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Abstract

The rate of degradation of benzo(a)pyrene in different media has been investigated. Different parameters such as light intensity respon-
sible for photodegradation, temperature, exposure time and the presence of naturally occurring bacterial flora blamed for biodegradation
processes, influencing stability of benzo(a)pyrene in various solvents and water have been monitored. Degradation in organic solvents
decreased in the following order: dichloromethane> acetonitrile> hexane≥ cyclohexane> methanol. In the case of natural waters, the
degradation rate course in the following order: pond water> river water> seawater. Benzo(a)pyrene-4,5-dihydrodiol and one of isomers
of hydroxy-BaP-dione as products of photodegradation have been detected. BaP-dione-like compound formed during biodegradation was
identified.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The term polycyclic aromatic hydrocarbons (PAH) gen-
erally refers to hydrocarbons containing two or more fused
benzene rings in linear, angular or clustered arrangements
[1]. Generally, PAH solubility and volatility decrease and hy-
drophobicity increases with an increase in number of fused
benzene rings[2].

Most polycyclic aromatic hydrocarbons, especially those
with four or more rings and their metabolites, have a variety
of mutagenic and carcinogenic effects on microorganisms,
plants and animals, and are classified as compounds with
significant human health risk[3]. One such high molecular
weight PAH is benzo[a]pyrene (BaP), a five-ring com-
pound, which has been classified by the US Environmental
Protection Agency (USEPA) as a priority pollutant: due to
its known or suspected carcinogenicity, teratogenicity or
acute toxicity.

BaP has a very low water solubility (3.8�g l−1) and
vapour pressure (5.0 × 10−7 mm Hg at 20◦C), and a high
octanol/water partitioning coefficient (6.04), which suggests
its preference to non-aqueous phases[4]. BaP is one of the
most potent carcinogenic PAHs, and as such, is the most
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studied compound of the PAH class. Several reviews have
been written on the risk assessment of BaP[5], as well as the
metabolism and activation of BaP in mammalian systems
[6]. Numerous studies have indicated that one, two, and
three-ring compounds are acutely toxic[1], while higher
molecular weight PAHs, including BaP are considered to
be genotoxic[7–11].

The dominant processes for the successful removal
and elimination of PAHs from the environment, except
volatilisation, photo-oxidation, chemical oxidation, bio-
accumulation and adsorption on sediment particles, are mi-
crobiological transformation and degradation[2]. Although
microbial degradation is considered the main elimination
process in the environment[12], photochemical reactions
are also responsible for removing PAHs from water and
air [13,14]. Photolysis is an important transformation path-
way for most PAHs in the environment. The photolysis
rate of selected PAHs in natural water body is relatively
fast [15–18]. In organic solvents, the photolysis rates of
PAHs are also found to be rapid[19]. Oxidation prod-
ucts of PAHs, produced by photo-oxidation and microbial
degradation, are more water soluble than parent PAHs
[14].

PAHs and its metabolites in remote continental environ-
ments have essentially been studied in sediments[20–24];
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their presence in waters has received considerably less at-
tention.

Relatively little is known about the degradation of PAHs
in organic solvents.

The main purpose of this work was to recognise the rate of
degradation of BaP in different media. The effect of various
parameters, including light responsible for the photodegra-
dation, temperature, time and naturally occurring bacterial
flora blamed for biodegradation, on stability of BaP in var-
ious solvents and water has been investigated.

2. Materials and methods

2.1. Chemicals

Benzo(a)pyrene (purity >99%) was obtained from
Sigma-Aldrich (Seelze, Germany). A stock solution for the
standard was prepared at the concentration of 1 mg ml−1

(weight/volume). For quantitation the calibration curve was
determined using working solutions of concentrations 0.1,
0.25, 0.5, 1, 2.5 and 5.0�g ml−1.

Methanol, acetonitryle and hexane all HPLC-gradient
grade were obtained from Merck (Darmstadt, Germany),
ultrapure water was provided by Milli-Q water purification
system (Millipore, Bedford, MA, USA). Dichloromethane
and cyclohexane (purity> 99.5%) were also obtained from
Merck.

