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Photochemical behaviour of polycyclic aromatic hydrocarbons (PAHs) is strongly dependent on the phys-
ical and chemical nature of the media infon which they exist. To understand the media effects, the
photolysis of phenanthrene (PHE) and benzo[a]pyrene (BaP) in several solvents was investigated. Dis-
tinct photolysis rate constants for PHE and BaP in the different solvents were observed. Some theoretical
parameters reflecting the solvent properties were computed and employed to explain the solvent effects.
Acetone competitively absorbed light with PHE and BaP, and the excited acetone molecules played dif-
ferent roles for the photodegradation of PHE and BaP. The photolysis rate constants of PHE and BaP
in hexane, isopropanol, ethanol, methanol, acetonitrile and dichloromethane were observed to correlate
with the electron-accepting potential of the solvent molecules. Absolute electronegativity of the solvents
linearly correlated with the photolytic activity (log k) of the PAHs significantly. The results are important
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for better understanding the photodegradation mechanism of PAHs in different media.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photochemical transformation was an important degrada-
tion process for polycyclic aromatic hydrocarbons (PAHs) in the
environment [1-5]. PAHs may exhibit apparently different pho-
tochemical behaviour injon different environmental media. The
photolysis half-lives (t;) ranged from a few hours in water to
dozens of hours on plants and atmospheric particulates, and to even
longer than one thousand hours on fly ash and carbon black [6-11].
The photochemical behaviour of PAHs was highly dependent on the
physical and chemical properties of the media infon which they
exist[7,12].

The constituents of environmental media may influence
the photodegradation rates of PAHs through competitive light
absorption, photosensitization or quenching processes [7,12,13].
Understanding the properties of the media that have impacts on
the degradation rates of PAHs, however, is very complicated due to
the uncertain compositions of the media. Therefore, some simpli-
fied chemical model systems, such as organic solvents, have been
used to study the media effects on the photodegradation process
[14,15]. Most of these studies have shown that the photolysis rates
of PAHs are dependent on the nature of solvents [16-20].
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A general standpoint of the solvent effects on the photolysis
of PAHs is that the degradation of PAHs is fast in polar solvents
[16,20]. However, it is not easy to define polarity of solvent pre-
cisely, and it is even more difficult to assess it quantitatively [21].
Moeini-Nombel and Matsuzawa [17] suggested that photodegrada-
tion rates of PAHs were strongly related to the solubility of oxygen
in solvents. However, some other studies found that oxygen con-
centration had minor or opposite effects on the photodegradation
rates of PAHs in solutions [22,23]. Besides oxygen molecules, sol-
vent molecules (such as cyclohexane) were also involved in the
photolysis process of PAHs [24]. Therefore, further studies are nec-
essary for understanding solvent effects on the photolysis of PAHs.

Solvent influences the chemical reactions as either a continuum
medium or individual molecules [21,25,26]. Theoretical methods
have been proven to be important to understand the solvent
effects from microscopic structures [25]. In this study, a combined
experimental and density functional theory (DFT) computational
method was used to illustrate the solvent effects on the photol-
ysis of PAHs. The photolysis kinetics of phenanthrene (PHE) and
benzo[a]pyrene (BaP) dissolved in methanol, ethanol, isopropanol,
acetone, acetonitrile, hexane, and dichloromethane (DCM) was
investigated. These solvents were selected as they were used to
model the constituents of the environmental media like plant
waxes [15]. Molecular structural parameters reflecting the solvent
effects were computed. Based on the photolysis rate constants and
the solvent property parameters, the effects of light absorption,
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dipolarity/polarizability and electron-accepting (donating) poten-
tial of the solvents on the photolysis of the PAHs were discussed.

2. Materials and methods
2.1. Chemicals

PHE (98% purity) was purchased from TCI (Tokyo, Japan) and
BaP (96.5% purity) from ACROS (New Jersey, USA). Acetonitrile,
hexane, acetone, isopropanol, ethanol, methanol and DCM were
chromatographic grade and supplied by TEDIA (Fairfield, USA).

2.2. Photolysis experiments

Photolysis solutions of PHE and BaP were prepared using the dif-
ferent solvents. An XPA-1 merry-go-round photochemical reactor
(Xujiang Electromechanical Plant, Nanjing, China) with a 300-W
high pressure mercury arc lamp was used for the photodegrada-
tion experiments. The light irradiance spectrum was measured by
a monochromator (Acton, SP-300). Samples were irradiated in the
quartz test tubes and aliquots were taken from the illuminated
reactor at selected time intervals. The experiments were carried
out in triplicate. Dark control experiments in the corresponding
solvents were conducted concurrently at the identical conditions.

