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Abstract. Perfluorinated organic compounds have been recognized in recent years as globally distributed 
persistent organic pollutants of an entirely anthropogenic origin, but present already even in the most  
remote places of the globe, including organisms of wild fauna. Numerous studies have also shown that 
they are contained in human organisms all over the world. In this work a special attention is given to  
perfluorinated carboxylic acids (PFCAs), widely used in various areas of modern life. New methods  
developed for their determination using the HPLC with fluorescence detection and capillary electropho- 
retic methods are discussed, as well as the new method for the determination of total organic fluorine 
(TOF). (doi: 10.5562/cca1776)  

Keywords: perfluorinated organic compounds, surfactants, HPLC, capillary electrophoresis, total organic 
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INTRODUCTION 

A widespread presence and environmental persistence of 
the perfluorinated organic compounds (POC) received a 
worldwide attention in recent two decades.1 In recent 
decades they have been widely produced for various 
applications as stable and efficient surfactants, being 
utilized in syntheses of fluorinated polymers, and are 
applied in household products and cosmetics. Their  
unusual stability in the environment and their resistance 
to chemical and biochemical degradation result in a wide 
global proliferation, including remote regions without any 
anthropogenic activity,2 therefore many of POCs are 
considered as persistent organic pollutants (POPs).3 They 
are commonly present in human and animal organisms. 
Their accumulation in particular organs and incorporation 
into a lipid cell walls4 are commonly known. The two 
most commonly detected types of perfluorooctanoic acid 
(PFOA, C8 PFCA) and perfluorooctane sulfonic acid 
(PFOS) are globally present in human blood and serum 
samples at ppb (µg L–1) level. Some of their essential 
positive features should also be mentioned. In the auto-
motive field alone the use of a fluoropolymer layer on 
fuel hoses reduces the fuel permeation by 95 % and  
reduces the volatile emissions and improves the fuel 
economy. Aqueous film-forming foams (AFFF) have 
saved lives and reduced property damage in airports and 
on deep-water oil rigs. 

Monitoring of their concentration in trace level in 
complex matrices is a serious analytical challenge. It 
requires usually a complex sample clean-up and precon-
centration of trace analytes. Because of a large variety 
of perfluorinated compounds present in environmental 
samples the best results can be obtained using the high-
performance chromatography with mass spectrometry 
detection (LC/MS).5 For this purpose also some other 
detection methods can also be employed such as the 
fluorescence6,7 with appropriate derivatization of ana-
lytes or the conductometric8 one. For the purpose of the 
environmental monitoring of total amount of fluorinated 
organic types (total organic fluorine, TOF9) several 
methods of their decomposition by combustion10 or 
chemical reduction11–13 have been developed and com-
bined with different methods of fluoride determination. 
The methods of environmental analysis, developed in 
our research group, are described below in detail.  

 

EXPERIMENTAL 

Analytical Methods for Determination of PFCAs 

Determination of POCs is an analytical challenge. 
Reliable methods of extraction, separation and identifi-
cation in complex matrixes are necessary. The difficulty 
of the determination of the most commonly occurring 
perfluorinated carboxylic acids (PFCAs) is their very 
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low concentration in the samples (ng–pg L–1 or ng–pg  
g–1) and their weak absorption of the UV radiation. 
Numerous analytical methods have been developed to 
determine PFCAs and most of them are chromatograph-
ic.14,15 For determination of PFCAs without derivatiza-
tion, the LC MS/MS,5,16,17 the LC-TOF18 or with deriva-
tization the GC MS19 and the GC ECD20 are commonly 
used in the environmental and biological samples. The 
ion chromatography with conductimetric detection for the 
separation PFCAs having C3–8 has been also proposed8 
with the LODs in range 0.12–0.66 mg L–1, while with 
the SPE determination of 50 µg L–1 was possible.  

