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Abstract This study investigated the kinetics and degra-
dation pathway of acebutolol, metoprolol and sotalol in a
sulfate radical-based advanced oxidation process. The
selected pharmaceuticals were -blockers which have been
used to treat cardiovascular diseases. Due to its frequent
use, the presence of these pharmaceuticals in the environ-
ment has been regularly reported. In this study, sulfate
radicals were generated using peroxymonosulfate with
cobalt (II) as activator. At pH 7 and 25 °C, the second-
order rate constant for the reaction between SO, with
metoprolol, acebutolol and sotalol was (1.0 £ 0.1) x 1010,
20+0.1) x 10" and (3.0+02) x 10°M s
respectively. Sixteen transformation by-products were
identified from the selected B-blockers. These transforma-
tion by-products were mainly formed through the hydrox-
ylation, aromatic ring-opening reaction and aliphatic chain
oxidation. The decomposition of B-blockers by sulfate
radicals was found to start from the formation of hydrox-
ylated B-blockers followed by an aromatic ring-opening
reaction. In general, this study showed that B-blockers
reacted favorably with sulfate radicals, and various trans-
formation by-products could be produced. The result from
the ecotoxicity assessment showed that almost all of the
transformation by-products were less toxic than its parent
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compound. Therefore, a sulfate radical-based advanced
oxidation process could be an effective method for the
treatment of B-blockers in water.
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Introduction

Recently, the presence of pharmaceuticals as emerging
pollutants has attracted much attention due to its potential
adverse health effects to living organisms (Cizmas et al.
2015; Bundschuh et al. 2016). The negative impacts of
environmental pharmaceuticals are such as endocrine dis-
rupting effect on fish (Sun et al. 2016); inhibition of the
growth of aquatic plants (Pomati et al. 2004); producing
antibiotic resistant bacteria (Cizmas et al. 2015); and
intersex and reduced fecundity in fish (Niemuth and Klaper
2015). Each year, thousands of tons of pharmaceuticals are
prescribed and consumed worldwide (Burkina et al. 2015).
As a result, pharmaceuticals have been frequently detected
in the environment. So far, the effluents of wastewater
treatment plants (WWTPs) have been identified as the
major sources of pharmaceuticals in the environment. This
is mainly due to the inefficiency of WWTPs in the treat-
ment of these emerging pollutants (Burkina et al. 2015).
Among various classes of environmental pharmaceuti-
cals, B-blockers have been frequently detected in various
aquatic environments (Liu et al. 2015; Sun et al. 2015,
Santos et al. 2013). B-Blockers are pharmaceuticals used to
treat cardiovascular diseases (Huggett et al. 2003). The
removal of B-blockers by some of the WWTPs was rela-
tively poor (Santos et al. 2013). As a result, the presence of
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B-blockers in the environment with concentrations in pg/L
has been reported (Maszkowska et al. 2014a). Although B-
blockers are safe for humans, some of the B-blockers are
harmful to some aquatic organisms (Maszkowska et al.
2014b).

Recently, a sulfate radical-based advanced oxidation
process (SR-AOP) has been reported as an effective
chemical oxidation method for the removal of pharma-
ceuticals (Gao et al. 2015; Ji et al. 2015; Zhang et al. 2015;
Ji et al. 2016a). Sulfate radicals (SO, ™) react with organic
compounds at the rate of 107 to 10'° M~" s™' (Matta et al.
2011). As compared to hydroxyl radicals (-OH), SO,
with a more selective nature reacts with organic com-
pounds mainly through electron transfer reaction (Anipsi-
takis et al. 2006). However, non-selective -OH reacts
reactively with almost all organic compounds, but it can be
inactivated easily by the water matrices (Matta et al. 2011).
So far, SR-AOP has been employed in the treatment of
soils and groundwater (Tsitonaki et al. 2010). Therefore, it
is important to study the fate of pharmaceuticals in SR-
AOP since some of the commonly used oxidation processes
could produce transformation by-products which are more
toxic than its parent compound (Tay and Madehi 2014).

