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ABSTRACT.

The frequent detection of propranolol, a widelydiBeblocker, in wastewater effluents and
surface waters has raised serious concern, duedstaadverse effects on organisms.
UV/hydrogen peroxide (UV/kD,) and UV/persulfate (UV/PDS) processes are effician
eliminating propranolol in various waters, but fleemation of oxidation products in these
processes, as well as the assessment of theirtypxias not been systematically addressed.
In this study, we identified and compared transfatiton products of propranolol produced
by hydroxyl radical ‘OH) and sulfate radical (S0. The electrostatic attraction enhances the
reaction between SO and the protonated form of propranolol, whi®H shows non-
selectivity toward both protonated and neutral pmaplol species. The hydroxylation of
propranolol by'OH occurs at either amine moiety or naphthalenemnehile SQ™ favors
the oxidation of the electron-rich naphthalene grokurther oxidation byOH and SQ@"
results in ring-opening products. Bicarbonate ahbbrade exert no effect on propranolol
degradation. The generation of €Cand Cl-containing radicals is favorable to oxidgi
naphthalene group. The acute toxicity assayibfio fischeri suggests that SOgenerates
more toxic products thafOH, while CQ™ and Cl-containing radicals produce similar
toxicity as SQ". High concentrations of bicarbonate in UV increase the toxicity of

treated solution.

Keywords: propranolol; hydroxyl radical; sulfate radical;rleanate radical; Cl-containing

radicals; transformation products
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1. Introduction.
As an important class of pharmaceuticiblockers bind to th@-adrenergic receptors
in human body and block the action of epinephrind aorepinephrine, which are used to

treat cardiac malfunctions.(Khetan and Collins J00fis target effect op-blockers to fish

with p-adrenergic receptors may exert a similar resptmseher vertebrates.(Huggett et al.
2002b) B-blockers also exhibit specific nontarget effects @rganisms. For example, a
previous study demonstrated that three typeg3-bfocker could inhibit photosynthesis
efficiency of a green alga®ésmodesmus subspicatuas echoed by Egvalues of 4.1, 40

and 1335 mg/L for propranolol, metoprolol, and ateh respectively.(Escher et al. 2006)

Another study also indicated the influence of papsmiol on the steroid level and
reproduction in medakaDfyzias latipe¥ with exposure to 0.hg/L propranolol.(Huggett et
al. 2002a) These results suggest that propranslaiare toxic to organisms than otler
blockers. The additive effect of propranolol, whigktensively exists if-blockers mixtures,
could contribute to the major toxic potential oloall compounds in the aquatic environment

even at low concentrations.(Cleuvers 2005) Addéllyn the growing consumption of

propranolol in medication and its insufficient rermab by conventional WWTPs lead to
increasing occurrence of propranolol in surface enmt thereby conceiving substantial

concern of its toxicity to aquatic organisms.(Koktet al. 2014) (Wang et al. 2015)

Advanced oxidation processes (AOPs) are effectivea iremoval of

pharmaceuticals.(Keen and Linden 2013, Wols andnidafCaris 2012, Zhang et al. 2015)

Conventional AOPs typically involve the formatiorf bydroxyl radicals ‘OH) as an
oxidizing species to destruct recalcitrant orgammataminants in drinking water sources and
wastewaters. Recently, sulfate radical-based AORee hreceived increasing research
interests, as the rate constants for the reacti®ulfate radical (S@) with many organic

contaminants are near diffusion-limited rate comsté§Neta et al. 1988) Compared @H,
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the benefit of SG) is its less reactivity to scavengers like bicadterand dissolved organic

carbon (DOC), which substantially decrease theciefiicy of ‘OH-based AOPs through

consuming a large portion 6®H.(Buxton et al. 1988, Yang et al. 2015) The pmeseof
bicarbonate and halides at high concentrations rhesoimportant scavengers ‘@H and
SO,” to generate daughter reactive species. Unlidd, SQ" favors the conversion of

halides to halogen reactive species at neutralAtipéitakis et al. 2006, Yang et al. 2014)

The modeling results showed that inorganic radaaicentrations in many wastewaters
exceeded those ofOH and SQ@°, especially for Cg, by several orders of

magnitude.(Grebel et al. 2010, Yang et al. 2014ndhet al. 2015) Some halogen reactive

species (e.g., €l) and CQ" are more selective oxidants th&@H and SQ@", but they are

capable of oxidizing some organic contaminantst@Bet al. 1998, Canonica et al. 2005,

Hasegawa and Neta 1978) For instance, our previsidts indicated higher reactivity of
CQO;” and halogen reactive species toward propranolbictwled to efficient removal of

propranolol by AOPs in various waters.(Yang e28ll6)

The transformation of propranolol and its produsirfation by'OH-based AOPs (e.g.,
ozone or photocatalytic by Tgphave been well documented, where hydroxylatiash ramg-

opening are the major reaction pathways.(BennerTardes 2009, Santiago-Morales et al.

