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ABSTRACT

An analytical methodology has been developed for the simultaneous extraction of 13 phenolic com-
pounds, including chlorophenols (CPs), nitrophenols (NTPs), cresols and alkylphenols (APs) in different
types of wastewater (WW) effluents. A solid-phase extraction (SPE) method has been optimized prior to
the determination by gas chromatography coupled to triple quadrupole tandem mass spectrometry (GC-
QqQ-MS/MS). Due to the complexity of the matrix, a comparison study of matrix-matched-calibration
(MMC) and standard addition calibration (SAC) was carried out for quantification purposes. The optimized
procedure was validated using the SAC approach since it provided the most adequate quantification
results (in terms of recovery and precision values). Recoveries were in the range 60-135% (0.5 pgL'),
70-115% (1 wgL-1), and 78-120% (5 pgL-1), with precision values (expressed as relative standard devi-
ation, RSD) <30% (except for 2-nitrophenol) involving intra-day and inter-day precision studies. Limits
of detection (LODs) and quantification (LOQs) were also evaluated, and LOQs ranged from 0.03 pgL~!
to 2.5 wgL-!. The proposed method was applied to the analysis of 8 real WW effluent samples, find-
ing some phenolic compounds (e.g. 2-chlorophenol, 2,4,6-trichlorophenol and 4-tert-octylphenol) at

concentrations higher than the established LOQs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Phenolic compounds can be found in wastewater (WW) efflu-
ents via different sources. They can be detected in this type of
samples because of their use in plastics [1], drug manufacturing,
phytosanitary products or leather coloring [2], by anthropogenic
emission [3] and by the use of treatments with aerobic or anaerobic
microorganisms [4]. Some phenols show high toxicity, estrogenic
[5] and anti-androgenic activity [6], and they can act as endocrine
disrupters [7].

Phenols can be classified in a wide range of families. The
most studied analytes in water are chlorophenols (CPs) [1] and
alkylphenols (APs) [8]. However, the United States Environmen-
tal Protection Agency (US EPA) classifies CPs, nitrophenols and APs
as priority pollutants [9] and it has established a maximum con-
tamination level (MCL) for pentachlorophenol (PCP) of 1 wgL~! in
drinking waters [10]. On the other hand, the European Union (EU)
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has adopted a list of priority substances in the field of water policy,
including 4-n-nonylphenol (4-n-NP), 4-tert-octylphenol (4-tertOP)
and PCP [11]. Furthermore, maximum allowable concentrations
(MAC) have been established for NP (2 wgL~1)and PCP (1 pgL~1)in
inland and other surface waters [12]. However, it must be pointed
out that legislation for WWs is still very scarce, and the values
established in drinking water are usually used as guide in WWs.
Bearing in mind these facts, the development of sensitive analyti-
cal methodologies for the simultaneous determination of phenols
belonging to different groups, such as CPs, APs, nitrophenols (NTPs)
and cresols (also known as methyl-phenols) with different polarity
range (logKow 1.77-5.01) is needed in order to provide a com-
plete overview of the occurrence of phenolic compounds in WW
effluents.

Several extraction techniques have been applied for the extrac-
tion of phenols from aqueous samples, such as solid-phase
extraction (SPE) [8,13-15] and liquid-liquid extraction (LLE)
[16]. Recently, microextraction techniques, such as solid-phase
microextraction (SPME) [17-19], stir bar sorptive extraction (SBSE)
[19-21], liquid phase microextraction (LPME) [22] or dispersive
liquid-liquid microextraction (DLLME) [23] have been applied.
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However, most of them have been used for the simultaneous
analysis of only one or few phenols belonging to the same fam-
ily such as APs [18,20] and CPs [17]. It is well-known that SPE
is the most used technique in water analysis [24] due to the
reduced exposition and contamination by organic solvents, the
high pre-concentration factors avoiding evaporation steps, the
semi-automation of the process, and it allows the extraction of
compounds with different physico-chemical properties. The appli-
cation of microextraction techniques is increasing but several
disadvantages, such as cost and lifetime of fibers and bars, or the
limited scope for a wide polarity range can hinder their utiliza-
tion.

For the determination of phenolic compounds, gas chro-
matography (GC) [13,25] or liquid chromatography (LC) [26,27]
are the predominant techniques, mainly coupled to tandem
mass spectrometry (MS/MS) [28-31]. When GC is used, a
derivatization step is required in order to improve the chro-
matographic performance and sensitivity of the selected com-
pounds, and several derivatizating reagents can be applied
[32,33].

