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My 9l.n.uuquumlum. {FLO} andibiolsc: undeigo wpid plolodcg adalson e smlil ewaler s amd oo
multifaczred phato-praducts. The high photadegradadon ratz is pimariby asaibed ma their phota-
sensitizing properdes. Though widely studizd, the pharto-reacion pachways are noc completely rovealed ;
Pl puoclocts peschated ey clallerenl veacl e gaggen species o naloadesnbilied oo <oy el
degiadation o Duosquaseone oo losacie wae ineesbigatend, & rapicd degiadation i ballaed soale
Wads obscrrcd with a hrst-onder rane constanc of 245/hr and a quanium yaeld of 00330 After Ight
screcning carrection, selectzd DOMs (5 mg €L} slighthy enhanced the photade gradaden rare with the
rxeeptinn af Sirsannee river ydrophohic arganic matter (5B HAO), Three major phoke prodoces wene
iclenilized nsing, Dzl vesalbion neres spes lomesiny (HEMS), Wilh "0Os clack xncimm aml compedidan
expeinnzls, e Do scin sell semsilpeed ' was Lowid Lo exidize norllokacin Ly urdwcmiy ils papera: i
«chain cleavage, DOM: exhibited a dud role by inhikiting the 'Os-mediated reaction while enhancding the
heternbdic deflinnnation pathway, INIMs wers propoeed 0 enhance heternlvlic defloorinatian bw
dnnatingeledtran tatriplet state FLJK this proposal was sipparted waith specific IR ahsarkanoe (51 1A as
s inlicalon Lo Bhe alannboee ol w auls, Flemicke aonalon ineliclal o 752 eliosinalion cales ol
Huumiee, an muposland Junclional groop or aolisicsbead aceeaty. This swork proosvicdss oponland e

insights inta the photochemical fate af fuarequinclone antibictics in natural water.

& AN Flemcier [td Al righte reserned.

1. Introduction

ln racent sears, annblotes recelved Icreasing amentlon as priar
risl conlamiognly ceah omoipreseol oeeurrenee and  dlicecl
ciologiedl nskes Walansoo oL al. 20077 Albeil presonl o eova-
ronmcntal wators at wery low conczntration, anti biotics arc ablz to
disrnpr important hiolneicdl prowesses imowarars [Desonzn et ool
200570 Thea play o significanr role in promneding the formarion of
rihinrir' resigtarce in narural hasteria JJlernands = oal, 20067,
Flucrequinelones | FLODE | are amo ng the most commonly prescribesd
antibiotics for the trzatment of many bacterial infactions, They are
alsn Largely used in cowaculnree indosmry and Hvesnock Cvang er ol
2000y Imaddirien rerhe meneral ks inferred roantihincies, mnsr
[LQs exhibic different degrees of photo-coxicity dus to thelr pho-
Losensiliang properlivs {Domagala, 15900 Soldevila el al, 20747
The woearrenoe ol FLOs in sudace wacers and waslowalers wds
repocted in rmany countrics atdifferent levels, In Switzerland where

. spandirg zother
L=rmxt! ackdrevs: jean-philippe cooe@oarticosdeac [L-F Crood)
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narlluacin and dproflecacin are Use most consumed FLOs, thei
renesntrations in seware and mreared wastewarer eflusnr wers in
the ramge of nE/L o pEiL 1Golet et al, 20035) Morfloxacin concen-
wraden i Hoeog Kong sewage waler was luand o reach wgyL el
|Leamy el oal 2002 ) Opmollosacin conlenl was o Lhe range ol
0.2 lApglinfour wastcwater troatrcnt plant DAWTP] cflucnts
frama Frie Crnnty, Bew York [REore et ol 2007 Norflrsacin con-
renmrarians in stndizd WAATE #fluenes and surface warers from
ueensland-Ansrralia reached ap e 0025 g1 and 195 pgll,
respecovely [(Watkinson er al, Z009) Thesg previous oworks
damonstrate that FLOD antibiotics, in partioular norfloacin and
riproflosacing can be derecrad ar relarively hich concenmmarinn in
different eflnenrs and serfare warers, 2 sfrong mariarion
Investigare their tate n the aguatle envirocnment. [LQs are not
cllvacoly emoved i cenveoliooal WWITs DWallioson el ol
20077, They ave knowen o such ool day muneeals (Mwvara el 4l
DTy, sediments, and soweage sludge (Golet ot al, 20023 Kume-
merer ef Al [Himmerer =t oal, 20000 discowered that, as antimi-
urodrial agenls, mosl [LQx are mesedant b ouncrobial degradalion,
FLOs nemann stable bo lydrolyses due b e guioss leoe ciog siabdily
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[Babil oL al, 20120