2013, Song et al. 2008) Nevertheless, little sthdg investigated the transformation of

propranolol by S@-based AOPs. The different reactivity betwé&H and SQ@" in the

formation and the yield of different products hde=n demonstrated in the transformation of

diclofenac and sulfamethoxazole.(Mahdi Ahmed eP@12, Yang et al. 2017, Yu et al. 2013)
In these cases, SOreacts with amine moieties to form correspondigdrbxylamine and
nitro moieties, which were not observed in the tieac of ‘'OH. Due to the poor
mineralization in most applied AOPs, the different@roducts formation between these two

processes resulted in the discrepancy in toxicé#yag(Yang et al. 2017) Therefore, it is
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critical to provide a fundamental understandinghaf transformation of propranolol in these
AOPs, as well as the toxicity of the formed proguthereby facilitating the application of
these AOPs in oxidizing propranolol.

This study aims to compare the transformationropmnolol by’OH-based or S©-
based AOPs. The rate constants for the reactioiDbf and SQ@™ with propranolol are
determined at different pHs. The transformationdpids are identified to elucidate the
reaction pathways. We for the first time systenayccompare the effect of bicarbonate and
chloride on products formation of propranolol inese two AOPs. The efficiency of
propranolol degradation is also evaluated in twthentic water matrices, while reactive
species involved in reactions are predicted by tianmodeling. Vibrio fisheriis used in
toxicity assay, which is conducted under variousrapng conditions to evaluate the toxicity

of the products in both AOPs.

2. Materials and methods.

2.1. Materials.

Propranolol and ammonium acetate were purchasem fSagma-Aldrich. Sodium
perdisulfate (PDS), ¥D, solution (35% wi/w),tert-butano] sodium chloride and sodium
bicarbonate were received from Sinopharm Chemiealgent Co. Ltd., China. Methanol and
acetic acid in HPLC grade were obtained from TheFisber Scientific, and acetonitrile was
received from Merck. Stock solutions were prepanedeionized (DI) water (18.2 M/cm)
from a Milli-Q purification system (Millipore, Bi#rica, MA).

2.2. Experimental procedures.

A collimated beam apparatus, consisting of four-fmessure mercury lamp (254 nm, 10

W, GPH212T5L/4, Heraeus) positioned at 30 cm shigiown onto a 100 mL crystallization

dish (pathlength = 4.0 cm), was used for photolggeriments, as described previously.(Liu

-6 -
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et al. 2015) The incident photonic flux at 254 nawswl.291 x 10 Einstein ! s*, which was

determined by the iodide-iodate chemical actinom@ahn et al. 2003) Except when

otherwise mentioned, the solution contained PDBAQ, at 1 mM and propranolol at 20M,
and was buffered with 10 mM phosphate. Samplesl(lwere periodically withdrawn and
supplemented with 20L methanol to quench any radical formed by thermislpf PDS or
H,0O,, and kept at 4 °C for further analysis within 1ZHxperiments were conducted at 20 +
2 °C.

The second-order rate constants of propranolol @th and SQ~ were determined by
competition kinetics. Atrazine was used as a refegecompound folOH and SQ" reactions

With k ‘o arz = 2.6 x 16 M s*andksg:- arz = 2.6 x 18 M™ s*, respectively(Yang et al.

2015) Experiments were conducted according to tloeementioned, except that both
propranolol and atrazine were spiked atM. For the determination of second-order rate
constant with S¢¥, 10 mMtert-butanol was added to quen€@H in UV/PDS.

Some experiments were conducted using real wataplsa (i.e., surface water and
groundwater) from two drinking water treatment péarThese water samples were filtered
through a glass fiber filter (0. dm, Whatman) and stored at 4°C. The surface wateplea
had a low DOC and low alkalinity (DOC 3.8 mg/L, alikity 0.2 mM, [CI] = 5.2 mg/L, pH
7.2), while the groundwater sample has relativéghér DOC and alkalinity (DOC 6.9 mg/L,
alkalinity 8.0 mM, [CI] = 7.2 mg/L, pH 7.6). Water samples were buffetsthg 2 mM
phosphate. All experiments were conducted in dafgicand the average values and standard
deviations were presented.
2.3.Determination of rate constants for the reactions opropranolol with *OH and SO,".

