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ABSTRACT: Peracetic acid (PAA) is a widely used disinfectant,
and combined UV light with PAA (i.e., UV/PAA) can be a novel
advanced oxidation process for elimination of water contaminants.
This study is among the first to evaluate the photolysis of PAA under
UV irradiation (254 nm) and degradation of pharmaceuticals by
UV/PAA. PAA exhibited high quantum yields (Φ254 nm = 1.20 and
2.09 mol·Einstein−1 for the neutral (PAA0) and anionic (PAA−)
species, respectively) and also showed scavenging effects on hydroxyl
radicals (k•

OH/PAA
0 = (9.33 ± 0.3) × 108 M−1·s−1 and k•

OH/PAA
− =

(9.97 ± 2.3) × 109 M−1·s−1). The pharmaceuticals were persistent
with PAA alone but degraded rapidly by UV/PAA. The
contributions of direct photolysis, hydroxyl radicals, and other
radicals to pharmaceutical degradation under UV/PAA were
systematically evaluated. Results revealed that •OH was the primary radical responsible for the degradation of carbamazepine
and ibuprofen by UV/PAA, whereas CH3C(O)O• and/or CH3C(O)O2

• contributed significantly to the degradation of
naproxen and 2-naphthoxyacetic acid by UV/PAA in addition to •OH. The carbon-centered radicals generated from UV/PAA
showed strong reactivity to oxidize certain naphthyl compounds. The new knowledge obtained in this study will facilitate further
research and development of UV/PAA as a new degradation strategy for water contaminants.

■ INTRODUCTION

Peracetic acid (PAA, CH3C(O)OOH) is an organic peroxy
acid known as a broad-spectrum antimicrobial agent.1,2

Commercial PAA solutions, synthesized by acid-catalyzed
reaction of hydrogen peroxide (H2O2) with acetic acid
(CH3C(O)OH), are typically a mixture of PAA, H2O2,
CH3C(O)OH, and water.3 The oxidation potential of PAA is
higher than that of H2O2 (1.96 vs 1.78 eV),4 and the
antimicrobial effect of PAA is far greater than H2O2, although
synergistic effects of PAA and H2O2 in commercial PAA
solution for inactivation of bacteria were also reported.1,2,5,6

The undissociated species of PAA (PAA0) at pH less than 8.2
(pKa,PAA, 25 °C)7 is considered to be the biocidal form instead
of the dissociated species (PAA−).8

Owing to the advantages of high sterilization ability, limited
toxic byproduct formation, and easy retrofit, PAA is widely
applied in food, medical, and textile industries and is used for
wastewater disinfection in the U.S., Canada, and Europe.1,9−14

Since the USEPA considered the use of PAA as an alternative
for combined sewer overflow and wastewater disinfection, the
application of PAA in wastewater treatment has received
increasing attention.15,16 Furthermore, PAA was found to be
more effective than NaOCl in controlling enteric micro-

organisms.17 Thus, PAA may become more common to replace
NaOCl in wastewater disinfection in the future.
With more wastewater treatment plants to employ PAA for

disinfection, the potential of PAA to degrade micropollutants
merits more study. Previous research observed that PAA was a
good oxidant for removing 4-chlorophenol, but others found
PAA ineffective for degrading certain pharmaceuticals (e.g.,
ibuprofen, naproxen, diclofenac, gemfibrozil, and clofibric acid)
in sewage effluents.18,19 Some have investigated the combina-
tion of UV light and PAA (i.e., UV/PAA) for wastewater
disinfection, and reported synergistic benefits and enhanced
inactivation efficiency for enteric microorganisms compared to
individual PAA, UV, H2O2 and UV/H2O2 treatments.17,20,21 If
UV and PAA were applied sequentially, then introducing PAA
before UV irradiation was more efficient for disinfection than
the opposite order.9,21 The synergistic effect of UV/PAA for
disinfection may be attributed to the formation of hydroxyl
radical (•OH) and “active” oxygen from the photolysis of
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PAA.9,21 Thus, the application of combined UV and PAA for
wastewater disinfection may considerably reduce the dis-
infectant dosage, contact time, and costs.17,22

PAA can be activated by UV light or certain catalysts to
generate radicals; thus, the UV/PAA process can be classified as
an advanced oxidation process (AOP).9,17,21−24 Under UV
irradiation, homolytic cleavage of PAA’s O−O bond occurs to
generate acetyloxyl radical (CH3C(O)O•) and •OH (eq
1).9,21 Subsequently, CH3C(O)O• rapidly dissociates to
methyl radical (•CH3) and CO2, and

•CH3 may combine with
oxygen to produce a weak peroxy radical (CH3O2

•) (eqs 2 and
3).9 Meanwhile, •OH may attack the PAA molecule (eqs
4−6).9 CH3C(O)O• may also react with PAA to produce
acetylperoxyl radical (CH3C(O)O2

•) (eq 7).24 The various
radicals formed in the UV/PAA process may exhibit different
reactivities. Furthermore, because some amounts of H2O2 are
always present in PAA solutions, the UV/H2O2 AOP coexists in
the UV/PAA process.

→ +• •
 CH C( O)O H CH C( O)O OH

hv
3 2 3 (1)

→ +• •
CH C( O)O CH CO3 3 2 (2)

+ →• •CH O CH OO3 2 3 (3)

+ → +• •
 CH C( O)O H OH CH C( O)O H O3 2 3 2 2

(4)

+ → + +• •
 CH C( O)O H OH CH C( O) O H O3 2 3 2 2

(5)

+ → +• •
 CH C( O)O H OH CH C( O)OH OOH3 2 3

(6)

+

→ +

•

•

 

 

CH C( O)O H CH C( O)O

CH C( O)O CH C( O)OH
3 2 3

3 2 3 (7)

It is well-known that •OH can react rapidly with many
micropollutants (k = 106−1010 M−1·s−1).25 Mukhopadhyay et
al. reported that UV/PAA could achieve >95% mineralization
of 4-chlorophenol.26 The formation of •OH and other radicals
from UV/PAA will be beneficial for elimination of emerging
contaminants but has been scarcely investigated. In this study,
seven target pharmaceuticals, bezafibrate (BZF), carbamazepine
(CBZ), clofibric acid (CA), diclofenac (DCF), ibuprofen
(IBP), ketoprofen (KEP), and naproxen (NAP) (structures in
Supporting Information (SI) Figure S1), were selected because
of their frequency of occurrence in aquatic environments and
representation of a wide range of compound structures. The
objective was to elucidate the reaction mechanisms and assess
the roles of radical species of UV/PAA in degrading the
pharmaceuticals. As a necessary step, the photolysis of PAA
under UV irradiation was also studied by measuring PAA’s light
absorption, quantum yields, and scavenging effects on •OH.
The reactive species responsible for pharmaceutical degradation
under UV/PAA were systematically evaluated by a combination
of experiments and kinetic simulations. The degradation
products of pharmaceuticals by UV/PAA were also evaluated
and compared to those by UV/H2O2. To the best of our
knowledge, this study is among the first to reveal the
degradation kinetics and mechanism of pharmaceuticals by
UV/PAA, and to systematically investigate the photolysis
behavior of PAA.

■ MATERIALS AND METHODS

Chemicals. Sources of chemicals and reagents are provided
in the SI Text S1.

Determination of PAA. The PAA stock solution (39%
PAA and 6% H2O2, stored at 5 °C) was regularly calibrated by
using iodometric titration methods. PAA working solution (10
g/L) was prepared weekly by diluting the standardized PAA
stock solution and stored at 5 °C. Residual PAA in experiments
was quantified by the N,N′-diethyl-p-phenylenediamine (DPD)
colorimetric method. The titration methods are described in SI
Text S2.

