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Abstract 

The catalytic ozonation of fenofibric acid was studied using activated alumina and alumina-supported manganese 
oxide in a semicontinuous reactor. The rate constants at 20ºC for the non-catalytic reaction of fenofibric acid with 
ozone and hydroxyl radicals were 3.43 ± 0.20 M-1 s-1 and (6.55 ± 0.33) x 109 M-1 s-1, respectively. The kinetic constant 
for the catalytic reaction between fenofibric acid and hydroxyl radicals did not differ significantly from that of 
homogeneous ozonation, either using Al2O3 or MnOx/Al 2O3. The results showed a considerable increase in the 
generation of hydroxyl radicals due to the use of catalysts even in the case of catalytic runs performed using a real 
wastewater matrix. Both catalysts promoted the decomposition of ozone in homogeneous phase, but the higher 
production of hydroxyl radicals corresponded to the catalyst with more activity in terms of ozone decomposition. We 
did not find evidence of the catalysts having any effect on rate constants, which suggests that the reaction may not 
involve the adsorption of organics on catalyst surface. 
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1. Introduction 

Fenofibrate is a drug prescribed worldwide to reduce 
plasma triglycerides, which is metabolized through the 
hydrolytic cleavage of carboxyl ester moiety resulting in 
2-[4-(4-Chlorobenzoyl)phenoxy]-2-methylpropanoic 
acid, usually referred to as fenofibric acid. The presence 
of fenofibric acid has been repeatedly reported. Stump et 
al. found concentrations of up to 500 ng/L in the influent 
of several Brazilian WWTP [1]. In Europe, Ternes et al. 
reported 130 ng/L of fenofibric acid in the effluent of a 
German WWTP [2]. Acero et al. found 180 ng/L in a 
secondary effluent from a municipal WWTP located in 
Móstoles, Madrid, Spain [3]. Rodríguez et al. [4] and 
Rosal et al., [5] reported 165 ng/L and 129 ng/L 
respectively of fenofibric acid in the effluent of a WWTP 
located in Madrid. 

The high toxicity of fenofibric acid for several aquatic 
microorganisms has recently been assessed [6]. The 
release of complex mixtures of such biologically active 
chemicals severely jeopardises the reuse of treated 
wastewater, a reasonable solution to achieve a 
sustainable water cycle management [7]. The removal of 
organic compounds in wastewater can be performed by 
means of advanced oxidation processes that are those in 
which hydroxyl radicals represent the primary oxidant 
species [8]. Among them, heterogeneous catalytic 
ozonation has received attention due to the simplicity of 
catalyst recovery. It is also a choice to limit the formation 
of oxidation intermediates [9, 10]. Alumina and alumina 

supported metal oxides exhibit a high activity for the gas 
phase ozone-assisted oxidation of volatile pollutants [11]. 
In aqueous phase, Yang et al. showed that the removal of 
dissolved organics is significantly enhanced by the 
presence of mesoporous alumina-supported manganese 
oxide [12]. The mechanism for heterogeneous catalytic 
ozonation involve the adsorption of ozone or its 
decomposition at specific sites on the surface. The main 
discrepancy between models consists in whether or not 
the chemisorption of the organic compound takes place. 
The adsorption of dissolved neutral compounds on metal 
oxides is limited due to the competitive adsorption of 
water molecules, but ionizable organics may adsorb if the 
surface is charged and allows ion exchange. This is the 
case of metal oxides, which behave as anion (cation) 
exchangers if the pH of the solution is below (above) the 
point of zero charge of the surface [13]. Although it is 
generally true that the extent of adsorption considerably 
decreases under the unfavourable electrostatic conditions 
that take place on charged surfaces, it has been pointed 
out that small but significant adsorption may occur even 
in this case through surface complexation reactions [14]. 

The objective of the present study was to use kinetic data 
to highlight the mechanism by which solid catalysts 
enhance the rate of ozonation in aqueous solution and to 
determine whether or not the possible adsorption of 
organics on catalytic surfaces results in a change of rate 
constants. To this end, we performed kinetic experiments 
either in pure water and wastewater and studied the 
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extent to which the catalysts increased the concentration 
of hydroxyl radicals derived from ozone.  

