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bstract

The efficacy of the oxidation systems: O3, UV radiation, O3/UV radiation, O3/perovskite, UV radiation/perovskite, O3/UV radiation/perovskite,
2O2/UV radiation, H2O2/UV radiation/perovskite, has been investigated by using pyruvic acid as probe compound. Under the operating conditions
sed, the combination of UV radiation and hydrogen peroxide (with or without perovskites) leads to the fastest pyruvic acid removal while the
est results in terms of mineralization degree are obtained when combining O3/UV radiation/perovskite. The effect of the variables: inlet ozone
15–75 mg L−1) and initial pyruvic acid (10−3 to 10−2 M) concentrations, catalyst load (0.01–1.5 g L−1) and pH (2–9) was investigated for the

hotocatalytic ozonation. The most influencing parameter was the ozone concentration fed to the photoreactor. A zero order was observed for
yruvic acid concentration and close to zero for catalyst load. Some deactivation is observed after reusing the catalyst, likely due to leaching of
he active phase.

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

Advanced oxidation processes (AOPs) have typically been
efined as those water cleaning technologies that involve the
ormation of powerful oxidizing agents (commonly hydroxyl
adicals) capable of unselectively reacting with the organic (and
n some cases inorganic) content of the aqueous effluents [1].
OPs are usually applied to eliminate micropollutants present

n relatively “clean” waters, although under some circumstances
hey have also been used to improve the biodegradability prop-
rties of wastewaters.

Application of AOPs is governed by several factors (organic
oad, water transparency to radiation, radical inhibitor presence,
tc.). AOPs are established as “destructive” water treatment
echnologies. Thus, contrarily to other tertiary processes (i.e.

dsorption processes, membrane processes, etc.) they transform
armful substances into water and carbon dioxide, or, alter-
atively into other harmless byproducts. They constitute an

∗ Corresponding author. Tel.: +34 924289385; fax: +34 924289385.
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lternative to biological processes when biotoxic substances
re present in the effluents. Additionally, AOPs are capable
f mineralizing a wide range of micropollutants, avoiding the
ccumulation of oxidation end products [2].

If the latter task (high degree of mineralization) is to be
ulfilled, it is a common practice to combine several oxi-
ation systems. The integration of photolysis and ozonation
rocesses in a single stage leads to the appearance of an effec-
ive treatment (photolytic ozonation) involving the simultaneous
evelopment of two direct routes of pollutant elimination (direct
hotolysis and direct ozonation) plus three routes of radical for-
ation (ozone decomposition with hydroxyl and perhydroxyl

nions and hydrogen peroxide photodecomposition). The sys-
em O3/UV radiation offers the advantages of the pairs O3/OH−,

3/H2O2 and H2O2/UV radiation [3].
As a rule of thumb, at the expense of a higher cost,

he more complex a system is (i.e. higher number of sin-
le oxidation types), the higher its efficiency. However, AOPs

an increase their efficacy, with almost no additional cost
n operating expenses, if a suitable heterogeneous catalyst is
sed. When the system O3/UV radiation is used, addition
f a heterogeneous solid to the reaction media should either

mailto:fjrivas@unex.es
dx.doi.org/10.1016/j.jhazmat.2007.11.081
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As expected [6,7], ozone is not capable of appreciably remove
pyruvic acid from the media after 3 h of reaction, showing con-
version values slightly above 20%. Nevertheless, application of

Fig. 1. Oxidation of pyruvic acid. Comparison of different oxidation sys-
tems. Experimental conditions: pH 7, QO2−O3 = 40 L h−1, CO3g(inlet) =
08 F.J. Rivas et al. / Journal of Haza

atalyze ozone decomposition and/or be an effective photocat-
lyst.

Perovskites of the type LaTi0.15Cu0.85O3 have successfully
een used in catalytic ozonation processes of ozone refractory
ompounds. In the present paper this kind of catalyst has been
sed in combination with several oxidation systems so any syn-
rgistic effect could be envisaged. Because of its higher efficacy,
he system O3/UV radiation in the presence of perovskites has
een investigated in more detail. For so doing, pyruvic acid
as adopted as a model compound of recalcitrant compounds

owards ozonation processes [4].