UV Instrument. The irradiation experiments were con-
ducted in a magnetically stirred 100 mL cylindrical quartz
reactor similar to that previously described.27,28 UV irradiation
was supplied from one side of the reactor by a 4-W low
pressure UV lamp (G4T5 Hg lamp, Philips TUV4W) peaking
at 254 nm in a photochamber at ambient temperature (25 °C)
(SI Figure S2). The lamp was warmed up for at least 30 min
before the experiments. The effective light path length (L) was
measured to be 3.545 cm according to an approach previously
described.27,28 The incident light intensity (I0) for the quartz
reactor was measured to be 2.12 × 10−6 Einstein/(L·s), through
the potassium ferrioxalate actinometry method29 and con-
version of the area-metric light intensity (W/cm2) into that in
volumetric unit (Einstein/(L·s)).27

Photolysis of PAA. The PAA0 solution (1 g/L) at pH
about 3.17 was prepared by diluting the PAA working solution
with deionized water and PAA0 accounted for >99% of total
PAA. The PAA− solution (1 g/L) was prepared by diluting the
PAA stock solution with borate buffer to achieve pH 9.93 at
which PAA− accounted for >98% of total PAA. The total
absorbance of PAA0 or PAA− solutions containing H2O2 was
measured with an Agilent UV−vis spectrophotometer, and the
absorbance of PAA0 or PAA− was obtained by subtracting the
H2O2 absorbance from the total absorbance. The molar
absorption coefficients of H2O2, PAA

0 and PAA− at 200−400
nm were obtained by dividing absorbance by the molar
concentration according to the Beer−Lambert Law. Direct
photolysis of PAA0 and PAA− by UV was conducted at pH 5.09
and 9.65 with or without the existence of the •OH scavenger
tert-butyl alcohol (TBA) (10 mM). A 2 mL aliquot was
sampled from the reactor periodically to measure the residual
PAA.

Degradation Experiments. The reaction solution includ-
ing the individual pharmaceutical was prepared into the quartz
reactor with the phosphate or borate buffer (10 mM). Then,
the reactor was placed into the photochamber with a running
magnetic stirrer. Immediately, a certain volume of PAA working
solution was added into the reactor to initiate the reaction.
Sample aliquots (1 mL) were drawn from the reactor
periodically and promptly put into amber glass vials containing
excess sodium thiosulfate ([Na2S2O3]/[PAA]0 > 5) to quench
oxidants. Control experiments under UV alone or UV/H2O2
were also conducted. Quenching experiments were conducted
by adding 10 mM TBA into reaction solutions before UV
irradiation. Experiments without UV irradiation were con-
ducted to evaluate pharmaceutical degradation by PAA alone.
All experiments were conducted in duplicate or triplicate and
the average results are presented.

Analytical Methods. The analytical methods to measure
the target pharmaceuticals, model compounds and trans-
formation products are detailed in SI Text S3.
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■ RESULTS AND DISCUSSION

Photolysis of PAA under UV Irradiation. To fully
understand the degradation mechanism of pharmaceuticals by
UV/PAA, the photolysis of PAA under UV irradiation needs to
be understood first. The molar absorption coefficients (ε) of
PAA0, PAA−, and H2O2 at 200−400 nm were determined (SI
Figure S3a). The measured εH2O2 at 254 nm was 18.54
M−1cm−1, similar to the literature value (18.7 M−1cm−1).30 The
εPAA0 and εPAA− at 254 nm were 10.01 M−1cm−1 and 58.89
M−1cm−1, respectively. PAA− showed much higher UV
absorption, about 6 times of PAA0 and 3 times of H2O2.
The photolysis of PAA0 (pH 5.09) and PAA− (pH 9.65)

under UV irradiation followed first-order kinetics (SI Figure
3b,c). PAA− has a faster photolysis rate than PAA0, in
accordance with its higher UV absorption at 254 nm. Adding
TBA partially inhibited the photolysis of both PAA0 and PAA−

(more pronounced in the case of PAA0), confirming that •OH
was generated in PAA photolysis and •OH could further react
with PAA. Note that scavengers specific for the other radicals
possibly formed from PAA photolysis (eqs 1−7) have not been
established and information regarding the reactivity of PAA to
radical species is scarce in the literature. Nevertheless, we
hypothesized that the decay of PAA in UV photolysis was due
mainly to direct photolysis and partly to indirect photolysis
with •OH, on the basis that eq 1 is the dominant reaction for
PAA photolysis, and the other radicals likely have lower
reactivity than •OH. Thus, the rate constants of PAA photolysis
obtained under UV+TBA were employed as the direct
photolysis rate constants to calculate the quantum yields
(Φ254 nm) of PAA

0 and PAA−, which were 1.20 mol·Einstein−1

and 2.09 mol·Einstein−1, respectively (SI Text S4). They are
considerably higher than the reported Φ254 nm (0.5 mol·

Einstein−1)31 of H2O2, indicating that the photolysis of PAA
may generate more •OH and/or other active radicals compared
to the photolysis H2O2 to initiate the radicals’ chain reactions.
Assuming that the indirect photolysis of PAA is primarily

attributed to •OH, the scavenging effects of PAA0 and PAA− on
•OH was evaluated by measuring the second-order rate
constants of PAA0 or PAA− with •OH at pH 6.07 and 9.65,
respectively, using competition kinetics with para-chlorbenzoic
acid (pCBA) as the chemical probe in a UV/H2O2 system
(detailed in SI Text S5). The obtained rate constants were
k•
OH/PAA

0 = (9.33 ± 0.3) × 108 M−1·s−1 and k•
OH/PAA‑ = (9.97 ±

2.3) × 109 M−1·s−1. To the best of our knowledge, this is the
first report of the •OH rate constants for PAA0 and PAA−.
These rate constants are 1−2 orders of magnitude higher than
that of H2O2 (k•

OH/H2O2
= 2.7 × 107 M−1·s−1),32 indicating that

PAA has a strong scavenging effect on •OH under high PAA
concentration or alkaline pH (PAA− dominance) conditions.

Removal Efficacy of Pharmaceuticals by PAA and UV/
PAA. Little degradation of the seven pharmaceuticals occurred
with 1 mg/L (i.e., 13.1 μM) PAA at pH 7.10 after 1 h (SI
Figure S4a). After increasing PAA dose to 1 g/L (including
0.11 g/L H2O2) and reaction time to 24 h, only NAP and DCF
showed notable elimination (62.50% and 29.70%, respectively)
but the removal for most pharmaceuticals was still less than
11% (SI Figure S4b). Thus, PAA has low reactivity toward the
investigated pharmaceuticals and is not an effective oxidant to
eliminate such structures.
In contrast, the pharmaceuticals were degraded by more than

93.5% under UV/PAA ([PAA]0 = 1 mg/L) after 2 h of reaction
at pH 7.10 (Figure 1a). The degradation of pharmaceuticals by
UV/PAA followed pseudo-first-order kinetics (Figure 1b).
Because UV alone without PAA was able to rapidly degrade

Figure 1. (a) Degradation of pharmaceuticals under the UV/PAA (1 mg/L) process at pH 7.10; (b) ln([pharmaceutical]/[pharmaceutical]0) versus
time. Initial pharmaceutical concentration was 1 μM.

