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Abstract: The polycyclic musk fragrances AHTN (Tonalide) and HHCB (Galaxolide) are the most common 
components of cosmetics and detergents. Use of AHTN and HHCB per year (in the USA and in EU) was 
estimated at 1500 Mg and 3800 Mg, respectively. Because of their persistent character, musk compounds 
are introduced into environment mostly via urban sewage treatment plant effluents. The aim of the presented 
research was to assess the receptivity of AHTN and HHCB to the oxidation by means of UV-radiation and in the 
UV /H2O2 process. The investigations were performed in the treated wastewater and the drinking water. After 
8 minutes, in all experiments performed on drinking water, the degradations of AHTN and HHCB in the range 
of 99% were observed. The removal of HHCB from wastewater by means of UV radiation exceeded up 93% 
(after 8 minutes of the process), whereas the disappearance degree of this compound in wastewater, after only 3 
minutes ofUV/H2O2 process, exceeded 99%. The degradation constant rate for AHTN in drinking water using 
UV radiation was equal to 0.764 rnin' when the degradation rate ofHHCB was estimated at 0.634 min'. In the 
wastewater, the coefficient rate ofHHCB degradation by means ofUV/H2O2 was nearly 4.5 times higher (1.580 
min') in comparison to the value obtained by direct photolysis of HHCB (0.354 rnin'). 

INTRODUCTION 

The polycyclic musk compounds are synthetic musks. The first polycyclic musk compo 
und, AHDI, was synthesized in year 1951 [15]. After this date the production of polycyclic 
musk compounds developed on the industry-scale. Compared to other group of artificial 
nitro-free substances (e.g. macrocyclic musk), the polycyclic musks can be synthesized 
at relatively low costs [ 13]. Because of their characteristic fragrance proprieties and hi 
gher than nitro musk substances resistance to light, they are mainly used as component of 
cosmetics (especially perfumes) or detergents [7]. 

At the present moment AHTN (Tonalide) and HHCB (Galaxolide) are the most im 
portant representatives of polycyclic musks. Use of AHTN and HHCB per year (in the 
USA and in EU) was estimated at 1500 Mg and 3800 Mg, respectively [15]. It corre 
sponds to about 95% general consumption of polycyclic musk compounds. 

For the first time polycyclic musk fragrances were identified in surface water and 
fish samples from the River Ruhr (Germany) in the first half of the I 990s [2, 3 ]. Occur 
rence of AHTN and HHCB in the water sample from the River Elbe (Germany) was 
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reported in 1995 by Franke [5]. Nowadays prevalence of these compounds in different 
parts of environment is reported by many authors [e.g. 6, 7, 13, 17]. Because of their 
persistent character and biodegradation resistance, musk compounds are introduced into 
environment mostly via biological sewage treatment plant effluents [ 1 O]. Due to their 
physical-chemical properties they indicate lipophilic character. They are described as 
a new group of bioaccumulative and persistent xenobiotics. The most important poly 
cyclic musks, AHTN and HHCB, can be accumulated not only in sediment and aquatic 
organisms but also in human milk, muscles and tissues [ 14]. Basic data on AHTN and 
HHCB are listed in Table 1. 

Table 1. Basic data concerning AHTN and HHCB 

AHTN HHCB 

Chemical name 
7-Acctyl-l, 1,3,4,4,6-hcxamcthyl 

tctrahydronaphthalcnc 

l ,3,4,6,7,8-Hcxahydro-4,6,6,7,8,8- 

hcxamcthylcyclopcnta[g]-2-bcnzopyranc 

Trade name Tonalidc" Galaxolidc" 

Molecular formula 

Chemical structure 

o 

CH, 

CAS No. 1506-02-1 1222-05-5 

The aim of the presented research was to assess the receptivity of AHTN and HHCB 
to the oxidation by means of UY-radiation and in the UY!Hp2 process. Additional aim of 
the study was to estimate the kinetic coefficients of the advanced oxidation of AHTN and 
HHCB in aquatic environment. 

