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Abstract It is crucial to study the presence of transfor-
mation products (TPs) of emerging contaminants that
can be potentially found in the environment after bio-
logical or chemical degradation. This review focuses on
the potential and shortcomings of high-resolution mass
spectrometry (HRMS) to identify these TPs, with em-
phasis on recent developments in mass analyzers, data
evaluation, and compound identification workflows and
applications. Advances in HRMS technologies, includ-
ing direct introduction or in-line chromatographic sepa-
ration modes, ionization techniques, mass analyzers, and
detection methods, have led to powerful tools to assess
the molecular changes and the opening of new horizons
to identify unknown molecules. Advances in HRMS
pertaining to the generation of analytical data for the
main methods to identify TPs, including nontargeted
and targeted approaches as they are applied to elucidate
the structure of TPs, are also discussed.
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Introduction

In recent years, the growing presence of emerging contaminants,
such as pharmaceuticals (both human and veterinary), personal-
care products, illicit drugs, pesticides, and perfluorinated com-
pounds detected in the water cycle, has been referred to as one of
the most imperative environmental concerns [1-3]. After human
and/or animal use, these compounds are excreted or release un-
changed and as free and/or conjugate metabolites. Transforma-
tion products (TPs) of emerging contaminants can be found in
wastewater treatment plants (WWTPs) or in the environment as
a result of a multitude of abiotic and biotic processes (such as
hydrolysis, photolysis, oxidation, and microbial metabolism) act-
ing on the parent compounds or the metabolites [4—7]. TPs are of
environmental concern particularly if they are biologically active
or resistant to biodegradation [8—10]. However, there is only
limited information in the literature on the fate of these TPs,
and many of them remain undiscovered [11]. The importance
of further investigation of the subject is highlighted by the fact
that some TPs are equally active as or even more active than the
precursor compounds on aquatic ecosystems or, in the last in-
stance, on humans [10, 12—-15].

There are already some reviews that address the experience
of several research groups in the analysis of emerging contam-
inants, including their TPs, with particular emphasis on liquid
chromatography (LC)—mass spectrometry (MS)-based tech-
niques, describing the state of the art and highlighting gaps
and future needs [9, 16—19]. Recently, some reviews have
been published that included current information regarding
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the background of (biotic and abiotic) transformations of
emerging contaminants [7, 9, 14, 15, 20-22], including their
fate, occurrence, and distribution. Different reviews [1,
23-26] have also presented and discussed the main analytical
techniques used for the determination of the emerging con-
taminants and their TPs.

Historically, identification of TPs has been conducted using
radiolabeled compounds, thin-layer chromatography, and gas
chromatography or LC with unspecific detectors [4]. Howev-
er, a serious weakness of all these methods is that they lack
sufficient specificity for identification of the TPs. Thus, MS is
a key element. Because of the polar nature of TPs, the most
commonly used separation technique is high-performance LC
(HPLC) or simply LC [17, 27]. TPs can be identified using
nominal mass. However, quadrupoles are not sensitive in full-
scan mode (required to identify unknowns), and much of this
work has been done with standards or pure water solutions at
relatively high concentrations [24, 28]. Conventional LC-MS
interfaces involve soft ionization techniques that produce little
fragmentation but provide information on the molecule. The
fragmentation of the analyte required for the structural eluci-
dation is most commonly produced by collision-induced dis-
sociation, which can be done in a specialized collision cell or
in the intermediate-pressure part of the mass spectrometer (so-
called in-source collision-induced dissociation). The fragmen-
tation pattern of the molecule helps, after the application of
long and complicated processes and the use of a number of
additional confirmatory analyses, to establish the structure of
unknown TPs [21, 22]. An additional obstacle to identify the-
se TPs is that there are no extensive standard libraries that
would help to identify the chemical composition of the mole-
cule and its fragments (unlike in gas chromatography). Anoth-
er limitation of the nominal-mass LC-MS methods to deter-
mine traces of these TPs is the need to use target methods, i.e.,
they detect only what they are designed to look for. Ultratrace
target methods, based on low-resolution MS, are designed to
preserve only a small amount of information about the com-
position of the sample; the rest of this analytical information is
lost [29-31].

High-resolution MS (HRMS) transcends the major limita-
tions of nontarget LC-MS and targeted MS/MS analysis.
HRMS instruments [e.g., time-of-flight (TOF) and Orbitrap
instruments] provide high-quality information by combining
sensitive full-spectrum data with high mass resolution and
mass accuracy [32, 33]. In theory, the presence of an unlimited
number of compounds can be investigated at the proper sen-
sitivity, without requiring the preselection of analytes or even
without having reference standards available. In HRMS, ions
are measured at a high resolving power, i.e., ions with slightly
different m/z ratios can be distinguished from one another
[34]. The most important feature of HRMS is the capacity to
determine the molecular formulas of analytes from accurate-
mass measurements. An HRMS instrument can be coupled to
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quadrupoles and ion traps to add MS/MS and/or MS" capa-
bilities that allow to obtain mass spectra of multiple product
ions with accurate-mass measurements [1, 35]. For this rea-
son, HRMS is a promising technique that has opened new
horizons in screening and rapid identification of a wide range
of compounds and unknowns. The trends and emerging ap-
plications of HRMS in the analysis of micropollutants, but
without pinpointing the problem of TPs, have also been
reviewed by several authors [23, 28, 36, 37].

This review compiles information from publications that
have appeared in the last 5 years (2011-2015) related to the
study of TPs in the environment to clearly demonstrate the
potential of HRMS for the identification of the myriad of
TPs that are still unknown. The advantages and disadvantages
of this technique are also examined, and strategies are pro-
posed in order to improve current analytical performance
and streamline data analysis.

