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ABSTRACT

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 (3-lactam antibiotics (penicillins: ampicillin,
penicillin V, and piperacillin; cephalosporin: cephalothin) by UV-254 nm activated H,0, and S;0g2~
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/S,0g2~ system. Mineralization of the B-lactams could be achieved at high UV fluence, with a
slow formation of SO42~ and a much lower elimination of total organic carbon (TOC). The transformation
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 (3-lactam ring and decarboxylation
(44 Da) for the three penicillins. Oxidation of amine group was also observed for ampicillin. This study
suggests that UV/H,0, and UV/S,0g2~ advanced oxidation processes (AOPs) are capable of degrading
[-lactam antibiotics decreasing consequently the antibiotic activity of treated waters.
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1. Introduction

Antibiotics, one of the most widely used and frequently pre-
scribed categories of pharmaceuticals, are applied not only for the
inactivation or killing of microbes [1], but also for various animal
husbandry and agricultural purposes [2]. The estimated annual use
of antibiotics for human in Germany was 300 tons and for ani-
mals was 1700t [3]. The annual consumption in the United States
was estimated to be 3290 t for humans, 13,540t for livestock, 150 t
for aquaculture, 150t for pets and 70t for crops [2]. The Food and
Drug Administration (FDA) reported that in 2011, more than 880t
of penicillin class of antibiotics and 26t of cephalosporin class of
antibiotics were approved for use in food-producing animals alone
in the US [4]. Besides, up to 90% of human prescription antibiotic
consumption can be excreted without undergoing metabolism [5].
The lack of an effective treatment before wastewater discharge
can subsequently lead to their wide occurrence in natural envi-
ronments [6-8]. The full impacts of the antibiotic residuals in the
natural waters on the ecosystem and ultimately humans have yet
to be fully evaluated [5,9]. Although acute toxicity may not be sig-
nificant, a number of studies have gradually revealed the severe
chronic toxicity of certain antibiotic species [10]. Their existence in
the aquatic environment, even at very low concentration levels, can
promote the growth of antibiotic resistant bacteria or pathogens
[1,5,6,9-11].

A number of technologies have been developed for the removal
of such microcontaminants in wastewater treatment plants [10].
Advanced oxidation processes (AOPs) are considered as promis-
ing alternatives to conventional wastewater treatment processes
for water decontamination [10,12,13]. The main mechanism of
AOPs is through the generation of highly reactive free radicals.
Traditional AOPs mainly function by hydroxyl radicals (HO®, HR-
AOPs) [14]; however, sulfate radical-based AOPs (SR-AOPs) have
also been attracting significant scientific interest for the destruc-
tion of micropollutants such as pharmaceuticals and cyanotoxins
[15-18].

The combination of UV-254 nm light, which has been exten-
sively applied in water treatment facilities for disinfection
purposes, with hydrogen peroxide, i.e., UV-254nm/H;0,, is
one of the most common ways to generate hydroxyl radicals
[14]. UV/H,0, has been demonstrated to be very effective in
degrading various organic contaminants, including endocrine dis-
rupting compounds, pharmaceuticals, pesticides, and cyanotoxins
[14,16,18,19]. The single step dissociation of H, 0, to form hydroxyl
radicals, with no sludge formation and potentially complete con-
taminant mineralization, has made it the most frequently applied
oxidant in AOPs [20,21]. Persulfate (S,0g2~, PS), on the other hand,
has a high redox potential and is quite stable at room temper-
ature. After activation, by UV, transition metals, and/or elevated
temperature or pH, sulfate radicals (SO4°~) can be generated [15].
Both UV/H;0, and UV/PS processes could be influenced by natu-
ral water quality as suggested by the comparable reaction of HO*
and SO4°~ at 8.5x10% and 9.1 x 108 M~1s~1, respectively, with
natural alkalinity, i.e., HCO3~ [22,23]. Limited information is avail-
able on the reaction rate constant of natural organic matter (NOM)
with SO4°~. However, its reactivity is expected to be at least one
order of magnitude lower than kyo®nom [24,25]. Besides, under
UV-254nm irradiation, S;0g%~ has a much higher radical quan-
tum yield than H,0,, as shown in Eqgs. (1) and (2) [26,27]. In fact,
a better performance of UV/PS than UV/H,0, in the degradation of
cyanotoxin cylindrospermopsin in various natural water samples
has been reported [28].