Table 1. Pseudo-First-Order Rate Constants (kobs, min−1) of Pharmaceuticals under UV/PAA, UV/H2O2, and UV alonea

compounds kUV/PAA kUV/H2O2
kUV kUV/PAA/kUV/H2O2

bezafibrate (BZF) (2.40 ± 0.06)×10−2 (2.14 ± 0.01)×10−2 (2.01 ± 0.04)×10−2 1.1
diclofenac (DCF) 1.38 ± 0.03 1.31 ± 0.03 1.09 ± 0.01 1.1
clofibric acid (CA) (2.30 ± 0.03)×10−1 (1.77 ± 0.05)×10−1 (1.95 ± 0.04)×10−1 1.3
ibuprofen (IBP) (8.83 ± 0.15)×10−2 (6.41 ± 0.17)×10−2 (2.61 ± 0.07)×10−2 1.4
naproxen (NAP) (3.07 ± 0.07)×10−1 (8.07 ± 0.42)×10−2 (5.10 ± 0.31)×10−2 3.8
carbamazepine (CBZ) (8.25 ± 0.31)×10−2 (2.11 ± 0.05)×10−2 (4.9 ± 0.25)×10−3 3.9

aExperimental conditions: [pharmaceutical]0 = 1 μM, [PAA]0 = 1 mg/L, [H2O2]0 = 0.11 mg/L in UV/H2O2 experiments, [phosphate buffer] = 10
mM, pH 7.10, 25 ± 1 °C.
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KEP (<0.05 μM remained after 2 min), consistent with the
literature,33 KEP was not investigated for UV/PAA.
Table 1 summarizes the obtained rate constants (kobs in

min−1) for six pharmaceuticals under UV/PAA, UV/H2O2, and
UV alone, respectively. The UV/H2O2 experiments employed
0.11 mg/L (i.e., 3.3 μM) initial H2O2 concentration similar to
that in the PAA reaction solution, and represented the UV/
H2O2 reactions coexistent in the UV/PAA process. The values
of kUV for BZF, CA, and DCF were close to kUV/PAA, indicating
that direct photolysis played a major role in their degradation
under UV/PAA. For IBP, NAP, and CBZ, UV/PAA promoted
degradation by 3−16 folds compared with UV alone. The
influence of UV/H2O2 on pharmaceuticals’ degradation in the
UV/PAA process could be assessed by calculating the kUV/PAA/
kUV/H2O2

ratio (Table 1). For IBP, NAP, and CBZ, the kUV/PAA/

kUV/H2O2
ratios were greater than 1.3, indicating that UV/PAA

played a greater role than UV/H2O2 in their degradation in the
UV/PAA process. Furthermore, the much faster degradation of
NAP and CBZ by UV/PAA than by UV/H2O2 suggested that
some reactive species formed from photolysis of PAA probably
contributed to compound degradation.

CBZ, IBP, and NAP Degradation by UV/PAA. As Table 1
shows, CBZ, IBP, and NAP deserve further investigation for
their degradation mechanisms under UV/PAA. Thus, the
effects of TBA (presence or absence) and pH (5.09, 7.10 and
9.65) on the degradation of CBZ, IBP, and NAP under UV,
UV/PAA, and UV/H2O2 were examined and shown in Figure
2.

Effect of TBA. For CBZ (Figure 2a−c), the comparison
between UV alone and UV+TBA suggested that direct
photolysis was insignificant over 2 h of irradiation and the
modest degradation of CBZ under UV irradiation was primarily

Figure 2. Degradation of pharmaceuticals (CBZ, IBP, and NAP) and substructure compounds (NP, AS, and 2-NPAA) under different conditions.
Experimental conditions: [target compound]0 = 1 μM, [PAA]0 = 1 mg/L, [H2O2]0 = 0.11 ± 0.01 mg/L, [TBA]0 = 10 mM, [NaHCO3]0 = 25.9 mM,
[buffer] = 10 mM, 25 °C.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b04694
Environ. Sci. Technol. 2017, 51, 14217−14224

14220

http://dx.doi.org/10.1021/acs.est.7b04694
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.7b04694&iName=master.img-002.jpg&w=449&h=459


attributed to •OH. Comparison between UV/PAA and UV/
PAA+TBA showed that CBZ degradation under UV/PAA was
almost completely inhibited when TBA was added, suggesting
that •OH produced from the UV/PAA process was the
dominant radical to degrade CBZ. For IBP (Figure 2d−f), both
direct photolysis and •OH contributed to the degradation of
IBP under UV irradiation and the direct photolysis was more
important than •OH. After adding TBA, the resultant IBP
degradation under UV/PAA was similar to that under UV
+TBA. This result means that TBA entirely suppressed the
indirect photolysis of IBP under UV/PAA and UV conditions,
indicating that •OH oxidation and direct photolysis were likely
the main mechanisms of IBP degradation in the UV/PAA
process. For NAP (Figure 2g−i), direct photolysis mainly
contributed to NAP degradation under UV irradiation at acidic
and neutral pH, whereas both direct photolysis and •OH
contributed to NAP degradation under UV at alkaline pH.
Notably, comparison between UV/PAA and UV/PAA+TBA
showed a different behavior for NAP. TBA addition only
slightly inhibited NAP degradation by UV/PAA especially at
alkaline pH, indicating that •OH was not the main radical but
other radicals generated from UV/PAA contributed to NAP
degradation.
The UV/H2O2 results are also shown in Figure 2 and

represented the pharmaceutical degradation by background
UV/H2O2 with the amount of H2O2 present in the PAA
reaction solution. For all three pharmaceuticals and at the
different pHs, UV/PAA contributed more to the pharmaceut-
ical degradation than UV/H2O2, consistent with results in
Table 1.
Effect of pH. The degradation of CBZ, IBP, and NAP under

UV/PAA, UV/PAA+TBA, UV/H2O2, UV, and UV+TBA
generally showed similar trends across the pH from 5.09 to
9.65 (Figure 2). The degradation rates under UV/PAA at pH
5.09 were slightly faster than or comparable to those at pH 7.10
for all three pharmaceuticals. In contrast, the degradation rates
under UV/PAA at pH 9.65 were slower than those at pH 7.10
for CBZ and IBP. The slower UV/PAA reaction rate at alkaline
pH could be explained by the stronger •OH scavenging effect
and higher photolysis rate of PAA− than PAA0. Under UV
irradiation at alkaline pH, PAA concentration declined over
time and was depleted after 15 min of irradiation (>90%
consumption, SI Figure S3c). During this process, the formed
radicals reacted with pharmaceuticals and at the same time the
generated •OH was scavenged by PAA until the depletion of
PAA. After that, residual CBZ and IBP were degraded by UV
alone due to the absence of radicals. This phenomenon was
well demonstrated in CBZ degradation, which approached a
plateau after 15 min due to its very slow direct photolysis
(Figure 2c). Additionally, as •OH scavengers, dissolved
carbonate/bicarbonate (k•

OH/CO3
2− = 3.9 × 108 M−1·s−1;

k•
OH/HCO3

− = 8.5 × 106 M−1·s−1)32 are present at higher
concentrations in alkaline pH solutions from dissolution of
CO2 from air. Supplemental experiments at pH 9.56 with the
addition of NaHCO3 (25.9 mM) were conducted to investigate
the effect of carbonate/bicarbonate on the degradation of CBZ
and IBP by UV/PAA (Figure 2c,f). As expected, after adding
NaHCO3, the degradation of CBZ by UV/PAA for 1 h
decreased from 35% to 8.5%. Similarly, the rate constant of IBP
degradation by UV/PAA decreased from 0.060 min−1 to 0.023
min−1, close to the direct photolysis rate constant. The above

results indicate that dissolved CO2 in the solution can interfere
with the degradation of CBZ and IBP by UV/PAA.
In contrast, NAP showed a slightly faster degradation rate by

UV/PAA at pH 9.65 than at pH 7.10 (Figure 2i). Because the
reaction of NAP with other radicals produced in the UV/PAA
process played a more important role in NAP degradation, the
greater scavenging effects on •OH at higher pH had less impact
on the degradation rate of NAP.

Roles of Radicals in Pharmaceutical Degradation by
UV/PAA. Contributions of UV, •OH, and other Radicals. The
UV/PAA process degrades pharmaceuticals by a combination
of direct photolysis, oxidation by •OH and oxidation by other
radicals. The contribution of each process was estimated based
on the rate constants (min−1) obtained under UV+TBA, UV/
PAA, and UV/PAA+TBA according to eqs 8−11.

