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Measuring sub ppm levels of fluorine (F) directly with a commercial ICPMS is not possible due to high ionisation potential

of F. Mixing of barium and fluorine solution enabled a new approach in fluorine analysis through the formation of the

www.rsc.org/

polyatomic ion BaF" using ICPMS/MS. Different parameters such as reaction gas flow rate, sampling position, nebuliser and

make up gas flow rate, waiting and acquisition time as well as RF power were optimized in order to obtain the highest

. Prra 138,
possible sensitivities for

Ba'’F’, as those parameters were important for polyatomic ions formation, avoiding barium

oxide and barium hydroxide ions interference and sensitive detection in MS/MS. A limit of detection (LOD) of 0.043 mg L™

was achieved with a good recovery of fluoride spiked in deionised water. For fluorine speciation analysis, coupling of anion

exchange chromatography online to ICPMS/MS allowed separation and fluorine specific detection of fluoride and

fluoroacetate. The response was compound independent as expected for ICPMS. The LOD for fluoride and fluoroacetate

were 0.022 mg L* and 0.11 mg L* respectively. Both compounds were baseline separated and detected quantitatively,

making this newly developed method a promising candidate for non-target fluorine speciation analysis in environmental

samples.

Introduction

Fluorine plays an important role in human nutrition, as the
daily intake of fluoride (F) can improve dental health through
its cariostatic properties.l'2 In some countries, a sufficient
supply of the population with F" is ensured by the fluoridation
of drinking water.? Contrary to this, high concentrations of F
in drinking water can lead to chronic toxic effects such as
dental or skeletal fluorosis.*”’ Analytical tools such as ion
chromatography (1C) and ion-selective electrode
measurements (ISE) are commonly used to monitor fluoride
levels in water samples.7_9 However, conventional IC is not
specific to the detection of fluoride, as the separation is only
based on the ionic strengths of the analytes and unspecific
conductivity detection. Thus, co-elution with other
compounds can lead to an overestimation of fluoride
contents.’® ISE methods are limited by matrix effects® from
* or AI3+, which complex F ions and
thereby lower the detected concentrations.

. .4
jons such as Si*", Fe

Besides fluoride, fluorinated organic compounds are
released into the environment in large quantities from
anthropogenic sources. Poly- and perfluorinated surfactants,
such as perfluorooctanoic acid (PFOA), perfluorooctane-
sulfonamide (PFOSA) or perfluorooctanesulfonic acid (PFOS)
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have been produced in exceed for industrial purposes and can
be found in a variety of environmental samples.11 Other
compounds of interest are short-chained fluorinated acids
such as trifluoroacetic acid (TFA), which originates from the
atmospheric degradation of refrigerants and anaesthetics or
from decombustion of perfluorinated polymers.lz’13
Fluoroacetic acid (FAA) is a highly toxic compound which
naturally occurs in certain plants,14 can be a metabolite
formed by bacteria but has also been anthropogenically used
as a pestit:ide.ls'16 Analysis of those organofluorine
compounds is carried out via targeted quantification methods,
such as molecular mass spectrometry using isotopically
labelled standards.”*®

Approximately 20% of today’s pharmaceutical products
contain organofluorines, resulting in a broad variety of
partially unknown metabolites and degradation products.19
Despite their potentially toxic effects on biota, the
environmental fate of those compounds is not always known
and requires monitoring.20 Mass balance approaches support
this view by indicating the existence of so far unidentified
organofluorines in for example seawater.”! Targeted analysis
methods as mentioned above are applicable only for known
analytes. Thus, a non-targeted fluorine-specific approach to
the analysis of environmental samples could be used to
identify, quantify and monitor formerly unknown
organofluorines.