. Experimental

All the experiments were carried out in semibatch mode.
he photoreactor was a cylindrical glass vessel equipped with
porous plate to bubble oxygen or an oxygen–ozone mixture,

ampling port with a syringe, thermometer, outlet gas and mag-
etic agitation. Temperature was kept controlled at 20 ± 0.1 ◦C
y immersion of the reactor into a thermostatic batch. Ozone was
roduced from an Erwin Sander 301.7 laboratory ozone genera-
or. UV radiation was generated by a low-pressure mercury lamp
eraeus Hanau TNN 15/32 located in the middle of the reactor.
hen needed, the finely divided solid catalyst (perovskites) was

sed in slurry mode.
Throughout an experiment, samples were withdrawn from

he reactor and analyzed for the parent compound (pyruvic acid),
ntermediate content (acetic and oxalic acids), total organic car-
on (TOC) evolution and dissolved ozone concentration.

Dissolved ozone was measured before solid filtration by fol-
owing the method proposed by Bader and Hoigne [5] based
n the decoloration of the 5,5,7-indigotrisulphonate. For that
urpose a Thermo Spectronic He�ios � spectrophotometer was
sed. Additionally, ozone in the gas phase was monitored by
eans of an Anseros Ozomat ozone analyzer. Total carbon (TC)

nd TOC were monitored by an IR carbon analyzer after per-
ulphate oxidation of the aqueous samples (I/O Analytic 1010
pparatus).

Pyruvic acid and oxidation byproducts (Sigma–Aldrich)
ere determined by HPLC (Hewlett Packard Series 1100). The
obile phase pumped through a Supelcogel 610-H column was

ure water at pH 2.5 (1% in phosphoric acid). Detection of organ-
cs was carried out at 210 nm. Reaction media pH was measured
y utilizing a Crison 507 pH-meter.

The catalyst was prepared as follows. LaTi0.15Cu0.85O3
as obtained by citrate decomposition from a concentrated

olution of La(NO3)3·6H2O (20.6 × 10−3 M) mixed with
u(NO3)2·3H2O with a ratio Cu:La = 0.85. After mixing at 0 ◦C,
titanium but oxide solution in isopropyl alcohol was slowly

dded to get a Ti:La ratio = 0.15. Thereafter, citric acid was
dded to introduce the stoichiometric amount of citrates in the
edia to form the corresponding metal complexes. The final pH

fter the whole process was around 2–3. The previous dispersion

fter agitation was dried under mild conditions of temperature.
he gel obtained was finally kept at 110 ◦C for 24 h and cal-
ined at 700 ◦C. Additional details of the solid surface nature
nd preparation can be found elsewhere [6].
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. Results and discussion

.1. Comparison of AOPs

The efficiency of the oxidation systems: O3, UV radia-
ion, O3/UV radiation, O3/perovskite, UV radiation/perovskite,

3/UV radiation/perovskite, H2O2/UV radiation, H2O2/UV
adiation/perovskite, has been investigated by following the evo-
ution profiles of pyruvic acid and TOC with the reaction time.
ig. 1 shows the results obtained in the aforementioned experi-
ental series.
0 g m−3, CPerovskite = 1 g L−1, Cpyo = 5 × 10−3 mol L−1, T = 293 K,

o = 4.5 × 10−6 Einstein L−1 s−1 and L = 4.5 cm. Symbols: (×) O3; (©)
V radiation; (*) O3/perovskite; (�) UV radiation/perovskite; (+) O3/UV

adiation; (�) O3/UV radiation/perovskite; (�) UV radiation/H2O2; (♦) UV
adiation/H2O2/perovskite.
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etc. Fig. 2 displays the trends followed by costs as a func-
F.J. Rivas et al. / Journal of Haza

