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Abstract The degradation of paracetamol (PCT) and cipro-
floxacin (CIP) was compared in relation to the generation of
dihydroxylated products, Fe(III) reduction and reaction rate in
the presence of dihydroxybenzene (DHB) compounds, or un-
der irradiation with free iron (Fe3+) or citrate complex (Fecit)
in Fenton or photo-Fenton process. The formation of hydro-
quinone (HQ) was observed only during PCT degradation in
the dark, which increased drastically the rate of PCT degrada-
tion, since HQ formedwas able to reduce Fe3+ and contributed
to PCT degradation efficiency. When HQ was initially added,
PCT and CIP degradation rate in the dark was much higher in
comparison to the absence of HQ, due to the higher and faster
formation of Fe2+ at the beginning of reaction. In the absence
of HQ, no CIP degradation was observed; however, when HQ
was added after 30 min, the degradation rate increased drasti-
cally. Ten PCT hydroxylated intermediates were identified in
the absence of HQ, which could contribute for Fe(III) reduc-
tion and consequently to the degradation in a similar way as
HQ. During CIP degradation, only one product of hydroxyl
radical attack on benzene ring and substitution of the fluorine
atom was identified when HQ was added to the reaction
medium.
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Introduction

Advanced oxidation processes based on Fenton reaction have
been reported as particularly efficient technologies for the re-
moval of persistent organics like pesticides, dyes, pharmaceu-
ticals, and phenolic compounds (Pignatello et al. 2006; Wang
and Xu 2012). Pharmaceuticals are detected in aqueous envi-
ronment at low levels, ng L−1 to μg L−1, and are not complete-
ly eliminated in conventional wastewater treatment (Pomati et
al. 2006; Rúa-Gómez and Püttmann 2013).

In Fenton process, •OH is generated during H2O2 decom-
position with free, complexed, or insoluble iron species, pre-
senting ability to oxidize a wide spectrum of organic contam-
inants as pharmaceuticals to end products such as CO2, H2O,
and inorganic ions with a low selectivity (Pignatello 1992).
Other oxidizing species have also been reported to contribute
to the degradation of organic compounds like ferryl ion
(FeO2+) (Minero et al. 2013). However, its role on degradation
mechanism is still questioned (Pang et al. 2011).

The photo-Fenton process is a typically radiation-enhanced
Fenton reaction resulting in mineralization of recalcitrant or-
ganic compounds. In aqueous solutions and at correct pH,
Fe3+ acts as light-absorbing species producing extra •OH
while the Fe2+ is formed (Eq. 1) (Pignatello 1992).

Fe OHð Þ2þ þ hv→Fe2þþ:OHþ OH− ð1Þ

Ferric complexes of organic ligands as oxalate, citrate, or
tartrate are used in photo-Fenton process to increase efficiency
of Fe(III) reduction due to an effective ligand to metal charge
transfer and also the shift of absorption toward longer
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wavelengths in relation to aqua complexes (Abrahamson et al.
1994; Safarzadeh-Amiri et al. 1996; Nogueira et al. 2005a;
Wang et al. 2009).

The presence of aromatic species as hydroxy, nitro, and
hydroxynitro benzoic acid derivatives has been studied to
assess their influence on Fenton reactions due to their abil-
ity to reduce Fe(III), a limiting step on Fenton process, and
thus produce •OH during H2O2 decomposition (Chen and
Pignatello 1997; Aguiar et al. 2007; Haddou et al. 2010).
The role of HQ in the reduction of Fe(III) during the deg-
radation of organic compounds in Fenton-like conditions
has been also reported (Chen et al. 2002; Devi et al. 2011;
Minella et al. 2014). The effect on degradation may vary
depending upon the position of the substituents and forma-
tion of intermediates that can improve or decrease Fe(III)
reduction (Nichela et al. 2010). It was previously observed
that HQ and catechol (CAT) accelerated significantly the
phenol degradation changing drastically the reaction kinet-
ics after their generation as intermediate in the dark (Silva
and Nogueira 2016).

