
screening.

• Transformation products identified 
originating from electrochemical 
process.

• New pathways identified for trans-
formation of PFAS.
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A B S T R A C T

Release of persistent and potentially toxic per- and polyfluoroalkyl substances (PFAS) and other halogenated 
compounds into the aqueous environment is an emerging issue and advanced treatment methods are needed for 
their removal from contaminated water. Destructive treatment methods for PFAS exist, but there is a risk of 
incomplete degradation, resulting in creation of transformation products during treatment. This study assessed 
the potential of electrochemical oxidation (EO) for destruction of PFAS and other halogenated compounds, and 
their transformation products. Suspect and non-target screening were used to explore the chemical space of these 
samples and identify compounds present before and after the treatment, including transformation products. In 
total, 21 PFAS classes and 53 individual PFAS were identified using suspect and non-target screening, with 
confidence level (CL) 3d or higher. Two new classes of PFAS (FASHN and MeOH-FASA) were discovered for the 
first time. Suspect screening of PFAS revealed that hydro-substituted and ether PFAS could be formed during EO. 
A total of 12 chlorinated and two brominated compounds were also detected and confirmed with CL 1–3, with six 
compounds determined to be transformation products. Formation of ammonium oxidation byproducts was hy-
pothesized as being responsible for most identified transformation products formed during EO.
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1. Introduction

Landfills are often considered point sources of environmental 
contamination [1]. Organic micropollutants in landfill leachate can 
have adverse effects on nearby soil, groundwater, and surface water 
ecosystems [2,3]. Efforts are taken to reduce the environmental impact 
from landfill facilities, e.g., conventional wastewater treatment tech-
niques such as aerobic and anaerobic biological processes, chemical 
oxidation, and chemical precipitation are commonly utilized at such 
sites [4]. More advanced treatment techniques involving e.g., granular 
activated carbon (GAC) are sometimes included to remove organic 
micropollutants [5].

Per- and polyfluoroalkyl substances (PFAS), a group of halogenated 
organic micropollutants, are difficult to remove or degrade in water 
treatment processes [6]. These compounds are known for being 
extremely chemically and thermally persistent, potentially bio-
accumulative, and toxic [7]. Due to their unique characteristics, they are 
widely used in products such as textiles, aqueous film-forming foams 
(AFFF), and non-stick coatings [8]. The most common technology for 
removing PFAS from water matrices is through adsorption to GAC, 
where PFAS are bound to a sorbent but not destroyed [9]. This creates a 
separate waste stream, which has to be taken care of [10]. Destructive 
treatment methods are typically not cost-efficient, due to the high en-
ergy intensity required to break down PFAS [11]. Combinations of 
different treatment methods to concentrate the waste stream and then 
destroy the concentrated waste have advantages over individual 
advanced treatment processes [12]. One example is combined foam 
fractionation as a concentration treatment and electrochemical oxida-
tion (EO) as a destructive treatment [13,14].

Foam fractionation relies on the surfactant properties of many PFAS, 
particularly perfluoroalkyl acids (PFAA), adsorbing these compounds on 
rising air bubbles [15]. Presence of sufficient amphiphilic substances in 
water leads to formation of a foam in which PFAS are enriched. 
Removing this PFAS-rich foam from the water surface results in a rela-
tively PFAS-free effluent. The PFAS in the foam fraction can be 
destroyed by e.g., EO, which uses anodic materials with high over-
potential for the oxygen evolution reaction [16]. Direct electron transfer 
to the anode is the first step in oxidation of PFAS, after which the per-
fluoroalkyl chain is generally assumed to ‘unzip’, ideally ultimately 
achieving full defluorination. However, formation of transformation 
products, including PFAS, is a well-known issue [17,18].

Formation of transformation products is an unwanted process in 
most degradation processes, because complete PFAS mineralization is 
the ultimate goal [12,18]. The transformation products that may form 
during the EO process have not been widely investigated, since most 
studies rely on quantification of PFAS concentrations using targeted 
triple-quadrupole mass spectrometer techniques [18,19]. Advanced 
oxidation processes may also result in formation of harmful chlorinated 
and brominated transformation byproducts [13]. There is thus an urgent 
need for untargeted analyses to investigate how halogenated substances 
are (trans)formed during the EO process, to assess formation of possibly 
harmful degradation (by)products. Untargeted analyses are particularly 
important for complex matrices such as landfill leachate, because the 
presence of co-contaminants results in an even wider range of possible 
degradation (by)products.

Suspect screening and non-target screening (NTS) are analytical 
techniques appropriate for identifying compounds and molecules when 
authentic standards and surrogates are not available [20]. Suspect 
screening relies on databases and previously recorded data, while NTS 
relies instead on feature prioritization [21]. In suspect screening, efforts 
are made to expand the scope beyond what has already been detected, to 
predict transformation products through chemical transformation 
simulation [22]. There have also been advances in NTS specifically for 
PFAS, most notably the software FluoroMatch developed by Koelmel 
and co-workers to streamline the NTS workflow [23–25].

A previous study by our research group [13] showed that EO with 

boron-doped diamond anodes can successfully degrade PFAS in landfill 
leachate and groundwater, with or without foam fractionation as a 
pre-treatment step. Additional analyses performed as part of that study, 
most notably effect-based bioassays and extractable organofluorine 
(EOF) analyses, indicated the presence of unknown fluorinated and 
potentially toxic compounds. Those findings prompted the present 
study, which aimed to identify transformation products formed during 
EO by utilizing untargeted techniques with high-resolution mass spec-
trometry coupled to liquid chromatography (LC-HRMS).