Approaches to mimic degradation processes
and to identify TPs

There are two different approaches to identify TPs: laboratory
studies and environmental screening, as schematized in Fig. 1.
These approaches are complementary and mutually enriching
rather than the opposite of each other. Commonly, laboratory
studies offer the advantage of simulating transformation process-
es under well-defined conditions with appropriate control that
facilitates the establishment of differences in the samples that
contain the compounds. However, the identification in the envi-
ronment of at least a few of these compounds is the next neces-
sary step. Tables 1 and 2 show the most recent applications in
laboratory and environmental monitoring studies, respectively.
TPs are mostly generated during water treatment processes,
including oxidation and biotransformation by activated

Environmental
monitoring

Laboratory
studies

S

Microcosmos

Wastewater
effluents

Real treatment
plant

N\

Fig. 1 Ditferent types of degradation experiments



6259

Transformation products of emerging contaminants and highresolution mass spectrometry

a3eAea[o Surr wrejoe[-¢ ysnoy st

(A2 01~ J0 4D

auu JSIj A 10§

Aemyjed UONRULIOJSURL], “IOJeM IOALT SIN/SIA Pue e[nuLoj & Suisn paurejqo) payiodar sem 101s9 (Ao BIPAW IOk pUE duIey[e
[#5] PUE SIOJeMA)SEM UT S, JO SuIuaa1og [eoundue :uonesyUpY SIN/SIN Pue SINU SIN/SIN-I01PO-O1 PIO® JIO[[IOIXOWY ‘SJ ], UleW § ur Juowadxo A1ojeroqe| urAxoury
uonepeISep oNoIGY
skep 69 jo pouod ©
I0A0 PAMO][O] SeM SJUN[ YA suor jonpouid pue tosmoaid (1d pue IN) spunoduwoo SopIjoIoBW puE
[es] Ul poynuapt Sq 1, A JO sorueukp Y], Jo uonisodwod [eyuawd]g SIN/SIA pue SIN SIN-I0.LPO-DTdHN paredn(uod Ajsow ‘sq, [9A0U 9 MGIN o[eos-10]1d sauojournboiony
POYSI[QeISS Sem JuawuSIsse (A2 07) 4H pue
QIMINNS PUE ‘UOLBN[L] PUAn-ow) spunoduwoo 2y Ajpuept (A2
[zs] ‘uonodep yead uo paseq Jurssaooxd ereq Ajreonewoine o) sdpy aremyos  7) 4138 ‘Opouwr SN SIN-A01PO-OTdHN SdL 91 SJUSLUIPaS (M Yojeq speonnooeueyd 6
sontodoxd O pue endads SpIureuoy[ns
[1¢] V0 dulepms 4OH0 S YH 1y B paynuapy SI/SIA Pue SN A01PO-OTdHN SO4d [10s yua yoyeg] - duesvotonfyiad [AYT-N
SUOT dSUQIUT
sponpoxd uoneprxo uonejerdidur ejep 1oy Isour ¢ dyp jo SN UrAWOoIY)AI1d 10§ SJL. L0]0D1S.124. SAIUID.L] uAwoIyA1
[os] pue uoneIpAyap APsows a1om Sq . pasn (oway L) 7'z Iqueax  pp/(z/u000°1-001) SW deniqiQ OLT-OTdHN G pue aurpAoena) 10§ sq . € WOy SOWAZUS Yim Yojeg ‘souroAoena],
SYDAd PaALSP-HOLA Jo Surpeoy Suor SIN/SIN Jo wintiodsosA.iyd
[BIUSWUOINIAUD A} PIEMO) APUISYIP UONBULIJUOD ‘OSeqe)ep 2)o0Yd0.UDYJ
let] Anquuod o0} readde 13uny pue euLlORg [BUIOIXD PUE SOSSBUI JRINOdY SIN/SIA Pue SIN - SIN deniqio O T-OTdHN suoqIed 8< ‘syDdd M SHUAWILIAAXS Yojeg  [OY0J[e JOWO[0IoN] 7:9
