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Ten things we need to
know about ice and snow

Understanding the molecular behaviour of frozen water is essential for

predicting the future of our planet, says Thorsten Bartels- Rausch.
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lllustrative elucidation of acceleration mechanism by freezing. Only five single ice crystals are depicted for
simplicity. I, single crystal of ice; C, concentrated phase; S, solution confined in the solution surrounded by walls
of ice grains; R, concentrated solution in which the reaction is accelerated.
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Oxidation,
00 reduced lifetime
HO,

i 6004 * Gas phase species
Air-Snow Interactions and Atmospheric —— ¥ 2
Chemistry 54
Science, 2002, 30 August, Vol 297 E A hv hv
¢ o] oH
HCHO
2001 CH4CHO
| ek stmosphere CH3COCH;3 hv MO
e
T ) 2 40 0

Distance from air-snow interface (em)

Table 1. Measured (or calculated) concentrations of gaseous species at Alert at the end of April
2000, compared with values predicted by models that include gas-phase chemistry only.
Prediction by
Species :‘:l:o measured gas.phase
chemistry (19)
HCHO 200 pptv 70 pptv
CH,CHO B8O pptv 40 pptv
NO,_ 25 pptv 1pptv
HONO 20 pptv 1 pptv
OH 0.03 pptv* 0.003 pptv
HO, 3.7 ppt* 0.9ppt
o, As low as 0.07 ppb 30-34 ppbv
0,02 pptv 0.17 pptv
*Calculated in (19, 20). : incerporation
A A . o) in snow
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st (Environ. Sci.

Atmos. Chem.

Technol. 2010, 44, 4142-4148; Science Editors' Choice 2010, 328, 1077;

Phys., 2012, 12, 11125-11133; Environ. Sci. Technol. 2012, 46,

13160-13166, Environ. Sci. Technol. 2015, 49, 12816-12822)

yFes03 o-FeOOH Fe3O; o-FeyO3 1-FeQOH 0

r [Formic acid] (uM)
—— 0 (Aq)

—&— 60 (Aq)

r —%— 600 (Aq)
—=— 6000 (Aq)
—8— 0 (Ice)

| —&— 60 (Ice)

—p— 600 (Ice)

—m— 5000 (Ice) Ice

30 40

20
UV IrradiationTime (hr)
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30 Y =
i Aggregated I:xematlie (a-Fe,04 )
25 —8— Aq BAl 3
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(Environ. Sci. Technol., Sci. Technol.,, 2015, 49,

10937-10944)

c AsVY
H,0, catvl) red. é'.
. crit \ n
H;0;,“OH, or 1Y) : Cr(vi) 22 ASE
decomposition i, (o8 HCrO, and Cr,0,%) Grain boundary
Cr(v1) S @ o

—

freezing l
H,0, \ #Cr(ll) -
H,0 + o,)(cr{vn
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A 4 A, LC-HRMS7|vl v A ~38y FEA14

=

LC-HRMS 7]%} target/suspect/nontarget screening 7|2 o] &3 n]Fo A E
A Yl AHA) (biotransformation products) ¥4 2 tjAlA=E A A] (Environ. Sci.
Technol., 2014, 48, 2097-2098; Chem. Res. Toxicol. 2013, 26, 313-324; Anal. Bioanal.

Chem. 2010, 397, 943-51; Environ. Sci. Technol., 2009, 43, 7039-7046)

LC-HRMS/MS of suspected peak with tentative structure

Isotopic pattern analysis

Yes Reference standard
is available?

Level 1

No

MS/MS fragmentation analysis

Yes Diag i%yﬁnt Ty - rdance to Yes
Level 2 — or nel loss is present? MS/ literature ? Level 3

>CO|
p
|No N0|

Structure generation for most probable molecular formula

Scoring for the structures
« identified in former study
* predicted in tools
» Fragment accordance to prediction
* RT plausibility check

The first ranked structure Level 4

294) LC HRMSE o] &8 m#e @B AA B4 2 gAAR 585
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(Trends in Analytical Chemistry 2015, 66, 32-44)

Known Unknown

ai[:iri]: s;:? predictable?

Yes No

Yes
. : Non-target
Target Screening | Suspect Screening | Screening
FUll MS scan + Full MS scan +
data dependent MS/Ms ~ data dependent MS/MS
of predicted ions ey
MS/MS analysis with = el
Ll Exact mass extraction Molecular formula fit
Confirmation with  NT T —71 L —_— —
MS/MS spectrum and Structure confirmation Structure generation
retention time with MS/MS databases & ranking with MS/MS
& fragmentation databases & fragmen-
prediction tools tation prediction tools

Supplementary data analysis
(e.g., retention time + ionization plausibility)

Identification and

Quantification Tentative identification

719 5) Target/suspect/nontarget screening £ 2z T &%
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Target analysis Non-target analysis

| Total lon Chromatogram (TIC) | | Deconvoluted lon Chromatogram (DIC) |

—Auvailable standards

| NTSA(MEAL) Library D/B | [ NIST Library D/B |

Deconvolution

Unknown

| Identification | gsen

| Identification |

—Mass spectrum
—Retention time —Mass spectrum

Target compounds Non-targetcompounds

| Monitored | | Non-monitored I | B tified | | Uil /l

a9 6) AqedEd 2 v Ed B8 $3F Target/Non-target analysis

=N A b= =]
GBS EIME ME
18 2 3
1
" 20 *
12 20
15
Target * 1
[
H 10
Analysis & 1
4
2 ’ s
Z ° z o > o
5 5 5 o
-3 ) 2 S Ky T R ) o, C, T R 8 0 % S,
D WSy, T Yy M 1 WG, T o n, D WMo e “’%% S,
Y % =1 A *, * oz Y 4% , s D %, ¢
£ %% oH_'_ %, s 4% Elz_'! %, o g 2% AH% %, s
8 1200 1200 E 1200 (=)
a Non-targetcompounds (n)=2119 & Non-targetcompounds (n) = 1887 2 Non-targetcompounds (n)= 1583
g 1000 1000 1000
§ 800 ‘ '
800
Non-target: a0
. 3 e E
Analysis o0
400
i L -
© 3
T W 5 200
= L
o 0
0 ) 10 20 30 40
Retention time (min) Retention time (min) Retention time (min)

a9 7) AMEFAI R FHEF NTSol| 93] =& % Target/Non target &4 A}
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Annual Seafood Consumption by Country in
Pounds Per Person
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Sources: National Geographic Magazine, October, 2010.

Economist. Pocket World in Figures . 2010.
Copyright: Global Sherpa (www.globalsherpa.org). All rights reserved.
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Tl geteds ned o Fakwel diE EYHE did =4 F7F 5ol Zasit

O

A AA serA R dolgW ol A5 #y]d: CAS(Chemical Abstract Service)ol w2

2015 dA 19 T ool setedo] A8t A d 4).

LogIn To:  SciFinder v

@3 ACS | Joumals | C&EN | CAS Languagesw :SiteSearch @

Adivision of the American Chemical Society

Products Training Contact Us About CAS
CAS isthe

 WORLD’S AUTHORITY B y—
o' CHEMICALINFORMATION I n n , |

AS is the only organization in the world whose
objective is to find, collect and organize all
publicly disclosed substance information.

‘e build and maintain the world's largest

ollection of molecular substances, reactions, illi
and related content that is vital to the work of CAS REGISTRY has reached 100 million

s chemical substances e

CAS Registry Numbers provide unique identifiers to access the exact
More >> chemical needed for research, safety and compliance. E

m ORGANIC AND INORGANIC
SUBSTANCES

[ | TO DATE

A global team of scientists is continually adding
substance information from the world's disclosed
chemistry to the CAS REGISTRY=M the gold
standard for chemical substance information
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FE 2 o] ) AFA (metabolites) 7} 4]

H(Non-target screening analysis, NTSA)
A

A 22 E 29 9 /A E A ] 8 A 7 SR A7) (GC/Q TOF)
ERERE RS

Zﬂ,iia 1@ T,‘f'_—/ﬁ] 71 (NTSA)I

J5d

W GC/Q-TOFE o] &3k H

h

st (29 5).
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XFA
ol
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2. =i~ Akl

O NTSA 7[M2 frejststade ¢4 Ryyd fd=d dAde A3

°
H] S A) 7H4 A 7] (TOF) S &85l non-target screening 972 W&t 9o}

O o] £ 20 =oolA AH L = HFANMAZFEAZ(TOF)E &8
non-target screenings-4ol gt A5 A2 s}t

O Cervera et al. (2012)& 7] Al ZvFE 12 9] /1] YA 7FA FEA 71 (GC/TOF) &
o]-&sto] Aol dAmjsl= A B A iol diste] HEALATY EAVIENTSAE
A&tArt Y SHEE 5559 skl taliA st o, AR dA =
QUEChERSWH & Ab&stlon, F=o ARE S &7 acetonitriles o] &3ttt o
4o st library2tg S WA st & NTSAE 339t} Non-target
contaminant 1Y PAHsFHol dlgle] vAZ
ol HEsH L 718 skl dd =Y = skl

O Casado et al. (2013)+= 7| Al A 5w} E 13 3] /A=A

H YA A F24 71 (GC/Q-TOF) & ol &sto] €A A gl viste] HlEH =2y
EA7IHINTSA)E AE&stdth iy 5452 959 ALAATFA(BUVSs)ol thaf A
AePstdom, Alsm AAgoel= MSPDHH & AH&algivt AW He Aedes
B7tst7] flsto] tdd &rlE ol &t & F AAE WPt HdAS AT 5
NTSAE F3sHtt. BUVSse] AA o]l )8t non-target contaminants& 4 & 8} t}.

