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� Degradation of ibuprofen by
UV/Fe3+/Oxone process is reported.
� Ibuprofen degradation rate depends

on pH value and the ratio of
[Fe3+]:[Oxone]:[IBP].
� The anions Cl�, SO4

2� and H2PO4
�

caused a negative effect on ibuprofen
degradation.
� NO3

� slightly accelerated ibuprofen
degradation.
� Six new intermediates/byproducts

were identified.
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In this study, the degradation of a widely used non-steroidal anti-inflammatory drug ibuprofen (IBP) by
UV/Fe(III)/Oxone was conducted. IBP decomposition by sole-UV, UV/Fe(III), Fe(III)/Oxone and UV/Oxone
processes was also carried out to evaluate the isolated effects contributing to IBP degradation. The influ-
ence of pH levels, the concentration of Fe(III) and Oxone, and inorganic anions on the performance of
UV/Fe(III)/Oxone process was evaluated. SPME (Solid phase microextraction)/GC/MS were used to iden-
tify the intermediates for the first time. Nineteen intermediates/byproducts were detected during IBP
degradation, among which six escaped from the detection in previous studies. Based on the analysis of
intermediates, possible decay pathways of IBP were proposed accordingly. Decarboxylation and hydrox-
ylation were believed to be major reaction mechanisms involved in IBP degradation by UV/Fe(III)/Oxone
process.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pharmaceuticals detected in the environment are identified as
emerging pollutants. Due to the increasing consumption, inappro-
priate disposal and their incomplete elimination in wastewater
treatment plants (WWTP), pharmaceuticals have been found ubiq-
uitously in natural waters [1–5]. The majority of these compounds
exist in the aquatic environment at trace level and demonstrate rel-
atively low acute toxicity, however, little is known about synergistic
effects of pharmaceutical mixtures and the long-term effects of con-
tinuous exposure to these compounds and their metabolites [6].
Non-steroidal anti-inflammatory drugs (NSAIDs) are a group of
widely used pharmaceuticals that are frequently found in aquatic
environment. Ibuprofen (IBP), a typical NSAID, is prescribed against
musculature pain and inflammatory rheumatic disorders. It is also
used for analgesic and antipyretic purposes. This drug is ranked the
17th place on the list of most prescribed drugs in the United States
[7]. The production volume of IBP is estimated to be 15,000 tons
per year, which is ranked the third position after aspirin [8].
Industrial and domestic routes were considered as the major con-
tamination pathways for IBP in aquatic environment. Industrial
pollution comes from the release of untreated effluents from the
pharmaceuticals companies while domestic contamination is due
to the excretion by humans after partial metabolism and inappro-
priate disposal of IBP [9]. Wastewater treatment plants (WWTPs)
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have been found incapable to completely remove IBP via biodegra-
dation [10–12]. Thus, IBP has been frequently and extensively
detected in surface waters and even in drinking water due to con-
tinuous input, incomplete elimination of WWTP and drinking
water treatment [13–17].

IBP has been observed to accumulate in the plasma of channel
catfish (Ictalurus punctatus) [18] and exert irreversible harmful
effects on frog embryos [7]. It was also reported IBP could induce
liver injury in an adolescent athlete [19]. Furthermore, the ecotox-
icity of IBP can be increased considerably when it is present in the
mixture with other NSAIDs [20].

These facts have encouraged recent investigation on effective
treatment methods to remove IBP in aqueous phase, such as soni-
cation [21,22], ozonation [23], photo-Fenton [24], photolysis [9],
heat-activated persulfate [8] and photocatalysis [25]. In the last
decade, sulfate radicals (SO4

��)-based oxidation technologies have
attracted increasing interests [26–29]. In this process, SO4

�� can
be generated by activating persulfate or peroxymonosulfate
(PMS) with transition metals [30,31], activated carbon [32], UV
[33,34], ultrasound [35] and heat [8]. Although Co2+ has been
proved to be the most effective transition metals for the activation
of Oxone [36], the activation of PMS by Fe2+ has received increasing
interests in recent years since there is always the possibility of
adverse health effects caused by Co2+ at high concentration. The
main drawbacks of Fe2+/Oxone process are the cost of the reagents,
in particular Fe(II) [37] and the slow regeneration of Fe(II) [38].
Thus, various methods have been introduced to use cheap Fe(III)
salts rather than Fe(II) salts. The way to accelerate the regeneration
of Fe(II) is the application of UV irradiation through:

½FeðOHÞ�2þ þ hv ! Fe2þ þ �OH ð1Þ

This reaction can not only promote the regeneration of Fe(II)
but also produce additional �OH. Furthermore, the use of UV can
offer an extra way to generate both SO4

�� and �OH through Eq. (2):

HSO�5 þ hv ! SO��4 þ �OH ð2Þ

H2O2 was used as an oxidant in conventional photo-Fenton reac-
tion. Compared with H2O2, Oxone offers some advantages such as
the ease of storage and transport, and stability as a solid chemical
at ambient temperature. The OAO bond in PMS are cleaved more
easily than that in H2O2 since the distance of OAO bond in PMS is
longer than that in H2O2 [39]. In addition, the molar extinction coef-
ficient of PMS at 254 nm is higher than that of H2O2 under the same
condition [40], indicating PMS is more photosensitive than H2O2.

