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Abstract

Bi sphenols are a gralisncoftashdgsyriralcoghéemied a

emerging concern because of their presence in
effects. They are used in the production of pc¢
paper, i n mostesitatsiesen wi Theug!| obal exception i

[
banned in infantogkoeéthtereswi adtohspihzadl ursder E |
regul ation with a specific migrastiBinsphemol f A
t he most aanbduenbdtaundti ed of the group, whereas f o]
studies do not adequately refl ect tihaebisre noccec ur |
of daat ac oinsb ionffahé olnawhr efiess of bi sphenol A an
toxitagnd validated analytical methods.

In this work, reliable, sensitive amaseaedtcur a
analyticaltmegbbdah@blyissphedebect tamdenomased
anal ytshei rofmet abol obhepfodaosfsowemneidevel oped.
applied to determine trace ammawrntrs nanfe nmhni, s whe n
thithedinec!|l sdefacderiannkd ngawtbewat & qw edoradse d o d
Si mulWinttls devel opleEr mett dwidlsi, t vy, removal ef fici

and t he identification of met abolites/transf
photochemica¢r prad@dbesesmédon of bi sphenol s fro
materi al s, a s duwr das mafn sb ianph emwlis onment | was

their toxicity towards algae and bacteria stu
The results showed that bisphenol si meet alt abl
dliloowi ng t he ddaemelliompgneanprodtnavd g/lhbd @aalsur ed
lity of tested compounds. All tested bis
s, taefrcremoyapred deidnyeyan dadfet memd st layn d
wed i pseedo ki neti cVs.phBitoolloygsiicsalandU advan
oeegd < lhdegde mov al efficiencies. ddodvewvetr ,| @aadi
mpmener ali zatoomataond praeadstts were confirm
metabolites, 11 neveldupghot otf r dn s p b emavil iyén S
d e n thii fsipehde n o | F and S Dbiotr answeorremaatlisoon sphroovwdn
each from fad@d i afdasat ch esttsomidd & h b e e @ t(anggeqsy L

and was altshathseh odvengr ee wafslepenatdbi nmg gr ati on
ndi.tiLdmd ngs of beverage c¢ anisdamtditfheeaudrashe e s
bi sAphaemndoIbi sphe Moreboksaomeéys moderbbk Af abdsp
wards algae and bacteria revealedowar disnder
peri mental dat a
I'n summaey ,conpriersneendce of bi spheeamVisr oinnrmenhhe
emphzashe need for new treat mest bliexihsdoilempi es
The thesinsewdaélnisv ggihstsa biirbtics p Beddhroilng anal ysis al
fadering water treat menhpgaraedndprocusthdn h g ahebr onl
met abolites/transf orpmatvinedwe sipm @wlued ge dlb owtl stoh ¢
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of bi sphenols from food contact materi al s, whi cl
exposur e.
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Povzetek

Bi sfenol i so skupina industrijskih spojin, K i
endokrini hr ephizmlkamv (Kot prioritetna organska
predvsem pri izdelavi polikar bonatane \pel Caisnto nkae ,
je njihova uporaba neregulirana. l zj ema je bi
doj encgkleobmnad nem nivoju in ima skupaj Z bisfeni

~

pl asti c¢ni s thumk egriivallov Bi sfemajlbdl j er amegi bj shei
medtem ko za ostale bisfenole razpojasdhopive
krozenje in strupenost. Pomanjkanje podatkov
osvesCanja o nadomest ki h bviis fsetnroul ppeordoasntjeik aimprjo a a
validirani h analiznih metod.

V okviru raziskave smo irmzrmwatlt angrameahal vene
osnovi pliinmkle ikr adm&toc€dgr afije sklopljene z me
t ar Cannianl £ hirlanbi sfmamal o naep airpfasithaup& omj i hove
presdtovaansf oapmacbdujket mdepomabili za dolocdanje
v vodnenkivkokgiuedstavljenega doktorskega del a
i mdpadped er siemuMalituporabo sa@adDWDbIr taivimhg m et oovd
stabilnost i n uCmankavineods t € iosdCsetng aenejaekvcoi d, tkeirl
i dentoprkaooyni h/transformacijskih produktov
procegiskdaali smo tudi sprosasnpe&k bBisfénol &
predstavl jaj oflpoveagie oil ¥p&et a,vilnj eoncoesntiil i stru
izbranih bisfenolov na alge in bakteriije.

Rezul tati kazej o, da isot @drsd epodi i zbradni mi
omogocCil o razvaoj postopka vzorcenjraeuiCrevamalhi :
spojin. Vsi analizirani bisfLendii nkovv t@odpadi
odstranijrevamgtaa kidméesnkeodt a ehnal ovgivjeeC icCniis Cperni
uj e repkeepa psdadoZ bUWIfogtka Imiz g oisrt op&p
acijski mi postopki cCiscCenja vod smo do:
ehvabni sf enol ov. Upor abés€n § md@ jothaj nneeg av opdoi s t
alte g po,j jsea | smo potrdilciijmdas tha nperko dturka nmsvf:
kte presnove bisfenola S, enajst novih f
Si ter enajst novih biotransformacijskih p
tako sprosc¢ajo iz miterizahoVjZzikviidp miadzemgcenvi hs tj
L*qug L, mer je kisgerjfakadspsopahopdogojgewaci Pskir
pl oCevink stae kpligmiCeeklian za veclkratno uporabo s
i zomerov bisfFienstaupendetdie bisfenola A in F n
podcenjevaoptei steelmpajlicedek sper i ment.al ne podat Kk

Predstavljeno doktorsko delo potrjuje prisot
v vodnem nokpooay dpaortjr ebo po novi h tehnologijah ¢
poznani h. PonupaaboVnopogbrealfiezno lionv mjeieldoav o kr

i I

Ciscenjem vode, pri cemer ne obravnava €
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presnovne/transforhalceé j skegarpadukijita nova znanj a
materialov v stiku z Zivit i ¢klet Viezgproesd satva vjlejnaojsa ip. o
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Chapter 1

Introduction

1.1 Background and A pplication

The rapid growth in the vaanes yofanemguaginhngtgoo
such as briesppohretneodl lse envi ronment anddwaat esvat b

necessity for investi gadBtiismpd etnlodisr ad da wlrprodggrame ca
chemicals with two hykedxyphanhydgooapboh bri
the electrophilic addition of al dehydes or k
compounds, e.g. phenol in the pféd$4ence of an
OH Rle
X 0 H*/cat. |\ |\
2 -
R'// " RS OR, HO R~ R ow
Reactant 1 Reactant 2
FigkiSgnt hesis ¢R]bi sphenol s
Thiysntsheas iwlehdwn el ectrophil i. ilesrednnattiéecvt DU b st
t hrei gh el ceaensaiotnypampaosi ti on on the phelhglgeing,
conversisomopbamwmelap/ )i sphenol product s result

pol ymersi.zati on

Bi sphenol AsyBPApsiwaby ichdmB&®sandf 3anidani n
orteddobry Zlihnecok e i n [G&]r Hhawigty é wmawh 08B e n

mann Schnel di aodivt ®ra@d Foxi c als meamplniarat h ® n
ducviaonoas pogdolmeaasrbenmeeismuns@mdaxyy ated pol
ol ysul fohlee reywnmnisesi zed e dgatoedr i talh sr meax h i dti 4 |
mi c al resi st asmchtegniamal epxrcegmtrdtdtalsm c Isairciht ya,s
resi stance -ramdi ditilghC dim2rgetracnida lisacrad & p rod d BAPtAi o n
began in $thef(Wsisrt eldd957 and whegeaai flekaudeionpge t o i

wi dlse fiinows i ndustrial andwictohmnBeAc ibaeli nagp ptlhiec ap
compofudhldBi[splhreinso o meh iogfh Ity pr oduwoerdl dcvhiedm cvail tsh
annual pr odugi inoinl leixdmneletdo n s

The first evidence of BPA toxicitytbwme fr ¢
Edward Chailnes$ hbo {l dsdhioslcOdB3Wesr e dh hictt§ 9O $ ihop o e

t hen, its presence in different heasuwiorusremde nttheel
interest of [MalnNpusci emivined 4O 0s taldaste rtshee ef f ec


https://en.wikipedia.org/wiki/Aleksandr_Dianin
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of -toswe exposure on | abrosrta trdedpoliadbngi GmEadtrslo gveea e f

Commi ssion c¢classified BPA as a@xenobioticeoe and |

potential eamdoomi mmes dinsrupti ngienkihpcmmbitmdrio( EDC)

i nt &€ nigietrh hor mones of {#h8]endocrine system
Grave contchemdrw eavseco BAFAast bad two mai(di)monsequen

sci pemeeh ehfafgoorntenor esearching the environment al (o

exposur e, teorxd ctilf 2dod 20))BhRIAU B sy btelyains e aBrPcAh  f or

al t ersmhaatviivneg t he same paropgeMden ebattthiesmstk gr ound

hi siteasih BPA al t EBamlagd ees § sknown.ecltwe e puair te s

t hepgrres eenscpee,ci a-hlygdr ooxysggMenyl ) met hane (b-i sphenol
hydroxyphenyl )sul fone , ( bl ,s1p,hld redx 1a3f;23e2)] rsd 4BP S)
hydroxyphenyl )propane (b2shpb-ékdpobxy ARenyBPA&) ane
(bi sphenolinBt hBPBhvironment, f oodstaunfd shunpaenr son
bi ologichlL4dsampl es



1.1 Background and Application 3

Tabl.@€hemi cal <classctucatsi onh ahd stwudied compounds.
Na me CAS Structure I UPAC Name Na me CAS Structure I UPAC Name
Ho oH HO OH
Bi sphe O O . . Bi sphen 4,-42-d2chl orloeltt
227 4 ,-ar¢ Baor:] | d 1486 . .
BPA ‘X‘ aropamdyldip BPC2 & | diyl)diphen
Me Me a a
Bi sphe
HO OH . HO OH
_ z -
(BPF) 62938 /| 4,Pmethy|ened! Bi sphen 4. @phenylethar
44BPF 24878 A 2,Mmeét hyl enedi BPAP 1578 diyl)diphen
24BPF 2480m® Y 2, @t hyl emddi or Me y P
22BPF
/@/OH HO OH
Bisphe % . Bi sphen O O 4,-4"
s ar
BPS 8439 @”}; 4avgulfonyldip — gpgp 1804 (di phenyl met hane
PH Ph
HO'
HO OH
Bi sphe 4,41,1,-1, 3, ¢ Bi sphen O‘O
AF 14%8 hexafl uoRo@r o P 32F6 4,685 1 uoS @lig | ) di
BPAF diyl)diphen BPFL OO
F3C CF3 HO OH
HO OH HO OH
Bi sphe O O . ) Bi sphen O O 4,4t opamd yl-bi s
74 4 -4 - | 24
BPB v ” cHut@nd@iyldip BPPH ce® Ph Ph phenyl phenol
Et Me Me Me
OH
Bisphe Q .  Bisphen O O 2 i sd3 medhyl
4 4,dycl - [ ET
Bp 7 8 483D ,-dycloombeHi yl di BPDM 56 UF " o hydroxyphenyl )
OH
Me " Me Me
Bisphe . . Bi sphen O O O 4bi s(4Ry dr ox y-g-he
BPE 6293 4.dthandiyldipl BPP 216 - propyl)benze
HO OH wd W
HO OH e M
Bi sphe O O 4 ,-gropasd yl-bi ¢ Bi sphen 1,-03i 42y dr ox y-g-he
7 1
BPC @0 Me Me met hyl pheno BPM 3528 HO O OH propyl ] benze

Me Me
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Some BRAl ogamsly 44BPF, BPS,arkPbARdand BPBi Il ar

materials and used in shmplastappmatatiahs BwaodBR
for (food) containers ahae.pgp.xyp cdessd anrslg bfocpre e pl ast
t her mal papero-s&amdki ag Baeagent in the production

fl uor oelussdidnmefroso d cont@kECMs¢niaatbd)rel lmdEsir op e an
Chemicals Agency reports the annuvalpg @rb@u@e@®@0 on o
and 100, 00€uraeame Eicm ntohmé ¢ Ar,ehi lee easnpaatli peloyducti o
of BPAF i sorbpohetlkdt Bete®50 foom 1986¢ 3flme 2002
production and wusage data of BPA anaathoegues i s
number of materials tbaantexpercttaidn tBP A hapdelasge gl o
[ 1.8 ]

Tab2Bi sphenols and their application.

Bisphenol Material Application Reference
beverage and food containets resin

polycarbonates @ coatings infant feeding bottles (banned),

epoxy resins digital and electronic  equipment

BPA . . [19]
polysulfones construction glazing
polyester resins = sports safety equipment thermal paper,
medical devices and dental sealants
manufacture lacqiers and varnishes resin
polycarbonates . . .
. coatings and adhesive plastic dental
44BPF epoxy resins [20]

material, beverage and food containers

natural sources
mustard

polycarbonates

. beverage and food containersadditives in
epoxy resins

BPS pesticides dye agents leather tanning [21]
polyethersulfone ) .
] agents fiber improvers, thermal paper
polyester resins
polycarbonates
epoxy resins beverage and food contaiers dental
BPAF poxy o S [22]
fluoroelastomer = material
fluoropolymer
olycarbonates . . .
BPB poly ) beverage and food containergesin coatings [23]
epoxy resins
At the same time, given their structural simil

exert similar endiocryiaeddadvepséngfhetisy on the
of orglah4d sfns 71 or BPRAoctrhee di srouBpRB nagn d rdodpBeRR i e s
were firsm deHant endr eorkeenbiBPpeh,enBbAS, and BPAF,
have beamndal sex hi bit endoapitneg ef freicdk sand. g. €
antiandrogefpild] g gpizhiti es)

The available Itih#t4BPEranduBB8sase the most <co
BPA alteboatvtéewveswenty other bisphenols are known
[16]., HR2wgxeept ,(fawrai BKIRadlaer egapodiomrgentctee and fate
the environmenéi mnhntedbaeahitnibbkisdssh ahvahvesi r presence i
di fftfereawi ronment al and Bi eV[elgt]cjald. P 2Bhmmleé ® r &t ng
investigation on the occurrence, fat e, and tran
(TabhDen&emvironmernrtantsed.
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1.1.1 Legislation

The potential bdemaear hhevear BRP AR DP®BIE d cnc arhckei ngl
research interest in the study of synthetic anct
[ 1.0]The recognitiotheofU.BPA Enmil%88nemyt al Prote
EPA)3d43d a weak estrogreemstcrichteimorcsal on eidf 8 puse i
Knowitmapri mmoyte for human exposuriemgtecthionplod
food angd16Egfiinrksst Tol erabl e Daily Intake (TDI)
was establi[shZEdus meolod93and Drug Administratio
European Food Safety Aut horaiBPY A CBF®AYy feomtl umud
FCM[ 3.3]I n 2006, EFSA adampd D At hfeo |islywomwe aiEgb |
document i tbreadf t Assessment of Bi sphenol A T
Appli codani @I09®8. WhitlhéeDBFSANnandued to review ad
Canada was rthrey ftio stegwluate BPA by banning it:
[ 3.4]Lat er , in 2011, the EuropesamsCammiessiucmrda :
production of ©plastic FCMs iroeng ulidi/iRd¢ldde gl BPIA
and B[P35 ]

Int hEur opean( BJyt)iheeeBPA was pinohiebodedbbaby of
bottilikeOsl 1 asnedtpeci fic migratiomanti @ngO%fgr(&mML) of
mat eri al ionrt oarftoocd eor ffooodBPsA  mundanBBE 3.5 espe
| ndi vBUd Welmber States have introduced fiurther
FCMs and [coh@E]xmagnp!| e ,i swikairaatee RO 1 5s eh ad BEAnN
prohibi padkiagialgl i ntended to come3dd]Jhmnotdiier sam
year , EFSA decided nheiperfewvimew cbmBPAhexpos
taking into cdhetdeyasdondmdevalkurae dotoleda
TDtko 4 mg/ k[jg3.dW/hd a&sy ThDdoweviee mpopnTHiEadnidn 2018
EFSdet worlai ngt gvalkmpatent toxinonobodgerdabapubl
updat ed as sTehses memopteerdtu liesfl 3,0 dlrhte Oiks®syket i hal beed.
Al sno 2i0tlh&ur opean Came@dreigoahati on (EUwdNOIi 1@/ 2
the $SBML BPA from plastiandddist iton al.10y5 tmgd kga m
appl iwar nioshes adA] ¢dadaeghydr | d Heal th Organi z
indicated that currently theorecersninmg ¢BKA aigrc e
waterh wéia@ minor stohie ckemdhmaplswualeu’e Was BPA
i ncludedhienkD ng Water Directive basfedl]on t he p

Mi gratiB@MdIreoaont rsit b lhteel easpehehobs in the env
and WWéhtus ar e arsehceo gmaii zne do[ odi Ri)Jts pshéeinmbde r egul at e
i WWs. Howlkeeeil cedgsatsi on coveringadénemmtbeandt BCHEs adc
activreegeld ADFr masist.droirngxampl e,t Heo ru ntliDreeviclaa ac
on the emission of substances and heat when d
pubdeéewage os 4@t ac h)rdeenfti Pes divwalhae gefhdeinmB P A W
it is directly or indirectly) doschanmigeidpalo was
(0. 16 HYmMag3LThi s atdtdasee s debcsreggegoufl ating ,di ffer e
munici pal and industrial) WWs and as reported
Since WW effluents aretdrmtes mian ol u difn go wb iosfp hpeor
sur f acet Weatteerrs ,Fr amewor k Directive (WFDO intro
the management ,whiwagerrgaaltheyprotection and
aspects of the watervemnsir oamest estuadieg,r a
WFED in |[2@3Q@ ablished a | ist of 45 vgrriomrmetnyt ad o

gual ity standards (EQS) in sur4fbajcee WHFRD ea cd ehda v
further 17 compoundlsudiong hB Pt ta®ihe ddlisasti @ nierdc
gui del inbeutvagpswsessi bl e future environment al gu
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behmark value 'of @ropopgdlL IDrec8leevemi as,urtflaec ecE we
stad uwlsef i nes t heE @Snspfaad | faive rmaglel ut ant s[ 4®]r i nl and

Thdecrienecl udes BPAaminsk asfeumaguatic organi sms i f
concemt rodt iBPA exceeds i tbt EQS posdi b)aelgstolbat i n
the inclusion of sel ectoewd iBfP As waflftiecrineantti vewsi dw nl
occurrence and effects wildl be shown.

1.2 Bisphenol Residues in Surface W ater, Drinking W ater
and W astewater

Concern overr BPAaaeme mtnalh yagRdeAt heir pohestial t o>
l ed to iinctrerassdtigudyi ng their octbhegeeoes and c
envi r gnniritichhi s st udayp arntctlitgedoens ace and ,dfrBonking wa
WW.

