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Abstract

Contaminamtgs ngf cemeern (CEC) are organic poll
and consequently entnéal ttelr et @& hcvoenrvoemanseitna nwalt e r
treatavesh tg al phot obi oreactor s,| owemiechg yt ri engotu tw anst
produci ngamditarinemfggyal gahdbt oemasvédhd lcdma b ethhpev e
pot enbDirbebdlde t erature reviewaypioalltd d hlken ovelmod gd ¢
of CEC in algal phot obi oreactor s. Al so, furthe
assegsmdmut ur eanrde gtuhlea tsiaofne reuse of al gal bi om:
circularTke ogrmanly of tdti w@BChesinsc lwadsi ntgo phar mac
personal car e pr odhistphseinnplaboirat deg and outd:
pbtobiore&orotdhi s redISom,nSUIGES i mags eGIC met hods
modi fied to analyse selected CEC in ,ahd aque
GGMS/ MS met hoa#msalfywsi s of t he p@lyavwerues daenvde | boi poenue
The moaadnparti toiforli8ndgpi asphabestakteryhotwedrier eac:
studied. The overal/l remov al after218 2AWwyandada
73 = 5% r emooraedj usnt eodH and pH adjusted series,
ranged 26+ 5mtUd 00 % caonrdr el at ed wiabhdChbompdphdl | og
Culture pH also goveBREdJd BPRE2r eBPAERI BPA2aRd
significance of this wa rmktohiese mbuaalpranddienfdg ei
physicochemical ma hfeanted¢ eafs @B@ ipM @l gal phot ol
Furthet nmeemgogval of 28 CEC was compared bet we
d bacteria and a pure al gal culture. The re
lture (87 = 5%) P5han TWe, mileiemoe8alt &8 a d(
2% were Olbglmammalc eruari cmd st i ci 64ts2,1 % rednov al
0t 1 %) was hnghée pude audldtinta wsnf,or mati on pr o
buprofen and amdted picale@bot wWwecel tures. The i mpol
s in the comparison @af m2&e@ECuddmowvalaniletawpaell
Finall yscal giditieghal gaé¢é atpiomg r ead ntwaisniewqat el e
CE@as stRiedmoevdal was B8P0A%, whereas BPS proved mc
an average removal ofdiBRYydr Meyhgh paphdroaone 2a @
reached 92 %, 76% and 80% removal, respectivel
naproxen and i buprbobfehfibuenthewnsrembyab60Oo% a
This study is novel ast e npowwd@VEICd eess tii mfad renda tui n
real i sti¢c ubdodelvteil mipg alg photfobi owaatce watser tr e
Findings show btihoarte aacltgoals pahroet oa pr omi sing wa
wast ewkts@éEC emovals in algal phot obi oreactors
bi ol ogi cal was,jiwehwdtegal tphatabhepebewdiralat er
and bi omalshsatd sstasbe wor k r egnmantek € eommagioni nrge caasl ci t
(e. g. BPS, camigpma ame siana )on of operatithmhg para
devel opmentproefip s4uti ¢ atbilmeintTanle. f ut ure of efficie
treatwetnitl appat obiaodeaegal ati on dependsyoonfth
CEC and their occurrence, removal, fate, and
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Povzetek

Prioritetna or gansk an aameaeysaadépialdanns av csdaio o k| kiz §
naprav vstopajA t evwr maolkioa bjoésiks&€ e ngr ed s taa wglnjiaj o
f ot obi or eaikmiorijmal ni m vp ®lz&kg® mo & ingert ainz ech paljeo

bi omaosmw,j e pa ima potenci.alPlregéeooh @V epooklawmd a
pomanj k|l jpoomsaviedymukovi t osti i wokdrsotzrgamjjae viatme ani t
organskih one$pbpabbli ohv€iBak it thr s k p e nparl douwgded v
odstranjlwvanig mpielwnme s nzadzrialvu d inn khosve snt divnz che li ko v

Zza o0sebno negoh peextoinidnkdhb iomyod danbh or at or i j ski h i
fotobiorZ2akapd ey ipmjj@av,ndstnikovids o $ Gind kv @z enj a

i zbranebdnazpl | agdditloij eCe analizne metode, ki
tekocCinski kromatografiji .skProa@pVv |eakwovizdsimmasmno
analimegteda aniazlbirzeoni h pneeweat#iet nfhzi Bhgv bi om:
Proucdeval. smo odstranjevanje vinalbmoohdemmjre | &

fotobioreéalkaolougpgmdkovitost bodsteman joevygB%znasal
KkpoH kuhtubeil nadzor avba¥, , kobzZUifrecmrkab vi 3 ost odstr e
posameznih bisfe2%l%vdodaéoawmwasakar eldirala s ki

Rezultati so pokazali, da juwc€ipmHk oovdietdorsaanty ew akny
izbrani2h, BBF, ( BBEAFBPAIi nBPL .Del o j e pomembeno
poznavanja uc¢karkiojvs Kiileigkard aametrov in pH na od:

Nadal jper csunmoed aatl 1 a ng neevsam§ zeit lo b v o rze anket doanrfjd tnr o
alg in battlulij®e@maudktgti dsaosspopo kdz2aloli j v mesani
(87 = 5%) Ivb dvsetCrjain mer i kot v Cisti kul tur.i (
ucinkovitost odstraniptod® 68 d 12 Bovainldn £729%) € ipmrk ov i n
pesticidih pa ve@i4a2V%h i ®0B). Kad tt uadpirji mer j a
uci nkoovd sttorsa monsjeami ndvaj s emiely anomeshgtiunamakt er i
cCisto kulturo alg.

V zadnj i rdu&zivwadeison amwii llecaf vt o b i p uGecaekntiolri smo 80
odstr BfiABR®a siezlgdez za sl abs e@B2Mgtrialdd g ri-avleegma,
di hidroksibenzofenon i n oksibenzomCinkodobsegt
odstranjNapaokaen i n i buprofen sta dosegl a 6
odstranpevarjeaner s tca nbkiolvii ntiinpgwaepinh Kkoncent
| zs | edKkiin fdoarj neg cbis jj & a monnj eus rva zrielal nhh hi pogoj i zj emn
pomeaapizi mi zacij o ifnotnabldiadriengkt arajze/vo j

|l zsl edki dokhtoe ppareegddsatdaeM dfajoid oddi or eakt orji obe
odstranjevanja poinersihtadtpiedioedds gasdas haowj evanj
vecbBpejin jeospkilmer Epni wi smintalpasgakvi, mipotreben p.
nadal jen razvoj zhabdeiscanbdsvrhnonhesnazeval
karbamazepin. Poleg pegapoadiostobponeakéoupor
kot sta bi oNemdbadsjt mgpod daskpnetedisayrangtevamé mgst i
in ocene tvegamrjganpki & miotneetemiahpboddopo ¢ speval e K
uCi nknotviistd@echgjadne vode z al gnoibmii kfcowdorbjiewmd &jak t o
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Chapter 1

Introduction

Contaminants of (ee@mgé ng diomeesa group of or ¢
di scharged t o btyh ewasya votbetoenrime nfasn k ifmdc i ng ri sks f
such contamiméhemmandanfdor i $ esbnaqr eeafsfiincgi ent wast
treatment wil/l l i kely need to be coubpalseedd wi t |
wastewater tr ecatpmernvdcdsmp s haeths dmotwhe.ytee r emov al
efficiency of cont amiandeemtusatien yswhhles hebdmhd | o
subcha@GEEwast ewater treat ment , neendnoguoaloigi ¥ al
measurements will be discussed.

1.1 Contaminants of Emerging Concern

I
c

manki ndhrhoausgh its technolkaghnedl tdeealtos@amento
d use many different compoumdaed,udths 6 mec omp o s
ve affected our environment eisrpecmnfaddl gsdeamon
dustri al revAd It htoiughatCeacar s erred t o as emer

emerging pollutants or similar t,bertmsegi rmay
vironment dalasobeemr emvesti gabewdremlessr @e¢epotl
ver se ecologicali mpmdt@RBGna g p ehopaallelsye n t i n tt
vironment in trace | evel s, and only recent

|l owed their detection in iacdeasvembhy/dow c
oup,i ntchauwyde active components of human and

ugs, permroadmualt scampespgici des, hor mones, fl ame
mpoyuansdswel | as their metabol i tes) [alnd t[r2ans
t hanaqhty CEC are xenobiotic cqgmpoun dgss,a mphneer, e
dstralttiegl aalrseg pi cal ly not incl udepdagme,sr out ir

thohgly may be ¢tandedat asiihbbnal usiacr owidliln,g t o
e NORMAN, dheepemodtr k esearch on their (eco)toxic
d public perception and monintccer iinng tdhae av are
vironment alo[BMmpaut emends different CEC and
concern as they mdWvlohbhuke pddststwventef dbega

OPGEC are not intrinsically persistent, but
eypeos si stent due to their cont|[ BU.puBi6ffi esrcenratr
pes of wastewater (e.g. runof f , munici pal é
C to the environmentecoeal odimniade@ gwaals,t e[wa]t ,e

] whiccohn ciesa ¢t ihmegp ¥ a ueseel oghiacrgn® ] They may al so po:
humans when consideripgtmheatrpuseduofs w@et g
ter, sludge) for activitiedhfeatw®€ES@gurriicnugl t ur

ST/ OTTT™00DO9 T ®» P>IOIQ YD DO T

Y OO MKW PYM—+PS I TS O T TSSOSO S



2 Chapter 1. Introduction

wastewater ande attdresrotci atiend theksnwilt bnnmematbl e

i mprmoevnet al gal wastewahdea to thipér maelutct s .
Physicochemical pasaganéi prefili CEGraoné aheir betl
ironment or duringowasxawphkewatkeapmenitti onin
i ci dmt a( Inoegh bRA)r p o bdad mydswony dr ophabdci sy

ed asanadleyotneeno rafct amoinamd water at equili
g P above 4 mean that compao hedis| wi $édibme mor
cumul atebdnssesbtsaf 4.0fhwratther mor e, the acid ¢
onstay)t v@pkKes indicate the pH value above whi
i ssociated (aci di-OH fa@®@O®H owmiall| gd mrugtse la kper ot on &
egat ihwelgedd to a higher degree. Condeéerqguent |y
ueous phase as they are generally mot®] hydroph
lubility in water (in mg/L at 2het€lurrencel ate
a compound in the aqueouwmtmehapa.r tlhd olnagar ictohe
og) K s based b@wdfefneEyydens a measure of the di s
mpound in either air or water at equilibrium.
When discussing organic pollutants, i mportant
bi oamudw@ati on and bAoeoamgahiimgciadi Annot and Gobas,
descthkeesspt ake of a compound in water through r e
is expressed as a biodoaR8nwoaatciuonul| &BcoDo0rTr h8aé&)
includes the dietary wuptake of a compound and i
(BAF)1.2]Bot h BCF and BAF are iexprosnseatrat Lokgi n

-~ " ® O S

Y
t

OO0 NHNY SO0 00O

o —=—" o0 .o

water i s tnioomenat i g®uwWe concentration. Biomagnifica
of a casmpooaumadent rati on at hi gbBeecrauseev edfs tohfe tihnec Ifi
of dietary exposur e, bi omagni ficati on i s i ncl
bi oaccumul ati onsodcempbandés uesake and eliminati
exchange, faeces, met alfdlildmcamdli gy otwd ht e | EUI &
Regul ati on, a compound is bioaccumul ative when t

bi oaccumul ative when t hlel3]Datt ar oins phhieghen etdham | &
Kaw, BCF aoordd tBAeF stigpgin ede iCtEeCd iws 3 Tkl dat &1 can
hel prteatihet TGE@uofi ng wastewanaearinrtlae memiei r onmen

1.1.1 Pharmaceuticals and personal care products

Active pharmaceuti cal i ngreedy epttbsbanpdaomament |
substances i ntiem dtelde tmoa rowef aucsteudr e of a medi ci nal

used in its production, becomes an active ingre:
phar macol ogical, i mmunological or metabolic acti

modi fyingiphysifahaeti ons or to mMkesadmesdercuaat idol

addresses the following groups of phar maceutic
antibiotics (er ytmyrcamyci sul falmern ihtolkkrazol e) , hor
estrone), beta blockers (metoprolol) and anticon
of both macrolide and sul phonamide antibiotics
EU Water Framewochk DQildgpéeldrthi o dWat to gain firm da
occurrence in the sur b aoleeguasledtsiccarodc tor snpeoot
phar maceuticals (anal gesi cs, beta blockers, ant i
conceriny asgoetthienual |y released to the environment
have adverse efgigcms on | iving

Personal carceonmpmomduhcauss ealrcel d products for heal't

pur poswlsi |l e somgr eflicedresirder edn €ECded compounds L
t o t wo groups; preservativesbl ochketrisy | p(azZ,adb e



1.1 Contaminants of Emerging Concern 3

i hydemxgphenone anBaroeabfh&mhdo me)nzophmloa e s
eir way intanwattewheer to t hehesrviyvdaymarste t
epreoduct s. These compounds are of concern a
i sruptioworer gahesimns and humans.
rmaceuticals and personal caramdprda dratss e
t her in the $heernetdpfticcgd R teabtase.r ange
famethoxazole) to 4. 31 ( etshtleri apritaef) f, i fintdyi ctad
ition to sediments andviil omdssat €abhatlha]
(pkK 4.2) and ibudprd) ewmi I(lpKhave their acidic g
whi chmevanh | t hat tphreeyd owliynlapnites e nt i n the aqueol
compouwndéd be mostly wunaff ecitreed .¥bly&WhH whe | g. c
deprotonate at much higher valwues and iwil|l b e
predicted sa&l ufbridmt@. ¥ange 4777 mg/ L, but S i
environment at trace level g, rfxotabitéenhygeibnne
matrices. Accorgi ntgheayb gabrheek el Y ogoKvol atili ze
phase to the air.cdmmeuwnods utshsee dPPhGPr ei n can ¢
bi oaccumdwleattiove hel 5y BI6wk )0 F (&) aS

Tabl.Rhar maceuticals and,tphegyicromp@mae¢ micaale tr ouacd
and main physicochemical pr operwdteer: preorlteictuil al
coefficient (log P) atp)Kaaisdpdiessactcicedf P§h Mao
and CAS identifierarr &oge 0 ua desloaasdsi irdgi at adt agprno u p

P.

Name (gr Chemi cal str MW l og p K* CAS
N oy 2220
aproxe 230.1 2.9| 4.2
(anal ge 53

lbupr of 4_©_§: 1568
206.1 3.8 4.9
(anal ge 27
amet HN—5 1H,
u I 253.1 0.7| 6 2|7286

(anti bi /N
HsC 7
Erythroi N 12:-4
733. 2.6 1108
(anti bi o 14.
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Name (gr Chemical str MW 0og p K* CAS
HnC\N/CHa
. :fuj\cw@;% o }
Clarl.th.r o N 747 { 3 2 12-5%5 8110
(antibi 14. 11
Met opr o H\)\/o ) 5138
h 267.1 1.7| 14
(beta bl o o 51
Car bama \f
. g 236.1 2.7| 16 |298&
(anticon
Estradj 272.1 3.7 10.|5@e
(hor mon oy O
E
stron M 270.1 4.3| 10.|5a&
(hor mon : o
Met hyl o
ethylp3 ~©—< 152. 1 1.6| 8.5 9@
(preser Y
2 -di hydr —
benzophgé 214.1 3.4 8‘ 7133&3
(UV bl o '
Oxybenz O O
228. 3.6 7.1 138377
(UV blo . o
I
*predi gt @&ldu gs¥ aafreed t he neutr al

ami ne

groups

are omitted

specalsesff ohepmot ecat €
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1.1.2 Pesticides
Pesticides ar et o oompmtuvachis e d s endoglaaybi is ms agtroi cul t u

Y
t

r
i

e X

S

©

QY 3D QTN X Q

P< Y+ T =< NTTOO

u

D

QQ —TO DK T ® D

otegd &amd i mprove productividat e ReRomadiso o f
me s , but U'penotntulds eghefeniedsrtt i on pesticides wer
tracts and i n,esrogveeniocf cwohmpcohu nadrse st i |l l) i n wus
lef 2t ]JHowevee, dwvehopment of organic chemistr
sticides | ike DDT became widespread in the
cal[d2B]Rac helwa éanres omf t he friarisste ppeucbplliec taowar €
nobiotics and hel ped i nspinteentt hva t d$ idlbssnd t beorov
r{hg62), wherein she pointed to the damage
nor ant over e |Whi lpespesti ideisde | egi sl ati on
| opé¢ @3Wwweadtdi ci des are high productandn volu
rdtheJnitteed Naodoasd Agricul tur,emoQehgaannidz at i
i owerpeo osl wvoe dl dwi de [ 2.4] P2Gdt § ammiaed ealpyp | i ed t o
cul tur al surfaces, from where theyi make t
cultural runof f .
Neonicotinoid pesticides bind to nicotinic

vV e
co
[
ri
ri

ausing paralysis &ared esumsequepte §R&4d kadryee wehre, t

o
(0]

ncerns regardiefgfebttesr omdvetsargeted organi
'l i aadomwg her e c 0o lhagiiercarl e acoendcre rmesoni coti noi d

TakRhwerrmpeart of the EU Water Framewof kaPpdrectdi

0

Jaéhdere inmnml udhéeds di Sheythwbivenrel atively | o

al Wess3 J,oankki. Dunhéemel y to adsorb or bioaccum

e
i
n
h
t

0

laely high solubility indoa®er | (32 thedl72Dc
heequeous enWVh e mewmd .paa a niteht ewyir IS mainly be p
t he aqueous phasld eaymel tahoet d nivkierl oyn ndeonetd. € pr ot «
e lack of aci dhiacwdwerc,t itomailr gamiurpes gr oups me
acidic pH values (<6)(.Tathccebh®FI)ngr eounhieke
latilize from the aqueous phasuenutloa(BtChkee ai r

w21/ kg) .
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Tab2e Neonicotinoid pesticides, chemical struct u
properti esat(eactpanrali ti-dmign P amndf faicdiiderdd ssoci ati o
pKa as predicitedsbiyt® (ChemAxon, 2019)) and CAS

are arranged according to | og P.
Name Chemi cal st| MW |l og p K CAS
O\‘éﬁ
;
I mi dacl of o S N 255, 0.5] 15. | 138243
\O\/\)
No i
i

