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1 | INTRODUCTION

In the past years, a growing presence of the designation “PFOA-free”
on cookware and outdoor clothing can be observed worldwide. Per-
fluorooctanoic acid (PFOA), used in the production of water-repellent

non-stick coatings, is the best known and most common represen-

Katrin Schuhen'?

Abstract

Perfluorocarboxylic acids (PFCAs) are anthropogenic organic compounds with very
unique and useful properties, for example, surfactant properties and immense stabil-
ity. These substances are nowadays widely used in many industrial and consumer prod-
ucts. Their presence in human, biological, and environmental samples throughout the
world has been described in numerous research articles. Unfortunately, PFCAs have
also been found to be toxic, persistent, and bioaccumulative. Therefore, there is a great
need for a constant and reliable detection of PFCAs in various matrices. Nowadays, the
analysis based on liquid chromatography coupled to mass spectrometry (LC-MS and
LC-MS/MS) is considered to be the method of choice. Determination of PFCAs by gas
chromatography (GC) is not so well established as the LC methods. Nevertheless, GC
can be considered as a complementary method, which can help to gain more reliable
results and to crosscheck the LC analysis. The sample preparation is crucial, but also a
time- and cost-consuming part of the PFCAs analysis. This article reviews the two most
important sample preparation steps for the analysis of PFCAs: extraction and deriva-
tization. It discusses the possible enrichment of PFCA using various extraction tech-
niques used both for LC and GC. The derivatizing agents used prior to the GC analysis
are described. The sample pretreatment as well as the most relevant problems and the
sensitivity of the methods are presented. Moreover, advantages and disadvantages of

LC and GC analysis are discussed.
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tative of a whole group of harmful compounds, perfluorocarboxylic
acids (PFCAs). PFCAs do not occur in nature but have an anthro-
pogenic origin. These compounds consist of a carboxyl group and
a carbon chain, in which all possible binding sites are completely
occupied by fluorine atoms. The most common PFCAs have a chain
length of 4-14 carbon atoms. The chain length can influence their
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properties, such as volatility or solubility in water.! The carbon-fluorine
bonds are very strong (approximately C-F 460 kJ/mol),2 which leads
to the PFCA being extremely stable.® These compounds have sev-
eral useful properties, for example, dirt, grease, oil, and water repel-
lent. As a result, they have found many industrial as well as everyday
applications. Both hydrophilic and fluorinated hydrophobic groups are
present in the structure, which can cause a reduction of the surface
tension. This improves the efficiency of these compounds compared to
classic surfactants. Therefore, the PFCA are often referred as “super
surfactants.”2

Despite such excellent properties, the production of PFOA is forbid-
den in the European Union. In 2017, the EU added PFOA, its salts and
certain related substances as a new entry to Annex XVII of REACH.*
This means that from 2020 both PFOA and its salts can no longer
be manufactured, used, or imported in the European Union. The ban
also applies its precursor compounds. The reasons for this are their
widely described negative effects on human health. PFOA and other
PFCAs bind to proteins in the blood, liver, and kidneys and have a long
residence time in the human body.> Neurotoxicity, reproductive, and
developmental toxicity of PFOA have been proven.® Environmental
Chemicals Agency (ECHA) has classified PFOA as toxic after repeated
exposure, carcinogenic, and toxic for reproduction.” PFCAs have been
detected in blood and serum samples worldwide.8-1° Everyone can
come into contact with PFCAs because these compounds are found
in many everyday products. PFCAs have been detected in leather,
outdoor textiles, baking paper,! upholstery, dental floss,'2 impregna-
tion agents, fire extinguishing foams, and pesticide solutions.'® PFCAs
have also been detected in vegetables, fish, meat, dairy products, and
cereals.’417

Like all human-made substances, PFCAs also end up in the envi-
ronment. One of the main sources of PFCAs pollution is the manu-
facture of fluoropolymers. Usually, the concentrations of PFCAs for
industrial applications are in the range of 100 and 5000 ppm.!8 Fur-
ther sources of PFCAs in the environment are the PFCAs precursors.
It has been proven that fluorotelomer alcohols (FTOH) are degraded
to perflurocarboxylic acids.2?20 The concentration of PFCAs in sur-
face soils was examined worldwide and quantifiable amounts of PFCAs
were observed in all samples.2! Many studies have shown the presence