In this study, we report the degradation of IBP by
UV/Fe(III)/PMS process. The UV/Fe(III)/Oxone system has been
optimized by varying critical parameters including Fe (III), PMS
concentration and solution pH. The influence of inorganic anions
has been evaluated on IBP degradation. This contribution also iden-
tified the intermediates and products generated during IBP
destruction. The possible degradation pathways were proposed.
Fig. 1. The diagram of the experimental setup.
2. Material and methods

2.1. Reagents

Ibuprofen, Oxone and Fe2(SO4)3�9H2O were purchased from
Sigma–Aldrich while 1,10-phenanthroline was obtained from
International Laboratory. p-Isobutylbenzaldehyde was purchased
from Tokyo Chemical Industry. The salts supplying anions in this
study including NaCl, Na2SO4 and NaH2PO4 were obtained from
BDH. All chemicals are in analytic purity and all solvents are
HPLC grade and used without further purification. All aqueous
solutions were prepared in distilled and deionized water (DDW)
with a resistivity of 18.0 MX from a Millipore Waters Milli-Q water
purification system. Sulfuric acid and sodium hydroxide were used
to adjust the initial pH of the solutions.
2.2. Procedures and analysis

The photodegradation reaction of CBZ was conducted in a pho-
tochemical reactor with a cooling fan to control temperature. Two
low-pressure mercury UV lamps emitting monochromatic light at
254 nm were installed in the reactor as the irradiation source.
The diagram of the experimental installation is shown in Fig.1.
The surface irradiance was determined to be 2.74 � 10�7

Einsteins L�1 s�1 by iodide–iodate actinometry [41]; The optical
path length is determined to be 10.16 ± 0.04 cm by measuring
the photolysis rate of H2O2 [42].

The Fe(III) and PMS solutions were freshly prepared before each
test. For each test, a desired amount of Fe3+ was added into the IBP
solution. The reaction was initiated after the addition of an appro-
priate amount of PMS and simultaneously switching on the UV
lamps. The volume of initial reaction solution was fixed at
200 mL in a 300 mL cylindrical borosilicate glass vessel and stirred
mechanically in order to ensure thorough mixing during the reac-
tion. Samples were withdrawn at the predetermined time intervals
and quenched using excessive sodium nitrite. All the tests were
duplicated and the error was below 5%.

The remaining IBP after reaction was determined by HPLC,
which was comprised of a Yilite P230 HPLC pump, a Yilite UV
230+ UV/vis detector and a RESTEK C18 column (pinnacle DB,
250 � 4.6 mm, and 5 lm particle size). The maximum adsorption
wavelength (kmax) was selected as 210 nm for IBP. An isocratic flow
of acetonitrile/0.1% acetic acid (60/40) was used as the mobile
phase running at a flow rate of 1.2 mL/min. The concentration of
Fe2+ was determined colorimetrically using an UV–vis spectropho-
tometer at 510 nm after adding 1,10-phenanthroline to form a col-
ored complex of Fe2+–phenanthroline.

The identification of intermediates was carried out at an initial
IBP concentration of 0.2 mM. The identification of intermediates
was performed by a UPLC/ESI-MS system equipped with Bruker
amaZon SL ion trap mass analyzer and Dionex UltiMate 3000
Ultra-high Performance Liquid Chromatography (UPLC). The
Thermo Hypersil GOLD column (1.9 lm, 50 � 2.1 mm) was used
for UPLC. A gradient method with a flow rate of 0.2 mL/min was
used with a mobile phase containing A (5 mM ammonium acetate
at pH 4.6) and B (100% acetonitrile). Component A was maintained
at 85% during the first 2 min, then B was steadily increased from
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15% to 85% in the next 28 min. Finally, the mobile phase returned
to the initial composition until the end of the run.

