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bstract

Photodegradation of a mixture of three polycyclic aromatic hydrocarbons fluorene (FLU), dibenzofuran (DBF), and dibenzothiophene (DBT)
sing UV and UV/H2O2 processes was studied. Treating a mixture of the PAHs stimulated a more realistic contamination composition present
n polluted water. Effects of pH, PAH concentration, and water matrix composition on removal rates and efficiencies of these compounds are
iscussed. Batch experiments were conducted using both monochromatic low pressure (LP, 253.7 nm) and polychromatic medium pressure (MP,
00–400 nm) UV sources, in a quasi-collimated beam setup. A synergistic effect was observed during direct photolysis and LP-UV/H2O2 of the
ixture as compared to photodegradation as a single component in an aqueous solution. Similar results were obtained for FLU using MP-UV/H2O2
hereas, degradation of DBF and DBT was inhibited in a mixture. Natural water enhanced the direct photolysis compared to laboratory buffered
ater, whereas, degradation of the PAHs in the natural water was inhibited using the UV/H2O2 process. Toxicity testing using a luminescent

nhibition bioassay was correlated to intermediates generated during UV-based oxidation reactions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of
ver 100 different compounds introduced to the environment
y incomplete combustion of coal, oil, and wood, improper
torage or disposal of fuels and oils, and wood treatment pro-
esses. PAHs and their oxidation products are usually found as
mixture containing two or more of these compounds. PAHs
ere identified in industrial and municipal wastewater, efflu-

nts, rain, surface and drinking water, sediment, soils, and plants
1–3]. PAHs are of concern because many of them are toxic, car-
inogenic, and they tend to bioaccumulate in aquatic organisms.
xposure to wildlife and humans can occur through advective

nd/or diffusive transport of contaminants and microbially pro-
uced intermediates to the overlying water column, where these
hemicals can be subject to photolytic attack. Microbial trans-
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xicity

ormations of photoproducts can also occur through the activity
f suspended or sediment bacteria.

PAHs are removed from the environment by volatilization,
hoto- and chemical oxidation, adsorption to soil particles,
eaching, bioaccumulation and biodegradation [4]. Among the
ngineered processes bioremediation is generally considered
aving cost and technical advantages [5]. Advanced oxidation
rocesses (AOPs), by which hydroxyl radicals are generated
n order to destroy the organic contaminant, were also studied
s an alternative to or in combination with biodegradation for
emoval of PAHs from aqueous solutions [6–10]. The highly
eactive hydroxyl radicals, generated during AOPs, can lead
o complete mineralization of the pollutant but most typically
ead to formation of products of higher polarity and solubility
n water such as phenols, quinones, and acids [11–12]. These

etabolites may be far more toxic as compared to their par-
nt compounds [13–16]. For accurate assessment of the hazards

f PAHs (as a sole component or in a mixture), it is neces-
ary to know the potential of engineered or naturally occurring
nvironmental processes to cause toxicological effects due to
he formation of these oxidation by-products. Little information
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dx.doi.org/10.1016/j.jphotochem.2006.10.018
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Table 1
Physical and chemical properties of FLU, DBF, and DBT [23]

Compound Structure MW (g mol−1) Water solubility (�M) log KOW

FLU 166.2 12.0 4.22

DBF 168.2 18.4 4.12
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xists concerning the potency of multiple PAHs in well-defined
ioassay systems. Toxicity of PAHs in aquatic environments
as assessed using various whole organism assays such as fish,
acrophytes, protozoa, algae, and bacteria [16]. Luminescent

acteria have been found to be particularly useful in evaluat-
ng toxicant impacts [16] and provide a measure of sub-lethal
esponse for a single or a mixture of pollutants. Chemical anal-
sis may be complemented by the application of bioassays that
ive an integrated measure of toxicity. Non-target pollutants as
ell as reduced availability of toxicants and combined effect

uch as antagonistic or synergistic interactions are considered
hen using a biological test systems [17].
Fluorene (FLU), dibenzofuran (DBF) and dibenzothiophene

DBT) are three ring PAHs largely derived from anthropogenic
ources (e.g., petroleum products), although they can also form
hrough natural processes (e.g., forest fires). These compounds
hare fluorene’s basic molecular structure, only differing by one
tom in the bridge of the furan ring: C in FLU, O in DBF, and S
n DBT (Table 1). Like many PAHs, these compounds are spar-
ngly soluble with low volatility and high KOW (Table 1) and in
oils and sediments they strongly associate with dissolved or par-
iculate organic matter [18–19] that may significantly increase
pparent solubility [20] yet often reduces bioavailability and
oxicity [21]. Interaction with precipitated organic matter may
lso reduce toxicity of PAHs [22].