The main objectives of this study were (1) to determine
the second-order rate constant for the reaction between
SO, and selected B-blockers; (2) to identify the trans-
formation by-products and to elaborate the degradation
pathway of B-blockers during SR-AOP; and (3) to assess
the ecotoxicity of the transformation by-products. The
selected B-blockers were sotalol, acebutolol and metopro-
lol. Based on the literature review, the degradation of the B-
blockers in various chemical oxidation processes such as
ozonation (Benner et al. 2008; Tay et al. 2013; Tay and
Madehi 2014), -OH-based AOP (Veloutsou et al. 2014,
Romero et al. 2015) and chlorination (Khalit and Tay
2016) have been widely reported. However, the fate of the
selected P-blockers in SR-AOP has not been reported
elsewhere. In this study, the ecotoxicity of transformation
by-products was evaluated using computational method.
Based on the literature review, ecotoxicity of transforma-
tion by-products generated from SR-AOP was seldom
reported. This study was carried out at the Department of
Chemistry, Faculty of Science, University of Malaya
(Malaysia), from December 2014 to May 2015.

Materials and methods
Chemicals and reagent
Acebutolol hydrochloride, metoprolol tartrate salt, sotalol

hydrochloride, benzoic acid and formic acid were obtained
from Sigma. Potassium peroxymonosulfate (PMS) and
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cobalt (IT) sulfate heptahydrate (CoSO,4-7H,O) were pur-
chased from Acros Organics. HPLC-grade methanol was
purchased from RCI Labscan (Thailand). HPLC-grade
acetonitrile was obtained from Merck (Germany). Tert-
butanol, disodium hydrogen phosphate dehydrate were
supplied by Riedel-de Haén (Germany), and sodium
dihydrogen phosphate monohydrate was obtained from
Aldrich (USA). All stock solutions were prepared in ELGA
ultrapure water. Freshly prepared PMS and cobalt (II)
sulfate heptahydrate solutions were used for the study.

Determination of second-order rate constant

Competition kinetics method was used to determine the
second-order rate constant (K,p,) for the reaction between
the selected B-blockers and SO, . In this study, benzoic
acid was used as reference compound. The reported sec-
ond-order rate constant for the reaction between benzoic
acid with SO,~ was 1.2 x 10° Mgt (Guan et al.
2011). The experiment was conducted as reported in pre-
vious studies (Matta et al. 2011; Ji et al. 2016b) with slight
modification. Briefly, the kinetic experiments were con-
ducted in a 50-mL jacketed beaker containing the selected
B-blocker, benzoic acid and cobalt (II) sulfate with the
concentration of 100 uM each. The pH of the reaction
mixture was adjusted to 7 with 50 mM of phosphate buffer,
and the temperature was set at 25 °C. The solution was
stirred throughout the experiment by using a magnetic
stirrer. The reaction was then initiated by adding 1000 uM
of PMS solution, and the final volume of the reaction
mixture was 50 mL. Every 5s, 1 mL of aliquot was
withdrawn from reaction mixture and the reaction was
quenched with 100 pL. of methanol. The concentration of
selected PB-blocker and benzoic acid contained in the ali-
quot was determined using HPLC.

By-product identification

The transformation by-products of the selected B-blockers
were produced using PMS with and cobalt (II) sulfate as
activator. The molar ratio of the selected [B-blockers to
PMS was set at 1:10, and the pH of the solution was
adjusted to 7 using phosphate buffer; 1 mL of reaction
mixture was withdrawn every 10 s, and the reaction was
quenched with 100 pL methanol. The mixture was then
analyzed using liquid chromatography quadrupole time-of-
flight mass spectrometry (LC-QTOF-MS).

Instrumental analysis
For kinetics study, the concentration of selected B-blockers

and benzoic acid was monitored using a HPLC system
(Shimadzu, Japan) which consisted of a LC-20AT pump, a
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SPD-M20A diode array detector, a SIL-20AHT autosam-
pler and a CTO-10AS column oven. A reversed-phase
Chromolith RP-18 monolithic column
(100 mm x 4.6 mm; Merck, Germany) was used for sep-
aration. The identification of by-products was performed
using a 6500 accurate mass quadrupole time-of-flight mass
spectrometer bearing with electrospray ionization source
coupled to a 1200 series rapid resolution LC system (LC-
QTOFMS, Agilent Technologies, Santa Clara, USA) as
reported by Tay et al. (2013).

Ecotoxycity assessment

Ecotoxicity of transformation by-products was assessed
using Ecological Structure—Activity Relationship Model
(ECOSAR) software (version 1.1) as reported by a previous
study (Tay and Madehi 2015).