22 sea,2% and drinking

of PFCAs in various waters, for example in river,
water.24

Therefore, itis crucial to apply reliable analytical methods for detec-
tion and quantitative determination of PFCAs in both environmental
samples and everyday products. Sample preparation is very important,
but often also the most time-consuming step for correct PFCAs anal-
ysis. It can greatly affect the reliability and accuracy of the result. This
includes clean-up, filtration, drying, derivatization, and various extrac-
tion procedures. This review focuses on two most applied processes:
extraction (with simultaneous enrichment) of the analytes from the
matrix and the derivatization, which is indispensable for gas chromato-
graphic determination. Figure 1 shows general workflow for the analy-
sis of samples containing PFCAs. It presents a simplified schema, which
can be expanded and modified depending of the matrix complexity and

concentration of the analytes.
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FIGURE 1 General workflow for the analysis of PFCAs in solid
and liquid samples

2 | LIQUID CHROMATOGRAPHY AND GAS
CHROMATOGRAPHY ANALYSIS OF PFCAS

Nowadays, liquid chromatography coupled with mass spectrometry
(LC-MS) is the method of choice for the analysis of PFCAs. Numer-
ous articles have been written on PFCAs detection in various matrices
using LC-MS. These include biological samples such as serum, 2> blood,
plasma,’© animal tissue,2¢ and plants.?” In addition, aqueous samples
were analyzed in many studies. LC-MS systems were helpful for the
determination of PFCAs in water from the ocean?® and in the analysis
of river water,22 drinking water,2* as well as for more complex matrices,
like effluent from sewage treatment plants.2? The detection limits are
usually in the range of microgram per liters and nanograms per liter.3°
In general, LC-MS and LC-MS/MS are effective and well established
methods for PFCAs analysis. Moreover, a standard method (DIN) for

the determination of selected polyfluorinated compounds (including
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PFCAs) in water, wastewater, and sludge is available online. However,
there are some drawbacks of LC-MS. First of all, there is no commerecial,
standardized mass spectra library for LC-MS.3! Therefore, empirical
libraries are usually used for the results interpretation. For this reason,
the LC-MS is used more for target analyses and not for the non-target
screening. A well-known problem in electrospray ionization (ESI), as is
commonly used in LC-MS, is the ion suppression [131]. The background
contamination during LC-MS analysis of PFCAs must also be taken
into account. It has been found that internal LC parts and the Teflon®
Septa built into the device can cause additional PFCAs signals. Shi-
madzu presented an application note, where a precolumn was installed
between the mixer and the sample injector, so that the PFOA contam-
inants were eluted from the sample after PFOA analyte.®2 Yamashita
et al successfully modified the LC-MS system to achieve detection lim-
its in the range of parts per quadrillion.2® Teflon HPLC tubing was
replaced with stainless steel and polyetheretherketone (PEEK) tubing.
Moreover, degasser and solvent-selection valves were isolated from
the HPLC system. The autosampler vials with Teflon-lined cap were
also replaced and only polyethylene caps were used. Despite the appli-
cation of LC-MS, Ahrens et al also reported no instrumental blank con-
taminations. They used Teflon-free SPE-manifold as well as valves and
tubes made of polypropylene.3® Moreover, to eliminate instrumental
blank contamination, the HPLC system was modified in the same way,
as proposed by Yamashita et al.2¢ The GC-MS analysis of PFCAs is also
not always free of background signals. For example, Strozynska and
Schuhen presented a GC-MS method for the detection of PFCAs and
described the presence of background signals from the water purifica-
tion systems.30 Before the analysis, all potential sources of contamina-
tion must be identified and eliminated.?®

The most important advantage of gas chromatography over LC is its
resolution power. Therefore, it can be very useful for the identification
of PFCAs branched isomers, which can probably not be separated
using acommon LC-MS system. Perfluorinated acids are manufactured
mostly in two industrial synthetic routes: electrochemical fluorination
(ECF) and telomerization.3* The ECF process usually results in a mix-
ture of structural isomers. Therefore, the PFCAs isomers are widely
distributed in the environment and a GC-MS analysis could provide
important information about the source of contamination.

However, the GC determination of PFCAs has also some drawbacks
such as high detection limits, a small range of analytes, and long analy-
sis time.3> Moreover, the necessary derivatization step can cause loss
of analytes and additional contamination. For the GC-MS analysis, the
samples should be water-free. The presence of water causes strong
deterioration in detector sensitivity. Therefore, the samples must be

extracted into an organic solvent.

