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Abstract

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
nitrogen were investigated and compared. The initial rate of degradation of phenol in UV/VU V-irradiated solutions exceeded that determined in
U V-irradiated solutions, but the difference decreased dramatically with increase of the initial phenol concentration. The effects of methanol as HO®
scavenger demonstrated that the relative contribution of the HO®-based reactions to the decomposition of phenol in UV/VU V-irradiated solutions
decreased strongly with increase of the initial phenol concentration. The same aromatic (1,2- and 1,4-dihydroxybenzene) and aliphatic (maleic,
malic, tartaric and oxalic acids) intermediates were detected in UV- and UV/VU V-irradiated solutions saturated with oxygen. The decompositions
of 1,2- and 1,4-dihydroxybenzene, 1,4-benzoquinone and oxalic acid were also investigated both in UV/VUV- and in UV-irradiated solutions.
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1. Introduction

The potential of advanced oxidation processes to remove both
organic and inorganic compounds from water or air is currently
being intensively studied. These processes include direct ultra-
violet (UV) and vacuum-ultraviolet (VUV) photolysis, which
are promising methods for the production of drinking water or
ultrapure water without the addition of other reagents. These
methods can be successfully applied to remove aromatic pol-
lutants such as phenols. It should be noted, however that UV
irradiation alone cannot be used as an effective procedure for
the total mineralization of organics, whereas it is quite efficient
for water disinfection [1]. At the same time, the HO® generated
from water by VUV light is one of the most reactive and non-
selective species, which can react at high rates with almost any
organic substances. Thus, a number of technologies are based on
the HO®-initiated reactions for the complete removal of organic
pollutants from aqueous solutions.

The commercially available low-pressure mercury vapour
lamp is a light source widely applied in water purification and
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disinfection technologies. This light source has its main output
at 254 nm, with a small amount (6% of the total intensity of
irradiation) at 185 nm [2]. The generally low quantum yield and
the relatively small molar absorptivity of the target compounds
at 254 nm are factors that limit the efficiency, and therefore
the applicability of direct photolysis process in water remedi-
ation [3]. The extinction coefficient for phenol at 254 nm is
516 mol~! dm3 cm~! and the quantum yield of phenol photoox-
idation in aerated solutions has been found to vary in the interval
0.12-0.02 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
excited singlet state (1), which can decay by fluorescence
(298 nm) (2) [5,6], radiationless internal conversion to the
ground state (3), intersystem crossing to the triplet state (4)
[6], chemical dissociation into phenoxyl radical (ArO®) and
H* (5) [7,8], photoionization (6) [9,10] and product formation
(7). Naturally, the relative contributions of these reactions to the
decay of the excited state depend strongly on the experimental
parameters:

phenol + hv — 'phenol 1)
!phenol — phenol + hv/ )
lphenol — phenol 3)
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1phenol — 3phenol “)

1phenol — (3phenol) — ArO®* + *H (®)]

! phenol — 3phenolﬂ>ArOH'+ +eaq

H,0/H*

—> ArO®* +H'" + €q — ArO® +°H (6)
Iphenol — products (N
3phenol + 0, — phenol +'0, ®)
3phenol + 0y > ArO*t 40, )

The quantum yield of H® formation (5) and photoionization
(6) depend on the nature of the solvent, on the pH of the solu-
tion and on the wavelength of excitation [8]. In neutral or acidic
aqueous solutions (pH 7-2) excitation to singlet-state phenol
at 266 nm leads primarily to photoionization. Besides this, H®
formation (5) is a very minor path likely because homolytic
cleavage of the O—H bond of phenol is suppressed by H-bonding
with water molecules. Most phenoxyl radical cations are gen-
erated via a biphotonic process [7,11] in neutral and acidic
solutions if a second photon is absorbed by the triplet state of
the phenol molecule. The radical cation formed is not stable in
aqueous solutions, it rapidly deprotonation yielding a phenoxyl
radical [12]. Besides decaying to the ground state by fluores-
cence and photoionization, the triplet-excited state of phenol
can be quenched by oxygen. A fraction of this reaction can lead
to the formation of singlet oxygen (10,) (8) or 02°~ (9).

VUV light generates HO® from water. In water, homolysis to
HO*® and H* takes place with a quantum yield (@yo-) at 185 nm
of 0.33 [13]. The penetration depth for VUV light in water is
very short, about 0.1 mm. During the degradation of aromatic
compounds, the first step is generally nucleophilic addition of
HO?® to the aromatic ring [13].

