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 i g  h  l  i g  h  t  s

Removal  efficiency  was  comparable
at different  UV  fluence  rates  but  same
fluence.
Reducing  pH to 3 or  2 did not
inhibit  the  removal  of  nitrobenzene
by UV/S2O8

2−.
1.84  ×  10−14 M [HO• ]ss and
3.10  ×  10−13 M  [SO4

• −]ss in
UV/S2O8

2− were  estimated.
HO• reacted  faster  with  the  �-
lactams than  SO4

• − but  sharing
similar  byproducts.
Transformation  pathways  included
hydroxylation,  hydrolysis  and  decar-
boxylation.
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a  b  s  t r  a  c  t

The  extensive  production  and  usage  of antibiotics  have  led  to  an  increasing  occurrence  of antibiotic
residuals  in  various  aquatic  compartments,  presenting  a significant  threat  to  both  ecosystem  and  human
health.  This  study  investigated  the  degradation  of selected  �-lactam  antibiotics  (penicillins:  ampicillin,
penicillin  V,  and  piperacillin;  cephalosporin:  cephalothin)  by  UV-254  nm  activated  H2O2 and  S2O8

2−

photochemical  processes.  The  UV  irradiation  alone  resulted  in various  degrees  of  direct  photolysis  of  the
antibiotics;  while  the addition  of the  oxidants  improved  significantly  the  removal  efficiency.  The  steady-
state  radical  concentrations  were  estimated,  revealing  a non-negligible  contribution  of hydroxyl  radicals
in  the  UV/S2O8

2− system.  Mineralization  of  the  �-lactams  could  be  achieved  at  high UV  fluence,  with  a
slow  formation  of SO4

2− and  a  much  lower  elimination  of  total  organic  carbon  (TOC).  The  transformation

ersulfate
adical reaction mechanism

mechanisms  were  also  investigated  showing  the  main  reaction  pathways  of hydroxylation  (+16  Da)  at
the aromatic  ring  and/or  the  sulfur  atom,  hydrolysis  (+18  Da)  at the  �-lactam  ring and  decarboxylation
(–44  Da) for  the  three  penicillins.  Oxidation  of  amine  group was  also  observed  for  ampicillin.  This study
suggests  that  UV/H2O2 and  UV 2−

�-lactam  antibiotics  decreasin
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. Introduction

Antibiotics, one of the most widely used and frequently pre-
cribed categories of pharmaceuticals, are applied not only for the
nactivation or killing of microbes [1], but also for various animal
usbandry and agricultural purposes [2]. The estimated annual use
f antibiotics for human in Germany was 300 tons and for ani-
als was 1700 t [3]. The annual consumption in the United States
as estimated to be 3290 t for humans, 13,540 t for livestock, 150 t

or aquaculture, 150 t for pets and 70 t for crops [2]. The Food and
rug Administration (FDA) reported that in 2011, more than 880 t
f penicillin class of antibiotics and 26 t of cephalosporin class of
ntibiotics were approved for use in food-producing animals alone
n the US [4]. Besides, up to 90% of human prescription antibiotic
onsumption can be excreted without undergoing metabolism [5].
he lack of an effective treatment before wastewater discharge
an subsequently lead to their wide occurrence in natural envi-
onments [6–8]. The full impacts of the antibiotic residuals in the
atural waters on the ecosystem and ultimately humans have yet
o be fully evaluated [5,9]. Although acute toxicity may  not be sig-
ificant, a number of studies have gradually revealed the severe
hronic toxicity of certain antibiotic species [10]. Their existence in
he aquatic environment, even at very low concentration levels, can
romote the growth of antibiotic resistant bacteria or pathogens
1,5,6,9–11].

A number of technologies have been developed for the removal
f such microcontaminants in wastewater treatment plants [10].
dvanced oxidation processes (AOPs) are considered as promis-

ng alternatives to conventional wastewater treatment processes
or water decontamination [10,12,13]. The main mechanism of
OPs is through the generation of highly reactive free radicals.
raditional AOPs mainly function by hydroxyl radicals (HO•, HR-
OPs) [14]; however, sulfate radical-based AOPs (SR-AOPs) have
lso been attracting significant scientific interest for the destruc-
ion of micropollutants such as pharmaceuticals and cyanotoxins
15–18].

The combination of UV-254 nm light, which has been exten-
ively applied in water treatment facilities for disinfection
urposes, with hydrogen peroxide, i.e., UV-254 nm/H2O2, is
ne of the most common ways to generate hydroxyl radicals
14]. UV/H2O2 has been demonstrated to be very effective in
egrading various organic contaminants, including endocrine dis-
upting compounds, pharmaceuticals, pesticides, and cyanotoxins
14,16,18,19]. The single step dissociation of H2O2 to form hydroxyl
adicals, with no sludge formation and potentially complete con-
aminant mineralization, has made it the most frequently applied
xidant in AOPs [20,21]. Persulfate (S2O8

2−, PS), on the other hand,
as a high redox potential and is quite stable at room temper-
ture. After activation, by UV, transition metals, and/or elevated
emperature or pH, sulfate radicals (SO4