Other fields of analytical chemistry, such as the research
on organoarsenic compounds, have seen immense
developments after the introduction of non-targeted
speciation methods based on liquid chromatography (LC)

J. Name., 2013, 00,1-3 | 1
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coupled to element specific detection methods as inductively
coupled plasma mass spectrometry (ICPMS) or inductively
coupled plasma optical emission spectrometry (ICPOES).ZZ’23
However, no suitable speciation methods for fluorinated
organic compounds exist so far, mainly caused by the lack of
powerful fluorine specific detection methods. Major
challenges for the development of such a method are the high
ionisation potential (17.418 eV) of F and the location of its
resonance line in the vacuum ultraviolet range (95 nm).”’25

Low ionisation yields for the formation of F* ions and high
occurring background levels due to interferences, such as
1601H3+, Bo'H* and 17Ole+ ions are limiting factors to the
practicality of positive mode ICPMS. 228 Therefore, Vickers et
al. investigated the analysis of fluorine and other halogens
using negative ion mode ICPMS.”° A comparably lower
background could be observed, resulting in a LOD of 400 pg Lt
for fluorine. Despite their high potential for the analysis of
halogens, ICPMS instruments capable of switching between
positive and negative ion modes are not commercially
available nowadays. High resolution ICPMS offers another way
to decrease the background from interfering ions, however
the LOD for fluorine detection was too high for realistic
concentration in environmental and medical applications (5.1
mg L}).28

Several molecular high temperature continuous source
molecular absorption spectrometry methods (CS-MAS) were
used to detect F indirectly through measuring the absorption
of diatomic molecules, such as CaF or GaF.3?*! cs-MAs
method using GaF as the target analyte was used as a detector
for chromatography.gz'33 Qin et al. were able to detect with
the HPLC-CS-MAS a new fluorometabolite in Streptomyces
media and thereby demonstrated the advantages of fluorine
specific detection methods.> However, CS-MAS does not
allow online coupling with chromatographic separation
methods and is therefore limited in its application. A new
approach to fluorine specific analysis using ICPMS/MS has
been suggested by Yamada.> Through the online addition of
barium solution to fluorine containing samples, the formation
of polyatomic BaF' ions was enabled. Due to 138g4 being the
most abundant isotope, highest sensitivities would be
achieved for *®Ba®F" (m/z 157). Potential polyatomic ions
formation mechanisms are shown in equations 1 and 2.

138Ba+ + 19F0 =3 138Bal9F+ (1)

138p52+ 4 19F _gw 138R,19F+ (2)

Even though this approach bypasses the issue of low
ionisation yields for F, it would still be limited by potential
interfering ions with the same mass-to-charge ratio (m/z),
such as '®Ba'®0'H', *®Ba'®0'H;", and '*BaY’0’H'. The
occurring interferences can be reduced through a
collision/reaction cell between the first and the second mass
analyser in the MS/MS mode. MS/MS was used in this study as
it has more power in reducing the interferences compared to
single quadrupole ICPMS. The first quadrupole in MS/MS act
as a mass filter by eliminating all ions except the target mass
ions (m/z 157). By only allowing m/z 157 pass through Q1, the

2| J. Name., 2012, 00, 1-3

View Article Online
DOI: 10.1039/C7JA00051K

141

H . . +
interferences coming from different masses such as ~""Pr  or

140CeJ', which might form polyatomic ions with the m/z 157
(141Pr160+, 140CeleolHJ') were eliminated. The interfering ions
7Gd* or *®Ba'®0'H* have the same mass as the target
analyte could be eliminate using reaction gas in
collision/reaction cell. This helps in improving the
performance in collision/reaction cell as the reaction gas can
react with interfering ions but not the target polyatomic ions.
In this study, the utilisation of a fluorine polyatomic ion
formation was investigated and its use for the development of
an online speciation method with HPLC separation and
fluorine specific detection was evaluated. As a proof of
concept, anion exchange chromatography HPLC was coupled
online to ICPMS/MS and fluoride and FAA was separated,
detected and quantified.

such as

Experimental section
Chemicals, standards and reagents

Deionised water (18 MQ cm, Smart2Pure, Thermo Fisher
Scientific, UK) has been used for all analytical purposes.
Calibration and spiking solutions were prepared from
potassium fluoride (Fisher Scientific, UK), while barium
solutions were prepared from barium nitrate (BDH, UK). Stock
solutions of fluoroacetate (FAA) were prepared from sodium
fluoroacetate (Aldrich Chemical Company, UK) and buffer
solutions were prepared from ammonium carbonate (Fisher
Scientific, UK).

