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ABSTRACT 9 

Although perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) have been 10 
phased out, there is a plethora of per- or polyfluoroalkyl substances (PFAS) generated and 11 
only a small number of these compounds are currently being monitored in environmental 12 
and biological sample using molecular mass spectrometry (MS). Total fluorine determination 13 
has revealed that a substantial amount of fluorinated organic compounds has not been 14 
identified. Due to the small mass deficiency of fluorine, it is not an easy task to screen 15 
successfully all fluorinated compounds including those which are not easy ionisable, hence a 16 
novel fluorine-specific detector is needed. Here, inductively-coupled plasma mass 17 
spectrometry (ICPMS) was used for the first time for the detection of PFAS, by using the 18 
novel approach to transfer F- into a detectable [BaF]+ in the argon plasma. A reverse phase-19 
high performance liquid chromatography (RP-HPLC) method was developed and then online 20 
coupled to ICPMS/MS for the fluorine-specific detection and simultaneously to electrospray 21 
MS (ESI-MS) to separate perfluorinated carboxylic acids (PFCA) and 22 
perfluorooctanesulfonic acid (PFOS). The calibration was linear and was element-specific 23 
with detection limits of 0.49 mg F L-1 under gradient elution method. As a proof of concept, 24 
PFCA standards in methanol were not fully neutralised to force the esterification and those 25 
solutions were measured using HPLC-ICPMS/MS-ESI-MS. The methyl esters were not 26 
detectable by ESI-MS but by ICPMS/MS. This illustrates that the undetectable fluorine-27 
containing compounds were detected and quantified by the element-specific detection of 28 
ICPMS/MS. The analysis of spiked river water at a sub-ppb level gave acceptable recovery 29 
using a SPE-based preconcentration method. Since ICPMS/MS method is element-specific 30 
detection, all non-fluorinated compounds interfering in ESI-MS were eliminated. Hence, 31 
HPLC-ICPMS/MS can be used as a non-targeted method of fluorinated compounds which 32 
may help the identification of novel fluorinated compounds in environmental and biological 33 
samples and helps with mining the ESI-MS data. 34 

 35 

Keywords: non-target method, ICPMS/MS, polyatomic ion [BaF]+, perfluoroalkyl substances  36 
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1. Introduction 37 

Fluorinated organic compounds are widely being used in various applications especially as a 38 
surfactant for commercial products such as carpet, textiles, cookware, packaging, personal 39 
care products and firefighting foams [1–4]. Not only the C-F bond is one of the strongest in 40 
organic chemistry, it is also very persistent in the environment especially perfluoroalkyl 41 
carboxylic acid (PFCA) and perfluoroalkane sulfonic acid (PFSA). Both are among the group 42 
of per- or polyfluoroalkyl substances (PFAS) which received more attention recently due to 43 
their ubiquitous presence in the environment. Some studies have revealed that PFSA and 44 
long chain PFCA are toxic and bioaccumulate in human and animal [5,6]. In 2009, 45 
perfluorooctanesulfonic acid (PFOS) has been listed as a persistent organic pollutant (POP) 46 
in Annex B, Stockholm Convention resulting in global restriction of its production and use [7].  47 

Industries have developed different fluorinated precursors and shifted their formulation of 48 
fluorinated polymers to the new chemical structure. In addition, there are still sources of 49 
PFOS and other PFCAs resulting from oxidation and reduction process of unknown 50 
precursors [8]. These lead to the production of other so far unidentified fluorinated 51 
compounds, which in some cases can make up almost 60 to 90% of the total 52 
organofluorines in environmental and biological samples [5,9,10]. For example, Yamashita 53 
and co-workers demonstrated that animals on the bottom of the food chain contain at least 54 
one order of magnitude higher concentration of organofluorines which could not be detected 55 
by the targeted analysis usually used (HPLC-ESI-MS/MS) [10]. Either those organofluorines 56 
were not ionisable by APCI or ESI and only accessible by GC-MS methods, or simply no 57 
standards were available for their identification and quantification. Since the mass defect of 58 
fluorine is rather small  59 
(-0.0016 Da) and fluorine is mono-isotopic, an algorithm for mining the mass spectra is 60 
difficult especially if the number of fluorine atoms in the molecule is unknown.  61 

A plethora of analytical methods are available for the detection of organofluorines, however 62 
what missing is a fluorine-specific method, which is capable to detect possible novel 63 
organofluorines without having standards available. ICPMS is the ideal detector for non-64 
targeted analysis of elemental compounds since it destroys all bonds including the most 65 
stable bond such as C-F [11]. Coupling HPLC to ICPMS/MS for non-targeted elemental 66 
analysis has been used for more than a decade to discover unknown elemental compounds 67 
such as the new class of arsenolipids [12]. However, fluorine cannot be directly detected by 68 
ICPMS mainly due to fluorine’s high ionisation potential (17 eV), which prevents to produce 69 
significant amounts of F+ in an argon plasma. This is important since all commercial ICPMS 70 
instruments today can only detect positive ions. Therefore, fluorine is impossible to 71 
determine directly in a commercial ICPMS.  We have recently developed a method which 72 
made it possible to detect fluorine using ICPMS/MS by mixing barium solution with fluorine-73 
containing solution in order to form the polyatomic ion of [138Ba19F]+ [13].  74 