uoneroads o3pnys pajeanoe
[ennoU-OIUONES M S[eonnddeuLeyd jo sentedord T pue enoads SN PP/ yim sjusuadxs
[87] uoneuLIojsuLNolq ) uo Hd jo sduenguy S {H 11y B1A paynuapy (zu10$L-08) S SIN demqi0-0-0'1dHN Sd.L Ry oreq yudpuadap-Hd S[eonnaORLLIEY ]
Suor SIN/SIN Jo
VISD Suisn os[e paipmys UONBULIJUOD ‘OSeqe)jep
[Ly] suonoeal [eniu] 'S LMM Ul punoj sqL [EUIS)XD pue SISSew JJeImooy SIW/SIN Pue SN SIN dentqi0 OLT-O'TdHN sdL gy o dn 9BPNS PABATIOE YIM Toree d[ozernozuag
sontodoxd O pue endads syex ur Ajsnoraaid pajrodar
[ov] V1€ dutepms OHO uo peseq <SI JH 1oy BIA paynuap] SI/SI Pue SN SIN deniqio-0-D1dHN AJuo wayp Jo awos ‘sq [, Tl a3pn[s pajeAnoE yim yojeg AJAN
SIN/SIN pue (IN) S a8pnis
[s7] pauuiogiad sem YAN “A[euonippy B[nwIo) [eoLIdwd {uoneoyHuIP] SIN/SIN Pue SN deniqio OLT-DTdHN  SdL 1oUI0 pue ajgj[ns-0 UesooLL PpareAnoe im yoleq dlqoly UBSO[OLLL
juared se oIXo) Se 9pIXOJns
so[duwes [EJUSWUONAUS UO UOHLIynULRNY) SIN/SIAL pue (1d) S uknnqioy
[#+] ‘pouiojrad sem AN ‘A[jeuonippy e[nuLoj [eotndws :uonesynuepy SIN/SIAL Pue SIN deniqio OIT-OTdHN Ppue dprxoj|ns [01eSI0] S 1, T a3pn[s pajeAnoe yim yojeg uAnngio) pue joresiy
sd.1 9y wmjuoo 0y Adoosonoads SdL oy SN deniqiQ
[e+] AN SE Yons spoyjou [euonippy AJ1uopI 0) AIBAJOS dBWOINY SSIW/SIN OIT-ava-o1 pasodoid are sq . 6 Jo sarmonng oSpn[s pajeAnoR M yojeg  QUOZUSGOSIINS INY-AN
proe otora)d[Ayaut- | \/-OUIWEIP-°T SdL oy (IN pue [d) aun Js1y o
[ev] SeA\ POYNUAP S L, oy Suowry AJnuopE 0} d1eAMJOS OpBUIONY SN PP/SIN deniqi0-0-D1dHN 10J PIQHOSIP WY JO § SIL 6 9BpNS PAJBANIOE YIM Yoree AJEXNOPIN
JLAM UBQIN [BUOHUIAUOD enoads SIN/SIA JO Sd.L mou
3[BIS-[[ © UL pue YN d[LIs-[[1Y © skemyped SO[oA deniqio pue (A LINH-© Pue Vd LI
[1+] Ul PaIOJIUOW d1oM ST, S) pue d LN uonEIUAWSEY JO UONE[MISOY S PP/SIN OLT-OTdHN-DAL ‘dLINQ-0) SH[oqelaur umousy SOBPNS PABATIOE YIM Toree] [ojordoy
SIN/SIA PUe B[nuLIoy «SKemyred
SOJRIPAULIAIUI UOHBULIOJSUBLOIQ [eoudwo :uonesyHuUAP] S AID [BAOWIAI UOGIED-,, BIA aSpn[s
[or] Ao Anuopt 01 110dax 1Sy 3y ST SIYL, IOV BIRP JOYIP SN /(Z/u4000°1-001) SIN (IN) denrqio OLT-01 Vddd ‘Vedd ‘PRE €1¢ PIoe €' PIIRANOE YA ojeq 0IqOIY  PIoe pajeurionAfod ¢ig
uone[Aypowap aurwe ‘sdnoid
SIN/SIA Pue e[nuiioj S SO[OA [Ax01pAY Jo uononponur a3pnys
[6€] AN AT Pue (T Afreuonippy [eoLndwo ‘uoneoynuOp] PP pue .SIN PP/SIN deniqio OLT-OTdHN ‘SYIYs puoq d[qnop s L § PpareAnoe i yoleq dlqoley Qurepo)
Adoosonoads NN (DOSH (uoneprxo)
D¢H, ‘ASOD H,H,) At pue SIN/SIN pue enuiioy SOJPA SdL § “HA0[AdIId]
[8¢] (AN D¢, “WAN H,) A1 Afieuonippy [eoLnduwo :uoneoynuapy SN PP/SIN deniqio OLT-O1dHN “TAO[IAIBAXOGIED IAO[IADY 9BpN[S PAIBAIGE im Yojeg  IA0[AdIIOd “AO[IADY
uoneperdoporg
QOURIRJY Blieliiiive) uoreuLIoyu| opour SurIoA UONBUILLIO SdL $S9001] punodwo))

