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Abstract

The degradation of an aqueous solution of clofibdid was investigated during catalytic and norlgéit ozonation.
The catalyst, Ti@ enhanced the production of hydroxyl radicals frazone and raised the fraction or clofibric acid
degraded by hydroxyl radicals. The rate constanthf® reaction of clofibric acid and hydroxyl raal€ was not
affected by the presence of the catalyst. The ityxi¢ the oxidation products obtained during teacation was
assessed by means\ébrio fischeri andDaphnia magna tests in order to evaluate the potential formatibtoxic by-
products. The results showed that the ozonationewbhanced by the presence of Fie clofibric acid being
removed completely after 15 min at pH 5. The evoiubf dissolved organic carbon, specific ultragtahbsorption at
254 nm and the concentration of carboxylic acidsitooed the degradation process. The formation of 4
chlorophenol, hydroquinone, 4-chlorocatechol, 2rbyglisobutyric acid and three non-aromatic compaund
identified as a product of the ring opening reactdas assessed by exact mass measurements perfoyrigaid
chromatography coupled to time-of-flight mass speoetry (LC-TOF-MS). The bioassays showed a sigaift
increase of toxicity during the initial stages abaation following a toxicity pattern closely raddtto the formation of

ring-opening by-products.

Keywords. Ozonation; Toxicity; Kinetics, Titanium dioxide]dibric acid; D. magna; V. fischeri.

1. Introduction

The presence of environmental xenobiotics such as
pharmaceuticals and personal care products incairfa

they may originate, and the complexity of mixtures
originated in wastewater.

Clofibric acid is the primary metabolite of clofdie, a

and ground waters has become a major cause foewoncdrug used as a lipid regulator which remains in the

due to their effects on aquatic life and poteritigact on
human health. Pharmaceutical compounds such as

environment for a long time [6]. Due to its polar
character, clofibric acid does not significantlysarb in

analgesics, antibioticg;blockers or lipid regulators have soil and can easily spread in surface and grouredwis

a widespread distribution in the environment duthéir
continuous release. Municipal wastewaters are itapor
sources of micropollutant discharges into the
environment. In particular, hospitals may consgitat
major contributor of disinfectants and biologicagigtive
pharmaceuticals to the bulk wastewater discharbe®] [
Ellis also noted the importance of episodic events
associated with stormwaters and non-point souress t
tend to increase with urbanization [3]. Many drpgse
environmental risks not only because of their acute
toxicity, but also the development of pathogenstesice
and endocrine disruption [4]. The presence of these
compounds in aqueous streams exposes aquatic
organisms to multigenerational exposure with a oisk
accumulative effects leading to changes that mianaie
undetected until irreversible damage has been ddbse
Most drugs are persistent and many have even been
designed to resist metabolic degradation. Althcamhe
compounds are not persistent, their continuoushdige
to the environment ensures that they are oftereptest
measurable levels in receiving waters. Anotherceffe
related to the environmental effects of pharmacaigiis
the large variety of metabolites and degradatiaupcts

biological effects are not completely understoad,ib
has been associated with endocrine disruption gfrou
interference with cholesterol synthesis [7]. Thesgnce
of clofibric acid in WWTP has been reported repédigte
since Ternes measured up to gL of clofibric acid in
the effluent of a German treatment plant [8]. Hebet
al. [9] and Heberer [10] found clofibric acid inirtking
water samples from the Berlin area at concentratain
up to 270 ng/L; this was associated with the pcastiof
bank filtration and artificial groundwater enrichme
Zuccato et al. reported values of various nanogizens
liter in drinking water in Lombardy, Italy [11] and
Weigel et al. measured over 1 ng/L in different gk
taken in the North Sea [12]. Boyd et al. reporteerd.00
ng/L of clofibric acid in samples taken at the troéa
drinking water treatment plant [13]. Andreozzi btaand
Tauxe-Wuersch et al. found concentrations of sévera
hundred nanograms per litre of clofibric acid ie th
effluent of WWTP [14, 15]

Ozonation has been studied with a view to transfogm
dissolved organic compounds into a more biodegtadab
form that can eventually be removed by conventional
methods [16, 17]. Recently, it has been shown that
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ozonation may release oxidation intermediates with
enhanced toxicity for aquatic life [18, 19]. Dan&isl.
monitored the biodegradability and toxicity of dutimn
of sulfamethoxazole during an ozonation treatment i
conditions of moderate Total Organic Carbon (TOC)
removal [20]. The results showed a considerablease
in biodegradability accompanied by a rise in acute
toxicity during the first thirty minutes of ozonati. This
problem can be overcome by advanced oxidation
processes. These processes include alkaline ozonation
and the combination of ozone and hydrogen peroxide;
they involve the generation of hydroxyl radicals, a
highly reactive and unselective species, in sfiti
amounts to oxidize dissolved organics [21]. A major
drawback of AOP is the relatively high cost of reats
and energy, which forces a balance to be struckdsst
the target degree of mineralization and the quality
required for the effluent. A toxicity assessment of
partially oxidized mixtures would allow optimal low
severity ozonation treatments to be designed.