MATERIALS AND METHODS 

Chemicals 
AHTN (Tonalide) and HHCB (Galaxolide) were purchased as 100 µg/cm3 - solutions 
(Certan®) in cyclohexane from Promochem GmbH, Germany. Surrogate standard, AHTN 
(Tonalide)- 03, was purchased as 100 µg/cm3 - solution in isooctane (2,2,4-trimethylpen 
tane) from Dr. Ehrenstorfer GmbH, Germany. All solvents used for solid phase extraction 
(SPE) were of the highest grade commercially available and they were purchased from 
Merck. The solid phase extraction cartridges were purchased from Supelco. Hydrogen 
peroxide (30%) was purchased from Fiuka. 
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Analytical methods 
All GC/MS analyses were performed according to Ternes and Joss [9, 16]. The water 
or wastewater samples (contained AHTN and HHCB) were filtered through glass fiber 
filter (GF 8, Schleicher & Schuell, Dassel, Germany). The AHTN - D3 was spiked into 
each sample as surrogate standard. The samples were sucked through the SPE cartridges 
containing a solid phase material (conditioned by flushing with hexane p.a., acetone p.a., 
methanol p.a. and deionized water at neutral pH) at a flow rate of::::: 20 cm3/min. As the 
solid phase material, the 0.5 g RP - C18 Bulk Sorbent (from Separtis GmbH, Grenzahl 
-Wyhlen, Germany) was used. Before elution the cartridges were completely dried by 
a gentle stream of nitrogen. The analytes were eluted with methanol p.a. and the samples 
were evaporated to dryness using nitrogen. The analytes were solved on hexane conta 
ining PBC Nr. 30 (as instrumental standard). Identification of AHTN and HHCB was 
performed by GC/MS in single-ion monitoring (SIM) without derivatization. GC/MS 
measurements were performed on a gas chromatograph HP 5890 (equipped with auto 
sampler HP 7673), coupled with mass spectrometer HP 5971. Res tek XTI-5 (30 m x 0.25 
mm x 0.25 µm) as GC-column was used. The injector temperature was 2 I 5°C (injection 
volume= 3 ·]Q-6 dm3). The temperature program was as follows: 50°C (isothermic) for 
0.75 min.; 20°C/min. up to 160°C; 4°C/min. up to 280°C; 20°C/min. up to 300°C; 300°C 
(isothermic) for I O min. Quantification was done by comparing the ratios of the peak 
areas from the analytes and the surrogate standard to an external calibration curve. 

Experimental set-up 
The experiments were performed with wastewaters from sewage treatment plant and 
drinking water containing AHTN and HHCB standards. The grab samples of wastewater 
were taken from urban sewage treatment plant of Kloten Opfikon (Switzerland) on 7-8 
June 2004. The sewage treatment plant of Kloten Opfikon (total population equivalents 
about 55 OOO) treats the wastewater from two towns (Kloten and Opfikon) and from an 
airport. The mechanical part of the STP consists of a screen, an aerated grit-removal tank 
and a primary clarifier. The primary effluent is directed to the activated sludge system 
for denitrification and nitrification. The effluent after a secondary clarifier and two-layer 
sand filter is introduced to the receiving water [9]. Phosphorus removal is obtained by 
simultaneous precipitation with the addition of Fe(II)chloride. The wastewater for the 
investigation was tertiary effluent taken after the sand filter. The experiments were con 
ducted at real concentrations of AHTN and HHCB in the wastewater (the concentration 
of AHTN ~ 0.52 ± 0.06 µg/dm3 and HHCB ~ 2.12 ± 0.25 µg/dm3). In the wastewater 
the average COD concentration was equal to 29 mg O/dm3 and the average suspended 
solid (SS) concentration was equal to 50 mg/dm3. Drinking water solutions were prepared 
by spiking the required volume of standard solution of AHTN and HHCB (in cyclohexa 
ne) into the drinking water (taken from a water supply system). The initial concentrations 
of HHCB in preparated drinking water solution were 2.42 ± 0.14 µg/dm3 in the expe 
riments with UV and 2.13 ± 0.17 µg/dm3 in the experiments with UV!Hp2. The initial 
concentrations of AHTN (in both processes) were equal to 1.91 µg/dm3. 