The degradation rate of propranolol by direct physis was negligible at pH range of
8-11 in UV/HO, and UV/PDS (Supplementary data, Fig. S1). To atalthe specific rate

constants for the reactions @H and SQ@" with the protonated and the neutral form of



146 propranolol, the apparent rate Constanﬂsaprg. oy and k ) were determined using

app,SQ’
147 competition kinetics at pH ranging from 8 to 11¢@cling to the methods described in Text
148 Sl. The initial rate of propranolol and atrazine degtsgon (degraded fraction of each
149 compound < 20%) was used for calculation to circemivthe competitive effect of their

150 products. The measurelclapp.OH and kapp can be expressed as incorporating acid-base

SQ
151 speciation of propranolol:

152 +0 K (1)

app; OH a snejk Sy, oH ~SH™ sH, ol

153 k UK gep )

= +
kapp,SQ’ GS'% SH S

154 whereO(SH; and0g, are the equilibrium distribution coefficients ofoponated (Skf) and
155 neutral (SH) forms at a given pH, respectively, aattulated from acidity constanKp

- oH? kSH’. on) kSH; sq @nd kSH’Sq‘_ are the second-order

156 9.5.(Benner and Ternes ZOOIQQH;’

157 rate constants for the reactions ‘@H and SQ@  with protonated and neutral forms,
158 respectively. The specific rate constants wereutated through nonlinear regression of
159 experimental data.

160 2.4. Analytical methods.

161 Propranolol and atrazine were analyzed by a Wadtegs HPLC with a Waters 2487
162 dual) detector. Chromatographic separations were peddmasing a Waters Symmetry C18
163 column (150 mm x 4.6 mm, pm). The concentrations of propranolol and atraziueze
164 quantified al. = 285 nm and = 260 nm, respectively, with an eluent of 0.1%tiacgcid and
165 methanol with a ratio of 30:70 (v/v) at a flow ratel mL/min.

166 Identification of products of propranolol was perfed through molecular mass, which
167 was determined by a triple quadrupole TOF masstspreter (Triple TOF 5600, AB Sciex)

168 coupled with the Ekspert ultralLC110. A PoroshélDIEC-C18 column (50 mm x 3.0 mm,
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2.7 um) was used as chromatographic separation. Accii&@eand MS/MS patterns of
propranolol and its transformation products weralyed in both positive and negative
electrospray ionization (ESI) modes. The experimemonditions of chromatographic
separation and instrumental parameters for HPL{(AETOF are provided in Text S2.
2.5. Kinetic simulations in water samples.

Kinetic modeling of radical concentration for U\ABL and UV/PDS processes in two
authentic waters was performed using a computegrano, Kintecus V6.01.(lanni 2016)
Over one hundred rate constants of elementaryioeactvere obtained from the literature

(Table S3).(Das et al. 1999, Yang et al. 2014, 2Me6e to the lack of sufficient rate

constants of many radicals with propranolol, thedelmg only took into account the effects
of chloride, bicarbonate, and DOC.
2.6. Toxicity analysis.

The acute toxicity assay was carried out by meagurihe decrease in the

bioluminescence o¥ibrio fischeri(Fernandez-Alba et al. 2002, Wu et al. 2016, Yanal.

2017) The measurements were performed using a Beon@oMax®-Multi Jr. The

luminescent intensity was determined to calcullageinhibition after 30 min.

3. Results and discussions.

3.1. Oxidation kinetics of the reaction of proprandol with ‘'OH and SO,".

The phototransformation quantum yiabds, of propranolol was determined to be 8.93 x

102 at pH 8.3 in our previous study.(Yang et al. 20Ifg molar absorption and quantum
yield of propranolol were not varied with pH. Thiegbophysical property of propranolol was
attributed to the chromophore structure of napletiaigroup, which was unlikely affected by

pH.(Liu and Williams 2007, Sortino et al. 2002)

The reaction rate constant of propranolol witiH (kapp.OH) was independent of pH

-9-
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from 8 to 11 (Fig. 1A), indicating thaOH exhibited comparable reactivity to both neutral

and anionic forms of propranolol. Therefore, thensavalue okaH+ . oyand K were
2

SH,” OH
suggested here and determined to be (1.26 + 0.10f>M™ s*, which was consistent with

the value of (1.07 + 0.02) x 1M s reported in radiolysis experiments.(Song et ab&)0

This value is also comparable to the rate consteitsrmined for the reaction @H with

naphthalene (9-12 x 1017 s%).(Buxton et al. 1988) These results indicated thatreaction

of "OH with naphthalene group was predominant, withimah contribution from the side
chain group.
Sulfate radical is an electrophile so that a fasdéz constant for the reaction of SO

with the neutral form of propranolol is expectecwéver, a continuous decreasekiargp sq

with increasing pH from 8 to 11 was observed in. HiB, WherekSHglso_ and kSH’SQ‘_ was
d ; 1@ ma-1 1 41 .
etermined to be (3.21 + 0.08) x4 01 ™s* and (1.39 + 0.10) x THM™s?, respectively.

