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Abstract

The presence of pharmaceuticals or their active metabolites in surface and ground waters has been
recently reported as mainly due to an incomplete removal of these pollutants in sewage treatment
plants (STP). Advanced oxidation processes may represent a suitable tool to reduce environmental
release of these species by enhancing the global efficiency of reduction of pharmaceuticals in the
municipal sewage plant effluents. The present work aims at assessing the kinetics of abatement from
aqueous solutions of clofibric acid (a metabolite of the blood lipid regulator clofibrate) which has
been found in surface, ground and drinking waters. Ozonation and hydrogen peroxide photolysis
are capable of fast removal of this species in aqueous solution, with an almost complete conversion
of the organic chlorine content into chloride ions for the investigated reaction conditions. A vali-
dation of assessed kinetics at clofibric acid concentrations as low as those found in STP effluents
is presented for both systems.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Following the first studies in the 198(k-3], a recent increasing interest in the presence
of pharmaceuticals or their active metabolites in the aquatic environment is documented
[4-10]. A fairly high number of drugs belonging to different pharmaceutical classes has
been detected in surface and ground waters at concentration ranging from nanograms to
micrograms per liter. Previous investigations generally conclude that the main source of
these environmental pollutants are the effluents of the sewage treatment plants (STP). In fact,
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Fig. 1. Chemical structure of clofibric acid. CAS number: 882-09-7.

after their use such substances are often excreted unmetabolised, directly into the sewage
system as parent compounds. Many of these pharmaceuticals have been reported to be only
partially removed in STP and are thus discharged in surface waters. Additional sources
are manure, through which veterinary drugs are introduced in the envirofnghf and
incorrect disposal of personal care products and unused pharmaceuticals in domestic refuse.
Most scientific papers dealing with this topic outline the need to assess potential risks of
pharmaceuticals for human and environmental health since the concentrations at which
they are found are orders of magnitude lower than those causing acute toxic effects on
aquatic organismid.2]. The impact on sexual differentiation in fish of contraceptive steroid
17a-ethyniloestradiol, which has been demonstrated at concentration of nanograms per liter
is reported to support this vie[g3].

Recently, adverse effects on rainbow trddh¢or hynchus mykiss) exposed to diclofenac,
an anti-inflammatory drug, at a concentration qidgll~! have been documentdd4].
Moreover data on invertebrates gave LOEC for carbamazepine at concentrations of about
20ug 1~ (J. Garric, unpublished data).

Clearly, even in cases in which adverse effects are proved for some pharmaceuticals,
their use cannot be abandoned, and some measures devoted to reduce the environmental
risk have to be adopted. Therefore, wastewater treatment by means of advanced technolo-
gies capable of ensuring an enhanced removal of these species with respect to that achieved
in conventional biological processes have thus to be considered. Among existing treatment
strategies, ozonation and hydrogen peroxide photolysis have already achieved a high level
of development, which makes their adoption at an industrial scale quite flexible. Following
this point of view, a recent work studied the removal of carbamazepine through the use of
ozonation procesd 5]. The oxidative degradation in aqueous solution of paracetamol by
means of ozonation andx®,/UV photolysis was also investigated by the autiag.

The present work evaluates the removal of clofibric aEid.(1), a human metabolite of
clofibrate (its ethyl ester form), used as a blood lipid regulator, from aqueous solutions by
means of both ozonation and hydrogen peroxide photolysis. The presence of this compound,
which has been reported to be highly persistent once introduced in the surface waters
[20], has been documented in STP effludat 17], rivers[18,19], lakes[20], ground and
drinking waters[21]. Previous studief22,34] report that ozonation effectively removes
clofibric acid from drinking water but only scant indications on reaction kinetics were given.

2. Materialsand methods

Ozonation was tested in a semicontinuous stirred tank Pyrex glass reactor (1.0901),
with constant temperaturE = 298 K, operated in the batch mode with respect to liquid
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phase. The apparatus used for the studies was similar to that previously de§28ped

The initial clofibric acid concentrations were in the rangeé & 103 to 1.5 x 103 M.

An ozonized oxygen stream of 2vol.%, generated by an ozone-generator (Fischer 502)
was fed at a flow rate of 36M to the reactor containing the aqueous
solution.

The ozone concentration in the outlet gaseous streagidddoard Was evaluated by
continuous UV monitoring at 253 nned¢, = 3200 M-1em1) using of a Varian UV
spectrophotometer equipped with a quartz cell (optical lergfh0 x 10-2dm).