2. Experimental

2.1. Samples

Four different water types were treated electrochemically: (i) 
groundwater and (ii) landfill leachate from a landfill facility located in 
Uppsala, Sweden, and foam from (iii) groundwater and (iv) landfill 
leachate treated using foam fractionation from our previous study [26]. 
For all four water types, samples representing 0 h (initial water) and 1, 3, 
5, 7, and 9 h (t = 0–9) of EO treatment were analyzed. The foam frac-
tionation setup used a 10 cm diameter column, into which a peristaltic 
pump was pumping groundwater and leachate water. The foam gener-
ated from the air introduced through the air inlet was collected in foam 
collection vessels. Electrochemical oxidation was performed with a feed 
tank and a 20 L flow-through cell which was equipped with a 
boron-doped diamond anode and stainless steel cathode. For details of 
the experimental set-up and sample extraction, see [13].

2.2. Instrumental analysis

Liquid chromatography (LC) was performed using a Vanquish Ho-
rizon UPLC system. It was coupled to a QExactive Focus Orbitrap mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany), with a 
heated electrospray ionization source (HESI-II) run in negative ioniza-
tion mode. Samples (10 µL) were injected using a LC TriPlus RSH 
autosampler. The chromatographic system used a gradient mobile phase 
program consisting of an aqueous solvent with 5 mM of ammonium 
acetate and an organic solvent with 5 mM ammonium acetate, all run 
with a flow rate of 0.3 mL min-1. For details of the gradient program, see 
Table S1 in Supplementary Information (SI). The Orbitrap was run in 
negative polarity mode, set to perform a full scan over the range 
100–1000 m/z. For collection of MS2 data, the instrument used data- 
dependent acquisition (DDA) in discovery mode (loop count set to n =
3). The ion source settings were as follows: sheath gas flow rate 45 a.u., 
auxiliary gas flow rate 10 a.u., sweep gas flow rate 0 a.u., spray voltage 
4.1 kV, capillary temperature 350 ◦C, S-lens RF level 25 a.u., and 
auxiliary gas heater temperature 400 ◦C.

2.3. Data processing

The raw data obtained in LC-HRMS were processed using Compound 
Discoverer (version 3.3), in two separate tailored modular workflows 
(for details, see Table S2 in SI). One workflow was tailored for PFAS 
analysis and the other for compounds containing bromine and chlorine. 
For a peak to be considered a feature, it needed to have signal to noise 
ratio (S/N) greater than 3 and signal intensity greater than 10,000 
counts. The use of a low S/N is to avoid false negatives (type II errors) in 
the early stages of processing, which is common practice in untargeted 
analyses [20,27]. The PFAS plugin from ThermoFisher [28], which is 
based on the work of Kaufmann et al. [29] and Koelmel et al. [24], was 
used to determine mass over carbon (m/C) and mass defect over carbon 
(md/C) ratios, for initial screening of potential peaks [29,24,25]. The 
plugin also contained a list of known PFAS fragments recorded in 
MS/MS measurements.

For PFAS, peak picking resulted in a total number of 144,387 fea-
tures being detected (Fig. 1). Blank subtraction was performed to 
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remove any contaminants introduced from sample preparation and 
laboratory equipment, which reduced the number of features to 
121,880. After blank subtraction, quality control of the detected features 
was performed by utilizing the peak rating algorithm in Compound 
Discoverer, where a peak need to be present in all four replicates and 
have a peak rating greater than 6 to be considered a real feature, 
resulting in a total of 12,489 features. Peak rating is calculated based on 
four main factors, namely full-width half maxima to base (FWHM2Base), 
Jaggedness, Modality, and Zig-Zag. FWHM2Base is calculated based on 
a ratio of the peak width at half height divided by the peak. The peak 
rating is reversely proportional to the value of FWHM2Base. Jaggedness 
measures how many times the intensity of a peak alternate between 
going up and down in a row, where a low Jaggedness value will result in 
a higher peak rating. Modality will look for unexpected valleys in a peak 
that may occur before reaching baseline. Once again a low value for 
Modality will increase the peak rating. The final factor, Zig-Zag, calcu-
lates the mean number of valleys in one peak and divide it by the peak 
height from baseline. A high Zig-Zag value will result in a low peak 
rating. For more details on how the peak rating calculations are per-
formed see the Compound Discoverer User Guide for LC Studies [30]. 
Details of data processing are provided in Table S2 in SI.

For brominated and chlorinated compounds, peak picking resulted in 
146,007 features, which were reduced through blank subtraction 
(123,280 features) and peak quality and replicate filter (12,711 fea-
tures) (Fig. S1 in SI).

2.4. Suspect screening for identification of PFAS

After peak rating, all peaks which did not fall within a CF2-adjusted 
Kendrick mass defect (KMD) of − 0.25 and 0.10 were filtered out, which 
resulted in 5129 final features, although this step was only performed in 
the PFAS analysis (Fig. 1). Suspect screening for PFAS was performed 
using a suspect list obtained from the NORMAN Network’s substance 
database, which was filtered for PFAS [31] (n = 1291), Chemical List 
PFASSTRUCT-2022–04-20 (n = 10737) and PFAS_NIST obtained from 
the ThermoFisher PFAS plugin (n = 4951) [28], and the in-silico 
generated suspect list (n = 36604) from Getzinger et al. [22] (in total 
n = 53,643, with compound overlapping between the suspect lists) [22]. 
Prioritization was performed using the suspect screening lists by 
filtering out all features without a hit, which resulted in 241 features. 
After further manual annotation, mainly to remove false positives, 44 
features were identified.

2.5. Suspect screening for identification of brominated and chlorinated 
compounds

For brominated and chlorinated compounds, only the NORMAN 
Network’s substance database was used [32]. The database was first 
filtered to include only drinking water chemicals and then further 

filtered for disinfection by-products. Finally, one suspect list for chlori-
nated compounds was made by filtering for compounds containing “Cl” 
(n = 6313) and one was made for brominated compounds by filtering 
for compounds containing “Br” (n = 1909) (Fig. S1 in SI).