flamy FLOs ancert significant absorbance in the ultraviolet (UW)
and visible light remions (e, norflogacin in B 517 which mokes
rher prdenmial candidare af direer phonalysis or phomeensirizarion.
s 4 maller ol Lad, e commplicaled pholoseosiiang propeolezs ol
irradiatcd FLOs wore widely studicd with ultrafast spectroscopic
mathods (pa, transient absarhance) (Conoaealla e e al, 2004; Tor-
enzn er al, 2008; Monti er al, 2000; Scldevilyer al, 20007, which
rernaing nnd complerely revealad. Az ubiquitons anribisrics, FIQs
wite demenzliaed o underge apnd [.Jll;:‘l;:‘l.l‘dll!i;."l'llmll n
ayualic syslerms andd various mechanismes were proposed [Ge el al,
2010; Liang el al, 2005; Paulelal, 2000, Pocras oL al., 2006; Suacini
et al, 20035, Az photosensitizeers, FLO s are excited upon irradiadon
and the excired stat=s of FLOQs urcher indace the frmanon afb ox-
idanls much as sionglel covaen (Y00 (orras o0 el 20067 The pros-
vnee W nalurally oocurring sensilicers (o, DOMs, prgmenis, and
nitratz) malwes the different photmchomical pathweays of FLQs
cdifficult too distimzoish. In the comenr shky, FIEOD phobo-
rransformation mediarsd by its rripler soares (L% and by
Toeindnesd reasrive paoypen spariss (BOS) iz conzidersd sslf-
sensieed, Ceoel el 20000 lound thal Lhe sell=sasiled hydmosyl
rodical [-0H) and "5 may play impartant rales in the phobo-
fepradation of these anmihionics. The some work alsa e portesd
that the pressnce of Fe® ! and nitrare reduced the phete-
degradation rate of FLQS DOM was tound  play an imhibiory ef-
lecl wo Lhe deg radatien rabes of senme FLOs JGe ol al, 20000 Liang
cloal, 20150 e minbilion was more sigoilican. when DOMs
wiore uscd at a high conocnmration (ce. 20 mg CL) (Liang ot al,
20050 Howewer, i additine tn the affect af THIM: on the phobo-
byrie rare of FI0s, their impact on e fiematinn parhways of the
My photo-praciiets has ner hesn well describad and raures
decpor lnevestgation.

fulrifacet=A photo-prodoces are generatad doring the phinml-
yeis of F10s For instanee, irradiared o pooflosacin cenerafesd eighe
different primary phorn=praduers dspending an rthe pll sondirion
[wied el al. 201535 The maor pamary photo-products of L0 were
lermed via delluerinalien, piperagne chian cleavage, and phole-
subistitubion (Sturiog el al, 2002) Acoonding Lo curreol mocha-
nistc understanding, defluorination of FLQs 5 considerad oo oocur
frem J‘|"|..|§.'l_ Clesanter al. 2001, a reaction that 15 unlikely oo exisi n
vlher aremalie Huende Ceg,. Huerobezenes) dae o the high co-
vrey level ol dwe C-F bond |(Havinga and Cocnelrsse, 1076 L The ne-
action patrway that docs not involve the less of fduorine while
canisine §-dealkylation on the piperarine side chain i< unknmsan.
Althoueh mass specrramweric stidies idenrified oy thofo-
peaduers, the respermive parvaays shwidaring hows they  are
formed ave not completely understood. Additienally, the detailed
irnpacks ol dissuelviad organic mauer and pholo-idoced ceactive
cymen species (ROGT such as 0. are nor claar

Iy car sy, the pharachyemd aory of foseequinolene inanosans
solutions under simalated sunlEht was wvesigared wich the
wrdimple ol nerlwsacion, As alorenen beoed, pholodenucally FLOQs
behave i siondlar weays and oorlloxacio 15 @ represcnlakive FLO
antibictic. Both photo-degradation and photo-products formation
kinatics weare followed, Areng different ROS, the rolz of Y0 was
revaaled nsing "0 dark farmation ssperimeant. Flunrine 2limina-
rian was quanfi fied by folloesing the release Bl fluaride in solurion
using o chromatography, The primary photo-products  woerc
identifiad with high resolution mass spectrometry [HEMS) and
renfarive raarion pothweanys wirh the presence of SE-HE ae ne-
possd. The dual rale af M in different norflasacin phere-
degradation pathways was cussed.

2. Marerials and methods
2.1, Keagencs amd DOM soiares

The chermicals wers oblained bz bighes L puciyy and useed as
received: norflneacin (MOR, 98 | % Mokaanalytical ), fur Ryl A evhind
([TA, 86% Acros Organics), sodium phosphare mono basicisodium
phesphale dibasic (99—%, Ajax Fioecheom), phosphocic acid [85+3
Lo wealer. Ajax Anechem ), pyridios ] PYR, D9+ Flulka Analytieal}; p-
nitroanisole [MAA, 98+% Sigma-Aldrich); sodivrn fucride [9904+3%
Slgnna-Aldrich], chistidine (99 % Sigma- Aldrich], sodiunn azide
T80 Sioma-Aldnch’, isopepannl J99E% Armos Ormanics), sodiom
hismnrhare (RH—% Sigma-aldrich’l, hydresyl chinme acid (92% in
water, Ajax linechem;. uulﬁlum Iredrdeide 1995 Aax Nnechem .

Four purilicd dissel v erganie maller (DO ) solales (e, by-
Arophahic acid DM Fraction s also called fl vie acics ] weere selactesd
far thiz smidy. Thes@linclude hyernphabic acid Fractions from
Suwean Brser (5E=[IPO]. Deauront Rreer [GI-11PO). S&ne Rier
Dhemne=l 0) amd Svuth Plae Bever (SPRE=LIP0 ), previeusly tsolaled
gwonling o the melhod copecled by Lecobeor and oolleay ues
:Ll:-:nhl:l:r al, 2000} The stocc selutions of DOM and other
rhamicals wera prapared in 5 mM phosphata hoffer in vitrapore
waater {182 WO o, Wlli-0, Porelah Classic),

