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ABSTRACT

In this work, we report the development and validation of an analytical method for the trace level
determination of 14 selected (EU-directive) priority organic pollutants (namely, 1,2,3-trichlorobenzene
(1,2,3-TCB), 1,2,4-trichlorobenzene, 1,3,5-trichlorobenzene, hexachloro-1,3-butadiene, pentachloroben-
zene, hexachlorobenzene, alachlor, a-hexachloro-cyclohexane (a-HCH), B-HCH, y-HCH (lindane),
8-HCH, tetra-brominated diphenyl ether (tetra-BDE), penta-brominated diphenyl ether and hepta-
brominated diphenyl ether) in wastewater samples from 5 different sewage treatment plants (STPs)
located in Spain. The proposed methodology is based on liquid-liquid extraction with n-hexane followed
by identification and confirmation of the selected pollutants by gas chromatography high-resolution
mass spectrometry in selected ion recording acquisition mode. Recovery studies performed with spiked
wastewater samples at two different concentration levels (0.1 and 1 wgL~') gave mean recoveries in the
range 80-120% (except for trichlorobenzenes, ca. with 50%) with RSD values below 10% in most cases,
thus confirming the usefulness of the proposed methodology for the analyses of this kind of complex sam-
ples. The obtained detection limits in effluent wastewater matrices were in the low nanogram per liter
range, with values as low as 0.09ngL~! for tetra-BDE and 0.3 ngL~! for hexachlorobenzene. Finally, the
proposed methodology was successfully applied to a monitoring study intended to characterize wastew-
ater effluents of 5 different sewage treatment plants with different major activities (Industrial, Coastal,
Urban). Most of the compounds targeted were detected in the ngL-! range at concentrations ranging
from 0.19ngL-! to 135ngL~" (hexachlorobenzene).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The contamination of the aquatic environment by organic pol-
lutants is of paramount concern for citizens and environmental
authorities. The main tool of the European water policy to reduce
chemical pollution of surface water is the water framework direc-
tive (WFD) 2000/60/EC [1,2], which establishes guidelines against
pollution of water by sorting out a list of priority substances that
involves a significant risk to or via the aquatic systems. In this con-
text, urban wastewaters may have a strong contaminating effect on
the natural aquatic systems. With the aim of improving the quality
of the effluents by removal of potentially hazardous substances,
sewage treatment plants include various stages of wastewater
treatments. However, several studies have demonstrated that
many organic compounds such as persistent organic pollutants,
pharmaceuticals, personal care products, hormones and other dis-
rupting compounds escape treatments becoming ubiquitous in the
environment [3-9]. This impact can be reduced with enhanced
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wastewater treatment technologies using advanced oxidation pro-
cesses [10,11]. The development of these thorough wastewater
treatment technologies combined with comprehensive quality
control strategies comprising chemical and microbiological mark-
ers is required in order to fully characterize these systems, with the
late goal of possible wastewater reuse of the effluents for selected
applications such as agriculture, to apply in regions or countries
with water shortage.

For a detailed chemical characterization related to the presence
and amount of priority pollutants, analytical methodologies should
be able to both confirm the presence and accurately determine
low levels of any pollutant detected. Gas chromatography (GC)
has been the technique of choice for the analysis of non-polar and
relatively volatile substances in environmental samples, because
of its high selectivity, precision and sensitivity, particularly when
combined with mass spectrometry (GC-MS) as detection tech-
nique [12,13]. GC-MS is a powerful tool for the identification and
quantitation of organic compounds in complex samples. Several
methods have been developed for the analyses of organic contam-
inants in water samples based on GC-MS [14-23], typically using
single quadrupole analyzer in selected ion monitoring acquisition
mode.
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Due to the high complexity of wastewater samples in com-
parison to surface waters a particularly sensitive and selective
detection methods are required [24,25]. This extra selectivity can
be provided during the detection step using GC-MS instruments
operating in MS/MS acquisition mode using an ion trap [26] or a
triple quadrupole instrument [27], or with high resolution capa-
bilities [28,29]. In both cases, excellent selectivity and sensitivity
is achieved enabling the simultaneous unambiguous confirmation
(according to EU guidelines [30]) and quantitation of the targeted
analytes.