Some authors have reported that hydroxylated com-
pounds as HQ were formed as intermediate of paraceta-
mol (PCT) degradation (Andreozzi et al . 2003;
Moctezuma et al. 2012; Laurentiis et al. 2014) due to
•OH attack on benzene ring. However, its effect on reac-
tion rate was only considered by Trovó et al. (2012) who
reported higher efficiency of PCT degradation when me-
diated by FeSO4 in comparison to ferrioxalate (FeOx)
and proposed that hydroxylated intermediates could cat-
alyze Fe(III) reduction.

Considering that PCT contains a phenolic group in its
structure, the purpose of this work is to compare its deg-
radation with ciprofloxacin (CIP), a widely used fluoro-
quinolone pharmaceutical presenting no phenolic group.
The comparison was based on generation of hydroxylated
products, on Fe(III) reduction, and on degradation rate.
Furthermore, the effect of HQ addition to PCT and CIP
solution during degradation was evaluated in the dark and
under irradiation and in the presence and absence of cit-
rate as iron complexing agent. The main degradation in-
termediates were identified using liquid chromatography
coupled to mass spectrometry (LC-MS/MS).

Experimental

Reagents

Paracetamol (100.29 %) (C8H9NO2; MW=151.15 g mol−1)
and ciprofloxacin (99 %) (C17H18FN3O3 · HCl · H2O;
MW=385.82 g mol−1) were obtained from Pharma Nostra
(São Paulo, Brazil) and were used to prepare aqueous
0.4 mmol L−1 solution. Fe(NO3)3 · 9H2O (Mallinkrodt, Paris,

KY, USA) and FeSO4 · 7H2O (Fmaia, Cotia, Brazil) were used
to prepare aqueous 0.25 mol L−1 iron stock solution. Citric
acid (Synth, São Paulo, Brazil) was used as an iron ligand.
Hydroquinone (CAAL, São Paulo, Brazil) and catechol
(Sigma-Aldrich, St. Louis, MO, USA) were used on PCT
and CIP degradation. H2O2 30 % (w/w) (Synth, São Paulo,
Brazil) was used as received after standardization. Bovine
liver catalase from Sigma-Aldrich (St. Louis, MO, USA)
was used for residual hydrogen peroxide consumption.
Ammonium metavanadate (Vetec, Rio de Janeiro, Brazil)
0.06 mol L−1 was prepared in 0.36 mol L−1 H2SO4 (Fmaia,
Cotia, Brazil) and used for hydrogen peroxide determination.
Acetonitrile (J. T. Baker, Xalostoc, Mexico), formic acid (J. T.
Baker, Xalostoc, Mexico), and ultrapure water (DG 500UF,
Gehaka, São Paulo, Brazil) were used for HPLC analysis.

Degradation procedures

Experiments under irradiation or in the dark were carried out
in an up-flow reactor previously described (Nogueira and
Guimarães 2000). The irradiation source was a 15-W black-
light lamp with maximum emission at 365 and 410 nm.When
irradiation was employed, the lamp was only switched on
once the reactor was completely filled and the time started to
be monitored. The pH of PCT or CIP solution was firstly
adjusted to 2.5 using a pH meter (1100 series, Oakton,
Vernon Hills, IL, USA) with the addition of 1.0 mol L−1

H2SO4 solution. After pH adjustment, the iron salt was added
to result in a 0.10 mmol L−1 concentration. Iron citrate com-
plex (Fecit) was prepared in situ by the addition of citric acid
to iron nitrate solution at 1:1 iron to ligand molar ratio.
Appropriate volume of H2O2 was then added to result in
2.5 mmol L−1 concentration while magnetically stirred, and
the solution was then immediately pumped into the reactor.
The irradiated volume of the reactor was 280 mL, and a total
volume of 500 mL of 0.4 mmol L−1 PCT or CIP solution was
recirculated at 80 mL min−1 flow rate using a peristaltic pump
(Masterflex 7518-12, Vernon Hills, IL, USA). CATwas added
at 0.10 mmol L−1, and HQ was added at concentrations rang-
ing from 0.05 to 0.15 mmol L−1 to evaluate their effect on iron
reduction, peroxide consumption, and on PCT and CIP
degradation.