Borosilicate glassware (Merck) used in experiments was
washed in chromic acid cleaning mixture for 12 h, then
rinsed with deionised water, methanol, and acetone and dried
at 110◦C for 3 h.

2.2. BaP-stock-solutions

A set of dilution of BaP solution at the concentration
of 5 mg l−1 was made in the following solvents: methanol,
acetonitrile, hexane, cyclohexane and dichloromethane.

Benzo(a)pyrene standard solutions, prepared in the above
solvents, were stored in the laboratory at the room temper-
ature 20± 2 ◦C full exposed to sunlight (i.e. in glass con-
tainers fully transparent to light).

It is well known, that sunlight reaching the Earth has a
wavelengthλ ≥ 290 nm. Because of their aromatic structure,
PAHs strongly absorb ultraviolet part of natural sunlight in
UV-A (λ = 320–400 nm) and UV-B (λ = 290–320 nm)
ranges[25].

Different types of water samples were used to carry out
degradation studies. All of them were collected from the
Gulf of Gdañsk region and they consisted of seawater (pH
7.2, conductivity= 17 mS cm−1, TOC= 2.42 mg l−1) from
the Southern Baltic, river water (pH 7.4, conductivity=
0.75 mS cm−1, TOC = 5.50 mg l−1) from the Vistula
River at 30 km from Gdansk and pond water (pH 6.9,
conductivity= 1 mS cm−1, TOC = 7.81 mg l−1). All these

samples were spiked at the final concentration of 1�g l−1

BaP, and they were stored in amber glass flasks, at 20±2 ◦C.

2.3. Sample preparation of BaP

Solutions prepared in methanol and acetonitrile were anal-
ysed directly. In case of solutions in hexane, cyclohexane and
dichloromethane, solvent was completely evaporated under
the gentle stream of nitrogen, and the remaining solids were
dissolved in the volume of methanol equal to the volume of
an original solvent. The solutions prepared in this way were
injected onto a HPLC column.

In case of spiked natural water samples, every several
days, samples of precisely 100 ml volume each were ex-
tracted with three portions of dichloromethane (30 ml each)
in the extractor for liquid–liquid extractions. Each sample
was vigorously shaken for 10 min each time. The extracts
were pooled and dried with anhydrous sodium sulphate; ex-
cess of solvent was evaporated in a rotational evaporator to
a volume of ca. 1–3 ml and then under the gentle stream
of nitrogen. The solid residue was re-dissolved in 1 ml of
methanol, sonicated and filtrated through 0.45�m PTFE fil-
ters and then analysed by liquid chromatography.

The average recovery of BaP from each liquid medium
with relative standard deviations R.S.D. (n = 7) are pre-
sented inTable 1.

2.4. Analytical methods

2.4.1. LC-DAD
The chromatographic experiments were performed using

high performance liquid chromatograph Agilent 1100 Se-
ries equipped with diode array detector, mass spectrometric
detector, a column oven, a binary pump and autosampler.
A 125 mm× 4 mm LiChrospher RP-18e analytical column
from Merck (Darmstad, Germany) was used for separation.
The injection volume was 20�l, flow rate 0.8 ml min−1, UV
detector wavelength 295 nm and column oven temperature
25◦C. The compounds were eluted using a methanol–water
linear elution gradient program at: initial 80% methanol;
a linear increase to 100% methanol in 11 min; hold for
4 min. Quantitation limits for benzo(a)pyrene was found to
be 0.07�g ml−1.

Table 1
The calculated values of average recovery of BaP and relative standard
deviations, R.S.D. (n = 7)

Liquid medium Recovery (%) R.S.D. (%)

Seawater 94 5.8
River water 90 4.7
Pond water 91 5.3
Methanol 86 3.0
Acetonitrile 86 3.0
Dichloromethane 80 8.1
Hexane 84 7.3
Cyclohexane 86 9.2
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Fig. 1. Photodegradation of benzo(a)pyrene in different solvents: (A) methanol and acetonitrile; (B) dichloromethane, hexane and cyclohexane.