V radiation with an intensity of 4.56 × 10−6 Einstein L−1 s−1

nd a radiation path of 4.5 cm leads to a roughly 40% of
yruvic acid elimination. The latter results are somehow unex-
ected given the low extinction coefficient of the organic acid
87 M−1 cm−1, R2 = 0.999), indicating, therefore, that the quan-
um yield must be relatively high. Addition of perovskites to the
queous solution involves the partial inhibition of the photolytic
rocess. Therefore, the solid, rather than acting as a photocat-
lyst, provokes a shielding effect in the applied radiation. The
ehaviour is the opposite if perovskites are added when pyru-
ic acid is ozonated. As already reported [6], this catalyst is
apable of accelerating the acid abatement by surface catalyzing
he ozone decomposition into more reactive species. A similar
ffect was also experienced when photolysing ozone. In the lat-
er situation pyruvic acid is decomposed by direct ozonation,
irect photolysis, and indirectly by hydroxyl radicals formed in
he photolysis of the hydrogen peroxide generated after ozone
adiation. The systems O3/UV radiation and O3/perovskite lead
o analogous results both in terms of pyruvic acid elimina-
ion and TOC decrease. However, given the proven stability
f the solid catalyst in ozonation processes [8], the catalytic
zonation is preferred to the photolytic ozonation. The choice is
ainly based on economic reasons. Thus, not only the catalyst

s cheaper than UV radiation but also the ozone uptake is lower
n the O3/perovskite process if compared to the O3/UV radiation
xidation (see Fig. 1).

The integration of catalytic ozonation and UV radiation offers
he advantages of the systems UV radiation, O3/UV radiation
nd O3/perovskite. In the combination of the oxidants O3/UV
adiation/perovskite, pyruvic acid is completely eliminated in
ust 45 min while the TOC abatement is increased to roughly
0% in 180 min of reaction. The trend observed in Fig. 1 indi-
ates that total mineralization of the sample can be achieved if
he reaction time is extended above 3 h.

The promising performance of the O3/UV oxidation sys-
em suggests that the UV/H2O2 combination should also work
ith pyruvic acid. In fact, given that the direct ozonation of the
rganic acid is negligible, the pairs O3/UV and UV/H2O2 reduce
o the same, i.e. direct photolysis of pyruvic acid plus hydroxyl
adical attack formed from the homolytic scission of the H2O2
olecule in the presence of ultraviolet radiation. The previous

ypothesis was confirmed in Fig. 1. Thus, the initial presence
f 5 × 10−3 M of hydrogen peroxide involves the 90–95% of
yruvic acid oxidation in less than 5 min form the start of the
rocess. Given the fast removal of pyruvic acid, addition of per-
vskites to the UV/H2O2 process involves a negligible effect in
ts abatement rate. Some differences are found, however, in the
ase of the mineralization degree obtained. Hence, when per-
vskites are present, the TOC conversion rate observed in the
rst 30 min is the highest amongst all the oxidant combinations

ested. However, TOC decrease comes to a halt when H2O2 is
onsumed (see Fig. 1). The final TOC removal achieved with
he system UV/H2O2/perovskite is analogous to the UV/H2O2
ombination.
The only two intermediates detected when oxidizing pyruvic
cid are oxalic and acetic acids. Nonetheless, with the excep-
ion of the system O3/UV, the selectivity towards acetic acid

t
t
a
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s close to 100%. Fig. 1 shows the evolution profiles of the
cetic acid formed from pyruvic acid oxidation. From this figure
ome aspects should be highlighted. Thus, acetic acid immedi-
tely accumulates in the UV/H2O2/perovskite and UV/H2O2
ystems with values approaching 70–80% of the initial pyruvic
cid present in solution. Neglecting the contribution of oxalic
cid, theoretically, the normalized TOC concentration should
e (0.7–0.8) × 2/3 = (0.47–0.53) which agrees well with the
xperimentally measured TOC. In spite of the coincidence in
erformance of the pairs O3/UV and O3/perovskite, the acetic
cid profiles clearly indicate a different mechanism taking place.
ence, as stated previously, the selectivity of the oxidation

owards acetic acid significantly decreases in the photolytic
zonation. The concentration of this acid shows a maximum
t 50 min (≈1.5 × 10−3 M) decreasing, thereafter to the com-
lete disappearance in roughly 125 min of treatment. When the
atalytic ozonation is applied, the maximum obtained is higher
≈4.0 × 10−3 M) and delayed to 125 min. The photocatalytic
zonation of pyruvic acid leads to the fast formation of acetic
cid with a maximum of around 4.0 × 10−3 M at 50 min and,
lso, a relatively fast decrease of this acid at a constant rate of
× 10−5 M min−1.