Results and discussion
Kinetics study

In this study, K,,, was determined using the competitive
kinetics method. This method has been used to determine
the K,p,, for various organic pollutants such as carba-
mazepine (Matta et al. 2011) and caffeic acid (Swaraga
and Adinarayana 2003). The concept of this method is
based on the simultaneous oxidation of the reference
compound and the selected B-blockers. In this case, the
K.pp for the reaction between reference compound with
SO, [Kypp(reference)] is known, and the K., for the
reaction between SO, ~ with selected B-blockers [Kpp(B-
blocker)] was determined using the following equation (Ji
et al. 2016b):

n <[B—blocker]t> _ Kypp(B—blocker) n ( [reference]l>

[B-blocker], ) Kupp(reference) [reference,,

For this study, benzoic acid was selected as the
reference compound, and the plot for the K,
determination is presented in Fig. 1. The determined K,
values for the selected B-blockers are presented in Table 1.
The result indicated that at pH 7 and 25 °C, metoprolol,
acebutolol and sotalol reacted with SO, at the rate of
(1.0 £0.1) x 10", (20+0.1) x 10" and (3.0 £

0.2) x 10" M~ 57, respectively.
Degradation by-products

For the selected P-blockers, sixteen transformation by-
products were identified. The transformation by-products
of acebutolol, metoprolol and sotalol are presented in
Tables 2, 3 and 4, respectively. MSMS spectrum of
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Fig. 1 Plot for the determination of Ky, for the reaction of selected
B-blockers with SO, ™

Table 1 Determined K,,, for the reaction between selected p-
blockers with SO, ™

B-blockers Kapp M~ tsTh

Metoprolol (1.0 £ 0.1) x 10™°
Acebutolol (2.0 £ 0.1) x 10'°
Sotalol (3.0 £ 0.2) x 10'°

selected B-blockers and its transformation by-products are
presented in Supplementary Material (Figs. S1-S3). These
degradation by-products can be categorized as hydroxy-
lated, aliphatic chain-oxidized and aromatic ring-degraded
by-products. For acebutolol, two aromatic ring-hydroxy-
lated by-products (Ace-368 and Ace-386) were detected.
Ace-368 with the quasimolecular ion ((M+H]") peak at
m/z 369.2045 (Fig S1) showed additional 32 amu as
compared with the [M-+H]" ion of acebutolol, indicating
the presence of two hydroxyl (OH) groups (Table 2). On
the other hand, the [M+H]" ion of Ace-386 showed
additional 49 amu attributed to the addition of three OH
groups and one hydrogen atom to acebutolol. In order to
add a hydrogen atom, two OH groups are proposed to be
added to a carbon atom at the aromatic ring for the for-
mation of a hexacyclodienyl ring. For metoprolol, two
aromatic ring-hydroxylated by-products were identified.
Met-299 is an aromatic ring-dihydroxylated metoprolol
(Table 3, Fig S2). Similar to Ace-386, Met-317 is also a
trihydroxylated metoprolol with additional one hydrogen
atom. For sotalol, hydroxylation reaction produced
tetrahydroxylated sotalol, Sot-336 (Table 4). The mecha-
nism for the formation of aromatic ring-hydroxylated B-
blockers is proposed to start from the addition of a sulfate
group to the aromatic ring of B-blockers to form interme-
diate I (Fig. 2). Sulfate group is a good leaving group.
Therefore, intermediate I tends to rearrange, through the
elimination of the sulfate group, to form radical cation II
(Anipsitakis et al. 2006). Then, hydrolysis of radical cation
IT leads to the formation of hydroxylated hexacyclodienyl

’r @ Springer
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Table 2 Acebutolol and its proposed transformation by-products

