
A

i
o
o
T
k
p
h
t
a
b
n
©

K

1

(
a
m
t
e
2
a

i
i

6

1
d

Available online at www.sciencedirect.com

Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 193–203

Naphthalene degradation in water by heterogeneous photocatalysis:
An investigation of the influence of inorganic anions

Antoine Lair ∗, Corinne Ferronato, Jean-Marc Chovelon,
Jean-Marie Herrmann

IRCELYON, Institut de Recherche sur la Catalyse et l’Environnement de Lyon,
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bstract

In a pollution control context, the degradation of naphthalene in water was performed by photocatalysis in UV-irradiated TiO2 suspensions. The
nfluence of physicochemical parameters such as concentration, photonic flux, temperature, pH and mass of catalyst has been investigated. An
ptimum titania concentration was found equal to 2.5 g L−1. This value is identical to that observed in other liquid phase reactions, either in water
r in liquid organic phases, confirming that this value depends on the design of the photoreactor (geometry, texture of the catalyst, optical pathway).
he almost nil effect of the pH upon the kinetics indicates that protons do not intervene at the limiting step level. It was also confirmed that the
inetics were slightly accelerated by a limited increase in temperature with a small apparent activation energy of reaction equal to 22 kJ mol−1. The
resence of common salts generally found in natural waters was followed versus kinetics, including NaCl to simulate the treatment of seawater. It
as been found that small amounts of carbonates strongly inhibit naphthalene adsorption and degradation. Hydrogenocarbonates were also found

o inhibit naphthalene adsorption at low concentration, but no inhibition was observed at concentrations below 0.3 mol HCO3

− L−1. Surprisingly,
ddition of sodium chloride makes the initial reaction faster and more selective. It was interpreted as an enhancement of naphthalene adsorption
y sodium chloride. The main intermediates of naphthalene photodegradation have been identified by HPLC–DAD and GC–MS. They result from
aphthalene hydroxylation and ring-cleavage by action of oxygenated radicals.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Naphthalene is a common polycyclic aromatic hydrocarbon
PAH) which can be found in many anthropogenic fluxes, such
s combustion fumes, used oil, bilge water, etc. Since it is the
ost water-soluble PAH (solubility 25–30 mg L−1 at ambient

emperature), it is the dominant one in water. It has been consid-
red as possibly carcinogenic to humans (US EPA 1998, IARC
002), and it has both acute and chronic effects on human and
nimal health.
Removing traces of naphthalene from water (directly contam-
nated or used for soil washing) is possible via many techniques,
ncluding biofiltration [1], bioreactors [2], membrane biore-
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ctors [3], ozonolysis [4,5], pulse radiolysis [6,7], electron
eam irradiation [8], electrolytic aeration [9] and photocatalysis
10–18].

Photocatalysis is based on the activation of a semiconduc-
or surface (most often TiO2), by UV radiation below 380 nm,
hich releases electrons from the semiconductor’s valence
and. Photogenerated electrons and holes react then with water,
issolved oxygen and organic compounds to form radicals,
aking a strongly oxidant environment [19]. Photocatalysis

resents critical advantages over other techniques. It is faster
han bioreactors and cheaper than ozonolysis and radiolysis.
urthermore it can be achieved under direct sunlight, mak-

ng it cheaper to operate and independent from any power
ource.
The literature about naphthalene oxidation by photocatal-
sis shows that degradation yields various compounds such
s naphthols, naphthoquinones and cinnamaldehydes, and that
aphthalene is finally completely mineralized into CO2 and

mailto:antoine.lair@ircelyon.univ-lyon1.fr
dx.doi.org/10.1016/j.jphotochem.2007.06.025
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Table 1
Standard conditions used for the kinetic study on naphthalene

Volume of titania suspension 25 mL
Temperature T = 20 ◦C
pH before irradiation 4.4
Naphthalene concentration 5 ppm/40 �M
Mass concentration of suspended TiO2 2.5 g L−1

Time for pre-adsorption in the dark 30 min
Main irradiation wavelength λ = 365 nm
Efficient photonic flux ϕ = 5.4 × 1015 photons s−1
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2O. However, there is a lack for kinetic data for naphthalene
egradation in environmental conditions. Indeed, a lot of authors
sed cosolvents (acetonitrile, ethanol) that help dissoluting
aphthalene, but change the rate and the selectivity of the reac-
ion [11,13,14,16]. Only two references investigate the effect
f non-ionic surfactants and organic contaminants from soil
10,18].