Once analyzed the efficacy of the different oxidation pro-
esses studied, under the operating conditions investigated, it
an be concluded that the photocatalytic ozonation of pyru-
ic acid is, a priori, the best option. A simplistic economic
nalysis of the operating costs associated to each system
ould corroborate the previous statement [9]. The economic

tudy presented is just an approximate tool to differenti-
te between the operating costs associated to the use of
ach oxidation system. Obviously, figures presented in this
implified scheme should be considered in relative terms
ather than absolute values. Thus, those systems using oxy-
en should consider that the oxygen cylinders have a cost of
5.55 m−3 O2 (including taxes), having to add transport (D 17.5

or a 10.6 m3 cylinder) and cylinder rental (D 0.545 day−1).
dding up all the terms: oxygen cost = (D 5.55 m−3 × 40
10−3 m3 h−1 + 17.5/D 10.6 m−3 × 40 × 10−3 m3 h−1 +

0.545 day−1 × 1/24 day h−1) × t (h). Electricity cost asso-
iated to ozone production is calculated as follows. The
aximum ozone production of the ozone generator used is

2 g h−1. The ozone mass flow rate utilized in this work
s 2 g h−1, that is, a 16.67% of the maximum mass flow
ate. According to manufacturers the current consumption is:
6.67/186 = 90 mA. As a consequence the ozone production
ost = [220 V × 90 × 10−3 A × t (h)] kWh × D 0.0753 kWh−1.
V radiation from the low pressure mercury lamp has a

ost = 15 × 10−3 kW × t (h) × D 0.0753 kWh−1. Finally, H2O2
0% (w/w) has been given an average price of D 17.5 L−1. As
tated previously, this analysis is just an oversimplified tool
o assess the trends in the expenses at the time of implement-
ng the different AOP processes. A rigorous economic analysis
hould consider the initial investment, prices at plant scale,
ion of the removal percentage of pyruvic acid and TOC. In
he first case, it is observed how the combination of UV radi-
tion and hydrogen peroxide (in the presence or absence of
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Fig. 2. Oxidation of pyruvic acid. Comparison of different oxidation systems.
(A) Costs associated to pyruvic acid removal. (B) Costs associated to TOC
removal. Experimental conditions and symbols as in Fig. 1.
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Fig. 3. Oxidation of pyruvic acid. Effect of catalyst load in the system O3/UV radiatio
50 g m−3, Cpyo = 5 × 10−3 mol L−1, T = 293 K, Io = 4.5 × 10−6 Einstein L−1 s−1 and L
(♦) 1.5.
Materials 155 (2008) 407–414

erovskites) is the cheapest option regardless of the pyruvic acid
onversion achieved. Only for conversions close to 100% the
ystem O3/UV/perovskite approaches the economic figures of
he hydrogen peroxide photolysis. Nevertheless, if TOC abate-

ent is considered, mineralization degrees above 50% indicate
hat the photocatalytic ozonation is the only suitable technology
under the operating conditions used in the present work).

Consequently, it was decided to carry on this investigation
y analyzing the effect of some important operating variables in
he process O3/UV radiation/perovskite.

.2. The system: O3/UV radiation/perovskite

.2.1. Influence of catalyst load
The effect of perovskite loading was investigated in the inter-

al 0.01–1.5 g L−1. Fig. 3 illustrates the results obtained. As
bserved, catalyst loading seems to exert a negligible influence
n the pyruvic acid conversion. Data points for this experimen-
al series lie within a ±20% of the average conversion at each
ime. Perhaps, a slight poorer efficiency can be envisaged for
he run conducted with the lowest catalyst concentration, how-
ver, there is no clear trend for the rest of experiments, and it
an be concluded that results obtained with different perovskite
oncentrations are statistically similar. An analogous analysis
an be applied to the evolution of TOC, although in this case
he experiment with the highest perovskite concentration leads
o slightly poorer results than the rest of experiments. The trend

bserved follows certain linearity with final conversions (after
80 min) of 94, 89, 84, 81 and 79% for increasing values of cat-
lyst concentration. The reason seems to be the opposite effect
t increasing concentrations of perovskites. Thus, on one hand,

n/perovskite. Experimental conditions: pH 7, QO2−O3 = 40 L h−1, CO3g(inlet) =
= 4.5 cm. Symbols: CPerovskite (g L−1), (©) 0.01; (�) 0.0625; (�) 0.2; (�) 1.0;
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Fig. 4. Oxidation of pyruvic acid. Effect of inlet ozone concentra-
tion in the system O /UV radiation/perovskite. Experimental conditions:
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3.2.4. Influence of pH
The initial pH effect was investigated in the range 2–9.