Elemental composition Proposed structure Major fragment in Measured exact Calculated Mass error
of [IM+H]* (Label) MS/MS spectrum mass exact mass (ppm)
C1gH2oN,04 H o m/z 337.2118* 336.2050 336.2049 0.30
V\WNCKK m/z 319.2016
o (o) NJ\ m/z 260.1280
on H m/z 218.1176
Acebutolol m/z 116.1073
C0HxoNO,* HO m/z 218.1378% 217.1314 217.1314 0
U\H 1 /2 200.1296
= m/z 200.
(0] N
/\O/H\H m/z 158.0772
Ace-217 m/z 134.1168
m/z 116.1071
C,,H,,NOs* o m/z 252.1589* 251.1517 251.1521 -1.60
@f& It m/z 234.1490
m/z 175.0729
oY N
OH m/z 116.1062
Ace-251
C1eHy7N,05 " H  (OH) m/z 327.1904% 326.1843 326.1842 0.31
\/\n*"‘@\ 1 m/z 309.1800
R o™ N m/z 267.1349
OH m/z 166.0844
Ace-326 m/z 134.1199
m/z 116.1067
C15H20N,06 " H o m/z 369.2045" 368.1947 368.1947 0
SN NS m/z 351.1884
© l// o/\/\NJ\ m/z 116.1059
(HO) on H
Ace-368
C,sH3 N0, H 0 m/z 387.2069" 386.2046 386.2053 —1.81
~~eN m/z 369.2072
C?'1O o) NJ\ m/z 300.1411
HOOH  on M m/z 236.0905
Ace-386 m/z 166.0494
m/z 134.1173
Ci6Ha7N2O6 ™+ H  (OH) m/z 343.1778* 342.1795 342.1791 1.17
\/\ITN\@\ J\ m/z 134.1122
° N0 N m/z 116.1059
oH H
Ace-342

2 [M+H]" ion

radical III. Reaction between III and O, may give rise to
the peroxyl radical (IV) which could decompose to form
monohydroxylated B-blockers (V). Further hydroxylation
of V forms the dihydroxylated B-blockers. The formation
of Met-317 and Ace-368 is proposed to start from the
electron transfer from the aromatic ring of dihydroxylated
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B-blockers (Met-299 and Ace-368) to SO, for the for-
mation of radical cation VI (Fig. 3). The reaction between
the water molecule and VI leads to the formation of tri-
hydroxylated hexacyclodienyl radical VII. VII may react
with peroxyl radical for the formation of Met-317 and Ace-
368.
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Table 3 Metoprolol and its proposed transformation by-products
Elemental composition Proposed structure Major fragment in Measured Calculated Mass error
of [IM+H]* (Label) MS/MS spectrum exact mass exact mass (ppm)
C5sHxNO;™ OH |, m/z 268.1930% 267.1850 267.1834 5.99
wOWNY m/z 226.1453
o m/z 191.1082
Metoprolol m/z 159.0819
m/z 116.1083
CsH gNO,* OH |, m/z 192.1237% 191.1176 191.1158 9.41
“0]/0\)\/“\( m/z 150.0690
HO m/z 135.0468
Met-191 m/z 116.1032
C,0HgNOs™ OH m/z 232.1213% 231.1133 231.1107 11.3
HooC ) 0\)\/’“1/ m/z 172.0586
OJ m/z 134.1238
Met-231 m/z 116.1086
C,5sHNOg™ OH |, m/z 318.1927* 317.1837 317.1838 —-0.32
OJ\/NY m/z 300.1817
\ONCEgE m/z 250.1460
OH m/z 167.0723
Met-317 m/z 116.1091
C,5sH,6NOs™ OH |, m/z 300.1832% 299.1766 299.1733 11.0
NO/O\)\/’H/ m/z 282.1721
~o X m/z 226.1099
(©r m/z 116.1091
Met-299
CoH,0NO5 ™ HO OH |, m/z 226.1430* 225.1385 225.1365 8.88
@0\*/’“?/ m/z 184.1003
& m/z 149.0612
Met-225 m/z 123.0433

* [M+H]" ion

Ace-251 and Met-225 are the transformation by-prod-
ucts formed through the removal of butylamide and the
methoxyethyl groups from acebutolol and metoprolol,
respectively. By using Met-225 as an example, the
hydroxylation followed by the removal of methoxyethyl
chain from metoprolol is proposed to start from the addi-
tion of SO, to the aromatic ring of metoprolol for the
formation of radical VIII (Fig. 4). Elimination of sulfate
group from radical VIII leads to the formation of radical
cation IX. IX can further react with water to form radical
X. Radical X could rearrange and react with peroxyl radical
to form Met-225. Ace-326 and Ace-342 are hydroxylated
by-products which formed after the deacetylation of
acebutolol.