S,082 +hv— 250,4°
@ = 1.4(de-oxygenated), 1.8 (oxygen saturated) (1)

H,0, +hv— 2HO* &= 1.0 2)

The purpose of this study was to investigate the removal
of selected PB-lactam antibiotics (penicillins: ampicillin, peni-
cillin V, and piperacillin; and cephalosporin: cephalothin) by
UV-254nm/H;0, and UV-254nm/S;0g2~ 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 (3-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 uM 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/S, 052~ 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, Hy O, (50%, v:v, Fisher) and Na, S, Og (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 C;g Waters (3.9 x 150 mm, 5 jum)
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 pL, a flow rate of 0.5mLmin~! and a column tem-
perature of 25 °C. Method no. 3 used a Cyg Discovery HS (Supelco)
column (2.1 x 150 mm, 5 wm) 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 mLmin~!,
an injection volume of 20 wL 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 kyo® amp, PCBA was
analyzed by method no. 1; while at the determination of kyo® cgp,
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 H,O, and Na;S,;0g 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 (C;H;gN3Na04S, 371.4gmol-!)
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Cephalothin (CigH15N2Na0OgS;, 418.4gmol-1)

1.
T

o ONa

an IonPac® AS18 (2 x 250mm) column and a guard column of
JonPac® AG18 (2 x 50 mm). The eluent consisted of 3.5 mM Na,CO3
and 1.0 mM NaHCOs. Sulfate anion was identified at a retention
time of 6.6 min. TOC was measured as non-purgeable organic
carbon by a Shimadzu VCSH-ASI TOC Analyzer. The analysis of
the TPs generated during the processes was conducted using
an Agilent 6540 ultra-high definition accurate-mass quadrupole
time-of-flight (Q-TOF) liquid chromatography/mass spectrometer
(LC-QTOF/MS). A sample volume of 10 nL was injected onto an
Agilent ZORBAX Eclipse XDB-C18 narrow-bore rapid resolution col-
umn (2.1 x 50 mm, 3.5 pm). The mobile phase consisted of (A) 0.1%
acetic acid in H,0 and (B) 0.1% acetic acid in methanol, with a gra-
dient elution of 10% B linearly increased to 95% in the first seven
min, and then back to 10% B in the next 0.1 min. Data were analyzed
by Agilent MassHunter B.04.00 software.

2.3. Photolytic experiments

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

Table 2
A summary on the analysis of organic compounds.

monochromatic emission at Amax=254nm. The average irradi-
ance was determined to be 0.1 mWcm~2 [17]. The UV fluence
(mJcm~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 uM
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 mJcm~2. In this case,
due to the sensitivity of the instrument, a lower initial antibiotic
concentration of 25 wM 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, H,0,, and phosphate buffer (pH=7.4) were 50 .M, 50 wM,
10mM, and 5mM, respectively, for kyo® determination; while
those of the antibiotics, TA, Na,S,0g, t-BuOH and phosphate
buffer (pH=7.4) were 50 uM, 50 .M, 10 mM, 500 mM and 5 mM,

Compound name (abbreviation) Method no. Detection wavelength (nm) Retention time (min) Limit of detection Limit of quantification
(x10°7 M) (x10°M)

Ampicillin (AMP) 1 238 5.9 3.65 1.29
Penicillin (PEN) 1 238 2.9 9.08 3.22
Piperacillin (PIP) 2 254 8.6 1.63 0.579
Cephalothin (CEP) 2 238 5.1 2.26 0.802
Nitrobenzene (NB) 1 254 3.2 3.08 1.09
para-Nitrobenzoic Acid (pNBA) 3 254 4.1 0.196 0.0694
para-Chlorobenzoic Acid (pCBA) 1 238 3.1 0.235 0.0931

2 254 52 1.99 0.704
Benzoic acid (BA) 3 238 3.5 0.189 0.0671
m-Toluic acid (TA) 1 238 3.0 2.04 0.722

2 238 43 2.46 0.871
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Fig. 1. Degradation of AMP and CEP by direct UV photolysis and UV/PS AOP. (a)
[AMP]p =50 uM, [PS]o =0 or 1 mM; (b) [CEP]p =50 wM, [PS]o =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 mWcm~2 and 0.3 mW cm~2, respectively. The numbers in parenthesis are
the percentage degradation rate at 320 mJ cm~2 for AMP and 240 mJ] cm~2 for CEP,
respectively.

respectively, for ksp,,- - determination. The UV direct photolysis
was also considered in the rate constant calculation.

