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RATIONALE: Polycyclic musks have become a conceua tb their bioaccumulation potential and ecotoxigzal
effects. The HHCB transformation product (TP) (4,8,7,8-hexahydro-4,6,6,7,8,8-hexamethyl-cyclofgi:
benzopyran; HHCB-lactone) is the most stable inéeliate generated and it is frequently detected/er waters. The
aim of this work was the identification of relevaris generated from UV irradiation and ozone treats

METHODS: Identification of HHCB TPs was carried daytliquid chromatography/hybrid quadrupole timeflaght
mass spectrometry (LC/ESI-QTOF-MS) and two-dimemsigias chromatography/electron impact time-ofdtiig
mass spectrometry (GCxGC-EI-TOF-MS). With LC/ESIQH-MS, TPs were characterized by means of mass
accuracy in both full-scan and MS/MS modes throafiirmation-dependent acquisition (IDA) and dirggection
on-column. With stir bar sorptive extraction (SBSE}xGC-EI-TOF-MS, identification was based on théanced
separation capacity and screening of unknowns girdioe acquisition of full-range mass spectra.

RESULTS: The effectiveness of these complementayrtiques allowed a detailed evaluation of the rm&s.
Eighteen TPs were elucidated based on mass accundmyth full-scan and MS/MS modes using LC/ESIQFFMS
with mass errors below 5 ppm and 10 ppm (mosthgpectively. Most of the TPs had not been analjticdentified
in previous studies. Separation of the enantionsécies (R) and (S) of HHCB-lactone, and the ifieation of
other relevant TPs, was performed using SBSE-G(EGTOF-MS.

CONCLUSIONS: LC/ESI-QTOF-MS and GC GC-EI-TOF-MS bysés provides the best alternative for TP
identification of chemicals of concern, which haide range of polarities and isobaric compouAdsrediction of
PBT (persistence, bioaccumulation and toxicityhgghe PBT Profiler program suggested a classifinaif'very
persistent’ and’very toxic’ for most of the TPsiidified.

Keywords: HHCB (Galaxolide), oxidation processeansformation products, enantiomers, LC-ESI-QTOF-MS
GCxGC-EI-TOF-MS

Synthetic musks are widely used as scent compoiments Its potential release into the environment can ta&ee
an extensive range of personal care products (P&®s) during the production phase (compounding and

other consumer products in domestic or industsal u  formulation) but it is mostly discharged with wateto
such as cleaning or washing agents, and disinfesctan  the sewer system after consumer use. Several miogito
Amongst them, the market for polycyclic compourgls i studies have evidenced the presence of HHCB in
mainly represented by HHCB (1,3,4,6,7,8-hexahydro- untreated wastewater, sewage treatment plant (STP)
4,6,6,7,8,8-hexamethylcyclopenta[g]-2-benzopyran effluents and sewage sludge [2] as a consequence of
(GalaxolidéM) followed by (Tonalidé€"). HHCB is a suboptimal removal in STPs [3]; although theseistud
high production volume (HPV) chemical (in the ramde are not conclusive in quantitative terms regardihtCB

5000 to 10 000 tons) according to the European biodegradation. Because of this incomplete removal,
Inventory of Existing Commercial Chemical Substance HHCB has also been detected in sediments downstream
[1]. of the STPs [2] and in surface waters in the paets

trillion (ppt) to parts per billion (ppb) range [&]. Its
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frequent detection in aquatic environments, everemo The aim of this study is to provide insight intosTP
often than nitro musk compounds (NMCs), suggests a generated from various oxidative and irradiation

new pattern of use —that HHCB has replaced NMCs, to processes using liquid chromatography/hybrid

some extent, because of the impact of the lattéhen guadrupole time-of-flight mass spectrometry (LCAESI
environment. QTOF-MS) and enantiomeric separation of TPs using
comprehensive two-dimensional gas
chromatography/time-of-flight mass spectrometry (GC
GC-EI-TOF-MS). Oxidation experiments were
performed with dissolved ozone and irradiation was
provided by ultraviolet and visible light lamps. A
comprehensive study of fragmentation mechanisms and
an elucidation of the HHCB degradation pathway are
described. After elucidation of the chemical stuues of
TPs, a prediction of the persistence, bioaccunuariend
toxicity potential was conducted using the PBT Fepf
program for screening of TPs of environmental comce
The PBT Profiler, a widely used tool, can quanshd
predict the fate of a chemical in the environmant]

these predictions can be evaluated to prioritizsvibal
To carry out environmental impact assessment, @anoth hazards [17, 18].

relevant issue that needs to be addressed is the
identification of transformation products (TPs)€Th EXPERIMENTAL
lactone, 1,3,4,6,7,8-hexahydro-4,6,6,7,8, 8- Chemicals and reagents

hexamethylcyclopentgF2-benzopyran-1-one, an 1,3,4,6,7,8-Hexahydro-4,6,6,7,8,8-hexamethyl-

oxidation product of HHCB, was identified for thest cyclopentay-2-benzopyran (HHCB) (trade name:
time in environmental samples [9]. Since then, eirey Galaxolide™ —with purity higher than 85%) was

studies have reported that the levels of HHCB and purchased from Dr. Ehrenstorfer (Augsburg, Germany)
HHCBIactone in the environment are not decreasm a Analytical-grade ethyl acetate, methanol, acetibeiand

frequently occur at levels similar to, or highearh . . . .
. sodium chloride (99.5% purity) were supplied by.J.T
HHCB in STP effluent and surface waters downstream Baker (Deventer, The Netherlands). Water used for