1.2.1 Sources and exposure pathways

Human exposure to bisphemohsgeand@dinoatariymaoiulryg etsh
e.gent al coampoedtand plastiondFCMeshthApodvateas aw

through i(dhualtat i @ o carn/do Wted onarl aioru)t es (cosmetics,
[ 16] ,Up[odn7 ]or al bispdenebmaecsotmp| et el yi wexicdnmet ed

conj uggadtuecdl rdmmiuded) atf wirmbi n @Ai he f ore xecxraempiloen, t he
upodner mal absomsptoiwegn ,i nr eisnuclotmpnl dt4&7 | c o RjddBdaei @n
shows the ppohewaybsalof b i mseptheemod nsdl € sit, hed r t he
environmeaxcr d€&hed, end up inthawusehokeds WiWhe sewe
syst engc tceodnnt roi cwapsatlewat er tr(WWTIMPeMt thhlegntare not
entirely removed during WW treatment, residues w
r

each groundwater and cacerfifdldiemgnswiaitngrc.i pBhuo,r WWd
WWTPs majeor sources of DbispOeheitsemitn atl h es oaurmr\cierso n
al sodustrial diasndkhaddgées,)] emachfat e
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)b &~
Air
Dust ’ff‘ ! !ﬂ
HUMAN
Industry
i Sewer
Drinking -7 1,;,"“ l‘v,f Y Animal farming
water '
Drinking water WWTPs
treatment
Rivers
J Agriculture
Ground water Run-off
Tleaching Soils
Landfills

Fig&iTdée exposur ebipsapthhiewnaoytl $6e 0 fe nnvoidri of ni ndednttfr roovm ¢
et. al 2803

1.2.2 Fateand behavior

The fabehawdog. , transport, b i aonativraai nl saf boi rImattyi,o
into various environment al caonnold aorv thme n tc o mpe.uag .d
argoverbryietdcshemi cal struc-tbhemi @aald . piTgheésretoiiersc | u
water solubility, d)i mFeotcavadleon paonhst agn CpkKf f

organic carbon pagJ)t,i-taenibrar cpeaebdbéf tKe)pldam(rky N s
coeffig@i ermti ockncentraanbinodacumul gtBigdFRhd act or
experimentally determined data on taheseéel par a
| i mibtuetd can be tpo esddme eedctiemimc a hestrrucatuir essan
using differ entadalpé.rSo.ackhRefs , Esstuichat i on Program
Sui(tTea B)I[ €.5 ]

The sol ubsiplhietnyolysf OQLiH0mi wat er is higher than

environmental [&60hplkemece ati bnsloes not i mit t ho
compartments. Based.wval udei fbBwadnat md6 p Kbi sp
in environmemid aup Jawieenh eitnheeut nd !l parti ally dissoci
[ 1.dhe | ow/ moderate Wwagkr mebt ub &d (pk=y nlt.sO axndl O o

.0 Wabhd.wKl agK-5)val maee tay pidcodrli s p he ntol s
propor bi ephiefibdgads phase is expe[lcRhle]Gorptbenned
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compotuardgani ¢ matter i,%andde ftitheeak Ihet.8F Bies Khenol s

wi t h <o ¢BKP A, BPB, BPF i somads)BWIBPeE , mBsPtCl2y pr esent
i nmhweater ,whialse biwsd glHegnt WsBPBP, BPP, BPZ, BPM, BP
nd B)PaPrHmorlei kely to be in soils andalsedoments
ccumulf att e tafsiswiersg ¢riddnlihgeh® X peri méat &@ld drmta@aal cu
n bi s pobaerneo,l tko t he best of our knowl Edge, not &
lpygtK#4. 7, 4.6, 3.8}f BrBPFandBPAP; MBERAg BPAF,
spectiegberi menttablliyshed[ B@h drmmt heattd dne n t

d aswmiémportant sinks for bi sphenol s. I n additi
sphenols in aquatic for gmshredialmsuBcGdine dmed pPBrAeFdi ct e
| B.8]Thasttorfs are shimsplaen dlotf rabodftdr05 1t kg

i ch sal pgve ptos enti al for Dbi oconcentarcactoirodn nign aqu
h European Uni on RegAustthroartiizoant,i oEnv aol fu aCthieomi caanl ds
gwihaniy BPM andado rBsPiPudiesracdc u mwlsaetdi wea |l tchueliart e d

F and BAF. 2@00Qeand RKlpo@sppktBi vehsgnmaosled on

epirre d ihcatl & draerseo rpeer si st ent i nf 6s2eld i dreeynd)s t(Ha&Brb i n
AP60 daryd )watjedr0 (dlaiy®BM ertahpmgh yscihce mpcabperti es of
he bi sPalEdhiompsl eradi ighrer t etnhdeenmcpy a fi @retdiionent s

and tsham h@qgeauphabdetheir tr acesschoorwec etnteryataroe al s
presienngmat rasewlehlelx.ciepnBR&Shamore | ikely to be i
aguephiascre accoumst uonfi guawhs tmoC &ur eqgad rdt paonkda r
SQgrosupThial dmpgltiati 1 shiegrnperraantdu riet gqnfi 1.9} vy

ST W T TS < OTO9®9 TTO0O0 9 9 T



1.2 Bisphenol Residues in Surface Water, Drinking Water and Wastewater

Tab3kRhysical and chemical properties.
Phy sdhemi c N Had i*ve
pyf0perti MW_ p K SionI Limba I ogaK | 0guK Iock[(K;t3)m [day] BCF BAF
- [ g [ mgy L mo _ - [L 1'%]g [L 1'%]g
Bi spheno Wat e Soi Sedi m
BPA 228. 10. 12400 3.4¢ 9.4 3.8 5.x840 38 75 38 172. 172.
4BPF** 200. 9.9 19460 3.0¢ 9.5 - 1.229 15 30 135 28.0 28.0
BPS 250. 7.6 10010 1.6%f -12.¢ 3.5 7x8b 15 30 135 3.53 3.35
BPAF 336. 8.7 22 4. 47 7.6, 3.7 3.88B9 180 36( 1621 639. 643
BPB 242. 1@7 4 4 4.1: -10.¢ - 2 X210 38 75 38 170. 170.
BPZ 268. 9.9 14 5 9.4 - 2 x2"® 38 75 38 271. 27 2.
BPE 214. 10. 99 3.1¢ -10.%5 4.7 3.»x8B9 15 30 135 45.6 45.6
BPC 256. - 26 4. 7¢ 11.¢ - 1.1 38 75 38 112. 112.
BPCI | 281. - - 3.7¢% 9.3 - 38 75 38 227. 227.
BPAP 290. 10. 13 4.8¢ -10.¢ 4.6 1.388B9 38 75 38 249, 250.
BPBP 352. - - 6. 0¢ 9.3 - 38 75 38 385. 416.
BPFL 350. -
BPPH 380. - - 7.17 -11. ¢ - 38 75 38 192. 585.
BPDM 284. -
BPP 346. 10. 0 .95 6. 2! -10. 2 - 3.md! 60 12( 542 1970 9097
BPM 346. - - 6.5 -10. ¢ - 60 12( 52 1970 9097
Reference [[1554 [2[65]1’] [[12]5]’ [167 [52 [55] [15]

*Calcul at-edemhygali cproperties of biSwidteelol anal ogues based on EPI
**The structhetwesn miBRmMmeity adftsion g utgggeshar-ehemime & b r[pSpdb]ysi ctioes
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1.2.3 Occurrence

Thererood bi sphenols in the ynlpéiymesnleaoni ciasl gove
paramgthgeuant i ti eshpr omeéummadl el i mi nahumanfbodyt he
and trheemord a iWAAT, whriefghr eskepitismpoynt source to t
envi r amhmeinrt pchhyesmiccoa | pro)eatyemrndyTiahleanrr ence

i n sedi menass waenldlg saast iisn compagrt menface water, gro
andrinkinGompaeed whi BHP Acaacnh hundrxgdepleiopifarng t o
the treatefd5&héteaeens onloyBPA mana&ldgpaadsa.cul ar gap
eXxicdrscer noicncgu rtrhieen € p hielwid o p e a n [c3o]JuShaonfiladre w

studi ed hrepacetuBRAMmMal ogues enmvidrio,nfneEerngnst sampl es o
sedi ment s, soiduswWys nffjaaei wabegani sms, drinking

kind of f oodsf oasnddmuwbleavretramndlemagprerur i nd 1ébrnd Hl4d2dd

[ 5f B.5]Al t houglpotweident rati ons are genemrally seve
t han t hosteheofnfBR Ane dc4pl RF, BPS, BPAFan®BPEPB BPP
imi ffeneint ald memtmp ar5t2nMentjséa&$ h arjon7 ]t es 5 B.gt i al

1231 Surface and drinking water

The oemcerdata of bisphenols in surface -waters (r
runoff) and drinking water (sduabd@&hiasndtidesinki ng
| i mittoedt fobvseéi es wheane e bfiobcaunsd n @ Is £ h oasslteesd ih a t
invesbhbat BPA.tler atur e BPRAows tthat domi nant bi sphe
aquatic enviar onramermauypnow ¢tehc e n ofrl &t IBO D[ G&h lbLa s

the hif glegsedhatye cdihieo nd aw a( Bahlwl e 4) ttBRP&t B/PeSvel s of
and BPAFsurfacei malogr oar eMenno s@Pefd dupd, 600

<0. 20EB nd0 .uBh gL r es p)eRetpievad leyd slaankfdai hg oh Chi na
52] shp&eHd ani n ntchreeascenckeingphhaen olnsBPadfhcbodi ng
rder of madgBhRFlRn @8 Sdndwaefr ma g o v e u dayeeea r
erileé2am), &) tdBPFecomi pg edloenbineaph®meol bul k of t he
tudies come. dro@hiAma,a JampamMnd®adt h mdanoe amaot abl y
hi naf asm!| ely two European countriefsrdmboveni a
S @T.abGieverenthilsacekeigdhr dahg t he chincemamalts on ¢
n seagwatuenrd,watl erap watleeianwgaw fevoealalm atsegc hni que
ndampl i nagndt itneegewheh the analyticalreneulhtodol ogy
el idaabfbab i sphenol s in thehagwedouo ddrevigrad mme retd .
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Tab4€€he occubrepbesnowofsace and .drinking water

Concentratiopn range [ng L
Locat Sampl

BPA 4BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC BPFL 22BP BPC2 BPBP BPPH
o] 0.9¢C 2.8¢
Chine 2.8447 0.88 ,,. <0.1 - - - - - - - - - - 3 a1
Chi ne
S otuh <1.9
Kor ec¢ <1:28B850 <5:7@20 n. d. n. d. n. d. - n. d n. d. - - - - - - ’
285
Japar
I ndi i
o] 14- 7
Chine 1422.8 - - <0. 1 - - - - - - - - - - o4 i
o] <0.0 0.0 <0.-0
Chine 0 -%. 6 0.88 0.31 < 0.C ", - o 0 - <0.0 U - - - - 0 -5%. |
Chince <(oi@eol “(CL®) o gy <(0. <(0. 1.-506 - - - - - - - <1(00)'
b 1600 . 1028 1045 :
160
Chine SUrf: 2620 41160 11D4( 186 17 ; 1-6 - ; . ; . ; - 26 2C
wat e 2.9
. <0.-3
Chine <(0.23p474 9 -5, 6 - - - - - - - - - - - - 1 a7 4
Slove 63.7 0.BB. <0.5 <0.0 <0.1 <0.(<0.: <0.0 <0.0¢<0. 2 12'6'7f 0.1C <0.2 <0.0 63.°
Chine - 0.-18. - - - - - - - - - - - - -
o] 0.0¢ 0.0°¢
Chine 0.85.7 0.@83 o " - - - - - - - - - - - 36
Sl ove 6.4E¢E 0.2¢ 0.5 A 0.37
Croat <1.04 1.88. ', <0.0 "7 7<0.C 77 <0.0 <0.0<0.2217. .°7.<0.2<0.0 <0.0
. <16-.
I ndi 38-13,80 <1620¢ 341 n. d. n. d. - n.d n. d. - - - - - - n.d.
o] <0.-0 <0.-0 <0.-1 <0.-1; <0.-6 <0.-0 0.-=214
Chine 0.285 0.421 4 '5¢ - 1.0¢ 2.6 1.93 - - - 0.4, 1.0:! 255
o] . <0.0 <0.-0 <0.-0 <0.-0
Chine , . <0:A®.6 <0.®1: /" 7. <0.0 S5 <0.( <0.0 <0.0 - - - <0.0<0.0 ",
. wat e <0.0 <0.-0 <0.-0 <0.-0
Chi ne <005 9 <0.-D.1i 4 7 3. 2 <0.0 0.6<0'( <0.0 <0.0 - - - <0.0<0.0 0.9

n.d.: nota dle®wacidleadb | e

11
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[ 74]
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[ 78]

[79]
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1.2.3.2 Wastewater

Bi sphenol s can theawuly h WWHRs sewer system, and I
mi cropollutants, they ewnitN dtisec[h@d jferroenvmieent bmyai r
Hu ef 3®lports numerous studies, which show the pr
at concentrati on'gsmglLaanngdg ngmd rdognwhgr €as, again, th
onl y liinniotrendat i on avaiolcachulre eonnc et haen dg [icelt aeln of BPA
WWs[ 5.7]I n Tabl e 5, the easwdinlgahblhe sptruecsieanss eadod BPA
WW influents amprdesdrdtleaentBhearcata show that the
are generally omemagnittwode ridieglser than other BPA
44BPF and BPS are thetemosBPA reamale;mngud s datt econc
bet weleztb1 70 <®dnz@8 27 hign Linfl uent and ,éoll owved, byesp
BPAF, BPB, and BPE (Tabl e 5). Further mor e, devi a
and analysis, sourceiard WWER ldatyyme: eann dn @@m @\
(e.8g@®2 Hg mMmedease.. 9 Yogr Laver age Cemgs8pt)n@tl on

hi nders the comparability of such dat a, not onl
regional l evel

Few Bé&sd show noticeahl et esmpadgs@analgands psaddurade Y

responsi ble for the discrepanciedg3in bbIphendald]
These fluctuations in influent are dut alo. di ffer
[ 5,7]whi Il e smaldksefVedtiuvmtWWwWnef fl uents | ikely res
techno[l30]gi es
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Tab%€he oerawa rof bisphenols in WWTP influent or efflu

Mean/ medi an concentfation or rang

Locat Sampl 5o, 44BP| 22BP BPS BPAF BPB BPZ BPE BPAP BPP BPC R€fEr
1318 50; 4 8 ; . 3. 7;
wastev 189 <11 - <04 07205 <05 <1.7 <1.-3 - . .
. 2040( 166 746 D 97 . ¢
Chin _ _ [57]
<11 <0 .:4 3.64
wastev 117; 0. 71:¢
efflut6121 <17t 7 <04 <o0.pa ] R B ] ]
35. 4 3.7¢C e 75 . 2
Sout wast ey J ., 0.00
oot wastflosaa0 8. a8z - 8.93. 0 0030 - 0.0 - 0.0: o 20 - [80]
wastev 60. 5 10. 4 i 14. 7 1. 1; 2.5; r?dG i 0. 3 n7c;3 i
infl ul84205 2 .-297. 6 .-372 . n.-d.8 0.-5%. & 3 2 n.-d. 26 | [81]
.. wastey 5. 2; 0. 6; 2. 4; 0. 6; 0. 8
bndi "ty w114, n.B1 n.d4.: N4 g Nod - n.d. "m. -
. 81.5 78.3
e sesae <6 - <16. n.d. n.d. n.d - n.d. n.d - [68]
333 438
New wasewat 71.6 <9100'02 i 29 . 4 i i i i i i i
;(to;tk infl u=<3@B850 1170 <26 0 [64]
Us A w atse wa 39.1 64.9 i 25. 5 i i i i i i i
efflu<3@38 <10D2 ! <202
58.7 3.39 5.0¢ 28 2.24 <0.2 <0.2 [74]
Sl ovewast ey - - - -
28t 540/13.77/27.1/ <0.30.037/ <0.2 <0.2 -
Croat 1690/ 71.2/ 15.4/ 316/ 2.43/ 27. 1/ 476/ ¢

n.dot detected (no LOBDWTaPlLai |l able). * g day
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Accordingb5tothablperf ormance of the WWTP pl ays

reducing the potenti al ri sk of bisphenols in the
of different WWTP to remove bisphenobasedr any o
on the aquewoowpxlplceande age, cal cul ated as foll ows:
YQb ¢ QA0 RQE w  © p Tl Equation 1

wherceand.ar W ef fl uent anrmdcVeWit mfakt uemtt i oancentr a
r e stpiewce | y .

Bi ol ogi cal treat meptt mennod mtge gehso tcloenrs i der ed t o |
role in reducing the[békwel sdiong CEEA by oMMsai ni n
removdli ce[e@rx]iNesz et h, BPA is commonly reported
whiahe discharged i mThe pathlywawdBiPddnameaniltoogues ent e
the enviwiolnlmemébescdaniddne df structural [&i2ii |l ari ti
However, variations regardi ngr & $ifieriarm otchceunn rbeenicneg i

eithess susdegt iallaepiaoroe dcAt, o eBlg . BPABrmame BPE
bi odegradabl e, e.g. [BBPBAPmMpBPPaandy 448%PEn though
efficiencies ,otfhe@E GQsd nalrsse drhdilgghasuf fi ci ehe amount ¢

envirgampati aplregsienhehn gh i nfl uent ctomeoeenrt rati ons
removal e fafl it hiowimgtdhh e $ ower infl uemetan c BiPdAentrati ol
anal ocgouvedddb brle | diasteo t heeretnwvi Aooor di ngl vy, the occ
fate of bisphenols, especially BPA analogues, in
their potenti al environment al ri sks.

