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a b s t r a c t

A simple, precise and accurate method for the simultaneous determination of four UV filters and five
polycyclic musks (PCMs) in aqueous samples was developed by solid-phase microextraction coupled
with gas chromatography–mass spectrometry (SPME-GC–MS). The operating conditions affecting the
performance of SPME-GC–MS, including fiber thickness, desorption time, pH, salinity, extraction time
and temperature have been carefully studied. Under optimum conditions (30 �m PDMS fiber, 7 min
desorption time, pH 7, 10% NaCl, 90 min extraction time at 24 ◦C), the correlation coefficients (r2) of
as chromatography–mass spectrometry
GC–MS)

atrix effect

the calibration curves of target compounds ranged from 0.9993 to 0.9999. The limit of detection (LOD)
and limit of quantification (LOQ) ranged from 0.2 to 9.6 ng L−1 and 0.7 to 32.0 ng L−1, respectively. The
developed procedure was applied to the determinations of four UV filters and five PCMs in river water
samples and internal standard was used for calibration to compensate the matrix effect. Good relative
recoveries were obtained for spiked river water at low, medium and high levels. The proposed SPME
method was compared with traditional SPE procedure and the results found in river water using both

e ord
methods were in the sam

. Introduction

Pharmaceuticals and personal care products (PPCPs) have
ained increasing interest in recent years due to their huge
onsumption and potentially harmful concentration in aqueous
nvironment [1,2]. UV filters and polycyclic musks (PCMs) are
wo important ingredients of PPCPs that have shown potential
ndocrine disruption properties [1–9]. Thus more attention should
e paid to their impact on ecological system and human health.
CMs are widely used as fragrance ingredients in washing and
leaning agents, personal care products and in other consum-
bles. Organic UV filters are synthetic compounds for protecting
he skin from sun exposure by absorbing UV radiation. They are
sed in sunscreen products, cosmetics, beauty creams and skin

otions, lipsticks, hair sprays, hair dyes and shampoos. These two

inds of compounds can enter the aqueous environment directly
r indirectly, for example, swimming and bathing in lakes and
ivers, from showering, washing, and via wastewater treatment
lants (WWTPs). Moreover, these two classes of compounds are
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er of magnitude and both are quite agreeable.
© 2010 Elsevier B.V. All rights reserved.

lipophilic and therefore have potential for bioaccumulation and
biomagnifications via food chain. Some of these compounds have
been found in fish, urine and breast milk [10–13]. Therefore,
simultaneous determination of these two classes of compounds is
urgently needed when studying their environmental behavior and
co-behavior, since their characters and the ways of entering into the
environment are similar to each other. Recent papers have reported
that some UV filters show synergistic estrogenic activity and oth-
ers show antagonistic activity [9], but the co-estrogenic activity of
a mixture of UV filters and polycyclic musks has not been well stud-
ied till now. Thus simultaneous determination of these classes of
compounds can provide a useful tool for the research in this area.

A number of techniques, including HPLC-DAD, GC-FID, GC–MS
and LC–MS [14–47], have been used for the analysis of UV filters
and PCMs in different types of samples. Liquid chromatographic
analysis has been used to determine several sunscreens in com-
mercial formulations [14–18], but the detection limit was not
low enough to detect low concentration levels of UV filters/PCMs
at �g L−1 level or lower. Appropriate sample pretreatment is

required to achieve reliable results, since the concentration lev-
els of UV filters and PCMs are generally low and in complex
matrices. Some methods, such as solid-phase extraction (SPE)
[19–26], liquid–liquid extraction (LLE) [27], stir bar sorptive extrac-
tion (SBSE) [28,29], micelle mediated extraction [30], ultrasonic

dx.doi.org/10.1016/j.chroma.2010.06.004
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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xtraction (USE) [31,32], pressurized liquid extraction (PLE) or
ccelerated solvent extraction (ASE) [33–36], membrane-assisted
iquid–liquid extraction [37,38], single-drop microextraction [39],
olid-phase microextraction (SPME) [40–45] and microwave-
ssisted headspace solid-phase microextraction [46] have been
sed for sample preparation prior to the determination of UV filters
r PCMs. But the applications were only limited to the determina-
ion of one class of compounds (UV filters or PCMs) or one or two
arget compounds. M.A. Mottaleb [47] has reported using tradi-
ional SPE and LLE for sample preparation prior to simultaneous
eterminations of UV filters and PCMs. However, those methods
re relatively time-consuming, tedious and consuming large quan-
ities of toxic solvents, thus environmental unfriendly. Recently
new environmental friendly technique was used for the deter-
ination of UV filters and PCMs by microextraction with packed

