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bstract

The reaction of carbonate radical with phenol in aqueous solution has been investigated in systems in which carbonate radicals were generated by
V irradiation of an aqueous solution of [Co(NH3)5CO3]+ (pH 8.0 phosphate buffer). Both steady state and time resolved photolysis experiments
ere performed. Upon continuous irradiation of complex phenol mixtures, phenol was converted into benzoquinone and dihydroxybenzenes.
enzoquinone was the major by-product in the early stages of the reaction. Laser flash excitation (266 and 355 nm) of the cobalt complex clearly
howed the formation of the carbonate radical. When phenol was added to the solution of the complex, a second species was observed which
as assigned to the phenoxyl radical. The second-order rate constant of reaction between phenol and carbonate radical was found to be equal to
.6 × 107 M−1 s−1, in agreement with literature data of 2.2 × 107 M−1 s−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydroxyl radicals are known to be formed in surface waters
photolysis of dissolved organic matter, of nitrate and nitrite
ons and Fenton-type reactions) and are also involved when
zonation is used for drinking water production and in the
reatment of wastewaters by advanced oxidation processes.
he hydroxyl radical is a powerful oxidant. It reacts with
ost of organic pollutants with high second-order rate con-

tants (107–1010 M−1 s−1 depending on the chemical structure
f the pollutant) and also with several inorganic compounds
1]. The concentration of hydroxyl radical always results from

balance between the rates of production and consumption.
mong ubiquitous scavengers, hydrogenocarbonate and carbon-

te ions react with hydroxyl radicals with second-order rate
onstants equal to 8.5 × 106 and 3.9 × 108 M−1 s−1, respec-

ively [1]. These reactions lead to the formation of the car-
onate radical. This latter radical is a strong one-electron oxi-
ant (1.78 V versus SHE at pH 7) [2] has a pKa < 0 [3,4], and

∗ Corresponding author. Fax: +33 5 49 45 37 68.
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resents a broad optical absorption in the visible range with
max = 600 nm (ε600 nm = 1850 M−1 cm−1) [5].

The carbonate radical presents a high and selective reactivity
owards other radicals, inorganic as well as organic compounds.
ate constants for reactions involving the radical carbonate are in

he range 102–109 M−1 s−1 [6]. Carbonate radical may react by
lectron transfer (aromatics amines, thiols, metals and inorganic
nions) or hydrogen transfer (alcohols, primary amines, thiols,
henols). It has been shown that carbonate radicals react more
fficiently with phenolate ion; the ratio between kCO3

•−/phenolate
nd kCO3

•−/phenol being about 10 [7]. According to Moore et al.
8], carbonate radical reacts with the formation of an intermedi-
te adduct onto the aromatic ring of the phenol anion. The adduct
urther evolves to phenoxyl radical, the spectrum of which has
een observed by pulse radiolysis.

Various methods for carbonate radical generation have been
nvestigated. Among them, the initial generation of hydroxyl or
ulfate radical further reacting with HCO3

− or CO3
2− consti-

utes the most used method. Actually, Mazellier et al. [9] showed

he involvement of carbonate radicals during the degradation of
arbendazim by H2O2/UV in the presence of high amounts of
ydrogenocarbonate ions. More recently, Canonica et al. [10]
ropose the use of ketone triplet excited states acting as elec-
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in the presence of phosphate at pH 8.0 within the timescale of
the experiment.

In a first step, the formation of carbonate radical from the
photolysis of the complex synthesized in our laboratory has
28 C. Busset et al. / Journal of Photochemistry an

ron acceptors to generate the carbonate radical assuming this
rocess to occur in the environment.

The photodecomposition of a carbonatoammine complex of
obalt(III) also leads to the formation of carbonate radical as
emonstrated by Cope et al. These authors also showed that the
rradiation of the complex leads to an intramolecular photooxy-
oreduction producing Co|| and CO3

•− with a quantum yield of
.06 and a photoaquation with a quantum yield Φ = 0.1 [2].

In the present work, carbonate radical was generated by the
hotolysis of the complex [Co(NH3)5CO3]NO3. This method
as selected because it does not involve the formation of

ntermediate radicals such as hydroxyl radicals. The reactivity
etween carbonate radicals and phenol has been studied with
articular attention to the kinetic aspects and the identification
f by-products of the reaction. We focused our attention on the
rimary step of the reaction (transient species and primary pho-
oproducts). The obtained results allow the validation of the

ethod before to be used with pollutants such as pesticides.

. Experimental

.1. Chemicals

Phenol, benzoquinone, catechol, hydroquinone, sodium
hosphate salts, 4-methyl-2-pentanone and methanol were com-
ercial products of the purest grade available. All solutions were

repared with purified water (Millipore Milli-Q) and pH mea-
urements were carried out with a Meterlab PHM 210 pH-meter.

