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Abstract

The photodegradation of 4-chloro-3,5-dinitrobenzoic acid (CDNBA) in aqueous solution was investigated using advanced oxidation
processes (AOP) involving hydroxyl radical production: (i) UV-C photolysis of H2O2 using low or medium pressure Hg arcs (UV/H2O2

process) and (ii) vacuum ultraviolet (VUV) photolysis of water at 185 nm (low pressure Hg arc with Suprasil envelope) and at 172 nm
(Xe-excimer lamp). These processes were shown to be efficient methods for CDNBA mineralization, in contrast to CDNBA photolysis.
For the UV/H2O2 process, the optimal concentration of H2O2 leading to the fastest degradation rate could be evaluated as a function of
the initial CDNBA concentration using a simplified equation based on the main reactions involved in the first stages of the degradation
process. Chloride ions were produced at the same rate as CDNBA was depleted, independently of the method used for the production of
hydroxyl radicals. In contrast, the production of nitrate and nitrite ions was strongly process dependent, the differences being related to the
formation of primary reducing intermediates by VUV photolysis of water. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Various advanced oxidation processes (AOP) are nowa-
days available and applicable at laboratory, pilot or even
technical levels for achieving oxidative degradation of or-
ganic pollutants in aqueous media. Most of these processes
are based on the production of hydroxyl radicals as primary
oxidizing species. The reaction of hydroxyl radicals with
organic compounds (by addition to double bonds and/or by
hydrogen abstraction) generates C-centered organic radicals
that are subsequently trapped by dissolved molecular oxygen
to yield peroxides and peroxyl radicals. These intermediates
initiate thermal chain autooxidation reactions and the over-
all process may eventually lead to complete mineralization
(to CO2, H2O and mineral acids). Among AOP processes
based on the production of hydroxyl radicals, combination
of UV irradiation and oxidants (hydrogen peroxide, ozone),
TiO2 photocatalysis or vacuum ultraviolet (VUV) photolysis
of water have proven useful for destroying a large variety of
organic contaminants (see e.g. [1–10]). It should be noted
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that photodegradation of a primary pollutant by photochemi-
cal and thermal pathways most often results in the formation
of a series of products which may themselves be more or less
toxic, and therefore further degradation may be required.

Nitrogen containing organic intermediates or by-products
are in many cases toxic and hazardous for the environment,
and various techniques for their photochemical degradation
have been investigated [1,9–11]. The aim of this work was
to study the efficiency of the UV/H2O2 and the VUV pro-
cesses when applied to the degradation of nitroaromatics
in aqueous solution. In particular, we have been inter-
ested in nitrobenzoic acids formed as intermediates in the
photodegradation of nitrotoluenes [12]. The substrate in-
vestigated was 4-chloro-3,5-dinitrobenzoic acid (CDNBA)
which is known to be irritant in contact with the skin, eyes
and to inhibit the growth of micro-organisms at concentra-
tions higher than 30 mg l−1.
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2. Experimental section

2.1. Chemicals

CDNBA (Aldrich) is a yellow solid at room temperature.
However, it slowly decomposes during storage as shown by
the changes in color (yellow to brownish) and melting point.
Therefore, as recommended in the literature [13], CDNBA
was purified by several recrystallizations from mixtures of
ethyl alcohol and water, until the melting temperature was
in the range from 159 to 162◦C. CDNBA is only slightly
soluble in water, and its concentration was limited to 5×
10−4 mol l−1.

Hydrogen peroxide (30% H2O2 w/w in aqueous solution)
was purchased from Merck (30% perhydrol). The concen-
trations of H2O2 (5.5× 10−3 to 0.6 mol l−1 ) were checked
by titration with KMnO4.