O Diaz et al. (2013)% QA A=z vtE T3 /AbF =3
H A 7Ed 24 7] (UHPLC/Q-TOF) & ol&sto] st 1Al &%, &2 Alge] tfsto]
A =AY 47 (NTSA)E A&ttt di stdEee dd rlstd =3
=5 ol dstel =8 o, s dA ol HLB/FEYA S o] &3
LAFER(SPE)E AHEete] 5 B AAE At DA A0 NTSAE 188}
et AA=E okl 29 69F #Zol YERUo] sk dA | A EE Post-target,
Non-target screeningS. 2 uU¥o] A5 & sj4stdtt YAEFAVIHS AE3t9 1

A%8 B gAME FYARE B2 Sk FEAR FFEEA Uk 4%

A (deconvolution) 7|HS &-&35lo] A4

ald
N
)
L



gtoldl o] tiste] HAH #2389l 2, Non—target contaminants® 7-$-

Ade T

Sample treatment

|
Sample injection UHPLC-{Q)TOF MS in positive or negative mode
LE and HE functions in 1 run
|

Post-Target screening

List of target compounds

| Non-Target screening

Component detection and

deconvolution
| : |

XICs for each compound (LE)

Non-target compaonent list

| Match decanvoluted mass spectra
of each component versus mass
spectra library

I v v

Theoretical mass spectra |
library

v

Exact mass filtering

Empirical mass spectra
library

v

Is standard available?

v v

Non-target
NO. | candidate list

Compare HE spectra with MSMS spectra in the | o ] e R T e |
literat: strat 1) orf i tation
ettt eey oreEen m_:grpre.a - | ! i&>MS‘ {HE) spectra confirmation |

Non-target

M ‘ candidate list

Retention time
filtering

v | v

Manual MSE (HE) spectra | ELpnectpesiies
confirmation 4,

Confirm with reference standard

a9 6. AAHel ~z3eEd WHel dA %= (Diaz et al., 2012).

Hernandez et al. (2007)% 7] Al 22 vhE 22 9] /H] A 7 524 7| (GC/TOF) &

FZTF, Aok, stFAlRel tiste] HlEA~AEY FA47IHINTSA)E
AE&39r. A sgE2 s 595, ¥l =5, Pentachlorobenzenes, PAHs &
T AAeel= SPME W2 & Abgste] F&5&

A7) Slshel B f

o
D

=

il
o,
oo
_0|L
£
4
i
e,

At



O Muller et al. (2011)&= WA Z 2w} E 183 /A=A
H] YA A A 71 (HPLC/Q-TOF) & o] &3to] A ety B A A oA Aed
AR tiste] vlEA Ay BAVIHINTSA)E A&stdth Alxm Aol
Isolute ENV+7}EE A& ©]-&3 u 4= (SPE)& Ab&ste] 5 3 AAE

A&srAth. NTSAZIH S Agske] AT =450l tsfA ol 28 73 2o

w Determination of relevant features

o

=
=
D
@
o]

w

Database-Assisted
identification of e
|Organic Substances - Sample information

[ = (DAIOS) - Class of possible i {e.g., i )
(=] =

E Structure elucidation

(] - MS" spactra interpratation
= - H/D exchange expariments

'E - Derivatizaticnreactions

@& ey
=] . 4 Information from other techniques
- Verification - GC-MS

MS/MS experiments with = R
raference substancs

'E) 1 Information sources for transformation products
—

g Tr T i -D e (DAIOS) - Reaction databases
o products (TP) - Literature - Software tools
o
—

L4 L 4

-—

g Identified

48] substances

o

19 7. Non-target screening2 ¢3% A= (Muller et al., 2011).



Sampling point 3

i Sample 1
(e.g. drinking water) £ o
s
o
2 4 B B 10 12 14 18 18 ‘
Retention time [min]
2
-% - Sample 2 Sample 3
o 520
o
£ JE=
Sampling point 2 & gm
(e.g. groundwater) g E a0
h
- b5 Common features of all samples
g " (Sample1nSample2nSample3)
E P 7 Newntiontimsfmin
To0. ToO. TOD:
520 B30 600:
Sampling point 1 E: E: g::
(possible source g ] §
of contamination) = - s
8. =0 2
12 12, o0,
03 4 B B 10 12 14 16 18 1] H 4 B B 10 12 W 18 1 nn 2 12 14 18 18
Retention ime [min] Retentlon time [min] Relemlon tlme [min]
Different sampling time
.
1 1 1 "
Sampling time 1 Sampling time 2 Sampling time 3
577 B 3% =
a9 8 EARY AlEZEA e gigk witholo 29 (Muller et al.,, 2011).

O Hernandez et al. (2011)+ AA A Zv}E 13 /A=
24 7] (UHPLC/Q-TOF)E o] &
EA7IHINTSA)E A&t iy stgdE=zs

H] A ZEA

76Tl st =3

&FEH(SPE)S ALg3to] &

ST = H°
NTSAZI ¥ &
A&Ystg o, Fed F72
O Portoles et al. (2014)+

AFEA71(GC/Q-TOF) & o°]

=il
=

] B A 2k

Z 8 st o,
acetonitriles

SR shgl ),

Al A el =

3

AAE %

A Az E
&3}
HEA ~a8d A 7I-HINTSA)E A&ttt
QUEChERSH &

10

A
SA Rol skl mEH 2wy
EIE R C

o]

k&5 ot %

A7 AT Oasis MCXILER A S AFE-8

AEgdon, MeOHE rj2 A48

ggsto] Oid AR T FEFol dste] FH g screeningS

k= Frol ke %

4% 59l o,
EEEIAT =2
AFol wEE S 2

=dEE

LT



O Portoles et al. (2014)+ 7| A A=ZvtE 183 /8] YA 7+ 24 71 (GC/TOF) &
ol-gstel A8t Azl thste] HlEA A EA7IHINTSA)E A&ttt i
=2 E2E 545, PAHs, /IQ7IE5% Sl disid dgetsiov, Als A=
HLB7LE S| A& AE-3F 5= (SPE)2 AR&stdon, FEo ALES &+
MeOH & o]-&stict i Edel e library 2 4& =
7IHE &83le NTSAE F3stdrh

O Zhang et al. (2014)= 7| Al ZZv}E 239 /AbE =2}

H YA A F24 71(GC/Q-TOF) & ol &sto] AlgolA wmjslar Sl Aol tisto
HEA =AY £47IHINTSA)E A8ttt i =228 165659 sokfel taiA

|

&)
O

A8 9%k screenings 288t tE Al E+ Blendingsle] acetonitriles & v =
Agalglth. 09 0% 2o WA ORRFAIY, delelels A4 5o A
ga3lo] NTSAES =359}

!__ Data ’

Detection

Spectrum

 spesium

Library Match  [dentification

Accurate Mass Measurement

a3 9. GC/Q TOFE #&83% NTSA A% (Zhang et al., 2014).

O Hernandez et al. (2015)% A A2 v}E 183 /AF=A}
H] 8 A 7+4 #A 7) (UHPLC/Q -TOF) ¢} 7] Al A 2w} E 18 1]/ A} ==}

11



H YA A F2EA 71(GC/Q-TOF) & sl &-83ate] o] &alo] Astg 2 55 A&l
iste] Fflet nxHaaegy BA7IHINTSA)E A&t gy stgE25 LCY
¢ 16001 F ¢ stetEA, GCY A4 28015 set=A ol st FqeATh A&
A= Oasis HLBIFE ] X2 A28 1 A=ZH(SPE)S AL &3l 2% 2 A4

A#srl o], MeOHE Sz ARGt A ¥ 7jA|l a2 E 2y s &2l

LY

=

g3t LW screeninge] AEH IO, BAE F ¢ s o gEAo sk
=

AF7F A4 o) Fulsh 2R MoR At 2 st gluk

12



F 2. Foo A FHEAA H AT AZFEA T (TOF)E &-8-3F non-target screening =41 7.