Thi amet ho 291, 1.0 / 153289

N1 /“\ cl
Acetamipy| \%/_Q 222, 1.1| 1 1686 8

\

N
)\M ZaY 252, 2.0 / 111988
\J \l y

I\J_l:‘\:_hk
Thiacl op )

1.1.3 Bisphenols

Bi sphenol s (BPs, Tabl e 3) ar e a group of C (
hydroxyphenyl groups bouaddbwpl adhwgevisegrechemi brail
groups, such as plsenaynld, ontehtehrysl,, Ihoaclactgeedn on t he |
riqfResv]., Hi2s;fpfphenol A ( BkPAo)wn tohfe tnhoes tg rwoeulpl, was fir
i n 1[808]Jand atshesghogenic propertbedcddsweard fir s/
Lawson | BORibtd8not st oipmh hmkan Jfad cdrpowesyeodoat i ngs an
polycarbonate plastics in the 1950s. Because dol
were put to rest by acute toxicity tests, t he |
continued f&@B8]BRAadesmaiviod ume hpgbduction <chemic
production in Ebe®elQqgple Oe s0tOiOmd tdéhdsd ti mo r2e0 1t5Shan 8, 000,
tons worl dwiBdeéTher € Oilskhial d h cpgkr owd u adteitonThdeat a f or o
European Chemi calpsr cAvgseonetey a(pEpQiHaAt)Taanid®) eo nt h e
produendmporft BPs i n 3t2Het EUs evi dent that BPA i s
produced bndphiesredl mamwe gh asd rrerdmedi ate and der.i
compoymddecamnsd BRSIIND, o 00 ,t00Ms od peed Yyamarn.hird
pl ace is the reacti @2n-BRFXt-BIRFe orfd RHMKF,e0 gieddhmear s

©
3
o
c

ntingwidod6, C@@80 Others are r egiasnttdehrecidr i n | o
tonnage data is not availabl e, or even more int
registered as confidenti al
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Tab3 e Producttitoaest mmates of BPs [aB register
AbbrevilCAs Registered prc
i mporatt ad per y
BPA 8 Y 100,100, 00O
2, BRF 2407 |1, ot , 600
2,-BRF 2408 |1, ourmm, 600
4 ,-BRF 6 229 B 1, oyl , 600
BP26DM |(56#43% (10100
BPAF 14%8 [10@l1, 000
BPAP 1578 |[Confi d’enti al
BPB 708U N/ A
BPBP 18445 [N/ A
BPC 790 lalo00
BPC || 148G | N/ A
BPE 2081 [N/ A
BPFL 32F63 |[Confi denti al
BPM 13523%|0wl o0
BPP 216&A [N/ A
BPPH 240B8 N/ A
BPS 8 da 10, yoboO, 00O
BPZ 848D N/ A
lwdaa for reaction niN@gtPF2 aBPF diNnBPFsomer s
2ydat a about registered production/importation is ¢
Swdata not avh&iCH#&Abwe bpmge.

In t he tlh9e9 Olsy,pot hesi s of eend ocxrrd,diietdidBiBtAyu ppta s or
shown to exhibit endocrine disruptive propert
standard of 50 pgl/[kRB/NWayi bt 2008, timmee t han
perfohimghli gbfiegtshef | ow concentration expo:
experts on endocrine disruptorsebhntii BPAcbnseecx
stat ememgr etnhaata | and/ or neonat al exposure to
organi zational changes in the prostate, breas
structure and chemistry, and] PFMhayi absoofepat
t hat human exposure to BPA is found in the bioc
that there is great cause for comrdesrmaras | §iknmil |
occMyers et eaxlp |l a(i2n0 0t9n)at t he reason for the «coc
in their nonmonotoni c r esnpbo nesxehlichmrdwvae¢ € sspm@a @i N
rel at)ohs]Oine of the causes for thiseguhdtobnr
by |l ow doses, whi |l e hi gh-r edgowsleast | oauis e@tntt@ ¢ e pi
mechani sms include dilfofwe roernth iggehn eE G De gduolsaetsi, o rh oc

mec hanansdmsdi f fer ent

Today, t he

pol ycar bonatse,,
paper,
tadathmi cal |y

in ther mal
means t hwgh

presemumdam and

mar ket to

repl ace

applications
peopl oyxsyu | rf eosni en,

ECD compl ex mi

of BPA

an[i 3x]iBPAI asae ogues

B P A t[i 206n]s,0 MdReb]fr eiptl sa caepneln t

polyacryl at e,
pol yvidqyl5]thé owi despmeadt he
nonpersistent,

xture effect
nclude 1its

pol
i s
3) w
of

it
(Tabl e
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an alternative could be a response to the publi
BPA but could akpeché¢i apphreequiirmad tohoadr achteer i st i
pol yim2%]Due t o str uotfurBdtse,rsé mid acondersn that BPA
have similar endocrinejadfacrumpdb odaBRE efcBBSas BPA
BPE, BRFPR,P , BPFL, BPAF by studiedg 3ufd.Tihreesier hor mo
findings indicate that extreme care should be ta
Main BP physi cochesnhiocvan ipnr oTpaebritei e3s. alrhee est i mat
P of bi sphenol s rahhlgee f vmedaun2 st3hRaott o, @Y -BRE | e
2,-BRF4 ,-BRF, BPA, BPE @®mrd4 )B PisialMId tory wat elrn phase.
cont BRstincluding BRB®PAP, B¥FPBC, BFPPRFK DM, BPBP, BPFL
BPP, BPPH and>BRZ wWidod Pikely have a higher tend
sedi ment and organic clazbdb]®Pm eidn.cthteaierp Kin eaudt calt ef ot
a proportiog of.84BP)S wiplKl have acidic g@gmadups ioni
wi || primarily be present in the aqueous phase.

at envir dnmnmearet alo paabbesyl BBRRe water solubility
ranges from 0.003 mg/L to 1774 mg/ L. Even thoug
l ow, solubility is not a bof 27 PAcewk dfinrg B PRs tdicedu
|l ogw Kt hey are unlikely to volatilizeofromethe ac
BPs wererfaomgrdftrom 3.5 to 1970, cowlddcearttyingl t hat
bi oaccumul ate (Table S3). Al t hough ®iPserassree 1 ege
proped teiaelsadg f ferences in their fat.e TWhieseng was

di fferences maketobhemuay ICE€abcguouphewaaed fate
treat ment

Tab4Bi sphemelhse mi cal structures and physicoche
(oct-wamtoér partiti-dmign P camaf faicd ide rdtipsksassci at i on ¢«
predicted by 2MagdgamdnCABitdenti fiers. Compounds atl

to |l og P.

Name Chemical et MW l og | p Ka CAS
BPS @H@— 250.24 2.32 7.-8.0 saa
2 ,-BRF 200.4 3.46| 8.-20.| 2480M™
2, -BRF 200.2 3.46/ 9.-40.| 2488
4, -BRF 200.7 3.46/ 9.-80.| 6293
BPE 214.2 3.74/9.-40.| 209
BPA 228.2 4.04/ 9.-80.4 8@




1.1 Contaminants of Emerging Concern

Name

BPC

BPB

BPAF

BPZ

BPC

BPAP

BPE

BP26D

BPBP

BPM

BPP

BPPH

| Chemical

Fe I
3 E
o o
& &
o I
E F
c

%

g
g

I cl

z
o;
o

T

T
o

|

i T
o
=

Q
E

-

-

:
?

-

-

I
S
o
L4

(J
Cl

o
x

%
;

\ /¢

5
)
4

C
C

g
2

3
2

et MW 0og p K CAS
281. 1 .29 8.-9. 5 14862
242 . 3 .49 9.-0. 74 &G
336. 2 .77 9.-B. 7 1464
268. 3 .91 10:-10. 84388
256 . 3 .07 9.-10. 790
290 . 3 .18/ 9.-80. 1578
350. 4 .99 10-51. 32363
284 . 4 6.1 9.-40 56 4%
352. 4 .31 9.-40 18 D45
N 346. 4 .72 9.-0 135239
346. 4 .72 9.-0 21643
380. 4 .34, 9.-30 24038
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1.1.4 Legislation inthe European Union

Regul ati on 1907/ 2006 concerning t he Registrat.i
Restriction of Chemical s ( REACH) and establish
(ECHA) is an i mpreedguwunat acn dfbhiceodeapl.8 fREA GH
establishes procedures for collecting informat:i
hazasr and possiblOf rtehset rcioantpioaamds i noh B®A&d i n thi s
i s RElAOd8Candi date List of Substancée®caduisdéery Hi gh
reproductive toxicity and; ebmdbsriterastyi é6nagdgt iomdg
ther mal[] 4Bdper

The Water Framework Directive (WFD) was establi
and protection on tfhH&i]kéaveOi rectrI dé6RAODA®GAISNEIC
to ArticHBlW il6,t d hedopt measures for reduction an

emi ssions and | osses of pollutants presenting a
a reslubt, oA priority substances in the field of
with Decision 2455/ 2001/ EC, including 33 substal

European|[ aa]tTdrreisallissatc|l uded i n the WFD by Directi)

whiahsoatreHBoeer onment al Qual itthyatStlainndiatr dE e r(nki (BSs)|
concentrati onsst eonfc epsr iionr istnyd fdalicheeE@Et ar € ex pr essed
as an annual aver aget drom paxp cesma xd geuinh salsl loovag | e
concenttrat poosect -taggramnex plsehwd rad cstoi vikmc | ude

requirement fsotratkels meombeesrt abl i sh an inventory of
| osses for prfia7ijltny 2s0ulb3s,t alnicreesct i vea2®idé B9/ EU a
the List of prionctydsesonpstt&neabstances, their r
bi oamd i ntroduced the concept ofwiaeWarocnh tloirdtn go |
[ 4183 sur f ac @Mastad hd rdgi isttisauglp ofigtt ur e actions, as inf
on C&cCcurirenafeten scarce. The fi hed WBRD2Wa6c il ih:
Commi ssi on i mpl ementing deci sion 2015/ 495 i ncl
hor mones (estradiol, estrone and ethinylestradi
clarithromycin and azithromycin) aopdrimeoni cot

thi amethoxam, <clothiphbfitn aalnsdo adceettearnrmipnreidd )anal y
and maxi mum acceptable detectiohibimcompbandshen
water samplebisfThewaWaupdanedi nnng01l8 compounds |
to three previ ougslly®orsetie € ie ohhet gWagtrcohu plsi st was wupda

2020 and currently includes D9 thempanmnidlsi, ot a m
sul fametphtoXhzol e)

While EU | egislation does not directly regul a
Emi ssi ons[ D3frsetcrtucvtes t hat EU member states deter
for air and water poll utants |l i st&€, i PORNnNeX |
bi oci des, and compounds uiLiem AhmnexiXroftytisebWwWFB
field of )watTehre plonldiucsyt r i al Emi ssions Directive ¢
andaste management, but it e X ¢.| uTtheesitsa rdbmawmnme weadks t e w

by t he Ur ban Wast ewat ef 4,9Whe ammmeyn tisieRifsoect i ve
macropolel.ugt.antist rogen and phosphorus.

To facilitate and regul ate tchael |reglasfeecomtfi( @ ecl a
portmanteau of irrigation and fertilization), |
2020/ 741, which wil!/l apply from 26th June 2023
water by qual ity and permitted agreinceunlttsur al u
(microbiology, BOD, TSS, and turbidity), as wel/l
parameters. I n Annex |1 of this Regulation, poin

requir eenbeenit snecessary and appropréeatieeomnoofenshee
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environment and of human and ani mal heal t h, i
evidence that the risk originates frowamdrecl ai
mentions that these requiremeot sRemgyl at sonc?2z
does not set speciWFiDprhi omity rBenghasrdgimncgeg at i on

althoughlithelsy wehdnge in the future. Similarl)\
urban WWTP in agriculturectbsveef§tl! av8HdEERY, Cwhoc
i s to prhoemoutsee of sewage sludge in agriculture
effects on soil andeaquafTzhfei dDri ,r eaxrtii mabl rriveag uuleast e s
for heavy metal s ( tadiieander czabnpgo ecrh, r onni cukne) in
and soil and | ays down rules for application
2020/ 741, however , pietr mdeeb blIGEtCl eoegludFalb epr i or
subssciamcel udge, whianlgei swiltihk dluy ttherc evi dence
potenti al f oun ehgaurlma.t ewdhialte present , the valori
l ine with the pmsinCimpeelsarof Ectohneo MU Act i on Pl
regul ations f ocrulittusr er eansde einreraggr iproducti on (
expected to be prepared in the following year
The | ack of wunified EU |l egislation regul atin
seems a glaring oversight i nhnthef fFfaxeobbf CEGe
environment is thrRrduygHhH "Wast[eBsjdt ®W s ap purna afcihe dt «
regud aCkE@aisnt ewater, this is the business of e
focwnesecei wsngfhaoaei eground and drinking wate
not havi-wgdanr Eful ati on ofHV&€ECt he iwaAgKd @waAN@M S
a step. The control over CEC pollution wil!l h
managing CEC effl ux o,(anidn dwusntirciiaplalp oWWTtP soonu rtct
wi || i mprove envir owmartegutaayi aecri ossss o B s rmamed. How
i nformation on CEC's occurrence, fate and t ox

1.14.1 Pharmaceuticals and personal care products

Because of their very purpgesetanouehfact ngp
periwhd,re they are pharmacologically evaluat e:
regul atory network for medicines in the EU is
of the Member States cooperating with a centr
t he EwmopELommnmi5dPdlidomhe phar maceuticals included
bot h -toheeenunt er and prescription medicines that
conrstt aemi ssi on may have opottheen te navPh caodmiee estet ied d le
arfkeighly regul ated unthiolwetvheexicrr ectoidesreimiprt y oinnt o
sewage ,shetfemr eguleaxtiisaAe nnithsotuhgedinr possible dow
environmeshaavie erfefceecntt | y rai sed @mohickirewssSis¢g ang .
bacteri al strains), there are currently no r €
industrial doscimamnigeispaf phar maceint iAcdlix |teo 8tch
Directive 2008/ L6 EEBCi on of a strategic appr

emi ssions and | osses of phar maceutifé4V Bl ni nto
accordance Wittrrattelgii €, atplpe oach to pharwaasceut i C
adopted by the European Commi ssion in 2019, w
awareness and promdt e hmprubdertutusal s, b) suppt
phar maceuticals intrinsically |l ess harmful f
manufact urmprgo,vec)environment al ri sk assessmen
wastage and i mpr oveastthee, nea)n aegxepreemnd eonfvaiwdo n me nt

f)y fill othef5kBbdiMhedgencdaupssi on of pharmaceutii
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|l imeéans t heagseimtoiiadontoi ncucel | ectinns$opmatiomwf fut L
|l egi sl atiohl%hd actions

Il ngredients of personal care products are | ess
but S 0ome may pose ri sks t o humans due t o dir
met hyl p(ar pbespanwdttirfanl asnamnmni csedc@apmediuct s

Both are on the ECHA Endocrinet Diggsortuepnttoira |l A sfsoers s
endocrine. ooiverwvtepéei ehatus of tddeder adesawslsmgmenti s
Meanwhil e, itheyaldroavedt i ngredients in cosmetic

al labk®ncentrati on of 0.4% and 0. 3 %, respectivel
cosmetic[pRddhowgpghemzone is on the Endioctcrine dis
i's onAltlhewed WWighderr Regul at] 58] Me2 2h3y/l 2000r% b e n,
oxybenzoneai aydr 2x Mibenzophenone are also author.i

production of plastic materials and articles int
a specific migratientlwiomiUtv dfi | @ emg/ lkaq df eiro tt h mi t
[ 5.4]

Whi bdverse effdamtst hef emB€R osmepect ed, their d
through wastewater is unregul ated. More infor ma
organisms in the environment is needed to achie

wher e dneede

1.1.4.2 Pesticides

Neonicotinoid pesticides were developed in the

protection product s i n t he E&p p raocve2dalnd p,r i d an
clothianidin (2006), thiamethoXb5&powe2@@7)} dand i mi
| arge mumbheornsey be-eattkbatdhspl eny coll apse disorder
pollinators, the use of <clothianidin, t hi amet hox

i n 205163h addiutritchre,rons ttubde idcaiwap alsl i ha7Tpoasf58)]
apeeeview of the scientific evidence about <c¢cl oth
by the Europednthoodt FasSfbepths A)o t bheamnbdi hgr al l
outdoor upeéepbAt t0ddi prid wasal bwumd skodiltdsbe es
approval was 1 ®&BdWwereomppi&18f thiacloprid was wi
2020 due to the outcome of a peer rceifeavctod its
bap59]However, neonicotinainderarcersaihl EWsedmesu
| egi sl at i oBmealgleonwsy fAwrt neri zodt itone sfeorbanned neon
avhere such a measure appears necessary because
by any other rodas Arablcd emebadn so f [ R4 gSutlialtli ,ont MilD "
mechani sm has potéemnd aEU froecabdiseshow t hat neon
been authorized f-br mesnef gemc[§®@6]6 et @1DP021
TheUEquality standard for pesticides and their

products is 0.1 wpug/L individually [o6ragd0O. 5 pg/ L
groundw&ag ]eHrowevehhleegi siadi oendual mpetsts pediefsi ead .e
Sl oveni an l egi sl ation on disit imlei nsga mgaadcedi t gai ame
monitoring of drinking water is performed yearly

[ 69]The di scharge of pesticides through wastewat

1143 Bisphenols

I ncreased public awareness abesul trdecst@mmoeirsee e
|l egislation in North America and Europe. This 1in
the plastics industr gBPsA pamd d etrina&i mewe htdgqtof f er
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main source of human exposure toad®P@pAted ifrootdh
EUFor i NEFSAceer fNfrimesdd irtissk assessment of BP
temporary Tol er abDle) Dafi | Y0 | ng lak @ OifuTdDayYy was] .