Different approaches using solid-phase extraction 
methodology for preconcentration of PFCAs have been 
reported. For determination with the LC-MS, the me-
thodology of Moody et al.21 employing C18 sorbents 
limited to long chain acids has been employed by vari-
ous authors. There has recently also been developed the 
application of polymeric sorbents from Waters Oasis 
HLB and Oasis WAX mixed-mode weak anion-ex-
change reversed phase for PFCAs preconcentration.22 
 
HPLC Method With Fluorescence Detection 

In order to apply the fluorimetric detection of PFCAs, 
Ohya et al.6 reported the derivatization with laboratory 
synthesized 3-bromoacetyl-7-methoxycoumarin (BrAMC), 
while conditions of carrying out reaction and separa- 
tion were optimized. With the isocratic elution, all deri-
vatized analytes were separated during 18 min. The 
developed method was applied for the determination of 
PFCAs in rats liver and recoveries > 90 % were obtained 
for 50 mg homogenate spiked with 1 nmol L–1 PFCAs.  

The aim of our work was to develop a HPLC  
method for determination of PFCAs with fluorimetric 
detection based on the use of commercially available 
fluorophores.7 The studies were focused on the in-
vestigation of two coumarin fluorophores similar to  
3-bromoacetyl-7-methoxycoumarin mentioned above. 
Both fluorophores employed in this work, namely  
3-bromoacetylcoumarin (3-BrAC) and 4-bromomethyl-
7-methoxycoumarin (BrMMC), are commercially avail-
able, and the latter one has already been widely em-
ployed for derivatization of carboxylic acids for the 
HPLC determination with fluorimetric detection of e.g. 
fatty acids.23  

Among the reagents used in derivatization for ap-
plication of fluorescence detection in HPLC, coumarin 
derivatives present one of the most sensitive com-
pounds. The yield of derivatization with coumarin  
derivatives, limit of detection and efficiency of separa-
tion of derivatized analytes depend on numerous expe-
rimental factors. Using a standard mixture containing 
PFCAs from 2 to 12 carbon atoms (C2 to C12) at  
concentrations of 0.5 mg L–1 each, for both derivatives 
effect of reagent concentration used for derivatization, 
reaction time, temperature of reaction and kind of sol-
vent were examined.  

Comparison of two reagents used for derivatiza-
tion was made in 70 °C, for a reaction time of 60 min 
and concentration of reagents of 2 g L–1. The examples 
of obtained chromatograms with corresponding record-
ings for blanks are shown in Figure 1. In a similar pe-
riod of time of about 25 min the separation of all ana-
lytes and better base-line were obtained for 3-BrAC. 

 

Figure 1. Chromatograms obtained for blanks (1) and mixtures of 0.5 mg L–1 PFCA standards (2) for derivatization using solution 
of 3-BrAC, γ(3-BrAC) = 2 g L–1 (Figure 1a) and solution of BrMMC, γ(BrMMC) = 2 g L–1 (Figure 1b). Detection at 306 /420 nm 
for 3-BrAC and 330/390 nm for BrMMC.7 
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Surface areas for recorded peaks with two coumarin 
derivatives are very similar. A much larger signal for 
excess of reagent recorded for BrMMC makes impos- 
sible recording signals for C2 and C3. A much larger 
signal recorded for C6 with BrMMC is caused by un-
identified solutes present in the blank. For further inves-
tigations 3-BrAC was selected as derivatizing reagent. 

Effect of the temperature on derivatization reac-
tion was examined in the range from 20 to 70 °C for 
reaction time of 60 min. At the highest examined tem-
perature of derivatization of 70 °C also effect of deriva-
tization time was investigated in the range from 20 to 
120 min. The role of this parameter is smaller, and de-
crease of signal magnitude at 120 min for most analytes 
was attributed to the loss of analytes during long time 
derivatization. As some loss of more volatile species 
can be expected also at the highest examined tempera-
ture, as the most safe and efficient conditions of deriva-
tization were selected 60 min derivatization at 70 °C. 
Due to the large differences in affinity of the examined 
analytes to C18 stationary phase in the used reversed-
phase system, their efficient separation in a reasonable 
time period can only be obtained with gradient elution.  

In the optimized conditions of derivatization the 
determinations of PFCAs were carried out in a concen-
tration range from 0.025 to 0.5 mg L–1 in injected solu-
tions. For a 50 μL sample volume satisfactory linearity 
of the response was obtained and limits of detection (for 
S/N = 3) in the range from 5 to 10 μg L–1. In studies of 
repeatability of derivatization procedure with 3-BrAC in 
optimized conditions, for 5 repetitions carried out dur-
ing 5 consecutive days, RSD values for peak areas for 
all the analytes were below 1 %. No significant differ-
ences in the efficiency of separation were also observed. 
The derivatized analytes were stable in time, as after 
two days of storage recorded chromatograms were prac-
tically the same as those recorded immediately after 
derivatization. No additional by-products after 2 days of 
storage were observed. 