The complex [Co(NH3)5CO3]NO3 was prepared according
o the method described by Basolo and Murmann [11], and fur-
her characterized by X-ray diffraction and IR spectroscopy (in
Br pellets).

.2. Methods and analysis

UV–vis spectra and absorbance measurements were per-
ormed on a Secomam single-beam spectrophotometer. Cells
f 1 or 5 cm were used.

The irradiation set-up was a batch photoreactor (volume of
rradiated solution = 2 L, Internal diameter = 100 mm). The lamp
Heraeus NN 8/15 low pressure mercury lamp) was located
t the center of the reactor, in a quartz sleeve (external diam-
ter = 28 mm). The lamp almost exclusively emits at 254 nm
ccording to purchaser’s data. The photonic flux at 254 nm
as measured with hydrogen peroxide as an actinometer as
escribed by Nicole et al. [12]. Actinometry experiments were
erformed before each experiment. Typical values equal to
2.0 ± 0.4) × 10−6 Einstein L−1 s−1 were obtained during the
eriod of the experiments. Hydrogen peroxide concentration
as measured according to a method using Ti-complexometry

s described by Eisenberg [13].
The concentration of Cobalt(II) was determined by com-

lexometry with NH4SCN after extraction with methyl isobutyl

etone according to Katakis and Allen [14]. The calibration
urve was obtained with Cobalt(II) nitrate hexahydrate.

Laser flash photolysis (LFP) experiments have been per-
ormed in the “Laboratoire de Photochimie Moléculaire

F
c
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t Macromoléculaire” (LPMM–UMR CNRS 6505, Aubiére,
rance). The excitation source was a pulsed nanosecond laser
uanta Ray GCR 130-1 Neodium-YAG (flash time of 9 ns)
orking at 266 or 355 nm. The detection was achieved with a
KS 60 system from Applied Photophysics. The photonic flux
mitted by the laser was evaluated with [Co(NH3)5Br]Br2 as an
ctinometer as described elsewhere [15].

Phenol disappearance and by-products formation were mea-
ured with high performance liquid chromatography (HPLC;
aters system equipped with a Waters 996 photodiode array

etector). The column was purchased from Interchim (Upti-
phere C18, 250 mm × 3 mm − 5 �m) and the eluant was a mix-
ure (40–60) of methanol–water acidified with acetic acid at a
ow rate of 1 mL min−1. The sample volume was 200 �L. The
uantification of compounds was performed at 220 nm.

. Results and discussion

As mentioned above, the excitation of [Co(NH3)5CO3]+

eads to two phenomena, an intermolecular photoredox process
eading to the formation of Co(II) and CO3·− and a photoaqua-
ion reaction [2]. The simultaneous photoaquation process leads
o the substitution of CO3 group by H2O molecule as a ligand.
he UV–vis spectrum of an aqueous solution of the complex

n phosphate buffer (pH 8.0) is presented in Fig. 1. A large
bsorption band is present up to 300 nm and two other bands
f weaker intensity can also be detected. The irradiation in this
ork has been performed within the first absorption band at 254
r 266 nm.

.1. Formation of carbonate radical

All the experiments were performed in the presence of oxy-
en, in the presence of phosphate buffer at pH 8.0. The UV–vis
pectrum of the complex showed no change in the presence of
hosphate salt. Additionally, the complex was stable in the dark
ig. 1. UV–vis spectrum of an aqueous solution of the complex (400 �M of
omplex, pH 8.0, phosphate buffer).
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itive reactions are involved. The rate of carbonate radicals disap-
pearance increased when the concentration of phenol increased.
The decay of the signal was shown to obey an apparent first-order
kinetic law.
ig. 2. Spectrum of carbonate radical obtained by LFP ([Co(NH3)5CO3
+] =

.0 mM, pH 8.0, phosphate buffer, recorded 400 ns after the laser pulse), com-
ared with reference [3].

een studied. Laser photolysis experiments at 266 nm of a solu-
ion containing [Co(NH3)5CO3]NO3 (2.0 × 10−3 M) were per-
ormed. Following the pulse of the laser, a transient species has
een observed, the spectrum of which is shown in Fig. 2. It cor-
esponds unambiguously to that of carbonate radical published
lsewhere [3]. The quantum yield of formation of carbonate rad-
cal has been determined and found equal to 0.050. It is worth
oting that the same spectrum was obtained when the excitation
as performed by using the third harmonic of the YAG laser,
amely 355 nm.

Simultaneously, steady state irradiation at 254 nm of a
uffered solution of [Co(NH3)5CO3]NO3 (pH 8.0; 400 �M—
otal absorbance at 254 nm) leads to the formation of Cobalt(II)
ith a quantum yield of 0.06 ± 0.01, which is in quite good

greement with the quantum yield of carbonate radical gener-
ted by laser flash photolysis measurements.