A well-known critical point in the analysis of WW is matrix
effect [34]. In order to minimize it, different calibration meth-
ods such as matrix-matched calibration (MMC) [33,35], standard
addition calibration (SAC) [34] and the use of isotope-labeled inter-
nal standards [36,37] have been employed for complex matrixes.
Quantification based on isotope-labeled internal standards has dis-
advantages due to the expensiveness of these standards and their
limited availability. MMC is often used as quantification method in
trace analysis. However, the lack of blank matrixes and the need
for storing them can make this approach logistically onerous and
not necessarily accurate. SAC is the most adequate technique to
use when it is difficult to find blank samples of the studied matrix,
but a calibration set is required for each sample, increasing the
total number of injections and the time spent in data process-
ing.

Another problem related to the determination of phenols in WW
is that depending on the type of WW treatment, WW effluents
can have different amounts of suspended particulate matter (SPM).
This SPM is normally discarded during the extraction process by
filtration in most of the analytical methods reported in literature
[38]. However, a recent study [35] has demonstrated that certain
analytes can be retained in the SPM, depending on its polarity.
Therefore, it should be necessary to evaluate the presence of phe-
nols in both phases in order to determine whether the SPM must
be discarded or not.

Furthermore, it must be pointed out that many articles reporting
simultaneous extraction and determination of different classes of
phenols (including APs, CPs and NTPs) in water [39,40] can be found.
However, they have been developed for the analysis of this type of
compounds in surface water, and they are not valid for the analysis
in WW samples, due to they are more complex matrices with differ-
ent physico-chemical characteristics (SPM levels, organic matter,
etc.).

Therefore, in this study, a simultaneous SPE extraction and
determination of different phenolic families (CPs, NTPs, cresols and
APs) has been developed for WW effluent samples. In addition
two novel aspects of this work must be pointed out: (i) a study
of the presence of phenolic compounds in the SPM according to
the strategy recently proposed by Barco-Bonilla et al. [35], and
(ii) a comparison of MMC and SAC in order to evaluate the best
quantification strategy of phenolic compounds in complex matri-
ces such as WWs. For that, two different WW effluents were studied
individually: membrane bioreactor (MBR, low SPM content) and
anaerobic pond (ANAP, high SPM content). The optimized SPE and
quantification method was validated in both types of WWs effluent
samples.

2. Experimental
2.1. Chemicals and materials

Phenolic compounds standards, 2-nitrophenol (2-NTP), 4-
nitrophenol (4-NTP), 2,4-dimethylphenol (2,4-DMP), 2-CP,
4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-diCP), 2,4,5-
trichlorophenol (2,4,5-triCP), 2,4,6-trichlorophenol (2,4,6-triCP)
and 4-n-NP were obtained from Fluka (Buchs, Switzerland). On the
other hand, 3-nitrophenol (3-NTP), 4-chloro-3-methylphenol (4-C-
3-MP), 4-tertOP and PCP were supplied by Supelco (Bellefonte, PA,
USA). Purities were always >97%. A standard solution (100 mgL-1)
of isotopically labeled PCP (['3Cg]-PCP) was used as internal
standard (IS) and it was obtained from Dr. Ehrenstorfer (Augsburg,
Germany). Stock standard solutions of individual compounds
(with concentrations ranging from 200mgL-! to 450mgL-1)
were prepared by exact weighing of the powder or liquid and
dissolution in 50 mL of acetone. These solutions were then stored
under refrigeration (T< 5 °C). A working standard solution of the 13
phenolic compounds (2mgL-1 of each compound) was prepared
by appropriate dilution of the stock solutions with acetone, and
it was stored under refrigeration (T<5°C). A working standard
solution of [3Cg]-PCP (22mgL-') was prepared by appropriate
dilution of the standard solution with acetone and stored under
the aforementioned conditions. HPLC-grade methanol (MeOH),
anhydride acetic acid (AAA) (99.9%), and pyridine (Py) (99.8%)
were purchased from Sigma-Aldrich (Madrid, Spain). Acetone and
hydrochloric acid (HCl) were obtained from ].T. Baker (Deven-
ter, Netherlands). Dichloromethane (DCM) was purchased from
Riedel-de Haén (Seelze-Hannover, Germany). Ultrapure water
was obtained from a Milli-Q Gradient water system (Millipore,
Bedford, MA, USA). Thirty millimetre cellulose filters and 47 mm
glass microfiber filters from Whatman (Maidstone, England, UK)
and 0.45 wm HNWP nylon membrane filters from Millipore (Car-
rigtwohill, County Cork, Ireland) were also available for filtration
stages. For SPE, Oasis HLB (200 mg, 6 cm3) cartridges were obtained
from Waters (Milford, MA, USA).