The reaction intermediates were also identified by SPME (Solid
phase microextraction)/GC/MS. SPME analyses were performed
using a PAL Combi-xt autosampler (CTC, Switzerland). A 65 lm p
olydimethylsiloxane/divinylbenzene (PDMS/DVB) SPME fiber
(Supelco, Seelze, Germany) was exposed directly into the liquid
sample. The aqueous solution was agitated in the incubator (incu-
bation time 1 min, temperature 40 �C) at a speed of 250 rpm. The
agitator on and off times were 60 and 1 s, respectively. After
extraction, the compounds were thermally desorbed for 300 s in
the GC injector. After desorption, the fiber was reconditioned in
an externally heated needle heater under a light helium flow at a
temperature of 270 �C. The GC system (TRACE GC ULTRA, Thermo
SCIENTIFIC) was equipped with a 30 m HP-5MS capillary column
(Agilent Technologies, Santa Clara, US) with an i.d. of 250 lm and
a film thickness of 0.25 lm. Helium 5.0 served as the carrier gas.
The GC oven temperature program was as follows: initial temper-
ature 50 �C for 2 min, followed by heating at 10 �C min�1 to 250 �C
and held at 250 �C for 1 min, then at 5 �C min�1 from 250 to 280 �C,
and finally held for 1 min at 280 �C. Thermo SCIENTIFIC ISQ MS was
run at EI mode. MS transfer line and ion source temperature were
set at 300 �C and 250 �C, respectively.
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Fig. 2. (a) IBP degradation under different reaction conditions (b) Time course of
Fe2+ concentration under different reaction conditions (Notes: [IBP]0 = 0.1 mM,
[Fe3+]0 = 0.2 mM, [Oxone]0 = 0.2 mM, initial pH is 3.0).
3. Results and discussion

3.1. IBP degradation under different conditions

The investigation on IBP degradation under different conditions
was conducted. As indicated in Fig. 2, IBP photo-degradation was
not observed under the irradiation of UV lamps at 254 nm, which
was also reported in previous studies [24]. In the coexistence of
Fe3+ and Oxone, peroxymonosulfate radicals (SO5

��) can be gener-
ated as shown in Eq. (3):

Fe3þ þHSO�5 ! Fe2þ þ SO��5 þHþ ð3Þ

As a result, around 0.070 mM of Fe (II) was detected after 5 min
of reaction in Fe3+/Oxone system (See Fig. 2b). The redox potentials
of the reaction (3) solution were measured as indicated in Fig. S2.
The addition of Oxone led to the increase of the redox potential.
Fig. S2 also shows the redox potentials of reaction (3) solution
are lower than that of the solution containing IBP and Oxone,
which is due to the consumption of Oxone and the transformation
of Fe3+ to Fe2+. In previous studies, the formation of ferryl-ion
(FeO2+) was reported both in traditional Fenton reaction [43,44]
and Fe2+/O3 system [45,46]. Fig. S3 shows the absorption spectra
of Fe3+, Fe2+, Oxone and Fe3+/Oxone solutions. It is known that
FeO2+ exhibits strong absorption at the wavelength of 320 nm
[45]. As indicated in Fig. S3, the absorption of Oxone and Fe2+ at
320 nm is also weak. According to Eq. (1), some Fe3+ ions were
transformed to Fe2+ ions in Fe3+/Oxone system. The absorption of
Fe3+/Oxone solution, thus was expected to be weaker than that of
Fe3+ solution. However, the absorbance of Fe3+/Oxone solution
(0.571) is higher than that of Fe3+ solution (0.475) at the wave-
length of 320 nm, which may indicate the generation of FeO2+ in
Fe3+/Oxone system. IBP removal efficiency was nearly 50% after
5 min of reaction in Fe3+/Oxone system. However, IBP removal
may be mainly attributed to the formation of complex between
Fe3+ and IBP since no intermediates were identified in this process.
As also shown in Fig. 2a, around 70% of removal efficiency was
achieved after 30 min of reaction in UV/Fe3+ system. It is well
known that the hydrolysis of Fe3+ leads to the generation of differ-
ent Fe3+ species, such as [FeOH]2+, [Fe(OH)2]+, [Fe2(OH)2]4+ and
Fe(OH)3. The most important species is [FeOH]2+ due to its rela-
tively high absorption coefficient for UV light [47]. Under the
irradiation of UV, the photo reduction of [FeOH]2+ produces hydro-
xyl radicals (See Eq. (1)) which are partially responsible for the IBP
degradation in UV/Fe3+ system.

In addition, Fe3+ forms complex with IBP through the carboxylic
acid moiety. The ligand-to-metal-charge-transfer reduction of the
metal center promotes decarboxylation of IBP as shown in Eq. (4)
[48] and further oxidation of decarboxylated intermediates is also
driven by hydroxyl radicals in Fe3+/UV system. Reaction 3 is
believed to play a significant role in IBP decomposition in
Fe3+/UV system since around 60% of IBP molecules forms complex
with Fe3+ in the reaction solution at pH 3.0 (See Fig. 3c).

Fe3þðLÞn þ hv ! Fe2þðLÞn�1 þ L�ox ð4Þ

It should be noted that Fe3+ may also forms complex with the
intermediates containing carboxyl group, which may influence
the formation of complex between Fe3+ and IBP. Thus, IBP degrada-
tion may be inhibited.

Around 56% of IBP was eliminated after 30 min in UV/Oxone
system. Both hydroxyl radicals and sulfate radicals can be gener-
ated in UV/Oxone system as shown in Eq. (2).

