Journal of Hazardous Materials 168 (2009) 1192-1199

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Photocatalytic oxidation of polycyclic aromatic hydrocarbons:
Intermediates identification and toxicity testing

0.T. Woo?, W.K. Chung?, K.H. Wong?, Alex T. Chow®:P-¢, PK. Wong ¢+

a Department of Biology, The Chinese University of Hong Kong, Shatin, N.T. Hong Kong SAR, China

b Department of Water, Air and Land Resource, University of California, Davis, CA 95616, USA

¢ College of Environmental Science and Engineering, South China University of Technology, Guangzhou, Guangdong, China
d Environmental Science Programme, The Chinese University of Hong Kong, Shatin, N.T. Hong Kong SAR, China

ARTICLE INFO ABSTRACT

Article history:

Received 23 July 2008

Received in revised form 27 February 2009
Accepted 28 February 2009

Available online 18 March 2009

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic pollutants and their low water solubility lim-
its their degradation in aqueous solution. The presence of water-miscible solvent such as acetone can
increase the water solubility of PAHs, however acetone will also affect the degradation of PAH. In this
study the effects of acetone on the photocatalytic degradation efficiency and pathways of 5 selected
PAHs, namely naphthalene (2 rings), acenaphthylene (3 rings), phenanthrene (3 rings), anthracene (3
rings) and benzo[a]anthracene (4 rings) were investigated. The Microtox® toxicity test was used to deter-
mine whether the PCO system can completely detoxify the parental PAHs and its intermediates. The
addition of 16% acetone can greatly alter the degradation pathway of naphthalene and anthracene. Based
on intermediates identified from degradation of the 5 PAHs, the location of parental PAHs attacked
by reactive free radicals can be correlated with the localization energies of different positions of the
compound. For toxicity analysis, irradiation by UV light was found to induce acute toxicity by gener-
ating intermediates/degradation products from PAHs and possibly acetone. Lastly, all PAHs (10mgl-1)
can be completely detoxified by titanium dioxide (100mgl-') within 24h under UVA irradiation
(3.9mW cm~2).
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1. Introduction were two main reactions concerning acetone and *OH:

Polycyclic aromatic hydrocarbons (PAHs) are fused-ring com- *OH + CH3C(0)CH3 — *CH3C(0)CH; +H,0 (1)
pounds consisting of carbon and hydrogen atoms, arranged in either
a linear, angular or cluster structure. PAHs are mostly generated *OH + CH3C(0)CH3 — CH3COOH + °CHj3 (2)

from anthropogenic sources; including combustion of coal and oil
[1], waste incineration and motor vehicle emissions [2]. Due to their

_ €l ! ! - 1 Some studies have experimentally shown that the major path-
high toxicity, carcinogenic and mutagenic effects and environmen-

way for the reaction between acetone and *OH is shown in Eq. (1),

tal persistency [2], 16 PAHs have been listed by the United States
Environmental Protection Agency and by the European Community
as priority environmental pollutants [3]. Photocatalytic oxidation
(PCO), one of the many advanced oxidation processes, relies on the
generation of *OH by photocatalysts (e.g. titanium dioxide, TiO; ) to
trigger oxidative degradation.

Acetone, a water-miscible organic solvent, helps PAHs contact a
photocatalyst more readily to trigger PCO degradation in aqueous
solution. However, a reaction between acetone and *OH generated
occurred. According to Caralp et al. [4], they reported that there
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i.e. production of acetonyl radicals [5,6]. Thus, these acetonyl radi-
cals may compete with the reactants (i.e. PAHs) for *OH leading to a
decrease in degradation efficiency of PAHs, or they may react with
PAHs and carry out a different degradation pathway. Therefore, the
effect of acetone on PAHs degradation was studied.

As mentioned before, PCO is a process that mainly relies on
the generation of reactive *OH to trigger oxidative degradation.
Other reactive species such as superoxide radical anions (*O;~)
and h* on TiO, molecules also leads to the formation of detected
intermediates formed by irradiation. The electron distribution over
PAH molecules is then significant for the reactive positions of the
molecule that can be attacked in the PCO reaction [7]. Dewar’s reac-
tivity number, Ny, one of the several reactivity indices, reflects the
localization energy and hence reactivity of a particular position on
PAHs [8].
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In this study, the degradation pathways of 5 PAHs, namely naph-
thalene (2 rings), acenaphthylene (3 rings), phenanthrene (3 rings),
anthracene (3 rings) and benzo[a]anthracene (4 rings), by PCO
degradation (in 1% acetone) were investigated. In addition, 16% ace-
tone (regarded as high acetone level) was added to the PCO systems
to study the effect of acetone on the degradation pathways of PAHs.
The correlation between the localization energy and reactivity of
different positions of PAHs was studied. Lastly, the Microtox® test
was also carried out to determine the detoxifying ability of the PCO
system for these PAHs and their intermediates.