The detection limits obtained in the developed 
procedure are too high for a direct determination of 
PFCAs at level present in natural waters21,24 so the next 
step in development of a complete procedure was the 
optimization of a solid-phase extraction method for the 
preconcentration of analytes from diluted natural sam-
ples. Based on a vast literature on the application of 
different sorbents for this purpose,25 two commercially 
available sorbents were selected, namely Sep-PAK C18 
and Oasis-WAX. Besides the optimization of elution 
mode for retained species on sorbent bed, another essen-
tial factor was to eliminate traces of water from the 
extracts, which interferes in the derivatization reaction. 

Because of the strong retention of examined ana-
lytes on C18 sorbent bed, recovery of the elution was 
investigated using three 2.5 mL fractions of methanol. 

The obtained data for 100-fold preconcentration using 
500 mg sorbent bed showed a satisfactory recovery 
(above 80 %) with single portion of only methanol for 
C4, C7 and C9 PFCAs. The total recovery obtained by 
means of three fractions of eluting methanol was more 
then 80 % for all examined analytes from C3 to C12, 
except C2 where much lower total recovery was found. 
Reproducibility of this procedure was also satisfactory, 
as RSD was obtained for various analytes in the range 
from 0.2 to 1.4 %. For 1000-fold preconcentration from 
a 1 L sample containing 0.3 μg L–1 of each PFCA, a 
satisfactory total recovery above 90 % was obtained for 
C4 to C6 PFCAs, only, whereas for other examined 
analytes it was much lower, and non-acceptable for 
practical applications.  

Similar studies were carried out for Oasis-WAX 
cartridges, additionally investigating the role of an 
amount of the sorbent taken for preconcentration. As 
according to the manufacturer this sorbent can be used 
for partly polar analytes with pKa values about or more 
than 1.0 (pKa for PFOA is 2.5) so, it seems to be suita-
ble for the examined analytes with their retaining based 
on both hydrophobic and ion-exchange interactions. For 
the elution of retained species methanol containing 
ammonia is recommended. Because of this, in the first 
step the effect of two levels of ammonia 0.1 and 5 % 
respectively in methanol was investigated for 100-
preconcentration using a 60 mg sorbent bed. A better 
recovery was observed for a smaller concentration of 
ammonia in methanol, hence such conditions were used 
in further experiments. One can also see, however, that 
in these conditions a satisfactory elution was observed 

 
Figure 2. Chromatograms obtained for natural water sample after 
100-fold preconcentration: blank (A); standard solution, c = 0.1 
mg L–1 (without preconcentration) (B); water sample (C).7 
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for few PFCAs, only, namely C4, C5, C6 and C9. Alte-
ration of pH value of preconcentrated solutions in the 
range of 5.0 to 8.0 did not affect the observed recovery. 
Based on the obtained experimental data, C18 sorbent 
Sep-PAK was considered as more suitable for precon-
centration of trace amounts of PFCA from environmen-
tal samples.  

A complete procedure with 100-fold preconcentra-
tion with C18 Sep-PAK 500 mg cartridge was employed 
for determination of PFCAs in surface water sample 
collected in an industrial region close to Tarnów, a city 
in the Southern Poland, where a large chemical plant 
producing fluorinated compounds is based. The chroma-
tograms recorded for blank, standard mixture of PFCAs, 
and analyzed sample are shown in Figure 2. Based on 
retention times, two PFCA analytes were identified, 
namely C7 and C8 (PFOA) at concentrations 1.0, 0.63 
µg L–1, respectively. Recoveries of 93.2 % and 99.3 % 
for C7 and C8 spike in natural water were obtained. 
 
Capillary Electrophoresis Methods for Determina-
tion of PFCAs 

A very high resolution of capillary electrophoretic (CE) 
methods and availability of commercial instruments 
with various detectors is a reason for considering the 
application of CE methods for determination of perfluo-
rinated surfactants. In our studies we have developed a 
CE methods for determination of PFCAs with 6 to 12 
carbon atoms in alkyl chain with a direct UV detec-
tion.26 Because of the weak absorption of light by the 
target PFCA analytes, the detection limits without  
any additional preconcentration step were from 2 to 33 
mg L–1. We have also developed a CE method based on 
the use of a capillary electrophoretic microfluidic chip 
with conductivity detection.27 This first attempt resulted 
with a separation of PFCAs from C6 to C10 carbon 
atoms and detection limit at the level of 0.3 to 6.7 
μmol L–1.  