2.2 Fholedrgridiion mxperimens

4
Tha ssperimental sarip for the g?vhr simnnlarar (Suntest
WIS ATIAS [15A) wes the same as per deseribed inoane presdnos
ek (M0 et al, 2004 An ensrEy level of 400 Wim® supplied by 2
seran g lamig (MXE 1700, daylhgh mode] amd an imleroal hler
CATLAS. Cal S6070197 ) were used lor Lhe |ulal'cd Lraialion i
the wavclength range of 200 $00 nm. Additional glass filbers
T Mewport, FSO-WE320) wers placed on top of the reaction solu-
Lierts, oalling el al 320 mm, The Tull specira of Lhe sunulaied sun-
Lighl, iy walh :‘lll%‘llllu.IL glass llle es, weere proviously measumed
S o gl 20 Gl meactoes (10 mb Py reaclons) usead e
paintad Back to prevent light reflection and were submerged in 2
rirculating warer hath sa2rar 350 A refii gemtad cincolaeor JJulabn
280 wins nsed toprovride fhemnnsrar cireolatine warer. AL sumiple
sodUmion s Wwere surred us ing & multl-poLne sturrer 4 Cimares [ Poly 15
Thermw Scenlle] sel be 200 rpi.

Fhotndzpradarion experimeants ot 5 b noflosacinewsre corried
antar a pll of 0, hoffered by 5 mbd phosphare. DO solotions
weere used at a TOC of & mg CL. lsepropanal (20 mM) and =hisd-
thing (20 mb ] veere used as commpelicacs lor plowsensilieed - 011
and O, mespeclive Ly Furluryl aloohol wes naed asa probe mo ledill:
Lo moaiitor Lhe prodoction of 'Os, PRNAPYR aclinomeler (10 pia 9
PHA and 0.07 M for PYE weas used to detzrmine the photon flux and
quantmm yia e as previously desoribed bar Comnnica #al G008 4l
separimenns woare mnnduered ar l=asr in Anplicare. Sample aliquors
al phato-cperiments woere andlysed imeocdiately afler colledion,

21 Farmation of "N wader dark soodisian

10, was formed in dark with sodium bismuthate (MaBioy) ac-
wwrding Lo prodocols proposed by Dung el al (Ciog el al., 2005 L owilh
smne modihcauons, The readlon solubion conlanme 5 phd ol
nerfloxacin and 2 mgon L of MaBids was placcd ina weater batly of
2570 After taldng the inital sample (Ta), HCL solution was quicl Ly
alded Lo the saluiwn, adjusling the solubion e a pl] ol 440, The
second sample was Laleen aller W0 men (T J ol contacl Liooe, Maky;
weas addied 1o Lhe sample aliguols Woscaaenee “0 mwsiduals, The
gparirental solution was soictly lept indack ducing this process.
The sarnplaswere then filbered J002 i) Far ligui e chromafography
analysiz
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24 Ammyioal procadures

@E ratal avganic carbom CTOCT amd Lo this soudy cwere
nreasured wilh a TOC analyser (Shimadeu TOC-V) and a pH meler
(Thermo Scenliic). A specleopheuseler [Cary 50, Agilenl) was
uscd o measure the a  Vis absorbance of soludons. The fluo-
resgent excication=-emission of norfloxacin was measured with a
Hueresie nee phulumeier I_I.i-?el Hilachs), Convenirauons ol nor-
loxaun amd probe nwleoules wiere amalysed by High Peclocmaoce
Liguid thromatography (HPLC [(Agillent 11000 couplzd with a Diode
Array Datector (DAD], An ¥DB-C18 columin (5 wm, 46 = 150 mm,
Agilenr Techinleries was nsed for comnpounds separarinn. The
TIPTC-T N wes alga nsed o follese thie ecndotinn of emerging reales
ot Eoro-products.

T readlion producs swere idenbill velh @ high cesolulion
mass spectromery (HEMS) nsing o Thermao Accely GO0 1L sysiem

upled toa T Orhireap X1 mass specrramener (Thermne Fisher),

elactros pray Lon source [Lil) wias aperated Lo posiive 1aniza-
Lo moede [—eV) A Kinelex C1E columo (1000 =« 2.0 o 3w,
100 A | Mhenomiene, Spdoey, Aoslralia) was used [or compoonzd
scpacation at & fows rabc of Z00 pl'min. The mobile phasc
romipnsitinn woas the samea with tar of HRLO DAy analy4el The
sprang anel copillarg voltames weere serar | 3.5 kY and 35 Y. Derails
fre TIPTE amd TONRMES safrings ars svailable in suppoering infoe-
mialion (50 Talle 514527,

Hucrida contant of irradiated solution was determined using
in-rhramaroerophey [05-30000 Diensx,  Sinyeale, C4 TIR4)
erpuipped sairhe o fnnPac () 4579 inn chramatepraphy column
14 = 250 mm ) preinstalled wath an enfac 9] ACT8 14 = 50 mim ]
|Duenea), The mobile phase weas gencraled usiog a polassiom hy-
doside (9 mbd] clueol generalor al 4 owe cale of 1O mL amin

1. Resules and discission
AL Photodzgrocta o Kmedics

The pH condidon was found te have & significant inpact on the
lonization state and UW—Vis abserbance of FLO =, consequently
afferting their phamdzpradarion kinerics and parthways (G er ol
20700 W el al, 2003 Fur an analogue b nalural walers. our
veurle wed a pH ol B0, where norfloscacio s mainly proescnl o ils
mwitterionic and anionic formes [Liang =c al, 200500 A firsc-order
reactinn kinstic model was nsed o fit the #eperimmental data as
deseribed in pouarian-1 and equarion- 2.