In this research the kinetics and quantum yields for treat-
ng DBF (C13H10O), FLU (C13H10), and DBT (C13H10S) in a

ixture, using UV and UV/H2O2 were determined. Treating a
ixture of the PAHs stimulated a more realistic contamination

omposition present in polluted water. Effects of pH, organics
oncentration, and matrix composition on the removal rates and
fficiencies of these compounds were studied. Photolysis of each
ompound in a mixture was compared to their photodegradation
s a sole component in buffered laboratory water. Luminescent
nhibition toxicity bioassay was used to evaluate the efficiency
f the UV-based oxidation reactions.

. Methods and materials

.1. Materials
DBF and FLU (98% purity) were purchased from Alfa Aesar
MA, USA), DBT (98% purity) from Aldrich (MO, USA),
ydrogen peroxide (30% in water) and HPLC grade acetoni-
rile from Fisher Chemicals (NJ, USA), HPLC grade water from

w

w
2

7.9 4.44

cros Organics (Geel, Belgium). All chemicals were used as
eceived and all solutions were prepared with de-ionized (DI)
ater.

.2. Experimental setup

Two UV sources were studied for the degradation of DBF,
LU, and DBT, low pressure mercury (LP) vapor germicidal

amps (ozone-free, General Electric #G15T8) and medium pres-
ure (MP) Hg arc lamps (Hanovia Co., Union, NJ). The former
mits essentially monochromatic light at 253.7 nm, while the
atter has various outputs ranging from about 200 nm to above
00 nm. Photolysis was carried out in a quasi-collimated beam
pparatus with and without the addition of up to 25 mg L−1

ydrogen peroxide. A mixture of PAHs, at initial concentration
f 2 �M each, were exposed in batches to average UV fluences
f up to 1000 mJ cm−2, at ambient temperature. The UV flu-
nce was defined as the energy over the 200–300 nm range and
t 254 nm for the MP and LP lamps, respectively.

In order to overcome the low solubility of the PAHs in water,
ethanolic stock solutions of the PAHs mixture were placed in
glass vessel, the methanol was evaporated with a gentle stream
f N2, after which buffer was added at a desired pH and the solu-
ion was covered and stirred overnight to dissolve the chemicals.
xperiments were carried out in a 70 mm × 50 mm crystalliza-

ion dish with surface area of 34.2 cm2 open to the atmosphere.
schematic description of the experimental setup is described

n detail elsewhere [24]. A 100 mL aqueous solution was gently
tirred to maintain homogeneity. Exposure times necessary to
chieve UV fluences from 0 to 1000 mJ cm−2 were determined
rom the average irradiance as calculated with a spreadsheet
rogram using the lamp spectrum, solution absorbance, inci-
ent irradiance read from a calibrated radiometer (1700IL, SED
40/W, International Light, Peabody, MA), and the measured
etri-factor for the dish (0.96 for the MP lamp and 0.97 for the
P lamp). Incident photon irradiance (E cm−2 s−1) was mea-
ured by taking the lamps emission spectrum with a diode array
pectrometer (Ocean Optics, Dunedin, FL) whose response was
alibrated using a NIST traceable standard D2 lamp (Thermo
riel, Stratford, CT). All experiments were performed in dupli-

ate. No loss of PAHs due to volatilization or/and hydrolysis

as observed in unexposed stirred samples.
Photodegradation of the three PAH compounds in a mixture

as compared to their photodegradation as a sole component, in
mM phosphate buffer solution (PBS), at pH 7. Furthermore, the
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ffect of the following parameters on the degradation rate of each
ompound was studied in a mixture of the three PAHs: (i) pH at 4
2 mM acetate buffer), 7 (2 mM phosphate buffer), and 10 (2 mM
orate buffer); (ii) initial concentration of the PAHs at (0.8, 2 and
�M of each compound) at pH 7; (iii) degradation in natural
ater obtained from Eno River NC, USA and from Atlantic
oods Superfund Site located on an estuary of the Elizabeth
iver VA, USA; (iv) anions present in natural water including
hloride (0, 10, 100, and 10,000 mg L−1) and sulfate (0, 10,
00, and 1500 mg L−1) were added to 2 mM phosphate buffer
riginated from NaCl and Na2SO4 salts, respectively. The effect
f phosphate ions was measured using 0–20 mM PBS solution
t pH 7.

Experiments to identify singlet oxygen and hydroxyl radicals,
ormed during direct photolysis in natural water, were performed
y adding 0.001 M sodium azide or 0.085 M 2-propanol to a mix-
ure of PAHs. Azide ions scavenge singlet oxygen and hydroxyl
adicals while 2-propanol scavenges only hydroxyl radicals. It
s assumed that oxidation resulting from these oxidizing species
ill be inhibited in the presence of azide or 2-propanol.

.3. Sampling

Samples from the rivers were taken near the shore, 10–20 cm
elow the water surface, and collected in 4 L amber glass bottles.
amples were filtered under vacuum the same day of sampling
sing washed Millipore glass fiber filters of 0.45 �m pore size.
he filtrates were refrigerated in amber glass bottles in the dark
t 4 ◦C. UV exposure experiments were conducted within 3 days
f sampling.