Double focusing magnetic sector mass spectrometers are most
often used for applications where high resolution and sensitivity
are the primary requirements. As far as we know, it has not been
explored in wastewater analysis, where the reliable quantification
and confirmation of many organic pollutants is required at very
low concentration levels, according to the present and future envi-
ronmental regulations. The high resolution enables many chemical
background masses to be eliminated and consequently allows a
lower level of detection for a number of specific target compounds
to be achieved. The highest sensitivity can be achieved by perform-
ing selected ion recording as this provides a better duty cycle than
scanning. In the present work, an analytical methodology for the
determination of 14 selected priority organic pollutants in effluent
wastewater samples using gas chromatography high-resolution
mass spectrometry (GC-HRMS) is reported for the first time. The 14
EU priority substances included were: trichlorobenzenes isomers,
pentachlorobenzene, hexachloro-1,3-butadiene, hexachloroben-
zene, HCH isomers, alachlor and polybrominated diphenyl ethers
(PBDEs). The proposed methodology comprised a sample treatment
step based on liquid-liquid extraction followed by identification
and quantitation of the target species by GC-HRMS in high res-
olution selected ion monitoring mode. The proposed method was
applied to monitor the selected priority pollutants in different efflu-
ent wastewater samples from 5 Spanish sewage treatment plants
with different profiles in terms of main activity (urban, industrial,
coastal, etc.).

2. Experimental
2.1. Chemicals and reagents

1,2,3-Trichlorobenzene, 1,2,4-trichlorobenzene, 1,3,5-
trichlorobenzene, hexachloro-1,3-butadiene, pentachlorobenzene,
hexachlorobenzene, alachlor and mixture (1:1:1:1) of hexachloro-
cyclohexane isomers (a-hexachloro-cyclohexane a-(HCH), 3-HCH,
v-HCH (lindane), 8-HCH), were purchased from Riedel-de-
Haén (Seelze, Germany), PESTANAL™ quality. Polybrominated
diphenyl ether (PBDEs) mixture (tetra-brominated diphenyl ether
(tetra-BDE), penta-brominated diphenyl ether (penta-BDE) and
hepta-brominated diphenyl ether (hepta-BDE)) was obtained from
Dr. Ehrenstorfer (Ausburg, Germany). Individual stock standard
solutions of the target compounds were prepared in methanol
(HPLC-grade, Merck, Darmstadt, Germany) at a concentration of
1mgmL-! and stored at —20°C. Working solutions, at different
concentrations, were prepared by appropriate dilution of the stock
solutions in n-hexane. n-Hexane was obtained from Riedel-de-
Haén (Seelze, Germany), PESTANAL™ quality. Sodium chloride
and anhydrous sodium sulfate (pesticide residue analysis quality)
were ordered to ].T. Baker (Phillipsburg, NJ, USA). Sulphuric acid
was purchased from Panreac (Barcelona, Spain).

2.2. Wastewater sampling

Wastewater samples used in this study were collected from
5 municipal sewage treatment plants (STPs) (Fig. 1). Two were
located in North Spain (Castro Urdiales and Santander (Cantabria),
both mainly with urban activity), two located in the centre (both
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Fig. 1. Geographical location of the studied sewage treatment plants.
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in Alcala de Henares, Madrid; one STP mainly with urban activity,
and the other mainly with industrial activity), and one located in the
southeast of Spain (El Ejido, Almeria). This later plant treats urban
wastewater with important contributions from greenhouses, plas-
tic industry also related to greenhouses, and from a local hospital.
Input wastewater undergoes a physical pre-treatment to remove
coarse solids and greases, primary settling of particulates, and sec-
ondary treatment with activated sludge, after which the water is
discharged to the sea. They are representative of different activities
(urban, agricultural, industrial). All plants apply a pre-treatment
for solid removal, a primary treatment to eliminate suspended
material, an activated sludge biological treatment, and a final clar-
ification. Integrated samples representative of 1-day work in the
STP were taken. They were taken at 3-h intervals. Sampling was
carried out by an automatic device (0.5L/3 h). Effluent samples
were collected by using pre-rinsed amber glass bottles and sent
to the laboratory for sample treatment and for analysis. All sam-
ples were filtered through a 0.7-pm glass fiber filter (Millipore,
Milford, MA, USA) and extracted within 48 h in all the cases. Before
the extraction, samples were kept at +4°C in the fridge.

