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Photodegradation kinetics of four nitro musks (musk xylene, musk tibetene, musk ketone and musk moskene) in solid-phase micr
SPME) fibres (“photo-SPME”) and in an aqueous system were studied by means of gas chromatography–mass spectrometry (MS
usks fragrances were extracted from aqueous solutions using SPME fibres that subsequently were exposed to different UV

imes, generating photoproducts easily characterized by their mass spectra. Aqueous photodegradation studies followed by SPM
erformed and compared to photo-SPME. The same fourteen photoproducts have been detected in both media. The potential of t

o readily calculate apparent rate constants (from 10−4 to 10−3 s−1), half-life times (from 3 to 32 min) and reaction orders (n= 1) in both media
s stated. The main photoreaction determined was photocyclization, but products of photoreduction and photorearrangement ha
etected. Tentative photodegradation pathways for musk moskene and musk tibetene are proposed for the first time.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Nitro musks are synthetic compounds used on a grand
cale as fragrance fixatives and materials in personal-care
PPCPs) and household products such as cosmetics, soaps,
aundry detergents, fabric softeners, household cleaning
roducts, air fresheners and so on, due to their fragrance
roperties[1]. Increasing environmental concern about the
resence, especially in surface water samples, of artificial

� Presented at the 3rd Meeting of the Spanish Association of Chromatog-
aphy and Related Techniques and the European Workshop: 3rd Waste Water
luster, Aguadulce (Almeria), 19–21 November 2003.
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musk fragrances has attracted the attention of severa
thors[2–12]; since these substances are considered ub
tous, persistent, bioaccumulative and sometimes highly t
Based on these properties, it is important to know the
vironmental degradation pathways of nitrated musk c
pounds. These substances are poorly degraded by th
croorganisms, suggesting that abiotic transformations
photochemical degradation—constitute an alternative t
compose these compounds. Although, there is inform
concerning the photodegradation behaviour of nitrated m
compounds[13–17], all of these studies were performed
water or in organic solvents.

Solid-phase microextraction (SPME) has been rece
proposed as an extraction technique for the analysis of m
compounds in water and sewage sludge samples,[3,7,12]due
to its inherent advantages. At the same time, the possi

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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of performing photochemical studies of environmentally con-
cerning compounds (e.g. PCBs, DDT and other pesticides
and polycyclic musks) in SPME fibres (photo-SPME) has
been already demonstrated[18–22]. In photo-SPME, the
target analytes are first extracted and then the photolysis takes
place directly on the fibre, so the whole system (primary com-
pounds and photoproducts) can be analysed simultaneously.
All photoproducts are therefore generated “in situ” and re-
main in the fibre, avoiding further extraction steps and mak-
ing easier their tentative identification by mass spectrometry
(MS), due to the high concentration factors.

This work is an important contribution to the know-
ledge of nitro musks photochemical behaviour, charac-
terizing their kinetics and identifying their photoproducts
by solid-phase microextraction–gas chromatography–mass
spectrometry detection, via an “on-fibre” photodegrada-
tion approach. In addition, in a more classical approach,
photodegradation kinetics and photoproducts generated in
water were also studied, but using SPME as an alterna-
tive extraction technique. The obtained data have been
compared with the “on-fibre” results. The apparent first-
order rate constants, half-life times and the photoreac-
tions detected for the four studied compounds are also
presented.
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2. Experimental

2.1. Reagents

The musks compounds, 1-tert-butyl-3,5-dimethyl-2,4,6-
trinitrobenzene (Musk Xylene [81-15-2]), 1-tert-butyl-
3,5-dimethyl-2,6-dinitro-4-acetylbenzene (Musk Ketone
[81-14-1]), 1-tert-butyl-3,4,5-trimethyl-2,6-dinitrobenzene
(Musk Tibetene [145-39-1]) and 1,1,3,3,5-pentamethyl-4,6-
dinitroindane (Musk Moskene [116-66-5]) were supplied
by Promochem Iberia (Barcelona, Spain).Table 1depicts
all these chemical structures. Isooctane and acetone were
purchased from Merck (Mollet del Vallés, Barcelona, Spain).
All the solvents and reagents were analytical grade.