The aim of this study was to assess the toxicitjhef
oxidation products obtained during the catalytid aon-
catalytic ozonation of clofibric acid. The catatyti
reactions were performed using a commerciabTiO
catalyst usually employed in photocatalysis whdsktya
to decompose dissolved ozone and to improve ozonati
reactions has been previously studied elsewhere2f#2
The acute toxicity of the intermediates was assklsge
means olibrio fischeri andDaphnia magna bioassay
tests and results were related to the evolutionQ(,
specific ultraviolet absorption at 254 nm (SUX4 and
the concentrations of carboxylic acids of low malac
weight. The presence of several reaction internteslia
was assessed by LC-TOF-MS.

2. Material and methods
2.1. Materials

Clofibric acid, atrazine, and tert-butanol (t-BuOH)

were high-purity analytical grade reagents supplied

by Sigma Aldrich. MiliQ ultrapure water with a
resistivity of at least 18 K cm at 25°C was obtained
from a Milipore system. pH adjustments were madé wi
analytical grade sodium hydroxide or hydrochlokma
from Merck. The heterogeneous catalyst used was
titanium dioxide Degussa P25, a 80/20 mixture of
anatase/rutile. The catalyst is a powder whosegrgim
particles have a size of about 20 nm; that in wiatens
aggregates of several hundred nanometers. Thgstal
point of zero charge (PZC) was @pd6.6, a result that
has been reported elsewhere [23]. The specific BET
surface was 52 + 2 #iy as determined by nitrogen
adsorption.

2.2. Ozonation procedure

The ozonation of clofibric acid was performed ih b
glass jacketed reactor whose temperature was dedtro
by a Huber Polystat cc2 thermostatic regulator and
recorded by means of a Pt100 RTD sensor. pH was

measured using a Crison 5052 electrode connectad to
Eutechalpha-pH100 feed-back control device that
delivered a solution of sodium hydroxide by meaing o
LC10AS Shimadzu pump. The pH control system
allowed pH to be controlled with = 0.1 units. The
experiments were carried out at pH 1, 3 and 5. The
mixture of ozone and oxygen was produced by a @ron
discharge ozonator (Ozomatic, SWO100) fed by an
AirSep AS-12 PSA oxygen generation unit; the mietur
was bubbled into the liquid by means of a poroasg!
diffuser. The concentration of ozone in the gas was
essentially constant at 27 + 1 g’netails of the
experimental set-up are given elsewhere [23, 24].
Ozonation experiments were conducted during one hou
using a concentration of clofibric acid of 25-10Q/in
(116-466uM), necessary to analyze reaction
intermediates and to assess the evolution of tgxici
during treatment. t-BuOH, 10 mM, has been added in
some runs to suppretse contribution of the radical
reactiondue to its well-known role of radical
scavenger. Atrazine has been added ata

concentration of 1 mg/L as reference compound to

use competition kinetics to determine rate constants
[25]. Although the use of p-chlorobenzoic acid is
widespread, we preferred atrazine because, being a
weak base, it does not dissociate nor adsorbs
significantly on positively charged surfaces (< 3% in
one hour at pH 5 for the conditions used in this work).
In the samples withdrawn for analysis, dissolveohez
was removed by bubbling nitrogen. In samples taken
during catalytic runs, and after removing ozone,{Hl
was raised to > 8.5 with NaOH and kept under atrri
for at least 30 min prior to filtering using 0.4/ Teflon
filters. The reason was to force the desorpticionised
acidic substances by raising pH over the poineobz
charge of the surface. The role of anion exchangers
played by positively charged surfaces (pH g

pHezc = 6.6) with dissociated acids has been widely
recognised [26]. Comparative runs have also besieda
out with the catalyst being immediately filteredrfr
samples.

2.3. Toxicity bioassays

Toxicity tests were performed with the photo-
luminescent bacteridibrio fischeri (V. fischeri) and the
planktonic crustacearm3aphnia magna (D. magna).