The rapid degradation of IBP was found in UV/Fe3+/Oxone sys-
tem, where IBP was not detected after 30 min. In this system,
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ferrous ions can be continuously recycled through reaction 1 and 2.
Ferrous ions activated HSO5

� to generate additional sulfate radicals
[49]:
Fe2þ þHSO�5 ! Fe3þ þ SO��4 þ OH�

k5 ¼ 3:0� 104 M�1 s�1
ð5Þ

The hydroxyl radials generated by reaction 1 are believed to
play an important role in IBP degradation. Reactions 2 and 4 are
also believed to be involved in this system.

It should also be noted that UV radiation promotes the oxida-
tion of Fe(II) ions to Fe(III) ions in the presence of dissolved oxygen.
Thus, the influence of the presence of dissolved oxygen has been
also examined on IBP degradation. As demonstrated in Fig. S4, both
purging nitrogen gas and oxygen gas accelerated IBP degradation
by UV/Fe3+ and UV/Fe3+/Oxone processes, suggesting dissolved
oxygen may not play a significant role in IBP degradation. The pro-
moting effects of nitrogen gas and oxygen gas may be because they
improved the mass transfer in these two systems.
3.2. Effect of pH levels on IBP degradation by UV/Fe3+/Oxone process

The effects of initial pH levels ranging from 2.00 to 4.00 on IBP
degradation were evaluated in this study. IBP degradation was
found to follow pseudo first-order kinetics at different pH levels
and the observed rate constants are summarized in Fig. 3a. As
demonstrated in Fig. 3a, the pH levels played a significant role in
IBP degradation and an optimal pH was observed at 3 (See the inset
of Fig. 3a). In strongly acidic solution, Fe3+ exists as the hexaaquo
ion, Fe(H2O)6

3+. As pH increases, Fe3+ suffers extensive hydrolysis,
leading to the generation of various ferric oxyhydroxides such as
[FeOH]2+, [Fe(OH)2]+ and [Fe2(OH)2]4+ [50], among which photo
reduction of [FeOH]2+ produces hydroxyl radicals and ferrous ions
under the irradiation of UV. The concentration of [FeOH]2+ is the
highest at pH around 3 [50], resulting in the generation of most
hydroxyl radicals and ferrous ions at the initial 20 min (See
Fig. 3b). The concentration of free IBP was determined at different
pH levels with the presence of Fe3+ as demonstrated in Fig. 3c. The
highest percent of IBP was found to exist in the form of Fe3+(L)n at
pH 3.0, also leading to the rapidest degradation of IBP through
reaction 3. At pH 2.0, 80% of Fe3+ exists as Fe3+ while 20% of Fe3+

exists as [FeOH]2+ [50]. Less [FeOH]2+ in the solution generates less
hydroxyl radicals and Ferrous ions as shown in Fig. 3b. HSO5

� can be
activated by Fe3+ to generate SO5

�� which a weak oxidant. At pH 4.0,
the formation of precipitation was observed, suggesting less sol-
uble iron species recycled in the system. The concentration of
[FeOH]2+ and Fe3+(IBP)n is also low at pH 4.0. Additionally, the pre-
cipitated species are considerably less reactive towards Oxone. All
these effects result in the retardation of IBP degradation at pH 4.0.
3.3. Effect of Oxone concentration

Oxone concentration is a critical parameter as the source of sul-
fate radicals and hydroxyl radicals in UV/Fe3+/Oxone system. The
influence of Oxone dosage on IBP degradation was evaluated by
varying [Oxone]/[Fe3+] ratios from 1:4 to 2:1 with Fe3+ concentra-
tion fixed at 0.2 mM. As indicated in Fig. 4a, the increase of IBP
decay rate was observed at the elevation of Oxone concentration
when [Oxone]/[Fe3+] ratio was below 1:1. However, the further
increase of Oxone concentration failed to accelerate IBP degrada-
tion. The enhancement of Oxone concentration might lead to the
generation of more sulfate radicals and hydroxyl radicals from
the photolysis of Oxone under the irradiation of 254 nm. On the
other side, the increase of Oxone concentration also resulted in
the production of more Fe2+ as shown in Fig. 4b. Thus, Fe2+ can
act as a scavenger of hydroxyl radicals and sulfate radicals at its
high concentration through Eqs. (6) and (7), which have much
higher reaction rate constants than that of Eq. (5). Furthermore,
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HSO5
� can also compete for generated sulfate radicals with IBP

through Eq. (8) with the high concentration of Oxone [51,36,49].