Chemical analysis

The concentration of PCT, CIP, CAT, and HQ during the ex-
periments was determined using reversed-phase high-perfor-
mance liquid chromatography (HPLC; 20AT Prominence,
Shimadzu, Kyoto, Japan) coupled to a diode array detector
(DAD) (SPD-M20A). The injection volume was 20 μL, and
a C-18 column (Gemini 5 × 150 × 4.6 mm Phenomenex,
Torrance, CA, USA) was used with a mixture of acetonitrile:
formic acid 0.1 % as mobile phase at 0.4 mL min−1 flow rate
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and isocratic mode. Samples from PCT degradation were elut-
ed with 15:85 acetonitrile:formic acid 0.1 %, while samples
from CIP degradation were eluted with 20:80. Under these
conditions, retention times of PCT, CAT, and HQ were 7.9,
13.0, and 7.2 min detected at 242, 276, and 289 nm wave-
length, respectively, while retention times of CIP and HQ
were 5.2 and 6.4 min detected at 280 and 289 nmwavelength,
respectively. Before HPLC analysis, 35 μL of catalase solu-
tion (0.1 g L−1) was added to 5 mL aqueous sample after pH
adjustment to 6–7 under magnetic stirring. This procedure was
adopted to interrupt the Fenton reaction by the decomposition
of residual H2O2 and iron precipitation (Malato et al. 2002).
The samples were then fil tered through 0.45 μm
polyvinylidene fluoride membrane (Millipore, Bedford, MA,
USA) before HPLC analysis.

Mineralization of organic matter during PCT and CIP deg-
radation was evaluated by measuring the decay of total organ-
ic carbon concentration (TOC) using a TOC analyzer (TOC-
5000A-Shimadzu, Kyoto, Japan) immediately after the sam-
ple withdrawal without previous treatment.

The residual hydrogen peroxide concentration was deter-
mined spectrophotometrically (Shimadzu UV mini-1240,
Shimadzu, Kyoto, Japan) by measuring the absorption at
450 nm after reaction with ammonium metavanadate
(Nogueira et al. 2005b). The concentration of ferrous ions
generated was measured using the spectrophotometric method
employing 1,10-phenanthroline, with maximum absorption at
510 nm (UV mini-1240, Shimadzu, Kyoto, Japan) (Fortune
and Mellon 1938).

Solid phase extractions were carried out for LC-MS/
MS analysis. Sep-Pak-C18 (360 mg) and Oasis HLB
(60 mg) cartridges (Waters, Milford, MA, USA) were
used for PCT and CIP determinations, respectively. Sep-
Pak-C18 cartridges were previously conditioned with
5 mL methanol followed by 5 mL water. Then 5 mL sam-
ple was percolated through the cartridge and recovered
with 5 mL methanol. In the case of CIP, Oasis HLB car-
tridges were used after conditioning with 1 mL methanol
followed by 1 mL water. Then 1 mL of sample was per-
colated through the cartridge and recovered with 1 mL
methanol/formic acid 0.1 % (50:50) solution.

LC-MS/MS analysis was performed in a liquid chro-
matograph (1200 Agilent Technologies, Santa Clara, CA,
USA) coupled to a 3200 QTRAP Mass Spectrometer
(Linear Ion Trap Quadrupole, AB Sciex Instruments,
Framingham, MA, USA) operating in a positive and neg-
ative mode and TurboIonSpray ionization. Fullscan and
MS/MS experiments were carried out using the following
parameters: curtain gas, 103 kPa; ion spray, 5500 V; gas
1, 310 kPa; gas 2, 276 kPa; temperature, 600 °C,
declustering potential, 36 V; entrance potential, 4 V, and
interface heater, ON. The same chromatographic condi-
tions were used as previously described.

Results and discussion

Effect of DHB on PCT degradation

Control experiments under only irradiation or in the presence
of only Fe3+ showed no decrease of PCT concentration, while
irradiation in the presence of Fe3+ resulted in 7 % PCT oxida-
tion with no mineralization after 90 min due to electron trans-
fer from water to iron reducing Fe3+ and generating •OH that
oxidizes PCT (Eq. 1). The Fecit complex was used as an iron
source to compare the effect of HQ on the reduction of Fe(III)
when presented as free or complexed iron.