Sample Target compound Extraction Instrument Reference

-Pesticides
-Surface water
-Phenols

-Ground water -SPME (Carbowax/divinylbenzene) GC-TOF (EI) Hernandez et al. (2007)
-Pentachlorobenzenes

-PAHs (total 60 analytes)
-Ground water -Isolute ENV+ cartridge (MeOH) HPLC-QTOF (ESI) Midller et al. (2011)
-llicitdrugs
-Waste water -Prescriptiondrugs -Oasis MCX cartridge (MeOH) UHPLC-QTOF (ESI) Herndndez et al. (2011)
-Metabolites (total 76 analytes)

-Waste water

-Waste water . .

) -OasisHLBcartridge(MeOH) ’
-Human urine - S UHPLC-QTOF (ESI) Diaz et al. (2012)
-Mechanicalshaking

-Food
-Fruits Pesticides (55 analytes) -QUEChERS (Acetonitrile) GC-TOF (EI) Cervera et al. (2012)
-Sludge BUVSs (9 analytes) -MSPD GC-QTOF (EI) Casado et al. (2013)
-Fruits Pesticides (132 analytes) -QUECHERS (Acetonitrile) GC-QTOF (APCI) Portolés et al. (2014)
-GC-TOF(EI
-Ground water -Oasis HLB cartridge (MeOH) (ED Portolés et al. (2014)
-GC-QTOF(APCI)
-Fruits Pesticides (165 analytes) -Blending (Acetonitrile) GC-QTOF (E]) Zhang et al. (2014)
-Ground water -1600 analytes (LC) ) ) -UHPLC-QTOF(ESI) )
-Oasis HLB cartridge (MeOH) Hernandez et al. (2015)
-Surface water -280 analytes (GC) -GC-QTOF(APCI)

13
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lo

I
=

=5

o] i VA AmvE /AL 54

H P A 7HA FEA 71 (GC/Q-TOF)E o]-&ato] o484 miAld WE4 2wy
2A471M(NTSA)S Alate 2
Axr2 A 1) GC/Q-TOF B4 %74 HA3l 2) o] 487 vja¥ NTSA 742 3)

Q
U

ol thGE 3). o FE7 WA NTSAS Adstr) §)g

GC/Q-TOFE ©]-&3 NTSAC & =9 v =2 H5st 2 AAMAES 53

HEFA S o Zed A NTSACl A% F4E 4 BUEE dd=d 44

¥ 3 AT B

Q 7|X|2 2 0LE 12| m]/AFS 2 X}-H| 8 A| ZHEI2EEL M 7| (GC/Q-TOF) &
Z|1 X3}

O Oix|¥¥ GC/Q-TOFE o|&

o

O Z|N A R0OIE | I|/AIS S X}-H|HA| ZHE 22 M 7| (GC/Q-TOF)E

A B

MxE

HEXAIE'Yd EM7[E(NTSA) 71

0]

HEX A32)Y 2A7IHNTSA) ofel ESE fHy X 553

oo
ro

=
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4. A9 W&

oA W obd i 49 HEuh AT A WA e
7| AR vt E 3 /A 52 B P A FHEA 7 (GC/Q-TOF) ol ek #4x1&
A stele Aotk FAH¢ WEE GC/Q TOFE &&3lo] fajslstEde
718 x1E Fdstr] flste] A 23, GC 2=%3, TOF 2138 H23} ok
A2l =4 ZIHINTSA)E F3387] 918 GC/Q TOF 7]
75 AXE Aotk F WA U&o=m oFaAdE st WAGE, fdFEHAE
H)do] distel GC/Q-TOFE °]-&¢ NTSAS AMush= Aolth diad miAd 7t
1078 o1& AAste] did wAd = 24 veves 545 aeste] dxe 78E
HAssth, GC/Q-TOFE &8sl =& 4 A= s Mass profiler
professional(MPP) 7| ¥ 3} 7] XA £ (unidentified)°l] 3+ t] A &7 A (deconvolution)
7IWME Agste] dd=de A ddgn. A HA yWioer GC/Q-TOFE ©]&3t
NTSACl o&) =&d hd =2l ate] 5532 Adst= Aok 24 Y
A (Bl =, B FE A=, FAE) 4 107] o el thele] =EE A =2l tiE
ARAR ARE A, hdELe] TFHEE SEststtt. 1€ 3 Target, non-target,
unidentified contaminant Lol &3 &7 5 X &star HFH o= GC/Q-TOFE o] &3
NTSAS] dAAME A gt HFHom /e GC/Q-TOFE o] 83§ NTSA ZApA o

Ak Fatmel e A EYEY dided AA PEES fdekea @

o,
i)
o
2
k)
o
=)
1:H

+r
>

L,
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F 4 A e

QO 7| A2 0LE Q| I)|/AIS 2 X}-H| A ZHE 22 M 7| (GC/Q-TOF)
o e S RS KO
- GCIQ-TOFS 83 Qol2fstEd 7|7/ 242U HR(EMB 2],
GC2EXZAH, TOF x|N™3z
- GC/Q-TOFE 0|&73%t targe
HEZ fot 24 =4 x5t
O DY GC/Q-TOFE 0|8¢ HHEMAIZY M 7|H(NTSA) 7|
- O OfA[: S, SHYE[HZ, =4t=(Z 1071 O4)
- i DM Sd@Etdae 5)8 2ot dMe| 7[8 ZX gt
- 24 XtZ20| Cigt Mass profiler professional (MPP) 7|8 M &
- O/ X]d&(unidentified)0f| CHet C|7H& 5 M(deconvolution) HE7|#H S
o| 8%t LA =& It (library identification)

O 7|43 20tE 2 u|/AFS S X}-H|HA| ZHE FE M 7| (GC/Q-TOF)&
o|8¢t HEMAIZ|Y EMIIH(NTSA) 2ols ==F CHe =H
SE3 9 XM A
- CHab Ol sl==, SHYEEE, =4t= 28 1074 Of&f

O 8 CHet 220 st 3 2 FE5t

Oiq g e 22 SFEO: /7824, d=2F 8) 2F

Target, non-target, unidentified contaminants 1. £0{ 2|ot 2%

GC/Q-TOFE 0|83t NTSA HXIA =HM

16



5.1. A7 FxId=f
B3 gy 2 A g4 F KR B 5 ok A HAEE

71 A Ak e 9)/m @A AR V) (GC/Q TOR) ) 7171 B 2Ae 34 58
ot vheFet FFel falatet el talA MY 23 EA7HNTSA)S
48317 M E 71 AR E 1 9(GO) B okt nYAI7

2

AZFEA71(Q-TOF) ¢ zt2te] 4ol diste] HAs @ FF37 d524olt}. olo ket
oo o = GCHRE9 wAl# ZH (capillary column), T %-(inlet), £ (oven),

HAZ7](detector) F-i-9 2% x7 ol date] 7[& A8 ATE ZAbsta, =
oA A HEE F de FelsEEAde TFHE Ve RE HAsE W F Aot
TOFF-EolA = HFAom GCE &3 £ed A8 &5 3tol7] wiol A%<l
z7A9 HAA3 @ FH37F DR} o2 Eo], o3t 24, o] &3 A2 &% TOF
270 W19 @ £%, TOF 3/ % (resolution) ol dlgt FA %<1 7]7] o] AA| = ofof
FY A7 5 U9 B Ay A HEH o JidE NTSA A s what
YT 52 FAE ARE =5 F vk webA B AN feistste A S
A7 918 TOFS] AMF-# <l 250l distel HA s st 7 A9 2d s
ZAbete] AEAd D FAHA AT VIFEEHY seAAE ey vk 2 ATolA
AL = GC/Q TOFE &3 giadE22 ofg % 59 vJeRJ It} Target Ul
EAEE @A oA AEYEG g U9 ELER gt ol AR (PCDD/Fs),
PCBs, OCPs, PBDEs, PAHs S©°| 23%5 o] Qlt} Non target WY 2=+ A
AAR R oFd8Ad 2 gl AEHL dE F71Sd= 2 ER Phthalates,
Non-PBDE brominated flame retardants(NBFRs), Organophosphorus FRs(OPFRs),