The reaction at the aromatic rings of metoprolol and
acebutolol was also found to produce aromatic ring-open-
ing by-products. Ace-217, Met-191 and Met-231 were the
detected aromatic ring-opening by-products for acebutolol
and metoprolol, respectively. The formation of aromatic
ring-opening by-products also has been reported by Xu
et al. (2013) in the degradation of 2,4,6-trichlorophenol by
using SO, . The cleavage of the aromatic ring is proposed
to start from the formation of quinone intermediates from
the dihydroxylated species. These quinone intermediates
were then subjected to the nucleophilic attack and hydro-
gen abstraction by SO, ™ for the breakdown of the carbon—
carbon bond of aromatic ring (Xu et al. 2013). Aromatic
ring-opening reaction is an important pathway that leads to

’r @ Springer
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Table 4 Sotalol and its proposed transformation by-products

Elemental composition Proposed structure Major fragment in Measured Calculated Mass error
of [IM+H]* (Label) MS/MS spectrum exact mass exact mass (ppm)
C1,H, N,058™ o X m/z 255.1153% 272.1189 272.1195 -2.20
-8 ©\” 1 m/z 213.0685
o N m/z 176.1300
Sotalol m/z 133.0756
C,H,N,0,8 y oH m/z 337.0882% 336.0987 336.0991 —1.19
Pe o m/z 244.1184
HO HJ\ m/z 102.0920
OH OH m/z 72.0813
Sot-336
Cy,HoN,0,S8* o u oM m/z 335.0892" 334.0854 334.0835 5.69
e o m/z 317.0790
HO HJ\ m/z 193.0965
OH OH m/z 165.1014
Sot-334
C1,H gN,06S™ o H (OH)s m/z 319.0968* 318.0897 318.0886 3.46
“ _N
S, m/z 3010857
S X JI\
N m/z 259.0387
on m/z 181.0613
Sot-318
C H;71N,0,4F (OH); m/z 241.1180* 240.1114 240.1110 1.67
NN I m/z 223.1052
= N m/z 181.0600
OH
Sot-240
C; H7N,05 (OH), m/z 207.1126* 224.1162 224.1161 0.45
"N I m/z 165.0659
> N m/z 119.0729
OH
Sot-224

4 [M+H]" ion

the mineralization of organic compounds in oxidation
processes.

SO, was also found to react with the aliphatic chain of
sotalol. This reaction yielded 4 products Sot-334, Sot-318,
Sot-240 and Sot-224. Sot-240 and Sot-224 are the trans-
formation by-products without methane sulfonyl group.
The [M+H] " ion of Sot-334 and Sot-318 was found to be 2
amu lower than the tetra- and trihydroxylated sotalol (Fig
S3). This result suggested that these by-products were
formed through the loss of 2 hydrogen atoms from
1-(isopropylamino)propan-2-ol chain of tetra- and trihy-
droxylated sotalol. By using Sot-318 as an example, the
mechanism for the oxidation of 1-(isopropylamino)propan-

’r @ Springer

2-0l chain is proposed to start from the transfer of an
electron from the amino group to SO, for the formation
of radical cation XI (Fig. 5). Deprotonation of XI leads to
the formation of radical XIT (Xu et al. 2013), which could
be further converted to Sot-334 and Sot-318. Based on the
proposed transformation by-products, it can be concluded
that during SR-AOP, SO, reacts selectively with -
blockers at the aromatic ring and the secondary amine
group. The reactions between -OH with B-blockers have
been widely reported (Tay et al. 2011, 2013; Veloutsou
et al. 2014). Non-selective -OH were reported to react at
both aliphatic chains and the aromatic ring of B-blockers.
Consequently, more diverse transformation by-products
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Fig. 2 Proposed mechanism for OH o
the formation dihydroxylated B- o \)\/H . N (e} SO, o
blockers through hydroxylation SO4 /@ _}‘
reaction R NP R, R R
a R 05 o
1
*tH,0
-H*

H
V
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OH |
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Ry
(OH)2

Fig. 3 Proposed mechanism for
the formation of trihydroxylated R4
B-blockers through

hydroxylation reaction
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were reported. Instead of aromatic ring-hydroxylated and
aromatic ring-opening by-products, the -OH-based oxida-
tion process also produced transformation by-products with
hydroxylated and degraded aliphatic chain which is not
detected in this study (Tay et al. 2011, 2013; Veloutsou
et al. 2014). Therefore, this study further proved the
selectivity of SO,~ when reacting with organic
compounds.