2.4.2. LC-APCI-MS
An essential tool for the identification of the BaP metabo-

lites were, in addition to the retention times and UV spectra,
APCI-mass spectra. The parameters for the APCI inter-
face were optimized as described elsewhere[26,27]. The
measurements were performed in the positive ionization
mode with 120 eV fragmentor voltage, a 450◦C vapor-
iser temperature, 350◦C drying gas temperatures, 50 psig
(1 psi = 6894.76 Pa) drying gas pressure, 6 l min−1 drying
gas flow rate, 6�A corona current and 4000 V capillary volt-
age. Separations were performed using a 250 mm× 4 mm
Nucleosil 100-5 C6H5 column (Mecherey-Nagel, Ger-
many) with the following elution gradient programme:
50:50 (v/v) methanol–water for 2 min, to methanol–water
65:35 (v/v) in 10 min, to methanol–water 80:20 (v/v) in
11 min, hold for 12 min, then back to initial conditions
and equilibration for 5 min. Using a 125 mm× 4 mm
LiChrospher RP-18e column (Merck, Germany) the fol-
lowing elution gradient program was applied: 80:20 (v/v)
methanol–water; a linear increase to 82% methanol be-
tween 4 and 6 min; linear increase to 92% between 6 and
9 min; linear increase to 100% methanol; hold for 5 min,
then back to initial conditions and equilibration for 5 min.
In both cases, a flow rate was 1 ml min−1 and temperature
25◦C.

2.5. Calculations of kinetics

Kinetics of BaP degradation were calculated using the
first-order equation:

ln
C0

C
= kt (1)

whereC0 andC are the BaP concentration at times zero and
t, respectively, andk the rate constant.

The results were plotted using the natural logarithm of the
BaP concentration as a function of time. First-order degra-
dation rate constants were determined by regression analy-
sis. Half-livest1/2 were calculated usingEq. (2)which was

derived fromEq. (1)by replacingC with C0/2:

t1/2 = ln
2

k
(2)

3. Results and discussion

3.1. Photodegradation of benzo(a)pyrene

Many studies have been performed on photolysis of indi-
vidual PAHs in natural waters under irradiation. Zepp and
Schlotzhauer[15] found that the photolysis rates of selected
PAHs in natural water body were quite fast and the photoly-
sis half-lives of PAHs ranged from several minutes to several
hours. Mill [16] determined that the photolysis half-lives for
benzo(a)pyrene and benzo(a)anthracene in water under sun-
light irradiation were 0.69 and 5.0 h, respectively. However,
relatively little is know of photodegradation of PAHs when
they are not irradiated and present in pure solvents.

Degradation of BaP in selected organic solvents was
monitored for more than 3 months.Fig. 1 presents the de-
pendence of concentration of non-degraded BaP on organic
solvent. For the first month, the concentration of BaP re-
mained constant in all the solvents used. After that time
degradation started: in dichloromethane and acetonitrile
degradation rates seem to be the slowest. After 100 days of
exposition, 60% of BaP was degraded in methanol; while
closely 50% in hexane and cyclohexane.

Degradation (%) decreased in the following order:
dichloromethane> acetonitrile> hexane≥ cyclohexane>
methanol. Probably this order may be strongly related to the
solubility of oxygen in a solvent, and general rule and mea-
sured values[28], the content of oxygen in dichloromethane
is the largest and decreases in the order of acetonitrile,
methanol and water. This indirectly means that the solu-
bility of oxygen decreases with increasing reactivity of a
selected solvent. The concentration of BaP decreased with
time (Fig. 1A and B). The data fitted toEq. (1) followed
well the first-order rate equation (Fig. 2).
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Fig. 2. The first order reaction kinetics for photodegradation of benzo(a)pyrene in different solvents.
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Fig. 3. Dependence of benzo(a)pyrene degradation on time for different type of water (A) and the first order reaction kinetics (B).

Rate constants and half-lives obtained for photodegrada-
tion of BaP in organic solvents are listed inTable 2.