In this study, we developed a new fluorine-specific method for the organic mode which could 75 
be used as a non-targeted method for organofluorines. As a proof of concept, RP-HPLC was 76 
directly coupled to ICPMS/MS and simultaneously to ESI-MS for the identification and 77 
quantification of a mixture of PFCA and their methyl esters as their degradation products. 78 
ICPMS/MS acted as a fluorine-specific detector and was used for quantification of the PFAS, 79 
while ESI-MS gave the molecular information of PFAS compounds separated by HPLC. To 80 
evaluate the method, real sample analysis on river water will be conducted. 81 

 82 
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2. Materials and methods  83 

2.1. Materials and chemicals 84 

Barium stock solution was prepared from barium nitrate, BaNO3 salt (BDH, UK). Seven 85 
PFAS standards were examined in this study including perfluorohexanoic acid (PFHxA) 86 
(Sigma-Aldrich, Switzerland), perfluoroheptanoic acid (PFHpA) (Sigma-Aldrich, Rusia), 87 
perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid 88 
(PFDA) (Sigma-Aldrich, USA), perfluorooctanesulfonic acid (PFOS) (Wellington, Canada) 89 
and methyl perfluorooctanoate (Me-PFOA) (Alfa-Aesar, UK). Oasis WAX (6 cc, 150 mg, 30 90 
µm) solid-phase extraction (SPE) were purchased from Waters, UK. HPLC grade of 91 
methanol and acetonitrile were from Honeywell Riedel-de Haen, Germany, ammonium 92 
acetate was from Sigma-Aldrich, Germany, formic acid from Fluka, USA and ammonium 93 
hydroxide solution from Sigma-Aldrich, UK. Deionised water (18 MΩ cm, Smart2Pure, 94 
Thermo Fisher Scientific) was used throughout the study. 95 

 96 

2.2. Sample preparation 97 

River water (River Don, Aberdeen, NE Scotland) sample was filtered with a glass filter (1.6 98 
µm). Then, the water samples (deionised and river water) were spiked with two standards of 99 
PFHxA and PFOA in different concentrations. The extraction was performed using Oasis 100 
WAX as described in the literature [14]. The SPE cartridge was pre-conditioned with 4 mL 101 
0.1% of ammonium hydroxide (NH4OH) in methanol, followed by 4 mL of methanol and 4 mL 102 
of deionised water. Water samples (1000 mL for deionised water and 1220 mL for river 103 
water) were passed through the pre-conditioned cartridges. The cartridges were then rinsed 104 
with 4 mL of 25 mM ammonium acetate (NH4Ac) at pH 4 and this fraction was discarded. 105 
The analytes were eluted with 4 mL of methanol and 4 mL of 0.1% NH4OH/methanol. The 106 
sample bottles were rinsed with methanol and used for the elution of SPE cartridges. Finally, 107 
the extracts were concentrated under a gentle stream of nitrogen to 0.2 mL giving a pre-108 
concentration factor of approximately 4-6000. 109 

 110 

2.3. Online Speciation Method (HPLC-ICPMS/MS-ESIMS) 111 

To study the capability of the ICPMS/MS hyphenated to HPLC, two different separation 112 
methods were performed using a reverse phase column (ACE Excel 3 C18-Amide, 100 mm 113 
x 3 mm x 5 µm) with (A) isocratic 70% methanol and (B) gradient of acetonitrile/water. The 114 
use of an organic solvent made it necessary to use the organic mode for the ICPMS/MS: 115 
narrow injector torch (1.5 mm), micromist nebuliser, platinum sampler cone, nickel skimmer 116 
cone and S-lens were used. Since the organic solvent is introduced to ICPMS/MS in this 117 
study, the optimisation of ICPMS/MS parameters in the organic mode was conducted for 118 
maximum sensitivity. The optimised ICPMS/MS parameters in the organic mode was shown 119 
in Table S1. Fluorine was detected as a polyatomic ion, [BaF]+ at m/z 157. Ba has been 120 
chosen to form polyatomic ions with F due to its prominent result and better sensitivity 121 
compared to other elements. The mechanism of [BaF]+ formation and analytical explanation 122 
of the method have been described elsewhere [13,15]. Briefly, organofluorines are atomised 123 
and fluorine is ionised to form F- in the plasma. F- reacts subsequently with Ba2+ ions to form 124 
BaF+.  Table 1 show the details of the instrumentation for both elution methods and the 125 
formation of [BaF]+ involve the 50 mg Ba L-1 with fluorine concentration range 0.1-10 mg L-1. 126 
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 127 