2.2. Photochemical reactors

The experiments were performed in two different annular
photochemical reactors. One of the reactors (DEMA, Man-
gels, Bornheim–Roisdorf, Germany) had a capacity of 1 l
and was equipped with a medium pressure mercury lamp
(Philips HPK 125 W) positioned in the axis of the reac-
tor. The second reactor had a capacity of 350 ml (thick-
ness 8 mm) and could be operated with different types of
light sources of comparable size mounted in the axis of a
Suprasil quartz tube; (i) a conventional low pressure mercury
arc emitting at 254 nm (MNNI 35/20, Heraeus Noblelight,
“ozone protected”, electrical power of 35 W), (ii) a low pres-
sure mercury arc with Suprasil envelope (NIQ 40/18, Her-
aeus Noblelight, electrical power of 50 W) allowing irradia-
tion at 185 as well as 254 nm, and (iii) a xenon excimer lamp
with an emission maximum at 172 nm with a half-width
of less than 14 nm [14–19] and operated with an electrical
power input of 130 W. The incident rates of photons emitted
by the low pressure mercury arc (with Suprasil envelope)
at 185 nm and by the xenon excimer lamp at 172 nm were
1.3(±0.1)×10−5 einstein l−1 s−1 (radiant power of 3 W) and
1.9(±0.2) × 10−5 einstein l−1 s−1 (radiant power of 4.5 W),
respectively, as determined by VUV actinometric proce-
dures [17–19]) in the 350 ml reactor. A value of 2.1(±0.2)×
10−5 einstein l−1 s−1 was obtained for the incident photonic
rate of the low pressure mercury arc at 254 nm, using uranyl
oxalate actinometry [20]. The reactors were made out of
Pyrex and equipped with a stirring system, ports for sam-
ple withdrawing and purging gases. Solutions were contin-
uously purged with synthetic air and the temperature main-
tained at 25◦C (±1◦C). Hydrogen peroxide was introduced
at once in the reactor just before starting the irradiation.

2.3. Analyses

Absorption spectra were registered on a Cary 3 spec-
trophotometer. The molar absorption coefficient of CDNBA

at 254 nm was determined to be 7670± 280 l mol−1 cm−1.
For concentrations of H2O2 lower than 0.08 mol l−1, initial
rates of CDNBA disappearance could be determined by fol-
lowing the decrease of CDNBA absorbance above 300 nm
without interference due to H2O2 absorption. Measurements
of pH of the irradiated solutions were performed using a
Radiometer pH meter.

HPLC analyses were carried out using the following
equipment and experimental conditions: HP1050 Ti-series
equipped with a LiChrospher 100 RP-18 column (length
125 mm, diameter 4 mm, film thickness 5 mm) for the
CDNBA analysis, the eluent was a mixture of methanol and
water 15/85 at a flow rate of 1–2 ml/min.

Ion chromatography (IC) measurements of chloride,
nitrite, and nitrate were performed on the same instru-
ment using a IONPAC AS12A DIONEX column (length
200 mm, diameter 4 mm), an aqueous solution of sodium
carbonate (2.7 × 10−3 mol l−1) and sodium bicarbonate
(3× 10−4 mol l−1) was employed as an eluent at a flow rate
of 1.5 ml/min. Within experimental error, the same results
were obtained for nitrite evolution by calorimetric measure-
ments using the Illosva or Griess reagents [21,22] and by IC.

Dissolved organic carbon (DOC) (Dohrmann DC-190,
Rosemount Analytic, oven temperature of 680◦C and Beck-
man Tocamaster 915-B, oven temperature 950◦C) measure-
ments were also carried out on the various samples. The
experimental error on DOC values was±8%.

3. Results and discussion

3.1. Photolysis of CDNBA

The absorption spectrum of CDNBA in aqueous solu-
tion is shown in Fig. 1. Under the experimental conditions
used in this work, the pH ranged from 3.9 to 5.0. CDNBA
is not stable under alkaline conditions, as shown by the
changes in the absorption spectrum (Fig. 1). At pH higher
than 7, solutions develop an intense yellow coloration, most
probably due to the formation of phenolate derivatives by

Fig. 1. Absorption spectra of CDNBA in aqueous solution: (a) pH 3.92,
and (b) after alkalinization at pH 12.8([CDNBA]0 = 1.1×10−4 mol l−1,
ionic strength (NaClO4) 2.5 mol l−1).
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nucleophilic substitution of the chloride by the hydroxide
ion [23,24] (the absorption band between 350 and 500 nm
is typical of phenolic derivatives).

Irradiation of aqueous solutions of CDNBA([CDNBA]0 =
5.0×10−4 mol l−1) using conventional low or medium pres-
sure mercury arcs (Section 2.2) yielded inefficient substrate
photolysis (Fig. 2).

