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bstract

The UV (254 nm) and UV/VUV (254/185 nm) photolysis of phenol and the distribution of the products in solutions saturated with oxygen or
itrogen were investigated and compared. The initial rate of degradation of phenol in UV/VUV-irradiated solutions exceeded that determined in
V-irradiated solutions, but the difference decreased dramatically with increase of the initial phenol concentration. The effects of methanol as HO•

cavenger demonstrated that the relative contribution of the HO•-based reactions to the decomposition of phenol in UV/VUV-irradiated solutions

ecreased strongly with increase of the initial phenol concentration. The same aromatic (1,2- and 1,4-dihydroxybenzene) and aliphatic (maleic,
alic, tartaric and oxalic acids) intermediates were detected in UV- and UV/VUV-irradiated solutions saturated with oxygen. The decompositions

f 1,2- and 1,4-dihydroxybenzene, 1,4-benzoquinone and oxalic acid were also investigated both in UV/VUV- and in UV-irradiated solutions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The potential of advanced oxidation processes to remove both
rganic and inorganic compounds from water or air is currently
eing intensively studied. These processes include direct ultra-
iolet (UV) and vacuum-ultraviolet (VUV) photolysis, which
re promising methods for the production of drinking water or
ltrapure water without the addition of other reagents. These
ethods can be successfully applied to remove aromatic pol-

utants such as phenols. It should be noted, however that UV
rradiation alone cannot be used as an effective procedure for
he total mineralization of organics, whereas it is quite efficient
or water disinfection [1]. At the same time, the HO• generated
rom water by VUV light is one of the most reactive and non-
elective species, which can react at high rates with almost any
rganic substances. Thus, a number of technologies are based on
he HO•-initiated reactions for the complete removal of organic

ollutants from aqueous solutions.

The commercially available low-pressure mercury vapour
amp is a light source widely applied in water purification and

∗ Corresponding author. Tel.: +36 62 544 335; fax: +36 62 420 505.
E-mail address: dombia@chem.u-szeged.hu (A. Dombi).
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isinfection technologies. This light source has its main output
t 254 nm, with a small amount (6% of the total intensity of
rradiation) at 185 nm [2]. The generally low quantum yield and
he relatively small molar absorptivity of the target compounds
t 254 nm are factors that limit the efficiency, and therefore
he applicability of direct photolysis process in water remedi-
tion [3]. The extinction coefficient for phenol at 254 nm is
16 mol−1 dm3 cm−1 and the quantum yield of phenol photoox-
dation in aerated solutions has been found to vary in the interval
.12–0.02 at pH 1.6–13.2, with a minimum value at pH 11.1 [4].

The excitation of phenol leads to the formation of its first
xcited singlet state (1), which can decay by fluorescence
298 nm) (2) [5,6], radiationless internal conversion to the
round state (3), intersystem crossing to the triplet state (4)
6], chemical dissociation into phenoxyl radical (ArO•) and
• (5) [7,8], photoionization (6) [9,10] and product formation

7). Naturally, the relative contributions of these reactions to the
ecay of the excited state depend strongly on the experimental
arameters:

1
henol + hν → phenol (1)

phenol → phenol + hν′ (2)

phenol → phenol (3)

mailto:dombia@chem.u-szeged.hu
dx.doi.org/10.1016/j.jphotochem.2007.01.002
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The experimental apparatus is shown in Fig. 1. The low-
pressure mercury lamp (3) was centred in the water-cooled,
10 T. Alapi, A. Dombi / Journal of Photochemistry

phenol → 3phenol (4)

phenol → (3phenol) → ArO• + •H (5)

1phenol → 3phenol
hν−→ArOH•+ + eaq

−

H2O/H+
−→ ArO• + H+ + eaq

− → ArO• + •H (6)

phenol → products (7)

phenol + O2 → phenol + 1O2 (8)

phenol + O2 → ArO•+ + O2
•− (9)

The quantum yield of H• formation (5) and photoionization
6) depend on the nature of the solvent, on the pH of the solu-
ion and on the wavelength of excitation [8]. In neutral or acidic
queous solutions (pH 7–2) excitation to singlet-state phenol
t 266 nm leads primarily to photoionization. Besides this, H•
ormation (5) is a very minor path likely because homolytic
leavage of the O–H bond of phenol is suppressed by H-bonding
ith water molecules. Most phenoxyl radical cations are gen-

rated via a biphotonic process [7,11] in neutral and acidic
olutions if a second photon is absorbed by the triplet state of
he phenol molecule. The radical cation formed is not stable in
queous solutions, it rapidly deprotonation yielding a phenoxyl
adical [12]. Besides decaying to the ground state by fluores-
ence and photoionization, the triplet-excited state of phenol
an be quenched by oxygen. A fraction of this reaction can lead
o the formation of singlet oxygen (1O2) (8) or O2