2.3. GC-HRMS system and operating conditions

GC-HRMS analyses were run on a HP 6890 Series gas chro-
matograph (Hewlett-Packard, Palo Alto, CA, USA) interfaced to
a double focusing magnetic sector mass analyzer (Micromass
AutoSpec NT (Micromass, Manchester, UK)), operating in high res-
olution selected ion recording mode (HR SIR) with the following
operating parameters: ionization mode: electron ionization with
70eV energy; ion repeller (V)=-134V; detector: 300 V. Perfluo-
rokerosene (mass-lock) were used for accurate mass calibration
purposes. Data acquisition and processing, and instrumental con-
trol were performed by MassLynx 4.1 software (Micromass,
Manchester, UK).

Analytes were separated in a ZB-5MS capillary column (5%
diphenyl/95% dimethylsiloxane), 30m x 0.25mm id. 0.25pum
film thickness (Phenomenex, Torrance, CA, USA). A split/splitless
injector was used in pulse splitless mode. The injector operat-
ing conditions were as follows: injection volume 1 pL; injector
temperature 250°C; initial pulse pressure: 30 psi (1.5 min). The
helium (99.9999% purity) carrier gas flow was maintained at
1mLmin~!. The oven temperature programme was 2.0 min at
70°C, 10°Cmin~! to 180°C (keeping 180°C for 5min), 6°Cmin~!
to 260°C and 4°Cmin~! to 300°C.
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Table 1

Identification of priority organic pollutants in wastewater by gas chromatography high-resolution mass spectrometry using two ions for identification and confirmation

purposes.
Compound Ret. time (tgr) m/zion1(Q) Elemental m/z ion 2 (q) (relative Elemental

composition ion 1 abundance (%)) composition ion 2

1,3,5-Trichlorobenzene 5.45 179.929 Cs>>Cl3H3 181.926 (96) C6>°Cl,37ClH;
1,2,4-Trichlorobenzene 6.12 179.929 Cs>>Cl3H3 181.926 (96) C63°Cl,37ClH;
1,2,3-Trichlorobenzene 6.66 179.929 Cs?Cl3H3 181.926 (96) C6°Cly37ClH;
Hexachloro-1,3-butadiene 6.73 224.844 C435Cl5 222.841 (63) C435Cl37Cl
Pentachlorobenzene 11.27 249.849 Cs35Cl537CIH 251.846 (65) Ce3°Cly37ClLH
a-HCH 13.14 180.934 Ce3°Cl3Hy 182.934 (96) Cs3°Cly37CIH,
3-HCH 13.83 180.934 Cs>>Cl3Hy 182.934 (96) C63°Cl,37ClHy
y-HCH 13.97 180.934 Cs>>Cl3Hy 182.934 (96) C63°Cl,37ClHy
d-HCH 14.71 180.934 Ce3°Cl3Hy 182.934 (96) Cs3°Cl,37CIH,
Hexachlorobenzene 12.80 283.809 Cs3°Cls37Cl 285.807 (80) Cs3°Cla37Cl,
Alachlor 16.53 160.1126 Ci1HisN 188.107 (71) C12H14NO
Tetra-BDE 28.18 485.711 C12079Br,%!BryHg 487.709 (65) C1207°Br®!BrsHg
Penta-BDE 31.02 563.621 C]2079Bl’381 BryHs 565.619 (98) C1207931’281 Br3Hs
Hepta-BDE 31.81 563.621 C1207°Br3®'BryHs 565.619 (98) C1207Br,®'Br3Hs

2.4. Sample treatment

2.4.1. Liquid-liquid extraction (LLE) procedure for the isolation
and preconcentration of priority organic pollutants

Samples without filtration were acidified up to pH 3 (with H,SO4
1 M).Analiquot of 200 mL of influent or effluent wastewater sample
were loaded in a 250-mL separatory funnel with 250 mg of NaCl in
which a three-step liquid-liquid extraction was undertaken. 25 mL
of n-hexane were added and the mixture was vigorously shaken
for 3 min being then the organic phase (upper) separated from the
aqueous one. Then, this extraction step was repeated three times.
The organic phases were combined and water traces were removed
by adding sodium sulfate anhydrous. The extract was then carefully
evaporated up to near dryness using a vacuum rotary evaporator
(Biichi Rotavapor R200) equipped with a heating bath (Biichi B-490)
operating at 30 °C and a vacuum controller (Biichi V800) operating
at 150-175 mm Hg. Finally, the residue was re-dissolved with 2 mL
of n-hexane.

