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Abstract

A procedure for the determination of 2-(2,4-dichlorophenoxy)-5-chlorophenol (Triclosan) and two possible transformation compounds, 2,4-
dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP), in sludge from sewage treatment plants (STP) and sediments is presente
Extraction was performed using an acetone:methanol (1:1) mixture under the action of a microwave field. The centrifuged supernatant wa
diluted with a NaOH aqueous solution and twice extracted wiliexane for removing neutral and basic interferences. The aqueous layer
was acidified and processed as a waste water sample. After concentration analytes were silylated and determined by gas chromatography w
tandem mass spectrometry (GC-MS/MS). Influence of experimental conditions on the yield of the extraction process and on the efficiency
of the further clean-up step was thoroughly evaluated. Performance of MS/MS detection in comparison to single MS is described. Undel
final working conditions quantification limits between 0.4 and 0.8 ng/g and recoveries from 78% to 106% were obtained. The method was
applied to the analysis of several sludge and sediment samples. Only low levels of TCS were detected in some of the sediments; however, ¢
three compounds were found in sludge samples at concentrations ranging from 7 to 316 ng/g, in the case of chlorophenols, and from 420 1
5400 ng/g, for Triclosan.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Triclosan; MAE; GC-MS/MS; Sludge; Sediment

1. Introduction produce, in some cases, more toxic and/or bio-accumulative
compoundg5,6]. One of the fastest and most favourable
Triclosan (TCS), 2-(2,4-dichlorophenoxy)-5-chloro- is the oxidation of TCS by sodium hypochlorite, which
phenol, is extensively employed as an additive in many is already present in tap water, or is introduced in waste
products because of its bactericide and antimicrobial proper-water sewers by domestic disinfecting products. This
ties[1,2]. Particularly, personal care products such as tooth reaction leads to the formation of relatively unstable tetra
pastes, mouth rinses, antiperspirants and hand soaps are thend pentachlorinated diphenyl ethers, which are further
main responsible for direct discharges of this compound in decomposed into dichloro and trichlorophen@l$8]. Those
domestic waste watgB,4]. Once in the aquatic environment, reactions have been demonstrated in laboratory experiments;
TCS can undergo a series of transformation reactions tomoreover, in previous articles, we have confirmed the simul-
taneous presence of TCS, 2,4-dichlorophenol (2,4-DCP) and

