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Abstract
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The degradation of an aqueous solution of fenaficid was investigated using ultraviolet (UV) gigsis and
UV/H20, with a low-pressure mercury lamp. We obtained twraryields at different temperatures and the rate
constant for the reaction of fenofibric acid witydhoxyl radicals. The maximum radical exposurefpemce ratio
obtained was 1.4 x OM L' mW?. Several reaction intermediates were detecteddpnsiof exact mass
measurements performed by liquid chromatographypleduto quadrupole-time-of-flight mass spectromét@-ESI-
QTOF-MS). UV and UV/HO. pathways involve the decarboxylation of fenofikaaid to 4-chloro-4'-(1-hydroxy-1-
methylethyl)benzophenone and other minor prodycesjominantly chlorinated aromatics. We detecteerse
intermediates from reactions with hydroxyl radicatgl some lower molecular weight products fromsttiesion of

the carbonyl carbon-to-aromatic-carbon bond. Wendsxd

high toxicity in UV irradiated samples foetgrowth of

Pseudokirchneriella subcapitatven after the total depletion of fenofibric adhis was probably due to the presence
of chlorinated aromatics. A degree of toxicity rpeared in highly irradiated UVA®, samples, probably because of
the formation of ring-opening products. The degremineralization was closely related to that oflierination and
reached values of over 50% after 3-4 min beforgilstang thereafter.

Keywords:Fenofibric acid; UV photolysis; UV/D.; toxic by-products; liquid chromatography; masecmpmetry.

1. Introduction

Fenofibric acid, 2-[4-(4-Chlorobenzoyl)phenoxy]-2-
methylpropanoic acid, is the active form of fenddite, a
drug prescribed to reduce plasma triglyceridesh@lgh
its use is not widespread, it has often been erteoethin
wastewater treatment plants (WWTP). Rosal et &l. [1
reported very low removal efficiency for fenofibacid
in a conventional WWTP located in Madrid with an
average annual concentration of 79 ng/L. Stump. §]a
obtained concentrations of up to 500 ng/L in tHriemt
of several Brazilian WWTP and calculated a removal
efficiency of 45% for conventional activated sludge
treatment. Ternes et al. [3] reported the occugrarid 30
ng/L of fenofibric acid in the effluent of a German
WWTP. Acero et al. [4] found 180 ng/L in the effiuef
a WWTP located in Madrid. Fenofibric acid attracts
particular attention due to its high toxicity faveral
aquatic microorganisms [5]. An additional reasan fo
concern is that fenofibric acid and other pharmtcals
are released in increasing quantities in complesturgs.
Recently, Rodea-Palomares et al. [6] and Rosal Bfja
used the combination index-isobologram method and
reported a synergistic behaviour for fenofibricdaici
mixtures involving wastewater.

Advanced oxidation processes (AOP) are effective
technologies for the removal of organic pollutants
wastewater. UV-based AOP have the advantage of usi

a fully commercialized technology due to the widespl
use of UVsystems for disinfection [8]. A drawback of
these processes is the formation of oxidation lmghpcts
[9]. Over the last few years, it has been shownhttiea
formation of by-products with enhanced toxicity fam-
target organisms usually takes place at least under
conditions of moderate carbon removal [10, 11]. The
identification of unknown transformation producsiot
an easy task. Liquid chromatography-mass spectrgmet
(LC-MS) combined with a new generation of high
sensitivity MS systems provides abundant structural
information for the elucidation of chemical strues.
The objective of this work was to study the remapfal
fenofibric acid using UV and UV/#D, photolysis. We
identified oxidation intermediates in order to poep a
reaction pathway for the early oxidation stages.alge
measured the ecotoxicity of partially oxidized rres.

2. Materials and methods
2.1. Reagents

Fenofibric acid was produced from fenofibrate (Sigm
Aldrich, +99% purity) as indicated elsewhébg. The
product’s purity was over 97%, as evaluated by -igh
performance liquid chromatography (HPLC). Pure wate
was obtained from a Milipore Mili-Q system with a
resistivity of at least 18 K cm at 298 K and a Millipore
0.22 micron Millipak Express filter (Billerica, MA)

rI'—|ydrogen peroxide, sodium phosphate monobasic
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dihydrate and sodium hydrogen phosphate, sodium  40-3200 range. A second sprayer with a reference
hydroxide and hydrochloric acid were analyticaldgra  solution was used for continuous calibration ini{pes
reagents used as received. p-chlorobenzoic aciBApPC ion using the following reference masses: 121.G5G9
atrazine and 2,9-dimethyl-1,10-phenanthroline (DMP) 922.0098m/z(resolution: 21700 + 500 at 922.0082),
were purchased from Sigma Aldrich (+99% purity). and in negative ion using the reference masses983@
and 966.0007. MS/MS spectra were acquired over the
m/z40-950 range at a scan rate of 0.5 second per
Total organic carbon (TOC) was determined using a  spectrum. The collision energy was optimized tabt
Shimadzu TOC-VCSH analyzer. Chlorine was the highest number of fragments. The full masstspec
determined using a Dionex DX120 lon Chromatograph data recorded were processed with Agilent Masshunte
with a conductivity detector and an lonPac AS9-HC 4 Workstation Software (version B.02.00).

