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Abstract

The removal of clofibric acid from aqueous solutf@s been investigated in catalytic and non-catalyt
semicontinuous ozonation runs. Reactions were pedd at 25°C with an initial concentration of dbsic acid
ranging from 25 to 100 mg/L. Kinetic data were gnat by means of second order expressions foetiaion
between organic compounds and ozone or hydroxjdad Catalytic runs were performed using a conaiaer
titanium dioxide catalyst consisting of fumed call particles. The kinetic constant of the norabdic ozonation of
clofibric acid at pH 3 was 8.1610% + 3.4x 10* L mmol! s, In catalytic runs, the rate constant increaseehlily
with the concentration of catalyst for loads ud 16 g/L. The evolution of the total organic cartsamples taken
during the run was modelled as a function of thegral ozone exposure considering that the ozamaficlofibric
acid yields carboxylic acids and other refractasynpounds. The extent of mineralization during natalytic runs
ranged from 50% at pH 7 and 20% at pH 3 in a readtiat essentially took place during a period dogethe first
10-20 min. The catalyst increased the total exténtineralization 5-10% with respect to the nonabatc ozonation
at pH in the 3-5 range. The effect of the catabysthe first mineralization period was more sigmfit and resulted in
a pseudo-homogeneous catalytic rate constant %2102 L mmof! st at pH 3 and 6.88 10! L mmol! st at pH 5,
with up to a three-fold increase with respect ®¢brresponding non-catalytic constants for a gsitédad of 1 g/L. A
set of stopped-flow experiments were designedl®aut the possibility that the adsorption of reatintermediates
was responsible for the decrease of organics utisal The catalyst enhanced the decompositiorzofie, but the
increase in rate constant was only 10% for a csitétyad of 1.25 g/L. The effect of the catalyst wasbably due to
the adsorption of clofibric acid and of reactioteimnediates on catalytic sites rather than to tbenption of ozone
decomposition.

Keywords. Catalytic ozonation; Mineralization; Titanium dide; Clofibric acid.

1. Introduction belongs to a class of substances that are nofisagmtly
adsorbed in soil and, therefore, can easily spread
surface and groundwater. The presence of this cantgo
in the effluent of WWTP has been repeatedly replbrte
since Ternes measured up to gL of clofibric acid in
the effluent of a German treatment plant [11]. More
recently Tauxe-Wuersch et al. [12] also found reddy
high concentrations of several hundred nanograms pe
liter of clofibric acid in Swiss Municipal WWTP and
Weigel et al. [13] measured concentrations sligbtigr

1 ng/L in different samples taken in the North Seafor
continental surface waters, Boyd et al. [2] repbthes
detection of clofibric acid in Detroit River watat 103
ng/L at the inlet of a drinking treatment plantcgato et
al. [14] reported values of some nanograms paritite
drinking water and Heberer et al., [15, 16] detecte
clofibric acid in several drinking water samplesnfrthe
Berlin area at concentrations of up to 270 ng/lt were
associated with practices of bank filtration antfiaial
groundwater enrichment. Recent finds of clofibidan
This work studies the titanium dioxide catalyzed environmental water samples in China stressesattte f
ozonation of clofibric acid: ethyl 2-(4-chloropheyd-2-  that its occurrence is part of a global phenomda@h
methylpropanoate. It is a human metabolite of diva
substance clofibrate: ethyl 2-(4-chlorophenoxy)-2-
methylpropanoate, a drug used as lipid regulataseh
estimated persistence in the environment is oventyv
years and which has been detected in lakes evenitaft
fell out of use [10]. Being a polar compound, gal

Pharmaceuticals and personal care products (PPCPs)
constitute a group of emerging pollutants whossgmee
in water and wastewater has been well documentddgl [1
It has been recognized that the major source skthe
pollutants is discharge from Wastewater Treatment
Plants (WWTP) with some other minor contributions
such as manure disposal and release from the madust
production of pharmaceuticals [5]. The result afistant
discharges of these chemicals in the environmegt ma
lead to public health problems even though the
concentration is low, ranging from micro- to naregs
per liter [6]. In most cases, this represents cotmadons
far from acute toxicity levels but they are stit@use for
concern due to risks associated with genotoxicity,
induced pathogen resistance and endocrine disruftjo
8]. Moreover, many of these substances escape
conventional wastewater treatments plants and are
already becoming ubiquitous in the environment [9].