The quantum yield of CDNBA disappearance under
monochromatic irradiation at 254 nm (Eq. (1)) was evaluated
by combining uranyl oxalate actinometry for the determi-
nation of the incident photonic rate [20] and measurements
of the CDNBA concentration by HPLC (Section 2.3).

Φ−CDNBA = −d[CDNBA]/dt

P CDNBA
a

= −d[CDNBA]/dt

P0(1 − 10−ACDNBA)
(1)

where−d[CDNBA]/dt is the rate of CDNBA disappearance
(mol l−1 s−1), P CDNBA

a is the rate of photons absorbed by
CDNBA (einstein l−1 s−1); P0 is the incident photonic rate
(2.1×10−5 einstein l−1 s−1, 350 ml annular reactor, Section
2.2); ACDNBA = εCDNBA d[CDNBA] is the absorbance of
CDNBA at the wavelength of irradiation, withεCDNBA, mo-
lar absorption coefficient andd, optical path length.

Under our experimental conditions, CDNBA disappear-
ance was slow and followed apparent pseudo-zero-order
kinetics during the whole irradiation period. The corre-
sponding pseudo-zero-order rate constant was calculated
to be 3.6(±0.3) × 10−9 l mol−1 s−1 under irradiation at
254 nm (Fig. 2). With an initial concentration of CDNBA
of 5 × 10−4 mol l−1, the absorbance of CDNBA was larger
than 2 (total absorption) during the whole irradiation time,
and the rate of photons absorbed by CDNBA was equal to
the incident photonic rate (P CDNBA

a = P0, Eq. (1)). Under
these conditions, a value of 1.7(±0.2)× 10−4 was obtained
for the apparent quantum yield of CDNBA disappearance
(Φap

−CDNBA). Within experimental error, no significant de-
pletion of the dissolved organic carbon (DOC) could be
observed after more than 4 h of irradiation.

Fig. 2. CDNBA concentration profiles as a function of irradia-
tion time in the absence of H2O2 (filled circles) and in the
presence of H2O2, 0.1 mol l−1 (squares) and 0.3 mol l−1 (triangles);
([CDNBA]0 = 5.0 × 10−4 mol l−1, i.e. 42 mg C l−1, 350 ml annular
photoreactor, irradiation at 254 nm, see Section 2.2).

3.2. UV/H2O2 process

3.2.1. CDNBA degradation by the UV/H2O2 process
Irradiation of aqueous solutions of CDNBA in the pres-

ence of H2O2 led to a more efficient CDNBA degradation
than in the absence of H2O2 (Fig. 2), and the DOC was
depleted, albeit at a lower rate than CDNBA disappearance
(see Fig. 3(b) as a typical example).

Photolysis of H2O2 produces hydroxyl radicals (reaction
2). The quantum yield of H2O2 photodissociation in aqueous
solution has been reported to be about 0.5 (or lower) due to
the recombination reactions resulting from the cage effect
[25].

H2O2
hν−→2HO• (2)

Although increasing steadily at shorter wavelengths, the
molar absorption coefficient of hydrogen peroxide (εHP)
at 254 nm is only 18.7 L mol−1 cm−1 [25]. Therefore, ab-
sorption of incident radiation by CDNBA competes with
absorption by H2O2. Under conditions where CDNBA pho-
tolysis may be neglected, the quantum yield of CDNBA
disappearance in the presence of H2O2 (ΦHP

−CDNBA) may be
calculated as

ΦHP
−CDNBA = −d[CDNBA]/dt

P HP
a

(3)

Fig. 3. Degradation of CDNBA by the UV/H2O2 process: (a) concentration
profiles in mol l−1 of CDNBA (filled circles), chloride (squares), nitrate
(open triangles), nitrite (filled triangles) and total nitrogen (mol l−1 of N)
as a function of irradiation time; (b) concentration profiles in mg C l−1

of CDNBA and DOC (open circles);([CDNBA]0 = 5.0 × 10−4 mol l−1,
i.e. 42 mg C l−1, [H2O2]0 = 0.1 mol l−1, 350 ml annular photoreactor,
irradiation at 254 nm, see Section 2.2).
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whereP HP
a = P0(1 − 10−At )(AHP/At) is the rate of pho-

tons absorbed by H2O2 (einstein l−1 s−1); with AHP/At,
fraction of incident radiation absorbed by H2O2; andAt =
AHP + ACDNBA = d(εHP[HP] + εCDNBA[CDNBA]), total
absorbance.