Instrumental setup

ICPMS/MS. Analysis and method development was carried out
using a 8800 Triple Quadrupole ICPMS/MS instrument (Agilent
Technologies, UK) with a Micromist nebuliser for sample
introduction, a quartz torch, a sampler and skimmer cone made
from nickel, and S-lens. In order to enable BaF" formation, barium
solution (0.22 mL min'l) was mixed online with F containing
samples or standards (0.33 mL min'l) via a T-pin at a mixing ratio of
1:1.5. The ICPMS/MS was tuned daily for maximum sensitivity using
a solution containing Co, Y, Ce, Tl, and Ba (1 pg L? each). The study
aimed to optimize for maximum 138p5 19" sensitivity on m/z 157.
Table 1 lists the investigated parameters and the optimized values
are summarized in Table 2.

Table 1 Investigated parameters for method development.

Parameter Values

Reaction gas No gas, oxygen, hydrogen, and
oxygen/hydrogen mixture
Oxygen flow rate 0.10, 0.30, 0.50, 0.75 and 1.0 mL min™
(reaction gas)

RF power 600 -1600 W

6.0—-25.0 mm

0.70-1.30 L min™

0.10-0.60 L min™

10, 15, 28, 50 and 100 mg L™

0.1-15s

Sampling position
Nebulizer gas flow rate
Make up gas flow rate
Ba concentration

Acquisition time

This journal is © The Royal Society of Chemistry 20xx
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HPLC-ICPMS/MS. For chromatography, an Agilent 1290 HPLC
system with a PRP-X100 Hamilton anion exchange column (4.1 mm
x 250 mm) was used. Ammonium carbonate (30 mM, pH 8.7) was
used as mobile phase at an isocratic flow rate of 1 mL min™. A
100 pL sample loop was used for sample introduction. For the
coupling, a transfer capillary was connecting the chromatographic
column to the nebulizer of the ICPMS/MS system via a T-pin, which
allowed the introduction of Ba solution. As the flow rate of HPLC
was higher than fluorine standards or samples used in ICPMS/MS,
therefore a higher Ba concentration was used (45 mg L'l, flow rate
0.22 mL min'l) to maintain the Ba concentration after mixing at the
same level as in ICPMS/MS.

Results and discussions
Method optimization

Reaction gas. The capability of the method to monitor the signal of
138319 at m/z 157 free from interferences is an important
requirement for F to be detected successfully. Different gas modes
for the collision/reaction cell of the ICPMS/MS were investigated. A
high F sensitivity and signal-to-background ratio (SBR) was
observed for O, as reaction gas (Fig. 1, and ESI-1). A product ion
scan of ions in blank and 1 mg L™ F solution with m/z 157 in first
guadrupole (Q;) was carried out and the entire mass spectrum was
scanned using the second quadrupole (Q,). Product ions such as
%0, (m/z 32), ®Ba" (m/z 138), **Ba'®0" (m/z 154), **Ba'0™H
(m/z 155), and 138BalGOZ+ (m/z 170) were detected in the MS/MS
spectra from the mother ions of m/z 157 (Fig. 2). The intensities of
these ions were independent of the introduced fluoride
concentration (Fig. ESI-2). Hence, it is likely that they were the
MS/MS product of the following ions on m/z 157: 138BamOlH+,
13833270°H* and ®Ba’®0'H;". The signal intensity at m/z 157
increase when F was introduced (Fig. 2B), which give an evidence
about the efficiency of 1388319F* jons formation process. The use of
oxygen as a reaction gas for the elimination of interfering ions in
MS/MS mode is illustrated schematically in Fig. ESI-3.

Table 2 Optimum instrument settings for the determination of the

138 19,
Ba“’F".