1.2.4 Adverse effects

One of the parameters uscanp otuoaddee stahiea heef hect oxkec
concentr gt itchmt(s@€ medmitfeiecct i n 50 anfdhdte hital or gani ¢
concentrapi eama(LCauses he0 radp eidhs8.Bfndi es have
shownmaBPA analcagqu elgaovxei c effect s, namely endocr
cytotoxicity, genotoxici-tiyker epfeeud vostidixki#chittoyxi ci t
[ 1.5]

One hd most r esearscehagd dtoa@diii oreweff & gegelnt e cleyn t
beeanr edrseey arbd ismpdad nelr nat i vBePsS4, B R Eal nudd i BrPgA & h
geneawdi,| ablfea admt wittiurgoi8ehsh i slhggest itmtaer a hteywi t h
physiologi dalJ7]seclkptegra®sgtarnodgreongeni c, glucocortic
hydrocarbon receptors an[dl®R¢hoearmti dl ihtoe rmeotnwer er erceewi
Chen ¢t0dhd. Wandg 88thoavle d4 4BhPaR, BPS, BPAF, BPB, BPZ
BPP, BPAP, eahd bBPEestrogenieffestidnidratri amdeoganigc e
than that BadseBdPAon the maxi mum estx oY@ ni7c4# pot enc
9P Q mdcsetst r obgiesnp hweaBPIAFol | o B&Ld® BbRZ BP A BPC

BPP BPAP 4BPFEF BPE BPSMor e naannd -woo &[e8& ¢ monstrated
n estrreocgeapre me h d enre ¢ h & reiesbm af i s-ha revitehéeny an Rk g
raédeotroxicity and twerBRAKE.N6 Smre BIPALE2 Mo L
BPH 32 ™g BRY2999 nagnelstr ogEMAEO 009.11 Hhyg BPA
4BPF(OuWl mg)>L BPERHO gm'Lrespec$i miel gr estrogenic
ntiandr ogednB RF eadnfde cBPS oafs oBnPcAe mattr aitiigchress tchan BPA
| so observed 8i8Ap rRoB/RRALBPR |IandniBxRBiadk i ncreased
ndoedriismeupting activity at | ower concentration
i sphéd@moisncr el@esn® n star ayemer gf ettt ¢ ehmel yi nactive

T 0o 9O |l O D® V X
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concacgarnt ocanssionfgl echnspbehalt mf ulThush,eni tmiixse dne c e s
consider the effects of mixtur®isnoovdg@amd raense s s i
exposed tof mcthe mreshereotnheBsas 5 d a gB BR A&l rsto e x e
ahi gher estrogenic aaoigiewniomp cb iEaBN/AfBPA Vvi a
GenerBP®gems lteossbheestrogenic and anhaamndr oge
rgeferc thFy dr oxypr d Bepddtdeirtoinoen al | y[,8 89 tsoespsoir tet
tiestrogenic andf oBRAFpgBRPAP, BBECBYV awilie 8P Z
hibitefli highef ptali &shtadrnadgeaaitst estaomgagoni st s wi
e order of magompaded.l blwieBiPtBeCd st udi es al so
s igneinloa rooyfi cs o me .anthodwgwese t he i nformation ¢
an estragmor e,tshecaedmad a c o mpianm i widtorddde s we e | t
interpret as the metalhalsied aapalyi Isiytsiteesmsf
cor di ng stpoe ctiigsst bteyHodvg st was sABRR BRS&tand
PAEnhanced the formation ofinggpcdisvandpgene
6,ABPF andi BdPusSce significant D NsAa ndda mBvg@® i n H
bsetwe c fefneectexgpression relafé&d]tit oH®wWdmbky deve
PA affected genes rel[a9kldiitsd. et2i®demo maht het sgdst
i gher t oxi ctioDyp honfi aBMraRgina , Pes modesmus subspi
ompared t o4BBPFANamodst cases, BRA wdédxe smorag u Bt
rgani sms tcodBP&:r edihepi gmentoafzebnafi shanedmbr y o s
eproducti onDafghmwiad @aimadn atass t4 BePxFp onsewrree nmtuoc h mo
mpaired.

Bi sphenols can bind to multiple nuclear re
thyroid hormone eebemaoRelxdedd! aomiinaavle tssthiodine s h
potenti al of some BPA, aBRF ogueds NBdPWCFg . a si mil
neurobehavioral [diI&]r.0dmtEed Zhjumasn BMRAabol i sm of I
al so provide an insight into the fate and ef
envirofmMme&nbDespite human met2gholditsdyp af f BWA st ud
usddh vanodm seéexpemwi ments to provide relevant [
bi sphlead].s Caabjjog with glucuronic acid or sul
the main detoxification .Howkway 6K f dbrasedstonby s

O O o 3 X oD

= 00T WOoOT WY 00D —

structur al similarity, it cannotc hbaen gags@sBulmee d t
Limited studies evaluat ephtake flor maettiad| 6ft eph @
and BPAF and apart from glucuronide, and sul
di mers and glutathioné¢22ddudOb) , vwé®Fiasuct dat
met abol ites, enhanced endocrine activities we.]
[ 22]Recently, it-ewpssshewnexhabitosignificant
met abol mesmst rdad i ng t he underesti mated ri sks
environment a9 Thosjicahese is a vast knowl edge
metabolites to investi@adpeyr emotto otnheg Hihepled i @l
also the effects of their interaction with th

A commppr daowah t he assessment of (twihheelmempgct o
affecobaee mbyeenvi r amrsmermatsssi < atllcau | ati s@anh geht ( RQ)
accepted and adopted in the develgouwpinteehlBi8npeds e n
Her ein, the RQ is cal cmelaastuerde da so rt hper rerde ttit e ld o fe
concent(rMEGronBEQGC be appropri at e ptrhrerdersct efdd c v al u
ncentrat,i omhi(PINECg na © etaldée bri o €r edxi col ogi cal
(EpbBo observed tbOC t(hNMOEBG)s)ess mé At ,Ifrh tPeOrte r( AIF,)
e R@orrlesworhd gh risk, 0.1 < RQ w, 1lwhteon nRei t

<[ Do AT hus, a recent[ t@Valeswahteey eciobogtlcal . ri

co
(L
t h
i s
on the calculated RQ using the available dat a
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and BPS from surface waters di n nGhianai,s Jraeppaonr,t eSlo
| oovr me avihutiheei sk ksoci a4 BBFf wiomh Chi na, Japam and Sou
i seporteadltact ibveel y hi gh.

Overatt|elis known oobtohBeBAt heabdoduebBeéeytokxicity
bi sphmeatodbodnd RsAccordehgdyes arelneedatdet oheir
environment ad o wramads mpearnaofevaeynsvi r onment al and human
[ 86 ]Therlesmiesmd f or epi denmiveittordoi eal adddessing the
bienol mixtxprosur(EegdRménadr mehceiduri ng environment al
processes insteadt ogi nogd s i pdeermgsmh 4. A O Fur e t o
mi x tswrbe s p hreensoeld and ot her environmenTlhdse ont ami
mi ssi ng ipnfecrematgidatthiengt oxi ¢ ef f eotudedwdpnrtbi tstpdhen ol
under eisantroedt a c tpuoaslie tiriibsgkhjeh®]l s

1.3 Bisphenols in Water Treatment Systems

1.3.1 Treatment technologies for the removal of bisphenols

Research dealing wietfhf etwhid tedeanvod laapp rmecanspveet | f i ¢
chemical ,,opatah oggremwsp hodis nachredmiscedh e | ast decades
stritovgeéerd iqwacontr ol [ & 0M4 rrseogdWTa tpirooncse sses are ca
of removing such contaminants ,wheheedr WiWuef huen
[ 6] A traditional WWTP i s usauwmal Ibyi ot omgscias edpr ofc e
including prelsecopndpdy pccammargnal I Wasswatertiary ¢
care bhreated usi nganmd fd pawdattthigm @acss ngl e step acc
sour ce, type, fl ow, ecdhauficGRlel stmiVWapryandennht end
mechanicall ycehlhi siemya breagskdessh emel WWdeselkre . pri mary
treat mewmhere smaller particles ar e prvijcally
Afterwards, ®Wseeandwelhsiydthetvyepi,cal | yti @aatoomerets bi o
usisgspended (convention&IAThi sacpirwvated $Isuddgeesi g
degrade/transform or prefereal gndnimet al eates of g
mat tneirt,r agéenpho)bpthhlienwso | v etmean tmaoifn me cbhiaon iosgnm c a |
degradat insampl. 3gue pr eval pacei ol ar mechani sm d
WWTP performancEeeand, chiazaaghadoresSpatechreat i gnpn
p oNugmldy sci hceomi ¢ a | properties, namely 400 compo
degriasdaexperct dgr it makbyemi oa mecvwhhairdigym,at er
ddmacy ad( bi)sppds & n t hceo ntpaosuen dicsh gui t4{. @]

]

oso3zo

t h
co
bi

t e
[ 8.

Alhtoulghol ogi calaemét bbodatly remove nuwmerfaus pol |l
e most wWWWTeltye cursrdod waygrymdthner al i ze al | organic
cluding BPA anal ogye€sL,) ,e.[dl.OBEBAHF 1&0Md BBSsi bl e
such ciompounhle teinsviirmmlmeinng tthheee chhadg icrae faod
erati onatlh agoodiludpiroornvse p 1 1i0f21] chayt] plgddbi]Jexgi st i ng
nventi onal bi ofl 1o0gigc awe ldly et erieape w t r eat ment
chnol ogiesanfRedadaiplrgonc ez d e h a ysthoPven) pfr @omi s e
monmer si stent compound$§ 1 Qalhbedlautdai nogn btihsepi hre nfoa tse
moval durWwWgamatfdrerterngat mentt hpeoesc it dyli 66 ire s uarmd
chnol ogi dsptre Is&lagsclkeéei des patereiiPicomped nds
rivager trsdatumentbesiande etstseedpossibility to be m

parent ccamoipeexaldpg d.& i

~ o == ~0Q0O0 —~
OCDO®DD®D®M®OT +>S T
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1311 Biological treatment

Thmost c¢commoncloyn vaepnptliioendal activated st usgmi pro
conti rawecwrieat ment , iwhaebpedtWct obi ali odadr adat
undergoes .nilttrs fperaftommance and characteristi
standard WW parameters including pH, temperat:
time (sRTIpemetednti GRT)t omabgent ( ni £N)a,t eni(tNQ t e
( NEN) and ammeNji,a t (NI phosphorus, chemical

bi ological oxygensdemamde d BY®Nei dosf (mihcer oor gani
toni croorgahlik]teanandi ve biologiciahclhla.ggt ment
trickling filter or biological aer at eida fiid ter
packerd otnopve ci al,andr meenbs ansormbilbylkemraicd omechan
08]., DdadpPilte tHeisgmalilmprl icpdapa ded@mwagd i nput
.lgower hydraul i)c trleeaseeati peat menet technol ogi
ficienciesmphauy ncp aadil migec®MPpar ed t o suspende
e t ohitghheeirr bi omass highairniacgi per bo, @ mass swec dn ¢
l ow sl udpelpBpduE?79Dbn
TheéiterdetswrrethkrienmgooBPAanal o(g)esf rom t he aqueou
(Eq.dulr)i ng bi ol agipaels eitnt e®Wé neehe mon st atk of

a
[ 1
(e
e f
du
as

datvai,ttlre mpamal s patri @las owel | assa nupi Irhid riedr, @ datn d
treat mentThdhkigied ecneak e it c haxlolmgmgimogr at o ef fici e
bet ween di fferent tarcechemevammndit ebttaephegoks. T

calcul at ed avbragtd Deamavalisvat ed sdalldyg e a pd o cC
demonsdardiegecrepantyebestwaleal gt udi es at t he r e
i ndustrial WWTaPtd i fafs e rwe( fl-udsticsati@ed | e ) stuli es (T
However, t he lhidhreisng rkeimolvaagi calwabtbsatr ment fat
BPAPBPPand BPZ, f oA ©BRKH, bBIRBPBand the | owest
BPARNnd BIPhEe. negatofvel val aesefdormr eBribAR Ilsanglg 8PtEe d

that these bi ¢t wbe madscdalacriet atalad o[dPISTThe possi bl
explanation for significant |4y PlFovwaeirrd rBePrso wals ea
by Xuel] @wha&lih. compar ed tcooudtdhebre sitnudtihees poor p
the WWTP rather than in the treatment type. G
obt aii meagbc al e e x,pvéhri il me gsthtolweé nchar acteri stic of
degrade specific ,biiBgpahielnlous amylfredrficedrd ¢f @ c d egs
4BPF rather. thAtant BBiPielmenecontrary Badi ogseaownad
specAcecsor diiinagngd deltlr2ellmoval yef 6i enbaoaced when ex
to hmi crobial community riinas.t elard asfadiltsdodamtpeddailimeec
suggest t hat t he removal efswi chennyr eadsibnigsp
concentrlattdiljoons[ 113]

Investigations of the BPA anal ogue omidodcet gerda d
atWwWwTP @®@mt he -slcathed especsaal g exppetei meinmist ed .
Addiotnal 'y, t headdrtomgeystai ggdtnigdres ccoempouadmant @h

concentrations or i,sbéanéeedsoagaunigestotuilesdd f o
more realistnictalaly tecefden@themse. has nal ssot uldeye n
concetrmeé nige nBoPvAa la noafl o gauedv adbd @ gogi cal treat men

attached growth biomass
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Tabé:Re moval edfiiicplarcyl s
. Type of W Removal efficiency
Sampling t Refere
Ful | (number BPA 4BPF BPSBPAFBPB BPZ BPE BPAP BPP BPC
u ) .
scal e composit i ndustr i i i i i i i
NG, (@4, days) municipal 78 94 99 153 8 6 [ 57]
WWT P grab municipal 72 95 83 100 69 10C - 100 95 - [ 81]
composit : . i i ) ) ) ) )
(@4, days) municipal 23 28 13 [ 64]
Organism/ Ty Testing/ t Removal efficiency Refere
matrix Cifl mg']lL BPA 48PF BPS BPAFBPB BPZ BPE BPAPBPP BPC
Bacill us
amyl ol igaeft 2/h0/ 106250 77 69 - - - n.r 77 - - 95 [ 113
ated sl ui
Sphingomon 15ni hO. 2y
NP5/ activat o.680 >4 100 w7 - - 59 67 - - 45 [114
mi crobi a
Labd ¢ ommu rmicttyi /v 8dayso0 - - 10C - - - - - - - [112
scal sludge
| #acdfeungi
i mobilize 100 100 - - 10 - - - - -
pol yacryl on .
tyros/ﬁunmgiegomhzo-ﬁzS( [115
i mmobil iz 92 94 - - 93 - - - - -
polyacryl on
| actba-nBgi
i mmo b iolni zsepdc 24h2+ 0 98 96 4 i i i i i i i [104
n.r not reported
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13.12 Advance d oxidation process es

Advanced oxidatimmns thleyausetsts edi shiarvfeect dr i nking
t han tr eamatcrointcpedsexl i ke WW adue |tagh id®Bdetly laegaec ha
effective treat menthdisicthenrod roagti iesn dafe vieiophklyyy em
speci ed 1(AIRPBNJwe vieeg ,same shudhbtbeghtrspotenti al
on ertWvdt yeatsmb.®] t hough AOPs gceo nopfr i csief fag rreanmnt s
t hey hameacd er ipzreadd byt dthéhydég(eea®yH)The most resea
AOPs i rmcolmwudgeeneous and heterogemhiceons, phot ech @
photocatalysis and oz rbarseac(@no sy dghergesrna tpierm @
(HOz), titani (tmiAdi Pexntden redgaenht onUVilL8paifthior
Among the ot her Kaindda nkin @ h kseefOtrygpcki cambstare t
oxidizing species (oxatdacamwmnr padiehgcanhdehgn¥)
organic compounds, preferabl yzatesbubl]ti ng i n th
UVphot oil ysarsy ehhdcwiwdely applied prorcess us

treat ment technologies for disinffetéilinorro |ovfe sgr ¢
t h®«ource of artificiatlo Idiigrhetc ta nadn di si[ rdcdiCaisescitf i pel
both ,capomewsssure mercurlyi gham»54 emint ani e@mgt he mo st
used UWg4gsloluerlcn direct phot oduwnd si,t stehlef taabrsgoertb ¢
resul tsitmagicitmur al cphr ceefgeerislaclsalve | ch®teompIiner al i zat
Thus, t he croenmipasmait swéh treat ment hightuwcdepaind
charactericompos nadf 1« legeunicrdi wnogfc tt ihen plr egr oups r e
photoactivity (keger amamdnmdg cblrée nlgends ) . I n i nc
the stdegtradal i on of contaminants i swhacihlita
absorb radi ateixocnisttend geamred af w 2BPSp h o tad loynsei s s

not A@Phowesémtaeny AOPs involve UV irradiation
the synthesis of 2zOH ethheagtmetnetatdsolt ogymocempegdIf é d
same operation iimr adnieanalmwdneimdea qfrnoctensiss paragr
[121Tmwmheraom was a@lomdénadly i n studi es fafo nB RA ueeloiunsi

solutaindmsy redcdmtlicyabien ef i onMdBRF|i oBPS, BPAF, B |
BPEanBPR Talllen addition, the plhet avlayss isgs vuafi eBP
Cao e[t2vdilo.epornhedeased anéeégmadati ami d€vheém expos
UVr adi ataimpr=( 254 nm) ceomeptaarle dh atlhi,d e3 1 4 mpihnt)(e

reason i sabtshoatbns8 S no [ i ght at wav22]engths ab
Theombiacegd on of UV amx ad(aocaztoincen ahnyddr @ameéen per
hal o)gemrs catal yst ( Reamtuon c ,i@scadndidedktauatn,i n hom

phasfAensoong vari ous themnbkeitrmeotdiso@:sU VO 4 OU V3. HG
HOJ @ phacstsd sted Fent opOirse atchd omo s a pysMdidemad n |h e
degradation of EDCaTHewscambdimagdBMmvel | oast yhefm
AOPdi s c uhsasveanit b e e n irnevgeasrB& irgnagtagdude s .

The phot@l y¥drs Pdnt on resapenf oemhanoa of =z OH
to the foll ¢dwi2eg:,r ¢d@dijons

6 06 @O 05
00 QO ¢GO
0Q 06 @O 0Q 'O 'O

‘™ 0/ Q0 0Q (0 O
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These meclealmicemgs he need to recovecrt etrhies tdiics soofl v
the homogeneous cat atltyd i Ee mptrorc ersesa ¢ tainan markee of t
met hods for zTGHedgoamat iuesmngatwenbhonhis reaction
s hown dteo ebnedre p keentdhiei t i al conc@anda'Fel@aMheof H
compl ete removal of BIPAhwivlhpho tne nl teilsdsle ¢ dhfmaon|l d Py
for the treatwmetnetr ocfo n(twaa sitieg Boi sfpahre ndoginsloy one s
BPAF 12a/mdwo of[ 2BBHShavaeg Bl i ed otdhiek eFernegacti on for
el i mi nattiheeat.®hemr esul ts ogthompdewthateinthedh c e
degradat ipomsiemétmafs. Fe

Cycl odex@Demhanced phoalo$ g siesnaeshhgmdpect i ve
photocatal yti covmetcdcomndt atmio maeatseTrhe addiiti on of
cyclodegxXDptioo the reacti gn vtexreali amb laictayp al yze t he
degradation 4 BFFBBEMBPE and BAMmMeiernhancement of
photodegtapatalo®hh | wt r ean®e Ja | i nhilsehsosutgidihta re s21 | t
from moidresriad tei ¢ p hmord ek inl é-Gikcavwhiych i nceelas
t hpoduct 2@ adfl [cladf8d] I IThal 7 .