Steenken et al. reported that the second-ordecoatgtant for S¢ with naphthalene is 2.9 x

10° M s (Steenken et al. 1990) The higher rate constarrfpranolol may be ascribed to

the following two aspects. Due to the electrophiliof SO,", electron-donating substituents
like methoxy or hydroxy groups can cause a sigaifidncrease in rate constants, which has

been demonstrated for substituted benzenes anadienons.(Neta et al. 1977) Therefore,

naphthalene substituted by alkoxy group (§2EBNHCH,CH(OH)CHO-) increases the
reactivity of the naphthalene moiety with §OAdditionally, we noticed that these two
values approached the diffusion-controlled limitggesting that the difference between the
expected and the experimental data was likely tedufrom the electrostatic attraction
between the negatively charged .SCand the positively charged protonation form of
propranolol. A previous study also reported that ébectrostatic repulsion between SO

with the anionic form of organic compounds resultedower reaction rate constants than

-10 -
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with the neutral form.(Neta et al. 1977)

3.2. Effect of bicarbonate.
Bicarbonate is an important scavengef@f and SQ@" in the aqueous phase to form

carbonate radical (CG) (reactions 3 and 4).(Anastasio and Matthew 2@&bel et al.

2010, Yang et al. 2014) Fig. 2 exhibits the effettbicarbonate on the degradation of

propranolol in UV/HO, and UV/PDS. No difference in propranolol degraoiatifor
UV/H,0, was observed as the increase of bicarbonate cwatten up to 500 mM. The
presence of 5 and 50 mM bicarbonate in UV/PDS sdomwegligible impact on propranolol
degradation kinetics as well, while a marginal oeclvas observed with the addition of 500
mM bicarbonate. Based on the calculation, 94.5%06f and 70% of S¢J were scavenged

by 500 mM bicarbonate respectively to form £CLian et al. reported that the rate constant

for the reaction of C@ with propranolol was 1.42 x 1017 s*.(Lian et al. 2017) Although
this rate constant is three orders of magnitudestatvan those for reaction wit®H and
SOy, the concentration of GO appeared to be high enough to fully compensatehfer

decreased contribution @H and SQ@" to the degradation of propranolol.

HCO,+ OH- CQ + HC k=85x1bm*st (3)

HCO, +SQ -~ CQ + HSQ k=2.8x1bM*s?! (4)
3.3. Effect of chloride.

Chloride is widely present in drinking water andsteavater with various concentrations.
The reaction ofOH and S@" with CI' generates reactive Cl-containing radicals (e.tj,, C

Cl,” and CIOH). Kinetic modeling in previous studies demonsttatkfferent formation

pathways of reactive Cl-containing radicals in U3 and UV/PDS (Grebel et al. 2010,

Yang et al. 2014). The reaction @H with CI has a fast rate constant of reverse reaction

(reaction 5), where Cforms at low pH (reaction 6).(Yang et al. 2014)cbntrast, the fast

reaction between SO and Cl forms CI directly (reaction 7), which can further reactwit

-11 -
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CI" to form other Cl-containing radicals. Since thaateon of' OH with CI was negligible in

UV/H,0; at pH 8, (Yang et al. 2016) the effect of ®&s only investigated in UV/PDS.

CI'+'OH -~ CIOH™ +H,0  ky=4.3x18M"s% key=6.1 x 16 M s* (5)
CIOH™ +H" - CI'+H,0 or = 2.1 x 16° M st (6)
Cl+SO; - Cl+sg r=3.0x18M* st (7)

No significant inhibition of propranolol degradativas observed with Gtoncentration
ranging from 0.1 to 100 mM. In the presence of k@M CI', 98% of SQ~ was scavenged,
where Cl-containing radicals were the predominahyway of propranolol degradation.’Cl
and C}” radicals are strong oxidan®&(CI/CI) = 2.4 V andg(Cl,"/2CI') = 2.0 V)(Martire et

al. 2001) and likely to react with organic composufddasegawa and Neta 1978) The second-

order rate constants for the reaction of¥@th organic compounds were reported comparably
to those ofOH and S@".(NIST) Although C}”~ was more selective tha®@H and SQ" (rate
constants of 18-10° M s),(NIST) the concentration of £1could exceed those @H and

SO, by several orders of magnitude,(Yang et al. 2@iiGigh contributed to the degradation

of propranolol.
3.4. Identification of transformation products.

Eleven transformation products (TPs) belongingite mominal masses were detected
and identified using ESI-TOF-MS. The accurate métugs are provided in Table 1. The
product ion spectra and the fragmentation pathvedysropranolol ((M + H] = 260.1649)
were illustrated in Fig. S2. The m/z 183 fragmeom iwas resulted from the loss of
isopropene, ammonia and water. Fragment ions miizat®l m/z 157 corresponded to the
cleavage on the side chain and rearrangement ofCtH@ moiety, which exhibited an
unchanged naphthalene group. The m/z 116, 98 arfdagent ions were formed by the
different cleavages of the side chain. These chenatic fragments of propranolol were
important for the comparison with the spectra o573 they provide information on the

-12 -
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292

status of functional groups after oxidation. Fomustural elucidation, the fragmentation
pathways of TPs were investigated by performingipob ion scans, which were provided in
Fig. S3-S13.