d [MOF
dr

bape = ¥ nog[ROS]: | ky (2

— {3 b [ROS]INOR, + kg WO ) i1

wihere kpog (M~ 's™") iz the second ordar rate const banaezn
specific Reactive (reymen Specias [ROG] aned NOR, kg (s ) is the first
arder rare eonstant of NOR phame-degradanian thar dies norinwa lve
ROS (ep, direar photolysis), [ROS|s represents che soeady-scate
comcenlralien ol BO5, Under s kel moedel Jeguaien=27, Lhe
reaction was delermused as pseudo-lsi-order wolh respocl Lo
MR The obsereed rate constant [kuw Lcguation-2] was obtaincd
for all photodegradation nJel'i.L'I'El'ltS with calculaned B ronging
[rum 099 Lo 10, A paewdo [rst=order rate constant ol 2,45 hr =7 was
ublaimed lor nocllosacin phosdegradation caondueted a pH &0
dbsence of wrganic malter [Fig. [-a), conmesponding w a pholo-
chennical hali-life T 50 of 028 b NOR photodagradation quanturn
wield (deyor ) wias determinad inthe wovelengrh ranee 300360 nm
with equatian-3, similar with a wovelengrh-imdependent model

0.0 s 3
v = -24534x;
.l R =10.999
=L
g
2
- 30
| —l— dark contral
P phowo-degradation
-4.5 — —
o L] 1.0 L5 2.0
lime Chr)
I
f; o
=, T
e L ﬁ E
& i
1 25 (2= ="
(] 2 o
o L& Z =

Fig 1. ap Sonlg aeandaed degradarnn ef antieasm [5 M) 20 pH & 2% 0 )
oasepved degradatisn rabe canstants (k) far norllozacin photedfradatior e the
s e o b RS comnet cocs [ cabd 1B B lelisk cine! sl il el FEOME

1% mg C'L]

nrevicnsly deseribed (Canonicn et 2, 20E]L

Lo g ko
. A ! e g 1
oy == P (3]

1, is rthe previonsly messured irradianes of the sonlighte sima-
lator (Miu =r al, 20747 ¢, Is the melar absoeptivity given in b 1
T fygp o B Ly curmedled pholodegradaion rae of MOR and
ey s Lhe correspondif® rale conslaol lor PNA degradalion,
both with a umil of 7 frarve 15 Lhe quantum yield of e
photobsis of the actinometer, Since PYE was used at 001 M; this
will result in g pper 0F .00 (Teifen 195881 & dpognd 1038 was
then ahtained inoour spsram, The number lere marches well wirk
(g value reported i previously susdies oo plwtalytic degrada-
tion of MOR. For exarmple, one soudy found a dipyqe of ca, 00043 and
% for rwitrerionic and aninnic norlasacing respaomieely
fofhmer er al, 2071

e addition of ROS competitars helps ta reveal their specific
wenlribugen in reaction kineues and pallveays, bogropanel D150
aricl LL-hasbizhme weill compele lor e - OH and "2 prodweed Ly
syskom [Buxton ot al, 1988, Kohn and Meolson, 2007, Our result
showsad that [PA did not inhibic the photodasgradadon of MOR
[Une T=b]; Lhis mxlicdles Lhal Q1] dad new maks 2 nolable conlo-
bulivo Lo the ewerall degradation rale uoder the oarreol eapea-
mumlal eonditions The Oy conpetlor (L-histidioe appiicd an
evident inhibitory affect owver norflocacin photodegradation; this
rasulr highlighred '0a a5 o sionificant ROS eantribotar o the pln-
rovdemradarinn rrocess
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As o nanral thomsensivizen, dissolved neoanic nnatrer (NIM) s
knoasn tn smhance the pheradegradation rares of mamy refractory
canfaminants o waters (Gahnmndler =0 al, 2014 Canonlca e al,
1095), On Lhe wibrer hamd, DOR i alse siok Lor BDE scavecnger lor
reaclion mlemnedigles, and @ bghl socecoer | Cooooica and
Laubscher, 2008; Wenk and Canonica, 2002; Wenlk et al., 20110,
Since [LQ photodegradation has been frequenihy artriuted co the
sell-senmilized BOS and TLQ" (G el al, 20000 Mon e, al, 20019,
Lhe proseoce of DOM oould possibly enbiance or ol (ora balanoe
of thye two) the rcaction. Fe. |-b showeed the obscrved nodfloxacin
plwtedegradation ratz (#4.) 0 the presence of diffzrant DOR
frartinns, The anly T isalate for which we dild nor chseree an
inhihitnry affact owvar the phatmdegradarion of narfloaxin is SPR-
PO, alchough DOKS are photesensiieers, it s lkely, trom this
resall, Lhal e [ROS]ss pludeche mically produced by DOMs was
neglipihle compared tothose prococad by nofloeccing As 3 mafmer
of Fwer, MK were eansidersd ro eomprere foe ROS produced by
ILs (Ge oer al, 20000 Howeser, LLght screzning efiects must be
corredled moerder W lurtber clanly the mole ol DORs o e phele-
reacilion s,

[ the current systorn two differcot photochomical processcs
were invnlved in the chaerved meerall reaction: nofloeacin s21§-
sensirizarion and DOM phoresensirizanion. The light screening
carractinn Faerar fow DO phatzensitized reactinon {CTpog ) under
surilight iradigtion was caoalaled in the range of 280 600 mm.
The correction wrrelength range for nocfloxacin sz lf-sensitizaton
wins cefeminad at 280—3h0 nme afrer messuring irs [RA=Vis
ahsowhance aned flnoreseent excitr pn-emission marri= (FEER)
[Ulg 51852 L Dl yow CILERC sCree i g correcton factor for nortloxacin
sell-senmilizalivn ] and Chpoy were thien caloulaled sepacalely The
vorrecbion amd calculavon oedel are avalalde o Lhe 5.

