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Abstract  1 

Total fluorine was determined in 44 consumer product samples from the Swedish market which 2 

were either suspected or known to contain fluorinated polymers. Product categories included 3 

cookware (70-550 000 ppm F), textiles (10-1600 ppm F), electronics (20-2100 ppm F), and 4 

personal care products (10-630 000 ppm F). To confirm that the fluorine was organic in nature, 5 

and deduce structure, a qualitative pyrolysis-gas chromatography-mass spectrometry (pyr-6 

GC/MS) method was validated using a suite of reference materials. When applied to samples 7 

with unknown PFAS content, the method was successful at identifying polytetrafluoroethylene 8 

in cookware, dental products, and electronics at concentrations as little as 0.1-0.2 wt%. It was 9 

also possible to distinguish between 3 different side-chain fluorinated polymers in textiles. 10 

Several products appeared to contain high levels of inorganic fluorine. This is one of the few 11 

studies to quantify fluorine in a wide range of consumer plastics and provides important data 12 

on the concentration of fluorine in materials which may be intended for recycling, along with 13 

insights into the application of pyr-GC/MS for structural elucidation of fluorinated polymers 14 

in consumer products.   15 

 16 

 17 

 18 

 19 

Environmental significance 20 

Due to their unique physical-chemical properties, per- and polyfluoroalkyl substances (PFAS) 21 

are used across a wide range of consumer products. PFAS may be released from these products 22 

into the environment over the course of their lifecycle (including during manufacture, use and 23 

disposal). While class-wide regulation to mitigate PFAS exposure is currently under 24 

consideration, appropriate analytical tools are still needed to support enforcement. The present 25 

work determined total fluorine across four different product categories (cookware, textiles, 26 

electronics and personal care products), and compared these levels to proposed regulatory 27 

guidelines. Thereafter, a new approach based on pyrolysis gas chromatography-mass 28 

spectrometry was validated for identifying the nature (i.e., organic or inorganic) and structure 29 

of the fluorine. In addition to providing new measurements of total fluorine in consumer 30 

products suitable for inventories and environmental emission estimates, this work lays the 31 

groundwork for new analytical approaches for identifying PFAS in consumer products which 32 

may be suitable for future regulatory enforcement.  33 

https://doi.org/10.26434/chemrxiv-2023-q3wlz ORCID: https://orcid.org/0009-0001-0662-6202 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-q3wlz
https://orcid.org/0009-0001-0662-6202
https://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction  34 

 35 

Per- and polyfluoroalkyl substances (PFAS) encompass a diverse class of over 12 000 36 

chemicals containing at least one perfluoromethyl (CF3) or methylene (-CF2-) group.1,2 37 

Collectively, these chemicals span a wide range of physical- chemical properties, from low 38 

molecular weight, highly polar, water-soluble acids (e.g. trifluoroacetic acid) to high molecular 39 

weight, water- and oil-repelling polymers (e.g. polytetrafluoroethylene (PTFE)). The unique 40 

properties of PFAS have led to their widespread use in materials such as food packaging, paper, 41 

textiles, plastics, and cosmetic products.3 However, PFAS are also highly persistent and have 42 

been linked to adverse health effects in humans and in animal models4 as well as in wildlife.5 43 

This is particularly concerning considering that PFAS already contaminate the global 44 

environment,6,7 and occur in the tissues of humans and wildlife everywhere.8 45 

 46 

As a result of their widespread occurrence and problematic risk profile, efforts to restrict the 47 

use of PFAS have ramped up over the last 2 decades. In 2020, the EU’s Chemicals Strategy for 48 

Sustainability indicated that use of PFAS should be phased out unless proven essential for 49 

society,9 and on January 13, 2023, a broad restriction proposal was submitted to the European 50 

Chemicals Agency (ECHA), by Sweden, Norway, Denmark, Germany and the Netherlands, 51 

which targets the entire PFAS class.10 This proposal is expected to go into force by 2025.11 52 

Among the conditions of the proposal is the requirement that products should not exceed 50 53 

mg F/kg (parts per million - ppm), which includes both non-polymeric and polymeric PFAS. 54 

According to data for the Nordic market, fluorinated polymers are the most prevalent PFAS 55 

used in consumer products.3 This subclass of PFAS includes side-chain fluorinated polymers, 56 

fluoropolymers, and perfluoropolyethers.12 Fluoropolymers consist of a polymeric carbon 57 

backbone with fluorine atoms (F) bound to carbon and are used in particularly large quantities 58 

compared to the other two categories of fluorinated polymers.3 PTFE dominates the 59 

fluoropolymer market, with 53% of total global consumption, and polyvinylidene fluoride 60 

