
Journal of Chromatography A 1629 (2020) 461485 

Contents lists available at ScienceDirect 

Journal of Chromatography A 

journal homepage: www.elsevier.com/locate/chroma 

A liquid chromatography tandem mass spectrometry method for 

determining 18 per- and polyfluoroalkyl substances in source and 

treated drinking water 

Josep Borrull a , b , Agustí Colom 

a , Josepa Fabregas a , Eva Pocurull b , ∗, Francesc Borrull b 

a Consorci d’Aigües de Tarragona, N-340km 1.094, 43895 L’Ampolla, Spain 
b Department of Analytical Chemistry and Organic Chemistry, Universitat Rovira i Virgili, Marcel ·lí Domingo s/n, Sescelades Campus, 43007 Tarragona, Spain 

a r t i c l e i n f o 

Article history: 

Received 3 June 2020 

Revised 23 July 2020 

Accepted 12 August 2020 

Available online 13 August 2020 

a b s t r a c t 

Per- and polyfluoroalkyl substances (PFASs) have been determined in waters intended for human con- 

sumption, causing concern due to their potential toxic effects in humans and the environment. Drinking 

water is acknowledged to be one of the major routes of exposure to PFASs, which has led to the imple- 

mentation of regulatory guidelines for PFASs in drinking water. In this study a fast, simple, sensitive and 

cost-effective method is developed for the determination of 18 PFASs in river and drinking water. The 

proposed method consists of directly injecting 900 μL of sample into a liquid chromatograph coupled to 

a triple quadrupole mass analyser, which involves minimal sample treatment as the sample only needs 

to be filtered. The method was validated in influent and effluent water from a drinking water treatment 

plant. Strong matrix effects were found for some of the target PFASs, and matrix-matched calibration 

curves were performed to enable accurate (87–114%) and precise (%RSD between 3 and 18%) quantifica- 

tion ( n = 5, at 5 and 75 ng ·L −1 ) with very good sensitivity (method quantitation limits between 0.1 and 

2.0 ng ·L −1 ). The method was applied to water samples from the influent and effluent of a drinking water 

treatment plant located in Catalonia (Spain), as well as in tap water and bottled water. The most abun- 

dant PFAS in all the types of water was PFBA, which represents 4 8%, 4 9%, 66% and 69% of total PFASs 

found in influent, effluent, tap and bottled water respectively. Relative mean abundances and the sum of 

mean concentrations in influent and effluent water suggests poor removal of PFASs during drinking water 

treatment. The concentrations of PFASs in bottled waters were generally lower than those in tap waters. 

© 2020 Elsevier B.V. All rights reserved. 

1

 

t  

m  

fl  

b  

r  

4  

r  

T  

i  

c  

u  

t  

m  

P  

c  

w  

s  

t  

l  

m  

e

 

e  

d  

w  

h

0

. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a family of an-

hropogenic chemicals that are characterized by containing one or

ore C atoms in which all the H substituents (present in the non-

uorinated analogues from which they are notionally derived) have

een replaced by F atoms, so they contain at least one perfluo-

oalkyl moiety (C n F 2n + 1 –) [1] . PFASs form a large group of over

0 0 0 chemicals [2] that have been used worldwide in a great va-

iety of industrial and consumer applications since the late 1940s.

heir molecular structures confer useful properties such as chem-

cal inertness, extreme resistance to hydrolysis, photolysis, mi-

robial degradation and surfactant activity [3] . Their widespread

se together with their high stability make these compounds ex-
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remely persistent [4] , and their ionic nature and great solubility

ake them highly mobile in the aqueous system [5] . Consequently,

FASs have been extensively reported in aquatic environments in-

luding surface waters, ground waters, wastewaters and drinking

aters [5–13] . Due to transport over long distances and diffuse

ources related to domestic applications [14,15] , PFASs can be de-

ected in drinking water sources from non-industrial areas in the

ower ng ·L −1 range, with waste streams from both industrial and

unicipal wastewaters being the main source of PFASs entering

nvironmental waters [9,16,17] . 

One of the primary routes of human exposure to PFASs is di-

tary intake including food, drinking water, and indoor and out-

oor air inhalation [18] . Human exposure to PFASs from drinking

ater is of serious concern because they are recalcitrant to con-

entional drinking water treatment processes [8,19,20] , leading to

ermanent exposure of the general population. Studies of exposed

opulations show that concentrations of PFASs in the low ng ·L −1 

evel in drinking water can lead to high exposure levels [21–23] ,

https://doi.org/10.1016/j.chroma.2020.461485
http://www.ScienceDirect.com
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and human exposure to PFASs has been linked to cancer [24] , high

cholesterol [25] , obesity [26] , immune suppression [27] , endocrine

disruption [28] , and prenatal and neonatal toxicity [29] . 