mm x 250 mm analytical column with ASRS-Ultra
suppressor. The eluent was 9.0mM@Ia; flowing at
1.0mL/min.The determination of extinction coefficients The toxicities of fenofibric acid degradations by @nd
and colorimetric analyses was performed in a Shimad UV/H.0; treatments were evaluated in accordance with
UV-1800 spectrophotometer. The analyses of feniofibr the algal growth inhibition test described in OETG

acid, pCBA and atrazine were performed by HPLCaisin201 and using thBseudokirchneriella subcapitatapen

an Agilent 1200 apparatus equipped with a a rederse system. Prior to the test, hydrogen peroxide wamwed
phase Kromasil 5u 100A C18 analytical column. The using 4L of catalase solution 5000 mg/L (3691 U/mg
mobile phase (flow rate 1 mL/min) was a mixture of  bovine liver from Sigma-Aldrich) per 1 mL of sample
water containing 4 mL/L of orthophosphoric acid &d Cultures were made in OECD growth medium at pH 8.0
mL/L of methanol and acetonitrile in a proportidn o + 0.2. Algal cells were first cultured in 25 mL taged
40:60 for pCBA separation and 50:50 for atrazing an  flasks, in which growth was evaluated by cell conmt
fenofibric acid. UV detection was carried out af28n The prescribed number of cells were then transleoe
and 228 nm for fenofibric acid, and atrazine an8pC  96-well clear disposable microplates and exposed to
respectively. The volume injected was|80in all cases. pollutants during the logarithmic growth phase. Tdtal
Hydrogen peroxide was measured using the coloninetr volume occupied was 2QQ, each well containing
methods of Eisenberg [12] and Baga et al. [13]. 100pL of sample and 100L of OECD growth medium.

A liquid chromatography-electrospray ionization- The microplates were placed in an algal growth dyeam

quadrupole-time-of-flight mass spectrometry (LC-ESI under contirzuous f!uorescent illumination (approxiety
QTOF-MS) system, in positive and negative mode, wasLlOOHE n¥ s%), and incubated at 22 + 1 °C. The cell
used to identify the transformation products in the density was measured using an electronic partaeter
samples. Samples collected at different irradiaimes ~ (Coulter Counter Z2). The settings were: upper tiag,
during the experiments were directly analyzed @nlig- ~ 8.0um; lower size limit, 2.5um; metered volume, 0.5
TOF-MS system, without previous pre-concentration. ML; aperture size, 5am. The tests were carried out with
The analytes were separated using a HPLC system  duplicate samples for each day of measurement and
(vacuum degasser, autosampler and a binary pump  samples were taken at 24-hour intervals over 72shou
Agilent Series 1200, Agilent Technologies) equipped Specific growth rates were calculated for each samp
with a reversed-phase XDBranalytical column of 4.6 and treatment in order to obtain the inhibitiongeetage.
x 50 mm, 1.8um particle size (Agilent Technologies). EGCso value and 95% confidence limits for fenofibricdhci
0.1% formic acid and 5% MiliQ water in acetonitilas Were calculated using the concentration — inhibitio
used as mobile phase A and 0.1% formic acid inwate relationship established by the logistic equation.

(pH 3.5) as mobile phase B. The elution gradienitwe 2 4 Experimental setup and procedure

from 10% A (3 min) to 100% A in 22 min, and was kep o ) )

at 100% A for 3 min. The flow rate was 0.5 mL/mirda !fradiation experiments were performed in a Herat

2.2. Analytical methods

2.3. Toxicity test and data analysis

the injection volume 2QL. The HPLC system was mL reactor equipped with a 15W Heraeus NobIeIig_hF
connected to a quadrupole-time-of-flight mass TNN 15/32 I(_)w-pressure mercury vapour lamp em_lttlng
spectrometer (Agilent 6530 Q-TOF MS, Agilent at 254 nm with a secondary peak at 185 nm. The inne

Technologies, Santa Clara, CA). The instrument was and outer radiuses were 2.4 and 4.5 cm respecavely
operated in the 4GHz High Resolution Mode. lonsewer e height of irradiated solution was 17 cm. Trecter

generated using an electrospray ion source witteagi ~ Was covered with black paper to avoid any reflectnd
Jet Stream Technology. The operation conditiongwer [N Order to maintain a constant temperature; theplavas

superheated nitrogen sheath gas temperature (480°C) fitted in a quartz cooling tube refrigerated by meaf a
flow rate (12 L/min), nozzle voltage (0 V), capilja Huber Polystat cc2 thermostatic regulator. pH wes k

4000 V; nebulizer, 60 psi: drying gas, 5 L/min; gas ~ constant using a 4 mM phosphate buffer; pH was
temperature, 250 °C; skimmer voltage, 65 V: monitored periodically to ensure a constant valithiw
octapoleRFPeak, 750 V; fragmentor (in source CID +0.1 units. The experiments were carried out iclbat
fragmentation), 90V. The mass axis was calibratidgu mode and samples were withdrawn for analysis at set
the mixture provided by the manufacturer overrtiie intervals.
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Hydrogen peroxide actinometry experiments were
performed to determine fluence rate. With respethé
annular geometry of the photoreactor, we assumed a
linear source with emission in planes parallehlamp
axis (LSPP). In this model the lamp is viewed as a
consecutive line of points, each emitting radiation
radially in all directions. The equation for thadhce rate