The SPME manual holder and fibres were obtained from
Supelco (Bellefonte, PA, USA). In this work, 100�m poly-
dimethylsiloxane (PDMS) coated fibres were used. The fibres
were conditioned following manufacturer recommendations.

The solvent of stock solutions was cyclohexane. Water
solutions were prepared by addition of an acetone standard
solution of the four model compounds. The correspondent
concentrations of each analyte in working solutions were
20 ng/mL in experiments depicted as C1 and 1 ng/mL in C2
studies.
able 1
hemical structures, retention times and selected ions for the analys
V irradiation are also shown for both photo-SPME and aqueous pho

ompound Chemical structure

ylene 0
5
10
20
30
60

etention time (min) 14.50

oskene 0
5
10
20
30
60

etention time (min) 14.67

ibetene 0
5
10
20
30
60

etention time (min) 15.02

etone 0
5

10
20a

30
60

etention time (min) 15.27 Identifi
a This irradiation time has not been evaluated in photo-SPME experiment
b Quantification ion.
e target musk compounds. The obtained percentages of undegradednd vs.
adation experiments

tion time (min) photo-SPME (%) Water (%

100 100
61.9 44.5
49.6 9.5
– 1.7
13.4 0.6
5.5 0

cation ions (m/z) 282b, 265, 283

100 100
68.5 54.9
59.5 20.9
– 3.7
22.5 1.0
8.6 0.8

cation ions (m/z) 263b, 264, 261

100 100
67.2 65.9
59.7 50.8
– 17.5
31.2 8.0
16.8 1.6

cation ions (m/z) 251b, 252, 115

100 100
57.4 15.0
– 2.8
25.8 0.7
13.5 0.2

cation ions (m/z) 279b, 191, 280

s.
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2.2. Solid-phase microextraction and photodegradation
procedures

Microextraction experimental conditions have been
adapted from a previous study[12]. A 5 mL-aliquot of a wa-
ter sample containing the target compounds was placed in
22 mL headspace vials. The vial was sealed with a headspace
aluminum cap with a PTFE-faced septum. Then the vial
was immersed in a water bath at 100◦C and let to equili-
brate for 5 min before extraction. After this time, the fibre
was exposed to the headspace over the water (HS-SPME)
for 30 min and thermally desorbed in the GC injection port
for 5 min.

A lab photoreactor model was used for photolysis exper-
iments[18–22]: two low-pressure mercury lamps (8–10 W)
were combined in such an arrangement that allows an easy
positioning of the subject to be irradiated. For “on-fibre” pho-
todegradation experiments, after HS-SPME extraction, the
SPME fibre with the analytes already absorbed was subjected
to the 254 nm irradiation wavelength during the designed time
(2–60 min) into an efficient hood to warrant adequate security
conditions; subsequently, GC–MS analyses were carried out.
For aqueous photodegradation experiments, 5 mL of an aque-
ous solution containing the nitro musks mixture were placed
in synthetic quartz precision cells and submitted to UV radia-
t irra-
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2.4. Chromatographic conditions

Analyses were performed on a Varian 3800 gas chro-
matograph (Varian Chromatography Systems, Walnut Creek,
CA, USA) equipped with a 1079 split/splitless injector and
an ion trap spectrometer Varian Saturn 2000 (Varian Chro-
matography Systems) with an MS detector. Nitro musks
were separated on a 25 m length× 0.25 mm i.d., VA-5MS
column coated with a 0.25�m film. The GC oven tem-
perature program was: 40◦C hold 2 min, rate 15◦C/min
to a final temperature of 280◦C, hold for 5 min. Helium
was employed as carrier gas, with a constant flow rate of
1.3 mL/min. Injector was programmed to return to the split
mode after 2 min from the beginning of a run. Split flow
was set at 50 mL/min. Injector temperature was held con-
stant at 270◦C. Trap, manifold and transfer-line temper-
atures were 200◦C, 50◦C and 280◦C, respectively. The
GC–MS system was operated by Saturn GC–MS worksta-
tion v5.4 software. The MS detection method was adapted
from [12], increasing the mass range to 500m/z to seek for
heavier photoproducts.Table 1shows retention times and
identification and quantification ions for the selected musk
fragrances.
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ion in the same way described above. After the designed
iation time (2–60 min) the photolized solution were pla

n 22 mL headspace vials and HS-SPME–GC–MS ana
ere performed. For every set of experiments a contro

raction (same SPME procedure but without irradiation)
arried out.