During and incubation period of 15 min, the biogssa
with V. fischeri measures the decrease in
bioluminescence induced in the cell metabolismhay t
presence of a toxic substance and was carriedhout i
accordance with ISO 11348 standard protocol [2fig T
bacterial assay used the commercially availablé&Bio
Lumi test (Macherey-Nagel, Germany). The bacterial
reagent was supplied freeze-dri&fibfio fischeri NRRL-

B 11177) and was reconstituted with a growth medium
(NacCl, 2%) and incubated at +3 °C for 5 min befase.
Tests were performed at 15 °C and light measuresnent
were taken by an Optocomp luminometer. The efféct o
toxics was measured as percentage of inhibitioh wit

J. Hazard. Mater., 172, 1061-1068, 2009



respect to the light emitted under test conditiorthe
absence of any toxic influenc&cute immobilization
tests withD. magna were conducted following the
standard protocol described in the European Guideli
[28]. TheD. magna bioassay used a commercially
available test kit (Daphtoxkit F™ magna, Creasel,
Belgium). The dormant eggs were incubated in stahda
culture medium imitating natural freshwater at 20°P€
under continuous illumination of 6000 Ix in order t
induce hatching. Between hatching and test sthps, t
daphnids were fed with the cyanobact&ia ulina to
avoid mortality during tests. The pH of samples was
adjusted so that if fell within the tolerance inrof the
test organisms [29]. Test plates widhmagna neonates
were incubated for 48 h in the dark at 20°C. Acute
toxicity was assessed by observing the effecteefdst
compounds on the mobility @. magna. The neonates
were considered immobilized if they lay on the bwitof
the test plate and did not resume swimming within a
period of 15 s. Acute toxicity is expressed in tleist as
the median effective concentration @gdeading to the
immobilization of 50% of the daphnids after the
prescribed exposure time. All bioassays were rafgdit
with different ozonation batches.

2.4. Analytical methods

The concentration of ozone dissolved in the liquas
continuously monitored using an amperometric

Rosemount 499A0Z analyzer equipped with Pt 100 RT

temperature compensation and calibrated against the
Indigo Colorimetric Method (SM 4500<@). The signal
from the electrode was transmitted to an Agilera 7
Data Acquisition Unit by means of a Rosemount 1055
SoluComp Il Dual Input Analyser. The Data Acqusiti
unit digitalized the signals from the concentratidn
dissolved ozone, pH and temperature with a sampling
period of 5 s. The concentration of ozone in gassph

was determined using a non-dispersive UV Photometer
Anseros Ozomat GM6000 Pro, tested against a chemic

method. Total Organic Carbon (TOC) was determined

means of a Shimadzu TOC-VCSH total carbon organic

analyzer equipped with an ASI-V autosampler. COD
measurements were performed using the Standard
Method 5220D. Carboxylic acids were determined in
dissociated form using a Dionex DX120 lon
Chromatograph with a conductivity detector and an
lonPac AS9-HC 4 x 250mm analytical column (ASRS-
Ultra suppressor). The eluent was 9.0 mM@®@&; with a
flow of 1.0 mL/min and the sample loop volume was 1
pL. Ultraviolet absorbance at 254 nm was recorded by
means of a Shimadzu SPD-6AV spectrophotometric
detector. Specific ultraviolet absorbance (SUMAwas
obtained by calculating the ratio of ultraviolesatbhance
at 254 nm while the total organic carbon of the @anm
mg/L. SUVAss4 provided an indirect measure of the
aromaticity of the dissolved organic matter and was
calculated in accordance with the protocol of tig& U
Environmental Protection Agency [30]. The analysks
clofibric acid and atrazine were performed by HPLC

using a Hewlett Packard 1100 apparatus (Agilent
Technologies, Palo Alto, USA) equipped with a reeer
phase Zorbax C18 analytical column of 3 mm x 250, mm
5 um particle size. The mobile phase was a mixture of
water containing 4 mL/L of phosphoric acid and S0'Im
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 ridigh accuracy mass
analyses of the ozonation products were perfornsetyu
an Agilent 1100 G1354A chromatograph coupled with a
Agilent 6210 ESI/MS time-of-flight mass spectronrete
(LC-TOF-MS) that used the same column as indicated
above. The mobile phase was a mixture of 0.1% formi
acid and 5% Milli-Q water in acetonitrile as mohjilease
A and 0.1% formic acid in water as mobile phas@B (
3.5) at a flow rate of 0.4 mL min A linear gradient
progressed from 10% A (initial conditions) to 10@n
30 min, and then remained steady at 100% A forrh mi
The injection volume was 2. TOF acquisition
parameters were used: capillary 4000 V, nebulizer:
340 kPa, drying gas: 10 L mingas temperature 350 °C,
skimmer voltage 60V, 4000 V.