(1)

wherey is the attenuation coefficier®, the radius of the
internal wall of the photoreactor arfg, the fluence rate

atR, expressed in mW cfn By applying the LSPP
model to the UV photolysis of hydrogen peroxiddigh
concentration, the exponent becomes negligibletizand
rate of hydrogen peroxide photolysis allows therice
rate to be determined at the internal wall of the

photoreactor E, :

_ A6, _

at (2)

H20,

2R LE,
Y,

The total hydrogen peroxide quantum yietllalHZOZ , was

considered to be 1 mol'&t 254 nm [14]. Using 0.05 N
of H.O,, we determined that the fluence rate was 18.
0.23 mW cn¥. For a low attenuation coefficient, the

photolytic decomposition of hydrogen peroxide falfoa

first order rate equation wheig, , is the molar
extinction coefficient of hydrogen peroxide at 254:

dc,o _ 2R LEngH2
- 223082 (R - R) g, ()

From experiments at ¥V of H.O,, we obtained an
effective path of radiation through the reactoR &7 +
0.07 cm, essentially coincident with the physicale of
R; — R.. More details concerning equations and
experimental procedure can be found elsewhere [15].

3. Results and discussion
3.1. UV photolysis

The molar extinction coefficient of fenofibric acid pH
6.5 and 254 nm was 9199 + 150'Mnt?, a value that we
did not find elsewhere. As for hydrogen peroxide,

atrazine and pCBA, we measured 19.3+ 0.3, 3768 £ 5 Ronuv =

and 2760 = 94 Mcm* respectively, in agreement with
previously reported extinction coefficients [8, 16].
The photolysis rate of a single target compourahat
arbitrary concentration level is given by:

2RLE [, gunn)

_de_

4
ar Pa 4)
At high concentrations of the absorbing compouhe, t
integration of the former equation yields the faling
zero order kinetics:

2R LE
()= 0= @, TR

Fig. 1 shows the data corresponding to a photolytic
decomposition of fenofibric acid. The inset repreése
plot of Eq. 5 during the period in which 2.3683ca (R -
Ro) > 2, which is its conventional validity conditione
obtained quantum yields for fenofibric acid at 15°C
(0.039 + 0.003 mol &), 25°C (0.065 + 0.003 mol
and 35°C (0.088 + 0.002 mol'E These data correspond
to an activation energy for the photolysis rat@bb +
8.6 kJ mot. The same values for the photolysis of
atrazine were 0.040 + 0.003 mot Bt 15°C, 0.053 +
0.002 mol E at 25°C and 0.055 + 0.001 mot Bt 35°C
with an activation energy of 11.9 + 4.7 kJ rhoThe
values found for atrazine were in good agreemetiit wi
previously reported data [18]. However, the onliuea
found for the quantum yield of fenofibric acid, ogfed
by Miranda et al. [19], is considerably higher,.6 thol
E?, a discrepancy that may be attributed to the wiffe
wavelength used (355 nm).
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Figure 1. Photolytic decomposition of fenofibric acid at’@5

and pH 6.5. The inset represents the period fochwtiie
reaction followed zero order kinetics.

3.2. Kinetics of UV/bD, process

The radical exposure per fluence ratio due to the

irradiation,Ron,uv, and the stationary-state concentration
of HO" radicals was determined according to the method
proposed by Rosenfeldt and Linden [20]:

dt

t
J.Cho
E,t
Following Rosenfeldt et al. [21], we used pCBA las t
radical probe compound for determining Hé&xposure.
The rate of depletion of pCBA by the UVAB: process

is given by the following equation in whi¢hcgais the
fraction of total radiation absorbed by pCBA:

(6)

d Cocea _

dt

(FpCBAkd, pCBA+ k HO, pCBAC HO) C pCB

(7)
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Integrating Eq. 7 gives the following expression:

C
pCBA O _
In C - FpCBAkd, pCBAt + J. Che dt
pCBA

(8)

The combination of Egs. 6-8 allow&dn,uv to be
calculated under different reaction conditionse Th
results, shown in Fig. 2, indicated tlay,uv was
strongly dependent on the presence of hydrogen
peroxide, with values of up tox610%* M cn? mW! at a
plateau reached at about 50 mg/AOp These values
bear comparison with those for M@dical availability
obtained by Rosenfeld et al. [21] during the iraidin of
water from several Swiss lakes; that is to sayywe-
basedRon,uv in the 1-4x 10 M L't mW* range for 10
mg/L H.O, under low-pressure mercury vapour
irradiation. In our work, we measured %70 M L
mW which dropped to 1.8 10** M Lt mW in the
presence of 10 mg/L of fenofibric acid. This diface
reflects the presence of radical scavengers and UV
absorbers in natural water. The inset in Fig. 2nvsiie
oxidation profiles of pCBA without ¥D.and in the
presence of 10, 50 and 100 mg/kQ4 Above 200 mg/L,
the radical exposure per fluence ratio starts thnke as
a consequence of the well-known effect of overdpsin
hydrogen peroxide, which reacts with H form
hydroperoxyl radicals.

