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Abstract

This study investigates the ozonation of naproxehaarbamazepine during catalytic and non-catalytic
semicontinuous oxidation experiments performedbaC2and in the range of pH 3-7. The results shaived
naproxen and carbamazepine were completely consumtled first few minutes of reaction. The exteht o
mineralization during non-catalytic runs reachedulb0% and essentially took place during a pecmeering the
first 10-20 min. Catalytic runs were carried outaooommercial catalyst consisting of fumed collbili®: particles.
The catalyst increased the extent of mineralizatipup to 75% of the initial organic carbon. Thseulés showed that
the catalyst enhanced mineralization both in acadid neutral solutions, but the best results whbtaiwed in a
slightly acidic media. This effect was probablykiad to the adsorption of reaction intermediatet@nis acid
catalytic sites. The catalyst enhanced the decotiosf ozone in an acid medium but inhibitednitd neutral
solution. This seems to exclude a mechanism baséukeosurface formation of hydroxyl radicals folkedvby their
migration and bulk reaction with organic compouridse evolution of the total organic carbon measimeshmples
taken during the run was modelled as a functioth@fintegral ozone exposure. The kinetic regressiodel
considered that the ozonation products from napraexearbamazepine consisted of either oxidizablefoactory
compounds, where the latter were necessarily pestifrom the former. The model assumed a second oedetion
between organic compounds and ozone. The highecaatytic rate constants for the first mineraliaatperiod
were 1.048& 102+ 9.3x 10* L mmol?* sfor naproxen and 6.16103 + 5.6x 10* L mmotl! s? for carbamazepine,
both at pH 7. The corresponding pseudohomogenedalytic rate constants were 7760° + 3.9x 10* L mmol*s
land 4.25 10° £ 9.7x 10* L mmol* s* for naproxen and carbamazepine respectively & phid with a catalyst
load of 1 g/L. The evolution of carboxylic acidsrishg reaction revealed that the catalyst avoidedatcumulation of
oxalate especially in comparison with non-catalytiics, in which it accounted for up to 30% of theaf organic
carbon. Specific ultraviolet absorbance at 254 ram also followed during the run. The products fraproxen
reached a high absorbance from the beginning adzbeation that was maintained throughout the Fan.
carbamazepine, however, the absorbance rapidlgased revealing a different chemical structureea€tion
products.
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1. Introduction [6]. To overcome the relatively high-energy intéysif
ozonation and the fact that some compounds are
relatively refractory to ozonation treatments, save
advanced oxidation processes have also been pbpose
[7, 8]. The homogeneous rate of hydroxyl radicals
produced from ozone is strongly enhanced undetiadka
conditions in which an important drawback existghia
case of water with bromide levels higher tharug0.

due to the formation of bromate as an oxidation by-
product [9]. Bromate formation can be avoided by
limiting ozone exposure and by using pH < 7 [10].
Catalytic ozonation can be used to promote ozone
decomposition, ozonation reactions or both in acidi
conditions, in which the formation of hydroxy! radls
and the rate of mineralization would otherwisedze t
low. Moreover, the use of a catalyst has been tegdba
proposed to remove carboxylic acids, a class addruoy
compounds particularly refractory to the oxidatin
ozone and produced during the ozonation of complex
organic molecules [11, 12].

Human and veterinary drugs and their bioactive
metabolites are continuously released into the
environment and may lead to long-term adverse &ffec
for aquatic and terrestrial organisms [1]. Terreggsorted
the existence of a number of drug residues in the
discharge waters of German Municipal Sewage
Treatment Plants as a consequence of their relative
high persistence in biological treatments perfornvét
non-adapted microorganisms [2-3]. Some
pharmaceuticals showed resistance even to advanced
water treatment systems such as adsorption onlgranu
activated carbon or ozonation, thus proving thetehs a
risk of exposure through drinking water supplies,
especially in water reuse situations [4]. In fact,
significant concentrations of these compounds have
already been reported in rivers and other surfatens
[5]. A combination of high residence-time biolodica
treatment and ozonation seems to be a promising
technology to be applied in wastewater treatmeantgl
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Supported and unsupported metals and metal oxides aagent (Fig. 1). These compounds were selected as

the most commonly tested catalysts for the ozonatfo
organic compounds in water. Titanium oxide has been
repeatedly reported as an active material able to
accelerate the ozonation processes of different
compounds [12-14]. Its role in the mineralizatidriaawv
molecular weight carboxylic acids has been repdoted
Beltran et al. [15-16] showing conversions fortmeis
higher than that corresponding to non-catalytic
homogeneous ozonation. Gracia et al. [17] repated

representative of two different families of drugs t
occurrence of which has previously been reported in
water and wastewater [2]. The catalytic reactioesaw
performed in a semi-continuous regime using a
commercial Degussa P25 TiGatalyst commonly used
in photocatalysis and in photocatalytic ozonati2i |
Moreover, the activity of P25 Tidn decomposing
dissolved ozone has been previously reported by our
group in unsteady absorption-reaction experimdras t

high activity of TiQ supported in alumina in the removalallowed the determination of reaction constants and

of organic carbon in natural waters by ozone. @n th
other hand, Cooper and Burch [18] found no sigaiitc
differences between pure alumina and JAD,Os for the
ozonation of oxalic acid. Concerning the mechara$m
catalytic ozonation, there is still controversyasdjng
the ability of the catalyst to adsorb the orgamiestrate,
especially on ionizable surfaces. Catalytic ozamathay
proceed with the adsorption of ozone, the organic
pollutant or both and the process may or may nailire
surface equilibrium. It has been demonstrated that

activation energies for ozone decomposition and
suggested that P25 could be a good choice as an
ozonation catalyst for the mineralization of organi
pollutants in water [26]. The main characteristics
influencing the TiQ activity are surface area, crystalline
phase, particle size and the aggregate size iresggEm
[27]. With respect to the last of these, nanosk28