3. Results and discussion  128 

3.1. Online HPLC-ICPMS/MS of PFCA compounds 129 

A mixture of perfluoroalkyl carboxylic acids (PFCA) was fully separated in reverse phase 130 
column with two elution methods: (A) isocratic 70% methanol and (B) gradient water and 131 
acetonitrile. The chromatogram of each fluorine compounds was recorded by ICPMS/MS at 132 
m/z 157 through the formation of polyatomic ions, [BaF]+ as has been described in previous 133 
work [13,15]. Under isocratic 70% methanol elution, C6 until C10 of PFCA compounds were 134 
separated with the same fluorine-specific response as [BaF]+ (Fig. 1A). The response of 135 
[BaF]+ changes with increasing acetonitrile concentration in the plasma due to 136 
acetonitrile/water gradient which is illustrated in Fig. 1B. This is not surprising since the 137 
different amount of carbon has been shown to influence the sensitivity of elements which 138 
exhibit higher ionisation potential and tend to not fully ionised [16,17]. Due to that, the 139 
response factor of each fluorine compound depends on acetonitrile concentration and the 140 
same effect has also been observed for arsenic and sulphur [16,18].  141 

By knowing the specific retention time of fluorine response factor, the correct response factor 142 
for each fluorine compounds could be determined. This could be achieved by injecting a 143 
blank while running the gradient elution program and the response of [BaF]+ was monitored 144 
(Fig. 2A). Fig. 2B show the changes in sensitivity during the chromatographic run with the 145 
intensity of [BaF]+ illustrated as the relative intensity and linked to the acetonitrile 146 
concentration. For further data analysis, each chromatogram was corrected by taking the 147 
intensity data and divides it with the relative intensity from the response curve (Fig. 2C and 148 
2D).  149 

As shown in Fig. 1B, 2A, 2B and 2C, the chromatogram baseline of the gradient condition 150 
decreased with increasing acetonitrile concentration. This observation contrary to the 151 
published studies [12,16,18]. This could be explained by the reaction between the oxide or 152 
hydroxide interference ions (e.g., 138Ba18O1H+) with carbon in the plasma [17]. As has been 153 
discussed in the earlier studies, [BaF]+ was interfered with barium hydroxide ions [BaOH]+ at 154 
the same m/z 157. Since option gas (O2) was introduced to eliminate the carbon, this 155 
condition increased the interference ions from [BaOH]+ which simultaneously increased the 156 
background counts. As the concentration of acetonitrile increased under the gradient 157 
method, the carbon enhancement effect reduces the formation of metal oxides or hydroxides 158 
as shown by the equation 1, resulting in the lower baseline. 159 

MO+ + C � M+ + CO     (equation 1) 160 

 161 

3.2. Identification of PFCA compounds by HPLC-ICPMS/MS-ESI-MS 162 

The identification of PFCA compounds was determined through the information recorded by 163 
ICPMS/MS and ESI-MS. HPLC-ESI-MS is the most common analytical method used to 164 
identify PFCA compounds [2,5,8,10,14,19–21]. In the negative ion mode of ESI, the H of 165 
carboxyl group deprotonated and the molecular ions are easily detected without 166 
derivatisation [1]. The same concept was applied in this study by coupling the HPLC not only 167 
to ESI-MS but also to ICPMS/MS. ICPMS/MS that acted as F-specific detector recorded any 168 
fluorine-containing compound separated by HPLC, while the ESI-MS gave the molecular 169 
information simultaneously. An overlay chromatogram of PFCA standards with ICPMS/MS 170 
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and ESI-MS detection shown in Fig. 3 indicating that the ICPMS/MS capable to detect 171 
fluorine compounds at m/z 157 by forming polyatomic ions of Ba with the F present in the 172 
compounds, while single ion monitoring in the ESI-MS confirmed the identity of each PFCA 173 
compound by their molecular masses. 174 

In order to investigate the capability of the method for identifying any fluorine-containing 175 
compound, two sets of PFCAs standard (with and without neutralisation) were prepared and 176 
run under both isocratic and gradient methods. The methyl ester with a structure of  177 
F-(CF2)n-COOCH3, where n= 6-10 could be produced from the reaction of PFCA and 178 
methanol when the stock solution is not fully neutralised. Storage and preparation of PFCA 179 
in methanolic solution also could lead to the formation of methyl ester through the reaction 180 
between alcohol or mixture of alcohol with mono- or poly-carboxylic acid [21–23]. 181 