Row,uv (X 1013 M cm2 mw-1)

1 F 0.0 L &

0 50 100 150 200 250
Time (s)

0 50 100

Chz02,0 (Mg/L)

150 200

Figure 2. Rron,uvfor different initial concentrations of
hydrogen peroxide and (inset) evolution of the emiation of
pCBA for runs without HO, (o) and using 10 mg/L ¥D-
(#),50 mg/L BO, (A) and 100 mg/L KO, (m).

The photolysis rate given by Eq. 3 also holds winen

photodegradation of fenofibric acid, as indicatetbty.
The slope of the plot shown in Fig. 3 allowed teesd
order rate constant for the reaction of fenofilawad with
hydroxyl radicals to be determined. To do so, wadus
the value of Balci et al. [22] for the rate constain
atrazine with hydroxyl radicals, which is the omBlue
available that indicates uncertainty. The rate tzonidor
the oxidation of fenofibric acid with HOwvas (5.56 +
0.22)x 1 M1 s?, a value close to that obtained before
in ozonation runs [23]. By performing runs at diéfet
pH in the 5.5-7.5 interval, we could also deternthe
the rate constant for the oxidation of fenofibroedadid
not depend on pH, with deviations from the mean not
exceeding 5%, while there was almost complete
overlapping of confidence intervals. In U\ABb runs
performed at free pH in the absence of any bufier w
noted a continuous trend towards acidification,levim
UV photolytic experiments pH increased slightlyidgr
the first 2-4 min of irradiation before decreasing
thereafter. This behaviour was attributed to threnfdion
of acidic compounds due to the oxidation of
intermediates by hydroxyl radicals or other oxidgi
species formed during the process.

3.0

- Feakarat(s™)

IN(Crao/Cra)

IN(Carzo/Catz) - Fatz Kaatz t (s

Figure 3. Plot of the competitive method of kinetic anadysi
during UV/H0, oxidation of mixtures of FA and ATZ using
50 mg/L HO; (), 100 mg/L HO, (m) and 200 mg/L kD,
(A). (95% confidence intervals are shown for refeegnc

3.3. ldentification of reaction intermediates amaction
pathway

Although UV and UV/HO; can lead to the total removal
of fenofibric acid in a few minutes under the
experimental conditions tested in this work, thesw

or more compounds are simultaneously photodegradednever accompanied by complete mineralization. The

[17]. In this case, the rate expressions for argb@uple
of solutes can be written in the form of competitiv

C
In—2°% —F ko t= G

kinetics:
kHo-,A _ 9
CA(t) kHo.YB |:|n CB(t) FB kd,B t:| ( )

The data plotted in Fig.3 correspond to the irrdaiieof
a mixture of fenofibric acid and atrazine using 500
and 200 mg/L KO,. The reason for using atrazine
instead of pCBA is that the latter is also a pradidic¢he

maximum TOC removal observed for U\KBb was
slightly over 50% after 4 min of UVA®. oxidation, but
most of the organic carbon removed disappeareagluri
the first minute (Fig. 4). The analysis of chloride
solution gave concordant results, with a degree of
dechlorination of about 60% after 3 min that insexh
only up to 66% after 15 min when 20 mg/L of fendfib
acid were irradiated in the presence of 50 mg/H.
(pH 6.5, 25°C). UV irradiation led to a degree of
dechlorination typically below 10% and accomparbgd
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very limited TOC removal. Therefore, certain
degradation by-products refractory to dechlorimraaod
oxidation persisted after the total removal of plaeent
compound. This fact highlights the need to charamxe
reaction mixtures in order to identify persistend aoxic
compounds.

2.0 0.06
[
{ 0.0s
16 |
{1004 _
%‘ 12 | é
o 1003 2
o o
] S
08 | 5
{ 0.02
04 |
{ 001
0.0 I 0.00
0 2 4 6 8 10 12 14 16

Time (min)
Figure 4. Evolution of TOC during UV/kD, using 50 mg/L
H20- (m, left) and organic carbon in acetate, formiate and
oxalate during the same rue, (eft). Increase of chloride in
solution during UV/HO- (50 mg/L,o, right) and UV f,
right).

The identification of fenofibric acid photolysisan
oxidation by-products was based on the accurate mas
measurements recorded by the LC-ESI-QTOF-MS
instrument described above, operating in posita@l{)

source fragmentation, which provide a high degfee o
confidence in structure assignation. Fig 5 showsHST-
QTOF-MS/MS spectra of UV/HD, and UV
transformation products of fenofibric acid, whilables
1 and 2 list the ion formula and calculated maghef
ions, as well as relative mass error and DBE (doubl
bond and ring equivalents). Table 1 refers to tloelpcts
of UV photolysis of fenofibric acid, whereas TaBle
gives the compounds identified during U\(b4

treatments. The accurate mass measurements recorded

for the protonated and deprotonated fenofibric acid
molecule (n/z319.0732 for &H16CIO4 and 317.0586 for
C17H14ClOs) yielded excellent agreement between
experimental and calculatedlzvalues, with less than
1.7 ppm error. The observation of the characteristi
fragmentation of the parent drug provided informiati
for the identification of transformation producihe
appearance of fragments characteristic of the paren
molecule in the product spectra indicates the peexca
of a certain fraction of the molecule, suggesthmeg the
transformation takes place in another part of the
structure.