The complete mineralizationiofanBBEA TMp® xatl s o a
phot oc a[tlal ]s,as|[ IoHh3Fx] of t he e AOPs eodtnal e tveer ogeneous
photocatalysi s, wher er anme/( mheont eotheotlppedi (hh oliyoel eght
activation of semiconductor matéedBaPueaheéorespon:
excellent ( photpeadt iewi ty, physical ,amd cehaesyi c al
access) ofduchtiocl is@tatsptdont oc at al yaspipd inaaayt afoiprad t
of sequential tféaabhepbvielec®Bmpabgyg phot.ol ysi s an
supportetabhotocdegr ddBaPtFaad 8 RARBRAe conditions
descra bremedeonol s ewno®ve d fernotmwaehleirt Ah,wh inhoer e
t han r80mAai ned after being exBosptdAbhaltBRNFiIirradiat
were emitnerdlljezepdesencgrotipswan@Frestricted cl ea

C ®F bonds t he st r ucBPuAFane aonft t hat it was t he
phot aliMteyacal gyiab|l e caomprodi@xa mi ned bSisnpihleanrollys,.
Vel a ¢t3fdjund that photolysis was | ess efficien
c omp arppehdo tt mc ami a Ihy.sTii sO

Cavitatiodamers panmising AOP that results in a
compound remopevaads fmedn aa,q especially when combi ne
[101], [ DAUF]i,ng[ catvfdahliedn bbb heersld agsiebsequent |y
coll.apsei mplosi onr @g wigth breg lagpd ddhiygh energy result
t hkomol ytic cleavage fOHwaBdd r anby rexcaxilomsandit o
cavi t[alih®lbeot h been showeyr@aBlP f>f 90I% nfihy &at er

[ 139])] n hydrodynami c¢c cavilleddadsnea csadidteine preaerses ufr er
due itn@ereasing fluid ncelpdei)t yor ( Bbesrerpadualalyii nbparyie r
acoustic,caawineieren he i nfl uencergpefnearnastivehdy r asoni
anul trasoni c[ lt3r7alhlseducerr ent i mprovements of hydr

namel y bhuibgbhleer denmi®it it ieeuspsrch | ec pro e mii pma kitethii s s

technology a pr dmieiiviag ged/Envad ®emraffjong rtehseul t s sug
need nvoest ugtdather removaltkifdityeactigpdeadindDboOgy

mi xtures of Dbisphenatpi teersd sfcudallel. y fr om WW

As i n t hhkei oclacsgei coaf IB PtAr enaatsmerete, e mgs f awi dely stud
phenol[ 1b2y6 |AOFYLIBBIT hd 1ddabt)jla suggest that these
ective than pil#&Bhpgiec alhet reeccaotnmoemtc pdrhepecti ve
estTgkisehdhweswn hfyesmt udi espbavedrt he fate of BPA
ing photolyagsewous A®D®WEetnomrss rate that the r
[

bi s
ef f
i nv
dur
ef ficiencdye poefn dOdosic o mpoounaddianidve conclenasati on &
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process condHti dresampéerdgmbdgphé bLinol ogi cal treat
degradation rate increases Wi2tlh ,i nd3d®ddsi nd4idn
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TabT. RO emoviadi @eBdPYyA anal ogues.
. Matri . . Ci Degradait Mineral.|
Bi sphe AOP type Condition [mg L [ %] (¢ti [ %] (ti
uv 15W,)na= 366 M 20 h()4 -
— 8. 8
Ti DUV 15W, dna= 36Bm,  f 100hf4 100h)6
pH>6
4BPF uv 30N, 1nax 2 B0 25 MmBA) ]
30,1 2 8 Mm 2>
B y tmax ) - 10
UV(f-CD Ch: 0.57mg L ( ) 65 MmbBA) enhance
uv 15W,1nax 366 mM 10 h()4 -
_ 14. 7
TiHDUV 15W'1maprj>665m* 2l 100hy 4 70 h()6
BPAF
uv 25W,1n.=366m <5 (rhi2m) -
UV/ mont mor i 25 ON, 1mai= 3 615m, 13.¢ . .
KSF dispéds uV:I;trea KSE- 1% 0 p gl =B 98 (mMi2n0) 78 (nli2n0)
| abbca 40N met al h adzi
318m, pH = 2.7 (12
. 207 UV | Baop , )
Photol ysi 254m, pH = 560 33.3 (1:
42"’5;’\/ 'h“lﬂ**’_’ 83.3 (1:
BPS m. PR = -
20Wlna= 28HNacCl
UV/ NacCl 0 05 “mol L 100 (12
15
- 2+
uv/ E'e 4 O0Nmax= 284, “°F 73.4 (1¢

0.04 “mopHL=

Ref ere

[ 26]

[130

[ 26]

[127

[21]
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BPS

BPE

BPZ

BPP

BPB

photysli s
phot ol ysi s/
phot ol ¥'si

uv

Uvi-CD
uv

UVvf-CD

Uv/ T4 O

UV/ TdreD

phot ol ysi

UV/ Td 8:80s

<

<

ul tra
wat e
| ashbc a

Ww
ef fl u
pi lsata

35W xenonlel=an

sol a

enon f
= 2

x

enon f

x

3 3N lnax

38NV 1nax
CD: 13

25W, lnax

Ti 0

25W, lnax
CD: mg

natur al

ley=
natur al

24qa

lex=

20Mmg L 480

L2,

r spec

I as Anail
6 &

I as Anail

26@[-CD: 8@ L

28

2844, -

6, HMm7L

36,

11 g plH=1

36/, -
8L 16

sunl i

2 4@ onom

sunl i
OnOmT i 0O
2npC
F=H

10

752 1¢C

—~ N
.Y
o1 O

Ao
o
o o

72 h()5
80 h()5
91 h()5

3= 0. 0-0
6ns)

3= 0. 01
6ns)

20 (16

100 (16

70 (60

100 (60

50 (240

100 (24

30 mBA)

70 mBA)

40. 6

94 . 8

40 (240

80 (240

(1

(1¢

[ 122

[1209

[ 131

[ 128

[ 134
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1.3.2 Transformation of bisphenols

During water treat mesit mitloarps @i odenadstaiden ggo t he
environment ,siin. é@. odaooagemsmsad mphmemi cal / photochemical
cami nee abr anstfhaerthrami cal odt rou gtamri e&€[ £2 mpTahteB H s

compl ete mineralization-tofxiaquyeaowsucpgaesl |lutkaen tcsa rtbe
wat,eamd mi ndsroal taainsf or mati on into har mless or g.
objective of any wat eHowERadafmoent Ahldchapaogy
differensl yfimnver mnment al persistence and toxi
compo (703}

Di fferent degr adlaR & aowme phbacednny :o8rR Aadwr i ng bi ol ogi ¢
treat nde nfAAOPasn. Vari ousnla atl graieaj nfchmuglied i n the bic
haweesmown teadeégt adanPsA ofF imd wipmg mae yhan( B)ms:
oxidative skeletal rearrangement of an aliphati
(2hyrdoxyl ati on of the phenolic ri[ng7] ,of[ 4B2PA f[olldé6
I n gener alc,ommbaridhsas ey dr oxy -hBdPrAoagset ophenone, 4
hydrbepzal dentyyddeb,gnw4 o0i ¢ aci-dy draongdd iariidan. e 4[l n4
addi ti on, -nbeatcatbeorliipslnaaceml § mpool @armtter ansf oofmati on
BPAs observed by [MBiCowhvbyrccbk bamspeciadsal yzed t he
Omet hyl ation of the parefhbr maotip dBuPnéd nromwsodi | t i ng i r
di met hyl etlseor .c oMQ@RS barelei miowatriden t heeqg B®WAI ¢ r om
envirgnmemdatrkedtyr uctramalf ot mat ioommasvi mai dhyi on or
hydrotldysidmsopropenyl-hpdeowsipy lanalsehoeh oplr i mary TPs
[ 2.7 ]

Inf or maegandikagr adat i osame cthraanri ssfror mat i on produc
during water treat manlei nibtudd ddeuBdPIFi, s BP&Sn o IBP AF,
BPCBPZ, and BP& .OnTablfeour bi ot r asnesvféo@Psat i ons a
transformamat irePpbsbedmaj ogtiudgiesnssi ngl e | badtrear ina
i nsteadawodkericonshdparitu fBrPrdm and BPS, their bi ode
pat hwaysd ygemregrianl with the breakage of the al kyl
ringksd4r6dgsul ting in the TR maueaowede bfar ®&edme i iar
bi odegradati oamepaBayway ,VilligeffdBPIE a atsii g t he
i ngobi umF M2 noti rkaliyra i B d lvaedriemi Ifar pat hway i s pr
ing biolodilcdDl@¢ spr eeat meRbengyeen BPA and ot he
phenol s f or medt rceuwartimegBtatcii d Il aigi camywasi quef aci
p onstidoa mfadfpd tooms phate conjawmgaglesl DR d BrPtAa et
[.10a4]ssemonstrated t h-eanfdortma trirdermsu affngBit he i sol a-
| accfascBrunggai n waBSR cogniazmeodd easbi ol ogi cally persi s
anabegnce none of tdhweraesloéraetredt mf combwat er |, whi
exposuamicroobi ol ogi cdlt oachdrmmumaittiyopwd eodx y4 met hyl )
benearn f on[i cla]d i d x yd lad aawheddb | y meTrPiszfe dBP A uanal og
wer e al sdourfeorgrecdsGH v e at(nTeant@)l .e

o0y (O

Sph
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Tab8® ansf or mat if @m rdurdoidnuge thsi ol o gdaxil d atnido m dprracnacees s e s

Treatment type/ Bi Trafmer mati on products
Bacillus4BPF
. BPZz .
amyl ol ique BPE phosphate conjugates
activated BPC
4BPF 4(hydroxymethyl )phenol
Bi Sp hgiormonas BPS 1-Mydroquinone
'O NP5/activat BPZ )
BPE
BPC -
activated BPS 4hydroxy(methyl) benzensulfonic acid
!‘aCda:.Eum.gi 4BPF 4hydroxy or thhyod r-BR diand trim BPFBPF smaller moi
i mmobioni z benzalde
spongin BPS -
uvyi-CD 4 4BP me thay dr-BR fy 2,4r5 hydroxy benz
|l aser fl as| or thhyod r-8Rfy 4(Hydroxyb 4hydroxy . 4(hydr oxy me
_ 44BP cycl e3h-ebk a n dihydr-BR ) .
(e 266 ni 1.-®@ione benzal det benzkenz ol
UV/ mont mor
. t-hhyod r-B R & F
KSE dlspéDSBPAF or yod r A
phot ol ¥si BPS phydroxybéonnéenoesuoi d
AOP UV{-CD BPpZ or thhyodr-ox . dr-BRAF tri4r—1(y2d’_r4o’—)d?y h5d7-lr35io>s<(4h 4(Lhydrox)
! BPAF & (hydroxy y yp phenyl ) pent
pentanoi c
phenyl ) bu
. . . bomrd eavage
F&peroxymon BPM diand tri mer oligomers hydroxyl ated product s
mo n,0 -di-t r i p-hydroxybenze . mono-di-f rt-et |
BPS hydroxyl at e acid di mer BPS iodinated BF
Mn @ . 2-hy d r-»(x4y .
BpAf Momo -thiyidroxy hydroxyphenyl di mer BPAF  mMomo-difrit-et|

BPAF

i odi naAF d( BTPF
opane

Ref er e

[113]

[ 114

[112
[104

[131]

[150.

[127]

[122

[131]

(151

[152]
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1.4 Bisphenolsin Beverages and Food Simu lants

The production of FCMs, i.e., all materials and
fop@8pmpgai sséa gni ficant sedmgmnnhgwimatcthe i fso dde cpani ng
one of the | argest glumbtalngi ndou satrroiuanld s8e3c9t obrisl,| iaor

and set to reach 99858i]lAlijamMmg4@dwiOtohininn  0@2MWe of t h
| argest gl obal[ lion5djuts tiesi aefll dsdeeotdiogasdi ng sources of
and eventually aqueplhenehs i by nfoeeond attiorncdad g mgl eac hi
from packa@l.nd[n57hi s context, Eur[o3baamlrassgulcat i a

mat eri al s iamtde nadretdi ctloe sc aving hi hidcsm dceoent aicd 6 &bl i shed
This regulation includes migratican tlestch, nghdmre:
pl astic FCMsmoidrutlmtfealo do yi sv aroioodu sc ofmgpcotsartsi:onl ) 2) w
or not the contact with food is direct, 3) cont
val ues, 5) thickness of pac/lagi g matcamitalo;f 6n)i gc
compofulnkBhjus, the conventional approach for the F
the monitoring of [ch®8&) dalac hiam!| maresi alues in fo
food simulants used as a[ $§68Btogate for actual fo
Mi gration of BPA into varhiaosusbefeono dtsh ea nfdo cfuoso do fs i
I

s nce tHO9OPAAJEO0Ly6aBI]t howgh anal ogues have received
only regesptlfwar, stodbBbAs)BPFLE2BPF, BPBRFBPB,

BPE, BBFPQ\ P, BPP, BRead BPMFin paper, lasds cand f o
containersnahddicmgpmsveget abl esdusesafoodl| smeaggs mi
hon€ely 59 kgigand bienver aggers9 O( g2 9] uj Y61BB hi ghest
conceamng aatie reported from canned prodeéeai s, name
The migration st udiocegueasnafl ryem nfgo BdP As iamuallant s e X
containers or cans afMfdeewamposcaycef clahl stadi e
aims as a justificat iUotne sfnogr gnyoetd gflegrimléawci antgi otnh eo f
mi gration t ¢ &t vad eoquufeeciyta n g erto aacphpe e mtrd -l ong

term migration testing [ @6)8lp/Nga eioe edceptactchteegd mat e

values in dawaraage ssiagqrdi fi cant by hltowéoodompaegart
and in many cddes ( Tradbtl eddOt)ectTdni s fact may be due
of guantification of the applied analytical me t
materials intended [tDd9]HOWesvyed ,fom Beowmeli ageses, th

of bi sphendodlBsP,F naanmda IBgPdE mea even higher to those
N[ 171].,, QuUr7rdguLt lapmmdgr ati on tesonayefest pblasshedFC
To protechealdwrmanmmitgrati on of BPA analogues from
foodstuffs and t he est afbdri schtnteenrt hrgefit cesmmigagast | on  t ¢
needea®]
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Tab9%®ccuroénbesipmebeV araaggueetspaiased f ood si mul ant s

Mat el Mari x Concentrati dpdlpéd a range Refer
BPA 44BP 22BP 24BP BPS BPAF BPB BPZ BPE BPAF BPP BPC BPM
carbor 0.-217 3.2 <0.-0 <002 <0.-41 <0.90
0.219 - - - - - - 171
bever 1. 4. 13.<4 0. 37 2.4 0.8 0. 4 [
plas <1.5:<3.0 - - <1.3 <053 <086 <126 <1.: - <187 - : [173
<081 <071 - - <088 <081 <098 <046 <090 <089 <055 <041 - [ 159
pl as
. . 174
baby s mul a n.d. - - - n.d - - - - - - - - [
[175
bott
baby 0.-3¢ 0.1f 0.067 0.0620.0¢ 0.0€ 0.6 0.3
.382 - - - - 17
teet 0.36 12. 115 8.2C 2.3 1.7 0.8 0.6 2.3 [ ©
0. 04: 0. 14
<0 .50 - - - <0 50 - <025 - - - - 166
_ 0.60 0. 21 [
Varto sezoc - - - - - 6a7( - ; : ; i i [165
bever
<0: ¢ <5: 7
<2:18. 0 - - - - - ° - - - - - [ 30]
can 4. 4. 0.9
31.-9°
si mu’l . <0 8@ - - - - <0 .8® - <0.0 - - - -
70. 3 [177
beer 1279 <0.8@ - - - - <0.0 - <0.0 - - - -
ene
e 0.8530.-15 - - - - - - - - - - - [178
bever
vario <0.00<0.0 <0.606<0.60
<0. <0.20 <O. <0. <0. <0. <0. - - 172
cans o, 1. 26 1 0. 1. 0.5 0.0 0.20 0.0<0.0<0.0<0.0x<0.0 [
bape vari a
| as <0.- <0.- <0. <0. O < <0.-
P mi 1k 0.-08<0.-00 - 0.0 <0.0C _4 (<004 0--0 0. (<o0.( - [179
gl ac 127. 1.8 0.5 0. 4 0.3 0. 4
pr ods

n.d deotedtno LOD avhttaple@»wdt et haBhol / widletrr awpd,@&V nc.at i c aci d/,waltkehv(ebhanobbhwater s.6Tution and
given with skd fd?2merent wuni't
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1.5 Methodological A pproaches for the D etermination of
Bisphenol Residuesinthe Aqueous Environment

This chapter dyctadr imed ¢hlodekste efeomianat i on of bi sphenol
i mquemasrices, i ncluding sampéaealpyneipdaoadti on, [
vali dandataamal.ysQusantitawiavecaonalyely carried out
chromat emprssphgpectr MB8gtragnd( GICi qui d -maBsomatogr arg
spectrombgE8fyy dlebv& | opment of tamogpetimigeamplysei s requi
cl eacommentr atiizoant,inodtehm ¢ G&MSancét hwal i dat i on

For qualitative analysis, liquid chromatography coupled to highresolution mass

spectrometry (LC-HRMS) has becone the method of choice[ 1 6] , ThdHel ]t ypes of
anal yesebtuhdee i dent subs pewindkmowin giet ab ollPistfe s/

bi sphaendéguihree devel opmeamgteadfytnam!l tools (data pr
t hat can filter relevgeat nmmber febat poesi brgmral ¢
featfull %]

1.5.1 Sample preparation

1511 Sampling and storage

Sampi ngnetsbé drinusitsilpn sampl e prepatathsede psi nce it
whichntritbet esesst to t he mtvheer adhhcalluepntciec dalai pt gc e dur «
The si,mphbésstainsplalnsgos tt hceo mmon sampli wihihtedchni que
sample is taken at a mapieci disagovamtagadi ¢$ imeat |i
events owheiricdt tmken byt compociumge abameil bleer
timerfl|pwoport i@chmelst awdavya na fe d s apnapsl ssarmvge Inigs

whi ahl owsortoirnuousovsamgtiliidqnmgThe sel ection of t he
appropriate sampling techni que edeap e npdise porrs et lod g
i nvest,mgatiyopaend awareness of the advantages and
techamLguerature compwsi t & asmonpil ti mrgi nfgor o f bi sphen
residues in the ,aqqeuée ads inge pMbaga b me a tspilnicneg i t

pr oasnadre represerntsdt]i,vd SH#imprlpdddb pck i s the equi pm
coswhil e passive sampling is stildl under devel opn
A suitable container andtmapadditd ontsorfaoge taree c ¢
based on desi r ecdo nspaomniidt iyv pabnudmg foind la mi, n &t igo n

bi spbendclaching fr om. Anoansg istthuedibmvseas thiegat i ng t he
occurr éeénce he@fadlldeasn 6 ), arsgeemp | e s\ loQufuOnbel )ar e

usuxlolly epoéegpir f P e bwlt&]ltelsough the stability of
during storage hasmmlods ybpeireent balsgstees seetd?, &f s
processed in Leksbdyhhat ar avcetedkf @dbden t o prevent

bi odegradati on.