Of the PFASs, the two most-studied substances are perfluorooc-

tanesulphonic acid (PFOS) and perfluorooctanoic acid (PFOA) as

they were the most used in industry until 2006, when stringent

restrictions to their production and use were introduced in Europe

and the United States [30,31] . In response to this, the EU intro-

duced an annual average environmental quality standard (AA-EQS)

of 0.65 ng ·L −1 for �PFOS (sum of linear and branched isomers) in

inland surface water [32] , and PFOA has been included on the list

of substances of very high concern (SVHC) by the European Chem-

icals Agency [33] . Although most current guidelines focus only on

PFOS and PFOA, the restrictions to their production have led to the

increasing use of new fluorinated alternatives, shifting human ex-

posure patterns to shorter-chain homologues of these compounds

[14,34] . Monitoring programmes are needed for a better under-

standing of PFAS levels in the aquatic environment – particularly

in drinking water source areas – and their presence in finished

drinking waters in order to help the regulatory process and estab-

lish better protection of the ecosystem and human health [35–37] .

A recently published proposal for a Directive of the European Par-

liament and of the Council on the quality of water intended for

human consumption included 20 PFASs with a parametric value of

0.1 μg ·L −1 �20 PFASs [38] . In accordance with this the Commission

has a period of three years after the Directive comes into effect

to update the technical guidelines covering the analytical methods

whereby detection limits, parametric values and sampling frequen-

cies must be established. 

So far most of the analytical methods to determine PFASs in

aqueous matrices have been based on liquid chromatography cou-

pled with tandem mass spectrometry (LC-MS/MS) employing solid-

phase extraction (SPE) [39,40] . Trace-level extraction and analysis

of PFASs in environmental matrices is very challenging as their

quantitation in low nanogram-per-liter concentrations in drinking

water typically requires large volumes of sample to be extracted

(50–500 mL). Depending on the chain length and functional group

present in the molecules, their physicochemical properties can vary

greatly, hindering the recovery of all PFASs during the extraction

and clean-up processes due to incomplete elution, breakthrough

and/or volatilization during solvent exchange. Moreover, due to

the presence of fluorinated polymers in materials and equipment

commonly used in laboratories, sample manipulation and treat-

ment increase the risk of sample contamination. On-line SPE-LC-

MS/MS methods have been developed for determining PFASs in

water samples as their full automation reduces the labor involved

in off-line SPE while minimizing sample manipulation and treat-

ment, thus increasing analytical throughput [41-45] . This method-

ology also reduces the sample volume, since in a typical on-line

SPE the preconcentrated volumes required are much lower (1–

10 ml) than in an off-line SPE. In addition, analyte loss is reduced

as desorption of the analytes is performed with the mobile phases

and the gradient elution used to perform the chromatographic sep-

aration, so the whole eluate goes into the analytical column with

no need for extract evaporation. 

Large-volume direct injection of samples (LVDI) is an alterna-

tive approach that allows an increase in sample throughput when

compared with both off-line and on-line SPE without the need

for extra equipment and materials. The LVDI technique involves

the injection of sample volumes greater than 10% of the analyti-

cal column void volume (typically from 100 to 1800 μL) [46,47] .

With this methodology the whole sample is transferred directly to

the analytical column, avoiding the use of SPE cartridges and sol-

vents and eliminating the analyte loss intrinsic to extraction pro-

cedures. This methodology also minimizes sample contamination

due to its minimal sample manipulation and treatment and has
een applied in several studies reported in the literature for the

etermination of different types of micropollutant in aqueous sam-

les, including PFASs [48–50] . Matrix effects (ME), which can af-

ect the sensitivity, selectivity and reproducibility of an analytical

ethod, are reported for both LVDI and SPE methodologies [51] ,

nd despite the absence of extraction and clean-up steps when

sing the LVDI approach, there are studies that demonstrate that

PE does not reduce matrix effects more than direct analysis by

VDI [52] . 

Given this context, the aim of the present study is to develop

nd validate a rapid, simple analytical method based on the LVDI

pproach for determining the dissolved fraction of 18 PFASs in

queous samples that makes it possible to monitor PFASs in water

ntended for human consumption at low and sub ng ·L −1 levels. To

his end the compounds selected for the study were 10 perfluoro-

arboxylic acids and 6 perfluorosulfonic acids that are included in

he new proposal for a Directive of the European Parliament and of

he Council on the quality of water intended for human consump-

ion [37] , along with 1 fluorotelomer sulfonic acid and 1 perflu-

roether carboxylic acid, since these are commonly used as PFOS

lternatives in various applications [53,54] . The method was then

pplied using water samples collected from the influent and efflu-

nt of a drinking water treatment plant (DWTP) to determine the

resence of the target PFASs in both the drinking water source and

he resulting drinking water. The method was also applied to tap

ater samples collected from houses that receive water from the

WTP and to the bottled water of five different commercial brands.

he results were then compared. 