orbent (MEPS) [48]. The MEPS technique showed for the deter-
ination of analytes a precision of 1–12% mean relative standard

eviation (RSD) whereas with SPME-GC–MS the precision was in
he range of 3–5% [48]. Thus, SPME is still attractive for environ-

ental application. SPME was introduced by Arthur and Pawliszyn
n 1990 [49]. Many papers [50–55] have reported that it is an effi-
ient extraction technique allowing simultaneous extraction and
reconcentration of analytes from different sample matrices. Ana-

ytes adsorbed to the coating phase of fiber were then thermally
esorbed into the injection port of gas chromatograph, and sub-
equently analyzed. It has the advantages of simplicity, low cost,
nd solvent-free. The aim of this study was to investigate the use
f SPME coupling to GC/MS for simultaneous determination of four
V filters and five PCMs in aqueous samples. All the parameters

nfluencing the performance of SPME including fiber thickness, des-
rption time, pH, salinity, extraction time and temperature have
een carefully examined and optimized. The internal standard was
sed for calibration in our work to compensate the matrix effect of
iver water. It was successfully applied to the analysis of four UV
lters and five PCMs in river water. The results agreed quite well
ith our previously published data obtained by SPE-GC–MS [26].

he developed method was sensitive, selective and rapid. It has
roadened SPME application range for simultaneous determination
f UV filters and PCMs not only in the numbers of analytes, but also
n the types of aqueous samples, especially the polluted aqueous
amples.

. Experimental

.1. Reagents

The standards of Musks, including Celestolide (ADBI),
hantolide (AHMI), Traseolide (ATII), Galaxolide (HHCB) and
onalide (AHTN) were purchased from LGC standards GmbH
Wesel, Germany). The UV filter standards, Octyl salicylate
nd Octocrilene, were purchased from Sigma–Aldrich (St.
ouis, MO, USA), 2-hydroxy-4-methoxybenzophenone and 3-
4-methylbenzyliden)camphor were from Dr. Ehrenstorfer GmbH
Augsburg, Germany). Deuterated Tonalide (AHTN-d3, 10 mg L−1)
as purchased from Dr. Ehrendorf. The individual stock standard

olution of 1 g L−1 for each target compound was prepared by
issolving 0.0500 g of each standard in acetone in a 50 mL volu-
etric flask. The 10 mg L−1 stock mix-standard of the above nine

ompounds were prepared by adding 0.1 mL of each stock standard
n a 10 mL volumetric flask and diluted with acetone. The solutions
ere stored in the dark at 4 ◦C. Working standard solutions at
ifferent concentrations were freshly prepared by appropriate
ilution of the stock mix-standard solution with ultra-pure water.
hree milliliters of each working standard were put into 4 mL
ample vials for SPME procedure. All chemicals and reagents used
1217 (2010) 6747–6753

in this study were analytical grade. Ultra-pure water was supplied
by Milli-Q apparatus.

2.2. Instrumentation and operating conditions

A Shimadzu (Japan) 2010plus gas chromatography-mass spec-
trometer was used for analysis. A 30 m × 0.25 mm I.D. × 0.25 �m
Rtx-5MS (Restek) fused-silica capillary column, coated with 5%
diphenyl and 95% dimethylpolysiloxane was employed. The col-
umn temperature program was set as follows: 120–190 ◦C at
10 ◦C min−1, hold for 5 min, 190–300 ◦C at 10 ◦C min−1, hold for
3 min. The total run time of the program was 26 min. The GC injector
port was used in the ‘splitless’ mode and held isothermally at 280 ◦C
for SPME injections for the duration of the run. Helium gas was used
as the carrier gas, at a flow rate of 1 mL min−1 by using electronic
pressure control. The GC/MS interface temperature was maintained
at 280 ◦C. The MS was operated in the electron impact (EI) ioniza-
tion mode with electron energy of 70 eV, and mass-to-charge ratio
scan ranged from 50 to 550 amu to determine appropriate masses
for selected ion monitoring. The MS ion source temperature was
held at 200 ◦C.