2.2. Apparatus

A GC system Varian 3800 (Varian Instruments, Sunnyvale, CA,
USA) equipped with electronic flow control was interfaced to a
1200L triple quadrupole (QqQ) mass spectrometer. Samples were
injected into an SPI/1079 split/splitless programmed-temperature
injector using a Combi Pal (CTC Analytics AG, Zwingen, Switzerland)
with a 100 pL syringe. A fused-silica untreated capillary column
(2m x 0.25mm i.d.) from Supelco was used as pre-column con-
nected to a VF-5 ms Factor Four capillary column (30 m x 0.25 mm
i.d. x 0.25 wm film thickness) purchased from Varian. Helium was
used as carrier gas (99.9999%) at a constant flow rate of 1 mLmin~!,
and argon (99.999%) was used as collision gas. The mass spec-
trometer was operated in electron ionization (EI) mode at 70eV.
The mass spectrometer was calibrated every four days with per-
fluorotributylamine. Varian Workstation software was used for
instrument control and data analysis.

A Reax-2 rotary agitator from Heidolph (Schwabach, Germany)
was used for agitation of the derivatization mixture. An analyti-
cal balance AB204-S from Mettler Toledo (Greifensee, Switzerland)
and a rotary evaporator R-114 (Biichi, Flawil, Switzerland) were
used during extraction and standard preparation. The horizontal
shaker used in the distribution study was obtained from P-Selecta
(Selecta, Barcelona, Spain).

2.3. Sampling

WW urban effluents from two different treatments, namely,
MBR and ANAP, with low and high SPM content respectively,
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were collected from WW treatment plant (WWTP) of the founda-
tion Centre for New Water Technologies (“Centro de las Nuevas
Tecnologias del Agua”, CENTA, Seville, Spain). This WWTP has
41,000m? and it currently holds more than 20 systems with dif-
ferent technologies. Additional physico-chemical data related to
the treatments evaluated in this study can be found in [35]. WW
effluent samples were stored at 4°C and processed within 5 days
after collection. In the MMC experiments, and due to the difficulty
of finding WW effluent blank samples, the corresponding signal of
the blank was removed from the MMC plot in those samples where
analyte signal was observed.

2.4. Distribution study

Non-filtered WW effluent samples were spiked with 0.5 pg L1
of the studied phenolic compounds, and then, they were agitated
overnight at a rate of 100 oscillations per min to allow a thoroughly
interaction between the analytes and both phases of WW (aque-
ous phase and SPM). After this, samples were filtered to separate
and analyze both phases. The aqueous phase was extracted by SPE,
whereas for the analysis of the SPM, a method developed by Padilla-
Sanchez et al. [33] for the extraction of phenolic compounds in
agricultural soils was employed. The distribution of the compounds
between both phases was determined as the percentage of them
present in each phase.

2.5. GC-QqQ-MS/MS

Aliquots of 10 wL were injected into the GC system operating
at a syringe injection flow rate of 10 wLs~!. The injector temper-
ature program was as follows: 70°C (hold for 0.5min)— 310°C
(100°Cmin~1, hold for 10 min). The injector split ratio was initially
setat 10:1. Splitless mode was switched on at 0.5 min until 3.5 min.
At 3.5 min, the split ratio was 100:1 and at 10 min, 20:1. The col-
umn oven program was as follows: 70 °C (hold for 3.5 min) — 300 °C
(20°Cmin~1)— 300°C (hold 4 min). Cryogenic cooling with CO,
was applied when the injector temperature was 170°C. The total
running time was 19 min.

The QqQ mass spectrometer was mainly operated in the
selected-reaction monitoring (SRM) mode, although selecting ion
monitoring (SIM) mode was also used for confirmation purposes.
The electron multiplier was set +200 V above the optimal value indi-
cated by the software instrument. The temperatures of the transfer
line, manifold and ionization source were set at 300, 40 and 265 °C,
respectively. The optimal values for the scan time ranged from
0.132s to 0.240s. Peak widths of m/z 2.0 and 1.5 were set in the

Table 1
GC-QqQ-MS/MS conditions for the derivatized phenols.
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first (Q1) and third quadrupole (Q3), respectively. The optimized
MS/MS parameters are indicated in Table 1.

2.6. SPE extraction and derivatization procedure

WW effluent samples were filtered consecutively (250 mL)
using two different pore-size filters (47 mm glass microfiber filters
and 0.45 pm nylon membrane filters). The filtered WW effluents
showed pH values between 7.7 and 8.3. Then, pH was adjusted to
2.5-2.7 with HCI (2 M) to ensure the protonated form of the pheno-
lic compounds, facilitating the absorption into the solid phase, and
an adequate preservation of the samples. The Oasis HLB cartridges
were conditioned with 5 mL of acetone followed by 5 mL of MeOH
and 3 x 5mL of ultrapure water without allowing the cartridges
to dry out. Then, the filtered WW sample (250mL) was passed
through the cartridges under vacuum at a flow rate of 10 mLmin~!.
The cartridges were dried for 2h and the phenolic compounds
were eluted sequentially with 3 mL of acetone and 2 mL of DCM.
The extracts were collected into 5 mL volumetric flasks, adjusting
the total volume with DCM, without any evaporation step. Then,
the derivatization stage was performed according to the proce-
dure described by Padilla-Sanchez et al. [33]. Briefly, 860 p.L of the
extract was transferred to a 2 mL vial and 20 L of [13Cg]-PCP (IS),
20 wL of Py and 100 L of AAA were added to carry out the deriva-
tization reaction. The mixture was shaking in a rotary agitator for
2 min and then injected directly to the GC-QqQ-MS/MS system.