.4. Analysis

Samples (1 mL) were extracted for analysis using C-18
7.5 mm × 150 mm) reversed phase Varian Prostar HPLC (Var-
an, Inc., Palo Alto, CA) equipped with a photodiode array
etector. Isocratic elution was used with a mobile phase of 70:30
PLC grade acetonitrile and water, at flow rate of 1.5 mL min−1,
00 �L injection, absorbance detection at 242–252 nm. The
etention times were 5.7, 6.2 and 7.1 min for DBF, FLU, and
BT, respectively.
Water quality was determined using the following meth-

ds: total organic carbon (TOC) was measured by a Tekmar
ohrmann Apollo 9000 Total Carbon analyzer in accordance
ith Standard Method 5310A [25]. Turbidity was determined
sing Hach 2100N turbidimeter. pH of the solution was deter-
ined using a Thermo Orion 920A pH meter. Alkalinity and

otal hardness were measured according to the Standard Meth-
ds 2320 and 2340 [25], respectively. Anion concentrations were
easured with DX-120 Dionex ion chromatograph equipped
ith an AS 14A column, elluent 8 mM Na2CO3 and 1 mM
aHCO3.
.5. Toxicity assay

Bioluminescence inhibition assay, based on a marine gram
egative bacterium, Vibrio fischeri (NRRL B-11177 (ATCC)),

r
p
fi
m
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as used for acute toxicity estimation of a mixture of DBF,
LU, and DBF. Light production is directly proportional to the
etabolic activity of the bacterial population and any inhibition

f enzymatic activity causes a corresponding decrease in biolu-
inescence [26]. Prior to toxicity testing, cultures of V. fischeri
ere grown in photobacterium broth (Fluka) at 15 ◦C in darkness
ith continuous mixing. Cultures were harvested after 3 days by

entrifuging 17.5 mL at 5000 × g for 5 min at 15 ◦C. The pellet
as re-suspended in 100 mL 2% NaCl to obtain OD at 600 nm

rom 0.82 to 0.86 (measured by a UV spectrophotometer-Cary
io100, Varian, Inc., Palo Alto, CA). A 0.5 mL aliquots of cul-

ure suspension were added to a 48-well tissue culture plate
Corning Inc., costar 3548). After 10 min incubation at 15 ◦C in
he 48-well culture plate, the luminescence was measured using
LUOstar OPTIMA fluorescence measurement system (BMG
abtech, Inc., Germany) with spectral range of 240–740 nm.
ells were then dosed with 0.5 mL of the tested solution and

ncubated in darkness for 30 min at 15 ◦C, after which the bac-
erial luminescence was measured again. Tested solutions were
dded to the wells in triplicates, and luminescence was measured
wice for each plate. Toxicity assays were conducted for mix-
ures of PAH solution after exposure to direct photolysis at UV
uences from 0 to 2500 mJ cm−2 and for UV/H2O2 (25 mg L−1)

reatment at UV fluences from 0 to 1000 mJ cm−2. The assay
as carried out in duplicate in aqueous solution without solubil-

ty enhancing agents in order to exclude unwanted interactions
ith the PAHs. Control samples consisting of bacterial suspen-

ion in 2% NaCl with 2 mM PBS, the media of the UV exposure
xperiments, were included along with the test sample. For the
V/H2O2 additional controls were conducted for the effect of

he enzyme catalase, which was added to the PBS solution in
rder to destroy residual H2O2 prior to analysis. The decrease
n bacterial luminescence (% inhibition) due to addition of the
AHs was determined as follows [15]:

inhibition = 100 ×
(

1 − LtC0

L0Ct

)
(1)

here L0 and C0 are the luminescence of test samples and control
t t = 0. Lt and Ct are luminescence values for test samples and
ontrol measured after 30 min incubation.

. Results and discussion

.1. Mixture versus sole component

Degradation of the mixture of DBF, FLU, and DBT using UV
rradiation and UV/H2O2, were compared to the photodegrada-
ion of each compound as a sole component, in 2 mM phosphate
uffer solution at pH 7 (Fig. 1). Plotting ln([PAH]/[PAH]0)
ersus UV fluence resulted in linear relationship indicating
seudo first order degradation kinetics for both direct photol-
sis (Fig. 1A) and UV/H2O2 degradation (Fig. 1B) in a mixture
nd as a sole component. The term [PAH]/[PAH]0 represents the

atio between the residual to initial concentration of each com-
ound. The slopes of Fig. 1 gives the UV fluence based pseudo
rst order rate constant, k′

d. Results for both lamp types are sum-
arized in Fig. 2A. The decay performance of the respective
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Fig. 1. Direct photolysis using LP lamp (A) and 25 mg L−1 hydrogen peroxide assisted photodegradation using MP lamp (B) of DBF, FLU and DBT as a sole
component and in a mixture in 2 mM phosphate buffer at pH 7.
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= Φi

∑
λ

E0
p(λ)fPAHi(λ)(1 − exp−(2.303a(λ)z) (2)
ig. 2. Direct (A) and hydrogen peroxide (B) assisted photodegradation rate co
nd MP lamps in 2 mM phosphate buffer at pH 7.