2. Materials and methods
2.1. Chemicals

Naphthalene, acenaphthylene, phenanthrene, anthracene and
benzo[a]anthracene were purchased from different companies.
Naphthalene and anthracene were bought from BDH (Poole,
England) and Merck (Darmstadt, Germany), respectively. Ace-
naphthylene was purchased from Aldrich (St. Louis, USA), while
phenanthrene and benzo[a]anthracene were from Sigma (St. Louis,
USA). Titanium dioxide (TiO,) was obtained from Degussa (Frank-
furt, Germany), which is a non-porous mixture of 70% anatase and
30%rutile, with a BET surface area of 50 m2 g~! and an average parti-
clesize of 30 nm. Dichloromethane from Mallinckrodt (Phillipsburg,
USA) and acetone from Labscan (Bangkok, Thailand) were HPLC
grade. PAHs were dissolved in acetone to make a stock solution.
A 100 ml reaction mixture of 10mgl-! PAHs and 100 mgl-! TiO,
were prepared for PCO reaction, and additional acetone was added
in order to achieve required acetone level.

The following compounds were used for estimating the
percentage yield of some intermediates generated during
PCO reactions: 1,4-naphthalenedione, 9,10-phenanthrenedione,
9,10-anthracenedione, benzo[a]anthracene-7,12-dione and 1,2-
benzenedicarboxaldehyde (Appendix A). The first four compounds
were purchased from Aldrich (St. Louis, USA), while the last one
was from Sigma (St. Louis, USA).

2.2. Photocatalytic reactor

PCO was conducted in a customized photocatalytic reactor,
which consists of a stainless steel cylinder and control panel. Inside
the cylinder, four 15-W UV lamps, purchased from Cole-Parmer
International (Vernon Hills, USA) with emission peak at 365 nm,
were placed around a Pyrex column. During the PCO process, ambi-
ent air was pumped at 200cm> min~—! into the reaction mixture
for the purpose of aeration and mixing. Cooling fans at the bottom
of the reactor was used to prevent the reactor from overheating.
The UV lamps used in the experiment emitted various inten-
sities of UV light of different wavelengths: UVA=3.9 mW cm~2;
UVB=11mW cm~2 and UVC=0.3mW cm~2.

2.3. Identification and quantification of PAHs and their
intermediates

At various time intervals, a 10 ml sample was collected from
the reactor and transferred into a glass extraction tube for extrac-
tion using 10 ml dichloromethane. After discarding the aqueous
phase, the organic phase was concentrated by N-evaporator to near
dryness (Associates Incorporation, Berlin, USA). The residue was
then redissolved in 40 ] dichloromethane and filtered through a
0.45 pm PTFE membrane (Whatman International Limited, Maid-
stone, England). No additional stabilization procedure was done
after extraction but the samples were analysis as soon as possi-
ble, the whole extraction process takes about 1h. The extract was
then stored at —20 °C until analysis.

PAHs and their intermediates were analyzed by a gas chro-
matograph (GC) (HP6890) equipped with a capillary column (HP-5
column, 30m x 0.32 mm x 0.25 wm) and a mass selective detector
(MS) (5973N) with the HP Chemstation software (Hewlett Packard
Corporation, CA, USA). Spiltless (2.0 1) injection was carried out by
an auto-injector (HP7683, Hewlett Packard Corporation, CA, USA)
with a temperature of 250°C. After an isothermal period of 1 min
at 50°C, the oven temperature was increased to 300 °C at a rate of
5°Cmin~! and held for 5 min. The solvent delay was set at 3 min.
The scan range was from m/z 40 to m/z 400 at 2.08 scans~!. The
NIST98 MS library was used for species identification as a sup-
plement for mass spectral and retention time characteristics. All
library-matched species exhibited a degree of match better than
90%.