•− (9).
VUV light generates HO• from water. In water, homolysis to

O• and H• takes place with a quantum yield (ΦHO• ) at 185 nm
f 0.33 [13]. The penetration depth for VUV light in water is
ery short, about 0.1 mm. During the degradation of aromatic
ompounds, the first step is generally nucleophilic addition of
O• to the aromatic ring [13].
Dissolved oxygen strongly influences the quality and quan-

ity of the reactive species in irradiated aqueous solutions. This
an open up the pathway for the formation of peroxyl-type
rganic radicals (R• + O2 → ROO•), HO2

• (H• + O2 → HO2
•,

= 1.4 × 1010 dm3 mol−1 s−1 [14]), or O2
•− (O2 + e− → O2

•−,
= 1.9 × 1010 dm3 mol−1 s−1 [15]). HO2

• is in equilibrium with
ts conjugated base, O2

•−; pK = 4.8 [15]. The further trans-
ormation of the organic peroxyl-type radicals involves HO2

•
nd O2

•− elimination [16]. Thus, in oxygen-containing aque-
us solution, the direct photooxidation of organics has a quite
omplex chemism.

In the present work, the direct photolysis of phenol in aque-
us solutions was investigated by using low-pressure mercury
apour lamps immersed in the irradiated solution. The aims were

o compare the efficiencies of two different low-pressure mer-
ury lamps in the decomposition of phenol and its intermediates
n solutions saturated with oxygen or in oxygen-free solu-
ions, and to investigate the relative contributions of HO•-based
eactions and the direct photolysis-initiated decompositions of
henol in UV/VUV-irradiated solutions.

F
U
(
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. Materials and methods

Both of the low-pressure mercury vapour lamps applied
ere made by LightTech (Hungary, Dunakeszi) and had iden-

ical geometry (307 mm long and a 20.5 mm external diameter
leeve) and electric parameters (15 W electric and 4.0 W UV
utput). The lamp emitting at 254 nm (GCL307T5VH/CELL)
as covered with a commercial quartz sleeve (UV lamp). The

amp emitting at both 254 and 185 nm (GCL307T5/CELL) was
overed with a Suprasil sleeve (UV/VUV lamp). The emitted
hoton flux of the light sources was measured by potassium
errioxalate actinometry [17]. The photon flux of the 254 nm
omponent of both lamps was independent of the material of the
leeve, and was found to be 3.45 ± 0.09 × 10−5 molphoton s−1.
he actinometric measurements were carried out by using

he same volume as that of the irradiated phenol solutions
n the reactor. The emission spectra of the low-pressure mer-
ury lamps, measured with a T3000-RT-UV-VIS photometer in
he wavelength range 200–890 nm, were found to be identical
or the two lamps. The photon flux of the 185 nm compo-
ent of the light emitted by UV/VUV lamp was estimated
o be 2.1 × 10−6 molphoton s−1 according to the data given by
ightTech.

The decomposition and mineralization of phenol were inves-
igated under four different conditions: irradiation with UV or
V/VUV light, in solutions saturated with oxygen or nitrogen.
he initial concentrations of phenol were adjusted in the range

0.1–2.0) × 10−3 mol dm−3.
The effects of methanol as HO• scavenger were also

nvestigated. Phenol of analytical grade from Sigma was dis-
olved in ultrapure water without any buffering. Methanol
as of HPLC grade from Scharlau. In each experiment ultra-
ure water obtained from a Millipore purifier (Milli-Q) was
ig. 1. Experimental apparatus: (1) power supply; (2) Teflon packing ring; (3)
V or UV/VUV lamp; (4) reactor; (5) pump; (6) reservoir; (7) magnetic stirrer;

8) flow meter; (9) oxygen or nitrogen cylinder; (10) thermostat.
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rate of decomposition of phenol in water was found to be about
three times higher than that in acetonitrile saturated with oxygen.
In acetonitrile saturated with oxygen, the degradation of phenol
was slower than in the oxygen-free solution, while dissolved
T. Alapi, A. Dombi / Journal of Photochemistry

ouble-walled glass tubular reactor (4) (length 340 mm, inner
iameter 30 mm) and the irradiated aqueous solution (220 cm3)
as circulated (375 cm3 min−1) continuously around the lamp,
hich was immersed directly in the solution. The phenol

olution irradiated was thermostated at 25 ◦C. Oxygen or nitro-
en gas was bubbled (855 cm3 min−1) through the aqueous
olution in the thermostated reservoir (6) and the solution
as continuously stirred with a magnetic stirrer bar (7) dur-

ng the experiments. Prior to each measurement, the gas was
ubbled through the phenol solution at least for 10 min and
he kinetic measurements were commenced by switching on
he lamp.

The fluorimetric measurements were made with Hitachi F-
000 spectrofluorimeter. The excitation wavelength was 254 nm,
nd the intensity of the light emitted by the excited-state phenol
olecules was determined at 298 nm.
The photolytic degradation of phenol was characterized by

linear fit to the decay curve of phenol, above 40% conversion
0.999 > R2 > 0.985).