Fig. 6 depicts the evolution profiles of normalized pyru-
vic acid concentration, TOC conversion and acetic acid
3

H 7, QO2−O3 = 40 L h−1, CPerovskite = 1.0 g L−1, Cpyo = 5 × 10−3 mol L−1,
= 293 K, Io = 4.5 × 10−6 Einstein L−1 s−1 and L = 4.5 cm. Symbols: CO3g(inlet)

g m−3), (©) 15; (�) 30; (�) 50; (�) 75 (solid symbols: TOC conversion).

higher amount of catalyst enhances the catalytic ozonation,
owever, on the other hand, the shielding effect towards UV radi-
tion is more pronounced. These small differences are magnified
hen examining dissolved ozone concentration. Amazingly, the

mount of accumulated ozone in the aqueous phase increases as
he solid concentration is augmented.

.2.2. Influence of inlet ozone concentration
The effect of inlet ozone concentration was studied by chang-

ng this parameter in the interval 15–75 mg L−1. Fig. 4 illustrates
he results obtained. As observed, ozone concentration does
xert a positive influence in the pyruvic acid removal rate as
ell as in the TOC decrease. Thus, after 30 min of reaction con-
ersion values for pyruvic acid are roughly 100, 70, 45 and 35%
or experiments conducted by injecting 15, 30, 50 and 75 mg L−1

f ozone, respectively. The corresponding TOC conversions for
he same runs after 180 min were 98, 80, 60 and 50%. The higher
fficiency obtained for increasing values of the inlet ozone con-
entration is also corroborated by the acetic acid profiles. In
ll cases, acetic acid curves show a maximum whose value
s independent of ozone concentration (around 4 × 10−3 M).

owever, the time at which the maximum is achieved (i.e. the

cetic acid formation rate) and the acetic acid abatement rate
ncreases as the inlet ozone concentration is raised. The rate
t which acetic acid was formed was calculated as 4.4 × 10−5,

F
i
Q

I
0
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.2 × 10−5, 8.7 × 10−5 and 12.6 × 10−5 M min−1 for increasing
alues of inlet ozone concentration. Analogously the acetic acid
ecomposition rates were 0.67 × 10−5, 1.4 × 10−5, 2.0 × 10−5

nd 2.6 × 10−5 M min−1 also for increasing values of CO3g(inlet).

.2.3. Influence of initial pyruvic acid concentration
Fig. 5 shows the dimensionless pyruvic acid concentration

or experiments completed in the presence of different initial
mounts of the acid. At a given time, the conversion achieved is
igher as the initial concentration of pyruvic acid is decreased.
evertheless, the true kinetics of the process reveals a zero
rder regarding the organic acid with constant values of pyruvic
cid disappearance of the order of 10−4 M min−1 indepen-
ently of its initial concentration. These results are similar to
hose reported for the catalytic ozonation of pyruvic acid in
he presence of perovskites [6]. Moreover, as seen in Fig. 5,
cetic acid concentration shows similar rate values of formation
8.4 × 10−5 M min−1 close to pyruvic acid removal rate) and
ecomposition (2 × 10−5 M min−1) for experiments carried out
ith different initial acid concentration.
ig. 5. Oxidation of pyruvic acid. Effect of initial pyruvic concentration
n the system O3/UV radiation/perovskite. Experimental conditions: pH 7,

O2−O3 = 40 L h−1, CPerovskite = 1.0 g L−1, CO3g(inlet) = 50 g m−3, T = 293 K,

o = 4.5 × 10−6 Einstein L−1 s−1 and L = 4.5 cm. Symbols: Cpyo (mol L−1), (©)
.01; (�) 0.005; (�) 0.001 (solid symbols: TOC conversion).
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Fig. 6. Oxidation of pyruvic acid. Effect of pH in the system O3/UV
radiation/perovskite. Experimental conditions: QO2−O3 = 40 L h−1,
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Since CO immediately reaches a plateau, Eq. (3) can be