•−) can be generated [15].
oth UV/H2O2 and UV/PS processes could be influenced by natu-
al water quality as suggested by the comparable reaction of HO•

nd SO4
•− at 8.5 × 106 and 9.1 × 106 M−1 s−1, respectively, with

atural alkalinity, i.e., HCO3
− [22,23]. Limited information is avail-

ble on the reaction rate constant of natural organic matter (NOM)
ith SO4

•−. However, its reactivity is expected to be at least one
rder of magnitude lower than kHO

•
/NOM [24,25]. Besides, under

V-254 nm irradiation, S2O8
2− has a much higher radical quan-

um yield than H2O2, as shown in Eqs. (1) and (2) [26,27]. In fact,
 better performance of UV/PS than UV/H2O2 in the degradation of
yanotoxin cylindrospermopsin in various natural water samples
as been reported [28].
2O8
2− + hv → 2SO4

•−

 ̊ = 1.4 (de-oxygenated), 1.8 (oxygen saturated) (1)
aterials 279 (2014) 375–383

H2O2 + hv → 2HO•
 ̊ = 1.0 (2)

The purpose of this study was to investigate the removal
of selected �-lactam antibiotics (penicillins: ampicillin, peni-
cillin V, and piperacillin; and cephalosporin: cephalothin) by
UV-254 nm/H2O2 and UV-254 nm/S2O8

2− AOPs. Since HO• is
non-selective and can react effectively through hydrogen atom
abstraction (H-abstraction) and hydroxyl addition at the dou-
ble bond [23], a modification of the �-lactam ring can thus be
expected. On the other hand, SO4

•− reaction occurs mainly by elec-
tron abstraction or to a lesser extent through H-abstraction [22].
Therefore, the elimination of a carboxylate, hydroxylation at the
aromatic ring or the double bond of the �-lactams is more likely
for sulfate radical reaction [29]. This study can thus provide valu-
able information on the elimination of the antibiotic reactivity by
UV-AOPs through kinetic evaluation and transformation mech-
anism assessment. A high initial concentration of 50 �M of the
pollutant was  used in this study with the aim of quantitatively
evaluating mineralization potential (e.g., in terms of sulfate anion
formation and total organic carbon (TOC) elimination). The contri-
bution of hydroxyl and sulfate radicals in UV/S2O8

2− was examined.
The reaction pathways were accessed through the identification of
transformation products (TPs) by mass spectrometry.

2. Materials and methods

2.1. Materials

The antibiotics, ampicillin (AMP, sodium salt, Fisher), penicillin
V (PEN, potassium salt, Fisher), piperacillin (PIP, sodium salt, Sigma
Aldrich) and cephalothin (CEP, sodium salt, Sigma Aldrich), and the
oxidants, H2O2 (50%, v:v, Fisher) and Na2S2O8 (98%, Sigma Aldrich),
as well as other chemicals were all ACS (American Chemical Soci-
ety) grade and used as received. Table 1 shows the structure of the
examined antibiotics.

2.2. Analysis

The concentration of organic compounds was  determined by
HPLC with a photodiode array detector. Three different methods
were applied. Both methods no. 1 and 2 used an Agilent 1100 Series
quaternary LC and a Nova-Pak C18 Waters (3.9 × 150 mm,  5 �m)
column with a mobile phase of 0.1% acetic acid in Milli-Q water
(A) and 100% acetonitrile (B). Method no. 1 used an isocratic mode
with 80% A and 20% B. Method no. 2 used a gradient analysis mode,
starting with 95% A, and gradually changing to 65% A in 12 min,
then back to 85% A in the next four minutes, and returning to 95%
A in the last two  minutes. Both methods had an identical injection
volume of 20 �L, a flow rate of 0.5 mL  min−1 and a column tem-
perature of 25 ◦C. Method no. 3 used a C18 Discovery HS (Supelco)
column (2.1 × 150 mm,  5 �m)  with a mobile phase of 0.05% (v/v)
trifluoroacetic acid (TFA) in acetonitrile solution and 0.05% TFA in
Milli-Q water in a 40:60 (v:v) ratio. A flow rate of 0.2 mL  min−1,
an injection volume of 20 �L and a column temperature of 40 ◦C
were applied. The competitors for determining second-order rate
constant, i.e., para-chlorobenzoic acid (pCBA) and m-toluic acid (m-
methylbenzoic acid, TA), were analyzed by either method no. 1 or
2 dependent on the other compound in the competing reaction
solution. For example, at the determination of kHO

•
/AMP, pCBA was

analyzed by method no. 1; while at the determination of kHO
•

/CEP,
pCBA was  analyzed by method no. 2. The limit of detection and
quantification for each compound are listed in Table 2 [30].
The concentration of H2O2 and Na2S2O8 was measured based
on the spectrometric determination of triiodide complex at 352 nm
resulting from the oxidation of iodide anion [31,32]. Sulfate anions
were quantified by a Dionex Ion Chromatography equipped with
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Table  1
Structures of model antibiotics.