3.4.1. Hydroxyl radical.

Hydroxylation Due to the negligible degradation of proprandlpldirect photolysis, all
the nine TPs detected in UV4B, were ascribed to the oxidation ¥yH. The observation of
two isomers of TP 275 ([M + H 276.1594) was owing to the addition of one oxygeom
to propranolol molecule. The product ion scan of Z/-1 showing two sequential loss of
water (fragment ions m/z 258 and 240) could sigmniyp hydroxyl moieties, which were
present next to a removable proton. This resultliedpthat amine moiety was likely
hydroxylated to form a hydroxylamine product. Thagiment ion m/z 173 of TP 275-2 was
formed through hydroxylation on naphthalene grodpmdz 157, thereby indicating the
oxidation of the naphthalene group on propranoldie occurrence of m/z 116 and 98
fragment ions provided further support on the pegabfragment pathway. The difference in
molecular weight of propranolol and TP 291-1 (M H|® = 292.1543) was 32 Da,
corresponding to the addition of two oxygen atoifise loss of 60 Da (i.e., 18 + 42 Da)
suggested the cleavage of water and isopropyl smdietuble hydroxylation on the ring was
supported by the fragment ion m/z 175, correspantiinthe cleavage of C—O moiety and
two hydroxylated groups on the ring.

Ring-openingSeveral peaks with a nominal mass of 307 Da wkserved. TP 307 ([M
+ H]" = 308.1492) was resulted from the addition of ¢hmxygen atoms (+48 Da) to
propranolol. The product ion scan showing two satjgkloss of water (fragment ions m/z
290 and 272) signified that two hydroxyl moietiesre/ present next to a removable proton,
implying one hydroxylation on the side chain. Hydpation next to either ethoxy group or

amine moiety would cause an unstable hemiaminairfBe and Ternes 2009) Hence, the

-13 -
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317

amine moiety was likely hydroxylated, thus leadinghe formation of hydroxylamine. The
m/z 175 fragment ion corresponded to the additiotwo oxygen atoms on the naphthalene
group. The proposed formation of two aldehyde niegetather than a double hydroxylation
was supported by the fragment ion m/z 131 (175-231Ba, loss of Cg). The structure of
TP 281 ([M + HJ = 282.1336) was also a ring-opening product wit ¢ccurrence of m/z
149, indicating the formation of two aldehyde migigt Only one loss of water (fragment ion
m/z 264) confirmed the hydroxylation of the napl¢ha group. TP 293 (M + H]=
294.1700) showed one less double bond than TP 29hd unchanged side chain can be
seen by the single loss of water (fragment ion 27/&). The fragment ions m/z 199 and m/z
173 had quinone-like structure, which derived frdemydration of one aldehyde moiety and
one hydroxyl group in the aromatic structure. TR 3M + H]" = 310.1649) showed two
isomers. The fragment ion m/z 177 was resulted fitben cleavage of the C-O bond,
indicating that the addition of three oxygen atdowk place at the aromatic structure and no
oxidation on the side chain. The second loss oemdtagment ion m/z 274) suggested that
the hydroxyl group on the aromatic structure wassent next to a removable proton. The
second hydroxyl group can either occur in a carbmaiety or at other positions of the ring.
However, no carboxyl moiety was detected in negaitmization mode. The detection of TP
309 in the positive mode was likely ascribed toydrbxylation of the ring. The appearance
of fragment ion m/z 114 demonstrated the ring-opgrof the naphthalene group at 3,4-
position.

Cleavage The fragment ions m/z 116 and 74 of TP 133 ([MI}¥ = 134.1176) were
formed by the loss of water and isopropyl groumlidgating two hydroxyl groups of the
structure. The structure of TP 166 ([M - 4] 165.0193) was proposed to form two carboxyl
moieties, which was supported by the fragment idn 121 (165-121=44 Da, loss of O

and 77 (121-77=44 Da, loss of 0O

-14 -
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3.4.2. Sulfate radical.

Seven TPs detected in UV/PDS were ascribed tothation by SQ”, where TP 133,
TP 166, TP 275-2, TP 307 and TP 309 were similahdse in UV/HO,. TP 273 ([M + HJ
= 274.1437) corresponded to the addition of oneggeryatom to propranolol molecule with
one more double bond than TP 275. The fragmentmén 159 indicated the oxidation of
naphthalene group. A fragment ion m/z 131 was bedrto a loss of CO of m/z 159. Hence,
the occurrence of double bond most likely took elan the side chain. An isomer of TP 291-
1 with different retention time and MS/MS spectraswdenoted as TP 291-2. The difference
could be explained by the formation of two aldehydwieties rather than double
hydroxylation on the ring, which was supported bg ccurrence of m/z 131 and 103
through two sequential loss of CO (159-131=28 d, H31-103=28 Da).