F
5
2

O3g(inlet) = 50 g m−3, CPerovskite = 1.0 g L−1, Cpyo = 5 × 10−3 mol L−1,
= 293 K, Io = 4.5 × 10−6 Einstein L−1 s−1 and L = 4.5 cm. Symbols: pH (©)
.0; (�) 5.0; (�) 7.0; (�) 9.0 (solid symbols: TOC conversion).

ormation–decomposition. Excluding pH 2, the rest of pH val-
es seem to exert a negligible influence on the oxidation process
notice that the rest of pHs are above the pKa value for pyruvic
cid). At pH 2, pyruvic acid is more rapidly removed than in
he rest of cases (likely due to a better adsorption), however, the
OC conversion comes to a halt after 20–25 min of reaction.
cetic acid decomposition confirms the previous results (see

nset figure). The reason for the poorer performance of the cata-
yst after 20–25 min seems to be the deactivation of the catalyst
ue to copper leaching.

.2.5. Catalyst stability
Catalyst stability was assessed by carrying out three con-

ecutive experiments with the same solid after drying it. Fig. 7
llustrates how the activity of the catalyst does not deteriorate

fter three reuses in terms of pyruvic acid conversion, however,
ome decrease in TOC conversion is envisaged due to the poorer
ctivity to mineralize acetic acid. Catalyst deactivation is likely
elated to leaching of the active phase of the solid. More work

t

−

ig. 7. Oxidation of pyruvic acid. Effect of catalyst reuse in the system O3/UV radiatio
0 g m−3, CPerovskite = 1.0 g L−1, Cpyo = 5 × 10−3 mol L−1, T = 293 K, Io = 4.5 × 10−6

(solid symbols: TOC conversion).
Materials 155 (2008) 407–414

hould be done, however, to assess the degree of deactivation
chieved after more reuses and the potential relationship to pH.

.3. Kinetic considerations

The system O3/UV radiation/perovskite can be initially
onsidered as the addition of the following contributions: pho-
olysis + ozonation + catalytic ozonation + photolytic ozonation.
ccordingly, it was decided to account for each individual pro-

ess and thereafter to check for the result of the addition.
Photolysis of pyruvic acid was modelled by the following

xpression directly derived from the Lambert–Beer law [9]:

dCi

dt
= φiFiIo[1 − exp(−2.303L

∑

j

εjCj)] (1)

efining

i = εiCi∑
jεjCj

(2)

here φi, εi, Io and L stand for the quantum yield and molar
xtinction coefficient of compound “i”, the incident photon
ux by reactor volume unit and the effective optical path in

he reactor, respectively. If acetic acid (main intermediate) UV
bsorption is neglected, Fi = 1. Expression (1) was therefore
umerically integrated and φi adjusted to fit experimental and
alculated data. The value of φi found was 2.3 mol Einstein−1.

The ozonation of pyruvic acid is hypothesized to develop in
he slow regime. The previous statement is based on the instan-
aneous appearance of dissolved ozone and the sluggish removal
f the acid. Accordingly, the simple second order Eq. (3) applies
the indirect route of hydroxyl radicals attack is neglected):

dCPy

dt
= kO3CPyCO3 (3)
3

ransformed into a pseudo first order kinetics of the type:

dCPy

dt
= k′

O3
CPy (4)

n/perovskite. Experimental conditions: pH 7, QO2−O3 = 40 L h−1, CO3g(inlet) =
Einstein L−1 s−1 and L = 4.5 cm. Symbols: number of reuses (©) 0; (�) 1; (�)
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oreover, since dissolved ozone concentration is close to the
zone concentration in the gas liquid inter-phase (C∗

O3
), the

ollowing approximation can be used, so the potential errors
ssociated to CO3 analysis are reduced:

O3CO3 ≈ kO3C
∗
O3

≈ k′
O3

(5)