V sources were directly compared via the UV fluence-based
ate constants, which is considered a more accurate basis for
omparing photochemical reactions than time based kinetics
24].

Direct photolysis in a mixture of the three compounds DBF,
LU and DBT, using the LP lamp, was slightly accelerated as
ompared to their photolysis as a sole component in phosphate
uffer solution, as shown in Fig. 2A. The same results were
btained for FLU and DBT, using the MP lamp, whereas, degra-
ation of DBF was found to be faster when irradiated as a sole
omponent in the solution. The synergic effect observed dur-
ng photolysis of the mixture may be caused by reaction of the

olecules of PAHs with the primary oxidizing agents formed by
heir excited state such as PAH radical cations [7]. In a mixture
f organic compounds attenuation and shading of the UV light
an occur since there is an overlap in the absorbance spectrum of
he various compounds hence, the ratios between the fractions
f light absorbed by each of the compounds changes throughout
he wavelength range (Fig. 3). The effect of FLU and DBT on the
raction of light absorbed by the DBF can be seen clearly at the
axima range of its absorbance between 250 and 300 nm which

oincides well with the main emission bands of the MP lamp, a

ogical explanation for the antagonistic effect on decay of DBF
n the mixture. Whereas, less significant overlap exists between
he maxima absorbance of FLU and DBT and the emission of
he MP lamp.

F
e

ts of DBF, FLU and DBT as a sole component and in a mixture, using both LP

Next the quantum yields (Φ) for each of the PAHs, in a mix-
ure and as a sole component, was calculated using Eqs. (2) and
3). Quantum yield is defined as the number of moles of product
ormed or reactant removed per Einstein of photons absorbed
ig. 3. Fraction of light absorbed by DBF, FLU, and DBT in a mixture of 2 �M
ach and relative LP and MP UV lamps emission spectra.
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Table 2
Quantum yields of DBF, FLU, and DBT in a mixture and as a sole component at 254 nm (LP lamp) and 200–350 nm (MP lamp)

Compound LP MP

Sole component Mixture Sole component Mixture

D −2 × 10−3 −3 −3

F × 10
D × 10

f
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BF (1.29 ± 0.08) × 10 (9.60 ± 0.16)
LU (2.53 ± 0.82) × 10−3 (2.57 ± 0.41)
BT (1.72 ± 0.45) × 10−3 (9.97 ± 0.73)

PAHi(λ) =
∑

λ

εPAHiCPAHi

εPAHiCPAHi + εPAHiiCPAHii + εPAHiiiCPAHiii

(3)

here �i is the quantum yield for removal of compound
AHi (mol E−1); E0

p(λ) the volume averaged UV photon flux

E L−1 s−1) at wavelength λ calculated by dividing the incident
hoton irradiance (E cm−2 s−1), measured using a spectrome-
er, by the photon energy (mJ E−1) and the depth of the solution
cm) in wavelength range of 200–350 nm for the MP lamp and
t λ = 254 nm for the LP lamp; fi the fraction of light absorbed
y compound PAHi calculated using Eq. (3); a(λ) the solu-
ion absorbance (cm−1); z the depth of solution (cm); εPAHi

he molar absorption coefficient (M−1 cm−1) and CPAHi is the
olar concentration. Summation in Eqs. (2) and (3) was taken

ver the wavelength range 200–350 nm for the MP lamp, and at
= 254 nm for the LP lamp.
Quantum yield of each compound in a mixture was found

o be slightly lower (by a factor of 1.3–2.0) than the quantum
ield calculated for each PAH irradiated as a sole component
sing both UV lamps (Table 2), although slightly higher degra-
ation rates were observed in the mixture. Miller and Olejnik
7] reported an increase in quantum yields of benzo[a]pyrene
BAP) and FLU by a factor of 2–3 in BAP-chrysene (CHR)
nd BAP–FLU mixtures, respectively, in relation to photolysis
f individual PAHs. Whereas, a decrease of quantum yield was
bserved for BAP in a BAP–FLU mixture.

Hydrogen peroxide (25 mg L−1) assisted rates of degrada-
ion of DBF, FLU, and DBT in a mixture were higher as
ompared to their degradation as a sole component, using the
P lamp (Fig. 2B), although the steady state concentration
f hydroxyl radicals, calculated using Eq. (4), in the mixture
8.5 × 10−13 M) was lower than in all three independent systems
(1.1–5.1) × 10−12 M). These results suggest that the oxidation
eaction in a mixture includes other oxidizing agents such as
rganic radicals (ROO•) formed by reaction of the PAHs with
he hydroxyl radicals. Another indication of the occurrence of
dditional reactions in a mixture (along with hydroxyl radical)
as the similar degradation rates of the three compounds, while

s individual components they followed the decreasing order of
BT ≥ FLU > DBF (LP) and DBF > DBT > FLU (MP).