The concentrations of phenol and the various aromatic
ntermediates (1,2- and 1,4-dihydroxybenzene) were mea-
ured with an HPLC system, consisting of a Merck-Hitachi
-7100 low-pressure gradient pump equipped with a Merck-
itachi L-4250 UV–vis detector (λ = 210 nm), applying a
ichrospher RP 18 column with a methanol/water (28/72)
ixture as eluent. The organic acids formed during the

rradiation were separated by using a GROM-RESIN ZH
olumn and 10−2 mol dm−3 sulphuric acid as eluent in the
ame HPLC system (λ = 206 nm). The quantitative calibrations
ere carried out with standard solutions of known concent-

ations.
The sum of the hydrogen peroxide and alkylhydroperox-

de concentrations was measured by the method of Zhang and
ong, which was modified by Gere et al. [18], using enzyme

horseradish peroxidase from Sigma) catalysed transformation
f leuco crystal violet (Aldrich, Hungary) in tartrate buffer (pH
.0). The absorbance of the solution was measured at 592 nm
ith a Hewlett-Packard (HP8452A) diode array spectropho-

ometer. The molar absorptivity of the crystal violet formed
rom the leuco crystal violet was 75 600 mol−1 dm3 cm−1.
he molar absorptivities of the investigated compounds (phe-
ol, 1,2- and 1,4-dihydroxybenzene, 1,4-benzoquinone and
xalic acid) were determined by using the same spectrophoto-
eter.
The LCMS measurements were carried out on an Agilent

100 series LCMSD VL system consisting of a binary pump, a
icro vacuum degasser, a diode array detector, a thermostated

olumn compartment, a 1956A MSD and ChemStation data
anaging software. The chromatographic system was equipped
ith a Rheodyne Model 7725 injector with a 20 �l loop. The
ass spectrometer was used in negative electrospray and atmo-

pheric pressure ionization (ESI and APCI) modes. Ions in the
ange 50–700 m/z were registered in the conventional scanning

ode.
The total organic carbon concentrations of the solutions

nvestigated were measured by using a Euroglas 1200 TOC
pparatus with 100 �l sample volumes.
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. Results and discussion

.1. Effects of solvent and dissolved oxygen on the
uorescence of phenol

Excitation of phenol at 254 nm leads to the formation of its
rst excited state (1), which can decay by fluorescence. The flu-
rescence quantum yield and the lifetime of the excited state
f phenol depend both on the nature of the solvent and on the
resence of other compounds such as dissolved oxygen [6,19].
he excited state of aromatic compounds can be quenched
y dissolved oxygen. Consequently, in the presence of oxy-
en, competition can occur between the decay of the excited
tate of phenol by fluorescence and its quenching by dissolved
xygen.

The fluorescence measurements were made both in oxygen-
ree and in oxygen saturated solutions in water and in acetonitrile
s solvent. The wavelength of excitation was 254 nm. The results
emonstrated that the intensity of the fluorescent light emitted at
98 nm was higher in oxygen-free acetonitrile than in aqueous
olutions (Fig. 2). The concentration dependence of the intensity
f the emitted light demonstrated that the relative contribution of
nternal quenching increased strongly with increase of the initial
oncentration of phenol in both cases (Fig. 2).

The dissolved oxygen had no effect on the intensity of the
ight emitted at 298 nm in water, whereas it strongly decreased
he intensity in acetonitrile (Fig. 2). These results indicate that
he quenching of the excited state of phenol due to collision
ith a dissolved oxygen molecule is not significant in water but

n acetonitrile the dissolved oxygen plays a role as a physical
uencher. A plausible explanation of these observations is the
igher lifetime of excited phenol in acetonitrile than in water
6].

While the effective quenching of an excited phenol molecule
y oxygen in acetonitrile can lead to 1O2 (8) or O2

•− (9), the
ig. 2. Intensity of emitted fluorescence light detected at 298 nm during exci-
ation of phenol at 254 nm in aqueous solution or in acetonitrile, as a function
f the initial concentration of phenol. (©) Oxygen-free aqueous solution; (�)
queous solution saturated with oxygen; (�) oxygen-free acetonitrile solution;
�) acetonitrile solution saturated with oxygen.
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Fig. 3. Concentration of phenol in UV-irradiated aqueous or acetonitrile solution
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s a function of the duration of irradiation. (©) Oxygen-free aqueous solu-
ion; (�) aqueous solution saturated with oxygen; (�) oxygen-free acetonitrile
olution; (�) acetonitrile solution saturated with oxygen.

xygen enhanced the decomposition in water (Fig. 3). These
xperimental results demonstrated that dissolved oxygen has no
ffect via a direct reaction with the first excited state of phenol
n aqueous solutions.

Another interesting observation was that, while mainly
,2-dihydroxybenzene was formed as an aromatic inter-
ediate in dissolved oxygen-containing aqueous solution,

,4-dihydroxybenzene was detected in acetonitrile and 1,2-
ihydroxybenzene was found only in traces. This observation
s in accordance with the view that the reaction of phenol with
inglet oxygen takes place by 1,4-cycloaddition [20], yielding
,4-dihydroxybenzene.