In the absence of DHBs, a lag phase is observed in the first
20min resulting in a similar initial degradation rate (calculated
by the tangent of the initial linear portion of the curve of
concentration as a function of reaction time) of PCT in the
presence of either Fe(NO3)3 or Fecit, under irradiation,
0.042 and 0.064 mmol L−1 min−1, respectively, higher than
in the dark, 0.013 mmol L−1 min−1 (Fig. 1a). However, deg-
radation rate in the dark started to increase after 20 min,
reaching 0.019 mmol L−1 min−1, about 1.5 times higher, lead-
ing tomore than 99% PCT degradation after 60min, the same
as under irradiation.

The increase of PCT degradation rate in the dark with
Fe(NO3)3 after 20 min is probably related to the formation
of HQ (Fig. 1d), which is able to reduce Fe(III) to Fe(II) that
decomposes H2O2 forming •OH. Generation of DHB interme-
diates as HQwas previously observed during PCTand phenol
Fenton degradation, which may influence reaction rate (Trovó
et al. 2012; Moctezuma et al. 2012; Silva and Nogueira 2016).

To confirm that HQ was formed and not CAT, LC-MS
experiments were carried out. Since both have the same molar
weight, optimizations of fragment ion and ionization experi-
ments were performed using direct infusion of each DHB
standard. After obtaining all optimized conditions for HQ
and CAT, selected reaction monitoring (SRM) analysis was
carried out due to the high sensitivity. Two transitions (precur-
sor ion> fragment ion), usually selected through their intensi-
ty, were monitored for both HQ and CAT to confirm their
presence. The transitions used were as follows: HQ 109>45
and 109> 79 and CAT 109>91 and 109> 81. The results
indicated that only HQ was formed as PCT degradation prod-
uct, since transitions of CATwere not observed (Fig. SM1).

When CATand HQ were initially added to PCT solution in
the dark, PCT degradation rate was significantly increased
following pseudo first-order kinetics (Table 1). As a result,
over 96 % PCT degradation was observed in the presence of
DHBs after 30 min. The increase of PCT degradation rate in
relation to the absence of DHBs confirms their catalytic effect
on PCT degradation. Furthermore, higher PCT degradation
rate was observed in the presence of DHBs than in the pres-
ence of irradiation with free Fe3+ or Fecit complex, indicating
their higher contribution on Fe(III) reduction than irradiation.
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However, this effect was restricted to the beginning of the
reaction since after 7 min DHBs were also degraded and con-
centration in solution decreased to levels below the detection
limit, 8.6 and 1.1 μmol L−1 for HQ and CAT, respectively
(Fig. 1d).

In relation to TOC removal, irradiation had a very strong
positive effect independent of free (Fe3+) or complexed iron
(Fecit) achieving 59 % TOC removal after 90 min (Fig. 1b).
On the other hand, although the presence of HQ and CAT
increased significantly the PCT degradation in the dark,
TOC removal achieved only 7 % after 10 min and 12 % after
90 min probably due to the total conversion of these com-
pounds after 7 min.

Low H2O2 consumption (1 %) was observed during
PCT degradation in the dark after 20 min in the absence
of DHB with Fe3+. However, when HQ started to be
detected, the consumption of H2O2 increased consider-
ably suggesting that HQ contributed to Fe(III) reduction
which decomposed 70 % of H2O2 after 90 min (Fig. 1c).
However, under irradiation up to 96 %, H2O2 was

decomposed after 45 min independent of free or com-
plexed iron, much higher consumption than in the dark
due to the continuous reduction of Fe(III). In this case,
HQ and CAT were not detected in reaction medium in-
dicating that iron reduction was mainly promoted by ir-
radiation. When DHBs were added to the reaction medi-
um, the consumption of H2O2 between 0 and 20 min was
even higher than under irradiation resulting in significant
iron reduction and H2O2 decomposition.