3 | EXTRACTION OF WATER SAMPLES

An analysis of the polar organic trace substances such as PFCAs is
challenging, because these compounds often cannot be easily sepa-
rated from the aqueous matrix. The recovery rates of many polar ana-

lytes using LLE are low, because they have a relatively high partial
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solubility in water.3¢ For this reason, adequate sample preparation is
one of the most important and sometimes the most complex part in
the analysis of environmental samples.3” Commonly used extraction
methods include: liquid-liquid extraction (LLE), solid-phase extraction
(SPE), and solid-phase micro extraction (SPME) in various versions and
combinations.

LLE is one of the oldest extraction methods, which is based on
the different solubility of the substances in these two liquid phases.
The often used organic solvents include hexane, dichloromethane, or
toluene, but other extraction agents such as ionic liquids can also be
used.38 As early as 1980, Belisle and Hagen used a hexane/ether mix-
ture as an extracting agent for serum and plasma to detect PFOA.3?

When extracting perfluorocarboxylic acids from water, the use of
ion pair solutions is very effective (ion pair extraction, IPE). Quater-
nary ammonium compounds, such as tetrabutylammonium salts, can
be used to form an ion pair with PFCAs and to transport them into

the organic phase.40-43

IPE method was originally developed by YIi-
nen et al.*2 Motas Guzmann et al applied tetrabutylammonium hydro-
gen sulfate (TBAHS) for the extraction of PFCAs and derivatized the
sample with isobutyl chloroformiate. The limits of quantification (LOQ)
for the analyzed breast milk samples were relatively high: 10 ng/uL
for PFOA and PFNA, 12 ng/puL PFDA and 15 ng/pL for PFUnDA and
PFDoDA, respectively.*! Orata, Quinete, and Wilken*? used tetrabuty-
lammonium hydroxide as a counter ion for the reaction of PFCAs with
benzyl bromide. The LOQ of their GC-MS method did not have the
sensitivity to study potential human exposure but was applicable to
contaminated environmental samples (0.2 pg/L PFOA). Developed by
Gonzalez-Barreiro et al, LLE method for perfluoroalkyl substances in
the effluent from the sewage treatment plant was compared with SPE
at two different pH values. The LLE method gave the best results for
PFCAs with chain lengths less than seven carbon atoms, while the SPE
method in the experiments was best suited for perfluorocarboxylates
with >10 carbon atoms in the chain. The detection limit for both meth-
ods was in the same range (0.2-0.6 ng/L).**

Modern LLE applications are mostly micro-extraction techniques.
Goh et al developed a hollow fiber LPME (HF-LPME) for the anal-
ysis of PFCAs in water. Detection was carried out using a UHPLC-
MS/MS system and the presented linearity range was between 5 and
10 000 ng/L.*°> This method could be rapid and efficient possibility for
real-time monitoring of contaminants in environmental waters. Hu et al
used dispersive LLME (DLLME) for the analysis of PFCAs in river and
lake waters.*¢ The aim of the authors was to develop rapid, efficient,
and eco-friendly method for the analysis of PFCAs in aqueous matri-
ces. However, the limits of quantification in the range of 2.7—9.0 ng/mL
are relatively high compared to the typical concentrations of PFCAs
in the environment. Liu et al presented the determination of PFCAs
in water using DLLME with tetrabutylammonium hydrogen sulfate as
jon pair reagent.*’ Detection limits were achieved at the level of 37-
51 pg/mL. This procedure is relatively simple, but has some limitations,
such as differences in the efficiency of extracting compounds with dif-
ferent chain lengths. However, the further development of this method
for micro-extraction can reduce the consumption of environmentally

harmful solvents.
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A further frequently applied extraction technique for PFCAs is SPE.
This technique enables the analytes to be enriched and isolated from
the matrix at the same time. It can be also used as a clean-up step
for complex matrices.*® The SPE process usually starts with condi-
tioning followed by passing the aqueous sample through the solid sor-
bent. After adsorption, the phase is washed and the elution with a suit-
able solvent is carried out. The SPE phases are available in the form
of cartridges, 96-well microplates, SPE disks or as a Micro Extrac-
tion by Packed Sorbent (MEPS) in the syringe. Choosing the sorbent
and elution solvent is a crucial step for the successful SPE process.
The interactions between sorbents and analytes are nonpolar (Van
der Waals forces or dispersion forces), polar (hydrogen bonds, dipole-
dipole, and induced dipole-dipole), ion exchange (ionic), and covalent
interactions.*’ Reverse phases, normal phases, ion exchange, or so-
called mixed mode materials are available on the market.