Ampicillin (C16H18N3NaO4S, 371.4 g mol−1) Penicillin V (C16H17N2O5SK, 388.5 g mol−1)

Piperacillin (C23H26N5NaO7S, 539.5 g mol−1) Cephalothin (C16H15N2NaO6S2, 418.4 g mol−1)

a
I
a
t
c
t
a
t
(
A
u
a
d
m
b

2

t

T
A

n IonPac® AS18 (2 × 250 mm)  column and a guard column of
onPac® AG18 (2 × 50 mm).  The eluent consisted of 3.5 mM Na2CO3
nd 1.0 mM NaHCO3. Sulfate anion was identified at a retention
ime of 6.6 min. TOC was measured as non-purgeable organic
arbon by a Shimadzu VCSH-ASI TOC Analyzer. The analysis of
he TPs generated during the processes was conducted using
n Agilent 6540 ultra-high definition accurate-mass quadrupole
ime-of-flight (Q-TOF) liquid chromatography/mass spectrometer
LC-QTOF/MS). A sample volume of 10 �L was injected onto an
gilent ZORBAX Eclipse XDB-C18 narrow-bore rapid resolution col-
mn (2.1 × 50 mm,  3.5 �m).  The mobile phase consisted of (A) 0.1%
cetic acid in H2O and (B) 0.1% acetic acid in methanol, with a gra-
ient elution of 10% B linearly increased to 95% in the first seven
in, and then back to 10% B in the next 0.1 min. Data were analyzed

y Agilent MassHunter B.04.00 software.
.3. Photolytic experiments

Experiments were carried out in a collimated beam sys-
em using two 15 W low-pressure UV lamps (Cole-Parmer) with

able 2
 summary on the analysis of organic compounds.

Compound name (abbreviation) Method no. Detection wavelength (nm) 

Ampicillin (AMP) 1 238 

Penicillin (PEN) 1 238 

Piperacillin (PIP) 2 254 

Cephalothin (CEP) 2 238 

Nitrobenzene (NB) 1 254 

para-Nitrobenzoic Acid (pNBA) 3 254 

para-Chlorobenzoic Acid (pCBA) 1 238 

2  254 

Benzoic acid (BA) 3 238 

m-Toluic  acid (TA) 1 238 

2  238 
monochromatic emission at �max = 254 nm. The average irradi-
ance was  determined to be 0.1 mW cm−2 [17]. The UV fluence
(mJ  cm−2) used in this study was  further calculated considering
the absorbance of the water sample [33]. No buffer was used
for pH control except where noted. The initial oxidant concen-
tration of 1 mM and the initial antibiotic concentration of 50 �M
were spiked in Milli-Q Water (Millipore Corp., Billerica, MA)  if
not stated otherwise. Samples were taken without adding any
quenching agent and quickly injected into the HPLC for chemical
quantification. For TP detection, samples were only taken at two
UV fluence irradiation intervals, 40 and 640 mJ  cm−2. In this case,
due to the sensitivity of the instrument, a lower initial antibiotic
concentration of 25 �M in HPLC grade water (Sigma-Aldrich) was
used.

In the competition studies for the determination of second-
order rate constant, the initial concentrations of the antibiotics,

pCBA, H2O2, and phosphate buffer (pH = 7.4) were 50 �M,  50 �M,
10 mM,  and 5 mM,  respectively, for kHO

• determination; while
those of the antibiotics, TA, Na2S2O8, t-BuOH and phosphate
buffer (pH = 7.4) were 50 �M,  50 �M,  10 mM,  500 mM and 5 mM,

Retention time (min) Limit of detection
(×10−7 M)

Limit of quantification
(×10−6 M)

5.9 3.65 1.29
2.9 9.08 3.22
8.6 1.63 0.579
5.1 2.26 0.802
3.2 3.08 1.09
4.1 0.196 0.0694
3.1 0.235 0.0931
5.2 1.99 0.704
3.5 0.189 0.0671
3.0 2.04 0.722
4.3 2.46 0.871
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UV only-0.3 (75.4%)
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AMP

CEP

Fig. 1. Degradation of AMP  and CEP by direct UV photolysis and UV/PS AOP. (a)
[AMP]0 = 50 �M,  [PS]0 = 0 or 1 mM;  (b) [CEP]0 = 50 �M,  [PS]0 = 0 or 1 mM.  The num-
bers “0.1” and “0.3” represent the experiments were conducted at a UV fluence rate
of  0.1 mW cm−2 and 0.3 mW cm−2, respectively. The numbers in parenthesis are
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Nitrobe nzene  (NB )

Fig. 2. Degradation of nitrobenzene (NB) at various conditions. [NB]0 = 50 �M;
pH  = 7.4 was  prepared by 5 mM phosphate buffer; and pH 2 and 3 were adjusted

In UV-AOPs, beside the direct UV photolysis of the organic com-
pound and the photolytic dissociation of the oxidant for radical
he  percentage degradation rate at 320 mJ  cm−2 for AMP  and 240 mJ  cm−2 for CEP,
espectively.

espectively, for kSO4•− − determination. The UV direct photolysis
as also considered in the rate constant calculation.