Using initial concentrations of 5× 10−4 mol l−1 for
CDNBA and 0.1 mol l−1 for H2O2, 33% of the incident
radiation (254 nm) is absorbed by H2O2 at the begin-
ning of the irradiation time. As the reaction proceeds,
both total absorbance and fraction of incident radiation
absorbed by H2O2 are modified. Nevertheless, the evolu-
tion of the CDNBA concentration could be well approx-
imated by pseudo-zero-order kinetics. Under the initial
conditions mentioned above, the pseudo-zero-order rate
constant of CDNBA disappearance was determined to be
5.5(±0.4) × 10−8 mol l−1 s−1 (Fig. 2). Taking into account
ΦHP

−CDNBA in the absence of H2O2 (Section 3.1) and the
initial rate of photons absorbed by CDNBA in the presence
of 0.1 mol l−1 of H2O2 (67% of P0), the contribution of
CDNBA photolysis to CDNBA disappearance was within
the limits of experimental error. The value obtained for
Φ

ap
−CDNBA at the beginning of the irradiation time was

then 7.9(±0.8) × 10−3, i.e. more than 45 times larger
than in the absence of H2O2. When the concentration of
H2O2 was increased to 0.3 mol l−1, the fraction of inci-
dent radiation absorbed by H2O2 at the beginning of the
irradiation time increased to 60%. However, the rate of
CDNBA disappearance and the corresponding apparent
quantum yield decreased to 3.9(±0.3) × 10−8 mol l−1 s−1

and 3.1(±0.3) × 10−3, respectively (Fig. 2). This effect is
discussed in the following section.

3.2.2. Effect of the concentration of H2O2
The efficiency of CDNBA degradation and DOC depletion

were strongly dependent on the H2O2 concentration (Figs. 2
and 4), DOC depletion being slower than that of CDNBA
disappearance (Fig. 3(b)).

The degradation rate for both CDNBA and DOC increased
with increasing initial H2O2 concentration up to a maximum

Fig. 4. Degradation of CDNBA by the UV/H2O2 process: evolution of
the relative DOC as a function of irradiation time at different initial H2O2

concentrations;([CDNBA]0 = 5.0 × 10−4 mol l−1, i.e. 42 mg C l−1, 1 l
annular photoreactor, medium pressure mercury arc, see Section 2.2).

Fig. 5. Degradation of CDNBA by the UV/H2O2 process: rela-
tive rates of CDNBA and DOC disappearance as a function of
R ([HP]0/[CDNBA]0): [CDNBA]0 = 3.3 × 10−4 mol l−1 (squares),
1.6 × 10−4 mol l−1 (dots), best fit to Eq. (10) is also shown; DOC (in-
verted triangles, [CDNBA]0 = 5.0 × 10−4 mol l−1, see also Fig. 4); (1 l
annular photoreactor, medium pressure mercury arc, see Section 2.2).

value, then decreased when larger amounts of H2O2 were
added (Figs. 2, 4 and 5). The existence of such a maximum
results from the competing reactions of hydroxyl radicals
with the organic substrate (reaction 4) and H2O2 (reaction 5).

CDNBA + HO• kCDNBA−−−→intermediates (4)

H2O2 + HO• kHP−−−→HO2
• + H2O (5)

As the initial H2O2 concentration is increased, the frac-
tion of incident radiation absorbed by H2O2 increases, lead-
ing to an increased production of HO•, but at the same time
reaction 5 is getting more competitive with respect to reac-
tion 4. It should be noted that hydroperoxyl radicals (HO2

•)
produced by reaction 5 are much less reactive than HO•
[26]. The optimal concentration of H2O2 represents the best
compromise between the fraction of incident radiation ab-
sorbed by H2O2 and the trapping of HO• by the additive
itself. A value of 3.3 × 107 l mol−1 s−1 was published for
the bimolecular rate constant of the reaction between H2O2
and HO• [27]. Bimolecular rate constants published for the
reactions between HO• and chlorobenzene, nitrobenzene,
1-chloro-4-nitrobenzene, 4-chlorobenzoate, benzoic acid are
5.6 × 109 l mol−1 s−1 (293 K) [28], 3.9 × 109 l mol−1 s−1

[25], 1.3× 109 l mol−1 s−1 [29], 5.0× 109 l mol−1 s−1 [30],
and 4.3 × 109 l mol−1 s−1, respectively [25].