In this paper, the degradation of naphthalene by photocataly-
is was studied from the kinetic point of view, as well as the
athway that leads to the major products. The kinetic study
llowed us to determine the effect of physical parameters such
s temperature and photonic flux, and chemical parameters such
s pH and the presence of inorganic ions such as hydrogenocar-
onate, carbonate and chloride.

. Experimental

.1. Materials and reagents

Naphthalene, sodium carbonate, sodium hydrogenocarbon-
te and sodium chloride were purchased from Aldrich (St.
uentin-Fallavier, France) and were used as received. The

ollowing compounds were used for intermediates identification
nd were also purchased from Aldrich: 1-naphthol, 2-naphthol,
aphthazarin, cinnamaldehyde, o-phthaldialdehyde, 2-
ethylbenzofuran, 1,5-dihydroxynaphthalene, 1,7-dihydroxy-

aphthalene, 1,3-indandione, salicylaldehyde, 2,3-dihydroxy-
enzaldehyde, phthalic acid, phthalide, and coumarin.

Acetonitrile used as HPLC eluent and methanol used as SPE
olvent were purchased from SDS Carlo Erba (Peypin, France).

Millipore deionized water was used for dilution and HPLC
lution. The photocatalyst was TiO2 Degussa P-25 (specific area
0 m2 g−1, mean particle size of ca. 30 nm).

.2. Photoreactor

The adsorption and irradiation experiments were carried out
n a 60 mL jacketed glass flask with a Pyrex bottom of 30 mm in
iameter [20]. The light source was a Philips HPK 125 W mer-
ury lamp, emitting in the near-UV (mainly around 365 nm),
ith a Corning 0–52 filter to avoid direct photolysis of naphtha-

ene by UV-irradiation below 340 nm. IR radiations were filtered
ut by water circulating in the reactor jacket. The flux of pho-
ons entering the reactor was directly determined, using uranyle
xalate as an actinometer. It could be reduced by placing metal-
ic grids between the lamp and the reactor. For all experiments,
he suspensions were magnetically stirred without any perma-
ent air bubbling. In these conditions, the oxygen dissolved in
ater following Henry’s law was sufficient to ensure a constant
xygen pressure and a constant resulting coverage of the surface
f titania [19]. Table 1 gives the standard conditions used for the
tudy.
.3. Procedure

Temperature was fixed at 20 ◦C and controlled throughout
he experiment. Unless required, pH was not initially modified

t
i
a
t

r controlled in the reactor. When required, initial pH values
ere adjusted using NaOH or HNO3. We used a standard initial
aphthalene concentration of 40 �mol L−1 (5 ppm).

A volume of 25 mL of aqueous naphthalene solution
as introduced in the reactor and vigorously stirred. Once

hermal and volatilization equilibria reached, 62.5 mg of
iO2 powder was introduced in the reactor. Solution was

hen stirred in the dark during 30 min to reach adsorption
quilibrium.

During kinetic experiments, 300 �L aliquots were sampled
efore introduction of TiO2, during adsorption and at differ-
nt irradiation times. Samples were filtered through 0.45 �m
TFE Millipore filters, and immediately analysed by HPLC.
nalytical uncertainty on naphthalene concentration was mainly
ue to the filtration step and has been evaluated to be
.5 �mol L−1.

.4. Analyses

High performance liquid chromatography (HPLC) analyses
ere performed using a Shimadzu HPLC system with a diode

rray detector (DAD) and a Uptisphere C18 HDO column (sta-
ionary phase 3 �m, dimensions 150 mm × 3 mm). Mobile phase
as a mixture of water and acetonitrile, with a ratio of 90% (v/v)

cetonitrile at a flow rate of 0.5 mL min−1. A gradient elution
as used to separate reaction intermediates: from 15% to 50%

cetonitrile in 30 min, then from 50% to 100% acetonitrile in
0 min.

Gas chromatography–mass spectrometry (GC/MS) analy-
es of intermediate products were performed after solid phase
xtraction (SPE) of 25 mL irradiated solution on Isolute C18
artridges and elution with 1 mL methanol. The concentra-
ion efficiency varied from 10% to 30% depending on the
ompound.