STPs [3, 10]. This has been interpreted as biodegjcm ; .
S _C/MS analysis was generated from a Direct-Q™ 5
governed by HHCB oxidation processes towards HHCI%Itrapure water system (Millipore, Bedford, MA, USA

lactone in the STP [11, 12]. As found in preceding with a specific resistance of 18.2ZMcm. Formic acid

studies, it is also possible that HHCB-lactone loan )
hydroxylated to form the corresponding hydroxy acid gﬁ:{; grL]J;;ty) was purchased from Fluka (Buchs,

Several other stable intermediates detected by gas
chromatography/mass spectrometry (GC/MS), or other Sample preparation and LC/ESI-QTOF-MS analysis
chromatographic techniques, remain to be ident{tl&ql
So far, most of the studies for assessing theiftsaiton
and quantification of musk fragrance degradation
intermediates, including HHCB-lactone, have beeseta
on mass spectrometry technigues such as single
guadrupole mass spectrometry and, more recently, by
time-of-flight mass spectrometry or tandem mass
spectrometry [12, 14, 15]. According to the repddata,
little or no HHCB mineralization takes place, and

Over recent years, polycyclic musks (PMCs) have
become of emerging concern due to their
bioaccumulation potential and toxicological effects
although further studies are still necessary toafestrate
whether HHCB toxic effects, at the levels foundha
environment, might result from bioaccumulation. £om
studies carried out in vivo and in vitrosuggest tHeCB
may cause effects of great concern such as enéocrin
disruption [5, 6]. With respect to ecotoxicity, HB(as
been found to inhibit the larval development ofafiént
small aquatic crustacean species at low concemisafi,
8], indicating a significant toxic effect on songuatic
organisms.

The samples (40 mL) were extracted by means a soli
phase extraction (SPE). Oasis HLB
(divinylbenzene/Nvinylpyrrolidone copolymer)
cartridges (200 mg, 6 cixiWaters, Milford, MA, USA)
were used to prepare aqueous samples of the iicadia
and oxidative experiments after different expogimes.
The cartridges were placed in a Visiprep™ SPE viacuu
manifold (Supelco, Bellefonte, USA), and washecdhwit
; o> : mL of methanol plus 3 mL of deionized water, with n
?tggs;aecggnpiézggfﬁg]to be the principal (and riety vacuum. Following this, the samples were extraated

' the analytes, trapped in the cartridges, were eluseng
Another feature of HHCB is its chirality, which can 2 x 2 mL of methanol. The extracts were evaporateill unt
confer different toxicological behaviour [16]. For near dryness using a SBHCONC/1 sample concentrator
determining enantiomeric composition, GC/MS hasbee(Stuart, Staffs, UK). The samples were then redoist
the technique of choice in HHCB analysis [15]. Some with 1 mL of acetonitrile/water (10:90, v/v).

studies have used modified cyclodextrins as chiral Data acquisition was performed with a TripleTOF G60

stationary phases coupled to highresolution mass hvbrid d le time-of-fliaht ¢ ¢
spectrometry enabling determination of the enargiin sttrémq(lﬁa rggcl)Ee;( Irggn%or:? Oma(s:Zr?gg;)rggagcr:te d1to
composition of HHCB ((4S,7RS)- and (4R, 7RS)-HHCB), 151 564’ ries HpLC system (Agilent Technologies,

in biota reared in a pond, which receives effludms I . LI
’ - Wilmington, DE, USA) with an electrospray ionizatio
STPs [9, 11]. However, at present, there is a tdalata (ES) interface, LC/ESI-QTOF-MS. The ion source

regarding the detection of HHCB TP enantiomers.
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parameters were: ion spray voltage floating (IS\B500 A HPLC binary solvent delivery system equipped veith
V; temperature (TEM), 550°C; curtain gas (CUR), 25 reversed-phase C-18 analytical column (50 mm length
L/min and ion source gas (GS1 and GS2) at 35 mk#@n 4.6 mm i.d. and 1.8mm particle size; Zorbax Eclipse
psi, respectively. Nitrogen was used as the nedaugjias, XDBC18, Agilent Technologies, Wilmington, DE, USA)
curtain gas and collision gas. was selected for the separation of the TPs. Mgihikeses

The MS was operated in full-scan TOF-MS and MS/MSA atnd B. tvr\\/%rel,o/refspegtlvelyd acetonlg[r_llebart]r? HhPU@@
mode through information-dependent acquisition (JDA Yrvr?e(;}l:)vv\\lll raté W;scggg)lr%ﬁfrlnir?risl?r?e;? rc; digntavsvi?s's
in a single-run analysis. In addition to the disgnative from 10% to 100% of acetoni;[rile in 129min andrthe
information based on mass accuracy of the moleoutar intained at 100% for 5 min. The re- 'I"b i
acquired in TOF-MS, MS/MS mode was used for the main aln_e a V70 pr min. The re-equilibratione
characterization of TPs. The declustering poteiiél) was 7 min. The injection volume was 20mL.

and collision energy (CE) were 70 V and 10 eV mth  The data acquisition and processing in the LC/ESI-
full-scan TOF-MS experiment. The acquisition method QTOF-MS system was carried out using AnalystW TF
developed via IDA combined, simultaneously, a 250 m 1.5 and PeakView™ (AB SCIEX) software. For further
TOF-MS survey scan and dependent MS/MS scans  review of data for non-target compounds, PeakView
(programmed with a maximum of 4 candidate ions to  software was used. This software incorporates tools
monitor per cycle). The selected IDA criteria wee: display, filter, and process IDA data. Using thé&ID
intensity threshold of 100 counts per second (fps}s); Explorer application for data processing and