All compounds with hits from ChemSpider or the suspect lists were 
subjected to the fragment ion search (FISh) function in Compound 
Discoverer. This feature created in-silico fragments of the proposed 
structures and produced a match factor based on the number of peaks 
from the MS2 data that matched the in-silico generated fragments. The 
proposed structures were ranked and prioritized based on the number of 
matching FISh fragments. Compounds which had a FISh score higher 
than zero were controlled for false positives (23 features) and then 
further manually annotated (14 features).

2.6. Non-target screening for identification of PFAS

Non-targeted screening comprised four parts: (i) iterative-DDA using 
the IE-Omics R script developed by Koelmel et al. (2017); (ii) fragment 
flagging, which is referred to as ‘compound classes’ in Compound 
Discoverer; (iii) a mass defect vs carbon number approach, as described 
by Kaufmann et al. [29]; and (iv) homologous series identification, 
which was performed by an in-house written R-script [33].

The iterative-DDA strategy was developed to generate as many MS2 

spectra as possible in the shortest possible time (Koelmel et al., 2017). 
Using iterative DDA made other strategies such as fragment flagging 
more powerful, as they depend on the presence of MS2 data.

The mass defect vs carbon number approach was used as a first step 
in feature prioritization [29]. Features with m/C ratio greater than 35 
and less than − 0.0007 were investigated. When all fragment ion search 
potential hits, homologous series hits, and md/C ratio hits were com-
bined, a total of 4885 features was obtained. These features were further 
categorized manually as false positives or potential hits, resulting in a 
final total of 126 features, which were then further annotated. The final 
total of nine annotated compounds was obtained from non-target 
screening.

Fragment flagging was enabled by integration of the FluoroMatch 
fragment library into Compound Discoverer. The fragment library con-
tained over 800 curated diagnostic fragments, which were used as pri-
oritization tools. If a feature which contained MS2 data had a fragment 
that matched any fragment in the library, it was given a Compound Class 
Score greater than zero. The feature list was then sorted in terms of 
abundance of fragments matching the library, and false positives and 
potential hits were categorized.

In homologous series identification, the final prioritization strategy 
used in non-target screening, the feature list was first curated based on 
quality control from peak ratings and no false positives from previous 
investigations. Features that remained were exported to an Excel file, 
which was then imported into R and subjected to the in-house R script 
for identifying homologous series. The homologous series scripts can be 

Fig. 1. Flow chart summarizing the non-target (NTS) and suspect screening (SS) process.
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found on GitHub [33].
For both suspect and non-target screening results, confidence level 

(CL) was determined based on a modified version, where the modifi-
cations were adjusted to better reflect CL in PFAS [34,35].

2.7. Quality control

Quality control was performed before and after the instrumental 
analysis. The mass spectrometer was first calibrated with the standard 
Pierce Mix for negative mode calibration on an QExactive Focus Orbi-
trap and then a mixture of chemicals was injected five times into the 
instrument with a fast gradient. The mass accuracy of the injected 
standards was determined, and in all cases fell well within the 3 ppm 
limit set in the laboratory. After analysis, the mass accuracy was once 
again measured by injecting the standard mixture five more times. If the 
value fell within the 3 ppm limit, the quality of the analysis was deemed 
acceptable.

2.8. Numerical data analysis

The Compound Discoverer software used for feature detection and 
evaluation also calculates the average area of each feature in every 
sample matrix and time point based on the median value. These median 
values were used to calculate the relative area of each compound of 
interest to evaluate how they were affected by the water treatment 
process.

The data were processed in R, using the tidyverse and stringr packages 
for data wrangling and creating graphics [36-38]. Relative areas for 
compounds and features obtained from Compound Discoverer were first 
processed by normalizing all values, that meaning both PFAS results and 
Br & Cl results, to the area of an internal standard present in all samples 
(13C8-PFOA internal standard (IS)). Each compound featured in any of 
the heatmap plots had its area normalized as a percentage total area 
summed. The relative area was then plotted as a color, with the time 
point with the greatest area given the darkest hue.

3. Results and discussion

3.1. Suspect screening of PFAS

In total, 17 PFAS classes and 47 individual PFAS were identified 
using suspect screening at CL 1–3 in treated and untreated samples 
(Table 1). Five individual PFAS (perfluorononane sulfonic acid, per-
fluoroundecanoic acid, perfluorododecanoic acid, perfluorotridecanoic 
acid, and perfluorotetradecanoic acid) identified in concentrations close 
to the limit of quantitation using the targeted method in our original 
study [13] were not identified here.

All perfluoroalkyl carboxylic acids (PFCA, ID 1 f) and all per-
fluoroalkyl sulfonic acids (PFSA, ID 2 f) except perfluoropropane sul-
fonic acid (PFPrS) were identified at CL 1a and confirmed with reference 
standards. PFPrS was identified at CL 2a, due to co-occurrence of many 
homologues with higher retention times and similar fragmentation 
patterns in the MS2 data. The fragments observed in the MS2 data 
matched other PFSA. PFPrS was the only PFAA detected here that was 
not included in the targeted method developed in our previous study 
[13].

Three fluorotelomer sulfonates, 4:2 FTSA, 6:2 FTSA, and 8:2 FTSA, 
were detected and confirmed at CL 1a. Three cyclic PFSA were identified 
(ID 4 f, 5 f, and 6 f), of which perfluoroethylcyclohexane sulfonic acid 
(PFECHS, level 1a) was the only one confirmed with a standard. Addi-
tionally, two isomers of PFECHS were present, but they could only be 
determined at CL 3a, due to uncertainty of the position of the per-
fluorinated ethyl group. Two homologues of PFECHS with identical 
fragmentation patterns were also detected. These were per-
fluoromethylcyclohexane sulfonic acid (PFMCHS) and per-
fluorocyclohexane sulfonic acid, which were identified at CL 3a and 2b, 

respectively. Cyclic PFSA have been detected previously in various 
environmental matrices, such as lakes and other surface water bodies 
[39]. We also want to acknowledge the difficulty with differentiating 
cyclic PFAS and unsaturated linear PFAS, but we do believe in this work 
that these were indeed cyclic in structure [34].