3. Results and discussion
3.1. Ozonation of clofibric acid

In order to ensure a slow gas-liquid kinetic regiade
measurements were made with ozone in solution atith
ast 1/18 of its equilibrium concentration calculated
rom that of the ozone in the gas phase. Theseitxamsl
ensure Hatta numbers lower than 0.20 even at pi 5.
contrast, for pH > 6, the kinetic regime was rotsand
that the model outlined above cannot be applied. Th

ozonation of a given organic compound, M, is the
conseqguence of second order parallel reactions with
dissolved ozone and hydroxyl radicals. The hydroxyl
radicals originate from the decomposition of ozona
reaction initiated by the hydroxyl anion. Following
glovitz and von Gunten [31], a constant ratio oditoxyl
adicals to ozone existed at any time, leadindpéo t
ollowing expression:
—dﬂ:k - Cor Cu T Ko, Co, € :(k . R, ¢Co +k0co)c =kgCo.C
dt HO" “HO" M 03 “M HO' 3 3 03/ “M R ~03 ™M

(1)

The presence of 0.1 mM t-BuOH, a substance acting as
radical scavenger, eliminates the contribution of the
radical reaction and, therefore, the direct ozonation
constant ko, can be derived from the integrated form

of Eq. 1:

_,n(c

M,o

c, (2)

j =ko, [ ¢, dt
Runs performed at different pH values and, theegfor
with a different degree of dissociation of clofibacid
(pKa = 3.2), allowed the calculation of the direct
ozonation constant for the protonated (pH 1) and
dissociated form (pH 5). Fig. 1 shows the experi@en
values of the logarithmic decay of the concentratib
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clofibric acid as a function of the integral ozone
exposure. The results evidenced an increase oatbe
constant from 3.5 0.5 M-t s-* at pH 1 to 14.3 1.6 M1
s at pH 5, the last corresponding to the deprotahate
form. Direct ozonation rate constants typically eleg on
speciation. This result agrees with observatiopsmég
that deprotonated species react faster with the
electrophilic ozone molecule [32].
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Figure 1. Logarithmic decay of clofibric acid as a functioh
the integral ozone exposure during non-catalytanetion
runs in the presence on t-BuOH 10 mM at pkAlland 5 ).
Filled symbols correspond to catalytic ozonatioptat3 (e)
and 5 @) using 1 g/L of P25 Ti@

A competition kinetics method using atrazine as
reference compound, R, was used to determine the ra
constant for the reaction with hydroxyl radicals. &

can be applied for both compounds yielding the
following expression:

{5 (e ©
Cu Ke(r) G ) Kor T RiKour) Cr

The fitting of experimental data to Eq. 3 was perfed
using theapparent rate constants for clofibric acid, kz,
previously evaluated at pH 3 (8.16 M* sY) and 5 (177
M- s1) with the same catalyst load [24] and the values
reported in the literature for the rate constahtsti@zine
ozonation, ko, = 4 M st andkoy = 2.7x 10° M1 st
[33]. R values of 2.% 108 (pH 5) and 7.5% 10%° (pH 3)
have been derived. The rate constant for the mraofi
clofibric acid with hydroxyl radicakox, can be
calculated from the integrated form of Eq. 1 yielflb.5
x 10° + 8x 10°M s, Huber et al. [34] and Packer et al.
[35] published second order rate constants for the
reaction of @ (< 20 M!s?) and HO- (4.% 10° M s?)
with clofibric acid at pH 7. Razawi et al. [36] satly
reported a value of 6.9810° + 1.2x 10°M s? for the
bimolecular reaction rate constants with HO- . Adge
values are in good agreement with those reportesl he
These figures also show that at pH 5, 90% of the
oxidation of clofibric acid takes place by reactigith
hydroxyl radicals, while at pH 3 only half of clbfic
acid reacted through a direct ozonation route.