The proposed reaction pathway for UV photolysis is
shown in Fig 6a. The primary photoproducts idegdifin
this work were the isomers P-275a and P-275b
(C16H16CI10O2, m/z275.0833) and compound P-233
(C13H10ClOz, m/z233.0364). P-275a (4-chloro-4'-(1-
hydroxy-1-methylethyl)benzophenone) and P-275b (4-
chloro-4-isopropoxybenzophenone) correspond to the
decarboxylation of fenofibric acidhe photodegradation

and negative modes (ESI-). These measurementseallowf fenofibric acid has been attributed to the pneseof

elemental compositions to be proposed for both
protonated [M+H] or deprotonated [M-H]Jmolecular
ions and characteristic ion fragments obtainedby i

the easily photo-excited benzophenone group. The fi
reaction would be a decarboxylation involving aicad

x10% | p-233 x10%| P-275a x10?] p-291¢
233.0353 2750816
“ ? 1 e 138.9924
138.9933 p : 249.0258 591 9777
24 05 138.9930 .
: ‘ 217.0402 24 111.0029 222.9309
0 . 0 . 0 A
100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240 260 280 100 120 140160 180 200 220 240 260 280 300
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)
X107 | p-249a x108 | P-275h 102 [P307
15 125.9873 5 233.0359 3 247.0160 307.1881
4 275.0826 5 C
. 266.0067
05 2491544 1 138.9938 11 184.0384
0 LAl | L4 0 | 0 L | 1 |
100 120 140 160 180 200 220 240 260 280 100 120 140 160 180 200 220 240 260 280 180 200 220 240 260 280 300 320 340
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)
x10? | P-249b x10° | P-291a x102 | p-335
- 138.§937 249..0295 3 2330377 291,9772 335.2178
2 4 .
1 249.0219
138.9963
o= 207.0647 L 1 2 —
0 ) - i bS 0 | 1 ol l ; 1
100 120 140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280 300 240 260 280 300 320 340
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)
x10* | p-257ab x10% | p-291h x10% | p-351
249.0299 291.0742 2 247.0170
215.0695 75
4 257.1161 : s S
1 *
e R ‘ 25] 121.0296 219.7208 | 264.9249 051763 332,2100‘
0 0 { | i | |

100 120 140 160 180 200 200 240 260
Counts vs. Mass-to-Charge (m/z)

100 120 140 160 180 200 220 240 260 280 300 320
Counts vs. Mass-to-Charge (m/z)

240 260 280 300 320 340 360
Counts vs. Mass-to-Charge (m/z)

Figure5. LC-ESI-QTOF-MS/MS spectra of UVAD, and UV transformation products of fenofibric acid.
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Table 1. Accurate mass measurements of fenofibric acidtaridV photolysis products by LC-ESI-QTOF-MS
and structures proposed for the identified tramsédgion products.

Compound Kmin) lon Mass lon Formula Error‘ DBE Proposed Structure
(m/2) (ppm,
a) ESI(+
Fenofibric acid| 18.76 319.0732 C17H16ClO4 -1.80 10 i
(FA) 233.0364 | CiH1ClIO2 1.01 8.5 O O
138.9945 C/HJCIO 0.80 5.5 m 0
121.028. C7Hs0: 4.3¢ 5.E o
P-233 17.08 233.0364| Ci3H1,CIO; 0.90 9 .
138.9945 C/H4CIO 1.46 4 s
121.0284 CrHsO2 0.02 5.5
110.999 CeH4Cl 3.7¢ 4.5 “ or
P-249a 14.40 249.0313] Ci3H1oClOs -1.30 9 Ho__
1259843 | CsHiCIO 4.60 5
121.028. C7HsO» 9.07 5.5 a on
P-249b 15.43 249.0313| CiaH1ClOs -1.89 9 o o
147.0441 CoH70» 1162 | 65
138.994 C/HJCIO -1.97 5.E o on
P-257a 13.06 257.1172]  CieH170s -1.49 9 2
215.0703 CiH110; 4.20 8.5 (Ho,z
121.0284 C7HsO2 -2.15 5.5 3
Hy CHs
P257b 17.40 257.1172|  CieH1/0s -3.70 9 i
215.0703 CiH110s 3.74 8.5 o,
121.0284 CrHsO2 -3.62 5.5 0
Hat:*CH3
P-275a 18.30 275.0833] Ci6H16ClO: 211 9
257.0728 | CieH1CIO -2.01 9.5
217.0415 CisH1CIO -2.39 8.5 o
163.0754 CiH1102 -3.10 5.5 ]
138.9945 | C/H.CIO 409 | 55 CH
119.0855 CoHu1 -4.83 45 o Lo
105.0335 C/HsO -5.14 5.5
73.0284 CsHsO2 -7.60 1.5
59.049: CsH;0 -9.8¢ 0.
P-275b 23.24 275.0833| CieH1cClO; -3.99 9 R
233.0364 | CiHiClO, 2.02 8.5 I
138.9945 C/HJCIO 1.22 5.5
121.0284 CrHsO2 -1.12 5.5 ‘ oo
110.999 CeH4Cl -1.0€ 4.5
P-291a 17.72 291.0782| Ci6H16ClOs -4.66 9 9
233.0364 | CiHwCIO» | 245 | 85
138.9945 C/HCIO -3.99 5.5 a i
121.028. C/HsO, -9.6( 5.5 i
P-291b 19.74 291.0782| CieH1ClOs -4.66 9 o ©
249.0313 | CiH1ClOs 2.45 8.5 O O
154.9894 C7H4ClO, -3.99 5.5 o o
121.028. C/HsO, -9.6( 5.5 T
P-291c 20.03 291.0782| CieH1ClOs -0.56 9 NG
249.0313 | CiHiClOs | 453 | 85
138.9945 C/H4CIO -3.91 55 . Lo
b) ESIF)
Fenofibric acid| 18.78 317.0586 | Ci17HwClOs -1.35 10 ?
(FA) 231.0218 | CiHCIO; | -0.10 | 9
HC—-CHs
pCBA, P-155 13.90 154.9905 C;H.CIO. 0.09 5 .
111.0007 CsH.Cl -3.18 4 @ o
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Table 2. Accurate mass measurements of fenofibric acidtardV/H.O. products by LC-ESI-QTOF-MS and