It is apparent that the isocratically methanol method produced broad peaks in the ICPMS/MS 182 
which did not match the narrow Gaussian peaks in the ESI-MS (Fig. 3A). Interestingly, when 183 
using the acetonitrile method, the PFCAs were separated well and gave the expected peak 184 
shape in ESI-MS as well as in ICPMS/MS (Fig. 3B). However, additionally to the PFCA 185 
signals, a series of peaks suspected to be the methyl ester of each PFCA were also 186 
recorded in the ICPMS/MS as fluorinated compounds but no additional signals were 187 
recorded in ESI-MS. Under the isocratic methanol method, those extra compounds are not 188 
separated well and might co-elute with the PFCA peaks. An overlay ICPMS/MS 189 
chromatogram between neutralised and non-neutralised standards from both elution 190 
methods are shown in Fig.  191 
S1. 192 

Longer storage of non-neutralised stock solution also increased the transformation of PFOA 193 
to the additional fluorinated compounds as illustrated by the single standard PFOA prepared 194 
after one-month storage of stock solution (Fig. 4A). This additional peak at 16 min is 195 
assumed to be the methyl ester of PFOA as it has the same retention time with methyl 196 
perfluorooctanoate (Me-PFOA) standard (Fig. 4A). However, no Me-PFOA peak was seen 197 
from the recorded chromatogram of ESI-MS (Fig. 4B). Methyl ester is well known to be 198 
produced under acidic conditions, hence the recommended neutralisation from the PFCA 199 
standard supplier. However, the esterification remained undetected when only ESI-MS (in 200 
negative as well as in positive mode) or APCI-MS (not presented here) were used. This 201 
would have implications on the quantification since any reaction would give a false 202 
calibration curve as has been discussed already elsewhere [21].  Although other stronger 203 
ionisation methods like electron impact could ionise these methyl esters, but this method is 204 
only applicable for GC separation and therefore not applicable for many applications in 205 
which all PFAS are analysed [1,21,24].  206 

Hence, this example demonstrated well the usefulness of having a fluorine-specific detector 207 
for HPLC separation, which was capable of detecting any eluting fluorinated compound as 208 
long as its concentration was above the limit of detection for fluorine regardless if the 209 
compound was ionisable or not using soft ionisation methods such as ESI. Fig. S2 illustrates 210 
the overlay chromatograms of ICPMS/MS and ESI-MS for each single standard indicating 211 
that the ICPMS/MS was able to records the methyl ester peak while no peak was recorded 212 
from ESI-MS.  213 

 214 

 215 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 
 

3.3. Quantification of PFCA compounds by HPLC-ICPMS/MS-ESI-MS 216 

3.3.1. Calibration graph 217 

Fig. 5 depicts the calibration graph of PFCA (C6-C10) standards under isocratic methanol 218 
elution method. The calibration graph for the isocratic methanol method displays similar 219 
sensitivity with any amount of F present in the compounds. This was expected and confirms 220 
previous studies showing that ICPMS/MS is generating compound unspecific (element-221 
specific) detection for other elements and also here for fluorine [13,16,25]. When using the 222 
acetonitrile gradient method, the slope and therefore the fluorine response of the PFCAs and 223 
PFOS seem to differ slightly (Fig. 6). Repeated calibration graphs of the acetonitrile gradient 224 
method gave a similar pattern of the slopes (Fig. S3). This suggested that PFCAs with 225 
shorter carbon chain and a low number of fluorine (PFHxA) show smaller response than the 226 
long chained PFCAs, except for PFDA. Hence, there might be a molecular-specific effect. 227 
This may be the result of the plasma chemistry; the introduced amount of acetonitrile and its 228 
effect on the ionisation of fluorine to F- and barium to Ba2+ and its ultimate formation of 229 
[BaF]+ may not be fully compensated by the used retention time dependant response factor 230 
for fluorine. This however has not been seen by other elements such as arsenic or sulphur 231 
[16,26]. Another possibility is that the fluorine response was altered due to the difference in 232 
the transport efficiency into the plasma. However, the nebulisation efficiency may alter not 233 
only with the composition of the mobile phase (acetonitrile/water), but maybe also by the 234 
type of PFCA since these compounds are surface active and might therefore influence how 235 
much of these fluorinated compounds are eventually transported into the plasma during the 236 
nebulisation. The latter could be investigated by using an all consumption nebuliser when a 237 
nano-HPLC method would be used. This however was beyond the remit of this proof of 238 
concept study. In the next section, only gradient method will be discussed since all the 239 
fluorinated compounds are well separated using this method. 240 

3.3.2. Limit of detection (LOD) 241 

Calibrations of different PFCA and PFOS compounds were conducted and the limit of 242 
detections (LODs) were calculated from 3 times standard deviation (SD) of blank according 243 
to F concentration respectively. The LOD values listed in Table 2 shows a variation from 244 
0.49 mg F L-1 to 0.84 mg F L-1 for gradient elution method of different PFAS respectively. 245 
These LODs could be lowered 5 times by increase the injection volume up to 100 µL instead 246 
of 20 µL. The reproducibility values between 2.2 to 29% of LODs was achieved showing the 247 
method capability to determine PFAS in the sub-ppm range (Table 2). The calculation for 248 
LOD and reproducibility is shown in SI. 249 