According to literature, the carbonate radical may be involved
n a second-order recombination reaction and also reacts with
he initial complex as follows [6]:

O3
•− + CO3

•− → minor

O3
•− +[Co(NH3)5CO3]+ → major

aser flash photolysis experiments with solutions containing
ifferent concentrations of [Co(NH3)5CO3]NO3 (from 0.5 to
.0 mM, pH 8.0, phosphate buffer) have been performed to deter-
ine the second-order rate constant of reaction between carbon-

te radical and the complex. A value equal to 8.8 × 106 M−1 s−1

as been obtained (data not shown) in complete agreement with
iterature data [6].

.2. Reaction of carbonate radical with phenol

In the absence of any irradiation, the mixture complex/phenol
s stable. There was no detectable spectral evidence for the exis-
ence of ground state interaction between [Co(NH3)5CO3]+ and

henol.

Phenol is known to undergo photolysis upon irradiation at
54 nm [16]. It can be demonstrated that the direct photolysis
f phenol (50 or 1 �M) in the presence of a second absorbing

F
o
o
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ompound, namely the cobalt complex the absorption of which
s total, cannot be higher than 10% by using 0.06 [16] for the
henol direct photolysis quantum yield. This has been checked
xperimentally.

Under steady state irradiation of a mixture complex/phenol
400 �M/1.0 �M, pH 8.0), a fast disappearance of phenol
as observed, together with the formation of several by-
roducts. The formation of Co(II) was nearly the same to that
btained with the experiments performed in the absence of
henol.

The use of the complex [Co(NH3)5CO3]NO3 leads to an
quimolar presence of nitrate ion in the solution. Because nitrate
on is known to generate hydroxyl radical under direct photolysis
17], control experiments were performed with mixtures of phe-
ol (50 or 1 �M) and nitrate (400 �M). In the time scale of our
xperiments (i.e. less than 20 min of irradiation), the conversion
f phenol was less than 15% whereas phenol has completely dis-
ppeared in the presence of the complex. Actually, it is largely
eported that nitrate ions present a very low molar absorption
oefficient at 254 nm (less than 5 M−1 cm−1) [17].

Moreover, the involvement of hydroxyl radicals in the sys-
em was ruled out by experiments performed in the presence
f isopropanol (100 �M), used as a hydroxyl radical scavenger
literature data: k(OH

•
+ iPrOH) = 1.9 × 109 M−1 s−1 [1] and

(CO3
•− + iPrOH) = 4 × 104 M−1 s−1 [6]). In these experiments

[complex] = 400 �M, [phenol] = 1.0 �M, [iPrOH] = 100 �M,
H 8.0) we have observed that the presence of isopropanol
id not modify the kinetics of phenol disappearance. A com-
lete inhibition of the degradation process should be observed
f hydroxyl radical was involved.

.2.1. Laser flash irradiation
Upon laser flash photolysis of phenol (18 mM)–complex

100 mM) mixture, the formation and disappearance of carbon-
te radicals were observed and shown in Fig. 3. As previously
entioned, in the absence of phenol, carbonate radicals react
ith the complex itself. When the pollutant was added, compet-
ig. 3. Signal detected at 600 nm (carbonate radicals) upon 355 nm-excitation
f a solution of Cobalt(III) complex (100 mM) in the absence or in the presence
f phenol (18 mM).
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Fig. 4. Apparent first order rate constant of CO3
•− decay as a function of the

initial concentration of Phenol upon 355 nm-laser flash excitation of a mixture
of Cobalt(III) complex (2 mM) and phenol (from 0 to 8.4 mM).
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−[catechol] − [hydroquinone]

[phenol]disappeared

⎟⎟⎟⎠
ig. 5. Spectrum of the phenoxyl radical from 355 nm-excitation of a mixture
f Cobalt(III) complex (9 mM) and phenol (20 mM), compared with reference
18].

This result was further confirmed by performing experiments
n the presence of increasing concentrations of phenol. The
pparent first order rate constant was determined by a fitting
rogram and a plot of kobs as a function of the concentration
f phenol in the solution is presented in Fig. 4. A straight line
as observed, and the slope which corresponds to the second-
rder rate constant between phenol and the carbonate radicals
as found to be equal to 1.6 × 107 M−1 s−1. This value is quite

lose to that published in the literature (2.2 × 107 M−1 s−1) [8].
During these experiments, the formation of an additional

ransient species has been observed. The recorded spectrum is
resented in Fig. 5 and shows two distinct maxima at 375 and
00 nm. It fitted very well with that of phenoxyl radical published
lsewhere [18]. The deformation of the transient absorption
pectrum in the shorter wavelength region is owing to the dis-
ppearance of the starting complex leading to a decrease of the
bsorbance.