2. Experimental section 

2.1 Materials 

Atrazine and tert-butyl alcohol (t-BuOH) supplied by 
Sigma-Aldrich were high-purity analytical grade 
reagents. Fenofibric acid was produced as indicated 
elsewhere [6]. MilliQ ultrapure water with a resistivity of 
at least 18 MΩ cm at 25ºC was obtained from a Millipore 
system. The catalysts used in this study were alumina (γ-
Al 2O3) and alumina-supported manganese oxide 
(MnOx/Al 2O3). γ-Al 2O3 was purchased from Sigma-
Aldrich and used as received. Its surface area was 155 m2 
g-1, determined by nitrogen adsorption, and its average 
particle size was 100 µm. The MnOx/Al 2O3 catalyst was 
prepared by incipient wetness impregnation dried γ-
Al 2O3 using an aqueous solution of Mn(CH3COO)2·4H2O 
(Sigma-Aldrich). The catalyst was subsequently dried in 
air at 423 K and calcined at 773 K for 3 hours. The 
catalyst was washed twice in PBW to avoid further 
leaching of manganese. The amount of manganese used 
corresponded to a 10% wt. of MnO2. The BET surface 
area was 119 m2/g. The isoelectric point (IEP) of the 
catalysts was obtained by measuring the ζ-potential in 
aqueous solutions at 25ºC after adjusting ionic strength to 
10-3 M with NaCl. The values obtained for IEP were 8.2 
for γ-Al 2O3 and 7.3 for MnOx/Al 2O3 as prepared, which 
fell to 3.0 for MnOx/Al 2O3 after contact with bubbling 
ozone in aqueous slurry for 30 min.  

Table 1. Main wastewater parameters 

pH 8.2 
Total Suspended Solids (mg/L) 13 
Conductivity (µS/cm) 624 
COD (mg/L) 83 
TOC (mg/L) 14.3 
PO4-P (mg/L) 0.15 
Anions and cations (mg/L) 
Fluoride 0.1 
Chloride   133.1 
Nitrite 0.3 
Nitrate  8.2 
Sulfate 67.2 
Carbonate 2.8 
Bicarbonate 114.8 
Sodium 116.4 
Potassium 19.2 
Ammonium 11.9 
Magnesium 7.1 
Calcium 27.4 
 

Wastewater was collected from the secondary clarifier of 
a WWTP located in Colmenar Viejo (Madrid). The plant 
operates with a conventional activated sludge treatment, 
has a capacity of 53000 equivalent inhabitants and was 

designed to treat a maximum volume of wastewater of 
8000 m3/day. The main characteristics of treated 
wastewater are shown in Table 1. 

 2.2. Ozonation procedure 

The ozonation runs were performed in a 1 L glass 
jacketed reactor whose temperature was controlled at 
20ºC using a thermostatic regulator. For experiments 
with spiked wastewater and non-buffered pure water, pH 
was controlled at 6.5 within ± 0.1 units by means of a 
feed-back control device that delivered a solution of 
sodium hydroxide though a LC10AS Shimadzu pump. 
The rest of the runs were performed in solutions adjusted 
to pH 6.5 using a 0.1 M phosphate buffered water 
(PBW). Ozone was produced by a corona discharge and 
continuously bubbled throughout the run with a gas flow 
of 0.20 Nm3/h. Further details are given elsewhere [15]. 

The experiments using fenofibric acid in pure water were 
conducted with a concentration of fenofibric acid in the 
5-15 mg/L range (16-47 mM) and, in certain runs, t-
BuOH at 5 mg/L (67 µM), 74 mg/L (1.0 mM) and 741 
mg/L (10 mM), in order to inhibit or suppress the 
contribution of the radical reaction. Atrazine was added 
at a concentration of up to 2 mg/L as reference 
compound [16]. In the samples withdrawn for analysis, 
dissolved ozone was removed either by the addition of 
sodium thiosulfate or by bubbling nitrogen at a flow-rate 
of about 0.2 Nm3/h. For the later, we could check that the 
concentration of ozone fell below 3% in less than 30 s.  

For the experiments with spiked wastewater, the 
prescribed amount of fenofibric acid was dissolved in 
raw wastewater whose pH was previously adjusted to 6.5 
with HCl. In these runs fenofibric acid and atrazine were 
dissolved in wastewater previously ozonated until ozone 
appeared in solution. The reason for this procedure was 
to avoid interferences due to the presence of organic 
compounds that react rapidly with ozone [17]. 

In all catalytic runs, the catalyst was pre-oxidized prior to 
the addition of organics for 15 min with the same ozone 
flow as that used for ozonation runs. In samples taken 
from catalytic runs, pH was raised to > 8.5 with NaOH 
and stirred continuously for at least 30 min prior to 
filtering using 0.22 µm Millex-GV PVDF Millipore 
filters. The aim of this procedure was to avoid the loss of 
organics adsorbed on the catalyst surface by displacing 
them with a strong base. Certain ozone decomposition 
experiments were also performed by stopping the gas 
flow at a given moment using a procedure described 
elsewhere [18]. 