Perfluoroalkyl sulfonamides (FASA, ID 7 f) were detected with chain 
length of C3–6, in addition to the previously quantified C8 homologue. 
The C4, C6, and C8 FASA were identified at CL 1a with reference stan-
dards. The C3 and C5 FASA were identified at CL 2c with the aid of 
homologue evidence and partly due to the low amount of diagnostic 
fragments inherent to FASA. FASA have been detected previously in 
matrices such as wastewater originating from 3M factories [40]. It is also 
known to occur at AFFF impacted sites where it believed to be an in-
termediate transformation product originating from a more complex 
structure but has been left with a sulfonamide head group [41,42].

Another AFFF derived PFAS is the group of N-methyl per-
fluoroalkane sulfonamidoacetic acids (Me-FASAA, ID 17 f), where only 
the C8 N-methyl Me-FOSAA was previously included. It was identified 
here at CL 1a using a reference standard (Fig. S2 in SI). The C3, C4, C5, 
and C6 Me-FOSAA homologues were identified at CL 2b, due to the 
amount of diagnostic ions found in the MS2 data (Fig. S2 in SI). The 
group N-ethyl (Et-FASAA, ID 18 f) had a similar spread of carbon chain 
lengths (C4, C5, C6, C8 Et-FASAA). Once again, only the C8 form was 
previously included and was identified here at CL 1a using a reference 
standard. The homologues were confirmed at the same CL as the Me- 
FASAA (CL 2b), due to the strong diagnostic evidence found in the 
MS2 data (Fig. S3 in SI). Me- and Et-FASAA have been detected previ-
ously in matrices such as urban runoff water, groundwater, and soil 
([43]; T. V. [44]).

Of the remaining six PFAS classes identified with suspect screening, 
none was included in the targeted method used in the previous study 
[13].

First, two hydro-substituted perfluoroalkane sulfonic acids (H-PFSA, 
ID 9 f) were detected in the samples (Fig. S4 in SI). C4 H-PFSA was 
confirmed at CL 2a by comparing the mass spectra against data found in 
the literature (T. [45]), whereas C6 H-PFSA was confirmed at CL 3a. The 
most notable fragment was the C3F5

- ion and the fragmentation did not 
follow the repeated loss of CF2/CFH pattern but instead created a per-
fluoroalkene fragment, as reported previously [45]. There was also no 
observable HF loss in the spectra, contradicting previous findings [46], 
most likely due to the low abundance of ions acquired from samples. 
H-PFSA has been reported previously in groundwater, surface water, 
and sediment (T. [45,46]).

Second, three perfluoroalkyl ether sulfonic acids (PFESA, ID 10 f) 
were detected in the samples (Fig. S5 in SI). Two of these contained three 
perfluorocarbons, but with the ether group located at different positions. 
The two isomers were not baseline-separated, but the chromatograph 
clearly showed that these were two separate isomers and this was 
confirmed using MS2 data. The first eluting peak had the ether group 
separated to the terminal CF3 and the rest of the perfluorocarbon chain, 
which was highlighted by the lone fragment matching in accurate mass 
of CF3O-. The second eluting peak gave a match with the accurate mass 
of the fragment matching C2F5O-. The third PFESA contained five fluo-
rine saturated carbons, with the ether located before the terminal CF3 
group. Both PFESA with an ether group located next to the terminal CF3 
showed the same fragment (CF3O-). PFESA have been detected previ-
ously [47,48].

Third, three AFFF-derived PFAA precursors, N-SPAmP-FHxSA, N- 
SPAmP-FHxSAA, and N-SPAmP-FHxSAPS (ID 19 f, 20 f, and 21 f), were 
detected (Fig. S6, S7 and S8 in SI). All spectra were compared with 
literature values to confirm the structure [49], which made it possible to 
identify them at CL 2a.

Fourth, keto-PFSA (ID 14 f) were detected with a perfluorocarbon 
chain of C6, C7, and C8, at CL 3a for all three homologues (Fig. S9 in SI). 
Perfluoroalkene anions (C5F9

- and C3F5
- ) were observed in the mass 

spectrum, indicating a double bond formed at the terminal carbon. One 
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Table 1 
Summary of results of suspect and non-target screening of PFAS: ID, class name, structure, number of CF2 moieties (where applicable), and confidence level (CL).

ID Class name Structure n CL

1 f PFCA 3 – 9 1a; 1a; 1a; 1a; 1a; 1a; 1a

2 f PFSA 2 – 7 2a; 1a; 1a; 1a; 1a; 1a

3 f n:2 FTSA 3; 5; 7 1a; 1a; 1a

4 f PFECHS - 1a; 3a; 3a

5 f PFMCHS - 3a

6 f PFCHS - 2b

7 f FASA 2 – 5; 7 3c; 1a; 3c; 1a;1a

8 f FASHN 3 - 5 2b; 2b; 2b

9 f H-PFSA 2; 4 2a; 3a; 3a

10 f PFESA 2 - 4 2a; 2a; 2a

11 f MeOH-FHxSA - 2b

(continued on next page)
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Table 1 (continued )

ID Class name Structure n CL

12 f PFOCHS - 3a

13 f Me-FASASiA 3 – 5 3b; 3b; 3b

14 f Keto-PFSA 5 - 7 3a; 3a; 3a

15 f DUPFOS 3 3b

16 f FASASA 5; 7 2c; 2c

17 f Me-FASAA 2 – 5; 7 2b; 2b; 2b; 2b; 1a

18 f Et-FASAA 3—5; 7 2b; 2b; 2b; 
1a

19 f N-SPAmP-FHxSA - 2a

20 f N-SPAmP-FHxSAA - 2a

(continued on next page)
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Table 1 (continued )

ID Class name Structure n CL

21 f N-SPAmP-FHxSAPS - 2a

22 f Bistriflimide - 2b

Fig. 2. Annotated mass spectrum of perfluorohexane sulfonhyponitrite (FHxHSN) showing the potential structure of the parent ion and the resulting fragments.
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peak in particular implied that the functional group in question was an 
aldehyde with a neutral loss corresponding to loss of CF2O. However, 
this peak was close to the noise level and only appeared in one of the 
homologues. Low-intensity and irregular mass spectra have been re-
ported previously for this compound group [50,51].