Plasma

RF power 1500 W
Sampling position 8.0 mm
Nebuliser gas flow rate 1.00 L min™
Makeup gas flow rate 0.37 Lmin™
Lenses

Extract 1 -150.0V
Extract 2 5.0V
Deflect -48.0V

Cell

Oxygen flow rate 0.75 mL min™
OctP Bias -60.0V
OctP RF 200V
Energy Discrimination -10.0V

This journal is © The Royal Society of Chemistry 20xx

Five different O, flow rates were evaluated by comparing
the intensities for m/z 157 of a blank solution and F
containing solution (1 mg L'l). The highest SBR of BaF" and
sensitivity were found for O, flow rate of 0.75 mL min™ (Fig.
3). Thus, in further analysis, 138319k was detected in MS/MS
mode, both Q; and Q, set at m/z 157 with 0.75 mL min™ 0,
as a reaction gas.

140000 10000
L 9000
120000 e
A = L 8000
100000 L 7000
i —_— - - A
Q L
£ goooo 6000
Z L 5000
§ 60000 L 4000
c
40000 [ 3000
L 2000
20000
I 1000
o 4 T . T T . 0
0 0.5 1 15 2 25 3

F concentration (mg L?)

< No gas Hydrogen X Oxygen/hydrogen mixture [JOxygen

Fig. 1 The calibration graph of F in different gas modes; no gas,
hydrogen, oxygen/hydrogen mixture displayed to the left Y-axis while
the oxygen mode is displayed on the right Y-axis.

[«]
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100000

10000 4 £
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Fig.2 MS/MS spectra: The reaction product ions scan of m/z 157
using oxygen as reaction gas in (A) blank and (B) 1 mg L™ F solution

J. Name., 2013, 00, 1-3 | 3
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mixed online with 15 mg L™ Ba. (a) m/z 32 being *°0", (b) m/z 138
(®®Ba"), (c) m/z 154 (**Ba'®0%), (d) m/z 155 (***Ba’®0'H"), (e) m/z 157
(®®Ba'F" and other barium interfering ions), and (f) m/z 170
(138Ba160160+).

Instrument settings and data acquisition parameters. Plasma
conditions are crucial for the successful formation of ***Ba™F*
polyatomic ions. Hence, forward RF power was changed and
subsequently optimised to gain maximum sensitivity by re-
adjusting the sampling position and the gas flow rates. The
first and the second quadrupole was set to a fixed m/z of 157
and the signal in blank and 1 mg L™ fluoride containing
solution was monitored. The signal intensities of the
interfering ions and the efficiency of BaF’ formation were
changed with RF power. At low power, the signal is mainly
produced by the interfering ions since the signal intensity of
the blank is as high as the signal intensity for the fluoride
solution, with increasing power the SBR of BaF' increases
sharply. This would mean that the highest power should be
used to gain highest sensitivity for 13883'°F formation ions
(see Fig. 4).

Sampling position was also independently optimised by
measuring 18R intensities (m/z 157) for a solution
containing F (5 mg L'l) and subtracting the respective
background intensities of a measured blank. The resulting
values indicate a maximum intensity at approximately 7.8 mm
sampling position (Fig. 5). Intensities of m/z 157 for blank and
F containing solution are provided in Fig. ESI-4. For further
analysis, a sampling position of 8.0 mm was used.

Nebuliser gas flow rates (0.7-1.3 L min™") and make up gas
flow rates (0.1-0.6 L min'l) were also optimised and the SBR of
BaF" between F containing solution (5 mg L'l) to blank was
observed. The highest ratio was found to be around 0.94 L
min™ and 0.36 L min™ of Ar flow rate for nebulizer and make
up gas flow rate respectively. Both flow rates influence each
other as the maximum SBR of BaF" of the total gas flow
through the injector was found around 1.36 L min™ (Fig. 6).
The SBR of BaF" decreased when the flow increases. This
indicates that the plasma cooling effect from the increased
flow prevent the formation of sufficient BaF".