 250 

3.4. Fluorine specific quantification 251 

For real sample application, the method was further evaluated by spiking sub-ppb level of 252 
PFHxA and PFOA (around 0.5-2.4 µg F L-1 or 0.8-3.4 µg compound L-1) into one deionised 253 
water (SMQ, 1000 mL) and two river waters (SRW1 and SRW2, 1220 mL each) with 254 
different concentration. The water samples were extracted using the same SPE procedure 255 
and measured under acetonitrile gradient method. The simultaneous fluorine specific 256 
detection with ICPMS/MS could help in to mine the ESI-MS data by identification where the 257 
fluorinated compounds elute so that the mass spectrum of this retention time can be 258 
scrutinised for fluorinated compounds. It is also can eliminate ESI-MS peaks which may 259 
candidates of fluorinated compounds according to their mass.  The large front peak in river 260 
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water may contain fluorine-containing compounds which accumulate in the SPE. These 261 
eluting compounds are highly polar as indicated by the low retention time and could be 262 
fluoride although those polar compounds should not accumulate in SPE. Either the 263 
fluorinated compounds accumulating have been degraded during sample preparation to 264 
more polar compounds or the signal is an interference at the void volume which influence 265 
detection of background fluorine as [BaF]+. No signal in ESI-MS indicated a fluorinated 266 
compound. However, this peak has no effect on the PFAS determination which elute later. 267 
As shown in Fig. 7A, no peak of a PFAS was seen from ICPMS/MS chromatogram of river 268 
water, although ESI-MS chromatogram shows multiple peaks of any non-fluorine containing 269 
compounds. In any case, ICPMS/MS method is a fluorine-specific detector as only fluorine-270 
containing compounds were detected (Fig. 7B). 271 

Based on individual calibration graph, the F concentration and the recovery of each spiked 272 
solution were calculated and shown in Table 3. The recoveries of the pure water were 273 
acceptable with 107-116%, while the recoveries for the river samples showed a slightly 274 
larger variability. The two PFCAs were recovered between 82-145%. This is acceptable 275 
since SPE has not been optimised with internal standards. In general, HPLC-ICPMS/MS 276 
was capable to measure river water samples containing fluorinated compounds at ppb and 277 
sub-ppb level using a SPE-based preconcentration method for the first time.  278 

 279 

4. Conclusions 280 

A novel method for non-targeted analysis of perfluorinated compounds has been described 281 
which enables the analyst to identify all fluorinated compounds regardless whether the 282 
compounds would ionise under ESI-MS conditions or not and whether a fluorinated standard 283 
is available. The analysis of spiked river water showed that this method could help to mine 284 
the huge ESI-MS data in identifying the unknown fluorinated compound. When combined 285 
with a preconcentration method such as SPE, the method is capable to quantify individual 286 
PFAS or other fluorinated compounds in the low to sub-ppb concentrations in river water. 287 
This makes ICPMS/MS as a potential method to screen water samples for organofluorines in 288 
which the mass balance of total organofluorines and identified organofluorines does not fit. 289 
This non-targeted organofluorines method is well suited to help the identification of a high 290 
proportion of so far undetected organofluorines. 291 

 292 

Acknowledgement: 293 

NLAJ thanks the Malaysian Government (Grant number: RG12824-10) and the National 294 
Defence University of Malaysia for financial support throughout the study period, while JFD 295 
thanks the Erasmus program of the EU. Special thanks to the Swedish Research Council 296 
(Grant number: FORMAS 1397306) for additional financial support in this project. 297 

 298 

References: 299 

[1] B.S. Larsen, M.A. Kaiser, Challenges in perfluorocarb oxylic acid measurements, 300 
Anal. Chem. 79 (2007) 3966–3973. doi:10.1021/ac071918c. 301 

[2] S. Mejia-Avendañ, G. Munoz, S.V. Duy, M. Desrosiers, P. Benoı̂, S. Sauve, J. Liu, 302 
Novel Fluoroalkylated Surfactants in Soils Following Firefighting Foam Deployment 303 
During the Lac-Meantic Railway Accident, Environ. Sci. Technol. 51 (2017) 8313–304 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 
 

8323. doi:10.1021/acs.est.7b02028. 305 
[3] Y. Fujii, K.H. Harada, A. Koizumi, Occurrence of perfluorinated carboxylic acids 306 

(PFCAs) in personal care products and compounding agents, Chemosphere. 93 307 
(2013) 538–544. doi:10.1016/j.chemosphere.2013.06.049. 308 