Dissolved oxygen strongly influences the quality and quan-
tity of the reactive species in irradiated aqueous solutions. This
can open up the pathway for the formation of peroxyl-type
organic radicals (R* + O, — ROO®), HO;* (H* + O, — HO,°®,
k=1.4x10"9dm? mol~' s~ [14]), or 02*~ (02 +e~ — 0,°,
k=1.9 x 10'% dm3 mol~! s~! [15]). HO,* is in equilibrium with
its conjugated base, O>*"; pK=4.8 [15]. The further trans-
formation of the organic peroxyl-type radicals involves HO»*®
and Oy°*~ elimination [16]. Thus, in oxygen-containing aque-
ous solution, the direct photooxidation of organics has a quite
complex chemism.

In the present work, the direct photolysis of phenol in aque-
ous solutions was investigated by using low-pressure mercury
vapour lamps immersed in the irradiated solution. The aims were
to compare the efficiencies of two different low-pressure mer-
cury lamps in the decomposition of phenol and its intermediates
in solutions saturated with oxygen or in oxygen-free solu-
tions, and to investigate the relative contributions of HO®-based
reactions and the direct photolysis-initiated decompositions of
phenol in UV/VU V-irradiated solutions.

2. Materials and methods

Both of the low-pressure mercury vapour lamps applied
were made by LightTech (Hungary, Dunakeszi) and had iden-
tical geometry (307 mm long and a 20.5 mm external diameter
sleeve) and electric parameters (15 W electric and 4.0 W UV
output). The lamp emitting at 254 nm (GCL307T5VH/CELL)
was covered with a commercial quartz sleeve (UV lamp). The
lamp emitting at both 254 and 185 nm (GCL307T5/CELL) was
covered with a Suprasil sleeve (UV/VUV lamp). The emitted
photon flux of the light sources was measured by potassium
ferrioxalate actinometry [17]. The photon flux of the 254 nm
component of both lamps was independent of the material of the
sleeve, and was found to be 3.45 £+ 0.09 x 107> molphoton s—L.
The actinometric measurements were carried out by using
the same volume as that of the irradiated phenol solutions
in the reactor. The emission spectra of the low-pressure mer-
cury lamps, measured with a T3000-RT-UV-VIS photometer in
the wavelength range 200-890 nm, were found to be identical
for the two lamps. The photon flux of the 185nm compo-
nent of the light emitted by UV/VUV lamp was estimated
to be 2.1 x 107° mOlphoton sl according to the data given by
LightTech.

The decomposition and mineralization of phenol were inves-
tigated under four different conditions: irradiation with UV or
UV/VUV light, in solutions saturated with oxygen or nitrogen.
The initial concentrations of phenol were adjusted in the range
(0.1-2.0) x 1073 moldm 3.

The effects of methanol as HO® scavenger were also
investigated. Phenol of analytical grade from Sigma was dis-
solved in ultrapure water without any buffering. Methanol
was of HPLC grade from Scharlau. In each experiment ultra-
pure water obtained from a Millipore purifier (Milli-Q) was
applied.

The experimental apparatus is shown in Fig. 1. The low-
pressure mercury lamp (3) was centred in the water-cooled,

Fig. 1. Experimental apparatus: (1) power supply; (2) Teflon packing ring; (3)
UV or UV/VUYV lamp; (4) reactor; (5) pump; (6) reservoir; (7) magnetic stirrer;
(8) flow meter; (9) oxygen or nitrogen cylinder; (10) thermostat.
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double-walled glass tubular reactor (4) (length 340 mm, inner
diameter 30 mm) and the irradiated aqueous solution (220 cm?)
was circulated (375 cm® min~!) continuously around the lamp,
which was immersed directly in the solution. The phenol
solution irradiated was thermostated at 25 °C. Oxygen or nitro-
gen gas was bubbled (855cm’min~!) through the aqueous
solution in the thermostated reservoir (6) and the solution
was continuously stirred with a magnetic stirrer bar (7) dur-
ing the experiments. Prior to each measurement, the gas was
bubbled through the phenol solution at least for 10 min and
the kinetic measurements were commenced by switching on
the lamp.

The fluorimetric measurements were made with Hitachi F-
2000 spectrofluorimeter. The excitation wavelength was 254 nm,
and the intensity of the light emitted by the excited-state phenol
molecules was determined at 298 nm.

The photolytic degradation of phenol was characterized by
a linear fit to the decay curve of phenol, above 40% conversion
(0.999 > R?>0.985).