Intensities of Ba" and Ba’* ions in dependence on the
sampling position and total gas flow rates were monitored in
search of possible correlations which Ba ions (Ba* or Ba2+) play
arole in *®Ba"°F* polyatomic ions formation. Such correlations
could provide insight in regards to the polyatomic ions
formation mechanism according to equation 1 and 2. For the
determination of *’Ba’' signal intensities, a background of
®zn* interferences had to be taken into account. The
background intensities of zn* were determined by measuring
intensities of °zn* and calculating the intensity of ®Zn* based
on isotopic abundances. The normalised intensity maxima of
Ba" and Ba’* were shifted to bigger sampling position and
lower total gas flow rates compared to the maximum BaF"
signal and SBR (Fig. 5 and Fig. 7). This indicates that both Ba®
and Ba’* were involved in the formation of BaF" depending on
the type of F (either F° and F) present in the plasma.

In order to see the effect of gas flow on polyatomic ions
formation, BaO" ions was also monitored at m/z 148 for both
Q; and Q,. The maximum SBR of BaF" was found in between

4| J. Name., 2012, 00, 1-3
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the maxima of Ba", Ba’* and BaO" normalised intensities as a
factor of total gas flow rates (Fig. 7). This indicates that the
cooling effect, due to increased total gas flow rates up to a
certain flow range, accelerates the formation of BaO". Since Ba
are known as an easily oxidise element, while O atom are
more abundant than Ba® ions and F in the plasma, BaO" tend
to be produce. As

3000 26
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3 ¢ 2
£ 1500 L 18 %
2 2
g L 16 &
£ 1000 -
L 1.4
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0, flow rate (mL min‘?)

OBlank O1mg/LF Background substraction @ SBR of BaF(+)

Fig.3 SBR of BaF" (diamond) and intensity of m/z 157 counts for
blank, 1 mg L fluorine and background subtraction (bars) on different
oxygen flow rates in reaction cell. Highest SBR for 383" is observed
for a flow rate of 0.75 mL min™.
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Fig. 4 The intensity at m/z 157 in blank and 1 mg L'F containing
solution and SBR of **Ba'F" at different RF power. The intensity in
blank (without F) and 1 mg L™ F solution are displayed to the left Y-
axis, while the SBR of BaF" is displayed on right Y-axis
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Fig. 5 Background subtracted intensity for F containing solution
(5 mg L'1) and normalised intensities of Ba* and Ba*" dependant on the
sampling position. BaF'signal illustracted on the right Y-axis, while
normalised intensities of of Ba" and Ba" illustrated on left Y-axis.

the total gas flow rate decrease, the plasma becomes hotter,
hence promotes the dissociation of BaO" into Ba® and O as
shown in equation 3, which simultaneously begins the
formation of BaF" from the reactants of Ba® and F°. Further
decrease in total gas flow promotes the dissociation of BaF"
leading to the increase of Ba* ions. Thus, the formation of BaF"
in equation 1 occurs in a certain range of the total gas flow
rates. The BaF' formation through the reaction of equation (2)
also occurs within certain range of total gas flow rate. As the
total gas flow rates decreases, the plasma getting hotter. This
cause the electron tends to leave the F anion and forming the
neutral F°. Hence, BaF" formation will be suppressed if the
flow rate is too low. Apart from that, when the total gas flow
rate increases, the plasma gets cooler causing the ionisation
yield of Ba®* decreases. Hence, BaF" formation will be
suppressed if the flow rate is too high. This means that the
lack of either one of the reactants, Ba®* or F prevents the
formation of BaF" through the reaction in equation (2).

Ba*+ O==BaO" (3)

The sharp maximum of the background subtraction for
BaF* detection in sampling position indicates that the
optimum formation conditions for BaF* can only be found in a
small part of the plasma, which is not ideal for getting a stable
signal. This was also evident in the nebuliser flow variation.
Variable plasma conditions through variation of the
introduced samples or solvent flow could potentially result in
large intensity variations, which would not be desirable. Not
only the maximum SBR of BaF* was a sharp peak, it seems also
that the plasma was sampled in the hottest zone and not as
expected in the recombination zone. This also confirms the
highest SBR of BaF* was recorded with the highest RF power
used.