SOIpMYs AI0JeIOQR] UO PIseq JUSWUOIIAUS ) Ul (S47) S1onpoid UuoneuIojsues) JUBUIUB)UO SUISIOW JO UOIRINUIP]

1 31q8L

pringer

fHs



, D. Barcel6

icod

Y. P

6260

PIOE SnonIU wWoiy
S[EOIPEI JO UONBULIOJ AU} O} onp

SIA/SINL PUE B[nuLioy

deniqiQ OLT-OTdHN

ueydionxop jo
dL 1V [ouaydsiq Jo

sagpn[s pejeAnoe ur

ueydionxop
pue ‘y jouaydsiq

[zL] st sjousydoniu 0) Surpes] uonoeay [eotdwd uonesynuap| SIN/SIAL Pue SN —401bO—-O1dHN SdL ¥ ¢ JoudydjAusyd-o Jo s{  UOnEWLIOJSUBHOIG "UONRNIU JNOIqY ‘JousydjAuayd-o
SOpOW UONEPLISOp POXIIA!
uonepeigopojoyd
(per0a1op sq 1, uonepeisapojoyd Sd.L Aynuapr Aj[esnewoine (A9 07—S1 9H (IN Pue [d) SN W S, [219ASS ‘UONEULIOJYD UONEULIOYO
[12] JYS1uNs) IoyeM I9AL UI pue SLAAA B9 0] 21BM]JOS JO 35 PUE AD $ T) ;SN A01bO-D1 woyy ST, §°SISA[0IpAY woy J1, [ ‘uonepeidop-ojoyd ‘sisjoIpAH siqeuue))
Suwr orjouoyd SIN/SIN Pue e[nuoy
loz] AU} 0) payorNE Ale SWOJE PAYeULIoyD [edLndua :uoneoynuapy SIN/SIN Pue SN SN-101bO-DT Sd.L pajeulofyo ¢ uoneuLoysy SNy AN
SAJLIUSOUOD SISOWSO ISIOADI [ UT SIN-deniqio
[69] SISK[0109]d SuLIp PajoIdP 0S| SdL S pue uonisoduwod [ejuowd[g SN Pue SIN AID/SIN OIT-DT1dHN PAYNULPI ST T, MU § SISOWISO ASIOAY oprwoxdoy
SI9JeMm JUAN[JJD [BaI pue
JUIN[EFO POIR[NUIS “QORLINS ‘PIZIUOIIP suor juowidery sojduwes 1orem OHL YOSdd+
[89] Suowe JuaIapIp st uoneperSop ay |, B[nuLIO [eoLdwo :uoneoynuapy Surpnjour SN (Id) SIN-101-D1 Jo sadAy Juaragip ur sq 1. £ O H+Hd MO[ :uonepIxo uojua, UIeXo[O
(D2d 49 _*0°s
IOALL UI UONEpeISop Te[rulg SIA/SIAl pue ejnuiio} (suor 1) .S Suwr surpukd <Fuwr Jo uonisodwooap Jjozexoyjoureyns
[£9] ‘uoneIpawal I2jempunoisd o) uonesrddy [eounduwd :uonesynuapy PP/(2/1005—0S) SIN SIN-deniqiO-O—)T  dudzuoq < duizerddid :sq, [B10AS UONEPIXO [BOIWAYD) pue uroexojoidi)
I91eM Ul
apronsad sI) JO UONBULIOJSUEY AT} 0} SIW/SIN pue (O°HL OSP4+ H+Hd Mmoy)
[99] Ped] Jey) paynuopt oM sAemyjed ulew om[  B[ILIO) [EOLIdWD {UONEIYHUSP] SI/SI Pue SIN SIN-101PO-DTdHN SdL Tl UONEPRISAP OIS :UONEPIX) ajozepuaqery |,
$$9001d SIY) Ul pauio} SIA/SIAl pue ejnuiio} SUONIPUOd UonepeISop (uonepeISop <0/V.LAH/,Pd
[s9] sa10ads SuIZiprxo urew ay) sem HO Tesundwd :uonesynuapy SIN/SIN Pue SIN (Id) SW-101bO-DO1 oy uo Surpuadop S, [BI9AS UONEPIXO [BOTWAYD) wedazelq
Suwr onewore pue ureyo oneydie
Jo uonepeisap oy pue Sutuado SIA/SIAl pue e[nuiio} owiny 111 10J paiodar a1om way
[#9] SuL onewore A popeisop [0[oxdoy [eoLitduuo :uonesynuapy SIN/SIA Pue SN (Id) SW-401bO-D1 JO  puB ‘Paynuopt 21M SO L (f0) uoneuozo :uonepIxQ [ojoxdojoly
Sd.L 2|qrssod SN (TX demiqio OLT) (seyepIpued 9[) 84 [, UONEUOZO
[€9] ) AJ1USpI 0} [ONUOD © JO 35 uonisoduwod [eyuswdg dDH ‘d1d .S deniqi0—-O1dHN M pajeroosse a1om syead ¢6g (£0) uoneuoZ0 :UOHEPIXO) suonsg
J1o1eM Q0BJINS Ul dyoid uonepeidop
JIATWIBURZ JJ) SOUIN[JUI SJUSMINSUOD PIoe SIN/SIA pue e[nuiioy uoneIpeLI Ie[0S
[29] oruny jeyp) 1sa33ns syuswiLadxs 159) ung [eotndwd uonesynuap| SIN/SIN Pue SN (1d) deniqio O T-DTdHN Sd.L [BIOAdS :uonepeIsopojoyd TIATWRURZ
sjuowLRdXd (ugjoxdnqr [N
oy Suowre a)eNsqns Yo 10§ SIN/SIAL pue pue 9BURJO[IIP [d) JBUJJO[IIP JO (s1sAeyeoojoydouos)
[19] Sd.L U} Ul PIAIISQO AIOM SIOUIYIP ON B[nuLIO] [eotiduwo :uoneoynudpy SIN/SINL Pue SIN A01PO-D1dHN Sd.L 0] "usjoxdnqr jo sq. L uonepersopojoyd usjordngr pue seudjopoI
SIOJeM OBJINS UI PUB JUSUIEAT) SIN/SIA pue SIN/SIA pue
[09] 101eMIISEM UL ST, 9]qPIS JO UOHBULIO] B[nuLIo] [eodwo :uoneoynudpy (z/u1004—001) SIN deniqio OIT-OTdHN SdL 11 uonepeI3opoloyd uroexopjoidin
SuoNezI[oAd pue ‘uone[AX0IpAY SIN/SIAl pue e[nuioy 10]eM JO JUSUBAI SopIoIqIaY
[6s] UOIJBULIO[OOP 2I9M SUOTOBAI UTew Y], [eondwo :uonesynuapy SIN/SIN pPue SN SIN-101bO-D1 SdL ST AQ :uonepeIsapojoy SpIWE}0R0IO[YD)
o1x0) ATy31y a10m SaIMXIUW SIN/SIAL pue PAYNUIPT SJ]-039y pue UONBIPELI TE[OS pIje[nuurs
[8¢] Ay 1ey) pamoys Aesseolq vudvuu viuydp B[nuLIO] [eouIduwo :uoneoynudpy SIN/SIN Pue SN (Id) SIN-101PO-DTdHN Sd1-AX0IPAY JUBNIO[eRT [BIOAS pue A :uoneper3opojoyq surdozewreqre)
dyoqeldw uewny
JySruns PajeIAYIowaP-N SH
[£s] sjuaWILIdAXS dFuByOXS-WINLINAP/USFOIPAH uonsodwod [ejudw[ SIWPP/SN  SIN-A01bO-ISH-DTdHN SJ.L Urew 3y Jo Uonesynuapy Ppaje[nwiIs :uonepeISIPoIoYJ pue (eiderp) [yeudpIs
sojdures pajean ot (M SOURIDIIP AS10U9 IR[OS pUER Vv [ouaydsiq
[95] ysiqeIse 0y  syudwtedxa yueyq,, Jo asn uonisoduwod [eyuswdlg uess SN SIN-A01bO—-DT1dHN Sd.L Urew Y} JO UONBOYHUP] (01) uonepeidopojoyq  ‘Jouwrepoered ‘usjodnqy
sojdures juonyo SIN (2andexg))
[ss] ul 84hd L PUe 88%d.L JO uonoarq uonisoduwod [eyuswdg SN PP/SI deniqi0—OTdHN  Sd.L onbiun g pue sqJ, uowos 9 uonepeIsopoloyd  [Jeusplis Jo sonoeue 4
Ehlici) | SJUIWIO)) uoneuwLoyuy opowr JunjIop UONJRUTULINO( sdL $S9001J punodwo))

(ponunuos) | alqe],

pringer

A's



Transformation products of emerging contaminants and highresolution mass spectrometry 6261