The concentrations of phenol and the various aromatic
intermediates (1,2- and 1,4-dihydroxybenzene) were mea-
sured with an HPLC system, consisting of a Merck-Hitachi
L-7100 low-pressure gradient pump equipped with a Merck-
Hitachi L-4250 UV-vis detector (A=210nm), applying a
Lichrospher RP 18 column with a methanol/water (28/72)
mixture as eluent. The organic acids formed during the
irradiation were separated by using a GROM-RESIN ZH
column and 1072 moldm™ sulphuric acid as eluent in the
same HPLC system (A =206 nm). The quantitative calibrations
were carried out with standard solutions of known concent-
rations.

The sum of the hydrogen peroxide and alkylhydroperox-
ide concentrations was measured by the method of Zhang and
Wong, which was modified by Gere et al. [18], using enzyme
(horseradish peroxidase from Sigma) catalysed transformation
of leuco crystal violet (Aldrich, Hungary) in tartrate buffer (pH
4.0). The absorbance of the solution was measured at 592 nm
with a Hewlett-Packard (HP8452A) diode array spectropho-
tometer. The molar absorptivity of the crystal violet formed
from the leuco crystal violet was 75600mol~!dm?cm~".
The molar absorptivities of the investigated compounds (phe-
nol, 1,2- and 1,4-dihydroxybenzene, 1,4-benzoquinone and
oxalic acid) were determined by using the same spectrophoto-
meter.

The LCMS measurements were carried out on an Agilent
1100 series LCMSD VL system consisting of a binary pump, a
micro vacuum degasser, a diode array detector, a thermostated
column compartment, a 1956A MSD and ChemStation data
managing software. The chromatographic system was equipped
with a Rheodyne Model 7725 injector with a 20 wl loop. The
mass spectrometer was used in negative electrospray and atmo-
spheric pressure ionization (ESI and APCI) modes. Ions in the
range 50-700 m/z were registered in the conventional scanning
mode.

The total organic carbon concentrations of the solutions
investigated were measured by using a Euroglas 1200 TOC
apparatus with 100 .l sample volumes.

3. Results and discussion

3.1. Effects of solvent and dissolved oxygen on the
Sfluorescence of phenol

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

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

The dissolved oxygen had no effect on the intensity of the
light emitted at 298 nm in water, whereas it strongly decreased
the intensity in acetonitrile (Fig. 2). These results indicate that
the quenching of the excited state of phenol due to collision
with a dissolved oxygen molecule is not significant in water but
in acetonitrile the dissolved oxygen plays a role as a physical
quencher. A plausible explanation of these observations is the
higher lifetime of excited phenol in acetonitrile than in water
[6].

While the effective quenching of an excited phenol molecule
by oxygen in acetonitrile can lead to 10, (8) or 02°~ (9), the
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
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Fig. 2. Intensity of emitted fluorescence light detected at 298 nm during exci-
tation of phenol at 254 nm in aqueous solution or in acetonitrile, as a function
of the initial concentration of phenol. (O)) Oxygen-free aqueous solution; (@)
aqueous solution saturated with oxygen; (A) oxygen-free acetonitrile solution;
(A) acetonitrile solution saturated with oxygen.
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Fig. 3. Concentration of phenol in UV-irradiated aqueous or acetonitrile solution
as a function of the duration of irradiation. (O) Oxygen-free aqueous solu-
tion; (@) aqueous solution saturated with oxygen; (A) oxygen-free acetonitrile
solution; (A) acetonitrile solution saturated with oxygen.

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

Another interesting observation was that, while mainly
1,2-dihydroxybenzene was formed as an aromatic inter-
mediate in dissolved oxygen-containing aqueous solution,
1,4-dihydroxybenzene was detected in acetonitrile and 1,2-
dihydroxybenzene was found only in traces. This observation
is in accordance with the view that the reaction of phenol with
singlet oxygen takes place by 1,4-cycloaddition [20], yielding
1,4-dihydroxybenzene.

3.2. Decomposition of phenol

In UV-irradiated solutions, the decomposition of phenol
occurs by direct photolysis. The absorption of 254 nm UV light
leads to the formation of excited-state phenol. Besides relax-
ation to the ground state, phenoxyl radical formation is expected
[8,10]. Phenoxyl radical formation by direct photolysis is pre-
sumed to be a biphotonic, two-step process via the lowest excited
state. The second photon is absorbed by the triplet state of the
phenol molecule (6) and causes electron ejection. The radical
cation formed has a very short lifetime in aqueous solutions; its
deprotonation results in the phenoxyl radical. Both in oxygen-
free and in solutions saturated with oxygen, the initial rate of
degradation of phenol was found to be proportional to the square
of the absorbed photon flux in UV-irradiated solutions (Fig. 4),
which confirmed that the decomposition of phenol at 254 nm
takes place via a biphotonic process.