Clofibric acid solutions were buffered at desired pHs by addings#f®, KH,PO, and
NapHPQO, salts. The ionic strength was adjusted at a constant value of 0.1 M with addition
of NaCl salt.

Batch ozonation experiments were performed at low clofibric acid concentratiéns (5
10-8M). For these low concentration experiments a 0.8 aqueous solution at [0
was previously saturated with ozone by bubbling an ozonized gaseous stream (0zone con-
centration in the liquid bulk was.@ x 105 M).

Once saturation was attained, gaseous feeding was stopped and the substrate charged in
the reactor by rapidly injecting 0.8 chof a concentrated clofibric acid aqueous solution
(5.0 x 10~>M). The reaction was quenched at the desired time by sparging the aqueous
solution with stream of nitrogen. After quenching, the solution was recovered and 0.3 | were
concentrated to a final volume of 2.0 ml for analysis.

The UV/H,O, experiments were carried out at 298 K in a batch cylindrical glass jacketed
reactor with an outer diameter of 9.5 cm and a height of 28 cm wrapped with an aluminium
foil. At the top, the reactor had inlets for feeding reactants and an outlet for withdraw-
ing samples. The reactor was equipped with a 17 W (power input) low-pressure lamp (by
Helios Italquartz) with a monochromatic wavelength emission at 2542#henclosed
in a quartz sleeve, which was immersed in the solution in the centre of the reactor. The
radiation power (7 x 10-%E s71) was measured by means of®b actinometric mea-
surement§25]. The reactor was open to air, and mixed with a magnetic stirrer placed at the
bottom.

Clofibric acid solutions were adjusted to the desired pH value with dilute H@lw@l
NaOH mixtures. Samples were taken at fixed reaction times and analysed. For photolytic
experiments at low concentrations of clofibric acid(® 10-8 M), the reaction was stopped
by switching off the lamp, and the solutions were recovered and concentrated by evaporation
for the analyses similar to the ozonation experiments.

The substrate was analysed by Hewlett-Packard HPLC (HP 1100 L) equipped with
a diode array detector and a Synergi C12 4u MAX-RP column using a 40:60 buffered
aqueous solution: acetonitrile as mobile phase flowing at 1.0 mttiFhe buffered aque-
ous solution was prepared with 4 mizPIOy (85wt.%), 50 ml methanol in 11 HPLC
water.

An Orion 96-17B combination electrode was used to detect the free chloride produced
during the ozonation and UVH®D, processes. The total organic carbon (TOC) was moni-
tored by means TOC analyzer (Shimadzu 5000 A).

The pH of the agueous solutions was determined using an Orion 960 pH meter with
a glass pH electrode. All of the reagents except hydrogen peroxide (Fluka, 30 wt.% not
stabilized) were purchased from Sigma—Aldrich.
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3. Resultsand discussion

Preliminary experiments were carried out to assess the capability of two chosen systems
to remove clofibric acidFig. 2 reports the results obtained during 1 h of an ozonation ex-
periment with an aqueous solution of clofibric acid at initial concentrationsok .03 M.
Complete clofibric acid disappearance was observed after 20 min of ozonation with a
mineralization degree equal to 34.0%. It is noteworthy to observe that at the same re-
action time, the initial chlorine content in the substrate was released as chloride ions,
thus indicating that no hazardous chlorinated intermediates were formed. Moreover, pro-
longed ozonation treatment up to 60 min allowed the achievement of a mineralization
degree of 49.1%. The results obtained in a photolytic runs wittOglp = 1.0M and
[Slo = 1.0 x 10-3M are shown inFig. 3. An almost complete removal of clofibric
acid was achieved in 60 min of treatment with a satisfactory efficiency of chlorine re-
lease as chloride although the degree of mineralization recorded at this reaction time was
poor.

Substrate, Chloride/mM
T.0O.C. removed/%

[ [
0 10 20 30 40 50 60
Ozonation time/min

Fig. 2. Ozonation of clofibric acid at pH: 5.0, T = 298K, [TOCh = 180mg?L, [S]p = 1.5 x 103 M: (@)
substrate; M) chloride; @) TOC removed.
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Fig. 3. UV/H, O oxidation of clofibric acid at pH= 5.0, 7 = 298 K, [TOCp = 120mg 1, [S]o = 1.0x 1073 M,
[H202]0 = 1.0 M: (@) substrate; ) chloride; () TOC removed.