1512 Sample extraction

Simultaneous anaViydaenpd en ceerttrracttiioom i s a common
preparati otnhe ryaamaclatl orfet]lhodpar t il d wluda rd, elxitquwicd i on
(LLBMhere the isahaltgtoaclibifeviehde by 1 ts partition
I mmi sci blae dloipthdisdkes ext r ac twhtemeen(a3REB)e i s partitior
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bet waeseonl i &l agdi darpé atslee most used Sxpihdaesti on
extragctwhoenn compaobtfliemer cdasdeldyt e r eaxloivelrgr anc
preconcentration factor with || blwehadklteogres umpt i
the primary ehkoraetion oheor gamii<p hckonnotirasmi n a
aqgueous [sh8nblTdse gener al SPE procedure cons
conditionlogdi wgmpiag,| antdhelwawas®nof compl ex
the avhil aldiTeawd &asnd r ep dritlstornatpri or to SPE t
suspended material and prevent the SPE from
by sonicati oaryf iotshaanlad ¢y siesc eds cla¥rddOPhametdi e 3 ntk
adj ustbmens ampétopél keabmgc drotardi d g e sc hii se vree phoertttee
recoveries

Ani mport anits Heeclteocrtaisaun t @PE®r bent with appr
selecaf viaryd ycapacity based on tthkee addmmpaund
andtfsuncti onal g9 orulpdn xeend de h es olr ibled&d $k SB HL
(hydriolpihc and | i pop hib5l5i]c, aipndt8e2hja mi mboel | es/ ac
(surf-aobbet mi ne[rh88Brleypdea) fgt huesxetdr aof i on
bi sphfernaguseous matrices, includimgsifowal watve
Howewdrh,er sor benltisne #oir@iediffafaad soonpbb @@ sed, suc
as repbasedsorfdeéesgdiCiBonal | vy, interferences
ion suppreMSiaomaliynsilsC can be removedmdde usi n
anoenxchange[ 23]h boel gpthla s e e xetfrfaiccticeonmcsye liys connec
wi tt heleutus e desorclhh mpawugets fr om tThhee StPEp e aantd
vbume ofentheaeseduare deppheynsdbceomi omal thmreoperti e
analytes and the elutiomommoaehgehtusethywlha s
acetadet,@ameé , me thheasnpoi It ex thri ggdht i on efamigcaniga ¢ ir ® In
12866f bi sphenols frreempeodqgiipeeubeCsacbbap|lec$r D6t al
t his araemalo udadsf wret her optimized espamoalely t
selectgwvesmmep | e tftead menower solvent consump
Int er edthei ftadg £p lod ntoH esicrandire nclee environment
| etdd he develapmethiwvefsampl e pret haathrhagrt anp,|
selectivity,resessdnanececQny aae.cE ni mi ze sampl
mani putampamnoefdfi he SPE whil eeprooyidldiélg mhil gahr é ry
sotpihdhse microextoascoagegor HBPtMEN)NODYerted hexagi«
agggat @SUPRARSYSs been proposfeastasainglh rsfoadrnas ar, d
technique for bi[sihhhhlemot apixdpidregy i o echni que |
Mol ec umprril o ey meMIsPs$ )} hwexcell ent mol ecul ar r e
i sMol eculmpmrli ynSoé ®Phda skEext r ac(t MIOSIP[E)8 4]Mor eover, t
i mprinted polymers that can selectively cl ea
strucaruer eascommdy ci al updav adeh anbdiifeieal NI NMILIB® ]

1.5.2 Quantitative analysis

The selection of the instrumental st emhntihgeue
physcihccomi cal properties amdlgoesenfFoatibe of
of aqmatbusdcdsmi cropollutants includingiebi sph

pri maeyartaeclomugead i n combMSn atri avS / Wbt iatsasn d e
spectromaetsty.yu meMats s spetcé¢clomiedquegs coupl ed

perfor maihhcghulpterd or mah€Ceaf¢elPHdUEBPY o the rapi
of LC and especially ow® ttshyosi tceem -Abneacl ognii ent ga nnael tyh:
These meahbdw the detection oef ocfonmpduamrrds iweist
the need for priimal uddeirnigv aktii szpaht e nodnles .melt m o d h io 4
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choice foandl gpiMesSHiolS HCwEeEdIhas cadwvanbhages,
e.gpettirhbrvahiychcaemparce® mpound ofs tirntchauseeed

ont hma sssp e cnhartac hainntigi gtls ensi t e s Uk tyi aalgoewnraa m i X

ef f, eanthciocnht i nues at vamalkél et t echni que for bispheno

1521 Gaschromatography -mass spectrometry

I n G@paration hed alicd d é d yo rafn dti lindt sarsaadl tiyithognu i d

or spohlaisde i mmobilized on the suphadédeofGCan inert
MS sysbaeamists of a carrier Ildaysdaepglyhesoumde of
sampl eofi ngemxgar ation (col umn aadetteaipieamtauy €t eommer
typi caralsys & pec®rcoemett e sampl e passes ,the heat ec
compourndcy aohireo mat ogalaprmn ci nphtatsdesgdishi s type of

chromatography is best suited for organic/inorga
without decomposition (|l ess pol ar][,18HElnatei | e and t
GCbased methods are | imited to vol.anAalet®s | ow m
wi t h phoilighhyeed t o beprdieon vtad parealcy iase their vol at
anal ysi s, whi ch i S t he mai[nl 61 i,.mi[Ale8t70]odi mdg!| yt hi s
derivatization is alcteanmadoppasmrireatafaoan ri ns atnipd ec a s
ofsemiol atil e Motspbemmdbdbsl y, derivatization 1is co

adeg | adsiohnylodt itdhe hydroxylt d unidadirdmaadll ygrsd afpd e an.
highly volatile bismamanali hglgmi)pant vesl draceageét yl
i's achievedniwy dhhidlesett vaNd/(It r i me tthryilfsliuloyloacet ami de)
MSTFANO-bi s(trimethylsilyl)triigdfnduoMIaBSANFAmMI (e, BS
met Nytlebatyl di methylsilyl) trifluoroacetamide) a
reagleh@fse MS sfpeacctetaylo or si dcydr rdeesrpovnadiinvgelsy wh it ghh
mol ecul ar mass show a nchaariabcmpetrbiasetsi ct S rferlaganb i | i
detect Font het mer emost c¢commoniloniazfaillijoend eelha@c gquen
and chemica(lCli)onarzeatlieosns af fect e, obmpatrfee matr i x
ionization modes c-MBmesmleyi ngedni enh&nced sensit
selectivityradbubeval sraf selected bisphenols cal
matrices bMSmeed hoond a6 @weitmi t of que@fPcompamed on (
to -ME 154]

Linear quadrupoles (Q) operating in the single
t he mo st usddr aM&EC| gaak gsi s of organic contamin
bi sphenol s. For years, this approaampelhias been o

approachesebef its high sensitiyild®Rgcengobd, resol
GC witrhegouadrupahnal M3erasbl e of performndg sel ecte
mul tiple reacti ohameaadnoe ublkeraga u(sMRM)YI i1 ts increased
tmoi se (S/ N) ratios and met haovd tMBe NMSI tainvail tyys itsh at
[ 187]

1522 Liquid chromatography -mass spectrometry
The most wivyeéyiodiisigs@Idi d col umn cheovpehweser aphy

modwhere the | iquia Imodui e phsacrebasitdani ansaolyi d no
phasree dUbedseparation of the components is based
with the reversed |liqui@ghasat i caasvyen pgohcd stéifeasn e ntno

of compolmids tatboi gabl esfroonwmladatyisli e pdl ar compo
wiht | ower thefm&8lbTdeabialtietsy devel opment in the f
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namely the fnatmdsphieoncopressure ionization
handling a wide range ofeili dadwiwe e att esoamlidi mg bao

the mapestrjom&@ler
LGMS insntsumee gener adrhygbicloemppdrewleiorf,e pumpi

system, sample injection system, slpiegtird mehro
[ 18BhHe mobil euoplhadslemiixea ure obr gvanies wamldvent s
acetomirt meltdhanol t hat c¢ ounsteidn umeo btioA &b ed htahsee smo

modi fierfsormiad atgti c aciad ea mtdelaemmmez & i on

ef ficireinncpepeadk separation or peak [slhbadple of
Gener déddrnyaliyisasri eadi orgeavaeplsasgegoct adeCly8 or

col umnliemgtatheg e ups50 1@, wi th a pazbpuimclamdsi<ze
2 dim t he HPaGemdofUHPLC, relsspdd cent itvheilsy way, t he

hi gher peak resolving power l eads to improv
peaks)edamdmderhr oulgdhrt er anal ysis time and | owe
Among API neerse s eestodtt ® el d EtSAgQdpraayosphieri
pressure chemical iboeni a@p liaiceed yt&A® Cla) boeormd r
compounds anastarwi denley nused i-MS s @gTtheeaisr i n
efficient sampl e $ming giadn otho atnlle i maas ¢ ramal y z
i nstrument al sensitivity, which is essenti al
[ 189Neverthel essi,s tuhseualESlgv pocd leb e a3 e it
provides bett drheseenag iotriiitdyt ryoflfecarrud abrs s pheaoabudi
and der,i vvwahteirveeass t he APCI is more suitable foc
mol edulllBeBs [ 1 90]

Single quadrupol eoibeéenumbeat mahavehal se in

LCGMS anabytiists rapid progress caused the de
mass analyzers (euw@.Q,t riiopil &t rgdufakdewgihdd e d
Orbi)torapheir coupl itmmgndteon MG @mpablagd on, whi c|
falpositive determinations and enabl e Struc
compoynds8] ., Tdw®aracteri stics and applicatio
di scuss admeacitliso® Hbwever , because of its sens
d robustness-,i ndar qiuchd Mainpdaopdey( Qi pl e quadr up
qQ) analyzehe haaost baempl ited mas s detectio
antification of mi cropollutants at trace
rformance is enabl ed Jbwheopeeratt itlmgpansistin t tMBAV s
t ween the precursaocr abhd2apbpPlist openstion
craeadspdci ficity of tésrageaamgsisssaoalkr singl
LGMS/ MS techniqgue i s obececonmiorg rtohud ifnier sqtu amh
oforgacndmpounds pr alsewnd! sat s uchbeacsaaufsies plse n wlws
met hod quantit@uwdeorni viaitmiztast iwoint.h I't uSuaihy i
the negative mode, meéetRrapblaswat eeves steldle Ch@&b
analyzer operatinglé6i]ln t[h1e9 OMRM mode

1.5.3 Qualitative analysis

I n order t d adwvealawnat e xtploes ur ee mviisrkesn meon thailmaamrsg
Itimportant to atdhder epsasr ennott coonmigyaoa hdsabiuv elay ¢
quantitati vselayb | ev allPwa tf#eWTnmerdd diurr i tnlge TBovi r on |
dat ¢ t e amtousrte y TBeapr ewhi ch can biemaver ms f fod
environmenenate pandild pxhecietnt | mprovements in
t he devel oprmesnal wtfi din grha s ssHR M $mntad omsoert kriyn g LiCn

t he -sfcialniemo repheskbastooptdents s redtn somo mwirf
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compound, i ncludi ngsinsautsapbeocltn b-eakdsé&sr eeni ng
approalcnheparticul ar , t wo applicable strategies |
|l i brary seaeshiedgt amiéusnbifgahyr nmahte awrs:e D) -tateur at e
mass measur ements, anmas2s) ftrhaeg nueshed acdfilhpemase t(i MY e
no-nhar-gpaess cr eapipmn@aah be asptpuldiysg litecamlsf or mati on.

153.1 Principles of mass spectrometry

The pri MSi pl ehefconvrealsytosmm tod a4 hehe@grgednsizat eon)

foll owed by anal y$@od abray9z @iaonnd trheel antaisvse abundance
mol ecuflraagment i ons formed duWwrmBi8ifidiuisgnitthat icom pp ri g
of cAr omat otgaalprhiiqcue with a mass-MSpecNIEE&met er i nt
system requires thetawpajopriatmpereéretcs, omamél y i c

anma sasnywle[r189The EI and ClI are ttéehmogue s omonomll ¢d |
with GC in which the vaporization of sample mol ec
Most i nstrumentss warte he pweitpyeeedh EI and CI conditi ol
f otrhveol atil e and t heg Mo&ltisbldeneclhompmastd widely us
ionization methadbaaddi oohs.BtYywmoedatld yghniEQqueaccel er
onse( dnoome) elecowtonoflethe neutral prooMedcul e (M) v
70 eV electrons, pr‘df@d mol agmu)l aadni dt. atl Wlceaethiiognh M o n
currents give a good sensitivitymdleaduilmenst o ext e
have very |, wwitihedieragméneat ih@arv eprho g@gthcttshteensi ti es
El mass .Fmadtumwamel y, eheblused othe70red¥dtion of se:
mass spectralcaloiobhpariemsnpbomaithd i t ha $ edlhye

massspecbersapt hiesomeash compound has an individual
pattern. Chemiscaéd s$ohi zadogwhartikeeagemrmde. hgy.a,s ,

met h,arse used. I 't i sdetoemwteinacre hdafr f moalseafwée4 | gi vi ng
def inmddcul ar i on signall89%]n the mass spectra

The chall endyes dfo ILiChkwansg overcome by the devel
techsoi ga®wdi ssol ve sample molecul es, i eni z e, and
vacuum envir onsentnafnomdgret oaed ,ES | and APCI are u
predoniynlath@ Bastetdawai | able | iteratuuaeknbdbtve determ

compoyyid®s3 mai nloyuwd a thr it h@d9eEPleci ally for the anal
pol ar or moderatelyepolat rmél @ecull @esa,ppdhi serdi ty mol
more to APCI . adrno nbgo tehl eccatsreisc,al f hfedrdmatsi arespfonsi |
protonateéeadr [ Mdeigr ot-dhiadresd i[rM positive or negatiyv
espectivel y.uos Whhoee ma ESE b ny amahaornmud @ii tpthres AP CI

he anal ytvdcah &r gominsdder of the prypmadwgi oni zed s
omi nant-thasgeldlemlns [[188], [ 189]

The ftommomass anal@zenrd | T t hatmap soouieudiei onnni t
and TO®rdond hap phriogvle@ @l ut i ema sasc caufddayessii sn.g!l e

stage Q analyzer is oneanafl daheesr ¢e miptlavc delyy geed
guant iamaligveed s prhieoecet M@ anal yzer ohBiguise 03) tawoo
pairs of rods, charged by ei t lwdaenrlay paosddli eecet ioadn n
of ions with stable mfaptoesehieaeaspbbaswidl lopnl thger
pas the masThdagdiemodoiose rati ohers timpr@Q@vmasw anal yz
operates +Hdon sebact edvwmegr e( SdM)y m/azr drngné t é @&

o~ =

transmitted/ detected by the instrulfhewevemas oppos
it Istpirlovi de-ma@eecsrol wriiiton andThpeoolratsteelrecitsi viittsy . ma
di sadvantage, resul ti pnbguti ncamckke trad me dipect thryalt amc

analyzers, such as Qg@®SmassttheteepoesanbhatQgq® of
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spae instrumenhe, thneevhsthpde ofs: t Ipe @ dBf M8r [
selection, CIlD and mass analysis of product

devi[cle8s8] achiLl89¢d by placingdgnagsaqubhtdirapohectl
bet ween two quadrupole mass analyzers (Q1l an

Nonr esonatDeE.I_iEctnr

e v
lons f @0 m
i ons s ce
o / Resonat
o® ‘q

Fi g@&iSehematic diagram of ze[rQ&®%aldrupol e m

Pr ecdrosnors c athasn,t crRbeaustsraanle ¢ MRMar agment ati on

col l-imdwaoned di ssoci andrasapst €1 dDY iy ¢ ¢ stmayd s
anal Newvertheless, the product ion scans of t
I' T or TOF i nsltersusmesged, sswdiriiece h however i s cruc
el ucidat iTohne oESQriPEs t rruememave baei ng repl aced b
mass analyzer sanfadrwhd aeli ntyat ifve st choice in
anal ysis, with excdeylnlaemitc sreannsgiet idviid Iy,e pweiadtea b i

An i mportant featur enalnydieg missaaitfahl ey EléEly umaed § v
4), having ftrhaeg mentl salyatte® i ons several ti mes
final mass spechemuenf os-bpbtidé nledtr Tments ar e
a tardndieinmme mass specéromettehreahen epesl|l d priecmr
mass analysossbpfapeopgdeaectoirmed sequentially i
effect is ianpsioyrimfmieecastht t hed agn orhode, resol ut
reproducibilistiymptem@Qamaead tmost i mportantly ab
[ 189The generati on of psrpoedcutcrta ioofn st h(ea npda rtehneti r
contrsbgneftacowatdy tuhéeéoel ofi d he fragmentati
unknown speci es, colmsetfeegrt | fi momdad diemg et i
chemical structure p19TaH et ecnotnavtei nvtei ocnaanid ildTa t (e3
hyperbolic el ectimodae-tihmmeenet ir@ampali omnpsace using
voltages. I n ordetretandmponvalaepsd qins gwaarsa r megw o
namely | inear IT K&asTh. qguhdr upot e made of f
sectional rods (DY ,I| iwheare ftehaet irons are radi
I T showed an enlhprcémegnt secfani omte and detect
whil e quanti fliecsast iroenl iraebnhaei nnsn comparison to |
i nstrafmMemt]., [ 193]
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Ring
electrode

Ion

injection > — Detection

End cap End cap

Ring
electrode

Fi gdgiSeheme of | T [m&8LHLYg analyzer

Th tmawsd anal yzeranal (aBi@gOUr enasist si gas)c structu
consists of anauda cfelliegh#riieogbseg rairce accel erated by
vol tagbegind their flighalltoatartdhde heametticim®r and
same initial kinetic energy. Hence, TOF i nstr ume
pass (fly) al awrbge ars ev anteuaantse do &tl ,umermasmuerliyn gl ower
m/zi ons,dwiel t o t heir,ariralwdre Welt ®cittoym/A eofnosr e hi gher
[ 188TOMS instrument i s capable of 70,000 resol vi

full peak -waldft hmaxi mnehUBWHMPp | diceidmidd osied tear
transfeymliobmon r esonanlc8eb Jnta shsa sa naa |l hyizgehr sacqui sit
wi thh gh ful |l scan spectra sensitivity and provid
ppm accepted foonthe vhei et amfenpgarl erctomgprodiftriaogmer
ions used for the idenwWi thcaebspacoftonkoowhospag
whi ch wuse SITMOMBoO IMRMi,esnt i fi cati oel wmidd asttirounc t aufr a l
tmaget andr gemndemp miu .aHosvemelre TOF i s most common
as a second ana@dlylzed -i tsapnadcehne MSo i n8t ng md wtos h a
independamal masess with collision cell enabling f
the second TOF analyzer. Such a configuration e

analjyi1e4]
A stalndne vermsmbeh obEcent a b § tceoanpsliysztesr ,0f one

spi Adlke centrroalle alngh a pweod cawpt er el ectrodes faci ng
radi al electric $ikbkddbetweenrebbatrmdegements (o0
around théecenodal peop @t inadmndid p etnad e ' t of the io0
vel oAntgenhanced performance was provided by rapi
thetrCap rods, delivering t@Grebi,detghoeatstoe-do hi gpack age
field ©O©ompacBipi s mass amRIMy@Ezbeort @ WbiMi des a

mass acOdumamamyd e¢wemgh -al cdirebrichmapbeen produced, f
better analytical capabilitias89fre achieved with
I'n thimndev®s Bats casmbi nati on of addrfdfFramalty mass a
hybrid amaepryesemsts a power ful met hodol ogy to obt
reblsitectural elucidation of anM8ark@Grobwnt rTaPp, i1 . e.