The experiments oftheAHTN and HHCB oxidation by using UV and UV/H202 pro 
cesses were carried out in a reactor UVILab P400 (Vita Tech GmbH, Germany) equipped 
with 400 W medium-pressure mercury lamp with a broad radiation spectrum 200-280 
nm. The light source in a quartz casing was immersed in a glass reactor (the volume of 
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reactor= 350 cm3
). All experiments were performed using a half of the maximal lamp 

power (P = 200 W). The average path length of a light through the solution was equal 5 to 
mm. Figure 1 shows a scheme of an experimental reactor. The wastewater from sewage 
treatment plant effluent (or drinking water containing AHTN and HHCB standards) was 
introduced into the feeding tank (I). From feeding tank (1) the medium was pumped into 
the reaction chamber (3) equipped with cooling system (4). The retention time in reaction 
chamber (so-called "irradiation time") was set up by a flow rate of a medium (the flow 
rate ranging between 44 and 350 cm3/min). For example, the flow rate by the irradiation 
time= 8 min was equal to 44 cm3/min. The water peroxide solution (by UY/H101 oxida 
tion) was introduced into the reaction chamber from the water peroxide tank -by- a peri 
staltic pump (5). The UY/H202 experiments were conducted at overdosed concentrations 
of H202 - the wastewater from sewage treatment plant effluent was oxidized by H202 
concentration ~ 1 g Hp/dm3 and the drinking water containing AHTN and HHCB 
standards was oxidized by concentration of Hp2 ~ 1 mg Hp/dm3. The experiments 
were performed at pH ~ 7 and at room temperature (23-25°C). 

___ ;r 

9 .-- 

3 ', 
' ' ' ' ' 

- 7 

~ 
' ' 
' ' 4 

6 

Fig. l. Scheme of the experimental reactor: 1 - feeding tank, 2 - feeding pump, 3 - reaction chamber, 
4 - cooling system, 5 - peristaltic pump, 6 - magnetic stirrer, 7 - UV lamp, 8 - H,O, chamber - option by 

UV/H2O2 process, 9 - reactor effluent - - 

RESULTS AND DISCUSSION 

UV oxidation (photolysis experiments) 
The removal of AHTN and HHCB from the aquatic environment by UY-radiation is 
shown in Figure 2 (drinking water) and in Figure 3 (wastewater effluent). After 8 min. 
of the photolysis process in drinking water, the removal of AHTN and HHCB reached 
a range of 99%. The concentrations of AHTN and HHCB in water samples after 8 min. 
UY - oxidation were below limit of detection (LOO= 20 ng/dm3

). Data showed degrada 
tion of AHTN within 3 min. by the UV oxidation process in the wastewater samples. Even 
after 8 min. of the oxidation process in the same conditions, HHCB was not completely 
removed from the wastewater sample - the reduction rate reached 93%. The difference 
between reduction rate of AHTN and HHCB in the wastewater samples can be explained 
by the fact that initial concentrations of these two compounds in the wastewater were 
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different. The concentration ofAHTN was at the level of 0.52 ± 0.06 µg/dm3, whereas
the concentration ofHHCB was four times higher and was equal to 2.12 ± 0.25 µg/dm3•

The investigations at real concentrations of AHTN and HHCB in the wastewater were
performed. The similar distribution of concentrations between AHTN and HHCB was
observed very often in the aquatic environment. For instance, a proportion 4: 1 between
concentrations of HHCB and AHTN in effluents from sewage treatment plant was repor
ted by Fromme [6].
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Fig. 2. The degradation ofAHTN and HHCB from drinking water using UV-radiation
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Fig. 3. The degradation ofAHTN and HHCB from wastewater effluent using UV-radiation
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The first order rate constants (k) of a direct photolysis (via UV radiation) of AHTN 
and HHCB in the water and the wastewater samples were calculated using a graphic me 
thod. The first order reaction can be described by a mathematic model: 