4. Reaction kinetics
4.1. Ozonation

In a gas—liquid reactor the oxidation process develops according to different regimes
of absorption with reaction. The reactor used in the present investigation was previously
characterized by determining the mass transfer coeffiki_%(n.% x 10~3cms 1) and the
volumetric mass transfer coefficient (in the absence of chemical realzﬂor(y).045 s
at the adopted stirrer speed (380 rpm) and ionic strength (0.1 M). It has been demonstrated
in previous paperf27,36] that in this reactor ozonation processes of organic species de-
velop under (slow/fast) kinetic regimes for Hatta numgé¥o,zko,[S]o]®°(«2) 1} < 2.0
and under a quasi-diffusional regime fda number values up to 25. For higher values a
diffusional regime establishes.

A careful choice of clofibric acid starting concentration was thus necessary to perform
kinetic experiments. In fact, for low values a complete oxidation of the substrate is achieved
inatoo shorttime scales thus hindering the collection of a significant number of experimental
samples during a single run. For high values of the starting concentration, the diffusional
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Table 1
Kinetic parameters for ozonation of clofibric acid, calculated for different pH values
pH [Sh(MM) ko, M71sh) z 0s(%) so; (%) Regime
20 0.85 29.8t 1.52 2.00 3.27 3.66 Kinetic regime “slow”
25 0.92 39.A4 2.30 2.00 2.63 3.03 Kinetic regime “slow”
3.0 0.86 103.5£ 5.6 2.00 4.32 3.41 Kinetic regime “slow”
3.0 0.86 91.3- 4.82 2.00 4.20 3.89 Kinetic regime “fast”
35 0.88 164.5t 22 2.00 4.66 6.75 Kinetic regime “fast”
4.0 0.90 155.812.2  2.00 3.26 4.04 Kinetic regime “fast”
45 1.03 311.5-29.7 2.00 5.13 2.44 Kinetic regime “fast”
50 1.16 842.179.2 2.00+ 0.04 3.73 3.93 “Quasi-diffusive” regime
55 0.90 158G+ 105.7 2.114+0.03 2.34 3.10 “Quasi-diffusive” regime
6.0 0.98 1041.3 109.3 2.02+ 0.04 3.84 2.64 “Quasi-diffusive” regime
6.5 0.88 2550t 251 z=a+bt;a=200; 522 6.83 “Quasi-diffusive” regime
b=0.28+0.03

regime of absorption with reaction could establish and render all of the collected data
useless for the determination of reaction kinetics. The concentrations adopted were around
1.0 x 1073 M and resulted, for most cases, in the achievement of a kinetic regime of
absorption with reaction (slow or fagf6], sometimes in a quasi-diffusional of#/]. In

these conditions, a fluidynamic submodel published elsewR&lenvas coupled with an
overall ozonation reaction:

k
Clofibric acid+ zO3 =3 products (r)

and used for analysis of the collected data.

The values of the parametéis, andz shown inTable 1were estimated as those which
minimize for each run the sum of the squares of the differences between experimental and
calculated dataFig. 4a and kshows various examples of the agreement between exper-
imental data and those calculated by the model (solid lines) when the best values of the
parameterso, andzare used. It is noteworthy to observe that the percentage standard devi-
ations {Table J for the substrate concentration in the liquid bulk and ozone in the freeboard,
which give a measure of the model adequacy, are as low as those found in the analytical
determination of these species. At pH3.0, both of the models obtained by assuming a
process development under a “slow” and “fast” kinetic regime of absorption with reaction
gave satisfactorily results with very similar valuesx$. In this case, the most appropriate
regime was not singled out. At pH 6.5 poor results were found by using a stoichiometric
coefficientz = a = 2.00 (os = 16.6%,00, = 14.8%). On the other hand, lower percentage
standard deviations were calculated by adopting an overall stoichiometric coefficient as a
linear function of the reaction time & a + bt) with a = 2.00. In this case, the best value
of the parameteb was estimated along witto, by means of the optimization procedure
described earlier.

It can be easily verified that for the valuesigj, andz estimated with this model and
using an ozone diffusivityo,) of 1.77 x 10~°cm?s~! [37], Hatta numbers lower than
2.1 are found.
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Fig. 4. Comparison between experimental (full symbols) and calculated data (solid lines) for ozonation of clofibric
acid at different pHT = 298 K; (@) substrate; M) ozone in the freeboard phase.
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Moreover the data ifiable lindicate that the system reactivity increases with increasing
the pH of the solution. This result can be explained by taking into account that the substrate
dissociates in aqueous solution:

SZCHz = SZCHW
—_— + H+
Cl O -
O wan ~O"

where the unprotonated form is more reactive than the protonated one, although the acti-
vation of radical mechanisms of oxidation at highest investigated pH values could not be
completely ruled out.