2.3. Analyses 

The concentration of ozone dissolved in the aqueous 
phase was monitored with an amperometric Rosemount 
499AOZ analyzer periodically calibrated using the 
Indigo Colorimetric Method (SM 4500-O3 B). A Data 
Acquisition unit digitalized the signals from the 
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concentration of dissolved ozone, pH and temperature 
with a sampling period of 1 s. The concentration of ozone 
in gas phase was determined using an Anseros Ozomat 
GM6000 Pro photometer calibrated against potassium 
iodide. Total Organic Carbon (TOC) was determined by 
means of a Shimadzu TOC-VCSH total carbon organic 
analyzer equipped with an ASI-V autosampler. The BET 
specific surface was determined by nitrogen adsorption at 
77 K using a SA 3100 Beckman Coulter Analyzer. 
Anions were determined using a Metrohm 861 Advance 
Compact IC with suppressed conductivity detector and a 
Metrosep A Supp 7-250 analytical colum with 36 mM 
Na2CO3 as eluent with a flow of 0.8 mL/min. Cations 
were quantified by means of a Metrosep C3 column 
using 5.0 mM HNO3 as eluent with a flow of 1 mL/min. 
The analyses of fenofibric acid and atrazine were 
performed by HPLC using a Hewlett Packard 1200 
Series apparatus (Agilent Technologies, Palo Alto, USA) 
equipped with a reversed phase Kromasil 5u 100A C18 
analytical column. UV detection was carried out at 280 
nm (fenofibric acid) and 228 nm (atrazine). To allow 
statistical analysis to be performed, runs were replicated 
and all HPLC determinations were carried out in 
quintuplicate. 

3. Results and discussion 

The kinetics of a gas–liquid ozonation process depends 
on the relative rates of physical absorption and chemical 
reaction. The kinetic regime is determined by the Hatta 
number, which represents the maximum rate of chemical 
reaction relative to the maximum rate of mass transfer. 
For a second order reaction, the Hatta number is: 

3R A O

L

k c D
Ha

k

ν
=     (1) 

in which kR is the second order homogeneous rate 
constant based on the depletion of the organic compound, 

3OD  the diffusivity of ozone in water (1.77 × 10−9 m2 s−1) 

and cA the concentration of substance to be oxidized. An 
estimation of the mass transfer coefficient, kL = 5.5 × 
10−5 m s−1, was obtained according to Calderbank and 
Moo-Young [19]. Using initial concentrations, cAo as 
those corresponding to the most unfavourable conditions, 
we found that all results reported in what follows 
corresponded to slow kinetic regime (Ha < 0.4). This was 
confirmed by a criterion based on appearance of ozone in 
solution that was explained in a previous work [5]. The 
upper boundary for the stoichiometric coefficient was 
estimated by relating the moles of ozone transferred to 
the liquid phase to the amount of fenofibric acid oxidized 
at a given time: 

 
3 3

* t

L O L Oo

A Ao

k a c t k a c dt

c c
ν

−
<

−


   (2) 

The volumetric mass transfer coefficient, kLa, was 
determined in transient runs with pure water and 

3

*

O
c is 

the equilibrium concentration of ozone in the liquid 
calculated from Henry’s law. Details are given elsewhere 
[20]. This procedure yielded a value of ν ~ 2. In addition 
to catalytic ozonation runs, the adsorption of fenofibric 
acid on the catalyst surface was assessed. Fenofibric acid, 
whose pKa is 2.9, dissociates in aqueous solution even 
under acidic conditions. The adsorption of dissociated 
acids is favoured when the surface can behave as an 
anion exchanger, but is hindered by the presence of 
dissolved salts. After 24 h in contact with Al2O3 and 
MnOx/Al 2O3, the amount adsorbed was near 10% (initial 
concentration 15 mg/L, amount of catalyst 1 g/L) in pure 
water but fell below statistical significance in PBW and 
wastewater. Particularly, the amount adsorbed was not 
significantly different from zero in any case after one 
hour. Other studies have reported the lack of adsorption 
of organics on various catalysts including supported 
manganese oxide at several pH values [10]. It should be 
noted that the isoelectric point of manganese oxides is 
strongly dependent on its oxidation state and 
crystallographic form. Manganese oxide supported 
catalysts exist as multivalent oxidation states that under 
heat treatments proceed from MnO2, to Mn2O3 and 
Mn3O4 [21]. Mn2O3 is the form with the highest IEP, in 
the 7.6-9.0 range, which probably dominates the 
MnOx/Al 2O3 catalyst prior to contact with ozone [22]. 
The fact that IEP in aqueous slurry in the presence of 
ozone fell to 3.0, a value typical for tetrahedrally 
coordinated Mn4+, is consistent with the assumption that 
MnO2 was the main species in manganese oxide catalysts 
in contact with ozone. The oxidation of MnOx/Al 2O3 
catalysts by ozone to their higher oxidation state has been 
observed in gas phase [23].  