Advanced oxidation processes (AOP) are based on the
generation of hydroxyl radicals and other oxidqu#cies

in concentrations high enough to allow the oxidad
organic compounds whose chemical stability makesith
difficult to degrade otherwise [18]. AOP comprise a
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family of technologies that differ in the approacted to
generate hydroxyl radicals. Photocatalytic methods,
Fenton-based systems and the direct use of thamtsid

Clofibric acid was supplied by Sigma-Aldrich (97%
purity). Solutions were prepared with high puritster
obtained from a Millipore Milli-Q system with a

ozone and hydrogen peroxide are complemented by theesistivity of at least 18 K1 cm at 25°C. pH adjustments

less developed hydrodynamic and acoustic cavitation
radiolysis and several electrical and electrochamic
methods [19, 20]. Moreover, the difficulty of apgaltion
of certain methods and the relatively low efficigmd
others, suggested to combine them in an attentptab
recalcitrant pollutants in real effluents. Photayea,
sonophotocatalysis, the use of oxidants combinda wi
ultraviolet radiation (HO2/UV and Q/UV) or
ultrasounds have also been considered [21]. Solid
catalysts can be used to promote ozonation sahbgat
are suitable for acidic conditions with limited o=o
exposure, conditions at which the rate of formatbn
hydroxyl radicals would be too low. The interessuth
working conditions is not only to reduce the cdst o
0zone generation, but also to limit bromate fororati
[22]. On the other hand, catalytic ozonation hamnbe
proposed to remove carboxylic acids and other ctadrgt
oxidation intermediates produced during the ozomabif
complex organic molecules [23]. Except for the aafse
activated carbon, whose role seems to be to prothete
decomposition of ozone with the subsequent incrimase
the production of radicals, the mechanism of cataly
ozonation is still uncertain. In metal oxides, tdagalytic
reaction is expected to involve the adsorptionrghaic
molecules or ions on surface sites with subsequent
oxidation by Eley-Rideal or Langmuir-Hinshelwood
interaction with oxidant species. In any casehdtsd be
born in mind that the adsorption of neutral comptsuon
oxides in aqueous solutions has to overcome the
competitive adsorption of water molecules. Adsanpis
relatively favoured for ionizable compounds if the
surface is charged, this being the reason why metal
oxides behave as anion exchangers if the pH of the
solution is below the point of zero charge (PZC)hef
solid [24].

The aim of this work was to study the catalytic raton
of clofibric acid in reactions performed in a semi-
continuous regime using a commercial titanium dlexi
Degussa P25. TikP25 is a nanosized material
commonly used in photocatalysis whose particled ten
agglomerate in solution as a consequence of Van der
Waals attractive forces. In acidic conditions thdace
hydrolyzes thus originating repulsive forces betwee
particles that determine the effective size of the
aggregates [25]. The role of Ti®25 in promoting
ozonation reactions has been already documentégd [26
Both the oxidation of clofibric acid and the
mineralization of the dissolved organic matter hbgen
studied and fitted to kinetic models as a functbthe
concentration of dissolved ozone. The interaction o
clofibric acid and its ozonation products with ttegalyst
surface has been specially taken into accountdardo
separate chemical oxidation from a disappearaneg¢aiu
a physical adsorption.

2. Experimental

J. Hazard. Mater.,

were made with analytical grade sodium hydroxide or
hydrochloric acid from Merck. The solid used as
heterogeneous catalyst was titanium dioxide Degussa
P25, a mixture 80/20 of anatase/rutile. The catadya
nanometric powder consisting of primary particlés o
about 20 nm that form aggregates of several hundred
nanometers that can be removed by filtration uBidg
pm Teflon filters. The point of zero charge (PZC)tué
catalyst was determined by potentiometric titratsn
described by Halter [27]. The value obtainedp 6.6,
has been already reported [26] and agrees withagimi
data published elsewhere [28]. The BET specifitasar
was 52 + 2 filg determined by nitrogen adsorption at 77
K.

Ozonation runs were performed in a 1 L glass jaxket
reactor connected to a Huber Polystat cc2 thermosta
regulator and agitated by means of a magnetictrod a
about 700 rpm. The temperature of the liquid insiee
reactor was monitored throughout the experiment by
means of a Pt100 RTD sensor whose readings were
transferred to an automated data processing sy3ieen.
mixture of ozone and oxygen was produced by a @ron
discharge ozonator (Ozomatic, SWO100) fed by an
AirSep AS-12 PSA oxygen generation unit. pH was
measured by means of a Crison 5052 electrode ctathec
to a Eutechulpha-pH100 feed-back control device. The
final control element was a LC10AS Shimadzu pump
that delivered a solution of hydrochloric acid aling

pH to be controlled within £ 0.1 throughout the
experiment. The concentration of ozone dissolvatien
liquid was determined by means of an amperometric
analyser Rosemount 499A OZ equipped with Pt 100
RTD temperature compensation and calibrated against
the Indigo Colorimetric Method (SM 4500:8). The
signal from the electrode was transmitted to a data
acquisition unit by a Rosemount 1055 SoluComp [aDu
Input Analyser. A computer stored the signals ftom
concentration of dissolved ozone, pH and tempegatur
after being captured by means of an Agilent 349@taD
Acquisition Unit. The concentration of ozone in gas
phase was determined using a non-dispersive UV
Photometer Anseros Ozomat GM6000 Pro, tested dgains
a chemical method. Details of the experimentalpetire
given elsewhere [26]. Ozone decomposition experisen
were performed in semicontinuous mode using a fixed
volume of Mili-Q water containing different amourfs
catalyst. The gaseous mixture containing ozone was
bubbled into the liquid by means of a porous gtiisk
with a gas flow of 0.20 N#h. At a given time, the gas
flow was stopped and the evolution of the concéioiia
of dissolved ozone was recorded until its totalleksm.