The remaining two classes each only included one single compound. 
Perfluoroctane dienoic sulfonic acid (DUPFOS, ID 15 f) was detected 
(Fig. S10 in SI), but due to lack of diagnostic ions the exact positions of 
the double bonds could not be determined. A fragment consisting of 
C8F13

- , giving more information than MS1 alone, indicated that the 
compound was at the very least unsaturated in two places. Due to this 
lack of information, the CL was 3b. Only one previous study has detected 
this compound, in an AFFF formulation [52].

Another compound, known commercially as Bistriflimide (ID 22 f), 
was identified (Fig. S11 in SI). The compound is characterized by a 
central amide with SO2 groups on each side, which is bonded to terminal 
CF3. Although the molecule is small, the fragments obtained through 
MS2 data can be considered diagnostic, and as such it was identified at 
CL 2b. Bistriflimide is used as a reagent and catalyst in organic synthesis 
[53].

3.2. Structural and prioritization results from non-target screening

Non-target screening yielded two new classes of PFAS and four in-
dividual PFAS which, to the best of our knowledge, have never been 
reported previously, are not included in any suspect list, and have not 
been proposed in any previous study. These completely new and unre-
ported compounds were in fact transformation products which devel-
oped during EO, indicating that entirely new structures can be created in 
remediation technologies.

In total, the non-target screening process yielded nine individual 
PFAS which were not present in any of the suspect lists used in the study. 
These included FASHN (ID 8 f), MeOH-FASA (ID 11 f), Me-FASASiA (ID 
13 f), and FASASA (ID 16 f), where the classes FASHN and MeOH-FASA 
have not been reported previously. The other classes discovered in non- 
target screening prioritization have been reported previously [41,54], 
but new homologues were discovered in these classes, extending pre-
vious findings.

The first class of new compounds discovered (CL 2b) comprised 
perfluoroalkyl sulfonate hyponitrites (FASHN, ID 8 f) with perfluoro-
carbon chain length ranging from C4 to C6. The annotated spectrum of 
the C6 homologue, perfluorohexane sulfonhyponitrite (FHxSHN), is 
shown in Fig. 2. Some fragments in the fragment library were the parent 
ions of the various chain lengths of PFSA, which were formed on neutral 
loss of N2O- as a transformation product created in the EO process (see 
Section 3.4.1).

The second new class of compounds, which also was determined to 
be formed during EO, was N-methanol perfluoroalkyl sulfonamide 
(MeOH-FASA) with C6 chain length (MeOH-FHxSA; Fig. S12 in SI). The 
two pieces of evidence which led to derivation of this structure were the 
mass of the neutral loss and the fragment at ~107 m/z, indicating 
CHNO3S as the functional head group. The most likely configuration in 
this case is a sulfonamide with an unsaturated carbon bonded to an 
alcohol, hence the name MeOH-FASA. No homologues were detected 
and only C6 MeOH-FASA was identified at CL 2b.

Other compound groups detected are better classified as emerging 
classes of environmental pollutants rather than completely new PFAS, as 
they have been reported previously [41,54,55]. However, the comple-
mentary information provided here demonstrates that additional iso-
mers and homologues should be included in future studies. Therefore, 
information about the characteristic fragments is provided here to 
confirm and expand current knowledge.

The first class of emerging PFAS discovered was named per-
fluoroalkyl sulfonamide sulfonic acid (FASASA, 16 f) with two homo-
logues in this class, namely C6 and C8, at CL 2c (Fig. S13 in SI). The most 
stable and intense peak in the mass spectrum was a m/z corresponding to 

FHxSA, which resulted from a neutral loss determined to be SO3
- . This 

resulted in an observed m/z of a FHxSA and FOSA for C6 and C8, 
respectively. Additional evidence that the feature contained nitrogen 
was the peak at 77.96552 m/z, which corresponds to a molecular for-
mula of SO2N- and is commonly found in FASA and other PFAS con-
taining sulfonamide functional groups. The data obtained with collision 
energies at 10 and 30 eV did not yield any peaks with only the per-
fluoroalkyl backbone. However, when the collision energy was 
increased to 50 eV, C2F5

- and C3F7
- peaks were observed, further con-

firming the annotation. Although the head group of this class seems 
unorthodox, it has previously been synthesized in production of Zinc- 
Enzyme inhibitors [56]. It was detected in a recent study analyzing 
AFFF-impacted groundwater [54], which was the first to report the C6 
homologue, a finding now complemented by our discovery of the C8 
homologue.

Another class of emerging compounds with m/z of 475.93005 was 
discovered (Fig. S14 in SI). On elucidating the structure of this com-
pound, it was determined to be an n-methyl perfluoroalkyl sulfonamide 
sulfinic acid (Me-FASASi) previously described in the literature as 
“methyl((perfluorohexyl)sulfonyl)sulfuramidous acid” [41]. However, 
Dewapriya et al. [41] discovered only two homologues, namely C6 and 
C8, whereas we identified C4, C5, and C6 homologues. Additionally, this 
class of PFAS has only previously been detected in blood serum samples 
obtained from cattle [41], and our study is the first to detect it in 
aqueous samples.