Fe2þ þ �OH! Fe3þ þ OH� ð6Þ

k6 ¼ 3:0� 108 M�1 s�1

Fe2þ þ SO��4 ! Fe3þ þ SO2�
4 ð7Þ

k7 ¼ 3:0� 108M�1s�1

HSO�5 þ SO��4 ! SO��5 þ SO2�
4 þHþ ð8Þ

k8 < 1� 105 M�1s�1
0 10 20 30
0.00

0.01
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Fig. 5. (a) Effect of Fe3+ concentration on IBP degradation (b) Time course of Fe2+

concentration at different [Fe3+]0 (Notes: [IBP]0 = 0.1 mM, [Oxone]0 = 0.2 mM, initial
pH is 3.0).
3.4. Effect of Fe(III) concentration

The influence of [Fe3+] ranging from 0.05 to 0.4 mM on IBP
degradation has been also investigated with the concentration of
Oxone fixed at 0.2 mM. As illustrated in the inset of Fig. 5a, the
increase of [Fe3+] significantly accelerated IBP degradation when
[Fe3+] ratio was below 0.2 mM while IBP decay was retarded with
[Fe3+] above 0.2 mM. When [Fe3+] was below 0.2 mM, the
enhancement of [Fe3+] produced more [FeOH]2+ and Fe3+(IBP)n,
leading to the generation of more hydroxyl radicals and Fe2+ (See
Fig. 5b) as well as the rapid decarboxylation of IBP under the irra-
diation of UV light. When [Fe3+] was above 0.2 mM, Fe2+ of high
concentration might exist in the reaction solution due to the pho-
toreduction of [FeOH]2+ and Fe3+(IBP)n, where around 0.09 mM
Fe2+ was detected after 5 min with the initial concentration of
Fe3+ at 0.3 mM. Fe2+ may compete for hydroxyl radicals and sulfate
radicals with IBP at its high concentration through Eqs (6) and (7).
Furthermore, the presence of Fe3+ at high concentration led to less
free IBP molecules available in the solution, which may inhibit the
degradation of IBP. It is interesting to note that the increase of Fe3+

concentration from 0.3 to 0.4 mM failed to generate more Fe2+ (See
Fig. 5b). It is because part of Fe3+ exist in the precipitate of Fe(OH)3

when [Fe3+] is 0.4 mM.
3.5. Effect of various inorganic anions

IBP may co-exist with various inorganic ions in various waters.
It has been reported that the co-existence of some inorganic anions
affects the degradation of organic compounds in the hydroxyl
radicals-based and sulfate radicals-based advanced oxidation pro-
cesses in previous studies which found different results
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Fig. 6. (a) Effect of inorganic anions on IBP degradation by UV/Fe3+/Oxone process
(b) Effect of inorganic anions on IBP degradation by UV/Fe3+ process (c) Effect of
inorganic anions on IBP degradation by UV/Oxone process (Notes: [IBP]0 = 0.1 mM,
[Fe3+]0 = 0.2 mM, [Oxone]0 = 0.2 mM, initial pH is 3.0).
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[31,26,52,53]. It was observed SO4
2�, NO3

� and H2PO4
� inhibited the

degradation of carbamazepine in the ascending order of
NO3
� < SO4

2� < H2PO4
� while Cl� dramatically accelerated carba-

mazepine decay by Fe2+/S2O8
2� process in our previous study [31].

Wang and Chu also reported SO4
2� significantly retarded the degra-

dation of Rhodamine B (RhB) while Cl� played a positive role in
RhB degradation in Fe2+/Oxone system [54]. However, Yang et al.
observed Cl� significantly inhibited the degradation of benzoic acid
(BA) and cyclohexanecarboxylic acid (CAA) while Cl� exerted no
obvious influence on the removal of 3-cyclohexene-1-carboxylic
acid (3CCA) in UV/H2O2 and UV/S2O8

2� systems [53]. This work
evaluated the influence of four inorganic anions, including Cl�,
NO3
�, SO4

2� and H2PO4
� on IBP decay by UV/Fe3+/Oxone process.

Fig. 6a shows the addition of 10 mM NO3
� slightly accelerated

IBP degradation while the presence of other anions retarded IBP
removal rate, H2PO4

� ions exhibiting the most significant inhibiting
effects. In order to examine the role of these four anions in IBP
degradation by UV/Fe3+/Oxone process, the effects of Cl�, NO3

�,
SO4

2� and H2PO4
� on IBP decay by UV/Fe3+ and UV/Oxone processes

have also been investigated. Fig. 6b shows the presence of 10 mM
Cl� slightly inhibited IBP degradation as well as NO3

� and SO4
2�

could not affect IBP removal efficiency. As also illustrated in
Fig. 6b, IBP degradation was completely inhibited in the presence
of 10 mM H2PO4

� by UV/Fe3+ process. Slight decrease in IBP decay
rate was also observed in the presence of 10 mM Cl� and the pres-
ence of 10 mM NO3

� slightly promoted IBP degradation while SO4
2�

and H2PO4
� exerts no obvious influence on IBP degradation by

UV/Oxone process (See Fig. 6c). The photolysis of NO3
� generates

hydroxyl radicals and other radicals under the irradiation of UV
light [55], which may rationalize the promoting effect of NO3