Dechlorane Plus(DPs), HBCDs, &5 2 /lel7| 5% S ¥stslu 9o}

17



E 5. 8 AFddA BT GC/Q-TOFE o] &3t i 4.
Target 22 Non-target &
PCDD/Fs Phthalates
PCBs Non-PBDE brominated FRs(NBFRs)
OCPs Organophosphorus FRs(OPFRs)
PBDEs Dechlorane Plus
PAHs HBCDs
=R
eIz &R
B OBRSZUEE | o MAmez ofgey U soiM
CHAF @7|9 =2 & E171 £ E RIIQE=E
2 AT FAWY 9 odge] A F HARE O A S4E g e
HA o] AAeg 7I¥WE el Aolth, B AFoA = FAE FagtstEd F4 0
FFS v A FAJAE T, AGEA=)E LA 37FA ] A (& =,
A FEAE, FAbE)el diste] ZF 107 ol AATE dAeltt. g BF oA
¥ s Ay AAT gAY, AFHAE @ FAEY A 2 ATl 7E
H#ela & ARE ol&ste] astaar ghot oid miAel wep 7AA 2 ol g
54 wtel o miAE EAAE aEe dAE 7IHE HAskste AL v Fastth
mepa J ATl = 2 AR E A AT 2AE S8t FE E AA VIHS
A=Azl Aot Aupxlow AAEH ABE GC/Q-TOFE o] &3dle] B3 & 1
A3l &4 Target, non target, unidentified contaminantsell d]gt A &5l 38242l
22 #go] o] Fo]of st} E3| n XA (unidentified)ell et Z 2L &)

A= HARF

Me qeate]l AYSn AAHow RYRAS BUY 5

BE
T

1074

M

=
=S
=]

Iz

GC/Q TOFE °]&3led NTSA°| <3|

E_’

9 Al gslo] B23E JeE Ao|v) Zhzte] gk

A (deconvolution), mass profiler professional(MPP) 52| t}F3t

Ead A7 ddEZed vete] v
Al 4, o FEH A =,

ool tetel A4 AnE AAHNOE HelHule]~5E QWY Flolth

woRE U 22 FHECE

Al ), Target, non-target, unidentified contaminants

1 =
k& 71,

), Lu (A A,

e FEAY H535E

MANZEF 5

Agsto] AAAR delguolas 4T Aot

18
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o gete] faisEtEd RUEYS 98 gaEd HAA
o] GC/Q-TOFZ o]&3 NTSA dx4= 2 e Aot}
W 9 A GC/Q-TOFE ©]-&3 NTSA AxtA] 24 AAE

GC/Q-TOFl #&< g 5, td=2s ddsta, NTSAS &83to] tid=2ol tg

%55 9 PRE Q4@

CH &+ o &|
s HYENE g
———————————————————— A D2 E42 nejs JA2| 7|8 X =3t
(OhA 2 =2, YR stal)
GC/Q-TOF HE

Target Non-target | Undentied @ l

contaminants contaminants contaminants |
J, GC/Q-TOF M xH Z=st

(B4 28, GC 2&, TOF A X3 TH)
|:||Jk. =Ix|
MPP Deconvolution c:‘ne‘lggﬁz'as

¥
HE iy 22 S5A X =/

Target Non-target Unidentitied
contaminants contaminants contaminants

¥

S BUEY ST MY PUE Mg

2% 11, GC/Q-TOFE ©]-&3% NTSA AxA 24 Ax}

AR i el i S557F A HT ok & 63 o] 4 riAd
=R frestetede] dolHuolart 52 et ol JRE &slol 19
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NTSA A%, 484 5o e A7 AAHoD AT dgolv] Aol
4 gAME BE A7Ae] Rgue] /E 4G AT 24, AR A, A71EA 23
s, A g A8 5o HAe AT HAvIzk ol A wirel @ 5

AEE AL dgelth B S92 98T DL P FoePB,

S

37

GC/Q-TOF 24X 7 X3} DHIE NTSAZH iy 2% 223
- Sl %, SHYEH =, 4= -0y 22 5839
-GC/Q-TOF 7| 7| = H &2 - OjHe M2 7)Y AEs - EH’S% AEREYER
-GC/Q-TOFE 227t 24 -MPP 7|l & - Target, non-target,
= =tz > Eﬂgggf&%ﬁ% 2lst unidentified contaminants
deconvolution 7| 8 A= ==

@

SUE QM BLIEY AT MY BHE Y
o]

A Ay BAVIH NS A FAA.

o
rik
o,
:111
2
12
I
=
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mj A NTSA Axpa 7)a

4

6.1. 1%

EEN

ki3

171 9

S|

B

7IH(NTSA)E

)=
R

CH&f OH A

{F

{0

CH-&f OH A

GC/Q-TOF

TOF=#A

MS =#H

GCx=H

(2M2 &Y, 6C

- —

. | Relevant
Deconvolution compounds

MPP

e =E T 7|& "e
(Mass spectrum, Retention index, Formula)

A4EX 288 YR
(Industrial chemicals, PAHs, Pesticides, PPCPs,

Unknown
contaminants

Identified
contaminants

get

Tar
contaminants

efc.)

a9 14, o3 w A NTSA A=A

o

tol ofel st

H71 s

S|

g

= 2=
= T

ZF wj A" NTSA

Aoz GC/Q-TOF #

X

al

Ak ¢

5

5}

44

o] hAE 2 (Target compounds)<

w3

Fel NTSA 7%l

S

a7

37| =2

A4

HEl NTSA 7|H &

bol g

3|
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ot

7.

2 owAE AR A 54

e

t}

alleS
::‘,
Y
)

@O GC/Q-TOF =4 &4

GC =1 A4 £ 24, GC 231 (52 =41)
TOF =711 AA: 27 A9, TOF =

@ =2 553 Nd 2A

@ A= 2 (Target compounds) A1 A
Monitored compounds

Non-monitored compounds

@ Ay 71y 2™

© AA Aol gdE NTSA 7I¥ A&
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6.2. GC/Q-TOF =1 &4

GC/Q - TOFE 2483 Fastst=d 7712423 HA5E flste] GCx=ALA
T Al ZY AAS AW AT A Skl A ZHe dAsdn. GC
LR 209 A9E v R APAT 2AE Bt GC $& 240 2L 2%
2o HAsE WA shlvh vEA sagd S4VIRINTSA) 48& 9%

|ZPA HRA 7] (TOF) 2719 3% o238 =7, TOF 27 99 2 £% TOF

=
)
>

|4 %= (TOF resolution)oll djst H A 35 3 Y3,

6.2.1. &2 Zr4

HIEA ~agy 247/H(NTSA)S &8¢ gdst dadT FolA
ZIAAzrEa 9GO E 7IRFe. 2 g g4l ATl dg 471 (Instrument),
EABZE F57, TOF 27 W9 (m/z), TOF &A% (resolution)Z 3% 89 A7t}

F 8 GCE 7|wte= Hgdazgy E47RINTSA)S #3813 A8 A 43}

Instrument Column= x I o ran ADF resolution Reference
- (‘g) =
HP-5MS
GC-TOF (EI) (30m x 0.25 mm ID, 0.25 & film thickness) 50-650 ~7000 Hern? dez et al. (2007)
HP-5MS
GC-TOF (El) (30m x 0.25 mm ID, 0.25 & film thickness) 50-650 6700 at m/z 264 Cerveraetal. (2012)
HP-5MS -4000 at m/z114
GC-QTOF (B)) | 30m x 0.25 mm ID, 0.25 & film thickness) |2°8%°| -9200 at miz502 |C@sadoetal. (2013)
- GC Science InertCAp 5MS/Sil
GCxGC-TOF | (60 m x 0.25 mm ID, 0.1 ym film thickness) - .
(EN) -SGE BPX-50 35-550 6000 Hashimoto et al. (2013)
(1.5mx 0.1 mm ID, 0.1 pm film thickness)
GC-QTOF |DB-5MS
(APCI) (30 m x 0.25 mm D, 0.25 & film thickness) |20-650| ~18000atm/z614  (Portol? etal. (2014)
- GC-TOF (El) ~8500 at m/z 614 (EI)
-GC-QTOF gz'ri'\f(%aznsdn?g'fg'gzs & fim thickness) |20-650| ~18000atm/z614 " |Portol? etal. (2014)
(APCI) : A (APCI)
DB-5MS
GC-QTOF (El) (30m x 0.25 mm ID, 0.25 & film thickness) 50-600| ~12500 at m/z272 |Zhang et al. (2014)
GC-QTOF |DB-5MS %
(APCI)  |(30m x 0.25 mm ID, 0.25 pm film thickness) NA i el (AUl

Agle A3AT Fol A F polysiloxane AlE e v =A ZHel & o] &3}
N

DB-5MS 9| ZAl# Z#lo] 5 o] Fal

flo

A Agilent AFe] HP-5MS
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sl 9oh ge 2Ye g dwH mgoRA, §e Mol $8o] eatu
3 A ow Ay glon AARE sP Hedon ALgEE GC Zrdold),
s

Tdg ZAHZFH(DB5-MS, HP5-MS)S& Ab&ste] 717124 &

6.2.2. GC =1

HEH o2 NTSAZ E8A 243814 2 FageEde GCE 7|wo=
a7 wio] GCO %

TPt A7 2952 (Persistent Organic Pollutants, POPs) 419 &

G POPs £4 A AHgstn 9k 29 FF L £ 248 1Y

B
H
ol
=i
£
r>~
O_s_.