owered from 50 to 4 pg/ kg bw/tdaly6JaftAks anpradd

I

the Eur opeanalGoesmirsiscitoend t he manufacture, sale
feeding bottles containing BPA in 20211 [7]. T
from food contact materdg alys @amemidsedii mre dRegu I0a t
[ 8] . BPA was also banned in catsaned iicntpeamdaid tfsc
by children under 36 months or in odiffeil tt dy®si

not exceed a migwgati palo0li mUndefr ® h@4 RBACH r egu
Commi ssion (2016) also restricts the proporti
than 0.02% by weight after 2nd January 2020
connetcot eddi r ect humamrdoexypds warfd exn t he emissi on:

I n the original version of Directive 2008/ 1
BPA was include@ubant &dmnex dUddject to review f
as priority su¥poshanaedows pubotrances [12]. Wi
2013, Annex I11 was deleted from Directive 20
priority substance due to insuff,BPAenBPSuppadr
BPB are oniwst Eandb@lEA di sruptor assessment i st
recognized as endocrine disrupting in 2017 fo

pending regulatory management option analysis
BPS and BPB redgaredidigramdadoen dewel opmhment

Al t hdBwgAh di scharge through wastewater is not
Sl oveni an Decree on the emission of substances
waters and the pubriitcs stelwemgal IsywddE mcdricentr ¢

wastewater when directly or indirectly discha
to 0.16 mg/L [15]. |t also |imits the concen
obsolete (e.g., Dbe, aR@Bpestgandeb)or whil e ot
this dissertatTihoen raerdellad miittdteedwast ewat er di scl
insufficiently regulated, even thoughatvédey a
endoadriismenggftf ect sg.ulMotrieve emeasures will [|ikely

assessmentoxabccittbyer ence and fatdéenwni wasmemwit er
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1.2 Wastewater treatment

1.2.1 Conventional treatment

Wastewater sources may be genenrwaaltiezre d( riumtoof ff)q u r(
domestic wastewater, (3) agricul tfuwroOgdAl wat besand
urces are contaminat@wed wi th opaendi oauEmMtEpPariat e
eatment is necessary for their release to the
nsists of severi®ld atsapeg ttthat pamre osep!l requiren
the WWTP, Ilisted in increasing order of sophi
eat ment , secondary treat ment and tertiary tr
(.202001]Preliminary tmeatpmest cabualrleat ment desi
ve | argdgerd,s cfoaorns et hseo i nfl uent wastewater and
ders and grit chambers. After this; wastewa
|l eabl e solids, along with particulate organ
atmen egyismMmeolywidngnent ati on, neutralization 1t a
FIl otation systems remove suspended solids, W
moving settleable solids, where adding dissolyv
may boost treatment efficiency. Onattihen ottehrekks har
may al so be used for neutralization and homogeni
|l oading i[s7.hlecessary

Secondary treatmantyemaimsi m@ ds elmiy & sdé maion ivregl
organic matter (e.g. measwB®O©Dd)asnbitbkeopgrtcmbhrgxiyg

s
t
c
0
t
a
r
g
s
f
[
r

Bi ol ogical tremanmemamaempbogs processes that may
attached or combi npdl]bTahcet e d raM e nbtiiocormaasls acti vat e
process is the most common process for biologic
aerati oinn tvalmikg mtaregat ed i nfl uent and reawnwdl ed sl

mi croor gahmnt lsaersg adniigce snpartotdduricex rs,di laantde a settl ement t
where treated water dnmiR]slkedgASarsegepaciangdbat
( SBR) can operate in parallel andseaetel eémentgned
decanting and r ¢f7.2[Mawnigngdg nbedhebitoarnekact or s ( MBBR)
move dhoeieti ye mi xemhelriequdretyaclmanand dirheayr i omass.
characterized by | mwkelreeneeggt onpudl amdssdue to
area available for the growth of microorgani sms,
resistance of microorgani sms towafds]toxic shock
Membr ane bioreactor (MBR) treatment systems uSs:¢

l' i ke in AS, but instead of separating sludge wit
a membramegl oyed. MBR systems allow higher bi oma
filtration system prevents the biomass from bei!
bacteria and viruses passing throughQualhietfreatmn

effluent hilghht iamstall atiof 78fj8henaeiftieniadcey cofstb

processes may be influenced by factors such as
hydraul i c retention t i me (HRT) , mi cr-bor gani sms
mi croorganisms ratio, toxic -subatmadsljewherienocul u
secondary bi ol ogical treat ment i s not effecti)
independently or to supplement it, suchal as coagu
particles), chemical precipitation (to treat i n
mi neralize putrescible compouneéx)chaalgectproclkeeamiec

[ 7.1]
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Tertiary treatment processes are used to rel

treatments are based on adsoraptei dry (arne naodvsadr b
solvent extraction (removal based on solubil i
filtration (for removal of suspended, in decr
and reverse osmosis,rembehngsdabsol gsaedtabbet &
(for recovery of sol vent in industrial wast €
degradati on ofbymirceraccptoilvieu)toaayigse il i spaerdiees i on (f
pat hopeéh$Hhhese processes are influenced by pH,
ar ea, tseucbhinbicictayl concentration of contaminants.
solutions may prov-gdel any eatrlement, hti lgdi r app
byof7.1]

Sludgesiigsni @prcadtuct of bi ol ogical and chemi
procesadmdsafeefdestti ve di sposal Mme ma inn snaa ys ic @rs i
before disposanaertohbHicgetdsl gpr o dume economicall
bi o.das ad diitoil oy, cal and phyasriced e @ mif esd leidipgreo c e s
di sposal an,d nea lpairriogl aytsiiogsnat abfle ame nft a®ifi o
dewateredei sthhmagemwsmtyed ocbeer ated i n( odfetddmcat e
to the dissatisfaction and)dretfrahtedd of the | o0
1.2.2 Occurrence and removal of contaminants of emerging con cermnin

conventional wastewater treatment
Wast ewater treatment plant influent and effl u
them many CEC. Influent and effluent concentr
(Section 1.1) are dpuimmasé z€dblias Tabhdbw a consi
in the abundance of the | isted CEC in wastewa

wor |l dwi de

Among PPCP in i5nf,| mermtr o(xTeanblaend i buprofen are
concentr attd o250 (wep/ L and 56.5 pg/ L, respecti v
<LOQ to Mg/ L concentrations. In effluent, c
sul famethoxazol e, metoprolol, estrone, carbam
reach sevewidlbhhgaghli ghest detected bcBneciegphl at
(met opr oMeotloopmot el r e g avlii ¢riretmmosvnatlngi ng from negat
intermedi-a3 2% (tfadg o3 %), with a similar trend f
-138% t o 82%))e.r Omntdh eaindoahnpr eaireemr e b i o dwigtrladabl
remosV alom t88B %% Nnd f6rddndl 0 Qe s pecNdgeetliyve removal

CEC occurring in WWTP are not an uncommon phe
be the consequenichkel eoff axcdwersal lposfsluctuati on
accounted for by the sampling strategy, 2)

mi smatching influent and effluent | oads when c

framseol id phaserind4wadtaewatof degrading bacter
and 5) antail gnef dfarcckmh i oconnj ugat[e/d]compounds

Neonicotinoid pesticides were detected in WW
PPCP, ranging from <LOQ to 166 ngnlLy, amhplcihe d st
cropef flsogeinmi dacl oprid reaches concentrations
frdmWlo0Q%al beit only a few studies inwvestigat
The most abdndaretquentBIPy ioc cwarsrtli engantt e ri si nBEP A,
foll owed b#, -BRFS, arnedachi.nfggg/ULp fuglloan2d0 29/ L i n

wastewater influent [ 7u8@0dHwmevetvievBeRNFy,, B(PTAaFb, | eB PTA)P ,
BPB, BPBP, BPC, BPE, BPZ, BPM and BPP have
wastewater influent, although | ess frequently
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to Nh4g4L76], 7BZAh,e highest detected effluent <con
for BPA4 ,-BWFR,,-BRRF and BPBP andugc/ad-BPEach The?2
removal of BPgse nfaryonalnseog artainve to al md&% tcompl et e
97% for BPA). When writing this thesis, there w
and remdbvBRF, 0ofBPC 11, BPFL, BP2WDM awat.8P PtHr eat mi
Tab%elnfluent and effluent concentrations of Pl
concentrations from all included WWTP and thei |
I nfluent and effluent concentrations are preseil
( mi-)max ) .
. Infl uen Ef fl uelRemov
Compodn Locatio [ng/ L] [ng/L [ %) ref
3 Chin 13 5
Naproxen |wrp <L0@31 <LOQ1l 4 65 [83]
90 EU 27
4
WWT P / <LOQR958 / [84]
1 Us / / 96 [ 85]
WWT P
5 US 35, 70040 30 o
WWT P 930910, ( <LoQ15q 100|186l
1 Gree 133 o
WWT P <LOQ®6 438 <LoQ atoo |87}
! 6275 2274
Singap 6 4 [ 88]
762 2 411
WWT P 356076 0623
1 Chin 8 1
WWT P 2-10 1-2 85 [89]
50 USA 460
I f
buprofen WWT P / <L0Q420 / [ 90]
90 EU 81
WWT P / <L0OG®212 ! [84]
1 Port 3800
WWT P <L0OQ52, 2 ! ! [91]
3 Césa 300 50
WWT P 35406 <LO®99 83 [83]
1Us / / 99 [ 85]
WWT P
5 US 22, 300¢ 56
99 86
WWT P 8, 6-G, 5 1392 [ ]
1 WWTP 33548 1001
97 88
Singap{(29, 0%, 9 865107 2 [ ]
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. Inf l uen Ef fl ue|Remov
Compodn Locati g ef .
[ ng/ L] [ng/ L [ %]
1 Chin 219 20
1
WWT P 8-262 8-36 o 891
3 Chin 25 9
Sul f t h 6 4 83
utbtamet o wwrp <L0Q95 | <L0Q22 ]
E 142
90 v / / 8 4]
WWT P >L0Q114
1
50 US / 910 / 90]
WWT P <LO®290
1 US
WWT P / / -36 8 5]
1 Germ 348 208
WWT P 191476 59718 42 92]
1
Gr ee 88 20 77 87]
WWT P <LO®@507| <LO®8O
1 Chin 48 23
WWT P 3062 8-38 >3 89]
I'talia 46 15
Erythr omy WWT P / / 67 9 3]
1 Gree <LOQ
<
WWT P <L0@320 LoQ / 871
l'talia 200 280
i -4
Clarithro WWT P / / 0 93]
1 US
-7
WWT P / / 3 8 5]
3 Chin 59 120
M I -1
etoprol ol wrp <L00248| <L0OQ28( 03 1[83]
41
50 US / 0 / 90]
WWT P <LOQ®660
1 Germ 4148 4422 9 92]
WWT P 247105489 316576]
1 Aust 379 178 53 94
WWT P / /
1 G 96 415
ree 332 |[87]
WWT P <L00474| <LOO780
1 Chin 14 42
-189 89
WWT P 3429 <LOQ®174 ]
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Infl Ef f | R
Compodn Locatio " uen ue e mowv ef .
[ ng/ L] [ng/ L [ %]
90 EU 832
C b i / / 84
arbampentywwrp <L 00460 ]
50 US 97
/ / 90]
WWT P <LO0O®240
l'talia 570 370
WWT P / / 35 93]
1 Us / / 92 85]
WWT P
5 US 115 21
82 86 ]
WWT P 34350 <LOQ®6 2
1 Germ 1536 1614 7 92]
WWT P 8152436 102230
2 US 193 289
WWT P 61588 91731 ©3 951
1 Aust 637 6914
- 4
WWT P / / o 94]
1 WWTiPn 324 309 5 88]
Singap 323340 262336
1 Chin 2 5
-138 89
WWT P 2-3 5-6 ]
5 Kore 4
E i ol <L al
sdradio WWT P <L0Q4 oQ aloo 96 ]
5 B 143 48
raz 66 97]
WWT P <LOQ776| <LOQ397
1 P
Estrone ort > S / / 91]
WWT P <LOQ®177
1 US
4
WWT P / / 9 8 5]
5 US 97 3
97 8 6]
WWT P <LOQ160| <LOG30
1 Sing <LOQ <LOQ / 88]
WWT P <LOQ <LOQ
K 47
5 or e 6 87 96]
WWT P 3270 <LOQ®214
5 Braz 566 242 5 7 97]
WWT P <LO®305(<LOR®208
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. Inf l uen Ef fl ue|Remov
Compodn Locati g ef .
[ ng/ L] [ng/ L [ %]
3 Chin 240 3
Methylpary wwrp 21446 | <L0OO1S8 99 83]
1 Chin 567 14
WWT P 214141002 3-214 8 98]
1 Chin 166 18
WWT P 1-246 3-72 89 89]
2,-di hydro)5 | di 6 2 2
'y { nal 94 77]
benzophen{(WWTP 20113 0-8
1 Gree
<LO <LO / 87
WWT P Q Q ]
3 Chin 9 3
@) b 70 83
xybenzontwwre <L0024 | <L0Q9 ]
3 N 497
or w / 9 82]
WWT P 10601915
5 I ndi 262 15
WWT P 120548 43352 46 [
1 WWTP 1734 93
. 95 8 8]
Singap 12080617 606140
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Tabé el nfluent and effluent concentrations of n

mean concentrations from al/|l included WWTP and t
I nfluent and effluent cmeaentomacannd sradngea p(rmeisre nt
ma Xx ) .
I nfl u Ef fl udg Remoyv
Compound Locati on Re f
P [ng/1l [ng/Ll [ %]

|l mi dacl op|8 US WWTP / 22 / [ 99
P 12438
. / 54

1 H 22 10

ungari an 6180 / [
16 Spanish \ 19 / artoo ([ 10
P 1-166

1 US WWTP 5/5 ng 11 [10

Thi amet hol8 US WWTP / ! / [ 99
<LOQ®1.
. / 15

1 Hungari an 1624 / 20 [ 10

1 US WWTP <LOQ <LOQ / [ 10

Acet ami r8 Us WWTP / 2 / [ 99
P <L0Q5

1 Hungarian / . 23 [L0OC
g 1-3 /

1 US WWTP ;1 /2 50 [ 10

Thiaclopr|{l US WWTP <LOQ <LOQ / [10
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Table | nfl
concentrati

uent

ons

and ef f
from all

and

ef fnlcueennttr adad ons

uent
i ncl

uded

concentrat.i
WWT P
& hree pm ecs@emd et haest o @amge nd
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and

(mimax) [ng/L].
location I nflue Efflue RemovReJc
[ng/ L] [ng/ L] [ %]
: 1921 224
BPA 7 Chinese W 18920, 4 161100 83 [ 76]
1150
N i 2
3 orwegi an / 814611 / [ 82]
. 60 5
5 I ndian WW 15184 1-14 82 [ 77]
5 N Y k 72 39
ew or 43 [ 78]
WWT P <L0OO®855| <LOO®338
1300 34
hi W 7
3 Chinese 565850 <L0Q123 ° [83]
26 13
WWT P
> US 606600 <LOQ44 96 [86]
. 5734 812
1 Singapore 5326096 4 619 8 1 86 [ 88]
2 Romani an / ! 95 [ 80]
6449140 6-75
434 228
4 hi W 4 2 7
Chinese 214802 | 100330 [79]
. 86 1
BPS 7 Chinese W <L0Q746 <LOD4 98 [ 76]
. 277
3 Norwegi an / 1-1138 / [ 82]
. 15 3
5 I ndian WW 7.39 1-4 81 [ 77]
5 Slovenian 21 <LOQ a100|[ 81]
2-41
5 N Y k 29 26
ew or 13 [ 78]
WWT P <LOQ707 <LOQ@444
2 Romani an / <LOQ 99 [ 80]
481688

ons

0 |
t hei
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I nflue Ef fl uelRemov
Locati on Re f
[ng/L] [ng/L] [ %
101 45
4 Chi w 55 79
'nese 53177 | <LOQ73 L79]
4 4 11
4, B®PF|7 Chinese W 57 76
' <LOQL66 <LOD35 [76]
1336
N i 2
3 orwegi an / 3161609 / [ 82]
. 10 1
| mh wWww 77
5 ndi a 3.28 1.2 96 [ ]
5 Slovenian 16 <LOQ 4100 |[ 81]
5-37
5 N Y k 46 6 6
ew Yor 36%|[ 78]
WWT P <LOQ17( <LO®G56
2 Romani an <LOQ <LOQ / [ 80]
298 246
4 hi W 7 7
Chinese 120605 | 115620 L79]
925
2,BRPF|3 Norwegi an / 812166 / [ 82]
BPE 7 Chinese W ! o 25 [ 76]
<LOQ9 8 <LOP75
84 2
| i 1
5 Sl ovenian 3.238 0-6 98 [ 81]
2 Romani an / / al00|[ 80]
297414 <LOQ
. 204 151
4 Chinese W 88431 24400 23 [ 79]
BPAF 7 Chinese W 2 ! [ * [ 76]
<LOQ13 <LOD17
3
3 Nor weWT R n / 1-4 / [ 82]
. 3 .
5 I ndian WW 2.3 <LOQ aloo ([ 77]
17 8
5 SI i 53 81
ovenian 5.30 710 [ ]
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I nflue Ef fl uelRemov
Locati on Re f
[ng/ L] [ng/ L] [ %]
80 83
4 hi w -1 7
Chinese 55141 551209 0 ([ 79]
BPB 5 I ndian WW 3 2 | * [ 77]
1-6 1-2
9 1
I [ 1 1
5 Slovenian 0-28 0-2 9 [ 81]
2 Ro0 ma nWTaMm <LOQ <LOQ / [ 80]
_ 276 179
4 Chinese W 120433 88351 34 [ 79]
. 6 2
BPC 5 Sl ovenian [ * [ 81]
1-12 /
2 Romani an <LOQ <LOQ / [ 80]
. 3
BPZ 5 I ndian WW 3.3 <LOQ / * [ 77]
5 Sl ovenian 151 44 71 [ 81]
2-403 3-86
323 211
4 Chi w 21 79
$nese 167488 9-349 L79]
2
BPAP 5 I ndian WW 5.2 <LOQ | * [ 77]
75 5
I [ 1
5 Slovenian <L0Q177 <LO0QL0 93 [ 81]
155 100
4 Chi W 34 79
'hese 11025 | <L0Q188 [79]
985
BPBP N i 2
3 orwegian / 6-2926 / [ 82]
BPP 5 I ndian WW 4 0 93 [ 77]
2-6 0-0
. <LOQ 4
BPM 4 Ch w | * 79
lhese <LOQ <L0Q20 [ ]
/-data not availabl egdduert mtshaemplciomg tgtari antt s
*-concentrations too | ow to accurately calcul ate

r

€
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1.2.3 Wastewater treatment with algal technologies