(i) mass range of 55 to 350 Da for the selectibn o retrospective analysis, TP characterization was
dependent MS/MS scan candidate ions and; (iii) ssma performed based on accurate mass (mass error),
tolerance of 50 mDa (the symmetrical window around elemental composition assignment and MS/MS spectrum
the candidate ion was selected for MS/MS). Undesé¢h interpretation. This data processing includes théhing
operational conditions, a collision energy spreéaé$) of the experimental MS/MS spectrum with a list of

was applied in conjunction with the CE to provide theoretical fragment masses, where the threshatiask
MS/MS-type scans. The result is that CE is rampent 0  tolerance was set lower than 15 ppm. Specialized

an interval by entering a CES value (CE-CES to PeakView software, Formula Finder and Structure
CE+CES). Both CE and CES were set at 35 and 20 eV Elucidation tools enabled elemental composition
respectively (which means 35 + 20 eV), in thefirst assignment and a detailed structural interpretatfon
experiment and, in a second experiment, were s at MS/MS spectrum. The MOL File application inside the
10 eV, in order to achieve optimal fragmentatiomhef PeakView software was very useful for the strudtura
precursor ion and subsequent sufficient structural elucidation of the TPs.

information in MS/MS mode. In this working modegeth ,
accumulation time was 75 ms in dependen% MS/MSsscana Pl treatment and GCx GC-EI-TOF-MS analysis
applied for those ions of higher signal intensayrid in ~ Water sample analyses were carried out, without
full-scan mode. Total cycle time was fixed to 0s#5he  preliminary filtration, using stir bar sorptive exttion
advantage of applying dynamic background subtractio (SBSE) followed by comprehensive two-dimensiona ga
(DBS) criteria by IDA was to facilitate the selextiof chromatography (G& GC-EI-TOF-MS). The extraction
those ions that had an LC peak profile with theatgst procedure was carried out according to a previous
intensity rate against background ions. optimized protocol [4]. In short, the extractionere
performed with PDMS commercial stir bars (20 mm

Mass calibration and resolution adjustments were :
) lengthr 0.5 mm film thickness; Gerstel, Mlheim a/d

performed automatically using a-2@ol/L solution of . .
poly(propylene glycol) introduced via a syringe gum Ruhrz, Gelrmany). deotélumhchrl]onqe (2]9.9) and' 10%‘1
and connected to the interface. The instrument was ~ Methanol were added with the aim of improving the

calibrated in full-scan TOF-MS and MS/MS modes. The/ ©SPONs€e of most of the analytes. The extractic wa
. o .
mass spectrometer was operated with a resolutivepo carried out at room temperature (25°C) overnightr(l

(RP) of aprox. 20 000 FWHM (full width at half while stirring at 900 rpm. The coated stir barsaver
maxima) for 'I:OF-MS scans at/z609.28066 thermally desorbed using a commercial thermal
(CasHaoN20s, reserpine). For calibration in MS/MS desorption unit, TDU (Gerstel), connected to a
mode, the characteristic masses used weret, SO programmed temperature vaporisation (PTV) system
(174 6913) @H1sNO;s (195.0652), GH1aNOs injector (CIS-4, Gerstel), using a heated tranigfier at
(236:1281)’ GoHaN,Os (365.18605 GHaN,O: 300°C. The PTV injector was installed in a € GC-El-

(397.2122) and &H3NOs (448.1966). This QTOF uses TOF-MS system, which consisted Qf a model 7890A gas
an automated external calibration system for mass  chromatograph (Agilent Technologies, Palo Alto, CA,

accuracy with an injector system (CDS, calibrant USA), equipped with a secondary oven to fit the
Delivery System Status) and an internal auto cafibn ~ S€condary column, and a quad-jets modulator (it co

by means of an interactive recalibration tool bamethe J€tS and two hot jets). The first column was a R0 m
common background ions found. x 0.18 mm i.d., 0.2mm) and the second column a Rxi-1

(2 mx 0.1 mm i.d., 0.10 mm), both from Restek. The MS
system was a Pegasus 4D TOF from LECO Corporation
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(St. Joseph, MI, USA). Electron impact (El) masscéya
in full-scan mode were obtained at 70 eV. This wiall
procedure has been previously described in dethil [
The chromatographic conditions were as follows: the
first-dimension column oven temperature programme
began at 70°C for 3 min, then increased to 150%Cratte
of 30°C/min, followed by a 5°C/min ramp to 200°6d a
finally at a rate of 15°C/min to 285°C, and helthig
temperature for 5 min—the total analysis time wa4?2
min. The second-dimension column oven temperature
began at 15°C, then 20°C, 20°C and finally 30°Gédrig
than the corresponding first-dimension column oven
temperature with the same rate and hold time. iz f
modulation period, for our purposes, was chosdietd s
with 0.6 s hot pulse duration and a +25°C modulator
temperature offset against the primary oven tentpexa