3.1. Non-catalytic ozonation 

Fenofibric acid's depletion rate is the consequence of its 
second order parallel reaction with dissolved ozone and 
with hydroxyl radicals:  

3 3

h h h
FFA O FFA O HO FFA HOr k c c k c c• •= +   (3) 

According to the hypothesis proposed by Elovitz and von 
Gunten, the ozonation process is characterized by a 
parameter defined as the relationship between the ratio of 
the concentration of hydroxyl radicals and ozone that 
represents the efficiency of the system in generating 
hydroxyl radicals [24]. 

( )
3 3

h h h h
FFA O HO ct FFA Or k k R c c= +

i
   (4) 

A mass balance to fenofibric acid in the reactor leads to a 

differential equation, h FFA
FFA

d c
r

dt
= − , that can be readily 

integrated if h
ctR , the ratio of HOc •  to 

3Oc in 

homogeneous conditions, is constant throughout the run:  
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( )

( )
( )

3 3 3
ln

t tFFA o h h h h
O HO ct O R Oo o

FFA t

c
k k R c dt k c dt

c •

 
 = + =
 
 

   

      (5) 

This situation has been encountered in a previous work 
with a real non-spiked wastewater matrix [5]. If this is 
not the case and Rct is variable, the corresponding mass 
balance has to be written in discrete form as indicated 
below. The data represented in Fig. 1, corresponding to 
runs performed in PBW in the presence of t-BuOH 10 

mM as hydroxyl radical scavenger, allowed 
3

h
Ok  to be 

calculated for fenofibric acid, yielding 3.43 ± 0.20 M-1 s-

1, a relatively low constant for the direct ozonation 
reaction. The linear relationship of the logarithmic 
concentration decay with integral ozone exposure 

indicates a constant value for hctR . In the same figure, we 

represented the data for atrazine, also in 10 mM t-BuOH, 
with a direct ozonation constant of 7.43 ± 0.11 M-1 s-1, a 
result in good agreement with the value previously given 
by von Gunten [25]. As usual, boundaries represent 95 % 
confidence intervals. The well-known competition 
method was used with atrazine as reference compound. 
Assuming a constant hydroxyl radical-to-ozone ratio, the 
following expression can be derived: 

( )

( )

( ) ( )

( ) ( )

( )

( )

( )

( )

3

3

ln ln ln
h h h

ctFFA o O FFA HO FFA ATZ o ATZ o

h h h
ctFFA t O ATZ HO ATZ ATZ t ATZ t

c k k R c c
m

c k k R c c
•

•

     +
     = =
     +     

      (6) 
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Figure 1. Logarithmic decay of the concentration of fenofibric 
acid (□) and atrazine (○) in non-catalytic ozonation runs 
carried out with t-BuOH 10 mM as a function of integral ozone 
exposure (pH 6.5). 

As the direct ozonation rate constants for fenofibric acid 
and atrazine are low, a plot of ln(cFFAo/cFFA) versus 
ln(cATZo/cATZ) would yield a straight line with a slope 

( ) ( )/h h
HO FFA HO ATZm k k=
i i

; this also holds true for non-

constant h
ctR  [26]. The values reported in the literature 

for the reaction of atrazine with hydroxyl radical are 3 x 
109 M-1 s-1 [27], (2.54 ± 0.22) x 109 M-1 s-1 [28] and 2.4 x 

109 M-1 s-1 [29]. Fig. 2 shows the experimental 
relationship the concentration decays of fenofibric acid 
and atrazine for runs performed in PBW. The value 
obtained in this study for ( )

h
HO FFAk •  was (6.55 ± 0.33) x 

109 M-1 s-1, which used the value of Balci et al. 

for ( )
h
HO ATZk • , the only indicating uncertainty [28]. The 

boundaries represent 95% confidence intervals and take 
into account the experimental error for ( )

h
HO ATZk •  

indicated by Balci et al. [28]. Fig. 3 shows the conversion 
of fenofibric acid and atrazine as a function of integral 
ozone exposure. The data, particularly those for atrazine, 
indicate that h

Rk  changed in the course of the run. In this 

case, instead of Eq. 5, a discrete form can be written for 
short time intervals as follows: 

( )