2.4. Toxicity analysis

A 5ml sample was first filtered through glass microfibre filters
(GF-C, Whatman International Ltd., Maidstone, England). The pH
of the sample was adjusted to approximately 6-8. The test was
performed by a Microtox® toxicity analyzer (M500, Azur Envi-
ronmental, Carlsbad, USA) following the protocols for the basic
or 100% test, according to the standard operating procedure [9].
The Microtox® reagents, reconstitution solutions, osmotic adjust-
ing solution (OAS), diluent and cuvettes used were all purchased
from Azur Environmental (Carlsbad, USA).

3. Results and discussion
3.1. Identification of intermediates

For each PAH used in this study, the abundance of intermediates
measured by GC-MS was recorded to obtain a general trend of inter-
mediates produced with irradiation time (Fig. 1). The intermediates
detected and degradation pathways suggested were not complete
since some intermediates were short-life and cannot be detected
in GC-MS analysis. The relevant information of selected PAHs and
their intermediates produced during the PCO reaction is shown in
Table 1. The percentage yield of some intermediates for selected
PAHs is measured in Appendix A as a reference. The maximum yield
of intermediates can be up to 40%, in the case of PCO degradation
of anthracene. The common intermediates found during PCO reac-
tion were alcohol, ketone, quinone, aldehydes and benzopyrone.
PCO reaction was usually started by hydroxylation of PAHs to form
an alcohol. After a series of oxidation, smaller molecules of inter-
mediates were resulted. The degradation pathways of 5 PAHs were
proposed and shown in Fig. 2.

3.1.1. Effect of acetone level

The effect of acetone level on the photocatalytic degradation of
PAHs was conducted in the presence of 1 and 16% of acetone. Ace-
tone was added because PAHs were highly hydrophobic and with
very low water solubility, adding acetone can improve the solubility
of PAHs in the reaction mixture. The chose of these acetone con-
centrations was based on our preliminary results (data not shown)
and the results of a previous study [10]. The results showed that the
addition of 16% acetone can cause an accumulation of intermediates
and this may allow us to find out more possible intermediates and
hence propose a more complete degradation pathway. For exam-
ple, higher concentrations and more types of intermediates were
found in degradation of naphthalene with the high acetone level
(Fig. 1(a) and Table 1(a)). Moreover, the times required for degra-
dation of parental compounds were either not changed significantly
or decrease. Similar findings were reported in the previous study
on the photolysis of another azo dye, Disperse Red 13 [10]. In that
study, the authors found that increasing the concentration of ace-
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Fig. 1. Peak area of intermediates produced during PCO of selected PAHs: (a) naphthalene, (b) acenaphthylene, (c) phenanthrene; (i) represents intermediates identified
under reaction condition with 1% acetone, (ii) represents intermediates identified under reaction condition with 16% acetone. The maximum percentage yields of some
intermediates produced during PCO reaction were shown. Peak area of intermediates produced during PCO of selected PAHs: (d) anthracene and (e) benzo[a]anthracene;
(i) represents intermediates identified under reaction condition with 1% acetone, (ii) represents intermediates identified under reaction condition with 16% acetone. The
maximum percentage yields of some intermediates produced during PCO reaction were shown.

tone from O to 2M will increase the reaction rate constant, and
further increase the acetone concentration will cause inhibition of
reaction. In our experiment, increasing the acetone concentration
from 1% (~0.136 M) to 16% (~2.176 M) caused an increase of degra-
dation of the parental compounds. The study also suggested that

acetone will provide an alternative pathway for the photolysis of
dye, but the reaction product was the same as without acetone. In
our study on PAH degradation, the intermediates detected were also
similar in the two concentrations tested, only the amount detected
showed a difference.
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3.2. Reactive sites of PAHs

Dewar’s reactivity number, Ny, one of the several reactivity
indices, reflects the localization energy and hence reactivity of
a particular position on PAHs [8]. The smaller the Ny value, the
lower the activation energy required, hence the higher the reactiv-
ity which results. Fig. 3 shows the (a) numbering and (b) N, (Dewar)
values of PAHs.

For naphthalene, the Ny value of position 1 is smaller than that of
position 2, which means position 1 is more easily attacked by reac-
tive oxygen species. In this study, only 1-naphthalenol was found.
However, in a similar study conducted by Lair et al. [11], both types
of naphthols were detected, but mainly 1-naphthalenol. Therefore,
it was demonstrated that reactivity is correlated to the localization
energy at a point on the molecule.