MSaccurate mass measurements t o-M®Bemervatded ngmpi ri c
additional f r a[gln9e5Sn[t lad ri @My ,d att taenaadv ambageer sf ar e
combiaredl ineddgrta&r nattwovepgr tyibouldara nts lefdarer s
gualitative anal ysoifsl iaghet q(uodd GeFreal | 5e) utaidmer po |l e

' inear ion trap (QqLI Tgdg TmamRmkerF pacahad plmedes ,t wher e
t higuwadr .up 0eh etpseo f hybri daélh aowseervieme | afdvamt ages
whi cdémaihn advantage of QqLIT is the ability of r
and LI Tao@awidegombi nati on odp &RtM amdp f adhlet anal ysi
QgTOFNstrumenttsadnamrge ionathbs hety to p erxafser m accur
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determination (<3 ppm) f or ,whit ch epfirlseeccutresdo ri na nt
wi de usster uicrt ur e aenlduRahied aatbiodn t e .i détoowavdarc,at $ o1

deficiencnetsalbbdeyeaii td,evrigs y of QqTOF and | ower
[ 189]

Reflector

- lon flight path | !
Collision gass !
Drift space ,
® d ! )
O
lons from lon pulser lon detector
. Quadropol mass filter (Q1) Collision cell (92) P
ions source

FigbrSeheme of QqTOF hybrid tandem mass anal
and TOF dmal§yla8eor]

Mo r re c e rotr Ibyi ,thryabp i d MS dwpnseremeen devel oped.
i nstrumemt aclonssdtst ed o®rikdkthrea ph yhornifd gluiriati on,
constrind number of iConbsi atnrdapnpsefMeBrorrentrGtpo t o di r e
the ion paclOadpetrapdOrtbhiginas@hde .i ntroducti on
hi gberergy -codibcsd oo HCD) tcheet Boh nerbablad onlee st
Orbitr@ampov i dinng ralgiment ati on wift poetcupsioor i © ¢
faster configuration, i . e. saomMuaise voibntga i MWHIM wih:
LI'T was replacedupwbt hr painmyl yrziadh Qadtranmedt
Orbibaapd system, tri b(rHidg ueaesrsb )snpeesc &bnodt Mm@t e r
mass analyzer, -anapiChDexiehi baapdddd@n0rybzietrr ap) .
The uniqueness ofantdhieveano @fabityr aamiyvbybri d sy
MS/ MS o'ri sMS he integrati omasaestchiGdypahdit i vi

resol gPFWwWhHM)necessary t-ma sgsi v me aesxuarcetment s i n
instrimeé&si, [. EBr9tl h er[ 1i9dr ov e mearst sr edrad | exp g c t
Orbiteapnal ogady plays an important rol e, e .

peptide segbhamqgirreggo bandftoitehlet ructur e el uci dat
identification off 1BMKnowWn 9c6dmpounds
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Ion Trap @
Detection 0\

of the Fragments O E

—_—

Orbitrap Anayzer \ 1 0 O
Full Scan ( O
HCD
r.:—-—__:i - Fragmentation
=%
L | \ Ion Routmg
f o 19
Parent Ion isolation C—Trap

_#: Quadropol
L
=3

TWINY (.

I Orbitrap Full Scan

% Ion Injection

Fi g6:Se hener iodr i-Or hil fTQa pa my 819164

15.3.2 Identification

The rapid progr essr éaulthhiegl hféime | sde nosfi tHRIMSE y and sel
i nstr uwteingmadbtilhee i dentécdimpatndsn wiftdseltecbeidng pre
or commercially avaidaded eof atsanmeatuiamianititinf itcheet i o
triggered the intriodactvensofeemirnguapguadches t
extended the enviro@mémpt AT me na d v a nthagrggeefto f non
screeningwpeh-HBEIfiedre the extensive | ibraries (
of comparabl e EIt hmea sdsi rsepcetc tcaampdaodi modh pdalknyi mew
tot al ion chromatoammims ddthfao readr atlkdee eas t hi s i s
nof easudile@However, the range of this applicati
compounds must be lvolxftdd B mnntdelBMNE ran@all ows t he
detecti domdafamge of compounds but Haucskes t he acc
specltirlad @ari elat abases for compound identificatior
remedi ed by gaini sgr upcaafuarme dat s onf,or e. g. chr omat
ret emnt ipdteylsémi cal a@pnepecacttrna&ls,dat a,sespgectbyamdti ch |
unknown compounds can be detected using spectr
al gorf 1ok

The t wo mo st usedt hadreknftli dak a tf ibeemp oaw n d

@

met abol i sm/ t a abaassfeod noant isouhsapregoett eoarp immogna o U e s

are most commonly applied togetheXCM&nN odhis sens
commercially (Compound Discoverer f'"Momomher mo Fi .
Agilent, Mdtroobm Wart>xer sshtavarbpaekbceang tools have b

devel oped to handle theesmihe omdMELMmaEst safandat a

recorded in short ti me frames. oNMoaw aodtat hem i
pregrseca@asmgritsitcepl in reducing data @eoneagnséty and

filtéeeamoude adket ect bbank and control subtraction,
componenhby hg@gtowmi ng of i s otcolpeersg e da dicoonsr £a n dnuil nt |

fragment s, alignmeptt9ahd hodh®wplaii m&@Opdhat a fr om

preprocebesgrmdgaced by using statistical met hods s
anal ysi s, clusterinwhbod ae@repsiooabn&lingi $ he
re

l evant and intemasamphlg2 GRaijmpad n dennttsi hienciat i on
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prioritizedescaoampomegntfs orneldabthae ocoannnatleyrspirset at i o
MSand MSdav@c c(ur aties onmtas@e agment ahiuem ngatstusmp e ¢
and nmnmamgased app2®@lche[s201]

Suspect uasmnuallylsyi shegins with building a dat
|l iteratuamdomewouvrmnmds t hat beepseseertted  or me
meabol i sm/transformati on. The tentative conf
i sotope information provided in mhesgempectat &
peaks ard pmartpcohseef ul | yt artiphaes euls escafeemomg al s
unexpected or unknown compounds, e. g. met abo
intensity ratio compared Tbushetbentenontafilvé
of potenhabal i me/ TP can be poasndlradteasthiadsre dt ior
bet ween the metabolite/ TP and its respective
and itrhteer pr eMSadtMSo nf rcafg masedt oant he MS/ MS spec
parent cOamprmmamd f r a[gan@2njt it$ oismsfg@r rmdtt iawm e dg
sbt wame prmdliecdul are . f@IrRUUS) ,( chemrdi cdaalt ab@amEepsL
(e.,. £#hemSpi der, PubChem) at atdea. gpgazs@Gl osupde,c tMaasl s Ba i
METLI &nienvolTheddata from experi ment al MS/ MS
c alme ompawietdh t he r essiulitcso ffrroany,¥en tFa taigé D CF M
[ 200] . A20Bpobugh ItywWevel mpeeteeds tehneadbrnteat i ve
identification without [remuli héengonkifderaeel
presented HRMS iddmrt weienatsitaundsd evRaatdd @asubst a
propbywalhymansk204theay .are classifiedeivretto fi

1 6€&€firmed)rsadpruecseaunrtesaitba, i wbare the proposecd
been comyai rmée&rence standard with MS, MS/ MS

Théeve(lPr2obabl e),isntdriuccattuerse t hat it was possib
structure using di fLfi @m@ne v @eWh & e )nrmal, ic tnéamraet! uyr e
or | ibrary ,amactDriwmgndastt,avheiLroebt Bb) struct

experimental jMS/oMSmdtriacqgme(net.sg,. ibounti znaot isa ma nbdeah
or literature i ef &cmmatr imadv &b rae/traldelraeed lidsenc e

for possibl(EeTentrautcitwer eds)di daumfos i endan to as
exact structure (eOfbtai pomgdquwiownadali smaneeg syl. a
(Level 4) i & p@odkowa btaeanwhbhe unambiguously assi |
nformation (e.g., adduct , buitshecetroep e, Ktfrea g me n
nf or mat ipompose posFsintall ¢ yst omc¢tyut bgwlikxalkt ma
an be oifntsegueeas tfbiec mMewts udaetda i s not sufficien
or mul a a[sxs0d4hlnment

Inilhe with ramasdstyspeowbaiearmpaak assgpedt war e
capabl e of processingCHRNS dat a yge mes atheach cfer
corfrwatddel i abl y uindkennotwnf ysipnegenpr a v[i2e0@@ar cseo TP s
and met aboht a misnaonft scot end to be more hydro
compoundsRMSH &s b etclbane met hod of choice for
environmdrtodlle am@h astaendpl es (surface water, w a
wat €ro,od Si mhulod mtgs cat . )f l Ul @S] . Further more,
i nformation can be provided by uasss@gwbther
nucl ear magnetic resonand®NMRNNMRY s toeg msh yiprh emma
elucit heet ruct ur al i onast rugcatli n stohmercase of

To date, the devel opme-harget wptkml pwt bane:¢

regarding bisphenolcytcrliaimnsgt e imma ¢aimsscnatfl & © 4 h g

[ 154]., TmieSs%hpopdens t he window for research to
i denti f itaatcieo nueovkenloswno fTRRs adbowd i mes of bi sphei
pat hway.
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154 Applicaton of mass spectrometry in qualitatve and
guantitative analysis

The continuous i mpr oveM&nitnsotfr uhmemhen aatnedd els e ci
ongoing devel opmenmakifdCHEBMSE amprbocdsst hg first c¢hc
TPs and mee¢mtbiofliica@®tiicdn in the en¥HRM&nmen ta. Howe\
necessaryntampl enmet hod, where also nonpol ar and
considered. Additional ltgsarwi teltass eah tionstormprae ret, s ,a
the confirmatidenoefitgompadrudnbh aekimi néedg number
exact mass | ibrari g 0rps dersSeatr tideyd . dwa idli db leeg ent

types of maesxsi satnalaybzleer st d opmavi o@ ebblmér firagment
patterns froms@de&cmM®%aor hMh accurate masses of un
even bot h. Accordingly, t he most common applica
reflection of(Tahklsg ABMOf.or P20 6 ¢
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Tabl@erformance of wvarious mass analyzers a
Ni essen [Rl1&Bddr €atr dWRiOE]et al

MS Sensiti Sel ec Mass DynarFragmen Applice
analy accur rang power
Q medi um ( Low |l ow hight MS
medi um quantit
QqQ scan) Hi gh | ow higt MS/ MS anal ys
high (S
TOF high Low h ihg | ow MS )
medi um partia
QqTOF (MS/ MS) Hi gh high medi MS/ MS qualita
medi um unknow
i i i compo
I T (MS/ MS) Hi gh hi gh medi t MS pour
QqLl" high (S High highmsid"lf MS quant it
L1-D d and qual
orbit high (S Hi gh hg h high MS analys

1.5.5 Validation of the analytical method

The condfi deamgedeci siloyn ilcaaded esrularsa.rlelld es ot
rebdaanal yti cal met hods afnodr coobntpaai rnai bnl ge a aneecausr vart
requjeedijinceeandhatn the casandhrdomet hods, :
met odused outsidecapei or ianstee atdhpetl i ¢si cat i on
modi ficati on of , tshteandalr idochemtehtohdo d & rnfucsrt maknec e
consi[d20Tdi cal met hofd tvarl g edtantvaataveysseivsal uat i or

a sevdleisdpain @aemest, s tialeiwoirtkyi,ng and | inear ranc
selectrvuietpgesrsdapenat abi |l ityl igtmybuepmendadcioldi
detecti amd( lg@)n tLi @)iamat iumrc e(r t ai nty awwhemeadire
quantificabompauntist he [R2IDMH erae as gwal i dati on p
qualitative analysis, i n t er ms soifs icduernrte nftilc
i mited dhe absence of commerci g R 9®ihwean | abl
t he i ncpeorafanwmelitihdosingui r ementi § 6 bdocuahrawbaed eout
speci Beegdmaid el2ion7e]s, 2 12D BYe,p e[nadri ntghe type of al
customer needsAaadrdeggl gatibhe.anktidapiannegd
foll ows:

Eval uatainan syidéebs hotulyd be carried out as the
validati on to rageuraendt hpartocessi ng cohdi ti or
determination dmcadthgeshthal gt abtiel iitny tohfe ainnavleys t
matrix and stability of the analyte and int

solutions and theerntacespended of sample s
analysis shouWod khegemanur dsd .ntetawa lirradrieggec h t h e

met hod provides results wptbpamntdactclked tamd ent
concentration) omp lderRdIByY t mi niiMummhef sai X ca
oncentration |l eveélbos deheuimdndet uesedel ati on
onceon raft ianal yte and t het lceorirnesstpronnde mtg wietsh
alibration curhwe cparmrmamheattd fpn-i Gtoerf d e gt)eand ( &
212dnsitevatgs to the degree to whd cthhee me
equirecacxgpmealststea salsope of t hRelceaditisbwtiaitei canb iclu
f the anal yti calunneeqtuh ov@nocdadd igfefaesruerret i at e t h
nterest from other componentrso isi dihret esrafmed ie
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the signal of the ahralgiesvexphessinoreronfal ha
e the mean (expected) valueésoftorasuletfer emricec
e) value. |t is expressaidnagd amyt itthaet itvherleye igne n
o;dlcgMneasl geestified refC@RMIINReec anaaeye i ament s

ng spi k8idCosmprapWwistoln results obtained with an:
ciisi @an measur ¢ hef imadwvdéldeasderi esulotf s memad ur e men
to one another. It i 9 auw s umanthld ycshe xdpersecsrsiebde btyh es
ead of ,resuvasiardgyi adra aadaafdf i ci ent of vari a
ies of mebldeumepkmitdbhiel istnyalsl eastmeasure of t he
ability in resul tes awldéry sgenfsommed hley sa mei rglu

[

hort ,anthepcatiwycibhé¢é i dargemeasure of the wvaria
ul ts Dbet wereenp rleasbeowba teokreireesme measures of preci
se twoipkermemdbataxppashsei sviarni ati on of measur ¢
habor abtuwtr ivensder conditions that afe.more var.i :
calibratidagstdphbguRphmestofessuggedness i s a
sure of its capacity to remain unaffected by

met hod pa(reaeettreacsti on time, pH of jtsheabmobiitlye pha:

of anal yti.clThle Odlosheet il @we)st amount of analyte in a
be detamdeédably di st i,whunlosth endé digusesmatrz ¢ mado ed as an
exact . VMeeLO®i ¢ he | owest amount of analyte that
guantitativel gt awbiltehf |aenveephecacpeca bc i i nt rueness.
Uncertias ndgfi ned by the internationadnewocabul ary

negapawvameter characterizing the datstpreirbsuitoend of t |

to a medasramae ,n ntf owsoAtie omeasurand refers to the
guantaimowyn(itof an analyte beiuwngcencthaiomm@g. oEsti matir
the most i mportantsimme tarnabl cogyd icead £ ectomec elpdast year s.
covers al/l sy ctesamathd er aonds mjdeassseb [r&ahJle

According t o tgstheen ttiyfpiec aafo re nap d suthacnedratradi nty can be
usedlandard unuenefaems yto inditvo dufaée wvcooaert biuntoy
t hreesgbanti $§i eddaisd. ddv ipaotsisonmbl e correl ation betw
u(xye consddeeenmi biyng ,2famadbaedodeari aedefrom differe
sources oft hins eeg Xdargeodngpe ned st and(afy) Thusertai nty
t hanal yrtesciuadlt usual | y trheepxopratnedde dwiuthitid)@ht ahni g
obtained by m)toifagrleysiiyg ttvlee age kbhbascsteadrhen

desired tegRIOdncd 214]
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Chapter 2

A

on

Ims and Hypotheses

y lamited number of publications report t he
vironment and WW despite evidence that t he
oft iddPRA. However, efficient treat ments preve
vi eotawv e yet t o b&r easttearb | i siIsédg.ht s i nto td
tabolism/transformation amdi mpogrrtaagnton! ifnrko m
vironment maursd twemamp,propriately addressed i
eir fatk tamay tfhes e itsoEf§ h ad talysi truodniyveesn to.f bi spl
ring sampling, storage and alnmlgrsder htao ef wll
owl galmpshe aims of t hfisl Itdhweisng were t he

1.To devel op, optéemianal psnidcavlal mdtahods for

determination of 18 bis pmeamndlolPigsdistuasu anud
sampl es baM*d-EG&h MEC aME/ IMGS
2. To evaluate the occurrence of selected bis

3.To aenxi ne the stability of .bisphenols in aql

4 . To assess the efficiency of hydrolysi s,
photochemical andoaxckwasrece foxi ¢ @&tmown ngr bi sp

5.To i nvestigate t he br eakdofwn biasnpdhendkest i

bi odegradati on, photodegradat.i on and advan
6. To evaluate the migration of bisphenols fr

I n oradeachieve these ai mswertehet efsotleldowi ng hyp

H1: Resi dueod sofarkei ppreemnt i n Slovenian WWs

H2: The stability of bi sphenol s depends
concentration, matrix, and compound proper
H3: Single treatment (biodegradati on, pho

process) inst otoompk mi & & glhied preemab | EPs are for
during treatment.

H4The mi grbaitsipohfernaofh sFCM depends on the mate
and migration condition.
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Chapter 3

Publications

The

nt o

i)

i i)

outcomes of t he pmes eshetp awoartikd iast ceth g iedseedn t e

four parts

Stability, occurrence, treatment and sou
l1.Stability, bi ol ogical treat meinsg w@amderuVv
|l aboratory conditions

2. The removal of btcephambohanasdobt beer gi n
3.The occurrence and source i dentificat

wastewaters

|l dentification of transformation product:

1.Suspect and untargeted screening of bi:
i n ohivtrmman | iver. metabol i sm

2. Photochemical degradation of BPF, BPS
identification of transformation produc

3.Kineti disotarnadn s f prr andaut diidss pchfenahd S dur i n
aer ofleigcr adat Bcotni wehi i ehd) e

iiiMigration from food contact materials (S

i v)

1. The migration of bisphenols from.bevera

Effects (Section 3.4);

1. The effects of bi sphenol A, F and their
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The limited knowledge on the stability, removal, and the fate of bisphenol A analogues in the aqueous en-
vironment led us to assess the removal by hydrolysis, adsorption, biological treatment and UV photolysis of
eighteen common bisphenol compounds (BPs). Hydrolysis of BPs does not occur. The main factor affecting their
stability in wastewater samples is storage time, and safe storage conditions were found to be —20°C or 4°C for
up to four weeks. The results also revealed no significant reduction in the levels of BPs standards when stored in
either methanol or ultrapure water. BPE was found to be the most stable, followed by BPF isomers, BPS and BPF,
while BP26DM was the least stable and BPM, BPPH, BPP, BPBP and BPFL were quickly adsorbed. For most BPs,
the removal efficiency of biological treatment was > 85%, and there was no difference between the suspended
activated sludge and moving bed bioreactors. Different adsorption affinities of the BPs to biomass were observed
and reflect the differences in their Ky, In terms of degradability, direct UV photolysis in water produced three
groups of BPs: (A) highly removable (RE > 94%), (B) moderately removable (RE 50-80%) and (C) poorly

removable (RE 25-45%). In nearly all cases degradation followed pseudo-first-order kinetics.