[4] G. Lv, L. Wang, S. Liu, S. Li, Determination of Perfluorinated Compounds in 309 
Packaging Materials and Textiles Using Pressurized Liquid Extraction with Gas 310 
Chromatography-Mass Spectrometry, Anal. Sci. 25 (2009) 425–429. 311 
doi:10.2116/analsci.25.425. 312 

[5] L.W.Y. Yeung, S.A. Mabury, Are humans exposed to increasing amounts of 313 
unidentified organofluorine?, Environ. Chem. 13 (2016) 102–110. 314 
doi:10.1071/EN15041. 315 

[6] L. Ahrens, Polyfluoroalkyl compounds in the aquatic environment: a review of their 316 
occurrence and fate, J. Environ. Monit. 13 (2011) 20–31. doi:10.1039/C0EM00373E. 317 

[7] Stockholm Convention, Stockholm Convention on Persistent Organic Pollutants 318 
(POPs), in: Stock. Conv. Persistent Org. Pollut., 2009: p. 64. 319 
doi:http://chm.pops.int/Convention/tabid/54/language/en-US/Default.aspx. 320 

[8] M. Trojanowicz, K. Bobrowski, B. Szostek, A. Bojanowska-Czajka, T. Szreder, I. 321 
Bartoszewicz, K. Kulisa, A survey of analytical methods employed for monitoring of 322 
Advanced Oxidation/Reduction Processes for decomposition of selected 323 
perfluorinated environmental pollutants, Talanta. 177 (2017) 122–141. 324 
doi:10.1016/j.talanta.2017.09.002. 325 

[9] Y. Miyake, N. Yamashita, P. Rostkowski, M.K. So, S. Taniyasu, P.K.S. Lam, K. 326 
Kannan, Determination of trace levels of total fluorine in water using combustion ion 327 
chromatography for fluorine: A mass balance approach to determine individual 328 
perfluorinated chemicals in water, J. Chromatogr. A. 1143 (2007) 98–104. 329 
doi:10.1016/j.chroma.2006.12.071. 330 

[10] E.I.H. Loi, L.W.Y. Yeung, S. Taniyasu, P.K.S. Lam, K. Kannan, N. Yamashita, Trophic 331 
magnification of poly- and perfluorinated compounds in a subtropical food web, 332 
Environ. Sci. Technol. 45 (2011) 5506–5513. doi:10.1021/es200432n. 333 

[11] J. Feldmann, A. Raab, E.M. Krupp, Importance of ICPMS for speciation analysis is 334 
changing: future trends for targeted and non-targeted element speciation analysis, 335 
Anal. Bioanal. Chem. 410 (2018) 661–667. doi:10.1007/s00216-017-0502-8. 336 

[12] K.O. Amayo, A. Raab, E.M. Krupp, H. Gunnlaugsdottir, J. Feldmann, Novel 337 
Identification of Arsenolipids Using Chemical Derivatizations in Conjunction with RP-338 
HPLC-ICPMS/ESMS, Anal. Chem. 85 (2013) 9321–9327. doi:10.1021/ac4020935. 339 

[13] N.L.A. Jamari, J.F. Dohmann, A. Raab, E.M. Krupp, J. Feldmann, Novel non-target 340 
analysis of fluorine compounds using ICPMS/MS and HPLC-ICPMS/MS, J. Anal. At. 341 
Spectrom. 32 (2017) 942–950. doi:10.1039/C7JA00051K. 342 

[14] S. Taniyasu, K. Kannan, Q. Wu, K.Y. Kwok, L.W.Y. Yeung, P.K.S. Lam, B. Chittim, T. 343 
Kida, T. Takasuga, Y. Tsuchiya, N. Yamashita, Inter-laboratory trials for analysis of 344 
perfluorooctanesulfonate and perfluorooctanoate in water samples: Performance and 345 
recommendations, Anal. Chim. Acta. 770 (2013) 111–120. 346 
doi:10.1016/j.aca.2013.01.056. 347 

[15] N.L.A. Jamari, A. Behrens, A. Raab, E.M. Krupp, J. Feldmann, Plasma processes to 348 
detect fluorine with ICPMS/MS as [M–F] + : an argument for building a negative mode 349 
ICPMS/MS, J. Anal. At. Spectrom. 33 (2018) 1304–1309. doi:10.1039/C8JA00050F. 350 

[16] K.O. Amayo, A. Petursdottir, C. Newcombe, H. Gunnlaugsdottir, A. Raab, E.M. Krupp, 351 
J. Feldmann, Identification and quantification of arsenolipids using reversed-phase 352 
HPLC coupled simultaneously to high-resolution ICPMS and high-resolution 353 
electrospray MS without species-specific standards, Anal. Chem. 83 (2011) 3589–354 
3595. doi:10.1021/ac2005873. 355 