= + +− •k k k k(min )UV/PAA
1

direct photolysis OH oxidation other radicals oxidation

(8)

= +k kdirect photolysis UV TBA (9)

= −+ +k k kother radicals oxidation UV/PAA TBA UV TBA (10)

= − +•k k kOH oxidation UV/PAA UV/PAA TBA (11)

As Figure 3 shows, direct photolysis had small (IBP and
NAP) or little (CBZ) contribution to the degradation under

UV/PAA. The •OH radical played the major role (77−99%
contribution) in the degradation of CBZ and IBP by UV/PAA,
and also contributed (16−50%) to the degradation of NAP by
UV/PAA. The other radicals produced in the UV/PAA process
played an important role in NAP degradation, contributing to
34−40% at acidic and neutral pH, and 74% at alkaline pH.
Most of the other radicals are carbon-centered radicals (eqs
1−5, and 7). Evidently, they exhibited structural selectivity in
reacting rapidly with NAP but not CBZ and IBP.

Reactive Groups on NAP. To probe the reactivity of NAP to
the other radicals, substructures related to NAP, including
naphthalene (NP), anisole (AS), and 2-naphthoxyacetic acid
(2-NPAA), were selected to examine their degradation under
UV/PAA at pH 7.10 using a similar experimental approach. As
Figure 2j−l shows, the addition of TBA almost completely
inhibited the indirect photolysis of NP and AS, indicating that

Figure 3. Contributions of direct photolysis, •OH and other radicals
to CBZ, IBP, and NAP degradation under UV/PAA at different pH.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b04694
Environ. Sci. Technol. 2017, 51, 14217−14224

14221

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b04694/suppl_file/es7b04694_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b04694
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.7b04694&iName=master.img-003.jpg&w=239&h=182


the naphthalene ring without substituents and methoxybenzene
are unreactive to the carbon-centered radicals. Interestingly, the
degradation of 2-NPAA by UV/PAA was only partly sup-
pressed by TBA, which was similar to NAP. Both 2-NPAA and
NAP are naphthyl compounds, suggesting that the presence of
substituents on a naphthalene ring may render it more easily
attacked by carbon-centered radicals. Note that the propanoic
acid group of NAP is unlikely a reactive site to the other
radicals, since this functional group is also present in IBP and
IBP is not reactive to the other radicals.
The contributions of direct photolysis, •OH and other

radicals to the degradation of NP, AS, and 2-NPAA under UV/
PAA at pH 7.10 were also estimated and the results are shown
in SI Table S1. For NP and AS, their degradation under UV/
PAA was mainly attributed to •OH (>82% contribution), and
the effect of other radicals was minimum (only 3−6%). In
contrast, the other radicals contributed 31.5% to the
degradation of 2-NPAA under UV/PAA, which was similar to
the 34.1% contribution in the case of NAP. A similar
degradation pattern was observed by Zhou et al., who applied
an activated carbon fibers (ACFs)/PAA catalytic system to
remove organic dyes containing the naphthyl group.23 By
radical scavenging experiments, they also found that TBA only
slightly inhibited the removal of RR X-3B and •OH was not the
sole active species in the ACFs/PAA system.
Kinetic Modeling for •OH Reactions. To further assess the

roles of radicals in the degradation of CBZ, IBP, and NAP
under UV/PAA, a kinetic model was established assuming that
the degradation of pharmaceuticals under UV/PAA depended
on direct photolysis and •OH. A simplified pseudosteady-state
method widely used for UV/H2O2 was modified for the UV/
PAA experimental conditions to estimate the steady-state
concentration of •OH ([•OH]ss). The kinetic modeling
employs the Φ254 nm and k•

OH of PAA0 and PAA− determined
in this study and is detailed in SI Text S6 and Table S2.
Reactions involving the other radicals could not be included in
the kinetic model due to the lack of reported rate constants.
The modeling was conducted for UV/PAA and UV/H2O2,

respectively, and results are presented in SI Figure S5. The
model agreed well with the experimental data for degradation
of CBZ, IBP, and NAP under UV/H2O2. For UV/PAA, the
model predicted the degradation of CBZ and IBP reasonably
well at acidic and neutral pH, but considerably underestimated
their degradation at alkaline pH. One reason for this
underestimation was probably due to different HCO3

−/
CO3

2− concentrations in the model and the actual reaction
solutions. The model assumed saturated dissolved CO2 in the
solution, while the experiments were conducted with or without
addition of 25.9 mM NaHCO3. As shown for IBP degradation,
the model agreed much better with the experimental data
obtained in solutions spiked with NaHCO3 than those without.
As expected, the model significantly underestimated the
degradation of NAP under UV/PAA at all pHs due to
overlooking the contribution of other radicals, and further
confirmed their involvement in NAP degradation under UV/
PAA.
Generation and Reactivity of Radicals from UV/PAA. To

date, few studies actually investigated the generation of radicals
under UV/PAA. The homolysis of PAA to form •OH and other
carbon-centered radicals was observed in other activated PAA
processes by certain catalysts (e.g., MnO2 and activated carbon
fibers).23,24 By total energy analysis of the reaction pathway,
Rokhina et al. inferred that eq 1 was the rate-determining step

in the catalytic PAA oxidation system and that eqs 2−7 were
nearly spontaneous.24 Shi et al. also proposed that the eq 1 was
the rate-determining step in the reaction of secondary amines
with peracids.34 Due to the low activation barrier for hydrogen
abstraction of PAA, once the primary radicals (CH3C(O)O•

and •OH) formed, it was easy to generate CH3C(O)O2
•

(eqs 4 and 7).34 Moreover, CH3C(O)O2
• was among the

most powerful oxidizing peroxyl radicals, which can rapidly
react with TMPD, ABTS, ascorbate, and O2

•− during a pulse
radiolysis process at close to diffusion-controlled rates (k =
108−109 M−1·s−1).35

Alternatively, the decarboxylation of CH3C(O)O• (eq 2)
is the most typical β-cleavage reaction,36 which is irreversible
due to formation of stable CO2 gas, with estimated rate
constants of 109−1010 s−1 (65 °C)37 or 1.6 × 109 s−1 (60 °C).38

However, •CH3 is usually limitedly available in oxygen
saturated environments because it can rapidly react with O2
(4.1 × 109 M−1·s−1) to form CH3O2

•.39 Compared with
CH3C(O)O2

•, CH3O2
• is a weak peroxy radical, with rate

constants ranging from ∼105 to 107 M−1·s−1 with various
compounds.40,41 Thus, the relevant radicals in UV/PAA+TBA
may include CH3C(O)O•, CH3C(O)O2

•, •CH3, and
CH3O2

•. Additional NAP degradation experiments were
performed under UV/PAA+TBA with N2 purging for >30
min prior to experiments, to assess the importance of •CH3 and
CH3O2

•. The dissolved oxygen in solutions with and without
N2 purging was 0.35 and 4.96 mg/L, respectively. N2 purging
only slightly decreased NAP removal from 82.69% to 77.38%
after 7 min reaction at pH 7.10 (data not shown), implying that
•CH3 and CH3O2

• were not critical species. Consequently,
CH3C(O)O• as a primary radical and CH3C(O)O2

• as a
highly reactive radical were more likely to selectively degrade
NAP under UV/PAA. More research is needed for direct
detection of these radicals and assessing their reactivity.

Products Evaluation. The transformation products of
pharmaceuticals by UV/PAA were evaluated and compared to
those by UV/H2O2. Modified experimental conditions were
employed to generate higher concentrations of products. The
products’ MS information, evolution, and proposed structures
are detailed in SI Text S7, Tables S3−S5, Figures S6−S10, and
Figure 4. Overall, degradation of CBZ, IBP, and NAP by UV/
PAA or UV/H2O2 generated many products. A greater number
of different products was found under UV/PAA than UV/
H2O2, although many products were similar in both AOPs (SI
Tables S3−S5). Hydroxylation and/or oxygenation products
were found in all cases (including m/z of 226, 242, 253a−c,
269a−d, 271a−c, 283, and 287 for CBZ (SI Figure S7); m/z of
193a,b and 223a,b for IBP (SI Figure S9); m/z of 189, 203a,b,
233a,b, and 247a−d for NAP (Figure 4)), indicating the
involvement of •OH. IBP also underwent decarboxylation (i.e.,
m/z 161 and 177a,b (SI Figure S9)), whereas NAP could lose a
methyl group, the methoxy group or water (i.e., m/z 129, 143,
201, 203, and 231b (Figure 4)). The similar products in UV/
PAA and UV/H2O2 for CBZ and IBP were consistent with the
finding that •OH played the major role in their degradation by
both AOPs. Degradation of NAP by UV/PAA generated the
highest number of different products. However, products that
are linked to attack of CH3CO2

• or CH3CO3
• were not found.