C∗
O3

was calculated form the ozone gas outlet concentration
nd Henry’s constant. Taking into account the previous steps, kO3

as calculated to minimize the differences between experimen-
al and calculated pyruvic acid profiles. The value for the direct
zonation was in the proximity of 5 M−1 min−1. Notice that if
ero order kinetics regarding pyruvic acid had been considered,
value of 0.023 min−1 would have been obtained, similar to the

eported value of 0.025 min−1 given by Beltran et al. [7].
The kinetics of the catalytic ozonation of pyruvic acid in

he presence of perovskites has already been reported [6]. The
ollowing expression was suggested:

dCPy

dt
= kAC∗

O3

1 + kBC∗
O3

(6)

Rivas et al. [6] proposed a value of kA =
.0837 CCat(g L−1) + 0.0956 MPy M−1

O3
min−1 and

B = 4000 ± 500 M−1
O3

. In this work, after fitting the rate

onstants involved in Eq. (6) the values of 0.5 and 4 × 103

ere obtained for kA and kB, respectively. Differences between
eported values for kA and the one calculated in this work seem
o be the consequence of the difficulties in obtaining exactly
he same perovskite in each preparation at laboratory scale (i.e.
ome of them are more active than others).

Finally, the photolytic ozonation of organics includes a com-
lex reaction mechanism involving several elemental stages.
ey steps in this mechanism are basically the formation of
ydrogen peroxide through photolysis of molecular ozone and
urther scission of H2O2 to generate two hydroxyl radicals after
rradiation [3]. Other routes of HO• formation are ozone decom-

osition by hydroxyl anion and ozone decomposition by the
onic form of H2O2, which, under the pH operating condition
sed in this work, can be considered negligible. Consequently, a
ough analysis of the system O3/UV radiation might hypothesize

C

o

ig. 8. Oxidation of pyruvic acid. Process modelling (dash–dot curves). (A) Experim
adiation/perovskite. Experimental conditions (unless indicated): pH 7, QO2−O3 = 40= 293 K, Io = 4.5 × 10−6 Einstein L−1 s−1 and L = 4.5 cm. Symbols (data points): (×)
+) CO3g(inlet) = 75 g m−3; (�) Cpyo = 1 × 10−3 mol L−1.
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hat HO• radical concentration in this system can be considered
o be proportional to H2O2 in the liquid phase and inversely
roportional to the routes of HO• consumption:

CHO•

=α
CH2O2

kHO•,PyCPy+kHO•,AcCAc+kHO•,O3CO3 +kHO•,H2O2CH2O2

(7)

Additionally, hydrogen peroxide formation is the result of
zone photolysis:

3 + H2O
hv−→H2O2 + O2 (8)

Accordingly, the following proportionalities can be sug-
ested:

H2O2 ∝ CO3 ∝ C∗
O3

(9)

Therefore:

CHO•

=β
C∗

O3

kHO•,PyCPy+kHO•,AcCAc+kHO•,O3CO3 +kHO•,H2O2CH2O2

(10)

Taking into account that:

HO•,PyCPy + kHO•,AcCAc 
 kHO•,O3CO3 + kHO•,H2O2CH2O2

(11)

HO•,Py ≈ kHO•,Ac

nd

HO•,PyCPy + kHO•,Py(CPyo
− CPy) = kHO•,PyCPyo

(12)

nally,
HO• = γC∗
O3

(13)

So the pyruvic abatement by this system is the contribution
f direct photolysis, direct ozonation and oxidation by hydroxyl

ental conditions and symbols (data points) as in Fig. 1. (B) The system O3/UV
L h−1, CO3g(inlet) = 50 g m−3 , CPerovskite = 1.0 g L−1, Cpyo = 5 × 10−3 mol L−1,
CO3g(inlet) = 15 g m−3; (©) CO3g(inlet) = 30 g m−3; (*) CO3g(inlet) = 50 g m−3;
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adicals. The latter pathway represented by:

dCPy

dt
= kHO•,PyγC∗

O3
CPy = kUV/O3C

∗
O3

CPy (14)

The value of kUV/O3 obtained from the experimental data was
25 M−1 min−1.