All intermediates found were derived from reactions of *OH
attacking at the position 9 and/or 10 of phenanthrene. The Ny values
of the positions 9 and 10 are slightly lower than that of the others.
This indicates that most reactions take place at these two posi-
tions. A simple reason would be the better arrangement of electrons
over the aromatic rings resulted upon attack. This modified form
can become more stable by providing two peripheral delocalized
sextets of electrons [12].

The Ny values for the positions of PAH molecules can help us
to explain the degradation pathway of anthracene. The positions
9 and 10 are preferentially attacked, with 9,10-anthracenedione
as the most abundant intermediate, as extra stability was gained
for the intermediate formed upon attack at these positions by

interaction with adjacent delocalization systems [12]. Ozonation,
a chemical oxidation, shares some similarity with PCO reactions in
that ozone reacts with PAHs by either substitution or ring opening.
Yao et al. [13] agreed that the location of ozone attack is corre-
lated with the lowest atom- or bond-localization energies of the
target compound. Thus, 9,10-anthracenedione was also a common
ozonation intermediate [14,15]. For the same reason, it was iden-
tified as an intermediate of photolysis of anthracene with oxygen
supply [16,17]. Hydroxylation on the position 1 was also preferred
because of a smaller Ny. The higher concentration of 1-hydroxy-
9,10-anthracenedione detected is evidence of this.

As mentioned before, similar intermediates can be found
in ozonation and PCO reactions of benzo[a]anthracene. In the
study of Yao et al. [13], two types of ozonation intermediates
of benzo[a]anthracene were detected: (1) phenyl-naphthyl type
(bond attack at the positions 5 and 6) and (2) quinone type (atom
attack at the positions 7 and 12). Yao et al. [13] agreed that the
location of the ozone attack was related to the lowest atomic- and
bond-localization energies of the compound. The Ny values of the
positions 7 and 12 were the lowest of all. Benzo[a]anthracene-
7,12-dione, belonged to type (2) intermediates of ozonation, was
observed here. Yao et al. [13] also found that the bond-attack type
of reaction occurred at the bond between the positions 5 and 6
because of its low energy and, therefore, resulted in ring cleav-
age. Likewise, these two positions have the second lowest N, value.
Nevertheless, type (1) intermediates were not found in our study.

All intermediates of acenaphthylene were generated from the
reaction at the unsaturated bond of the cyclopentafused ring of ace-

Table 1
Information about selected PAHs and their intermediates produced during PCO degradation identified by GC-MS.
No. Retention time (min) Empirical formula Name Remarks
(a)
1 13.3 CioHs Naphthalene (parental compound) X,y
2 14.9 CgHgO; 1,2-Benzenedicarboxaldehyde X,y
3 19.1 CoHgO- 2H-1-benzopyran-2-one X,y
4 19.3 C1oHgO> 1,4-Naphthalenedione X,y
5 22.0 C1oHgO 1-Naphthalenol y
6 22.6 C1oHgO03 2-Hydroxy-1,4-naphthalenedione y
(b)
7 204 Ci2Hs Acenaphthylene (parental compound) X,y
8 254 Ci2HsO Acenaphthenone X,y
9 25.5 C12H100 1-Acenaphthenol X
10 29.9 C12HgOo 1,2-Acenaphthylenedione X,y
11 30.2 C12Hs0; 1H,3H-naphtho(1,8-cd)pyran-1-one X,y
12 33.0 C12HgO3 1,8-Naphthalic anhydride X,y
(c)
13 28.2 CiaHio Phenanthrene (parental compound) X,y
14 29.9 C14H100; (1,1’-Biphenyl)-2,2’-dicarboxaldehyde X,y
15 314 Cy3HgO, Benzocoumarin X,y
16 34.8 C14H100 9-Phenanthrenol X,y
17 35.7 C14HgO> 9,10-Phenanthrenedione X,y
(d)
18 14.9 CgHgO, 1,2-Benzenedicarboxaldehyde X,y
19 28.1 Ci4H1o Anthracene (parental compound) X,y
20 314 C14H100 Anthrone X,y
21 319 C14HgO; 9,10-Anthracenedione X,y
22 33.8 C14HgO3 1-Hydroxy-9,10-anthracenedione X,y
23 34.6 C14H1003 1,8-Dihydroxy-9(10H)-anthracenone y
24 35.9 C14HgO4 1,4-Dihydroxy-9,10-anthracenedione X,y
25 39.2 C14HgO3 2-Hydroxy-9,10-anthracenedione X
(e)
26 14.9 CgHgO2 1,2-Benzenedicarboxaldehyde X,y
27 19.1 C9HgO> 2H-1-Benzopyran-2-one X,y
28 22.6 C10HgO3 2-Hydroxy-1,4-naphthalenedione X,y
29 40.3 CigHiz Benzo[a]anthracene (parental compound) X,y
30 424 Ci1gH100; Benzo[a]anthracene-7,12-dione X,y