In some runs, the flow of ozone was stopped omeare
times during the experiment with the purpose of
performing experiments in which the exposure tonezo
was not linear with reaction time. In catalytic suthis
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procedure also allowed a certain period of contaitt
the catalyst in the absence of ozone in order tongee
insight on the possible adsorption of reaction
intermediates.

The ozonation experiments were conducted in a
semicontinuous mode using a fixed volume of water
containing clofibric acid 25-100 mg/L (116-466 mM).
High concentrations compared to that that usualiyé
in wastewater were used in order to provide a high
organic load per unit mass of catalyst and to fatios
accuracy in analytical determinations. Catalytiesru
were performed at a bulk catalyst concentratioén
0.25-1.25 g/L range. During every run, certain s@sp
were withdrawn for analysis at prescribed intervals
Dissolved ozone was removed by bubbling nitrogen
immediately after sampling. In catalytic runs, dagalyst
was previously removed by filtration by means ofidre

0.45um Millipore filters. The experiments were carried

out at pH in the range 3-7 and 25°C. The decomiposit
of ozone acidified the reaction mixture in all cased
pH was automatically controlled by pumping a ditlte
sodium hydroxide as indicated before. The volurnetri
mass-transfer coefficient had a relatively largeiedk a
= 0.0123 + 0.0017"% and accounted for the rapid
increase of dissolved ozone observed at the begjrofi
each run. The ozone profile depended on the rate of
0zone consuming reactions and usually exhibited a
shoulder during the first minutes of reaction aftich
it reached a plateau value almost constant thrautghe
run.

TOC was determined by means of a Shimadzu TOC-

VCSH total carbon organic analyzer equipped with an
ASI-V autosampler. Carboxylic acids were determiimed

dissociated form using a Dionex DX120 lon
Chromatograph with conductivity detector and arPian
AS9-HC 4x250mm analytical column (ASRS-Ultra
suppressor). The eluent was 9.0 mMGI&; with a flow
of 1.0 mL/min and the sample loop volume wad. 1
The analyses of clofibric acid were performed byt BP

using a Hewlett Packard 1100 apparatus equippéddawit
C18 250mm column. The mobile phase was a mixture

water containing 4 mL/L of phosphoric acid and S0Im
of methanol and acetonitrile (40:60) with an isticra
flow of 1.0 mL/min at room temperature. The UV
detection was carried out at 230 nm.

3. Results and discussion
3.1 Ozonation of clofibric acid

The kinetics of a heterogeneous gas-liquid
semicontinuous process is governed by the relsdites
of absorption and chemical reaction. A charactéona
of kinetic regimes is given by Hatta number, that
represents the maximum rate of chemical reaction
relative to the maximum rate of mass transfer.&or
second order reaction the Hatta number follows the
expression:

[zk,C, D
Ha=M_ R A0 70 D

kL

where D03 is the diffusivity of ozone in water (1. %710

9 s1), ks is the homogeneous second order rate
constant for the depletion of the organic compound,
whose maximum concentration in the bullCis,. The
value of the mass transfer coefficient,%5.5x 10°m s
1 was evaluated according to Calderbank and Moo-
Young [29]. The stoichiometric coefficient for the
reaction between ozone and clofibric acid has lpgem
elsewhere [30]. For the most unfavourable condition
tested in this workia < 0.18, ensuring that the kinetic
regime was slow. This finding is consistent with fact
that ozone was detected in solution at any timeadur
runs and allowed the use of the concentrationzohe
and clofibric acid to develop a kinetic model fhet
reaction taking place in the liquid phase [31]. The
homogeneous rate of ozonation of an organic congpoun
is the result of its second order parallel reactidth
dissolved ozone and with hydroxyl radicals. A mass
balance to a given oxidizable compound in solution
yields:

_dg _

T Kio Cur G T Ko, Co, G )

Elovitz and von Gunten [32] proposed a kinetic model
for the ozone-mediated removal of pollutants by
using data from integral ozone exposure. According to
it, the ozonation process is characterized by a
parameter R, defined as the relationship between the
integral exposures to ozone and hydroxyl radical and,
derived from it, the ratio between the concentrations
themselves:

C. .
RG:LO 3)

Co,

R. represents the efficiency of the system in generating
droxyl radicals from dissolved ozone and allolaes t

stimation of the concentration of hydroxyl radical in
water, although it is not necessarily constant
throughout an ozonation run [6]. It behaves as an
operational parameter that characterizes the azitat
process either in whole or in part [33]. Previoesuits
show that R may be considered constant during the part
of the ozonation run associated to the depleticm of
given type of chemical compounds [B)y using this
concept, the integration of Eq. 2 yields the logamnic
concentration decay ratio as a function of thegrak
0zone exposure.

|n%=(kHO. R, + ks, ) [ e, dt =kg [ o, dt

(4)

The kinetic parametés represents the overall kinetics
and may be accurately determined from the inforomati
available on the ozone profile, whose concentratian
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Clofibric acid, whose pKis 3.2 [35], dissociates in
agueous solution even under acidic conditions. The
results showed that the adsorption of clofibrats wa
favoured in conditions at which the surface behagean
anion exchanger [24]. Fig. 2 shows the resultsHer
adsorption of clofibric acid at pH 3 and 5 on 7iO
Degussa P25 (pic = 6.6). The adsorption kinetics was
slow and took place essentially during the firsts 2
hours, although equilibrium was achieved after a
considerably longer period and the extent of adgmrp
reached only 5-15%. At pH 7 adsorption did not take
place in any measurable extension, a result cemsist
, , , , with a negatively charged surface. Similar reshitge
0 1000 2000 3000 4000 5000 000 7000 been published for other acidic solutes that may be
time (s) adsorbed by an ion-exchange mechanism [15, 16].

Figure 1. Relative concentration of clofibric acid at pH@ ( The rate of catalytic ozonation of a certain combis

and 5 @) and TOC during the non-catalytic ozonation of 50 ~diven by the rate of its homogeneous reaction wzttne

mg/L of clofibric acid in water at pH 3, 5 (@) and 7 ). or hydroxyl radicals and that of the heterogeneous
catalytic reaction. Assuming adsorption equilibriom

precisely recorded throughout the run with a samgpli ~ the organic compound and considering that the tioida

period of 5 s. Fig 1. shows the decay of clofilawed takes place with hydroxyl radicals from the buhe t

with time in non-catalytic runs performed at pH®l&.  combined rate expression is:

The second order kinetic paramétgobtained from d K

experimental data after evaluating the integrahezo _46 _ c _.c+kcc . _ %G (5)

exposure by a numerical method, yielded a valug 18 dt Ho O P HO Kk ¢ +k.,

X 10°+ 3.4 x 10 L mmol! st at pH 3 and 1.77 x Tat

1.5 x 10 L mmotf? s at pH 5, where the boundaries

represent the respective 95% confidence intervalblé

1). At pH 7 the kinetic regime was not slow so tinet

model outlined before could not be applied. Alsoveh . . o L

in Fig.1 are the TOC profiles for non-catalytic aation ~ 'adical, the following equation is obtained:

performed at pH in the 3-7 range, which exhibitva-t dc

stage pattern already observed before in cataiyiic T = (kHo- R: tk R K, Cs) Co, G (6)

non-catalytic ozonation of other organics [27]. The

second order kinetic constants for the minerabzatf  1hg jntegration of the former equation yields @#n

clofibric acid in the absence of catalyst are afslicated  g|ationship between the logarithmic decay of the

in Table 1. The mineralization model used to fit concentration of any given compound and the integra

experlr_nental data was the same descrlbe_d below for exposure to ozone:

catalytic runs. Both TOC decay and the disappearahc

clofibric acid are faster at higher pH values ggeeted Co _ + -

from the higher rate of hydroxyl radical productigith " G (i Ro + Ry ) oo di =k Jo, o

increasing pH [35]. (7)

o
™

Ci/Ci,, TOC/TOC,
o
o

o
>

02

wherek, andk., are the adsorption and desorption kinetic
constants for the organic compound. In the casenail
surface coverage and using fReratio to relate the
concentration of dissolved ozone to that of hydtoxy

Table 1. Kinetic constants for the ozonation and minesdlon reactions
Ozonation of clofibric acid

Non-catalytic (k, L mmof! s?) Catalytic (e, L mmolt st cs=1 g/L)
pH =3 8.16x 10° + 5.4x 10* 2.17x 10? +5.6x 10°
pH=5 1.77 10' + 3.0x 10? 6.80x 10" + 2.4x 107

Mineralization constants for the two-stage minegtlon model
Non-catalytic (L mmot s?)