( )
( ) ( )( ) 33

ln
t tATZ t h h h

ct OO ATZ HO ATZ t
ATZ t t

c
k k R c dt

c

+∆

•
+∆

 
  = +
 
 

  

      (7) 
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Figure 2. Logarithmic plot of the concentration of fenofibric 
acid and atrazine in non-catalytic ozonation runs (pH 6.5). 
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Figure 3. Concentration of fenofibric acid (□) and atrazine (○) 
during a non-catalytic ozonation process as a function of the 
integral ozone exposure (pH 6.5). The secondary axis and 
filled circles represent the average Rct values. 
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The value h
ctR  represents the average hydroxyl radical-

to-ozone ratio within the interval (t, t + ∆t) defined as 
follows: 

3

3

t t

ct Oh t
ct t t

Ot

R c dt
R

c dt

+∆

+∆= 


    (8) 

The experimental set-up allowed accurate and continuous 
determination of the concentration of dissolved ozone 
and, therefore, of integral ozone exposure. The results for 

h
ctR  for the non-catalytic ozonation of fenofibric acid in 

PBW are also shown in Fig. 3 and range from 2 x 10-7 at 
the beginning of the run to 4.7 x 10-8 for an integral 
ozone exposure of 16.5 mM s.  

In the experiments performed using wastewater, the 
reaction mixture was not loaded with phosphate buffer, 
the pH being controlled by the closed-loop control device 
described above. The wastewater was spiked with 
fenofibric and atrazine at the same initial concentrations 
indicated before. In this case, the logarithmic 
concentration decays of fenofibric acid and atrazine were 

linear, as shown in Fig. 4. The value of h
ctR  obtained 

from Eq. 6 was 9.4 x 10-10, considerably lower than that 
obtained for pure water or PBW, but within the broad 
range of usual Rct values, which typically fall in the 10-6–
10-10 range [30].  
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Figure 4. Logarithmic plot of the concentration of fenofibric 
acid and atrazine in non-catalytic ozonation (□) and using 1 
g/L Al2O3 (∆) and 1 g/L MnOx/Al 2O3 (○) for initial 
concentration of fenofibric acid of 15 mg/L in wastewater. (pH 
6.5; error bars not shown for clarity.) 

3.2. Catalytic ozonation 

In catalytic ozonation, the reaction may take place 
between organic compounds and hydroxyl radicals with 
at least one of them being adsorbed. Assuming 
adsorption equilibrium and low surface coverage, the rate 
expression becomes linear with the concentration of 
adsorbate: 

( )
3 3 3 3

c c h h c c
FFA O FFA O HO ct FFA O HO ct FFA Or k c c k R c c k R c c• •= + +

      (9) 

Details concerning the derivation of the former equation 
are given elsewhere [4, 18]. As stated above, fenofibric 
acid, even dissociated at the working pH, adsorbed to a 
very low degree. In addition, the catalyst had no 
significant effect on the direct ozonation constant in the 
presence of t-BuOH. Consequently, we assumed that the 
direct ozonation of fenofibric acid was a non-catalytic 
process and ( ) ( )3 3

c h
O FFA O FFAk k= .  

Indirect ozonation is usually considered to be the 
combination of a homogeneous and a catalytic process. 
In this work we used atrazine to derive the hydroxyl 
radical-to-ozone ratio as indicated in Eq. 7. Atrazine is a 
neutral compound for which the amount adsorbed on 
both catalysts was not statistically significant whether in 
pure water, PBW or wastewater. Therefore, the 
experimental ratio Rct was measured in the bulk in both 

catalytic and non-catalytic runs. As a consequence, h
ctR  

and c
ctR  correspond to the same property and have been 

represented in what follows by the same symbol, hc
ctR : 

( )
3 3 3

c c h c hc
FFA O FFA O HO HO ct FFA Or k c c k k R c c• •= + +  (10) 

Taking hc
HOk •  to denote the apparent kinetic constant for 

the reaction with hydroxyl radicals in the presence of 
catalyst, the kinetic equation yields the same 
mathematical form obtained before for homogeneous 
ozonation: 

3 3 3

c h hc hc
FFA O FFA O HO ct FFA Or k c c k R c c•= +   (11) 

The adsorption of reactive species should be reflected in 

significant differences between hc
HOk •  and h

HOk • , which 

can be checked by means of kinetic data. Combined with 
the mass balance and on integration, Eq. 11 leads to 
expressions formally identical to those derived for non-
catalytic runs. The results corresponding to the catalytic 
ozonation of fenofibric acid in spiked wastewater using 
Al 2O3 and MnOx/Al 2O3 are shown in Fig. 4. This plot, 
representing the competition kinetic method, was linear 
for both catalysts, but the change in slope for different 
catalysts and for catalytic runs with respect to non-

catalytic ozonation does not necessarily mean that hc
HOk •  

and h
HOk •  were different. This is shown in Fig. 5, where 

we plotted the slope m of Eq. 6 as a function of hydroxyl 
radical-to-ozone ratio, Rct. The solid line corresponds to 