S 2,4,6-trichlorophenol (2,4,6-TCP) in sewage water samples
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determined in both, the water phase and the solid sludge.stadt, Germany). TCS, 2,4-DCP, 2,4,6-TCP &#ihethyl-
The first aim can be achieved using solid-phase extraction orN-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA)
solid-phase microextraction followed by a chromatographic were purchased from Aldrich (Milwaukee, WI, USA). Indi-
technique coupled to mass spectromgyl1,12] Using vidual solutions of these compounds were prepared in ace-
these approaches it has been found that TCS levels in thetone. Diluted standards and analyte mixtures were dissolved
outlet water stream of most STP represent only between 5%in both ethyl acetate (used as calibration standards) and ace-
and 20% of those contained in the inlet of the same plants tone (used for spiking sediment and sludge samples). Calibra-
[13-15] However, little information is available regarding tion solutions were prepared by mixing 5@Dof standards
the non degraded percentage of the compound remainingin ethyl acetate, containing increasing concentrations of the
in the sludge. Considering the lipophilic behaviour of TCS analytes, with 5@ of MTBSTFA. The silylation reaction
(logKow 4.8) this percentage should not be negligible, as it was completed in 5 min at room temperat{i@].
has been confirmed in some recent wdi&s, 16]. Knowing SPE cartridges containing 60 mg of the OASIS HLB poly-
TCS levels in sludge is also important to establish the final mer and normal phase silica cartridges (500 mg) were pro-
uses of this bio-solid residue. Some common applications vided by Waters (Milford, MA, USA).
such as disposal in agriculture fields, or incineration may
contribute to the re-introduction of the native pollutantinthe 2.2. Samples
biosphere and to the formation of polychlorinated dibenzo-
p-dioxins[17], respectively. Spiked and non-spiked sludge and sediment samples were
Determination of TCS, and in general of any organic waste used in this study. Sludge samples were obtained from an
water pollutant, in sludge is a difficult task in comparison to urban STP equipped with primary and secondary (activated
its analysis in other solid matrices such as sediments. Thesludge) treatments. Disinfected sludge was also obtained
high content of organic matter in sludge produces a diminu- from the same plant. Samples from two urban waste water
tion in the yield of the extraction step and, specially, makes plants were provided by the local water supplier company.
necessary an exhaustive clean-up of the extract previously toRiver and marine sediments were collected in different points
obtain a chromatographic analysable solufit8]. From our in the North West of Spain. All samples were keptdt3°C
knowledge, up to now, only Soxhlgt6], accelerated solvent  until being lyophilised. After sieving, the fraction with a par-
extraction[15] and supercritical C®[14] have been suc- ticle size below 30@um was taken.
cessfully applied to the extraction of TCS from sludge. Inthe  Optimization of sample preparation conditions was per-
first case interfering compounds were removed using normalformed using a pool composed of an 80:20 mixture of primary
phase sorbents and gel permeation chromatogrfi@jyin and secondary sludge spiked with 2,4-DCP and 2,4,6-TCP.
the others only silica was used to retain very polar interfer- Recoveries of the proposed method were evaluated using
encegq14,15] Sample preparation procedures dealing with aged samples of sediment, primary, biological and disinfected
the simultaneous extraction of TCS and related chlorophe- sludge spiked with the three analytes at different concentra-
nols from sludge samples have not been reported. tion levels.
The aim of this work is to develop a procedure for the
determination of TCS, 2,4-DCP and 2,4,6-TCP in sludge 2.3. Sample processing
from urban STP and sediments. Microwave assisted extrac-
tion (MAE) was chosen as the extraction technique due to  Microwave assisted extractions were performed using an
its capacity to process simultaneously several samples. Ana-Ethos Microwave Extraction System (Milestone, Leutkirch,
lytes were isolated from co-extracted compounds in function Germany), equipped with 12 pressurized 100 ml vessels.
of their acid-base properties and polafity9]. Influence of Under final conditions, samples (1 g for sediments, and 0.5¢g
different factors on the yield of extraction and clean-up steps in the case of sludge) were extracted using 30 mlofa 1:1 ace-
was systematically evaluated. Compounds were silylated andtone: methanol mixture at 13@ for 20 min. Extracts were
selectively determined by gas chromatography in combina- centrifuged, the supernatant solution was mixed with 100 ml
tion with mass spectrometry. The need of MS/MS detection, of NaOH 0.2 M and washed twice with 15 ml ofhexane.
instead single MS, is discussed in terms of achieved quantifi- The remaining aqueous phase was re-adjusted at pH 2.5 and
cation limits and sample complexity. concentrated on a 60 mg OASIS HLB SPE cartrid@].
The extract from this sorbent was loaded on top of a silica
cartridge. Analytes were recovered using 5 ml of ethyl acetate
2. Experimental and this extract evaporated to 2 ml. Derivatization was per-
formed using same conditions as for calibration standards.
2.1. Reagents, standards and materials
2.4. Equipment
Sodium hydroxide, formic acid, hydrochloric acid, HPLC
grade methanol and acetonehexane and ethyl acetate Analytes were determined by gas chromatography with
for trace analysis were obtained from Merck (Darm- tandem mass spectrometry (GC-MS/MS). The employed
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Table 1

Retention times for derivatized analytes and MS/MS operation conditions

Compound Retention time (min) Parent ion'%) Excitation storage leveh{/z) Excitation amplitude (V) Product ionsn(2)
2,4-DCP 15.67 219 96 0.53 183147
2,4,6-TCP 17.26 255 110 1.10 2235, 183
TCS 23.04 347 140 1.50 28B1C, 219