8 208 = . o
g g j[ﬁ ) sludges [87]. A large number of chemicals used in industry
5} 4 =i . . . .
‘iﬁ S = 2 %@‘8 and households, including pharmaceuticals, biocides, and
Q = Qo2 T . . .
5 2 g8 personal-care products, are released into aquatic environ-
Q = P .
% E T e ments because of their incomplete removal in WWTPs [3,
= 2E & 88]. These plants are optimized for nutrient removal and
EESE P P
< 593 biological degradation of natural organic compounds, but
£5z g g g g p
5 g2 5 & more recalcitrant chemicals are only partially degraded
g S Py y p y deg
% £ s 3 § S during the treatment process [16, 22, 32, 34, 36]. As a
S < . . .
i % N g < S consequence, their TPs are formed and emitted via WWTP
= § c Z §§ g effluents into the aquatic environment. Once released into
R EE 2 £ g%g the environment, emerging contaminants are also subject
E £ 5 £ £5 ;—8; % to processes (e.g., biodegradation in soil, sediment, and
g S = =] . . . .
S| S 3 %%g Ql biota, as well as hydrolysis and photochemical degradation
. g o & § = in surface water and groundwater) that contribute to their
3 % % E § ) elimination.
= = =70 - . .
g - Se=28% The laboratory studies are focused on the different types of
2 g3 QL S0 E . Ty St - o
£ é g 35 % Z g degradation mechanisms—biotic and abiotic. They can be at
s | §£ I 5= EZSE different scales. For batch processes, bench-scale testing is
8 £ EE fxa &5 ; ’
é % g i g = l*fg g typically conducted on samples of 1-20 L or less, whereas
w5 =) = L e . . . .
€ 22 £ § <P ‘% pilot-scale testing is performed with samples of 20-100 L.
= E — Q . . . . .
- 5£5g¢s5 Demonstration scale essentially involves operating the equip-
~ 25 S8 L y p g quip
N b 2 2 é § 8 § ment at full commercial feed rates over extended time periods
2| e .| 2523 to prove operational stability.
= E E =8 S5 28 % p p
I =25 | 8388 %5 Biodegradability is mostly evaluated under different treat-
s
g 3 ss2 e E G g g y
2 = %) < ) 3 .. . . .
5 55 = 3Q 8 & ment conditions in activated sludge batch experiments
S| o = NS
= 5o =< g 8 . .
ks - g S g z:g g [38—43, 50]. The sludge is aerated to suspend the microorgan-
) g TE8E isms and is used as the biodegradation medium or autoclaved
E=2 o ° . . . ..
- g g 35 g 83 for use as a sterile control to eliminate the influence of abiotic
£, 23 By 2 = . . .
£ & g ©35 g2 Sy processes. Batches spiked and not spiked with the analyte are
é N g §%’D g8 8 also run in parallel to avoid interferences. These experiments
- . . ..
g | g = § Eg =g can be performed under different operational conditions: aer-
2l = S5 2o p p
3 T % E‘% obic, anaerobic, and anoxic. The pH, dissolved oxygen con-
53 é = tent, temperature, and content of total suspended solids are
s g% g p P
= o = § 2= monitored and adjusted to allow direct comparison with envi-
3 § E g é g é % ronmental conditions [39, 44, 51, 52]. The sorption behaviors
< S O Q =} . . .
g £ 2 NS S of compounds in soils or sewage sludges can be determined
g E § = D E D= L . .
§E =& SO 83K by adjusting experimentally these parameters according to
¢ =3 8O I o
“; g 22 L; gsg & = several OECD guidelines, among them 304A and 314A [46,
£l E® EF £8e9H 51]. Several recent studies have identified micropollutant TPs
i o 8% s0g . . . . p . .
25 < % in laboratory studies with activated sludge and field investiga-
g 8 g 2 2 2 tions in WWTPs, pointing to oxidative and hydrolytic reaction
ER-N- BR5E° athways [38—52]. Evaluation of the importance of different
2% 8 S t“g S p Y p
£82%z2 *§ T LR reaction pathways, however, is very difficult owing to prob-
g 72 g s g % é _§ gﬁ _«:: lems related to the identification of TPs (e.g., the lack of pro-
" E § 2 E £ %‘) z ?g > i‘ g tocols and standardized methods, spectral libraries, or analyt-
A 2=k 582 s o) . . . . . .
g % tgeegz| 8 < é E ‘g ical standards to confirm the identity) and their quantification
R A 2 . . .
£ | & s % e i < 2 (e.g., again lack of analytical standards). Batch experiments
= g BnEE L o have also been performed to establish biodegradation in soil
g : B EEx . P . . gre
g 8 2 T @22 and sediments, where microorganisms play an important role
2 5 9 GESHNES g play p
§ £z 5 K g E,EJ in degradation [51, 52]. Li et al. [52] used a test system with
~ 8 8 <] = o 05 . . . . .
- g 83 ?é) Z .§ £ 2 J—'; artificial river water and sediment collected from two rivers to
2 E| E° & S g B0 identify microbial TPs from nine pharmaceuticals in a
=) T . . .
gl 31" = SESAE water/sediment test, with special focus on TPs that are
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Table 2 (continued)

Reference

Comments

Software

Extraction Determination Working mode

Matrix

Compound

[36]

Target searching.

Database searching

AIF. Nontarget

UHPLC—Orbitrap

Modified QuEChERS

Marine mussels (Mytilus

(Ox0)

Identification of other

using ToxID 2.1.2

searching

(QExactive) MS (PI)

method

galloprovincialis)

carbamazepine

nontarget compounds

AIF all-ion fragmentation, APPI atmospheric pressure photoionization, 3-CI-TCC 3,3',4,4'-tetrachlorocarbanilide, DCC 4,4'-dichlorocarbanilide, GC gas chromatography, HLB hydrophilic—lipophilic

balance, /DA information-dependent acquisition, PLE pressurized liquid extraction, QuEChERS quick, easy, cheap, effective, rugged, and safe, SPE solid-phase extraction, TCC triclocarban

not easily degraded and thus accumulate during the in-
cubation period. The biotransformation in soil of two repre-
sentative perfluorooctanesulfonic acid precursors—~N-ethyl
perfluorooctane sulfonamide and N-ethyl perfluorooctane sul-
fonamide ethanol—has also been studied using a similar ap-
proach [51].

Most of the pilot-scale experiments are performed using
alternative water treatment technologies such as membrane
bioreactors that better simulate the conditions in the full-
scale system. These membrane bioreactors are commonly
fed with synthetic wastewater and inoculated with activat-
ed sludge from the full-scale WWTP. The TPs are com-
monly searched for in the membrane bioreactor effluent
[53]. Batch and pilot-scale experiments need to be corre-
lated with the detection of the TPs identified in the real
WWTPs or in the environment. Those studies that report
searching for the identified TPs in real matrices demon-
strated that at least some of them are present in wastewa-
ters and surface waters [41, 44, 47], pointing out the in-
terest in small-scale simulation to increase knowledge of
TPs [46, 51].