Wast ewater treatment technologies habass@déen a r
solutions for wasteWwatéedemtreauménng s$ameuccessf.L
constructed 1Wwe}l])] afPd®d94#] sing alternatives to bi c
treatment-based at gathnol ogi es that rely on algae
heterotrophic mi crridoyr gbhacsmei a)prtma treat di f f e
Depending on tdeaftmernt negges ofacpwintdestdnvaey be L
mat uration ponds magsthésot hbi abdadidenegoeddass t er |
treat mbnbdegr admbd enmBb&agnedat ho genolvall

Converhdglhy rate alBpapl mppynbe ¢(eEBR#MNY¥eand nutrients
d all ow a hi gh.Trhaetyeshoalp ead grad ¢ wgwtolypwg ehd d | e wh e e |

rmi xi ngHRtAHPe swastaemsde dr secondatyeadarediwvat er

& potenti al al ttaromaatli vbei otlmgéc emvenwast ewater tr
0O5When compared to act i gshaa veed HRd(nUddRgTey8rBe act or s,

lwlddays, r esamalc tfiawd llyi)t at e photodegradati on due
wd .mM)[ lald | arge surface ares, zie. HRAPL Isy&s]t ermsmo r
O6Constructabhnomaald opets of HRAPs for secondal
e one qubahied tbabnef conventi onalld 7glchteiyvat ed
so do not require aeration as algae provide

cteria, panduvwciitnapméGtsormp eéi on can occur when nut
mi[t7dgndA al t er nat itwe ade pihgpn oibs oar eacadpwo( OPBR), wh
ols on the extremes, bet ween which the medium
de of ;powemémsw i s still driven [blyO®laddl ewheel ¢
Al t hough many resources (e.g., water, energy, f
(extwywsddi spose), fthesoeuses oby recycling wastew
circular economy principles. One -al ghhabsee dmai n ad
solutions-damd nauneocoteynal gal bi omass production. T
exploited, moststmaetkabliy eas dofre@adl ymer, energy
and fertili Jelr0j9plreoid v eriea@dn al gae mi ght al so be

suppl ememti mabg hough this woul d depend on the
wast eywdtladt ably, the valorisation of biomass and
with the prince pCéscuwlfart hec ol iyl 4 Whtei osnp eRlidn ¢
characteristics (previous paragraph) of al gal W
make them applsicabaei 6oy ever yYWWTP of | arge citi
|l arge amount aofe wast éwkteeéry to adopt it. However,
spagjfaendd | ong HRT w@a&m olbteoi atphpel isemdount oft lwastewat er
use of al gdlr ewmd snesmwatmary prove a valuable asset.

QO T T ST PFP,POWEL T O3>

3T oo ~<—® "D

1.24 Removal of contaminants of emerging concern with algal

technologies
Removal ofw&&w@eferomn al gal photobioreactors can
of bi odegradati on, phot odegrtaidoant,i othe p eanddsionrgpt @ @ n

compoNpnhdy si cochemif@a]l],.prbipedegreassdani ahwglatl s €CEE€
frommebhabolism of al gegada hend i mextaecraicd[yllla6tlhy or

According to Liu et al. (2021) , bi odegradati on ¢
scenari os: (1) microal gae do nportovdiidree cat | fya vdoeugrr aalx
environment for bacteri a, promoting bi odegrada

significantly and directly contribute to the bioc
synergistically degrade CEC,i wherprodectanotiegha
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or viclelVvepetabol ic bi odegrhaeda thiyopne ainsf iacc ceonnzpylr
produced to assimilate[dbliAiMHoOwevgari cnoc @ mp onutn
wor ki ngs of expression of removal mechanism
understood.

Photodegr atd akre®domo Vv sl mecdanhosmi gh | ight expoc

ponds and occurs thrlonudghr ecdlitrl syg & ta@ gsat mhy sia$ s o
degradation due to high oxygen production and
spedi7ds . [Rdalqdv al by adsorption and uptake 1is
compounds 4¥Ybg. PAldpa® aéscficiently remawea nutri
organic nitrogen and phosphorus) from water b
Due to the remadwel poodGEGuahi oy @f ghuent and
and its reuse, algal wastewater treatment tech
i n receln2] ,yelalris5] , [ 118]

Al t hough not the primary concern of this wor
CEC fadrme al gal photobi oreactors wiflTIPsbd sbr i e
i mportant as they may exhibit recalcitrance a
their p[rlelcuRegardi ng PPCP, Xiong et al. (2016)
hydroaegl bhyi Phase | enzymes are important in t
Chl amydomon aasn Sceexniecdeersany s balsleidgoms dijet 20 Priimged T
et al . (2017) have shown t hat i buprofen i s
dehydroxyl ati on, acylation, demet hyl[alt2ilon, o
Furthermore, phbasamer fgaromed a similar study
hydroxyl ation, demethyl ation, decarboxyl ation
and oxafliz2]Jaci d

Studies on al gal TPs of neoni cot iwmroiitdi g safi

s Hbwsevegar ding BPs, an early study by Hi

ntifying monohydroxy BRAshareagm aihe the rcnuel dtiuarte

|l orel, i lme freebdguee s hgogeni d28¢titerrt y Nakaji ma et
hwed hat BPA i s transf egrlnyecdo stiod edsi fbfye rseenvte rBaPF A mi
4)Tbt o-B®A transformation by smeltfhaytliactn ,ong layr

romi nati on bayl bneiecrr ocal shearéehda g et al . (2017)
is transformed by glycosylation, oxidatiwv
nt o monavp h écnoaeibsi,nati on of these pr oc[els2s6e]l]s r e
Ding et alsbyyioed )t he bi otr assigedshaee gpgad oonf B P S
of oxalic acid, dehydroxyl ati on, demé¢tlRy!l ati o
Finally, Di ng detint aflioesds2 tobfé )phen ol rings, asp
reduction and carboxylation as[fp@8Bhways in th

These studies show that CECs are subject to
or hydrolysis), Phase |1 metabolism (conjugat
manpossi bBet WmPRhase | and Il metabolism detoxi
toxic compounThermdés®epploasi bility of transfori
similar or hi gher bi ol ogi caHowewver, bayb otvlean t
studiegpssrutch occurrences.

1241 Laboratory -scale photobioreactors

Sever al authors have studied the removal of

| aboradalrey photobi guradosyr ®ften, single strai
in simaglea, while some studil@®l]akledaf mMexeotetyp
wastewater (municipal, analdadp A30L [132Jg3Bctondar y

approach reallife conditions in wastewater treatment. HRT ranges from 2 to 40 days, and
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Co spans the pg/L to mg/L range, with the latter not relevant for wastewater, where such
high concentrations are not found (Table 5wTable 7). The most often studied PPCP in
algal bioreactors are carbamazepine (9 studiegnd sulfamethoxazole (8 studies), while the
least studied are hormones and benzophenones, which have only been the subject of a single
study in each case (Table 8). Carbamazepine and metoprol@re recalcitrant in laboratory
photobioreactors with removalsranging from 0% to 50%, with two exceptions [132], [137]
where they reached 90% and 93% removal, respectivelfhese findings agree with their
reported recalcitrance in conventional wastewater treatment (Table 5). The analgesics
ibuprofen and naproxen and the macrolide antibiotics typically show good biodegradability
in photobioreactors (generally 26% - 99%) while sulfamethoxazole shows some
recalcitrance (0% - 86%) The limited available data for hormones and benzophenones
makes it impossibleto draw any conclusions(Table 8).

Thera&l acsdi stinct | ack ofemabmiemati cpebsatoicdides on
in photobioreactors at theslitaboa adcfaltteh e twrdiiteisn gon
BPs are summarised in Table 9. BPAcias et hat mbst
cul tafredi fferent al gae species, often “spiked wi
randged)dll4ufi ch are not rel evant for real wast ew:
studi es range from 18% to 9 9 %, wi t h removal s
concentrations of initially spiked BPA (Tabl e 9
aqgueous @fhaasl gal cultures and seldom investigat e
Eio et al. (2015)starmrdd eldi B PeAt aissd .alrfgbadridlpioam ed | e s

1% of the initially spiked amehiinlte b®olng pmae sMat a
(201 6pwmmp 6% 136], [ 138], [142]

To dat e, few studies have investigated the rer
phot obi oS®lakctaords .Mat amoeesi @e2nfokvaa)lt hoed rBPA, BPAF a
4 -BRF i n addi ti on t o t hree ot her endocrine di
secontdraerayt ed effl uent i nocul at ede mvo schft 6 %ee and i

80% anwe®& &% i & wBePdA, B P A4F, -BanFd, res,epactpii keldy at an
initial concentafattedanl finclubafifoey Bbund 17% of
BPAF in thkRemg oenadsmbse(26d the 99% r-BPdvian of t e
10 dagy=s4 3fCgL?Y) atnhdeor mati on of its t[rla2is]hgr mati on
al . (o2b0s2elr)eendovfal BPS at initial cLd,n ey n'thrnadt i ons of
1 0mglL?, reporting 95 %, 34% angfil33mwasempyaDj ngesgpe
(2021) also observed the toxic effgadal®BHi g emoval
I i mintuemb est wdrieaasn s Itihtktnleew!| et hhee r emo v al and fate
other than BPA in adegsapi tptledtidosn rowesatced watsegr and t
aquatic enrwhiirlcedmenrt st sdia¢e phlootobi oreactors are
applifcadhB8len toordevercome the knowledge gap on r e
mec hani sms ;s claabeo rsagweisygs.nt i al
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Fi gawreExamples -9s¢talabbaantbryghot obi oreact
(Photos: Franja Prosenc, David Skuf
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Tab8 e Review ofcalboalagalr ystudi e@wiofi MmECIPuUumMme mov e
algal species in the photobioreactor, hydrauldi
concent ratiaonnd (r&moval e@®h vaerne cloingptoauch df. or

HRT
Comp ound M edium Species Co R [%] Ref.
[day]
urban , 4177 +
Naproxen WW undefined 2 128 ngiL 28 [129]
urban , 4177
WW undefined 34 128 n 24-52 [129]
D1 Navicula sp. 21 0.5 mg/L 95 [137]
Chlorella
BG-11 . 3 10 pg/L 0 [144]
vulgaris
Cymbellasp. 1, 10 and
D1 122
and 30 100 mglL 95,80 and 60 | [122]
S d 1,10 and
BG11 cenedesmus| 4 an 60,65and2 | [122]
guadricauda 100 mg/L
Chlorella 317 £33
Ibuprofen ana. Ww . 31 99 [132]
sorokiniana Mo/l
Chlorell 317 £33
Urine orera 23 99 [132]
sorokiniana po/L
synt. WW mix 10 5 pg/L 51+6 [130]
urban mix 10 5 ugiL 99+ 1 [130]
WWwW Hg B
b 8955 + 959
li/rw‘i‘/” undefined 2 L 26- 91 [129]
urban 8955 + 959
fi -4 1-94 12
WW undefined 3 ng/L 81-9 [129]
D1 Navicula sp. 21 0.5 mg/L 97 [137]
1,10, 50
D1 Navicula sp. 15 60, 27 and 20 | [121]
mg/L
mun. mix 25 501 gL 60% [133]
WWwW
Sulfame - | lake water | Nannochlais 14 10 pg/L <40 [145]
tho xazole + F/2 sp.
d. )
secon Spirogyrasp. 20 200 pg/l 14+5 [134]
WWwW
d. Zannichelli
secon annichetia 1 54 200 pg/! 20+2 [134]
WW palustris
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. . HRT
Comp ound M edium Species Co R [%] Ref.
[day]
Ferty
: Acutodesmus
Basic . 7 250 pg/L 43 [146]
. obliquus
Fertilizer
D1 Navicula sp. 21 0.5 mg/L 86 [137]
Scenedesmus 0.05, 0.1,
BBM ) 11 and 0.2 16, 22, and 29 | [147]
obliquus
mg/L
Haematococcu
s pluvialis,
Selenastrum
svnt. WW capricornutum 40 20, 50 and 74 [148]
ynt. , Scenedesmus 100t g/L
quadricauda
and Chlorella
vulgaris
Chlorella
BG-11 . 3 10 pg/L 0 [144]
vulgaris
Microcystis
e Y 12 10 pgiL 70 [149]
aeruginosa
Synechococcus
e y - 12 10 pgiL 80 [149]
e Chlamydomon | -, 10 pg/L 0 [149]
as reinhardtii H9
Erythro - Chlamydomon 2300, 14, 2.3
yar synt. Ww yoom 14 20,99,99 | [150]
mycin as acidophila pg/L
Clarithro - Chlamydomon 800, 40 and
. synt. WW .y . 14 42,99, 99 [150]
mycin as acidophila 8 pg/L
Haematococcu
s pluvialis,
Selenastrum
capricornutum 20, 50 and
t. WW 40 76 148
syn , Scenedesmus 100t g/L [148]
quadricauda
and Chlorella
vulgaris
Met - Chlorell 181+ 62
CPro = 1 e ww ore’a 31 90 [132]
lol sorokiniana po/L
Chlorell 181+ 62
urine orera 23 50 [132]
sorokiniana pa/L
Chlorella
BG-11 _ 3 10 pg/L 0 [144]
vulgaris
Microcystis
WC y 12 10 pg/L 0 [149]

aeruginosa
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. . HRT
Comp ound M edium Species Co R [%] Ref.
[day]
S h
e ynecspococcus 12 10 pg/L 40 [149]
Chlamydomon
W 12 1 L 14
¢ as reinhardtii O gl 0 [149]
Lake Mead
Carb - N hlori
ambama = | -\ ater + annochions -y 4 10 pgiL <10 [145]
zepine sp.
F/2
Chlorella 117+ 17
ana. WW - 31 10 [132]
sorokiniana Mo/l
Chlorella 117+ 17
urine . 23 5 [132]
sorokiniana Mo/l
synt. WW mix 10 5 ug/L <20 [130]
urban mix 10 5 ug/L <20 [130]
WW Hg
Chlorell
BBM orera 12 1tglL 19 [151]
sorokiniana
Chlorell
BBM oreta 12 1tg/L 24 [151]
vulgaris
Chlorell
BBM orefia. 12 1tgl 28 [151]
saccharophila
BBM Coelastrela sp. 12 1tg/L 36 [151]
Coelast
BBM oe 6.15 rum 12 1tg/L 20 [151]
astroideum
Desmodesmus
BBM 12 1tg/L 71 [151]
sp. RUC2
D d
BBM esmodesmus) 4, 1tgl 31 [151]
sp. 26
S d
BBM Cen:p esmus| - yp 1tglL 39 [151]
S d
BBM cen(_—:‘ esmus 12 1tg/L 38 [151]
obliquus
Chl d 1,1 2
BEM amy _omon 10 , 10 and 25 <35 [120]
as mexicana mg/L
S d 1, 10 and 25
BBM cenedesmust an <28 [120]
obliquus mg/L
D1 Navicula sp. 21 0.5 mg/L 93 [137]
synth. Chlamydomon o
14 160 ug/L 30 150
ww as acidophila Hg a [150]
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HRT
Comp ound M edium Species Co R [%] Ref.
[day]
Chlorella
BG-11 . 3 10 pg/L 0 [144]
vulgaris
Chlorella
mun. vulgaris and
25 50t g/L 60 133
ww Scenedesmus to [133]
obliquus
Estradiol synt. WW mix 15 ltg/lL aso [131]
Estrone synt. WW mix 15 1tg/L & 65 [131]
Oxybenzo Scenedesmus 0.1, 0.5, 1, R
xybenz BBM caesmus 19 825 [152]
ne obliquus 2,3, mg/L
second=s&Nondary treated wastewater,
synt . =%8WWnhthetic wastewater, mun .

WW=munpal wastewater,
ana&W=anaerobic wastewater,
D1, -BBIG WC, FWs2t,amBdBaM d synt hetic media for growing
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Tab%e Review of$calabosabutorgs of BPs removal. Comp
medi um, al gad pslpcetcdeisorienacadthor, hydraulic retent
concent rat iaonnd (rG mov al (R) are listed for a
. . HRT
Compun|{Medi um Species [da Co R [ %| Ref
h i 1 1 2
BPA MS M < or.e .a 7 9, 0] 39, [ 13
sorokinian 50 pg/|land
M hi
F WO 4 onorgp |d4 2, 4 a|39, [13
brauni.i mg/ L and
1, 19 39
Chl d 1 ” 1
BBM amy@¢omo 15 land s50[17, |[14
mexi cana
mg/ L 8
1, 5, 28,
BB M Chlorella |10 and 50{14, [ 14
mg/ L and
artifici Stephanodi 0.01, 88 , 9
Seawaterhantzschiile 1, 3, 92, [ 14
Fl 2 and 9 |and
0.001,[38,
F/l 2 Navicula i|4 0.1, 1/31, [ 14
mg / | and
ul trafil
et fluent Nannochpor|7 192 ug|46 [ 13
secondar|Chl ose@l |l an
+
ww Nitzschia 10 10 ugl4s /[ 13
Des modessmu 1. 38, 57,
BGIL 1 PMU 0 land 13/18 al[12
WR 1
mg/ L 26
BBM Picoc tis|5 25, 50172, [ 15
Y. 75 mg/|and0
25 50(53
Z k i pe.l | ' ' 1
arrou Gr aesspe al 5 75 mg/|land [ 15
BG11 Chlorella |10 0.5, 595, [A7
10 mg/|and
BPS BG11 Chlorella |10 0.5, 595, [ 12
10 mg/|and
D1 Naviepl a 5 0.5, 595, [ 15
" 10 mg/|and
secondar|Chl orednd
+
4, BRF | Nitzschia 10 |10 pg/|1 =+ |[13
d Chil dnad
BpAafF |>econdanyLni ol esn 10 |10 pg/|69 =[[13
ww Nitzschia
0.5, 1
BPFL BGl1 Chlorella |10 >90 [ 12
mg/ L
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1242 Pilot -scale photobioreactors

Efforts have already begun to characterise thi
t me¢ ment technol ogi esscal a pbodobr orpeialcattor s . W
| aborsaadaolrey reactors are commoal,e tphhhsteo bii nowr celave
wastewater trefa2menkelayedwareo the scarcity |
complexity of conductiAgpislgkqte ei nHeRPAtPs iinn Atj hdeon

Sl oveni a, is shown in Figure 2.