Kr1 ki kre
pH=3 1.22 10°% + 3.2x 10* 7.03x 103+ 4.4x 10* 5.4x 10% + 7x 10°
pH=5 7.4 10%+ 8.5x 10* 1.59x 10t + 2.0x 107 3.5x 104+ 6x 10°
Catalytic (pseudo-homogeneous constant aticg/L, L mmot s?)

chl chi chZ
pH=3 4.5 10°% + 4.7x 10* 1.66x 102+ 1.5x 103 4.3x 10+ 4x 10°
pH=5 1.68 102+ 1.1x 103 6.49x 101 + 2.8x 107 2.9x 10%+ 7x 10°
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Figure 2. Adsorption of clofibric acid at pH 3§ and 5 ()

6000 8000

3.2. Mineralization kinetics

The mineralization process was followed by deteingjn
TOC in samples withdrawn during the runs. The
evolution of TOC for representative non-catalytios is
shown in Fig. 1 and for several catalytic experitaext
pH 3 and 5 in Fig. 4. In all cases, as shown in &jghe
logarithmic decrease of the organic carbon wadimedr
with the time-integrated concentration of ozoneapid
initial TOC decay was always followed by a much éow
rate of mineralization. During all this first ozdrman
period, there were still measurable amounts oflualiaf
acid in solution as indicated in Figs. 1 and 4leHil
squares in Fig. 4 represent the concentrationadibeic
acid in a run performed at pH 3 with 10 min ozologvf
At this moment, the flow of ozone ceased, and the
dissolved ozone started to decay. Ozone was still

on 1 g/L of TiQ (upper scale) and evolution of clofibric acid measured in solution for about 20 more min, butréss

during catalytic ozonation runs at pH&® @nd 5 @) (lower
scale) also using 1 g/L of TiOInitial concentration of
clofibric acid: 50 mg/L.

A Langmuir-Hinshelwood mechanism would lead to the

same expression on the assumption that the eduiitibr
constant for the oxidation of surface sites is eavugh
[27]. The pseudo-homogeneous kinetic condtaytor
the ozonation of clofibric acid obtained from tlitéirig
of experimental data to Eq. 7 is shown in Fig.13 fo
several catalyst loads and for runs performed abgH
3 and 5. The kinetic constants were linear with the
concentration of catalyst, as expected from theipuosly
outlined model. The catalytic constant was 2.10x4
5.6 x 16° L mmol* s? (pH 3) and 6.80 x 10+ 4.1 x 1%

L mmol? st (pH 5) for a catalyst load of 1.0 g/L. It must
be noted that this rate constant includesRhearameter

that was not independently determined in this wdhe
fact that non-catalytic reaction constants matdh ttie
intercepts of catalytic constants extrapolateceio z
catalyst load, suggests that the role catalysasartioes
not play an important role in changing the ratioree-to-
hydroxyl radicals in solution.

25

109

1 0.5

ks, kre (x 100, L mol™"' s™)
kg, kre (L mol™" s™")

1 0.3

0.0 . ; ' . : 0.1
0 0.2 0.4 0.6 0.8 1 1.2
Cs (g/L)
Figure 3. Pseudo-homogenous kinetic constant for the
ozonation of clofibric acid in catalytic runs afuaction of
catalyst concentration at pH &, (left scale) and 5« right
scale). The error bars represent 95% confideneevials.

of the run, that lasted 120 min, took place indheence
of gas-phase. Once ozone was completely depléteas t
was still about 4 ppm of clofibric acid, a concation
that did not decrease during the last part of time The
integral exposure to ozone was limited in thistwa5
mM s (empty triangles) and in the absence of otbae
amount of dissolved carbon (TOC) did not evolveeSen
results showed that adsorption both of clofibridand
reaction intermediates was not substantially medifiy
the absence of ozone under reaction conditions. The
second and slower mineralization period corresponde
the reaction of the less reactive intermediates, th
transition corresponding to the depletion of clo@itacid.
The experimental values of TOC were fitted to aekim
model that considered a first set of easily oxibiea
compounds (A) which, on ozonation, yielded a second
group of refractory products (B). The kinetics of
mineralization did not correspond to a simple seqgae?
— B — CO; + HO due to the relatively rapid decay of
dissolved carbon during the first part of the ruriss
suggested that the formation of intermediates shoot
be a prerequisite for mineralization and led to the
following model:

AD'RITRD, CO, +H,0
A0 B

B O0'® {4 CO, +H,0

Assuming that the reactions considered in the maxcel
ozone-mediated transformations, Egs. 4 and 7 can be
applied for non-catalytic and catalytic runs respety.
The corresponding homogeneous kinetic constants for
the three reactions considered have been labelekk
andkre (kre1, kri @ndkre in the case of catalytic runs) for
the three individual steps yielding the followinigpdtic
expressions for the ozonation of A and B:

_dc, _

dt le Co, Ca + kRi Co, Ca (8)
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dc,
= kRi Co, Ca ~ kRZ Co, Cs

dt 9)

time (s)

0 1000 2000 3000 4000 5000 6000 7000

0.7

In(TOC4/TOC)

500

600

0 100 200 300 400 700

JCosdt (mM s)

Figure 4. Dissolved organic carbon as a function of the
integral ozone exposure for catalytic runs perfatraepH 5

(o) and at pH 34, o, A), where the latter represent runs with

stopped flow of ozone. Evolution of clofibric adis]) during
the ozonation run corresponding to the empty ttesfleft
and upper scales).