3. Results and discussion

WWs can be submitted to different treatments, obtaining efflu-
ents with a variety of SPM contents, and thus, WW effluents can
present different physico-chemical properties. When an analytical
method is developed for this type of samples, this diversity should
be taken into account. In order to cover a wide range of WW efflu-
ents, two types of them were evaluated, MBR and ANAP, which
have low and high SPM content [35], respectively. The optimization
of the extraction procedure as well as the quantification methods,
were evaluated in both types of WW effluents. For that purpose, a
GC-QqQ-MS/MS method recently developed [33] was applied.

3.1. Extraction method

For the optimization of the SPE procedure, a methodology
reported by Pothitou and Voutsa [8] was first considered. This
study reported the determination of only one family of pheno-
lic compounds, APs, using Oasis HLB cartridges and acetone as

Compound Abbreviations Family M.W.? (amu) Log Kow RTW" (min) SIM ion Precursor Product ions, m/z

(m/z)° ion (m/z) (collision energy, eV)
2-Chlorophenol 2-CP Chlorophenol 128.5 217 7.80-7.88 170 128 92 (10), 100 (5)
4-Chlorophenol 4-CP Chlorophenol 128.5 2.36 8.06-8.15 170 128 65 (15), 100 (5)
2,4-Dimethylphenol 2,4-DMP Cresol 122.0 242 8.08-8.15 164 122 77 (20), 107 (5)
4-Chloro-3-methylphenol 4-C-3-MP Cresol 142.5 3.10 8.80-8.84 184 142 77 (10),79 (5)
2,4-Dichlorophenol 2,4-DiCP Chlorophenol 163.0 3.08 8.88-8.92 205 162 98 (15), 126 (10)
2-Nitrophenol 2-NTP Nitrophenol 139.0 1.89 9.17-9.21 181 139 81(10),109 (10)
2,4,6-Trichlorophenol 2,4,6-TriCP Chlorophenol 197.5 3.38 9.52-9.55 239 196 132 (15),160(10)
3-Nitrophenol 3-NTP Nitrophenol 139.0 2.00 9.58-9.62 181 139 81(5),93(5),111 (10)
4-Nitrophenol 4-NTP Nitrophenol 139.0 1.85 9.74-9.77 181 139 93 (15), 109 (5)
2,4,5-Trichlorophenol 2,4,5-TriCP Chlorophenol 197.5 41 9.91-9.94 239 196 97 (25),132(15), 160 (5)
4-Tertoctylphenol 4-TertOP Alkylphenol 206.0 412 11.04-11.10 248 135 77 (20),95(10), 107 (5)
Pentachlorophenol PCP Chlorophenol 266.5 5.15 11.74-11.78 308 266 167 (20), 202 (10), 230 (10)
4-n-Nonylphenol 4-n-NP Alkylphenol 220.0 4.48 12.48-12.52 262 107 77 (30), 81 (15), 95 (10)

3 Molecular weight.
b Retention time window.

¢ Jons used for identification/confirmation of derivatized compounds in SIM mode.
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Fig. 1. Comparison of the recovery values obtained applying different elution sol-
vents for the extraction of spiked WW samples at 0.5 wgL~'. Abbreviations: DCM:
dichloromethane; Sequential: sequential elution.