(PVDF) and fluorinated ethylene propylene (FEP) are second and third place, contributing 16% 61 

and 10% of global consumption, respectively.13 Side-chain fluorinated polymers (SFPs) consist 62 

of a polymeric hydrocarbon backbone of variable composition (e.g., acrylate and/or 63 

methacrylate, urethane, and oxetane) with polyfluoroalkyl (and possibly perfluoroalkyl) side 64 

chains. Historically, SFPs contained side chains comprising 8 fully fluorinated carbon atoms 65 

(C8 chemistry); but more contemporary SFPs utilize C4 or C6 chemistries.14 Finally, 66 

perfluoropolyethers comprise hydrocarbon backbones separated by oxygen atoms (ether 67 

linkages) and, like fluoropolymers, the fluorine atoms are bound directly to the polymeric 68 

backbone. Typically, in the polymeric backbone of perfluoropolyethers, -CF2-, -CF2CF2-, and 69 

possibly -CF(CF3)CF2- units are separated by ether linkages.12 70 

 71 

Total fluorine determination, for example by particle-induced gamma ray emission 72 

spectroscopy (PIGE) or combustion ion chromatography (CIC), is commonly used for 73 

quantifying fluorinated polymers across all consumer product categories.15–18 However, these 74 

techniques may be subject to false positives from inorganic fluorine19 and more importantly, 75 

do not offer structural information. The former problem can be overcome by measuring 76 

extractable organic fluorine (EOF), but this approach also overlooks structure. Furthermore, 77 

most fluorinated polymers are generally not extractable using organic solvents typically 78 

employed for PFAS analysis.20 Alternatively, structural information on polymers can be 79 

obtained via methods such as matrix assisted laser desorption ionization (MALDI)21 or indirect 80 

approaches such as the total oxidizable precursors (TOP) assay,22 photoTOP,23 or the total 81 

hydrolysable precursors method,24 but these techniques are limited to characterization of SFPs 82 

and tend to under-report concentrations.23 Thus, universal approaches for structural elucidation 83 
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of fluorinated polymers are clearly needed. Pyrolysis-gas chromatography-mass spectrometry 84 

(pyr-GC/MS) is a commonly used method for identifying plastic and plastic additives,25 and 85 

involves pyrolyzing a sample directly (i.e. without extraction) at temperatures between 250-86 

1000 °C, followed by online analysis of the degradation products.25 Pyr-GC/MS has been 87 

successfully applied for distinguishing PTFE from SFPs in textiles of firefighter turnout gear18 88 

and for studying thermal decomposition of PFAS,26–28 but to the best of our knowledge has not 89 

yet been investigated for structural elucidation of PFAS in consumer products.  90 

 91 

The objectives of the present work were to carry out a broad survey of fluorine content in 92 

consumer products from the Swedish Market using CIC and evaluate the potential of pyr-93 

GC/MS for characterizing the nature of the fluorine. Collectively, these data represent the most 94 

extensive survey of fluorine content in materials and provide important information on both 95 

the concentration and identity of PFAS in these products. This work offers a new means of 96 

screening polymeric PFAS in consumer products that may be suitable for enforcing the EU-97 

wide PFAS restriction proposal, when it comes into force.    98 

 99 

Materials and Methods  100 

Samples 101 

Products from 4 different product categories (cookware, textiles, electronics, and personal care 102 

products) were provided by industry partners in the POPFREE Industry project29 or obtained 103 

from stores/companies in Sweden (see overview in Table S1 of the supporting information; 104 

SI). All samples (with the exception of the C1 ceramic baking plate) were analyzed for total 105 

fluorine by CIC and a subset were subjected to follow-up analysis by pyr-GC/MS (Table S1). 106 

A detailed overview of the 45 samples from each product category is as follows: 107 

 108 

Electronics – 5 electronic products were examined, including a coffee maker, a loudspeaker, 2 109 

battery powered earphone charging cases, and a kettle. None of these products were known to 110 

contain PFAS. The loudspeaker and coffee maker were disassembled into 4 and 6 components, 111 

respectively, which were measured separately. In total, 15 individual samples were analyzed, 112 

including cables, plastic parts, paper material and tape. Sub-sampling was carried out by 113 

removing a small slice of the material with a scalpel and placing it in polypropylene (PP) tubes 114 

prior to analysis. 115 

 116 

Personal care products – A total of 9 personal care products were examined, including 4 dental 117 

floss/picks, 2 water resistant /waterproof band aids, an interdental toothbrush, a sterile dressing, 118 

and the packaging from a onetime use facial serum. According to the packaging one product 119 