.2.2. Continuous irradiation (254 nm)
The degradation of phenol by carbonate radical together
ith the formation and depletion of primary by-products
nder continuous irradiation of a mixture ([Phenol]0 = 50 �M,
Complex]0 = 400 �M) is reported in Fig. 6. Phenol was trans-
ormed into benzoquinone and dihydroxybenzene by carbonate

F
c
i
p

ig. 6. Degradation of phenol by carbonate radical, formation and depletion of
rimary byproducts (50 �M of phenol, 400 �M of complex, pH 8.0, phosphate
uffer).

adicals in the early stage of the irradiation. However, they were
urther degraded in their turn by the action of carbonate radical.

oreover, the well-known efficient direct photolysis of benzo-
uinone also contributes to its disappearance [19]. Very small
mount of 1,4-dihydroxybenzene (hydroquinone) was detected.
his might be due to the partial oxidation of hydroquinone

o benzoquinone by Co(III) complex, which has been clearly
emonstrated experimentally (data not shown). In the absence
f light, catechol is stable in the presence of the complex, this
as been experimentally checked. Moreover, neither oxidation
or ground state complexation were detected.

Fig. 7 indicates the relative amount of by-products, obtained
y dividing the concentration of the identified by-products by
he concentration of phenol disappeared, as a function of the
rradiation time. The percentage of the unidentified part is also
epresented. It was calculated by the following relationship:

⎛
[phenol]disappeared − [benzoquinone]

⎞

ig. 7. Relative amount of phenol by-products (50 �M of phenol, 400 �M of
omplex, pH 8.0, phosphate buffer). The percentage of unidentified by-products
s given by the difference between (identified products + phenol remained) and
henol disappeared.
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Fig. 8. Proposed reaction pathway for the reaction of the carbonate ra

As previously mentioned, benzoquinone and catechol repre-
ented almost 90% of phenol conversion in the early stages of
he experiments. This result is usually obtained during the oxi-
ation of phenol whatever the process employed. For prolonged
rradiation, it is worth noting that the relative amount of cate-
hol decreased whereas benzoquinone still accounted for 25%
f the phenol degraded. The amount of hydroquinone remained
as quite low (<10% whatever the percentage of phenol trans-

ormed). It should be noted that the percentage of unidentified
roducts increased markedly for prolonged irradiation times.
owever, it is well known that the complete oxidation of phenol

o CO2 involves the formation of small size organic acids (not
uantified here) [20].

.2.3. Mechanism
According to all the above results, a degradation pathway of

henol by carbonate radical can be put forward as represented
n Fig. 8.

The reaction of the carbonate radical with phenol led to

he formation of phenoxyl radical as clearly shown by laser
ash irradiation. This may occur by electron transfer or hydro-
en abstraction. This has to be put in relation with the reac-
ion of hydroxyl radical with phenol. This reaction may occur

t
m
s

with phenol: path A for para-position and path B for ortho-position.

ither via hydrogen abstraction from the OH group (k = 2.1 ×
09 M−1 s−1) or via aryl addition (k = 6.6 × 109 M−1 s−1) result-
ng in the formation of phenoxyl or dihydroxycyclohexadienyl
adical, respectively [21,22]. When phenol reacts with carbonate
adical, mainly phenoxyl radical is formed from phenol accord-
ng to our result.

Then, peroxyl radicals can be formed by the reaction of
issolved oxygen with the phenoxyl radical, although the rate
onstant of oxygen reaction with phenoxyl-type radicals is low
23]. Peroxyl radicals are known to evolve to alkoxyl radicals
nd, by disproportionation, further benzoquinone and dihydrox-
benzene (the dismutation of hydroquinone to benzoquinone
as been observed in the presence of an excess of Cobalt(III):
he path A leads to the formation of benzoquinone and hydro-
uinone, the path B to catechol and an ortho-quinone, which is
nown to be unstable.

. Conclusions
Irradiation of Cobalt(III) complex [Co(NH3)5CO3]+ appears
o be an efficient means to generate carbonate radical. This
ethod which does not form hydroxyl radical, can be used to

tudy the kinetics and the mechanism of oxidation of organic pol-
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utants by carbonate radical. The reactivity of carbonate radical
ith phenol has being studied by 254-nm continuous irradia-

ion and classical by-products of oxidation of phenol have been
btained. The second-order rate constant of carbonate radical
eaction with phenol has been determined by time resolved UV
pectroscopy as being 1.6 × 107 M−1 s−1. Phenoxyl radical was
hown as the short live species upon laser flash irradiation. These
esults allow us to propose a degradation pathway for phenol
egradation by carbonate radicals.
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