2.5. Validation of the proposed method

All the validation studies were performed by using sewage
extracts taken from a mixture of the STP effluents from the 5 differ-
ent STPs. Because of the impossibility to obtain blanks, the samples
were previously analyzed and the presence of the target com-
pounds considered. To minimize matrix effects, matrix-matched
calibration curves were used for quantitative determinations. The
linearity in the response was studied by using matrix-matched cal-
ibration solutions prepared by spiking effluent wastewater effluent
extracts at five concentration levels, ranging from the determina-
tion limit of each analyte to 200 wgL~! in the final extract (note
100:1 preconcentration factor from the sample treatment). Each
point was obtained as the average of three injections. Integrated
peak area data of the selected accurate masses of ions (see Table 1)
were used to construct the curves. To optimize the analytical pro-
cedure, the recovery studies were carried out by spiking effluent
wastewater samples at the concentration level of 0.1 and 1 pgL™!
(n=6), in accordance with the approximate maximum concen-
tration levels established by EU regulations for water intended
for human consumption [31]. The method detection limit (MDL)
and method quantification limit (MQL) were determined exper-
imentally from the injection of spiked wastewater samples and
calculated using the minimum concentration of analyte providing
signal-to-noise ratios of 3 and 10, respectively. They were esti-
mated from the spiked extracted ion chromatograms at the lowest
analyte concentration assayed. Confirmation criteria applied to the
target compounds in the wastewater effluent samples were as
follows: presence of two characteristic ions at the correct reten-

tion time, with the characteristic relative ion abundances and the
correct targeted accurate mass. Quantification was performed by
external standard calibration.

3. Results and discussion

3.1. Identification and confirmation of selected target priority
pollutants by gas chromatography high-resolution mass
spectrometry

The aim of this article is to develop a multi-residue method
for ultratrace detection of multiclass priority pollutants in sewage
wastewater treatment plants effluents. Fourteen compounds of the
EU-Water Framework Directive were selected. The identification of
the targeted species was performed using GC/high-resolution mass
spectrometry with a double focusing magnetic instrument. The
analyzer used has a three-sector, double focusing geometry of type
electrostatic analyzer/magnet/electrostatic analyzer. This instru-
ment was used in high-resolution selective ion recording HRSIR at a
resolution value of 10.000 permitting the accurate identification of
the targeted compounds. For identification and confirmation pur-
poses, the accurate mass of two characteristic ions and their relative
abundances were combined with retention time matching. There-
fore, the proposed criteria is in compliance with the EU criteria
(Commission Decision 2002/657/EC) [30] related to the confirma-
tion of veterinary chemicals in food/feed based on identification
points (IPs) (2 points gained per detection ion with high resolu-
tion MS; 3-4 [IPs required for unambiguous confirmation depending
on the substance). In most cases, molecular ions were chosen for
the HRMS analysis in order to enhance selectivity and sensitivity.
Table 1 includes the selected ions used for identification and quan-
titation purposes and their corresponding elemental compositions.

Instrument dwell time was optimized with the aim of obtain-
ing a good chromatographic peak shape (with at least 10 points
recorded per peak) while maintaining satisfactory sensitivity for
each compound. To obtain the maximum possible analyte sig-
nal, a 50-ms dwell time was selected for each of the monitored
ions. To some extend, this might become a limitation of the
method/instrument when dealing with large-scale multi-residue
methods (i.e. >80 targeted species) using GC-HRMS. The aver-
age width of the chromatographic peaks is ca. 4 s, which involves
a maximum acquisition time per point of 0.4s — assuming 10
point peak for an appropriate peak shape. This involves that only
8 ions (4 compounds) can be screened at the same time (time
segment window). In contrast, the typical dwell time of state-of-
the-art GC-MS/MS (triple quadrupole) instruments is 10-25ms
(ca. 1/5 or 1/2 compared to GC-HRMS dwell time). Therefore,
the capacity of monitoring compounds is between 2 and 3 times
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higher. The main drawback associated with this issue is that a
dedicated effort would be required if it is required to develop
a large-scale multi-residue method, including several scheduled
time segments throughout the chromatographic run. On the other
hand, the sensitivity and selectivity provided by high resolution
are remarkable as demonstrated by the analytical features of the
method.