The third class of emerging compounds discovered had a theoretical 
m/z of 440.94717 (Fig. S15 in SI). It has been reported in a previous 
publication as a type of fluorotelomer [55]. However, our results indi-
cated that this feature is in fact a cyclic isomer (see compound ID 11 f in 
Table 1). The main evidence indicating a cyclic structure was the low 
amount of CF2

- losses and the fact that the longest perfluoroalkyl chain 
detected was a C3F5

- peak. Additionally, most of the peaks detected by 
Hensema et al. (2020) were not detected in any MS2 data in our study. 
However, the ring opening is not well described by the detected frag-
ments (Fig. S15 in SI) and the compound of concern has not been 
confirmed with authentic reference standards.

3.3. Suspect screening of chlorinated and brominated compounds

A total of 12 chlorinated and two brominated compounds were 
detected and confirmed at CL 3 or above using the conventional Schy-
manski scale for assigning CL [35]. All compounds with CL 2a were 
confirmed using the Massbank mass spectrum record, which includes 
aromatic chlorinated transformation products, brominated trans-
formation products, ordinary chlorinated micropollutants, and ordinary 
brominated micropollutants. No compounds which contained both 
chlorine and bromine in the same structure were detected. One com-
pound detected (1,2,2-trichloroethanesulfonic acid) was not present in 
any of the suspect lists, so it had to be manually annotated. Mass spec-
trometry evidence and a discussion of compounds not identified as EO 
transformation products are provided in SI.

1,2,2-Trichloroethane sulfonic acid (ID 1c) is a highly chlorinated 
compound which was not present in any suspect list, but the fragments 
gave enough information to confirm it at CL 2b (Fig. S16 in SI). This 
compound has not been reported previously, to the best of our knowl-
edge. The structure was determined based on the fragment observed at 
114.92658 m/z, which with the aid of an elemental composition 
calculator was calculated to be an SO3Cl- ion. Based on this, the 
elemental composition of the compound was calculated to be 
C2Cl3SO3H.

3,5-Dichlorosalicylic (ID 3c) acid was detected using the suspect list 
from Massbank (Fig. S17 in SI). There were many different isomers, but 
only one matched the spectral library obtained from Massbank at CL 2a. 
3,5-Dichlorosalicylic acid is a bioactive compound used as a primer to 
start a defensive reaction in plants [57]. It has also been detected pre-
viously as a byproduct after EO treatment [58], as further discussed in 
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Section 3.4.2 below.
Three nitro-substituted phenyl compounds were detected, all of 

which were determined to be transformation products. This class of 
compounds was not well defined due to the absence of any Massbank 
records for the proposed structures. 2,6-Dichloro-4-nitrophenol (ID 4c) 
was detected through the suspect list (Fig. S18 in SI). This compound 
was not available in any spectral library that we accessed and could only 
be confirmed at CL 3. 2,6-Dichloro-4-nitrophenol is an intermediate in 
chemical synthesis and a disinfection byproduct [59]. It has been re-
ported previously in various matrices such as seawater and drinking 
water ([60]; J. [61]). 2-Chloro-4,6-dinitrophenol (ID 7c) was deter-
mined at CL 3 (Fig. S19 in SI). It is a supplement used in culture medium 
for growth of microorganisms and has been reported previously in 
wastewater [62,63]. 4-Chloro-3-nitrobenzenesulfonic acid (10c) was 
identified at CL 3 (Fig. S20 in SI). It is a reagent used for preparation of 
2-chloro-3-bromoaniline [64]. It is included in a suspect list made 
through in-silico predictions of phase 1 human metabolites [65].

3-[(2-Chlorophenyl)amino]− 3-oxopropanoic acid (ID 6c), which 
was detected with the suspect list, did not have any spectral record in 
Massbank with CL 3 (Fig. S21 in SI). This compound has a data quality 
level of 5 on the CompTox Chemicals Dashboard, which is “program-
matically curated from ACToR or PubChem, unique chemical identifiers 
with low confidence, single public source” with no reliable source 
available [66].

Only two brominated compounds were identified in suspect 
screening and both were determined to be transformation products. One 
of these, 2,4-dinitro-6-bromophenol (ID 1b), had very few fragments 
that could be considered diagnostic and the exact positions of the 
functional groups on the benzene could not be determined, so it was 
given CL 3 (Fig. S22 in SI). It is a precursor to brominated aniline de-
rivatives and is hypothesized to be a potential breakdown product of 
tetrabromobisphenol A [67,68]. The other brominated compound 
detected in suspect screening was 3,5-dibromo-4-hydroxybenzoic acid 
(ID 2b), at CL 3 (Fig. S23 in SI). It is a secondary plant metabolite and has 
been reported previously in rivers downstream of industrial waste water 
effluents ([69]; H. H. [70])..

3.4. Transformation products

3.4.1. PFAS transformation products
Three different groups of PFAS were detected during EO and classi-

fied as (i) detected at all or almost all time points during EO at the same 
intensity, (ii) decreasing normalized area during EO, indicating miner-
alization or transformation of the compound into transformation prod-
ucts, or (iii) PFAS transformation products not detected at t = 0 and 
formed during EO (Fig. 3). The PFAS classes detected at all time points 
were PFESA (only the shortest homologue, ID 10 f, with some excep-
tions), Keto-PFSA (ID 14 f), and DUPFOS (ID 15 f), indicating that these 
persistent PFAS were resistant to the EO process applied in this study. 
The PFAS classes which showed decreasing levels were PFOCHS (ID 
12 f), Me-FASASi (ID 13 f), FASASA (ID 16 f), Me-FASAA (ID 17 f), Et- 
FASAA (ID 18 f), N-SPAmP-FHxSA (ID 19 f), N-SPAmP-FHxSAA (ID 
20 f), N-SPAmP-FHxSAPS (ID 21 f), and Bistriflimide (ID 22 f). The 
decreasing concentrations indicate that these compounds were either 
changed into transformation products or mineralized, as shown previ-
ously for PFCA and PFSA [71,72]. The third class of PFAS created during 
the EO process included FASHN (ID 8 f), H-PFSA (ID 9 f), and PFPrES in 
the PFESA (ID 10 f).