The physicochemical degradation occurs concurrently with
engineered processes such as oxidation reactions with chlo-
rine, chlorine dioxide, or ozone and transformations by ultra-
violet light. There have also been a number of batch and pilot-
scale studies [55—71]. Among the various advanced oxidation
processes, heterogeneous photocatalysis using titanium diox-
ide as a catalyst is a technology that appears to be a promising
tool for water and wastewater treatment as it has been success-
fully applied for the removal of pharmaceuticals and other
micropollutants from water in laboratory-scale reactors [58].
Another rapidly developing field in advanced oxidation pro-
cesses for applications in environmental remediation is the use
of ultrasound irradiation to destroy or accelerate the destruc-
tion of liquid-phase contaminants. In the case of reverse os-
mosis concentrates, a subsequent electrochemical treatment
using boron-doped diamond electrodes offers potential re-
moval of contaminants, since electrolysis itself profits from
enhanced electrical conductivity owing to the high salinity
and the capability of boron-doped diamond to generate hy-
droxyl radicals [69]. In situ chemical oxidation is an emerging
technology for groundwater remediation because of its appli-
cability to a wide range of contaminants, relatively fast treat-
ment, potentially enhanced postoxidation microbial activity,
and cost-effectiveness [67]. Chlorination is the most common-
ly used chemical process for disinfecting swimming pools and
drinking water. Formation of halogenated disinfection by-
products in chlorinated water is unavoidable, particularly for
substances containing phenolic and/or amino groups [70]. Bi-
otic and abiotic degradations occur together to transform
emerging contaminants during the biological wastewater
treatment. An abiotic transformation process of recent interest
is the nitration of phenol moieties and the formation of
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nitrophenolic TPs during biological wastewater treatment
[72].

Environmental studies have been performed in WWTP efflu-
ents and in surface water matrices. Nonetheless, in the field of
environmental chemistry, the detection of trace levels creates an
extra difficulty in the analytical development required as well as
in its performance [81]. These studies as outlined in Table 2 are
much scarcer. A number of studies have focused on effluent
wastewaters because the concentrations of TPs are higher than
in surface waters [74—76]. Extraction procedures able to isolate
and preconcentrate the analytes are extremely important, and
conventional solid-phase extraction (SPE) is commonly used in
the case of water. These procedures are sometimes also used in
laboratory studies. The extraction procedures are not sophisticat-
ed, but are generic and robust since the physicochemical charac-
teristics of the TPs are sometimes unknown. Hydrophilic-
lipophilic balance reversed-phase sorbents are the most popular
[74-76] owing to their ability to retain quite polar compounds.

The long-term contamination of sediments by emerging
contaminants such as pharmaceuticals, personal-care prod-
ucts, household chemicals, or pesticides as well as their pos-
sible degradation products has not been well explored
[82—84]. Pressurized liquid extraction followed by quick,
easy, cheap, effective, rugged, and safe (QuUEChERS)-like
cleanup has been used to reduce solvent consumption and to
avoid the use of time-consuming cleanup techniques that can
increase the loss of polar compounds.

The use of marine organisms as a tool for the monitoring of
a pharmaceutical and its TPs in marine environments was
evaluated in some studies [85, 86]. The extraction method
applied to these matrices is the QUEChERS extraction that
involves miniaturized extraction with acetonitrile by salting-
out with sodium chloride and magnesium sulfate and a clean-
up step, which is done by mixing the acetonitrile extract with
several sorbents (dispersive SPE). Successful determination of
TPs of venlafaxine and carbamazepine has been reported.

The features of LC separation prior to HRMS

A question that arises when one is collecting information
about how to determine the TPs of different emerging contam-
inants is whether it is necessary to use a separation technique

Fig. 2 Extracted ion chromatograms corresponding to separation by P>

ultra-high-performance liquid chromatography (UHPLC) of zanamivir
(ZAN) and its photoproducts on a hydrophobic interaction liquid
chromatography column (acquired with an LTQ Orbitrap mass
spectrometer) present in a irradiated high-performance liquid
chromatography water sample (initial zanamivir concentration of
40 mg L ™). The figure depicts the ion traces of the molecular ions of a
zanamivir (m/z 333) and TP332 (m/z 333), b TP322 (m/z 323), ¢ TP274
(m/z 275), and d TP111 (m/z 112). (Reproduced from [62] with
permission of Elsevier)
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prior to the determination by HRMS, taking into account its
specificity.

Analysis of the literature summarized in Tables 1 and 2
shows that HRMS is always used in combination with LC,
which has been used indistinctly as either classical HPLC or
the recently developed ultra-high-performance LC [38—41].
The major advantages of ultra-high-performance LC
(1.7-um particle size in the stationary phase) over classical
HPLC (particle size between 3 and 5 um) include improved
resolution within a shorter retention time and higher analytical
sensitivity.

The columns used are mostly reversed-phase LC columns
and, in a few particular cases, hydrophilic interaction LC
(HILIC) columns [62]. The attractiveness of the latter variant
arises from the fact that the mobile phase composition is fully
compatible with electrospray ionization, with an elevated per-
centage of organic solvent in the mobile phase enhancing
evaporation of the solvent and altering ion suppression and
thus improving detection sensitivity [62]. HILIC columns
play an interesting role in achieving chromatographic separa-
tion of very polar parent compounds or even their more polar
TPs. Figure 2 illustrates the chromatographic separation on a
HILIC column achieved for zanamivir and its TPs. The re-
ported advantages of the HILIC column in comparison with a
C,g column were that it substantially improves the retention of
zanamivir (an antiviral) and that it separates an isobaric TP,
TP332, that was co-eluted with the parent compound.

Chromatographic separation is very important for the identi-
fication of the TPs because firstly it helps to properly identify the
mass spectra corresponding to the TPs. The parent compound
and the TPs normally have part of the molecule in common, and
the mass spectra have ions in common; therefore, the separation
is important. In addition, this separation, which is usually based
on the polarity, gives additional information about whether the
assigned structure matches the expected polarity.

The role of HRMS in identification and structural
elucidation of compounds

The high-resolution mass analyzers commonly employed are
TOF, Orbitrap, and hybrid systems (e.g., quadrupole TOF [27,
51-54, 56, 57, 59, 61, 64-66, 70-76, 78-82], linear ion trap
Orbitrap [38-41, 43-45, 47, 49, 50, 60, 62, 63, 69, 77], or
quadrupole Orbitrap [42, 46, 48, 55, 67, 83-86]). As can be
seen in Tables 1 and 2, despite the fact that HRMS can provide
accurate mass, with which the empirical formula of the mole-
cule can be calculated, and thus make possible elucidation of
the molecular structure, it is hardly used alone, and all appli-
cations confirm the identification by an MS/MS study. The
occurrence and variations in patterns of multi-isotopic ele-
ments often make the identification of TPs easy. Many emerg-
ing contaminants contain chlorine or bromine; these produce a
distinctive mass spectral isotopic pattern corresponding to

CasHegNOy P
4= 40.6mDa CsHNO, P
MBR_Z_irlaz_0B0315_MS2_TPs_metd_1 157 (9.451) Om (147:176-200:222) [M+H-CLA-C,H,,05N-2H,01* A= +0.1mDa 8: TOF MSMS 917.33ES+
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Fig. 3 Time-of-flight (TOF) tandem mass spectrometry (MSMS) spectra
of the transformation products of azithromycin (4ZI) and roxithromycin
(ROX) identified in membrane bioreactor effluent obtained in positive

polarity mode. CE collision energy, CLA cladinose, ES electrospray,
DESP phosphorylated desosamine, P/ positive ionization. (Reproduced
from [53] with permission of Springer)
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their natural isotopic abundance. By searching for compounds
that show the same isotopic pattern as the parent compound,
one can quickly associate TPs with the parent drug. The iso-
topic pattern capabilities have been demonstrated for several
compounds, such as diazepam [27, 65].