The concentration of the used Ba solutions was also
optimised. Different Ba concentrations were mixed online
with blank and 1 mg L'F containing solution at a fixed mixing
ratio of 1:1.5. The results shown in Fig. 8 indicate that by
increasing Ba concentration, the counts for m/z 157 and the
standard deviation (SD) of 10 measurements increases. Thus,
as a compromise between the small SD and sufficient BaF"
intensity, 15 mg L™ of Ba was chosen for further analysis. The
lower Ba concentration reduces also the risk of clogging the
skimmer cone. The Ba concentration is however still high
enough that ppb levels of barium in the sample would not
significantly change the BaF* formation.

According to Resano et al. 35, a sufficiently high counts of
ions is an indicator for the best performance of ICPMS through
a combination of long acquisition time with fast scanning.
Different acquisition times for m/z 157 intensities and wait

This journal is © The Royal Society of Chemistry 20xx
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time offsets (WTO) using 10 replicates for each measurement
in blank and 1 mg L' F containing solution were evaluated.
Acquisition times in the range of 0.1 s to 1.0 s were tested and
the result was shown in Fig. ESI-5. As the acquisition time
increase, the SD illustrated as error bar was improved. Thus,
an acquisition time of 1.0s for each replicate measurement
was chosen for further analysis. WTO allows the MS/MS
system to reach a steady state for the detection of ions when
using a collision/reaction cell > However, changes to the WTO
showed no significant effects towards the measured
intensities for **Ba’°F* (Fig. ESI-6). For future measurements,
a WTO of 2 ms was used.

20
—®— Fixed nebuliser
gas flow
15 4 == Fixed make up
gas flow

SBR of BaF*
=
S}

1.1 1.2 13 14 15 16
Total gas flow rates (L/min)

Fig. 6 SBR of *®Ba'’F" of total gas flow rates between 5 mg L' F
containing solution to blank. The highest SBR was found around 1.36 L
min™ of total gas flow rate for both nebuliser and make up gas flow.
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Fig. 7 Normalised intensity of Ba’, Ba** and BaO", and SBR of BaF" as
a function to total gas flow rates in blank and 5 mg L'F containing
solution. The normalised intensity of Ba*, Ba>* and BaO" displayed on
the left Y-axis, while SBR of BaF" displayed on right Y-axis.
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Fig. 8 SBR of BaF" (diamond) and intensity of m/z 157 counts in the
presence of F, without F and background subtraction (bars) on
different Ba concentrations; 10, 15, 28, 50 and 100 mg LY The
background and SD increase as Ba concentration increases. Small SD
and sufficient BaF" signal are observed for 15 mg L Ba.

The presence of 37Gd" in the sample might interfere with
the detection and quantification of 138319 as they have the
same mass (m/z 157). Therefore, the interference of
concomitant Gd was studied. Under the optimised conditions
7Gd* through Q;, but only 8% of the Gd*
appeared on m/z 157, while the rest was oxidised in the

for BaF" would allow

collision/reaction cell by oxygen to GdO* with a mass shift to
m/z 173 (Fig. ESI-7). Nevertheless, approximately 100 pg L' Gd
would simulate 500 pug LY F. Hence, in the presence of
possible Gd in the sample, it would be recommended to
optimise the reaction gas flow for a more efficient oxidation of
Gd.

Figure of merits and determination of fluorine

Total F concentration by ICPMS/MS. By allowing m/z 157 in
MS/MS mode, a linear equation of y = 3229.1 x + 1881.7 and R’=
0.991 was obtained with a 6 points calibration. The LOD and limit of
quantification (LOQ) of F were calculated from 3 SD and 10 SD of
the blank value and were found to be 0.043 mg L™ and 0.086 mg L*
respectively (calculations see ESI).