structures proposed for the identified transfororaproducts.

Compound Kmin) Io(nml\//gass lon Formula (Izgr?]r DBE Proposed Structure
a) ESI(+
Fenofibric acid | 18.76 319.0732 C17H16ClO4 -1.65 10 o
(FA) 233.0364 | Ci3H1ClO; 1.49 8.5 :
138.9945 | C;H.CIO -1.19 5.5 m ‘ .
121.0284 | CHs0; 9.21 5.5 wo-Lon
P-233 17.15 233.0364 | CiH1,ClO; 2.75 9 o
138.9945 | C/H.CIO 4.00 4 “
121.0284 | CHs0; 5.84 5.5 O O
110.999 CeH4ClI 4.7z 4.5 ¢ o
P-249a 14.44 249.0313 | Ci3H1,ClOs -1.20 9 o ©
1259843 | CeHsCIO 3.20 5
121.028. C7Hs0; 16.1 5.E a on
P-249b 15.43 249.0313 | C;3H1ClOs 4.43 9 o o
147.0441 | CoH702 -14.2 6.5 s
138.9945 | C;H.CIO -1.87 5.5 O O
125.986' CsHsCIO 4.8C 5 o OH
P-257 17.44 257.1172 | CiH1/0s 9.43 9 g
215.0703 | CeHsCIO 4.43 85
121.0284 | CHs0; -4.25 5.5 o L
P-275a 18.50 275.0833 | CiH16ClO: 212 9 0
138.9945 | C;H.CIO -4.09 5.5
110.9996 | CsH4Cl -4.98 4.5
59.0491 CsH-O -9.9¢ 0.5
P-275b 23.32 275.0833 | Ci6H1CIO; 2.74 9 .
233.0364 | Ci3H1CIO: 2.02 8.5 !
138.9945 | C;H.CIO 1.22 5.5
121.0284 | CsHsO; -1.12 5.5 ° B
110.999 CeH4ClI -1.0€ 4.5 ’
P-291a 17.79 291.0782 | CieH16ClOs -1.27 9 9
233.0364 | CidHiClO, 3.62 85
138.9945 | C;H.CIO -8.12 5.5 o o
121.028 | CHsO» -9.6( 5k no-F o
P-291b 19.83 291.0782 | Ci6H1cClOs 3.91 9 Ho Q
249.0313 | CigHiClOs 4.94 85 O O
154.9894 | C;H4CIO:2 -3.42 5.5 o o
121.028. C:Hs0; 1.6€ 5.E HeNar,
P-291c 20.11 291.0782 | Ci6H1cClOs -0.13 9 0 on
249.0313 | CisHhoClOs 5.72 85
138.9945 | C;H.CIO -6.03 5.5 o °
110.999 CeH4Cl 3.0¢ 4.5 Mo ch,
P-307 19.11 307.0732 | CieH16ClOs -2.26 9 Ho 2
247.0156 | CisHsClOs 4.87 95
184.0519 | Ci:HsO: -2.26 9 m o
P-335 16.24 335.0681 | Ci7H16ClOs 2.26 10 0
249.0313 | CidHiClOs 1.02 85 ox
Cl (0]
H,C—CHs
COOH
P-351 16.01 351.0630 | Ci7H16ClOs 1.13 10 i
247.0516 | CiaHsClOs 156 95 o,
Cl (o]
H,L—CH;,
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b) ESIF)
fenofibric acid | 18.78 317.0586 C17H14ClOs -1.78 10 i
(FA) 231.0218 | C1aHsCIO, -0.60 9
T
pCBA, P-155 | 13.90 154.9905 | C/H.CIO, 0.05 5 .
111.0007 CsH4Cl 1.17 4 @»"
P-195 9.96 195.0663 1661104 0.61 5 HO\@
P-213 14.41 212.9960 | CoHeClO4 -3.42 6 - o I
154.9905 C7H4ClO; -2.18 5 Z
o OH
P-223 11.51 223.0612 | C1iH110s 0.12 6 3
137.0244 | CHsOs -1.43 5 @
HJC—(‘)—CHz
COOH
a)