The MS/MS spectrum can be recorder dependent or indepen-
dent of the precursor ion data. In the data-dependent acquisition
(DDA) mode, a precursor ion is selected for MS/MS, which is
inherently biased owing to the existence of many compounds in

DMy Documents on DL..\WET_C1
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Fig. 4 The positive electrospray ionization (£S7) Orbitrap data-
dependent tandem mass spectrometry spectra of methotrexate (a) and
its biotransformation products: DAMPA (b), TP325 (c), TP312 (d),
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the sample. For the precursor, a non-overlapping m/z window is
selected, and all the precursor ions within the window are co-
fragmented, yielding more fragment ions per sample, which
increases the analyte identification score.

The commonest way to work with hybrid mass spectrome-
ters has been with DDA or information-dependent acquisition.
Both refer to the same way of working, but the nomenclature
depends on the instrument. In this mode, the high-resolution
MS/MS instrument first performs a survey scan, from which
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Elsevier)
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certain ions chosen “a priori” by the analyst or “not chosen”
but meeting some pre-defined criteria (e.g. the intensity above a
predefined threshold value) are selected, isolated, fragmented,
and sequenced by product ion scanning in the instruments.
Additional selection criteria, such as dynamic exclusion, back-
ground subtraction, and charge state selection, are also used to
prevent redundant acquisition of the most abundant ions, or to
avoid acquiring product ion spectra of the interferences. With
use of this strategy, co-eluted matrix compounds or noisy peaks
can be easily excluded, facilitating the identification and quan-
tification of known or novel analytes in a single run. Figure 3
shows the fragmentation pattern of macrolide TPs obtained in a
QqTOF instrument after analyst selection of the precursor ions.
Figure 4 illustrates data-dependent MS/MS acquisition of the
five most intense ions detected in a full-scan spectrum with
dynamic exclusion enabled. The intensity threshold for trigger-
ing the MS/MS events was set to 80,000 counts in the full-scan
event. Parent ions were fragmented by high-energy C-trap dis-
sociation (HCD). With use of DDA, MS/MS data were obtain-
ed in a single run for all compounds investigated.
Data-independent acquisition (DIA) experiments are con-
ducted using a hybrid system, with full-scan data being re-
corded in a TOF, Orbitrap, or other high-resolution mass an-
alyzer. A major difference in these methods lies in the width
(or the absence) of the precursor windows in the first stage of

a b

IFROMASSE - 2. TOF M5 ES+ 183 281 (B.601) Cm
563

ion isolation. This, in turn, determines the range of ions being
transmitted, fragmented, and sequenced. A consequence of
having a wide precursor isolation window in DIA approaches
is that it produces a very complex data structure and requires
coherent and intricate data processing.

MSF is the commonest DIA approach. It acquires two full-
scan mass spectra in an unbiased and parallel manner. As
such, it increases both the number of compounds detected
and the reproducibility. During data acquisition, the energy
of the gas-filled traveling-wave collision cell is dynamically
switched between a low-energy and a high-energy state. This
produces alternating composite mass spectra of all intact mo-
lecular ions, followed by hypothetical fragmented mass spec-
tra of all precursors. MS® has been a popular choice, with a
number of reported applications to identify TPs [52, 74, 75,
78, 82]. Figure 5 shows the detection and identification of
clopidogrel carboxylic acid in an effluent wastewater sample
[75]. The accurate mass of the protonated molecule of the
suspected clopidogrel carboxylic acid (retention time
5.64 min) was m/z 308.0524 from the low-energy MS spec-
trum (Fig. 5, panel B, bottom). The combined spectrum for
this chromatographic peak showed a typical monochlorinated
isotopic pattern, in accordance with the elemental composition
of the protonated molecule. The high-energy TOF-MS spec-
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fragment ions, all showing the chlorine isotopic pattern, were
obtained. A possible concern of the MSF approach is that co-
eluted compounds might “contaminate” the high-energy spec-
trum, which might also contain ions unrelated to the analyte,
complicating the interpretation of the spectrum. As Fig. 5,
panel C shows, all extracted ion chromatograms, for the pro-
tonated molecule and for the seven main fragment ions, led to

a chromatographic peak at the same retention time (5.63 min).

All-ion fragmentation (AIF) is the DIA system developed
for the Orbitrap. AIF, despite being named differently, is an
acquisition mode similar to MS® in which all precursor ions
are fragmented without a preselection by the quadrupole.
Fragmentation, however, is obtained with the HCD cell, lo-
cated at the far side of the C-trap. During filling of the HCD
collision cells, the energy can be set to step between values at
specified percent values around the chosen middle energy
regardless of the ion’s characteristics. Figure 6 illustrates the
AIF MS/MS spectrum of carbamazepine TPs, which was ob-
tained in an additional experiment using a 10-eV. In HCD
operation mode, ions were passed from the C-trap into a mul-
tipole collision cell, where they were fragmented and stored.
The HCD cell voltages were then applied, and ions were

transferred back into the C-trap and injected into the Orbitrap
mass analyzer for detection.

LC-HRMS enables one to determine many target polar
contaminants and detect their TPs because of its sensitivity
and selectivity across a wide range of m/z values. In addition
to target compounds [77], LC-HRMS detects other contami-
nants not considered a priori in the analysis but present in the
samples (screening of suspects or unexpected compounds
against a library or database), even after measurement (post-
target screening), and identifies the chemical nature of un-
known or unidentifiable signals (Fig. 7).