� on
IBP decomposition. It was observed around 27.8% of IBP removal
efficiency was achieved in sole-UV system with the presence of
10 mM NO3

� (Fig. S5). However, the addition of 10 mM NO3
� failed

to increase IBP removal efficiency by 27.8% in UV/Fe3+/Oxone
(around 9% increase), UV/Fe3+ and UV/Oxone systems (around
15% increase). It is because NO3

� anions could absorb photons, lead-
ing to light attenuation which may partly offset the promoting
effect of the radicals generated during the photolysis of NO3

�.
That H2PO4

� ions significantly inhibited IBP degradation by
UV/Fe3+/Oxone may be because phosphate ions can act as a weak
quencher for hydroxyl radicals [56] and the solubility of
Fe(H2PO4)3 is very low, leading to the generation of precipitate
with the addition of H2PO4

� ions. As demonstrated in Fig. 6c,
H2PO4

� ions exerted no influence on IBP decay by UV/Oxone pro-
cess, suggesting the role of H2PO4

� ions is insignificant as a radical
quencher. Fig. 6b shows no IBP degradation was observed in the
coexistence of 10 mM H2PO4

� ions in UV/Fe3+ system, indicating
around 35% removal of IBP in UV/Fe3+/Oxone system with the addi-
tion of 10 mM H2PO4

� was attributed to UV/Oxone process. It is
interesting to note 56.5% of IBP removal efficiency, which is much
higher than IBP removal efficiency (around 35%) in UV/Fe3+/Oxone
system with the addition of 10 mM H2PO4

�, can be achieved in
UV/Oxone system without the addition of anions. This is because
the generation of precipitate retarded the penetration of UV light.
The inhibiting effect of SO4

2� ions in UV/Fe3+/Oxone system may be
because SO4

2� can reduce half-reaction reduction potential of sul-
fate radical (Eh

ðSO��4 =SO2�
4 Þ

) theoretically [54] since SO4
2� ions showed

no effect on IBP degradation in UV/Fe3+ system.
In the presence of 10 mM Cl�, the pseudo-first-order reaction

rate constant of IBP degradation was reduced by 27% for
UV/Fe3+/Oxone, 12.9% for UV/Fe3+ and 24% for UV/Oxone, respec-
tively. In our previous study, the presence of 1 mM Cl� ions signif-
icantly accelerated the degradation of carbamazepine by
Fe2+/S2O8

2� process and the higher Cl� concentration, the faster car-
bamazepine degradation. Anipsitakis et al. also saw the increase of
phenol degradation rate in the presence of Cl� in Co2+/Oxone sys-
tem [26]. It is known chloride ion can act as an important �OH
and SO4

�� scavenger, leading to the generation of Cl� (Eqs. (9)–(11)).



Table 1
Intermediates and products detected by LC–MS/MS and SPME/GC/MS during IBP degradation by UV/Fe3+/Oxone process (Note: the intermediate marked with ⁄ is identified by
NIST library match).

Product ID Retention time EI/MS m/z Proposed structure

1 17.93 219(220), 174, 159, 144

H3C

CH3

O

OH

CH3

O

2 17.05 222, 179, 163, 123

H3C

CH3

O

OH

CH3

OH

3 16.77 178

H3C

CH3

CH3

HO

4 16.40 192, 177, 163,149,135

H3C

CH3 CH3

O

OH

5 15.75 149(150), 133,121,107 H3C

CH3

OH

6⁄ 15.08 147, 132, 119, 104, 91, 77, 65 CH3

O

H3C

O

7⁄ 14.52 220, 177, 161, 117
H3C

CH3

CH3

O

O

CH3

8 14.37 192, 177, 161,150

H3C

CH3 CH3

O

HO

9⁄ 14.29 220, 178, 160, 135, 117, 104
H3C

CH3 O

CH3

CH3

O

10 13.97 192, 177, 161,149, 131

H3C

CH3 CH3

O

OH

11 13.87 196, 152, 135, 106, 77

O

OH

CH3

OH
H3C

HO

12⁄ 13.31 176, 161, 134

H3C

CH3 CH3

O

(continued on next page)
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Table 1 (continued)