3. Results and discussion
3.1. Influence of UV fluence rate

Beside its germicidal purposes, UV-254 nm irradiation is capa-
ble of destroying a large variety of organic pollutants by direct
photon absorption that excites molecules to high electronic states
which can subsequently lead to bond cleavage [20,34]. Organic
compounds with higher molar absorptivity at 254 nm thus have
a higher potential for direct photolytic degradation. On the other
hand, indirect degradation also occurs through the generation
of reactive radicals due to the absorption of UV photons by an
added oxidant, as shown in Eqgs. (1) and (2) [26,27]. The degra-
dation kinetics are thus highly correlated with the UV photons
delivered.

The molar absorption coefficient at 254nm, £54 (M~ cm™1),
was calculated according to Beer-Lambert law, &554 =A/c [, where
A is the measured absorbance, c is the concentration of the chem-
ical to be analyzed (molL-1), and I is the path length (1.00 cm in
this study). The £354 of AMP was determined to be 300M~! cm™!,
and that of CEP to be 9200M~! cm~! at 254 nm. This significant
difference probably contributed to the faster direct photolysis of
CEP than AMP as shown in Fig. 1 [34-36]. Considering the min-
imal destruction by persulfate under the dark reaction condition
(i.e.,4.00% degradation of AMP at 985 min and 1.08% degradation of
CEP at 54 min corresponding to 240 mJ cm~2 equivalence, data not
shown), the increased degradation of the two antibiotics by UV/PS
was probably attributed to the generated radical species [26]. The
two different UV fluence rates, i.e., 0.1 and 0.3 mW cm~2, resulted
in comparable degradation of the target compounds at the same
UV fluence. In other words, though at different UV fluence rates, so
long as the UV photons entering the reaction solution are kept the
same (as represented by UV fluence (m] cm~2), which equals to UV
fluence rate (mW cm~—2) x time (s)), the same or comparable degra-
dation of the target compound can be observed. Consequently, the
following results interpretation and discussion will mainly focus
on the use of UV flux instead of irradiation time except stated
otherwise [35].

1.0
0.8
0.6
o
Q
o
0.4 4
Nitrobenzene (NB)
0.2 J —— UV/10 mM PS/pH 7.4/500 mM MeOH
) —O— UV/only/lpH 7.4
—v— UV/10 mM PS/pH 7.4/500 mM tuOH
0.0 4 —4&— UV/10 mM PS/pH 7.4
: —&— UV/10 mM PS/pH 3
—0— UV/10 mM PS/pH 2

T T T T

0 100 200 300

UV fluence (mJ cm®)

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

S04~ +O0H™ — SO42~ +HO* k= 7x10" M5! ()

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~1s-1 with sulfate radical [38] and 3.9 x 10° M~1s-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,
kiio® meon =9.7 x 108 M~ s71, [23]; kso,0— /meon = 1 x 10’M~1s71,
[39]) or tert-butanol (t-BuOH, kuo® ¢-uon =6.0 x 108 M~1s71, [23];
K500~ j¢_Buon = 8.4 x 10°M~'s=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 x 10°M~1s~1, in the presence of MeOH (this study) and
previously reported t-BuOH [42], respectively.

3.3. Influence of H,0, and certain inorganic anions

In UV-AOPs, beside the direct UV photolysis of the organic com-
pound and the photolytic dissociation of the oxidant for radical
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]o =50 M.