.2. Decomposition of phenol

In UV-irradiated solutions, the decomposition of phenol
ccurs by direct photolysis. The absorption of 254 nm UV light
eads to the formation of excited-state phenol. Besides relax-
tion to the ground state, phenoxyl radical formation is expected
8,10]. Phenoxyl radical formation by direct photolysis is pre-
umed to be a biphotonic, two-step process via the lowest excited
tate. The second photon is absorbed by the triplet state of the
henol molecule (6) and causes electron ejection. The radical
ation formed has a very short lifetime in aqueous solutions; its
eprotonation results in the phenoxyl radical. Both in oxygen-
ree and in solutions saturated with oxygen, the initial rate of
egradation of phenol was found to be proportional to the square
f the absorbed photon flux in UV-irradiated solutions (Fig. 4),
hich confirmed that the decomposition of phenol at 254 nm

akes place via a biphotonic process.
The phenoxyl radical can exist as ortho-carbon, para-carbon

r oxygen-centred resonance structures (10) that can also
ndergo self-reactions to form dimers [16]. The solubility of
iphenols in water is rather low, but they can be dissolved in less
olar solvents, such as acetonitrile. In nitrogen-saturated solu-

ions, dimerization and polymerization of the phenoxyl radical
ere confirmed by HPLC-MS measurements. On the other hand,

hese solutions became turbid during irradiation; the turbidity
isappeared after the addition of acetonitrile.

a
a
p
s

ig. 4. Initial rate of degradation of phenol in aqueous solutions as a func-
ion of the photon flux of the 254 nm UV light at 1.0 × 10−3 M initial phenol
oncentration. (�) Solution saturated with oxygen; (©) oxygen-free solution.

(10)

In the presence of dissolved oxygen the turbidity was not
bserved and the products of polymerization were not detected
y HPLC-MS proving that dissolved oxygen inhibits the self-
eactions of phenoxyl radicals. Phenoxyl-type radicals do not
eact with oxygen, despite having a considerable spin density on
he carbon [16,21], but they can react with other radicals, such
s O2

•− (k = 2 × 109 dm3 mol−1 s−1 [22]) or HO2
•. The eaq

−
ormed during the UV photolysis of phenol can be scavenged
ither by a proton (11) (k = 2.3 × 1010 dm3 mol−1 s−1 [15]) or
y dissolved oxygen (12) (k = 1.9 × 1010 dm3 mol−1 s−1 [14]).
oth of them can result finally in HO2

•:

+ + eaq
− → H• O2−→HO2

• (11)

2 + eaq
− → O2

•− H+
�

–H+
HO2

• (12)

Bussandri and von Willigen [8] demonstrated that the phe-
oxyl radical concentration is independent of pH in the range
–2, but the concentration of the eaq

− is strongly attenuated on
he decrease of pH, which is attributed to scavenging of the eaq

−
y protons (11).

In UV-irradiated solutions saturated with oxygen, about 30%
f the decomposed phenol was present as dihydroxybenzene
1,2- and 1,4-dihydroxybenzene) (Fig. 5b). Although the UV
hotolysis of aromatic compounds has been investigated in
everal publications, knowledge of the formation of dihydrox-
benzenes from the phenoxyl radical is not complete. The
heoretical calculations of Skokov et al. [23] demonstrated
hat their formation is possible via the reaction of HO2

• with
he phenoxyl radical (13) and (14). The recombination of the
henoxyl radical with HO2

• leads to stable phenoxyl–OOH

dducts, formed via barrierless addition of HO2

• in the ortho
nd para positions, respectively. The further transformation of
henoxyl-OOH finally yields to dihydroxybenzenes through the
imultaneous shift of two H atoms (13). In the next step, a H atom
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Fig. 5. Time dependences of concentrations of phenol (�), the overall con-
centrations of 1,2- and 1,4-dihydroxybenzene (�), the overall concentrations
of malic, maleic and tartaric acids (©); concentrations of oxalic acid (�), the
overall concentrations of the hydroperoxide (�) and total organic carbon (TOC)
concentrations (×) in (a) UV/VUV and (b) UV-irradiated solutions saturated
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Fig. 6. Photon flux absorbed by phenol at 254 nm (*), calculated according to the
Beer–Lambert law (εphenol(254 nm) = 516 mol−1 dm3 cm−1; l = 0.475 cm) and
initial rate of degradation of phenol as a function of the initial concentration in:
UV/VUV-irradiated solutions saturated with oxygen (�); UV/VUV-irradiated
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s
was present as the sum of 1,2- and 1,4-dihydroxybenzene simi-
ith oxygen at 1.5 × 10−3 mol dm−3 initial concentration.

rom the OH group and an OH fragment from the OOH group
orm a water molecule as product.

On the other hand, the phenoxyl–OOH formed can also
ecompose via photolysis. The semiquinone radical obtained
s an efficient H donor and can scavenge HO• in either a simul-
aneous cage or a subsequent fast reaction (14). Another possible
athway for the transformation of phenoxyl–OOH can lead to the
pening of the aromatic ring via attack on a neighbouring carbon
tom by an O atom of the OOH group (15). In UV-irradiated solu-
ions saturated with oxygen, in parallel with the decomposition
f phenol and the formation of dihydroxybenzenes, the aliphatic
ntermediates resulted in ring-opening reactions (Fig. 5b). About
5–30% of the decomposed phenol was detected as the sum of

aleic, malic and tartaric acids at 1.5 × 10−3 mol dm−3 initial

oncentration.
l
i

xygen-free solutions (�); UV-irradiated solutions saturated with oxygen (�);
V-irradiated oxygen-free solutions (©).