3.2. Performance of the sample treatment procedure

Optimization of the extraction procedure was made with
the aim of reaching good recoveries for the widest group of
compounds in a single extraction step. To extract the tar-
geted species from sewage wastewater treatment plant effluents,
liquid-liquid extraction (LLE) method was developed. Before
selecting the LLE procedure, different procedures based on solid-
phase extraction were tested. Using C;g (500 mg, 6 mL, BondElut™,
Varian Inc., Palo Alto, CA, USA) cartridges and elution with 1:1
ethyl acetate/dichloromethane (v/v) or with hexane:acetone, poor
recoveries (<15%) were obtained in the case of trichloroben-
zenes, hexachlorobenzene and pentachlorobenzene. Note that the
compounds included in the method have very different physico-
chemical properties. Therefore, it was not straightforward to obtain
optimized conditions, in which all the compounds were quanti-
tatively recovered. Finally, LLE using n-hexane was assayed with
200 mL of sample volume and three extractions with 25 mL of
solvent. The effluent sample was not filtered before LLE. The pre-
treatment was limited to adjust the pH to 3-4. With that approach
the overall recoveries for the different classes of compounds tested
were satisfactory. Only for trichlorobenzenes and hexachloro-1,3-
butadiene the recovery rates (showninTable 2) are relatively lower.
The recovery studies were performed at two concentration levels:
0.1 pgL-1 and 1 pgL-! level, obtaining satisfactory recovery rates
in the range 39.5-117.5% with RSD (%) values (n=6) between 2.1
and 15.3%. Only trichlorobenzenes and hexachlorobutadiene dis-
played relatively low recovery rates probably due to their high
volatility and vapor pressure [32].

3.3. Analytical performance of the proposed method

To evaluate the analytical performance of the proposed method
based on GC-HRMS, a detailed study was carried out including the
linearity, accuracy and limits of detection of the selected contam-
inants. The results obtained are shown in Table 3. The linearity of
the proposed method was studied in the range 0.01-2 pgL~! (note
that the sample volume used was 200 mL and the preconcentra-
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Table 2
Recovery studies of the targeted priority compounds in effluent wastewater samples
spiked at two concentration levels: 0.1 and 1 pgL-1.

Compound Recovery

(%) (n=6)

Conc. level. RSD (%)  Conc. level. RSD (%)

0.1 pgL! 1pgl!
1,3,5-TCB 47.7 8.2 43.1 9.6
1,2,4-TCB 53.2 10.5 58.8 9.3
1,2,3-TCB 58.7 9.7 63.6 7.1
Hexacloro-1,3-butadiene 39.5 11.9 42.0 12.5
Pentachlorobenzene 88.2 5.7 84.2 7.1
a-HCH 93.0 6.3 109.3 21
B-HCH 96.3 4.9 92.4 9.1
y-HCH 91.5 6.7 108.1 6.1
8-HCH 89.7 7.5 99.0 11.8
Hexachlorobenzene 85.2 5.5 79.7 6.6
Alachlor 109.3 6.3 117.5 4.4
Tetra-BDE 97.1 12.1 84.7 14.6
Penta-BDE 81.3 11.8 94.5 15.3
Hepta-BDE 96.5 10.6 106.8 9.5

tion factor 100:1). Correlation coefficients (r)>0.99 were obtained
in most cases.

Inter-day and intra-day accuracy was studied with matrix-
matched standards spiked at 50 wgL~1. The results obtained for
intra-day study were below 15% in most cases. Limits of detection
(LODs) were estimated from the injection of matrix-matched stan-
dard solutions at 0.01 ugL~! concentration level. LODs and LOQs
were assigned taking into account signal-to-noise (S/N) ratio cri-
terion (S/N of about 3 for LOD and S/N of about 10 for LOQ) in the
qualifier ion. The results obtained for each compound are included
in Table 3. In preliminary studies, we also tested GC-ECD (Var-
ian CP3800 GC) detection with the same chromatographic method,
as long as it is a cheaper instrument that can be implemented in
routine laboratories. Nevertheless, considering the concentration
levels that are usually found in the samples, the use of a GC-ECD
may not provide enough analytical performance in terms of sensi-
tivity to detect the species. In addition, a confirmatory MS analysis
is necessary due to the complexity of the matrix (note the low pre-
concentration factor implemented in the method (100:1) due to the
relatively complexity of the extracts). The results in terms of LOQs
for GC-ECD analysis are also shown in Table 3. From the data shown
in Table 3, it can be observed the low detection levels achieved by
using GC-HRMS, as low as 90 pgL-! for tetra-BDE, and overall in
the low ngL~! level. An example of the identification of the target
species in wastewater samples by GC-HRMS is shown in Fig. 2.