The resales suggest tat the light scroening cffect by the soudicd
DOMz 75 mg CL] sheuld not be overlocked for the self-zensitized
degradalion ol oerlhsac®d Table 7)) Scoemding e e phele-
tegratla oo rale conslat s aller LEBL scre e oing cocredlion (ke gn).
EE-HPO did ol showe abscrvable impad on Lhe pholode gradaiion
rate of norfloxcacin, SPR-HPD and Seine-HPO oaly slightlyenbhanoed
rhe phatorransfomarion of nerlogacing SE-HPO reduced the ne-
actinn rare by 1%, carrespondine oo neparive vpey thete-
degradation rate attnbured oo this DOM fraction). The potenitlal
redsen i Lhe stavenging el neclleraan phelochamcaly predouced
Rs o resction intermadiatzs by SE-HEO, while the  phobo-
wensirizing caparity of SR-CPO 15 likely mnch weaker than WOR
ursder the currentexpe i mental condition, Compared with SR-[1PO,
SPR=1MD was Tows o produce mere "DOM® (basc on 245
Lmethylphenol degradalion) and [ O0H)ss bol Less [“Oa]ss (M
cldl, 2004 whermeas ils amomalicily, a value previously positively
corralatad to electron donating capacicy CEDC) Lheschbacher e ol
073 s lonwar, The sliohf increase in kg, cg with the presence nf
SRR can e seplzined with irs lowsr FRC and slightly higher
pruducidon of ROS than SE-HPD The oweral impacts ol DOMs on
the photochemical kinstics of nofloxacin dagradation wary,

Azpending an the balance af thelrcapacity in BOS proddoction and
RS {rsact ive intermrediares deplation nnder sunlighr,

3.4 idantfrofian of phate-produrs

The srenemiral and mealecnlar identification of rthres manr
phote-products (denoted as [, P2, and 2] was obtaincd from LC-
HERS (Tahle 23 nsimg similar chramaoregraphic sspararion candi-
rirens as e aptimdzed for HPLC-DAR analysis. The mlerance far
miz inprosirive FSHTTRAAS was satar & ppm. The ermars obrainad far
almost all the compounds and thelr tragiments were Loswer than
2 ppowThe seggested slroctumes in Table -2 were based on Lheir mfes
walue ared Lheir Cegmoeotdlion palicms, Smilar plowo-products
wecre also reported o prewvious FLO photochemnistry studics [Liang
aroal, MUIS: Fanl & al, AU Parras #F al, 2006 Sronni 80 al
2072 W el U120 PT a5 a cesule ol the piperasine osan
phow-deavage, wilh U persislenoe of eorine on Use aooalic
ring of quinolone {also found in O, dark formation experiment), P2
alen resil fromn piperazine chain cleavare, additinmally, if un-
derweant herer s of the C-F hond, The piperazine cwin
remained in Powhila rhe floarine canneersd tothe auinalans ring
veas subsliluled wilh & —00 growp Allhough the reconsuilole:d
wealuvrs i hiis study oy diler rem nalural walers, Lhese toee
Lypes of phole-producis woeme also delcclied  in previous io-
wesfigatinong where rhe phortacherical fare of FT0 = weas srudied in
Aiffzrent surfare worers and wastewnters [Fobic =0 o0 2003 Smirin
aroal 2003, 20757, Twn other molescules thar soaild nar be ahweresd
an [IPLC-DAD chromatograph, Le. U1 and U2, were detectd by
LHIFERDS al very e abundance. They ave alzo producs of piperacine
dhan deavage. hlaely reacbion interowedales ol P and 92 Toe LE-
HERIES chiromalographys andd mass spueclea areavdilable in SOFe. 257

35 Role of singlet oxymen

Tha farmaricn af 10. fremn ireadiared FIQ iza major ennmdhotar
tar thelr phono-Toscl T L AZTawal et al, 2007 Directvisualizacion of
10z wilh lumineseene @5 very dillicull inowater 8 Rinsen and
L 1HET), Marlioe: gl colleagues obzimned a i yudn-
turn yicld of Q081 in D0 [(Martinez ot al, 19980 Ciprofloxacin
S g T pharochermically generates 0= and canses significant
i M-dimerhyl-ppenitrosaaniline probe releoilz ) decay nnder T -
Aoradiation i dewneeed waier Dheravweal ol oal, 20070 Furlucy
alvubol (FFA) is oilen uscd in DOR photodeemistey as 'O, probe
because it is selactive and has a high szcond order rate constant
with "0z 712 « WM s MY (Hooe and Gassman, 19847 The decar
af MM during the frradiation of noflaxacin was ahsered and
artribured tothe producdon of :U_g [IE 540

Loy plwlochemical expenmenlal condivens, the reaclion mech-
anism ol Oy 15 dullieuld i wlenlily due Lo Lhe vanely ol BO% pro-
Aneed and the caomplexiry of [Q phorachernical reactions. Inoarder
to funther consolidate and clarify the invelvernent of =0 n nor-
uarin phelehemistoy, "0 was chenucally peneraed in absence