∑
Rform

∑
E0(λ)(1 − exp−(2.303a(λ)z)fH O
•OH]SS= λ

OH

∑
i

RS,OH[s]i
= λ

p 2 2

∑
i

RS,OH[s]i

(4)

o
[
h
(

(4.30 ± 1.11) × 10 (2.19 ± 0.04) × 10
−3 (5.20 ± 0.69) × 10−3 (2.64 ± 0.19) × 10−3

−4 (1.71 ± 0.17) × 10−3 (8.69 ± 0.46) × 10−4

H2O2(λ) =
∑

λ

εH2O2CH2O2∑
i

εPAHiCPAHi + εH2O2CH2O2

(5)

here [•OH]ss is the steady-state concentration of hydroxyl
adicals radicals; Rform

OH the formation rate of hydroxyl radicals;
H2O2 the fraction of light absorbed by hydrogen perox-

de calculated using Eq. (5) and Rform
S,OH[s]i is the sum of

he scavenging rate of hydroxyl radicals. In buffered lab-
ratory water the scavengers include the PAH compounds
kOH,DBT = 1.8 × 1010 M−1 s−1; kOH,DBF = 1.6 × 1010 M−1 s−1;
OH,FLU = 1.4 × 1010 M−1 s−1, [27]) and hydrogen peroxide
kOH,H2O2 = 2.7 × 107 M−1 s−1, [28]).

Lower rates of degradation of DBF and DBT in a mixture
ere observed using the MP lamp as compared to their decay as
sole component (Fig. 1B). These results can be explained by

he higher fraction of light absorbed by the hydrogen peroxide
n the presence of each compound separately rather than in a

ixture of all three PAHs. The higher fraction of light absorbed
y the hydrogen peroxide correlates to a higher concentration of
ydroxyl radicals: 2.1 × 10−15 M in the solution containing the
ixture of PAHs as compared to 0.9 × 10−14 and 2.0 × 10−14 M

or DBT and DBF, respectively, irradiated as sole components.
t is not clear why the degradation of FLU in a mixture was
igher as compared to its degradation as a sole component given
hat similar observations regarding the fraction of light absorbed
y the hydrogen peroxide and the concentration of hydroxyl
adicals were found when comparing its degradation alone and
n a mixture.

.2. pH effect

Variation of pH from 4 to 10 did not exert any influence
n the direct photolysis rate of each of the PAHs in a mixture
nder the conditions applied, as indicated statistically by analy-
is of covariance (ACNOVA) with the pH as the covariant. These
esults were expected since the PAHs studied showed no change
f extinction coefficient with pH.

Fig. 4 presents the effect of pH on the UV/H2O2 oxidation
ates of DBF, FLU, and DBT in a mixture. It can be observed
hat the increase of pH from 4 to 7 led to an increase in the rate of
egradation of all three PAHs. However, further increase of pH
p to 10 reduced the oxidation rates back to the level obtained at
H 4. When the pH of an aqueous solution increases, the fraction

f radiation that hydrogen peroxide absorbs becomes stronger
12] hence, more hydroxyl radicals are formed. Nevertheless,
ydroxyl radical scavenging effect by hydrogen peroxide (Eq.
6)) also increases at higher pH values [12] and hydrogen per-
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ig. 4. UV/H2O2 rates constants of photodegradation of DBF, FLU and DBT in
mixture, using MP lamps in 2 mM acetic (pH 4), phosphate (pH 7) and borate

pH 10) buffers.

xide undergoes self-decomposition (Eq. (7)) at neutral to high
H with rate constants of 2.3 × 10−2 and 7.4 × 10−2 min−1 at
H 7.0 and 10.5, respectively [29].

OH + H2O2 → HO2
• + H2O (6)

2O2 → 1

2
O2 + H2O (7)

ombinations of these effects, self-decomposition, scavenging,
nd photodegradation into hydroxyl radicals could explain the
ffect of the pH on the degradation of the PAHs during UV/H2O2
eactions.

.3. Initial concentration of PAHs

The influence of the initial concentration of the PAHs on
he direct photolysis rate using the MP UV lamp was studied
n a mixture of the three compounds at concentrations ranging
rom 0.3 to 4 �M for each compound. Total organic load of the
olution ranged from 0.9 to 12 �M, which is the sum of the
ndividual concentrations of these compounds. It was found that
he direct photolysis of all three compounds was not affected
y the initial concentration of the organic compounds stud-
ed, as indicated statistically by analysis (ACNOVA) performed
n log([PAH]/[PAH]0) with the initial concentration (PAH0) of
ach of the compounds as the covariant (data not shown). Simi-
ar to the direct photolysis results, no effect of the concentration,
rom 0.3 to 4 �M, was found for the degradation of the PAHs

n the presence of 25 mg L−1 hydrogen peroxide. Gregory et al.
30] reported no significant concentration effect on the quantum
ield of dibenzothiophene sulfoxide over a range of 0.5–30 mM.
n contrast Miller and Olejik [7] and Beltran et al. [6] reported

n
w
o
n

able 3
ater quality of natural water obtained from Eno River North Carolina and from Eliz

ater pH TOC
(mg L−1 C)