elution solvent. Besides, certain problems regarding the evapora-
tion stages have been previously reported [33], and therefore, the
extraction method was designed without any evaporation step.
Since the families of phenolic compounds included in this study
showed a wide polarity range, several elution solvents were tested
to achieve a simultaneous extraction [8]. Acetone (5mL), DCM
(5mL)and asequential elution with acetone (3 mL)and DCM (2 mL)
were tested. Bearing in mind that evaporation steps were not
included in the extraction procedure and aliquots of the extracts
are directly injected in the chromatographic system, the elution
solvent could be partially retained in the solid phase or evaporated
during the elution step. This can provoke an overestimation of the
final concentration in relation to the theoretical value, obtaining
high recovery values. In order to avoid this, 5 mL volumetric flasks
were used to collect the extracts and the final volume was adjusted
to 5mL with the corresponding solvent used during the elution
step. The obtained results are shown in Fig. 1 and it can be observed
that acetone provided adequate results for all compounds, except
for 2,4-dMP and 4-n-NP. When DCM was used, recoveries higher
than 120% were obtained for 2-CP, 2-NTP and 4-CP, although recov-
ery for 4-n-NP was improved. Consequently, in order to obtain good
recoveries for all the compounds, a sequential elution with acetone
and DCM was tested. In general, this elution improved the recovery
rates, especially for 2,4-dMP, 2-CP, 2-NTP and 4-CP. Nonetheless,
recoveries between 50 and 60% may be accepted extraordinar-
ily in environmental analysis whenever the precision values are
adequate (<30%). Therefore, further experiments were carried out
using the sequential elution with acetone (3 mL) and DCM (2 mL)
as elution solvents. Finally, a total ion chromatogram (TIC) of an
extracted spiked WW sample at 50 ug L1 is showed in Fig. 2.

3.2. Distribution study

Once the extraction method was optimized for the analysis of
the aqueous phase of WW effluent samples, a distribution study is
needed to verify whether the phenolic compounds are also present
in the SPM. If phenolic compounds are present quantitatively in
the SPM, the analysis of WW effluents should not be limited to the
aqueous phase. The distribution study was therefore carried out,
applying the approach described in Section 2.4 for both type of
samples. It was observed that only the phenolic compounds with
high log Kow were found in the SPM, but at negligible percentages
(<5%). On the contrary, phenolic compounds with lower log Kow
where not found in the SPM (data not shown). Taking into account
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Fig. 2. Total ion chromatogram (TIC) of an extracted spiked WW sample (5 ugL™1)
obtained by GC-QqQ-MS/MS. For compound abbreviations, see Table 1.

this result, further experiments were limited to the analysis of the
target analytes in the aqueous phase, discarding the SPM phase.
These results are in accordance with a previous study [35] reporting
that polar compounds were not retained in the SPM.

3.3. Evaluation of the quantification method: comparison of MMC
and SAC

Due to the complexity of the matrix and the difficulty to find
blank WW samples, a study of the quantification of target com-
pounds was proposed. For this aim, a comparison between SAC
and MMC in WW effluents obtained by two different WW treat-
ments (MBR and ANAP) was carried out. The study was performed
using spiked and blank samples of WW effluents for SAC and MMC,
respectively, and calibration curves were prepared in the range
10-150 wg L1, except for 2-NTP (10-300 pgL~1), and 3-NTP and
4-NTP (100-300 pgL~1). For SAC, a WW sample was spiked and the
calibration levels were prepared after submitting the sample to the
extraction procedure. For MMC, the calibration plot was prepared
using blank extracts. Recoveries were evaluated using spiked sam-
ples at 0.5, 1 and 5 pg L1, taking into account the MCLs and MACs
established by the EPA and the EU for these compounds [10,12].
Although, conventional criteria for the analysis of contaminants in
foods demands an average recovery between 70% and 120%, bear-
ing in mind the nature of the samples under study, it is possible
to increase the recovery range to 60-120%, providing that the RSD
values are <30% [35]. Recoveries were considered adequate when
they ranged from 60% to 120%. Intra and inter-day precision was
expressed as relative standard deviation (RSD, n=5), and they were
determined by analyzing spiked samples during the same day and
in different days, respectively. Good precision values were consid-
ered if RSDs were lower than 30%. The obtained results when both
calibration procedures were applied are shown in Tables 2 and 3 for
the two types of WW effluents evaluated. Fig. 3 shows a comparison
between SAC and MMC curves of 4-tertOP for ANAP (Fig. 3a) and
MBR (Fig. 3b). It can be observed that for ANAP, which has high SPM
content, the slope of the MMC curve was higher than the SAC slope.
On the contrary, for MBR, which has lower SPM content, the slopes
obtained by MMC and SAC were similar. This can be explained due
to ANAP is a “dirty” WW effluent because of the high SPM con-
tent and this fact may affect the repeatability of the slopes in MMC
curves, which may influence in the obtained results for ANAP when
MMC is applied.