In UV/VUV-irradiated solutions, the decomposition of phe-
ol can take place either by direct photolysis at 254 nm or
y HO•-based reactions. The HO• originates from water by
omolytic dissociation caused by 185 nm light. The degradation
f aromatic compounds in water by HO• yields dihydroxycy-
lohexadienyl (DHCHD) radicals via the addition of HO• to
he aromatic ring (k = 1.8 × 1010 dm3 mol−1 s−1 [24]) to the
rtho or para position of the OH functional group of phe-
ol [16]. Naturally, H• can also add to the aromatic ring
k = 1.7 × 109 dm3 mol−1 s−1 [15]), resulting in hydroxycyclo-
exadienyl (HCHD) radicals. The further transformations of

HCHD and HCHD radicals depend strongly on the concen-
ration of dissolved oxygen. In solutions saturated with oxygen,
he addition of dissolved oxygen to these carbon-centred radicals
k(HCHD + O2) = 3.1 × 108 dm3 mol−1 s−1 [25]) predominates,
nd yields peroxyl radicals. The further transformations of the
HCHD-peroxyl radicals result in dihydroxybenzenes by HO2

•
limination (16), while the same elimination from the HCHD-
eroxyl radical yields phenol (18). In UV/VUV-irradiated
olutions saturated with oxygen, the 30% decomposed phenol
arly as for UV-irradiated solutions (Fig. 5). On the other hand,
n the series of HCHD and DHCHD radicals, competition occurs
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etween HO2
• elimination and fragmentation of the ring; this

an be attributed to intramolecular addition of a peroxyl radi-
al function to a diene double bond (17) and (19). The opening
f the aromatic ring was confirmed by the fact that, besides
ihydroxybenzenes, the formation of aliphatic carboxyl acids
maleic, malic and tartaric acids) was observed in parallel with
he decomposition of phenol and the formation of aromatic inter-

ediates (Fig. 5a).
The HO2

• resulting either from the addition of an oxygen
olecule to H• (11) or from elimination from organic peroxyl

adicals (16) and (18) can also play an important role in the
egradation of phenol. For example, HO2

• can add to phenol
20). The subsequent reaction with molecular oxygen and elim-
nation of HO2

• finally leads to the formation of an open-chain
roduct [26]:

The initial rate of degradation of phenol was found to be
ystematically higher in the UV/VUV than in the UV-irradiated
olutions regardless of whether they were oxygen-saturated or
xygen-free (Fig. 6). This is most likely due to the contribution
f HO•-based reactions to the decomposition of phenol caused
y the presence of VUV light. Thus, in UV/VUV-irradiated
olutions the degradation of phenol takes place by both direct
hotolysis at 254 nm and HO•-based reactions while in UV-
rradiated ones the decomposition of phenol is initiated only by
irect photolysis at 254 nm.

The relative contributions of the direct photolysis by 254 nm
ight and HO•-based reactions to the degradation of phenol
hould depend on the amount of light absorbed at different
avelengths by the irradiated solution. The VUV light is fully

bsorbed by water in a 0.1 mm thick layer [13] and therefore HO•
s formed at a stationary rate. On the other hand, the amount of
ight absorbed at 254 nm depends on the phenol concentration
ccording to the Lambert–Beer correlation. Thus, while the HO•
oncentration is independent of the initial concentration of phe-
ol, the concentration of the phenoxyl radical should increase

ith increase of the phenol concentration.
The rates of degradation of phenol slightly increased with the

nitial concentration when the UV/VUV lamp was applied, and
xceeded the corresponding values measured in UV-irradiated

3

t
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olutions mainly at lower initial concentrations (Fig. 6). At the
ame time, when the UV lamp was used the initial rate of degra-
ation dramatically increased on increase of the initial phenol
oncentration, mainly in the solutions saturated with oxygen
Fig. 6). Consequently, the difference between the degrada-
ion rates in UV- and UV/VUV-irradiated solutions decreased
trongly with increase of the initial phenol concentration, in both
xygen-saturated and oxygen-free solutions (Fig. 6).

These results allow the supposition that the initial step of
henol transformation in UV/VUV-irradiated solutions at lower
henol initial concentrations proceeds mainly via HO•-based
eactions. Nevertheless, it must be borne in mind that, besides
he HO•-based reactions, the relative contribution of the direct
hotolysis of phenol at 254 nm should increase with increase of

he initial phenol concentration in UV/VUV-irradiated solutions,
imilarly as in UV-irradiated solutions, and this seems to be the
redominant pathway at higher initial phenol concentrations.