GC–MS analyses were performed on a Perkin Elmer Clarus
00 system, with a capillary Elite 5MS column (length: 60 m,
nternal diameter: 0.25 mm, film thickness: 1.0 �m). Injection
as made at 250 ◦C with a split ratio of 5:1. The column temper-

ture was held at 100 ◦C during 5 min, then raised at 10 ◦C min−1

o 240 ◦C, and finally held at 240 ◦C during 30 min. Electron Ion-
zation mass spectra were identified using NIST 2002 Library

nd most of these compounds were automatically identified by
he NIST MS-Search software.



A. Lair et al. / Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 193–203 195

3

3

r

θ

w
Q
o
a

K
c
K
t
1
t
Q

B
a
t
m

3

p

T
A

K
Q
Q

Fig. 2. Evolution of naphthalene concentration in standard conditions of dark
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the Langmuir adsorption constant and kLH is the apparent LH
rate constant for the reaction. Then, if we plot 1/r versus 1/Ceq,
Fig. 1. Transformation of Langmuir isotherm: Q−1
ads = f (C−1

eq ).

. Results and discussion

.1. Adsorption of naphthalene in the dark

According to the Langmuir model, the coverage θ at equilib-
ium varies as

= Qads

Qmax
= KLCeq

(1 + KLCeq)
(1)

here Qads is the number of adsorbed naphthalene molecules,
max the maximum number of molecules that can be adsorbed
n the surface, Ceq the concentration at adsorption equilibrium
nd KL the Langmuir adsorption constant.

The linear plot in Fig. 1 can be identified with:

1

Qads
= 1

Qmax
+ 1

(QmaxKLCeq)
(2)

The intercept at the origin gives Qmax and the slope gives
L via the product KL Qmax. Table 2 gives the adsorption
onstants measured. We found a value of 4100 L mol−1 for
L and 24 �mol g−1 for Qmax. Coverage ranges from 0.06

o 0.38 when naphthalene concentration ranges from 15.9 to
75 �mol L−1. At concentrations below 40 �mol L−1, adsorp-
ion equilibrium can be approximated by a linear law, where

ads = KL × Qmax × Ceq.
Another value of the adsorption constant KL was given by

arrios et al. [18] (KL = 1152 L mol−1) in phosphate buffer
nd Triton X-100 surfactant. This value is lower because of
he competitive adsorption of phosphate ions and surfactant

olecules.
.2. Effect of naphthalene concentration

Fig. 2 shows the two steps of preliminary adsorption and
hotodegradation. In standard conditions given in Table 1, naph-

able 2
dsorption constants of naphthalene on TiO2 P-25

L (L mol−1) 4100 ± 100

max (�mol g−1) 24 ± 3

max (molecules nm−2) 0.29
F

dsorption and photocatalytic disappearance. The inset shows the logarithmic
epresentation of naphthalene conversion vs. irradiation time.

halene half-life time is less than 30 min. Photodegradation was
arried on different initial naphthalene concentrations, with a
onstant photon flux. When plotting the initial reaction rate
ersus the initial equilibrium concentration (Fig. 3), it can be
bserved that reaction rate increases linearly with concentra-
ion, up to 40 �mol L−1. At higher concentrations, there is a
lear deviation from linearity and the reaction rate increases
ore slowly with increasing initial concentration. Since solubil-

ty of naphthalene is very low (200–250 �mol L−1), it was not
ossible to investigate higher concentrations to clearly identify
saturation behaviour. However, this saturation seems to occur
t much lower concentration than the adsorption saturation.

We tried to verify if this behaviour was consistent with the
angmuir–Hinshelwood (LH) mechanism, which is, for prac-

ical and historical reasons, the most widely used to describe
eterogeneous photocatalysis reactions [19,21]. According to
he LH model, the reaction rate r varies proportionally with the
overage θ as:

= kLHθ = kLH

(
KLCeq

1 + KLCeq

)
(3)

here Ceq is the concentration at adsorption equilibrium, KL is
ig. 3. Plot of the initial disappearance rate vs. initial naphthalene concentration.
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he equation becomes:

1

r
= 1

KLkLH

1

Ceq
+ 1

kLH
(4)

With a photon flux of 3.6 × 1016 photons s−1, the lin-
arization of the LH equation gives kLH = 2.2 �mol min−1 and
L × kLH = 0.054 min. It gives an alternate value of the adsorp-

ion constant: KL = 25,000 L mol−1, which is inconsistent with
he value of Langmuir adsorption constant found in the absence
f reaction (KL = 4100 L mol−1). This confirms that the rate
lateau occurs far before adsorption saturation. Values of KL
btained at three different photon fluxes show that KL decreases
ith light intensity, meaning that a phenomenon of naphthalene
hotodesorption might occur.