Recovery and precision were evaluated using both quantifi-
cation approaches. It can be observed that in WW effluents with
high SPM, such as ANAP, MMC did not provide adequate results
for the lower spiked concentrations (0.5 and 1 wgL-1). Recoveries
and intra and inter-day precision of most of compounds were
below 60% and over 30%, respectively for these two concentration
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Table 2
Study of recoveries and intra- and inter-day precision in ANAP treated WWs effluents samples using MMC and SAC.2

Phenolic compound  ANAP

SAC MMC

% Recovery (RSD %)P Inter-day precision (RSD %)¢ % Recovery (RSD %)° Inter-day precision (RSD %)°

05mgl ! 1pgl ! S5pgl ! 05pgl ! 1Tpgl' Swpgl' 05pgl ! 1pgl ! Spgl! 05pgl! 1pgl ! 5pgl!
2-CP 1234 (7) 115(8) 101(8) 11 13 12 47 (82) 62(33) 70 (4) 124 50 7
4-CP 125 (14) 98 (12) 113(7) 21 18 10 64 (114) 70(111) 108(4) 172 168 6
2,4-DMP 95 (21) 111(12) 116(6) 20 19 10 32(50) 59 (25) 97 (6) 76 37 10
4-C-3-MP 100(17) 97 (9) 120(5) 26 15 6 53(35) 70(104) 87(3) 53 158 4
2,4-diCP 96 (13) 89 (8) 109(4) 20 12 6 115 (56) 98 (26) 98 (5) 84 39 8
2-NTP 60 (27) 110 (5) 103(6) 30 9 8 46 (60) 48(29) 64 (5) 91 44 12
2,4,6-triCP 89 (12) 93 (7) 111(5) 18 11 9 57 (38) 70(22) 86 (5) 58 33 6
3-NTP N.D.¢ N.D. 93 (8) - - 16 N.D. N.D. 93 (5) - - 9
4-NTP N.D. N.D. 110 (7) - - 13 N.D. N.D. 88 (4) - - 7
2,4,5-triCP 87 (9) 85 (5) 103 (5) 14 11 8 41 (30) 62 (19) 80 (5) 46 29 10
4-tertOP 135 (8) 70 (4) 101(3) 12 6 5 61(38) 56 (18) 72 (3) 57 27 5
PCP 120(8) 76 (7) 90 (5) 12 11 8 47 (29) 64 (38) 88 (6) 44 57 9
4-n-NP 85(12) 93 (6) 109 (4) 18 9 6 62 (56) 30 (24) 51(7) 84 37 11

2 Abbreviations: ANAP: anaerobic pond; SAC: standard addition calibration. MMC: matrix-matched calibration.
b Intra-day precision, expressed as RSD, is given in brackets (n =5 for each concentration level).
C
d

n=>5 for each concentration level.

Figures in bold indicate that the values are outside the limits (recovery and precision) established in the validation requirements (recoveries ranging from 60% to 120%

and RSD values < 30%).
¢ ND: Not detected.

levels. On the contrary, for 5ugL-1, recovery values were in the
range 60-120%, except for 4-n-NP (51%) and intra and inter-day
precision were <12%. These results (Table 2) suggested that MMC
is not a suitable option for the adequate quantification at very low
concentrations of phenols in WWs effluents with high SPM. On
the other hand, when SAC was used, recoveries of all compounds
were in range 60-125%, except for 4-tertOP (135%) at the lowest
fortification level (0.5 wgL~1). Intra and inter-day precision values
were <27% and <31% for all compounds, respectively. As it is
shown in Table 2, the SAC approach is more appropriate for WW
effluents with high SPM content. Linearity was studied in the range
10-150 wgL-! (except for NTPs which was 100-300 wgL-!) and
the obtained determination coefficients (R?) were in the range
0.9912 (3-NTP)-0.9999 (2-CP, 2,4,5-triCP, PCP and 4-n-NP) for
ANAP (Table 4).

For WW effluents with low SPM, such as MBR (Table 3), the
recoveries obtained when MMC was used for the three levels

assayed ranged from 62% to 119%, except for 4-n-NP, with recover-
ies lower than 56%. Despite the adequate recovery results provided
by MMC for all the studied fortification levels, in general, RSD values
were <30% only for the highest spiked level studied (5 wgL™1), as
it can be observed in Table 3, whereas at the lowest concentration
levels evaluated (0.5 and 1 wgL~1), intra and inter-day precision
ranged from 22% to 113%. On the other hand, the application of
SAC on MBR WW samples yielded recovery values in the range
70-120%, except for 4-CP (125%) at 0.5 wgL~1. Besides, RSD values
were always <28% for intra-day precision and <27% for inter-day
precision in all cases, except for 2-NTP, which was 41%at 0.5 wg L.
In consequence, it can be concluded that for MBR treated WW
effluents, SAC was also the most suitable method for an adequate
quantification of WW effluents with low SPM content, such as MBR
WW samples (Table 3). Furthermore, linearity was also evaluated
for MBR and R? values ranged from 0.9943 (4-NTP) to 0.9999 (2-CP,
4-CP, 2,4,6-triCP and 4-n-NP).