The phenoxyl radical can exist as ortho-carbon, para-carbon
or oxygen-centred resonance structures (10) that can also
undergo self-reactions to form dimers [16]. The solubility of
biphenols in water is rather low, but they can be dissolved in less
polar solvents, such as acetonitrile. In nitrogen-saturated solu-
tions, dimerization and polymerization of the phenoxyl radical
were confirmed by HPLC-MS measurements. On the other hand,
these solutions became turbid during irradiation; the turbidity
disappeared after the addition of acetonitrile.
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Fig. 4. Initial rate of degradation of phenol in aqueous solutions as a func-
tion of the photon flux of the 254 nm UV light at 1.0 x 107> M initial phenol
concentration. (@) Solution saturated with oxygen; (O) oxygen-free solution.

: (10)

In the presence of dissolved oxygen the turbidity was not
observed and the products of polymerization were not detected
by HPLC-MS proving that dissolved oxygen inhibits the self-
reactions of phenoxyl radicals. Phenoxyl-type radicals do not
react with oxygen, despite having a considerable spin density on
the carbon [16,21], but they can react with other radicals, such
as 0p°" (k=2 x 10% dm3 mol~! s~! [22]) or HO,®. The €aq
formed during the UV photolysis of phenol can be scavenged
either by a proton (11) (k=2.3 x 10'°dm? mol=!s~! [15]) or
by dissolved oxygen (12) (k=1.9 x 10'%dm3 mol~! s~ [14]).
Both of them can result finally in HO»®:

HY + ey~ — H*>HO,* )
H+

01 + ey~ — 0,°” = HO,® (12)
_H+

Bussandri and von Willigen [8] demonstrated that the phe-
noxyl radical concentration is independent of pH in the range
7-2, but the concentration of the e,q ™ is strongly attenuated on
the decrease of pH, which is attributed to scavenging of the eaq ™~
by protons (11).

In UV-irradiated solutions saturated with oxygen, about 30%
of the decomposed phenol was present as dihydroxybenzene
(1,2- and 1,4-dihydroxybenzene) (Fig. 5b). Although the UV
photolysis of aromatic compounds has been investigated in
several publications, knowledge of the formation of dihydrox-
ybenzenes from the phenoxyl radical is not complete. The
theoretical calculations of Skokov et al. [23] demonstrated
that their formation is possible via the reaction of HO,® with
the phenoxyl radical (13) and (14). The recombination of the
phenoxyl radical with HO,® leads to stable phenoxyl-OOH
adducts, formed via barrierless addition of HO3® in the ortho
and para positions, respectively. The further transformation of
phenoxyl-OOH finally yields to dihydroxybenzenes through the
simultaneous 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 (4), the overall concentrations
of malic, maleic and tartaric acids (0); concentrations of oxalic acid (A), the
overall concentrations of the hydroperoxide ((J) and total organic carbon (TOC)
concentrations (x) in (a) UV/VUYV and (b) UV-irradiated solutions saturated
with oxygen at 1.5 x 103 mol dm~? initial concentration.

from the OH group and an OH fragment from the OOH group

form a water molecule as product.
OH OH 0

(0] (0] 0 0
OOH 0°
. . 0 OH
HO; H hv H +yan
— — + +OH 5 +H,0 2H772¢
(14)

(0]
L H

On the other hand, the phenoxyl-OOH formed can also
decompose via photolysis. The semiquinone radical obtained
is an efficient H donor and can scavenge HO® in either a simul-
taneous cage or a subsequent fast reaction (14). Another possible
pathway for the transformation of phenoxyl-OOH can lead to the
opening of the aromatic ring via attack on a neighbouring carbon
atom by an O atom of the OOH group (15). In U V-irradiated solu-
tions saturated with oxygen, in parallel with the decomposition
of phenol and the formation of dihydroxybenzenes, the aliphatic
intermediates resulted in ring-opening reactions (Fig. 5b). About
25-30% of the decomposed phenol was detected as the sum of
maleic, malic and tartaric acids at 1.5 x 10~3 mol dm™—? initial
concentration.
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Fig. 6. Photon flux absorbed by phenol at 254 nm (*), calculated according to the
Beer-Lambert 1law (ephenol (254 nm) =516 mol~! dm® cm~!; /=0.475cm) and
initial rate of degradation of phenol as a function of the initial concentration in:
UV/VU V-irradiated solutions saturated with oxygen (l); UV/VU V-irradiated
oxygen-free solutions ((J); UV-irradiated solutions saturated with oxygen (@®);
UV-irradiated oxygen-free solutions (O).