Most of the wide-target and suspect screening is done using
an algorithm that extracts m/z values from a database, either
homemade or commercially provided by the instrument man-
ufacturer. These databases automatically extract peaks of an
accurate mass by comparing them with those compiled in a
database of known compounds. In addition to the theoretical
accurate mass (calculated according to the empirical formula),
if available, other characteristics of the molecule, such as the
isotopic pattern, double bounds (double bond equivalents),
and MS/MS data, help to better match the possible chemicals
[22, 45, 77]. The database can be automatically extended in
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Fig. 6 Product ion mass spectra obtained using a quadrupole Orbitrap
instrument by all-ion fragmentation for epoxycarbamazepine (epoxy) and
trans-carbamazepine (TRANS) at 10 eV, and proposed fragmentation
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pathway for trans-carbamazepine. MS/MS tandem mass spectrometry,
RDBE ring and double bond equivalents, R.7. retention time.
(Reproduced from [86] with permission of Elsevier)



Transformation products of emerging contaminants and highresolution mass spectrometry 6269
KNOWN ELEMENTAL FORMULA UNKNOWN ELEMENTAL
Searching against a data base FORMULA
Automated m/z
Unknown
identification
Suspected
Target screening * Accurate MS (< 5 ppm)
* Isotopical pattern
* DBE
* Accurate MS (< 5 ppm) |
: AlccuraFe :VIS/tIZAS Match to an
SotoplegiiEErn elemental formula
* DBE
« Structure searching in
Analytical standards Matching of: datah
* Accurate MS 1
Matching of: * Isotopical pattern Matching of MS/MS spectrum
* Retention time *DBE to the predicted one
* Accurate MS/MS * Accurate MS/MS
To the Database Matching of additional
parameters as t;, feasibility of
the ionization mode, etc...

Identification and
Quantification

Identification

Fig. 7 Different workflows to identify transformation products by high-resolution mass spectrometry (MS). DBE double bond equivalents

the laboratory by injecting analytical standards, or if there are
no analytical standards available, the empirical formula found
in the literature can be added [44, 77].

The prediction of possible TPs to add their empirical for-
mula to the library can be done using in silico prediction tools
[20]. Commercially available or freely accessible programs
have been applied in the prediction step, but more so in bio-
chemical studies than in environmental ones.

The identification of unknown signals is commonly very
difficult because there is no information available on the em-
pirical formula corresponding to the analytes. Then, peaks are
detected using automated peak detection and spectral
deconvolution algorithms able to find thousands of peaks in
an individual water sample [11, 15, 77]. Subsequently, the
most probable empirical formula can be established according
to the accurate mass and isotopic pattern of the mass spectrum
corresponding to the peak. However, each molecular formula
can be related to a quite large number of candidate structures,
which have to be ranked or filtered to obtain a useful list of
possible compounds for confirmation against the reference
standards. In these cases, high-resolution instruments generate
huge quantities of data that are difficult to export to the appro-
priate software and that are complex to evaluate. There is a
range of free or commercial software able to predict MS prop-
erties of candidates, such as MS" fragmentation energies,

product ion spectra, retention times, and ion mobility drift
times, to facilitate the task by comparing predicted behavior
with experimental data [28, 11, 77].

For this reason, postacquisition data-processing tools are
necessary; computer-aided techniques provide rapid, accurate,
and efficient data mining. There are quite a large number of
software options for nontarget screening depending on the
instrument vendor. The main problem with such software is
the high price and the lack of compatibility between instru-
ments. There are some free options, but they are often not
user-friendly, as is required for analysts not specialized in
bioinformatics [1, 74].

The use of mass spectral libraries for the confirmation of
compounds is still limited for LCH(HR)MS data, as the librar-
ies are small and the comparability of spectra is limited among
different instruments. The compounds are identified by com-
parison with literature data, from retention times and MS and
MS/MS analysis. The identity is confirmed on the basis of the
mass accuracy of the molecular ion (5 ppm or less), the ap-
propriate number of rings and double bonds, and the isotopic
profile confirmed by simulation and the coincidence of the
characteristic MS/MS data. The elucidation of the possible
structure is done using chemical databases such as
ChemSpider, and a search in the scientific literature related
to the compound.
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The ultimate confirmation of the identity always implies
the use of analytical standards and the comparison of the be-
havior of the suspected substance identified with the behavior
of the standards. This is time-consuming and very expensive.

Conclusions and future trends

The ability to perform identification of unknowns on the basis of
accurate-mass measurements is one of the most powerful appli-
cations of HRMS to identify TPs of emerging contaminants. The
adoption of “omics” techniques such as in the environmental
sciences has opened up new horizons in the study of transforma-
tion processes. Unknown identification is further enhanced with
MS/MS or multistage MS (MS") since fragmentation of precur-
sor ions reveals additional structural information that helps elim-
inate potential matches. In HRMS methods, the detection is per-
formed over a wide m/z range (e.g., 50-1,000m/z). Therefore,
the possibility to reanalyze acquisition files to screen samples for
the presence of “new” TPs is an attractive feature that is not
possible using target analysis with quadrupole instruments.

It is important to stress that now that technological ad-
vancements have put such powerful instruments in the hands
of scientists, emphasis should be given to the correct method.
Key steps before HRMS analysis such as sample
preconcentration and purification, ionization, and separation
are thus essential to this technique. Sample preconcentration
can be improved by using SPE phases with different chemis-
tries such as reversed-phase columns and ion exchangers in
order to maximize analyte retention. Finally, LC remains one
of the most important aspects of method development since
proper separation facilitates identification and can reduce ma-
trix interferences. Recent techniques such as HILIC offer an
interesting alternative to established techniques such as
reversed-phase LC for the separation of polar compounds.

The applications outlined in this review for HRMS in envi-
ronmental analysis of emerging contaminant TPs show its ca-
pacity to help solve some of the problems faced by scientists in
the field because of the complexity of environmental samples.
HRMS, coupled wit the use of proper sample preparation tech-
niques, databases, and data-processing algorithms, has shown
potential both for the screening of thousands of compounds si-
multaneously in a given sample and to identify new substances
generated during wastewater treatment or in the environment.
HRMS has the potential to become one of the most important
analytical techniques for elucidation of TPs.
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