The observed experimental value, TOC, correspands t

Ca + Gz at any time. The calculated profile of A
essentially corresponded to that of the parent comg

clofibric acid, and thereforeaavas considered a directly

measurable variable coincident with the conce rnabif
clofibric acid. The modelling by least square figfi
included a fourth order Runge-Kutta routine for the
integration of Eqs. 8 and 9. Fig. 5 shows expertalen
and predicted values of TOC for the catalytic otioma
of clofibric acid at pH 3(a) and 5(b) with a cattlyoad
of 1 g/L. In the same figure, the experimental
concentration of clofibric acid, which remains dxédle
up to about 15 min (pH 5) and 50 min (pH 3), ioals
shown together with the theoretical profiles pfand .

The fact that clofibric acid can be identified @$t as the

most significant contribution to the group of oxiable

compounds included in A, indicates that no accutiana

of reactive intermediate oxidation products is thigki
place. The calculated rate constants corresponditige
model described by Egs. 8-9 are shown in Table 1
together with their 95% confidence intervals. Tty
achieved confirms that the parameterdRould not
significantly change during the ozonation of theugy of
compounds that characterize both ozonation periods,
namely clofibric acid and acidic oxidation derives.
The results indicated that an increase of pH acatelé
the first mineralization period both in catalyticdanon-
catalytic runs. This observation is consistent \ili role
of hydroxide anion in the production of hydroxytiieals
and also agrees with previously published datden t
catalytic ozonation of other drugs [27]. The
mineralization of the final refractory products was
somewhat slower in catalytic runs, but the diffesn
have low statistical significance due to the oyedé

their respective confidence intervals. As expected
comparing Egs. 4 and Bx + ks was essentially
coincident withkr and the same for the corresponding
catalytic runs as shown in Table 1.

a)
30
25
TOC
£ 20
Q
=
S
O 15 1 Cs
@
o
& 10 |
5 Ca
0
0 1000 2000 3000 4000 5000 6000 7000 8000
t(s)

30

Ca, Cg, TOC (ppm)

0 O—L O O L O I O
0 2000 4000 6000
t(s)

Figure5. Catalytic ozonation (1 g/L P25) of clofibric aad
pH 3 (a) and 5 (b) and model predictions for clofitacid (@),
TOC and reaction intermediateg).cSymbols correspond to
experimental data and lines to model results. Erojptyes
represent the organic carbon in clofibric acid mead in
samples.

8000

The role played by the adsorption of clofibric aiid
explaining TOC decay is not expected to be impaditan
view of its slow adsorption kinetics as indicatad-ig. 2
and the kinetic mineralization data reported inlé&db
Moreover, the rate constant of the initial TOC deica
catalytic runs is considerably greater at pH 5 thigpoH
3, at which the adsorption of the dissociated fofm
clofibric acid is more favoured. A related questisn
whether the adsorption kinetics of the intermediate
products formed during ozonation may control the
overall reaction rate invalidating the equilibrilrased
mechanisms outlined before (Eq. 5). The contrilvutib
an adsorption process in parallel with the catalyti
reaction would include a term not dependent on the
concentration of oxidant in the rate expression:
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dc
- d_tA = kHO- R« Co, Ca + ka C Ca (10)

The integration of Eq. 10 gives an expression ificvh
the logarithmic decrease of the organic compoumabis
linear with the time-integrated concentration obioe.
The situation underlying this model can be disaniatéd
from those models based on surface equilibrium with
data in which the integral ozone exposure and icact
time are not correlated. The data shown in Figlléce
the logarithmic TOC decay during the ozonation of
clofibric acid at pH 5 in four independent runstlinee
of which the flow of ozone was stopped several $me
during the run and for different periods in ordebtain
TOC data with differen,’ Co,dt in samples taken at the