/ PCDDIFs (SP-2331 & HT-8)\ /. PBDEs (DB5MS) \/  PCBs (DB-5MS)
265°C (28 min 310°C (5 min) 300°C (5 min)
2°C/mi 5°C/mi 10°C/mi
16°C/minf 220°C (1 min) 20°C/minf" 200°C (3 min) 5°C/min/ 140°C (1 min)

140°C (1 min) 70°C (1.5 min) 100°C (1 min)

\_ Moonetal. (2012) /\_ Leeetal.(2014) /\_ Moonetal.(2012) /

/" ocps(DB-5MS) \/  CLBz(DB-5MS) \/  PAHs (DB-5MS)
300°C (5 min) 300°C (2 min) 300°C (18 min)

1.5°C/mi 30°C/mi 6°C/min
5°C/mi 140°C (1 min) 7°C/mi 170°C
100°C (1 min) 50°C (1 min) 60°C (2 min)

\_ Moonetal. (2012) ) \_ Moonetal.(2010) / k Moon et al. (2012) /

ol

a9 15. POPs #4 A AR H = 29 F7 9 S 24,

1

t}o] 2 A1 F(PCDD/Fs)E A3t =E &2 (PBDEs, PCBs, OCPs, CLBz, PAHs)<
)

AL oA Ry IgEqA HAPATE ZASE vk} vzbrbx 2 DB-5MS Z4HE &
AbEBEAL AT e e A HA L0°CHH x7] 2=E AASAA, FHU
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Qb o POPs £4 A AL 9t S8 2l Jxse] B 2e 2y 58

208 AR gt @

)
ol
‘o
BN
oY
rlo
@)
9f
—
M
l
N}
-2
a
s ]
Q
e
l

300°C(B°C/E, 102)3 2ol Aol NTSA 7|71xzde 93 s

6.2.3. TOF Z7 (a4

GC/Q-TOFZ o] &3&to] 33 NTSA A3 A7 A3(E 8)olA TOF =7
FES B PR A3 A E 271 We(m/2)E 5076502 27 ®E
AREEEATE ol GColA #ElHo U2 sdES HET 7 de J4Y 24 WHegn
AZFEAT, Y5 AAe] B4 GCe 97 (inlet), ZH4 (column)oll A 23l = Ak
Sl (solvent)2} HA A TOFZ oz ZujEo] 7] wol NTSAE FdlA 27038179
ez Ak e 2@Ae] 24 A EAsiv s AR 258 ThsAde] v
il NTSAE FafjA &4 Faido] vhrh, mhatA 2 Ao s A8 AT A
T3 S EdE 507600 m/z8 =70 Hels AAste] 77lxde HA 5 et

A ATGE QoA XFHFA TOFS] 3= (resolution)
A2} 54 o] 23} (electron impact ionization, ED)oll =rgkx]o] B kS u] i A}
2007614 m/z<2] W elelA 6700712500 A =9 S % oA NTSAZF x&o] =t
NTSAE Fd g oA TOFe =+ ¢ T3t 2 o+ /=4 (target
compounds) 7 ofy g} FEE 1% ZFZ (unknown compound)ell g EUEHHE
el Slol Azl GC xxdte] =4S Festy] M= =& g =7 2 a8y

wjitolth, & AFdA FA Q- TOFY sid%=E ¥ 160] HeRAh ol 717]
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GC/Q-TOF EI Autotune Report

Instrument Name
Tune Date & Time
Tune File

QTOF / US1444X001
10/5/2015 12:56:36 PM
D:\ MassHunter\ GCMS\ 1\ 7200\ atunes.ei.tune.xml

MS Model

72004

2105]

22-

Mass (miz) 68,9356 counts 2411727 5 resolution 5768

2102

554
5

Tounis

Mass (miz) 263 3868 courts BE2533 B resolution 17123

134
1.2-
114

1

03
084
074
064
0.5
044
0.34
024
014

Mass (miz) 3013710 counts 154715 2 resolution 17183
%10

|

" BdR BT 6EE BEH £5 A1 G2 GH3 694
Pass (miz)

8 L
T 36 2637 283R zs.*ﬁ__ 52%;.._1;54_1 B2 43 B4

L R
15 817 5018 5 .5.5?,??.1.55‘2‘ 022 §23 524

210§
224
2_
1.8
164
144

124

Counts

0.8+
0.6+
0.44

0.24
o

TOF Spectrum from 55.0to 700.0 miz, base peak at 68, 535640

80 100 120 140 160 180 20 2

20 240 260 280 30 20 K0 3%113 30 400 420 440 460 480 50O GO0 540 RO GED 600 620 G40 660 6RO
855 (Mm/z)

Enabled
selected
selected
selected
selected
selected
selected
selected
selected

Target Mass  Actual Mass  Accuracy (ppm)  Abundance Resolution Time of Flight (ns)
68.9947 68.9956 14.1 2411728.0 9768 15511.02
130.9915 130.9916 0.7 2189579.0 13377 20992.90
218.9851 218.9852 0.8 1741159.0 17046 26848.85
263.9866 263.9868 0.9 £62538.8 17123 29380.42
413.9770 413.9771 0.3 145089.3 16298 36538.89
463.9738 463.9745 1.6 13728.9 14024 38623.57
501.9706 501.9710 0.8 154715.2 17189 40133.65
613.9642 613.9642 0.0 6204.9 14400 44279.16

a9 16, 2 ATelA F43 Q TOF] &=,
HEAor B T o &5 TOFY s|4=: F 90 YeEh o,

AgATo FABEAY =2 TOF a4 =

28
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Fe=d A7 e Aew dddn

F 9. & ATolA FA4E TOF] &=

Target Mass Resolution
68.9947 9768
130.9915 13377
218.9851 17046
263.9866 17123
413.977 16298
463.9738 14024
501.9706 17189
613.9642 14400

6.24. &¥€¥ GC/Q-TOF &A=z

6.2135-E76.2.3% 0 o277t A] ZAbg A8 AF-9] At B ATl s
Y 5S EUR HFHoR g9d GC/Q TOFe 42412 ofgf & 107 Zr} GC
T F(inlet) 9] +5E 250°C, Al 2L DB 5MS UI(Z o] 30m, sorud 0.25mm,
A&7 026im)E AREskth GC 2o 52 72 80°C(1E) — 200°C(10°C/E)
— 300°C(5°C/+E, 108)= Ao, &W7tA=2s dFE AREste] 1.2mL/ming]
e 27 A A7 FAHEHL 1uLE splitless T2
TR Q-TOFe Aoz HAAFHo|Z3HEDYE & AH&dte] o &31&
AEstglon, o]&3 Ak @ 2= 70eV, 230°Col A o]&3t& sl TOF
2 UE g FE=+ 4Ghz High Resolutionol A EUH#HE 2 8aH1A 507600 m/zol
Fote d@gd st RUEES s RUHE AR
100mS/Spectrum .2 TOF9] 4%+ AEA&F(m/z=131)o 4 2F 13,000,
AEAE(mM/z=502) 1 A= ok 17,0000] o] 2+ A= Ao A A4S 2askel )

ftlo
o
o
ol
ol
£

o

gH¥d GC/Q-TOF 4 =4,

==
—
©
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I3 20tEd2 o] =H

FeTt 2k 250\C
ey DB-5MSUI(Z0| 30m, LA 0.25mm, ZE =74 0.25& )
s2x2U 80°C(12)? 200°C (10°C/2)? 300°C (5°C/&,105)
SH7IA sl 2 (1.2 mL/min)
ANz F=e 17L
Q-TOF =#A
0|23} gt MRS 20| 2 3HENH
O| 23 M¢et 70eV
ol er 230\C
DLHE R E 4GhzHigh Resolution
2UHY BES 50- 600 m/z
DL EE A|ZE 100 mS/Spectrum
S e ~13,000 atm/z 131,~17,000 at m/z 502
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A R vl AR 2 Ayl didedE dAdd =2 (Targeted) 2 L o] 9]l

NTSAE <¢lsle] =%= &2 (Non targeted)o]th. Targeted &2 o= & A

o {4 A (NFRDD oA o] 487 ol &4 oA EUHA S Fh6n de

=4 (Monitored)# A MAZF o= oJF3A B sFeAdA Burt S7HE a1 =

2971 2.9 &2 (Non-monitored) & A 2]E 4= 2t} Non target 22 o= NTSA 43

T 27k NIST Library "1 3 28 @82 27 & 5 3= 22 (dentified) 3} 4]

22 (Unknown)® A9 = v} Target =23 Non target =2 5 o

A=Al FFE A spectrumb] L, deconvolution, MPP 52 AZE]