Oxidation of HHCB

In this study, three different experiments, based o
oxidation and irradiation processes, were apploed f
HHCB degradation with the aim of characterizing the
TPs generated in each process. These experimerds we
carried out on an HHCB solution at a concentratibh
mgLt in pure water using 2 mM phosphate buffer at pH
7.5 prepared from 0.2 M NaFQy2H,0 and 0.2 M
NaHPQ, solutions to avoid pH drift. Ozone was
produced by a corona discharge (Ozomatic, 119
SWO100 fed by oxygen) and continuously bubbled
throughout the run. The dissolved ozone concentrati
was monitored using an amperometric Rosemount 499
OZ analyzer calibrated against the standard Indigo
Colorimetric Method (SM 4500- O3B). The gas flow,
under normal conditions (N, 1 atm and 273.15 K)s wa
0.19 N nf bt containing 22 g N nf ozone. The
ozonation runs were carried out in a 1.3 L glaskgted
reactor operating at 25°C, the temperature beipy ke
constant by means of a Huber Polystat cc2 unit.
Irradiation experiments were performed using a 15 W
Heraeus Noblelight TNN 15/32 low-pressure mercury
vapour lamp emitting at 254 nm and a Heraeus TQ Xe
150 Xe-arc lamp with emission in the visible regibor
visible light irradiation, an additional Pyrex tubeted as
a filter absorbing wavelengths <290 nm. The lanep\g
was equipped with a quartz cooling tube, in whiah t
lamps were fitted, and was refrigerated by mearss of
thermostatic bath. The temperature was kept at.ZHR€
pH was kept constant a 7.5 within = 0.1 units. Ker
lamp irradiation runs, a photocatalyst was uset tha
consisted of ceria-doped Ti@0.5% wt. of cerium)
prepared using the sol-gel method as described/letse
[19]. The bulk concentration of catalyst was 200lmy
kept suspended with a magnetic stirrer operatirgpat
min~L. The reason for using a photocatalyst is thatifee
of visible light irradiation alone on HHBC did nietad to
any significant degradation. Details on the phaizigat
and on the actinometric characterization of both
irradiation processes as well as the experimeatals
can be found in a previous work [19].

RESULTS AND DISCUSSION

Identification of transformation products (TPs) by
LC-ESI-QTOF-MS analysis

Data on occurrence of HHBC in all compartmentshef t
aqguatic environment as well as in biota, are coesis
with its lipophilic and persistent nature [20]. The
degradation half-life is around 100 days in rivemples
and 150 — 200 days under laboratory based expetsmen
[20]. Biodegradation tests have demonstrated tih&ECBI
leads to the formation of 1,3,4,6,7,8-Hexahydro-
4,6,6,7,8,8-hexamethylcyclopengaR-benzopyran-1-one
(HHCB-lactone) as a relatively stable end proddct o
HHCB metabolism [20, 21]. Photo-oxidative studies
have also suggested a similar pattern towards the
formation of other polar metabolites, by hydroxigdatof
HHCB to form the corresponding hydroxy acid. Other
stable intermediates have been suggested, buhthey
not been identified [13, 22]. In this work we have
explored the characterization of TPs generatedrunde
oxidative and irradiation conditions The rate oplé¢on
of HHCB was high using ozone, with over 98% removal
after 2 min. The rate constant for the reactiorldCB
with molecular ozone is relatively low, 8M?, but the
absence of competing substances makes removal
particularly efficient in pure water [19]. Irradian
processes were less efficient in removing HHCB with
depletion over 80% after 2 min under UV irradiatitivie
showed in a previous work [19] that the depletibn o
HHCB in a wastewater matrix was relatively rapid in

Rzone-based treatments, while UV photolysis gawe po

results (< 60% removal after 15 min). The differenc
with respect to pure water runs can be explainethéy
presence of UV absorbing compounds in wastewater.
Visible light irradiation of HHBC in the presencé@e-
TiO, photocatalyst also led to a high removal efficienc
Using wastewater matrix, we also noted that Xe/@&>-T
was able to efficiently remove HHCB even considgrin
that its ability to produce hydroxyl radicals wasatively
low [19]. In all cases, samples were withdrawnap t
min of oxidation or irradiation with the aim of idifying
the TP produced in each process.

The TPs identified by LC-ESI-QTOF-MS analysis o th
water samples obtained from the lab-scale studies
performed with O3, UV and Xe are included in Table
Structural elucidation of TPs was achieved by aafeur
mass measurement in both full scan and MS/MS modes
by means of IDA in one run analysis.

TPs withm/z273

HHCB degradation towards HHCB-lactone was observed
as a dominant pathway to oxidation in the three
treatments. As an example, Figure 1(A) shows ansd
peak at retention time (Rt) 12.09 min and the $alin

mass spectrum with the ionrafz273.1852,

corresponding to the{reatment after 5 min.

To assign elemental composition and to perforncaire
based fragment interpretation, we made use of flarmu
finder and structure elucidation. Formula findes\ypded
only one proposal with an elemental compositiomof
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Table 1 Structural elucidation of 18 transformation prottugenerated during treatments with ozone, UV Yanbdy LC-ESI-QTOF-MS analysis. Identification eria

based on accurate mass measurements of moleausaatiiol fragment ions, elemental composition asgsa@mnand ring and double bonds (RDB).