In UV/VUV-irradiated solutions, the decomposition of phe-
nol can take place either by direct photolysis at 254 nm or
by HO®-based reactions. The HO® originates from water by
homolytic dissociation caused by 185 nm light. The degradation
of aromatic compounds in water by HO® yields dihydroxycy-
clohexadienyl (DHCHD) radicals via the addition of HO® to
the aromatic ring (k=1.8 x 1019 dm3 mol~!s~! [24]) to the
ortho or para position of the OH functional group of phe-
nol [16]. Naturally, H®* can also add to the aromatic ring
(k=1.7 x 10° dm>® mol~" s~! [15]), resulting in hydroxycyclo-
hexadienyl (HCHD) radicals. The further transformations of

DHCHD and HCHD radicals depend strongly on the concen-
tration of dissolved oxygen. In solutions saturated with oxygen,
the addition of dissolved oxygen to these carbon-centred radicals
(k(HCHD + 05)=3.1 x 108 dm® mol~! s~! [25]) predominates,
and yields peroxyl radicals. The further transformations of the
DHCHD-peroxyl radicals result in dihydroxybenzenes by HO,*®
elimination (16), while the same elimination from the HCHD-
peroxyl radical yields phenol (18). In UV/VUV-irradiated
solutions saturated with oxygen, the 30% decomposed phenol
was present as the sum of 1,2- and 1,4-dihydroxybenzene simi-
larly as for UV-irradiated solutions (Fig. 5). On the other hand,
in the series of HCHD and DHCHD radicals, competition occurs
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between HO,* elimination and fragmentation of the ring; this
can be attributed to intramolecular addition of a peroxyl radi-
cal function to a diene double bond (17) and (19). The opening
of the aromatic ring was confirmed by the fact that, besides
dihydroxybenzenes, the formation of aliphatic carboxyl acids
(maleic, malic and tartaric acids) was observed in parallel with
the decomposition of phenol and the formation of aromatic inter-
mediates (Fig. 5a).

The HO»*® resulting either from the addition of an oxygen
molecule to H® (11) or from elimination from organic peroxyl
radicals (16) and (18) can also play an important role in the
degradation of phenol. For example, HO»* can add to phenol
(20). The subsequent reaction with molecular oxygen and elim-
ination of HO,* finally leads to the formation of an open-chain
product [26]:

OH OH
OH H

OH 0, O-H

i H—2»
. o

H
OH OH
06 H H HOi
. O.
__H> H—2» H —
* 00.
H

OH
OH
H05

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

The relative contributions of the direct photolysis by 254 nm
light and HO®-based reactions to the degradation of phenol
should depend on the amount of light absorbed at different
wavelengths by the irradiated solution. The VUV light is fully
absorbed by waterin a 0.1 mm thick layer [ 13] and therefore HO®
is formed at a stationary rate. On the other hand, the amount of
light absorbed at 254 nm depends on the phenol concentration
according to the Lambert-Beer correlation. Thus, while the HO®
concentration is independent of the initial concentration of phe-
nol, the concentration of the phenoxyl radical should increase
with increase of the phenol concentration.

The rates of degradation of phenol slightly increased with the
initial concentration when the UV/VUV lamp was applied, and
exceeded the corresponding values measured in UV-irradiated

solutions mainly at lower initial concentrations (Fig. 6). At the
same time, when the UV lamp was used the initial rate of degra-
dation dramatically increased on increase of the initial phenol
concentration, mainly in the solutions saturated with oxygen
(Fig. 6). Consequently, the difference between the degrada-
tion rates in UV- and UV/VU V-irradiated solutions decreased
strongly with increase of the initial phenol concentration, in both
oxygen-saturated and oxygen-free solutions (Fig. 6).

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

(16)

H‘w» #»ﬁ;

amn
(13)

/H
L H —> H /()CH
CO

H (19)

(20)

the initial phenol concentration in UV/VU V-irradiated solutions,
similarly as in UV-irradiated solutions, and this seems to be the
predominant pathway at higher initial phenol concentrations.

Phenol decomposes more slowly under oxygen-free con-
ditions than in solutions saturated with oxygen (Fig. 6). For
UV/VUV irradiation, the concentration of HO® at a given light
intensity depends strongly on the concentration of dissolved
oxygen [27]. The dissolved oxygen inhibits the recombination of
H* and HO® (k=7 x 10° dm® mol~! s~! [28]) originating from
water due to the addition of O, to H®. Thus, the dissolved oxy-
gen causes higher concentrations both of HO® and HO,® and a
lower concentration of H®. Consequently, in UV/VU V-irradiated
solutions saturated with oxygen, the decomposition of phenol is
most probably initiated by HO® or HO»® and, in parallel with
this the role of H®* becomes negligible. On the other hand, as for
the possible pathways for the decomposition of phenol demon-
strated above, the dissolved oxygen opens up a new pathway for
the formation of HO,®, partly via the peroxyl radical, in both
UV- and UV/VU V-irradiated solutions.