. Results and discussion

.1. Influence of UV fluence rate

Beside its germicidal purposes, UV-254 nm irradiation is capa-
le of destroying a large variety of organic pollutants by direct
hoton absorption that excites molecules to high electronic states
hich can subsequently lead to bond cleavage [20,34]. Organic

ompounds with higher molar absorptivity at 254 nm thus have
 higher potential for direct photolytic degradation. On the other
and, indirect degradation also occurs through the generation
f reactive radicals due to the absorption of UV photons by an
dded oxidant, as shown in Eqs. (1) and (2) [26,27]. The degra-
ation kinetics are thus highly correlated with the UV photons
elivered.

The molar absorption coefficient at 254 nm,  ε254 (M−1 cm−1),
as calculated according to Beer–Lambert law, ε254 = A/c l, where

 is the measured absorbance, c is the concentration of the chem-
cal to be analyzed (mol L−1), and l is the path length (1.00 cm in
his study). The �254 of AMP  was determined to be 300 M−1 cm−1,
nd that of CEP to be 9200 M−1 cm−1 at 254 nm.  This significant
ifference probably contributed to the faster direct photolysis of
EP than AMP  as shown in Fig. 1 [34–36]. Considering the min-

mal destruction by persulfate under the dark reaction condition
i.e., 4.00% degradation of AMP  at 985 min  and 1.08% degradation of
EP at 54 min  corresponding to 240 mJ  cm−2 equivalence, data not
hown), the increased degradation of the two antibiotics by UV/PS
as probably attributed to the generated radical species [26]. The

wo different UV fluence rates, i.e., 0.1 and 0.3 mW cm−2, resulted
n comparable degradation of the target compounds at the same
V fluence. In other words, though at different UV fluence rates, so

ong as the UV photons entering the reaction solution are kept the
ame (as represented by UV fluence (mJ  cm−2), which equals to UV
uence rate (mW  cm−2) × time (s)), the same or comparable degra-
ation of the target compound can be observed. Consequently, the

ollowing results interpretation and discussion will mainly focus
n the use of UV flux instead of irradiation time except stated
therwise [35].
using sulfuric acid.

3.2. Qualitative contribution of hydroxyl radical in the UV/PS
system

In the UV/PS system, both the sulfate radical and hydroxyl rad-
ical can be present as shown in Eq. (3) [37]. When there was  no
pH control, the decreased pH by the UV irradiation of persulfate
during the reaction might lead to less transformation of SO4

•− into
HO•, suggesting the predominant existence of sulfate radical in the
UV/PS system at lower pH conditions.

SO4
•− + OH− → SO4

2− + HO• k = 7 × 107 M−1 s−1 (3)

To ascertain the extent of hydroxyl radical contribution in
the UV/PS system, nitrobenzene (NB), which barely reacts with
sulfate radical as suggested by its second-order rate constants
of <106 M−1 s−1 with sulfate radical [38] and 3.9 × 109 M−1 s−1

with hydroxyl radical [23], was used as a probe. As shown
in Fig. 2, there was  no significant degradation of NB by UV-
only condition; while the presence of PS improved the removal
efficiency. Reducing pH to 2–3 (i.e., [OH−] = 10−12–10−11 M)  by
adding an appropriate amount of sulfuric acid, however, did
not slow down this degradation. The presence of a much
higher concentration (500 mM)  of either methanol (MeOH,
kHO

•
/MeOH = 9.7 × 108 M−1 s−1, [23]; kSO4•−/MeOH = 1 × 107M−1s−1,

[39]) or tert-butanol (t-BuOH, kHO
•

/t-BuOH = 6.0 × 108 M−1 s−1, [23];
kSO4•−/t−BuOH = 8.4 × 105M−1s−1, [39]) inhibited strongly the
degradation of NB. The hydroxyl radical was, therefore, implicated
in the UV/PS treatment process at pH 7.4. The t-BuOH was  further
chosen as a hydroxyl radical quenching agent for the determination
of second-order rate constants between the organic compounds
and sulfate radicals in this study [17,40,41]. Nevertheless, when
MeOH was  used as a quenching agent, a comparable rate con-
stant for PIP and the sulfate radical could be obtained, i.e., 1.80
and 1.85 × 109 M−1 s−1, in the presence of MeOH (this study) and
previously reported t-BuOH [42], respectively.

3.3. Influence of H2O2 and certain inorganic anions
generation, a major efficiency influencing factor is the reaction of
the target compound with the radical species. Through competition
kinetics measurements, the second-order rate constants of model
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Table  3
Second-order rate constant (previously reported and currently determined) and the observed UV fluence based pseudo first-order rate constant at various reaction conditions.
[Organic compound]0 = 50 �M.