TOF-MS TOF-MS/MS
Elemental RDB : : . Elemental
Rt(min) | TP Measured composition | (Neutral Theoretical Error .TIC —I_De?k Major.fra'gmen't lons composition of Error Loge Proposed structure
mass (Da) (M+H]) * molecule) mass(Da) (ppm) intensity’ (Relative intensity, %) fragment ions (ppm) ow
CH GHs
195.1168100) ( CisH1s") 21 H3C 3
129.071438) ( CioHg") 12 ©
8.16 1 287.1642 @H2303" 8 287.1642 0.1 5.1x 0 | 168.0934(25) ( CasH12™) 0.5 6.37 HsC
179.087925) ( CuaH1r%) 13 °
231.1033(13) (CiH1s0s*) | 7.3 HC ong i
225.1271100) ( CieH170") 15 HsC CH3
271.167440) ( CagH2302") 7 HaC o
. 197.1336(33) ( CasHa7") 55
8.25 2 289.1808 @H2503 7 289.1798 34 8.5x 10 142.0781(11) ( CriHio™) 26 3.79 o o
185.0940(11) ( C13H130%) 115 nd CH
256.1465(11 (CitHa002™) | 2.€ ° o)
217.125%100) ( C1aH1702%) 13.0 HaC
141.070167) ( CaHg*) 6.3 8 o H
8.3¢° 3 275.1649 @/H2303" 7 275.1642 2.5 1.3x 10 | 187.1124(54) ( CasH150%) 0.9 4.84 H3C
159.0790(53) (CuHuO*) | 13.0 OH
157.1006(52) ( C12H13") 34
255.1757100) ( C18H230") 4.0
143.0860(93) ( C1aH11%) 3.2
. 128.0637(66) ( CaoHs*™) 13 +
10.00 4 273.1859 @H2502 7 273.1849 3.6 9.8x 10 185.097152) ( CiaH1:0") 5.6 4.71 H
157.102745) ( CazH1s") 9.9
171.081@43) ( C12H110%) 3.1
243.1730(100) ( Ca7H220%) 54
271,171468) ( CagH2302") 8
10220 | 5 289.1796 @H2503" 7 289.1798 -0.8 7x 20 213.130823) ( C1sH170%) 134 491 H
185.130818) ( C1aH17%) 8.9
173.095914) ( C12H130%) 0.8
H;C
227.1066(100) ( C1sH1502") 0.3 H,C +
212.082226) (CuH102") | 4.7 X H
10.37%¢ | 6 257.1551 &H2102* 8 257.1536 4.6 1.7x 10 | 197.061523) ( C13H90O2") 9.0 5.38 H3C o
141.0691(16) ( CoHu11") 55
199.1118(11) ( C14H150%) 0.2 HaC CHg a4
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79.0534100) (CeH7Y) 11.0
93.069277) ( CrHe") 7.8
77.038768) ( CeHs") 1.6
10.40% | 8 277.2165 | GHa9O2* 277.2162 -1.1 | 1.3x10 | 91.0545(59) ( CrH7Y) 3.3 4.83
107.084750) ( CaHu1") 75
135.116132) ( CaoHi5") 5.2
241.197:(14) ( CisHas") 8.F
241.1232100) (CiH1702") | 3.6
213.090930) (CuH102%) | 0.6
. 211.077428) (CuHuOs*) | 9.8
C
10.7¢¢ | 9 271.1700 | @H2d0z 271.1693 2.7 4510 | 557107121 (Cotie0r) | 44 5.93
187.074219) ( C1zH1102%) 6.0
256.1477(18) (CaH2002*) | 7.6
271.1696100) ( CagH2302") 1.3
241.121430) ( CaeH1702%) 3.9
10.7%° | 10 | 289.1790 | @H2s0s* 289.1798 2.8 | 9.8x30 | 213.090717) (CiuH1:02") | 1.5 514 | ™€ o
256.146Q7) ( Ca7H2002%) 0.8
201.0916(6) (CiH1202") | 3.1 HeC CHs o
67.0552100) ( CsH7Y) 14.4 CH
81.070%68) ( CsHg*) 75 HeC CHs 3 H
95.085265) ( CrHurY) 3.4 CH,
1108 |11 | 279.2321 | @H30:* 279.2319 0.9 3.6x 10 | 79.054323) ( CeH7Y) 1.2 5.10 | HsC BN
109.100818) ( CeHas") 3.7 oG \ OH
261.2187(5.5) ( C18H290"%) 10 8 cH OH
243.2128(4.4) ( CagHar") 8.4 s
67.0546100) ( CsH7Y) 5.0 HeC CHa CH;
95.084994) ( CrHurY) 6.6 o
. ) 81.070272) ( CsHe") 4.2 LG 3
1127 |12 | 279.2317 | @HaOz 279.2319 06 | 16x10 | 7o'0csez0) parhd! 55 510 | Hs ]\| on
93.070722) ( CrHe") 9.4 HaC
261.2193(3) ( C18H200") 7.8 CHg OH
227.145%100) (CieH190%) | 10.9 Hyc_ $Hs CHs
209.131%47) ( C1eH17") 10.2 A\ H
, 141.070933) ( C11Hg") 7.5
be H,C
11.43%¢ | 13 | 257.1912 | @H250 257.1900 47 2830 | 150 02404 { Cotis) 71 6.17 3 o
187.112624) (CiH1s0%) | 4.6 HaC
194.107922) ( CisH14™) 5.7 CH,
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277.2127100) (C18H2002") 1.9
79.053%44) ( CeH7*) 9.7 HeC CHs CH; g
91.054444) (CH7) 1.8
93.069444) ( GrHg") 5.2 oG | | CHs
11.558% | 14 | 295.2255 | @H=0s" 295.2268 -4.6 1.2x 40 | 151.1131(44) ( C1oH150") 8.7 5.20 3 \ OH
71.085%33) ( CsHu1") 0.0 H5C
99.080133) ( CeH110%) 3.9 CHs (OH),
259.2027(11) ( C18H270") 11.4
241.1968(11 ( CagHas") 7.2
93.069@78) ( CrHg") 9.2
79.053956) ( CeH7*) 4.5
. ) 77.039@44) ( CeHs*) 4.9
1152 | 15 | 277.2150 | GH202 277.2162 4.4 4.9x 20 121.100844) ( GoHis') 08 5.93
91.054@34) (CH) 3.0
105.069834) ( CsHg") 5.5
225.1278100) ( C1eH170") 1.9
255.176887) ( C18H230") 7.5
be + 129.069283) ( CaoHg*) 5.3
11.9BP | 16 | 273.1853 | GH2s02 273.1849 1.4 6.9x 10 157.102060) ( CiH1s") k1 5.01
142.076759) ( CaHio") 7.2
197.1334(47 (( CasHa7") 4.€
225.1297100) (CiH120%) | 10.2 HaC ¢Hs
197.134178) ( CasHa7") 8.2 HsC .
255.176846) ( C18H230%) 9.5
abc + HLC
12.09 17 | 273.1852 | GHas02 273.1849 1.1 7.3x10 212.157636) ( CuoHao™) 78 5.25 3 I
240.153233) ( CatH200*) | 9.8 -
129.0701(33) ( CaoHg") 1.6 HeC ~Ts o
211.1142100) ( C1sH150") 11.4
183.117174) ( CuaH1s") 1.7 HaG CHs
226.1362(68) (CieH180™) | 4.3 HyC o H
255.172447) ( C1H230") 7.5 2
abc + H.C
12.23 18 | 273.1854 | GHas0O2 273.1849 1.8 7.8x %0 129.069433) ( CacHo) 40 6.61 3 on
155.085427) ( CazHur®) 1.1
128.0620(22) ( CaoHs™) 0.4 Hoe  CHa 5
168.094:(22) ( CraH12") 5.€