TiO, particles exist in agglomerates in solution as a
consequence of Van der Waals attractive forces;twhi
can be affected by hydrolyzation of Ti€urface. The

dissolved ozone adsorbs and decomposes on mady soliydrolyzation occurs at pH below gk and therefore in

surfaces other than activated carbon, the resulting
radicals being responsible for indirect oxidatieaations

acidic conditions so originating repulsive forcesvizzen
particles [28]. The effect of pH on the size oftjude

[19]. The proposed mechanisms for heterogeneouseozaaggregates of TiChas been reported by some authors,

decomposition usually extrapolate the results alethin

but values do not generally agree. Fernandez-lbéfiaiz

the gas phase. For example, Dhandapani and Oydha [£29] reported aggregates from 250 to 600 nm iniecid

reported that the ozone decomposition on p-typdesxi
is consistent with the formation of superoxide, () or

peroxide 022‘) species on the surface. Bullanin et al.

[21] suggested that ozone dissociates after adsorph
strong Lewis sites yielding a surface oxygen atom,
whereas on weaker sites, ozone molecules coorditeate
one of the terminal oxygen atoms. Besides thediqui
phase reaction of surface-produced radicals, the
adsorption of organic molecules on the catalysaser
leads to additional mechanisms: an adsorbed organic
compound may react with ozone or radicals from the

bulk agueous phase or with an adsorbed ozone nielecu

or the products of surface ozone decomposition [P2¢
prevailing mechanism is not clear. Moreover, it ttabe
taken into consideration that the formation of scef
oxidation sites or the adsorption of neutral conmuizuon
oxides is difficult in agueous solutions due to the
competitive adsorption of water molecules. Adsanpis
easier for ionizable organic compounds in waténef
surface is charged allowing ion exchange. In fiet,
surface of metal oxides exhibits ion exchange ptase
and the hydroxyl groups formed behave as Brongtied a
sites and dissociate depending on the pH of theisol
[23]. Finally, a mechanism has been proposed based
the initiation of ozone decomposition by hydroxidaes
linked to the negatively charged surface of metad®
[24].

The aim of this work is the study of the aqueouasgh
catalytic ozonation of naproxen, a non-steroid#tan
inflammatory drug, and carbamazepine, an antiefiilep

solutions with significant differences among agtat
protocols. Yurkadal et al. [30] obtained much large
values from 2.2 to 2.am for pH in the 3-8 range with a
low influence of pH but with an important effect of
catalyst concentration on the size of agglomeraité=ast
for low concentrations. Gumy et al. reported 370atm
pH 6 [31]. Whereas agglomeration has been showe to
an important factor for the catalyst’s activityg it
measurement is difficult and published data doagpée.
An activity decrease could be expected by bringing

surface close to neutrality.
N O

NH.
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Figure 1. Chemical structures of carbamazepine (a) and
naproxen (b).

b)

CHO

Concerning the interaction with catalytic surfatbe,

most significant difference between carbamazepiue a
naproxen was that the former (pK14.0) was
protonated in the whole pH range whereas naprogxén (
= 4.60) dissociated, allowing ion exchange on pasit
charged surfaces. Special attention was paid to the
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kinetics of mineralization and to the presencexallic performed at a fixed bulk concentration of 1g/L.ridg
acid, a common end-product refractory to ozonation. the run, certain samples were withdrawn at presdrib
Specific ultraviolet absorbance (SUVA) was also intervals. Ozone was quenched in samples by adding
determined as a measure of the aromaticity and the  concentrated solution of sodium thiosulfate or by
unsaturated character of the products and, thesettoeir  bubbling nitrogen. In the case of catalytic ruhg, t
toxicity potential. catalyst was previously removed by filtration. The
experiments were carried out at pH in the 3-7 range
controlled by pumping a diluted sodium hydroxidegs
2.1. Materials and ozonation procedure a feed-back PID control. The decomposition of ozone
tended to acidify the reaction mixture in all casgsept
for neutral pH during the quick mineralization perithat
appeared at the beginning of the run. In this das@H
tended to increase and was controlled with thetiahdbf
hydrochloric acid. This behaviour was probably tue
the reactions between hydroxyl radicals and carigona
and bicarbonate ions produced during the minertaiza
process [34]. Fig. 3 shows the evolution of disedlv
0zone concentration during a representative run
performed at 25°C and pH 3. The relatively largssna
6.6, squared well with similar data published elsesg Eransfer volumetric cogffi_cient (R =0.0123+0.0017 s
[33]. ) accounts for the rapid mcrease_observed at _the
beginning of the run. After 120 min, the prescribed
Reaction runs were carried out in a 1 L glass jatke reaction time for all runs, the flow of gaseous tmig of
reactor whose temperature was controlled by a Huber ozone and oxygen was stopped, and the decay of
Polystat cc2 thermostatic regulator. The tempeeatfir ~ dissolved ozone was used to supply informatiorhen t
the liquid inside the reactor was monitored thraugh ozone decomposition reactions due to the organic
the experiment by means of a Pt100 thermocouple.  compounds remaining in the liquid.
Ozone was produced by a corona discharge ozonator
(Ozomatic, SWO100) fed by oxygen (about 95% purity)
produced by an AirSep AS-12 PSA oxygen generation The concentration of ozone in the gas phase was
unit. Fig. 2 shows details of the experimentaliget- determined with a non-dispersive UV Photometer
Anseros Ozomat GM6000 Pro calibrated and tested
against a chemical method. The concentration ofi@io
the liquid was measured using the Rosemount 499A OZ
amperometric analyser equipped with Pt 100 RTD
temperature compensation and calibrated against the
qndigo Colorimetric Method (SM 4500<@). The signal