Fig. 8A illustrates the simulation of individual systems by
onsidering the expressions 1–14. Additionally, Fig. 8B shows
ome examples for the system O3/UV radiation/perovskite
btained by changing the initial concentration of pyruvic acid
r the inlet ozone concentration. The complexity of reaction pH
as not taken into account and the model was only used for runs

onducted at pH 7. The simplistic approach, used to modelling
he experimental results, leads to infer two conclusions. On one
and, there is not a synergistic effect when combining ozone,
adiation and perovskites, i.e. the final effect is the addition of
he systems UV + UV/O3 + O3 + O3/perovskites. On the other
and, the pseudo empirical model used acceptably simulates the
erformance of the system O3/UV radiation/perovskite under
ifferent operating conditions by just considering the ozone
quilibrium concentration, C∗

O3
. The latter amount is a function

f inlet ozone concentration according to:

∗
O3

= 0.75CO3inletRT

H
(15)

here R is the universal gas constant, T is temperature and H is
enry’s constant.

. Conclusions

From the present work the following conclusions can be enu-
erated:

From the different oxidation systems described by the
combination of ozone, UV radiation and a solid catalyst (per-
ovskites), the photocatalytic ozonation gives the best results
in terms of pyruvic acid removal and mineralization degree
achieved.
The photolysis of added hydrogen peroxide also shows an

outstanding capacity for pyruvic acid removal, however, min-
eralization degree highly depends on the initial hydrogen
peroxide concentration added at the beginning. From the
results obtained, it can be stated that for equal initial concen-

[

Materials 155 (2008) 407–414

trations of pyruvic acid and H2O2, the mineralization degree
obtained is roughly 50%.
The combination O3/UV radiation/perovskite is the result
of the simple contributions of the systems: O3 + UV radia-
tion + O3/perovskite + O3/UV radiation. The presence of the
photo-ozonation stage involves that catalyst concentration
shows two opposite effects, for instance a high amount of per-
ovskites increases the catalytic ozonation but decreases the
efficiency of the UV radiation.
A simplistic mathematical model accounting for individual
stages is capable of acceptably simulating the system O3/UV
radiation/perovskite under different operating conditions.

cknowledgements

This work has been supported by the CICYT of Spain and
he European Region Development Funds of the European Com-

ission (Project PPQ2003/00554). Dr. Gimeno (Ramón y Cajal
ontract) and Mrs. Carbajo (FPU grant) also thank the Spanish
inistry of Science and Education.

eferences

1] K. Ikehata, M.G. El-Din, Aqueous pesticide degradation by ozonation and
ozone-based advanced oxidation processes: a review (part I), Ozone Sci.
Eng. 27 (2005) 83–114.

2] P.R. Gogate, A.B. Pandit, A review of imperative technologies for wastewater
treatment. II. Hybrid methods, Adv. Environ. Res. 8 (2004) 553–597.

3] F.J. Beltrán, Ozone Reaction kinetics for Water and Wastewater Systems,
Lewis Publishers/CRC Press Company, Boca Raton, FL, 2004.

4] R. Andreozzi, V. Caprio, R. Marotta, V. Tufano, Kinetic modeling of pyruvic
acid ozonation in aqueous solutions catalyzed by Mn(II) and Mn(IV) ions,
Water Res. 35 (2001) 109–120.

5] H. Bader, J. Hoigne, Determination of ozone in water by the indigo method,
Water Res. 15 (1981) 449–456.

6] F.J. Rivas, M. Carbajo, F.J. Beltrán, B. Acedo, O. Gimeno, Perovskite cat-
alytic ozonation of pyruvic acid in water. Operating conditions influence and
kinetics, Appl. Catal. B 62 (2006) 93–103.

7] F.J. Beltran, B. Acedo, F.J. Rivas, O. Gimeno, Pyruvic acid removal from
water by the simultaneous action of ozone and activated carbon, Ozone Sci.
Eng. 27 (2005) 159–169.
tion of phenolic compounds. The case of gallic acid, Appl. Catal. B 67 (2006)
177–186.

9] O. Gimeno, M. Carbajo, F.J. Beltran, F.J. Rivas, Phenol and substituted
phenols AOPs remediation, J. Hazard. Mater. B119 (2005) 99–108.


	Comparison of different advanced oxidation processes (AOPs) in the presence of perovskites
	Introduction
	Experimental
	Results and discussion
	Comparison of AOPs
	The system: O3/UV radiation/perovskite
	Influence of catalyst load
	Influence of inlet ozone concentration
	Influence of initial pyruvic acid concentration
	Influence of pH
	Catalyst stability

	Kinetic considerations

	Conclusions
	Acknowledgements
	References