Assuming a simplified reaction scheme including reac-
tions 2, 4 and 5, the CDNBA degradation rate under pho-
tostationary conditions (pseudo-steady-state assumption) is
given by

r = −d[CDNBA]

dt
= kCDNBA[CDNBA][HO•]st (6)

where the stationary concentration of hydroxyl radicals
([HO•]st) can be expressed as

[HO•]st = P HP
a ΦHO•

(kCDNBA[CDNBA] + kHP[HP])
(7)
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whereΦHO• is the quantum yield of HO• production by
H2O2 photolysis.

Under conditions of total absorption of the incident radi-
ation, a simplified expression for the rate (r) may be written
(Eq. (8)).

r = ΦHO•P0εHP[HP]kCDNBA[CDNBA]

(εHP[HP] + εCDNBA[CDNBA])
× (kCDNBA[CDNBA] + kHP[HP])

(8)

For a given substrate concentration ([CDNBA]0), the
optimal concentration of H2O2 (denoted as [HP]op) leading
to a maximum initial rate of substrate degradation may be
calculated by derivation (Eq. (9a) and (9b)). A similar ap-
proach was proposed recently by D.F. Ollis for the optimal
dosing of H2O2 [31].

[HP]op = [CDNBA]0

{
(kCDNBAεCDNBA)

(kHPεHP)

}1/2

(9a)

or

R2
op = kCDNBAεCDNBA

kHPεHP
(9b)

Under conditions where the simplified scheme may be
applied, the optimal ratio of the initial concentrations of
H2O2 and CDNBA (Rop) should not depend on [CDNBA]0.
We have measured the initial rates of CDNBA disappear-
ance as a function ofR ([HP]0/[CDNBA]0) for two dif-
ferent values of [CDNBA]0 (3.3 × 10−4 mol l−1 and 1.6 ×
10−4 mol l−1). The results are shown in Fig. 5. For both se-
ries of experiments, the value ofRop is in the range of 50–70.
Therefore, an estimated value ofkCDNBA between 2.0×108

and 3.9× 108 l mol−1 s−1 may be calculated using Eq. (9a)
or (9b).

Relative initial rates of CDNBA disappearance in a given
series of experiments (i.e. same irradiation source and
reactor geometry) may be evaluated using Eq. (10), directly
derived from Eq. (8).

rrel = r

rM
= DMR

RMD
= aR

(1 + bR)(1 + cR)
(10)

whereD = (1+ bR) (1+ cR) and subscript M refers to the
experiment taken as a reference (in this case,rM = rmax),
b = kHP/kCDNBA, c = εHP/εCDNBA anda = DM/RM.

Within experimental error, values ofrrel for CDNBA
disappearance as a function ofR yield the same curve in-
dependently of [CDNBA]0. The best fit of the ensemble
of experimental points to Eq. (10) (Fig. 5) is obtained for
kCDNBA = 3.5 × 108 l mol−1 s−1 (Rop = 66). This value
is significantly smaller than that reported for the rate con-
stant of reaction between HO• and 1-chloro-4-nitrobenzene
(1.3 × 109 l mol−1 s−1 [29]). This result is in agreement
with Ho’s observation that 2,4-dinitrobenzoic acid has a
lower reactivity towards HO• than 2,4-dinitrotoluene [11].
It should be noted that the variation ofrrel is relatively flat
aroundRop (Fig. 5, inset): for values ofR between 35 and

100, the variation ofrrel does not exceed 5%. Moreover, the
variation of rrel is asymmetrical, i.e. decreasingR below
Rop leads to a sharper decrease ofrrel than increasing its
value aboveRop by a similar amount (Fig. 5, inset).