2. Experimental

Naproxen and carbamazepine were supplied by Sigma
Aldrich (98% purity). The catalyst used was titaniu
dioxide P25 Degussa (80/20 anatase-to-rutile rafiog
powderconsists oprimary particles of about 20 nm
forming aggregates of several hundred nanometats th
can be removed by filtration using 0.4t Teflon filters.
The BET specific surface was 5G/m The point of zero
charge (PZC), that is, the pH at which the surface
neutral, was determined by potentiometric titratsn
described by Halter [32]. The value obtainedpH+

2.2. Analysis

The mixture of ozone and oxygen was bubbled ingo th
liquid by means of a porous glass disk with a d@as bf
0.20 Nn¥/h. The reaction vessel was agitated with a
magnetic rod at 700 rpm. The ozone decompaosition
experiments were conducted in a semicontinuous mod
using a fixed volume of distilled water containity

mg/L of naproxen or carbamazepine (6:510° M and
6.35x 10° M respectively). Catalytic runs were

2. 13[_1 e |:|__E_ ............ g
b T -
1 P
3 | |:||:I
i ? 14 12
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Figure 2. Experimental equipment: 1, ozone generator;08y flontrol; 3, gas-phase UV ozone analyser; 4toeas,
magnetic stirrer; 6, diffuser; 7, ozone amperometeinsor; 8, ozone analyser; 9, pH electrode; A@&gmtrol unit; 11,
thermocouple; 12, data acquisition unit; 13, sangptievice; 14, thermostat-cryostat.

Appl. Catal. B. Environ., 84, 48-57, 2008



the evolution of total organic carbon for seleatathlytic
and non-catalytic runs. The data show the existefice
two mineralization periods. During the first fewrmates,
a rapid decay of TOC was considerably acceleraged b
the presence of a catalyst. The second period was
essentially independent of pH and correspondeleo t
mineralization of the less reactive intermediabesoth
cases, the parent compounds disappeared durirligsthe
few minutes of reaction due, at least, to the disecond
order reaction with molecular ozone. The seconeord
rate constant for the ozonation of carbamazepine
determined by Huber et al. [36] at pH 7 and 20°G wa
about 3x 1 M st. Considering that the concentration
of ozone in the liquid rapidly reached a platealue@®f
Figure 3. Concentration of ozone and pH during the non-  about 0.23 mM, the half-life time of carbamazepine
catalytic ozonation of naproxen at 25°C. At 72@Besflow of ~ should be in the order of £&. In practice, small
ozone was stopped. amounts of naproxen and carbamazepine could be
detected after the first minute of reaction, aqubin
was transmitted to a Rosemount 1055 SoluComp I Dugyhich the concentration of dissolved ozone in kiil.
Input Analyser connected to a data acquisition.difie  No data are available for the direct rate constéint
temperature inside the reactor was monitored with a  pnaproxen [37] but it always became undetectabte aft
Pt100 thermocouple and the pH was measured by meagfaximum of three minutes after the beginning ofrtire
of a CRISON electrode connected to a Euteigina- even with dissolved ozone concentrations far frem i
pH100 feed-back control device. The final control equilibrium value.
element for pH was a LC10AS Shimadzu pump that
delivered a solution of hydrochloric acid or sodium
hydroxide allowing a control of pH inside £0.1 it
throughout the experiment (Fig. 3). The signalsiftbe
concentration of dissolved ozone, pH and tempegatur
were monitored and recorded using an Agilent 34970
Data Acquisition Unit connected to a computer. TOC
analyses were carried out by means of a ShimadZir TC
VCSH total carbon organic analyzer equipped with an
ASI-V autosampler. Carboxylic acids were determined
using a Dionex DX120 lon Chromatograph with
conductivity detector and an lonPac AS9-HC 4x250mn o , , , , , , ,
analytical column (ASRS-Ultra suppressor). The elue 0 1000 2000 3000 4000 5000 6000 7000 8000
flow was 1.0 mL/min of 9.0 mM N&Os and the volume time (s)
of sample loop was [AL. UV absorbance at 254 nm was
recorded by means of a Shimadzu SPD-6AV
spectrophotometric detector. Specific ultraviolet
absorbance (SUVA.) was obtained by dividing
ultraviolet absorption at 254 nm by the total oigan
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Figure 4. Mineralization of naproxen at pH = i,(@) and
carbamazepine at pH = ®)(and pH = 7 ¢). Gas flow rate
0.20 Nn¥/s, ozone concentration in gas 38-40 gfNm
temperature 25°C. Empty symbols represent nonytatalins.

carbon of the sample (TOC) in mg/L. SU¥Ais _ 3.1. Non-catalytic ozonation

commonly accepted as a measure of the contentnoichu o _ _ )
substances in drinking water, or on the other hand, ~ AS indicated previously, the primary reaction of
indirect measure of the aromaticity and unsaturated ~ Naproxen and carbamazepine with dissolved ozone
character of the organic matter [35]. The analyges proceeded at a high rate. Therefore, the compounds

naproxen and carbamazepine were performed by HPL@nalysed as TOC corresponded in any case to oganati
using a Hewlett Packard 1100 apparatus equippddait Products absent from the initial reaction mixture.
C18 250mm column. The mobile phase was a mixture ¢eneral, the homogeneous rate of reaction of ainert

acetonitrile and water (70:30) adjusted to pH &g organic compound is the consequence of the second
orthophosphoric acid with an isocratic flow of 1.0 order parallel reactions with dissolved ozone aitd w
mL/min at room temperature. The UV detection was  hydroxyl radicals:
carried out at 268 nm. de

o -—=k, .c _.C+k, C,C 1
3. Results and discussion dt  HO' THO' T , o, Y (1)

The extent of mineralization was tracked by detamg
the TOC of samples taken during the run. Fig. 4vsho
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Elovitz and von Gunten introduced a paramed®er that
representthe ratio of hydroxyl radicals and ozone at an
time during the reaction [38].