Catalytic ozonation has been shown to follow thaesa
kinetic expression by making simple assumption$ sisc
the adsorption equilibrium of organic compounds and
reaction with hydroxyl radicals from the bulk [3T}.a
previous work, we reported pseudo-homogeneous rate
constants atp3 (21.7 M* s) and 5 (680 M s?) for a
bulk catalyst concentration of 1 g/L [24]. Usingsle
data and with the same procedure described befere,
obtainedR; values of 4.5% 10° (pH 3) and 1.X 107

(pH 5). They represent about a four to six-timeease
respectively in the efficiency of the production of
hydroxyl radicals from ozone. Usirg, determined in

catalytic runs performed in the presence of t-Bu®H,
M1 statpH 3 and 14 M stat pH 5, it was also
possible to derive the rate constant for the reaction
with hydroxyl radical by means of Eq. 1. These values
were 4.0x 10° (pH 3) and 5.% 10° (pH 5), both
essentially coincident with the same rate constant
obtained in the absence of catalyst. These resudjgest
that the catalyst surface plays a significant noléne
production of hydroxyl radicals but the interaction
between solid surface and organics seems to bedmi
At least, the kinetic data obtained in this woré dot
reveal a significant change kax. as a consequence of
such interaction.

3.2. Efficiency of mineralization

The mineralization of reaction intermediates was
monitored by simultaneously determining TOC and COD
in samples taken during the experiments. The detay
TOC was relatively rapid during the first part bétruns.
Thereatfter, it took place a second period marked by
much lower rate of mineralization and in which we
measured important amounts of simple carboxylidsaci
The catalyst, TiQP25, increased the rate of TOC decay
during the first period, in which still persistedertain
amount of unreacted clofibric acid, with almostaffect

on the final part of the run. The evolution of TG&s

been extensively treated in a previous work [24é W
determined the dissolved organic carbon in the fofm
clofibric, oxalic (OXA), acetic (ACE), and formi¢QOR)
acids, in all samples collected during the rung Th
organic carbon belonging to non-quantified compaund
was defined as:

TOC,, = TOC- TOG~ TOG,n~ TOG..— TOG
(4)

The relative amount of TQgin catalytic and non-
catalytic runs performed at pH 3 and 5 is showhiin 2.
Non-catalytic reactions clearly produced a higheoant
of intermediates other than carboxylic acids, aste
during the first part of the ozonation. The effetthe
introduction of catalyst can also be computed bggis
the mean oxidation number of carbon (MOC). The
increment of this paramete&xMOC, is expressed as
follows in molar units [25]:
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®)

AMOC = 4(CODO _ CODJ

TOC, TOC

Also plotted in Fig. 2 are the values&¥OC for
representative samples. The graph shows a steady
increase in the oxidation number of carbon assediat
with the formation of oxidized derivatives but wotlt
reaching a stationary state in terms of the carbon
oxidation number after one hour. Another paramesed
to reflect the mineralization efficiency of an oatibn
system is the partial oxidation efficiency, E, defil in
Eq. 6 with units expressed in mg/L [38]:

E= COD, COD
TOC, TOC
E represents the percentage of COD still not miizexh
at a given time. In the catalytic runs performethiis
study, E reached an almost constant value with a
mineralization fraction that approached 65% aft&30
minutes. In all cases the degree of mineralization
obtained was not particularly high and was consiste

with the accumulation of partially oxidized interdigtes
in the reaction mixture.

T
ocC j ©
Ccon - COD

06

0.5

o
'S
T

TOC,/TOC,
o
w
AMOC

o
(8]
T

o
-

2000 3000

time (s)

0 1000

Figure 2. Relative amount of organic carbon in non-quaeifi
compounds, TOg, at pH 3 (circles) and 5 (squares) during
catalytic (filled symbols and solid lines) and ncatalytic
(empty symbols). Right scalAMOC (dashed lines) for
catalytic runs at pH 3 and 5 @).

3.3. Identification of oxidation intermediates

The two main simple carboxylic acids detected lydo
chromatography were acetic and oxalic acids. Oxatid
was the only oxidation product that accumulatedliin
runs irrespective of pH. As indicated in Fig. 3, it
concentration increased with the severity of treatim
reaching about 15% of the remaining dissolved aarbo
Jointly, oxalic and acetic acid accounted for aumee-
third of the total organic carbon at the end o#lydic
and non-catalytic runs. Both pH increase and tluiad
of catalyst improved the formation of simple candax
acids up to a certain point; beyond that pointrtregie of
mineralization was greater than that of their faiorg
mostly due to the mineralization of acetic acid][24

Coxa (Mg/L)

0 500

1000 1500 2000

time (s)

2500 3000 3500 4000

Figure 3. Concentration of oxalic acids in runs at pH 3
(circles) and 5 (squares) during catalytic (fillea)d non-
catalytic (empty) runs. Initial concentration obfibric acid:
100 mg/L.