aTPs by Ozone treatment
bTPs by UV treatment
¢ TPs by Xe/Cat treatment

4 TIC- peak intensity shows “relevant TPs” in terofisibundance

¢log Kow — calculated by PBT Profiler program.
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Figure 1. Identification of three transformation productdHHCB with the same mass 273.18 by
LC/QTOF-MS. (A) Chromatographic separation at défe Rt, total ion chromatogram (TIC), extracted io
chromatogram (XIC) and full-scan spectra. (B) Ozgibf experimental MS/MS spectra and theoretical

fragmentation providing a list of structural fragmewith corresponding mass error.
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CisH2502", based on a measured massat273.1852 At Rt 12.23 minm/z273.1854 (@H2:0.", 1.8 ppm and
with an error of 1.1 ppm and a ring plus doubledon RDB of 6.5) initially could also be assigned to the
(RBD) factor of 6.5 —this, therefore, was prelimiha HHCB-lactone isomer, but it was discarded due to
assigned to HHCB-lactone. significant differences in the LC/ESI-QTOF-MS/MS

IDA explorer provided a list of all fragment ions waell spectrum, in which several new fragment lons were
as the mass errors. Figure 1(B) shows the TOF-MS/MSObseNed' Table 1 presents the list of all assigned

: fragment ions and mass errors corresponding to8[P-1
spectrum from the peak at Rt 12.09 min and thequep i i ) -
formula composition fragment ions. By applying the The LC/ESI-QTOF-MS/MS spectra of TP-18 exhibits

structure elucidation application, a proposed $tmac m/z211.1142 as the most intense product iopH0",

. . . 11.4 ppm). This ion resulted from the successigs tif
(molfile) could be linked to the spectrum obtairzetl i .
provides insight into the fragmentation mechanisms. water to form (M-18) species a/z255.1724, an ethy|

. . : . radical and a methyl radical. The formatiomuof
Following this, all fragment ions which match witre ;
proposed molecule, based on elemental compositidn a 183.1171 (Ghhs', 1.7 ppm) takes place as a result of the

. L . loss of a carbonyl group (C=0). Consequently, the
mass error, mostly those with a relative intensigher
than 30%, are highlighted. From the precursor tan/a g/lzlc '\fri 2??%5?7081—5&:1;-; %%%aegeget%;zitgz I(\JI/ItShat
273.1, the fragment ions observed by decreasiagjvel b

. . these ions are not identical in structure, as TRdes not
intensity were: 225.1297(100), 197.1341(78), 256817 . .

(46), 212.1576(36), 240.1532(33), 129.0701(32) and i?g)rf the closed-ring structure of HHCB (Figs. 14Adi
157.1015(32). '

In addition to the above-mentioned intermediates
elucidated for mass 273, the LC/ESI-QTOF-MS analysi
corresponding to the UV-irradiated sample shows
another intense peak at Rt 10.00 min (TP-4) wién th
same mass and elemental compositionH&O-*, 3.6
ppm and RDB of 6.5). This, solely detected in thée U
treatment, is another species strongly linked ¢o th

HHCB-lactone is degraded through the formation of
hydroxyl radicals. Hydroxyl radicals are generdteth
the decomposition of ozone or from the action sfble
light on the surface of the Ce-Ti@hotocatalyst.
Peroxide moieties are subsequently formed by the
addition of molecular oxygen followed by protonatio

removal of a water molecule and rupture of the.ritgs introduction of a hydroxyl group instead of thenf@tion

leads to the formation of an acylium fragmemtg . o
255.1768, @H2:0", 9.5 ppm). The sequential loss of twoOf higher oxidation states such as TP-16, TP-17Tand

methyl groups leads 10/2225.1297 (GH:,0", 10.2 18, observed during ozone oxidation.
ppm), the fragmentation of which results in theslofa  TPs with m/z 289

carbonyl group and the formationmfz197.1341 : :
7 . In the LC/ESI-QTOF-MS analysis, three different kgea
2P0 F1om e eyl TomEnIH s VIere deleced a/2200-R1 5.5 (17-2), 1022 (TP-)
' ' 9 10.75 (TP-10) min (Table 1). TP-2 was observedhen t

the consecutive loss of a methyl radical yieldimg t .