Mat amor o(s2 ®%5whlo. studied the removal iafh 28 C
ur ban wastewafamd (NRE ®&f 54 mand 8 days), repor
CEC removal s, with higher removals in the wal

removal only duripglx]8emiclodrdl yse aGe®mli7liwiho and
nvestigated the removal Vof 070%piladaang@wcdRT) c al

[

reported a correlation between | ight[LBBEENSITL
I n anot her -Nsatvuadryo,( 2Witl@jeprar ed t he removal of 81
during conventi ®endlr emdtmewat ad glhedg refmoval i
and an HRT [&bf] TBhedawst)hor s found that although
the composition of individual compournednsovianl t he
mechani sms i n the-Gtawa@&ns(exa,z0l)sn. tGaericri ast udy of
of 12 pharmaceuticals and 26 of?atnide iHHR Tmeotfa bdo. !
days), found that initial primary treatment di
fmonegative removals (carbamazgpaiSodighiet bor80 %

al so found that algae removed certain compoun
and that there was no difference when it came
carbamazepine and malttoupdrioeldo It.h eV arsesnaol vlael eotf 11
combi ni nfgl cawmnm aunpaer obi c sludge bl anket®anédactor
HRT of B1HBZyB® removal rates ranged from 42% (

et al . (2020) have also studied tiaedr edRATV @lf o
4.5 days), with remmd%alexylaeamgid omirge )f rthbdn58 5% ( r
Remwoal of PPCP and pesticides has rec@altdry bee
et al. and Vassalle et al. -dD¥rvedrhbamawvalps n
-15%), oxybenzone (4280 %) nd ni MPBREA(Mbp r-i RIT1(.0o7F m
5daypks)O0B] 9163 ] mil ar-Dyaz Hetn al . (2017) obser v

naproxen7q®0%nd i buplroc0fPehn a( Sntal | er TEBR (V =
HRT of 8 o[rl1612] days)
An overview of PPCRlrgemotvabi o me aswttaloeoril 8. gi v

Compounds range from well removed (naproxe
clarithromycin) to recal ediithryadnrtox(yb@&mizampdzeaminr
ot headrisspl ay a wide sr@asnuwlef ammfet mexmazal e, oxybe
neonicpeshotcddes, only imidacloprid removal h:
agricultural rumaedf2f3 0o s ai WNIPYB R dtwea ntsd ob mak i on

deconj d®&tliFomi har iBgR e roefmoivaVv e wd sng atndd/ t wo HR/
studi 8®A tbeabasby BP studied in outdoor photo
42% rembwald 782%% in the [whiIHewas®m, as there
dat a, it is hard to make dngddal emHBRARCI nsit ah:
exi[slt05],, t[hle0sbg systems have not yet been char
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remov al Re :
(cRo)n ceer

Tabl® Revi evs cafl episltautdi es of CEC
hydraulic retention time o¢(,HRATNd, rienmatviaall
a given compound.

compound reactor l[_élz;l,-] Co [ng/L] R [%] ref.
Naproxen 470 L HRAP 4 45000 83 [115]
470 L HRAP 8 45000 89 [115]
9600 L HRAP 6 10972 + 4627 64 [5]
205 L HRAP 8 4160 54 [157]
470 L HRAP 4.5 43000 45 [158]
1200 L TPBR 8 29454368 10 [162]
1200 L TPBR 12 2504311726 70 [162]
Ibuprofen 470 L HRAP 4 49000 99 [115]
470 L HRAP 49000 99 [115]
Ibuprofen 9600 L HRAP 30539 + 10456| 88 [5]
470 L HRAP 4.5 4731 + 7029 67 [156]
470 L HRAP 4.2 4288 + 6478 74 [156]
205 L HRAP 8 a60 46 [157]
8500 L TPBR 5 a60 as3 [108]
11700 L TPBR 5 4400 70 [160]
1200 L TPBR 8 41450+2431 99 [162]
1200LTPBR | 12 52091 + 675 | &100 [162]
Sulfamethoxazole 650 L HRAP 7 250+ 75 6 [155]
9600 L HRAP 391 + 277 11 [5]
470 L HRAP 4.5 383 + 295 49 [156]
470 L HRAP 4.2 345 + 264 88 [156]
Erythromycin 9600 L HRAP 173 £ 136 82 [5]
Clarithromycin 9600 L HRAP 1054 + 1060 97 [5]
Metoprolol 9600 L HRAP 128 + 207 76 [5]
470 L HRAP 4.5 93 67 a30 [156]
Carbamazepine 650 L HRAP 219492 -14 [155]
9600 L HRAP 215+51 6 [5]
470 L HRAP 4.5 21+11 -24 [156]
470 L HRAP 4.2 22 +11 -18 [156]
8500 L TPBR 5 510 ais [108]
11700LTPBR| 5 4700 11 [160]
Estradiol 205 L HRAP 8 420 7 [157]
Estrone 205 L HRAP 8 as0 55 [157]
Oxybenzone 470 L HRAP 4 44000 97 [115]
470 L HRAP 8 44000 99 [115]
470 L HRAP 4.5 4250 -29 [158]
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compound reactor ;Z;/r] Co [ng/L] R [%] ref.
11700 LTPBR| 5 850 40 [159]
i':r;j;h;’:erzge' ATOLHRAP | 45 4250 22 [158]
Methylparaben 470 L HRAP 4 41000 59 [115]
470 L HRAP 8 41000 75 [115]
Imidacloprid 11700 L TPBR 5 a23 -230 [161]
BPA 470 L HRAP 4 a60 72 [115]
470 L HRAP 8 a60 85 [115]
205 L HRAP 8 490 42 [157]
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1.2.5 Contaminant of emerging concern removal comparison

A comparison of removal efficiencisgaloef PF
phot obi oreRBRorand!| abmt door pBR)o bi st @eaetsa@r s
FigBrefrom the aggregated data Bsanh chwdbv eersl abp, 8
in removal when chanpars mgwedadhder s hoeled be stres
infloempl exi tcyonc€&BCrati ons and t rsiadgcmiafitl y c on
bet ween. sitPaBiR evsal Wlée s facempate WWTPI P8R

The reasbnom@ngdreof cdmeveerstta gthteetdst he st udi es

perfoumddr stabl e | abdat ahomegdicamn dr ¢ mownasl. v al
naproxen, i buprofen,oxyblefnamentthowlB&Iliehhand i n
WWTP, their rang®eAd taroaudchd mphaersabblieni t ed, r emova
hi gherPBRM tGhan in WWTP for erythromycin, cl a

Carbempame appears equal |IAw an ¢ adll @i tersantmaitme se io
estradi ol ,-dielsytdroonhey, b e2a,pdd p men & 1y & rpleaor wvaebreRB R
tham WWTP.

100% ©) ? - ==
F % - é <
© Q
0% =
T>U ==
) o]
=
Q
o
-100% 1 o Source
B3 wwp
B 1ab-PBR
Bl o-PeR
-200% 1 T
s § ¢ § £ s g § ¢ g g 5§
5 5 N 3 e 2 s 3 s g 2 8
a a : 5] N 5 I 5 o ©
& > o) <] < 2 @ @ w o = 2
= o I < £ o £ L Q2 o =
T + = = > 9 =
bl = @ a3 N Ny
= v I 2 O & T
8 o @ o =
= © >
w o
3
£
o
<
(3]
Fi g8r eRemoval effisciwas@aiteews dfr eRRMR Nt pl ants

orange), -slcaabloer apthoortyo bPBR e alclt we)s dmdboutsdoor pt
(e@®BR, green).

There are few studings ncomderoniimp-PERmM@ESd i Cci
WWTP and a compl ete | alcdhB®Rt dat a ecogaéerzningg |
compar idsiofnfsi ciusl t . Nonet hel es s, removal of i mi o
t@@l00wWhile only one study t ouPcBhRe s oubpsoenr vii thg rc
negative remowvallOpi pbpuggygesngag that al gal photf
be suitable for removal of such CEC.
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Li kewindagompar i soins dmlsBsP A eRBWIR eamn d WWTP regardin
BPs, as there fiog atlijasa kgdpdPfe Whaitlae t he medi an r emo
forPBDR is | ower than that of WWTP, the ranges ov

i f we exclude the nW@WaPive removal value in
100% .
8
[}
B
75%
I
]
lél%50%- o
o
i
o
o Source
25% 1 = B3 wwrp
B 1ab-PBR
-O-PBR
0% - T
&
m
Fi gdr eRemoval efficiencies of BPA in wastewater
|l aborsadalrey phot obPBReaktlt we)s dh@bouts¢ @BR,phot obi o

green) .

There ar e dtihfrefegproarecaaal i af CEC bet wePeBrR. WWTP and
ex O-MBFReas been extown ttd cokestramowadal- estrone,
ydrohybenzophenoneai mhrtleammoe/tall gp poafk abeni buprof e
f amet hoxazol e, car bamaz, andée,g hreexmoboend z o n e an
thromycin, clari tthirawWwwy eDat andsmeuopeal bl scar
hougdhcadiel ost pdr ésr aldgailn wast ewat er treat men
reat ment still neAd djal t phbé olovipd p enéd mieEeG f s h o

emofvmdm wastewater with simultaneous resource r
| arge area and high HRT) permit their operation
Unfortubnhatdekyg, os8 CEC removal in al gal photobi o
irm comal LCEiComse mohvdadraemad df ur t haermreesesdiaey for t h
evel opment of wastewater tr eAdtsrhertiti abi lalgwnl ofph
xXperi ment al results dependaspnbdbtutomlyvoomnt hdeexy
semotf hodol ogi c,alwha pcphr oiast htehsef alolpawi mg chapters.
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1.3 Methods for the determination of contaminants of
emerging concern

Di fferent approaches regarding the sampling, ¢
analysis ofalemawnwidr bhnmémwmgi cal samples wildl be p
assurance and quality control concepts wil/|l a
1.3.1 Sampling

Sampling is one of the first steps in any en
that samplédgby scehsaincdheri ng four primadég] fact
The first one is to define the project objecti
o f our analysis (e.g. establishing a baselint
hotspot, assessing human exposudef hgdmuimaear i
the spatial and tempor al variability of t he
concentration along a river, watemuésécwmwnelidedur i
sampling and lanmlttyisnignuandbeire o fwe aenpn col | ect a
Lastly, Gteercthaniinc anosnua bt ass sampl i ng convenienc
and regulations (e.g., human DbAlob eoigiibgtacet $ ayras |
are the mamonstadomesirwleanred eir mghre n pyvnobleurme or mas

of sampihheesr ea, how and when[ 1aby awind mrgb mea o bl e ¥
samplse al sos esaseqaridilng to the US ERAmemnsprese
of the degree to which data accurately and

popuhatiao par ameter variation at a sampling
environmentoaahdcosdidteipmdpnoper de#fliggin of samp
I n practice, environment al samples are acqu
nat ufr et me matri x. Aqueous samples may be sam
sampling and plalsG3dreals asngrhp Inign g ried adshienagl ye ,f as
but it only reflects a snap, hafnlducft utaheé ooaen dia
mi ssed. Composite sampling (timeeer cbmpwsiptre
samples with programmabl e automatic sampl er (
achieved by sampling at set-prionptoerrtviaolnsa | o vsearmpt

achieved by varying sampling v[ol agkotohr grrewiudke
good overview of water composition over ti me,
requires maintenance and isopamas sassvoersampAnnagl

(PSD), most commondlye miod alr iomtgeaqr a[tl 6/76] .,s a[mipd 7]
Suhc a dievypgiecally composed of a receiving pha
t wo poisweétfoemre ( PES) membranes and held toget
[ 1617t tthen 1 mmer sed,pfroiving aienftleogvmaet ed water s a

accumulCEBCIi nhg thAPOGHBemipl e t o uset Aleodd gsrumt abl
sampling of ({ri®&ddHopelvdeart, @inatie@ ECTR®CI S i s affec
by several ambi ent conditions: temperatur e, [
Because of t hese insostuwesse d eRfQCrl Smo nistta il ngu nared
devel olphea]t

So | iadnpdiens sus,peesdgudEmel gal bi omass, bmeafyorneeed
sampling and | ater dewatereng. usengr idfi U g etriem
l yophiliSaltidnsamples such as soils and sedim
sampler or a core sampl erThdr easaeeérlty cril n @rr o h
term variations of contaminants ,atwha | @i wemrr td
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variations ar e common. Stratificati on, subsampl
achieving a repregelmt3gti ve solids sampl e

1.3.2 Sample storage

Proper handling anadrestueci ptd e § etfréy isaargepll yetse of i nter
and the integrity of the results. The consequenc
include contamination by <container l eaching, S0
oxidation and photochemicadn.degradation, and bio
Preservation strat eaqinads adhaglgirtgusod ¢ damp Imag rdarxe ¢
storexitlCator (washd@dpeobpfessed qui ck[lyaasolface we
Surface water and wast ewatrerprseasmrplvesd dneadys t boea ya chied
halt any (biological) degradati on 1®rodBceefsosrees bef

extraction, aqueolhidi sampkdsocouokdtal §aged to ren
matter, which mi gthhtseodpahubssee cel xotgrgaicntgi oonf (O3S PE)Y cart |
i nter f[elr7e0dnscoel i d environment al samples (soil, sed
and tissue samples are usually hodoigelh7ZiozZled and
Fredzging takes place at | ow temperaturhe and | ow
breakdown of thermally unstable analytes.

1.3.3 Sample extraction

Extractiondusetbé pepaeating the analbytse from t
i nvol vceosn cpernet r at i o naf malye semaleytass a stage to ex
phasefanal ysis. For the extraction of Iliquid env|
t he mnoorsnoncl y used techniqueli gubBEextddlé®Wead Yy LIE
It hease of solid and digluogi ceaxlt raamploas ,( SL&l)i d
possibly with QOoBE€EhERSi 6i cBPED2®] of [ 1h@] extract

SPE has mostly replaced prLd&codnuceenttad ahawvhndg aat
onsumption of solvents, high recovyem®yl 609 well a
172] n SPE, the liquid sample isawpeirctgl|analdytdag |
e et aometdh e [slobr3bllehnet efpesu ro fs tSPE accen duistuiad nliyng,1)2)
oading of sampl e, 3) washing and 4) el ution. (
nal ysis of CEC include rever seax phamsge ((O@assiiss |
MAX) and cationic exchan@x) Z ®a§0lk/2MCXe mthsd St r at
are selected according to CEC physicochemical |

Q ——~+r— 0

Mol ecul arly imprinted polymers ( MIR)tiarne ofy mt hes
functional monomer and a crosslinker in the pre:c
as a te¢nmpl3d@ptfdea er pol ymeri zation, t heantde mipheat e mo
MIP is |left with cavities that have suitable sha
of tigett o[l et MlePs arge pslooniwise as adsorbents in

as they have high sée¢hlh@dibuittidagredneenachieved wi
use due to the |l engthy processandafttWMlaPenyd ¢avred o p me n
commercially avail alller 3fflor many compounds
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1.3.4 Separation

Chromatography denotes various techniques tha

compl ex [nli7x6tQuerneer al 'y, the sample is dissolved
gas, ' Tquid or supercritical fl ui de)i,t hvehlri cfhi xies
on a sorbentheri oconatedgecbhadeat oo lavpnkn .ct bee t o
di fferent physicochemical properties of analy
to different degrees bet weetmntohnep omemitise tahmd
weakly reteaisnad imyatrly phase exit the column f
di fferences in retention, components ideally ¢
processed bhy7é8fa@lchnemgaes conmmeemplay atsed fodr CE
galsi qui d chromatography or shorter, gas c h
chromat odnaphy].,(L[ 170]

134.1 Gas chromatography

The separation of organic compounds by GC i s
the stationary phase, governed Vgl athiel i nhyeampd ¢
[176NVMol atility is a requie emoebnitl ef oprh a&CGe siesp aa a
many CEC ar e r-ved laa ti ivied ,y tnroeny n eeedd lteof o be
gashromatographic separation. Derivatizati on
increase volatility and decakiabietpol ayitmgwe¢cr 2.
response (e.cgaptfuore edleetcetcrtoonr s) , 4) i mprove se

(Zhang, €BG6are most commonly de«itvatmez-éay|Ilsy |
trifluoroaBS&&fFAme tENYIt ri metthryilfslivoyrloyp&& FAmbde

N-( t éorutt y | di meN-nheytl hsyilltyrli)f | u-oMToBaSTeR A)mi d e d acetyl
(with aceticwAA)2d 10/PhY|BTr i de

The mobile phase or carrier gagshenhuisutm bies cuhseer
ut argon, nitrogen and hydrogenhscanj bet aicd edr
eated inlet, .whlehree aintalwiarmdoar oatreessetdhé mt o t he ¢ «
s why analytes for GC separation neegritor be v

analysis. Capillarwreomacmesofof u6GE€dsepariani

0

oated with a |liquid stati-wamlaatyi Ipechasmred tthltad r nh
hemically stabl e. Capillary columns are coill
rom 10 to 100 m, ewi fhoanOi ABemmdit amét 32 mm a
rom O.1puymm Thelchoice of stationary phase i
nal ytthees hi gher the affinities, the stronger t
nd col umr ossied wllod opt i miTshe€ @& lcuctliiommu sed i n an o
hat controls the temperature of the column p
uickly when the oven temperature is equal t o
nal ytes altdavwvengebrod boiling points, the progr
emperature with time (continuously or in stej
nal ysis ti me. The flow rdthenmbhyt debanodiwif dtel
epar dfichrdely

o9 +ToOYOOoO T Y OO T oS CT

1.3.4.2 Liquid chromatography

Liquid chromatographgd(&E&€parataohreéequéent gyveus:
of CEC i n environmental [ lathd] . bifal D@fliicraslt , s ani
chromatography was -peeakied nelda swsi t dwohl huaniindst, h et hfrl ool
rate of elution sol veln@ sr enfaesr gsd tofwa rhnNgrtveaed alyisc