The identification of more complex oxidation by-
products was performed by LC-TOF-MS carried out on
reaction samples collected during non-catalyticsrun
performed with the highest concentration of claibr
acid. The measurements allowed elemental compuositio
to be proposed with precision for the moleculasioh

the compounds detected as well as for their cheniatic
fragments and sodium adducts. The high resolution o
TOF instruments yields accurate mass measuremedts a
permits elemental compositions to be proposedi®r t
fragment ions of the detected compounds. As ineliCat
Table 1, errors were below 10 ppm except for 4-
chlorophenol detected in negative mode, a compound
also detected in positive mode with less erromdligh
this information does not provide full certaintytwi
regard to chemical structures, a structure assighmas
proposed based on these measurements and on the
chemistry of ozone reactions. Some of the interatedi
detected coincided with those reported elsewheérés S
et al. [39] studied the oxidation of clofibric aaiding
Fenton systems and proposed a reaction schemeééh wh
clofibric acid is first oxidized to 4-chloropheny the
breaking of the C(1)-O bond, thus also yielding 2-
hydroxyisobutiric acid. Further hydroxyl attack G4
position of 4-chlorophenol yields hydroquinone, vwdees
the attack on C(2) position leads to 4-chlorocatechhe
formation of 4-chlorocatechol from 4-chlorophenaym
take place as a result of a direct ozone attatly dhe
selective attack of hydroxyl radical on tbetho-position

of 4-chlorophenol [40]. Doll and Frimmel [41]
investigated the catalytic photodegradation prazlo€t
clofibric acid and proposed the same pathway tageth
with a parallel dechlorination reaction which supgdly
yields 2-(4-hydroxyphenoxy)-isobutyric acid. This
reaction was not detected in the present study. 4-
chlorophenol, 4-chlorocatechol and hydroquinoneswer
detected in most samples tested but in very lomentso
and, therefore, they have not been quantified agrfrent
ion withm/z 103.0391 was also detected in El negative
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Table 1. Mass measurements obtained by LC-TOF-MS forlatifiacid and its identified ozonation products.
Compound numbers refer to Fig. 4.

No. Name Molecular Detected lonization | Experimentall Calculated
formule ion mode mass nvz) mass nvz)
1 clofibric acic CioH11ClO; | (CigHeCIO3)* | positive 213.031. 213.031
2 4-chlorophenol gHsCIO (CeH4CIO) negativi 126.997. 126.995.
(CeHsCIO)" | positive 129.009: 129.010°
3 2-hydroxyisobutyric | CsHgO3 (C4H703) negative 103.0391 103.0395
acic
4 hydroguinon CeHsO2 (CeHsOp) negativi 109.028 109.029
5 4-chlorocatechc CeHsCIO, (CeH4CIO2) | negativt 142.991 142.990!
6 PE CoH1cOg (CgHoOg) negativi 245.029: 245.029
7 P7 CsH1cOs (CgH1cOsNa)* | positive 225.037. 225.037!
8 P8 C7/HgOy (C7Hs0Or)* positive 205.035! 205.034i
a) b)
- ‘C?HCOOH Hac—(%ihcom HC— EHCOOH HC— c COOH HC— i COOH
i X A coon P eoon__ oo

CH CH,
T Og,~CHs &
+  HC-C—COOH —> f —> CH,COOH HC=(—COOH
S CH, o
) 3
/ 2 \
OH OH
:: OH :
<] OH
5 4

CHs CHy
HC— c COOH HC— c COOH

c)

HC— C COOH HC— c COOH

g ‘COOH

HC— C COOH

COOH COOH

X _~COOH o

/ Cl OH
N

CH CH
HiC— C COOH HC— C COOH

$ o o 6
HOOC.
/

HOOC,
Hooc 2 oH HOOC\ _2\_0 N0
, —_— —_ —_—
N
[N X N

N N OH o Ho” Yo

HC— c COOH

OH OH OH 6

CH

5
H N HC— c COOH
/ COOH / CooH Oy, o IS CHs COOH
— o —> HC-C-COOH + |
, o N ] COOH
o o OH

OH
3

Figure 4. Suggested reaction scheme for the ozonatiorofibdk acid.

mode with signals decreasing with time and intgrit
treatment. The signal was attributed to the enmgdiric
formula [CGH7Os] corresponding to 2-hydroxyisobutyric
acid, also detected by Doll and Frimmel [41]. These
results suggest that the breaking of the C(1)-Glkion
yield 4-chlorophenol, characteristic of HO- attdska
minor degradation route in ozonation in acidic
conditions. The corresponding reaction scheme amvsh
in Fig. 4a. The relatively large amount of acetiida
detected during the runs was possible the outcdrtieo
oxidation of 2-hydroxyisobutiric acid.