Turbidity
(NTU)

Hardness
(mg L−1 CaCO3)

no River 7.5 9.1 7.9 24
lizabeth River 8.1 24.8 0.5 3000
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igher rates of photodegradation at higher initial concentration
f FLU, chrysene, benzo[a]pyrne, phenanthrene, and acenaph-
hene. These results were explained by higher absorption by the
rganic compound as their concentration was increased and con-
equently the observed rate of the reaction increased. Yet in both
hese studies each compound was irradiated as a sole component
sing a monochromatic 254 nm UV lamp.

.4. Natural water

Photodegradation of DBF, FLU and DBT in a mixture, was
onducted in natural water obtained from the Eno River near
urham, NC, and from Atlantic Woods Superfund Site located
n an estuary of the Elizabeth River in VA. The water quality is
resented in Table 3. The apparent pseudo-first order rate con-
tants were compared to those obtained in phosphate buffered
ater (Fig. 5).
Direct photolysis was enhanced in the natural water as

ompared to purified buffered water (Fig. 5A), probably
hrough reactions with photo-oxidants (i.e. agents inducing
xidative transformations of natural water components and
ollutants). Reactive transients in natural surface water may
nclude hydroxyl radicals, singlet molecular oxygen, excited
riplet states of chromophoric dissolved organic matter (DOM)
nd a variety of radical species (•OOR), e.g. radical cations
f aromatic structures, phenoxyl and peroxyl radicals [31],
arbonate radicals (•CO3

−), generated from the reaction of
ydroxyl radicals with either carbonate or bicarbonate ion, and
queous electron (e(aq)

−), a highly reactive and strong reduc-
ng species formed upon photolysis of DOM by sunlight and
cavenged by nitrate [32]. The great variety of aquatic photo-
xidants, which are formed upon photosensitization by DOM,
re still largely unidentified due to the complex and variable
hemical composition of DOM. It was further shown that DOM-
erived photo-oxidants other than the hydroxyl radical or singlet
xygen dominate the photosensitized transformation of vari-
us substituted phenols in fulvic and humic acid solutions,
ake waters and seawater [31]. Experiments to identify sin-
let oxygen and hydroxyl radicals were performed by adding
.001 M sodium azide or 0.085 M 2-propanol to a mixture of
AHs solution. At neutral pH, azide ions scavenge both sin-
let oxygen and hydroxyl radicals at rate constants of 7.9 × 108

nd 1.2 × 1010 M−1 s−1, respectively, and 2-propanol scavenges
ydroxyl radicals at rate constant of 1.9 × 1010 M−1 s−1 [33]. It
as found that both singlet oxygen and hydroxyl radicals were

ot important for the observed decay of the PAHs in both natural
aters studied, using both UV lamp types. Similar results were
btained by Canonica and Freiburghaus [31] in regard to phe-
ol photosensitization from DOM, and Vialaton and Richard

abeth River Virginia, USA

Alk
(mg L−1 CaCO3)

Cl−
(mg L−1)

NO3
−

(mg L−1)
SO4

−2

(mg L−1)

15 12.3 1.4 9.4
66 9986.3 0.6 1243.6
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ig. 5. Rate constants for direct photolysis (A) and 25 mg L−1 hydrogen perox
orth Carolina and from Elizabeth River Virginia.

33] who reported no effect of these additives on 4-chloro-2-
ethylphenol and nitrobenzene photo-transformation.
By applying the LP lamp the efficiency of the direct photoly-

is of all three compounds was faster in the Elizabeth River than
n the Eno River water, suggesting that the much higher DOC in
he Elizabeth River water contributed to higher photosensitized
ransformation of the PAHs in these waters. Whereas, using the

P lamp the direct photolysis was faster in the Eno River water
robably due to a higher fraction of light absorbed by each target
ollutant in the Eno River water. Background absorbance of the
lizabeth River water was higher as compared to the Eno River
ater (Fig. 6). Light filtering effects due to competition between

he UV absorbing species, such as humic material, and the tar-
et pollutants is known to cause a reduction of the degradation
fficiency.

Hydrogen peroxide assisted degradation of the three PAHs
tudied using both UV lamps showed much lower rates as com-
ared to laboratory buffered water, as well as lower decay in
lizabeth River water as compared to Eno River water (Fig. 5B).
hese results were expected due to the scavenging characteris-
ics of DOC and alkalinity. Both these parameters are higher in
he Elizabeth River than in Eno River water. Alkalinity, origi-
ating from bicarbonate ions (pH < 8.3), scavenge the hydroxyl

ig. 6. Background absorbance of phosphate buffer and natural waters tested at
V wavelengths of 200–400 nm.
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sisted degradation (B) in buffered and natural water obtained from Eno River

adicals as shown in Eq. (8).