Kkobs (x1073 cm? mJ 1)

k(x10°M~1s1) Percentage contribution in UV/S,0g2~

HO* SO4°~ uv HO* SO4°~

uv Ol‘lly UV/H202 UV/520327
AMP 0.242 2.10+£0.15° 4.23+0.362 4.87° 2.00°
CEP 5.56+0.10? 7.79+0.0.39? 9.87+0.43¢ 5.37° 3.48°
PEN 1.37+0.19? 2.90? 3.18+0.28? 6.54° 2.39°
PIP 0.18 2¢ 1.46 £0.36%¢ 3.81+£0.14 ¢ 8.21°¢ 1.85¢
NB 0.306 +£0.24 1.89+0.29 0.954+0.15 3.9¢ <10-3¢ 29.8% 69.9% 0.30%
PNBA - 1.25 0.526 2.64 <10-3¢ - 99.4% 0.64%
pCBA 0.157 £0.06 3.64+0.32 231+033 454 0.36¢ 7.47% 39.4% 53.1%
BA 0.02+0.00 3.18+0.20 3.11+0.69 4.34d 1.2¢ 0.44% 17.5% 82.1%
TA - 3.76 +£0.06 8.88+0.90 8f 2.0¢ - 19.2% 80.8%

Note: @ without pH control; while all the other experiments presented in this table were carried out at pH 7.4 as adjusted by 5 mM phosphate buffer; ® determined in this
study; © Mezyk et al. [42]; 9 Buxton et al. [23]; ¢ Neta et al. [38]; { this value is in fact the rate constant of p-methylbenzoic acid with hydroxyl radical at pH 9. There is no

value for TA as far as we know.

antibiotics with hydroxyl and sulfate radical were determined, as
shown in Table 3. It was found that the reaction of model antibi-
otics with the sulfate radical was generally slower than that with
hydroxyl radical. Hence the faster degradation efficiency of either
AMP or CEP by UV/PS than by UV/H,0, (as shown in Figs. 1 and 3)
was probably resulted from the higher radical quantum yield (Eq.
(1) vs (2)) of S;0¢2~ under UV irradiation. H,0, has sometimes
been combined with persulfate for a potential synergistic effect,
which is, however, highly dependent on the reaction conditions
such as the ratio of the oxidants, oxidant concentrations and pH
[43]. With the experimental conditions applied in current study,
no synergistic effect was observed. Moreover, both hydroxyl and
sulfate radical can react with CI~ to form Cl*, which subsequently
transforms into Cly*~, as shown in Egs. (4)-(8) [22,44,45]. Consid-
ering the high Cl~ concentration of 5mM vs 50 wM of the parent
compound, the quenching of HO®* and SO4*~ may lead to an inhi-
bition in the degradation of the antibiotics in the presence of Cl~.
However, only a slight impact of CI~ on the degradation of AMP
or CEP by UV/PS was observed in this study (Fig. 3). A plausible
explanation can be derived from the selective reaction of the chlo-
rine radical species with the electron rich antibiotics [16,46,47]. The
presence of other inorganic anions such as nitrate and sulfate at the
5mM level did not affect the degradation efficiency either [46].

CI”+°0H — CIOH*™ (k= 4.2x10°M's™") (4)
CIOH*" — CI- +*OH (k= 6.0x10°M1s1) (5)
CIOH*~ +H* — CI* +H,0 (k= 2.4x101°M1s71) (6)
Cl= +504°~ — SO4% +CI* (k= 3.1x10°M"'s1) (7)
Cl*+Cl- - Ch* (k= 8.0x10°M 15 1) (8)

AMP
—e— 1 mM H,0, (48.5%)

—%— 0.5mM H,0, + 0.5 mM PS (60.9%)
—¥— 1 mMPS +5mM SO, (66.4%)
—A— 1mMPS +5mM NO, (71.4%)
—8— 1 mMPS +5mM CI (75.9%)

cre,

P
1 mM H,0, (84.9%)

0.5 mM H,0, + 0.5 mM PS (88.5%)
1 mM PS +5mM SO, (91.7%)

1 mM PS +5 mM NO, (92.1%)

1 mM PS +5mM CI (93.8%)

064 x 09

0.0

0 100 200 300 400

UV fluence (mJ cm'z)
Fig. 3. The influence of H,0, and certain inorganic anion for UV/PS.[AMP], =50 wM;

[CEP]o =50 wM. The numbers in parenthesis are the percentage degradation at
320mJ cm~2 for AMP and 240 m] cm~2 for CEP, respectively.