This might be due to the experimental conditions used for
product generation and low abundance or transient nature of
these products.

Environmental Significance. PAA is an alternative
disinfectant with growing usage, and this study is among the
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first to demonstrate that UV/PAA can be an effective AOP for
pharmaceuticals elimination. The photolysis of PAA under UV
irradiation was characterized to improve the understanding of
reaction kinetics under UV/PAA. Notably, this study identified
the importance of new critical reactive species (i.e., carbon-
centered radicals CH3C(O)O• and CH3C(O)O2

•), apart
from •OH, to contribute to the degradation of naphthyl-
containing compounds (NAP and 2-NAPP) by UV/PAA. The
new knowledge obtained by this study offers an important basis
for further research on UV/PAA and other photoactivated PAA
processes. The UV activation of PAA appears to be
advantageous over that of H2O2 for the higher quantum yield
and additional reactivity of carbon-centered radicals for certain
compounds’ degradation. However, PAA poses a stronger
scavenging effect on •OH than H2O2. More research should be
conducted to evaluate the efficacy of UV/PAA to degrade a
wider range of contaminants in real water matrices, further
assess the reactivity and structural selectivity of the carbon-
centered radicals, and assess the toxicity of the transformation
products. Results of this and future work will improve the
development of UV/PAA as a new degradation strategy for
micropollutants in water and facilitates its optimization.
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Text S1. Chemicals 
Bezafibrate (BZF), carbamazepine (CBZ), clofibric acid (CA), diclofenac (DCF) sodium 

salt, ibuprofen (IBP), ketoprofen (KEP) and naproxen (NAP) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) with the purity >98%. H2O2 (30% w/w) solution and 
tert-butyl alcohol (TBA) were obtained from Fisher Scientific (Hampton, NH, USA). PAA 
(~39 wt% in acetic acid, ≤6% H2O2) solution, 2-naphthoxyacetic acid (2-NPAA, 98% purity), 
naphthalene (NP, 99% purity), para-chlorobenzoic acid (pCBA, 99% purity), methanol 
(99.9% purity), sodium hydroxide (NaOH) and sodium thiosulfate (Na2S2O3) were obtained 
from Sigma-Aldrich. Anisole (AS, 99% purity), nitrobenzene (NB, 99.5% purity) and 
analytical-grade formic acid (99% purity) were purchased from Acros Organics (Geel, 
Belgium). All other chemicals and reagents used without further purification were analytical 
grade or above and purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific 
(Hampton, NH, USA). Reagent water (≥18 mΩ-cm) was produced from a Milli-Q integral 
water purification system (Millipore, Billerica, MA, USA). BZF, CBZ, CA, IBP, KEP and 
NAP stock solutions in deionized (DI) water were prepared at 50-200 μM by dissolving the 
solid of standard compounds according to their water solubility and stored at 5 °C before use. 
DCF stock solution was prepared in methanol at 5 mM due to its low water solubility and 
working solution (5 μM) was prepared daily by evaporating methanol from the stock solution 
and reconstituting in DI water. 
 
Text S2. Determination of PAA 

PAA is unstable especially at low concentrations.1 A solution with 40% of PAA loses 
about 1-2% of its active ingredient per month.2 The PAA stock solution (39% PAA and 6% 
H2O2 initially) was stored at 5 °C and regularly calibrated by using titration methods. The 
sum of PAA and H2O2 concentrations was first measured with iodometric titration, by adding 
potassium iodide (with ammonium molybdate as a catalyst) to produce the liberated iodine 
and then titrating the iodine with sodium thiosulfate. Then, the concentration of H2O2 in PAA 
solution or in pure H2O2 stock solution was titrated with potassium permanganate under 
acidic pH. The concentration of PAA in the stock solution was calculated by subtracting H2O2 
concentration from the sum of PAA and H2O2 concentrations. 

PAA working solution at 10 g/L was prepared weekly by diluting the standardized PAA 
stock solution and was stored at 5 °C. Residual PAA in experiments was quantified by the 
N,N’-diethyl-p-phenylenediamine (DPD) colorimetric method.3 The sample was treated with 
an excess amount of potassium iodide. The produced iodine could react with DPD to form a 
pink-colored species that could be measured by absorbance at 515 nm and was in direct 
proportion to PAA concentration. Supplementary experiments confirmed that the low 
concentrations (<2.5 mg/L) of H2O2 in the samples had negligible influence on PAA 
determination by the DPD method. 
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Text S3. Analytical methods 
The loss of target pharmaceuticals, pCBA, NB, AS, NP and 2-NPAA was monitored by 

an Agilent 1100 series high performance liquid chromatography (HPLC) system equipped 
with a diode-array UV detector (DAD) and an Agilent Zorbax SB-C18 column (2.1 × 150 
mm, 5 μm). BZF, CBZ, CA, DCF, IBP, KEP, NAP, pCBA, NB, AS, NP, and 2-NPAA were 
detected at 235, 285, 227, 278, 219, 256, 231, 234, 268, 220, 254 and 226 nm, respectively. 
Isocratic elution was used with (i) methanol and 0.1% (v/v) formic acid for BZF, CBZ, CA, 
DCF, IBP, KEP, NAP, pCBA and 2-NPAA; (ii) acetonitrile and DI water for NP; and (iii) 
methanol and DI water for NB and AS. The injection volume was 20 μL except for NAP it 
was 5 μL. 

An Agilent 1100 series HPLC outfitted with an Agilent Zorbax RX-C18 column (2.1 × 
150 mm, 5 μm), a DAD, and a single-quadrupole mass spectrometer (MS) was used for the 
transformation products identification of CBZ, IBP and NAP. HPLC separations were 
performed with methanol (A) and 0.1% (v/v) formic acid (B) at a flow rate of 0.2 mL/min 
with gradient elution program. The injection volume was 60 μL. The electrospray ionization 
at positive mode (ESI+) was applied for CBZ and NAP with the mass scan range of m/z 
70-500, whereas both positive (ESI+) and negative (ESI-) modes were applied for IBP. The 
mass fragmentation voltage was set from 35 to 220 eV. The drying gas flow was 10 L/min. 
The nebulizer pressure was 45 psig for IBP and NAP, and 40 psig for CBZ. The drying gas 
temperature was 350 °C for IBP and NAP, and 300 °C for CBZ. The capillary voltage was 
4000 V (±). 
 
Text S4. Calculation for the quantum yields (Φ) of PAA0 and PAA- 

Quantum yields of PAA0 and PAA- photolysis at 254 nm were calculated according to Eq. 
S1:4 

254 
0 254 

Φ =
( (1 10 ) )

d
nm A L

nm

k A
I ε− ⋅

⋅
⋅ − ⋅                                             (S1) 

where Φ254 nm is the quantum yield at 254 nm (mol/Einstein); kd is the direct photolysis rate 
constant experimentally determined under UV+TBA (s-1); ε 254 nm is the molar absorption 
coefficient at 254 nm (M-1⋅cm-1); I0 is the incident light intensity (2.12 × 10−6 Einstein/(L·s)); 
and L is the effective light path length (3.545 cm). Note that A = 
(εPAA0[PAA0]+εPAA-[PAA-]+εH2O2[H2O2]+α), in which α is the absorption coefficient of the 
solvent (i.e. buffered aqueous solution) (cm-1). 
 