Tahile 1
Lig ht serrerirg aorrection factar (CT), kyopd. Koe_ep. 20 photechemical half-fe of nodlacecn with and without differert Dids
gk L TFrow Fraw LT Tyzihy RR=tUL
MR 113 - - 237 +00] e 02a
MR  BF-HIP .34 1.17 g gkl EarEN iR i [
MR | ZR-HFD Liz 113 L3 247 01! al 023
AR 4+ LRR-HPO 117 1718 nis 8 N7 iy raL
MR | S HEY LR 171 neA JEAT =0k [ 4 [

U halflifs mal-ulzd based an chsereed rave sarstane ko

Inatll-Bbis il e Fasedd o sl rsed vabe corstant aBleronestien by g




113 Kaf Min el ol Wates Beaench [0 (20000 214= 220

le 2
ﬁ-.:uuldluJ wass s lral Jata hor oo loscon and fs plato-prodod s detemed [ram LO-HEM S

rnmprnncls Fli1, my» Qrnrnm Frrmr” Frazmeris: Frrw
Meleaslar mas
Herflaearin (0, H by RGP SMAnTE J. J.L ness e H LR, 17157
o L ERER TS
e :
T Gl 0% T 0371
T T RART
W, l'\\_
M0 g Hy 0 R F) EIEREETT o }L‘ Nk Tl Hg il Ry 14040
. L
e A0, 13953
L ,,"L[I Co a0y aase
[ il 'f TOHE AR
"y -
2Ny Hye Do BRD 295713427 noon 0.z% CrgHip i Hy a3
T ,H,Jm 258, 12570
[
MM, I.\_\_
18 (0 Hop O By S1574454 J(-L EF] Ty He 1L Ry B EET
T e 2Th 1428
S ;
CooHL0 K, R a211
e d DHL 0K E
TR 25106263
" ."'\r"- ]
1T {5 Hig 71 Mz ) R ] - N 13 Hip ik by 119
%,L,],ll., 266,11 062
e J:_:‘.;_‘_l‘__._ ‘:|.||'|_|U: hl. hAdl
i 176, 13427
Moozt . g Hyp ik My A1k
236 125¥
1 HL 1 L F EL R P! 1 3 M b F E5D
e ELLH R
- ,Ju}.ﬂ :[1 A T 4830
l: ] i ELEREFE

A ray e s e el B persafess oo aaion |8 H S ol aben oles diming RS G e

b vnit, ppm.

nflichr and in rhe presence aof nnrfloxacing The sxperimeantal oo-
diriens [fie, pll and sravengers rearad independently in Tahle 577
wsed for the produdtion of "0, had oo impact on oocflecacino,
Additionally, a control axparineent with the prasence of 'O
romipetitnrans also condocted fooconfirm the fransformaion wos
Aue ra “0a [Tz 220 NPLC-DAR cheamaraerams of 10.-narflagacin
reaction products ormed under dark condigon amnd noeciloxacn
phole-products are ponpaced o P 2 The magor phole-producls
ds pir andysed i Table 2 all bad shorler releotion Lioee o Lhe
18 colurnn com parcd with their pacent compound (Fig 2-a) duc to
an increasa in pelarity afrer phinto-oxidatinn. Far the dark expeni-
meenl (e Z=bh the dhrumaegraphs recoaded lor Lhe samphes
belore (red) and alber (blue) axdalion were overlapped such Lhal
Lhe emerging peak van boe casily obsereed, Theoe was an ankooswn
peal that remainad unchanged during the dark rraction (g 2-b),
it was foond o be imnpoiry frome the sodiom hisrmorhare (300 %
oty Only ane peak ermermed as the pradoer thar 1= aseribed
asldarion by :UJ. Oy companing g 2-a amd 11 2=b P1 was the
compueund Lhal could b prodused rom 0z enidaticn in philo-
chemucal expenimend. As 3 consoguence. e lommal oo ol [ was
inhikited hy 0= campetiter 0 -histddine (Cio 5-a) The nan innis-
able nitregen atoms of the piperazine chain from MOR have pi,
values ol B4 and 106 [Diang and Adams, 2004 ] respecively, This
suggesls thal the changs ol Lhe onwealion slalus ol Uwe prpeazane
chain was insignilicant when e pH was decreasod lom §0 w40
during the dark expariment. These results qualitatively idzntifizd
rhe irnpacr of Wz in the photoreacrion of nofleceacin by isnlaring
rhe effat of 01, inoa dark exper mant

14 Reastinn mearhanfsms dlsiessinns

340 "0 i bee el tio

Ditferent DOM fractions showsad roughby similar affects on tha
frrarinn nf phora-peodocts nnder the current experimeantal oon-
ditions [P S6L This eanld he farsseen enngdering kyy 5 with
DONs does not signincandy differ Clable 1) SH=L1P0 resules wene
wsed o e leale the dillerenl meles played by DOM m U lorma-
ot ol PLOIR, and 3 (e 2@ el The lormaton ol PL plwlo-
:n:]uv:t originating frorm Oz cxidation, was inhibitcd by SE-HEO,
n acrordanee with SE-HPFCO inhikitng  twe  owerall pluikn-
degradauen rake ol HOR [y, T=b)