3.3. Effects of methanol as *OH scavenger

As described above, in UV/VU V-irradiated aqueous solu-
tions 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. (ll) UV/VU V-irradiated
solution without methanol; (@) UV-irradiated solutions without methanol; ((J)
UV/VU V-irradiated solutions with 10~2 mol dm~3 methanol; (¢) UV/VUV-
irradiated solution with 10~! moldm= methanol; (A) UV/VU V-irradiated
solution with 1.0 mol dm~3 methanol.

responsible for the higher rate of degradation of phenol in
UV/VUYV than in UV-irradiated solutions. Methanol was used
as HO® scavenger [13,15]:

CH3;0H + HO® — °CH,0H + H,0,
k= (0.78-1.0) x 10° dm> mol ! s~! 1)

in order to study the role and the relative contribution of HO®-
based reactions to the decomposition of phenol in UV/VUV-
irradiated solutions. Experiments were performed in the
initial phenol concentration range (0.1-1.0) x 107> moldm—3
(Fig. 7).

The inhibitory effect of methanol was found to depend
strongly on the initial concentration of phenol. Its addition
inhibited the degradation of phenol at lower initial concen-
trations, but this inhibitory effect became negligible at a
phenol concentration 1.0 x 1073 moldm™> even at a concen-
tration of methanol 1.0moldm™> (Fig. 7). This dependence
of the inhibitory effect of methanol on the initial phenol
concentration confirmed that the relative contribution of HO®-
based reactions to the degradation of phenol decreased with
increasing initial phenol concentration in UV/VU V-irradiated
solutions.

As expected, the addition of methanol did not have an appre-
ciable effect on the rate of degradation of phenol in U V-irradiated
solutions, when the phenol decomposition is initiated by direct
photolysis. However, it should be noted that, although methanol
addition inhibited the degradation of phenol in UV/VUV-
irradiated solutions, decomposition was found to be slower in
UV-irradiated solutions than in methanol-containing UV/VUV-
irradiated ones, even at 1.0moldm > methanol (Fig. 7). One
plausible explanation of this is that the HO®-initiated decompo-
sition of methanol is the concomitant of HO,*® formation (23) in
solutions saturated with oxygen [29]:

*CH,0H + O, — *OOCH,OH,
k= 4.2 x10°dm?mol~!s™! (22)

k= 5.0x10%s"!
(23)

*O0OCH,0H — CH,0 + HO,°,

Thus, the HO® concentration is likely to be higher in the
methanol-containing UV/VU V-irradiated system as compared
with UV-irradiated solutions at the same initial concentration of
phenol.

The inhibitory effect of methanol was more marked in
solutions saturated with oxygen than in oxygen-free ones.
Addition of methanol to phenol in an initial concentration of
1.0 x 10~* mol dm—3, solution saturated with oxygen decreased
its initial rate of degradation by 60-70%, while the decrease in
the oxygen-free solution was only 20%. A plausible explanation
of this is the higher HO® concentration due to the presence of
dissolved oxygen.

It should be noted that the effect of methanol on the con-
version of the dihydroxybenzenes formed is not considerable
in UV/VU V-irradiated solutions, although their rates of forma-
tion and decomposition do decrease, depending on the initial
concentration of phenol, similarly to the degradation.

3.4. Aromatic intermediates

1,2- and 1,4-dihydroxybenzene were measured as aromatic
intermediates in both the UV- and the UV/VU V-irradiated phe-
nol solutions saturated with oxygen. Their formation might
be initiated either from phenol by HO®-based reaction (16)
or via the reaction of HO,* with the phenoxyl radical (13)
and (14) originating from direct photolysis at 254 nm. The
formation of dihydroxybenzenes from the peroxyl radical is
presumed to occur through the formation of benzoquinone
(13) and (14), but benzoquinone was found in the irradi-
ated solutions only in traces. The reason for this may be
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 (€254 nm =9 000 mol~! dm? cm_l).
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Fig. 8. Concentration of 1,4-benzoquinone and 1,4-dihydroxybenzene formed
in UV-irradiated 1,4-benzoquinone solutions at 1.0 x 1073 mol dm™3 initial con-
centration. (@) Concentration of 1,4-benzoquinone in solution saturated with
oxygen; (O) concentration of 1,4-benzoquinone in oxygen-free solution; (H)
concentration of 1,4-dihydroxybenzene in solution saturated with oxygen; (CJ)
concentration of 1,4-dihydroxybenzene in oxygen-free solution.
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1,4-Benzoquinone (1.0 x 10~ mol dm—3) decomposes within
Smin in UV-irradiated solution and half of the decomposed
amount was detected as 1,4-dihydroxybenzene (Fig. 8).