Product ID Retention time EI/MS m/z Proposed structure

13⁄ 12.88 178, 163

H3C

CH3 CH3

OH

14⁄ 11.98 148, 133,105, 77,51 CH3

O

H3C

15⁄ 11.78 162, 120,91,77

H3C

CH3

O

16⁄ 11.67 150, 133,119, 107, 99,77
OH

H3C

CH3

17 10.75 166, 151, 123, 95, 81
OH

H3C

CH3

OH

18⁄ 10.52 160, 117, 104, 91, 77, 65

H3C

CH3
CH2

19⁄ 9.9 162, 133, 339, 105, 91, 77, 65

H3C

CH3

CH3
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The molecular structure of carbamazepine contains an olefinic dou-
ble bond which is susceptible to the attack of chlorine radicals.
Reaction rate constants for Cl�� with olefins have been reported to
be about 3 orders of magnitude higher than that for Cl�� with aro-
matic or alkane analogues [57], which justifies the accelerating effect
of Cl� ions on the degradation of carbamazepine. For the case of phe-
nol, -OH group on the benzene ring is electron-donating group,
which makes the ortho- and para-positions subject to the attack of
chlorine radicals. The reaction rate constant for Cl�� with phenol
was reported to be 2.5 � 105 M�1s�1 [57]. In this work, there are
two side chains on the benzene ring of IBP: one is isobutyl and the
other is propanoic acid. The isobutyl group is electron-donating
group and the group of propanoic acid is electron-withdrawing
group, suggesting the ortho-position of isobutyl group on the ben-
zene ring susceptible to the attack of chlorine radicals. On the other
side, the steric effects of isobutyl group retard the attack of the rad-
icals. Thus, Cl�� and Cl� may attack the side chains of IBP. Cl�� and Cl�

which more efficiently target the electron-rich compound or group,
are less reactive and more selective than �OH and SO4

��. The two side
chains of IBP are electron-poor group, indicating the attack of chlo-
rine radicals on the side chains may be also inefficient. As a result,
the presence of chloride ions inhibited IBP degradation in these three
processes.

�OHþ Cl� $ ClOH�� kfor ¼ 4:3� 109 M�1 s�1

krev ¼ 6:1� 109 M�1 s�1 ð9Þ

ClOH�� þHþ $ Cl� þH2O kfor ¼ 2:1� 1010 M�1 s�1 ð10Þ

SO��4 þ Cl� $ SO2�
4 þ Cl� kfor ¼ 3:0� 108 M�1 s�1 ð11Þ
3.6. Identification of IBP degradation intermediates and proposed
degradation pathways

IBP degradation intermediates by UV/Fe3+/Oxone process were
identified by UPLC/ESI-MS with the m/z range of 50–500 in nega-
tive ionization mode. SPME (Solid phase microextraction)/GC/MS
was also used to identify IBP degradation intermediates for the first
time. Molecular structures were proposed for each intermedi-
ate/product on the basis of the molecular ion masses and MS frag-
mentation patterns (MS spectra for each intermediate/product
provided in the Supplementary Materials). Only two intermediates
(Compound 2 and 4) were identified by UPLC/ESI-MS. All nineteen
intermediates were identified by SPME/GC/MS in this study,
including some (such as compounds 6, 7, 9, 10, 15 and 17) which
escaped from detection in previous studies. Among the intermedi-
ates, compounds 6(1,1’-(1,4-phenylene)bis-ethanone), 7(Ibuprofen
methyl ester), 9(Benzenemethanol, a-methyl-4-(2-methylpropy
l)-,acetate), 12(4’-(2-Methylpropyl)acetophenone), 13(1-(1-hydro
xyethyl)-4-isobutyl-benzene), 14(1-(4-ethylphenyl)-ethanone),
15(p-Isobutylbenzaldehyde), 16(4-(2-methylpropyl)-phenol),
18(1-ethenyl-4-(2-methylpropyl)-benzene) and 19(1-ethyl-4-(2-
methylpropyl)-benzene) were identified according to NIST library
match. Matching information is shown in Table S1. The probability
values of compounds 7, 9, 13 and 15 are greater than 90, indicating
the match between these four intermediates and the reference
compounds is very good. Ibuprofen methyl ester was synthesized
according to previous study [58] and the probability value of the
synthesized ibuprofen methyl ester is 94.7, suggesting the match
between synthesized ibuprofen methyl ester and reference ibupro-
fen methyl ester in NIST library is very good. Comparison between
the retention time and MS spectra of compound 7 and synthesized
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ibuprofen methyl ester further confirmed the identity of com-
pound 7 as shown in supplementary materials. The identity of
compound 15 was also confirmed by comparing its retention time
and MS spectra with that of the authentic compound
(p-Isobutylbenzaldehyde). The probability values of compounds
12, 18 and 19 are greater than 70 and each of them is the first
match on the hit list, indicating these three matches are also good.
Compound 18 was identified in previous studies as well [9,25,58].
Compound 19 was also detected during IBP phototransformation
in a previous work [59]. The probability values of compounds 6,
14 and 16 are lower than 30 and each of them is not the
first match. The first match for compound 14 is
1-(3,4-dimethylphenyl)-ethanone with a probability value of 18.4
on the hit list of NIST library. The first match for compound 16 is
2-butyl-phenol with a probability value of 64.9 on the hit list.
However, there is no possibility 1-(3,4-dimethylphenyl)-ethanone
and 2-butyl-phenol are the intermediates generated during IBP
degradation in this system. Compound 14 was detected in a previ-
ous study [9] and the identification of compound 16 was also
reported [58]. The identification of other intermediates was tenta-
tive on the basis of MS fragmentation patterns (Supplementary
Information). The detailed information of all intermediates was
summarized in Table 1.
Fig. 7. Possible decay pathways of
Fig. 7 describes the possible reaction pathways for IBP degrada-
tion by UV/Fe3+/Oxone process. Three primary intermediates (com-
pound 1, 2 and 19) were generated due to the attack of sulfate
radicals and hydroxyl radicals on the two side chains of IBP at
the first stage. The attack on the side chains is more favorable
kinetically than that on the benzene ring, which may explain the
lack of detection of ring-hydroxylated IBP intermediates at the ini-
tial stage [60]. Compound 1 (oxo-ibuprofen) derives from the
attack of hydroxyl radicals or sulfate radicals on the secondary car-
bon of the isobutyl chain. Compound 2 comes from the hydroxyla-
tion of IBP due to the attack on the tertiary carbon of the propanoic
acid chain. The decarboxylation of the propanoic acid chain led to
the generation of compound 19. These three primary intermediates
were detected at low intensity. The demethylation of compound 2
and further hydroxylation on the benzene ring form compound 11.
Compound 13 is believed to come from two sources including the
hydroxylation of compound 19 due to the attack on the secondary
carbon of the ethyl chain and decarboxylation of compound 2,
which may justify the detection of compound 13 at high concen-
tration (Fig. S6). The hydroxylation on the tertiary carbon of the
isobutyl chain of compound 19 generates compound 3. It is inter-
esting to detect compound 18 which may come from the dehydra-
tion of compound 13 in this study, which was also reported during
IBP by UV/Fe3+/Oxone process.
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the oxidative treatment of IBP by KMnO4 [58] and photocatalytic
degradation of IBP [25]. Compound 18 was also detected during
IBP phototransformation with the presence of Rose Bengal in pre-
vious study [9]. The deprotonation of compound 13 resulted in the
production of compound 12 (4-isobutylacetophenone).