42 Chapter 1. Introduction

chromatographwhaildBbhliG)her mobil e phase pressures
particles in the colummnf lt7c6]Jachi eve better separ a

I'n LLample is injeatkeduaddmobiltieepghhyge throug
to theordetle€tis differeéem&ndlrytme GCi bteecraaicste wi t h
phase. ,Uwoami gci bdree swdege.ntmet harn)ol asamntdh évaat e

phatsee acthhevdeesi red polarity. Depending on the mi
came isocratic (solvent mixture has a constant <c¢
or more solvents are mixed in varying ratios du
straight stainless steel or polymeirclces umneat ead c
with adsorbents. The column packing is selected
properties. Dph§gereecevnap s@agde mald bann g e and adsorpt
chromatography stationary pphlhasees aoagyb,ppahteccgroas en.
stationary padmckset hes mpolialrero lpshra.seThes opmosi te i s
reverhas e chr omawlagrae pteltye ils mor e versatile due tog

oft hpol arity of Phuesessp edd birlmemnceomht qgi dplcynr
(UPLC) differs from HPLC by thea héemghlker ppasbsiucle
of mobile phase and consequently i mp[rloAGlments i n
1.3.5 Detection

After separati  OBEGCIhytB6G€ semampCe are most commonly

spectromebayed( M&hal yser s. Di haé¢yesertr st gpas pofovil
information about structural el uctihdpatail on atfi vaeg me
and quantitative clolmpoBdalftrod@een afpps amplteovns of MS,
detection techniques in environmental anal ysis
ioni zati onFldvdt edtecrt ron sapeEwhp | eée,tudbatrdadCi ol et
visible spectrophotometry, diode array detector
usegdi70While the | isted dewgepetcagmlciacraet i otnisl, | MSn |
preferentially used in CEC trace analysis due to
the compound's identification compared to other
coupled with oM egéeCwitdednd LC t echni ques gaining poc
| ast yé¢arGaldiulei ty tbor daarralryasneggea ®fdicoenpboluyndi n aque
sampl es, witholu26]derivatization

After chromatogM&planal yepar dteigom,s by introduci
the vacuum environment of the MS instrument thro
are conwnernteadns in the ion source and then tratl
where ions are sel ecttemdh arcgeo rrdatnigo t(om/tzh)e i an dnatshse
determined in the detector. The resulting mass s
sowWar[eL76PpPi fferent i on sources and mass anhalyser :

defining components of an&igtihcal mphsfiechedti agr e
i nner workings of an MS.
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Sample

v

Inlet lon Mass
—){ source }_> anaerr}—*[Detector

N < | Signal
processor

Fi gbr eDi agram of an MS

—

1.35.1 lonsources

The formation of gaseous anal ytneetiroincs ainsaltyhsei s
sources can bepdasédaeddi desogpti-pma sseo ug Cersc e s
samples are first vaporized and then i{omized.
|l i qgutialt e samples into gasdée@ewms ainan woil mbii ke nios
thermally unstable analytes. Al t erdmacanwvee |l v, i
s ogstourFealdheds our ces wsuffieomieegtyet o anal yte
to cause extensive mmol egc wlianrg iionnf ofrrraagt nieonnt aatbioou
and structur al informati on. Soh&t i o mpnrbostd Wrec e s
information about the moleé@eul ar mass of the a
Gaphase i on s ofuaGCesn darteh emsemdmpdeor i zed. The |

common ionization technique tHmpaechBleti oni wa t
(Fi g6pr ecaabdn@adidoni zati on source. I n t kBeids btyec hni
bombarding it with a beam of energetic electrc
causes the molecules totatise repreltsioms, dues ulc
ions that are highly energetic. These ions th
subsequent relaxation. Because a constant el e
sources, it yielspecvemay of emod @decail alre fragment s
why there are many mass spectra | ibraries bas
identificati on Naft i coommdoumdsst i(teu.tge. of Wt @ h dar ds
l' i brampweeemol ¢ dul ar i on makiithg habsento idretEl m
mol ecul ar mass. Volatilization of the sampl e
be thermally decomposed. E I is |Iimited to the
Da. Howelklr produces hi gh i on curr €meé i, canhi c|
loni zatiisaamod(m€Lt hodt usegsas;seswgeenthane, propane,
ammonwhai ch are ionised when bombsrdde dithweesneh el

reactth wit her r eadéetiegndllye crud aecst i vda ni enasneasrse f
i ontsaenal yte mhyeligdgweloeasoon or hydride tr*aonrsfer,
(MHHYi ons, respectively.
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FILAMENT

o]

e

M— —>M.+

Repeller

M+e— M +2e”

Fi géreA di agr amniomp aant eilcectssoource and the gener al
adaptefdlf7dm

Desdromt i on sources use different me[tlh7o&d]s t o i n
Elca rospray i onwizlhealiyoanmd eEdt ) pnatechnique used in
one of the most i mpor tnaoawto [ta@tEG@G i quesviobonmeni al n
bi ol ogical matrices. I't takes place odtutdtomospher
of the sample is pumped through a steel capilla
Here the sol veand itshevalparg@de eids attached to the
When the charge is sufficientlytoomcaparataed,t ot
small er droplets unti.l the solvent is removed ar
A helpful feature is that spectra of |l arge bion
adjacent molecul ar peaks thabl dctfes’' bgvemage ha
state increases linearly with molecular mass, ma

from peak dist,thbuetios. |l Usubbkl ffriddrmhent ati on with
The pr esenntaet roifx octohneprotnheen tison sd@wMC & UPE@T €SB U DA
inthease MS LE€€chniqgues. Coimgeettiimmoocre ssorbyt hog her
compoundss heausSe si gnal to be |l ess than that of é
concentration.wvarSaahtlse nbautfrfiex scomponents may <cau
suppression between differ egnuanstaimpateisv,e rreessuu lttisn.g
puri ficati on tneacthcnhieqdu ecsa | inbartartiixon and stable iso
are employed to reduce intler8flerence by this phen

1352 Analysers

Mass analysers are devices, which raafrd)zat e i ons
accordingett oa2dKlolg/gelnsi tiisveasngp enhbabcteristic of |
anal wgess defti meudnbbelr | oarsaltahlelewows g sy vtug hy i el d
a siAmat her pdeerffionrimagn c e ocfh ammaascst éamnieas yiscetwisd © h
is the bbéelmaystodmnaltydgms sWii gihftf er mases Thi s
abiistysually present edf uasl rpeesaockl ywanddt hpnaw é rowiren by
(FWHNM, where the measured mass is divided by peal
[ 179 )roews ol uti on analysers typicaPHWHMvahiel e r esol
high resolution mass analyser s®RWHM 1&8¢h resol v
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compl ementary charsotl aeitii ®otni anasfs Rin@gh yser s i s
ppm), which is calcul ated biysmebhaes ufroelheomwti nogf eaq |
accur ataen dprassr etshextact ofnaans @anaDga& (]

o

Yo — pmina (1)

ThbasMSc anal C&E€r gbant stcathaedbmupol eoasatbyser

four parall el metal rods, posectiidgr @onetansgo:
varying voltages on the rods alnh/ozw tthhee tdreatnescni
A @l l ed scan across m/z values tespktfogmed

spectrum. Altemhabivebmpaspbeetlicn rapid succ
i on monitori nggeneSilavlr,p wehs cchef addb6iThe [ smiues of

[
that it is not very sel eaxtrziad ad,e sa anagt tbheer tirams m
detected, resulting in interfasetnrgiep.| eA gnoa der BT
analysers, tapdeamt ( M/ M&), wher e t he sfiimisltarand
to single quadrupole analysers, while the se
induced to fragment by collisions with- an i ne
i nduceaciditson. The advantage of triple quadru
guadrupol e analysers since it is | mkeviy I't hat
produce a productm/ abhewi fhadmeheamehon. This i
in a technique called multiple,trheadtiiren mardi ti
guadr upol esm/ozpaetriastse oofn precursor and product

respectivel vy, thereby prodriv8@8iiTmgpaer guadbueol d
most commonly usednbMS$iaanaolnyswmdrtsh iGC cwa LC sepa
environmental analysisendudrnt/ddtybhle2 @it Gefk/e2ct i vi
Quadrupole and triple quadnuimEpeh £s amad glsetrisom.e

FWHM of a&phdaaw®hidrap (I T) analysers use static
on three hyperboliclomlse @atrreo d éhse nt & etlreaxp eido ra:.d
to tr/exal ues to create @&@cmadoresfspetculdnse.cser s e
anal ysers are unircgeyee aitre dtl hyati stoHeayt ecamd) f r a g me
and have the pohieht isad.n giot iawihtiyeve

Hi glresolMS(iFbRRM&@h al yagsessed f or dp Klei cpataitderosmi ¢ s
met abol otnhiedentof i cati on of anal yf@g6l&8njche st r uc!
of Il i ght analysers (TOF) use high voltage to
Dependi ngn/amltuheesi,r t he i onsi diavaenditidle ehitf fverl ¢
of time to trawhli |teo tthlkee sckeentsa d wivtllO Fa naafl yisresrtsr u
i sel atliowe | yt hmecyc ugiavee mass RPpPpsMT eameabgt ave
high resol vil®dgWipMdiwe rt hbifs way, tbekeyabbhe pdenrmi dE
and st riumdtouwrmedlt icompounds i n a sampl e.

Even t houglhomdsasndnaluseafarabetter analytical
achieved with. m@breixd mphetadiss arn, where instea
guadr ,uphoelree i s a TOF, carldseuw tgpTh@Fv i di mg sRMS ca
Anotbdeampst et hea@dlrppelrere the third quadrupol e
where additional f r agrnfeonrtneetti8dor bsttemyp a@amal lyes ep
| at edevel opmentmaisamm alhgesdrielad odmpwicarp hafp etdwo
el ecgandiemner -sippamdldeeltroaps i ons in an orbita
the sguaedte the variations i n the le8llefertbriitcr afpi «
anal yaser shar act ehriigdeesdo |bugtDR dkéeM rand masefOaccur a
1 ppmenabling very accur atleg[lfj@8ehti fi cation of
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1.4 Quality of measurements

The quality of the measurements made in an anal
systems: guality assurance ( QA) andldualhiotsye con
pl anned and systematic actions netehassarprbobdupt o\
or service wild.l satisfy wi[BB]lgi vee rcagqei oémamias
measurement s, five actions need t o be perfor me
measur ement resul ts, 2) validation of the anal
measur ement uncertainty, £)e tmad evbsal Df (CRM) i &n
participat-i @amoriant oirryt esrt udi es. On t he adaditeher hanc
operational technigqgues used®tlo8FQul Mmiviol tvleess meadqd wil ry
l) determination of precision by way of replicate
interferences by way 39f dielt @mkni samploems od t he acc!
of reference material anajcyosnicse.ptlsn rtehgea rfdoilnl go wirnagc
met hod validation and uncertainty wil!/| be summar

141 Traceability

For consivatimatktt s mrmaelme rcto mrpeag i Iston,s t o ref erence st a
est ab,ainsdhetdhe uncertai nt ymuosft ktbhreevne cldhmsa rciosnocnesp t

called traceability and provides the basis for

origin. I t i s natlesron altiinoknead tSoy sttheem lof Quantiti es
def iumneisver s al units wused to express measur ement
establishing traceability[l184)eral steps must be

1)To specify the measur anfhexactr emgaida gerdanudh cermr t @u a

measured must be defined ameasatemgnt €esapaeeipt &
in diffefemts pft @pras, | s omATl snpe aesnuarnetmeonnte rcso)n.d i t i
mu st be ifsttanteeyd ar e not at asntdanplae@s gteenpEe2 at ur
at mos pahredsddlat ement regarding whether the measur
of a compound recovered from the matrix or the
al so required.

2)Choice of a sWiitahabnl dee rnpegtahnofidi t he measurand, we n
a method for the measurement. The choice may i
particul ar methods, customer requirements, cost

3)Validati on wofi stihtewlmeh édahld fscerl ect i vi ty, bias and
the fitness of this method for our measur ement ¢

4)N dentification of the relative | mpobafcfhencte of d
the measurement we perform. | f a gaemaatutg)affec
it is essenti al to take measures to monitor a
uncertainty of the measurement.

5)Use of appropriat:€atebenenoa wtahdbahdscorrect r
in conjunction with tvadl ifdat edh emetrhaocdesa biisl ity of
establishing accurate results.
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6)Esti mati on of :Ashsee sssmreenrtt acifnttyhe over all unce
needed to confirusdrhantedqui rmemdrrst £.nd

1.4.2 Validation

Met hod v dleifdmeisamal yti cal requirembdet beandheh
met hod tfsud é glisr ement s. I ncluded in this are t
the met hod. I n the cqogsever af aoenuhsatctvssed lusad ileeds, o
accordimgc HeindB Y

l1)Sel ectsthetextent to owmhican tkthee umsedad t o det er |

analytes in mixtures or matrices without 1int
behaw|da8ibt] i s wusually investigated by studyi
measure selected analytes in samples that <co

presehée tagular use of the method.

2)Li mit of detiescttihen | olw@Bt anal &b, eveloinimietnt ofat i
guantitatisonhéLIOQWwest concentration at which

with a certain |l evel of ocuorn fmedtehnocde . a rLeO De satnid
measuring blank samples (or samples with a |
treated wi t h t he sel ected met hod. Cal cul ati

standard dev-itatiigomalor anoios e

3)Thwor ki ngs rtameggei nt erval of concentrations oV«
results with an acceptable uncertainty. The
border are concentrations at which signific
Bet ween t hretsse, ttwioe proasponse of the instrumen

relationship.

4)Analytical desratséd i Yihtey i nstonmenthiennggme@acnus & d
guantity.

5)Truemnssan expression of the systematic error
I n other words, it shows how close the mean
is to a reference value.

6)Precisi oime representation of the random erro
spread of measurements. alrtd cdeenv idestvipoen lsf eoora & @
measurements of the same sampl e.

7)Ruggedmsestshe capacity of a memihol@ott od leintad rnat
variations in method par ametreerls asdbnd iitnydi cat e

8)Measur ement cwmedrsdt at begdpfif ect s o.n iltdh e xmpe esiIste o
as an interval of valwues attributed to the nm
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1.4.3 Uncertainty

Ev
un
me
at

Un
cCo
kn
me

ery step in the procedure of measur ement i s
certainty. As des cruiibdeddt nbeys st hfeo r E uR varcphoesme go f /
t hjod&5measurement uncertainty characterizes th
tributed to a measur and dared fselcd sl d peamsii dhgr oanl |
certainty of measur emenitt 1 owal eantdth lyiendpdityn cd ceualste «
nfidence in its validity due to accounting for
owl edge of t he t reenenwta] uevhiod h ac ameasae@ver be
asuramways etshtei ntartuees val ue because of wuncert ai
d i mperfect correction for systematic errors.
compl et e definition-rmfestmé atnmevaessumsameg,] i mg,n i
owl edge about influence quantities, finite in
ference material s, assumptions and approxi mat:i
ep in the method cadcarbde urnecperretsaei nntteyd aCso mbti ame C
c

ert xiadtcywflragmddi f f erent sources of uncertainty
mponents are expressed as standards wuncertaint
mul tiplying theeacdmbinted byt andcarverwmmge factor.
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Aims and hypotheses

A thorough review of the |iterature highlight:
the removal ophCECEI o mé&Ead tig@kistneprn setywsrheo ws t hat
exper iameen tcso pmearflogtmeder y hi gh con(creq/tbh)ahbhi oms
is not relevant for waséaewaftiemgs/dLpglobr ¢élevied w . t
addition, tihrei al gale s inhama sosv er layo ked i bfypgarmant
potenti al lniso maysds orpehioshd ¢ CEC may partition to
upt ake.t hAl ssa,utdhieesmoowrlCIECofi n phot @abieo rseaaatcoer s
accor dniontgd aylolu pCsE Co fa g @ aMell v sA ugbieexch ma t BP,s a
modgt oaufp CEwhere mai nhym8PAeanexB&Ft amlds B8PAF
are coweveevdbosBPsare yet t o Ibseu cdhtnwdlivedseadd diint i on,
physi cochemical parameters and ceul t amevaclondf
compounds aro& emaatd twhedugh t hey have a crucial r
efficienmpstFish alklirg saoarebdabor at ,arndnd yalae handf u
of psicladte al gal phot obi or aadcetrerad i st ¢ at icogpndwa s
beernubl i sipedvi diknngo wl iendigtted adaecbnoouvta | of CEC wunder
condi.ti ons

Accordingly, this thesis focuses on the re

| aborat pr isactaahlég al phot dlhieo rad ama hidse stdhded rt da e
removal of CEC and their cycling in aagadl pho
finally, at gal mwasvewatfeur thheras meatransge of r ec
and bibmasesder towfelbetbapse, khhe goals were
- Devel op, opti misensand vealainddatreel i abbe ana

det eirm@EC i n the aqueousi maalnglalbiphoatsesb rpenraessac t
BPsaretuddsda modeasli ntghreeoyupex hi biys iwarcyhiemg c pl
propertiesthédiamlegowngr nreat mervti raamdneinnt t he

- Apply val i dated anal ytical met hods t o ev
| aborsadalte al photobioreactors at relevant ¢

- Compare CEC remdwalenuncdeard t(drg@. coones ulonhsr e
mi xed culptHotdeese I nf CH®nrMoge iacfochemi omal tperi ame:
remowladborsadalieal phot.obi oreactors

- Sudy CEC remowva@dl @ nHoRAgRaii Nnotk nowl eadgree nabout
efficiency under realistic conditions



50 Chapter 2. Aims and hypotheses

These methods were then used to test the foll o
H1 Labogadloe yal gal photobioreactors can remove C

H2 CEC partitioning dependspandheulrt prepeonde:
(pH).

H3 Mi xed co
t

ortia of algae and bacteria are n
wastewater n

ns
h a a pure algal culture.