2 Used as quantification ions.

system consist of a Varian CP 3900 Gas Chromatograph3.2. Preliminary experiments

(Walnut Creek, CA, USA) connected to an ion-trap mass

spectrometer (Varian Saturn 2100). Separations were carried Ethyl acetate, methanol and acetone were initially con-
out using a HP-5 MS capillary column (30x0.25 mmi.d., sidered to recover the analytes from a spot spiked sludge
d.f.: 0.25um) supplied by Agilent (Wilmintong, DE, USA). sample. Those solvents were selected considering published
Helium (99.999%) was used as carrier gas at a constant flowarticles dealing with the extraction of TCS or pharmaceutical
of 1 ml/min. The injected volume wasyl in splitless mode compounds from sediments and slud@é,20] Extractions
(purge time 2min). The GC oven was programmed as fol- were performed at 110 for 20 min. In the three cases
lows: 2 minat50C, at 10°C/minto 270°C (held for 10 min). colourful, dark solutions, even after a clean-up step using
The GC-MS interface and the ion trap temperatures were seta 500 mg silica cartridge, were obtained. This fact prevented
at 270 and 220C, respectively. Mass spectra were obtained their injection in the GC column and pointed the importance
inthe electronimpact (EI) mode (70 eV) intherange from 100 of developing a more effective clean-up approach for sludge
to 550m/z. The parent ion cluster for each silylated analyte, samples.

corresponding to the loss of thert-butyl group [M— 57],
was isolated with avzwindow of +3 units and submitted to
collision induced dissociation. Working MS/MS conditions,

as well agn/zratios for parent and product ions are given in Species involved in this study are acidic compound&(p

Table 1 _ , _ values from 6.6 to 8.1). Therefore, they can be isolated

Concentrations of _the analytes n sedlm_ent ‘?‘nd sludgerom neutral and basic interferences, contained in sample
extracts were determined using external calibration. Unless o r4cts by re-extraction into an aqueous solution at basic
otherwise is stated, MS/MS detection was employed as quan- The aqueous/organic distribution ratios of the analytes

tification technique. were investigated using water samples adjusted at two dif-
ferent pH values (11.5 and 13) with NaOH. Ethyl acetate
and n-hexane were considered as organic solvents. Spiked

3.3. Clean-up strategy

3. Results and discussion Milli-Q water samples, aliquots of 100 ml, adjusted at the
. above pHs were twice extracted with 15 mlrehexane or
3.1. Performance of GC-MS/MS analysis ethyl acetate. The upper organic layer was discarded and the

_ aqueous one acidified at pH 2.5 and concentrated using an
Performance of GC-MS/MS detection was evaluated OASIS HLB cartridge. After elution, analytes were silylated
using silylated standards in ethyl acetate. Linearity was testedand determined by GC—MS. Responses (peak areas) were

in the concentration range from 1 to 1500 ng/ml, by injecting compared with those corresponding to aliquots of the same
standards at seven different concentration levels. Correlationse|ution directly passed through the SPE sorbent, without a

coefficients between 0.996 and 0.999 were obtaihable 2 previous liquid—liquid partition step. Considerimghexane
Relative standard deviations for five consecutive injections as extraction solvent, ana|ytes remained quantitative|y in the
of standard solutions at different concentration levels ranged aqueous phase, when it had been adjusted to pH 13. Using
from 3.6% to 8.3%. Instrumental quantification limits of ethyl acetate, regardless of the aqueous phase pH, more than
0.2ng/ml, 10 folds lower than those obtained using single 509 of the initial concentration partitioned into the organic

GC-MS detection, were achieverible 2 phase.
Table 2
Linearity, repeatabilityrf=5 injections) and quantification limits of the detection method
Compound Correlation coefficient)( Repeatability RSD (%) QL (S/N 10), ng/ml
5ng/ml 250 ng/ml MS—-MS detection MS detection
2,4-DCP 0.997 4.2 4.1 0.2 4
2,4,6-TCP 0.996 4.4 3.6 0.2 4