The aim of other studies was to optimize also a 
capillary electrophoretic method for determination of 
PFCAs with the indirect spectrophotometric detection. 
The conducted studies included selection of a chromo-
phore probe and optimization of conditions for the de-
tection and separation of C6 to C12 PFCAs. 

Strong nucleophilic effect of fluorine atoms in the 
PFCA molecules causes the perfluorinated acids to be of 
a moderate strength, hence in alkaline media they are 
present predominantly as anions. Therefore the optimi-
zation of PFCAs separation by the CE to some extent 
can be based on the existing wide literature on the CE 
separation of anions with indirect photometric detec-
tion.28 The optimization of the background electrolyte 
(BGE) composition should consider obtaining the best 
resolution of analytes as well as the best sensitivity of 
detection in terms of level of detection limits. It generally 

involves optimization of the content of ionic conducting 
components in the BGE, organic solvent, chromophore 
probe, pH and value of applied voltage. 

The optimization of separation of PFCAs from C6 
to C12 was carried out with a single variable procedure, 
examining successively effect of particular factors. In 
the preliminary measurements a dinitrobenzoic acid 
(DNBA) isomer was employed as a chromophore probe 
because its mobility well matched that of analytes and 
40 % methanol content in the BGE. The use of a rela-
tively high content of ionic species in the BGE is neces-
sary to provide sufficient conductivity of the BGE con-
taining a large amount of organic solvent. The effect of 
Tris content in the BGE was examined in the concentra-
tion range from 20 to 100 mmol L–1. No pronounced 
improvement of resolution was observed with the in-
crease of Tris concentration in the BGE, especially for 
PFCAs with longer alkyl chain, but it broadened the 
signal for C6 and C7. As optimum, 50 mmol L–1 Tris 
concentration in the BGE was chosen. 

In the determinations of surfactants which can be 
strongly adsorbed on the capillary walls, both in the 
case of anionic species and for cationic ones, measure-
ments have to be carried out with a large content of 
organic solvent in the BGE. The comparison studies 
with 40 % of organic solvent in the BGE were carried 
out for acetone, tetrahydrofurane, methanol and isopro-
panol. The best peak shape and reproducibility of mea-
surements with the smallest level of baseline noise was 
observed for methanol, hence methanol was employed 
in further studies. The 40 % content of methanol in the 
BGE does not, however, allow to obtain a baseline se- 
paration of C9 to C12 PFCAs, hence additionally  
the effect of methanol concentration in the BGE on  
the migration times and the signal magnitude were  
examined. The increase of methanol content above 
40 % results in longer migration times of PFCAs and 
enhances the resolution of PFCAs with longer alkyl 
chains. However, its increase up to 60 % causes evident 
decrease of the signal magnitude, hence finally 50 % 
content was chosen as an optimum. 

A critical factor to optimize in the CE determina-
tion with indirect photometric detection is the selection 
of a suitable chromophore probe and this has been dis-
cussed in the literature.28 The 2,4-dinitrobenzoic acid 
(2,4-DNBA) was employed as a chromophore probe in 
our experiments. Its spectrum has a maximum of ab-
sorption at λ = 254 nm, however in the BGE containing 
a much higher concentration of Tris that also adsorbs at 
this wavelength, a larger absorption has been observed 
at λ = 270 nm and this wavelength was used for further 
studies. 