H 4 OQutdoor HRAP can remove CEC from municiopal v
l evel s.
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Publications

3.1 Determination of 18 bisphenols in aqueous and biomass
phase of high rate algal ponds: Development, validation
and application

The paddpéeer mination of 18 bisphenols in aqueou:
ponds: Devel opment , vablyi dia.t i Dku facnad, aMp.pl Kacwaa dio
Bulc and E. Heath wasCheuhd s (shhBerd2 0 2nl1 :t h7e. G 86u)r nianl
( d d0.1:016/jchemosphere.2021.129786wasol el y responsible for me

and optimizati on, val i dati on, experiment al W 0
This study intends to address two aims of t
val iamdleyti cal met hods to analyse BPs as a mo
bi omass phase of al gal wastewasttardyt rC&dt memto,v
efficieneyalnr aHRAP.otThis work is crucial for

andnderstanding the removal of BPs in HRAP.

Extraction of 18 BPs from the aqueous phase

solid phasearxtirag

extract. The addit

the recovery ofl my
18

¢s onand t he fyadarerhalr oasaneho:
i on ofdha@De% wkedOHaltoo temp laogyuee
ddolpdhiobamop IBélPtse wor kfl ow f or

purification of BPs from biomass was deve
before extraction. Fourexof ableOHBhCANI 201t 80 a
in the | owest coextracted material. The extrac
v/iv) and | oaded onto Bond Effat ffCarthperR&Ad &1 E
fatty acids interf egringvowiftrlacdbhrocmmmatwegreamph ut e
eluted with 3.6 mL of MeOH/EtAc (20:80), and
Me OH/ Et Ac/ AA (20:78: 2) . Met hods wer e val

EURACHEM/ CI TACThguiHiet.ness for Pur Med caoad ¢ An
measur ement uncert aihret ydewad opetdi mattdhdb.ds wer e
aqgueous amdanmpilemadsoml a pIRAPttreating wastewa

Sl oveni a. I'n the aqueous phase ofcdrheentnrfdtuiem:
of 329 nmdx: WdEQ/ L), BPS at -ma&«4 wd@BLQ/ CLini n

and,-BRF just above the LOQ at 21 ng/ L. The re
whereas only 32% of BPS was removed, i ndi cat.i

This Bmpdgwmed yti cal knowil mg we deor agoanoi f |
t hei omass and aoxfuealugalp haaset eawmalt ewra st ruesetdme ot a
sampl esnHfRFAdAne sai g nterde alda@thwga st ewat er .
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High rate algal ponds (HRAP) are an alternative to conventional wastewater treatment with the potential
for wastewater and biomass reuse. In this study, we report the development and validation of methods
for analysing 18 bisphenols (BPs) in the aqueous and biomass phase of HRAP. For aqueous phase samples,
obtained LLOQ ranged from 10 to 30 ng/L, and recoveries from 78% to 106%. The relative expanded
uncertainty was highest at the lowest spiking level (100 ng/L) and ranged from 27% to 66% (BPA), while

for the biomass, the LLOQ ranged from 25 to 75 ng/g dw, recoveries from 84% to 103%. The uncertainty

Handling Editor: Klaus Kimmerer

ranged from 16% to 37% (BPA). On average, the influent contained 329, 144, and 21 ng/L of BPA, BPS and
4,4'-BPF, and the effluent 69 ng/L, 94 ng/L and <LLOQ, respectively. Only BPA was quantified in the algal

Keywords: biomass. The average removal of BPA was 80%, whereas the removal efficiency of BPS was 32%. To our
Bisphenol knowledge, this is the first study analysing a wide range of BPs in both aqueous and biomass phase of
Algae HRAP treating real wastewater.

Wastewater © 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
Q:L‘::g:: license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Endocrine disrupting compounds (EDC) are defined as chem-
icals (natural and synthetic) that can “interfere with the production,

* Corresponding author. Department of Environmental Sciences, Jozef Stefan
Institute, Jamova Cesta 39, 1000, Ljubljana, Slovenia.
E-mail address: ester.heath@ijs.si (E. Heath).

https://doi.org/10.1016/j.chemosphere.2021.129786

processing, and transmission of hormones in the body and disrupt the
normal functioning of the endocrine system” (Vogel, 2009). Among
known EDC, bisphenol A (BPA) has received much attention and is
regulated for several applications, including baby bottles (Kovacic
et al., 2020). However, it is only one of a group of compounds
collectively referred to as bisphenols (BPs, Table 1). As the name
implies, these compounds are characterised by having two bridged
hydroxyphenyl functionalities. Many BPs also have the potential to

0045-6535/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations of BPs, physicochemical properties (octanol-water partitioning coefficient (log Kow) and acid dissociation constant (pKa) as predicted by Marvin suite

(ChemAxon, 2019)) and CAS identifiers of BPs.

Abbreviation IUPAC name log Kow p K, CAS

BPA 4-[2-(4-hydroxyphenyl)propan-2-yl|phenol 4.04 9.8-104 80-05-7
2,2'-BPF 2-[(2-hydroxyphenyl)methyl]phenol 3.46 8.2—-10.1 2467-02-9
2.4'-BPF 2-[(4-hydroxyphenyl)methyl]phenol 3.46 9.8-104 2467-03-0
4,4-BPF 4-[(4-hydroxyphenyl)methyl|phenol 3.46 9.8-104 620-92-8
BP26DM 4-[2-(4-hydroxy-3,5-dimethylphenyl)propan-2-yl]-2,6-dimethylphenol 6.1 9.6-102 5613-46-7
BPAF 4-[1,1,1,3,3,3-Hexafluoro-2-(4-hydroxyphenyl)propan-2-yl|phenol 4.77 9.1-97 1478-61-1
BPAP 4-[1-(4-hydroxyphenyl)-1-phenylethyl]phenol 5.18 9.8-104 1571-75-1
BPB 4-[2-(4-hydroxyphenyl)butan-2-yl]phenol 4.49 9.8-104 77-40-7
BPBP 4-[(4-hydroxyphenyl)-diphenylmethyl]phenol 6.31 9.6-10.2 1844-01-5
BPC 4-[2-(4-hydroxy-3-methylphenyl)propan-2-yl]-2-methylphenol 5.07 9.7-103 79-97-0
BPC 11 4-[2,2-dichloro-1-(4-hydroxyphenyl)ethenyl]phenol 4.29 8.9-95 14868-03-2
BPE 4-[1-(4-hydroxyphenyl)ethyl]phenol 3.74 9.8-104 2081-08-5
BPFL 4-19-(4-hydroxyphenyl)fluoren-9-yl |phenol 5.99 105-11.1 3236-71-3
BPM 4-[2-[3-[2-(4-hydroxyphenyl)propan-2-yl] phenyl]propan-2-yl|phenol 6.72 9.8-104 13595-25-0
BPP 4-[2-[4-[2-(4-hydroxyphenyl)propan-2-yl] phenyl]propan-2-yl|phenol 6.72 9.8-104 2167-51-3
BPPH 4-[2-(4-hydroxy-3-phenylphenyl)propan-2-yl]|-2-phenylphenol 7.34 9.5-10.1 24038-68-4
BPS 4-(4-hydroxyphenyl)sulfonylphenol 2.32 7.4-8.0 80-09-1
BPZ 4-[1-(4-hydroxyphenyl)cyclohexyl]phenol 491 10.1-10.7 843-55-0

be endocrine disrupting, which has been corroborated for 4,4'-BPF,
BPS, BPE, BPB, BPAP, BPFL, and BPAF (Desdoits-Lethimonier et al.,
2017; Feng et al,, 2016; Le Fol et al,, 2017; Russo et al., 2018; Xiao
et al,, 2018; Zhang et al., 2017) and they have also been detected
in the environment (Chen et al., 2016; Wang et al., 2017). Although
BPs are often treated as a group, they differ in the physicochemical
properties due to the presence of different functional groups, which
affects their behaviour (e.g., adsorption and uptake) in the envi-
ronment and during wastewater treatment (Chen et al., 2016).

Wastewater is the primary source of BPs in the environment,
which is why their removal from wastewater is key to lowering
emissions (Noszczynska and Piotrowska-Seget, 2018). A high rate
algal pond (HRAP) system is a promising technology for biological
wastewater treatment. This is because a HRAP relies on low energy
inputs (as opposed to activated sludge reactors, no aeration is
required for HRAP) and long hydraulic retention times (HRT, 1—-14
days for HRAP vs to 3—8 h for activated sludge reactors) to achieve
high removal efficiency of nutrients and emerging contaminants
(Norvill et al., 2016). There is also the potential to harvest the algal
biomass and valorise it for fertiliser or biofuel production (Craggs
et al., 2014; Norvill et al., 2016). The removal of nutrients (e.g. ni-
trogen and phosphorus) from wastewater by algae may produce a
higher quality of effluent than conventional wastewater treatment
plants (WWTP) without tertiary treatment (Craggs et al, 2014).
There is much ongoing research in producing biofuels (Li et al.,
2018; Rahman et al., 2017), biopolymers (Rahman et al, 2015),
fertilisers (Li et al., 2018; Zhang et al., 2014) and other products
from algal biomass as well as reuse of wastewater for irrigation (Wu
et al., 2014). The valorisation of wastewater and reuse of resources
also means that wastewater treatment with HRAP systems is in line
with the European Commission’s Circular Economy Action Plan,
adopted in March 2020 (European Commission, 2020).

Currently, only two studies cover the removal of BPA in pilot-
scale algal wastewater treatment systems. These include (1)
Matamoros et al. (2015), who looked at the removal of BPA in
addition to 25 other CEC from wastewater in a pilot-scale HRAP, and
(2) Vassalle et al. (2020), who investigated the removal of BPA and
ten other CEC in the aqueous phase of a pilot-scale HRAP. Several
groups have investigated the removal of BPA at the laboratory scale
in artificial media, spiked with concentrations ranging from 1 to
50 mg/L (Eio et al.,, 2015; Gattullo et al., 2012; Guo et al,, 2017; Ji
et al.,, 2014; Li et al,, 2009) and with different wastewaters as me-
dium (Abargues et al., 2013; Bai and Acharya, 2019; Liu et al., 2010).

However, only three laboratory-scale studies have looked at using
microalgae to investigate the removal of BPA alternatives, i.e., BPAF,
4,4'-BPF and tetrabromobisphenol A (Peng et al., 2009, 2014; Solé
and Matamoros, 2016), indicating a lack of knowledge about BPA
alternatives.

Despite the progress, the following knowledge gaps remain: i)
the analysis of BPs other than BPA in HRAP; ii) analysis of both the
aqueous and biomass phases; iii) understanding the fate and
removal at environmentally relevant concentrations, and iv)
analytical method validation. Method validation is an integral part
of analytical methods, as it shows fitness for its intended purpose
and ensures the reliability of results, which many of the published
studies lack. It is accomplished by several tests, by which we
determine important method performance characteristics that
correspond to its intended use: selectivity, limits of detection and
quantitation, working range, sensitivity, trueness, precision and
measurement uncertainty (Magnusson and A—rnemark, 2014).

Our work aimed to develop GC-MS/MS methods to analyse 18
BPs in wastewater treated by algal technologies. An extensive
validation has been performed in aqueous and algal biomass phase,
and measurement uncertainty estimated. The methods cover
environmentally relevant concentrations in the aqueous and
biomass phase (ng/L and ng/g, respectively). The validated methods
were applied to samples collected from a pilot-scale HRAP treating
wastewater, and the removal of studied BPs estimated. We intend
to use this analytical method as a foundation for further studies on
the mass balance and fate of BPs.

2. Materials and methods
2.1. Standards and reagents

Bisphenol A (>97%) was purchased from Merck (Germany), 2,2'-
BPF, 4,4’-BPF, BPAF, BPB, BPE, BPC, BPM, BPBP, BP26DM, BPC2, BPZ,
BPAP, BPS, BPFL (>98%) were obtained from Sigma-Aldrich (USA),
and 2,4’-BPF (>98%) was purchased from Tokyo Chemical Industry
Co. Ltd. (Japan). Information about each compound is available in
Table 1, and their structures in the supplementary material
(Table S1). Isotopically labelled ['*Cyy] 4,4’-BPF ('3C;,-BPF), BPS
(BC]z—BPS), BPB (UCU—BPB) were purchased from CanSyn Chem.
Corp. (Canada), and deuterated BPA (BPA-dq6) from Isotec (USA).
The  derivatising agent  N-Methyl-N-(trimethylsilyl)  tri-
fluoroacetamide (MSTFA, > 99.0%), the catalyst pyridine (99.8%),
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and hydrochloric acid (37%, HCl) were purchased from Sigma-
Aldrich (USA). Ethyl acetate (EtAc), methanol (MeOH), acetonitrile
(ACN), hexane (Hex), acetic acid (AA) and formic acid (FA) were
purchased from J. T. Baker (Netherlands). Ultrapure water was
prepared with a MilliQ-water purification system
(>18.0 MQ cm™! at 25 °C Millipore, USA).

Stock solutions were prepared in MeOH ( =1 mg/L for standards
and =0.2 mg/L for internal standards). Working solutions were
prepared by serial dilution of the stock solution and stored at 4 °C
(Kovacic et al., 2019).

2.2. Method development

Analytical methods were modified, developed and optimised,
based on existing methods. The method for determining BPs in the
aqueous phase and chromatographic separation was adopted from
Kovacic et al. (2019), and the method for extracting BPs from algal
biomass was based on Regueiro and Wenzl (2015a).

2.3. HRAP operation

Samples were collected from a pilot-scale HRAP, located at
Ajdovscina WWTP, Slovenia (WGS coordinates: 45.87584 N,
13.90627 E). The HRAP has a volume of 3000 L and a surface area of
12.7 m?. Every 12 h, 10% of the treated water volume was pumped
into a biomass settler and an equal amount of fresh primary
influent added to the HRAP, resulting in an HRT of 5 days.

24. Sample preparation

Samples (50 mL) of influent wastewater (influent) and HRAP
effluent (effluent) were taken in triplicate each day at approxi-
mately 7.00 a.m. and 7.00 p.m. for five days. Once in the laboratory,
each sample was centrifuged for 20 min at 6000 RCF. The super-
natant (aqueous phase) was then decanted into a separate tube,
and both phases were stored at —20 °C. Because of the lack of
certified reference material (CRM) for BPs in wastewater related
matrices, samples for method development, validation, and matrix-
matched calibration were prepared in-house as described in the SI
(Blank sample preparation). All laboratory glassware was pre-
cleaned and pyrolysed at 400 °C for 4 h to reduce contamination.

24.1. Aqueous samples

The aqueous phase was transferred into a glass flask, and MeOH
(21 mL) was added to obtain a 30% MeOH modifier solution. Each
sample was then spiked with the internal standard mixture (final
concentration in the sample: 500 ng/L of BPA-d5, 13C12-BPF, BCyo-
BPS and '3C;,-BPB each, 25 uL of 1 ug/mL solution) and filtered
(glass fibre, GF/C filter, 1.2 um pore size; Whatman, UK). Between
samples, glassware was rinsed with water and pure MeOH to avoid
carryover. The samples were then acidified (0.5 mL of 7% HCl) and
loaded onto MCX Prime (60 mg, 3 cc; Waters, USA) SPE cartridges
on a negative pressure manifold. Afterwards, 5 mL of 20% MeOH (v/
v) was used to rinse the sample flask. The cartridges were then
washed with 3 mL of ultrapure water and dried for 45 min under
negative pressure. The analytes of interest were eluted using 1.8 mL
5% FA in EtAc (v/v). The samples were then dried under N, and
derivatised by adding MSTFA (50 pL) and pyridine (50 pL) and
incubating them at 80 °C for 1 h prior to analysis.

24.2. Biomass samples

The biomass phase was lyophilised using a Martin Christ
Gamma freeze dryer (Germany). The internal standard (25 uL of
1 ug/mL solution) and 8 mL of ACN/MeOH (80:20) were added to
each sample, which was then homogenised/dispersed with a
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homogeniser (Miccra D-1, ART Prozess- & Labortechnik GmbH &
Co. KG, Germany) for 0.5 min at 25.000 rpm and shaken for 30 min
on an orbital shaker at 220 rpm. The samples were then sonicated
in an ultrasonic bath for 30 min. Samples (10 mL) were filtered
using 0.45 um PTFE syringe filters (Macherey Nagel, Germany) into
glass tubes and dried under Ny at 80 °C. Each sample was then
dissolved in 4.5 mL EtAc/Hex (25:75) and purified using Bond Elut
Carbon/PSA (250 mg, 3 cc, Agilent, USA) SPE cartridges conditioned
with 2.5 mL MeOH/EtAc and 2.5 mL EtAc/Hex. The elution step was
performed using 2 x 1.8 mL of MeOH/EtAc (20:80), and subse-
quently with 2 x 1.8 mL of MeOH/EtAc/AA (20:78:2) for the elution
of BPS. Both fractions were dried and derivatised as described for
the aqueous samples.

2.5. GC-MS/MS analysis

All samples were analysed using gas chromatography (GC,
model 7890B, Agilent, USA) with tandem mass spectrometry (MS/
MS, model 7000, Agilent, USA), based on the method of Kovacic
et al. (2019). The separation was achieved using a DB-5 MS capil-
lary column (30 m x 0.25 mm x 0.25 pm; Agilent, USA) with he-
lium as the carrier gas (constant flow mode: 1 mL/min). Samples
(1 uL) were injected in splitless mode at 270 °C. The GC oven
temperature program was as follows: initial temperature of 120 °C
was ramped at 20 °C min~' to 200 °C and held for 6 min, then
ramped to 300 °C at 10 °C min~! and held for 3 min. The transfer
line was set to 280 °C, and the compounds were ionised in electron
impact (EI) mode at 70 eV. Qualification and quantitation were
performed using multiple reaction monitoring (MRM). The total
runtime was 24 min.