(dental floss H74) contained PTFE while another (dental product H79) contained fluoride. The 120 

products were cut into small pieces with a scissor and kept in PP tubes for further analysis. 121 

 122 

Cookware – A total of 8 cookware products were investigated. Five products were coated with 123 

an unknown non-stick surface (3 air fryers, 1 hamburger press, and a bake form), 2 with PTFE 124 

(1 frying pan, 1 oven form), and 1 with a ceramic Si-based coating (baking plate/sheet). The 125 

coatings were scratched off with a scalpel and stored in polypropylene (PP) tubes prior to 126 

analysis.  127 

 128 

Textiles – A total of 13 individual textile products were examined in the present work. Three 129 

products (shade sail, tablecloth, and backpack) did not include any information about the 130 

coating. The remaining 10 textiles consisted of 5 fabric types (nylon, polyester with 131 

polyurethane laminate, polyamide, and polyester textile with polyester laminate, and cotton), 132 

which, according to the suppliers, were treated with commercial PFAS-free (coded as “C0-133 
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finish”) or C6-SFP (coded as “C6-finish”) durable water repellent (DWR) coatings.  Textiles 134 

were sub-sampled using scissors that were pre-cleaned with methanol. The samples were stored 135 

in PP tubes prior to analysis. Further, three pieces of each fabric (8.6 cm2 – 59 cm2) were 136 

weighed for density estimation.  137 

 138 

Instrumental analysis 139 

Total fluorine determination by combustion ion chromatography (TF-CIC) - TF 140 

measurements were carried out on all samples using a Thermo-Mitsubishi combustion ion 141 

chromatograph (CIC) using a previously established method (Schultes et al. 2018). Between 142 

0.1 and 0.9 mg of sample material (depending on expected fluorine concentrations) was 143 

weighed into a pre-baked ceramic boat.  The samples were combusted in a furnace (HF-210, 144 

Mitsubishi) at 1100 °C under a flow of oxygen (400 L min−1) and argon mixed with water 145 

vapor (200 L min−1) for approximately 5 minutes. Combustion gases were absorbed in MilliQ 146 

water during the entire length of the combustion process using a gas absorber unit (GA-210, 147 

Mitsubishi). An aliquot of the absorption solution (50 μl) was injected onto an ion 148 

chromatograph (Dionex Integrion HPIC, Thermo Fisher Scientific) equipped with an anion 149 

exchange column (Dionex IonPac AS19 2 × 50 mm guard column and 2 × 250 mm analytical 150 

column, 7.5 μm particle size) operated at 30 °C. Chromatographic separation was achieved by 151 

running a gradient of aqueous hydroxide mobile phase ramping from 8 mM to 60 mM at a flow 152 

rate of 0.25 ml min−1. Fluoride was detected using a conductivity detector. 153 

 154 

Structural elucidation by pyrolysis GC-MS (pyr-GC/MS) - Pyrolysis was carried out on a 155 

subset of samples using a PYROLA 2000 filament pulse pyrolyzer (Pyrol AB, Lund, Sweden). 156 

The pyrolysis chamber (165 °C) was purged with helium gas and thereafter ~0.5 mg of sample 157 

was pyrolyzed at approximately 700 °C (determined from initial testing with cookware 158 

products). The GC/MS system consisted of an Agilent 8890 GC coupled to an Agilent 5977B 159 

MSD mass spectrometer. Chromatography was achieved on a 30 m × 0.25 mm i.d. Agilent HP-160 

5MS Ultra Inert (Chrompack) column. The temperature programme started at 50 °C (hold for 161 

2 min), then increased at 21 °C min-1 to 325 °C (hold for 12 min). The mass spectrometer was 162 

operated in electron impact (EI) mode.  163 

 164 

While pyr-GC/MS is a well-established technique, it has not been widely adopted for structural 165 

elucidation of PFAS in consumer products. In order to examine the potential of PFAS to form 166 

“fingerprint-like” pyrolysis products suitable for identification in consumer products, we 167 

examined the pyrolysis GC(EI)MS spectra produced from authentic standards of 168 

perfluorohexanoate (PFHxA), perfluorooctanoate (PFOA), and perfluorohexane sulfonate 169 