2.3. SPME device and procedure

The SPME manual fiber holder was from Supelco Inc. (Bellefonte,
PA, USA). Polydimethylsioxane fiber (PDMS, Supelco) with 30 �m
thickness was used for extraction. The SPME fibers were condi-
tioned under helium for 1 h in hot GC injection port before the first
use. The SPME sampling stand and heat/stir plate used in extraction
were also from Supelco. The magnetic stirring bars (10 mm × 3 mm)
were from Aldrich (St. Louis, MO, USA).

The SPME device and procedure have been extensively
described elsewhere [56,57]. The sampling was performed by
immersing the SPME fiber directly into a 3 mL aqueous standard
solution or aqueous sample for 90 min at ambient temperature
(24 ◦C) under magnetic stirring condition for the adsorption of ana-
lytes onto the fiber coating. After extraction, the fiber was then
inserted into the GC injector and the previously described GC pro-
gram started immediately. Desorption time and temperature were
set for 7 min at 280 ◦C.

2.4. Solid-phase extraction device and procedure

The solid-phase extraction (SPE) method employed was based
on a previously published method [26]. The extraction of the ana-
lytes was performed with the aid of a Gilson (Middleton, WI, USA)
automatic SPE apparatus (ASPEC XL), using the Cleanet 60 mg-C8
cartridges obtained from Agela Technologies (Newark, DE, USA).

The cartridge was washed with 5 mL methanol, and conditioned
with 5 mL of Milli-Q water. An aliquot of 100 mL of river water was
pumped through the cartridge which was then cleaned with 3 mL
40% methanol and dried under nitrogen stream. The analytes were
eluted with 3 mL hexane/methylene chloride (6:4). The eluate was
evaporated to dryness under a gentle stream of nitrogen at room
temperature and re-dissolved with 0.5 mL hexane. Quantitation of
the SPE extract was conducted using GC–MS system previously
described except the GC injector port set in the ‘split’ mode with
10:1 splitting ratio.

3. Results and discussion
3.1. Optimization of operating conditions for SPME-GC–MS

The operating conditions affecting the performance of SPME-
GC–MS, including fiber thickness, desorption time, pH, salinity,
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Fig. 1. TIC chromatogram of 9 target com

xtraction time and temperature have been carefully studied. All
f the optimization experiments were conducted with 3 replicates.

.1.1. Selection of fiber thickness and fiber carry over
Both PDMS fiber and PDMS-DVB fiber are suitable for extrac-

ion of PCMs or UV filters [40–45], if thickness would be taken
nto consideration. The octanol–water partition coefficients of most
elected compounds are greater than 5.5. As a type of hydrophobic
oating, PDMS is better than PDMS-DVB for direct extraction mode,
ince PDMS is a type of liquid coating, which has larger linear range
han solid coatings (e.g. PDMS-DVB) and no replacement effect.
herefore, PDMS fiber was selected for the study. The thickness
f PDMS fiber was further investigated.

Deuterated AHTN was used as internal standard to compen-
ate matrix effect in analyzing real samples. Fig. 1 shows the
hromatogram of target compounds (0.2 �g L−1, pH = 7) obtained
fter SPME extraction procedure. All compounds were well sepa-
ated under the temperature program described above. To increase
ensitivity, selected ion monitoring (SIM) mode was used to quan-
itatively analyze UV filters and musks. The molecular weight,
etention time, molecular ion and qualifier ions for each compound
ere listed in Table 1.

Two PDMS fibers with 100 and 30 �m thick films were employed
or the study of extraction of target compounds (0.2 �g L−1, pH = 7).
he sensitivity of 30 �m PDMS fiber was proved to be high enough
nd the extraction and desorption time of 100 �m PDMS were
uite long. Thus, 30 �m PDMS fiber was selected for the subsequent
xperiments.