( )
h
HO FFAk •  = 6.55 x 109 M-1 s-1, measured for non-catalytic 

conditions, so that the results from non-catalytic runs are 
expected to be distributed along it. The dashed line 
represents an arbitrary 20% increase in ( )

h
HO FFAk •  with  
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Figure 5. Parameter m defined in Eq. 6 as a function of Rct for 
non-catalytic runs (□) and experiments using Al2O3 (∆) and 
MnOx/Al 2O3 (○) in wastewater. Filled symbols represent the 
same runs in PBW: non-catalytic (1, ■), Al2O3 (2, ▲) and 
MnOx/Al 2O3 (3, ●). For these and also for MnOx/Al 2O3 (4, +) 
in pure -not buffered- water (4, +), the span represents the 
change in Rct from the first minute to the average between 5-8 
min. The cross (x) corresponds to ozonation PBW + 1.0 mM t-
BuOH using MnOx/Al 2O3. pH was 6.5 in all cases 

respect to the non-catalytic reaction. If the catalytic 
reaction with hydroxyl radicals involved adsorbed 

organics, it might be expected that the rate constant hc
HOk •  

would differ from that of the homogeneous system, 
h
HOk • . By combining the results of hc

ctR  (Eq. 7) with m 

(Eq. 6), the points corresponding to catalytic and non-
catalytic reactions can be located in Fig. 5. The results 
from catalytic ozonation in the wastewater matrix, 
represented as empty symbols, show that there was no 

significant difference between hc
HOk •  and the 

homogeneous ratio hHOk • .  

Stronger evidence may be obtained in a system with 
enhanced production of hydroxyl radicals, since in this 
case the discriminating capacity of the ration of rate 
constants, m, is higher. The symbols labelled 1-4 in Fig. 
5 represent Rct-m pairs for reactions carried out in PBW 
(1-3) and in non-buffered pure water (4). They show that 
the generation of hydroxyl radicals was considerably 
enhanced with respect to wastewater. Additionally, in 
PBW and pure water the hydroxyl radical-to-ozone ratio 
decreased during the run. The intervals listed in Table 2 
and represented in Fig. 5 correspond to the first minute 
and to the period 6.5 ± 1.5 min respectively. For pure 
water, only the latter is shown as there was no ozone in 
solution during the first 2 min.  

 
Table 2. Rate constants for the decomposition of ozone and ratio of the concentration of hydroxyl radical to ozone in 
several matrixes (pH 6.5 in all cases). 
 

Homogeneous first order kinetic constant for the decomposition of ozone (s-1) 
 Al 2O3 MnOx/Al 2O3 Non-catalytic 
Pure water (3.16 ± 0.35) x 10-3 (5.50 ± 0.53) x 10-3 (8.82 ± 0.46) x 10-3 
PBW (2.10 ± 0.45) x 10-3 (2.48 ± 0.61) x 10-3  (3.89 ± 0.28) x 10-3 
Wastewater* (4.78 ± 0.72) x 10-3 (5.14 ± 0.55) x 10-3  (5.79 ± 0.67) x 10-3 
 
 

Ratio of hydroxyl radical- to-ozone hctR  or hc
ctR  

 Non-catalytic Al2O3 MnOx/Al 2O3 
Pure water (Av. 2-5 min) - - 8.2 x 10-7 
PBW (1st min) 2.0 x 10-7 4.9 x 10-7 1.4 x 10-6 
PBW (Av. 5-8 min) 4.7 x 10-8 9.0 x 10-8 2.7 x 10-7 
PBW + t-BuOH 1.0 mM - - 1.6 x 10-9 
Wastewater 9.4 x 10-10 2.9 x 10-9  6.2 x 10-9 
 