(PFHxS) purchased from Sigma-Aldrich, and perfluorobutane sulfonate (PFBS) purchased 170 

from Dyneon (Belgium) as well as four reference polyamide textiles (one uncoated, one coated 171 

with C4F9SO2N− “C4-SFP”, one with C6F13C2H2− “C6-SFP”, and one with C8F17C2H2− “C8-172 

SFP”) that were prepared in-house14 (for details see SI). Two cookware products known to 173 

contain a PTFE coating (C2 and C11) and one baking plate (C1) known to contain a ceramic 174 

Si-based coating were also used as references. Finally, pure polymer granulates of fluorinated 175 

ethylene propylene (FEP) and perfluoroalkoxy alkanes (PFA) which were kindly donated by a 176 

Swedish cable producer were analyzed.  177 

 178 

Quality control 179 

We previously demonstrated that fluorine measurements on our CIC were F-specific.30 180 

Moreover, a series of internal validation and interlaboratory comparisons have confirmed total 181 

fluorine measurements to be accurate, reproducible, and in good concordance with other 182 
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laboratories across a wide range of matrices.16,17,22,31 Ongoing QC in the present work involved 183 

(at minimum) triplicate combustions of boat blanks, a PFOS/PFOA standard and a certified 184 

reference material (CRM, BCR-461, fluorine in clay) for each batch of samples. Measurements 185 

of the CRM showed good agreement with the reference value (568 ± 60 mg of F/kg), with an 186 

average recovery of 91 ± 8%, indicating good method accuracy and precision. Around 30% of 187 

the samples in each batch were measured in duplicates. Finally, analysis of 16 samples by PIGE 188 

(see SI and Figure S1), showed no statistical difference (Wilcoxon-test; p>0.05) and a 189 

reasonable correlation with data produced by CIC (r2>0.71). Limits of detection (LODs) were 190 

estimated using the mean concentration measured in boat blanks plus 3 times the standard 191 

deviation. To avoid carryover, two to three boat blanks were measured after samples where 192 

high F content was expected. The average LOD for all analyzed batches was 22 µg F/g. 193 

Results and discussion 194 

Pyrolysis GC/MS method validation 195 

Perfluoroalkyl acid (PFAA) standards  196 

Pyr-GC/MS analysis of authentic standards of PFBS, PFHxA, PFHxS, and PFOA revealed a 197 

single peak eluting early in each of the total ion chromatograms, which was only observable 198 

after removing the mass spectrometer’s solvent delay. As expected, retention times increased 199 

with increasing perfluoroalkyl chain length (i.e. 1.41 min, 1.42 min, 1.44 min and 1.48 min, 200 

for PFBS, PFHxA, PFHxS, and PFOA, respectively; Figure 1). Unfortunately, most 201 

information on the original structure contained of the pyrolysis products was lost during EI 202 

ionization, resulting in highly fragmented mass spectra (Figure 1). As observed previously for 203 

PFOA,26 the perfluoroalkyl carboxylates (PFHxA and PFOA) produced major ions at m/z 131 204 

([C3F5]+) and m/z 69 ([CF3]+), followed by lower abundance ions at m/z 181 ([C4F7]+), 51 205 

([CF2H]+), 93 ([C3F3]+), 100 ([C2F4]+), and 119 ([C2F5]+). In comparison, the most abundant ion 206 

produced by the perfluoroalkane sulfonates (PFBS and PFHxS) occurred at m/z 69, followed 207 

by lower abundance ions at m/z 48 ([SO]+), 50 ([CF2]+), 64 ([SO2]+), 81 ([C2F3]+), 93, 100, 119, 208 

131, 169 ([C3F7]+), and 181 ([C4F7]+). Slight differences in the relative abundance of ions formed 209 

from PFBS and PFHxS were observed (e.g. PFBS produced a much stronger m/z 131 compared 210 

to PFHxS), but no ions appeared to be specific to either substance. Overall, these data indicate 211 

that perfluoroalkane sulfonates can be differentiated from perfluoroalkyl carboxylates based 212 

on differences in mass spectra, but that information on the chain length of the pyrolyzed 213 

substance requires the retention time of an authentic standard and cannot be deduced from the 214 

mass spectra alone, at least when using EI ionization.  215 

 216 

 217 
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 218 
 219 

Figure 1. Total ion chromatograms and mass spectra (inset) of the major peak for the individual 220 