1. Introduction

Bisphenol A (BPA) is an industrial chemical used as a monomer in
the manufacturing of polycarbonate plastic, epoxy resins, dental com-
posites and thermal paper (Cesen et al., 2018b; Jin and Zhu, 2016). The
concern over the safety of BPA, a known endocrine disrupting com-
pound (EDC), has resulted in its gradual replacement by other struc-
turally similar bisphenol compounds (BPs). The most common are bi-
sphenol F (BPF), bisphenol S (BPS), and bisphenol AF (BPAF), but over
twenty other BPs are known (Ashfaq et al.,, 2018; Caballero-Casero
et al., 2016; Carballa et al., 2008). They all have similar chemical
structures (two hydroxyphenyl functional groups, Tables SI-1), which
suggests that they are also endocrine disrupting and should be treated

as contaminants of emerging concern (CECs) (Caballero-Casero et al.,
2016; Gramec Skledar and Peterlin Masi¢, 2016; Liu et al., 2010).
The primary source of BPs entering the aquatic environment is
through wastewater (WW) effluent (Caballero-Casero et al., 2016).
Unlike BPA (Ashfaq et al.,, 2018; Noszczyriska and Piotrowska-Seget,
2018; Petrie et al., 2019) there exist only a limited number of published
studies addressing the fate of BPs, during wastewater treatment (WWT)
and in the aqueous environment. These studies report levels of BPF,
BPS, BPAF, BPE, BPP and BPB from 0.90-1170ng L~ !in WW influents,
0.60-555ngL™" in WW effluents, 0.97-249ng g™ " in sewage sludge,
n.d.-2850 ng L~ ' in natural waters, and 0.05-172ngg~ ' in sediments
(Caballero-Casero et al., 2016; Cesen et al., 2018b; Chen et al., 2016a;
Gys et al., 2018; Jin and Zhu, 2016; Karthikraj and Kannan, 2017; Lee

Abbreviations: AS, activated sludge; AB, samples with activated biomass; BPA, bisphenol A; BPs, bisphenols; cg, initial concentrations; ¢,, residual concentrations;
COD, chemical oxygen demand; DO, dissolved oxygen; EDC, endocrine disrupting compound; FDH, formaldehyde; FB, samples with deactivated biomass exposed to
formaldehyde; GC-MS, gas chromatograph-mass sprectrometry; HRT, hydraulic retention time; K, sorption coefficients; K, n-Octanol/Water Partition Coefficient;
k;, kinetic constants; LOD, limits of detection; LOQ, limits of quantification; MBBR, moving bed bioreactor; MeOH, methanol; MQF, samples with MilliQ-water and
formaldehyde; MQ, samples with MilliQ-water; NH4-N, ammonia ion; NO3-N, nitrate ion; RB, samples with deactivated biomass exposed to vy-irradiation; RE,
removal efficiency; RSD, relative standard deviation; SASR, suspended activated sludge reactor; SPE, solid-phase extraction; t s, half-lives; UV, ultraviolet (irra-
diation); WW, wastewater; WWT, wastewater treatment; WWTP, wastewater treatment plant
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et al., 2015; Sun et al., 2017; Wu et al., 2018; Xue and Kannan, 2019;
Yamazaki et al., 2015; Yan et al., 2017; Yang et al., 2014; Yu et al.,
2015; Zhang et al., 2018). The efficiency of WW treatment, therefore,
plays an important role in the occurrence of BPs in the aqueous en-
vironment. Different techniques have been applied to remove BPs from
WW, among which biodegradation seems to be the most effective
process (Noszczyriska and Piotrowska-Seget, 2018), hence conventional
biological treatment with activated sludge (AS) is the most widely
studied (Ahmed et al., 2017). These studies show that microorganisms
are also capable of removing (> 78%) BPs from WW, and that removal
efficiency (RE) is influenced by factors such as amount of oxygen, mi-
crobiological composition, T, pH, photochemical properties, and ad-
sorption onto activated sludge (Ahmed et al., 2017; Chen et al., 2016b;
Karthikraj and Kannan, 2017; Noszczynska and Piotrowska-Seget,
2018; Sun et al., 2017). To date, most investigations have been per-
formed under different experimental conditions using isolated bacterial
strains. In the majority of ecosystems, however, microorganism form
species-rich communities that are able to degrade a wider range of
substrates (Danzl et al, 2009; Noszczynska and Piotrowska-Seget,
2018; Ogata et al., 2013; SAKAI et al., 2007; Ziihlke et al., 2016). Re-
cently, photochemical and photocatalytic based technologies have been
shown to be efficient for treating water (Ahmed et al., 2017; Gmurek
et al., 2017). In the case of BPs, studies report the rapid removal of BPF,
BPS and BPZ while BPAF appears more recalcitrant (Cao et al,, 2012;
Kovaci¢ et al., 2019; Liu et al., 2010; Salomatova et al., 2015; Wang
et al., 2014). In addition, the stability of BPs during sampling and
storage has been neglected in the literature.

This study has two aims: (1) to investigate the stability of 18 BPs in
methanol (MeOH), ultrapure water and WW in order to determine
optimum preparation and storage conditions of samples and laboratory
standards; and (2) to determine the removal efficiency (RE) of biolo-
gical treatment and UV photolysis (UV-C radiation) for BPs under
controlled laboratory conditions.

2. Materials and methods
2.1. Chemicals and reagents

Analytical standards (minimum purity > 98%, Tables SI-1) of
22BPF, BPAF, 24BPF, BPF, BPE, BPA, BPC, BPM, BPPH, BPP, BPBP,
BP26DM, BPC2, BPZ, BPFL, BPAP, BPS were obtained from Sigma-Al-
drich (St. Louis, USA) while BPB was purchased from Dr Ehrenstoffer
(Augsburg, Germany). Isotopically labelled ["Cy2] BPF (*'Cy2-BPF),
BPS ('%C,,-BPS), BPB ('°C,,-BPB) purchased from CanSyn Chem. Corp.
(Toronto, Canada), and deuterated BPA (BPA-d;¢) from Sigma Aldrich
(USA) were used as internal standards. Compound specifications
(Tables SI-1) and physicochemical properties (Tables SI-2) are given in
SI-1.  The derivatisation agent N-Methyl-N-(trimethylsilyDtri-
fluoroacetamide (MSTFA, = 99.0%) and catalyst anhydrous pyridine
(Pyridine, 99.8%) were purchased from Sigma-Aldrich (Schnelldorf,
Switzerland and Steinheim, Germany). Acetonitrile (ACN), ethyl
acetate (EtAc) and MeOH were purchased from J. T. Baker (Deventer,
the Netherlands), while concentrated hydrochloric acid (37%, HCI) and
formic acid (FA) used for solid-phase extraction (SPE) were purchased
from Sigma-Aldrich (St. Louis, USA). Formaldehyde (FDH, 37%) was
obtained from Merck (Darmstadt, Germany). All solvents were of ana-
Iytical grade purity. Stock solutions (=1mgL™") of each compound
were prepared in MeOH and ACN, while internal standards
(=10mg L™ 1) were dissolved in MeOH to give a final concentration of
1pg mL~". Standards were prepared by serial dilution from the stock
solutions. Ultrapure water was prepared with a MilliQ-water purifica-
tion system (Millipore Merck Direct-Q"™) to a specific resistance of >
18.0MQem ~'at 25C.
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2.2. Sample preparation

Optimization of sample preparation was done in order to achieve
high sensitivity and selectivity of the analytical method. The method
used in this study was adapted from Cesen et al. (2018a) with further
optimization of the SPE procedure and the derivatisation protocol (data
not shown). In the case of biological treatment, samples (250 mL) of
WW influent and effluent were filtered first through glass fibre pre-
filters (0.5 ym, Machery Nagel, Dueren, Germany) and then through
cellulose nitrate filters (1.2 pm, Sartorius, Goettingen, Germany) to
prevent clogging of the SPE cartridges. Extraction was performed using
divinylbenzene-N-vinylpyrrolidone copolymer SPE cartridges (60 mg,
3 mL; Oasis Prime HLB Waters, Massachusetts, USA). Samples were first
acidified to pH 2 with HCI (0.5 mL of 37%) and loaded onto SPE car-
tridges at a flow rate of 3mLmin ' using a Vacuum Manifold (Agilent
Technologies). After loading, the sorbents were dried under vacuum
(—1.33 kPa) for 45 min. The elution step was performed using 5% FA in
EtAc (3 x 0.6 mL). The solvent was evaporated under a gentle stream of
nitrogen at 40°C. Derivatisation was achieved by adding 50 pL of
MSTFA and 50 pL of pyridine to the dry residue, followed by mixing
and heating at 80 °C for 1 h.

The same sample preparation was used in the adsorption experi-
ments with the following modifications: samples (5.0mL) were cen-
trifuged at 9000 rpm for 20 min before SPE, the supernatant (3.0 mL)
was then loaded onto the cartridges, and the sorbent dried under va-
cuum for 20 min. All UV light experiments were performed in MilliQ-
water, and the samples (350 mL) were prepared as above, but without
the filtration step, The stability tests required only a derivatisation step
after complete evaporation of the sample for MeOH and water, and a
filtration step for the WW samples.

2.3. Chemical analysis

All samples were analysed using a 7890B series gas chromatograph
(GC) coupled to a 5977A single quadrupole mass selective detector
(Agilent, United States). Chromatographic separation was achieved
using a DB-5 MS capillary column (30m x 0.25mm x 0.25pm;
Agilent, USA) with helium as the carrier gas (1 mLmin~ ). Samples
(1uL) were injected in splitless mode at 250°C. The GC oven tem-
perature programme was as follows: an initial temperature of 120°C
was ramped at 20 °C min~ ! to 250 °C and held for 6.0 min, then ramped
to 300°C at 10°C min~"' and held for 3 min, Total runtime was
22.0min. The mass spectrometer was operated in electron impact (EI)
mode at 70eV. The target compounds were identified and quantified
using selected ion monitoring (SIM mode). The monitored SIM ions and
retention times (RTs) for the derivatized BPs and internal standards are
presented in Table 1. Data were processed using MassHunter software
(Agilent Technologies).

2.4. Method validation

Method performance for WW (Tables 51-3) and MilliQ-water
(Tables SI-4) were assessed in terms of SPE recovery, linearity, accu-
racy as analyte recovery, limits of detection (LOD), limits of quantifi-
cation (LOQ), sensitivity and precision expressed as instrumental re-
peatability. Full details are given in SI-2. Due to the widespread use of
polymers in the laboratory, blanks were prepared to evaluate con-
tamination during sample preparation (Caballero-Casero et al., 2016;
Cesen et al., 2016). All glassware was cleaned according to standard
laboratory cleaning protocols for trace analysis. Procedural blanks were
prepared for each experimental setup. Contamination was assessed by
evaluating the ratio of the areas between the quantifier ions of the
target BPs and the internal standards in the blanks (Cesen et al., 2018b,
2016). Full details are given in SI-2.3, and Tables SI-5 shows the con-
tribution that BPs make to background contamination. Additionally,
solvent blanks (EtAc) were analysed after every tenth sample to
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Table 1

Summary of derivatized compounds and internal standards measured as ions
[m/z] (quantifier ion in bold and two qualifier ions), and their retention times
(RT).

o d i ion Moni d ion Monitored ion RT [min]
1 [m/z] 2 [m/z] 3 [m/z]

22BPF-TMS 344 329 241 8.45
BPAF-TMS 480 465 411 8.95
24BPF-TMS 344 329 241 9.45
BPF-TMS 344 329 179 10.42
BPE-TMS 358 343 193 10.69
BPA-TMS 372 357 339 11.01
BPC-TMS 400 385 221 11.64
BPM-TMS 490 475 387 17.12
BPPH-TMS 524 509 283 20.47
BPP-TMS 490 475 387 19.58
BPBP-TMS 496 419 331 20.31
BPB-TMS 386 371 357 11.73
BP26DM-TMS 428 413 235 13.00
BPC2-TMS 424 374 259 13.17
BPZ-TMS 412 397 369 14.27
BPFL-TMS 494 329 239 21.63
BPAP-TMS 434 419 269 15.28
BPS-TMS 394 379 229 14.95
130,,-BPE-TMS 356 341 185 10.42
BPA-d;e TMS 386 368 217 10.93
3C1o-BPB-TMS 398 383 369 11.73
13C)o-BPS-TMS 406 391 379 14.95

evaluate potential carryover between samples.
2.5. Stability studies

The study stability of the target BPs was studied by performing three
separate experiments (Fig. 1):

2.5.1. Exp 1. hydrolysis

Hydrolysis was selected as the first step, as suggested by Franquet-
Griell et al. (2017). A series of aluminium foil covered amber glass
bottles (250 mL) were filled with MilliQ-water (100 mL) and spiked
(4pgmL~Y, 0.5mL) with a mixture of BPs each at an initial con-
centration of 20 pg L™, The bottles were then sealed and incubated at
room temperature (23 °C) for 48 h. Aliquots (0.5 mL) were taken at 0,
15, 30 min, 1, 2, 4, 8, 12, 24 and 48 h intervals.

2.5.2. Exp 2. stability of BPs in the stock solution
To a series of glass vials (n = 27) was added 1 mL of stock solution
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(1 mgL~ " in MeOH). The vials were then stored in the darl at 23, 4 and
— 20 °C for 24 weeks. For each experiment, a procedural blank was also
prepared. At each sampling time (0, 4 and 24 weeks) an aliquot
(0.5 mL) was spiked (25 uL) with the internal standard mixture (*°C,,-
BPF, 13C,5-BPS, 1*C,5-BPB and BPA-d;4). The samples and blanks were
then reduced to dryness under a gentle stream of nitrogen at 40 °C and
derivatized just prior to analysis by GC-MS. All samples were prepared
and analysed in triplicate.

2.5.3. Exp 3. stability in different matrices and at different temperatures

In a similar experiment, to 60 glass vials was added 1 mL of each
matrix (MilliQ-water or artificial WW from the RO bioreactor, Section
2.6). The experiment included three replicates for each matrix, a tem-
perature setting and sampling time. The controls were prepared in tri-
plicate. Each sample was then spiked (20pL) with a mixture of the
target compounds (1ugmL~ ') to give a final concentration of
20pgL~" and stored in the dark at 4 and —20 °C for 24 weeks. In this
case, an aliquot (0.5 mL) was sampled at 0, 1, 4, 14 and 24-week in-
tervals and analysed as above (Exp. 2).

2.6. Biological treatment

Most studies report the near-complete removal of BPA by bacterial
consortia in wastewater treatment plant (WWTP) and rivers, The most
commonly used biological technology for treating WW is the suspended
activated sludge (SAS) process (Noszczyniska and Piotrowska-Seget,
2018), while the attached-growth biomass process remains a popular
option for upgrading conventional biological WWT (Gapes and Keller,
2009). For this reason, biological treatment was simulated in two dif-
ferent lab-scale flow-through bioreactors (Fig. SI-1): (1) a suspended
activated sludge reactor (SASR) and (2) a moving bed bioreactor
(MBBR) containing Mutag Biochip™ carriers (Multi Umwelttechnologie
AG, Sachsen, Germany). The SASR consists of four different compart-
ments: a selector, anoxic chamber, settling chamber and the main
aeration chamber, while the MBBR has only an aerated compartment.
In this study, three SASRs (RO, R1 and R2) and three MBBRs (M0, M1
and M2) bioreactors were used. The reactors, RO and MO, acted as
controls. All the bioreactors were operated under identical conditions
(hydraulic retention time (HRT): 48 h, working volume: 41) using
synthetic WW (2L dﬂy’1 (Tables SI-6)) (Cesen et al., 2015). A mixture
of 16 BPs (4 g L~") was continuously added to each bioreactor (each
BP: 200 ng L™ ). To the controls, MeOH was added in the same amount
as in the spike. After the one-month adaptation period, influents and
effluents were sampled at monthly intervals (n = 6) over six months. In

MATRIX TC) Time
MilliQ-wate|
V:?[GVE m[ +23 0 --> 48 hours
Exp 1 c=20pgL?
MeOH -20 I
STABILITY Exp 2 V =1mL +4 0, 4, 24 weeks
of BPs c=1mglL! +23
Exp 3
MilliQ-water
V=1mL
c=20pglL? -20 0,1,4 14,24
+4 weeks
ww
V =1mL
c=20pglL?

Fig. 1. The experimental design used for stability study of 18 BPs.
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total, this amounted to 24 samples and 12 controls. Based on the HRT of
the reactors, influent samples were taken 48h before the effluent
samples, which allowed the removal of each BP to be calculated. All
samples were stored in the dark at —20°C. The performance of the
bioreactors was determined by measuring total and dissolved chemical
oxygen demand (COD, and COD;) and nitrogen species (NO3-N and
NH;4-N) in the influents and effluents before, halfway and at the end of
the experiment (Tables SI-7). At the same time, the biomass con-
centration was determined following the procedure of Zupanc et al.
(2013). Additionally, dissolved oxygen (DO), T and pH in each were
also monitored (Tables SI-8 and Tables SI-9). Details of the procedures
and results are presented in the SI-3.

2.7. Adsorption to biomass

Batch adsorption experiments were performed in 250 mL amber
glass bottles (total wetted volume of 100 mL) at room temperature
(T = 23°C) with constant shaking (200 rpm). The biomass was ob-
tained from the blank RO bioreactors (Section 2.6). Samples with ac-
tivated biomass (AB), deactivated biomass, controls and blanks were
prepared. Biological inhibition was achieved using two different ap-
proaches: (1) exposing samples (RB) to y-irradiation (25 kGray) and (2)
adding 6% FDH (FB) and shaking for 12 h (Kosjek et al., 2016). Samples
were irradiated at the TRIGA Mark II nuclear research reactor facility at
the JoZzef Stefan Institute (Ambrozi¢ et al., 2017; Snoj et al., 2012).
Control experiments used MilliQ-water with FDH (MQF) and without
FDH (MQ). An aliquot (0.5mL) of the solution of BPs in MeOH
(4ugl™ 1) was added to each of the test samples (100 mL) to give a final
concentration of each BP of 20 ugL~". The blank (BL) consisted of
100 mL of MilliQ-water. The volume of sample was 5.0 mL. Each
sample was then spiked (V = 25 pL) with the internal standard mixture.
Sampling times were 0, 1, 2, 4, 6, 8, 10, 12, 24 and 48 h. Samples were
centrifuged (9000 rpm at 20min) and the supernatant transferred to
10 mL glass vials and prepared according to Section 2.2. The standard
WWT parameters (DO, T, pH, biomass concentration and COD) were
measured as described in full in SI-3 (results not given).

2.8. UV photolysis

Laboratory scale UV light experiments were performed by irra-
diating aqueous solutions (MilliQ-water) of BPs for 10, 20, 40, 60, 120
and 240 min in a cylindrical glass immersion reactor (760 mL, Fig. SI-
3). The source of UV irradiation was a monochromatic (A, = 254 nm)
6-W low-pressure Mercury UV lamp. The intensity of the emitted light,
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measured by ferrioxalate actinometry, was 8.91 x 10~7Es~! (Union
et al., 2005). The initial concentration of each BP was 200ng L~ ! ex-
cept for of BPA, which was added at a higher concentration (1pugL~")
to reflect realistic WW concentrations (Chen et al., 2016b). Acetonitrile
was chosen in place of MeOH as a co-solvent to avoid radical scaven-
ging in the photolysis solution (Kosjek et al., 2013). The reactor solu-
tion was maintained at room temperature (T = 23°C) under atmo-
spheric pressure using a water-cooled quartz immersion well. The
content of the immersion reactor was homogenised by continuous
stirring using a magnetic stirrer (400 rpm). Additionally, two types of
negative control samples were included in the experiment. Blank
samples (without BPs) were exposed to UV irradiation in order to
evaluate potential contamination. Zero samples were spiked with BPs
and mixed for 10 min but were not exposed to UV irradiation.