3.4.3. Carbonate radical and chlorine radicals.

The addition of 50 and 500 mM bicarbonate in UMkl inhibited the formation of TP
291-1. Neither TP 275-1 nor TP 293 was observettheénpresence of 500 mM bicarbonate,
while TP 273 was generated. In such a conditions"Gas the dominant radical. Thus the
formation of TPs was attributed to the oxidatiompadpranolol by C@'.

For UV/PDS, neither bicarbonate nor low concentratf CI affected the formation of
TPs. TP 275-1 appeared at high concentration ofwdich was due to the conversion of Cl
to ‘OH (see discussion below). TPs generated by Cid Cl-containing radicals were
similar to those by S£, indicating that the reaction pathways of proptahdegradation by
SO, occurred for C@™ and Cl-containing radicals.

3.5. Proposed transformation pathway.

‘'OH pathway ‘OH attacks the naphthalene group of propranolofotsn a carbon-

centered radical, which further reacts with oxygen generate a peroxy radical and

subsequent forms a hydroxylated product (TP 298dheme 1). The oxidation of this
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product is followed by ring-opening and the forroatiof aldehyde moieties to produce TP
291-2."0OH attacks the aldehyde moiety, leading to the &tiom of alcohol or/and carboxyl
group, namely TP 293 and TP 309. Additionally, dioeible bond is likely attacked B@H in

the a-position of the aldehyde moiety by cleavage oftadehyde to form TP 281. Even
though several isomers of TP 281 were proposed,amré signal was detected. The cleavage
of ether bond on propranolol and its products gatlesrTP 133 and TP166.

SQ" pathway The K, of propranolol is 9.5, implying lower reactivityf protonated
amine group at pH 8. Due to the electrophilic propef SQ,”, it favors the oxidation of the
naphthalene group rather than the amine group,hMeiads to the formation of TP 275-2
rather than TP 275-1 (Scheme 1). The amine moietydcbe considered as a secondary
reactive site when the oxidized naphthalene greupss reactive (i.e., TP 307). Hydroxyl as
an electron-donating group on naphthalene fa@itdtirther oxidation on its ortho-position
by SQ", resulting in a ring-opening product (TP 291-2kefnatively, the less selectivity of
‘OH leads to the formation of multi-hydroxyl prodsiofTP 291-1), which may occur on
different benzene rings. The formation of TP 27Basclear, which may involve dehydration
of the side chain.

CQO;" and Cl-containing radicals pathwa.O;™ and C}~ are more selective oxidants

compared withOH and SQ@",(Buxton et al. 1988, Neta et al. 1988, Neta etl@lf7) thus

reacting with organic compounds mainly through tetectransfer, which is similar to that of
SO,". Despite the fact that Téxhibits high reactivity toward organic compounddich is
similar to"OH, CI could not be considered as a dominant radicdiénsiystem. Not only the
faster reverse rate of reaction 5 favors the foionadf ‘OH at neutral pH, but also the excess
CI" consumes Cto form C}".

When CQ" is the dominant radical in both UV48, and UV/PDS, the same products

are formed as those by $OWith a low concentration of C(0.1 mM), most S¢ reacts
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with propranolol, while only 4.5% of SO reacts with Clto generate Cl Therefore, no

effect was noticed on product formation compareith 8iQ;". As CI concentration increased,
the formation of TP 275-1 was observed, whichkelli ascribed to the oxidation by either
‘OH or CI. Previous studies demonstrated that asc@hcentration varied from 33 to 540
mM, the steady-date concentration©H was three to five orders of magnitude highentha

that of Cl.(Yang et al. 2014, 2016) Since the rate consta®bl with propranolol is near

the diffusion-controlled limit;OH is believed to the dominant oxidant contributiogthe
degradation of propranolol rather than, ®ading to the formation of TP 275-1.
3.6. Oxidation in authentic water matrices.

The degradation of propranolol in groundwater wagty slower than that in surface
water for both UV/HO, and UV/PDS. This opposite effect of bicarbonatauthentic vs.
simulated waters was likely ascribed to the scawvengffect of reactive components in
authentic waterse(g, DOC). Kinetic modeling of steady-state conceitratof radicals in
two authentic water matrices was shown in TableA2higher DOC concentration in
groundwater decreased the concentration of radiealsept for C@. Although the
concentration of C&) was one or two orders of magnitude higher thahdh@®H or SQ™ in
groundwater, the rate constant of £@ith propranolol was three orders of magnitudedow
than that of"OH or SQ”. Therefore,,OH or SQ" was the dominant radical in both
groundwater and surface water, and their relatila@hyconcentration in groundwater reduced

the propranolol degradation rate. As the yield ©f'S(1.4) in UV/PDS was higher than that

of ‘OH (1.0) in UV/HO,,(Baxendale and Wilson 1957, Mark et al. 1990)dbgradation of
propranolol was faster in UV/PDS than that in UMZH in both water matrices.