PFAA standards PFBS (A), PFHxA (B), PFHxS (C), and PFOA (D). 221 

 222 

Side-chain fluorinated polymer reference materials 223 

Analysis of the three SFP-coated polyamide reference textiles revealed significantly more 224 

complex total ion chromatograms compared to the PFAA standards with many different peaks 225 

originating from the textile. Considering the results obtained from the PFAA standards, we 226 

anticipated that the major fluorinated peaks would elute early (i.e. ~1-2 min) in the SFP 227 

chromatograms. Indeed, high intensity peaks were observed at 1.28 (C4), 1.52 (C6), and 1.97 228 

(C8) min which were made up of characteristic fluorinated ions (i.e. m/z 51 ([HCF2]
+), 69, 77 229 

([C3H3F2]
+), 100, 119, 131, 150, and 169; Figure 2). Slight differences in the relative abundance 230 

of ions within these peaks were observed for each SFP. For example, m/z 69 was the major ion 231 

observed for the C4-SFP, whereas m/z 77 was the major ion for C6- and C8-SFPs. Importantly, 232 

no peaks were observed between 1.3 and 2 min in the total ion chromatogram of the uncoated 233 

(i.e. blank) polyamide textile, confirming that this retention time region is useful for monitoring 234 

the presence of SFPs in textiles. However, given that none of the ions making up these early 235 

eluting peaks provided information on the length of the side chain, the use of SFP reference 236 

materials for confirmation is recommended. 237 

We also examined later eluting peaks in the chromatograms, which we hypothesised could 238 

contain higher molecular weight pyrolysis products suitable for de novo structural elucidation 239 

of SFPs. For the C4-SFP, a peak at 9.23 min contained a potentially diagnostic ion at m/z 341 240 
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(tentatively [C4F9SO2NC3H8]
+), along with characteristic fluorinated ions at m/z 69, 100, and 241 

131, confirming the occurrence of a fluorinated pyrolysis product at this retention time. 242 

Likewise, a peak at 6.62 min in the C6-SFP chromatogram contained an ion at m/z 434 243 

(tentatively [C6F13C2H4OC4H7O]+) along with a number of typical fluorinated ions (m/z 51, 244 

69, 77, 100, 119 and 131). Finally, examination of the C8-SFP chromatogram revealed a peak 245 

at 6.19 min (m/z 505; tentatively C12H11F13O2) which again contained characteristic fluorinated 246 

ions (m/z 51, 69, 77, 100, 119, 131 and 169). In comparison, none of the aforementioned ions 247 

were observed at the same retention times in the uncoated textile. In fact, the only peak 248 

observed in the uncoated textile that risked triggering a false positive eluted very late in the 249 

program (10.66 min), and only contained two ions (m/z 77 and 131) in common with 250 

fluorinated ions. Confirmation of the presence of a SFP should therefore require positive 251 

matches for at least 3 ions eluting at the same retention time. Clearly, late eluting peaks in the 252 

chromatogram can aid in structural elucidation, but we note that these peaks are typically much 253 

less intense than the early eluting peaks in the chromatogram and may therefore be more 254 

difficult to detect. Overall, we recommend the use of m/z 131 as a first step in screening for 255 

SFPs in textiles. With few exceptions, this ion is both sensitive and highly specific to SFPs and 256 

provided much less interference compared to the total ion chromatogram. Although ion m/z 77 257 

is more intense, it is a common ion for many pyrolysis products and less specific to PFAS. 258 

 259 

Fluoropolymer reference materials 260 

Pyrolysis of PTFE obtained from two reference cookware products (C2 and C11) produced a 261 

single chromatographic peak at 1.3 min (Figure 2). Many of the ions in this peak were 262 

consistent with those observed from pyrolysis of the PFAA standards (i.e. m/z 69, 81, 100, 119, 263 

131), but at different relative abundances (e.g. m/z 81 and 100 were the major ions produced 264 

from PTFE compared to m/z 131, and 69 for the PFAA standards). The exceptions were m/z 265 

50 ([CF2]
+) and 150 ([C3F6]

+), which were only observed following pyrolysis of PTFE. These 266 

results are largely consistent with Muensterman et al. (2022),18 who reported the same ions at 267 

similar ratios following pyrolysis of a textile containing PTFE. Thus, m/z 100 ([C2F4]
+), m/z 268 

50 ([CF2]
+) and 150 ([C3F6]