3.4. Quantification of hydroxyl and sulfate radical in the UV/H,0,
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/H,0, 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/H,0, 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/H,0, system was
directly correlated with the second-order rate constant of this
compound with hydroxyl radical (kyo* ng), Ssteady state radical con-
centration (JHO*]ss), and the concentration of the target compound
([NB]). Egs. (10)-(13) were then obtained by applying the currently
determined UV fluence-based degradation rate constant (ks ). The
average [HO® ]y yy/u,0, Was then calculated using these five probe
compounds.

d[NB] .
TTdt Kyior jnglHO Iss[NB] (9)
[NB] _
" iNe, = (10)
where
k(s~1) :kHO./NB(M—l S_l)[HO.]ss(M) "
= kobs,HO'/NB(sz mJ~') x 0.1 mW cm2
0.1mW cm2k .
} bs.HO" /NB
[HO Issuvm,0, = - obs,HO | (12)
HO"/NB
where
kobs,HO./NB = Kobs,uv/H,0,/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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system. Assuming 5% x [SO4°*~]ss < [HO®]ss < 100% x [SO4°~ ]ss in the
UV/PS system, Eqs. (14)-(16) could then be obtained. The average
hydroxyl radical concentration determined using NB and pNBA,
[HO® Jss,uv/ps,averages Was subsequently used to calculate the con-
centration of sulfate radical at steady-state using other probe
compounds such as TA which has a rate constant at 109 M~1s-!
with both hydroxyl radical and sulfate radical (Egs. (17) and (18),
Table 3).

Kobs 10" jNg = Kobs,uv/ps/NB — Kobs,uv only/NB — kobs,SO;— INB (14)

kot /nglHO" Iss/(0.1mW em=2)
= Kobs. uvpsnB = Kobs.uv onty/Ne — Ksg2- S0y 15/(0.1 mW em=2)

~ Kobs,uv/ps/NB — Kobs,uv only/NB

(15)
. 0.1mW cm™? (Kobs uv/ps/NB — Kobs,uv only/NB
[HO Issuvpps = ( . ) (16)
HO' INB
kabs,so;— ta = Kobs,uv/psta — Kobs,uv onty/ta a7)
_kHO’ /TA[HO. ]ss,UV/PS,average/lO mwWw Cm_z
0.1mW ecm 2k , .
[50.7] _ obs,SO4 |TA (18)
4 Iss,UV/PS k. .
S0, [TA

The average radical concentrations were consequently
estimated under 0.1mWcm=2 UV irradiation, 5mM phos-
phate buffer (pH=7.4), 1mM initial oxidant and 50 uM initial
organic compound conditions to be 5.73 +0.75 x 10~ 14 M [HO*]ss
(mean + standard error) in UV/H,0,, and 1.84+0.18 x 10~ M
[HO*]lss and 3.10+£059x10"3M [SO4*]ss in UV/PS.
The results met the above mentioned assumption, i.e.,
5% x [SO4°~ ]ss <[HO®]ss < 100% x [SO4°~ |ss. The percentage contri-
bution of the UV photolyis, HO® reaction and SO4°*~ reaction was
then calculated, revealing again the non-negligible contribution
of HO* in the UV/PS system, as shown in Table 3. Especially for
compounds with a lower reaction rate constant with sulfate
radical, such as NB and pNBA, HO* was mainly responsible for their
degradation in UV/PS at the conditions applied in this study.

3.5. Mineralization in terms of TOC elimination and SO42~
formation

There was no interference of persulfate on SO42~ analysis by IC;
however, SO42~ generation from the photolysis of persulfate had a
significant influence on the measurement of SO42~ released from
the antibiotics. Hence the mineralization in terms of SO42~ forma-
tion in this study was only evaluated for the UV/H,0, process. The
UV-vis absorption of the water solution changed significantly dur-
ing the experimental period, the correction of UV fluence was thus
not performed and the reaction time was used directly to make
the plots. As seen in Fig. 4, although there was strong degradation
of the parent compound at 54 min (i.e., 320 mJ cm~2 for AMP and
240 mJcm~2 for CEP in Fig. 1), the release of sulfur as SO42~ was
much slower. The SO42~ formed linearly by increasing UV photons
entering into the reaction solution, with a linear regression rate
0f 1.56 x 10-2 (R2=0.98) and 6.22 x 103 (R2=0.96) mgL~! min~1,
and a sulfur release of 94.8% and 75.2% at 588 min, respectively, for
CEP and AMP. While the main purpose of AOPs is to destroy target
pollutants, a complete mineralization was less favored with a low
UV fluence. In fact, a good TOC removal was barely achieved even
with 588 min UV irradiation, at 15.3% and 13.9% in UV/H,0,; 25.5%
and 33.0% in UV/PS, respectively, for CEP and AMP. In a previous
study on the degradation of 18.6 wM atrazine, only 62.9% and 44.1%