283l NIST Library Wi 3 22 & $g7 & & 9= &2 (Known chemicals)©]
t}. o] 919 Non-targeted =42 <& WA =2 & NTSA Zio|A HFAORZE WX

%2 (Unknown chemicals)® Y7 ©t}. Known Chemicals®] 4%, 7zt &2 W=z E7F3}

e AAA Hol HF3How Hedt

i)
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Detected chemicals

T ted Non-targeted
ﬁ argete N,/ 9

Monitored e

monitored Identified

N

J

/
v

Unknown chemicals

Known chemicals
- Commercial standards

- Deconvolution, MPP 7
- Library matching (NIST, Chemspider)
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&7

73 S

Al

[e]

=

o] A& A (Target compounds)

(e}
AA

NTSA®|
(NFRDI)el| A 48

-

T

3
€«

°

K

I

PN
T

Aol A

B

6.4. ThAHE 2 (Target compounds) A& 2 D/B3}

6.4.1. thAE A (Target compounds) A4

L

3
B
—
o

oF

<7

)1\_]‘_

- A~
= T

Absted 32 119 vrEbl /vt NFRDICN A

&£

o

;OO
,mmo
adl
i~
oy

"o

o
oF

e

e

hyA
s

PAHs, PCBs, OCPs, PCDD/Fs, TBT7}

POPs alc " a4

ki3

—~
fite)

el
i

el

e

ox

I

—
fife)

o

&
oj
o
iy

m

—~
o

i
—_

B

PAHs, PCBs, OCPs, PCDD/Fs, TBT

.

R

hAHE A 72

K

] (NFRDD ol A 431

51 ©
]

=}

Hr

;oo

ﬁo

1

3

oF

}2% @L|E 2 PAHs, PCBs, OCPs, PCDD/Fs, TBT

2|
O1elF Rol2E 2B 2HEHT
- PAHs, PCBs, OCPs,PCDD/Fs, TBT, 2%

- nef X EPOPs/O|E =5 2L EHTY
O XM A%

Kd

H
IH

Of

£~

=

of OiX[= o=

|3 = 7t

o
T
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‘Monitored contaminants’® 4 2]&lH, o]E &4 & Target compounds®] ¥ A7 ==

=

slch, A3# 0 & Monitored contaminants® 3 ¢ H =2 L& t}o] S A F(PCDD/Fs),

Z 2] A shn#A 27 (PCBs), 71947 527 (0CPs), B.&3'd<dA(PBDESs),
O S e 8k 27 (PAHs), ol 54l #AF =2 A8 # 27 (DL PCBs) =
TAETHGE 12),
¥ 12, B Aol A Targeted =242 AAIN Fr)1od&5d E57.
Monitored contaminants Non-monitored contaminants
PCDD/Fs Phthalates
PCBs Non-PBDE brominated FRs (NBFRs)
OCPs Organophosphate FRs (OPFRs)
PBDEs Dechlorane Plus (DP)
PAHs Polychlorinated naphthalenes (PCNs)
Dioxin-like PCBs Pharmaceuticals
Personal care products (Siloxanes, BUVSs, SMCs)
M oY FRLIE R O & HHAHLZ ofFetd A siFoM Bt SItEl=
+71E=2 f7leH == (HRXH 2

AA AAFFAREUEYE A FrledEd By opyo A MAAH R o A
el A BRurh S7bE A e 7l d=ded et ‘Non-monitored
contaminants’ &4 A 2] &} Target compoundsoll XA 7] A} ScH(FE 12). o] &
EALE R A fU1e4

A2A AT T At Abgel Frbslel BB oE

1
=
ZheE Al e BEER olFolA vk sjFREANA Y AEAET S
o]

34



6.4.2. QA= 4 (Target compounds) ==
ol digte] dPgH oz o]&o] FHse TFEELI

=22 AT Freded (R

W=dz JdA43 e

gt BEae Agsiac &

re o
-
=2
s
—
Qy
=
[tje]
(@]
—t
@)
o,

FH3 GC/Q-TOFY 77124 W& 7IFox 7} 3g&Edd gk Total Ion
Chromatogram(TIC)E AU} A& o 71944 Fkiel dg TICE 19 189
eIt 248 TICE 7[+o 2 ZF stg&ol digt /¥ Spectrum 2 CAS HEE
A dth (g 19).

06| TCS@natR-ppnD

44|

E m nx
p

Ny o

3.6

: (TIC)

2.8
2.6§
2.4
2.2

2

1.8
1.6}

a4 18 gHE GC/Q TOF 717124 e g8 249 #7194 &b 229

Total Ion Chromatogram(TIC).

trans-CHL
AHER, XY,

=Xk, CAS#
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¥ 19, N ggEel g Spectrum 2 7]E AR,

>

o} e N owg B Ao A Targeted HAE AAG RE 7)o A4
et HE5st 2 A& don, AFAe =42 % 130 YA FHFAH R
NFRDIOI A o%84d RUHES Fdste =
1165 A4 $HEAZHN RYUHPL Fadstar A &2 Non monitored
contaminants 92F° sl HE357F APl o F 208F 2] Target = 2ol sl
537 4R A

onitored contaminants®=4 tAE-2

=
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FE 1302 ATl BEsE gdEd 208 55
NFRDIo| &2t R L|E{3 A EH M ZEHEEH
PAHs PCBs OCPs PBDEs PCDD/Fs |DL-PCBs| PCNs CLBz DPs NBFRs JOPFRs| Phthalates] Siloxanes| SMCs |BUVSs
Naphthalene PCB8 alpha-HCH BDE 17 2378-CDD | PCB77 PCN2 |]123-CHB| anti-DP ATE TEP DMP D5 HHCB] UV-P
Acenaphthylene PCB 18 beta-HCH BDE28 | 12378-CDD | PCB81 PCN6 |124-CHB| syn-DP PBT TBP DEP D6 AHTN ] UV-9
Acenaphthene PCB 28 gamma-HCH BDE 47 | 123478-CDD | PCB105] PCN13 ]135-CHB PBEB | TCEP DAIP L4 MX  JUV-234
Fluorene PCB 29 delta-HCH BDE66 | 123678-CDD | PCB114 ] PCN 27 [1234-CHB DPTE | TCPP] DnPrP L5 MM JUV-320
Phenanthrene PCB33 0.0'-DDE BDE71 | 123789-CDD | PCB118 ] PCN 28 [1235-CHB HBB _|TDCPP| DiPrP L6 MK JUV-326
Anthrene PCB 44 p.0'-DDE BDE 85 |1234678-CDD| PCB123] PCN 36 [1245-CHB HCDBCQ TBEP DnBP L7 UVv-327
Fluoranthene PCB52 0.0'-DDD BDE 99 OCDD PCB126 | PCN 46 PeCB BTBPE | TPP DiBP L8 UV-328
Pyrene PCB 70 p.p'-DDD BDE 100 | 2378-CDF | PCB156 ] PCN48 BEHTBP|EHDPP| DnPeP L9 UV-329
|_____Benzolalanthracene PCB87 0.0'-DDT. BDE 119 | 12378-CDF | PCB157 ] PCN49 EHTBB | TEHP BBzP L10
Chrysene PCB 101 p.p'-DDT BDE 126 | 23478-CDF | PCB167 | PCN 50 TCP | DnHxP L11
benzo[blfluoranthene PCB103 HCB BDE 138 | 123478-CDF | PCB169 | PCN 52 DiHpP L12
Benzo[klfluoranthene PCB 110 Aldrin BDE 153 | 123678-CDF | PCB189] PCN53 DEHP L13
Benzolalpyrene PCB 128 Isodrin BDE 154 | 234678-CDF PCN 63 DnOP. L14
Pervlene PCB 138 Dieldrin BDE 183 | 123789-CDF PCN 66 DCHP L15
| Indenof1.2.3<cdlfluoranthene | PCB 153 [Heptachlor epoxide] BDE 184 |1234678-CDF PCN 69 L16
| Dibenzolblanthracene PCB 170 Heptachlor BDE 190 | 1234789-CDF PCN 72 L17
Benzo[ghilpervlene PCB 180 trans-CHL BDE 191 OCDF PCN 73 L18
2-methvl-Naphthalene PCB 187 Cis-CHL PCN 75 L19
1-methyl-Naphthalene PCB194 | trans-NonaCHL L20
2.6-methv|-Naphthalene PCB 195 cis-NonaCHL
2.3 5-methyvl-Naphthalene PCB 198 oxy-CHL
1-methvl-Phenanthrene PCB 199 Mirex
PCB 200
PCB205
PCB 206
PCB 209
22= 26% 22= 175 175 128 | 188 | 78 | 28 | 98 [105 )| 14F | 1985 | 58 | 83
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6.5. A2 71 &
6.5.1. A 71 S9E& A APAT AE
A (e, A FEAE, AE)E NTSAS F3s17] 93 dAg 7|He
g93t7] fste] AgATE HESIGATE ol dol AR 3 = Azl digte] A
NTSA & Edlz xAbstgon, &4 drle= 1dss 247/ (HRMS),
H A1 7E A R4 7 (TOF ¥ Q-TOF), ©RE3] A2 7] (Orbitrap) & 7|dte 2 3§l
ATE vtgo R 36l uiste]l MAE WS A 369 o] A Foll A

2432 W (Solid phase extraction, SPE)2 AR&3F 7=

‘

32" o w diHiE SPEE
o] & & AR F= F AA WS AREstL UATE 2 FolAE A StEL A
Oasis HLB SPE 7}EZ| A& A& A77F 18H o2 7H wWol 1o, Oasis MCX,
Oasis Max =02 AR HAgld] SPEZ A& JJATHEE 14).