Table 3
Study of recoveries and intra and inter-day precision in MBR treated WW effluent samples using MMC and SAC.?
Phenolic compound MBR
SAC MMC
Recovery (%)° Inter-day precision® Recovery (RSD %) Inter-day precision®
05mgl!  1pgl ! 5pgl' 05pgl ! 1pgl?! S5Spgl ! 05wpgl ! 1pgl! 5ugl' 05pgl! Tpgl' 5pgl!
2-CP 113(12) 98 (11) 93 (5) 19 17 13 96 (45) 95 (17) 109 (9) 68 25 13
4-CP 1259 (14) 90(11) 95 (8) 21 19 16 119 (16) 91 (20) 81(2) 24 22 7
2,4-DMP 84(9) 90 (7) 105 (7) 21 13 11 103 (74) 97 (38) 95 (6) 113 57 11
4-C-3-MP 87(10) 111(10) 98(9) 16 15 13 96 (34) 101 (20) 99(13) 45 29 19
2,4-DiCP 90 (16) 99 (9) 103(11) 24 13 17 104(55) 106 (42) 104(11) 83 63 15
2-NTP 110 (27) 98 (15) 102 (9) 41 23 14 62 (51) 80 (45) 103 (4) 77 68 6
2,4,6-TriCP 105 (17) 94 (7) 85(9) 26 11 15 95 (57) 92 (37) 94 (10) 63 55 15
3-NTP N.D.¢ N.D. 81(13) - - 20 N.D. N.D. 103 (23) - - 29
4-NTP N.D. N.D. 78 (10) - - 19 N.D. N.D. 81(14) - - 22
2,4,5-TriCP 88(15) 97 (8) 88(12) 23 12 18 100 (37) 92 (42) 89 (7) 44 63 11
4-TertOP 98 (14) 78 (13) 83 (5) 21 14 8 77 (17) 70 (22) 71(2) 24 35 3
PCP 92(17) 77 (12) 93 (7) 26 17 11 79 (28) 70 (35) 83 (5) 34 31 10
4-n-NP 79 (15) 85 (16) 90 (6) 24 19 9 40 (43) 46 (50) 55 (5) 64 61 7

2 Abbreviations: MBR: membrane bioreactor; SAC: standard addition calibration. MMC: matrix-matched calibration.
b Intra-day precision, expressed as RSD, is given in brackets (n=>5 for each concentration level).
C
d

n=>5 for each concentration level.

Figures in bold indicate that the values are outside the limits (recovery and precision) established in the validation requirements (recoveries ranging from 60% to 120%

and RSD values <30%).
¢ ND: Not detected.
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Fig. 3. Calibration curves in the range 10-150 pg L~! for 4-tertOP when SAC and MMC were used: (a) ANAP; (b) MBR. Abbreviations: ANAP: anaerobic pond; MBR: membrane
bioreactor; MMC: matrix-matched calibration; SAC: standard addition calibration; 4-tertOP: 4-tertoctylphenol.

Considering these results, the SAC method should be applied
for a reliable quantification of phenols in WW effluent samples to
compensate matrix effects on the signal variation during detec-
tion and this does not depend on the SPM content of the WW. The
SAC methodology was therefore applied for the quantification of
phenols in real samples.

3.4. Estimation of the lower limits of the methodology

Despite of the estimation of the trueness and precision car-
ried out in the previous section, other performance characteristics
of the method, such as limits of detection (LODs) and quantifi-
cation (LOQs) were studied. LODs and LOQs were determined as
the lowest concentration level that yielded a signal-to-noise (S/N)
ratio of 3 and 10, and they are shown in Table 4. LODs and LOQs
were determined in WW sample blanks for each phenolic com-
pound studied. LODs were from 0.01 ugL~! to 1 ugL-! and LOQs
ranged from 0.03 gL' to 2.5 wgL~! for ANAP and MBR (Table 4).
It must be noticed that similar values were obtained for both types
of WW effluents, except for 2-NTP and 4-C-3-MP, which showed
higher LOD and LOQ values in ANAP than in MBR. This could be
explained taking into account that the SPM content is higher in

ANAP, increasing the amount of co-extracted material and affecting
the estimation of the lower limits of the method.

3.5. Application to the analysis of real WW effluent samples

The developed methodology was applied to the analysis of 8
WW effluent samples from the CENTA, obtained after the appli-
cation of different WW treatments employed in this WWTP. To
assure the quality of the results and avoid errors, the quantification
of the phenolic compounds was achieved using the SAC approach.
An internal quality control (IQC) was performed consisting of the
analysis of spiked blank WW samples at 1 wgL~! (except for 3-NTP
and 4-NTP at 5 ugL~1), which were used to assess the extraction
efficiency and a SAC calibration curve to check linearity and sen-
sitivity. Several phenolic compounds were found over the LOQs
established by the method, showing the obtained results in Table 5.
2-CP and 2,4,6-triCP were found in six and five samples, respec-
tively, with concentrations ranging from 0.04 ugL~! t0 0.20 pgL~!
for 2-CP and from 0.05 ugL~! to 0.10 wgL~! for 2,4,6-triCP. 4-CP
and 4-tertOP were found in four samples, and the concentra-
tions ranged from 0.04 ugL~! to 0.08 wgL-! and 0.04 ugL~! to
0.16 pg L1, respectively. 2-CP, 2,4-DiCP, 4-tertOP, PCP and 4-n-NP