T 8+ UVH,0,-TOC T e el
" ..
o —o— AMP

E ] —o—cep

c

S

s UV/PS - TOC

‘q&; 44 -~y AMP

s} ...A-- CEP
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UV/H,0, - SO,*
—%— AMP
0- —— CEP

T T T T
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Fig. 4. Mineralization in terms of TOC elimination (in both UV/H,0, and
UV/PS AOPs) and SO42- formation (in the UV/H,0, AOP). [Antibiotics]o =50 uM;
[oxidant]p =1 mM.

removal of TOC was reported at UV fluence as high as 6000 m] cm~2
with an initial Fe2* concentration of 17.9 wM, and 1.86 mM PS and
H,0,, 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/H,0, 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 x 103 (R2=1.00) mgL~! min~! 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/H,05, 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/H,05 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/H,0;. There are four significant groups of TPs formed
by hydroxyl radical reaction with AMP, through hydroxylation
(+16Da), hydrolysis (+18 Da), decarboxylation (—44 Da) and oxi-
dation of amine into a carbonyl (—1Da) (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 3-
lactam antibiotics [51]. In this study, four different isomers were
observed for +16 Da TPs P35 (m/z 366, C1gH19N305S), 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=0 could thus be formed. (2) The +18 Da
TPs P3gg (C16H21N305S) were at a significant abundance for both
data points analyzed. As a comparison, 25 pM AMP standard solu-
tion was placed in dark at room temperature and analyzed after
20 h; the P3gg 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 3-lactam ring could
then lead to the decrease in the antibiotic activity. (3) Electron
abstraction from the carboxylate with the subsequent release of
a CO, is known for hydroxyl radical reaction [29,54-56]. Through
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Fig. 5. Possible byproduct formation and pathways of AMP degradation in the UV/H,0, and UV/PS systems, (1) hydroxylation (+16 Da), (2) hydrolysis (+18 Da), (3) decar-
boxylation (—44 Da) and (4) oxidation of amine into a carbonyl (—1 Da). [Antibiotic]o =25 wM; [oxidant]o =1 mM.

mass spectrometry analysis, the formation of AMP penilloic acid
(i.e., P324, C15H21N303S) from the decarboxylation at the cleaved
[3-lactam ring of AMP penicilloic acid (i.e., the hydrolysis TP P3gg)
has been reported [55]. With the detection of P355 (C15H19N303S,
+10, —C0O,) which was not hydrolysis TPs in this study, the decar-
boxylation at the five-member ring adjacent to 3-lactam ring was
also possible as shown in Fig. 5. (4) The hydroxyl group can increase
the reactivity of o hydrogen atoms for H-abstraction leading to
the formation of a carbonyl [54,57]. The >CH—NH, group in AMP
could be transformed similarly to an imine >C=NH, with a subse-
quent carbon-nitrogen double bond cleavage for the formation of
a carbonyl >C=0 TP P349 (C;6H16N205S) [58].

As discussed above, in the UV/PS system, both hydroxyl and sul-
fate radical can be present. The detected TPs in the UV/PS system
for the degradation of AMP in this study could thus be from the
reactions of both radicals (Fig. 5). In addition, as the hydroxyl radi-
cal and sulfate radial can generate the same radical intermediates,
itis not surprising to observe similar TPs in the UV/PS and UV/H,0,
systems [29,54]. Nevertheless, in the determination of the reaction
rate constant of various (3-lactam antibiotics with SO4*~ by pulse
radiolysis, SO4*~ reacted primarily at the sulfur atom adjacent to
the B-lactam ring, resulting in a higher chance of overall antibiotic
activity removal [40]. Moreover, the detection of significant abun-
dant P33g (C15H19N304S, + 2 O, - CO, ) in UV/PS but not in UV/H,0,
might be resulted from the strong electron withdrawing property
of SO4*~, i.e., favoring the decarboxylation process [29,54].