R =Cg—°' (2)

0,

In natural water, it has been shown tRais a constant
for most of the ozonation process, while during the
ozonation of wastewater it behaves as a paranteter t
characterizes the oxidation process [39]. Combilqsg.
(1) and (2) and integrating the differential eqoiatithe
integral ozone exposure becomes the independent
variable for the logarithmic decay of the concetndraof
a given compound:

(kHO' R, + kog) ICO3 dt = kg ICO3 dat (3)

In&—
C

wherekr is expected to be constant only for a given
compound and in conditions at which the r&iodoes
not change. In this work, it was assumed thatdf th
aggregate TOC (in mM or mg/L of organic carbon) is
used instead of the concentration of a single camgoa
similar kinetic expression could represent the gsscin
this caseks would be expected to decay as a
consequence of the formation of more refractorylpets
while ozonation proceeds and the extent of
mineralization increases. Figs. 5 and 6 show
experimental data corresponding to the ozonation of
naproxen AP, ¢, = 6.51 x 1 M) and carbamazepine
(CAR, ¢, = 6.35 x 16 M) both in several catalytic and
non-catalytic runs as a function of the time-ingtgd
concentration of ozone. The results suggest tretende
of two mineralization periods that can be modebgd
considering that the organic carbon in the reaction
products can be sorted into two classes accordiitg t
reactivity. The experimental values of TOC could be
explained by means of a kinetic model in whichrst féet
of easily oxidizable intermediates (A) yielded amad
group of refractory products (B). The results showeat
the formation of B from A was not specifically liedt to
the mineralization of the later and required a gjgec
interconversion constarik:

NAP,CAR -~ A0 - CO,+H,0 4)
AOf . B (5)
BOf - CO,+H,0 (6)

Except for the first few minutes of reaction, thrgamic
carbon measured as TOC always corresponded to the
carbon contained in the ozonation products of negpro
and carbamazepine, grouped in A and B, respectively
expressed in mM or mg/L &s andcg or as total carbon:

TOC =c, + c;. According to the preceding

mechanism, the kinetic expressions for the ozonatfo
A and B are as follows:

0.8

0.6

In(TOC,/TOC)

1000 1500

[Cosdt (M s)

500

Figure5. Ozone exposure plot for non-catalytic mineralat
of naproxen at pH = 3}, 5 (A) and 7 (). Gas flow rate 0.20
Nm?s, ozone concentration in gas 38-40 giNtemperature
25°C. Filled symbols represent catalytic runs mshme
conditions using 1 g/L of TigP25. Some runs have been
replicated.

16
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T

IN(TOCO/TOC)
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Figure 6. Ozone exposure plot for non-catalytic mineralaat
of carbamazepine at pH = 8)( 5 (A) and 7 (). Gas flow rate
0.20 Nn#¥/s, ozone concentration in gas 38-40 giNexcept
for non-catalytic run at pH = 5 that representsmlgination of
experiments performed under different ozone gas
concentrations. temperature 25°C. Filled symbgisagent
catalytic runs in the same conditions using 1 g/Ti®, P25.

()

(8)

Least squares fitting included a fourth order Rukgéa
routine for the integration of Egs. (7) and (8g.H
shows the experimental and predicted values of 3@
reaction intermediates for the ozonation of napncade
pH 5. The calculated rate constants are shownliteTh
The results revealed that increasing the pH ofrtheure
considerably accelerated the fast mineralizatioioge
This accords well with the well-known role of hydide
anion in the initiation of 0zone decomposition dimel
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Figure 7. Ozonation of naproxen at pH = 5 without catalyst

7000 8000

and model predictions for TOC and reaction interiates.

Symbols correspond to experimental data and limesdadel

results.

subsequent production of hydroxyl radicals. The

influence of pH on the interconversion reaction was
lower whereas the mineralization of refractory prad
was slow and practically unaffected. An increasing

acidity of oxidation intermediates could explaiedb

differences, as the dissociated forms of weak aaids

more reactive towards ozonation reactions.

Table 2 compares the rate of ozone decomposition in
distilled water with the same in the reaction migtat

the end of the run (120 min.) for the experimental

conditions used in this work. The data were obthine

stopping the gas flow as indicated in Fig. 3 andlin

cases, a good fitting was obtained by assuminigt fi

order for the kinetics of ozone decomposition. Data
showed large differences in the decomposition rate
depending on the matrix. In an acidic medium, the
reaction products of the ozonation of naproxen and
carbamazepine increased the rate of ozone decatioposi
by up to one order of magnitude with regard tovilager
matrix. The effect could be attributed to the preseof
promoters among the refractory final products ef th
ozonation reactions. For increasing pH the diffeeecis
lower and, under neutral conditions, the ozonation
products even inhibited the decomposition of ozdie.
behaviour can be rationalized by taking into
consideration the formation of promoters and irtbiisi
involved in ozone decomposition reactions. For gXam
formic acid, a radical chain promoter, reachedaup t
mg/L in the products of reaction at pH 3, whilgkt 7
was almost undetectable. The inhibition detected at
neutral pH might be related to the accumulation of
carbonate and bicarbonate ions from the mineradizat
process. Fig. 8 shows the effect of the additiotéo
reaction mixture of 50 mM of sodium phosphate, d-we
known radical scavenger [40]. Solid lines corresjamh
to the values indicated in Table 2 exceptidgr, that
decreased to about hakkg = 0.0015 L mmot s?1). This
result showed that the main mineralization reastion
proceeded via a radical mechanism. The fact tigabd
fitting was achieved with the same paramé&tgifrom
Table 2 might indicate that interconversion reaxgiare
not stoichiometrically linked to the fast mineralimon
period. In fact, the ratiks; /kr1 decreased steadily as pH
increased in all cases.