. Materials and methods 

.1. Reagents and standards 

Methanol (MeOH), water, ammonium acetate and formic acid,

ll of LC-MS grade, were purchased from Chem-Lab (Zedel-

em, Belgium). Stock standards of perfluoro-2-propoxipropanoic

cid (PFPrOPrA), perfluorobutanoic acid (PFBA), perfluoropentanoic

cid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic

cid (PFHpA), perfluorohexane sulfonic acid (PFHxS), perfluorooc-

anoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), per-

uorononanoic acid (PFNA) and perfluorodecanoic acid (PFDA)

ere purchased from Dr. Ehrenstorfer (Augsburg, Germany).

tock standards of nonafluoro-1-butanesulfonic acid (PFBS a ), 2-

perfluorohexyl) ethane-1-sulfonic acid (6:2 FTSA), perfluorotride-

anoic acid (PFTrDA) and perfluorododecanoic acid (PFDoA) were

urchased from Lab Mix 24 (Hamminkeln, Germany). Stock stan-

ards of perfluoroundecanoic acid (PFUnDA), perfluorodecane sul-

onic acid (PFDS), pefluoropentane sulfonic acid (PFPS) and perflu-

rononane sulfonic acid (PFNS) were purchased from Cambridge

sotope Laboratories (Andover, USA). All compounds had a chem-

cal purity of 95.0% or higher. Spiking solutions were prepared at a

oncentration of 100 μg ·L −1 in MeOH and stored in glass vials with

crew tops with aluminum lining at −21 °C. Working mixtures of

ll PFASs were prepared daily in MeOH or water at an appropriate

oncentration to prepare the standards and spike the samples. 

.2. Sample collection 

Water samples from the DWTP were collected at their influ-

nt and effluent between January and April 2020. The DWTP is

ocated in L’Ampolla, in southern Catalonia (Spain), and collects

ater from the River Ebro in Campredó. It can process up to 4

 

3 s − 1 with the conventional treatment, including pH adjust-

ent with CO 2 , pre-oxidation with ozone, coagulation, flocculation,

ecantation, sand filtration, post-oxidation with ozone, granular-

ctivated carbon filtration (GAC) and final chlorination with NaClO.
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ap water was collected from seven different houses that receive

ater from the DWTP. Grab samples were collected in 250 mL am-

er glass bottles equipped with screw top with aluminum lining.

efore sample collection, the bottles were pre-rinsed with sample

hree times. 250 μL of sodium thiosulfate 0.1 M was added to the

amples collected at the effluent of the DWTP and the tap wa-

er to prevent further reaction with sodium hypochlorite. If sam-

les could not be analysed the same day they were collected, they

ere stored at 3 ± 2 °C until analysis. Bottled water from five

ommercial companies, whose spring water comes from different

ources, were purchased from a supermarket. To prevent particles

rom interfering with the analysis and causing damage to sensitive

nstrumentation, the samples were filtered with regenerated cellu-

ose (RC) syringe filters 0.45 μm (Chromafil, USA). This filter was

elected as it has been reported that the loss of most of the PFASs

ncluded in this study are low or negligible in this type of filter

aterial [55] . As the filtration step removes suspended particulate

atter from the sample, it is important to mention that only the

issolved fraction of the PFASs has been determined. In this regard,

t has been reported that the compounds evaluated in this study

re almost completely partitioned in the dissolved phase [56] , so

he analysis of the dissolved fraction provides a realistic picture of

heir presence in the aquatic environment. 

.3. Equipment and chromatographic conditions 

.3.1. Large volume direct injection (LVDI) 

LVDI liquid chromatography analyses were performed using an

gilent chromatographic system (Agilent Technologies, Waldbronn,

ermany) equipped with a 1260 HiP degassing unit, 1260 binary

ump, 1260 multisampler (equipped with a 90 0-μL syringe, a 90 0-

L sample loop, a 100-μL analytical head and an injection valve)

nd a 1260 thermostatted column compartment. An analytical LC

olumn (Poroshell 120 EC 

–C18, 4.6 × 100 mm × 2.7 μm) was used

s a delay column and installed between the mobile phase mix-

ng chamber and the sample injector, to separate the background

ontamination from the target PFASs present in the sample. 

The analytes were chromatographically separated with a

oroshell 120 EC 

–C18 (3 × 100 mm × 2.7 μm) equipped with a

oroshell 120 EC 

–C18 (3 × 5 mm × 2.7 μm) guard cartridge kept

t 40 °C. The mobile phase consisted of (A) water with 5 mM am-

onium acetate and (B) MeOH. The elution gradient conditions

ere as follows: 2% B maintained for 4 min, increased to 40% over

 min, increased to 90% over 9 min, after which 100% B was main-

ained for 5 min and returned to initial conditions over 0.5 min

nd held for 3 min in order to start the re-equilibration of the an-

lytical column. The re-equilibration of the column was finished

hile the next sample was being loaded into the sample loop. Dur-

ng the first 10 min, the flow from the analytical column was di-

erted to waste through a divert valve located between the analyti-

al column and the ESI source. The total run time for each injection

as 25 min. The flow rate was kept at 0.350 ml ·min 

−1 throughout

he run, and the sample volume injected was 900 μL. 