Phenol decomposes more slowly under oxygen-free con-
itions than in solutions saturated with oxygen (Fig. 6). For
V/VUV irradiation, the concentration of HO• at a given light

ntensity depends strongly on the concentration of dissolved
xygen [27]. The dissolved oxygen inhibits the recombination of
• and HO• (k = 7 × 109 dm3 mol−1 s−1 [28]) originating from
ater due to the addition of O2 to H•. Thus, the dissolved oxy-
en causes higher concentrations both of HO• and HO2

• and a
ower concentration of H•. Consequently, in UV/VUV-irradiated
olutions saturated with oxygen, the decomposition of phenol is
ost probably initiated by HO• or HO2

• and, in parallel with
his the role of H• becomes negligible. On the other hand, as for
he possible pathways for the decomposition of phenol demon-
trated above, the dissolved oxygen opens up a new pathway for
he formation of HO2

•, partly via the peroxyl radical, in both
V- and UV/VUV-irradiated solutions.
.3. Effects of methanol as •OH scavenger

As described above, in UV/VUV-irradiated aqueous solu-
ions the formation of HO• is expected and is probably
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Fig. 7. Effects of methanol as •OH radical scavenger on initial rate of
degradation of phenol as a function of initial concentration of phenol in
UV/VUV-irradiated solutions saturated with oxygen. (�) UV/VUV-irradiated
solution without methanol; (�) UV-irradiated solutions without methanol; (�)
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that its decomposition is very fast during 254 nm irradiation
either in oxygen-saturated or in oxygen-free solutions (Fig. 8),
most probably because of the high molar absorption coeffi-
cient of 1,4-benzoquinone (ε254 nm = 9 000 mol−1 dm3 cm−1).

Fig. 8. Concentration of 1,4-benzoquinone and 1,4-dihydroxybenzene formed
−3 −3
V/VUV-irradiated solutions with 10−2 mol dm−3 methanol; (♦) UV/VUV-
rradiated solution with 10−1 mol dm−3 methanol; (�) UV/VUV-irradiated
olution with 1.0 mol dm−3 methanol.

esponsible for the higher rate of degradation of phenol in
V/VUV than in UV-irradiated solutions. Methanol was used

s HO• scavenger [13,15]:

CH3OH + HO• → •CH2OH + H2O,

k = (0.78–1.0) × 109 dm3 mol−1 s−1 (21)

n order to study the role and the relative contribution of HO•-
ased reactions to the decomposition of phenol in UV/VUV-
rradiated solutions. Experiments were performed in the
nitial phenol concentration range (0.1–1.0) × 10−3 mol dm−3

Fig. 7).
The inhibitory effect of methanol was found to depend

trongly on the initial concentration of phenol. Its addition
nhibited the degradation of phenol at lower initial concen-
rations, but this inhibitory effect became negligible at a
henol concentration 1.0 × 10−3 mol dm−3 even at a concen-
ration of methanol 1.0 mol dm−3 (Fig. 7). This dependence
f the inhibitory effect of methanol on the initial phenol
oncentration confirmed that the relative contribution of HO•-
ased reactions to the degradation of phenol decreased with
ncreasing initial phenol concentration in UV/VUV-irradiated
olutions.

As expected, the addition of methanol did not have an appre-
iable effect on the rate of degradation of phenol in UV-irradiated
olutions, when the phenol decomposition is initiated by direct
hotolysis. However, it should be noted that, although methanol
ddition inhibited the degradation of phenol in UV/VUV-
rradiated solutions, decomposition was found to be slower in
V-irradiated solutions than in methanol-containing UV/VUV-

rradiated ones, even at 1.0 mol dm−3 methanol (Fig. 7). One
lausible explanation of this is that the HO•-initiated decompo-
ition of methanol is the concomitant of HO2

• formation (23) in

olutions saturated with oxygen [29]:

•CH2OH + O2 → •OOCH2OH,

k = 4.2 × 109 dm3 mol−1 s−1 (22)

i
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OOCH2OH → CH2O + HO2
•, k = 5.0 × 102 s−1

(23)

hus, the HO2
• concentration is likely to be higher in the

ethanol-containing UV/VUV-irradiated system as compared
ith UV-irradiated solutions at the same initial concentration of
henol.

The inhibitory effect of methanol was more marked in
olutions saturated with oxygen than in oxygen-free ones.
ddition of methanol to phenol in an initial concentration of
.0 × 10−4 mol dm−3, solution saturated with oxygen decreased
ts initial rate of degradation by 60–70%, while the decrease in
he oxygen-free solution was only 20%. A plausible explanation
f this is the higher HO• concentration due to the presence of
issolved oxygen.

It should be noted that the effect of methanol on the con-
ersion of the dihydroxybenzenes formed is not considerable
n UV/VUV-irradiated solutions, although their rates of forma-
ion and decomposition do decrease, depending on the initial
oncentration of phenol, similarly to the degradation.