Table 3

Analytical parameters of the proposed method for the quantitation in effluent wastewater samples by gas chromatography high-resolution mass spectrometry.
Compound Conc. range tested Regression MLOD (ngL-1) MLOQ (ngL-1) LOQ (ngL1)

(ngL-1)2 (correlation (GC-ECD)P
coefficient) (1)

1,3,5-TCB 10-2000 0.997 0.9 3 100
1,2,4-TCB 10-2000 0.989 0.9 3 100
1,2,3-TCB 10-2000 0.996 0.9 3 60
Hexachloro-1,3-butadiene 10-2000 0.999 0.225 0.75 30
Pentachlorobenzene 10-2000 0.995 0.3 1 30
a-HCH 10-2000 0.997 1.2 4 200
B-HCH 10-2000 0.999 1.8 6 250
y-HCH 10-2000 0.999 1.2 4 200
8-HCH 10-2000 0.994 1.8 6 200
Hexachlorobenzene 10-2000 0.999 03 1 30
Alachlor 10-2000 0.997 3 10 250
Tetra-BDE 10-2000 0.990 0.09 0.3 100
Penta-BDE 10-2000 0.999 0.15 0.5 50
Hepta-BDE 10-2000 0.996 0.3 1 50

3 Preconcentration factor (100:1) considered.

b GC-ECD analyses were performed using the same chromatographic method, injection volume, column and instrument.
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Fig. 2. GC-HRMS extracted ion chromatograms of a sewage effluent matrix-matched standard mixture at 0.5 gL' containing all target compounds: (a) trichlorobenzene;
(b) hexachlorobutadiene; (c) alachlor; (d) HCHs; (e) pentachlorobenzene; (f) hexachlorobenzene; (g) tetra-BDE; (h) penta- and hepta-BDE.

3.4. Application of the proposed method for the monitoring of 5

selected Spanish STPs

The proposed method was successfully tested on a monitor-
ing program in order to control the presence of these species

in sewage treatment plants effluents. Table 4 shows preliminary
results obtained from the monitoring program initiated. Concen-
tration range and mean values of the target compounds detected
in 36 samples collected in the studied STPs are shown. All the
compounds initially selected were detected with the exception of
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Table 4
Results of the monitoring of priority pollutants from five Spanish sewage treatment plants.

Location/compound(s) Samples tested % positives Concentration Average
range (ngL~1) of concentration
positive samples (ngL-1)

STP Alcala de Henares, Madrid (mainly urban)

X TCBs 15 100 2.71-25.6 6.96
Hexachlorobutadiene 15 20 8.3-109.32 14.00
Hexachlorobenzene 15 100 5.3-135.89 38.69
Pentachlorobenzene 15 73 0.22-1.80 0.63
X Hexachloro-cyclohexane 15 66.7 0.46-9.28 2.30
Alachlor 15 0 - 0.00
Y PBDEs 15 20 0.37-0.63 0.10
STP Alcala de Henares, Madrid (urban-industrial)
Y TCBs 13 92.3 2.41-48.9 8.57
Hexachlorobutadiene 13 154 9.3-77.32 19.28
Hexachlorobenzene 13 100 8.15-81.72 41.00
Pentachlorobenzene 13 76.9 0.19-1.91 0.53
X Hexachloro-cyclohexane 13 61.5 0.67-9.35 2.52
Alachlor 13 0 - 0.00
Y. PBDEs 13 231 1.73-11.29 1.21
STP El Ejido, Almeria (coastal-agricultural)
¥ TCBs 4 100 5.36-15.31 12.16
Hexachlorobutadiene 4 0 - 0.00
Hexachlorobenzene 4 100 16.34-113.78 49.59
Pentachlorobenzene 4 75 1.18-1.82 1.10
Y Hexachloro-cyclohexane 4 100 2.03-33.14 18.84
Alachlor 4 0 - 0.00
Y PBDEs 4 50 1.82-2.48 1.08
STP Castro Urdiales, Cantabria (mainly urban)
X TCBs 2 100 5.97-14.05 10.01
Hexachlorobutadiene 2 0 - 0.00
Hexachlorobenzene 2 100 17.23-20.22 18.73
Pentachlorobenzene 2 100 0.69-0.70 0.70
X Hexachloro-cyclohexane 2 100 11.31-17.74 14.53
Alachlor 2 0 - 0.00
¥ PBDEs 2 0 - 0.00
STP Santander, Cantabria (mainly urban)
¥ TCBs 2 100 15.25-18.12 16.69
Hexachlorobutadiene 2 0 - 0.00
Hexachlorobenzene 2 100 12.58-17.86 15.22
Pentachlorobenzene 2 100 0.53-0.68 0.61
X Hexachloro-cyclohexane 2 100 10.61-30.43 20.52
Alachlor 2 0 - 0.00
Y. PBDEs 2 50 0.77 0.39
12.73
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Fig. 3. Determination of priority organic pollutants in wastewater treatment plants effluents by GC-HRMS. Example of a positive in an effluent WW sample (San Roman
(Santander)), containing 45 ng L' of hexachlorobenzene.
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alachlor. The more frequently detected one was hexachloroben-
zene, which was found in all the studied samples at concentrations
in the range 5-135ngL-'. As an example, Fig. 3 shows the chro-
matograms obtained in an effluent wastewater sample containing
45ngL-1 of hexachlorobenzene. From the preliminary data col-
lected, it can be remarked that, in general, the concentration levels
are relatively low, and represents a small amount when compared
to the load of the so-called emerging contaminants, which can be
found in the microgram per liter level according to different studies
[6,33,34]. Anyhow for a comprehensive evaluation and risk analy-
sis, the data on priority contaminants is very important, because of
their high relative toxicity in comparison with emerging contami-
nants [6].