Table 1. Kinetic constants for the mineralization modgiresented by Eqgs. (4-6).

Non-catalytic reactions (L mmoék?)

ket ks kre
Naproxen
pH=3 0.00167 0.0034 1.7 x10
pH=5 0.00437 0.0046 1.6 x10
pH=7 0.0105 0.0048 1.3x10
Carbamazepine
pH=3 0.00068 0.0019 2.1x10
pH=5 0.00285 0.0055 1.9x10
pH=7 0.00616 0.0069 1.6 x10
Catalytic ozonation (L mmadls?)
chl chi chZ
Naproxen
pH=3 0.00587 0.0031 6.2 x°10
pH=5 0.00776 0.0041 8.1x10
pH=7 0.00458 0.0045 9.1x710
Carbamazepine
pH=3 0.00277 0.0024 *
pH=5 0.00425 0.0012 *
pH=7 0.00271 8.9x 10 *

* Not significantly different from zero
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Table 2. First-order kinetic constant for the decompositid ozone in the distilled water matrix and fopoe decay
at the end of the ozonation reactions of naproxehcarbamazepine (120 min.). The catalyst loadgls in

catalytic runs.

pH
Non-catalytic decompositionfs?) 3 5 7
Distilled water 3.07 x 16 9.93 x 1¢ 8.83x 1
Naproxen 9.9x 10 1.2x106 1.8x1C°
Carbamazepine 2.6 x310 3.2x10° 4.2 x10°
pH

Catalytic decompositionc{m? kg? s?) 3 5 7
Distilled water 472 x 10 1.45x 163 1.27 x 1@
Naproxen 9.9x 10 1.04 x 16 n.d.
Carbamazepine 9.6 x 10 1.10x 16 n.d.

n.d.: not determined.

0.8 |

TOC/ITOC,
o
>

0.4

02

0

0 1000 2000 3000 4000 5000 6000 7000 8000
time (s)

Figure 8. Non-catalytic ozonation of carbamazepine and
model predictions for TOC at pH =5 in pure distillwater )
and with addition of N&Q, 50 mM @).

3.2. Adsor ption of naproxen and carbamazepine on P25
TiO,

Neutral organic compounds in agueous solution may
adsorb on the surface of metal oxides if the serfamot
charged and therefore the pH is near thezpkpoint of
zero charge) of the solid. Otherwise, the cooradmat
layer would prevent any adsorption. Furthermors, it
also necessary that the adsorbate is a Lewis bas®g s
enough to displace adsorbed water molecules. Ingke
of ionizable substances such as carboxylates the
adsorption takes place on positively charged sasfay
exchanging the corresponding counteranion [23]. Fig
shows the results for the adsorption of naprox&n
4.60) and carbamazepine K 14.0) on TiQ Degussa

P25 (pHbzc = 6.6). The results showed that the adsorpti

of naproxen is favoured in acidic conditions in @rhthe

and its adsorption on a neutral or positively ckdrg
surface should take place by displacing coordinatio
water in Lewis sites. The extent of adsorption giaslar
for pH in the 3-7 range. The adsorption kinetics wiaw
enough to suspect that its rate may play a significole
in the ozonation process. For both drugs, the ibgiuiin
required several hours, and the extent of adsarptio
reached only 5-15% during the first hoas£ 1 g/L).
This is in line with several data showing that the
adsorption of acid pollutants on metal catalysfspsuted
on alumina is slow, taking from hours to days tacte
equilibrium [12, 15].

1o

CIC,

0.5

0 5 10 15 20 25
time (h)

Figure 9. Dimensionless concentration of naproxen at pH = 3
(e), pH=5 (A) and pH = 74) and carbamazepine at pH = 3
(o), pH =5 @) and pH = 7 ) corresponding to adsorption
experiments on P25 TiGat 25°C. The initial concentration
was 6.35« 10° M for carbamazepine and 6.%11.0° M for

cmxproxen. Catalyst load 1 g/L.

surface behaves as an anion exchanger. Simildtgesu 3.3. Ozonation on TiO; catalyst

have been published for other acidic solutes ttet be
adsorbed by an ion-exchange mechanism [15, 16].