Similar products were found in two water matricésy(4). TP 281 and TP 291-1 were
only observed in UV/BD,, while TP 275-1 was not detected in any conditidnhigher

concentration of Cg" inhibited the formation of TP 291-1, confirmingathhydroxylation
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was the dominant pathway @H. The maximum concentrations of TP 273 and TR2itb
UV/PDS were higher than those in U\WBb, consisting with the results in the simulated
waters. The sharp decrease of these two produa®bserved by UV/PDS in surface water,
although the degradation rate of propranolol in tmater matrices was similar. This result
indicates that Sg was a stronger oxidant than €Qto further oxidize these products.
Similar trends of products formation were also cedifor TP 291-2, TP 293, TP 307 and TP
309. The maximum concentrations of TP 293, TP 3@¥ &P 309 in UV/HO, were higher
than those in UV/PDS, while the faster degradatminsroducts were found in surface water
rather than those in groundwater, owing to thehtrtoxidation of products bYDH. The
higher concentration of the cleavage product TP BB®JV/H,O, was due to the different
reactivity of 'OH and SQ@" toward the side chain. In groundwater, both TP d6é TP 291-2
exhibited higher concentration than those in s@fa@ter, which was likely attributed to
either the lower reactivity of C toward these products, or the oxidation of theétprsors
by 'OH and S@". These comparisons between two matrices simuldtedformation of
products in real-world applications of these twoP2O

3.7. Acute toxicity of transformation products in W-based AOPs.

Microtox assay has been widely employed to detegrttie acute toxicity of substances
in the environment. A model marine bacteriumvtthrio fischeriwas selected herein as an
indicator of toxicity, because it is tolerant t@thigh concentration of salts used in this study
(100 mM bicarbonate or @l The acute toxicity was expressed by the lumieese
inhibition of Vibrio fischeriin the treatment of propranolol via different pedares (Fig. 5).
Lo was the luminescence of propranolol without treattmwhileL was the luminescence of
samples with corresponding treatments and conditidhe acute toxicity was determined by
the ratio ofL/Lo, where a lower value implies higher acute toxicaydvice versa The

dashed line represented the luminescence of répduaranolol in a sample.
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With the decrease of propranolol in U\AB, the inhibition effects otibrio fischeri
decreased up to 20% relative to the initial lumteese. This result was consistent with the
toxicity of residual propranolol, which can be exipked by the fewer toxic products
generated byOH. In UV/PDS, 20% degradation of propranolol led~80% inhibition of
luminescence. When propranolol was removed by 4%, luminescence was completely
inhibited, suggesting that the products generaye8@~ were more toxic than propranolol.

The effects of oxidation products of @Qor Cl-containing radicals were also shown in
Fig. 5. The concentration of bicarbonate or &1100 mM was used to create a background
with dominant CQ@~ or Cl-containing radicals. The presence of bicadte in UV/ HO,
showed no luminescence inhibition when the rem@fapropranolol was less than 30%.
However, the toxicity sharply increased as the aggtion of propranolol proceeded.
Bicarbonate at 100 mM could scavenge 77%QH, implying that'OH contributed to the
partial degradation of propranolol and the formatad its corresponding products. The non-
effect onVibrio fischeriin the initial phase could be explained by twoglole reasons: either
‘OH generated fewer toxic products, or the accurimratf toxic products by C§ was not
sufficient to affect the overall toxicity. Subseqtlg, the further oxidation of products by
‘'OH or CQ" generated more toxic products. The presence afrtionate or Cl-containing
radicals in UV/PDS exhibited comparable toxicitythat in UV/PDS. Taken together, these
results indicated that the products generated by ,S00;” or Cl-containing radicals were

more toxic than those B@QH.

4.Conclusions.

Hydroxyl radical showed unselective oxidation tosgapropranolol species. Although
SO, was expected to be more reactive toward the rlefdran of propranolol, the

electrostatic attraction between S@nd the protonated form of propranolol could feaié
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this reaction. 'OH reacted with either amine moiety or naphthalegreup through
hydroxylation pathway, which underwent further @tidn to form ring-opening products.
SO, exhibited high reactivity toward the electron-rictaphthalene group. When the
oxidized naphthalene group was less reactive, thieeamoiety as a secondary reactive site
could be oxidized by SO. The same products through the cleavage of the @didin were
observed in both AOPs. Neither bicarbonate norh@t a significant effect on propranolol
degradation. C® and Cl-containing radicals were favorable in oz the naphthalene
group. Since Gl played a role in the conversion of §®& "OH, the characteristic product
by ‘OH was detected at high concentrations of i€lUV/PDS. The acute toxicity assay
implied that the products generated by,;S@ere more toxic than those BH. CGQ™ and
Cl-containing radicals gave similar toxic produes SQ". The presence of bicarbonate in
UV/H,0, enhanced the generation of toxic products. It khbe noted that the toxicity of
specific product needs to be further identifiedjolhihwill facilitate a better understanding of
toxicological potential when these AOPs are appliedtreating waters with different

backgrounds.