4. Concluding remarks

In this work, an analytical methodology for the ultratrace detec-
tion and quantitation of priority organic pollutants in wastewater
samples has been described. The data shown in the article with
the ability to determine as low as a few picograms per liter
of the selected contaminants in wastewater samples reveals the
usefulness of GC-HRMS as a powerful tool to monitor priority
pollutants (2455/2001/CE Directive) in wastewater samples. The
proposed methodology was applied to the characterization of efflu-
ents from various STPs. The concentration levels found are in
most cases below the maximum concentration permitted for these
species in water samples intended for human consumption [31].
Further work should be accomplished to monitor emerging con-
taminants since they are usually present at higher concentration
levels, as they represent the major contribution to the charge of
contaminants in wastewater samples (>25000ngL-1)[6,33,34]. An
exhaustive knowledge and characterization of the behavior of main
organic pollutants in sewage treatment plants will prompt the
development of technologies for the promotion of the sustainable
wastewater treatment and reuse.

Acknowledgements

The authors acknowledges funding from the Spanish Ministry
of Education and Science (Project CSD2006-00044 CONSOLIDER
INGENIO 2010 “TRAGUA project” entitled Treatment and Reuse
of Wastewaters for Sustainable Management) and the Junta de
Andalucia (Research Group FQM-323) for their financial assistance.
We also kindly appreciate all the colleagues which contributed to
the collection of the samples and acknowledge Dr. Juan Castro Mar-
mol (Mass Spectrometry Facility from “Centro de Instrumentacién
Cientifica — CICT - de la Universidad de Jaén”), for assistance with

GC-HRMS measurements. B.G.-L. also acknowledges a scholarship
from Junta de Andalucia (project reference: FQM-01463).

References

[1] EC, 2000, Directive of the European Parliament and of the council 2000/60/EC
establishing a framework for community action in the field of water policy,
Official Journal C513, 23/10/2000.

[2] M. Fuerhacker, Environ. Sci. Pollut. Res. 16 (2009) S92-S97.

[3] C.G. Daughton, T.A. Ternes, Environ. Health Perspect. 107 (1999) 907-938.

[4] D.W. Kolpin, E.T. Furlong, M.T. Meyer, E.M. Thurman, S.D. Zaugg, L.B. Barber,
H.T. Buxton, Environ. Sci. Technol. 36 (2002) 1202-1211.

[5] M. Castillo, D. Barceld, Anal. Chim. Acta 426 (2001) 253-264.

[6] 1. Mufioz, M.]. Gbmez-Ramos, A. Agiiera, ].F. Garcia-Reyes, A. Molina-Diaz, A.R.
Ferndndez-Alba, Trends Anal. Chem. 28 (2009) 676-694.

[7] I. Mufioz, MJ. Gémez-Ramos, A. Molina-Diaz, M.AJ. Huijtbregts, A.R.
Ferndndez-Alba, E. Garcia-Calvo, Chemosphere 74 (2008) 37-44.

[8] M.S. Diaz-Cruz, D. Barceld, Chemosphere 72 (2008) 333-342.

[9] E. Eljarrat, D. Barcelo, Trends Anal. Chem. 22 (2003) 655-665.

[10] M. Hincapié, M.I. Maldonado, 1. Oller, W. Gernak, J.A. Sinchez-Pérez, M.M.
Ballesteros, S. Malato, Catal. Today 101 (2005) 203-210.