same time intervals. The data are shown togethér wi
their theoretical fitting curve obtained from E§s9 and
indicate that an adsorption-based mechanism likeah
Eqg. 10 was not governing the observed mineralinatio
kinetics. A different approach leading to the same
conclusion is also shown in the data shown in &jg.
corresponding to runs performed at pH 3. In thass,r
the ozone flow was stopped after 10, 30 and 120imin
runs represented by triangles, squares and circles
respectively. The gas flow was not restored thézeaf
and ozone remained detectable in solution for ab@ut
min after stopping gas flow. If the kinetic expriess
contained a time-dependent term like that in EqtH®
TOC decay curve would turn upwards sharply in thet p
of the run where adsorption of intermediates in the
absence of ozone could take place. The same camtlus
may be drawn for clofibric acid if it remains inlgtion
from the data shown in Fig. 4 that correspond tiorain
which the flow of ozone was stopped after 10 mig. 6
shows the evolution of mineralization with the time
integrated concentration of ozone in runs perforated
pH 3 and 5 while varying the initial concentratiain
clofibric acid. The fact that the logarithmic TOE€ddy is
not dependent on the initial amount of dissolvathaa
supports the assumptions underlying the kinetic
expressions based on Egs. 5-7. It must be noted,
however, that the mechanism can not be considered
proved as other mechanisms are compatible with the
same Kinetic expressions (Rodriguez et al., 2008).
Finally, a series of reactions were also carriedfau
several concentrations of catalyst in the 0.25-8/25
range at pH 5. The results shown in Fig. 7, indi¢chat
kinetic constant&r: andks are linear with the bulk
concentration of catalyst. Concernikyg, it is difficult to
draw conclusions due to the high uncertainty assedi
with this constant. A good fit was obtained usiadues
in the order of 10 L mmof* s?. Fig. 7 also shows the
first-order decomposition constant of ozone in the
presence of Ti@P25 as a function of the amount of
catalyst in suspension. The increase in the ozone
decomposition rate associated to the use of cahtadgsa
minor importance with a shift from 8.98 x16* (non-
catalytic run) to 1.01 x 10s? (1.5 g/L).

J. Hazard. Mater.,

0.8

07 |+ A

06 | o 4

S

—_ A

05 | A
3 2 ™
L~ Mo
S04t
o A
S o3
£ 0. N oo a A

Pa
0.2 P
DO
01 LO A
Neg
0 & L L
0 200 400 600 800 1000 1200
[Cozdt (MM s)

Figure 6. Organic carbon as a function of the integral ozone
exposure for catalytic runs performed at pH 3 (gnsymbols)
and pH 5 (filled symbols) and for different initial
concentrations of clofibric acid: 25 mg/b,(e), 50 mg/L €,
m), 100 mg/L A, A), =1 g/L.
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Figure 7. Pseudo-homogeneous kinetic constants for the
catalytic ozonation of clofibric acid at differecatalyst loads:
kre1 (m, left scale) anddi (e, right scale) and first-order
kinetic constant for the catalytic decompositiorombne, k (o,
right scale).

3.3. Ozonation products

Except for the first few minutes, carboxylic acate the
main products of the ozonation of clofibric acidtbn
catalytic and non-catalytic runs. The three meabure
carboxylates accounted for over 60 % of the organic
carbon that remained in solution at the end of runs
performed using 1 g/L of catalyst. For the same
conditions but in the absence of catalyst, therdma
carbon in the form of carboxylates was less th& 650
the total dissolved organic carbon. After 5 mirg th
amount of organic carbon attributed to carboxylatas
50% and 40% for catalytic and non-catalytic ozanati
respectively at pH 5. At pH 3, the difference batwe
catalytic and non-catalytic runs was greater, \6@Bo
and 40% respectively of the organic carbon in dmenf
of carboxylates. The concentration of oxalate, B-we
known final product of the ozonation of organic
compounds, tend to increase steadily during the,run
particularly at higher pH. The concentration oftate
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showed a different profile in runs performed at®mHh
which a rapid accumulation is followed by a slower
decay as shown in Fig. 8.

The rapid formation of acetate from clofibric awids
probably a consequence of the oxidation of 2-
hydroxyisobutiric acid from the parent compound or
other ring-opening products. If it could be assurtted
all the acetate is produced from clofibric acid th
following kinetic expression applies:

dCace —

dt kA Co, Ca ™ kACE Co, Cace (11)

concentration of carboxylates during the period thak
place in the absence of ozone. These data inditatte
the concentration of carboxylates in solution wais n
appreciably affected by a parallel adsorption or
desorption process either due to anion exchange or
induced by changes in catalytic surface assoctatéte
presence of dissolved ozone. The results exclude a
reaction mechanism based on a modified oxidized
surface reacting with organics from the bulk.

For all reaction conditions studied in this wothe trate
of accumulation of oxalic acid was always positavel
showed no decay after 120 min, the prescribedioeact
time in all cases. The reactions leading to oxalagee

whereka andkace are the second order constants for the predominant during the last part of the ozonatiorsr

ozonation of clofibric aciddy) and acetic acidckce).
They include both direct and indirect ozonation and
correspond to Egs. 4 and 7, although in the case of
catalytic reactions, the subscript “R” has beerpdeal
for clarity. The values dfa are not coincident witkg or
krc from Table 1. For example, for a catalyst load of
g/L at pH 5, the fitting of experimental data to. Eq led
to a rate constamh = 0.36 L mmot s, almost half of
the pseudo-homogeneous rate constant listed ireTabl
This result suggest that a significant fractiomhef
observed acetic acid is produced from relativedyplst
reaction intermediates. Even in the absence abigi
data fromca, accurate values @ice can be obtained
from the concentration profile of acetic acid. Thason
is that during most of the run the kinetic evolatif
acetic acid corresponds to a second order consompti
dominated by the second term of the right handmpflH.