kobs (×10−3 cm2 mJ−1) k (×109 M−1 s−1) Percentage contribution in UV/S2O8
2−

UV only UV/H2O2 UV/S2O8
2− HO• SO4

•− UV HO• SO4
•−

AMP  0.24a 2.10 ± 0.15a 4.23 ± 0.36a 4.87b 2.00b

CEP 5.56 ± 0.10a 7.79 ± 0.0.39a 9.87 ± 0.43a 5.37b 3.48b

PEN 1.37 ± 0.19a 2.90a 3.18 ± 0.28a 6.54b 2.39b

PIP 0.18 a,c 1.46 ± 0.36a,c 3.81 ± 0.14 a,c 8.21c 1.85c

NB 0.306 ± 0.24 1.89 ± 0.29 0.954 ± 0.15 3.9d <10−3e 29.8% 69.9% 0.30%
pNBA  – 1.25 0.526 2.6d <10−3e – 99.4% 0.64%
pCBA  0.157 ± 0.06 3.64 ± 0.32 2.31 ± 0.33 4.5d 0.36e 7.47% 39.4% 53.1%
BA  0.02 + 0.00 3.18 ± 0.20 3.11 ± 0.69 4.3d 1.2e 0.44% 17.5% 82.1%
TA  – 3.76 ± 0.06 8.88 ± 0.90 8f 2.0e – 19.2% 80.8%

N  were
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ote: a without pH control; while all the other experiments presented in this table
tudy; c Mezyk et al. [42]; d Buxton et al. [23]; e Neta et al. [38]; f this value is in f
alue  for TA as far as we know.

ntibiotics with hydroxyl and sulfate radical were determined, as
hown in Table 3. It was found that the reaction of model antibi-
tics with the sulfate radical was generally slower than that with
ydroxyl radical. Hence the faster degradation efficiency of either
MP or CEP by UV/PS than by UV/H2O2 (as shown in Figs. 1 and 3)
as probably resulted from the higher radical quantum yield (Eq.

1) vs (2)) of S2O8
2− under UV irradiation. H2O2 has sometimes

een combined with persulfate for a potential synergistic effect,
hich is, however, highly dependent on the reaction conditions

uch as the ratio of the oxidants, oxidant concentrations and pH
43]. With the experimental conditions applied in current study,
o synergistic effect was observed. Moreover, both hydroxyl and
ulfate radical can react with Cl− to form Cl•, which subsequently
ransforms into Cl2•−, as shown in Eqs. (4)–(8) [22,44,45]. Consid-
ring the high Cl− concentration of 5 mM vs 50 �M of the parent
ompound, the quenching of HO• and SO4

•− may  lead to an inhi-
ition in the degradation of the antibiotics in the presence of Cl−.
owever, only a slight impact of Cl− on the degradation of AMP
r CEP by UV/PS was observed in this study (Fig. 3). A plausible
xplanation can be derived from the selective reaction of the chlo-
ine radical species with the electron rich antibiotics [16,46,47]. The
resence of other inorganic anions such as nitrate and sulfate at the

 mM level did not affect the degradation efficiency either [46].

l− + •OH → ClOH•− (k = 4.2 × 109 M−1 s−1) (4)

lOH•− → Cl− + •OH (k = 6.0 × 109 M−1 s−1) (5)

•− + • 10 −1 −1
lOH + H → Cl + H2O (k  = 2.4 × 10 M s ) (6)

l− + SO4
•− → SO4

2− + Cl• (k = 3.1 × 108 M−1 s−1) (7)

l• + Cl− → Cl2•− (k = 8.0 × 109 M−1 s−1) (8)
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C
/C

0

0.0

0.2

0.4

0.6

0.8

1.0

ig. 3. The influence of H2O2 and certain inorganic anion for UV/PS. [AMP]0 = 50 �M;
CEP]0 = 50 �M.  The numbers in parenthesis are the percentage degradation at
20 mJ  cm−2 for AMP and 240 mJ  cm−2 for CEP, respectively.
 carried out at pH 7.4 as adjusted by 5 mM phosphate buffer; b determined in this
 rate constant of p-methylbenzoic acid with hydroxyl radical at pH 9. There is no

3.4. Quantification of hydroxyl and sulfate radical in the UV/H2O2
and UV/PS systems

Due to the selective reactivity of the sulfate radical, the degra-
dation of certain organic compounds, such as nitrobenzene (NB),
para-nitrobenzoic acid (pNBA) and para-chlorobenzoic acid (pCBA)
can be even slower in the UV/PS than in the UV/H2O2 system, as
suggested by their reported second-order rate constants [23,38]
and currently determined UV fluence-based pseudo first-order rate
constants, as shown in Table 3. As discussed above, the hydroxyl
radical was the main reacting radical species in the UV/H2O2 AOP,
while both hydroxyl and sulfate radical could result in the destruc-
tion of organic pollutants in the UV/PS AOP. To further identify the
contribution of hydroxyl radical in the UV/PS system, a series of
experiments was  carried out for the quantification of these two
radical species. Five compounds, i.e., NB, pNBA, pCBA, benzoic acid
(BA) and TA, were used as model compounds for this process.

The concentrations of the oxidants did not change signifi-
cantly under the conditions applied; hence steady-state radical
concentrations could be assumed [48]. According to Eq. (9), the
degradation rate of NB (−d[NB]/dt) in the UV/H2O2 system was
directly correlated with the second-order rate constant of this
compound with hydroxyl radical (kHO

•
/NB), steady state radical con-

centration ([HO•]ss), and the concentration of the target compound
([NB]). Eqs. (10)–(13) were then obtained by applying the currently
determined UV fluence-based degradation rate constant (kobs). The
average [HO•]ss,UV/H2O2

was then calculated using these five probe
compounds.