* Stopped ozone flow after 30 min of semicontinuous ozonation 

 
In all cases the experimental value of m fell within the 

theoretical boundaries of ( ) ( )/h h
HO FFA HO ATZk k• • = 2.58 ± 

0.55. This was true both for runs using MnOx/Al 2O3 and 
Al 2O3, irrespective of the initial concentration of the 
organic compound, and for runs either in PBW or in pure 
water. This result shows no evidence that the catalysts 
contribute to an increase above its homogeneous value in 
the rate constant for the reaction between organics and 
hydroxyl radicals. The reason may be that the surface 
interaction with fenofibric acid, if any, was too small to 

activate the organic molecule through surface bonding. 
The hydroxyl radical-to-ozone ratio, however, was 
significantly improved by the use of catalysts. Table 2 
shows that the use of Al2O3 increased the ratio by up to 
three times, whereas MnOx/Al 2O3 resulted in a seven-fold 
increase with respect to non-catalytic ozonation using the 
same substrate concentration. The values were similar in 
PBW and wastewater, the latter also being reported in 
Table 2. Fig. 6 shows that in the absence of phosphate, 
the use of MnOx/Al 2O3, whether in PBW or pure water, 
did not change the slope m in Eq. 6. It may be argued that  



Chem. Eng. J., 149, 311-318, 2009 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80

ln (CATZ(o)/CATZ)

ln
 (

C
F

F
A

(o
) /C

F
F

A
)

 
Figure 6. Logarithmic plot of the concentration of fenofibric 
acid and atrazine in non-catalytic ozonation (□) and using 1 
g/L MnOx/Al 2O3 in PBW (■), in PBW + 1.0 mM t-BuOH (●) 
and in pure non-buffered water (◊). pH was 6.5 in all cases. 

MnOx/Al 2O3's failure to affect the rate constant could be 
attributed to an inhibition of fenofibric acid adsorption 
due to the phosphate buffer. This behaviour was also 
observed in pure water making it plain that this is not the 
case. 

The addition of t-BuOH 1.0 mM to PBW resulted in 
apparent kinetic constants that did not change throughout 
the run. These kinetic constants, kR, were considerably 
greater than the direct ozonation constants, 

3Ok , for 

fenofibric acid and atrazine, indicating that the amount of 
t-BuOH was insufficient to completely scavenge 
hydroxyl radicals; but they did not reach the high values 
of Rct found during the first part of the ozonation runs in 
the absence of t-BuOH. Fig. 7 shows the evolution of the 
concentration of fenofibric acid and atrazine in the 
presence of t-BuOH 1.0 mM on MnOx/Al 2O3 as a 
function of the integral ozone exposure. The 
corresponding values of Rct and m are also shown in Fig. 
5 and again show no deviation from the solid line drawn 
using homogeneous rate constants. 

Fig. 8 plots the average hydroxyl radical-to-ozone ratio 
as a function of the concentration of fenofibric acid 
showing that Rct was approximately linear with the 
concentration of fenofibric acid. This might be a 
consequence of a promoting effect of fenofibric acid or 
an ozonation by-product. It is well known that ozone 
decomposition, as well as the formation of radicals such 
as superoxide and hydroperoxyl, can be promoted by the 
presence of certain substances including compounds 
commonly found as ozonation by-products. In a previous 
study we identified 2-hydroxyisubutyric acid and some 
other acidic compounds to be ozonation by-products of 
clofibric acid, a fibrate with a relatively similar structure 
[31]. 

The role of catalytic surface in the heterogeneous 
decomposition of dissolved ozone was also studied by  
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Figure 7. Concentration of fenofibric acid (■) and atrazine(●) 
as a function of integral ozone exposure during catalytic 
ozonation using 1 g/L MnOx/Al 2O3 in PBW + 1.0 mM t-BuOH. 
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Figure 8. Average hydroxyl radical-to-ozone ratio as a 
function of the average concentration of fenofibric acid for 
non-catalytic ozonation (○) and catalytic reaction using 1 g/L 
Al 2O3 (□) both with 15 mg/L of initial concentration in PBW. 
Filled symbols correspond to ozonation with 1 g/L 
MnOx/Al 2O3 at initial concentration of fenofibric acid of 15 
(■), 10 (▲) and 5 (●) mg/L in PBW. pH was 6.5 in all cases. 

stopping the gas flow at a given time in order to record 
the concentration of ozone thereafter until total ozone 
depletion [18]. In wastewater runs, stopped-flow 
experiments were performed after 30 min of ozonation to 
ensure the absence of most reactive compounds. The 
kinetic constants expressed in pseudo-homogeneous units 
for a catalyst concentration of 1 g/L at pH 6.5 are shown 
in Table 2 for pure water, PBW and wastewater. In all 
cases the use of catalysts resulted in an increase of the 
ozone decomposition rate with greater differences in pure 
water but following the same trend in PBW and 
wastewater. The results showed that both catalysts 
promoted ozone decomposition. Their effect on ozone 
decomposition was lower than their effect on promoting 
the generation of hydroxyl radicals. This is not 
necessarily contradictory, even considering the fact that 
the generation of hydroxyl radical stems from the 
decomposition of ozone, as both results refer to quite 
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different situations: batch homogeneous ozone 
decomposition versus semicontinuous ozonation of 
organics while continuously bubbling ozone. 