TCS 0.999 8.3 53 0.2 2
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Distribution of the analytes between the aqueous phase, akCounts T1C
pH 13, andh-hexane were re-evaluated in presence of 30 ml 122 ] 24,6TCP TCS
of acetone or methanol. In both cases, none of the three ana
lytes passed in a significant extension to tHeexane layer. 501
Moreover, after re-adjusting the aqueous layer at pH 2.5, the 257
presence of methanol or acetone did not affect to the retencoynis
tion of the compounds in the SPE sorbent. In view of these
results, in further experiments, methanol and acetone were
considered as extraction solvents; whereas, ethyl acetate wa
only employed to elute the analytes from the SPE cartridge.
The above described clean-up procedure was applied,co nts =
to the microwave extract obtained from a sludge sample 30 2AETCP o7
(0.5 g) spiked with 2,4-DCP and 2,4,6-TCP. This sample was 20
extracted at 110C for 20 min, using 20 ml of methanol. After
dilution with 100 ml of NaOH 0.2 M, the dark raw extract was o
washed withn-hexane. The emulsion between both phases kCounts,, -
was broken by the addition of sodium chloride (ca. 500 mg).
The result was a transparent and practically colourless aque:
ous solution. It was adjusted at pH 2.5, concentrated on 10-
SPE cartridge and further purified over silica to eliminate o
very pola_r compound_s not removed hyhexane washing. o 17 18 1o 20 21 22 o3 min‘utes
Fig. 1depicts the obtained GC-MS/MS chromatogram. Well
defined peaks can be observed at the retention times of thexig. 1. Gc-MS/MS chromatograms for a pooled sludge sample spiked only
three analytes, including TCS which had not been added towith 2,4-DCP and 2,4,6-TCP at theu/g level.
the sample. MS/MS spectra for these peaks matched with

those corresponding to silylated standards of the analytes,eytraction. A positive sign indicates an improvement of the

2,4-DCP

Aot .

2,4-DCP m/z 183

103

104

m/z 200+310 TCS
301

20

figure not shown. extraction efficiency when the factor changes from the low to
the high level. Obviously, a negative sign indicates the oppo-
3.4. Optimisation of microwave extraction conditions site behaviour. In order to obtain enough degrees of freedom

to calculate the statistical significance of those main effects,
The effects of different parameters on the yield of the the less important factor for each compound was excluded
microwave extraction were evaluated using experimental fac- from the design. Calculated standardized main effects for the
torial designs. Experiments were carried out using 0.5 g sub-remaining variables are also shownTiable 3
samples from a pooled sludge with an aged spike of 2,4-DCP  The most important factor, and the only significant one at
and 2,4,6-TCP (2g/g). Microwave extracts were submit- the 95% confidence level, was the extraction solvent. In the
ted to the above-mentioned clean-up procedure. In a firstcase of TCS and 2,4,6-TCP the efficiency of the extraction
screening stage the influence of extraction temperature, sol-was higher using acetone, whereas for 2,4-DCP a better yield
vent type, solvent volume and magnetic stirring on the yield was achieved with methanol. Extraction temperature played
of extraction process was evaluated using a two-level frac- a positive but non significant effect for all compounds. The
tional factorial 2~ design in eight experiments. Low and magnitude and the sign of the main effect associated to the
high levels for the considered variables, together with the solvent volume was compound dependent: inthe case of TCS
estimated values of their main effects are giverTable 3 showed a positive an relatively important effect, whereas, for
The higher the absolute value for a main effect the larger the 2,4-DCP the influence of solvent volume was negative and
influence of the corresponding variable in the yield of the completely negligible. For all compounds, stirring played a

Table 3
Experimental domain and values of main effects associated to each factor considered in the fractional fdctpidaisign
Factor Low level High level Main effects values with their sign