e . ozone treatment, TP-5 in both UV and ozone treatsyen
radical ionm/z240.1532 (GH200™, 9.8 ppm) and the 415 10 i the UV experiment. For TP-2 and TRfb
p((:)st:rlgr ;OZS of a carbonyl group/z212.1576 identical elemental composition ofgEl,s0s* matched
(CieHz™, 7.8 ppm). with an error of 3.4 ppm (TP-2) and -0.8 ppm (TPa5)d
In Fig. 1(A), two peaks at Rt 11.91 and 12.23 mim a  with 6.5 RDB-using IDA explorer, several differeace
detected in all treatments close to the peak 4PRX9 arose between the MS/MS spectra.
min (HHCB-lactone). The peak at Rt 11.91 min, witfz .

. . TP-2 corresponds to the hydroxylation of HHCB-lagto
§743'18r§35;nvéa§ gssggeggggzéovf/ag'itge%tmgzsair;or °f in the methyl groups of the cyclopentane ring. TB-2
- PP ' ] fragmented with the loss of H20, leading to the

structural isomer of HHCB-lactone because its spect . .
. . formation of a fragment ion at/z271.1674 (GsH2:0:",
only differs from the spectrum at Rt 12.09 minhe t 7 ppm) and the posterior loss of a methyl radieaing

relative intensity of common fragment ions. Figli(B) : : o
to a minor fragment ion an/z256.1465 (&H200.™, 2.9
shows the LC/ESI-QTOF-MS/MS spectrum at Rt 11.91 ppm). The base peakmiz225.1271 (GH:70") is due

min. The detection of this isomer is justified besa of
. . to the loss of CkDH. The subsequent loss of CO

the HHCB-Iact(_)ne structyre, which has two chiraitoes resulted in the signal observedalz 197.1336 (GH17",
and four enantiomers. It is also due to the

) o . 5.5 ppm).
chromatographic conditions as no special column was
used to separate chiral compounds—so they couldenot In TP-5, the hydroxylation takes place in the chelxane
detected by LC/MS analysis. For this reason, astral  ring. This degradation generates two abundantiiotise
isomer (TP-16) has been proposed instead of MS/MS spectra an/z271.1714 (attributed to the loss of
enantiomers. Table 1 includes the 18 polar TP<iftksh  H20) and 243.1730 (loss of CO and formation of a)ring
by LC/ESI-QTOF-MS analysis, which were generated confirming the proposed structure.

urr:der tTe threﬁ'lrradlatlotn andf omda:we procbes'g;% This fragmentation pattern was also observed ilTP-
chromatographic separation ot énantiomers Dx&a- o)y detected in the UV treatment. The precursor io

EI-TOF-MS is described in the next section. [M+H]* at™2 289.1786 dissociated into/z271.1696
Rapid Commun. Mass SpectrogY, 1237-1250, 2013



241.1214 and 213.0907. The iomatz271 (GsH230,"),

which is the base peak of the MS/MS spectrum, was

generated by the loss of a water molecule. Thasitie
of this peak can be attributed to resonance stakiitin.

Consecutive losses of methyl groups in the cycltgen
ring led to the signal ah/z241.1214. The subsequent

loss of GH4 resulted im/z213.0907.

In the above-mentioned TPs, the predominant
fragmentations were marked by the loss of methyl
groups, the formation of an acylium fragment are th

loss of a carbonyl group. This pattern was obsenveie
rest of the MS/MS spectra of the TPs, for whichrtiest
abundant fragmentation mechanisms were the loss of

aliphatic groups (CECzH4,CoH2,C:He) —as observed in
TP-9, and some of them in TPs 6, 7, 11, 12. TPevsH
the characteristic water loss. Other losses wae al
recognized such assi;0, in TP-7; GH20, in TP-6; and
CsHs0, GH40; or GH1405 in TP-3. Table 1 presents the
structures of these TPs and a list of all assigmeduct
ions used for structural elucidation, most of theitin a
mass error below 10 ppm. This table provides the
intensity of the peaks in the TIC (total ion
chromatogram) corresponding to each TP, which is
related to their ‘relevance’ in terms of concendnat In
decreasing order, the first five TPs were TP-17
(HHCBIactone), TP-13, TP-4, TP-16 and TP-4
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Separation of enantiomers and identification of TPs  containing 5% phenyl in dimethylsilylsiloxane suah
by GCxGC-EI-TOF-MS analysis DB-5 are frequently used, but, if separation of HBHC
enantiomers is desired, the use of a 1:1 statiguiaage
mixture of OV 1701/heptakis(6-O-tert-
butyldimethylsilyl-2,3-di-O-methyl)-b-cyclodextrin
provides optimal performance. Enantioselective yasisi
of HHCB and quantification was first established by
Frankeet al. [9] for fish samples enabling the
determination of HHCB ((4S,7RS)- and (4R,7RS)-

Rapid Commun. Mass SpectrogY, 1237-1250, 2013

Up to now, the most intensively studied chiral
compounds have been persistent organic pollutants
(POPs)—preferably using cyclodextrin as chirali@tetry
phase (CSP), high-resolution gas chromatography
(HRGC) or modified cyclodextrin [23]. For the
separation of the musk compounds, columns withsfilm