249b

275a

b)

Figure 6. Proposed reaction pathway for fenofibric acidemdV irradiation (a) and UV/$D; (b).
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species formed via a photo-ionization process upon In this work we were also able to detect severattien
electron release followed by loss of carbon dioxXig. products derived from fenofibric acid or its primar
P-233(4-chloro-4'-hydroxybenzophenone) is the result gdroducts with hydroxyl radicals. The most signifita
the cleavage of the ether with loss of 2- was pCBA (P-155), detected in negative ESI ionarati
methylpropanoate. As indicated in Fig 7, P-275nés mode (GH4CIlO,, m/z154.9905), whose ion fragment
major identified photoproduct in irradiated mixtsyavith  CeH4Cl (m/z111.0007) revealed a non-substituted
minor amounts of P-233 and P-291a. These primary  aromatic moiety. pCBA could be a product of the
photoproducts agree with those found previouslfbga reaction of HO radicals with fenofibric acid and also
[25], who reported that the excitation of the campate with photoproducts P-291a, P-291c, P-275a, P-27%b 0
form of fenofibric acidn aqueous buffer at pH 7.4 233. For the sake of clarity and to stress thetfadtwe
generates an excited state that decarboxylatestiupe  did not find hydroxylated forms of pCBA, we havdyon
a transient biradical intermediate (BRI in Fig. Bhis included the first possibility in Fig. 6a. The pease of
intermediate undergoes intersystem crossing and intermediates giving evidence of the hydroxylatién
protonation to yield two products, also identifiacdhis aromatic rings can be explained by the vacuum
work as P-275a and P-275b. Bosca and Miranda [26] ultraviolet (VUV) irradiation of low-pressure meigu
used laser flash photolysis at 355 nm to study the lamps at 185 nm (about 5% of the total power fer th
photodegradation of fenofibric acid. They found saene lamp used in this work).le greater effectiveness of
photoproducts, with similar concentrations of both VUV irradiation is a consequence of the formation of
isomers (P-275a and P-275b). They also encounkered hydroxyl radicals via the photolysis of water at 185
233, which was attributed to oxygen trapping by an nm [27]. It is well-known that 185 nm VUV may also
excited state of fenofibric acid or BRI, the latb@ing the produce ozone from dissolved oxygen. We detected
option displayed in Fig. 6a. In agitated runs uralgrthe  small amounts of dissolved ozone, but we did not find
concentration of dissolved oxygen was typicallytia 7-  any reaction product that could be associated with

8 mg/L range at 25°C. We also detected P-291awhic ozone such as ring-opening by ozone cycloaddition [10].
probably the consequence of the uptake of oxygen by

BRI. Fig. 6b shows the proposed pathway for the WaH

oxidation of fenofibric acid. The details conceigthe

. =5 .= = 10 identification and structure proposal are giveiatle 2.
) —v—B  —L—P275b Cl The intermediates observed during the photolytic
L& o3[, TOmeomA O/ ] experiments were also identified in U\yBb samples.
g LN These are compounds P291a, P275a, P275b and P-233,
5 < 2 5 coincident with those indicated before, and two
%% o additional intermediates derived from fenofibricoad>-
f% ! 335 (G7H16ClOs, m/z335.0681) and P-351 {&116ClOs,
> § . m/z351.0630), the elemental composition of which,
z - containing one and two HO groups more than feniafibr
' —o—c acid and without alteration of DBE, corresponded to
sk . N Sl hydroxylated derivatives. No exact position for fod!
E . —m—FA groups can be proposed from the fragmentationnpatte
«g 10| " 149 (Table 2). A similar couple of hydroxylation deriiees
% 'gj A><% . could be attributed to HGattack on P-233, namely P-
5 gosp 4 g 42 = 249a and P249b. In this case, the fragmentatiowat]
g | o : ; o .
5oL Eég/ o the hydroxylated ring to be identified. The hydriatipn

60 -

40

20 -

P.subcapitata
growth inhibition (%)

Time (min)

Figure 7. Growth inhibition of Pseudokirchneriella
subcapitata and chromatographic area of transfawmat

products (A = P291a + P291b + P291c, B = P233 OR24

P249b, C = P307 + P291a + P291b + P291c).