The capability of the developed method was evaluated by
spiking approximately 1 mg L fluoride standard into water.
The measurement was done in triplicates with 10 replicates in each
measurement and the result shows the F concentration of 0.95 +
0.058 mg L" with a recovery of 97 + 4%. From t-test analysis, with
95% confidence interval (Cl), the result of p-value > 0.05 indicating
the expected and the measured F concentration has similar
concentration (Table ESI-1). Additionally, the data on triplicate
measurements and 10 replicates in each measurement showed
acceptable reproducibility with 2.4-5.8% RSD (Table ESI-2). The
relative high RSD may be explained by the sharp maximum in the
plasma when optimised the sampling position and total gas flow
rates. But overall the achieved performance suggests that the
method is sensitive and reliable for at least fluoride analysis and
can potentially be used for total fluorine environmental analysis.

One condition for total fluorine analysis would be to test
whether the sensitivity of fluorine as BaF" is independent of the

6| J. Name., 2012, 00, 1-3
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fluorine containing species or not. Since this study focussed on a
speciation study, the species-specific sensitivity was tested using
the online HPLC coupled to ICPMS/MS.

Speciation by HPLC-ICPMS/MS. For speciation analysis of different
F compounds, HPLC was coupled to ICPMS/MS method. Two F
compounds (fluoride and fluoroacetate) were mixed to the same
concentration with regards to the F-content. Both compounds were
baseline separated within 15 minutes through isocratic elution of
30 mM ammonium carbonate (Fig. 9). The chromatogram showed
that fluoride has a sharper peak compared to fluoroacetate peak;
however, both compounds have similar sensitivities with regard to
their F content indicating compound independent fluorine specific
detection (Fig. 10). Similar results were obtained for HR-ICPMS
analysis of fluorinated compounds,28 proving that the argon plasma
of ICPMS is powerful enough to cleave even the strongest of single
bonds in organic compounds, ie. C-F bond, without a shift in the
BaF' formation. This indicates that not only fluoride but also other
fluorine containing compounds can be quantified using fluoride as
a standard. This would be useful for the determination of total
fluorine in a sample containing multiple organofluorine species and
for quantifying unknown F containing compounds with regards to
their F content.

The LOD of HPLC-ICPMS/MS method for individual species was
comparable to that for fluorine without chromatography. The
calibration data, instrumental LOD and LOQ of each compound are
listed in Table 3. Both LOD and LOQ were calculated based on 3 SD
and 10 SD of the blank value and were found to be 0.022 mg L and
0.085 mg L™ for fluoride, while 0.11 mg L* and 0.18 mg L? for
fluoroacetate (calculation see ESI). The absolute LOD for fluoride
was 2.2 ng; while for fluoroacetate is 11 ng F as fluoroacetate.
Increasing the sample loop to 1.000 mL would potentially decrease
the LOD to single figure ug L™ concentrations if chromatographic
separation is not the first priority. In comparison with the published
methods, the newly developed method is not only able to detect
fluorine specifically but also has a comparably low LOD (Table 4).

Three water samples containing approximately 1 mg L™ of F for
each compound were analyse. The HPLC-ICPMS/MS measurements
were carried out with triplicate injections. Based on the results
(Table 5), the concentration of F in fluoride and fluoroacetate in a
good agreement with recoveries of 91% + 6% to 96 % + 11%
respectively. Via t-test analysis, with 95% Cl, the concentration
spiked and the concentration measured by the speciation method
have similar mean concentrations for both compounds (p-values >
0.05) (Table ESI-3). This suggests that the method is F specific.

Furthermore, another advantage to use HPLC-ICPMS/MS for
fluorine detection might be the potential of reducing interferences
from metal ions in the samples, which might influence the BaF" or
interfering ions formation detected on m/z 157. The metal such as
Gd, Pr or additional Ba in the sample can be separated from the
fluorine species by the used chromatography. Hence, the use of
chromatography can potentially be used for matrix separation and
enhance the robustness of the fluorine detection.