The experimental values ofrrel obtained for the DOC de-
pletion follow a similar trend (Fig. 5). However, the optimal
value ofRop for DOC depletion seems to be higher than that
observed for CDNBA, probably due to the fact that min-
eralization involves oxidation of the various intermediate
products formed upon CDNBA degradation.

Under the experimental conditions reported in Section
3.2.1, calculated values of the efficiencies of the reaction
of HO• with CDNBA (φCDNBA) at the beginning of the
irradiation time,

φCDNBA = kCDNBA[CDNBA]0

kCDNBA[CDNBA]0 + kHP[HP]0

are equal to 0.050 and 0.017 for [HP]0 of 0.1 mol l−1 and
0.3 mol l−1, respectively. Note that the ratio of these ef-
ficiencies (2.9) is close to the ratio of the corresponding
apparent quantum yields of CDNBA disappearance (2.5)
(Section 3.2.1), as expected if the simplified scheme may
be considered as an acceptable approximation.

We are currently testing Eqs. (9a), (9b) and (10) for a
more general application in the H2O2/UV process, (i) for an
evaluation of rate constants associated with the interaction
between HO• radicals and organic substrates by determin-
ing experimentally the optimal H2O2 concentrations, or (ii)
for the calculation of the optimal H2O2 concentration to be
applied when the corresponding rate constant is known.

3.2.3. Products of CDNBA degradation during the
UV/H2O2 process

CDNBA degradation and DOC depletion during irradia-
tion in the presence of H2O2 led to an increase in the con-
ductivity of the solution and a decrease of pH, as mineral
acids (HCl, HNO3) were formed. As expected, pH diminu-
tion was the fastest at the optimum H2O2 concentration (data
not shown). A typical example of the evolution of chloride,
nitrite and nitrate during irradiation is given in Fig. 3(a).
IC experiments showed that chloride ions were released at
the same rate as CDNBA disappeared. This result may be
explained by a mechanism involving electrophilic attack of
HO• on the carbon atom substituted by Cl followed by
HCl elimination, as already proposed for the oxidation of
4-chlorophenol by hydroxyl radicals [8].

A similar mechanism would lead to the elimination of
HNO2, following electrophilic addition of HO• to the car-
bon atoms substituted by the nitro group. It has been already
shown that the addition of a hydroxyl radical may take place
at various sites of an aromatic nucleus (see e.g. [11,32]. The
C-centered radicals formed may be trapped by O2, and react
further with HO• or HO2

•, leading to the formation of var-
ious unstable highly oxidized intermediates which undergo
ring opening at an early reaction stage. This interpretation
is in agreement with the fact that no aromatic intermediates
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could be detected by HPLC. Nitrite concentration was at the
limits of detection. In fact, nitrite is efficiently oxidized to
nitrate by H2O2 and hydroxyl radicals [33]. Nitrate forma-
tion was slightly delayed in comparison to that of chloride.
However, within experimental error, the amount of nitrate
was never more than 10% below the stoichiometric molar
ratio of 2/1 that would be expected if all the CDNBA ni-
trogen content was mineralized to nitrate (two nitrate ions
formed per molecule of CDNBA mineralized). The nitrogen
balance is shown in Fig. 3 in the case of an initial H2O2 con-
centration of 0.1 mol l−1. The formation of chloride and ni-
trate in molar stoichiometric ratios with respect to CDNBA
disappearance was also observed using 0.3 mol l−1 of H2O2
(data not shown).

3.3. VUV process

3.3.1. CDNBA degradation by VUV photolysis of water
Water absorbs strongly at wavelengths lower than 190 nm,

the absorption cross section increasing as the wavelength
decreases between 190 and 160 nm [19]. We have used two
types of VUV irradiation sources, a low pressure mercury arc
with Suprasil envelope allowing irradiation at 185 nm and
a xenon-excimer lamp emitting at 172 nm (Section 2.2). It
should be noted that, due to the high absorption cross section
of water, the whole incident radiation is absorbed within a
very narrow layer around the lamp shaft (approx. 100 and
300mm at 172 and 185 nm, respectively) [18,34,35].

Under VUV irradiation, water molecules are dissociated
in H atoms, hydroxyl radicals and hydrated electrons (e−

aq),
as described by reactions 11 and 12.