OH + HCO3
− → H2O + •CO3

− k = 8.5 × 106 M−1 s−1

(8)

The formed carbonate radicals are highly selective and react
elatively slowly with organic compounds [34]. They may also
eact with hydrogen peroxide to originate peroxy radical (HO2

•)
35] which is a much less reactive species than the hydroxyl
adical. Natural organic matter not only acts as a hydroxyl rad-
cal scavenger but as explained previously, it can filter the UV
ight reducing the fraction of the incident light intensity avail-
ble for hydrogen peroxide [35], which is the major source of
ydroxyl radicals in the UV/H2O2 system. The fraction of light
bsorbed by the hydrogen peroxide was found to be 1.2- to 7.3-
old higher in the Eno River water than in Elizabeth River water
t an equivalent UV fluence. This observation was also reflected
y the steady state concentration of hydroxyl radicals that was
.6-fold higher in the Eno River water than in the Elizabeth River
ater, 8.3 × 10−17 and 2.1 × 10−16 M, respectively. The steady

tate concentration of hydroxyl radicals was calculated using Eq.
4), where the denominator also included the scavenging rates
f bicarbonate ions (kOH,HCO−

3
= 8.5 × 106 M−1 s−1) and NOM

kOH,NOM = 2.5 × 104 M−1 s−1) [36].
Inorganic anions, such as Cl−, SO4

2−, and H2PO4
−/

PO4
2−, may effect overall reaction rates by scavenging the

ydroxyl radicals to form less reactive inorganic radicals (•Cl−,
Cl2−, •HOCl−, •SO4

2−) that further take part in oxidation reac-
ions [37]. Differences in the anionic content of the natural water
id not appear to affect the degradation rate of the PAHs. This
onclusion is based on experiments conducted in 2 mM phos-
hate buffer, which showed that chloride (0–100 mg L−1) and
ulfate (0–1500 mg L−1) each separately and as a mixture did not
ffect the rate of degradation of the mixture of PAHs using a MP
amp and 25 mg L−1 hydrogen peroxide. Although, slight inhi-
ition (7–8%) was observed in the presence of 10,000 mg L−1
l−. Further experiments showed no effect of phosphate ions
0–1900 mg L−1) on the decay of the PAHs. Gultekin and Ince
34] reported only a slight inhibition of color removal using LP
amp and 4.1 mM hydrogen peroxide at chloride concentration
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Fig. 7. Dose–response of V. fischeri to a mixture of DBF, FLU and DBT.

elow 100 mM (3.5 g L−1). At higher concentrations >100 mM
f chloride a significant decrease in degradation of the color
as observed. The presence of chloride and sulfate led to a
ecrease in the rate of depletion of atrazine and hydrogen per-
xide during H2O2/Fe3+ reaction [37]. The low concentrations
f nitrate ions in the natural water and the fact that during
V/H2O2 process the production of hydroxyl radicals is much
ore effective than from the photolysis of nitrate [38], it can

e concluded that nitrate did not affect the degradation rate
f the PAHs.
.5. Toxicity

A combined toxicity effect was evaluated by applying the
ixture of DBF, FLU, and DBT at equal concentrations to V.

c
i
d
9

ig. 8. Toxicity (solid line) and concentration change as measured using HPLC (dash
epresents the standard deviation of n = 12.
Photobiology A: Chemistry 187 (2007) 186–195 193

scheri bacteria. A dose–response curve was obtained by expo-
ure of V. fischeri to a concentration series of the mixture of the
AHs. Bacterial response was measured as percentage inhibi-
ion of luminescence and plotted versus the total concentration
�M) of the mixture in 2 mM phosphate buffer (Fig. 7). Error
ars represent the standard deviation of n = 6. An increase in the
oncentration of the mixture resulted in increased inhibition of
uminescence, with NOEL (no observed effect level) of 1.2 �M
s the sum of the three compounds.

Toxicity of a mixture of PAHs as measured by biolumines-
nce inhibitions after exposure to UV fluences ranged from 0 to
000 mJ cm−2 was correlated with the decay in concentration
f PAHs as analyzed analytically using HPLC (Fig. 8A and B).
or direct photolysis an increase of the toxicity was observed for
V fluences ranging from 500 to 1500 mJ cm−2, while the par-

nt compounds were degraded. Hence, the increased toxicity can
e related to the intermediates generated during photo-oxidation
eaction. The toxicity decreased back to approximately the ini-
ial value at a UV fluence of 2000 mJ cm−2. As the irradiation
ontinued the by-products along with the parent compound were
urther photolyzed and hence the overall toxicity decreased. Pho-
oinduced toxicity is derived from two photochemical processes:
hotosensitization and photomodification [15,39,40]. During
photosensitization reaction intracellular singlet-state oxygen

nd other reactive oxygen species (ROS) are generated. Theses
pecies can cause oxidative damage to bacteria via membrane,
rotein, and DNA damage [41]. In the case of photomodifica-
ion, organic compounds are structurally altered to a variety of