The carry-over test was performed by placing the fiber back to
he GC injector (280 ◦C) for another period of exposure after the pre-
ious thermo-desorption in GC injector. During the carry-over test,

wo compounds (octyl salicylate, octocrilene) were detected even
fter fourth or fifth desorption. This ‘fake’ carry-over was finally
ound to be caused by the exposure of fiber in air after thermo-
esorption. Results showed that the longer the fiber was exposed
o air, the larger the signal was detected. The carry-over was not

able 1
asic information of 9 target compounds and retention time, characterized ions, quantiza

Compound Abbreviation CAS No. Molecula

Celestolide ADBI 13171-00-1 244
Phantolide AHMI 15323-35-0 244
Octyl salicylate OS 118-60-5 250
Traseolide ATII 68140-48-7 258
Galaxolide HHCB 1222-05-5 258
Todalide-d3 AHTN-d3 – 261
Tonalide AHTN 1506-02-1 258
2-Hydroxy-4-methoxybenzophenone UV-9 131-57-7 227
3-(4-Methylbenzyliden)camphor MBC 36861-47-9 254
Octocrilene OC 6197-30-4 361
ds under optimized GC–MS conditions.

caused by contaminated linear or other inlet parts of GC–MS. It was
proved by the following experiment: a new fiber was conditioned
at 250 ◦C for 1 h. Afterwards, it was immerged into a headspace
sample vial filled with argon gas for 15 min, and then it was placed
back into GC injector for GC–MS analysis. No signal related to tar-
get compounds was detected. Then the fiber was put in the air for
15 min and re-injected for another analysis. Signal appeared again.
This suggested that there were detectable concentrations of these
two compounds in the air and that SPME could be a good sam-
pling method. Moreover, the fiber should be protected in none-air
atmosphere before extracting the target compounds to avoid over-
estimation.

3.1.2. Effect of desorption time
The optimum desorption time was found by varying the des-

orption time (1, 3, 5, 7, 9, 11 min, respectively) of PDMS fiber in the
GC injector at 280 ◦C with 0.2 �g L−1 mix-standard solution (pH = 7).
For most of the selected compounds, maximum response was found
when desorption time was 7 min (Fig. 2). With such long desorption
time, peak width became broader. However, the difference of peak
width at baseline between 7-min desorption and 1-min desorption
is about 0.1 min, which did not influence the separation. Thus, 7 min
was chosen as desorption time for the subsequent experiments.

3.1.3. Effects of pH and salinity
Generally, favorable conditions for forming neutral form of

target compounds should be selected in order to increase the
extraction efficiencies of target compounds in sample solution. The
pH value and salinity of the solution are the most important factors
influencing the neutral form of target compounds, thus they should
be optimized prior to further experiment. The sample solutions at

pH 4, 5, 6, 7, 8 and 9 were extracted respectively for 30 min at room
temperature and the desorption time was set for 7 min. The pH
optimization results, depicted in Fig. 3 indicated that the solution at
pH7.0 showed slightly higher response and better reproducibility.
Thus, pH = 7.0 was chosen as optimum pH in this work.

tion ion under optimized GC–MS conditions.

r weight Retention time (min) Quantization ion Characterized ions

8.34 229 173,229,244
8.98 229 187,229,244
9.65 120 120,138,250

10.54 215 173,215,258
10.64 243 213,243,258
10.81 246 190,246,261
10.85 243 187,243,258
14.31 227 151,227,228
14.77 254 211,239,254
21.36 204 204,249,306
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Fig. 2. Effect of desorption time on the detector response (normalized to the individual maximum response), 0.2 �g L−1 mix-standard, extraction time 30 min, pH = 7, 0%
NaCl, room temperature, n = 3.

mix-s

c
c
p
N
t
a

Fig. 3. Effect of pH on the normalized detector response, 0.2 �g L−1

The extraction efficiency of the fiber will be affected by the salt
ontent in the sample solution by the variation of the solubility of
ompounds in aqueous phase. The effect of the salinity of the sam-

le solution was studied by spiking 0%, 5%, 10%, 15%, 20% and 25% of
aCl into the sample solutions. During the procedure, the adsorp-

ion was kept at room temperature for 30 min, and the solution
t pH 7. The results were depicted in Fig. 4. It was observed that,

Fig. 4. Effect of salinity on the normalized detector response, 0.2 �g L−1 m
tandard, extraction time 30 min, 0% NaCl, room temperature, n = 3.