One of the most commonly used solid phases for water analy-
sis is a chemically modified silica gel with octadecyl groups (C18
phase).*® Polymer-based materials (styrene/divivinylbenzene)*® and
ion exchanger are also frequently used. The detection limits using
SPE are usually in the low nanogram per liter range.”>*2 Extremely
low detection limits of 0.01 ng/L could be obtained for large vol-
umes of drinking water (20-40 L).°3 For the ion-exchange SPE, the
sorbents with weak and strong cation and anion functional groups
can be applied. Among them, weak anion exchangers are usually used
for the adsorption of perfluorocarboxylic acids. Three examples of
commonly used for this purpose commercial phases are: Strata-X-
AW (Phenomenex), Oasis WAX (Waters), and Chromabond HR-XAW
(Macherey-Nagel).”* Usually, the PFCAs are eluted after the adsorp-
tion with 0.1% NH4OH solution in methanol. Sample preparation
according to DIN for the analysis of PFCAs in water using HPLC-
MS/MSis carried out in the same way.” SPE was used to extract PFCAs
from various samples, such as serum,?® effluent from the sewage treat-
ment plant,® ice samples,”® drinking water, and surface water.! Moody
and Fields used SPE in 1999 to detect PFOA in groundwater. The detec-
tion limit was 18 pg/L.°” They used Empore™ strong anion exchange
disks to extract PFCAs from groundwater collected from fire-training
facilities. The use of SAX,”® WAX,>* and C1878 as SPE phases for PFCA
has been described in the literature.

SPE can be also carried out without SPE cartridges. Strozynska and
Schuhen modified the classic ion exchange solid phase extraction for
PFCAs (DIN 38407-42) and adapted it for the newly developed deriva-
tization method. Instead of SPE cartridges, Strozynska and Schuhen
used the common weak-ion-exchange SPE phase and carried out a dis-
persive SPE (d-SPE) direct in the water sample. The method was suc-
cessfully applied for relatively clean matrix like effluent from a wastew-
ater treatment plant. However, more complex matrices with a high
amount of solid particles require additional clean-up. The QUEChERS
(quick, easy, cheap, effective, rugged, and safe) sample preparation
method also uses d-SPE. However, in the classic QUEChERS, d-SPE is
only used as a clean-up step. The homogenized sample is driven into
an organic solvent by the partitioning power of a blend of salts. How-
ever, there is an example of the extraction of PFCAs with this method.

Li et al used a modified QUEChERS procedure to the extraction and
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concentration of perfluorinated compounds as well as for removal of
interferences.>®

A further technique, which is applicable for the extraction of PFCAs,
is SPME. This simple, powerful, and innovative extraction method
was invented by Prof. Janusz Pawliszyn in the early 1990s.°? With
this technique, the analytes are adsorbed on a coated quartz fiber,
which enables them to be separated from the matrix and simultane-
ously enriched. The fiber is coated with a sorption material that is
adapted for target analytes. The coatings that are most commonly
used include polydimethylsiloxane (PDMS), carboxen, and polyacry-
late (PA). After adsorption, the SPME fiber is placed in the injection
port. Due to the high temperature of the injector (GC) or solvent
(LC), the analytes desorb and can be measured.?© A simple method
using ion-pair SPME®! has been developed for perfluoroalkyl acids.
The sample was derivatized in the injector and measured by GC-MS-
NCI. The achieved quantification limits ranged from 0.05 pg/L (per-
fluorodecanoic acid) to 2.5 pg/L (perfluoroheptanoic acid). Montelone
et al®2 have developed a headspace-SPME method for aqueous sam-
ples. Applying CAR/PDMS fiber and derivatization with chloroformi-
ates, they achieved good detection limits of 0.17-14.3 ng/L. However,
no PFCAs were found in any of the six examined river water samples.