+) occurring at 1.3 min initially appeared useful to screen for PTFE. 269 

However, subsequent pyrolysis of the fluoropolymers PFA and FEP revealed chromatograms 270 

with a peak eluting at the same retention time (after accounting for a retention time shift due to 271 

the use of a new GC column; Figure S2) and mass spectra which were indistinguishable from 272 

those of PTFE (Figure S2). This is perhaps not surprising considering their structural 273 

similarities. Since non-stick coating formulations commonly use a mixture of all three 274 

polymers,32 observation of a signal at 1.3 min from m/z 50, 100, and 150 should be considered 275 

a general indicator for the occurrence of PTFE and its co-polymers, rather than specifically for 276 

PTFE. For this reason, detection of PTFE in consumer products (see below) refers to “PTFE-277 

related polymers” rather than specifically to PTFE.  278 

A ceramic baking plate was also included as a reference material to verify the absence of typical 279 

PFAS ions (Figure S3). Indeed, none of the characteristic ions previously observed for PTFE 280 

or the PFAA standards were observed at 1.3 min for the ceramic baking plate, confirming the 281 

utility of this region for monitoring PTFE-related polymers (see e.g. Figure S3 vs Figure 1). 282 

However, the observation of environmentally persistent cyclic siloxane pyrolysis products was 283 
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notable (Figure S3) and requires further investigation when considering the life-cycle of Si-284 

based alternatives.   285 

 286 

Figure 2. Extracted ion chromatograms (m/z 131) for C4, C6, and C8 reference textiles (panel 287 

A) and the associated mass spectra for the first peak in each chromatogram (panels B-D). Panel 288 

E shows the total ion chromatogram for the PTFE-coated oven form, while the mass spectrum 289 

associated with the single peak at 1.3 min is provided in panel F.   290 
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Electronics 291 

Total fluorine concentrations in electronics ranged from <22-3040 µg F/g, with 12 out of 15 292 

samples exceeding the 50 µg F/g (ppm) regulatory limit suggested in the recent class-wide 293 

restriction proposal. Ten of these products were further characterized by pyr-GC/MS. 294 

Surprisingly, the plastic headphone cases (E38 and E39) and loudspeaker plastic back plate 295 

(E25-5) showed relatively high fluorine concentrations (1595, 1641 and 2064 µg F/g). Pyr-296 

GC/MS analysis of these samples revealed a peak with a retention time (1.3 min) and fragment 297 

ions (m/z 69, 81, 100, 131) which were characteristic of PTFE-related polymers (Figure 3). 298 

The highest concentrations of fluorine were observed in the two glass fibre cables of the coffee 299 

maker (E18-6: 3043 µg F/g and E18-7: 2121 µg F/g). Within the coffee maker, high 300 

concentrations occurred in the papermetal sheet (E18-1; 1580 µg F/g), another glass fibre cable 301 

(E18-2b; 957 µg F/g) and a coating (E18-4; 198 µg F/g), while the other plastic cable (E18-302 

2a), the plastic tube (E18-3a) and the plastic holder (E18-5) contained low levels of fluorine 303 

(38 – 53 µg F/g). Follow-up analysis of the papermetal sheet (E18-1), heat plate coating (E18-304 

4), and glass fibre cables (E18-2b and E18-6) by pyr-GC/MS revealed no evidence of 305 

organofluorine. For the former two samples, we speculate that the fluorine may be from mica, 306 

an inorganic pigment/filler that is commonly used in cookware to provide pearlescent 307 

aesthetics and for heat protection in high-temperature applications. As for the glass fibre cables, 308 

the total ion chromatograms indicate a silicone coating, but we could not determine the origin 309 

of the fluorine. Thus, this is an example of a product sample that requires further investigation 310 

to identify the structure of the fluorine measured in it.  311 

 312 

Personal care products 313 

Total fluorine concentrations in the nine personal care products ranged from <22-630 000 µg 314 

F/g (Figure 4), with two products exceeding the proposed 50 µg F/g regulatory limit. The first 315 

product, floss picks (H74; 632670 µg F/g), contained PTFE according to the packaging, which 316 

was ultimately confirmed by pyr-GC/MS. The second product, dental floss (H79; 573835 µg 317 

F/g), not only contained fluoride according to the packaging, but also PTFE, according to pyr-318 