.3.2. MS/MS determination 

The chromatographic system was coupled to an Agilent

470 triple quadrupole mass spectrometer (Agilent Technologies)

quipped with an electrospray ionization source (ESI). The ESI

perated in negative ionization mode using the deprotonated

olecules [M-H] − as the precursor ions. The optimized source con-

itions were: drying gas (N 2 ) temperature at 250 °C, drying gas

ow at 10 L ·min 

−1 , sheath gas (N 2 ) temperature 400 °C, sheath

as flow 12 L ·min 

−1 , capillary at 20 0 0 V, nebulizer at 15 psi and

ozzle voltage at 0 V. MS/MS analysis was carried out using dy-

amic multiple reaction monitoring (dMRM). The two most intense

ransitions for each compound were selected (except for PFBA and
FPeA, in which only one transition could be used); the most in-

ense one was used for quantification (Q) and the other as a qual-

fier (q) for confirmation purposes. A summary of the optimized

ompound-dependent MS parameters is given in Table S1 in the

upplementary information. 

.4. Analytical batch QC and reporting criteria 

Eight-point matrix-matched calibration curves were performed

or each matrix (influent, effluent and bottled water) at the be-

inning of the sample batch, from the MQL of each analyte cover-

ng two orders of magnitude (tap water was quantified using cal-

bration curves performed with effluent water). Accuracy criterion

or continuous calibration points was ±20%. Quality controls (QCs)

onsisting of influent and effluent water spiked at the second cali-

ration level (0.2, 0.5, 1 and 2.5 ng ·L −1 depending on the analyte)

ere analysed every ten sample injections, and recoveries in the

ange 70–120% were considered satisfactory. In order to rule out

ny possible system contamination, instrumental blanks (the gra-

ient program with no injection) were included in each injection

atch. In addition, two blanks consisting of LC grade water were

njected after each QC injection to control and prevent sample con-

amination. 

Commission decision 2002/657/EC criteria were followed to

onfirm the presence of the target analytes in the water samples.

he tolerance within the retention time of an analyte present in a

ater sample compared to that of a reference standard was there-

ore set at ±2.5%, and the relative abundance of the two selected

ransitions (q/Q ratio) set at ±20% [57] . Possible false positives due

o contamination were mitigated by censoring analyte signal in

amples which were not four times greater than the signals mea-

ured in corresponding blanks. 

. Results and discussion 

.1. Background elimination 

Background contamination is a major challenge in the trace

nalysis of PFASs. Sources of instrumental and procedural blank

ontamination have already been described, as well as the tech-

iques for reducing it [58,59] . In the present study, in order to

educe procedural blank contamination, the septum of the vials

as removed, the use of fluoropolymer materials was avoided dur-

ng all preparations and storage, and all the material used was

insed three times with methanol before use and dried in an

ven at 100 °C. To reduce instrumental background contamina-

ion, an analytical HPLC column (Agilent Poroshell 120 EC 

–C18,

.6 × 100 mm × 2.7 μm) was installed after the mixing valve of

he binary pump and before the autosampler to reduce interfer-

nces from the solvent delivery system. This is common practice

n the determination of PFASs, flame retardants and plasticizers

50,60,61] . 

.2. LVDI optimization 

Based on the literature, methanol and water with ammo-

ium acetate 5 mM were selected as the organic and aque-

us mobile phase respectively [62] . A Poroshell 120 EC 

–C18

3 × 100 mm × 2.7 μm) analytical column was used for the chro-

atographic separation of the target analytes. The gradient profile

sed was based on a published HPLC method [60] that reported an

mprovement in the peak shape of short-chain PFASs when com-

ared with a linear gradient. 

Three different injection volumes (500 μL, 750 μL and 900 μL)

ere tested in LC grade water and influent and effluent water from

 DWTP to evaluate the effect of directly injecting an increasing
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Fig. 1. Relative responses of target analytes with different injection volumes in the different studied matrices. Injections performed in triplicate. Error bars correspond to 

standard deviation. 
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volume on the response of the target analytes in the different ma-

trices. To this end, standards and influent and effluent water spiked

at 50 ng ·L −1 were injected at the three injection volumes evalu-

ated, and as can be expected, increasing the injection volume in-

creased the response of all target analytes in the matrices studied.