H2O
hν−−→H• + HO• (11)

H2O
hν−−→H+ + HO• + e−

aq (12)

The quantum yield for the production of solvated elec-
trons is low (0.05), being almost independent of the wave-
length in the range 160–190 nm. In contrast, the quantum
yield of HO• production (ΦHO• ) is wavelength dependent
[18,19,33] and decreases with increasing irradiation wave-
length. Values of 0.42(±0.03) and 0.33(±0.03) at 172 and
185 nm, respectively, have been reported [19]. In aerated
solutions, H atoms and hydrated electrons are efficiently
trapped by oxygen, yielding hydroperoxyl radicals (HO2

•)
and its conjugated base, the superoxide anion.

Irradiation of an aerated aqueous solution of CDNBA
using the Xe-excimer lamp led to CDNBA degrada-
tion and DOC depletion at faster apparent rates than the
UV/H2O2 process at the same CDNBA concentration
(Fig. 6). The initial rate of CDNBA disappearance was
2.0(±0.2) × 10−7 mol l−1 s−1, with an incident photon
rate at 172 nm of 1.9(±0.2) × 10−5 einstein l−1 s−1 (Sec-
tion 2.2). Therefore, the initial apparent quantum yield of
CDNBA disappearance was 1.1(±0.1) × 10−2.

The disappearance of CDNBA and the DOC depletion
were slightly slower under VUV irradiation at 185 nm than
at 172 nm (Figs. 6 and 7). The apparent quantum yield of
CDNBA disappearance at 185 nm was 0.90(±0.09)×10−2.
This slightly lower value ofΦ−CDNBA may result from the
lower ΦHO• at 185 nm (0.33) than at 172 nm (0.42).

The efficiency of trapping of HO• radicals by CDNBA
may be deduced from the values ofΦ−CDNBA andΦHO• . A
low value is obtained at both wavelengths (approx. 0.025).
This result is in agreement with earlier observations. In the
case of methanol (for which a rate constant of reaction with
HO• radicals of 109 l mol−1 s−1 has been published), a con-
centration of 0.2 mol l−1 was needed to trap all the HO•
radicals produced [19]. In fact the limited penetration of the
VUV radiation in water (vide supra) leads to the forma-
tion of relative high concentrations of short lived HO• rad-
icals (greater than 10–4 mol l−1) in a narrow layer around
the lamp shaft and diffusion is not fast enough to avoid de-
pletion of the substrate in this layer. Depletion of molecular
oxygen in a thin layer around a 172 nm excimer lamp has
been demonstrated experimentally [35].

3.3.2. Products of CDNBA degradation during VUV
irradiation

During VUV photolysis of water, both at 172 and 185 nm,
chloride ions were produced in stoechiometric amounts rel-
ative to the CDNBA consumed (Figs. 6 and 7), as observed

Fig. 6. Degradation of CDNBA by VUV photolysis of water at 172
nm: (a) concentration profiles in mol l−1 of CDNBA (filled circles),
chloride (squares), nitrate (triangles) as a function of irradiation time; (b)
concentration profiles in mg C l−1 of CDNBA (filled circles) and DOC
(open circles);([CDNBA]0 = 5.0×10−4 mol l−1, i.e. 42 mg C l−1, 350 ml
annular photoreactor, see Section 2.2).
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Fig. 7. Degradation of CDNBA by VUV photolysis of water at 185 nm:
(a) concentration profiles in mol l−1 of CDNBA (filled circles), chloride
(squares), nitrate (open triangles) and nitrite (filled triangles) as a function
of irradiation time; (b) concentration profiles in mg C l−1 of CDNBA (full
circles) and DOC (open circles);([CDNBA]0 = 5.0 × 10−4 mol l−1, i.e.
42 mg C l−1, 350 ml annular photoreactor, see Section 2.2).