SPME is an equilibrium technique; this means that
nalytes are not exhaustively extracted from the sample

rix, therefore the recovery is relate with the global e
ibrium between the three phases present in the system
ample, the headspace and the fibre coating); of cours
otal amount of analyte extracted does not change in e
xperimental conditions. Besides, on the contrary of o
xtraction techniques, the total amount extracted is inje

nto the analytical instrument. Thus, to convert peak
ata in mass or concentration data when required, the
eed is to inject standard solutions of known concentra
nd to demonstrate the linearity of the SPME extrac
ethod.

.3. Dark and thermal tests

Dark tests were carried out placing the fibre inside a g
ial and covering the whole device with aluminum foil;
rradiation was kept as in the remainder experiments.
hermal tests, a lab heater kept at 50◦C was used, temperatu
igh enough taking into account that inside the photorea

he temperature never reaches more than ambient±1◦C, due
o the efficient cooling devices. These tests are carried o
nsure that any changes in analytical response are due
ction of photons.
. Results and discussion

.1. Preliminary experiments

Although other coatings showed better extraction
ciencies for the target compounds at the selected
erimental conditions (HS-SPME at 100◦C) [12], PDMS
PME fibres were used in this study. Previous ph
PME studies[18–22], where it has been stated that p

odegradation only takes place, in an appreciable ex
sing that commercial coating under the selected irra

ion conditions (low pressure mercury lamps, 18 W), s
ort this selection. Nevertheless, sensibility of PDMS–SP
bres for nitro-musk compounds is acceptable and the
ection limits are sufficiently low to permit photoche
cal studies of the selected compounds and to ide
hotoproducts.

Dark and thermal tests have been carried out to con
hat there are no losses of analytes through volatilisa
nd/or thermal degradation. Thus, four water solutions

aining the nitro musks mixture were sequentially extra
nd each one was subjected to different treatments:
ard SPME (the fibre is immediately desorbed in the

njector); dark test; thermal test and UV irradiation. All
hem were carried out as it is described inSection 2. The
btained results in these tests demonstrated that the r

ion of analytical response only took place in the UV ir
iation experiments, confirming the photodegradation o

arget analytes; remaining less than 40% of the parent
ound after 30 min of UV irradiation. Results are show
ig. 1.
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Fig. 1. Comparative results obtained for UV irradiation (λ = 254 nm), dark
test and thermal test for the evaluated nitrated musk compounds.

3.2. Influence of irradiation time and kinetic studies

The preliminary experiments demonstrated that all ni-
trated musk compounds were photochemically degrad-
able under the selected experimental conditions. Peak area
changes for each individual compound after UV exposure
have been evaluated, as it is shown in the chromatograms of
Fig. 2for two selected irradiation times. The four nitro musks
showed comparable photodegradation behaviours. The ob-
tained results in photo-SPME are expressed as percentage
of undegraded compound (Table 1). The correspondent data
from aqueous photodegradation experiments of nitro musks
are also shown (Table 1). Photochemical reactions, both “on-
fibre” and in aqueous media, follow first-order kinetics, indi-
cating that the decrease in reagent concentration is an expo-
nential function of irradiation time.

The rate constants and half lives for both systems were
calculated (Table 2). The apparent first-order rate constants

Table 2
Experimental values of the apparent first-order rate constants, half-life times and reaction orders for the nitro musks studied

Compound “On-fiber” experiments Aqueous photodegradation

C1 C2 na

Xylene
k (s−1) 0.0007 0.0008

.98

M

.93

T

.93

K

.03

Fig. 2. Ion chromatograms showing the nitro musks “on-fiber” photodegra-
dation.