4.2. UVIH,0, system

A simplified kinetic model has been developed to describe the oxidation of clofibric acid
in aqueous solutions irradiated by means of a lamp emitting at 254 nm and in the presence
of hydrogen peroxide. The model considers the photolysis of the substiate (r

Clofibric acid M, photolytic products (r2)
=254nm
and that of hydrogen peroxide which gives rise of formation of HO radicals:
HzOZE; 2HC® (r3)

The HO attack the substrate specieg) (hydrogen peroxide £ and all the intermediates
and reaction products present in the solutie: (r

S

kg o) (I‘4)

. H,0, )
HO'——— > H,0 + HO (15)
Si—» products (ry)

kp.

with kn = 2.7 x 10/ M~1s71[28].
The hydroperoxyl radicals undergo a radical termination reaction to generate hydrogen
peroxide:

2HO,* X H,0, + 0, (r7)

with kit = 8.3 x 10° M~1s71[29].
Therefore, by assuming that the presence in the aqueous solution of by-products can be
neglected, the substrate and hydrogen peroxide degradation rates can be written as
disl_ _ ¢s

e —mloll — exp(2.3l(es[S] + &H,0,[H202]))] fs — ks[HO®][S] 1)
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d[H>O H->O
[ j 2 _ MOz 2. 31(eelS] + ery0,[H202D)] iy,
t Vsol

+ — kn[HO®*][H 202] + k[HO2*1? )

where¢s and ¢n,0, are the primary quantum yields of the direct photolysis at 254 nm
of clofibric acid and hydrogen peroxidei{,o, = 0.5mol E-* [30,31), Vso the vol-
ume of the aqueous solution (0.42lly,the measured lamp UV-light intensity at 254 nm
(2.7 x 10 8Es™1), | the optical pathlength (0.201 dm) of the reactqreq,0, andks are,
respectively, the molar extinction coefficients at 254 nm for the substrate (38@mt 1),
hydrogen peroxide (18.6 M cm~1) and reaction product§ and fH,0, represent the UV
fraction absorbed by the substrate and hydrogen peroxide.

The mass balances on HO and #@dical species are

d[HO* 1%
P — 2910, 225 4[HO*][H205] — AHO"IS] @
t Vsol
d[HO,*
P02 — 4lHO*IH200) — 2K [HO"T? @
whereW,psis the radiation power absorbed by the solutidfscan be expressed as:
Wabs= 1o | 1 — exp(—2.3I(es[S] + £h,0,[H202])) | fn,0, (5)

By assuming the “steady-state” hypothesis for radical sp¢8igsthe stationary HOand
HO,* concentrations can be expressed as

_ 2¢1,0, To[1 — exp(—2.3I(en,0,[H202] + £5[S]))]

[HO] SS = Vool kh[HZOZ] T ks[S] szOz (6)
2> _ kn¢H,0, To[1 — exp(—2.3/(en,0,[H202] + &5[S])][H202]
HO2lss = 4 Vo kn[H202] + ke[S] fror - (7)
and substituting ifcgs. (1) and (2yives
d[s
% = _ﬁzo[l — exp(—2.3[(sH,0,[H202] + es[SD)] fs
1 Vsol
2¢H,0, To[1 — exp(—2.3l(en,0,[H202] + &s[S])][S]
ks Vsol kn[H202] + ks[S] Thz0z ®)

AiH202] _ 91202 ) 11— oxp(—2 3i(ep1,0,[H202] + ol SD)] s
dt Vso|

e ®H,0, To[1 — exp(—2.3l(en,0,[H202] + s[S]))][H202]
Vsol kn[H202] + ks[S]

SfH,0,
9

Preliminary photolytic runs without hydrogen peroxide addition allowed the determination
of quantum yield of the direct photolysis of clofibric acid at 254 nm attb.5 (¢s =
1.08x 10724 2.37x 10-*mol E~1). Once the value of the paramekeiis known,Egs. (8)
and (9)can be integrated with the initial conditions:= 0, [S] = [S]o and [HxO7] =
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[H202]p and the concentrations of the substrate and hydrogen peroxide calculated at varying
reaction time. Unfortunatekg was not known “a priori” and its value was estimated through
the adoption of an optimization procedy82] by using the experimental data collected in

the runs at different hydrogen peroxide starting concentrations (1, 10, 20 and 30 mM) for
the same initial concentration of substrated(2 10~>M). A mean value folks equal to
(2.384+0.18) x 10° M~1s 1 was thus estimated. A comparison between experimental and
calculated data for the oxidation of clofibric acid by UMb at pH = 5.5 is shown for
different initial concentrations of hydrogen peroxideFig. 5.