- d[ C] = k . [ C] 
dt 

(I) 

After the variables separation and integration of equation (I) at the limits of an inte 
gration: [C] = [Co] and [C] = O; t = O and t = t, a relationship has been established: 

k-t = ln [Co] 
[C] (2) 

The equation (2) can be shown in a diagram as a plot of the In of the substrate con 

centration changes (In [Co]) versus time (Fig. 4). When the reaction order equals I, 
[C] 

then the plot is a straight line. The first order rate constant (k) can be calculated as a slope 
of the plotted straight line. Table 2 comprises the first order rate constants (k) of photoly 
tic oxidation of AHTN and HHCB in drinking water and wastewater. The first order rate 
constants of photolytic oxidation of AHTN and HHCB in drinking water were compa 
rable and they were equal to 0.762 min' and 0.634 min:', respectively. The wastewater 
matrix reduced the photodegradation rate of HHCB (by an increase UV-light absorption) 
and the rate ofHHCB disappearance in samples from sewage treatment plant effluent was 
two times slower than in drinking water (Tab. 2). In the case of photolysis of AHTN in 
wastewater, the first order rate constant was determined only for the first three minutes of 
reaction - after this time the AHTN removal was complete and the reaction was finished. 
The rate of AHTN disappearance in wastewater was equal to 1.127 min:' and it was about 
1.5 times higher than the disappearance rate of AHTN in the water. In order to explain this 
behavior of AHTN in the water and wastewater two hypotheses were put forward. The 
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Fig. 4. The changes of substrates concentration during UV oxidation process 
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first hypothesis is that in the wastewater a substance was present which was a photosensi 
biliser only of AHTN photodegradation. It means that the photosensibiliser absorbing the 
UV-radiation accelerated only the photodegradation of AHTN. The alternative hypothesis 
is that AHTN molecules ( when the concentration of this compound in the wastewater was 
not high) were able to absorb more than one energy quantum per molecule. The additional 
energy allowed for acceleration of the degradation rate of AHTN. 

Table 2. The first order rate constants (k) of photolytic oxidation of AHTN and HHCB in drinking water and 
wastewater 

Compounds k[min-'] R' 
AHTN (in water) 0.752 0.959 
AHTN (in wastewater) 1.127 0.961 
HHCB (in water) 0.634 0.959 
HHCB (in wastewater) 0.354 0.970 

UVIH202process 
The addition of Hp2 in the UV oxidation experiments should increase the efficiency of 
micropollutants removal from aquatic environment. When a H2O2 molecule is attacked 
by UV ray ( direct phot~lysis of Hp2 at "A. :s; 400 nm is possible), then two molecules of 
hydroxyl radicals (OH ) from one Hp2 are generated [4]. These generated during di 
rect photolysis of Hp2 hydroxyl radicals can be significant accelerator of UV oxidation 
process. Additionally, Hp2 is an oxidant (E0 = 1.77 V), which can directly oxidize the 
micropollutants. 

The Figures 5 and 6 present the removal of AHTN and HHCB using UV/H2O2 from 
drinking water and from wastewater, respectively. Both compounds in the drinking wa 
ter were oxidized within 8 minutes to the detection limits. The removal of HHCB from 
wastewater samples (to the detection limit) followed after 3 minutes. Because of low 
concentration of AHTN, its complete removal from wastewater was observed within 2 
minutes ofUV/H2O2 process. 
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Fig. 5. The degradation of AHTN and HHCB from drinking water using UV/H,02 
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Fig. 6. The degradation of AHTN and HHCB from wastewater samples using UV/H,02 