.4. Aromatic intermediates

1,2- and 1,4-dihydroxybenzene were measured as aromatic
ntermediates in both the UV- and the UV/VUV-irradiated phe-
ol solutions saturated with oxygen. Their formation might
e initiated either from phenol by HO•-based reaction (16)
r via the reaction of HO2

• with the phenoxyl radical (13)
nd (14) originating from direct photolysis at 254 nm. The
ormation of dihydroxybenzenes from the peroxyl radical is
resumed to occur through the formation of benzoquinone
13) and (14), but benzoquinone was found in the irradi-
ted solutions only in traces. The reason for this may be
n UV-irradiated 1,4-benzoquinone solutions at 1.0 × 10 mol dm initial con-
entration. (�) Concentration of 1,4-benzoquinone in solution saturated with
xygen; (©) concentration of 1,4-benzoquinone in oxygen-free solution; (�)
oncentration of 1,4-dihydroxybenzene in solution saturated with oxygen; (�)
oncentration of 1,4-dihydroxybenzene in oxygen-free solution.
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Fig. 9. The overall concentrations of 1,2- and 1,4-dihydroxybenzene as a function of concentration of decomposed phenol in (a) UV/VUV and (b) UV-
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♦) 1.0 × 10−3 mol dm−3; (�) 1.5 × 10−3 mol dm−3 in solutions saturated with

,4-Benzoquinone (1.0 × 10−3 mol dm−3) decomposes within
min in UV-irradiated solution and half of the decomposed
mount was detected as 1,4-dihydroxybenzene (Fig. 8).

In all cases, the concentration of 1,2-dihydroxybenzene
xceeded that of 1,4-dihydroxybenzene. About 30% of the
ecomposed phenol was present as the sum of dihydrox-
benzenes both in UV (23% 1,2-dihydroxybenzene and
% 1,4-dihydroxybenzene) and in UV/VUV (26% 1,2-
ihydroxybenzene and 4% 1,4-dihydroxybenzene)-irradiated
olutions (Fig. 9). In the absence of VUV photons, the rates
f accumulation and degradation of both aromatic intermedi-
tes were found to be considerably lower than in their presence
Fig. 5), but the sum of their concentrations as a function of the
oncentration of decomposed phenol exhibits the same depen-
ence (Fig. 9). The formation of these aromatic intermediates
tarts together with the decomposition of phenol and they are
resent in the irradiated solution until the complete decomposi-
ion of phenol (Fig. 5).

Naturally, the dihydroxybenzenes can undergo similar
eactions to those of phenol. Both detected aromatic inter-
ediates react with HO• (k(1,4-dihydroxybenzene + HO•) =

.1 × 1010 dm3 mol−1 s−1 [24]) and k(1,2-dihydroxybenzene
HO•) = 1.1 × 1010 dm3 mol−1 s−1) and absorb at 254 nm

ε254 nm(1,2-dihydroxybenzene) ≈ 370 mol−1 dm3 cm−1 and
254 nm(1,4-dihydroxybenzene) ≈ 70 mol−1 dm3 cm−1).

The decompositions of these aromatic intermediates were
nvestigated and compared in UV- and UV/VUV-irradiated solu-
ions at 5.0 × 10−4 mol dm−3 initial concentrations (Fig. 10).

The presence of 185 nm VUV light caused much faster
ecomposition for all of the investigated aromatic intermediates,
imilarly as for phenol. In UV-irradiated solution saturated with
xygen, the decomposition of 1,4-dihydroxybenzene was found
o be faster than that of 1,2-dihydroxybenzene (Fig. 10b), despite
he fact that the molar absorption coefficient at 254 nm is much

igher for 1,2-dihydroxybenzene. At the same time, the rate of
egradation of these aromatic substances changed according to
heir molar absorption coefficients in UV-irradiated oxygen-free
olutions (Fig. 10d). However, it should be noted that the rate

U
d
s
p

) 2.0 × 10−4 mol dm−3; (�) 5.0 × 10−4 mol dm−3; (�) 7.5 × 10−4 mol dm−3;
en.

f direct photooxidation depends strongly not only on the molar
bsorptivity, but also on the quantum yields of the decompo-
itions of these aromatic substances and dissolved oxygen can
trongly effect the pathway for the decomposition.

.5. Aliphatic intermediates and total organic carbon
oncentration

The total organic carbon contents, the overall concen-
ration of aliphatic acids and the overall concentration of
rganic hydroperoxides (methyl and ethyl hydroperoxides)
ere measured during the decomposition of phenol at an ini-

ial concentration of 1.5 × 10−3 mol dm−3 both in UV- and
V/VUV-irradiated aqueous solutions saturated with oxygen

Fig. 5). The same aliphatic intermediates, e.g. maleic, malic,
artaric and oxalic acids, were identified in UV- and UV/VUV-
rradiated solutions saturated with oxygen. Maleic, malic and
artaric acids were formed in parallel with the decomposition of
henol. At the same time, the accumulation of oxalic acid and
rganic hydroperoxides became considerable when the phenol,
ihydroxybenzenes and longer-chain carboxylic acids (maleic,
alic and tartaric acids) disappeared from the solution (Fig. 5),
hich suggests that the fragmentation becomes significant only

fter the disappearance of aromatic compounds.
The accumulation and decomposition of oxalic acid and

ydroperoxides were much faster in the UV/VUV-irradiated
olutions than in the UV-irradiated solutions (Fig. 5). Thus, it
an be stated that 185 nm light, in spite of its relatively low inten-
ity, not only causes a considerably higher rate of degradation
f phenol, but also plays an important role in the fragmentation
nd hence the complete oxidation of the intermediates formed.
he concentration of hydroperoxides demonstrated maximum
urves both during UV and UV/VUV light irradiation; the max-
mum values were much higher for the UV/VUV than for the