2.3. Analytical methods

The PAHs were analyzed by an Agilent 1100 HPLC system
equipped with a G1321A fluorescence detector and a Supelcosil LC-
PAH column (250 mm x 4.6 mm i.d., 5 wm particle size, Supelco).
For the analysis of the PAHs dissolved in hexane and DCM, the
solvents were replaced by acetonitrile through evaporation and
redissolvation prior to injection to the HPLC. The mobile phase was
acetonitrile with a flow rate of 1 mLmin~!. The concentrations of
PHE and BaP were determined on the basis of peak area quantifica-
tion. The excitation wavelengths were 250 nm and 260 nm for PHE
and BaP, and the emission wavelengths were 366 nm and 406 nm,
respectively. UV-vis absorption spectra and fluorescence spectra
of the PAHs in the different solvents were measured with a Hitachi
UV2800 spectrophotometer and a Hitachi F4500 fluorescence spec-
trophotometer, respectively.

2.4. Molecular parameters and computational methods

Ionization potential (IP), electron affinity (EA) and absolute
electronegativity (x) were selected to characterise the electron-
donating and -accepting potential for the chemicals [27,28]. IP
and EA were computed using the difference of separate self-
consistent field (SCF) energies of the neutral and corresponding
anionic and cationic systems [29]. When IP and EA were obtained,
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x was calculated using y =1/2(IP+EA) [27,30,31]. EA of the excited
state molecules (EAT;) was calculated using EAtq =EA — Er, with
Et1 standing for the lowest triplet excitation energy. Dipolar-
ity/polarizability parameter (7*) was a measurement of solvent’s
ability to stabilize a charge or a dipole by virtue of its dielectric
effect, and the data were taken from Kamlet et al. [32].

DFT calculations were performed employing Gaussian 03 soft-
ware package [33]. The geometries of the chemicals were optimized
using the hybrid density functional B3LYP method with the 6-
31+G(d) basis set and then confirmed by the frequency analysis.
The single-point and the lowest triplet excitation energy were cal-
culated at B3LYP/6-31 + G(d) level. The self-consistent reaction field
(SCRF) method with polarizable continuum model (PCM) was used
to consider the properties of the PAH molecules in the solvents.

3. Results and discussion
3.1. Photolysis rates of the PAHs in the different solvents

All the experiments carried out in the dark showed negligible
degradation for the PAHs. The photolysis of the PAHs in the solvents
was observed to follow the first order kinetics (Fig. 1). The photoly-
sis rate constants (k) were derived from the slope of In(C/Cy) versus
t. For PHE or BaP, the k values are different in the diverse solvents.
The k of BaP in DCM was larger than in hexane with a factor of 24,
and the k of PHE in DCM was larger than in acetone with a factor of
36 (Table 1). For PHE, the photolysis rate in acetone was the slow-
est. However, the photolysis rate of BaP in acetone was faster than
in the other solvents except for DCM and acetonitrile (Table 1).

In the other solvents except for acetone, the trends of k variation
with the kind of solvents for the two PAHs are similar (Table 1). Both
PHE and BaP degraded faster in DCM than in acetonitrile, which
was consistent with the results of Lehto et al. [18]. In methanol, the
photolysis of both PHE and BaP was faster than in hexane, whereas
their photolysis was slower than that in DCM.

3.2. Light-absorbing effects of acetone on the PAHs photolysis

Acetone significantly inhibited the photolysis rate of PHE, but
enhanced the photolysis of BaP (Table 1). Acetone has much
stronger light absorption than PHE and BaP (Fig. 2). Therefore,
acetone competitively absorbs light with PHE and BaP. However,
the excited acetone molecules could play different roles for the
photodegradation of PHE and BaP. The electron affinity of elec-
tronically excited state acetone (acetone*) was calculated to be
EAT1=-5.21eV, and the ionization potential for the ground state
BaPwasIP=5.18 eV. As AG = EAri(acetone*)+IP(BaP) <0, the trans-
fer of electrons from BaP to acetone™ is viable, which may facilitate
the photodegradation of BaP. However, IP=5.92 eV for PHE, and the
corresponding AG>0. Thus, the transfer of electrons from PHE to
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Fig. 1. Photolysis kinetics of (a) PHE and (b) BaP in 7 solvents under 300-W mercury lamp.
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Table 1
Photolysis rate constants (k) of PHE and BaP in the studied solvents and some solvent property parameters (7%, EA, IP, x).
No. Solvent kpug (103 min—1) kgap (103 min~1) T+ EA (eV) IP (eV) x (eV)
1 Hexane 5.71 + 0.05 8.44 + 0.002 -0.08 -1.39 9.71 416
2 Isopropanol 6.21 + 0.02 8.85 + 0.06 0.48 -1.25 9.82 429
3 Ethanol 6.59 + 0.02 9.07 + 0.03 0.54 -1.36 10.18 441
4 Methanol 892 +0.13 17.22 + 0.75 0.6 —-1.44 10.67 4,62
5 Acetonitrile 8.78 + 0.06 67.12 + 1.17 0.75 -1.03 11.84 5.41
6 DCM 12.79 + 0.01 20631 + 1.80 0.82 0.52 11.05 5.79
7 Acetone 0.36 + 0.01 58.87 + 0.89 = = = =
3 From Kamlet et al. [32].
0.5 1.0 the solvent dipolarity/polarizability did not play a decisive role on
the photolysis rate of the PAHs.
0.44 L0.8
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0.2 electron-donating tendency. The IP values of the two PAHs* were
L smaller than those of the studied solvents (with IP>9.6 eV, shown
(00 N I~ s WSV S ' 0.0 in Table 1), implying that the PAHs" are electron donors. Some pre-
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Fig. 2. UV-vis absorption spectra of PHE and BaP (0.4 mgL-" in methanol), acetone
and the relative light irradiance.