2,4-DCP 2,4,6-TCP TCS
Solvent Acetone Methanol 528 (32)4 —164 (~6.0) —1164 32.3)
Volume (ml) 15 30 -16 —40 (-1.5) 285 (7.9)
Temperature®C) 90 130 50 (3.1) 60 (2.2) 192 (5.3)
Stirring No Yes 43 (2.6) 27 —-36

Data in brackets correspond to standardized main effects after removing the less important factor for each analyte.
a Significant factors at the 95% confidence level.
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@ Volume (15-30 mi) CMethanol (25%-75%) mFormic acid (0.0.3 mi) | than 2,4-DCP (lodow 2.9); therefore, the lower the polarity
of the extraction solvent mixture the higher their extraction
2.4-DCP yield. The effect of solvent volume was also different for
TCS and 2,4,6-TCP than for 2,4-DCP. For the two first com-
pounds, it showed a positive and significant influence on the
2,4,6-TCP extraction process. For 2,4-DCP, it showed a non significant
but negative effect. As the aim of this work was the simul-
taneous determination of the three pollutants, 30 ml of a 1:1
TCS acetone:methanol mixture, containing 3A®f formic acid,
was used as extraction solution.

3.5. Performance of the method

Standardised effects

Fig. 2. Pareto graph showing the standardized main effects of factors ~ Recoveries of the whole method, extraction plus clean-up,
included in the second factorial design. Low and high levels of each fac- were evaluated using aged spiked samples corresponding to
tor grg give_n |n the title of the figure. Dotted vertical lines represent the primary, biological and disinfected sludge, as well as river
statistical significant bound. . . .

sediment. The percentage of organic carbon in those sam-

ples ranged from 0.8%, for the river sediment, up to 38%
very minor effect on the process. In view of those results, for primary sludge. Chlorophenols were added to samples at
temperature was fixed at 13Q and sample stirring was not  different concentration levels from 10 to 300 ng/g. TCS was
considered in further extraction experiments. spiked at two levels, 10 and 300 ng/g in the case of sediments,

A second two levels full factorial design, with one central and at 0.9 and hg/g to sludge samples. Non-spiked samples

point, was used to investigate in more detail the effects of sol- of the four materialsi{=3) were also processed. Recover-
vent volume and composition. The addition of formic acid to ies were calculated by dividing the difference between the
the sludge was the third factor. Considering th& palues measured concentrations for spiked and non spiked sam-
of the analytes their extraction efficiency could be enhanced ples by the added one. Obtained values ranged from 78.3%
in acidic media, particularly for sludge samples stabilized to 106.6%, with relative standard deviations below 13%,
by addition of calcium carbonate. Low and high values for Table 4 These values can be considered as acceptable taking
the 3 factors were 15-30 ml (solvent volume), 25%—-75% of into account the complexity of the matrix and the number of
methanol (in the acetone:methanol extraction mixture) and steps involved in the sample preparation.
0—-300p.l (formic acid). Standardized main effects obtained Quantification limits of the method, defined for a signal
for each factor, after removing non-significant interactions, to noise ratio of 10 (S/N 10), ranged from 0.8 ng/g for sludge
are depicted iffrig. 2 Vertical dotted lines in the graph repre-  to 0.4 ng/g for sediments. These values are one order of mag-
sent the statistically significant bound at the 95% confidence nitude lower than those previously reported for TCS with
level. The presence of formic acid improved the yield of the electron impact GC-MS detectiqh4,16] and in the same
process, but without being statistically significant. The high- range of those achieved using GC-MS with negative chemi-
est effect of this factor was observed for 2,4,6-TCP, which cal ionisation for sedimen{21].
is the compound with the lowesKg value. In agreement Advantages of using MS/MS detection, when compared
with the behaviour observed in the first design, increased per-to single MS, are not only related to a diminution in the quan-
centages of methanol in the extraction solution produced atification limits.Fig. 3shows MS spectra for a peak appearing
significantdiminutionintheresponses of TCS and 2,4,6-TCP. at the retention time of TCS in sediment and primary sludge
For 2,4-DCP the opposite pattern was observed; although,spiked samples. The MS spectrum for this peak in the sedi-
without being statistically significant. TCS and 2,4,6-TCP ment (TCS spiked concentration 300 ng/g) matched with that
are more lipophilic species (Id¢pw 4.8 and 3.6, respectively)  correspondingto a silylated standard. However, for the sludge