This journal is © The Royal Society of Chemistry 20xx
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Fig.9  The HPLC-ICPMS/MS chromatogram of fluoride and fluoroacetate
in different F concentrations: (a) 0.25 mg L™ (b) 0.5 mg L™ (c) 1.0 mg L™ (d)
2.5mgL” (e) 5.0 mg L. Both compounds were detected at m/z 157.
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Fig. 10 The HPLC-ICPMS/MS calibration graph of fluorine compounds;
fluoride and fluoroacetate.

Conclusions

In this work, the newly developed method for F analysis
through the formation of 138pa 1ot using ICPMS/MS was
demonstrated. **Ba'’F" was efficiently formed at 1500 W RF
power and in the presence of 0.75 mL mint O, as a reaction
gas, the interfering barium polyatomic ions were reduced.
Although the mechanism how BaF' is generated was not
studied in detail, the high power, low total gas flow and small
sampling position would indicate that both Ba" and Ba>* play
important roles in BaF" formation depending on the types of F,
either atomic F° or negative fluorine F. The developed
method enables the total F determination by ICPMS/MS with
good recovery, 0.043mg LY LoD and acceptable
reproducibility. Coupling of HPLC directly to ICPMS/MS
enabled the first speciation method for non-target analysis of
F-containing compounds analysing F species with 0.022 mg Lt
and 0.11 mg L™ LOD for fluoride and FAA respectively. In
conclusion, the developed method offers the first method for

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

a simple and fast way for a sensitive, specific, and reliable F
analysis at relevant levels and opens up new possibilities for
the future analysis of environmental samples.
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Table 3 Calibration data, instrumental LOD and LOQ of fluoride and fluoroacetate using HPLC-ICPMS/MS speciation method.

DOI: 10.1039/C7JA00051K
Journal Name

F compound Retention time, RT Sensitivity Intercept R’ LOD LoQ
SD (min) (counts Lmg™s™) (counts s™) (mgL?) (mgL?)
Fluoride, F 3.66 +0.045 24474 3774.3 0.998 0.022 0.085
Fluoroacetic acid, FAA 7.11 +0.050 23993 2545.3 0.997 0.11 0.18
Table 4 Limit of detection (LOD) of F analysis using different methods.
Method Characteristic Analyte LOD LoD References
(concentration) (in mass)
CS-MAS Molecular absorption GaF (211.248 nm) 0.26 ug L™* 5.2 pg 3
1.0pgl? 100 pg 2
SrF (651.187 nm) 36 gL’ ¥
CaF (606.44 nm) 26 ug L’ 0.26 ng 8
BaF (495.088 nm) 13 gLt 0.13 ng ”
IC Conductivity Fluoride 0.03 mg kg™ 0.015 pg “0
10-50 pg L™* o
ISE LaF; doped with EuF, Fluoride 30uglL’ “0
4.55 mg kg™ 1.37 ug 2
ICP-MS Mass spectrometry Fluoride: detection as AIF** 0.1 ug Lt 2
onm/z 27
HR-ICP-MS High resolution mass F*(m/z 19) 5067 pg L* b
spectrometry
ETV-ICP-MS Electrothermal sample F*(m/z 19) 3200 pg L? 0.29 g ““
introduction to mass
spectrometry
ICP-AES Atomic emission spectroscopy Fluoride ion at analytical 71mg L 6.39 ug *
with tungsten line 685.602 nm
boat furnace vaporiser
ICPMS/MS Triple quadrupole mass BaF* (m/z 157) 27 gLt *
spectrometry 43 gL’ This work
HPLC-ICPMS/MS Chromatographic separation with ~ BaF' (m/z 157) for fluoride 22 pugL™* 2.2ng This work
mass spectrometry BaF" (m/z 157) for 110 pg L™ 11 ng This work
fluoroacetate
Table 5 Fluoride and fluoroacetate concentrations and recoveries obtained from HPLC-ICPMS/MS speciation method.
F compounds F concentration + SD (mg L'l) Recovery * SD (%)
8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fluoride, F°

Fluoroacetate, FAA

0.93+0.083
0.90 +£0.087

96+11
91+6
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