(kap) of the photodegradation for each particular nitro musk
has been determined as the slopes of the straight line equa-
tions obtained from linear regression: lnC versus time plot
(lnC = −kapt + lnC0), with squared regression coefficients
mostly greater than 0.98 (Table 2). The correspondent half-
life times (when the reagent species concentration is reduced
to 50% of its initial amount) were also calculated using the
expression:t1/2 = ln 2/kap, only applicable for first-order re-
actions. Two series of experiments departing from different
musks initial concentrations (C1 andC2) have been carried
out and calculations were made for the two sets of data, de-
termining the total reaction order (n) by the “half-life time
comparison method”:

n = 1 + ln (t1/2)1 − ln (t1/2)2
ln C2 − ln C1

giving values close to the unity in all cases (Table 2).
The apparent first-order rate constants (kap) were simi-

lar independently of the initial concentration, as it should
be in first-order reactions. Rate constants in the order of
10−4 s−1 have been determined in photo-SPME experiments
ap

t1/2 (s) 985 923 0
R2 0.9939 0.9718

oskene
kap (s−1) 0.0006 0.0007
t1/2 (s) 1249 1051 0
R2 0.9873 0.9859

ibetenee
kap (s−1) 0.0004 0.0005
t1/2 (s) 1924 1496 0
R2 0.9964 0.9675

etone
kap (s−1) 0.0006 0.0006
t1/2 (s) 1127 1257 1
R2 0.9883 0.9793
a n, total reaction order.
C1 C2 na

0.0030 0.0032
230 218 0.98

0.9930 0.9943

0.0017 0.0024
418 284 0.87
0.9893 0.9844

0.0014 0.0014
497 485 0.99
0.9956 0.9728

0.0026 0.0030
271 231 0.94
0.9943 0.9908
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Table 3
Retention times and characteristic ions of the photoproducts obtained in both media

Photoproduct key Retention time (min) Quantification ion (m/z, %) Identification ions (m/z, %) Xylene Moskene Tibetene Ketone

P1 10.03 218 (100) 218,172 (21), 157 (20) +
P2 10.88 236 (100) 236, 251(8), 162 (6) +
P3 11.30 215 (100) 215, 187 (51), 170 (30) +
P4 11.75 231 (100) 231, 203 (53), 188 (26) +
P5 11.80 233 (100) 233, 216 (18), 248 (7) +
P6 12.18 233 (100) 233, 187 (98), 245 (25) +
P7 12.21 234 (100) 234, 188 (42), 173 (38) +
P8 12.27 245 (100) 245, 260 (12), 203 (10) +
P9 12.73 219 (100) 219, 234 (30), 173 (15) +
P10 12.83 261 (100) 261, 115 (24), 276 (17) +
P11 13.00 233 (100) 233, 248 (50), 187 (42) +
P12 13.39 233 (100) 233, 187 (35), 262 (10) +
P13 13.65 231 (100) 231, 248 (50), 203 (38) +
P14 13.85 262 (100) 262, 279 (90), 172 (26) +

Individual experiments were only carried out by photo-SPME.

and 10−3 s−1 in aqueous photodegradation experiments for
all the nitrated musk compounds, suggesting that transforma-
tion kinetic is about one order of magnitude faster in water
that on SPME coating. However, the rank in thekap on each
media is the same, as it is demonstrated by a Spearman coef-
ficient equal to unity. Consequently withkap values, half-life
times varied from about 900 to 1900 s “on-fibre” and between
200 and 400 s in aqueous media. Butte et al.[16] reported rate
constants in water of the same order than our aqueous data:
supposedly, the higher power of irradiation lamp (150 W)
could compensate the lower energy from the longer irradia-
tion wavelengths they used. When H2O2 is added as oxidizing
agent to combine with 254 nm UV irradiation[17], the pho-
tochemical degradation rate constants in water are about two
to three orders of magnitude higher.

3.3. Identification of photoproducts

Fourteen different photoproducts were generated during
the irradiation of nitro musks mixture “on-fibre” and in aque-
ous photodegradation experiments. The chemical structure
of eight molecules has been determined based on their mass
spectra and two of them were surely identified based also
on data already published[13,14]. Individual studies, though
only for “on-fibre” experiments, confirmed the origin of the
p r case
( s
a or-
r

3
tion

o yl-
4 cts
i r-
r lothes
s l

Fig. 3. Chemical structure and ion chromatograms at different irradiation
times for the photoproduct detected in the photodegradation of musk xylene
(P14).

structure of this compound and the correspondent ion chro-
matograms for three selected irradiation times are shown in
Fig. 3. P14 is a photocyclization product originated from in-
tramolecular attack of an electronically excited nitro group
on the neighbouringtert-butyl group.