This deviation from the ideal Langmuir–Hinshelwood
ehaviour has been observed with many organic compounds
nd well discussed by Emeline et al. [21]. In short, the reac-
ant concentration is less rate-determining when working with
igh photon fluxes, since adsorption equilibrium cannot be
eached and photodesorption can happen. More generally, we
re aware that the introduction of the parameter “light” in the
eterogeneous photocatalytic system makes it differ from a well
nderstood heterogeneous catalytic system.

However the first order approximation is still correct at low
oncentrations. For this reason, and because naphthalene is not
ikely to be found at concentrations above 60 �mol L−1 in natu-
al or artificial effluents, we chose to work with concentrations
elow 40 �mol L−1 for the rest of this study. In these conditions,
eaction is of first order with respect to naphthalene concentra-
ion and the disappearance rate can be expressed as:

= −dC

dt
= k1Ceq (5)

We determined the first order rate constant k1 by measuring
he slope of the ln(Ceq/C(t)) = f(t) plot at the beginning of the
eaction, at low conversions (below 20%).

.3. Effect of catalyst loading
We measured the first order rate constant at different cata-
yst loadings, as shown on Fig. 4. It increases first linearly when
ncreasing the catalyst loading to reach a maximum at about

Fig. 4. Effect of catalyst mass (TiO2 P-25).
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Fig. 5. Effect of photonic flux on the degradation rate.

.5 g L−1. Since this optimum value is identical to that observed
n other liquid phase reactions, either in water or in liquid organic
hases [20], it seems to depend only on the design of the pho-
oreactor (geometry, texture of the catalyst, optical pathway).
he existence of a threshold is attributed to a screening effect of
iO2 particles as their concentration increases. The supplemen-

ary number of adsorption sites cannot then compensate the loss
f photon flux by reflexion and diffusion.

.4. Effect of the photonic flux

We observed different degradation rates when working with
ifferent photonic fluxes. Up to an incident photonic flux of
016 photons s−1 received by the suspension, the first order rate
onstant increases almost linearly, as shown in Fig. 5. This is
onsistent with a linear increase in the photogeneration of active
pecies via the dissociation of electron–holes pairs at the sur-
ace of the photocatalyst. Beyond this range, the increase in
he photonic flux does not induce a proportional increase in the
egradation rate. The additional photons equally increase the
oncentration in electrons and holes, which favour their recom-
ination rate. Emeline et al. [21] described this phenomenon
s a first order law which tends to an order between 0 and 1
hen recombination becomes abundant. Economically speak-

ng, there is no interest in increasing the photon flux any more
ince part of it contributes to a sterile electron–hole recombina-
ion, i.e. to a qualitative degradation of UV-light energy.

In the photonic flux range below 1016 photons s−1 and at a
aphthalene concentration of 40 �mol L−1, a value of quantum
ield has been calculated to be 5 × 10−2 mol E−1.

.5. Effect of temperature

As can be seen in Fig. 6, the reaction rates reasonably follow
he Arrhenius law in the temperature range studied (10–40 ◦C):( )

1 = k0exp

−Ea

RT
(6)

As expected [22], the value of the activation energy Ea is
uite low: Ea = 22 ± 2 kJ mol−1. Since the photoactivation pro-
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ig. 6. Arrhenius plot of naphthalene degradation (T from 10 ◦C to 40 ◦C).

ess is irrelevant to thermal activation, the activation energy
ound is only apparent. Its (slightly) positive value indicates that
emperature concerns the desorption of first step intermediates
n the medium [19]. This measured value might be exagger-
ted because of the effect of naphthalene volatilization, which
ccelerates when temperature increases.

.6. Effect of pH

A fast pH fall, of about 2 units, is observed when TiO2 is
dded in the solution. This fall is attributed to the hydration of the
urface of TiO2. Water is dissociated into hydroxide ions that are
trongly adsorbed at the surface and into protons that are released
n the liquid phase. This pH fall was noticed in the absence of

ineral ions, whatever the initial pH value (pH 3–11). In pure
ater, pH falls from 6.0 to 4.4 when TiO2 is added, whereas the

all is negligible when carbonates or hydrogenocarbonates are
resent, since the solution is buffered. Increasing ionic strength
y addition of NaCl also attenuates the pH drop.