acetone™ is not theoretically favorable, which may inhibit the pho-
todegradation of PHE. For the studied solvents, only acetone had
an obvious light absorption at the experimental light wavelengths.
Thus, the photolysis in acetone was excluded from the discussions
below.

3.3. Dipolarity/polarizability role of the solvents as continuum
media on the PAHs photolysis

As shown in Table 1, the photolysis rate constants of PHE and
BaP in hexane, methanol, acetonitrile and DCM increased with 7*.
This is consistent with the commonly proposed standpoint that the
solvent polarity influences PAHs photolysis [16,20,34]. 7* evaluates
the ability of the solvent to stabilize a charge by its dielectric effect.
The solvent with a large 7* value may facilitate the stabilization
and separation of charge transfer state of PAH molecules and hence
the photolysis. However, no quantitative relations between 7* and
the photolytic activity (log k) of the two PAHs were observed, when
more solvents were taken into consideration (Fig. 3), indicating that

vious studies [34-36] also indicated that photoinduced electron
transfer is a possible photodegradation path of PAHs. Therefore,
the solvents could be involved in the photodegradation process as
electron acceptors.

The electron affinity (EA) and absolute electronegativity () val-
ues that reflect the electron-accepting potential of the solvents are
listed in Table 1. The logk values of both PHE and BaP in hexane,
ethanol, acetonitirle, and DCM increased with EA (Table 1). Mean-
while, a significant linear relationship was observed between log k
of the two PAHs and y, for which the correlation coefficients (r) are
larger than 0.91 (Fig. 4). x measures the tendency of a molecule
to attract electrons. Solvent molecule with high y may get elec-
tron more easily than that with low x. The results prove the vital
role of electron-accepting potential of the solvents in the photolysis
reaction of the PAHs.

Besides solvent molecules, dioxygen (O,) may also be an elec-
tron acceptor in the photolysis process of PAHs. As O, molecules are
non-polar, the solubility of O, in hexane usually is higher than in
methanol [37]. However, the photodegradation of the PAHs was
slower in hexane than in methanol (Table 1). Furthermore, the
removal of O, by N, purge did not change the photolysis rate
constants of PHE and BaP obviously (Fig. 5), indicating that the
influence of O, was minor in this investigation. Thus, the solvent
molecules mainly act as electron acceptors to influence the photol-
ysis rates of PAHSs.
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Fig. 3. Plots of the photolytic activity (log k) versus dipolarity/polarizability (7*) of the solvents for (a) PHE and (b) BaP.
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Fig. 4. Correlations of absolute electronegativity (x) of the solvents and the photolytic reactivity (log k) for (a) PHE and (b) BaP.
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Fig. 5. Photolysis kinetics of (a) PHE and (b) BaP in methanol (O), nitrogen-purged methanol (®), acetonitrile (a), nitrogen-purged acetonetrile (A), hexane (O), nitrogen-

purged hexane (B), DCM (¢) and nitrogen-purged DCM (4).

4. Conclusions

Different photolysis rate constants for PHE and BaP in the diverse
solvents were observed. Acetone competitively absorbed light with
PHE and BaP molecules, while the excited acetone molecules
played opposite roles on their photodegradation kinetics. The pho-
tolysis rate constants of PHE and BaP in hexane, isopropanol,
ethanol, methanol, acetonitrile and DCM were mainly influenced
by electron-accepting potential of the solvents. The photolytic
activity (log k) of the two PAHs positively correlates with y signif-
icantly. As only a limited number of solvents were included in the
study, further investigations should extend the number and rep-
resentativeness of solvents so as to well model the properties of
environmental media.
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