The degradation pathway of each PAH can be referred to Fig. 2 provided that all compounds were represented by no. assigned in this table. x: the intermediate identified
under reaction condition with 1% acetone. y: the intermediate identified under reaction condition with 16% acetone.
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of each compound can be referred to Table 1 by checking the no. assigned on the left-hand side of their structures.

naphthylene. Although Dewar [8] did not discuss the reactive sites
of acenaphthylene, both Klamt [18] and Reisen and Arey [19] agree
that the unsaturated bond of the cyclopentafused ring (i.e. the posi-
tions 1 and 2) was the major reactive site. Reisen and Arey [19] have
further studied reactions of *OH with acenaphthene (Acp) (with a
saturated bond of the cyclopentafused ring) and acenaphthylene
(Ace) (with an unsaturated bond of the cyclopentafused ring). Their
results showed that addition of *OH to the six-membered aromatic
rings was the major pathway of degradation of Acp, while for Ace,
reaction occurred at the unsaturated bond of the cyclopentafused
ring. In their study, some intermediates of Ace produced in the

reaction with aromatic rings were found, but none of them were
detected in our study.

3.3. Toxicity analysis

Organic compounds can be completely degraded and detoxi-
fied into harmless compounds (theoretically, carbon dioxide and
water) by photocatalytic oxidation [20,21]. The Microtox® test can
be used to assess the acute toxicity of PAHs and their intermedi-
ates/degradation products, in order to investigate whether PAHs
can be completely detoxified by PCO. Depending on the initial esti-
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mation of toxicity of the samples, either the basic test or the 100%
test was performed. Results are presented in Table 2 as EC50 val-
ues, determined at two exposure times (5 and 15 min), with a 95%
confidence interval. A higher EC50 indicates a lower acute toxicity.
Also, a smaller 95% confidence interval indicates better quality data
than a larger 95% confidence interval.

Since the reaction mixture contained 1% acetone from a PAH
stock solution, a control consisting of 1% acetone was conducted
in order to monitor acute toxicity caused by acetone itself or
intermediates/degradation products generated upon UV irradia-
tion. The results showed that 1% acetone itself did not cause acute
toxicity within 15 min of incubation. However, acute toxicity was
induced through degradation of acetone upon UV irradiation. Ste-
fan and Bolton [22] studied the degradation pathway of acetone in
UV/H,0, process. The degradation system is similar to PCO system
as both of them produce hydroxyl radicals to trigger the degra-
dation. The intermediates of acetone degradation included acetic
acid and formaldehyde which are highly toxic to the microorgan-
ism. Therefore, 24 h was required for the sample to be completely
detoxified. In some situations, the EC50 with acetone alone was
lower than that of samples containing PAHs and acetone together.
This means that the sample containing acetone alone was more
toxic. For example, after 14h of UV irradiation, the EC50-5 min
of naphthalene plus acetone was 46.94% while that of acetone
alone was 28.97% (Table 2). One possibility is that the degra-
dation pathway for acetone alone is different from degradation
of acetone and a PAH. From the results shown in Table 2, only
acenaphthylene and phenanthrene showed acute toxicity prior
to irradiation. After 1h irradiation, acute toxicity of some PAHs
was induced by the production of intermediates/degradation prod-
ucts, derived either from PAHs or possibly acetone, provided that
all selected PAHs were completely degraded within 1 h. This was
in agreement with Wernersson et al. [23], that UV can initiate
acute toxicity of PAHs by formation of oxidized compounds. How-
ever, for acenaphthylene, the EC50-5 min after 1 h irradiation was
much higher than that of the original sample. After 15 min incu-
bation, EC50-15 min overlapped that of the original sample. This
suggested that time was required for intermediate/degradation
products of acenaphthylene to diffuse into the bacterium or to
build up to a threshold level for acute toxicity. For all selected
PAHs, the EC50 at both exposure times continuously decreased
after a minimum 12 h of irradiation. Finally, all of the PAHs which
were tested can be completely detoxified within 24 h. In the case
of anthracene, only 16 h of irradiation was required for complete
detoxification.