Another slight decrease in pH is noticed when the solution is
rradiated. This can be attributed to the production of transient
cidic products resulting from naphthalene degradation. Let us
ecall that carboxylic acids are the successive sources of CO2
volution by following the “photo-Kolbe” reaction as mentioned
n Ref. [19].

It is important to know the effect of pH on surface charges
f TiO2. When TiO2 surface is hydrated, the principal surface
unctionality is the amphoteric “titanol” moiety, −TiOH, which
akes part in the following acid-base equilibrium:

TiOH+
2

pKs
a1

� − TiOH + H+ (7)

TiOH
pKs

a2
� − TiO− + H+ (8)

here pKs
a1 and pKs

a2 represent the negative log of the acidity
onstants of the first and second acid dissociation, respectively.
he pH of zero point of charge, pH , is given by the following
zpc
quation:

Hpzc = 1

2
(pKs

a1 + pKs
a2) (9)

3

t
c

Fig. 7. Effect of pH on adsorption and degradation kinetics.

For titania Degussa P-25, the corresponding surface acidity
onstants are found to be: pKs

a1 = 4.5 and pKs
a2 = 8, and pHpzc

as been determined by titration: pHpzc = 6.3 [23].
Fig. 7 presents the variation of the first order rate constant and

he quantity of adsorbed naphthalene as a function of pH. We
otice a higher adsorption at higher pH, which is assumed to be
inked to double layer modification at the surface. A maximum
f adsorption was expected around pHpzc, since naphthalene is
hydrophobic neutral compound. This was not observed in this
ase, because the solutions at different pH had different ionic
trength: HNO3 was present at pH 3 and NaOH was present
t pH 8 and 11, whereas no ionic species were added at nat-
ral pH 6. After additional adsorption experiments at similar
onic strengths (addition 0.6 mol/L−1 NaCl), we can show that
dsorption is significantly higher at pH 5.8 than at pH 2.5 and
0.8.

The linear increase in the degradation rate is due to the better
dsorption of naphthalene, but it can also be explained by the
ncrease in OH• radicals production due to a higher concentra-
ion of OH− ions in the solution [24].

+ + OH− → OH• (10)

The kinetic order with respect to proton concentration was
alculated by plotting log(k1) against pH. It was found that k1
aries proportionally to [H+]−0.02. According to chemical kinet-
cs, this means that protons do not intervene in the rate-limiting
tep of the reaction. The negative sign is indicative of a limited
nhibiting effect.

.7. Effect of inorganic ions

To investigate the effect of some inorganic salts that are most
ikely to be found in natural waters, sodium carbonate, sodium
ydrogenocarbonate and sodium chloride were added at differ-
nt concentrations in the initial solution and the corresponding
rst order rate constants were measured. Similarly, the influ-
nce of those inorganic ions on naphthalene adsorption was also
ollowed. Results can be interpreted by considering adsorption,
adical reactions and double layer theory.
.7.1. Carbonate ions
Fig. 8 shows that carbonates inhibit both naphthalene adsorp-

ion on TiO2 and the disappearance rate constant. At alkaline pH,
arbonate anions are supposed to be repelled by the negatively
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ig. 8. Effect of [CO3
2−] and [HCO3

−] on kinetics and adsorption. (a) [CO3
2−

and 0.36 mol L−1 (initial pH without TiO2 ≈ 8.5).

harged TiO2 surface. However, according to the double layer
odel, they accumulate near the surface in the Gouy–Chapman

ayer, which superimposes the Stern dense layer where sodium
ations are strongly attracted by the negative TiO2 surface.

Radical scavenging can explain why degradation is even
ore inhibited by carbonates than adsorption. Carbonate ions

re known to strongly scavenge hydroxyl radicals [25]:

O2−
3 + OH•k=3.9×108L mol−1 s−1

−→ CO•−
3 + OH− (11)

For comparison, the first order rate constant of the reaction of
aphthalene with OH• is estimated to be 1.2 × 1010 L mol−1 s−1

25]. The carbonate radicals that are formed can theoretically
eact with naphthalene. However, they have a lower oxidation
otential than hydroxyl radicals (E0(CO3

•−/CO3
2−) = 1.85 V,

0(OH•/H2O) = 2.80 V), so that their reaction on naphthalene is
ess easy to initiate.