F 14 A A7l = Alze] dAgel A3 SPE JtEA 57 2 A
[ steemme 0 | sieaxsy  [ws |
Oasis HLB A 18
Oasis MCX A AHQO| 2 Wst 4
Oasis Max dre0|2 st 1
Strata-X-AW/lIsolute ENV+/Oasis HLB o g/g&g 1
Others - 8

38




65.2. SPE &7 Ad
A3 ATolA set® Oasis HLB SPE 7FE# X & X330

71 94 =2 (POPs) 9] & B AA F2 ARgshE 1 efet SPE JHEZ A&
AREtel NTSA A2 7IHe FHsh7] 9 dde dPssdtt. 43l A5 SPE
FFEZ A o] FH = 3E 150 HER AT

QasisHLB(150Q) A}
Waters Silica(1 g) AL
Waters C18(500mg) AL

Ae8g SPE 7FE# X+ 13 2038 Zo] Oasis HLB(150 mg), Waters Silica(l g),
Waters C18(500 mg), Waters Florisil(500 mg)< ARE3l3t}. 2 7FE g Ao 2100]% 2]
Target compounds ¥+ =48 44 FX(0072000 ng)E 7 g At A

ko3
=
7 stEdAe] 4% Aue GAsc SPE F43 W % vje] 2AL ofug
g,

m

W SPE 243 9 &5 &7 =4

Washing: 50% DCM in Hexane (12 mL)
Conditioning: Hexane (12 ml.)

Loading: Sample dissolved in Hexane (1 mL)

Elution: 50% DCM in Hexane (12 ml.)
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Oasis HLB Silica Cc18 Florisil

(150 mg) (19) (0.59) (0.59)

a7 20. NTSA AAg 7|H ¢S 98] AH835 A8 7= XA,

A 71H e 9 2g Ay F E2E, 74 gtEg Ao e 3F&o #I
A= a9 213 F 169 YEAY. 54 3488 B NFRDIONA o] &3
FFE A= Ao ® 48798% 9] 3|4

PUH ¥ tAE 2 (Monitored)d] 4-¢ =&
Hej 2 vebow 3t 70%9 &z vtk A
o @ 45791%9] 348 W= Jeyon 3

=2 &S YEHT BE

seeld M2 uW HLB 7h=el7h dAos g £&

wHl tiete] 53.8%7110%9] 3aa2 Bom, C18, Silica, Florisil®] ¢ 247

40.796797.4%, 47.5%796.0%, 37.0791.5%<] 3+& WS YE Y. wekA HLB SPE
1o 2 Azbe)

FHEZ| X7} AA|H oz 7H g5t JF4E&S YEHUE AL
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140

mmm HLB
i = C18
120 ™ Silica
[ isi
100 - Florisil
80 -
60 -
Il
| 40 .
20 -
; 0
2 08 8 4, e o % %
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S, B %, O
OIA &, +A\
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16, =44, JtEYAE 3F& Hit(Ave) I FFHXHED).
HLB C18 Silica Florisil

Ave SD Ave SD Ave SD Ave SD
PAHs 110 5.6 974 6.3 90.0 7.8 915 4.0
PCBs 76.5 6.8 67.3 34 76.9 0.7 71.0 41
OCPs 79.9 8.7 67.8 1.8 76.9 2.1 69.5 4.0
PBDEs 61.5 14.0 45.4 2.1 54.6 1.8 44.6 4.9
PCDD/Fs 55.2 10.9 42.4 2.5 50.2 1.3 44.6 4.2
NBFRs 59.3 10.2 47.1 51 56.4 6.1 49.3 114
Phthalates 99.6 54 81.0 3.0 96.0 11 87.8 2.8
Siloxanes 811 7.0 74.0 3.8 85.6 14 72.8 3.7
SMCs 89.0 9.9 73.7 51 85.3 2.7 72.2 51
BUVSs 854 10.1 714 4.8 79.1 2.3 69.2 44
PCNs 60.5 8.4 47.8 4.2 56.5 1.5 524 54
CLBz 953 14 90.0 2.6 78.7 5.0 735 35
DPs 53.8 144 40.7 14 47.5 2.1 37.0 3.0
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Ao AHEE 457 FtESAE A=A Ht s g A3E 1F
229} 3£ 170 bt BE JFEZ A oA 64.3%77.5% 435 e 3]s W

HeEt AT 1 Sl %E Oasis HLB 7FEZ A7} 7HE =2 3l¢&& Btk mebs &
ATl s Alzel F= 3 AARAA o] A9 A, A=A eF 20059 s
gt 7Hd 2 348&S 29 Oasis HLB SPE 7HEE A& AL8sl= Aoz #AAA

AWe Hgstud dok,

120

100

B0 -

Recovery (%)

40 4

20 -

Silica Florisil

a9 22, JFEYAE gid=2 e

E 17 MEYHAE dd=4e] s Fit(Ave) I EFHAHED) (n=3).
Ave SD
HLB 77.5 194
C18 65.1 18.6
Silica 71.8 16.3
Florisil 64.3 171
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6.5.3. HLB SPE 7}E=2]#] #-&

Aol A F= W A A Oasis HL

mg)ol HEAA AAAAS AT AAES v fFEHASA RS AAE o]Este] 05
o]

mL7bA] 555§, 293 GC/Q-TOF] E4x18 o]&ste] #£4&ith. HLB

FhHEg A o A AAZE vastr] fete] GAE eyl A GC/Q-TOFel &3

t}. Oasis HLBE A 8310 AAHAAL AR A7 AXA &S A
A YEtEtth o= A wE mjAe] g HHE A e
o gt} weld 2B Aol M Oasis HLB 7HEGA S 2-8310] g% A7

5 AgAel 2gstvl= skt

X107 [+ TIC Scan CU-G04.D
5

375
35-)
325

425+ ‘

275
25
225

A H

£ WL T LRI —

025

5 6 7 8 & 1 1 12 1 14 15 16 17 18 fo 20 20 22 28 24 2 26 27 28 2 30 31 R I M 35 3B ¥ B 39 4 4 42
Couns vs Ac qusiton Time (rin)

23. HLBE o] &3t s|FE A= FA e« F ZRvpETF,
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51304 653374 218§ NTSAS F3at7] 918 FHg 2 wf A&,

HFE A=, FAE) AAE 7IHE 27 240 =243} ek 2 oFE A, s FA R

ddstd T E A sl F3TdES AASE AAES AXIT, FAHE A5 HS
GPC Column< o]g3sle] A2 A A3, o]% AL A5 &
GC/Q-TOFE o]g3slo] HA 3k}

off = off UE| X F A=
GFIF SMAFE S FE
>
of 1} S5
HLB SPE HLB SPE GPC & HLB SPE
\ 4 A 4 \ 4
A
A 4
<
=

GC/Q-TOF &M

[
o
\]
N
JI

A5 ZF ofAE NTSA dxe 7143
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6.55. #dE A2 7ol

=AEE 1d

==
i
ol

b= stg=d 919
o By WA el theko] on] Aol x9d didEd
250 YER T o=l B2 NFRDI o 4874
o] AF 1287722(MW)E 7HA a2 gl om| 3.0379.44¢] log Kow #t&

2L
T

SRS
Zrenh A FR 2Ae) 49 16271495(MW)e] B 7110, 08171202 log Kow
gre e Audon gyd Axe Ee PANG B vstel Ao s
o v gt

Low
MW

ity et L U M WY

100 200 300 400 500 600 700 800

< NBFRs >

RMIENYTEN

L > 'I &
%

<: OPFRs >
<: Phthalates < PBDEs >

< PCBs >
< BUVSs >
e —

< Siloxanes > 2?2?1495
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HEA saEd BAVPENTSA)IS a3 gstel AAe 2 77184 24

10742} Aol dhete] dde A& skl
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6.62. AA A=z &4 Al TOF

A ARzl
gkl

ré!.,:x% )

qo g Falyolol Frd 19 273 F 18] AA A

¢

}o] NTSAE

sk 77184 A 4N E sk

%A Q TOFHH] ]