GC/MS analysis. These data highlight the importance of follow-up analysis by pyr-GC/MS for 319 

confirming the nature of total fluorine measurements. While the exact proportion of total 320 

fluorine attributed to PTFE vs fluoride remains unclear, we can reasonably assume that most 321 

is from PTFE, since this appears to comprise the entirety of the floss material (the fluoride, in 322 

comparison, appears to be a coating on the floss). 323 

 324 
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 325 
 326 

Figure 3. A) Total fluorine concentrations in electronics, relative to the 50 ppm regulatory 327 

limit. The polymer listed above each bar indicates the identity of the organofluorine determined 328 

by pyr-GC/MS. B) Overview of coffee maker parts analyzed for total fluorine. C) Extracted 329 

ion chromatogram (m/z 100) for the plastic wireless headphone case E38 with a PTFE peak at 330 

1.3 min and a methylmethacrylate peak at 2.4 min. D) Mass spectrum of PTFE with the 331 

characteristic m/z peaks.332 
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 333 

 334 

Figure 4. A) Total fluorine concentrations in personal care products relative to the 50 ppm 335 

regulatory limit. The polymer listed above each bar indicates the identity of the organofluorine 336 

determined by pyr-GC/MS. B) Extracted ion chromatogram (m/z 100) for the dental floss 337 

products H74 and H79 with a PTFE peak at 1.3 min. C) Mass spectrum of PTFE with the 338 

characteristic m/z peaks illustrated for sample H79. 339 

 340 

 341 

Cookware 342 

All analyzed cookware coatings contained fluorine concentrations (range 70-550000 µg F/g) 343 

which exceeded the 50 ppm limit suggested in the restriction proposal. The highest fluorine 344 

concentrations were observed in oven form C2, frying pan C11, and air fryer C9 (553 064 µg 345 

F/g, 335 127 µg F/g, and 22 723 µg F/g, respectively), which had concentrations several orders 346 

of magnitude higher than the other products. For C2 and C11, high concentrations were 347 

expected due to the known PTFE coating (see prior section on pyr-GC/MS method validation). 348 

For the remaining five products (i.e. air fryer C9, bake form C4, hamburger press C17, air fryer 349 

C19 and air fryer C72) the coating was unknown. These products were therefore all subjected 350 

to further analysis by pyr-GC/MS. Note that the bake plate C1 was not analyzed with CIC due 351 

to the challenges of removing and collecting the extremely fine powder formed when trying to 352 

scrape off the coating.  353 

 354 
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For C4 (bake form) and C9 (air fryer), total ion chromatograms were consistent with one 355 

another but quite different from the PTFE (C2 and C11) and ceramic (C1) reference materials. 356 

The peaks in the total ion chromatogram indicated a siloxane-based polyester coating. An 357 

extracted ion chromatogram (m/z 100) was needed to observe a peak at 1.3 min with a mass 358 

spectrum corresponding to PTFE for the air fryer (C9) (Figure 5). This analysis was repeated 359 

three times and PTFE was found in all three analyses. However, no PTFE was found in the bake 360 

form (C4). It is not known whether the PTFE content in C9 was intentionally added or present 361 

due to cross-contamination during the factory coating process. For the remaining products 362 

(C17, C19, and C72) no evidence for the presence of PFAS was obtained by pyr-GC/MS. The 363 

chromatogram of the hamburger press (C17) suggested a polyester-based coating while the 364 

chromatograms of the remaining air fryers (C19 and C72) were indicative of ceramic Si-based 365 

coatings due to the formation of cyclic siloxanes during pyrolysis. While the presence of 366 

fluorine in these samples remains unclear, we speculate that contamination could have occurred 367 

during production, since PFAS-free products may still be produced in the same facilities and 368 

production lines as products containing PTFE. The low fluorine levels could also be due to the 369 

use of mica, as described previously in electronics equipment.  370 

 371 

 372 
 373 

Figure 5. A) Total fluorine concentrations in cookware, relative to the 50 ppm regulatory limit. 374 

The polymer listed above each bar indicates the identity of the organofluorine determined by 375 

pyr-GC/MS. B) Extracted ion chromatogram (m/z 100) where PTFE is observed at 1.3 min with 376 

only for the air fryer (C9). C) Mass spectrum of PTFE with the characteristic m/z peaks 377 

illustrated for sample C9. 378 

 379 

 380 
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Textiles 381 

Weight-based concentrations of fluorine in treated textiles ranged from 200-1600 µg F/g and 382 

were non-quantifiable (i.e. below or close to LOD of 13 µg F/g) in the textiles treated with a 383 