Table 4

Validation study in both types of WW effluent samples using SAC.2
Phenolic compound Linearity range (ngL™1) ANAP MBR

Linearity (R?) LODP (ngL-1) LOQS (pgL1) Linearity (R?) LODP (ngl-1) LOQ¢ (ngL1)

2-CP 10-150 0.9999 0.01 0.03 0.9999 0.01 0.03
4-CP 10-150 0.9998 0.01 0.03 0.9999 0.01 0.03
2,4-DMP 10-150 0.9993 0.01 0.05 0.9990 0.03 0.05
4-C-3-MP 10-150 0.9990 0.30 2.50 0.9992 0.10 0.50
2,4-DiCP 10-150 0.9994 0.01 0.03 0.9996 0.01 0.03
2-NTP 10-300 0.9979 0.30 2.50 0.9989 0.10 0.25
2,4,6-triCP 10-150 0.9999 0.01 0.05 0.9999 0.01 0.03
3-NTP 100-300 0.9912 1.00 2.00 0.9943 1.00 2.00
4-NTP 100-300 0.9966 1.00 2.00 0.9990 1.00 2.00
2,4,5-TriCP 10-150 0.9999 0.01 0.03 0.9999 0.01 0.03
4-TertOP 10-150 0.9997 0.01 0.03 0.9998 0.01 0.03
PCP 10-150 0.9999 0.01 0.03 0.9997 0.01 0.03
4-n-NP 10-150 0.9999 0.03 0.05 0.9999 0.03 0.05

2 Abbreviations: ANAP: anaerobic pond; MBR: membrane bioreactor.
b LOD calculated in the sample.
¢ LOQ calculated in the sample.
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Fig.4. Selected-reaction monitoring (SRM) (a) chromatogram and (b) MS/MS spectrum of 4-tertOP (0.12 pgL~!) found in a real WW sample and (c) SRM chromatogram and

(d) MS/MS spectrum of a SAC standard (50 pgL~1).

Table 5
Concentration (ugL~1) found after the application of the proposed method in real
WW samples.

Compound  S1 S2 S3 S4 S5 S6 S7 S8
2-CP 0.04 004 012 004 020 <LOQ* 0.12
4-CP 0.04 <LOQ 0.04 0.08  0.08 <LOQ
2,4-DMP 0.06 0.04 <LOQ

4-C-3-MP <LOQ

2,4-diCP <LOQ <LOQ <LOQ <LOQ 0.04 0.04
2-NTP <LOQ <LOQ

2,46-triCP 006 0.10 0.06 <LOQ <LOQ 0.05 0.10
3-NTP

4-NTP
2,4,5-triCP 0.04 <L0Q
4-tertOP 016  0.06 004 0.2
PCP <l0Q <L0Q <LOQ <LOQ <0Q <LOQ  0.04
4-n-NP <L0Q <L0Q 0.08

2 Values under the LOQ established by the method validation.

were found simultaneously in one of the samples (Table 5). It must
be highlighted that phenolic compounds were not found over the
MCLs and MACs established by the EPA and the EU for these com-
pounds [10,12]. Finally, Fig. 4 shows a positive sample of 4-tertOP
detected in a WW effluent sample at 0.12 pgL~1.

4. Conclusions

A single extraction method for the simultaneous extraction of
CPs, APs, NTPs and cresols in WW effluent samples has been devel-
oped using SPE. A distribution study of the phenolic compounds
between the aqueous phase and the SPM was carried out, verifying
that the SPM could be in fact discarded during the extraction since
only phenolic compounds with high log Kow were found in the SPM
at a negligible percentage. Due to the difficulty to find WW blank
samples and to have good accuracy in the quantification, a study
using MMC versus SAC was performed in two different treated WW
effluent samples (ANAP and MBR) showing that SAC is the most
suitable quantification approach. The method was validated study-
ing recovery, intra and inter-day precision, lower limits (LODs and
LOQs) and linearity. Determination of the analytes was carried out
using GC-QqQ-MS/MS operating in SRM mode. The method was
applied to WW effluent samples with satisfactory results, observ-
ing that phenols of several families were simultaneously detected

in WW effluents, highlighting the potential of analytical methods
that allows the simultaneous determination of several classes of
phenolic compounds.
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