As described Alzaga and Bayona, the PDMS fiber does not present
drawbacks of PFCA contamination as in SPE. Unfortunately, the SPME
methods have some disadvantages. Because the manual injection is
very laborious, the GC-system should be equipped with special SPME-
auto sampler, if the analysis is carried out routinely. Moreover, the
SPME-fibers are relatively expensive - the prices are usually in the
range of few hundred dollars. The fibers can also be very brittle and
there is a limited number of extractions, which can be carried out with
one fiber.

4 | EXTRACTION OF SOLID SAMPLES

The extraction technique used for solid samples depends on the matrix.
The easiest way to extract PFCAs from a solid sample is solid-liquid
extraction. This process can be supported by pressure (PLE), heating,
or sonication. Alternatively, a headspace-SPME can also be used to
extract the PFCAs. In the solid-liquid extraction process, the soluble
components are separated from a solid sample. The sample is shaken
out with an organic solvent (methanol, MTBE) and/or heated in order
to transport the analytes to the liquid phase as quickly as possible.

In an extensive study of 116 articles for EPA, Guo et all? extracted

63,64

all solid samples in methanol for 24 h. Rat tissue, soil, sediment, and

plants were also prepared using this method.®>%¢ Methanol was also
used for the extraction of suspended matter in an ultrasonic bath.®”
Kotthoff et al analyzed 115 everyday products, including textiles, car-
pets, baking paper, and ski waxes. Depending on the matrix, they used
sequential extraction, SPE with weak anion exchangers, and ion pair
extraction.!? As solvent, acetone, hexane or methyl tert-butyl ether
were used. Herzke et al,’> Vestergren et al,’* and Fuijii et al. used the
ion pair extraction to extract PFCAs from vegetables and other foods.

The detection of PFCA with chain length from six to fourteen described
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by Vestergren et al.1* employed not only IPE but also subsequent solid
phase extraction clean-up on Florisil and graphitized carbon. In the
method described by Fuji et al.®® the extracts were only centrifuged
and no further clean-up was conducted. Henderson et al. applied tetra-
butylammonium hydrogen sulphate as ion pair reagent in the analysis
of mouse serum and liver homogenates. Quantification limits in this
research were below 50 ng/mL for perfluorooctanoic acid and perflu-
orononanoic acid.? The advantage of this method is the simultaneous
determination of derivatized PFCAs with fluorotelomer alcohols. How-
ever, the measurements were carried out in single ion measurement
(SIM) mode. Therefore, the method cannot be applied for nontarget
screening. Moreover, diazomethane, which was used in this research as
a derivatizing agent, should be avoided because of its toxicity. The ion
pair liquid extraction was also used for liver samples from polar cod and
ice gulls. In this experiment, the measurements were carried out with
HPLC and therefore no derivatization was needed. The method detec-
tion limits (MDL) for PFCAranged from 0.22 (PFHxDA) to > 15 ng/g wet
weight.2é Pressurized liquid extraction (PLE) was used for packaging
materials.6%70

The headspace-SPME can be also applied for the extraction of
PFCAs. In contrast to the classic SPME method, the fiber in HS-SPME
is not in direct contact with the sample. The sample is placed in a tightly
closed glass and heated. The analytes are evaporated and transferred
to the gas phase. The SPME fiber is placed in the same vessel so that
the analytes from the gas phase can be adsorbed on the fiber. Sub-
sequently, a thermal desorption takes place in the GC injector. HS-
SPME was used, for example, for sediment samples in combination with
PLE.”? In this research, the SPME was carried out on polydimethyl-
siloxane (PDMS) fiber. First, a freeze-dried, homogenized sediment was
extracted with organic solvent mixture. Then, the extracts were dried
(rotary evaporation and N, stream) and a metallic clip, working as a
magnetic stirrer, was added to the sample. Once the sample was sealed,
a negative pressure was applied into the vial and the boron trifluoride
derivatizing reagent was added. After the derivatization reaction took
place, water saturated with NaCl was added and a headspace-SPME
was carried out. Achieved LOQ for PFOA and PFDA in sediments were
2.3 and 1.6 ng/g, respectively.

A more complex method, an extraction with supercritical fluids, the
HS-SPME (SFE-HS-SPME) was developed by Liu et al.”? This method
has been successfully used to analyze PFCAs in sediments from rivers
and beaches near industrial areas. The use of SPME enables the detec-

tion of PFCAs in the nanogram per liter range.