Measurements of Fe2+ concentration were carried out
during PCT reaction to compare the effect of irradiation of
Fecit complex with CAT and HQ on Fe(III) reduction
(Fig. 2). Experiments were carried out in the absence of
H2O2 to avoid Fe2+ oxidation. It was observed that in the
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Fig. 1 Influence of CAT and HQ
on (a) oxidation, (b)
mineralization of PCT, (c) H2O2
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Table 1 Pseudo first-
order rate constants (k)
for PCT degradation in
the presence of Fe3+ in
the dark

Solution k (min−1)

0.10 mmol L−1 CAT 0.22

0.05 mmol L−1 HQ 0.22

0.10 mmol L−1 HQ 0.26

0.15 mmol L−1 HQ 0.34

Initial conditions: CPCT = 0.4 mmol L−1 ;
C F e 3 + = 0 . 1 m m o l L − 1 ;
CH2O2 = 2.5 mmol L−1 ; pH 2.5
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the dark or under irradiation, with Fe3+ (Fe(NO3)3) or Fecit. Initial
condi t ions : CPCT = 0.4 mmol L−1 ; CFe3+ = 0.1 mmol L−1;
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presence of DHB, reduction of Fe3+ was immediate, gen-
erating stoichiometric amount of Fe2+. Irradiation of free
iron and Fecit complex also lead to Fe(III) reduction,
however, at much lower rate. When comparing citrate
complex and free iron, higher rate of Fe2+ formation
was observed in the presence of Fecit complex, but has
reached a plateau due to degradation of citrate, while low-
er but continuous Fe(II) generation was observed with free
iron. In the dark, although at much lower extent, Fe(III) re-
duction also occurred generating 0.021 mmol L−1 Fe2+ (Fig. 2,
green line), a different behavior as previously observed with
phenol and Fe(III), when no Fe2+ was detected in the dark

(Silva and Nogueira 2016), suggesting that other
dihydroxylated products generated during PCT degradation
contributed to iron reduction.

Degradation pathway of PCT during Fenton process

LC-MS/MS analyses of PCT solution before degradation de-
tected the pseudo-molecular ion of PCTwith a mass to charge
ratio (m/z) 152 ([M+H]+) (Fig. 3). MS/MS experiment of m/z
152 detected fragment ions with m/z 134 and m/z 110 which
correspond to water loss and ketone group loss (−CH2CO),
respectively.
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LC-MS/MS analysis during PCT degradation in the ab-
sence of HQ detected three isomers with m/z 168 ([M+H]+)
with retention times 4.94, 6.41, and 6.80 min between 20 and
45 min reaction in the absence of HQ that correspond to prod-
ucts of hydroxyl radical attack on benzene ring on ortho and
meta position and attack on amine group (Fig. 3). TheMS/MS
experiment of m/z 168 showed a main fragment with m/z 126,
which corresponds to the loss of ketone (−CH2CO) (Fig.
SM2). When HQ was added, they were detected only in the
5-min sample due to the faster PCT degradation than in the
absence of HQ. Two isomers with m/z 168 were previously
reported in photo-Fenton degradation, TiO2 photocatalysis
and ozonation under different PCT concentrations (Trovó et
al. 2012; Moctezuma et al. 2012; Andreozzi et al. 2003).

Four isomers with m/z 154 ([M+H]+) were detected at
4.49, 5.75, 7.45, and 10.09 min retention time after 20, 30,
and 45 min reaction which are a product of −CH2 loss from
intermediate m/z 168. The MS/MS experiments of m/z 154
showed the main fragments with m/z 126 which correspond to
the loss of CO (Fig. SM3). Intermediate with m/z 164 ([M
−H]−) is a product of two oxidation steps fromm/z 168 which
was detected after 30 and 45 min reaction. The MS/MS spec-
trum of m/z 164 showed a main fragment with m/z 149 which
corresponds to the loss of methyl group (−CH3). Two isomers
with m/z 198 ([M+H]+) were detected at 7.43 and 8.86 min
retention time in the 5-min sample which correspond to the
product of two hydroxylation steps from intermediate with m/
z 164. The MS/MS experiments of m/z 198 showed a main
fragment with m/z 156 formed from the loss of ketone group

(−CH2CO) (Fig. SM4). The fragments detected in MS/MS
experiments confirmed the proposed structures.

Effect of HQ on CIP degradation

CIP was chosen for comparison with PCT because of the
absence of phenolic group in its structure avoids the genera-
tion of DHB as initial degradation product. CIP degradation
was also compared in the absence and presence of added HQ
to evaluate its effect on CIP degradation.