An increase in nitrate, originating from oxidation of ammonia during 
EO, may explain the formation of FASHN (Fig. 4). The hyponitrous acid 
group (N2O2H-group) of FASHN could be explained by the high con-
centration of nitrate, which in groundwater samples increased from 
below 1 mg L-1 to 6–8 mg L-1 after EO treatment in our previous study 
[13]. The high oxidation potential of the boron-doped diamond may 
have resulted in formation of hyponitrous acid, as an intermediate in 
ammonia oxidation that can be nucleophilically substituted on the 

Table 2 
Summary of results of suspect screening of chlorinated and brominated com-
pounds: ID, class name, structure, and confidence level (CL).

ID Name Structure CL
1c 1,2,2-Trichloroethane- 

sulfonic acid
2b

2c Chlorprop 2a

3c 3,5-Dichlorosalicylic acid 3

4c 2,6-Dichloro− 4-nitrophenol 3

5c Mecoprop 2a

6c 3-[(2-Chlorophenyl)amino]−
3-oxopropanoic acid

3

7c 2-Chloro− 4,6-dinitrophenol 3

8c 2-Chloro− 4- 
aminotoluene− 5-sulfonic 
acid

3

9c 2,5-Dichlorobenzene-sulfonic 
acid

3

(continued on next page)
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sulfonic acid head-group. We base this hypothesis on fundamental data 
on ammonia oxidation showing that one of the intermediate oxidation 
products is hyponitrous acid [73].

Although FASASA was not identified as a transformation product in 
EO treatment, we highlight it as a compound of emerging concern. A 
previous study showed that compounds with the FASASA head group 
(C6F5SO2NHSO3H & 3-CF3-C6H4 SO2NHSO3H) can be synthesized from 
alkylsulfonyl halides and sulfamic acid, in the presence of 1 N NaOH 
[74]. We hypothesize that the presence of sulfamic acid, which has been 
detected in wastewater treatment plant effluent around Europe at con-
centrations up to 1.6 ppm [75], led to the formation of FASASA-type 
compounds in the landfill from which our leachate samples origi-
nated. Sulfamic acid has also been detected in Candian municipal 
landfill sites and we believe that it is likely then to also be present in this 
landfill [76].

MeOH-FHxSA (ID 11 f) was detected after one hour of EO treatment, 
but not after 3 h or at any other time point. The most likely reason, based 
on the structure determined for this compound, was incomplete degra-
dation of e.g., N-SPAmP-FHxSAA, Et-FASAA, or Me-FASAA. Common 
transformation products that occur normally during natural degradation 
are N-ethyl (Et-FOSE) and N-methyl perfluoroalkyl sulfonamido etha-
nols (Me-FOSE), which are very close in structure to MeOH-FHxSA (J. 
[77]). A carboxylic acid functional group is located on the amide for 
N-SPAmP-FHxSAA, as also observed for Et-FHxSAA and Me-FHxSAA. 

These could be converted to alcohols through a hydroxyl substitution 
on the carbon bonded to the amide combined with alkyl cleavages 
(Fig. 4).

H-PFSA were also determined to be a transformation product, as they 
were only detected in treated samples. However, the branched isomer of 
H-PFHxS was detected at t = 0 in every sample matrix. This class of 
PFAS is known to occur in biota and other environmental matrices such 
as groundwater, wastewater, and AFFF impacted soils. ([41,55]; T. [78, 
79]). Detection of H-PFSA in our samples may indicate a new pathway 
for formation of hydrogen-substituted PFAS in aqueous samples. Only 
H-PFSA were detected here, but other terminal PFAS products such as 
H-PFCA should not be ignored and may be detected in other EO studies.

PFESA were not detected at t = 0 of EO treatment in one of the four 
matrices analyzed (leachate water), while in the other three matrices 
PFPeES and PFBES were detected at t = 0. On the other hand, PFPrES 
was never detected at t = 0, but at the earliest after 3 h of EO treatment. 
It is possible that chain shortening of longer-chain PFESA occurred, 
since the intensity of shorter-chain PFESA increased from 0 to 3 h of EO 
treatment. This is consistent with the mechanism of EO treatment, which 
results in chain shortening [16].

Me-FASASiA was detected in groundwater sample at t = 0, whereas 
it was not detected in leachate water at t = 0, but appeared after 1 h of 
EO treatment. It is possible that this class was simply not detected at 
t = 0 in the leachate samples due to low concentrations or matrix effects, 
rather than being formed during EO. This class of PFAS has been 
detected in biota [41], but was detected in aqueous samples for the first 
time in this study.

3.4.2. Chlorinated and brominated transformation products
There was a clear trend for all transformation products, except 3,5- 

dibromo-4-hydroxybenzoic acid and 3-[(2-chlorophenyl)amino]− 3- 
oxopropanoic acid, to contain nitro groups, due to the increase of nitrate 
after EO (see Section 3.4.1). Introduction of nitrate radicals into a system 
has previously been shown to produce nitrate-containing organics, with 
nitro-substitution as a transformation pathway [80]. Another interesting 
finding was that these transformation products were often created, but 
then began breaking down. This indicates that nitrate was not the 
limiting reagent for their formation, since it was still present after the 
treatment.