PFAS-free finish (“C0”; Figure 6 and Table S3). Pyr-GC/MS analysis generated total ion 384 

chromatograms that appeared similar for both C6-SFP and C0-coated textiles; only by 385 

examining the extracted ion chromatogram for m/z 131 could clear differences be observed 386 

(Figure S4 and Figure S5).  Both the retention time and mass spectrum of the first eluting peak 387 

(~1.5 – 1.7 min; Figure S4 and Figure S5) in the m/z 131 extracted ion chromatogram of 388 

samples T45, T49, and T51 (all listing C6 finishes) were identical to that of the C6-reference 389 

material, confirming the use of this SFP in these products.   390 

Three unknown textile samples (shade sail T20, tablecloth T21, and backpack T22) were 391 

analyzed, and based on the quantified total fluorine concentration (>50 ppm) the shade sail 392 

textile T20 and backpack T22 were further investigated by pyr-GC/MS. Although the intensity 393 

was low, the presence of PFAS could be confirmed in both products by matching retention 394 

times and characteristic fragment ions (m/z 69, 77, 100, 119 and 131) to those of the reference 395 

materials. For example, shade sail T20 produced peaks with retention times (1.52 and 6.61 min) 396 

corresponding to a C6-SFP, whereas backpack T22 produced peaks (retention times 1.96, 2.97 397 

and 4.97 min) and corresponding mass spectra which confirmed a C8-SFP treatment. These 398 

results clearly demonstrate that unknown textiles can be screened for intentionally added PFAS 399 

using a combination of CIC and pyr-GC/MS. Especially, the extracted ion chromatograms from 400 

the pyr-GC/MS can be useful for screening for the presence of PFAS and the retention times 401 

and generated mass spectra provide information about the structure of the SFP (e.g. C4, C6 or 402 

C8).  403 

The 50 ppm restriction limit suggested in the recent PFAS restriction proposal appears to 404 

distinguish textiles containing SFP-treatments from PFAS-free treatments (i.e. C0) quite well. 405 

However, since the surface of the textile is normally fluorinated, weight-based concentrations 406 

can be strongly influenced by fabric density. For this reason, we converted weight-based 407 

concentrations into area-based concentrations, which produced values ranging from 20-6315 408 

µg F/dm2 (Figure 6). Especially the cotton-based textile T51 showed a considerable change due 409 

to its density (3.9 g/dm2). Conceivably, a manufacturer could switch to higher density base 410 

textiles in order to stay under the 50 ppm limit. Therefore, in the case of textiles and other 411 

coated materials, we propose the creation of area-based concentration limits, in addition to the 412 

existing weight-based limits. 413 

  414 

 415 

 416 
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 417 

Figure 6. A) Total fluorine concentrations in textiles based on weight (light purple) and area 418 

(dark purple). B) Extracted ion chromatogram (m/z 131) of the shade sail textile (T20) and the 419 

backpack (T22) where the presence of PFAS was initially unknown with the specific eluting 420 

retention times (1.96, 2.97 and 4.97 min). C) The corresponding mass spectra containing typical 421 

m/z peaks suggest that T22 contains a C8-SFP. 422 

 423 

Conclusions 424 

For the first time, a broad selection of consumer products was characterized for total fluorine 425 

by CIC and information on the structure of the fluorine deduced by pyr-GC/MS. The 426 

combination of these two methods offers a promising and efficient strategy for enforcing the 427 

50 ppm PFAS limit in materials and consumer products specified in the class-wide PFAS 428 

restriction proposal. Products containing over 50 ppm fluorine contain intentionally added 429 

PFAS that are often fluorinated polymers of various types. Compared to methods that employ 430 

extraction before analysis, the methods applied in this study are based on direct thermal 431 

breakdown of samples which makes them faster and better suited for detection of polymers. 432 

However, before this can be fully implemented, several aspects of the pyr-GC/MS methodology 433 

must be improved, including further expansion of pyr-GC/MS spectral libraries for PFAS, and 434 
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testing of “softer” ionization sources which preserve structural information for de novo 435 

structural elucidation. We also note that the higher detection limits associated with CIC and 436 

pyr-GC/MS make these techniques unsuitable for enforcing individual PFAS limits (e.g. the 437 

25 ppb limit for PFOA), which require a more sensitive, targeted approach.  This approach can 438 

also help companies understand if and what type of PFAS they have in their assortment to aid 439 

decision making for prioritisation of PFAS- substitution work. Finally, we note the challenges 440 

associated with inorganic fluorine, which we suspected to occur in some products but could not 441 

confirm unequivocally.   442 
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