[17] P. Allain, L. Jaunault, Y. Mauras, J.M. Mermet, T. Delaporte, Signal Enhancement of 356 
Elements Due to the Presence of Carbon-Containing Compounds in Inductively 357 
Coupled Plasma Mass Spectrometry, Anal. Chem. 63 (1991) 1497–1498. 358 
doi:10.1021/ac00014a028. 359 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 
 

[18] K. Bluemlein, A. Raab, A.A. Meharg, J.M. Charnock, J. Feldmann, Can we trust mass 360 
spectrometry for determination of arsenic peptides in plants: Comparison of LC-ICP-361 
MS and LC-ES-MS/ICP-MS with XANES/EXAFS in analysis of Thunbergia alata, 362 
Anal. Bioanal. Chem. 390 (2008) 1739–1751. doi:10.1007/s00216-007-1724-y. 363 

[19] A. Jahnke, Polyfluorinated Alkyl Substances (PFAS) in the Marine Atmosphere – 364 
Investigations on Their Occurrence and Distribution in Coastal Regions, Universität 365 
Lüneburg, 2007. 366 

[20] A.M. Trautmann, H. Schell, K.R. Schmidt, K.M. Mangold, A. Tiehm, Electrochemical 367 
degradation of perfluoroalkyl and polyfluoroalkyl substances (PFASs) in groundwater, 368 
Water Sci. Technol. 71 (2015) 1569–1575. doi:10.2166/wst.2015.143. 369 

[21] N. Hanari, N. Itoh, K. Ishikawa, T. Yarita, M. Numata, Variation in concentration of 370 
perfluorooctanoic acid in methanol solutions during storage, Chemosphere. 94 (2014) 371 
116–120. doi:10.1016/j.chemosphere.2013.09.040. 372 

[22] Wellington Laboratories, Reference and Handling Guide: Perfluoroalkyl Compounds, 373 
(2012) 1–21. 374 

[23] R.H. Dettre, E.J. Greenwood, Aqueous dispersions of perfluoroalkyl esters and vinyl 375 
polymers for treating textiles, 382843, 1973. 376 

[24] V. Dufková, R. Čabala, D. Maradová, M. Štícha, A fast derivatization procedure for 377 
gas chromatographic analysis of perfluorinated organic acids, J. Chromatogr. A. 1216 378 
(2009) 8659–8664. doi:10.1016/j.chroma.2009.10.042. 379 

[25] N.L.A. Jamari, J.F. Dohmann, A. Raab, E.M. Krupp, J. Feldmann, HPLC-ICP-MS/MS: 380 
Fluorine speciation analysis, in: Agilent Technologies (Ed.), Handb. ICP-QQQ Appl. 381 
Using Agil. 8800 8900, Agilent Technologies, 2017: pp. 141–142. 382 

[26] A. Raab, M. Ronzan, J. Feldmann, Sulphur fertilization influences the sulphur species 383 
composition in: Allium sativum: Sulphomics using HPLC-ICPMS/MS-ESI-MS/MS, 384 
Metallomics. 9 (2017) 1429–1438. doi:10.1039/c7mt00098g. 385 

 386 
 387 
 388 
 389 
 390 

  391 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 
 

Table 1: HPLC-ICPMS/MS-ESI-MS parameter for fluorine compounds analysis 392 

HPLC    Agilent 1290, UK 
 Column  ACE Excel 3 C18-Amide (100 mm x 3 mm x 5 um) 
 Column temperature 40OC   

Elution program Isocratic (A) 
0-20 min: 70% B 

Gradient (B) 
0-0.5 min : 25% B 
5 min  : 50% B 
10-27 min : 70% B 

Buffer A: 0.1% formic acid 
 
 
B: Methanol 

A: 2 mM ammonium acetate,   
     0.1% formic acid in   
     water/acetonitrile (90:10 v/v) 
B: 2 mM ammonium acetate,  
     0.1% formic acid in  
     water/acetonitrile (10:90 v/v) 

Injection volume 100 µL 20 µL 
Flow rate 0.6 mL min-1 0.5 mL min-1 

  
ICPMS/MS  Agilent 8800 Triple Quadrupole, UK 
 Mode Organic mode 
 RF power 1600 W 
 Sampling position 7.8 mm 
 Nebuliser flow rate 0.77 L min-1 (Ar gas) 
 Makeup gas flow rate 0.33 L min-1 (Ar gas) 
 Option gas flow rate 0.07 L min-1 (isocratic) and 0.18 L min-1 (gradient) (mix O2 

and Ar gas) 
 Reaction gas flow rate 1.00 mL min-1 (O2 gas) 
 Ba uptake flow rate 0.25 mL min-1 (isocratic) and 0.40 mL min-1 (gradient) 
 Monitored masses  [BaF]+ m/z Q1:157 -> Q2:157  
  