2.9. Statistical analysis

Statistical calculations and visualization were made using the open
source software package R, version 3.4.1. (R Development Core Team,
2011). A statistical comparison of two or more data samples was em-
ployed to assess the influence of the matrix, temperature and the sto-
rage time on the stability of the target compounds, and to reveal sig-
nificant differences between the treatments. The Shapiro-Wilk test for
checking data normality and the Levene's test for checking homo-
scedasticity of variance (significance level = 0.05) were used to select
the most appropriate statistical test. In some instances, two data sam-
ples (paired) or more than two data samples (paired) satisfied the re-
quired conditions. Therefore a parametric test, paired t-test or repeated
measures ANOVA and nonparametric test, a Wilcoxon signed-rank and
the Friedman test were selected (Tables SI-10) (Eftimov et al., 2017).
The statistical significance was evaluated at a level of 0.05. Ranking the
stability of individual BPs was done by adopting a combination of a
multi-criteria decision approach and an information theory approach,
which ranks the best algorithm in numerical order according to stabi-
lity, i.e., #1 is the most stable (Eftimov et al., ).

3. Results and discussion
3.1. Stability study

3.1.1. Exp 1 hydrolysis

The following BPs: 22BPF, 24BPF, BPA, BPAF, BPAP, BPB, BPC,
BPC2, BPE, BPF, BP26DM, BPS, BPZ out of 18 BPs were shown to be
stable (> 90% remaining) in MilliQ-water (Fig. 2). For BPA, this agrees

160- Hydrolysis of BPs
g‘“ﬁ-'!‘-ﬂ“ﬂﬂ**" ﬁhﬁﬂ p;;-ﬁmin

228PF BPAF 24BPF BPF BPE BPA BPC BPM BPPH BPP BPBP BPB BP26DMBPC2 BPZ BPFL BPAP BPS
BPs

Fig. 2. Hydrolysis of BPs. The remaining BPs (%) were calculated using zero condition at 0 min or 15 min within 48 h (0, 15, 30 min, 1, 2, 4, 8, 12, 24 and 48 h

intervals).
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Fig. 3. Stability of 18 BPs in stock solution (MeOH, initial concentration 1.0 *+ 0.1 mg L™ %) stored at 23, 4 and — 20 °C for different lengths of time (up to 24 weeks).

with the findings of Late et al. (Lane et al., 2015). In the case of BPM,
BPPH, BPP, BPBP and BPFL surprisingly > 100% remained after time
zero if 0 min was used as the zero condition. These BPs contain a higher
number of aromatic rings and have higher logK,,, (6.25-7.17, Tables
SI-2). Although limited, the data shows that the BPs have a broad range
of 1ogK,,y values (1.25-7.17), suggesting that BPs with logK,,, < 3 will
be in the aqueous phase while those with logK,. > 3 are likely ad-
sorbed to soil and sediment (Caballero-Casero et al., 2016; Tisler et al.,
2016). A possible explanation for the observed results is the adsorption/
desorption processes occurring in the samples. Initially, the con-
centrations of BPs with high K, decreased due to the rapid adsorption
onto glass at time 0 min but then increased as the compounds desorbed.
This effect was confirmed by using t = 15 min as the zero. In this case,
the results were below 100% confirming that BPM, BPPH, BPP, BPBP

and BPFL were rapidly absorbed (t = 0 min) and became desorbed after
15 min. When the zero condition was t = 15 min, these BPs are stable,
and large fluctuations in their percentages remain, and for this reason,
these BPs were excluded from further statistical analysis.

3.1.2. Exp 2. stability of BPs in the stock solution

Based on the estimated method relative standard deviation
(RSD = + 10%, data not shown), Fig. 3 confirms that all 18 of the
investigated BPs are stable (measured concentration = =+ 10% initial
concentration) in MeOH at 23, 4 and — 20 °C within 24 weeks. A slight
increase (~20%) in concentration at t = 24 weeks in the case of
BP26DM, BPC2 and BPZ was observed but statistical analysis (p-va-
lues > 0.05) shows no significant difference in the concentrations of
BPs in MeOH with temperature (—20, 4 and 23°C) and time (<6
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Fig. 4. Stability of the 18 BPs in MQ (initial concentration 20 * 4 ugL~") stored at 4 and -20°C for different lengths of time (up to 24 weeks).

months) (Tables SI-10).

3.1.3. Exp 3. stability in different matrices and temperatures

After 24 weeksat —20 and 4°C, 12 out of the 18 BPs tested in
MilliQ-water remained above 85% of the initial doses proving their
stability. Even BPS, with > 75% remaining after 24 weeks are con-
sidered stable (Fig. 4). Statistical analysis shows no significant
(p > 0.05) difference in concentration with time at each temperature,
but there is a difference (p < 0.05) between —20 and 4°C (Tables
SI-10).

Nevertheless, 13 BPs are considered stable in MilliQ-water (Fig. 4)
at tested conditions since their levels were within the estimated method
RSD (MilliQ-water and WW: * 20%, data not shown).

The BPs: BPM, BPPH, BPP, BPBP and BPFL, had significantly lower
initial concentrations (9.9-18.8pugL~!) compared to the others
(20 = 4pugL™"). The findings agree with observations in Exp. 1. The
initial concentrations of these five compounds reduced due to rapid
adsorption and increased due to desorption with time (especially after
one week). This effect occurred in MilliQ-water and WW, causing their
concentrations to fluctuate (RSD > 20%), which meant it was not
possible to comment on their stability and they were excluded from
further statistical analysis.

In the case of WW, after 14 weeks at —20 °C, BPAF, BPE, BPC2 and
BPS had RE of 75-100%, 22BPF, 24BPF, BPAP, BPB, BPF, BPZ had RE
of 50-75%, and BPA, BPC and BP26DM between 26-33% (Fig. 5). Their
concentrations after 14 and 24 weeks were similar and there is no
significant difference between concentrations remaining after 1 and
4 weeksat —20 and 4 °C and 14 and 24 weeks at —20 and 4 °C. There
was a significant difference between weeks 1 and 14, weeks 1 and 24,
weeks 4 and 14, and weeks 4 and 24 (Tables SI-10) meaning that these

13 BPs can only be considered stable up to 4 weeks at —20 and 4 °C.

This study also carried out a statistical analysis of the different
matrices (Tables SI-10). Analysis of the two data sets revealed a sta-
tistically significant difference between BP recoveries from MeOH and
MQ, MeOH and WW and WW and MQ samples under all conditions.
The only exceptions were between MeOH and MQ after 24 weeks at 4 °C
and between WW and MQ after 1weekat —20°C. Similarly, the
Friedman test and repeated-measure ANOVA revealed a significant
difference between the three matrices. This finding is mainly due to
differences between WW and MQ. According to the algorithm rankings,
and taking into account the limited number of data, and that BPM,
BPPH, BPP, BPBP and BPFL were excluded, BPE was the most stable
followed by the positional isomers of BPF (22BPF and 24BPF), BPS and
BPF, while BP26DM ranked as the least stable (Tables SI-11).

3.2. Removal of BPs

3.2.1. Biological treatment

The performance of the laboratory bioreactors was checked by
monitoring the following standard WWT parameters: NO3-N, NH,4-N,
COD,, COD,, DO, pH and biomass concentration. For full details, see SI-
3. The removal efficiency was calculated as the difference between the
dimensionless concentration of the target BP in the influent (cin9) and
the effluent (c.¢) using Eq. (1) (Zupanc et al., 2013).

C,
- c—ﬁr)xl 00
Cinf

RE|%] = (1
@

Statistical analysis shows no significant correlation (Tables SI-12)
between RE and sampling time over six months. The REs in Tables
SI-12 are the average REs of BPs in each bioreactor during six
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Biological treatment of BPs
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Fig. 6. The average removal efficiencies of two bioreactors for each type (SASR, MBBR) during 6 samplings (6 months).

samplings. Apart from BPAF and BPBP, no significant differences exist
between the average RE of the SASR and MBBR neither for individual
BPs nor for all BPs (Tables SI-12). Biological treatment resulted in
REs > 85% for the majority of BPs (Fig. 6, Tables SI-12). The RE of
BPAF was lower compared with the other compounds (Tables SI-12).
The presence of C—F bonds in the structure of BPAF explains its low RE,

since halogenated compounds are usually more resistant to biode-
gradation (Chen et al., 2016a).

To the authors' knowledge, except for BPA and one study of BPS
(Huang et al., 2019), this is the first investigation of biological RE of
BPs by bacterial communities in WW on a laboratory scale
(Noszezyniska and Piotrowska-Seget, 2018). However, the findings can
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Adsorption of BPs to biomass
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25 |
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BPs

BP removal [%]
a
3

Fig. 7. Losses [%] of BPs after 24 h in the sample with activated (AB) or deactivated (RB — radiation, FB- formaldehyde) biomass.

UV photolysis of BPs reported high REs at 50pgL™' (> 99.0% removed) and 1pglL~'
(= 79.2% removed). The RE of BPS is similar to that reported in a re-
cent study by Huang et al. (2019) who also used a microbial consortia.
Sun et al. (2017) and Karthikraj et al. (Karthikraj and Kannan, 2017)
also report high REs (RE: 76.9-98.9%) for BPA, BPF and BPS when
comparing the levels in influents and effluents from actual WWTPs;

BPs only partial (if any) removal was observed for BPAF and BPE. The
present work is a continuation of our previous “real” scale studies
Group C performed by Cesen et al. (2018b) reporting a high RE (> 96.2%) for
~ BPE BPAF, BPAP, BPC, BPE, BPF, BPS, BPZ and BPB from WWs. The analogy
BPAF with the results of the present laboratory-scale experiments confirms
- ~ BPF the effectiveness of biological treatment. The finding is also in agree-
£ e ment with the findings of Zithlke et al. (2016) who, using Bacillus
% amyloliquefacien isolated from sewage sludge, report a RE of 95%, 77%,
E Group B and 69% for BPC, BPE = BPA and BPZ, respectively. Danzl et al. (2009)
% = Bro and Sakai et al. (SAKAI et al., 2007) both show the ability of an isolated
£ ~ 22BPE seawater bacterial strain (BP-7) to remove BPF, BPE, BPZ and BPB from
& -~ BPZ WW, while BPS remained recalcitrant. A more recent study by Ogata
= 24BPF et al. (2013) found that Sphingobium fuliginis is the only bacterial strain
able to degrade BPS. In general, biclogical treatment achieves high REs
of BPs despite the differences in their chemical structures. Also, reactor
design (SASR: = 5%, MBBR: = 7%) did not affect the REs of the dif-
Group A ferent BPs. However, additional removal processes, like adsorption to
~ BPAP biomass or material surfaces, may also be occurring.
BP26DM
- BPC
= BPS . .
BPPH 3.2.2. Adsorption to biomass
- BPP The concentrations of target BPs in test solutions containing in-
! | | | | . — BPM hibited and activated biomass (AB) after 24 h and 48 h were compared
B 50 mql'[min] 50 200 250 : S:(B:; to determine losses due to adsorption to biomass. A preliminary test
found there was no significant difference in BP removal after 24 h and
Fig. 8. Kinetic profiles for UV photolysis of 18 BPs. 48h (Figs. S1-2.1, 2.2 and 2.3) in the deactivated biomass proving the

system had reached equilibrium. In the case of activated biomass after
be compared with RE obtained for WWTPs and previously published 48h, only BPAF remained in the solution (> 60%) confirming its re-
studies that focus on single bacterial strains, while the degradation of calcitrance when compared to other BPs. Like in the stability studies the
organic pollutants is a cooperative process involving various micro- levels of BPFL, BPM, BPPH, BPP, and BPBP varied to such an extent that
organisms (Noszczynska and Piotrowska-Seget, 2018). The high REs of a different approach is needed to evaluate their adsorption affinity to
these BPs are in line with the results reported by Druskovic (2016), who biomass (data not shown).
studied BPA removal in the same SASR as used in this study. Drudkovié No significant losses (estimated method RSDs = 100 + 20%) of the

13 BPs were observed in the controls MQ (< 10%) and MQF (< 20%)

Table 2

R-squared value (R?), rate constants (k [min~"]) and half-lives (ty,» [min]) for kinetic profiles of 18 BPs using UV irradiation.
BPs 22BPF  BPAF 24BPF  BPF BPE BPA BPC BPM  BPPH BPP BPEP  BPB BP26DM BPC2 BPZ BPFL BPAP  BPS
R* 0.98 0.95 0.98 0.98 0.97 0.97 068 091 09 09 084 099 0.99 016 099 0.99 0.99 099
ke [min~']  0.004 0.002 0.006 0.002 0.001 0.002 0.025 0.024 0.026 0026 0.030 0028 0.015 - 0.004 0.002 0.012 0.019
ty 2 [min] 17329 346,57 11552 346.57 693.15 346.57 27.73 2888 2666 26.66 2310 2476 46.21 173.29 239.02 57.76 36.48
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(Tables SI-13). The results show that removal of BPs in WW occurs
through both biodegradation and adsorption to biomass. The results
(Fig. 7, Tables SI-13) from the RB and FB samples show that 22BPF and
BPS have the lowest adsorption affinity assuming that biodegradation is
the primary removal process. The BPs: 24BPF, BPC2, BPC, BPAP and
BP26DM showed modest adsorption relative to the others, i.e., rapid
sorption occurs initially after which biodegradation prevails (Fig. SI-2).
The RB results confirm adsorption as the primary mechanism for re-
moving BPF, BPE, BPA, BPB and BPZ, while in the case of FB, the ad-
sorption affinity of BPF, BPE, BPA and BPB was significantly lower
(Fig. 7). The available literature on the adsorption of BPA to biomass is
also contradictory (Keskinkan and Balci, 2016; Strenn et al., 2003; Zhao
et al., 2008). The possible physical alteration of the biomass during
exposure to y-irradiation could explain the difference between the two
sets of samples. This difference is because adsorption is mainly a phy-
sical process depending on the physicochemical properties of the ad-
sorbent and the adsorbate (Carballa et al., 2008; Zhao et al., 2008). The
tendency of BPs to adsorb to biomass can also be explained in terms of
their Ky values (Tables SI-2). In the RB, BPs with a high adsorption
affinity have high K,, values (logK,. > 3.5), e.g., BPZ has a
logKqw = 5, while BPs with the lowest adsorption affinity have low K,
values, e.g., BPS (logK, = 1.65). There is also a difference between the
adsorption affinities of individual BPs to biomass (Fig. 7.), which means
that adsorption will be a dominant factor controlling the removal of
certain BP in WWTPs. The results of this study allow not only the ad-
sorption affinity of BPs towards biomass to be estimated but also form
the basis for further studies to determine the sorption coefficients (Kq)
of BPs.

3.2.3. UV photolysis

Calculating the kinetic constants k. and substrate half-lives meant
that it was possible to evaluate the RE and degradation kinetics of BPs
by UV-light (A, = 254 nm). For the majority of BPs, regression analysis
of the natural logarithm plots of the REs (Eq. (2)) versus exposure time
yields an R? > 0.95 (Fig. 8). The results show that removal of the
studied BPs follows pseudo-first-order kinetics (Eq. (3)).

G -G

RE[%] = £2= & » 100

oA @
deg _
ar - ke @)

Here, ¢, and ¢, are the initial and residual concentrations, and k; is
the observed pseudo-first-order rate constant, A summary of the rate
constants and half-lives can be found in Table 2. The rapid removal of
BPC2 (< 10min), BPBP (< 40min) and BPC (< 60min), i.e.,
R? < 0.95, meant that their kinetic profile could not be determined
and, in this case, shorter time intervals would be required. The rapid
removal of BPC2 is likely due to the presence of chlorine atoms in its
structure (Leydy Katherine Ardila et al., 2019; Zhang et al., 2019). The
presence of aromatic rings (conjugated system) also explains the reason
for the near-complete removal (Leydy Katherine Ardila et al., 2019;
Yamaji et al., 2016) of BPM, BPP, BPPH and BPBP after 60 min
(78-96%), and their complete removal after 4 h. The efficient removal
of BPP agrees with Wang et al. (2008) who reported a RE of 94.8% for
BPP in the presence of B-cyclodextrin, which they believe results from
the formation of an inclusion complex with the p-cyclodextrin. All BPs
showed varying degrees of photodegradation over time (4 h). After 4 h
of irradiation, the BPs fall into three groups, based on their RE (Fig. 8).
Group A consists of BPAP, BP26DM, BPC, BPS, BPPH, BPP, BPM, BPBP,
and BPC2, with a RE > 94% and half-lives of < 60 min; Group B in-
cludes BPB, 22BPF, BPZ and 24BPF with a RE of 50-80% and half-
lives > 100 min, where BPB is an exception (t,,» = 24.76), but is in-
cluded in this group due to its rapid decline in concentration after 1 h,
and Group C that includes BPE, BPAF, BPF, BPA and BPFL, with a RE of
25-45% and half-lives > 300 min. Therefore, contrary to biological
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treatment, there are obwvious differences in the RE of the different BPs
when irradiated with UV light. In addition, BPAF is more resistant to
both photolysis and biological treatment relative to the other BPs tested
in this study. In general, photolysis is efficient at removing the majority
of the tested BPs and after 4 h only five BPs remained between 65-75%.
This is most likely due to the presence of aromatic moieties in their
structure.

4. Conclusion

This study provides data on the stability of 18 BPs in MeOH, ul-
trapure water and WW and their fate during biological treatment and
UV photolysis. It was found that hydrolysis of the investigated BPs does
not occur, and were most stable in MeOH, followed by ultrapure water,
followed by WW. For the majority of tested compounds, the safe storage
conditions for WW samples are —20 °C or 4 °C for up to four weeks, The
behaviour of BPM, BPPH, BPP, BPBP and BPFL differ from that of other
BPs due to the rapid adsorption/desorption processes on material sur-
faces. The study also found that biological treatment, using both sus-
pended or attached-growth biomass, is efficient at removing BPs
(REs > 85%). Adsorption to biomass is also an important removal
mechanism but varies depending on the K, of the compounds. UV
photolysis also achieved high REs of BPs but only after a lengthy period
(4h) of irradiation. Based on their REs, the tested compounds can be
classed into three groups: Group A (BPAP, BP26DM, BPC, BPS, BPPH,
BPP, BPM, BPBP, and BPC2) with RE > 94%; Group B (BPB, 22BPF,
BPZ and 24BPF) with REs = 50-80% and, Group C (BPE, BPAF, BPF,
BPA and BPFL) with REs = 25-45%. Unlike in biological treatment,
there is greater variability in the REs of BPs when irradiated with UV
light. BPAF was less affected by both biological treatment (60-80%)
and photolysis (Group C). This study is the first to address the removal
of a mixture of BPs both by bacterial consortia and photolysis, and
confirms their effectiveness. The lack of literature data on the fate of
BPs reveals a need to assess their behaviour in the aqueous environment
and the risk to biota and /or humans. Taken together, the findings of the
present study contribute to a better understanding of the behaviour of
BPs in the environment, which is gaining in importance.
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