V-irradiated solutions (Fig. 5). The very similar time depen-
ences of the oxalic acid and hydroperoxide concentrations
uggest that hydroperoxides are important and readily decom-
osable intermediates in the oxidation process. They can form
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ig. 10. Concentrations of phenol (�), 1,4-dihydroxybenzene (�), 1,2-dihydr
a) UV/VUV-irradiated solution, saturated with oxygen, (b) UV-irradiated solu
V-irradiated, oxygen-free solution at 5.0 × 10−4 mol dm−3 initial concentratio

ia addition of the HO2
• radical to the other carbon-centred

adicals (23) or via H abstraction by peroxyl radicals (24):

• + HO2
• → ROOH (23)

OO• + RH → ROOH + R• (24)

Among the determined aliphatic intermediates the concen-
ration of oxalic acid was highest. Accordingly, we considered
hat investigation of its decomposition by UV and UV/VUV
ight can furnish useful information on the degradation of the
liphatic intermediates. The molar absorption of oxalic acid at
54 nm is rather low (50 mol−1 dm3 cm−1 [30]). In oxygen-free
olution, the decomposition of oxalic acid under UV-irradiation
as negligible (Fig. 10d), while the degradation began with an

nduction period in solution saturated with oxygen (Fig. 10b).
his suggests that the reactive species (probably oxygen con-

aining radicals) formed during the decomposition and further
ransformation of oxalic acid played important roles and accel-
rated the degradation. At the same time, in UV/VUV-irradiated
olutions the decomposition of oxalic acid took place without an
nduction period (Fig. 10a and c) and was about one magnitude
aster as compared with that on UV irradiation.

A significant difference was found between the formation of
ydroperoxides in UV- and UV/VUV-irradiated oxalic acid solu-
ions saturated with oxygen. The accumulation of hydroperoxide
tarted sharply and immediately after the UV/VUV lamp was

witched on. At the same time, the concentration of hydroper-
xide increased slowly in the UV-irradiated solutions. The
oncentration of hydroperoxide exhibited maximum curves in
oth cases, but the maximum value was five times higher for the
V/VUV than for the UV-irradiated solutions.

i
p
i
a
e

nzene (�) and oxalic acid (♦) as a function of the duration of irradiation in:
saturated with oxygen, (c) UV/VUV-irradiated, oxygen-free solution, and (d)

During photodegradation, the irradiated solution had a mini-
um pH of 3.2–3.5. This trend reflects the phenol decomposition

ath during UV or UV/VUV irradiation: phenol → (aromatic
ntermediates) → acid intermediates → CO2↑ + H2O. It is very
mportant that the rate of total mineralization of phenol is

uch higher when a UV/VUV lamp is used, as demon-
trated by the change in the total organic carbon content
Fig. 5).

. Conclusions

The photolysis of phenol was investigated and compared in
queous solutions irradiated with either UV or UV/VUV lamp.
n UV-irradiated solutions, the decomposition of phenol is ini-
iated by direct photolysis via a biphotonic process, while in
V/VUV-irradiated solutions the decomposition of phenol can

lso take place by HO•-based reactions. The results demon-
trated that the VUV light plays an important role not only in
he faster decomposition of phenol, but also in the opening of the
romatic ring, the fragmentation and decomposition of the inter-
ediates and finally the total oxidation of phenol, although its

ntensity is rather low as compared with the intensity of 254 nm
ight.

The relative contributions of HO•-based reactions and direct
hotolysis in UV/VUV-irradiated solutions were found to
epend strongly on the initial phenol concentration. At lower
nitial phenol concentrations the HO•-based reactions seem to

redominate when a UV/VUV lamp is used, but at higher phenol
nitial concentrations it decomposed mainly by direct photolysis
t 254 nm. This was confirmed by investigation of the inhibitory
ffect of methanol as HO• scavenger.
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Dissolved oxygen strongly increased the rate of degradation
f phenol and its intermediates, probably because of the for-
ation of oxygen-containing reactive species such as organic

eroxyl radicals, HO2
•/O2

•−, whose relative contribution to
he decomposition increases together with increase of the initial
oncentration of phenol. Additionally, dissolved oxygen caused
igher HO• concentration in the presence of VUV light.

The decompositions of aromatic intermediates and of oxalic
cid as aliphatic intermediate were also investigated. The
esults demonstrated that, in UV-irradiated, oxygen-free solu-
ions the rates of degradation of the investigated substances
ere determined by the molar absorption coefficients. However,

n UV-irradiated solution saturated with oxygen, the decom-
osition of 1,4-dihydroxybenzene was found to be faster than
hat of 1,2-dihydroxybenzene and the degradation of oxalic acid
egan with an induction period. The presence of 185 nm VUV
ight strongly accelerated the decomposition of each investigated
ubstance.
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