Ecotoxicity of transformation by-products

The ecotoxicity of transformation by-products was pre-
dicted using ECOSAR software developed by United
States Environmental Protection Agency (USEPA). This
program has been used by USEPA to predict the aquatic
toxicity of new industrial chemicals in the absence of
experimental data (Mayo-Bean et al. 2012). This software

Y
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Fig. 4 Proposed mechanism for OH so?
removal of methoxyethyl chain o \)\/ N so;- 00.50 H o !4 H o %
from metoprolol /\/©/ \|/ ¢ % ®
o ~o ~o A
Metoprolol VI IX
+H,0
“H*
OH SNo N oH
HO H 0
\\ O\)\/ N \l/ " %
| P o
Met-225 o, op f1 X
OH OH OH
H H
O\S/N OH O\\S,N OH so” o M OH on , °H O\\S,H OH
“ - 0 L v w Py 5 )% M
HO N — > o N kel Jg\ HoO N
H H HO N H
H H H H H* H H H H H
X1 XIT Sot-334
Fig. 5 Proposed mechanism for the aliphatic chain transformation pathway
Table. 5 Pﬁe@icted acute and Compound Acute toxicity (mg/L) ChV (mg/L)
chronic toxicity of the selected
B-blockers and its Fish (LCs) Daphnid (LCs) Algae (ECsg) Fish Daphnid Algae
transformation by-products
Acebutolol 1473 668 617 132 61 94
Ace-251 1322 590 544 117 54 80
Ace-368 4002 1671 1538 341 143 190
Ace-326 18,872 6758 6194 1474 509 516
Ace-342 25,861 9036 8276 1992 667 648
Ace-217 81,783 24,661 22,486 5789 1609 1209
Ace-386 826,000 212,000 193,000 53,349 12,115 6898
Metoprolol 413 206 191 39 21 37
Met-225 1653 715 659 144 63 89
Met-299 5725 2269 2086 474 186 225
Met-317 31,398 10,703 9795 2385 774 720
Met-191 352,000 91,702 83,244 22,904 5293 3087
Met-231 818,000 210,000 182,000 51,449 11,019 5789
Sotalol 6521 2532 2326 534 204 238
Sot-224 50,027 15,827 14,452 3640 1075 878
Sot-240 145,000 41,786 38,050 9991 2629 1833
Sot-318 152,000 44,848 40,863 10,626 2872 2078
Sot-336 428,000 115,000 105,000 28,387 6848 4236
Sot-334 431,000 116,000 105,000 28,590 6886 4250

calculates the ecotoxicity of chemicals by addressing both
acute (LCso and ECsp) and chronic (ChV) effects on fish,
daphnid and algae. LCs represents the chemical concen-
tration that kills 50 % of the fish and daphnid population
after 96 and 48 h, respectively. ECso represents the
chemical concentration that results in a 50 % reduction in
growth of algae after 96 h exposure. Predicted acute and

Y4
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chronic toxicity of selected B-blockers and its transforma-
tion by-products are presented in Table 5. The results
indicated that even though the treatment of the selected B-
blockers produced various transformation by-products,
almost all of these by-products were less toxic than the
parent compound. Based on the information from the
transformation by-products, the degradation of the selected
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B-blockers was found to start with hydroxylation and was
followed by the aromatic ring-opening reaction. In general,
the ecotoxicity of the transformation by-products was
found to decrease with increasing of the degree of
hydroxylation. The result also indicated that the formation
of aromatic ring-opening by-products largely reduced the
ecotoxicity of B-blockers. Therefore, it can be concluded
that the ecotoxicity of the selected B-blockers could be
reduced using SR-AOP by producing more polar by-
products.

Conclusion

In this study, the kinetics and mechanisms for the reaction
between acebutolol, metoprolol and sotalol with SO,
were evaluated. The obtained K,,, showed that the selected
B-blockers reacted with SO, ~ with the magnitude of
1.0 x 10'°-3.0 x 10" M™' s7". Based on the identified
transformation by-products, the degradation of B-blockers
by SO, was mainly found to proceed through hydroxy-
lation reaction. During SR-AOP, the mineralization of B-
blockers can proceed through the formation of hydroxy-
lated by-products followed by the aromatic ring-opening
reaction. On the other hand, oxidation of the aliphatic chain
was also observed. In conclusion, B-blockers can react
favorably with SO, ; however, SR-AOP also produced
various transformation by-products. The result from the
ecotoxicity assessment indicated that almost all the pro-
posed transformation by-products were less toxic as com-
pared with its parent compound. Therefore, SR-AOP could
be a clean method for the treatment of B-blockers in water.
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