The three other oxidation products, identified 6sP7
and P8 in Table 1, were assumed to corresponatto th
ring-cleavage of clofibric acid though a normal aton
mechanism. The ion fragmentratz 245.0292 (GHyOs,
-2.04 ppm error) was assigned to the neutral eogbiri
formula GH1¢0g, an oxidation and dechlorination
product from a ring opened structure still preseg\the

methylpropionic group from clofibric acid. The extted
ion chromatogram (XIC) atvz 245.029 clearly shows
four isomers with the same exact mass; these were
assumed to be the products of the ozonation céreifit
positions in the aromatic ring. A probable reaction
pathway leading to four isomers has been depicté&ig.
4b with an initial ozone attack on C2-C3 and C4-C5
bonds. The proposed pathway starts with the ring-
opening by ozone cycloaddition and includes a doubl
HO- addition to the double bond followed by the
oxidation and decarboxylation of tlkeketo acid. This
sequence leads to four isomers, the Z-E formseof th
structures labelled as 6 in Fig. 4b. Compound 6 may
undergo further decarboxylation to yield 7, whose
proposed structure was confirmed by the presentieeof
corresponding sodium adduotz 225 (GH100sNa", -
1.78 ppm error). By following an oxidative sequence
such as that indicated in Fig. 4c, 7 could genedate
Compound 8 showed a nominal masgz 204 (GHgO,
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5.36 ppm) and its oxidation products should be 2-
hydroxyisobutyric and oxalic acids, thus completing
oxidative chain. It is worth noting that prior tug study,
none of these three ring-opening products from the
ozonation of clofibric acid had been previouslyaeed.

3.4. Toxicity of ozonated samples

The evolution of SUVAes with reaction time is shown in
Fig. 5. The pattern was similar in all cases, with
maximum reached during the first few minutes thas w
more pronounced at higher pH. The catalyst always
reduced the absorbance during the first part ofuhe
even though for runs at pH 3, SUYAreached higher
maximum values for intermediate reaction timesm t
presence of catalyst. These data seem to refléts gh
the absorbance of aromatic derivatives of clofibed
which tended to accumulate in the reaction mixaineH
3 probably as a consequence of the greater initenaaut
the positively charged catalyst with clofibric acidv-
absorbing compounds like 4-chlorophenol and other
probable products not detected in this work areesed
to be responsible for the SUVA peak at the beginning
of the run. The non-saturated character of thesstion
products was expected to be linked to an increateei
toxicity of the reaction mixture even if TOC dinshied
considerably. A certain similarity between SUMA
profiles and the relative TOC in non-quantified
compounds, especially for non-catalytic runs, also
supported this assumption.
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Figure5. Specific ultraviolet absorption at 254 nm (SUMA
for the ozonation of clofibric acid at pH 8)(and 5¢) in the
absence of catalyst and at pHe3 &nd 5 @) using 1 g/L of
TiO; as catalyst.

The toxicity of reaction mixtures consisting of alty
oxidized reaction intermediates was assessad on
fischeri and acut®. magna. The inhibition observed in

ECso value of 91.8 mg/L [42]. The experimental value of
ECso for clofibric acid in 48 tD. magna toxicity test was
91+ 9 mg/L, in good agreement with data presented by
Henschel et al. who reported 89 mg/L [43].
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Figure 6. Toxicity assessed by inhibition ¥f fischeri (o) and
immobilization ofD. magna (m) in the reaction mixture from
the ozonation of 100 mg/L of clofibric acid in noatalytic
(upper panel) and catalytic (lower panel) runskt3p The
catalyst used was 1 g/L of TiO

The results of toxicity bioassays of samples takaing
the runs at different reaction times area showFigs. 6
and 7 and represent the average of two replicai® ru
The results obtained at pH 5 (Fig. 7) follow a gatt
similar to the SUVAe4 profile represented in Fig. 5 with
a significant increase of toxicity during the ialtstages
of ozonation. This phenomenon is particularly mdrke
for D. magna tests, which reached near 100%
immobilization during the first 5-10 min. This pedi of
increased toxicity lasted considerably longer tten
maximum observed in SUVAA. As indicated below, the
discrepancy with the SUVA, profile could be attributed
to the accumulation of reaction products from the