3.6.2. PEN, PIP and CEP in the UV/H,0, and UV/PS systems

Both PEN and PIP are penicillin class of antibiotics with a
similar five-member ring structure to AMP. Although the analyt-
ical limit of our method had led to a much lower variety of TPs
detected for these two antibiotics, the major TPs resulted from the

proposed mechanisms (1)-(3)in Section 3.6.1 were all observed, i.e.,
the P367 (C1gH1gN20gS, +16 Da), P3g9 (C16H29N20gS, +18 Da), and
P357 (C]5H20N2065, ora potassium salt form Ofp3g5, G 5H19KN; OGSv
+32,+18, and —44 Da) detected in both AOPs for PEN; as well as the
Ps34 (C23H27Ns50gS, +16 Da), Ps3g (C23H29N508S, +18 Da), and Pago
(Cy2H27N506S, +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
(+18Da) TPs detected, while the monohydroxylation TPs (P43s,
Cq1gH15N;Na07S, or P413, CigH1gN> 0752) and decarboxylation TPs
(P3g5,C15H16N206S, ) were detected at arelatively 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/H,0, 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/H,0,, the anaerobic reduc-
tion of the sulfate byproduct from persulfate into H,S 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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UV can decrease the pH of reaction solution, which can also lead
to an increased degradation of organic pollutants [18]. However,
the subsequent pH adjustment may become necessary depending
on the requirements of water treatment and quality standard. The
treatment efficiencies of UV-based AOPs are strongly influenced
by water quality such as turbidity and color as indicated by UV
transmittance [59]. As a result, UV-AOPs may be installed after
membrane filtration and/or reverse osmosis [62]. In this case, the
additional treatment of sulfate anion byproduct and decreased pH
need to be considered. Significant energy consumption may also be
an inhibition factor for the application of UV-AOPs [59], however,
this can be overcome by the integration of recently developed semi-
conductor light source UV light-emitting diodes (LEDs). UV-LEDs
are small device that can be installed freely at various positions of
water pipes. In this way, the delivery of UV photons would be more
efficient, and the energy efficiency would be much higher than that
of conventional UV disinfection or UV water treatment systems. The
mercury-free feature and the low voltage source operation system
both make UV-LEDs safer to use. The strong energy saving prop-
erty of UV-LEDs in achieving comparable disinfection purposes will
probably make the large-scale UV-LEDs and consequently UV-AOP
applications to be promising [63].

4. Conclusions

This study evaluated both kinetics and mechanisms of the degra-
dation of four model 3-lactam antibiotics. It was found that direct
UVirradiation led to various degrees of photolysis of the antibiotics,
correlated to their differences in molar absorptivity at 254 nm. The
presence of an oxidant such as persulfate improved significantly
the removal efficiency. At a constant UV fluence, different UV flu-
ence rates resulted in the same or comparable degradation of the
target compounds. No significant synergistic effect was observed
in the presence of both H,0, and S,0g2~. The presence of com-
mon anions such as Cl=, NO3~, and SO42~ at a 5mM level did
not influence the degradation kinetics either. When nitrobenzene
was used as a model compound, the presence of HO® in the UV/PS
system was demonstrated. The steady-state radical concentrations
were further estimated revealing a non-negligible contribution of
HO* in the UV/PS system. Contaminant mineralization could also
be achieved at high UV fluence, with a slow release of sulfur in
the form of SO42~ and a much slower elimination in TOC levels.
The transformation mechanism of the antibiotics in the UV/H,0,
and UV/PS systems was investigated showing the main reaction
pathways of hydroxylation (+16 Da), hydrolysis (+18 Da) at the 3-
lactam ring and decarboxylation (—44 Da). This study demonstrates
that UV/H,0, and UV/S;0g2~ AOPs are capable of degrading 3-
lactam antibiotics and suggests that these processes can potentially
decrease the antibiotic activity of the reaction solution.
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