5 | DERIVATIZATION OF PFCAS PRIOR TO GC-MS
ANALYSIS

GC-MS can be an alternative and/or supplement to the LC sys-
tems. There are numerous publications on PFCAs analysis using GC-
MS.35:51,53,62,68.69.73 Although the boiling points of PFCAs are approx.
40-50°C lower than those of the corresponding carboxylic acids with
an equivalent number of carbon atoms, they cannot be analyzed

directly by GC.3> Due to the low volatility of perfluorocarboxylic acids,
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the samples must be derivatized. This will convert the COOH group
into a less polar derivative. Alkyl and silyl ester derivatives are most
frequently formed, but the formation of benzyl esters and thioesters
have also been described in the literature. The derivatization reactions
and their use are summarized in Table 1.

For the formation of methyl esters, mostly diazomethane, methyl
iodide and a mixture of BF3/methanol are used. Chloroformates, a
group of esters of chloroformic acid, are also used as derivatizing
agents in combination with the corresponding alcohols. Perfluoro-
carboxylic acids form propyl, isopropyl, butyl and isobutyl esters in

the reaction with these compounds. Motas Guzmann et al*!

applied
relatively simple derivatization with isobutyl chloroformiates. Briefly,
the extracts were evaporated to dryness and dissolved in acetoni-
trile. Then, pyridine, isobutyl alcohol, and isobutyl chloroformiate were
added to the sample. After stirring in an ultrasonic bath and subsequent
extraction with hexane, the samples were analyzed. This is a typical
procedure for the derivatization of PFCAs with chloroformiates, which
was adopted from the method described by Dufkova et al.’274 The
detection limits reported by Dufkova were in the range of micrograms
per liter for GC-EI-MS7# and nanograms per liter for GC-NCI-MS.>2
Currently, there are no published, optimized methods for ethyl ester
derivatives. A comparison between the reagent mixtures ethyl chlo-
roformate/ethanol and propyl chloroformate/propanol was described.
The reaction with propyl chloroformate/propanol achieved signifi-
cantly higher signals for all analytes.®? Figure 2 shows the derivatiza-
tion reactions with propyl chloroformiate and benzyl bromide.

N, N’-dicyclohexylcarbodiimide (DCC) is frequently applied as a cat-
alyst, for example, by derivatization with 2,4 difluoroaniline. The prod-
ucts of this reaction are 2,4-difluoroanilides of PFCAs. This reaction
takes place in the presence of a catalyst. This method consists of sev-
eral sample preparation steps: pH adjustment, shaking, phase separa-
tion and washing the organic phase with HCI, NaHCO3, and NaCl solu-
tion. The phase is then passed through a filter with Na,SO4 and evap-
orated to dryness. The residues are dissolved in a hexane-diethyl ether
mixture. A further cleaning is then carried out on the silica gel column.
After elution with hexane, the sample is evaporated and analyzed.>37>
The aim of the research of Li and Sun was cost-effective detection of
PFCAs using GC-MS. They applied solid phase extraction and anilide
derivatization for surface water samples.76 However, the method is
not simple. The presented derivatization procedure is similar to this
described above: pH adjustments, addition of NaCl and ethyl acetate,
re-extraction, washing, drying with Na,SO,4, and evaporation under
nitrogen.

The formation of benzyl ester consists of two steps: First, an ion
pair of tetrabutylammonium cation and acid residue anion is formed,
followed by alkylation with benzyl bromide (80°C, 15 min). The organic
phase is evaporated and dissolved in dichloromethane.*2 Ylinen et al
applied this method only for PFOA detection, achieving detection
limits of 1 pg/mL in plasma and 0.1 pg/mL in urine.*? This was one of
very early methods of the PFOA analysis (1985). The continuation of
this research was presented in 2009, achieving LOQ of 0.3 pg/g and
0.2 pg/L for PFOA in fish muscles and water samples, respectively.*3

However, the fish muscles sample preparation was very laborious.
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TABLE 1 Derivatization reactions and extraction techniques used for the analysis of PFCAs
Derivatizing agent Sample Extraction Analysis Source