3.3.2. Moskene photoproducts
Up to date, there are no previous studies concerning musk

moskene photodegradation pathways, and there is only a sug-
hotogenerated compounds detected in each particula
indicated with a “+” sign inTable 3); their retention time
nd their identification and quantification ions with the c
espondent relative abundances are also included.

.3.1. Xylene photoproducts
P14, the only photoproduct detected upon UV irradia

f xylene (Table 3), was identified as 3,3,5,7-tetrameth
,6-dinitro-2-indolinone and it is one of the photoprodu

dentified by Zhao and Schwack[13] both in cyclohexane i
adiation and on a layer of cellulose stearate, used as c
imulator, and by Butte et al.[16] in water. The chemica
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Fig. 4. Proposed photodegradation pathways for musk moskene.

gestion of an intermolecular dimerisation similar to that pro-
posed by Butte et al.[16] for the musk ambrette. In this study,
chemical structures of three photoproducts of moskene (P8,
P9 and P12) and its photodegradation pathways are proposed

gradation pathways for musk tibetene.

(Fig. 4) based on data about photodegradation of musks xy-
lene and ketone[13,14], considering that chemical structures
of all nitro musk compounds are similar, and by the obtained
photoproducts mass spectra. There was no evidence of dimer
Fig. 5. Proposed photode
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Fig. 6. Chemical structure and ion chromatograms at different irradiation
times for the photoproduct detected in the photodegradation of musk ketone
(P10).

formation even though the mass spectrometer method was
modified on purpose. The main reaction was again photocy-
clization, leading to photoproducts P8 and P12. P9 is a minor
photoproduct obtained by photoreduction of the nitro group.

3.3.3. Tibetene photoproducts
There is not bibliography of photodegradation pathways

of musk tibetene either; but, in this case, the idea of an in-
tramolecular reaction similar to that of musk xylene has been
suggested by Butte et al.[16]. In fact, in this study three
photoproducts (P2, P5 and P11) have been clearly identified,
obtained by photocyclization from intramolecular attack of
an electronically excited nitro group on the neighbouringtert-
butyl group (Fig. 5). In the case of P11, there is a previous
photorearrangement, before the cyclization of the molecule
(Fig. 5).

3.3.4. Ketone photoproducts
Only one photoproduct (P10) has been detected from the

photodegradation of musk ketone. This photoproduct was
identified by Zhao and Schwack[14] with cyclohexane as the
reaction medium as 7-acetyl-4,4,6,8-tetramethyl-5-nitro-4H-
1,2-benzoxazine (Fig. 6); and it is originated through nitro-
nitrite rearrangement, followed by H-abstraction from the
ortho-positiontert-butyl group, then six-membered ring for-
m ion
c also
s

Fig. 7. Photoformation–photodegradation curves for some selected photo-
products.

3.3.5. Other photoproducts
The remaining six photoproducts could not be assigned

to any of the proposed photodegradation pathways but all of
them have been clearly detected after irradiation of the mix-
ture and individual compounds. In fact, individual studies
relate the presence of P1 and P7 with moskene photodegra-
dation and P3, P4, P6 and P13 with tibetene photodegradation
(Table 3).

3.4. Photoformation–photodegradation kinetics of the
photoproducts

Phototransformation of nitro musks lead to new com-
pounds that also underwent photochemical reactions and the
responses (peak height) for some selected compounds at dif-
ferent irradiation times are displayed (Fig. 7). After nitro
musks irradiation time of 60 min, all photoproducts can still
be detected. Most of them exhibit a maximum peak height
at 20–30 min; P8 is a representative compound of such be-
ation and finally water elimination. The correspondent
hromatograms for three selected irradiation times are
hown inFig. 6.
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haviour. P9, a photoproduct of moskene, shows a more stable
trend. Finally, P11, photoproduct of tibetene, shows a grow-
ing trend in the evaluated irradiation time range. The forma-
tion during photolysis of products more stable than the nitro
musk compounds has already been suggested[16].
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