3.2. Biodegradation of benzo(a)pyrene

The degradation of BaP is consistent with the ability of
microorganisms to utilise the compound as a sole carbon
source for growth. Little is known about the bacterial oxida-
tion of BaP. To date, no bacteria have been isolated with the
ability to utilise BaP as a growth substrate. However, liquid
culture experiments have shown that bacteria can degrade
BaP when grown on an alternative carbon source[29]. Ye
et al. [30] observed a decrease in BaP concentration dur-
ing incubations withSphingomonas paucimobilis strain EPA
505.

BaP has also been reported to be degraded by other bac-
teria including Rhodococcus sp. strain UW1,Burkholde-
ria cepacia strains,Mycobacterium strains,S. maltophilia

Table 2
Benzo(a)pyrene photodegradation rate constants (k) and half-lives (t1/2)
for various organic solvents calculated on the basis of analytical data

Organic solvent Polarity k (1 per day) t1/2 (days)

Methanol 6.6 0.0081 85.6
Acetonitrile 6.2 0.0023 301.4
Dichloromethane 3.4 0.0016 433.2
Hexane 0.06 0.0055 126
Cyclohexane 0 0.0066 105

strains, as well as a mixed culture containingPseudomonas
andFlavobacterium species[28,31–34].

In natural waters, biodegradation of PAHs is enhanced by
photodegradation, especially within surface and sub-surface
layer (up to 2 m for transparent waters)[35]. In order to
monitor BaP biodegradation naturally present in the environ-
ment for different types of natural waters were performed.
The BaP concentration in sea, river and pond waters has
been monitored within 4 months, and the results are shown
in Fig. 3A.

The results show that the BaP concentration in pond water
decreased drastically within first five days, from 1.0�g ml−1

(100% content) at time zero to 0.53�g ml−1 at 22nd day
(50%). This finding can suggest that BaP was rapidly re-
moved from water not only by biodegradation enhanced by
photo-oxidation but also by accumulation on particles and
glassware. According to the literature data around 30–40%
of BaP can be adsorbed on the glass walls[36]. Compound
concentration in seawater decreased very slowly from 1.06
(100% content) to 0.85�g ml−1 (80% of original content) in
90th day. This suggests, that decrease in BaP concentration
in natural water bodies is mainly due to the chemical and bi-
ological processes (degradation), not physical one (accumu-
lation, sedimentation, adsorption). This hypothesis has been
supported by the results of chromatographic analysis of the
degradation products, which appeared as “new” peaks on
chromatograms. The degradation rate of BaP in the natural
waters following in the order: pond water> river water>
seawater.
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Table 3
Benzo(a)pyrene biodegradation rate constants (k) and half-lives (t1/2) for
different aqueous media calculated on the basis of analytical data

Sample k (1 per day) t1/2 (days)

Seawater 0.0026 266.6
River water 0.0147 47.1
Pond water 0.0252 27.5

In seawater samples from the Gulf of Gdansk (an exam-
ple of seawater with very low salinity) the BaP degradation
started later in comparison with pond water and the rate
of degradation was significantly slower. Most probably, it
is so because microbial flora from the sea environment has
been continuously exposed to aromatic hydrocarbons emit-
ted from different sources, such as petroleum refinery, ship
transport, ferryboat.

The decrease in the BaP concentration in waters fitted well
the first order reaction kinetics (Fig. 3B) the corresponding
rate constants and half-live times are summarised inTable 3.

3.3. Degradation products

Photodegradation of BaP performed in different organic
solvents fully exposed to sunlight and in the presence of

Fig. 4. HPLC chromatogram of BaP solution in cyclohexane after 2 months exposition: (A) DAD response monitored at 254 nm; (B) APCI-MS (SCAN
mode); (C) UV spectrum of compound 1; (D) MS spectrum of compound 1; (E) MS spectrum of compound 2.

oxygen (conditions as close to the naturally occurring as
possible) resulted in additional peaks on chromatograms of
solutions exposed for 2 months. The analysis of BaP solution
in organic solvent by means of HPLC-DAD and HPLC-MS
revealed a number of BaP degradation products as seen in
Fig. 4A and B.