Formation of methyl esters

BF3/Methanol Sediment HS-SPME GC-MSNCI 7
Diazomethane Rats tissue LE GC-ECD 63
Diazomethane Plasma, urine and liver LE GC-ECD &
tissue
Diazomethane Serum, liver tissue IP-LE GC-MSEI 40
Diazomethane Soil, sediment, plants LE GC-MSNCI &
Methyl iodide Groundwater SPE GC-MSEl, GC-MSNCI 7
Formation of propyl esters
Propyl chloroformate Surface water HS-SPME GC-MS/MSNCI 62
Formation of isopropyl
esters
Isopropanol - - GC-MSNCI 78
Formation of butyl esters
Tetrabutylammonium WWTP (Waste water SPME GC-MSNCI 61
treatment plants)
Effluent, Sea water
Tetrabutylammonium Surface water DLLME GC-MS/MS NCI &
Butanol Sediment HS-SPME GC-MS/MS NCI 72
Formation of isobutyl esters
Isobutyl chloroformate Breast milk IP-LLE GC-MSEI 4“1
Isobutyl chloroformate WWTP effluent and SPE GC-MSEI il
influent
Isobutyl chloroformate Urine SPE GC-MSEI 81
Isobutyl chloroformate Surface water - GC-MS El, GC-ECD &
Isobutyl chloroformate Surface water SPE GC-MSNCI 52
Isobutyl chloroformate River and lake water DLLME GC-MSEI o
Formation of benzyl esters
Benzyl bromide Plasma, Urine IP-LLE GC-MSEl, GC-FID 42
Benzyl bromide Rats tissue und serum LE GC-MSNCI 64
Benzyl bromide Surface water, fish IP-LLE GC-MSEI 43
Benzyl bromide Food IP-LLE GC-MSNCI 68
Formation of silyl esters
BSTFA Packaging, textiles PLE GC-MSEI 69
BSTFA Soail LE GC-MSEI L2
TESIOH WWTP effluent SPE GC-MS-El 30
Formation of difluoroanilides
2,4-Difluoroaniline Water LE GC-MSEI, GC-FID 82
2,4-Difluoroaniline Serum |P-LLE GC-MSNCI 9
2,4-Difluoroaniline Bear liver IP-LLE GC-MSEI 75
2,4-Difluoroaniline Surface water, sediment SPE GC-MSEI =
2,4-Difluoroaniline Surface water, biological IP-LLE GC-MS NCI 34
samples
Formation of amines
DMF-DMA Dental floss, sediment LE GC-MS-El 77
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FIGURE 2 Reactions of PFCA with propyl chloroformiate (A) and benzyl bromide (B)

After homogenization of the muscles, the sample was dissolved in
tetrabutylammonium solution (adjusted to pH 10) and carbonate
buffer. The next steps were the three-stage extraction with MTBE,
enrichment, addition of methylene chloride, and clean-up. Sample
extracts were cleaned up using activated silica and eluted with acetone.
The acetone fraction was evaporated to dryness at room temperature
under a stream of nitrogen. The residue was dissolved in acetone and
benzyl bromide solution. After 15 min at 80°C, the sample was evapo-
rated to dryness and dissolved in methylene chloride for GC analysis.
Fujii et al®® modified this method and applied it successfully in 2014
for the analysis of dietary samples. There was no sample clean-up with
silica, and the reaction was carried out for 1 h at 60°C. The method had
a low detection limit (0.3-10 pg/g) for PFCAs with eight to 14 carbon
atoms.

A silylation reaction for PFCAs using BSTFA was successfully
applied for packaging materials, textiles,®? and soil samples.®> BSTFA
was added to the extract and the reaction was carried out at 40°C in
a water bath for 60 min. After cooling, the sample was dissolved in
dichloromethane. However, the temperature program must be care-
fully optimized for the analysis of PFCA. It was shown that, in the HP5
column, the peak of PFOA-TMS derivative can have the same reten-
tion time as the BSTFA and it can make the analysis impossible.””
Moreover, the sample must be absolutely water-free, because the
moisture decomposes BSTFA. There is also another silylation method,
which is not moisture sensitive. Strozynska and Schuhen developed
a new silylation reaction for perfluorocarboxylic acids (PFCAs, C3-
C12), which takes place directly in water.2° The method is based on an

acid-catalyzed esterification of PFCAs with triethylsilanol. During the

reaction, a triethylsilyl ester is formed that can be easily analyzed by
GC-MS. The method was applied for effluent from wastewater treat-
ment plant with LOQ 4-48 ng/L depending on the actual PFCA. This
reaction was also carried out with other acids, which are not fully
fluorinated.”® The analytes examined included PFOA, octanoic acid,
and polyfluorinated carboxylic acids. It could be shown that for a suc-
cessful TESIOH reaction, the alpha-C atom of carboxylic acid must
be linked to strongly electronegative substituents. The compounds in
which the COOH group is directly connected to a CF, group react com-
pletely and form triethylsilyl esters. The compounds that containa CH,
group instead of a CF, group react only partially, so that the unreacted
acid is visible on the chromatogram.”8