P1 Lype produels were previously idenlilsed as phole- producl ol
FLO, bul b our kneevledge Lhe reaction mechanism oo dwir -
mation was not established, [nterestingly, Fl type products wene
nradnced from rhe reacrion of FLOS wirth Mn Oz or ClOz Dwane eral
e Fheng aned T, 20087 Likewd se, i is ner surprsing thar
the plperazine chatn cleavage could also be duced by ]U_g. A
propesed mechanizm s given m b, < i palveday o). o lirslly al-
Lacks Lhe mperaznge lunclional group al we M oaboo (W) al Uhee k-
alkane o mive rhe reacrion inrermediare e1 (an aniline-like radical
catien], My. the M atom arached o the aremaric ring of the qui-
noluree struclure weds loumd e be mpoce susce plible e axidalion
Uran My, B more aliphatic N (Zhang and Huang, 2005) Theme s
evidence Wal aniline radical calion can by stabilized by e oeso-
nance of an adjacent aromatic ring (Laha and Luthy, 19907, This
stahilizarion herehy alliws forrher codidarive reacrions on - the
piperazine side chain rarher rhan a quick deacrivorion of e1, The
aliphialic My is alsw lileely w be vaidized however Lthe ©eaclion rale
should ba slowsar, Subsaquant cxidation by 'Oy seneratzs inninium
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Fiz 2 HPLEEAD chromatograohs of roflesacie tinsformatien prodecs: a) cor
[he-acie after (i (Elack)aed 15 min (green] of paco-esperment wnder sime ted
sarght h racievane hetre ded g ard @ ieer TR mom ke jot dark rEpermens wieh

Lasiimatlnd e PRy paberpreiabeon o e relerences 0 ook o s lpaee leged, e
rezder G rdferred m dthe web vorsion of chis article.)

i nm barh My oand Ky (e?) The imdninm lons are considered o
Fpdrolyse readily upen formation in aouesus saludons J5mith and
Mlarch 2007, This cembioalion o eedalion aod pdeelyss pre-
LNELS 15 U sl Jead Lo the loromsauon ol PLLL s possible Lhial
SRATTPO inhikies this reactinm parhry by seoveneing reacmion in-
rarmediate o1 {reacti@e, in Cg 4] Similar inhihitery offect was
previously reporled lanonicd and Laubscher 2008; Wenk and
Cappmea, 2020 The phedo-ieweed degradation ol amline and
F-Dimethylanilion: was oo w be iohibited by 2.5 mg CIL
Sinwannge r fulvic acid (SRFA), where ERFA was considered o
rnench the reactinn intermediate aniline radical cakion [Conomnioo
and Lanharher, 20087 The aniline-like amscrre af WOR S017 here-
by can aso undergo simllar quenching process by SE-100 (e,
sarnc DOk fraction as SRFAL

T4 Heraroly s deflvariivndian and phor-sebhstinnion

I F1p phoracherizrmyg, photoaprodoners andsmpoing boch C<F
hete mwolysis and piperazioe chaimn deavaps (oo, P2 wwere nsl Tound
in purs water [Fazani 2 21, 20000 The formaton of P2 type prod-
nets was thanghe to be induced by the presence of somea inarcanic
oF armanie species. As an examiple, phasphare was conzidered
medizte an elecrron-transfer pathway dud g the defluorination of
HOR and encollesacin (ENRL) upon rradiaden Jlasan el al, 20010
I werder Lo avoid powenbial mbodemnees o phospbaie buller,
el et al DWeicr al, 20025 uscd HOLMNaOH to adjust reaction pH in
the plioto chvernical xperionents of ciprofl cxacin (CIF) and products
smilar te M2 ooouldd sl be deleded. Cven phosphale buller was
avoicled, halide swdh as 017 can alse lonchon as eipled slawe
reduclant aned form Uee respecdwe radicdl anion [aomoul eo al,
2009, &z o mamer of fact, in real 2nvironrmental conditions many
natiral wiarer constitwents conld lead to electran-reansfer tn FLDE
Nenee, in this work phasphate was ol considered an appespriare
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Fig. B [volutian of sedlaxacin phatoorod ucts.

buffar to imvestigate the aquatic photochennizal processzs of FLOL In
rhe currenr wark, P2oa daminanr ireadiation procdeer of WNOR
TFmreb), wias cdereered and irs formation i showm in Fig 2ah
Unlke che case of P'L the presence of SE=L PO acceleraced the for-
el o P2 (Fig. 3ol

[l tripler stabe MOR O NORS) foe marion, &8 commn tran sferaas
prepased taonecur fremn an electron donar o SMORT. Fleerran
transter mrmer induces the heterclysls of the C-I' bond and the
degvaps ol the piperagme dean (Ao and Moo, 20035; Fasa
clal., 20060 W propose Lhal SR-HPO here i capable ol dosaling
cloctrons to the “MOR' [(Fiz 4-b) and cventually incrcasing the
Farmation rate af P2 JFie 3-b). Flectron donatine copacity (RO of
maar arganic matter shonld be sionificanrhy higher than hofers
e.m, rhesphars in thiz audy!, The rader porential (T2 of different
bz subslances weas previously found w e in the rangs of
03—06 WV ves SHE [standard lpwdrogen elzctrode) (Stouyls and
st 2000 In particular, the redos potential of THSS Suean-
nee River humic acid was Fanned toe be D778V ar pll 5 and could
porEnmzlly drop oo 0778 W at pllE Csouyh and Bposio, 2007 1 we
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thiz aricle.)