The concentration of chromophore probe affects 
the migration times of analytes and their limits of detec-
tion in the CE determination. In the examined system 



 M. Trojanowicz et al., New Analytical Methods for Determination of Perfluorinated Surfactants 443 

Croat. Chem. Acta 84 (2011) 439. 

with the BGE containing 2,4-DNBA the changes of 
chromophore concentration investigated in the range 
from 2 to 10 mmol L–1  do not affect the migration times 
significantly. Changes for  C12 PFCA were from 17 to 
19.5 min, whereas for C7 PFCA from 25.5 to 31 min. 
This factor then was not deciding in selection of the 
optimum concentration of the probe. This concentration 
has, however, significant effect on the signal magnitude 
and limits of detection of analytes that also is affected 
by the baseline noise. It was shown in the literature, that 
the limit of detection (LOD) depends not only on the 
chromophore concentration, but also on magnitude of 
transfer ratio and value of ratio of absorption of the 
BGE to the noise amplitude. The lack of such a direct 
relationship on the concentration of a chromophore 
probe has been found in the examined system for the 
peak height and the area of recorded peaks for analytes. 
In case of the peak area the lack of monotonous rela-
tionship between signal magnitude and concentration of 
a probe was observed for C6 and C9 PFCAs. Based on 
the obtained data as optimum concentration of chromo-
phore probes of as 7 mmol L–1 was chosen. 

In the optimized conditions the examined analytes 
C6 to C12 PFCAs are baseline resolved (Figure 3) with 
a satisfactory stability of the baseline and efficiency of 
separation which, expressed by a number of theoretical 
plates was in the range from 150 000 to 220 000. Equal-
ly good was also the linearity of the calibration curves 
obtained for the concentration range from 50 to 250 
μmol L–1  for all analytes. The reproducibility evaluated 
for 10 measurements for migration times  was in the 
range from 1 to 2 % RSD (relative standard deviation), 
while for the peak heights from 2 to 7 % RSD. 

The developed method was validated for natural 
water matrices by fortifying with C6–C12 PFCA three 
types of waters (river, lake, tap) at two levels. The lower 
level of the spiking was chosen close to the LOQ of this 
method and the higher one at the tested linear range of 
the method (0.025 and 0.2 mmol L–1). Most recoveries 
are in the 100 ± 10 % range and % RSD is equal or 
smaller than 5 %. This data demonstrates that the me-
thod is accurate and precise, well within the range of 
acceptable recoveries of 70–120 % for environmental 
analytical methods. Figure 4 presents electropherograms 
for fortified lake water samples. It is evident that the 
analytes’ signals are not influenced by any interfe-
rences. However, the baseline obtained for these natural 
samples is not as stable as the one obtained for calibra-
tion standards. This, however, does not influence the 
quantification as demonstrated by analyte recoveries.  
 
Determination of Total Organic Fluorine 

Determination of total organic fluorine (TOF) with a 
sufficient selectivity and a low detection limit is neces-

sary to obtain a mass balance of total organic fluorine in 
environmental and biological samples, as well as e.g. 
for monitoring of degradation processes of fluorinated 
organic compounds.29 Such determinations can be car-
ried out directly e.g. by the use of 19F NMR,21 but most 
commonly they are carried out by release of fluorine 
from organic compounds and analytical determination 
of fluoride ion. Release of fluorine can be achieved with 
different methods, including the combustion with oxy-
gen in the furnace at 900–1000 °C,10 or by the reaction 
with sodium biphenyl, which was employed also in our 
earlier works on flow-injection methods for TOF deter-
mination.11,12 

Figure 4. Electropherograms obtained for water lake samples
fortified with C6–C12 PFCAs at concentrations of 0.2 and
0.025 mmol L–1. 

Figure 3. Electropherogram recorded for mixture of PFCAs in 
optimized conditions: c(PFCA) = 0.1 mmol L–1 each; back-
ground electrolyte: Tris (c(Tris) = 50 mmol L–1), 2,4-DNBA 
(c(2,4-DNBA) = 7 mmol L–1), pH = 9, w(methanol) = 50 %. 
Applied high voltage u = +25 kV. Hydrostatic injection 3 s at 
0.5 psi, capillary 60/50 cm. Signal assignment: 1–5 mmol L–1

DMSO (EOF marker), 2-C12, 3-C11, 4-C10, 5-C9, 6-C8, 7-
C7 and 8-C6 PFCA.  
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Modern instrumentation provides a wide range of 
accessible tools for the development of sensitive and 
reliable methods of fluoride determination. The fluoride 
ion-selective electrode (F-ISE) since its invention in 
1960-ties and fast introduction to the market is one of 
the most commonly employed potentiometric electrodes 
with variety of applications. Its other features were also 
studied in the past by our group.30,31 The analytical 
literature contains numerous papers showing LOD in 
the micromolar range,32,33 but one can find also LOD of 
0.01 μmol L–1 reported in FIA system.34 

Besides the potentiometry with F-ISE, the most 
important and commonly employed separation tech-
nique for fluoride determination is ion chromatography 
(IC) with conductivity detection with LOD value from 
0.14 to 15 μmol L–1. The greatest advantage of the me-
thod is simultaneous determination of multiple ion spe-
cies in a single run, however, very short retention time 
of fluoride ion and therefore proximity of the peak to 
the void volume signal causes problems with the peak 
shape and the integration.  