It is noteworthy to stress that a failure of the model could be expected both wien H
levels decrease with respect to those adopted in this investigation (keeping constant the
substrate concentrations) or when the substrate concentration increases (working at the
same HO; levels as in the present experiments). In these conditions, the consumption of
OH radicals by the oxidation by-products and their light absorption cannot be neglected
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% 0.040 1 s 1
£ h S -
S 00%5- g0020
= i S )
- _l [
£ 0.030 i §0.015—
£ 0.025- 2 ]
o - Q
£ 0,020 0010
- i [
Z 0.015 g ]
A 1 7 0.005
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0 1 2 3 4 5 0 10 20 30 40 50 60 70 80 90 100110
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Fig. 5. Comparison between experimental (full symbols) and calculated data (solid lines) fos@skidation
of clofibric acid at pH= 5.5 with different O, concentrations” = 298 K.
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as assumed for the development of the above-reported model. No effect of the pH on the
kinetic constanks was observed in the range 4.0-7.0.

5. Kinetic model validation at low concentration

Relevant concentrations of pharmaceuticals in the environment are on the order of few
micrograms per litef10]. It is time consuming to use diluted aqueous solutions for kinetic
investigations since each sample needs to be concentrated for the analysis by means of
common equipments such as HPLC and GC-MS.

For this reasons a clofibric acid starting concentration in the rarfge 103 to 1.5 x
10-3M was employed for both of the systems aqueous solutions in the first part of the
present work. However, to demonstrate that kinetic constants estimated in these runs can be
conveniently used in process design for the treatment of real effluents, an attempt was done
to model the behaviour of both systems by reducing the starting concentration equal to the
maximum value at which clofibric acid has been found in real STP effluefts (508 M)

[33].

5E-5

4E-5 —

3E-5 —

2E-5 —

Clofibric acid/mM
1

1E-5 —

OE+0 T T T T T T T
0.00 0.20 0.40 0.60 0.80
Reaction time/min

Fig. 6. Comparison between experimental (full symbols) and calculated data (solid line) for oxidation of clofibric
acid with UV/H,O, at pH= 5.5 with [H205]o = 1.0 x 1072 M: T = 298K.
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5E-5

Clofibric acid/mM

1E-5 —

0.0 0.5 1.0 15 20 25
Reaction time/min

Fig. 7. Comparison between experimental (full symbols) and calculated data (solid lines) for ozonation of clofibric
acid at pH= 5.0: [dissolved ozong]= 1.0 x 10">M; T = 298 K.

Fig. 6 shows the results obtained by submitting to a photolytic run an aqueous solution
containing 1Qug I~ of clofibric acid with an initial hydrogen peroxide ofQlx 1072 M
in the experimental apparatus previously described (full circles) along with those predicted
by the model (continuous line) by using a value kgequal to 238 x 10° M~1s1.

Similar results have been found for the ozonation experimeigs7 shows experimental
data (full circles) compared with concentrations predicted by using the mean value of the
kinetic constants at pk= 5.0 (ko, = 8421 M~1s~1) found during the ozonation runs at
higher starting concentrations (continuous line). Although standard deviations up to 18.0%
were associated to clofibric acid determination, the comparison between experimental data
and those predicted by the models developed in the first part of the paper are encourag-
ing. However, an improvement in the analytical determination is required for a definitive
validation of the assessed kinetics.

6. Conclusions

The removal of acid clofibric from aqueous solutions has been studied using ozonation
and H0O,/UV systems. Both these systems are able to quickly remove this pharmaceutical
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compound with an almost complete conversion of the initial chlorine content into chloride
ions. Reaction kinetics have been evaluated in experimental runs with the initial substrate
concentration in the rangeBix 103 to 2.0x 10~°> M. A dependence of the ozonation kinetic
constants upon the pH has been recorded, in agreement with the capability of the studied
species to dissociate in aqueous solution into the more reactive clofibrate ion (29s8M

at pH = 2.0 and 2550 M1s~1 at pH = 6.5). No influence of the pH of the solution on

the kinetic constant of OH radical attack on the substrate has been observed di®ing H
photolytic experiments (38 x 10° M~1s~1). An attempt to validate the assessed reaction
kinetics at low environmentally relevant clofibric acid concentrations has been successfully
performed.
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