Table 2

Results of the Microtox® test samples obtained after PCO degradation of 1% acetone

alone and selected PAHs.

Irradiation time (h)

1% acetone alone (control)

EC50-5 min (%)

EC50-15 min (%)

0 >100 >100
1 69.14 (57.26-83.49) 33.70 (32.77-34.66)
2 36.91 (34.81-39.13) 17.86 (16.05-19.88)
4 47.32 (45.08-49.67) 25.19 (21.27-29.83)
8 27.75 (24.37-31.59) 15.47 (13.29-18.02)
12 21.67 (21.08-22.28) 13.22 (12.37-14.14)
14 28.97 (28.91-29.02) 19.22 (18.44-20.02)
16 42.30 (37.89-47.22) 28.31 (25.37-31.60)
243 >100 >100
Irradiation time (h) Naphthalene
EC50-5 min (%) EC50-15 min (%)
(b)
0? >100 >100
1 52.12 (39.00-69.66) 28.75 (25.85-31.98)
2 36.34 (33.57-39.33) 17.72 (16.66-18.86)
4 31.23(30.21-32.29) 16.08 (15.16-17.05)
8 22.78 (22.04-23.55) 13.06 (12.34-13.83)
12 22.99 (14.37-36.79) 12.54 (10.10-15.57)
14 46.94 (45.32-48.60) 27.12 (26.62-27.62)
16 85.71(72.83-100.86) 52.08 (48.40-56.04)

Irradiation time (h)

Acenaphthylene

EC50-5 min (%)

EC50-15 min (%)

(c)
Oa

Irradiation time (h)

12.76 (10.25-15.89
31.59 (27.33-36.53
17.95 (16.88-19.09
19.94 (16.83-23.62
16.13 (15.03-17.32)
19.68 (18.98-20.41)
16.77 (15.45-18.21)
42.54 (40.62-44.55)

>100

Phenanthrene

15.64 (14.13-17.31)
16.64 (16.54-16.73)
11.08 (10.28-11.95)
11.30(9.21-13.87)

10.49 (10.19-10.80)
12.79 (12.65-12.92)
12.10 (10.82-13.52)
29.86 (28.34-31.46)

>100

EC50-5 min (%)

EC50-15 min (%)

(d)
Oa

0 AN

30.67 (24.41-38.54)
25.13 (21.62-29.20)
24.28 (23.98-24.59)
26.89 (22.66-31.90)
29.87 (25.59-34.86)

32.80 (26.54-40.53)
14.09 (12.58-15.78)
12.75 (11.02-14.77)
15.10 (14.65-15.56)
13.70 (11.62-16.16)
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Irradiation time (h)

Phenanthrene

EC50-5 min (%)

EC50-15 min (%)

12 32.51(30.08-35.14) 16.46 (15.92-17.03)
14 31.68 (29.78-33.69) 17.32 (15.56-19.29)
16 43.36 (41.48-45.33) 26.96 (25.27-28.76)
24 >100 >100

Irradiation time (h)

Anthracene

EC50-5 min (%)

EC50-15 min (%)

(e)
02 >100 >100
12 16.79 (6.30-44.76) 10.21 (4.02-25.88)
22 22.86 (15.82-33.04) 14.36 (13.76-14.99)
42 29.29 (18.93-45.32) 20.03 (16.71-24.00)
82 41.90 (26.16-67.09) 27.96 (21.19-36.88)
162 >100 >100

Irradiation time (h)

Benzo[a]anthracene

EC50-5 min (%)

EC50-15 min (%)

()
0 >100 >100
1 30.84 (24.71-38.49) 17.59 (12.12-25.52)
2 22.70 (20.06-25.69) 16.93 (15.26-18.78)
4 39.21 (36.36-42.28) 27.56 (26.54-28.62)
8 43.10 (41.52-44.74) 27.30(26.60-28.02)
12 61.71 (57.09-66.71) 38.96 (36.49-41.59)
16 57.62 (53.43-62.13) 46.66 (44.62-48.78)
24 >100 >100

Data in parentheses represent 95% confidence range for EC50 values. EC50> 100

represents non-detectable EC50.
2 Samples were tested using basic test. For the rest, 100% test was performed.