.7.2. Hydrogenocarbonate ions
The influence of hydrogenocarbonate ions concentration on

egradation rate is shown in Fig. 8. In natural waters (pH
.5–8.5), hydrogenocarbonate ions are more present than the
arbonate ones (pKa HCO3

−/CO3
2− = 10.2), and their concen-

ration rarely exceeds 0.05 mol L−1. At this concentration, there
s no noticeable effect of hydrogenocarbonates on degradation.

e notice a slight acceleration of the reaction while adding

CO3

− up to 0.1 mol L−1. This acceleration might originate
rom the increase in pH (from pH 6 to 8). We extended the
ydrogenocarbonates concentration range to investigate effects
t higher concentration. Once adding more hydrogenocarbon-

t
i
b
w

Fig. 9. (a) Time evolution of naphthalene concentration at different conce
een 0 and 0.09 mol L−1 (initial without TiO2 pH ≈ 11). (b) [HCO3
−] between

tes, which has no further effect on pH, an inhibition of
aphthalene degradation begins to be observed. As for car-
onates, this effect has been formerly attributed to adsorption
ompetition, which seems anyway to reach a plateau at HCO3

−
oncentrations above 0.1 mol L−1, and scavenging of hydroxyl
adicals. Indeed hydrogenocarbonates react with hydroxyl rad-
cals [25]:

CO−
3 + OH•k=8.5×106 L mol−1 s−1

−→ CO•−
3 + H2O (12)

Compared with carbonates, hydrogenocarbonates scavenge
0 times less hydroxyl radicals. Hence they are less inhibiting
he reaction and other parameters, such as pH, can moderate
nhibition at low concentrations.

.7.3. Chloride anions
Fig. 9 presents the variation of k1 with respect to the concen-

ration of chloride ions, added as sodium chloride in the initial
olution. The result is a clear increase in both adsorbed quantity
nd reaction rate, which was unexpected. Indeed, in the case
tudy of many compounds, chloride was found to inhibit both
dsorption and photodegradation at pH < pHpzc, when TiO2 sur-
ace is positively charged [26,27]. In our experiments, final pH
as 5.7, i.e. slightly below the pHpzc of TiO2, and addition of

odium chloride was expected to decrease the reaction rate.
A first possible hypothesis was a strong increase in naph-
halene volatilization due to an increased ionic strength, but
solated experiments showed that volatilization was still negligi-
le with respect to degradation. A second possible explanation
as that chloride anions, as other halides, are known to scavenge

ntrations of Cl−. (b) Effect of [Cl−] on first order kinetic constant.
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hotogenerated holes [28]. They are oxidized by photoholes to
hlorine radicals which are reduced back by electrons to chlo-
ide ions, hence reducing the availability of holes and electrons.
hlorine radicals can react with organic compounds via addi-

ion/elimination reactions (E0(Cl•/Cl−) = 2.5 V) [29]. However,
C–MS analyses did not detect any chlorinated compounds

fter irradiation, showing that reactions of addition with chlorine
adicals are negligible in these conditions.

We found an increased adsorption with increasing salt con-
entration. Such a “salting out” phenomenon has been observed
y other authors [30,31]: an increase in ionic strength causes a
ecrease in the solubility of neutral organics such as naphthalene
nd favours hydrophobic adsorption. For example, Karickhoff
t al. [31] found that pyrene sorption increased by 15% with
n increase of salinity from 0 to 0.34 M sodium chloride.
ccording to the Setschenow law and constants provided by the

UPAC NIST Solubility Database, the solubility of naphthalene
ecreases quite linearly from 31.7 to 9.8 mg L−1 (respectively
48–76 �mol L−1), when chloride concentration varies between
and 2.4 mol L−1. A decrease in solubility causes the precip-

tation of naphthalene on the surface of TiO2. The increase of
eactant concentration on the surface might be the only explana-
ion for the reaction rate enhancement. It is important to note that
his phenomenon is inconsistent with the hypothesis of mono-
ayer adsorption of the Langmuir–Hinshelwood model. Com-
arative adsorption experiments showed a similar adsorption
nhancement of NaCl and KC1 (concentration 0.6 mol L−1), but
o increase in adsorption was noticed with NaBr.