products from P275b also coincided with those
encountered in photolytic runs plus compound P-257
(C16H1703, m/z257.1172), the only one identified with
the loss of the original chlorine atom. Similargeaing
was applied to the identification of P-307:{&1CIO4,
m/z307.0732), a product of HGittack on P-291a. In
ESI-, we detected four additional intermediates, rtiost
abundant of which was pCBA. In this case, we wéle a
to detect the other fragment from the scissiorhef t
carbonyl carbon to aromatic carbon bond, P-195
(C10H1104, M/z2195.0663) and the symmetric product P-
223 (G1H110s, m/z223.0612). Another minor product, P-
213 (GHeClO4, m/z212.9960), was probably the
conseqguence of the hydroxyl attack and ring opeafng
fenofibric acid, but it could also be a producealy of

the chlorine-containing compound with two aromatic
rings listed in Table 2.
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3.4. Toxicity of partially oxidized mixtures

Fig. 7 shows the growth inhibition of
Pseudokirchneriella subcapitatahen exposed to
fenofibric acid and patrtially irradiated or oxidize
mixtures as a function of the duration of treatmé&hie
median effect value for the toxicity of fenofibacid was
7.90 £ 1.61 mg/L, where the boundaries represeit 95
confidence intervals. The value was obtained bindjt
dose-response data to a logistic function. Theltesu
showed that toxicity decreased slightly during firet

compound and reached a plateau of about 6% 0
cn? L mW at about 50 mg/L kD-, before declining
thereafter due to the hydroxyl radical scavengker ro
played by HO. at high concentration. The presence of
fenofibric acid, a compound with intense UV absiomt
decrease®on,uv considerably. Using competitive
kinetics with atrazine, we obtained a second oraler
constant of (5.56 + 0.2 10° M s for the reaction of
fenofibric acid with hydroxyl radicals.

UV photolysis led to a low extent of dechlorinatiemd

minute under UV and UV/HD, but reached a plateau for mineralization reactions, typically below 10%. The

UV runs with a maximum at about six minutes. Besjde
growth inhibition remained in the 20-40% range ratfte
first minute and throughout the run. U\A®B% oxidation,
on the other hand, allowed toxicity to be elimimhte
completely at about 4 min. After that, we obseragtew
increase in toxicity with a relative maximum sometivh
in advance of that found in irradiation runs. Tlaesb
represent standard deviations for four replicatecsr
This behaviour was attributed to a balance betwen
disappearance of the relatively toxic parent compou
and the formation of toxic products. Cosa [25] used
molecular a priori analysis based on excited-state
lifetimes and singlet oxygen sensitization to pecethat
the phototoxicity of irradiation products from fdiwic
acid should be attributed to P-275a. We found, hawe
that P-275a was a very minor compound in all reacti
mixtures, P-275b being the most abundant internbedia
product in all cases. Fig 7 shows the chromatogcaph
areas corresponding to the compounds identified in
Tables 1 and 2 by lumping certain minor products &
pseudo-component A. The data show that the toxidity
irradiated samples and the recovery of toxicitigher
reaction times in the case of UVWBL runs cannot be
attributed to the formation or accumulation of rgéd
compound but are most probably the result of the
production of several compounds with a similar cioain
structure and toxicity. Is it noteworthy that most
intermediates from both UV and UV48, processes
retained the chlorine atom and that the reductfon o
dissolved organic carbon was closely related tetent
of dechlorination. The higher toxicity of the UV
irradiated mixtures was most probably the consecpien
of the presence of a higher concentration of chéded
aromatics. The increase of toxicity observed in )0
runs at high irradiation times was probably the
consequence of the formation of ring-opening prsjue
kind of compound previously associated with high
toxicity in partially oxidized mixtures [10].

4, Conclusions

The degradation of an aqueous solution of fenafiacid
using UV photolysis and UVAD; led to the complete
depletion of fenofibric acid for volume-based UVsde
typically below 1 J crd. Quantum yields for fenofibric
acid ranged from 0.039 + 0.003 mot EL5°C) to 0.088 +
0.002 mol E (35°C) with a photolytic activation energy
of 21.5 + 8.6 kJ madl. The radical exposure per fluence
ratio, Ron,uv, Was measured using pCBA as probe

maximum TOC removal observed for U\XBb was
slightly over 50% after 4 min of reaction with mas$the
organic carbon being removed during the first menut
The absence of complete mineralization resultetien
accumulation of oxidation by-products identifiedngs
LC-ESI-QTOF-MS. Exact mass measurements allowed
reaction pathways to be proposed for UV and WOH
that start with the decarboxylation of fenofibritch
before yielding 4-chloro-4'-(1-hydroxy-1-
methylethyl)benzophenone and other minor products,
predominantly chlorinated. We were also able tectet
several intermediates from the reactions of primary
products with hydroxyl radicals which, in the cagéJV
photolysis, were produced by the 185 nm ozone-fagmi
emission of low-pressure mercury lamp. Some aditio
minor products were detected in ESI negative mode a
corresponded to the scission of the carbonyl carbadime
aromatic carbon bond, the most abundant of which wa
pCBA.

We determined that the toxicity of UV irradiatecrgdes
for the 72 h growth oPseudokirchneriella subcapitata
was high even after the total depletion of fenadilacid.
This was attributed to the chlorinated aromaticdpias
that dominated reaction mixtures at intermediadetien
times. There were low values for the toxicity of O;
treated samples in which fenofibric acid was conahe
depleted. However, a degree of toxicity reappeared
highly irradiated mixtures, probably as a conseqaeaf
chlorinated reaction products.
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