In the EO-treated groundwater foam, nitro-phenols (2,6-dichloro-4- 
nitrophenol, 2-chloro-4,6-dinitrophenol, and 2,4-dinitro-6-bromophe-
nol; ID 4c, 7c, and 1b) were not detected until after t = 5 h, whereas 
these compounds were detected at t = 3 h in the EO-treated ground-
water (Fig. 5). The time of highest intensity for these transformation 
products also differed between the EO-treated groundwater and 
groundwater foam (Fig. 5). Two out of three transformation products 
were present in their highest concentration in the EO-treated ground-
water at t = 5 h, but in the EO-treated groundwater foam at t = 7. Thus 
either the foam fractionation pre-treatment did not efficiently concen-
trate the precursors needed for formation of these transformation 
products, or the foam matrix limited the rate of reaction. This slower 
formation means that the foam fractionation step could create a rate- 
limiting matrix, where pre-concentration of PFAS causes some chlori-
nated and brominated compounds to be less efficiently oxidized. 3,5- 
dichlorosalicylic acid has been reported previously as a byproduct of 
EO [58], but in our study it was detected before treatment and the 
concentration increased as more was formed during EO treatment.

This study demonstrated formation of transformation products dur-
ing EO treatment, which occurred as a direct result of the treatment. The 
toxicity of the newly formed compounds need to be investigated in the 
future. However, in our previous study [13] we included effect-based 
analyses, namely transthyretin (TTR)-binding assays and A. fischeri 
bioluminescence assays. The TTR binding assay uses endocrine disrup-
tion as its endpoint, while the bioluminescence assay is a measure of 
general toxic potency. The activity (toxicity) of the water decreased 
strongly (~ 90 %) after electrochemical treatment for both assays [13], 

Table 2 (continued )

10c 4-Chloro− 3-nitrobenzene- 
sulfonic acid

3

11c 2,3,4-Trichlorobenzene- 
sulfonic acid

2b

12c 2-(2-Amino− 4- 
chlorophenoxy)− 5- 
chlorobenzene-sulfonic acid

3

1b 2,4-dinitro− 6-bromophenol 3

2b 3,5-Dibromo− 4- 
hydroxybenzoic acid

3
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indicating that the activity of the transformation products was negligible 
compared with that of the original pollutants. However, the toxicity of 
the untreated water could not be explained solely by the originally 
measured target PFAS, and hence the compounds identified here may 
have partly caused the bioassay activity at time zero.

In addition to contamination of the aqueous environment, there may 

be a risk of emitting unknown transformation products (products of 
incomplete destruction, reactions occurring with the matrix, etc.) to the 
air. Little is known about this, necessitating further research on the 
water treatment techniques currently used. What is known is currently is 
the risk of producing short chain PFAS which although not as bio-
accumulative, might still be toxic due to their ubiquity in the 

Fig. 3. Heat map of per- and polyfluoroalkyl substances (PFAS) detected in suspect and non-target screening of enriched foam obtained from groundwater after 0, 1, 
3, 5, 7, and 9 h of electrochemical oxidation (EO) treatment. A compound with an “iso-“prefix is a branched isomer which eluted before the linear isomer.

Fig. 4. Proposed formation pathway of (top to bottom) FASHN, FASASA, and MeOH-FASA, three new classes of per- and polyfluoroalkyl substances (PFAS) 
discovered in this study. Compound structures marked in pink boxes were detected and structure was determined at confidence level (CL) 3d or above.
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environment. Furthermore, techniques such as GAC and foam fraction-
ation are less effective at removing short chain PFAS [16,26]. The risk of 
emitting airborne contaminants should also be investigated. 
Effect-directed analyses could be used for identification of such toxic 
compounds [81], by combining appropriate bioassays with non-targeted 
screening techniques.

4. Conclusions

PFAS, chlorinated and brominated compounds, and their trans-
formation products were identified in landfill leachate and groundwater 
treated with EO, with or without foam fractionation as a pre- 
concentration step. Thus while EO treatment may have the potential 
to destroy PFAS, there is an associated risk of formation of trans-
formation products. More studies are needed to determine their con-
centrations and their toxicity. This study revealed that ammonia is 
oxidized during EO, so formation of nitrate and nitrate radicals might be 
one of the contributing factors to formation of N-containing trans-
formation products. Literature has found that halogenated nitrogenous 
disinfection byproducts are more toxic disinfection byproducts that are 
only halogenated [82].

Suspect and non-target screening proved to be appropriate tech-
niques for exploring the chemical space created by destructive treatment 
of PFAS. Two new classes of PFAS (FASHN and MeOH-FASA) were 
discovered for the first time, one of which included transformation 
products (FASHN). These transformation products were possibly formed 
through a substitution reaction of hyponitrous acid, with this functional 
group becoming the new head group of a PFAS. Detection of H-PFSA 
revealed a potential new pathway for its formation during EO treatment. 

Six chlorinated or brominated compounds formed during EO treatment 
were detected, and pre-treatment with foam fractionation seemed to 
affect formation and/or degradation of these compounds.

These findings highlight the need to monitor transformation prod-
ucts during EO treatment and the importance of suspect and non- 
targeted screening tools. Further studies are needed to identify trans-
formation products arising in novel destructive treatment technologies 
being developed in response to stricter PFAS regulations in drinking 
water and other aqueous matrices. Previous bioassays indicate that the 
transformation products identified here are unlikely to be significantly 
biologically active, but it is possible that previously unidentified PFAS 
present before treatment modified the biological effect in the matrices 
tested.

Environmental implication

This study focuses on the identification of PFAS and other haloge-
nated compounds, and their transformation products using electro-
chemical oxidation (EO) on landfill leachate and groundwater. The 
development of advanced treatment methods can reduce the potential 
thread of these compounds to environmental and human health. In this 
study potentially toxic transformation products are formed during the 
EO treatment process, which can be potential environmental hazards. 
Additionally, we could show that the water matrix plays an important 
role in the types of chemicals that can be formed. This study contributes 
to a better evaluation of advanced treatment method for removal of 
hazardous pollutants.

Fig. 5. Heat map of chlorinated and brominated compounds identified during suspect screening after 0, 1, 3, 5, 7, and 9 h of electrochemical oxidation (EO) 
treatment in (left) 50 L of groundwater (GW50L) treated with EO and (right) groundwater foam (GWFoam) pre-treated with foam fractionation and then treated 
with EO.
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