Nevertheless, suppression of signal was observed for some com-

pounds in influent and effluent water when compared with the in-

jection of standards (see Fig. S1 in the supporting information). In

order to evaluate the effect of increasing the injection volume on

signal suppression, another set of experiments were performed and

the responses obtained with the injection of 750 μL (spiked at 60

ng ·L −1 ) and 900 μL (spiked at 50 ng ·L −1 ) were compared with that
btained with the injection of 500 μL (spiked at 90 ng ·L −1 ) in each

ifferent matrix and the results presented as relative responses. As

an be observed in Fig. 1 , relative responses in the three evalu-

ted matrices were in the range 85–112% for the injection of 750

L and between 86 and 115% for the injection of 900 μL, indicating

hat the increase in injection volume in the evaluated range did

ot significantly affect suppression of the analyte responses within

he same matrix. Considering these results, 900 μL was selected as

he most suitable injection volume as it gives the highest response

or all analytes, without increasing signal suppression. 

Another important factor that determines the maximum vol-

me that can be directly injected is the analyte peak dispersion,
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Fig. 2. Peak shape of PFBA with different injection volumes (50 ng ·L −1 standard). 
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ince this affects the selectivity and sensitivity of separation meth-

ds. Deterioration of the peak shape of analytes caused by the in-

ection of high volumes is dependent on many parameters, such as

he volume injected, the analyte’s physicochemical properties and

he sample’s pH [63] . The LVDI method developed in this study

evealed an absence of peak broadening for all compounds in the

hree evaluated matrices, even with the direct injection of 900 μL,

xcept for the PFBA compound. It is known that band-spreading ef-

ects are more pronounced in early-eluting analytes, since they are

oorly retained in the analytical columns and this hinders their fo-

alization. For PFBA, a slight deterioration in the peak shape was

bserved with the increase in the sample injection volume ( Fig. 2 ).
ig. 3. Slope ratios between matrix-matched and solvent calibration of the target PFAS

eviation. 
The draw speed was set at 500 μL min 

−1 with a post-time of

0 s after each draw to prevent vacuum build-up in the vials. Al-

hough 3 min were enough to transfer the sample from the 900 μL

ample loop to the analytical column, the injection valve was kept

n the main pass position for the first 4 min to wash the injec-

ion system to prevent carry-over. To minimize the total run time,

he valve was then switched to the bypass position because this

ecreases the time required for the gradient to reach the analyt-

cal column. To protect the ionization source from the polar and

alt components present in the sample, the first 10 min were sent

o waste through a two-position six-port valve installed before the

onization source. 

.3. LVDI quality parameters 

In this study the matrix effect on ionization efficiency was

uantified using calibration curves prepared with standard solu-

ions, influent water and effluent water ( n = 5). Seven spiking lev-

ls were used: 1, 2.5, 5, 10, 25, 50 and 100 ng ·L −1 . The extent of

E was calculated in accordance with the following equation: 

E% = 

m sample 

m standard 

· 100 

here m sample is the slope of the calibration curve obtained in ma-

rix, and m standard is the slope of the calibration curve prepared

ith standards. Thus ME% values near to 100% indicated there is

o ME or its insignificant, and values outside the range from 80%

o 120% were considered as significant ME% [64] ( Table 1 ). 

Fig. 3 shows matrix/solvent slope ratios for each analyte in in-

uent and effluent water. Signal suppression or enhancement was

onsidered negligible if the value was between 0.8 and 1.2, which

orresponds to a ME% < 20%. Values between 0.6 and 0.8, which

orresponds to a signal suppression between 20 and 40%, indicate

oderate signal suppression and values < 0.6 (signal suppression

 40%) indicate strong signal suppression [65,66] . It can be ob-

erved that for PFPS, PFProPrA, PFHpA, PFHxS, 6:2 FTS and PFTrDA

he matrix effects are negligible in both influent and effluent wa-

er. However, PFOS, PFNA, PFNS, PFDA, PFDS and PFUnDA under-

ent strong signal suppression in the two matrices. PFBA and PF-

oA experienced strong and moderate signal suppression in influ-

nt and effluent water respectively, and for the compounds PFPeA,

FBS a , PFHxA and PFOA moderate signal suppression was observed

n influent water while negligible matrix effects were obtained in
s in influent and effluent water samples ( n = 5). Error bars represent standard 
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ffluent water. To compensate for this effect, matrix-matched cali-

ration curves were performed in influent and effluent water and

sed for quantification in the present study. The linearity of the re-

ponse was studied at seven different concentrations, covering two

agnitude orders (1 to 100 ng ·L −1 ), with a coefficient of regression

0.997 and residuals < 20%. 

Instrumental detection limits (IDLs) and instrumental quanti-

ation limits (IQLs) were established as the concentration giving

 signal-to-noise ratio (S/N) ≥ 3 and 10 respectively, in standard

olution by replicated ( n = 5) ( Table 1 ). Method detection limits

MDLs) and method quantitation limits (MQLs) were calculated in

ccordance with the following equations to incorporate the effect

f the matrix to method sensitivity [50] : 

 DLs = 

IDLs · 100 

M E% 

; M Q Ls = 

IQ Ls · 100 

ME% 

Good sensitivities were achieved for all the investigated com-

ounds, with MQLs in the range 0.1 – 2.0 ng ·L −1 in both influent

nd effluent water. The MQL obtained for PFOS in influent water

0.5 ng ·L −1 ) was lower than the European EQS stipulated for in-

and waters (0.65 ng ·L −1 ), which is considered a challenging limit

or every LC-MS analytical method [43,44,50] . 