In all cases, the concentration of 1,2-dihydroxybenzene
exceeded that of 1,4-dihydroxybenzene. About 30% of the
decomposed phenol was present as the sum of dihydrox-
ybenzenes both in UV (23% 1,2-dihydroxybenzene and
7% 1,4-dihydroxybenzene) and in UV/VUV (26% 1,2-
dihydroxybenzene and 4% 1,4-dihydroxybenzene)-irradiated
solutions (Fig. 9). In the absence of VUV photons, the rates
of accumulation and degradation of both aromatic intermedi-
ates were found to be considerably lower than in their presence
(Fig. 5), but the sum of their concentrations as a function of the
concentration of decomposed phenol exhibits the same depen-
dence (Fig. 9). The formation of these aromatic intermediates
starts together with the decomposition of phenol and they are
present in the irradiated solution until the complete decomposi-
tion of phenol (Fig. 5).

Naturally, the dihydroxybenzenes can undergo similar
reactions to those of phenol. Both detected aromatic inter-
mediates react with HO® (k(1,4-dihydroxybenzene + HO®) =
2.1 x10'%dm>® mol~'s~! [24]) and k(1,2-dihydroxybenzene
+HO®*)=1.1 x 1019dm3 mol~!s~!) and absorb at 254nm
(€254 nm(1,2-dihydroxybenzene) = 370 moltdm3ecm~! and
&254nm(1,4-dihydroxybenzene) ~ 70 mol~! dm? cm™!).

The decompositions of these aromatic intermediates were
investigated and compared in UV- and UV/VU V-irradiated solu-
tions at 5.0 x 10~* mol dm 3 initial concentrations (Fig. 10).

The presence of 185nm VUV light caused much faster
decomposition for all of the investigated aromatic intermediates,
similarly as for phenol. In UV-irradiated solution saturated with
oxygen, the decomposition of 1,4-dihydroxybenzene was found
to be faster than that of 1,2-dihydroxybenzene (Fig. 10b), despite
the fact that the molar absorption coefficient at 254 nm is much
higher for 1,2-dihydroxybenzene. At the same time, the rate of
degradation of these aromatic substances changed according to
their molar absorption coefficients in UV-irradiated oxygen-free
solutions (Fig. 10d). However, it should be noted that the rate

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

3.5. Aliphatic intermediates and total organic carbon
concentration

The total organic carbon contents, the overall concen-
tration of aliphatic acids and the overall concentration of
organic hydroperoxides (methyl and ethyl hydroperoxides)
were measured during the decomposition of phenol at an ini-
tial concentration of 1.5 x 1073 moldm™3 both in UV- and
UV/VUV-irradiated aqueous solutions saturated with oxygen
(Fig. 5). The same aliphatic intermediates, e.g. maleic, malic,
tartaric and oxalic acids, were identified in UV- and UV/VUV-
irradiated solutions saturated with oxygen. Maleic, malic and
tartaric acids were formed in parallel with the decomposition of
phenol. At the same time, the accumulation of oxalic acid and
organic hydroperoxides became considerable when the phenol,
dihydroxybenzenes and longer-chain carboxylic acids (maleic,
malic and tartaric acids) disappeared from the solution (Fig. 5),
which suggests that the fragmentation becomes significant only
after the disappearance of aromatic compounds.

The accumulation and decomposition of oxalic acid and
hydroperoxides were much faster in the UV/VUV-irradiated
solutions than in the UV-irradiated solutions (Fig. 5). Thus, it
can be stated that 185 nm light, in spite of its relatively low inten-
sity, not only causes a considerably higher rate of degradation
of phenol, but also plays an important role in the fragmentation
and hence the complete oxidation of the intermediates formed.
The concentration of hydroperoxides demonstrated maximum
curves both during UV and UV/VUYV light irradiation; the max-
imum values were much higher for the UV/VUV than for the
UV-irradiated solutions (Fig. 5). The very similar time depen-
dences of the oxalic acid and hydroperoxide concentrations
suggest that hydroperoxides are important and readily decom-
posable intermediates in the oxidation process. They can form
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Fig. 10. Concentrations of phenol (@), 1,4-dihydroxybenzene ([J), 1,2-dihydroxybenzene (A) and oxalic acid (Q) as a function of the duration of irradiation in:
(a) UV/VUV-irradiated solution, saturated with oxygen, (b) UV-irradiated solution saturated with oxygen, (c) UV/VU V-irradiated, oxygen-free solution, and (d)
UV-irradiated, oxygen-free solution at 5.0 x 10~* mol dm~? initial concentrations.