ompounds. Photomodification of PAHs is most likely to result
n oxygenated products, such as dibenzothiophene 5-oxide and
ibenzothiophene [42], flourene 5-oxide [43], 9-fluorenone and
-fluorenol [44], many of which are regarded as more toxic

line) during direct photolysis (A and B) and UV/H2O2 (C and D). Error bars
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han their parent compound [13–15]. Unlike most experimen-
al setups described in the literature, at which the bacteria along
ith the PAHs were exposed to light, in this research phosphate
uffer solution of a mixture of PAHs were irradiated either by
V alone or in the presence of hydrogen peroxide and then
ixed with the bacteria. Thus the observed toxicity could be

ttributed solely to the remaining parent compound and its degra-
ation by-products (photomodification toxicity) rather than the
hort-lived singlet oxygen and ROS (photosensitized toxicity).
he half-life of these species is only microseconds therefore

hey cannot affect the bacteria given the experimental setup in
his research (the duration between the end of the UV irra-
iation and the beginning of the bioassay was approximately
n hour).

During the UV/H2O2 reaction an increase in toxicity was
bserved after exposure to 50 mJ cm−2 after which a linear
ecrease of the toxicity was found (Fig. 8C and D). Again,
t is expected that formation of oxidation products increased
he toxicity of the solution to the V. fischeri bacteria and as
he UV irradiation continued, these intermediate compounds,
long with the parent compound were degraded. Possible toxi-
ity effect of hydrogen peroxide was eliminated by destruction
f its residual concentration using the enzyme catalase prior
o the bioassay. Chemical analysis using HPLC indicated 97%
nd 90% removal of the sum of the three compounds using LP
nd MP lamps, respectively, at a UV fluence of 500 mJ cm−2.

hereas, only 29% and 66% decrease in toxicity was mea-
ured in the LP and MP irradiation systems, respectively. These
esults support the conclusion that toxic oxidation by-products
re formed as a result of the application of the advanced oxida-
ion process UV/H2O2. Furthermore, it can be concluded that
early complete decay of the parent compounds did not indi-
ate that the hazardous impact of the target pollutants were also
emoved. Hence, chemical analysis should be complemented by
he application of bioassays that provide an integrated measure
f toxicity. Non-target pollutants as well as reduced availability
f toxicants and combined effects such as antagonistic or syn-
rgistic interactions are considered when using biological test
ystem [17].

The same trends of increased toxicity under direct photol-
sis and linear reduction at UV fluences above 50 mJ cm−2

n the UV/H2O2 process, were also observed for each of the
ompounds degrading as a sole component in phosphate buffer
olution. Although compared to the mixtures, much lower toxic-
ty values were measured for DBF and FLU as sole components
hile, higher toxicity was found for DBT as a sole compo-
ent [27]. Loibner et al. [17] found additive bioluminescence
nhibition effects to V. fischeri for low molecular weight PAHs
cenaphthene (ACE), FLU, phenantherene (PHE), naphtha-
ene, and acenaphthylene. For a mixture of ACE, FLU, PHE,
nd pyrene, Swartz et al. [45] observed antagonistic interac-
ions for the amphipod Rhepoxynius abronius. Verhiest et al.
46] found synergistic PAH interactions of PHE, FLU, and

enzo[k]fluoranthene measured in whole-sediment tests using
aphnia magna, Hyallela azteca, and Chironomus riparius as

est organisms. These results emphasize the complexity of pre-
icting and evaluating the behavior of a compound in a mixture

[

[
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olely by chemical analysis and the need for caution in over
valuating toxicological data from a single testing approach.

. Conclusions

A synergic effect on degradation was observed during direct
hotolysis of a mixture containing DBF, FLU, and DBT, as
ompared to their photodegradation as a single component in
queous solutions. Variation of pH from 4 to 10 did not exert
ny influence on the direct photolysis rate of the three PAHs,
hereas, an increase of pH from 4 to 7 led to an increase in the

ate of degradation during UV/H2O2 reaction. Further increase
f pH up to 10 reduced the oxidation rates. Concentration ranges
rom 0.3 to 4 �M for each compound did not affect the removal
ates and efficiencies of these compounds by UV and UV/H2O2
eactions. Direct photolysis was enhanced in the natural water
s compared to purified buffered water probably through reac-
ions with photo-oxidants, although the contribution of singlet
xygen and hydroxyl radicals to the decay of the PAHs was
uled out. Degradation in the natural waters compared to labora-
ory water was inhibited using UV/H2O2 due to the scavenging
haracteristics of DOC and alkalinity. Anionic content of the
atural water (Cl−, SO4

2− and NO3
−) did not affect the degra-

ation rate of the PAHs. An inhibition of luminescence toxicity
ssay indicated formation of toxic intermediates generated dur-
ng UV-based photolysis and oxidation reactions after which
xidative degradation of these by-products along with the parent
ompounds resulted in reduced toxicity.
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