in the UV/H2O2 process. Such a result was to be expected
as the primary reaction responsible for CDNBA consump-
tion is the same in the two processes (reaction with hydroxyl
radicals). Only traces of NO2− could be detected under
irradiation at 172 nm. In fact, irradiation of aerated aque-
ous solutions of NO2− at this wavelength leads to its effi-
cient oxidation to NO3− [33]. Nitrate was formed in low
amounts in the early stage of the reaction. Its concentra-
tion reached a maximum, decreased to trace amounts as
CDNBA disappeared and could not be observed as long
as DOC was present in solution (Fig. 6). This result is in
agreement with previous reports showing that, when aer-
ated aqueous solutions containing NO3

− and organic matter
are irradiated at 172 nm, NO3− is mainly reduced to NH4+
[33,36,37]. This reduction is initiated by the efficient reac-
tion of NO3

− with H atoms and solvated electrons, and in-
volves a complex series of redox reactions and equilibria
between nitrogen-containing ions and radicals, C-centered
radicals and/or the organic substrate and its oxidation prod-
ucts. In the absence of dissolved organic matter, NH4

+ is
partially re-oxidized to NO3− [36,37].

In the case of the VUV photolysis at 185 nm, nitrite
could be detected in low amounts. Its concentration reached
a maximum and then decreased to zero when CDNBA was
totally depleted. As NO2− disappeared, the NO3− concen-
tration increased slowly, although the sum of NO2

− and

NO3
− concentrations never exceeded 20% of the stoichio-

metric amount with respect to the initial organic nitrogen
content in CDNBA. The differences observed in the evo-
lution of NO2

− and NO3
− under photolysis at 172 and

185 nm, respectively, may be related to the lower quantum
yield of H2O homolysis and the larger irradiated volume in
the latter case (Section 3.3.1). Under these conditions, the
interplay of local concentrations of intermediate species,
reaction rate constants, and diffusion rates leads to a less
efficient oxidation of NO2− to NO3

− during CDNBA
degradation, as well as a less efficient reduction of NO3

−
to NH4

+ when all CDNBA has been consumed (Fig. 7(a)).

4. Conclusion

Degradation of CDNBA in aqueous solution by photoly-
sis is a very slow process. As already observed for a variety
of organic contaminants, considerably faster degradation
rates and complete mineralization could be achieved when
CDNBA was oxidized by hydroxyl radicals produced ei-
ther by UV-C photolysis of H2O2 or by VUV photolysis
of water. Low or medium pressure mercury arcs were em-
ployed in the UV/H2O2 process, whereas VUV photolysis
of water was carried out at 185 nm using a low pressure
mercury arc with Suprasil envelope or at 172 nm employing
a Xe-excimer lamp.

For the UV/H2O2 process, the optimal concentration of
H2O2 leading to the fastest degradation rate could be evalu-
ated as a function of the initial CDNBA concentration using
a simplified equation based on the main reactions involved
in the first stages of the degradation process. This optimal
concentration represents the best compromise between two
contradictory requirements, increase the fraction of incident
radiation absorbed by H2O2 and therefore the production of
hydroxyl radicals, and minimize the competitive trapping of
hydroxyl radicals by H2O2 itself.

Under comparable experimental conditions (same reac-
tor, same initial concentration of CDNBA, lamps of similar
size), CDNBA was degraded significantly faster by the VUV
process. Although energy consumption for the production
of UV-C is comparatively smaller than that for the produc-
tion of VUV radiation, the latter process presents several ad-
vantages, no additive is needed, thus avoiding competition
between additive and substrate/products for the trapping of
hydroxyl radicals, the whole incident radiation is absorbed
by water and there are no inner filter effects due to the
absorption of radiation by the substrate or its oxidation
products.

Product analysis showed that, independently of the
method used for the production of hydroxyl radicals, (i) no
aromatic intermediates were formed in detectable amounts,
indicating that ring opening should occur at an early reac-
tion stage, (ii) chloride ions were produced at the same rate
as CDNBA was depleted. This latter result confirms that
the primary reaction responsible for CDNBA degradation
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is the same in the VUV and UV/H2O2 processes. During
the latter process, the amount of NO3

− formed was close
to the stoichiometric molar ratio that would be expected if
all the CDNBA nitrogen content was mineralized to nitrate
(two nitrate ions formed per molecule of CDNBA mineral-
ized). The evolution of nitrogenated ions (nitrite and nitrate)
during the VUV process was more complex, as a result of
the production of primary reducing intermediates by VUV
photolysis of water.
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