The effect of NaCl addition on naphthalene degradation has
o be taken carefully when comparing naphthalene with the pri-

ary products that are formed. Fig. 10 compares the evolution of
aphthalene concentration with those of the two most abundant
rimary reaction intermediates, with and without NaCl. It can be
een that when sodium chloride is added, naphthalene disappears
aster, as already noticed, but the two main primary products tend
o accumulate more in the solution than in absence of sodium
hloride. These products are more hydrophilic than naphtha-
ene, and their adsorption is inhibited by sodium chloride, as
oticed for many other compounds. Hence they are more slowly
ransformed into secondary products. In conclusion, addition of
aCl is not expected to have an accelerating effect on the whole

ineralization process.
We performed the degradation of naphthalene in a mixture of

odium chloride (0.6 mol L−1) and sodium hydrogenocarbonate
0.03 mol L−1) to determine the rate of degradation in near-

(
T
r
i

Fig. 10. Comparison of primary products evolution with
ig. 11. Evolution of conversion rate for different chloride concentrations.

eawater conditions (hydrogenocarbonate ions make pH raise to
.4). In Fig. 11, we can see that sodium chloride has no noticeable
ffect on the reaction kinetics when sodium hydrogenocarbonate
s present.

.8. Reaction intermediates and pathway

.8.1. GC–MS analyses
GC–MS analyses revealed a series of peaks at different reten-

ion times, from 15 to 24 min, naphthalene being the less retained
ompound.

A dozen of peaks were identified (Table 3). The most abun-
ant one is by far the peak of compound IX, with tR = 21 min.
he mass spectrum of this compound was found by other authors
nd identified as 2-formylcinnamaldehyde (IX). It was also iden-
ified by NMR and FTIR [14,13,16,32]. Pramauro et al. [10]
dentified this spectrum as benzalmalonic dialdehyde, but no
imple mechanism can explain the formation of such a com-
ound. 2-Formylcinnamaldehyde is also a major product of
aphthalene photolysis.

Other abundant peaks revealed the presence of naphthols,
ainly 1-naphthol (V). Two other products, 1,4-naphthoquinone
III) and 1,2-benzenedicarboxaldehyde (II), were also found.
he structures of three compounds remain unclear, each of them

epresenting more than 1% of the total TIC area. They are shown
n Table 4.

0.6 mol L−1 NaCl (a) and pure water solution (b).
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Table 3
Main reaction intermediates, identified by GC–MS

No. Structure Name Retention
time (min)

Rel. TIC area (%)
(120 min irradiation)

Present in Ref.

I Naphthalenea 15.7 15 (Reactant)

II 1,2-Benzenedicarboxaldehydea 16.6 3.5 [10,15,32]

III 1,4-Naphthoquinonea 19.4 2.0 [10,13–15,33]

IV Cinnamaldehydea 20.3 1.5 [13]

V 1-Naphthola 20.7 8.7 [10,13–15,32,33]

VI 2-Naphthola 20.8 1.0 [13–15]

VII 5-Hydroxy-l,4-naphthoquinone 20.9 0.3

VIII Phthalidea 21.0 0.1 [10]

IX 2-Formylcinnamaldehydea 21.1 50 [13,14,16,32]

X 2-Carboxycinnamaldehyde 22.7 0.7

XI 3-Hydroxy-2-formylcinnamaldehyde 23.2 3.7 [13]

a Identified by HPLC–DAD.
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Table 4
Main compounds not clearly identified by GC–MS

Retention time (min) Relative TIC area (%) Base peak (m/z) Mass peak (m/z) Probable structure/formula

19.0 3 133 164

1
2

d
a
w
n
a
m
i

3

u

o
t
p
t
i
c
t
G

9.7 4 148
1.4 3 116

5,8-Dihydroxynaphthoquinone (molecular mass 190) was
etected as an intermediate by some authors who used FTIR
nd NMR [12,17], but no fragment with a m/z higher than 178
as presently found by GC–MS. Dihydroxynaphthalenes were
ot found in this study, although they were detected by other
uthors [10,11]. They might be formed during the reaction but
ight adsorb strongly on TiO2 as alcoholates, and not desorb

nto the solution.
.8.2. HPLC analyses
HPLC–DAD allowed us to separate ca. 15 major prod-