In the case of compound 12, the degradation process follows
six possible pathways: (1) hydroxylation on the secondary carbon
of the isobutyl chain yields compound 4; (2) demethylation of iso-
butyl chain generates compound 14; (3) hydroxylation on the ter-
tiary carbon of the isobutyl chain resulted in the production of
compound 8; (4) decarboxylation produces compound A which
was not detected possibly due to its rapid transformation to com-
pound 5 and 16; (5) demethylation of acetyl chain led the gener-
ation of compound 15; (6) hydroxylation on the benzene ring to
produce compound 10. Compound 8 may also come from the fur-
ther oxidation of compound 3. Compound 14 can be further oxi-
dized to reach compound 6. Compound 5 and 16 are believed to
derive from the hydroxylation on the benzene ring of compound
A. Compound 16 can be again hydroxylated to generate com-
pound 17.

It is unexpected to detect two esters (compound 7 and 9) in this
study. Compound 9 may come from the esterification reaction
between compound 13 and acetic acid. Although acetic acid was
not identified in this study, the generation of acetic acid is reason-
able theoretically since the decarboxylation of compound 12 can
reach compound A and acetaldehyde. Choina et al. reported the
detection of acetic acid during IBP degradation by photocatalysis
[25]. Compound 7 may derive from the esterification reaction
between IBP and methanol.

As indicated in Fig. S6, the major byproducts remained after the
complete removal of IBP could be assigned to compounds 6, 12 and
13 with 26.3%, 37.2% and 17.6% of the total intensities, respectively.
Although compound 12 (4-isobutylacetophenone) has been proven
to be quite toxic [61], the complete degradation of compound 12 is
expected since the intensity of compound decreased significantly
after 20 min of IBP degradation reaction.
4. Conclusions

The degradation of IBP was investigated by UV/Fe3+/Oxone pro-
cess. IBP decay was found to follow pseudo first-order kinetics.
Experimental results also show that the performance of
UV/Fe3+/Oxone process was influenced by operating parameters,
such as the concentration of Fe3+ and Oxone, initial solution pH,
and inorganic salts. Optimum IBP removal efficiency was observed
at an initial solution pH of 3.0 within the investigated pH range of
2.0–4.0. Optimum molar ratio of Fe3+/Oxone/IBP was identified to
be 2:2:1. The presence of certain inorganic anions exerted a signif-
icant effect on the UV/Fe3+/Oxone process. It was found that Cl�,
SO4

2� and H2PO4
� demonstrated adverse effects on IBP degradation,

among which H2PO4
� exhibited the most significant influence in the

process. The existence of NO3
�, however, slightly facilitated the

decomposition of IBP. In addition, 19 intermediates were identified
during IBP degradation by UV/Fe3+/Oxone process. The possible
decay pathways were proposed accordingly. Decarboxylation and
hydroxylation were found to be major reaction mechanisms for
IBP degradation in this process.
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