HHCB). Previous studies [11, 24—26] reported on the
enantiomer ratios of HHCB in environmental samples.
Despite a variety of chiral GC columns being avdda
enantioselective resolution can be difficult whesirayle
CSP column is used; this is due to an overlappinbeo
enantiomers of different isomers or because ofrothe
commonly encountered co-elution problems which are
dependent on the matrix. To overcome the co-elution
problem, comprehensive two-dimensional gas
chromatography (G& GC) has attracted attention
because of its great separation efficiency.xG&C-EI-
TOF-MS appears ideal in screening a large number of
compounds, target and unknowns, simultaneously, of

obtained for the identified TPs are shown in FigAlB
TPs were very persistent in sediments and persisten
soil (see Fig. 3(A); the threshold for ‘persistermaing
60-180 days, ‘very persistent’ being >180 days). In
water, the TPs were not persistent, except TPs113,3
14, 16 and 17, which presented persistence (< $§) da
among them HHCB-lactone. Concerning
bioaccumulation, most of the TPs were accumulative
except TPs 2, 3, 4, 7, 10 and 18 (see Fig. 3(B); th
threshold for ‘accumulative’ being a BCF within the
1000-5000 range; ‘very accumulative’, a BCF > 5000)
TP-1 and TP-13 presented very high BCF values,whic
show they are very accumulative. The ChV factor was

complex environmental samples since TOFMS providedess than 0.1 mg £ for most of the TPs, and, therefore,

full range mass spectra for all the sample compmném
this way, a 3D-structured contour plot was obtajned
where four stereoisomers of HHCB-lactone were
resolved, and two of their diastereoisomers [trans-
(4S,7S)-HHCB andcis-(4S,7R)-(-)-HHCB] exhibited
significant differences in intensity (Fig. 2(A))tUslies
regarding the enantioselective separation of
transformation products, which are very scarce,[24]
reported the enantioselective separation of HHCB-
lactone using modified cyclodextrins in capillatgsg
chromatography (cGC) providing remarkable seleigstivi
However, in trace compound analysis, it is impdrtan
choose a sensitive and highly selective detectietihad,
especially in screening analyses identifying nagetor
unknown contaminants. GOGC-EI-TOF-MS fulfils
both criteria providing insights into reliable iddication
based on structural information. Due to the enh@nce
separation capacity, problems associated with atireg|
matrix compounds were largely eliminated and what
would otherwise overlap in 1D-GC is separated.

TP-19 was identified by GE GC-EI-TOF-MS analysis,
based on the enhanced separation capacity; wistig u
conventional chromatography, might easily havet¢ed
misidentification, simplifying enantioselective dair the
presence of isomers, generating greater certaonty f
identification purposes. The suitability of GGC-EI-
TOF-MS for non-target analyses in terms of polltitan
mapping was demonstrated facilitating the deteatfon
three isomers an/z288 at different Rts (Fig. 2(B)). The

‘very toxic’. Only TP-2 and TP-7 showed values bedw
0.1-10 mg L%, which denote a classification as ‘toxic’
compounds. TP-3 is the only TP for which ‘no totiti
was predicted (Fig. 3 (C)). When chemical-spedifita
is lacking, such as in the case of TPs, the PBTil@ro
can help to identify an issue of potential concéurt,it
should be considered only as supplementary infeomat
to experimental data. This software is useful in
establishing priorities for chemical safety evalmatand
as a screening level predictive tool for the idesdi TPs
providing a preliminary assessment on the potefural
persistence, bioaccumulation and toxicity. For more
accurate risk assessment of TPs, additional datadh
be gathered and/or additional experimental analyses
conducted.

CONCLUSIONS

The identification of ‘relevant TPs or metabolit@s’
terms of occurrence or concern are being considared
monitoring programmes, not only in scientific warksit
also by river management organizations and water
suppliers. This work demonstrated that a combined
strategy, using LC/ESI-QTOFMS and GGC-EI-TOF-
MS analysis, provides an interesting alternativilitthe
knowledge gaps related to the identification of &Bs
chemicals of concern; since they can often dispiay,
just a higher water solubility, but also greaterspence
and accumulation. This might explain a detection
frequency even higher than their parent compouwsutd)
as HHCB-lactone. In this study, the structures&palar

GCx GC-EI-TOF-MS spectrum of the three isomers fitSTps have been elucidated based on LC/ESI-QTOF-MS

the structure of a TP previously described by Matital.
[27], generating microbial degradation, which suppa
possible common oxidation with ozone treatment.

PBT characterization of TPs

PBTs are compounds that are toxic, persist in the
environment and bioaccumulate in food chains. Rer t
PBT Profiler program, the US Environmental Protatcti
Agency (EPA) has developed thresholds. The tool
includes methods for estimating environmental
persistence (P), bioconcentration potential (Bj, an
aquatic toxicity (T) using models that are eitlragfnent
or Kow based QSARs, or expert systems, or some
combination of the three. Estimated/alues are
presented in Table 1. The PBT Profiler predictions

analysis, most of which have not yet been reported
previously. The separation of enantiomeric species
(R)and(S) of the TP HHCB-lactone and the identtiaa
of other relevant TPs was performed by SBSExG&LC-
EI-TOF-MS analysis. A prediction of the potenti&P
(persistence, bioaccumulation and toxicity) was
conducted using the PBT Profiler program suggesting
classification of ‘very persistent’ and ‘very toxfor

most of the TPs identified
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