−d[NB]
dt

= kHO
•

/NB[HO
•
]ss[NB] (9)

−ln
[NB]
[NB]o

= kt (10)

where

k(s−1) = kHO
•

/NB(M−1 s−1)[HO
•
]ss(M)

= k
obs,HO

•
/NB

(cm2 mJ−1) × 0.1 mW cm−2
(11)

[HO
•
]ss,UV/H2O2

=
0.1mW  cm−2k

obs,HO
•

/NB

kHO
•

/NB
(12)

where

k
obs,HO

•
/NB

= kobs,UV/H2O2/NB − kobs,UV only/NB (13)
The second-order rate constants of NB and pNBA with the sul-
fate radical were reported to be three orders of magnitude lower
than those with hydroxyl radical [23,38]. They were therefore
chosen as probes to quantify the hydroxyl radical in the UV/PS
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ystem. Assuming 5% × [SO4
•−]ss < [HO•]ss < 100% × [SO4

•−]ss in the
V/PS system, Eqs. (14)–(16) could then be obtained. The average
ydroxyl radical concentration determined using NB and pNBA,
HO•]ss,UV/PS,average, was subsequently used to calculate the con-
entration of sulfate radical at steady-state using other probe
ompounds such as TA which has a rate constant at 109 M−1 s−1

ith both hydroxyl radical and sulfate radical (Eqs. (17) and (18),
able 3).

obs,HO
•

/NB
= kobs,UV/PS/NB − kobs,UV only/NB − kobs,SO

•−
4

/NB (14)

kHO
•

/NB[HO
•
]ss/(0.1 mW cm−2)

= kobs,UV/PS/NB − kobs,UV only/NB − k
SO

•−
4

/NB
[SO

•−
4 ]

ss
/(0.1 mW cm−2)

≈ kobs,UV/PS/NB − kobs,UV only/NB

(15)

HO
•
]ss,UV/PS =

0.1mW  cm−2
(

kobs,UV/PS/NB − kobs,UV only/NB

)

kHO
•

/NB
(16)

k
obs,SO

•−
4

/TA
= kobs,UV /PS/TA − kobs,UV only/TA

−kHO
• /TA[HO

•
]ss,UV /PS,average/10 mW cm−2

(17)

SO
•−
4 ]ss,UV/PS =

0.1mW  cm−2kobs,SO
•−
4

/TA

kSO
•−
4

/TA

(18)

The average radical concentrations were consequently
stimated under 0.1 mW cm−2 UV irradiation, 5 mM phos-
hate buffer (pH = 7.4), 1 mM initial oxidant and 50 �M initial
rganic compound conditions to be 5.73 ± 0.75 × 10−14 M [HO•]ss

mean ± standard error) in UV/H2O2, and 1.84 ± 0.18 × 10−14 M
HO•]ss and 3.10 ± 0.59 × 10−13 M [SO4

•−]ss in UV/PS.
he results met  the above mentioned assumption, i.e.,
% × [SO4

•−]ss < [HO•]ss < 100% × [SO4
•−]ss. The percentage contri-

ution of the UV photolyis, HO• reaction and SO4
•− reaction was

hen calculated, revealing again the non-negligible contribution
f HO• in the UV/PS system, as shown in Table 3. Especially for
ompounds with a lower reaction rate constant with sulfate
adical, such as NB and pNBA, HO• was mainly responsible for their
egradation in UV/PS at the conditions applied in this study.

.5. Mineralization in terms of TOC elimination and SO4
2−

ormation

There was no interference of persulfate on SO4
2− analysis by IC;

owever, SO4
2− generation from the photolysis of persulfate had a

ignificant influence on the measurement of SO4
2− released from

he antibiotics. Hence the mineralization in terms of SO4
2− forma-

ion in this study was only evaluated for the UV/H2O2 process. The
V–vis absorption of the water solution changed significantly dur-

ng the experimental period, the correction of UV fluence was  thus
ot performed and the reaction time was used directly to make
he plots. As seen in Fig. 4, although there was strong degradation
f the parent compound at 54 min  (i.e., 320 mJ  cm−2 for AMP  and
40 mJ  cm−2 for CEP in Fig. 1), the release of sulfur as SO4

2− was
uch slower. The SO4

2− formed linearly by increasing UV photons
ntering into the reaction solution, with a linear regression rate
f 1.56 × 10−2 (R2 = 0.98) and 6.22 × 10−3 (R2 = 0.96) mg  L−1 min−1,
nd a sulfur release of 94.8% and 75.2% at 588 min, respectively, for
EP and AMP. While the main purpose of AOPs is to destroy target
ollutants, a complete mineralization was less favored with a low

V fluence. In fact, a good TOC removal was barely achieved even
ith 588 min  UV irradiation, at 15.3% and 13.9% in UV/H2O2; 25.5%

nd 33.0% in UV/PS, respectively, for CEP and AMP. In a previous
tudy on the degradation of 18.6 �M atrazine, only 62.9% and 44.1%
Fig. 4. Mineralization in terms of TOC elimination (in both UV/H2O2 and
UV/PS AOPs) and SO4