4. Conclusions

The addition of acetone enhances water solubility of hydropho-
bic PAHs in aqueous solution and leads to the improvement of
PAH degradation. However, the results in this study indicate that
the presence of acetone affects the photocatalytic degradation
pathway(s). Alcohol, ketone, quinone, aldehydes and benzopyrone
were detected in PAH photocatalytic degradation. The intermedi-
ates identified in this study were focused on compounds consisting
of aromatic rings. Thus, the degradation pathway proposed here
may only represent the initial part of the complete degradation
pathway. With the addition of a large amount of acetone, higher
concentration and more types of intermediates were detected
during the PCO degradation of PAHs. Through the intermediates
found, the attack on reactive sites by reactive free radicals can
be correlated to the localization energies of position of the com-
pound.

For toxicity analysis, only two parental compounds - acenaph-
thylene and phenanthrene - showed acute toxicity. Irradiation
with UV can induce acute toxicity by generation of intermedi-
ates/degradation products from PAHs and possibly from acetone.
Lastly, all PAHs, especially anthracene, can be completely detoxified
within 24 h.
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Appendix A. Percentage yield obtained by some of the
intermediates formed during PCO degradation of selected
PAHs

PAHs PCO conditions Intermediates Yield (%) obtained at different irradiation time (min)
0 2.5 10 20 30 40 50 60 90 120 180 210 240 270 300 360
1 1,2-Benzenedicarboxaldehyde 0 0 1.6 1.6 2.0 23 13
Na % acetone 1,4-Naphthalenedione 0 26 09 07 07 0 O
16; 1,2-Benzenedicarboxaldehyde 0 0 0 2.2 2.0 3.0 34 3.7 50 6.9 54 62 72 58 0
¢acetone 4 4 Naphthalenedione 0 11 16 72 32 19 12 10 08 0 o0 0 0 0 o0
h 1% acetone 9,10-Phenanthrenedione 0 0 81 106 136 9.7 9.9 8.6 8.5 80 0 0 0
Phe 16% acetone 9,10-Phenanthrenedione 0 18.1 233 247 313 15.0 15.7 85 8.1 0 0 0
1% 1,2-Benzenedicarboxaldehyde 0 25 29 29 30 24 20 14 0
A ¢ acetone 9,10-Anthracenedione 0 259 298 379 403 331 332 91 10
nt 1,2-Benzenedicarboxaldehyde 0 0 14 28 31 31 27 23 27 14 20 17 14
16% acetone g 1o_anthracenedione 0 113 118 342 135 74 41 29 20 15 14 12 10
1% 1,2-Benzenedicarboxaldehyde 0 1.2 1.3 1.6 21 1.9 1.3 0 0
BaA acetone Benzo[a]anthracene-7,12-dione 0 23 26 30 18 1.0 0 0 0
127 1,2-Benzenedicarboxaldehyde 0 164 164 174 172 21.2 152 132 5.6 4.3 20 15
sacetone g, o(ajanthracene-7,12-dione 0 155 177 104 145 55 26 10 0 0 0 o0

The bold and underlined number at certain irradiation time was the maximum yield during PCO reaction. Nap: naphthalene; Phe: phenanthrene; Ant: anthracene; BaA:

benzo[a]anthracene.



O.T. Woo et al. / Journal of Hazardous Materials 168 (2009) 1192-1199 1199

References

[1] R.Crisafully, M.A.L. Milhome, R.M. Cavalcante, E.R. Silveira, D.D. Keukeleire, R.F.
Nascimento, Removal of some polycyclic aromatic hydrocarbons from petro-
chemical wastewater using low-cost adsorbents of natural origin, Bioresour.
Technol. 99 (2008) 4515-4519.

[2] E.Ferrarese, G. Andreottola, I.A. Oprea, Remediation of PAH-contaminated sed-
iments by chemical oxidation, J. Hazard. Mater. 152 (2008) 128-139.

[3] P. Henner, M. Schiavon, J.L. Morel, E. Lichtfouse, Polycyclic aromatic hydrocar-
bon (PAH) occurrence and remediation methods, Anal. Mag. 25 (1997) M56-
M59.

[4] F. Caralp, W. Forst, E. Hénon, A. Bergeata, F. Bohrb, Tunneling in the reaction of
acetone with *OH, Phys. Chem. Chem. Phys. 8 (2006) 1072-1078.

[5] RK.Talukdar, T. Gierczak, D.C. McCabe, A.R. Ravishankara, Reaction of hydroxyl
radical with acetone. 2. Products and reaction mechanism, J. Phys. Chem. A 107
(2003) 5021-5032.