In case of peak 1 maximum absorbance in UV spectrum
and MS spectrum pattern suggest that BaP-4,5-dihydrodiol
has been detected. MS and UV spectra of metabo-
lite 1 were identical with the spectra of the reference
BaP-4,5-dihydrodiol published elsewhere[27]. The parent
ion m/z 286 undergoes immediate fragmentation [loss of
H2] giving ion m/z 283; further loss of CO [M+ − 28] re-
sults in ionm/z 255. Other two further protonated fragments
are ions ofm/z 241 andm/z 239, both probably derived
from the protonated molecule and the molecule after loss
of two hydrogen atoms. Reaction scheme for fragmentation
of compound 1 identified as BaP-4,5-dihydrodiol has been
shown inFig. 5A.

Peak 2 gives the base ion ofm/z 299 and fragment ions
at m/z 255 [M+ − 44], m/z 267 [M+ − 32] andm/z 241
[M+−28], representing probable losses of CO2, 2O and CO,
respectively.Fig. 5B shows the proposed structure and MS
fragmentation for metabolite 2, which can be identified as
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Fig. 5. Reaction scheme for fragmentation of the metabolites identified as BaP-4,5-dihydrodiol (A) and 2-hydroxy-BaP-1,6-dione (B).

2-hydroxy-BaP-1,6-dione (C20H10O3; M = 298 g mol−1).
In addition, other isomers are probable to be formed.

In case of water samples, where both processes (ox-
idation and biodegradation) proceed simultaneously, an-
other compound was identified. Chromatogram obtained
in HPLC-APCI-MS analysis (Fig. 6A) illustrates the frag-
mentation of compound 3 after 43 days of BaP degradation
in river water; it is characterised by MS spectrum with a
molecular ion [M+ H] at m/z 283 and fragment ions at

Fig. 6. HPLC-APCI-MS chromatogram an extract from river water after 43 days of exposition and MS spectrum of metabolite 3 identified as BaP-dione
compound.

m/z 255 andm/z 253. Fragment ion atm/z 255 represents
probable loss of CO [M+ − 28] from the parent ion. This
mass spectral fragmentation pattern (Fig. 6B) suggests that
this metabolite could be BaP-dione-like compound, for ex-
ample, BaP-7,10-dione, BaP-1,6-dione, BaP-3,6-dione, or
BaP-6,12-dione[27]. All BaP-dione compounds have the
same molecular mass (C20H10O2; M = 282 g mol−1) and
all give the same MS ions ofm/z 283 (the highest intensity)
andm/z 255.
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4. Conclusion

Photodegradation and biodegradation are major degrada-
tion processes which can naturally clean up the environment.
Photodegradation of PAHs, which is assumed a preliminary
process after which the microbial decomposition of com-
pounds occurs, causes the formation of partially oxidised
intermediates that are more susceptible to biodegradation
than the parent compounds. In the case of natural waters, the
degradation rate decreased much faster for pond water and
river water than for seawater, where the degradation rate is
the smallest, thus half-life times are high and remain in the
range of couple of hundreds.

Quinones, ketones and alcohols are major intermedi-
ates in the environmental oxidation of PAHs. The dihy-
drodiols may undergo further oxidative metabolism. A
number of unidentified metabolites are formed from the
4,5-dihydrodiol, and the 9,10-dihydrodiol can be oxidised
to its 1- and/or 3-phenol derivatives. The principal route of
oxidative metabolism of B(a)P-7,8-dihydrodiol is formation
of the B(a)P-7,8-dihydrodiol-9,10 epoxide, which has been
implicated regarded as the most important reactive metabo-
lite of B(a)P for its mutagenic and carcinogenic properties.

Based on these data, monitoring of the natural waters pol-
lution can be performed and analysis of results can help in
the estimation of either the present state of the water qual-
ity (benzo(a)pyrene determination) or the history of the pol-
lution with benzo(a)pyrene (benzo(a)pyrene’s degradation
products).
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