Text S5. Competition kinetics for the second-order rate constants with •OH 

Competition kinetics4-9 were employed to determine the second-order rate constants of 
PAA0, PAA-, IBP0 and NAP0 with •OH under UV/H2O2. The competition kinetic experiments 
were conducted by spiking H2O2 (1 mM) into the reactor containing the competitor (NB (10 
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μM) or pCBA (10 μM or 5 μM)) and the target compound (5 mg/L PAA0 at pH 6.07, 10 mg/L 
PAA- at pH 9.65, or 10 μM individual pharmaceutical at set pH (IBP0 at pH 2.99; NAP0 at pH 
2.52)) in DI water with phosphate or borate buffer (10 mM), and then the reaction solutions 
were exposed to UV irradiation. The relatively high H2O2 concentration was to ensure the 
excess H2O2 was the main •OH generator and could produce sufficient amounts of •OH by 
UV photolysis. 

As described in literature,4 the degradation rates of target compound and competitor 
under UV/H2O2 are related to each other according to Eqs. S2 and S3: 
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where t is time (s), kd,target and kd,competitor are the pseudo-first-order direct photolysis rate 
constants (in s-1) measured under UV alone; k•OH/target and k•OH/competitor are the second-order 
rate constants with •OH (in M-1s-1); kobs,target and kobs,competitor are the observed 
pseudo-first-order degradation rate constants (in s-1) under UV/H2O2; and ki,target and 
ki,competitor are the indirect photolysis rate constants (in s-1) which could be obtained by 
subtracting kd from kobs.  

Before the competition kinetic experiments, control experiments with UV alone and 
addition of TBA were conducted to obtain the direct photolysis rate constants kd (i.e., 
kUV+TBA). Results confirmed that the direct photolysis of NB or pCBA by UV alone was 
negligible. Control experiments were also conducted with NB or pCBA in the presence of 
PAA without UV, and no degradation of NB or pCBA was observed (data not shown). 

The degradation of NB, pCBA, PAA0, PAA- and pharmaceuticals followed 
pseudo-first-order reaction kinetics and thus each kobs was obtained. By applying the known 
k•OH of NB (k•OH/NB = 3 × 109 M−1·s−1)10 or pCBA (k•OH/pCBA = 5 × 109 M−1·s−1)11 into Eq. S3, 
the k•OH values of PAA0, PAA- and pharmaceuticals were derived. 
 
Text S6. Predicting the degradation of CBA, IBP and NAP in UV/PAA process. 

Estimation for the steady-state concentration of •OH ([•OH]ss). In UV/PAA, •OH is 
mainly generated from the photolysis of PAA0, PAA-, H2O2 and HO2

-, which also consumed 
•OH as radical scavengers. Besides pharmaceuticals, acetic acid and acetate in PAA solution, 
and carbonate and bicarbonate from dissolved CO2 also have scavenging effects on •OH.11 
Therefore, the formation rate (F•OH) and the consumption rate (C•OH) of •OH can be express as 
follows: 
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0 - 2 2•OH H OPAA PAA
F P P P= + +                                             (S4) 

0 - - - - 2-2 2 2 3 3
•  OH H O HAc compdPAA PAA HO Ac HCO CO

C Q Q Q Q Q Q Q Q Q= + + + + + + + +     (S5) 

where PPAA0, PPAA- and PH2O2 are the rates of •OH formation from PAA0, PAA- and H2O2 
photolysis; QPAA0, QPAA-, QH2O2, QHO2-, QHAc, QAc-, Q HCO3

-, QCO3
2- and Qcompd are the rates of 

•OH consumption by PAA0, PAA-, H2O2, HO2
-, acetic acid (HAc), acetate (Ac-), HCO3

-, 
CO3

2- and pharmaceutical. 
Based on the steady-state assumption, the formation rate of •OH is equal to the 

consumption rate of •OH, as expressed in Eq. S6, which can be further expressed as Eq. S7 by 
using the reactions in Table S2. 
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where ΦPAA0, ΦPAA- and ΦH2O2 are the quantum yields of PAA0, PAA- and H2O2 photolysis at 
254 nm; εPAA0, εPAA- and εH2O2 are the molar absorption coefficients at 254 nm (M-1⋅cm-1); I0 
is the incident light intensity (2.12 × 10−6 Einstein/(L·s)); L is the effective light path length 
(3.545 cm); and A = (εPAA0[PAA0] + εPAA-[PAA-] + εH2O2[H2O2] + α) in which α is the 
absorption coefficient of the solvent (cm-1). The [•OH]ss can then be expressed as Eq. S8 by 
solving Eq. S7. 
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All components were assumed at constant concentrations during the reaction. The 
concentrations of HCO3

- and CO3
2- in carbon dioxide-saturated water were employed for 

calculation. The [•OH]ss can be calculated by applying the concentrations of each component 
and their second-order rate constants into Eq. S8. 

Modeling the degradation of CBA, IBP and NAP in UV/PAA process. The experimental 
results indicated that the degradation of CBZ and IBP in UV/PAA was a result of both direct 
photolysis and •OH oxidation, whereas the NAP degradation was attributed to direct 
photolysis, •OH and other radicals. The kinetics of CBZ, IBP and NAP degradation in the 
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UV/PAA process can be modeled as follows: 
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where ks
obs,CBZ, ks

obs,IBP, ks
obs,NAP are the overall pseudo-first-order rate constants of CBZ, IBP 

and NAP degradation, respectively. k•OH,CBZ, k•OH,IBP0, k•OH,IBP-, k•OH,NAP0 and k•OH,NAP- are the 
second-order rate constants of CBZ, IBP0, IBP-, NAP0 and NAP- with •OH. The xi represents 
all radicals generated from the UV/PAA process except •OH. kxi,NAP0 and kxi,NAP- are the 
second-order rate constants of other radicals with NAP. The contributions of other potential 
radicals generated from UV/PAA were neglected, due to the lack of second-order rate 
constants of them with NAP. Therefore, Eq.S11 can be simplified as follows: 

0
0 - 0 -

ss ss, ,
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dt d OH NAP OH NAP

k k k• • −
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The values of k•OH,CBZ, k•OH,IBP- and k•OH,NAP- are known in the literature12-14 and listed in 
Table S2. The values of k•OH,IBP0 and k•OH,NAP0 were determined by competition kinetic 
method using NB as a competitor4-8 (described in Text S4) to be 9.49 × 109 M−1·s−1 and 1.69 
× 1010 M−1·s−1, respectively. With these calculated and known rate constants and the 
calculated [•OH]ss, ks

obs,CBZ, ks
obs,IBP, ks

obs,NAP could be obtained to predict the degradation of 
CBA, IBP and NAP in the UV/PAA process. 
 