for most of the selected compounds, the responses reached maxi-
mum at 10% NaCl, except for UV-9 and OC. The possible reason for
this phenomenon that extraction efficiency increased firstly with

increase of salt content and then deceased with further increase of
salt content could be explained by “salt-out” effect and reverse “salt
in” effect. Normally, salt content influences the extraction efficiency
by so-called ‘salt-out effect’, i.e. salt would decrease the solubility

ix-standard, extraction time 30 min, pH = 7, room temperature, n = 3.
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ig. 5. Detector response vs. extraction time under different temperatures: (a) room
emperature (24 ◦C), (b) 45 ◦C; both (a) and (b) were normalized to the same scale;
.2 �g L−1 mix-standard, pH = 7, 10% NaCl, n = 3 (except response with 120 min,
80 min extraction time under room temperature).

f target compound in aqueous phase, thus increase the partition
oefficient between fiber coating and aqueous phase. However, in
ome cases, the solubility of the compounds might not change, the
ddition of salt may decrease the amount of extracted by decreas-
ng the activity coefficients of the analytes [57]. Considering the
verall responses of the target compounds, a concentration level of
0% NaCl was selected.

.1.4. Effect of extraction time and temperature
The standard solution of 0.2 �g L−1 target compounds (pH = 7,

0% NaCl) was used to investigate the optimum conditions for SPME

rocedure under different temperatures. The equilibrium time for
PME depends on the rate of mass transfer in the aqueous phase.
he optimum extraction time and temperature were determined
y varying the extraction time from 30 to 180 min at 24 and from

able 2
he linearity of calibration curve, the limit of detection (LOD) and the limit of quantificati
esults with those by SPE-GC–MS.

Compound Results by SPE-GC–MS

Linear range (�g L−1) Correlation
coefficient r2

LODa (ng L−1) LOQa (ng L−

ADBI 10–1000 0.9999 5.15 17.2
AHMI 10–1000 0.9996 5.29 17.6
OS 10–1000 0.9998 24.8 82.6
ATII 20–1000 0.9996 25.7 85.7
HHCB 10–1000 0.9998 25.4 84.8
AHTN 10–1000 0.9996 10.8 35.9
UV-9 50–1000 0.9995 85.2 284
MBC 20–1000 0.9996 21.0 70.2
OC 50–1000 0.9993 42.9 143

a Results after multiplying concentration factor (200-time concentrated by SPE).
1217 (2010) 6747–6753 6751

30 to 90 min at 45 ◦C, respectively. A constant rapid stirring was
employed to increase the rate of mass transfer in aqueous phase. As
shown in Fig. 5 (both a and b were normalized to the same scale, i.e.
the results were normalized to the maximum response of each tar-
get compound either at 24 or at 45 ◦C), at 24 ◦C, the amount of most
target compounds extracted increased with the increase of extrac-
tion time, but was in equilibrium at about 120 min. At 45 ◦C, the
responses of selected compounds tended to increase slightly but
showed bad reproducibility. The response of most of the selected
compounds at 45 ◦C was smaller than those at 24 ◦C, this might be
due to the decrease of solid–liquid partition coefficient at higher
temperature. At 24 ◦C, the response at 90 min extraction did not dif-
fer too much as 120 min. Therefore, 90 min extraction time is long
enough to get good sensitivities. Considering the overall responses
of the target compounds, the optimum extraction time and tem-
perature were set at 90 min and 24 ◦C, respectively.

3.2. Linear range and detection limit

The SPME procedure was performed according to the optimized
conditions. The electron impact ionization and selected ion moni-
toring mode were used to determine the detection limit of selected
compounds in aqueous solution. Internal standard calibration was
employed to adapt the method to the different samples with differ-
ent matrices. AHTN-d3 (1 �g L−1) was selected as internal standard.
The concentrations of working solutions were selected to be 0.01,
0.05, 0.1, 0.5, 1, 5 and 10 �g L−1, respectively. The limits of detec-
tion (LOD) and limits of quantification (LOQ) of selected compounds
were calculated based on the 3� criteria and 10� criteria, respec-
tively. The results are showed in Table 2. The linear ranges of
target compounds by SPME procedure spanned over 3 orders of
magnitude, with correlation coefficients ranging from 0.9993 to
0.9999. The results were compared with those obtained by SPE-
GC–MS method published previously (Table 2). The sensitivities
were still better than SPE-GC–MS even with 200-time concentra-
tion by SPE. Concentration factor of SPE could be increased further
by using large sample volume. However, the cartridge would be
easily blocked, especially for polluted aqueous sample. Moreover,
it would be an extreme labor- and time-consuming work if we use
large sample volume in SPE.