No CIP degradation or H2O2 decomposition was observed
in the dark in the presence of Fe3+ and absence of HQ, note
that CIP complexes Fe(III) forming Fe(CIP)2 and FeCIP
(Eldin et al. 1996; Fratini and Schapoval 1996) (Fig. 5a).
Under irradiation, CIP concentration started to decrease only
after 20 min, probably due to photodecomposition of
Fe(CIP) complexes, reaching a degradation rate of
0.0055 mmol L−1 min−1, and contribution of irradiation on
Fe2+ regeneration resulting in total CIP degradation after
90 min. Addition of HQ in the dark (30 min) increased the
degradation rate drastically reaching 0.0056 mmol L−1 min−1

up to 90 min. When HQ was added at the beginning of reac-
tion, CIP degradation started with higher initial rate denoting
the importance of HQ on degradat ion achieving
0.015 mmol L−1 min−1 after 20 min and over 95 % CIP deg-
radation was observed at the end of experiment in the dark
(Fig. 4a).

In relation to TOC removal, a similar behavior was ob-
served under irradiation with Fe3+ and in the presence of HQ
already at the beginning resulting in 9 and 4 % removal, re-
spectively, after 90 min, while in the dark, no TOC removal
was observed, and HQ addition after 30 min increased TOC
values (Fig. 4b).

The H2O2 consumption showed a similar behavior when
compared to CIP degradation showing a fast initial decompo-
sition when HQ was added at the beginning of the reaction
(56 % after 10 min) (Fig. 4c). When HQ was added after
30 min, 20 % H2O2 was consumed after 90 min. Irradiation
increased H2O2 consumption (5.6 %) only slightly after
20 min than in the dark. Therefore, higher H2O2 consumption
in the presence of HQwas observed than under irradiation and
in the dark, due to the Fe2+ generation.

The Fe2+ generated during CIP degradation in the presence
of HQ in the dark (absence of H2O2) showed similar results as
for PCT, with total reduction in a very short time (Fig. 5).
Irradiation also leads to Fe(III) reduction, however, at much
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lower rate than in the presence of HQ achieving
0.038 mmol L−1 only after 90 min, while no reduction was
observed in the dark probably due to no generation of
dihydroxylated intermediate which could contribute on
Fe(III) reduction.

Degradation pathway of CIP during Fenton process

LC-MS/MS analysis of CIP detected the pseudo-molecular
ion of CIP m/z 332 ([M+H]+). MS/MS experiment of m/z
332 detected fragment ions m/z 314, m/z 288, m/z 245, and
m/z 231 which corresponds to water and carboxyl group loss
(COO−), piperazine cleavage, and cyclopropyl ring elimina-
tion, respectively.

LC-MS/MS analysis during CIP degradation detected one
main intermediate compound up to 30 min reaction (Fig. 6).
The intermediate with m/z 330 [M+H]+ was formed after
hydroxyl radical attack on benzene ring in an electrophilic
addition reaction and consequent release of fluoride as previ-
ously observed in photo-Fenton degradation of ofloxacin and
CIP with fluoride quantification in solution (Michael et al.
2013; Perini et al. 2014). The MS/MS experiments of m/z
330 showed the main fragments m/z 312 and m/z 286 which
correspond to the loss of water and of COO−, respectively,
confirming the structure of this intermediate (Fig. SM5).
Although a further hydroxylation could be feasible, no
dihydroxylated product was detected under the conditions of
this work.

Conclusions

The results of this work demonstrate that PCT degradation in
the dark is strongly affected by the generation of HQ and other
hydroxylated degradation products, changing drastically deg-
radation kinetics due to their contribution on iron cycling,
reduction of Fe3+ to Fe2+. However, no similar contribution
was observed in the case of CIP, without degradation or iron
reduction in the dark. CIP degradation in the dark was only
observed after the addition of HQ, which increased signifi-
cantly both PCT and CIP degradation rate. Irradiation favored
degradation of both pharmaceuticals, however, at lower extent
when compared to the addition of DHB.

Ten di- and tri-hydroxylated PCT degradation products
were identified in the absence of HQ resulting from hydroxyl
radical attack on benzene ring and amine group, which con-
tributed on iron reduction and consequently PCT degradation.
One CIP degradation product resulting from hydroxyl radical
attack on benzene ring and substitution of the fluorine atom
was identified, however, without showing a contribution on its
degradation.
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