There is still a considerable lack of informatiegarding
the role of metal oxides in the aqueous phase of

Carbamazepine was protonated in the whole pH range ozonation reactions, in particular regarding thenez
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decomposition reaction. It has been suggestedituate
can be adsorbed on a catalyst surface to yieldrdifit
oxidizing species [15]. However, the bonding of an
adsorbate to a vacant site, must involve the disphent
of coordination water prior to adsorption. As iratied
earlier, the ion exchange of charged species isimuc
easier. Therefore, with the exception of systench s1$
those based on activated carbon in which the ctaly
behaves merely as a promoter in the decomposition o
ozone, the ozonation mechanism should involve the
adsorption or ion exchange of an organic compouma o

surface site [41]:
A+Sz= A-S (9)

where S represents a free active site on the cataly
surface. Once adsorbed, the solute may react with a
previously oxidized surface site (Ox-S):

03+S — OX_S
Ox-S+ A-S - AOx+2S

(10)
(11)

Alternatively, hydroxyl radicals or any other oxida
such as molecular ozone might react from the bulk w
adsorbed organic compounds:

HO + A-S - AOx+ S (12)

The rate of ozonation combines the homogeneous
reaction with ozone or hydroxyl radicals and the
heterogeneous reaction following any of these
mechanisms. The rate expression for a situatievhich
adsorption equilibrium exists and the adsorbedricga
compounds react with hydroxyl radicals from thekbul
but do not interact with oxidized sites is as folfo

_de, _
dt

ka CA
HO k, c, + k.

a

(13)

K. Cho Ca T K. Cs C

an integrated expression similar to Eq. (15) can be
derived. A surface redox reaction mechanism has
sometimes been described by means of a Mars-van
Krevelen rate expression. In such case, the rate of
catalytic reaction would depend on the rate ofsiinéace
oxidation process and on the rate of the organic
compound’s reaction with the oxidized catalysthi
catalyst oxidation is slow, the catalytic reactioould be
independent of the concentration of oxidant. Inticst,
for a high rate of surface oxidation, the reactiate
should be first order in the organic compound. @litph
relatively common in catalysis, the Mars-van Krevel
rate expression, lacking as it does a solid funcahe
background, finally proved to be physically incatre
[42].

The logarithmic decay of the organic carbon waedito
the linear expression on the ozone integral exgosur
indicated by Eq. (15) in which the pseudo-homogaseo
catalytic kinetic constant is expected to followamplex
dependence probably dominated by thgpRrameter.
The evolution of TOGn the catalytic reactions
performed in this work is shown in Figs. 5 and 6 fo
naproxen and carbamazepine respectively. The tsend
similar to that encountered in non-catalytic ruritha
rapid initial TOC decay followed by a period in whi
the rate of mineralization was very low. Therefahe,
same model used in non-catalytic runs and based on
splitting the organic carbon into two categoriesaading
to its rate of mineralization was also used foalydic
ozonations. The interpretation of the apparenttiine
constantkg, depends on the underlying reaction
mechanism, but discriminating between rival modes
not the objective of this research. With regarth®
effect of adsorption of naproxen and carbamazepine
the ozonation process, some experiments were paztbr
in which they were allowed to reach adsorption
equilibrium before beginning the run. Results shmw

Wherek, andkq are the adsorption and desorption kinetigjgnificant differences between ozonation with &h24

constants for the organic compound.
If surface coverage is small, the denominator of(£8)

contact time and runs performed with direct additid
the catalyst just before passing ozone.

becomes independent on the concentration of adsorba Another question suggested by the slow adsorption

Finally, by using the Rratio of Elovitz and von Gunten,
the concentration of hydroxyl radicals can be esped
as a function of the concentration of dissolvedn@zo

dc, _
- th_(k”O' R, +k. R, Kacs)cos Cy

(14)

The integration of the former expression leads to:

% (g R+ R K)o dt =k o ot (19

A Langmuir-Hinshelwood rate expression would
represent a situation in which an elementary step
occurring on the surface is rate controlling and
adsorption equilibrium exists at any time for bogidant
and organics. On the assumption that the equikibriu
constant for the oxidation of surface sites is eavough,

kinetics observed for naproxen and carbamazepine is
whether the adsorption kinetics of the intermediate
products of ozonation could control the overallctia
rate. The contribution of an adsorption procegsairallel
with the catalytic reaction would include in théera
expression a term independent of the concentrafion
oxidant:

_ch:
dt

The integration of Eq. (16) leads to an expression
which the logarithmic decrease of the organic coummplo
is not linear in the time-integrated concentratién
ozone. The corresponding model can be discriminated
from those based on surface equilibrium by usirtg ta
which the integral ozone exposure and time are not

Koo R Co, Ca K, Cs Cy (16)
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correlated. Fig 10 shows the logarithmic TOC ddocay
the ozonation of naproxen at pH 7 with a conceiotnat
of dissolved ozone ten times lower than the
corresponding to the experiment reported in Fig.hs
represented a plateau concentration of about OrARIm
(2 mg/L of ozone) instead of 0.22 mM (about 10 mg/L
from the previous run. If the adsorption of reactio
intermediates on acid sites were relevant, thegiltie
logarithmic decay of TOC as a function of the imédg
ozone exposure would reflect a deviation from B§) (
as indicated by Eq. (16), whose integration yiglds
contribution to logarithmic TOC reduction lineartiwi
time. The result indicated that the mineralizaan be
explained by a pure catalytic mechanism and that a
possible competitive adsorption of reaction proglueas
not important at a neutral pH. For runs performedeu
acidic conditions, the situation was somewhat ceffie
Fig. 10 shows the result of ozonation of naproxeth 8)
and carbamazepine (pH 5) in runs in which the ozone
flow was stopped at 30 min. From about 40 min & th
end of the sampling period (120 min), the concéiatna
of dissolved ozone was not detectable in both riins.
results are compared in Fig. 10 with runs perfornvid
continuous gas flow (filled symbols). Again, if
adsorption of reaction intermediates was significtoe
plot would show sharp increase after 40 min
corresponding to the adsorption of acids producechd
ozonation. Results showed, however, a limited iasee
in dissolved carbon during the part of the runsiedrout
in the absence of ozone. This effect, greater a8 pias
probably linked to the development of Brnsted izl
sites during ozone decomposition. After ceasing the
ozone flow, certain acidic sites could revert vitib
subsequent desorption of organic compounds toulke b
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Figure 10. Ozonation of naproxen at pH 7 with marks
representing samples for low)(and high &) ozone
concentration and experiments with ozone stoppmal-for
carbamazepine at pH 5)(and naproxen at pH A). Filled
symbols correspond to runs under constant ozonélayas

The kinetic constants estimated by the least square

fitting of experimental data are shown in Tablé&@s.