The high performance liquid chromatography 
(HPLC) with reversed-phase (RP) mode columns and 
the UV detection is a foundation of many analytical 
methods in the contemporary routine and research la-
boratories.15 It is somewhat surprising that only a very 
few papers could be found describing the application of 
RP-HPLC in determination of fluoride. Considering a 
common use of the HPLC instrumentation nowadays in 
analytical laboratories, and large variety of available 
reversed-phase columns, we developed a RP-HPLC 
method for fluoride determination. The foundation of 
this method is a reaction originally employed for the 
determination of fluoride by the gas chromatography.35 
This method is based on the reaction of hydrogen fluo-
ride with trimethylsilanol to form trimethylfluorosilane. 
Following this principle we adapted it to the RP-HPLC 
with UV detection utilizing triphenylsilanol (TPSiOH) 
in the following reaction (R=phenyl): 

 
 + -

3 3 2R SiOH + H + F  R SiF + H O  (1) 

 
The method development included the optimization of 
derivatization conditions and establishing the HPLC 
conditions for determination of TOF based on a defluo-
rination procedure with sodium biphenyl reagent 
(SBP)35 used in our earlier FIA measurements.11,12 

As it was mentioned above, most commonly trace 
amounts of inorganic fluoride are determined with sup-
pressed IC with conductivity detection. This method in 
the first step of these studies was examined for determi-
nation of fluoride released in reaction with SBP after 
hydrolysis of reaction mixture. The chromatogram ob-
tained for a standard mixture of anions showed satisfac-
tory separation, however, in the range of retention time 
corresponding to fluoride, a large tailing peak was rec-
orded. This peak does not allow detection of fluoride in 
these conditions. It means that the IC can not be em-
ployed in this particular case, hence a further attempt 
was focused on employing the RP-HPLC for detection 
of fluoride.13 

The chromatographic parameters that required op-
timization for the HPLC determination of fluoride, 
based on its derivatization with TPSiOH were as fol-
lows: proper solvent for the extraction of derivatized 

Table 1. Comparison of different chromatographic methods reported in the literature for determination of PFCAs 

Method Sample LOD Ref. 

HPLC-MS/MS Seawater 1.8–5.2 pg L–1 (with SPE from 1 L) 17 

HPLC-CD Industrial process liquids 50 µg L–1 (with SPE from 100 mL) 8 

HPLC-FLD Liver homogenate 1 nmol g–1 tissue 6 

HPLC-FLD Surface water 43–75 ng L–1 (with SPE from 100 mL) 7 

GC-MS Harbor seawater 0.02–0.75 µg L–1 (with SPME from 5 mL) 19 

CZE-UV Standards 2–33 mg L–1 26 

 

Figure 5. Comparison of chromatograms obtained for TPSiF
solution in n-hexane with isocratic and gradient elution.
Isocratic elution (A) with mobile phase v(ACN):v(H2O) =
50:50 (50 % pump a) and pure ACN (50% pump b). Gradient
elution (B) with mobile phase v(ACN):v(H2O) = 50:50 (50 %
pump a) and pure ACN (50% pump b), after 8 min 100 %
pump b . Injection volume: 15 μL; UV detection at 222 nm.
Inset: TPSiF UV spectrum between 190 and 300 nm.  
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fluoride in the form of triphenylfluorosilane (TPSiF) 
that was compatible with the chromatographic condi-
tions (column type, mobile phase, gradient conditions) 
that allow baseline separation of derivatizing reagent 
(TPSiOH), analyte (TPSiF), and any potential impuri-
ties. In addition, the UV detection conditions and the 
injection volume to provide highest sensitivity and se-
lectivity were also optimized.13 

The derivatization procedure involves protonation 
of fluoride present in aqueous sample using a strong 
mineral acid, reaction of HF with TPSiOH, and extrac-
tion of reaction product to hexane layer. The parameters 
that were optimized for the derivatization procedure 
included: type and ratio of acid to sample volume, molar 
ratio of TPSiOH to fluoride, and  reaction time. The 
derivatization reaction efficiency was calculated as a 
ratio of the TPSiF concentration obtained using the 
derivatization procedure, determined from calibration 
curve prepared using calibration standards of TPSiF in 
hexane, to the theoretical TPSiF concentration, calcu-
lated using known fluoride amount used for the reac-
tion, times 100 percent. 