This increase in the hydroxyl-to-ozone ratio in catalytic 
runs supports the common assumption that surface 
hydroxyl groups formed from the interaction of water 
with catalyst sites may react with ozone to form a surface 
complex [12, 32]. On a similar basis, several authors 
have proposed that hydroxide ions linked to negatively 
charged surfaces initiate ozone decomposition and 
constitute the true active sites for catalytic ozonation [33, 
34]. In this study, we have demonstrated that 
MnOx/Al 2O3, negatively charged at pH 6.5, increased the 
exposure to hydroxyl radicals to a considerably larger 
extent than activated alumina, whose isoelectric point is 
8.2 and was positively charged. This result is consistent 
with the electrophilic character of the ozone molecule, 
although the influence of surface charge or the 
interaction with dissolved ozone is still not clear. The 
fact that the extent of adsorption did not differ 
significantly from zero (i.e.: within the uncertainty of the 
HPLC analytical method) is not fully incompatible with a 
reaction that takes place between adsorbed species. It is 
conceivable that a very low concentration of adsorbed 
fenofibric acid reacts very rapidly with adsorbed 
hydroxyl radicals but the low rate of adsorption observed 
in pure water experiments do not support this 
assumption. Neither does the lack of effect of catalysts 
on the kinetic constant of hydroxyl-mediated ozonation.  

4. Conclusions 

Using the competition kinetic method, we determined a 
rate constant at 20ºC for the non-catalytic ozonation of 
fenofibric acid of 3.43 ± 0.20 M-1 s-1. The rate constant 
for the reaction of fenofibric acid and hydroxyl radicals 
was (6.55 ± 0.33) x 109 M-1 s-1. To our knowledge this is 
the first time that this rate constant has been reported. 

The results of catalytic runs did not show any evidence 
that the use of Al2O3 or MnOx/Al 2O3 resulted in an 
increase in the indirect ozonation rate constant with 
respect to homogeneous ozonation. This fact suggests the 
absence of surface interaction with fenofibric acid and 
may probably indicate that its adsorption did not take 
place at all. Adsorption data also point in the same 
direction as neither fenofibric acid nor atrazine adsorb 
significantly on Al2O3 and MnOx/Al 2O3 when using PBW 
and wastewater. Ozonation runs in non-buffered pure 
water again showed that the tested catalysts had no effect 
on the indirect ozonation rate constant.  

Hydroxyl radical-to-ozone ratio was significantly 
improved by the use of catalysts. An amount of 1 g/L of 
Al 2O3 increased it up to three times whereas MnOx/Al 2O3 
resulted in a seven-fold increase with respect to non-
catalytic ozonation. This holds true for both PBW and 
wastewater, with a positive effect of both catalysts even 
in the presence of salts and radical scavengers. The 

higher rate of hydroxyl radical generation took place on 
the most active catalyst for the decomposition of 
dissolved ozone. This fact is consistent with the 
assumption that the catalysts promoted the generation of 
hydroxyl radicals, probably through the formation of 
surface complexes between ozone and surface hydroxyl 
groups, even if they do not interact significantly with 
organics. 
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Nomenclature 

FFAr  fenofibric acid oxidation rate in homogeneous units, 

mol L-1 s-1 

3Ok  second order rate constant for direct ozonation 

reaction, L mol-1 s-1  

HOk •  second order rate constant for the reaction with 

hydroxyl radicals, L mol-1 s-1  

Ac  concentration of a given organic compound, mol L-1 

HOc •  concentration of hydroxyl radical, mol L-1 

3Oc  concentration of dissolved ozone, mol L-1 

3

*
Oc  equilibrium concentration of dissolved ozone, mol L-1 

Ha  Hatta number, dimensionless 
ν  stoichiometric coefficient, dimensionless 
kR second order apparent homogeneous rate constant, L 

mol-1 s-1 

3OD  ozone diffusivity, m2 s-1 
kL  liquid phase individual mass transfer coefficient,  
 m s-1  
kLa volumetric mass transfer, s-1 

Rct ratio of HOc
i
 to 

3Oc , dimensionless 

ctR  average value of Rct defined in Eq. 8, dimensionless 

m parameter defined in Eq. 5, dimensionless 
 
Subscripts and superscripts 

FFA fenofibric acid 
ATZ atrazine 
o initial 
t generic reaction time 
* equilibrium 
h homogeneous reaction 
c catalytic reaction 
hc simultaneous homogeneous and catalytic reaction 
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