5 and 6 show the experimental and theoretical galue
together with the corresponding results of nonigata

runs as indicated above. In general, the catalyst
accelerated the first mineralization reaction pefimr
the runs carried out in acidic media. At neutraltpkl
rate of catalytic reactiokz.1, decreased to about half
the value of the non-catalytic corresponding carista
kri. Anyway, the catalyst caused a deeper
mineralization even at neutral pH because the
conversion from oxidizable to refractory compoufés
- B) seemed to be inhibited by the catalyst, esfigcia
in the case of carbamazepine. The best resulthdor
removal of reaction intermediates were obtained for
slightly positive surface charge (pH = 5) suggesthmat
the adsorption of organics on Lewis sites could be
involved in the mechanism of catalytic ozonatioor &
higher pH, the lower rate constant could be attetio
the role of hydroxide ions that, being a strong lsew
base, should inactivate acidic catalyst sites.r€balts
shown in Table 2, also indicate that the presefiee o
catalyst inhibited the decomposition of ozone, Ionge
the decomposition kinetic constant from 8X880°+ 4

x 10°sto 1.27x 10° + 1 x 10°s? for reaction in the
distilled water matrix. This result could be dudtie
role of a catalytic surface in chain terminatioagt®ons.
The boundaries correspond to 95% confidence
intervals. The order of kinetic constakts: was the
same as that encountered for the catalytic
decomposition of ozone in water, pointing towards a
mechanism based on the adsorption of organics and
ozone on the same sites. The r&tg/ks decreased
with increasing pH, following a trend that suggdste
greater interaction of the catalytic surface withamic
compounds than with molecular ozone. The ratio
krei/kre changed from 3.5-4.0 to less than 0.45 as pH
increased from 3 to 7 showing that the mineralorati
rate was affected more than the ozone decomposition
reaction while increasing the concentration of
hydroxide. Both observations suggested that the
adsorption of organics effectively plays a roléha
reaction and that the mineralization is not metiagy
conseqguence of an enhanced production of hydroxyl
radicals from ozone. The second period of
mineralization was characterized by a very reduatsl
constant, not significantly different from zero tbe
ozonation of carbamazepine. The interconversion
constantkr:, was very similar for catalytic and non-
catalytic runs in the case of naproxen, but sigaiftly
decreased for carbamazepine as pH increased. This
behaviour suggests that the reactions of organic
compounds that do not lead to mineralization can
exhibit a complex pattern linked to the interactigith

a catalytic surface. For homogeneous runs, however,
interconversion reactions were favoured by highagH
expected for a hydroxyl-mediated oxidation process.

Fig. 11 shows the evolution of the concentration of
oxalate measured by ionic chromatography in samples
taken at certain intervals during the runs. Inititerests

of clarity only some representative results arexshdn
non-catalytic runs, oxalate steadily increasedrdutine
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Figure 11. Evolution of the concentration of oxalic acid in
several runs. Empty symbols represent non-catabygtimation
of naproxen ad at pH = 3) and pH = 7). Filled symbols
correspond to the catalytic ozonation of carbamiaeept pH =
3 (¢) and pH =5 A). Crosses correspond to catalytic
ozonation of naproxen at pH = 3.

ozonation especially for the higher values of pat th
corresponded to the greater mineralization rates.
Catalytic runs exhibited a different behaviour, &mel
accumulation of oxalate was only observed at phh 3.
less acidic media and in the presence of a catahest
disappearance rate of oxalate increased so thatalate
was observed in any case at neutral pH. Resultgezho
that, even on a neutral surface, oxalate was @iz
conditions at which the mineralization was not
particularly deep, a behaviour that can be expthine
the higher affinity of organic anions for catalysites.
Oxalate accounted for as much as 30% of the organic
carbon remaining in the reaction mixture in norabdic
runs and no more than 12% in catalytic runs.
Consequently, the use of a catalyst favours not ina
reactions leading to oxalate but also the mineatibn of
oxalate itself, avoiding its accumulation in thagton
mixture. The mineralization of oxalate is not pautarly
enhanced by a positive surface charge and, therefor
results seem to exclude a mechanism based sol¢heon
ion exchange of oxalate. To support this conclysion
certain runs the catalyst was washed with an al&al
solution at the end of the reaction, and the ektrac
analyzed by TOC and ionic chromatography in seafch
adsorbed but not oxidized organic compounds. In all
cases, the amount of organic carbon detected wgs ve
low showing that a adsorption by anion exchangemnaas
the reason for the disappearance of oxalate. Ttpeede
of mineralization was not directly linked to the
accumulation of other low molecular weight carbaxy!l
acids. In particular, low levels of acetate andrfiaite
were detected in most runs, but without an accutioula
pattern clearly linked to the pH or the evolutidiT@C.