V. fischeri bioassay of an untreated solution of 100 mg/'—breaking of the aromatic ring. These compounds may

of clofibric acid in ultrapure water was 21% foc@ntact
time of 15 min, consistent with the Ekalue obtained
in this work, namely, 258 + 34 mg/L. The toxicity
obtained was considerably lower than that obtamed
Ferrari et al. for a 30 min Microtox assay witheported

account for a substantial part of the relativelyhhi
amount of dissolved carbon, up to 40% of the ihit@C
that remained in solution after one hour in thefaf
compounds different from the three simple carbaxyli
acids that were accurately monitored in this work.
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Figure 7. Toxicity assessed by inhibition ¥f fischeri (o) and
immobilization ofD. magna (m) in the reaction mixture from
the ozonation of 100 mg/L of clofibric acid in noatalytic (a)
and catalytic (b) runs at pH 5. In Fig. 7a the ar@@esponding
to compounds 6, 7 and 8 in Table 1 is also shovarhitrary
units (A, right scale). The catalyst used was 1 g/L of;TiO

The increase in the toxicity of treated samplestdube
formation of by-products that can cause greatdcityx
than the parent compound has been previously obderv
[44]. Closely related to this work, Shang et a8][1
reported a toxicity increase during the early stagfehe
ozonation of chlorophenols that was attributechto t
formation of chlorocatechols, chloromuconic acidd a
other hydroxylated or chlorinated compounds. In the
present study, the identified oxidation productgwi
higher toxicity were hydroquinone and 4-chloropHeno
with EGso values one order of magnitude lower Yor
fischeri than forD. magna. Reported E€; for V. fischeri
(15 min) are 1.2 mg/L for 4-chlorophenol [44] an641L
mg/L for hydroquinone [45]. As fdD. magna (48 h), the
corresponding figures are 12.8 mg/L [46] and 0.18Lm
[47]. In the present study the observed toxicitys Wwa
general higher foD. magna than forV. fischeri,
suggesting a major effect associated with the ring-
opening products rather than the aforementioned
aromatic compounds. In support of this hypothdhis,
sum of chromatographic areas from peaks correspgndi
to compounds 6, 7 and 8, closely following the
experimental toxicity pattern, are shown in Fig. 7a

The significantly different evolution of toxicitybserved
at pH 3 with respect to pH 5 is probably due toltveer
rate of accumulation on oxidized intermediates. Low
molecular weight carboxylic acids might also playke
in the significantly lower immobilization d. magna
during the first part of ozonations at pH 3. These
compounds were preferentially produced during st f
part of runs performed at pH 5 and were markedlyemo
toxic for D. magna than forV. fischeri [45, 48]. As for
formic acid, at pH 5, its concentration showed a
maximum of about 20 mg/L after 15 min of ozonation,
whereas it accumulated continuously at pH 3 witleli
difference between catalytic and non-catalytic runs

The considerably lower toxicity observed in catialyt
runs indicates that the catalyst reduces the adetiom
of oxidation intermediates in the mixture. As shown
before, the catalyst enhanced the ozonation oibelof
acid, which suggests that the same mechanism could
operate with acidic intermediates, particularlydaci
compounds from the ring opening of clofibric acithe
interaction of a catalyst with organic molecules in
agueous solution is governed by the pH of the nmediu
and the point of zero charge (PZC) of the solidiciviis
the pH at which the surface is neutral. The adgmomif
neutral compounds on oxides in aqueous solutions is
hindered by the competitive adsorption of water
molecules, but the adsorption of dissociated acidic
compounds is relatively favoured as the surface is
positively charge below pidc and may behave as anion
exchanger [32]. Clofibric acid and other compounds
dissociated in considerable amounts at pH 3-5 daarh
on TiO,.

The aromatic intermediates formed in the ozonation
clofibric acid were not dissociated in the openadio
conditions established in the present study apkhef
hydroquinone is 10.35 and that of 4-chlorophen889.
The results oD. magnaimmobilization, particularly low
at pH 3, might be explained on the basis of the
interaction of the catalyst with acidic substances
generated during the run. The aromatic compounts no
affected by the presence of catalyst are more foxiv.
fischeri and would be perceived selectively by this
bioassay.

4, Conclusions

The rate constant for the homogeneous direct oimmmat
of clofibric acid increased from 350.5 M-t st at pH 1
to 14.3+ 1.6 M-t s-* at pH 5 due to the speciation of the
acid. The rate constant for the reaction of hydkoxy
radicals and clofibric acid was calculated usirgy th
competitive method of kinetic analysis yielding %.50°
+8x 10°M1 st At pH 3, 50% of the oxidation of
clofibric acid takes place by reaction with hydrbxy
radicals, a figure that increases to 90% at pHhe. T
depletion of clofibric acid during ozonation was
considerably enhanced by the presence of titanium
dioxide with at least a four-time increase in tffeciency
of the production of hydroxyl radicals from ozoibe
catalyst raised the fraction or clofibric acid deggd by
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