0.30

0.25

0.20

Cace (mmol L)
o
>

0 1000 2000 3000 4000 5000 6000 7000
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Figure 8. Evolution of acetate during the catalytic ozooti

of 50 mg/L of clofibric acid at pH 3s) and pH 5 ¢, non-

Where a previous work [26] determined that thelgata
favours not only the reactions leading to carbaeddut
also the mineralization of carboxylates, in thigkvitis
effect has not been clearly observed, probablydriul
by a large concentration of organic substrateninease,
for the larger reaction times, the individual camtcation
of organic acids was not far different in catalyitd
non-catalytic runs, while the former exhibited aajer
TOC decay.

4. Conclusions

Clofibric acid can be completely removed by caialyt
ozonation in less than 60 min at pH 3 and less 1i@an
min at pH 5 in runs performed at 25°C with a bulk
catalyst concentration of 1 g/L. With an initial
concentration of clofibric acid of 50 mg/L and upia
concentration of dissolved ozone lower than 0.10,mM
non-catalytic ozonation at pH 3 only reached a
conversion of 85% in one hour with an integral azon
exposure of 1500 mM s. The use of 1 g/L of 71O
allowed a complete ozonation in the same time using
with ozone exposure of 400 mM s. The data of ozmk
clofibric acid concentration collected during thes
were fitted to a second order kinetic expressiowhich
the oxidant was assumed to be either ozone or Ryldro
radicals produced from ozone. The kinetic constétite
non-catalytic ozonation of clofibric acid was 81603
+3.4x 10*L mmof! st at pH 3 and 1.7X 10! + 1.5x
102 L mmol! st at pH 5. Catalytic runs were performed
using a Degussa P25 titanium dioxide catalyst that
linearly enhanced the rate of ozonation of clo@latid.

It has also been proved that the disappearandefdire
acid was not a consequence of its adsorption on the

catalytic;o, 0.75 g/L P25). Filled squares correspond to a run€atalyst surface. The mechanism involved in thetiea

with ozone flow stopped after 30 min.

The rate constant for the ozonation of acetate, was
1.57 x 1@ + 2.6 x 10* L mmol* s? for non-catalytic
ozonation and 2.09 x 0t 1.3 x 16* L mmol* s* when
using 1 g/L of P25 catalyst. By contrast, at pHhé itate
of disappearance of acetate was very low and rate
constants could not be determined. The results for
representative runs as shown in Fig. 8. The data fr
experiments in which the flow of ozone was stopped
before the end of the run, show an almost constant

J. Hazard. Mater.,

is probably a interaction of bulk oxidants or oxieli
surface sites with adsorbed organics.

The evolution of total organic carbon in sampld®ia
during the run was modelled as a function of thegral
0zone exposure. It was considered that clofibrid ac
yielded carboxylic acids and other compounds more
difficult to oxidize among which, several simple
carboxylic acids were identified. The extent of
mineralization during non-catalytic runs rangedfro
50% at pH 7 to 20% at pH 3, the reaction takinggla
essentially during the first 10-20 min. The catalys
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decreased TOC in solution with an additional
mineralization of 5-10% with respect to non-catalyt
ozonation runs at pH in the 3-5 range. The most
important consequence of the use of JR25 was to
enhance the first mineralization period with pseudo
homogeneous rate constants of 4323 L mmol?! st at
pH 3 and 1.6& 102 L mmol! st at pH 5, up to three
times over the corresponding non-catalytic constéort
a catalyst load of 1 g/L. The catalyst led to ehbigrate
of carboxylate formation during the first periodtbé run
in which the oxidation of clofibric acid is takimace.
The ozonation of acetate is also accelerated by the
presence of catalyst, with a kinetic constant chang
from 1.57 x 1%, when no catalyst is used, to 2.09 10
L mmotf? st for 1 g/L of P25.

Stopped-flow experiments showed that the disappeara

from solution of clofibric acid and its reaction
intermediates was not a consequence of a slow
adsorption process on the surface of the solida#t also
shown that the catalyst only moderately enhanced th
decomposition of ozone with decomposition rate
constants linearly increasing catalyst load. Tisellte
suggest that the adsorption and subsequent reaxtion
organics on catalyst sites is responsible for the
enhancement of ozonation rate observed in catalytis.
The enhancement is not likely to obey to a greater
surface production of hydroxyl radicals from ozone.
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Ks homogeneous kinetic constant defined in Eq. 4,
L molt st
e pseudo-homogeneous kinetic constant defined
in Eg. 7, L mot s?
. liquid-phase mass individual mass transfer
coefficient, m s
k,, ke Kinetic constants defined in Eq. 11, L maef*
R, ratio of ¢, to ¢, atany time, dimensionless
stoichiometric coefficient
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