Text S7. Identification of Products of CBA, IBP and NAP by UV/PAA and UV/H2O2 

To evaluate the transformation products of pharmaceuticals by UV/PAA, experiments 
were conducted with higher concentrations (4×) of PAA and target compound and without 
adding buffer to control pH (40 mg/L PAA, 40 μM pharmaceutical, pH 3.30). For comparison, 
product analysis was also conducted for experiments under UV/H2O2 and the solution pH 
was adjusted to 3.17 by HClO4. The H2O2 dosage (22.5 mg/L, i.e., 0.66 mM) for UV/H2O2 
was equal to the sum of PAA (0.53 mM) and H2O2 (0.13 mM) concentrations in PAA solution. 
Sample aliquots were taken at different reaction times and analyzed immediately by LC/MS. 
 Transformation products of CBZ. Seventeen new peaks considered as products of CBZ 
were observed in the UV/PAA experiment (Table S3), and ten of them (m/z of 269c, 271d, 
287, 267, 253a, 269d, 242, 253b, 253c and 226) having significant peaks may be the major 
transformation products. The ion fragments of some products were proposed according to the 
MS spectra under 220 eV fragmentation voltage (Table S3). In the UV/H2O2 experiment, 
eight products were found and seven of them (m/z 271d, 287, 253a, 283, 253b, 253c and 226) 
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were detected in the UV/PAA process except for m/z 251. Assuming similar MS signal 
response for each product, the most abundant products (m/z 253a, 253b and 226) were the 
same in both conditions, indicating the mechanisms of CBZ degradation under UV/PAA and 
UV/H2O2 were similar, primarily due to •OH. According to the peak area evolution of each 
product, all products were transient intermediates and the amount of products (peak areas) 
were lower under UV/H2O2 than under UV/PAA (Figure S6), which may be due to faster 
degradation of these products under the employed UV/H2O2 conditions. 
 The proposed structures of CBZ transformation products are presented in Figure S7. 
Among them, m/z 253a-c have the same fragment ion at m/z 210 (-43), which could 
correspond to CONH loss. The +16 mass increase compared with CBZ indicated that m/z 
253a-c could be monohydroxylated, epoxide or oxygenous derivatives of CBZ. The 
structures of m/z 253 products were also proposed in the degradation of CBZ by chlorination, 
UV/H2O2, UV/Fe(II), PMS/CoII or hydrodynamic-acoustic cavitation processes.23-26 The m/z 
271a-d showed a +34 mass increase compared with CBZ, and the observed fragment ions at 
m/z 253 (-18) and 210 (-43) could correspond to H2O and CONH loss. Thus, m/z 271a-d 
could be the diol derivatives of CBZ with olefinic double bond opening, in which 
10,11-dihydroxycarbbamazepine was mentioned in previous studies.23,24,26 The m/z 269a-d 
with +32 mass increase from m/z 237 could be dihydroxy-CBZ isomers generated by 
hydroxylation on the aromatic ring, which were proposed previously.27,28 Moreover, one of 
m/z 269a-d may be diketone derivatives of CBZ formed by breaking the double bone on CBZ. 
The m/z 267 product was likely similar to that detected in CBZ degradation by Fe(VI).29 For 
m/z 226, two fragment ions at m/z 208 and 180 arose from the loss of H2O and CO, and the 
proposed structure here was in accordance with previous studies about CBZ degradation by 
UV, UV/H2O2 or simulated solar irradiation.27,30,31 The m/z 251 detected under UV/H2O2 was 
identified as a quinonid derivative of CBZ proposed in previous research.28 

Additionally, several new products (m/z 287, 283, 242 and 138) not identified before 
were detected in this study. The m/z 287 with +16 mass increase from m/z 271 had the same 
fragment ion at m/z 210 and 180 with m/z 253a, 271b and 271d, indicating that m/z 287 may 
be the triol derivative of CBZ with olefinic double bond opening. The m/z 283 with +46 mass 
increase from CBZ had a fragment ion of m/z 265(-18) with H2O loss, indicating the presence 
of a hydroxyl group and thus additional CH2O was added on CBZ. The m/z 242 had the 
fragment ions at m/z 214(-18) and 196(-36) which could arise from one to two H2O loss, 
suggesting m/z 242 may have two hydroxyl groups. Considering the +5 mass increase 
compared with CBZ, the m/z 242 formed from diol-CBZ should lose 27 Dalton, which could 
correspond to CHN loss. To further verify the proposed structures for these new products, 
MS/MS information or other identification methods are needed. 

Transformation products of IBP. In both UV/PAA and UV/H2O2 experiments, eleven 
products were tentatively identified and eight of them (m/z 205a, 203, 205b, 205c, 223, 161, 
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177a and 177b) showed high peak areas and could be the major transformation products 
(Table S4). From product evolution, the most abundant products were different for UV/PAA 
and UV/H2O2 (Figure S8). Under UV/PAA, m/z 161, 203 and 177b were the dominant 
products while m/z 233 and 203 were most abundant under UV/H2O2. Similar to CBZ 
experiments, the peak areas of IBP products under UV/PAA were higher than that under 
UV/H2O2 due to the different degradation rates. 

The structures of transformation products are proposed in Figure S9. Compared to IBP, 
m/z 223 with +16 mass increase could be monohydroxylated IBP. Decarboxylation of IBP 
may form m/z 161. The m/z 177a,b could be generated by decarboxylation and deprotonation 
after hydroxylation of m/z 161. Additionally, m/z 177a,b could be hydroxylated to produce 
m/z 193a,b.32-34 The IBP transformation products with m/z 177, 223 and 193 have been 
reported in other •OH-induced AOPs (e.g., photo-Fenton, TiO2 photocatalysis, 
electro-peroxone process and gamma irradiation).32-37 Moreover, the m/z 203 and 205a-d 
products were not detected previously and more advanced analytical techniques are needed to 
identify their structures. 

Transformation products of NAP. Thirty-three products of NAP degradation were found 
under UV/PAA and twenty-seven of them were detected in the UV/H2O2 experiment (Table 
S5). The products of m/z 165, 233a, 177, 261a, 233b, 185, 201a and 201b were the major 
intermediates with significant MS signal responses, in which the m/z 185 and 201b were the 
most abundant products in both UV/PAA and UV/H2O2 experiments (Figure S10a,b). Some 
minor products were only observed under UV/PAA, which were m/z 129, 221a, 197, 237, 
247a and 247c (Figure S10e). The transformation of NAP by CH3CO2

• and CH3CO3
• may be 

similar to that by •OH, based on the similar transformation products under UV/PAA and 
UV/H2O2. Although the NAP degradation was faster under UV/PAA than UV/H2O2, higher 
peak areas were observed for most products under UV/PAA than UV/H2O2, suggesting that 
the selectivity of CH3CO2

• and CH3CO3
• to compounds with characteristic structures may 

lead to more products generated without further degrading them. On the other hand, •OH with 
non-selectivity could attack NAP products to further degrade them and the amount of •OH 
was higher in UV/H2O2 than in UV/PAA. 
 The structures of some products are proposed in Figure 4 in the main paper, according to 
the information of molecular ions and fragment ions, and previous relevant research. The 
demethylation of methoxy group, the loss of methoxy group, hydroxylation and dehydration 
may occur during NAP degradation under UV/PAA. For m/z 185, 201b, 203 and 189, the 
proposed structures are similar to previous studies on NAP degradation by UV, UV/TiO2, 
α-MnO2 nanorods oxidation.37-41 The main product m/z 185 was formed by decarboxylation 
of NAP, while m/z 201b could be generated from oxidation of m/z 203 that could be produced 
by decarboxylation and hydroxylation. The dihydroxylation of m/z 201b may produce m/z 
233a, which can further transform into a quinone derivative m/z 231b. The m/z 247a-d could 
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be hydroxylated NAP isomers considering +16 mass increase from NAP. Except for m/z 185, 
201b, 203 and 189, only twelve of NAP degradation products were provided with tentative 
structures due to the limited information. To confirm the specific structures of these products, 
more advanced analytical techniques are needed. 
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Table S1. Contributions of •OH, Carbon-Centered Radicals and Direct Photolysis to the 
Degradation of NAP and Substructure Compounds under UV/PAA at pH 7.10 
 

Pharmaceuticals •OH Carbon-centered radicals Direct photolysis kobs (min-1) 

NAP 49.9% 34.1% 16.0% (3.07±0.07)×10-1 
NP 84.1% 6.1% 9.7% (1.19±0.04)×10-1 
AS 82.2% 3.0% 14.8% (8.41±0.31)×10-2 

2-NPAA 57.4% 31.5% 11.1% (7.02±0.30)×10-2 

 

Table S2. Reactions in UV/PAA System 

Reaction Rate constant Reference 
PAA0 ⇔ PAA- + H+ pKa = 8.20 15 
H2O2 ⇔ HO2

- + H+ pKa = 11.6 16 
HAc ⇔ Ac- + H+ pKa = 4.76 17 
IBP0 ⇔ IBP- + H+ pKa = 4.91 18 