[Far merprmeanien

were not able to find the radox potential of *MOR® NOR--F (THO2*
reducad by accepting #lectrand, hor previnos pobdication refzroing
ra (TP {wery similar strnemes wirh KORY estimated this valoe ra he
higher than 145 v [(Iazanl 2t al, 20070, wWith a mediated 2lectro-
chemical cxidation method By = 0607 W, mediator: ABTE],
Apsrhbacher and colleapuss reprerted an FEDC afea. 2.3 rmmed- e far
Suwaanmes River humic acid (SRIAT ar pll R JArschbacher et ol
2002 This indicares that an oxidative poteniial of Q607 W
unluced elegiron lransler looon SELLS al pl] B Oecoon denadng
Lrom ER-HPO s e plawsible sn e work, A Jower redos pode odial
facilitatzd cloctron transfor to “NOES (bR while in pure water
elzctron abstractioon is difficult to happan, r acquiring zlectran
(h1 3 the O-F hond split and internal ahsmacrion of Hatom fromerhe
piperazine chein iz eanzidered fn happen (h2), leading to the
cleavame of the piperazioe chiain (P27, Similar meaction mecha oisim
imwolving an intramaolecalar H atorn transfer was also proposed in
the phammchernistry of some other FICS (Fani et oL 2009,
Saldevila and Bosea, 211270 Ta evalmare above prapased mecha-
nizm ef electron wanster rom DOM, M2 WCMATHN A8 Ker vl

T T TS T onine T in R Agnee Iepenn ke manet s e meae o aek wersar o

wrr_ordatarmined with the four DOM (solatzs weas plotted azainst
their respective spacific 1V ahsorbance ar 254 non or AIWA TFie G-
aL The PR feemation rare inothe ahsence of DOR wias nsed as the
reerence valug Koy s There 15 evidence that = onuclesphiles ar=
spacifically afficient alecoon donors in the photo-fermation pro-
rews of thesa aryl catioe (e, b2 1 [Fagmnni and Alhini, 2000 Faani
eroal, 2009, This makes SINA a sieome surromare far electron
danating greup in this reaction, because SUVA correlates well with
e relative abundase o wizaluraled bonds (ncerperating =
bonds), e, anmnalic, allienes. and allgeoee owelics [ Crooe oL gl
(Y, Fige 5-a showed a highhy positive correlation beteccn
frn_revafern_or and SUVA (RS = 0931 his result supported the
afnre-disrnssed hyporhesis thar NOM fonctianed a5 an electran
danar ie, reductant, and enhanesd the Farmatinn of 2,
Phwwesubsiilubdon [2) way considered ooz of e dominant
pachways i pure wwatars where *MOR® undergoes substiouton of F
frir {IH. Thwe Formatiren of phamesobstitiminn-prodoct P3was ot
significantly influencesd b the presence af SEITPO (Fis. 50, The
shEht decrease 1n '3 fommanon rate can be compensated after
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cansidaring.a CFof 132 far the rase nf SEEHPOL I is o minor reacrion
in rhe curenr oysrerm wirh DM (resulring in slectron ransfer
reaction b and moderate basiciry. P2 & 3 are both resulcs o
clumimation el luerine, @ luoclicoal group considered Lo goee over
T0-lald vrease o gyrase whabibion Llor guioolose anlibeo lics
[Diomagala, (S04} The phote-induced defluorination was quanti-
fied in our work, According to eguation-4, WOR underwent
dellwrrimauen anl preduced 2 er P2

MOR P — 3NOR P4 —M2arl o F (-1

Oy fodlrwing im parallel the release aof Quaride fan (C ) ints so-
Julioa Jnees 1 ool meele I per mnele of HOER) and the degradaman ol
MOE. lhe pericnlage of NOR losiog uocione can be delenoed
[Fig. 5-Dv}, This resull shoseed ihal gpproximabely 70% of MOR un-
derwmnt flnarine eliminatinn under car experimental eandditiong,
milicaliong Lhal Lhiz anubaciersal sile vea: predunnanily remese .
Although pholo-nduced chamges was nol lollowsed by e degre-
clativo of Lhe guinelone anscdune (e, a basis for FLO anlibacuerial
potency (Domagala, 19947, the Loss of Auoring and the deavage of
the piperozine functional seoop conld be amociared wirh the
rhserved derrease in antibacterial acriving. These madifications are
canziderad responsibie for reported antibacterial pofency changes
ul phwlo-depraded Qs (Paul el al, 2000 Pormas el al, 20063

d. Conduslons

1
Ths work prowided newe insghts for the photochemical taee of
Tworoyuicss e anLibol s, Due b sunilaridy incere suoclares, dwe
resalls of Lhis work can alse be important cefemenee foc g
phwtechemistry of other fluoroquinolone antibiotics such as cp-
roflrecocin, ofloocin, Tevoflogacin, afc. The main findings inclode;

—
b

. Murllmgacin .lul.uljl_gra.]uu rapilly wnder smulated sun-

light, with a quanturn yizld of 0,020 [pH = 80in phosphate

nﬁ:r}l. After lipht screzning carractinn, the prasence af THOK
me 1 slihly enhanced  the narfleecacin thofo-
degradarinn rare with the exesprion of SR 1Py

210 RO5 quenching experiments confirmed the inportance af
10 Tor the piwlo-eridaien of noriloxaan; a 113; dark o
mighion exporitnenl belpod reveal Lhe cormesponding pholo-
prndn he 2 reanle of piperazine chain cleavage;

318 one-2lecmon-transier axldaron mechanls m was proposed
o “Oemediabad mwaction; DOM was loumd e play an
mlnbalory rale;

47, OW incrcased  the formation ranc of P2 hetorolytic
daflicrinatinm parhwaay ;s the highar the SLVA of TR the
higher rhe rare of P2 farmation, suppartine fhe elecrron
danating rels of MO inrhiz reactiaon parhavay;

ST ol the  phoeledegrdded norllosacin

daflucrination.
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