The accuracy and precision of the method were evaluated in in-

uent and effluent water at two concentrations (5 and 75 ng ·L −1 ;

 = 5). The results obtained were satisfactory for all compounds

t the two concentration levels, with accuracies between 87 and

12% in influent water and 91–114% in effluent water. Precision, ex-

ressed as relative standard deviation (%RSDs), was in the range 3

 18% in both influent and effluent water ( Table 1 ). 

.4. Method comparison 

Various LC-MS/MS methods for the determination of PFASs in

queous samples have been reported in the literature. The com-

arison of these methods regarding sensitivity, precision and an-

lytical throughput is complicated because of the number of ana-

ytes included, different injection volumes and the different sam-

le preparation approaches used (i.e. off-line SPE, on-line SPE,

VDI …). In this section, the main characteristics of the analyt-

cal method herein proposed is compared with previously pub-

ished high-throughput methods using the same approach (LVDI-

C-MS/MS) or on-line SPE-LC-MS/MS ( Table 2 ). Off-line SPE meth-

ds were excluded as they cannot be considered high-throughput

ethods, due to that the pre-concentration step is performed man-

ally. 

Regarding sensitivity, our method represented a general im-

rovement in comparison with previously published on-line SPE

ethods for determining PFASs in aqueous matrices [43,45] de-

pite the fact that only 0.9 mL were injected instead of the 5 mL

equired in those methods. The difference in sensitivity was es-

ecially remarkable when the method proposed herein was com-

ared with that of Llorca et al. [42] , who reported MQLs in the

ange 0.90–50 ng ·L −1 . Regarding precision, inter-day and intra-day

ariations higher than > 20%were frequently reported for on-line

PE methodologies. For instance, Llorca et al. [42] reported inter-

ay RSD% > 20% for 17 out of the 21 studied PFASs and Mazzoni

t al. [43] reported inter-day RSD% as high as 65% for PFDoA. To-

al run times of those methods are comparable to the obtained for

ur method, with the exception of the method developed by Bar-

eca et al. [45] with a total run time of only 12 min, probably due

o that elution was performed with a flow rate of 1.6 mL ·min 

−1 . 

The LVDI approach was employed by Ciofi et al. [50] for the de-

ermination of nine PFASs in different aqueous matrices. Despite

he fact that the volume injected was only 0.1 mL, the MQLs ob-

ained were similar to those obtained with our method, with intra-

ay and inter-day precision < 5.7%. In general, higher RSDs% were
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Table 2 

Comparison of main characteristics of the method herein proposed with previously published high-throughput methods for determination of PFASs. 

Technique Sample Volume Analysis time MQL (ng ·L −1 ) [Reference] 

(mL) (min) PFBA PFPeA PFBsA PFHxA PFHpA PFHxS 6:2 FTS PFOA PFOS PFNA PFDA PFDS PFUnDA PFDoA 

LVDI-LC-MS/MS 0.9 mL 25.0 1.0 0.3 0.2 0.3 0.1 0.6 0.3 0.4 0.5 0.2 0.6 2.0 1.5 0.4 This study 

LVDI-LC-MS/MS 0.5 mL 20.0 n.i. n.i. 0.7 0.5 0.5 0.8 0.5 0.5 0.5 0.5 0.5 0.5 n.i. n.i. [48] 

LVDI-UHPLC-MS/MS 0.1 mL 20.0 n.i. 0.38 0.033 1.0 0.42 0.03 n.i. 0.3 0.17 0.61 0.13 n.i. n.i. n.i. [50] 

On-line SPE LC-MS/MS 5.0 mL 16.25 26 38 8.2 50 17 0.90 n.i. 2.8 1.3 6.3 8.0 1.2 3.9 12 [42] 

On-line SPE LC-MS/MS 5.0 mL 16.5 2.0 2.0 2.0 2.0 2.0 2.0 n.i. 2.0 2.0 2.0 2.0 n.i. 1.0 1.0 [43] 

On-line SPE LC-MS/MS 5.0 mL 12.0 5.0 1.0 1.0 1.0 1.0 1.0 n.i. 1.0 0.2 1.0 5.0 n.i. 5.0 5.0 [45] 

n.i. = not included in the study. 

Table 3 

Summary of PFASs occurrence in water samples collected at the influent and the effluent of a DWTP, tap water and bottled water. 