Appendix A. Supplementary data

Supplementary data related to this article carobed at:
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474  Fig. 2.Effect of bicarbonate on degradation of propranwldV/H,O, or UV/PDS at pH 8.
475 Experimental condition: [propranolgl 20uM, and [HO;], or [PDS} =1 mM.
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Fig. 3. Effect of chloride on degradation of propranololUN/PDS at pH 8. Experimental

condition: [propranolofj= 20uM, and [PDS} =1 mM.
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Table 1.Products detected by TOF-MS in U\WBL: and UV/PDS.

Product ID RT ESI | Observed Calculated | Molecular Proposed structure
(min) | (+/-) | Mass Mass formula
Propranolol | 13.8 + 260.16491 260.16451 C16H21N02)\ O
L0
H On
TP 133 1.1 + 134.11756 134.11761 C14H19NOb )\
N OH
TP 166 0.9 - 165.01933 165.01934 C8H604 0
OH
¢
o)
TP 273 11.0 | + 274.14377 274.144 C16H19NOS3 Q
_0
\
)\H/\/\O
TP 275-1 25 + 276.15942 276.16687 016H21NO3)\ O
N
OH OH
TP 275-2 9.6 + 276.15942 | 276.16687 | C16H21NO3 )\ “
TP 281 1.1 |+ 282.1336 282.13387 C14H19NO5
N o Z
OH Oy ‘O“
TP 291-1 1.7 + 292.15433 292.15295 C16H21NOH )\ “ OH),
TP 291-2 103 | + 292.15433 292.15295 C16H21NO4
)\N 0
H on
TP 293 25 + 294.16998 294.17032 C16H23NO4 OH
_0
\
)\N 0
Ho on
TP 307 1.7 |+ 308.14925 308.14981 C16H21NO5 Q
o}
3.1 ~
4.0 A"“ o
7 OH OH
TP 309 1.6 |+ 310.1649 310.16515 C16H23NO5 OH OH
H
2.9 \(N\)\/O 2
OH
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Al

/ Propranolol \
/
3 ~

O™
/LH/\(\O 1 /I\N/\/\O O

O OH OH O
TP 2751

TP 2911

v ) . .
( o ) I: hydroxylation
//L % ©¢OH I1: ring-opening
OH I1I: oxidation
N O
H/\J;\ " + o IV: cleavage of side chain
\_ TP133 ) \_TP166 ) V: dehydration

Scheme 1.Proposed degradation pathways for propranolof@y, SQ~, CO;” and CI-
containing radicals. Red boxes indicated the geioeraf products byOH; green boxes
indicated the generation of products by,SCGCG;" and Cl-containing radicals; blue boxes

indicated the generation of products in all proesss

-25.-



492 Table 2. Modeled molar concentrations of inorganic radiéatsvarious water matricé€s

Reactive UV/H0; UV/PDS
species (M) Groundwater Surface water Groundwater Surface water
[SO; 2.20E-13 4.03E-13
[(OH] 6.67E-14 1.35E-13 4.19E-14 1.57E-13
[cn 2.62E-22 4.42E-22 7.80E-16 1.21E-15
[CI 6.31E-22 3.86E-21 1.80E-15 1.03E-14
[COsT] 1.95E-12 1.50E-13 451E-12 4.72E-13
493 a. Simulation without propranolol. Simulation timé& min, 1 mM HO, or 1 mM PDS.
494
495
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497 Fig. 4. Propranolol degradation and main transformationdpets (TPs) formation in
498 authentic waters. GW and SW represent the grouredveaid the surface water, respectively.
499 Peak areas were normalized to the peak area aftér@al standard. Experimental condition:
500 [propranololh = 1uM, [H20,]p or [PDS}h =1 mM.

501
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-27-



503
504

505

506

507

508

509

@ UVH,0, A UV/PDS
© UVH,0/COZ> y UV/PDS/CO}

* UV/PDS/CI
1.4
12} % B g
1.0h é ----------
08 § 3
-
o6} ¥ "
o4} E ¥
x L 4
02 i
0.0 N i B & P e
20 40 60 80 100

PPL Removal (%)

Fig. 5. Impact onVibrio fischeri luminescence by propranolol after different treztis
with/without bicarbonate or chloride. The dash Inepresents the luminescence induced by
the remaining propranolol. Errors represent thexdsied deviation (n = 4). Experimental

condition: [propranolof = 20uM, [HCOs] or [CI] = 100 mM, [HO,]o or [PDS} =1 mM.
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Highlights:

* Propranolol degradation is comparatively studiedWiH,O, and UV/PDS

» CO;" and Cl-containing radicals react with propranolol

« 'OH induces hydroxylation of propranolol at eitheriae or naphthalene
group

 SO,7, CG;" and Cl-containing radicals attack the naphthatgoep

 SO,7, CG;™ and Cl-containing radicals generate more toxicpots than
‘OH