The oxidation reactions with using hydroxyl radicals as second order reactions are 
described by many author [8, 11]. However, when the hydroxyl radicals (in UV/H202 pro 
cess) are present in overdosed concentration in comparison to substrate concentration and 
the substrate occurs in middle concentration, the reactions of substrate oxidation under 
definite conditions can proceed as first order reactions [ 1, 4, 18]. The orders of AHTN and 
HHCB oxidation reaction using UV!Hp2 were estimated using graphic methods. When 

the reaction is the first order reaction, then the plot of In [Co] versus time is a straight 
[C] 

line. When the reaction is the second order reaction, then the plot of reverse of substrate 

concentration (1/[C]) versus time is a straight line [ 12]. Two diagrams ( In [Co] versus 
[C] 

time and 1/[C] versus time) were constructed. Next, the linear trend functions were per 
formed and the correlation coefficients (R2) of these trend functions were calculated. The 
result of coefficients (R2) comparison indicated that the UV!Hp2 oxidation reactions of 
AHTN and HHCB under the conditions adapted in the present study were the first order 
reactions (except of AHTN oxidation in wastewater). In view of very low concentration 
of AHTN in wastewater, we observed the substance disappearance to its limit of detection 
after 2 minutes of UV/H202 process. It means that we obtained only 2 measure points 
(without point "zero" for the determination of reaction order. To precisely determine the 
reaction order and rate constants, we need at least 3 measure points. For this reason, the 
determinated order of reaction and the calculated value of the rate constant (in the case 
of oxidation AHTN in wastewater) should be treated only as estimated quantities. The 
values of coefficients R2 by oxidation AHTN in wastewater using UV/H202 process were 
higher in the case of the second order reaction in comparison to the value R2 of the first 
order reaction, but both coefficients exceeded the value of 0.900. On the basis of the data 
received, the order of the above-mentioned reaction can not be unequivocally defined. 
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The first order rate constant of UV /H2O2 oxidation HHCB in the wastewater samples 
reached the value of 1.580 min:' (Tab. 3). The addition of Hp2 highly accelerated the 
reaction of the HHCB decomposition in the wastewater. The value of the rate constant 
received during UV!Hp2 oxidation is nearly 4.5 times higher in comparison to the value 
obtained by direct photolysis of HHCB in wastewater. In drinking water, the calculated 
rate constants of AHTN and HHCB disappearance reached 0.754 min' and 0.577 min", 
respectively. These values are very similar to the values of the rate constant obtained by 
direct photolysis reactions of AHTN and HHCB. It means that addition of H

2
O

2 
did not 

significantly increase the degradation rates of both musks. It is probably an effect of the 
presence of cyclohexane in the drinking water solutions - the drinking water solutions 
were prepared by spiking the standard solutions of AHTN and HHCB which were dis 
solved in cyclohexane. There is a strong possibility that the present in drinking water 
solutions of cyclohexane could substantially increase the scavenging of the hydroxyl ra 
dical. It means that the degradation rate of the investigated compounds induced by hy 
droxyl radical could be strongly decreased with respect to the same water ( or wastewater) 
without cyclohexane. 

Table 3. The first order rate constants of AHTN and HHCB during UV/H,02 oxidation in drinking water and 
wastewater 

Compounds k, min:' R' 
AHTN (in water) 0.754 0.955 
AHTN (in wastewater)* 1.789 0.910 
HHCB (in water) 0.577 0.992 
HHCB (in wastewater) 1.580 0.997 

* - the order of oxidation reaction AHTN in wastewater using UV/H,O, cannot be unequivocally defined. 
The value of coefficients R2 was higher in the case of the second order reaction in comparison to the value R2 of 
the first order reaction. The second order rate constant obtained k11 = 6.303 µM·'* s·' by R' = 0.991. However, it 
was calculated basing on only 2 measure points. 

CONCLUSIONS 

The polycyclic musk compounds AHTN and HHCB were effectively degraded using 
UV and UV!Hp2 methods. In all experimental sessions performed in drinking water 
environment, after 8 minutes of treatment, the AHTN and HHCB degradation rates 
reached a range of 99% and the concentrations of investigated compounds were below 
their detection limit. 