Another new interesting reaction of PFCAs is derivatization with
dimethylformamide dimethyl acetal (DMF-DMA).”” The method was
developed for the analysis of PFCAs in solid samples by GC-MS and
is very simple. After extraction with MTBE, the samples were mixed
with derivatizing agent and injected into GC. The method provides
separation of nine PFCAs (C4-C12) in 15 min and is characterized
by good precision (max. RSD = 6.21%), linearity and detection lim-
its in the range of 0.15-0.38 ng/mL. The derivatization reaction takes
place in hot GC injector forming corresponding N,N,N’,N’-tetramethyl
diamines. A structure of perfluorocarboxylic acid derivatives formed
in this reaction with N,N-dimethylformamide dialkylacetals was exten-
sively explained using several techniques of mass spectrometry.”? In
contrast to carboxylic acids, perfluorocarboxylic acids are not able to
form alkyl esters as the main product in this reaction. Perfluorooc-
tanoic acid forms a salt with N,N-dimethylformamide dialkylacetals.

This salt undergoes a further reaction inside the injection block of
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FIGURE 3 Reactions of PFCA with triethylsilanol (A) and DMF-DMA (B)

a GC by loss of CO, and then forms 1,1-perfluorooctane-(N,N,N,N-
tetramethyl)-diamine. This method was successfully applied for den-
tal floss extracts and sediment. Figure 3 shows the derivatization reac-
tions with triethylsilanol and DMF-DMA.

6 | SUMMARY AND OUTLOOK

The continuous development of the analytical devices results in more
rapid, robust, and sensitive analytical measurements. However, the
progress in sample preparation techniques is much slower than the
progress in GC and LC manufactures. The extraction of the analytes fol-
lows the same laws of physics and chemistry as a hundred years ago.
For the extraction and derivatization, mostly the same or only slightly
modified methods have been used in publications for 20-30 years.
The achievement of better resolution and sensitivity is mostly caused
by using more complex, expensive but also more sensitive analytical
devices. Nowadays, most articles about method development describe
the application of the newest, high-end devices with immense sensitiv-
ity. The research based on low-cost, commonly available devices does
not arouse such interest, because the detection limits are higher than
the LOD achieved with more complex and expensive devices. However,
if the derivatization works and is used for the analysis with simple,
single-quad GC-EI-MS, it is also applicable for more complex and sensi-
tive devices. Therefore, the detection limits can be easily improved and
such research should get more attention.

The high resolution of GC systems can be very useful for the anal-
ysis of the PFCAs isomers. However, there are only a few publications
about detection of PFCAs isomers by GC-MS. Strézynska and Schuhen
presented the separation of perfluorononanoic acid and its branched

isomer after derivatization with triethylsilanol.2° De Silva et al’> used

2,4-difluoroaniline for the separation of PFOA isomers, which took
place between 87 and 99 minutes on the GC-chromatogram. Naile et al
showed a method to detect PFCAs isomers, but the retention time of
the last analyte (perfluorododecanoic acid) was 340 min.®¢ Nowadays,
this separation can be also achieved with LC-MS systems. For instance,
Pellizzaro et al. presented the separation of PFOA and its isomer in less
than four minutes using UHPLC system.®°

There is a great need for further improvement in extraction, enrich-
ment and derivatization. A significant trend to minimize the amount
of solvent and other chemicals used in the analytical chemistry can
be observed. The microextraction techniques will certainly be further
developed to meet the requirements of green chemistry and minimize
the costs of the analysis. The extraction devices are nowadays smaller
and more compact. There is no place for liquid extraction with a few
litres of solvent in modern analytical chemistry. On the other hand, very
complex derivatization reactions with many sample preparation steps
and toxic reagents are still applied in laboratories worldwide. The sim-
plification of these methods is crucial to reducing the cost of the analy-
sis and to making GC an equivalent alternative to LC-MS systems in the
analysis of PFCAs.
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