Influent water ( n = 23 ∗; n = 5 ∗∗) Effluent water ( n = 23 ∗; n = 5 ∗∗) Tap water ( n = 7) Bottled water ( n = 5) 

DF QF Abundance Max Mean DF QF Abundance Max Mean DF QF Abundance Max Mean DF QF Abundance Max Mean 

% % % �18 PFASs ng ·L −1 ng ·L −1 % % % �18 PFASs ng ·L −1 ng ·L −1 % % % �18 PFASs ng ·L −1 ng ·L −1 % % % �18 PFASs ng L −1 ng L −1 

PFBA ∗ 100 100 48 23.8 4.1 100 100 49 20.4 4.2 100 100 66 7.4 4.5 100 100 69 3.9 2.4 

PFPeA ∗ 100 91 9 2.5 0.86 100 96 10 2.3 0.89 42 26 7 1.1 0.52 100 20 4 0.26 < MQL 

PFBS a ∗ 100 91 3 0.57 0.32 100 100 5 3.2 0.54 57 14 2 0.33 0.13 60 20 1 0.13 < MQL 

PFHxA ∗ 91 57 6 3.1 0.54 100 87 8 2.2 0.72 100 100 9 2.6 0.63 100 60 7 0.36 0.25 

PFPS ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFProPrA ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFHpA ∗ 61 35 4 2.6 0.44 100 70 3 1.9 0.28 29 14 1 0.12 < MQL 40 0 < 1 < MQL n.d 

PFHxS ∗ 65 39 8 1.7 0.73 35 30 7 2.5 0.63 57 0 4 < MQL < MQL 40 0 3 < MQL n.d 

6:2 FTS ∗ 100 48 3 0.9 0.32 0 0 0.0 n.d n.d 0 0 0 n.d n.d 60 0 5 < MQL < MQL 

PFOA ∗ 96 48 6 2.6 0.51 91 43 4 0.77 0.34 100 57 4 0.38 < MQL 100 60 7 0.32 < MQL 

PFOS ∗ 87 22 7 4.3 0.69 65 13 7 3.9 0.62 86 57 6 0.70 < MQL 40 0 3 < MQL n.d 

PFNA ∗ 43 26 3 0.58 0.33 39 22 3 0.54 0.24 29 0 1 < MQL < MQL 40 0 1 < MQL n.d 

PFNS ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFDA ∗ 35 13 3 0.73 < MQL 43 13 5 1.0 < MQL 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFDS ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFUnDA ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFDoA ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

PFTrDA ∗∗ 0 0 0 n.d n.d 0 0 0.0 n.d n.d 0 0 0 n.d n.d 0 0 0 n.d n.d 

∗ Compounds determined in 23 samples;. 
∗∗ Compounds determined in 5 samples;DF: detection frequency (% of samples ≥MDL); QF: quantification frequency (% of samples ≥MQL); Abundance mean relative abundance (% �18 P5FASs); Min: minimum concentration 

observed (ng ·L −1 ); Max: maximum concentration observed (ng ·L −1 ); Mean: average concentration; n.d: non detected; < MQL: concentration between the MDL and the MQL. 
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Fig. 4. Relative mean abundance of detected PFASs and sum of mean concentrations in influent, effluent and tap water. 
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observed in our method, which could be attributed to the injec-

tor precision due to the high injection volume used. Schultz et al.

[48] also employed the LVDI approach for the analysis of selected

PFASs in wastewaters, with sensitivity and analysis time compara-

ble to those achieved in our method. 

3.5. Analysis of water samples 

The LVDI method developed was used to evaluate the presence

of PFASs in 23 influent and 23 effluent water samples collected

from a DWTP between January and April 2020. The method was

also applied to 8 tap water samples and 5 bottled waters. Matrix-

matched calibration curves were performed at the beginning of

each sample batch, with residuals between ±20% between adja-

cent calibration points. The overall QCs recoveries in the spiked

samples for most of the analytes were in the range 70–120% for

all QCs injected. Background signals were not observed in instru-

mental blanks. Although no peaks corresponding to target analytes

were observed in most of the LC-grade blank injections, in some

cases slight contamination for short-chain PFASs was observed, but

in all cases with signals below the MDLs. 