2− formation (in the UV/H2O2 AOP). [Antibiotics]0 = 50 �M;
[oxidant]0 = 1 mM.

removal of TOC was reported at UV fluence as high as 6000 mJ  cm−2

with an initial Fe2+ concentration of 17.9 �M, and 1.86 mM PS and
H2O2, respectively at pH = 3 [18]. Nevertheless, a complete miner-
alization of organic pollutants can still be achieved by optimizing
the operational conditions such as by increasing reaction temper-
ature or the oxidant dose [49,50]. UV/PS was  shown to be slightly
better than UV/H2O2 in TOC removal in this study, which was con-
sistent with above discussion on its higher degradation efficiency
of parent antibiotics. Comparable mineralization results were also
obtained for the other two antibiotics, i.e., PEN and PIP, with 4.65
(R2 = 0.99) and 4.52 × 10−3 (R2 = 1.00) mg  L−1 min−1 linear regres-
sion rate of sulfate formation, 58.5% and 55.5% sulfur release, and
TOC removal of 11.6% and 3.20% in UV/H2O2, as well as 17.0% and
14.7% TOC removal in UV/PS, respectively.

3.6. Reaction pathways

3.6.1. AMP in the UV/H2O2 and UV/PS systems
There was no significant direct photolysis of AMP  by the UV

irradiation alone process; the degradation of AMP was there-
fore resulted only from radical reaction, i.e., hydroxyl radical,
in UV/H2O2. There are four significant groups of TPs formed
by hydroxyl radical reaction with AMP, through hydroxylation
(+16 Da), hydrolysis (+18 Da), decarboxylation (−44 Da) and oxi-
dation of amine into a carbonyl (−1 Da) (Fig. 5). The following
observations were made:

(1) The aromatic ring was  proposed to be the predominant
hydroxylation reaction site for hydroxyl radical reaction with �-
lactam antibiotics [51]. In this study, four different isomers were
observed for +16 Da TPs P366 (m/z 366, C16H19N3O5S), as shown
in the extracted ion chromatogram (EIC), indicating a potential
second reaction site at the sulfur atom. In fact, the reaction of sul-
fide (thioether) with HO• through electron abstraction is very fast,
leading to the formation a >S• OH adduct [52]. The large sub-
stituent at the lactam ring probably inhibits the formation of a
dimer radical cation [40]. The simple radical cation >S•+ and its sub-
sequent oxidation TPs >S O could thus be formed. (2) The +18 Da
TPs P368 (C16H21N3O5S) were at a significant abundance for both
data points analyzed. As a comparison, 25 �M AMP  standard solu-
tion was placed in dark at room temperature and analyzed after
20 h; the P368 was  also detected but at a much smaller abundance.
This showed that the hydrolysis of the antibiotics was strongly pro-

moted by the AOPs [53]. The opening of the �-lactam ring could
then lead to the decrease in the antibiotic activity. (3) Electron
abstraction from the carboxylate with the subsequent release of
a CO2 is known for hydroxyl radical reaction [29,54–56]. Through
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ig. 5. Possible byproduct formation and pathways of AMP  degradation in the UV/
oxylation (−44 Da) and (4) oxidation of amine into a carbonyl (−1 Da). [Antibiotic]

ass spectrometry analysis, the formation of AMP  penilloic acid
i.e., P324, C15H21N3O3S) from the decarboxylation at the cleaved
-lactam ring of AMP  penicilloic acid (i.e., the hydrolysis TP P368)
as been reported [55]. With the detection of P322 (C15H19N3O3S,
1O, −CO2) which was not hydrolysis TPs in this study, the decar-
oxylation at the five-member ring adjacent to �-lactam ring was
lso possible as shown in Fig. 5. (4) The hydroxyl group can increase
he reactivity of � hydrogen atoms for H-abstraction leading to
he formation of a carbonyl [54,57]. The >CH NH2 group in AMP
ould be transformed similarly to an imine >C NH, with a subse-
uent carbon-nitrogen double bond cleavage for the formation of

 carbonyl >C O TP P349 (C16H16N2O5S) [58].
As discussed above, in the UV/PS system, both hydroxyl and sul-

ate radical can be present. The detected TPs in the UV/PS system
or the degradation of AMP  in this study could thus be from the
eactions of both radicals (Fig. 5). In addition, as the hydroxyl radi-
al and sulfate radial can generate the same radical intermediates,
t is not surprising to observe similar TPs in the UV/PS and UV/H2O2
ystems [29,54]. Nevertheless, in the determination of the reaction
ate constant of various �-lactam antibiotics with SO4

•− by pulse
adiolysis, SO4

•− reacted primarily at the sulfur atom adjacent to
he �-lactam ring, resulting in a higher chance of overall antibiotic
ctivity removal [40]. Moreover, the detection of significant abun-
ant P338 (C15H19N3O4S, + 2 O, – CO2) in UV/PS but not in UV/H2O2
ight be resulted from the strong electron withdrawing property

f SO4
•−, i.e., favoring the decarboxylation process [29,54].