NAP0 ⇔ NAP- + H+ pKa = 4.15 18 
H2CO3 ⇔ HCO3

- + H+ ⇔ CO3
2- + 2H+ pKa1 = 6.3, pKa2 = 10.3 19 

PAA0 + •OH→products 9.33×108 M-1⋅s-1 This study 
PAA- + •OH→products 9.97×109 M-1⋅s-1 This study 

H2O2 + •OH→HO2
• + H2O 2.7×107 M-1⋅s-1 11 

HO2
- + •OH→HO2

• + OH- 7.5×109 M-1⋅s-1 20 
CO3

2- + •OH→CO3
•- + OH- 3.9×108 M-1⋅s-1 11 

HCO3
- + •OH→CO3

•- + H2O 8.5×106 M-1⋅s-1 11 
CH3CO2H (HAc) + •OH→•CH2CO2H + H2O 9.2×106 M-1⋅s-1 21 

CH3CO2
- (Ac-) + •OH→•CH2CO2

- + H2O 8.5×107 M-1⋅s-1 22 
CBZ + •OH→products 8.8×109 M-1⋅s-1 12 
IBP0 + •OH→products 9.49×109 M-1⋅s-1 This study 
IBP- + •OH→products 7.04×109 M-1⋅s-1 13 

NAP0 + •OH→products 1.69×1010 M-1⋅s-1 This study 
NAP- + •OH→products 8.61×109 M-1⋅s-1 14 
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      Table S3. The LC/MS Analysis of CBZ and Its Transformation Products 

[M+H]+
 Ion fragments (m/z) 

detected at 220 eV 
Retention time 

(min) 
The detected 

Condition 
237 (CBZ) 194 (-NHCO) 50.3 - 

271a - 15.1 UV/PAA 
138 - 14.8 UV/PAA 
271b 210, 180 21.5 UV/PAA 
269a 226, 180 27.7 UV/PAA 
269b 226, 210, 170 30.9 UV/PAA 
271c 253, 210 33.9 UV/PAA 
269c 208 37.2 UV/PAA 
271d 253, 210, 180 37.5 UV/PAA, UV/H2O2 
287 236, 210, 180 38.2 UV/PAA, UV/H2O2 
267 196 38.5 UV/PAA 
253a 210, 180 39.9 UV/PAA, UV/H2O2 
269d - 40.2 UV/PAA 
251 - 41.9 UV/H2O2 
283 265, 222 41.1 UV/PAA, UV/H2O2 
242 214, 196 42.2 UV/PAA 
253b 210 44.1 UV/PAA, UV/H2O2 
253c 210 45.9 UV/PAA, UV/H2O2 
226 208, 180 57.5 UV/PAA, UV/H2O2 

       * Products underlined showed large peak areas and could be major products. 

 

      Table S4. The LC/MS Analysis of IBP and Its Transformation Products 

[M+H]+
 Ion Fragments (m/z) 

detected at 140 eV 
Retention time 

(min) 
The detected 

Condition 
207 (IBP) 161 50.8 - 

193a - 27.2 UV/PAA, UV/H2O2 
205a 163 28.0 UV/PAA, UV/H2O2 
203 177, 157 29.0 UV/PAA, UV/H2O2 
205b 163 30.4 UV/PAA, UV/H2O2 
205c - 31.6 UV/PAA, UV/H2O2 
205d - 33.5 UV/PAA, UV/H2O2 
223 177 41.6 UV/PAA, UV/H2O2 
193b - 41.9 UV/PAA, UV/H2O2 
161 119 47.5 UV/PAA, UV/H2O2 
177a - 48.2 UV/PAA, UV/H2O2 
177b - 49.3 UV/PAA, UV/H2O2 

       * Products underlined showed large peak areas and could be major products. 
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    Table S5. The LC/MS Analysis of NAP and Its Transformation Products 

[M+H]+
 Ion Fragments (m/z) 

detected at 150 eV 
Retention time 

(min) 
The detected 

Condition 
231a (NAP) 185 44.7 - 

143  2.6 UV/PAA, UV/H2O2 
129  2.5 UV/PAA 
189  2.4 UV/PAA, UV/H2O2 
203a  2.5 UV/PAA, UV/H2O2 
211 193 3.4 UV/PAA, UV/H2O2 
209 191 4.2 UV/PAA, UV/H2O2 
179  4.7 UV/PAA, UV/H2O2 
249a  4.6 UV/PAA, UV/H2O2 
221a  4.8 UV/PAA 
265  5.5 UV/PAA, UV/H2O2 
205a  5.6 UV/PAA, UV/H2O2 
197 179 5.5 UV/PAA 
237  5.9 UV/PAA 
203b  6.2 UV/PAA, UV/H2O2 
249b  7.8 UV/PAA, UV/H2O2 
165  8.5 UV/PAA, UV/H2O2 
233a  12.0 UV/PAA, UV/H2O2 
205b  12.6 UV/PAA, UV/H2O2 
177  14.8 UV/PAA, UV/H2O2 
285  16.6 UV/PAA, UV/H2O2 

231b  16.5 UV/PAA, UV/H2O2 
221b  17.0 UV/PAA, UV/H2O2 
261a  17.7 UV/PAA, UV/H2O2 
247a  17.9 UV/PAA 
247b 201 22.2 UV/PAA, UV/H2O2 
221c  22.7 UV/PAA, UV/H2O2 
247c 201 23.5 UV/PAA 
233b 215 25.8 UV/PAA, UV/H2O2 
261b 215 27.9 UV/PAA, UV/H2O2 
247d  31.3 UV/PAA, UV/H2O2 
185  34.0 UV/PAA, UV/H2O2 
201a 185 37.0 UV/PAA, UV/H2O2 
201b  44.6 UV/PAA, UV/H2O2 

     * Products underlined showed large peak areas and could be major products. 
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Figure S1. Structures of target pharmaceuticals. 

 

  

 
 
 
 
 
 
 
 
 
Figure S2. Illustrations of photolysis experimental setup. An air fan in the back of the 
photo-chamber was turned on during the experiments for cooling and a circular hole with cover in 
the top of the photo-chamber was used for adding oxidants or sampling. 
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Figure S3. The molar absorption coefficients (a) of PAA0, PAA- and H2O2 across 200-400 nm at 25 
± 1 °C and photolysis of PAA (1 mg/L，i.e., 13.1 μM) under UV or UV+TBA at (b) pH 5.09; and (c) 
pH 9.65. 
 
 

 

 
 
Figure S4. The degradation of pharmaceuticals under PAA alone: a) 1 mg/L PAA dosage, pH 7.10; b) 
1 g/L PAA dosage, pH 3.18. Initial pharmaceutical concentration was 1 μM. 
 

 



S15 
 

 
 
Figure S5. The predicted and experimental degradation of CBZ, IBP and NAP under UV/PAA (left) 
and UV/H2O2 (right) at different pH by considering the contributions of •OH and direct photolysis. 
Experimental conditions: [pharmaceutical]0 = 1 μM, [PAA]0 = 1 mg/L, [H2O2]0 = 0.11±0.01 mg/L, 
[NaHCO3]0 = 25.9 mM, [buffer] = 10 mM, 25 °C.  
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Figure S6. Degradation products of CBZ under UV/PAA and UV/H2O2. Reaction condition: [PAA]0 
= 40 mg/L, [H2O2]0 = 22.5 mg/L, [CBZ]0 = 40 μM. 

 

 

Figure S7. Structures of CBZ and proposed transformation products. 

 



S17 
 

 
 
Figure S8. Degradation products of IBP under UV/PAA and UV/H2O2. Reaction condition: [PAA]0 
= 40 mg/L, [H2O2]0 = 22.5 mg/L, [IBP]0 = 40 μM. 

 

 

Figure S9. Structures of IBP and proposed transformation products. 
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Figure S10. Degradation products of NAP under UV/PAA and UV/H2O2. Reaction condition: 
[PAA]0 = 40.0 mg/L, [H2O2]0 = 22.5 mg/L, [NAP]0 = 40 μM. 
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