Table 4
Recoveries for aged spiked samples,4 replicates
Sample % of organic carbon Addition level (ng/g) RecovetiddSD (%)

2,4-DCP 2,4,6-TCP TCS
River sediment [t} 10 81.8+ 5.7 96.0+ 4.9 98.7+ 8.5
River sediment @ 300 79.1+ 8.2 92.0+ 8.9 99.7+ 6.5
Primary sludge 38 300 79.1+ 8.2 98.9+ 3.2 81.7+ 6.5
Secondary sludge 36 300 78.3+ 8.1 87.6+ 5.1 94.0+ 6.5
Disinfected sludge 11 360 106.6+ 7.5 88.3+ 5.0 82.2+ 11.5
Disinfected sludge 11 y.44] 82.9+ 9.2 97.4+ 13.0 97.3+ 10.5

a 5ug/g for TCS.
b 0.9ug/g for TCS.
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Fig. 3. MS spectra for the chromatographic peak at the TCS retention time
in different samples. (A) Standard in ethyl acetate, 100 ng/ml; (B) spiked
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Fig. 4. Comparison of MS/MS spectra for the peak at the retention time of
TCS. (A) Standard in ethyl acetate, 100 ng/ml; (B) spiked primary sludge,
5000 ng/g.

sample (TCS spiked concentration 5000 ng/g), the spectrum
contained an intense signal mtz 328, corresponding to a
coeluting interference. This fact makes difficult the identifi-
cation of TCSin sludge using single MS detection, especially
in samples polluted with the analyte at lower concentration
levels.Fig. 4, compares MS/MS spectra for the same sludge
extract and for a TCS standard. An excellent concordance
was observed between both spectra.

3.6. Application to real samples

The proposed method was applied to the analysis of sev-
eral grab samples corresponding to different sediments and
sludge from urban STP. Regarding sediments, any of both
chlorophenols was detected; whilst, TCS was measured in
two of them at concentrations of 4 and 36 ngigble 5
These values are similar to those found in Swiss lakes and
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Table 5
Concentrations (ng/g) of the analytes in non-spiked sediment and sludge samples
Code Sample type MeahSD
2,4-DCP 2,4,6-TCP TCS
1 River sediment n.d. n.d. 44 0.8
2 River sediment n.d. n.d. n.d.
3 River sediment n.d. n.d. 35#1.1
4 Marine sediment n.d. n.d. n.d.
5 Primary sludge 79.%¢ 8.5 19.4+ 0.3 2543+ 50
5 Primary sludgg 89.8+ 8.4 216+ 1.5 2696+ 270
6 Biological sludge 316t 33 38.1+ 9.2 5400+ 125
6 Biological sludg@ 349+ 12 37.7+ 25 5388+ 316
7 Disinfected sludge 77.2 85 158+ 2.4 1508+ 196
8 Sludge 74.4- 1.0 75+ 1.0 1474+ 240
9 Sludge 55.2+ 3.3 145+ 0.5 418+ 38
N=3 replicates; n.d. under 0.4 ng/g.
@ Soxhlet extraction.
marine sediments from the south of Sp§ib,21] Regard- guantification limits of the method. Levels of 2,4-DCP and
ing sludge, all compounds were detected at concentrations2,4,6-TCP are lower than those corresponding to TCS; how-
from the low ng/g, in case of 2,4,6-TCP, up to p.g/g for ever, their higher persistence and endocrine disrupter prop-

TCS, Table 5 Accuracy of those values was evaluated by erties should be taken into account in order to determine the
extracting two of the sludge samples with 100 ml of ace- destination of those solid wastes.

tone: methanol (1:1) for 24 h using the Soxhlet technique.

Results were in an acceptable agreement with those obtained
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