2.6. Method validation

Method validation (aqueous and biomass phases) was per-
formed according to the EURACHEM/CITAC guide (Magnusson and
A—rnemark, 2014). Theoretical limits of quantification were
calculated by multiplying the standard deviation so by a factor of
ten, divided by the square root of the number of parallels. The
standard deviation sy was obtained by analysing ten parallels of
samples spiked with a concentration close to predicted LLOQ
(20 ng/L and 50 ngf/g (dw) for aqueous and biomass phases,
respectively). The LLOQ for each compound chosen in the study was
the lowest acceptable calibration point. A calibration curve covered
the working range based on three parallels of each calibration
point. The method was validated at three spiking levels for both
aqueous (L: 100 ng/L; M: 1200 ng/L, and H: 2500 ng/L) and biomass
(L: 250 ng/g; M: 3000 ng/g, and H: 6250 ng/g). The calibration
points and spiking levels are given in Table S2. Trueness was esti-
mated as method recovery by comparing six parallels per spike
level with post-extraction spiked blank samples as the reference.
Instrumental precision was assessed with three consecutive in-
jections of the same sample. Repeatability was estimated by per-
forming the method in six parallels per concentration level and
intermediate precision (within-lab reproducibility) using two
additional repetitions, one of them by a different analyst. Rugged-
ness was tested for the biomass phase by testing the influence of
the amount of biomass (2 mg, 20 mg and 40 mg) on compound
quantitation. Finally, the matrix effect was estimated by comparing
the signal of post-extraction spiked blank samples with pure
standards.

2.6.1. Uncertainty

The uncertainty budget comprises standard uncertainties of
recovery, intermediate precision, calibration and instrumental
precision for the aqueous samples. The pooled SD of triplicate total
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suspended solids (TSS) measurements were also included for
biomass. The combined uncertainty was calculated from the stan-
dard uncertainties according to the Rule of propagation of uncer-
tainty described by GUM (Jcgm, 2008). Expanded uncertainty (Ue)
was expressed as the relative uncertainty at each spiking level and
calculated by multiplying the combined uncertainty with a
coverage factor of 1.96 to achieve a level of confidence of 95%.

2.7. Data analysis

The physicochemical properties of the BPs (log Kow, pKa) were
predicted based on compound structure, using the Marvin Suite
(ChemAxon, 2019). Peak areas were obtained using the Mass
Hunter Quantitative Analysis software (Agilent, USA), and a
Kruskal-Wallis test was used to determine significant differences
between samples (2 = 0.05). Tests were performed using the R
programming language (R Core Team, 2020) in the R Studio envi-
ronment (RStudio Team, 2020), and the software packages “tidy-
verse” (Wickham et al., 2019), “xslx” (Dragulescu and Arendt, 2020)
and “rstatix” (Kassambara, 2020) were used to analyse the data.
GIMP was used for the creation of the graphical abstract (The GIMP
Development Team, 2020).

3. Results and discussion
3.1. GC-MS/MS optimisation

After determining the retention times (R;) of the individual
compounds, potential precursor ions were selected, followed by
optimising the CE to obtain maximal product ion abundances. Two
multiple transitions (quantification and qualification) were
selected for each compound (Table 2). Thus, four to five identifi-
cation points were obtained for each compound according to the
European Commission Decision 2002/657/EC  (European
Commission, 2002). The analytical parameters are available in
Table 2.

Table 2
Parameters for GC-MS/MS analysis of BPs — retention time (R;), MRM Transition 1,
used for quantification and MRM Transition 2, used for qualification.

Transition 1
(quantification)

Transition 2 (qualification)

compound R, precursor  product CE precursor product CE
2,2'-BPF 956 344 329 3 329 147 3
BPAF 1000 480 41 3 4n 395 10
2.4'-BPF 1054 344 329 3 241 223 18
44'-BPF 1149 344 329 3 329 179 3
3Ci-BPF 1149 356 341 3 341 185 10
BPE 1174 358 343 5 343 193 3
diBPA 1198 386 368 8 368 197 23
BPA 1205 372 357 5 357 191 3
BPC 1266 400 385 35 385 205 3
3Ci,-BPB 1277 398 369 10 369 197 23
BPB 1277 386 357 5 357 191 3
BP26DM 1399 428 413 13 413 219 3
BPC2 1417 424 409 10 374 359 33
BPZ 1540 412 369 5 369 203 3
BPS 1627 394 379 35 229 165 30
3Ci-BPS 1626 391 235 25 235 171 30
BPAP 1663 434 419 13 419 340 5
BPM 1890 490 475 18 475 309 3
BPP 2090 490 475 18 475 309 3
BPBP 2158 496 419 10 331 252 25
BPPH 2175 524 509 23 509 267 3
BPFL 2330 494 479 3 494 329 5
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3.2. Sample preparation method development

3.2.1. Aqueous phase

Extraction of the aqueous samples was tested with both HLB
Prime and MCX Prime SPE cartridges (Waters, USA). It was
observed that a higher proportion of impurities were retained us-
ing the MCX Prime (Fig. S1), a reversed-phase/ion-exchange sor-
bent, while HLB Prime is a reversed-phase sorbent. A greater
number of interfering compounds are likely retained on the MCX
Prime phase due to the additional electrostatic forces. In contrast,
BPs are retained and eluted by nonspecific hydrophobic binding
interactions, resulting in a cleaner extract (Regueiro and Wenzl,
2015b). Furthermore, less polar BPs had lower recoveries because
of adsorption to the filter (Figs. S2 and S3). Accordingly, we tested
increasing amounts of MeOH addition (0%—30%) as a modifier in
the sample. We found that the addition of 30% MeOH (v/v) to the
sample, resulted in significantly higher recovery of the less polar
BPs (p < 0.05 for BPC, BP26DM, BPBP, BPFL, BPP, BPM and BPPH),
while not reducing the recovery of the more polar BPs (Fig. 1).
Further development of the method for the aqueous phase was not
considered necessary at this point.

3.2.2. Biomass phase

To ascertain the benefits of sample lyophilisation, we analysed
three parallels of fresh and lyophilised spiked samples, at three
sampling times over nine days. The recovery of BPs was signifi-
cantly higher (p < 0.05) when the biomass was lyophilised for 2,2'-
BPF and BPZ at all three sampling times, for BPS, 2,4'-BPF, BPE,
BP26DM and BPM at two sampling times and for BPC2, BPB, BPC,
BPAP and BPPH at one sampling time (Fig. S4). A higher amount of
dry organic extract was obtained when extracted fresh for two out
of three samples (p < 0.05, Fig. S5). Due to improved recovery and
reduced total extracted material, lyophilisation was used for sam-
ple preparation. Drying the sample also made solvent exchange
easier before loading the SPE cartridges.

The effect of adding different amounts of MeOH, ACN and FA to
the extraction solvent on recovery was also tested. The addition of
larger amounts of MeOH (60%) and FA (2% and 4%) did not signif-
icantly increase the recovery of BPs (p > 0.05, Fig. 2) but did
significantly increase the amount of dry extract (up to 71% more,
p < 0.05, Fig. S6). An extraction solvent consisting of MeOH/ACN
(20/80, v/v) resulted in the lowest amount of coextracted material.
The addition of a second extraction cycle contributed on
average < 5% to overall recovery and was therefore not included in
further sample preparation (not shown).

Initially, when loading the sorbent phase with EtAc/Hex (50:50,
v/v) approximately 90% of BP26DM and >50% of BPS were not
retained by the sorbent but were in the breakthrough fraction,
which led us to test loading solvents containing amounts of 25%—
75% Hex. The optimal loading solvent was 25:75 (v/v) EtAc/Hex.

The elution solvent was tested using different combinations of
MeOH (0%—100%), EtAc (0%—100%) and AA (0%—5%) (not shown).
Fractions of loading solvent and eluate were collected to determine
the recovery of individual BPs in those fractions and determine
optimal elution solvent composition and volume. From the results,
it was apparent that BPS, as well as other interferences, most
notably fatty acids, are only eluted when AA is added. Also, the
presence of long-chain fatty acids, namely octadecadienoic acid and
a-linolenic acid as (identified using the NIST library with a proba-
bility of 98.3% and 85.9%, respectively) interfere with the peak
shape of BPA (Fig. S7) and that it was not possible to elute BPS and
the interfering fatty acids from the SPE phase separately. The latter
is presumably due to ionic interactions with the PSA (Regueiro and
Wenzl, 2015a). When AA was added, these ionic interactions were
interrupted, and the compounds eluted. Fatty acids are known to
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negatively affect gas chromatographic separation (Guan et al.,
2009; Hajslova and Zrostlikova, 2003; He and Liu, 2007; Saito
et al., 2004; Schenck et al,, 2002; Shimelis et al., 2007). To over-
come this, we eluted 17 BPs with 3.6 mL MeOH/EtAc (20/80), and
BPS separately with 3.6 mL MeOH/EtAc/AA (20/78/2).

3.3. Method validation

3.3.1. Aqueous phase

The working range from the LLOQ to 5000 ng/L was linear for all
18 BPs (R% > 0.992) for all compounds. The LLOQ ranged from 10 to
30 ng/L, with BPA and BPC2 having the highest LLOQ, namely 30 ng/
L (Table S3). The trueness is the average recovery of BPs in the
aqueous phase, ranged from 78% to 106% (Table S4). The two
compounds with the lowest mean recovery at all three spiking
levels were BPS (L — 84%, M — 85%, H — 78%) and BPPH (L — 89%,
M — 86%, H— 78%), which have log Ky, values on the low and high
end of the spectrum in this study (2.32 and 7.34, respectively).
Except for BPA at spiking level L with —60% (Table S4), the matrix
effect was negative in the aqueous phase and ranged from —35%
(BPFL at spiking level L) to +15% (BPAF at spiking level L). However,
the matrix effect does not play a significant role due to the use of
matrix-matched calibration.

Instrumental precision for the three spiking levels was as fol-
lows: L — from 0.5% (BPAP) to 11% (BPPH), M — from 0.3% (BPAP) to
6% (BPB) and H — from 0.3% (4,4-BPF) to 7% (BP26DM). The
repeatability ranged from 1.4% to 8% except for BPA (19% at spiking
level L). Intermediate precision ranged from 10% to 21%, again
except for BPA (32%) at spiking level L (Table S4). All BPs had a
markedly worse intermediate precision at spiking level L.

Uncertainty, expressed as the relative expanded uncertainty,
ranged from 26% (BPE) to 66% (BPA) at spiking level L, from 11%
(4,4'-BPF) to 24% (BP26DM) at spiking level M and from 8% (BPA) to
26% (BP26DM) at spiking level H (Table S5). Due to intermediate
precision being a prominent component of uncertainty, BPs had a
higher uncertainty at spiking level L.

Although Solé and Matamoros (2016) determined removal in
batch experiments with algae and estimated LLOQs in the aqueous
phase for BPA, BPAF and 4,4-BPF as 190, 180 and 190 ng/L,
respectively, using 100 mL of sample. While the authors did not
report measurement uncertainty, they did report repeatability
(<15% for all three BPs. Kovacic et al. (2019)) determined LLOQs
from 0.3 to 17.4 ng/L for BPs in wastewater while using a larger
sample volume of 250 mL. Thus, our determined LLOQ are consis-
tent with published data, considering the smaller sample volume.
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3.3.2. Biomass

The working range (LLOQ to 12,500 ng/g) showed good linearity
(R? > 0.990) and ranged from 25 to 75 ng/g with BPFL being an
exception (125 ng/g, normalised to a nominal sample mass of
20 mg dw, Table S6). Analyte recovery ranged from 84% to 103%
overall, with an RSD ranging from 2% to 11% (BPA at spiking level L,
Table S7). The matrix effect was mostly positive for BPs in the
biomass phase and ranged from —13% (BPC2 at spiking level L)
to +17% (BPP at spiking level L, Table S7). The instrumental preci-
sion ranged from 1% to 11% overall, with the highest three values in
the L spiking level, and repeatability ranging from 2% to 9%, except
for BPA (11%) at spiking level L. Intermediate precision ranged from
10% to 21%, except for BPA at spiking level L with 32%. All BPs had a
markedly lower intermediate precision at spiking level L (Table S7).
Ruggedness testing showed that neither 2 mg, 20 mg nor 40 mg of
biomass affected the quantification of BPs (p > 0.05), except in the
case of 4,4’-BPF, where there was a significant difference between
2 mg and 40 mg of biomass at spiking level M (p < 0.05). Uncer-
tainty expressed as relative expanded uncertainty ranged from 16%
(BPE) to 37% (BPA) at spiking level L, from 21% (BPC and BPM) to 29%
(2,2"-BPF and BPAF) at spiking level M and from 19% (BPZ, BPC,
BPAP, BP26DM, BPM, BPP and BPPH) to 22% (BPA) at spiking level H
(Table S8). It is known, that BPA determination is problematic at
low levels due to background contamination owing to its ubiquity,
and this can explain why repeatability, intermediate precision and
uncertainty, as well as the LLOQ, were higher for BPA at the lowest
spiking level in both the aqueous and biomass phase.

Solé and Matamoros (2016) estimated LLOQs for BPA, BPF and
BPAF in algal biomass as 1 ug/g, 1.9 ng/g and 0.8 ug/g respectively,
albeit in fresh biomass, meaning that their LLOQs are similar to the
LLOQs reported in this study, which were determined on a dry
weight basis. The authors used a sample mass similar to this study
(=20 mg dw), judging by their reported TSS. Also, comparable
LLOQs were determined for BPs in sewage sludge from a conven-
tional WWTP in New York, namely 19.9,99.5,5,12.4,19.9,12.4,19.9
and 12.4 ng/g dw for BPA, BPF, BPS, BPAF, BPAP, BPP, BPB and BPZ,
respectively, using solid-liquid extraction and purification with an
MCX (Waters, USA) SPE cartridge (Xue and Kannan, 2019). How-
ever, the authors used larger amounts of sample (0.1-0.2 g dw).

While the aqueous phase extraction method has similar per-
formance characteristics in terms of LLOQ, the biomass phase
method is less sensitive, having LLOQ in the ng/g range. This
reduced sensitivity is due to sampling, which necessitated the need
for centrifugation and results in a low sample mass of the biomass
phase.

34. HRAP sample analysis

The developed methods were applied to samples collected from
a pilot-scale HRAP, treating wastewater (mixed municipal and in-
dustrial wastewater) from the primary settler of the Ajdovscina
WWTP (42,000 PE, Slovenia). Of the 18 BPs, we only detected BPS,
4,4'-BPF and BPA above the LLOQ. Bisphenol A occurred in the
highest concentrations, ranging from 191 ng/L to 1070 ng/L (mean:
329 ng/L)in the influent and from 43 ng/L to 114 ng/L (mean: 69 ng/
L) in the effluent. Bisphenol S ranged from 92 ng/L to 179 ng/L
(mean: 144 ng/L) in the influent and 51 ng/L to 111 ng/L, (mean:
94 ng/L) in the HRAP. 4,4’-BPF was above the LLOQ only in three
samples in the influent, ranging from <LLOQ to 22 ng/L (Table 3).In
the biomass, we could only quantitate BPA, specifically in one
sample from HRAP and one of influent. Similarly, in the literature
BPA is the most common and abundant bisphenol found in
wastewater, followed by BPS and 4,4’-BPF (Karthikraj and Kannan,
2017; Sun et al., 2017; Xue and Kannan, 2019).

The only BP detected in the biomass (Table 3) was BPA, which
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Table 3

Concentrations of BPs detected in the aqueous and biomass phase of the HRAP in
influent (INF) and effluent (EFF), presented is the mean concentration in ng/L or ng/
g, respectively, the range, RSD of the mean and detection frequency (Df).

Aqueous [ng/L] Biomass [ng/g]

compound INF EFF INF EFF

BPA Mean 329 69 665 60
range 190-1070 43—-114 665 60
RSD 76% 33% /
Df 100% 90% 100% 1007%
BPS mean 144 94 < LLOQ < LLOQ
range 92-179 51-111
RSD 15% 18%
Df 100% 100% 0% 0%
4,4 -BPF mean 21 <LLOQ < LLOQ < LLOQ
range 20—-22 <LLOQ
RSD 4% /
Df 100% 70% 0% 0%

was below the LLOQ except in one influent biomass sample
(665.2 ng/g; TSS = 50 mg/L) and one sample from HRAP (59.7 ng/g;
TSS = 507 mg/L). In these two samples, 10% and 29% of BPA,
respectively, of total BPA (aqueous -+ biomass) in the sample was
present in the biomass phase. As BPA was < LLOQ in the majority of
the HRAP biomass samples, we could only approximate that in
most cases, the majority of BPA (>70%) was present in the aqueous
phase. Sole and Matamoros, reported up to 6% of BPA retained on
algae biomass when spiking BPA at a concentration of 10 ug/L into
the algal culture (Solé and Matamoros, 2016). While BPS was
quantified in the aqueous phase, it was < LLOQ in the biomass,
likely owing to its log Ko (2.32) being lower than that of BPA (4.04)
(Wang et al, 2019). While according to the log K, of 4,4'-BPF
(3.46), one would expect it to be present in biomass as well;
however, the limiting factor was its low influent concentration.

The removal efficiency is the difference between total influx and
efflux of each of the BPs in the aqueous phase. During the sampling
period, 80% of BPA introduced into the HRAP was removed,
whereas only 32% of BPS was removed. To our knowledge, this is
the first study reporting the removal of BPS in HRAP. BPA and BPS
were < LLOQ in most effluent biomass samples, suggesting that
removal was due to degradation and not adsorption. When
compared to the literature data, we see similar removals for BPA,
i.e.,, 72% (HRT = 4 days) and 85% (HRT = 8 days), reported in Spanish
HRAPs (Matamoros et al, 2015). In the study by Vassalle et al.
(2020), BPA removal in Brazilian HRAPs was only 41.5% (HRT = 8
days). BPA removal is also comparable to the average removal re-
ported in several conventional WWTPs in India (44%—100%), while
for BPS a wide range of removals were reported, ie. 0%—97%
(Karthikraj and Kannan, 2017). The removal of BPA, reported in
Chinese conventional WWTPs, ranged between =55% and =90%,
while BPS was almost completely (=100%) removed (Sun et al.,
2017). Similar results for BPS are also reported from WWTPs in
Slovenia, with a reported 100% removal (Cesen et al., 2018). How-
ever, Xue and Kannan (2019) recently reported a low removal of
BPA (mean removal 52% and 34%) and no removal of BPS (- 11%—1%)
in two conventional WWTPs in New York. Higher removal of BPA
would match the respective log Ko\, values of BPA and BPS (4.04 and
2.32, respectively) to a greater degree, assuming that hydropho-
bicity plays a role in removal.

4. Conclusions

This study developed two complementary methods for quanti-
fying BPs in the aqueous and biomass phase samples from a pilot
HRAP treating municipal and industrial wastewater. The methods
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