Figs. 12 and 13 show the evolution of SWAwith the
integral ozone exposure for the ozonation of nagmox
and carbamazepine. The pattern was very different i

both cases. During the reaction of carbamazepiee, t
absorbance decreased almost steadily with ozone
exposure, but the products of the ozonation of megpr
exhibited a greater absorbance than the parertisalu
For runs with a high degree of mineralization, SUMA
showed the highest values. This reflected the foaama
of aromatic or unsaturated products and their peetéel
accumulation in the reaction mixture even under
relatively deep mineralization conditions and may b
favoured by the condensed structure of naproxea. Th
non-saturated character of the products will prbbbb
linked to an increased toxicity of the reaction tare
even if TOC becomes considerably reduced. The
chemical structure of the parent compounds, which i
relatively less important for the catalytic ozopatrate,
determined the nature of the reaction productsnaunst
be taken into account even under strong oxidant
conditions.

0.4
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Figure 12. Specific ultraviolet absorption at 254 nm for the
ozonation of naproxen at pH =8)(pH =5 @A) and pH =7
(o) in the absence of catalyst ant at pH 3 pH =5 (A)
and pH = 7 %) using 1 g/L TiG.
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Figure 13. Specific ultraviolet absorption at 254 nm for the
ozonation of carbamazepine at pH =3, pH =5 A) and pH

=7 (@) in the absence of catalyst ant at pH 38 pH =5 (A)
and pH = 7 %) using 1 g/L TiG.

4, Conclusions

The catalytic ozonation of naproxen and carbamaeepi
in aqueous solution reduced the total organic gatbo
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about one third of its initial value for reactioresried

out at 25°C with a catalyst load of 1 g/L. Besuttes

with TOC reduction of 62% for naproxen and 73% for
carbamazepine were obtained in slightly acidic
conditions with pH 5 and an initial concentratidrig
mg/L. In the same conditions, the non-catalyticramn
of naproxen and carbamazepine yielded a mineralizat
degree of only 50% with a maximum reaction rate
obtained at neutral pH. Naproxen and carbamazepine
reacted during the first few minutes in contactwarzone
and, therefore, the organic carbon measured dthrang
run corresponded to ozonation produbtsst of the
mineralization takes place during the first 10-Z2@utes
in a rapid ozonation period followed by a slow
mineralization of the more refractory compoundse Th
initial rate of non-catalytic reaction decreasethie
presence of sodium phosphate, proving that at teast
initial rapid mineralization reactions are an iredir
hydroxyl radical-mediated oxidation.

The evolution of the mineralization process was
modelled by assuming a different kinetic behaviouar
the organic carbon belonging to easily oxidizable
substances and to refractory final reaction pragutt
was also considered that the later were oxidation
products from the ozonation of the former. A regias
model allowed an estimate of the pseudo-homogenous
reaction constants for catalytic and non-catalyiits.
The catalytic rate constant was maximum for pH thai
value of 7.76¢ 10° £ 3.9x 10* L mmol* s? for
naproxen and 4.2610°%+ 9.7x 10 L mmol* s? for
carbamazepine. The results also showed that thbysat
promotes the decomposition of ozone under acidic
conditions, while at neutral pH it behaved as dnibimor
of the ozone decomposition in comparison with the
homogeneous ozone self-decomposition in pure water.
The effect of an increase of pH was greater omdtes
constant of the first mineralization period thantioa
catalytic reaction of ozone decomposition and tte of
mineralization decreased with the increasing
concentration of hydroxide. These results sugdrdithe
adsorption of organics could play a significaneril the
reaction and indicate that the surface interaggon
greater with organic compounds than with molecular
ozone. The enhancement of mineralization would not
merely be the consequence of a greater surface
production of hydroxyl radicals from ozone. Theatydt
promotes mineralization especially in slightly acid
conditions, a result that is probably linked to the
adsorption of reaction intermediates on acid cataly
sites. The experiments partially carried out indhsence
of ozone indicated that the adsorption of interratxi
did not play a role in the reduction of dissolvedanic
carbon during the ozonation reaction. Moreover, the
absence of ozone was associated with a desorgtion o
organic compounds probably linked to a decrease in
acidic catalyst sites.

The catalyst not only modified the mineralizatiarer,
but also, the composition of the mixture at the ehthe
process. Oxalate, which accumulates in the reaction
mixture from non-catalytic runs, mineralized inalgtic
runs particularly in neutral conditions. The amooit
oxalate in the products of catalytic experiments
accounted for no more than 12% of the organic carbo
Therefore, the catalyst enhanced mineralizatiooti@as
of oxalate itself, avoiding its accumulation in tieaction
mixture. The reaction products exhibited a markedly
different pattern concerning ultraviolet absorptair254
nm. SUVAss, decreased steadily with ozone dosage for
the ozonation products of carbamazepine, while they
maintained a high value, even greater than the one
corresponding to the parent solution, for naproXéris
was linked to the aromatic condensed structure of
naproxen and suggests that toxicity could be higlhen
after a deep mineralization reaction.
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Notation

concentration of organic carbon in compounds
A and B, mM or mg/Lt

CaCs

o concentration of a given organic compound,
mol L?

Cion concentration of hydroxyl radicals, mof'L

Co, concentration of dissolved ozone, madl L

Co initial concentration, mol £

Cs bulk concentration of solids in the liquid phase,
Kgsoligs L™

K, adsorption kinetic constant, L kgis® st

k., desorption kinetic constant, molkgs* s*

k. intrinsic catalytic kinetic constant, L kgs® st

K, kinetic constant of the ozone homogeneous
decomposition, ™

Ky kinetic constant of the ozone heterogeneous
decomposition, L kgigs* st

K, adsorption equilibrium constant, L mol

Ko Ko, second order kinetic constant of homogeneous
ozone reactions, L méls?!

K homogeneous kinetic constant defined in Eq.
(3), L molt st

Kee pseudo-homogeneous catalytic kinetic constant
defined in Eq. (15), L mdls?

Ret ratio of ¢, t0 ¢, ata given time during the

reaction, dimensionless
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