[6] E.Turpin, C. Fittschen, A. Tomas, P. Devolder, Reaction of OH radicals with ace-
tone: determination of the branching ratio for the abstraction pathway at 298 K
and 1 Torr, J. Atmos. Chem. 46 (2003) 1-3.

[7] S. Lundstedt, Analysis of PAHs and their transformation products in contam-
inated soil and remedial processes, Ph.D. Thesis, Umea University, Solfjadern
Offset AB, Sweden, 2003.

[8] M.J.S. Dewar, A molecular-orbital theory of organic chemistry. VI. Aromatic
substitution and addition, J. Am. Chem. Soc. 74 (1952) 3357-3363.

[9] Azur Environmental, The Microtox® Acute Basic, DIN, ISO and Wet Test Proce-
dures, Carlsbad, California, 1998.

[10] C.W. Ma, W. Chu, Photodegradation mechanism and rate improvement of chlo-
rinated aromatic dye in non-ionic surfactant solutions, Water Res. 35 (2001)
2453-2459.

[11] A. Lair, C. Ferronato, J.M. Chovelon, ].M. Herrmann, Naphthalene degradation
in water by heterogeneous photocatalysis: an investigation of the influence of
inorganic anions, J. Photochem. Photobiol. A 193 (2008) 193-203.

[12] D. Lloyd, The Chemistry of Conjugated Cyclic Compounds: To Be or Not to Be
Like Benzene? John Wiley, New York, NY, 1989.

[13] J.J. Yao, Z.H. Huang, S.J. Masten, The ozonation of benzo[a]anthracene: pathway
and product identification Water Res. 32 (1998) 3235-3244.

[14] E. Perraudin, H. Budzinski, E. Villenave, Identification and quantification of
ozonation products of anthracene and phenanthrene adsorbed on silica par-
ticles, Atmos. Environ. 41 (2007) 6005-6017.

[15] A.N.O. Kwamena, M.E. Earp, ].C. Young, ].P.D. Abbatt, Kinetic and product yield
study of the heterogeneous gas-surface reaction of anthracene and ozone, J.
Phys. Chem. A 110 (2006) 3638-3646.

[16] R. Dabestani, K. Ellis, M.E. Sigman, Photodecomposition of anthracene on
dry surfaces: products and mechanisms, J. Photochem. Photobiol. A 86 (1995)
231-239.

[17] A. Mallakin, D.G. Dixon, B.M. Greenberg, Pathway of anthracene modification
under simulated solar radiation, Chemosphere 40 (2000) 1435-1441.

[18] A. Klamt, Estimation of gas-phase hydroxyl radical rate constants of organic
compounds from molecular orbital calculations, Chemosphere 26 (1993)
1273-1289.

[19] F. Reisen, J. Arey, Reactions of hydroxyl radicals and ozone with acenaphthene
and acenaphthylene, Environ. Sci. Technol. 36 (2002) 4302-4311.

[20] D.F. Ollis, E. Pelizzetti, N. Sperone, Heterogeneous photocatalysts in the envi-
ronment: application to water purification, in: N. Serpone, E. Peliaaetti (Eds.),
Photocatalysis: Fundamentals and Applications, John Wiley, New York, 1989,
pp. 603-636.

[21] A. Vidal, Developments in solar photocatalysis for water purification, Chemo-
sphere 36 (1998) 2593-2606.

[22] MLL Stefan, ].R. Bolton, Reinvestigation of the acetone degradation mechanism
in dilute aqueous solution by the UV/H,0, process, Environ. Sci. Technol. 33
(1999) 870-873.

[23] A.S. Wernersson, G. Dave, E. Nilsson, Combining sediment quality criteria and
sediment bioassays with photoactivation for assessing sediment quality along
the Swedish West Coast, Aquat. Ecosyst. Health Manage. 2 (1999) 379-389.



	Photocatalytic oxidation of polycyclic aromatic hydrocarbons: Intermediates identification and toxicity testing
	Introduction
	Materials and methods
	Chemicals
	Photocatalytic reactor
	Identification and quantification of PAHs and their intermediates
	Toxicity analysis

	Results and discussion
	Identification of intermediates
	Effect of acetone level

	Reactive sites of PAHs
	Toxicity analysis

	Conclusions
	Acknowledgement
	Percentage yield obtained by some of the intermediates formed during PCO degradation of selected PAHs
	References