3.5.1. Occurrence of selected PFASs in influent water 

From the 18 analytes included in this study, 11 were detected

in effluent water samples at frequencies between 35 and 100%

( Table 3 ). PFBA , PFPeA , PFBS a and 6:2 FTS were detected in all

the samples. PFOA, PFHxA, PFOS, PFHxS and PFHpA were the next

most frequently found chemicals, with detection rates of 96%, 91%,

87%, 65% and 61% respectively. PFNA and PFDA had a lower detec-

tion frequency (43% and 35% respectively). PFBA and PFPeA were

also the compounds most frequently observed in another study

performed on the River Ebro [67] . The maximum concentrations

measured in samples were for PFBA (23.8 ng ·L −1 ), followed by

PFOS (4.3 ng ·L −1 ), PFHxA (3.1 ng ·L −1 ), PFHpA (2.6 ng ·L −1 ), PFOA

(2.6 ng ·L −1 ) and PFPeA (2.5 ng ·L −1 ). In agreement with our re-

sults, Lorenzo et al. [67] reported PFBA as the PFAS found at the

highest concentration in the River Ebro. The mean relative abun-

dance of each individual compound was calculated as a percent-

age of �18 PFASs. The most abundant perfluorinated chemical was

by far PFBA (48%), followed by PFPeA (9%), PFHxS (8%), PFOS (7%),

PFOA (6%) and PFHxA (6%). The highest �18 PFASs level found in a

sample was 32.0 ng ·L −1 , which is beyond the parametric value of

0.1 μg ·L −1 �20 PFASs included in the proposal for a Directive of the

European Parliament and of the Council on the quality of water

intended for human consumption [38] . The fact that all the PFASs

measured in this study are in the low or sub ng ·L −1 level indicates

that there is no large point source contamination in this part of

the Ebro. These low levels may result from diffuse sources, such as

the long-range atmospheric transport and deposition of PFSAs, PF-

CAs and their precursors (i.e. fluorotelomer alcohols or carboxylic

acids or fluorotelomer unsaturated carboxylic acids) [68-71] . Al-

though 6:2 FTS cannot be considered volatile, long-range atmo-
pheric transport cannot be discarded and needs to be further in-

estigated. Short-chain compounds PFBA, PFPeA, PFBS a , PFHxA and

FHpA were observed among the most abundant PFASs, pointing

o the gradual replacement of long-chain substances with shorter-

hain substitutes in industrial manufacturing [10] . 

.5.2. Occurrence of selected PFASs in effluent water 

The presence of PFASs in the effluent water of the DWTP is sim-

lar to that obtained in the influent water ( Fig. 4 ). The sum of the

ean concentrations of the target PFASs determined in the influ-

nt (8.6 ng ·L −1 ) and the effluent (8.2 ng ·L −1 ) are very close, in-

icating that these compounds are either not removed or poorly

emoved during drinking water treatment. The literature reports

 positive correlation between PFAS concentrations in the influ-

nt and effluent water from DWTPs, with levels in the raw wa-

er sometimes being identical to those in the drinking water pro-

uced [19] , which is in agreement with the results obtained in

his study. Our results reveal that only 6:2 FTS was effectively re-

oved in the DWTP, since this compound, which was detected in

ll the influent samples, was not detected in any of the effluent

amples. Xiaoling et al. [72] reported that 6:2 FTS can be degraded

nto PFHpA or PFHxA through advanced oxidation processes (AOP)

ike ozonation, so the ozonation treatment applied in the DWTP in-

olved in this study was probably responsible for eliminating this

ompound. 

.5.3. Occurrence of selected PFASs in tap and bottled water 

It is generally accepted that the contamination of tap water

s related to contamination in the source. The tap water samples

valuated in this study were collected from houses that receive

ater from the effluent of the DWTP discussed in the previous

aragraph. As can be observed in Fig. 4 , the relative abundance

rofiles of PFASs found in tap waters are similar to those found

n the effluent of the DWTP. All the perfluorochemicals detected in

he effluent of the DWTP were detected in tap waters, with the ex-

eption of PFDA. In this study PFBA was the most abundant PFAS,

ollowed by PFHxA and PFOS. In agreement with our results, En-

erlick et al. [73] reported PFBA and PFOS as being the most abun-

ant compounds in Turkish tap waters, followed by PFBS a , PFHpA

nd PFHxA. Kaboré et al. [12] also reported PFBA and PFOS as

eing the most abundant compounds in tap water samples from

anada and other countries. 

As regards bottled waters, the concentrations and detection fre-

uencies of PFASs are shown in Table 3 . The most frequently de-

ected PFASs in bottled waters were PFBA , PFPeA , PFHxA and PFOS.

s for abundancy, PFBA was the dominant compound (69%), fol-

owed by PFHxA (7%) and PFOA (7%). PFAS detection frequencies

nd concentration levels in bottled waters were lower than in tap

aters, and similar results have been obtained in other studies

onducted in Spain, Canada, France and Turkey [12,73–75] . 
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. Conclusions 

The method proposed in this study for determining PFASs in

ource and drinking water is fast, simple and easy, since it is

ased on the direct injection of large-volume water samples with

ery simple pre-treatment because the river and drinking waters

nly need to be filtered before injection. The main advantage of

his method is the high sensitivity obtained with no need for a

re-concentration step due to the injection of a large volume of

ample. Despite some of the compounds experiencing strong sig-

al suppression, the use of matrix-matched calibration curves al-

owed accurate, precise quantification. Applying the method to wa-

ers from the influent of a DWTP that collects water from the River

bro revealed the presence of short-chain PFASs, with PFBA be-

ng the compound found at the highest frequencies and concentra-

ions. Similar concentrations were found in waters collected from

he effluent of the DWTP, indicating poor removal of these com-

ounds during the drinking water treatment processes. PFASs were

lso determined in tap and bottled waters, indicating a widespread

resence of these compounds in aquatic compartments. 
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