[11] M.L. Maldonado, P.C. Passarinho, 1. Oller, W. Gernak, P. Ferndndez, J. Blanco, S.
Malato, J. Photochem. Photobiol. A 185 (2007) 354-363.

[12] FJ. Santos, M.T. Galceran, ]. Chromatogr. A 1000 (2003) 125-151.

[13] FJ. Santos, M.T. Galceran, Trends Anal. Chem. 21 (2002) 672-685.

[14] V.M. Leén, ]. Llorca-Pércel, B. Alvarez, M.A. Cobollo, S. Mufioz, 1. Valor, Anal.
Chim. Acta 558 (2006) 261.

[15] P. Auersperger, K. Lah, J. Kus, J. Marsel, J. Chromatogr. A 1088 (2005) 234.

[16] Y.R. Tahboub, M.F. Zaater, Z.A. Al-Talla, ]. Chromatogr. A 1098 (2005) 150.

[17] Z. Cai, D. Wang, W.T. Ma, Anal. Chim. Acta 503 (2004) 263.

[18] Y.N. Hsieh, P.C. Huang, LW. Sun, T.J. Whang, C.Y. Hsu, H.H. Huang, C.H. Kuei,
Anal. Chim. Acta 557 (2006) 321.

[19] V.M. Leén, B. Alvarez, M.A. Cobollo, S. Mufioz, I. Valor, J. Chromatogr. A 999
(2003) 91.

[20] H. Wang, C. Wang, W. Wu, Z. Mo, Z. Wang, Chemosphere 50 (2003) 557.

[21] AJ.King, J.W. Readman, J.L. Zhou, Anal. Chim. Acta 523 (2004) 259.

[22] J.B. Baugrosa, B. Girouda, G. Dessalcesa, M.F. Grenier-Loustalot, C. Cren-Olive,
Anal. Chim. Acta 607 (2008) 191-203.

[23] S. Barrek, C. Cren-Olivé, L. Wiest, R. Baudot, C. Arnaudguilhem, M.-F. Grenier-
Loustalot, Talanta 79 (2009) 712-722.

[24] Z.Zhang, A. Hibberd, ]J.L. Zhou, Anal. Chim. Acta 607 (2008) 37-44.

[25] ]. Sanchez-Avila, J. Bonet, G. Velasco, S. Lacorte, Sci. Total Environ. 407 (2009)
4157-4167.

[26] C. Goncalves, M.F. Alpendurada, J. Chromatogr. A 1026 (2004) 239-250.

[27] E.Pitarch, C. Medina, T. Portoles, F.J. Lopez, F. Hernandez, Anal. Chim. Acta 583
(2007) 246-258.

[28] F. Herndndez, T. Portoles, E. Pitarch, F.J. Lépez, Anal. Chem. 79 (2007)
9494-9504.

[29] T. Portoles, E. Pitarch, F.J. Lépez, ].V. Sancho, F. Hernandez, J. Mass Spectrom. 42
(2007) 1175-1185.

[30] European Commission Decision 2002/657/EC, Off. ]. Eur. Commun., August 21,
2002.

[31] Council Directive 98/83/EC of 3 November 1998 on the quality of water
intended for human consumption, Official Journal of the European Commu-
nities, L330/32.

[32] Y. Wang, HK. Lee, ]. Chromatogr. A 803 (1998) 219-225.

[33] M.J. Martinez-Bueno, A. Agiiera, M.J. Gomez, M.D. Hernando, J.F. Garcia-Reyes,
A.R. Fernandez-Alba, Anal. Chem. 79 (2007) 9372-9384.

[34] 1. Muiioz, N. Tomas, J. Mas, J.F. Garcia-Reyes, A. Molina-Diaz, A.R. Fernandez-
Alba, J. Environ. Sci. Health Part B 45 (2010) 300-309.



	Determination of organic priority pollutants in sewage treatment plant effluents by gas chromatography high-resolution mas...
	Introduction
	Experimental
	Chemicals and reagents
	Wastewater sampling
	GC–HRMS system and operating conditions
	Sample treatment
	Liquid–liquid extraction (LLE) procedure for the isolation and preconcentration of priority organic pollutants

	Validation of the proposed method

	Results and discussion
	Identification and confirmation of selected target priority pollutants by gas chromatography high-resolution mass spectrom...
	Performance of the sample treatment procedure
	Analytical performance of the proposed method
	Application of the proposed method for the monitoring of 5 selected Spanish STPs

	Concluding remarks
	Acknowledgements
	References