The optimized derivatization procedure was as  
follows: 2 mL of aqueous fluoride solution of a given 
concentration (water in case of blank) was placed in a 
10 mL glass test tube, mixed with 3 mL of perchloric 
acid, and TPSiOH (ACN solution, typically added  
75–150 μL of 0.043 M solution for fluoride in concen-
tration range of 0.25–50 μmol L–1) in quantity ensuring 
approximately 100 fold molar excess of TPSiOH to 
fluoride. Then, 1 mL of n-hexane was added to the mix-
ture. The mixture was rotated for approximately 60 
minutes at room temperature. The phases were sepa-
rated by a 5 minutes centrifugation at 2000 rpm at room 
temperature. The hexane layer was aspirated and sub-
jected to the HPLC analysis. The Figure 5 shows a 
comparison of chromatograms obtained for isocratic (A) 
and optimized gradient elutions (B). 

The limit of detection for fluoride for S/N = 3 for 
column of 4.6 mm diameter evaluated as 0.36 µmol L–1, 
while for that one of 2.1 mm i.d. as 0.09 µmol L–1. For 
the determination of PFOA (C8-PFCA) without precon-
centration the limit of detection was evaluated as 2.2 
µgl L–1. 

The developed method for the fluoride determina-
tion was evaluated for feasibility of fluoride determina-
tion obtained in a procedure of TOF determination. The 
TOF determination procedure consists of two steps. 
First, the organic fluorine is transformed into fluo-  
ride ions (defluorination step) and then determination  
of resulting fluoride is conducted. The defluorination 
step was accomplished using the SBP reagent. PFOA 
(C8-PFCA) was used here as a model fluoroorganic 
compound. The amount of C8-PFCA taken for determi-
nation provides theoretically 10.4 μmol L–1 final fluo-
ride concentration. The blank was processed the same 
way as the samples with pure acetonitrile instead of  
C8-PFCA solution. The quality control samples of  
10 μmol L–1 fluoride were derivatized simultaneously 
with fluoride obtained after defluorination of C8-PFCA. 
All the results were corrected with a blank value, cor-
responding to approximately 0.4 μmol L–1. 

Figure 6 presents comparison of chromatograms 
of a sample obtained after the combined procedure in-
cluding defluorination and fluoride derivatization with 
the blanks. No additional signals overlap with the TPSiF 
peak, which proves the method usefulness to fluoride 
determination after defluorination reaction. These initial 
results showed that the yield of defluorination reaction 
was 111.2 ± 5.7 % for ten replicates. 

The developed method is an alternative to the TOF 
determination by the combustion ion chromatography 
(CIC),9,37,38 because there are used only a conventional 
equipment (HPLC) and for defluorination a commer-
cially available reagent (SBP). 

 

CONCLUSION 

A widely recognized environmental importance of per-
fluorinated compounds, and their common presence in 
foods and living organisms require permanent monitor-
ing of their content and ways of transport. Their trace 
level and a large structural variety are large challenges 
for modern analytical chemistry. Besides a commonly 
employed advanced LC/MS methods the common mon-
itoring requires the development of easier accessible 
methods of determination, isolation and clean-up sam-
ples. This role can be played by the presented HPLC 
method with fluorescence detection or capillary electro-
phoretic methods with appropriate sample pre-treatment 
steps, presented in this paper. It seems to be also valua-
ble to develop a relatively simple method for the deter-
mination of TOF as one of general parameters of quality 
of waters and wastes. 

Figure 6. Chromatogram of a blank without SBP (A); chro-
matogram of a blank after defluorination procedure using SBP
and derivatization with TPSiOH (B); chromatogram of a C8-
PFCA sample processed with defluorination and derivatization
procedures (C).  
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