3.3. Determination of UV filters and PCMs in river water

3.3.1. Matrix effect and its compensation
developed method. For aqueous environmental sample, the matrix
effect was not observed in the former publication. It’s probably due
to that the samples they used were not polluted seriously. How-
ever, the environmental aqueous samples would differ in locations,

on (LOQ) of 9 target compounds under optimized SPME-GC–MS and comparison of

Results by SPME-GC–MS

1) Linear range (ng L−1) Correlation
coefficient r2

LOD (ng L−1) LOQ (ng L−1)

0.01–10 0.9994 1.2 4.2
0.01–10 0.9994 1.0 3.3
0.01–10 0.9993 0.5 1.7
0.01–10 0.9995 9.6 32.0
0.01–10 0.9997 0.4 1.3
0.01–10 0.9994 0.5 1.7
0.01–10 0.9999 0.2 0.7
0.01–10 0.9996 1.3 4.2
0.01–10 0.9993 2.0 6.7
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in season, in type, etc. Thus, matrix effect might be encountered
during SPME-GC–MS determination. The river water was sampled
near the first affiliated hospital of Southern Medical University.
It was light yellow, stinking and the DOC value was greater than
20 mg L−1, indicating the river was polluted seriously. To investi-
gate the matrix effect, response of river water, spiked river water
without internal standard as well as aqueous standard was used
to calculate matrix factor. The matrix factor was defined as Eq. (1).
The more its value far away from 1, the more prominent the matrix
effect is

matrix factor = Asample+s − Asample

As
(1)

where Asample+S is the integration area of quantization ion of spiked
river water. Asample is the integration area of quantization ion of
river water, and As is the integration area of quantization ion of
standard solution whose concentration is equal to spiked concen-
tration.

The matrix factors of target compounds in river water we sam-
pled were in the range of 0.4–0.5, which means matrix effect do
exist in the river water we selected. Thus, use of internal standard
becomes significant and necessary.

3.3.2. Determination of UV filters and PCMs in river water
Under optimized conditions, the concentrations of selected nine

compounds in river water were determined by SPME-GC–MS with
internal standard calibration. Results are shown in Table 3. Except
for ATII, eight of selected compounds were detected by the devel-
oped SPME-GC–MS method. To further evaluate the validation of
selection of internal standard as well as the developed method, the
relative recovery test was performed by spiking mix-standards of
selected compounds into river water at low (0.05 �g L−1), medium
(0.5 �g L−1) and high levels (5 �g L−1). The relative recovery was
defined as Eq. (1)

relative recovery (%) = Csample+s − Csample

Cs
× 100% (2)

where Csample+S is the measured concentration of spiked river
water by internal standard calibration method. Csample is the mea-
sured concentration of river water by internal standard calibration
method and Cs is spiked concentration.

Relative recoveries of selected compounds ranged from 64.4%
to 117% (Table 3). The precision was also evaluated by performing
three replicates from river water as well as samples for recovery
test. The relative standard deviation (RSD, n = 3) of most target
compounds was less than 10%, showing good reproducibility for all
target compounds. The results obtained for the target compounds
in river water by the developed SPME-GC–MS method were also
compared with those obtained by SPE-GC–MS method published
previously [26]. Both results agreed quite well except for OS, UV-9,
MBC and OC compounds, since their concentrations were too low
to be detected by described SPE-GC–MS method in Section 2.4.

4. Conclusions

A simple, sensitive and selective method for the determination
of five PCMs and four UV filters in aqueous sample has been devel-
oped by SPME coupled with GC–MS. A 30 �m polydimethylsioxane
coated fiber could be used to give a limit of detection (LOD) and
limit of quantification (LOQ) of target compounds ranging from
0.2 to 9.6 ng L−1 and 0.7 to 32.0 ng L−1, respectively. This method

has exhibited adequate precision and linearity and was success-
fully applied to the analysis of UV filters and PCMs in river water
with satisfied relative recoveries for low, medium, high levels of
concentration. The results agreed quite well with those obtained
by SPE-GC–MS.
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