ESI-MS  ESI-QTOF Compact (Bruker) and LTQ Orbitrap Discovery 

(Thermo Scientific) 
 Mode Mainly negative (but also positive for the PFCA methyl 

esters) 
Scan range m/z 100-1000 

  
 393 

 394 

 395 

  396 
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Table 2: LOD of F for each PFCA compounds expressed as mg F L-1 and mmol F L-1 and 397 
the reproducibility of the LOD. 398 

PFCA compound LOD; mg F L-1 (mmol F L-1) Reproducibility (%) 

PFHxA 0.84 (0.044) 8.3 

PFHpA 0.63 (0.033) 14 

PFOA 0.49 (0.026) 17 

PFNA 0.82 (0.043) 2.2 

PFDA 0.55 (0.029) 6.4 

PFOS 0.72 (0.038) 29 

 399 

 400 

Table 3: F concentration and recovery on spiked PFCA compounds. (n=2).  401 

Water PFAS PFHxA PFOA 

SMQ 
F concentration ± SD (µg L-1) 1.3 ± 0.02 1.9 ± 0.06 

Recovery ± SD (%) 107 ± 2 116 ± 3 

SRW1 
F concentration ± SD (µg L-1) 0.73 ± 0.04 1.5 ± 0.07 

Recovery ± SD (%) 145 ± 9 92 ± 5 

SRW2 
F concentration ± SD (µg L-1) 1.6 ± 0.001 2.6 ± 0.01 

Recovery ± SD (%) 82 ± 0.03 109 ± 0.6 

 402 

 403 

  404 
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 405 

 406 

 407 

Fig. 1: Chromatogram of PFCA compounds with approximate 5 mg F L-1 in each PFCA 408 
compound under (A) isocratic elution of 70% methanol and (B) gradient of acetonitrile/water. 409 
(1) PFHxA; (2) PFHpA; (3) PFOA; (4) PFNA; (5) PFDA. 410 

  411 
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 412 

 413 

Fig. 2: Response factor applied to the recorded chromatogram. (A) Blank chromatogram run 414 

under gradient elution program. (B) Response curve with a retention time of each fluorine 415 

compound under different concentration of acetonitrile (orange line). (C) Recorded 416 

chromatogram of PFCA separation under gradient elution program. (D) Applied response 417 

factor on the corrected chromatogram of PFCA. The numbers labelled for each PFCA same 418 

as Fig. 1. 419 

 420 

 421 

  422 
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 423 

 424 

 425 

Fig. 3: An overlay chromatogram of PFCA compounds between ICPMS/MS and ESI-MS 426 
with (A) isocratic elution (approximate 5 mg F L-1 in each compound) and (B) gradient 427 
acetonitrile/water (approximate 10 mg F L-1 in each compound). The numbers labelled for 428 
each PFCA same as Fig. 1. The intensity of ICPMS/MS displayed on the left Y-axis while 429 
ESI-MS displayed on the right Y-axis. Additional peaks were illustrated in a circle. 430 

 431 

  432 
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 433 

 434 

 435 

Fig. 4: An overlay chromatogram: (A) ICPMS/MS chromatogram of PFOA and Me-PFOA 436 
standards (approximately 10 mg F L-1). PFOA standard after one-month storage illustrated in 437 
black colour, while Me-PFOA in purple colour. (B) ICPMS/MS and ESI-MS chromatogram 438 
(blue colour for positive mode while green for negative mode) of Me-PFOA standard. The 439 
intensity of ICPMS/MS displayed on the left Y-axis while relative intensity of ESI-MS 440 
displayed on the right Y-axis. 441 

 442 

 443 

  444 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 
 

 445 

 446 

Fig. 5: Calibration graph of PFCA compounds with isocratic 70% methanol method. 447 

 448 

  449 
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 450 

 451 

Fig. 6: Calibration graph of each PFCA and PFOS compounds with gradient 452 
acetonitrile/water based on: (A) F concentration (mg L-1); (B) PFAS compounds 453 
concentration (mg L-1). 454 

 455 

  456 
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 457 

 458 

 459 

Fig. 7: An overlay ICPMS/MS (blue) and ESI-MS chromatogram (orange) of (A) river water 460 
and (B) spiked river water. The intensity of ICPMS/MS displayed on the left Y-axis, while the 461 
intensity of ESI-MS displayed on the right Y-axis.  462 

 463 
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- Post-column addition of a barium solution enables the detection of fluorines using 
ICPMS 

- Reverse phase chromatography coupled to ICPMS and ESIMS enables the detection 
of perfluorinated compounds in spiked river water 

- Perfluorinated carboxylic acids and their methylesters were detected using ICPMS  
- Trace levels of perfluorinated carboxylic acids were determined at ppb or sub-ppb 

level in river water.   