.6.2. PEN, PIP and CEP in the UV/H2O2 and UV/PS systems

Both PEN and PIP are penicillin class of antibiotics with a

imilar five-member ring structure to AMP. Although the analyt-
cal limit of our method had led to a much lower variety of TPs
etected for these two antibiotics, the major TPs resulted from the
and UV/PS systems, (1) hydroxylation (+16 Da), (2) hydrolysis (+18 Da), (3) decar-
 �M; [oxidant]0 = 1 mM.

proposed mechanisms (1)-(3) in Section 3.6.1 were all observed, i.e.,
the P367 (C16H18N2O6S, +16 Da), P369 (C16H20N2O6S, +18 Da), and
P357 (C15H20N2O6S, or a potassium salt form of P395, C15H19KN2O6S,
+32, +18, and −44 Da) detected in both AOPs for PEN; as well as the
P534 (C23H27N5O8S, +16 Da), P536 (C23H29N5O8S, +18 Da), and P490
(C22H27N5O6S, +16 and −44 Da) detected in both AOPs for PIP.

The variety of degradation TPs detected for the six mem-
ber ring cephalosporin class of antibiotics CEP was even lower
for the two data points analyzed. There were no hydrolysis
(+18 Da) TPs detected, while the monohydroxylation TPs (P435,
C16H15N2NaO7S2 or P413, C16H16N2O7S2) and decarboxylation TPs
(P385, C15H16N2O6S2) were detected at a relatively small abundance
in this study. The limit of current analytical methods probably con-
tributed to the non-significant detection of the TPs for CEP in the
AOPs. More studies such as the MS/MS  analysis are needed for a full
identification of the TPs formed.

The successful transformation of antibiotics, especially the elim-
ination of the antibiotic active beta-lactam ring, by UV/H2O2 and
UV/PS may  increase the bioavailability of the treated solution which
is beneficial for a subsequent activated sludge biological treatment
process that is common in wastewater treatment plants after the
quenching of oxidant residuals [59]. Though the efficiency of UV/PS
appeared to be much higher than UV/H2O2, the anaerobic reduc-
tion of the sulfate byproduct from persulfate into H2S may  limit
its large-scale application [59]. A specific sulfate removal process,
such as an extended granular sludge bed reactor, can be considered
in this circumstance [59,60]. Under UV irradiation, the presence
of a large variety of transition metals in wastewater can improve

the degradation efficiency through photo-Fenton or photo-Fenton-
like reactions [61]. The application of the mentioned UV-AOPs in
treating wastewater, especially those contaminated with transition
metals may  thus be promising. The photolysis of persulfate using
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V can decrease the pH of reaction solution, which can also lead
o an increased degradation of organic pollutants [18]. However,
he subsequent pH adjustment may  become necessary depending
n the requirements of water treatment and quality standard. The
reatment efficiencies of UV-based AOPs are strongly influenced
y water quality such as turbidity and color as indicated by UV
ransmittance [59]. As a result, UV-AOPs may  be installed after

embrane filtration and/or reverse osmosis [62]. In this case, the
dditional treatment of sulfate anion byproduct and decreased pH
eed to be considered. Significant energy consumption may  also be
n inhibition factor for the application of UV-AOPs [59], however,
his can be overcome by the integration of recently developed semi-
onductor light source UV light-emitting diodes (LEDs). UV-LEDs
re small device that can be installed freely at various positions of
ater pipes. In this way, the delivery of UV photons would be more

fficient, and the energy efficiency would be much higher than that
f conventional UV disinfection or UV water treatment systems. The
ercury-free feature and the low voltage source operation system

oth make UV-LEDs safer to use. The strong energy saving prop-
rty of UV-LEDs in achieving comparable disinfection purposes will
robably make the large-scale UV-LEDs and consequently UV-AOP
pplications to be promising [63].

. Conclusions

This study evaluated both kinetics and mechanisms of the degra-
ation of four model �-lactam antibiotics. It was found that direct
V irradiation led to various degrees of photolysis of the antibiotics,
orrelated to their differences in molar absorptivity at 254 nm. The
resence of an oxidant such as persulfate improved significantly
he removal efficiency. At a constant UV fluence, different UV flu-
nce rates resulted in the same or comparable degradation of the
arget compounds. No significant synergistic effect was observed
n the presence of both H2O2 and S2O8

2−. The presence of com-
on  anions such as Cl−, NO3

−, and SO4
2− at a 5 mM level did

ot influence the degradation kinetics either. When nitrobenzene
as used as a model compound, the presence of HO• in the UV/PS

ystem was demonstrated. The steady-state radical concentrations
ere further estimated revealing a non-negligible contribution of
O• in the UV/PS system. Contaminant mineralization could also
e achieved at high UV fluence, with a slow release of sulfur in
he form of SO4

2− and a much slower elimination in TOC levels.
he transformation mechanism of the antibiotics in the UV/H2O2
nd UV/PS systems was investigated showing the main reaction
athways of hydroxylation (+16 Da), hydrolysis (+18 Da) at the �-

actam ring and decarboxylation (−44 Da). This study demonstrates
hat UV/H2O2 and UV/S2O8

2− AOPs are capable of degrading �-
actam antibiotics and suggests that these processes can potentially
ecrease the antibiotic activity of the reaction solution.
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