The removal ofHHCB from wastewater by UV radiation exceeded 93% when the 
disappearance degree of this compound in wastewater samples after only 3 minutes of 
UV /H2O2 process obtained 99%. Due to very low concentration of AHTN in wastewater, 
the degradation to a concentration below its limit of detection reached 3 minutes by UV 
oxidation and 2 minutes by UV !Hp2 process. 

The orders of AHTN and HHCB oxidation reactions using UV and UV /H
2
O

2 
method 

were determinated. In all cases (except of AHTN in wastewater by UV!Hp2 process) the 
oxidation reaction under described conditions proceeded as a first order reaction. Based 
on the data received, the reaction order of AHTN oxidation in wastewater by UV/H2O2 
process cannot be unequivocally defined. 
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The first order rate constants of investigated compounds at the neutral pH were 
estimated. The degradation constant rate for AHTN in drinking water using UV radiation 
reached 0.764 min:' when the degradation rate of HHCB was estimated at the range of 
0.634 min'. In all performed experiments AHTN degradation rate constants were higher 
in comparison to the rate constant of HHCB. These regularities can be confirmed by the 
fact that the moiety of HHCB consists of three closing carbon rings whereas the AHTN 
moiety consists only of two closing rings. It can suggests that for the AHTN moiety de 
struction, the less energy than for HHCB destruction is needed and the reaction of AHTN 
destruction can proceed faster than the reaction of HHCB destruction. 

The addition of Hp2 in the experiment of HHCB degradation in the wastewater 
samples effectively accelerated this process. The coefficient rate of HHCB degradation 
using UV!Hp2 was nearly 4.5 times higher (1.580 min") in comparison to the value 
obtained by direct photolysis ofHHCB in the wastewater (0.354 min'). In the investiga 
tions performed in drinking water, the addition of Hp2 did not accelerate the oxidation 
reaction of AHTN and HHCB. It could be effected by the presence of cyclohexane which 
is a hydroxyl radical scavenger and which could strongly decrease the degradation rate of 
investigated compounds inducted by the hydroxyl radicals. 
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ZAAWANSOWANE UTLENIANIE POLICYKLICZNYCH ZWIĄZKÓW PIŻMA
W PROCESACH UV I UV/H

2
O

2

AHTN (Tonalid) i HHCB (Galaksolid) są najczęściej stosowanymi substancjami zapachowymi z grupy policy
klicznych związków piżma. Używane są zwykle jako składniki perfum lub detergentów. W krajach Unii Europej
skiej i w Stanach Zjednoczonych (łącznic) roczne zużycie AHTN szacowane jest na 1500 Mg, a HHCB na 3800
Mg. Ze względu na swoje właściwości, substancje te nic są usuwane w biologicznych procesach oczyszczania
ścieków i wraz ze ściekami oczyszczonymi przedostają się do środowiska. Celem prezentowanych badań było
określenie podatności AHTN i HHCB na utlenienie za pomocąpromicniowania UV i w procesie UV/H,O,. Bada
nia prowadzone były w ściekach oczyszczonych i w wodzie pitnej. We wszystkich eksperymentach prowadzonych
w wodzie pitncj,już po 8 minutach procesu, obserwowano rozkład AHTN i H HCB na poziomic 99%. W ściekach,
po 8 minutach utleniania HHCB promieniami UV, stopień rozkładu tej substancji przekroczył 93%. Podczas utle
niania HHCB w procesie UV/H,O2, już po 3 minutach, stopień rozkładu tego związku przekroczył 99%. War
tość stałej szybkości rozkładu AHTN w wodzie pitnej pod wpływem promieniowania UV wyniosła 0,764 min.",
a wartość stałej szybkości rozkładu HHCB wyniosła 0,634 min:'. W ściekach wartość stałej szybkości rozkładu
HHCB w procesie UV/H,O, była prawic 4,5 razy większa (1,580 min:') w porównaniu z wartością stałej szybko
ści rozkładu tego związku w procesie fotolizy bezpośredniej (0,354 min:').