via addition of the HO,*® radical to the other carbon-centred
radicals (23) or via H abstraction by peroxyl radicals (24):

R* + HO;* — ROOH (23)

ROO®* + RH — ROOH + R* (24)

Among the determined aliphatic intermediates the concen-
tration of oxalic acid was highest. Accordingly, we considered
that investigation of its decomposition by UV and UV/VUV
light can furnish useful information on the degradation of the
aliphatic intermediates. The molar absorption of oxalic acid at
254 nm is rather low (50 mol~! dm? cm™! [30]). In oxygen-free
solution, the decomposition of oxalic acid under U V-irradiation
was negligible (Fig. 10d), while the degradation began with an
induction period in solution saturated with oxygen (Fig. 10b).
This suggests that the reactive species (probably oxygen con-
taining radicals) formed during the decomposition and further
transformation of oxalic acid played important roles and accel-
erated the degradation. At the same time, in UV/VU V-irradiated
solutions the decomposition of oxalic acid took place without an
induction period (Fig. 10a and c) and was about one magnitude
faster as compared with that on UV irradiation.

A significant difference was found between the formation of
hydroperoxides in UV- and UV/V U V-irradiated oxalic acid solu-
tions saturated with oxygen. The accumulation of hydroperoxide
started sharply and immediately after the UV/VUV lamp was
switched on. At the same time, the concentration of hydroper-
oxide increased slowly in the UV-irradiated solutions. The
concentration of hydroperoxide exhibited maximum curves in
both cases, but the maximum value was five times higher for the
UV/VUV than for the UV-irradiated solutions.

During photodegradation, the irradiated solution had a mini-
mum pH of 3.2-3.5. This trend reflects the phenol decomposition
path during UV or UV/VUV irradiation: phenol — (aromatic
intermediates) — acid intermediates — CO» 1 + H,O. It is very
important that the rate of total mineralization of phenol is
much higher when a UV/VUV lamp is used, as demon-
strated by the change in the total organic carbon content
(Fig. 5).

4. Conclusions

The photolysis of phenol was investigated and compared in
aqueous solutions irradiated with either UV or UV/VUYV lamp.
In UV-irradiated solutions, the decomposition of phenol is ini-
tiated by direct photolysis via a biphotonic process, while in
UV/VUV-irradiated solutions the decomposition of phenol can
also take place by HO®-based reactions. The results demon-
strated that the VUV light plays an important role not only in
the faster decomposition of phenol, but also in the opening of the
aromatic ring, the fragmentation and decomposition of the inter-
mediates and finally the total oxidation of phenol, although its
intensity is rather low as compared with the intensity of 254 nm
light.

The relative contributions of HO®-based reactions and direct
photolysis in UV/VUV-irradiated solutions were found to
depend strongly on the initial phenol concentration. At lower
initial phenol concentrations the HO®-based reactions seem to
predominate when a UV/VUYV lamp is used, but at higher phenol
initial concentrations it decomposed mainly by direct photolysis
at 254 nm. This was confirmed by investigation of the inhibitory
effect of methanol as HO® scavenger.
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Dissolved oxygen strongly increased the rate of degradation
of phenol and its intermediates, probably because of the for-
mation of oxygen-containing reactive species such as organic
peroxyl radicals, HO,*/O,°~, whose relative contribution to
the decomposition increases together with increase of the initial
concentration of phenol. Additionally, dissolved oxygen caused
higher HO® concentration in the presence of VUV light.

The decompositions of aromatic intermediates and of oxalic
acid as aliphatic intermediate were also investigated. The
results demonstrated that, in UV-irradiated, oxygen-free solu-
tions the rates of degradation of the investigated substances
were determined by the molar absorption coefficients. However,
in UV-irradiated solution saturated with oxygen, the decom-
position of 1,4-dihydroxybenzene was found to be faster than
that of 1,2-dihydroxybenzene and the degradation of oxalic acid
began with an induction period. The presence of 185nm VUV
light strongly accelerated the decomposition of each investigated
substance.
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