cts, with retention times ranging from 10 to 45 min. Most

r
T
b
f

Fig. 12. Possible pathways for the formation of main
178
162 C10H10O2

f these products had retention times much lower than naph-
halene, because of higher polarity. Twenty-three commercial
roducts (cf §3.1 materials and reagents) chosen from assump-
ions and literature data were analysed and compared to the
ntermediates found in the UV-irradiated suspension. Seven
ompounds were clearly identified from both their retention
ime and their UV-spectrum. All of them were identified by
C–MS. The two most abundant products, having very close
etention times, did not match any commercial compound.
hey were isolated using a fraction collector and analysed
y GC–MS. Only one peak appeared, corresponding to 2-
ormylcinnamaldehyde. These two products were assumed to

intermediates of the naphthalene degradation.
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e stereoisomers, one being Z-2-formylcinnamaldehyde and the
ther one being E-2-formylcinnamaldehyde. Ohno et al. [16]
uggested that the Z-isomer was formed directly from naph-
halene, and the E-isomer, thermodynamically more stable, was
pontaneously formed from the Z-isomer. Both isomers could
e separately identified by some authors who used NMR iden-
ification [12,16].

.8.3. Reaction pathway
The formation of detected intermediates can be explained by

he action of OH•, O2
•− and/or h+ (Fig. 12). The opening of an

romatic cycle is the major route of transformation.
There is still some uncertainty about which of these radi-

als reacts to form quinones such as 1,4-naphthoquinone. The
rst hypothesis is a successive addition of two hydroxyl radicals
n a cycle, leading to a naphthohydroquinone, which is next
xidized to the corresponding naphthoquinone [10,13,15]. The
econd possibility is an attack of naphthalene by a superoxide
adical, leading to the formation of an unstable endoperoxide,
hich dissociates into a quinone [33]. However, since super-
xide radical has a less reactivity, direct attack by superoxide
s possible but rare. The last possibility is a direct oxidation
f adsorbed naphthalene molecule by photogenerated holes
o form naphthalene cation radical, and then the cation rad-
cal react with superoxide radical to form peroxide species
hich, in turn, dissociate into 1,4-naphthoquinone and/or
-formylcinnamaldehyde.

Soana et al. [13] noticed that irradiation in pure acetonitrile
ives mainly phthalic anhydride and 1,4-naphthoquinone, and
he degradation rate was almost 10 times slower than in pure
ater. This shows that hydroxyl radical (produced from water) is

he key species in naphthalene degradation, and that it must have
o specific role in phthalic anhydride and 1,4-naphthoquinone
ormation.

Jia et al. [11] used a mixture of acetonitrile and water (94:6
n volume) as a solvent and saturated it with O2. Only dihydrox-
naphthalenes were formed.

The opening of the two cycles leads to the formation of
maller linear organic acids which are assumed to be gradu-
lly decarboxylated via a photo-Kolbe process [19]. This final
rocess yields CO2 as the final product, which is evolved from
he solution.

Total mineralization to carbon dioxide could not be presently
nvestigated. However, Das et al. [12] and Pramauro et al.
10] measured the formation of carbon dioxide from the begin-
ing of irradiation, showing that decarboxylation starts as soon
s the first ring is opened. For example, the decarboxylation
f 2-carboxycinnamaldehyde gives carbon dioxide and cin-
amaldehyde (IV).

Half-time of CO2 formation was generally found to be thrice
igher than that of naphthalene disappearance [10,12].

. Conclusions
The photocatalytic degradation of naphthalene in aqueous
olution was studied using TiO2 Degussa P-25 as a semiconduc-
or catalyst. Adsorption of naphthalene plays an important role

[

[
[

tobiology A: Chemistry 193 (2008) 193–203

n its degradation. The presence of carbonates and hydrogeno-
arbonates was found to inhibit adsorption and degradation of
aphthalene, whereas sodium chloride at pH < pHpzc accelerates
he reaction through adsorption enhancement. More generally,
his study points out the special behaviour of neutral PAH in
astewaters containing inorganic salts.
Naphthalene reacts with hydroxyl and superoxide radicals

o yield naphthols, benzenic aldehydes and naphthoquinones.
aphthoquinones are naphthalene metabolites which are con-

idered to be responsible for the toxicity of naphthalene
34]. For water treatment, the reaction time should be suf-
cient to let naphthoquinones be oxidized to less toxic
ompounds.
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