=HhE 23S =28

GC/Q TOFe] &% Az veh) )

GC/Q-TOF Mass Calibration Report

Instrument Name
Tune Date & Time

QTOF / US1444X001 MS Model 7200A

10/29/2015 7:50:09 PM

Tune File D:\ MassHunter\ GCMS\ 1\ 7200\ atunes.ei.tune.xml Modified
Residual Error (ppm) ve. Expected Mass
104
s
S0 —_— —
5
10
o 100 200 300 400 500 600 FO0 800 §00 1000 1100 1200 1300 1400 1500 1600 1700
Expected Mass
Detailed Residual Chart
+ Full Residusl  ®  Partial Residual = Relative Mase Error Correction
10
= i
H TN P S e
.E a CII“-_ . * . T !T .
H " L
E £ 1 _j.J/
-10 -
1] 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Expected Mass
Results
Target Mass Actual Mass Accuracy (PPM) Previous Mass Previous Accuracy (PPM)
v 68.9947 68.9947 0.02 68.9947 -0.02
v 130.9915 130.9915 -0.08 130.9914 -0.26
v 218.9851 218.9851 0.25 218.9851 0.11
v 263.9866 263.9865 -0.19 263.9865 -0.34
v 413.9770 413.9769 -0.20 413.9767 -0.51
v 463.9738 463.9740 0.53 463.9739 0.17
v 501.9706 501.9704 -0.34 501.9702 -0.72
v 613.9642 613.9642 0.02 613.9640 -0.21
ad 27, AA AR A8 A FH43F TOF Ak,
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A EAH68.9947) ol A F-E] L AH613.9642) 9] W F- FE=4E S ©]&3ste] TOF9

e FAsged £2EA) g A% Aok A9 At A

Al

0.0270.53 PPM2] Rl flolA WEa Eol

68.9947 68.9947 0.02
130.9915 130.9915 -0.08
218.9851 218.9851 0.25
263.9866 263.9865 -0.19
413.977 413.9769 -0.20
463.9738 463.9740 0.53
501.9706 501.9704 -0.34
613.9642 613.9642 0.02




6.6.3. NTSA 23} #4{: Deconvolution

HAA ARl A& NTSAS A3 £47 o] A4l
YA &AM (deconvolution) 71 & g AA s AlRddle vgd

A=AEol EAE7] "t 5d Azt thket stgEo] £ F o vErd
wEkA theFst 2o diste] Y7 EF 4 (deconvolution)S A-83te] /WY s E=

g g 3t} o 71 8% A (deconvolution) &Y & Total Ion

Chromatogram(TIC)ll 23t= o] = thest stEs 22 adstd dagsS 5349
NEAR s ER Ure] F5 7lFelth Yz EFAM(deconvolution) S X8 & o 4,
2% 289 TIC® Deconvoluted Ion Chromatogram(DIC)E e} L o},

i
N
I
]

Component RT: 7.7784
5107 TIC
8 261 Component
25 97.1008
2.4 840918
2.37 341.0168|
2.2 73.0272
214
5] 429.0901
1.97
1.81
1.74
1.6
1.57
1.44
1.34
1.27
1.1+
1
0.9
0.8+
0.7
0.6
0.5
0.4+
0.3
0.2
0.1

T T - T T T T T T T T
775 776 777 7.78 779 7.8 781 7.82 783 784
Acquisition Time (min)

2% 28. Total ion chromatogram(TIC)2} deconvoluted ion chromatogram(DIC) W] L
A o7 Y7 EFH(deconvolution)> Al &2 wjAle] gt 7Hd 5 3o} ¢ Eof

FANGO FA B 5 OE GIF R/1GLRERE 9 FFER AW 2AEY
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FZo] 7FsshA gkt ofg]l 29 299 Total ion chromatogram(TIC)¢t deconvoluted
st 4o /il A ERS vl aEHTh TIC A

ion chromatogram(DIC)oll A FZ
Z3 ~r¥EdogE= BAo Folo] BrlEsltl. v DICIA &3 ~"HeEdS

S
S,

S ouE GARAE FEHUY) QRO RFEAe Bue] AsIAET HEoh

w07 oemcsmnNmA-acaDI
2
65

' , « ” ’“ .M' ! ﬁ v WIW m

P

25 26 27 28 » % 3 @ 33 3 35 % 37 3B N w0 4 4@
Cau s, s Ti i)

TICOi|k| ._P Spectrum

n £ 7.779min) NG04 300D

%
:
0.9
h \ \‘ L " L "
Ho 2 w0 3m 3k 5

VDIC01|k| = of Spectrum

Component RT:7.77843283045014
£ x10 2| 97.1008

341.0168
0.9

0.8 429.0901
0.7+
0.6
0.5+
0.4+
0.3
0.2+
L]
ol I L

. i [ L . . L I.
| f I I A A 1 T I I I | I I | I 1 I [ I | I I I
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

Mass-to-Charge (m/ 2)

29 29, Total ion chromatogram(TIC)¢t deconvoluted ion

chromatogram(DIC)ol| 4] F&3t &9 /| ~d = H|w
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ggEd A e 1Y & & U ~AEG] AU Target =D Z2H 553}
| Target thd=do] ¥gxo] XA & FdolgtA NIST Library 53 W] asle

5
EAo] FAAA A "k okl 2§ 300l DICAA Y F=H /i A~ Eq] 0
2~

0

O

Conponent RT: 7.77843283045014 DS
£ x102 | 97.1008
5

341.0168
3 osf
0.8 429.0901
0.7
0.6
0.5
044
0.3
0.2
0.1
0- h h i ‘ ‘ It 1 L

: : o I “h A ¢ L : L TR mh‘ . : PR L : : :
3
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

Massto-Charge (n 2)

Oyclohexasioxane, dodecamethyk < *

£ x102 730

3

O 091
08 341.0
0.74
0.6+
051
044
0.3
02 147.0 250

429.0

0.1
o/ 4?.0 | I 117'0 . ‘h 20{-0 %7.0 310 I “\

' | ' '
T l T T A T T T T T T T T T T T A T T T &7 T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480
Massto-Charge (m' 2)

41?.0

18 30. Deconvoluted ion chromatogram(DIC)o| A FZ3F 229 A4

23 =($)3 NIST Library 58 sl®l $319) 2slegl(ohel),
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6.7. NTSA Az}
6.7.1. 3

sl ol thete] b 2
Zlgro 2 HlFA A 247 (NTSA)E

3t AdAg 71E 2 GC/Q-TOF 4713 &
F33A . GC/Q-TOFE #4137

sl Al &2 2] Total Ion Chromatogram(TIC)%} Deconvoluted Ion Chromatogram(DIC)E

' 31 e A E TIC A v7
dojxl DIC= 11 31(oka)e] #&

ol
o1t

S2d AEAQ FFEe

A& FE A (Deconvolution) 71H-ES 283}

AMog FAFAY, 3k vl EF A (Deconvolution)©ll

o

G gow AziEIRS oL Yee AAY &

i "“| '}' W ul‘.u,r"'ku M' |Ih"\l M'il“

| A9 ‘H|M I

a4 31 GC/Q-TOF&

I e

m

)

A5 sl=A 59 Total Ion Chromatogram(TIC, 91)¢}+
Deconvoluted Ion Chromatogram(DIC, o}]).
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A E TIC ¥ DICE o] &3ty =4S e Bourh ¢4 2 dA7-0lA
Target 2242 XA H 208F 9 sgEol vste] UdEd s Bdsd § 1
LA (Unknown compounds)oll tate] NIST Library9t m & stk 243k
A2 (n=10)0 Wste] NTSAE Fdd AxE F 199 29 320 eI
Hat A o2 420052 slgEo] HEHS o, o]FoA Target =2 % NFRDI
FEAEUHE =22 275 AEHo dA 11659 3= FolA] 233%7)
AEHJAT. 28 92F 9 At FREAL FolA 4159 3=l HEH o] A9
67} AZEH 9. v 3Z A (Non-target) &8 NIST Library$ w3 E 335 2023717}
A& Qo 1A &2 (Unknown compounds)S 2118707} A &5 Qi)

i
14

3£ 19, sl AR (n=10) & WEA 23 SAVIEINTSA)E &3 H=d

Number of

Result of NTSA
compounds
Monitored 27/116

Target
Non-monitored 41/92
Identified (Matched with

2023

Non-Target NIST)
Unknown 2118
Sum 4209
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. Sei
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9 32, A R(n
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HEH 2119709 H]3%
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oA HERd
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1200

1000 -

800 H

600 -

400 -

200 +

Totalcompound: 2119 .

o

a9 33 Al Rl

time)oll W2 ExF(Da)

=

B

F 4 (Target) =22 AW 2 &

Retention time (min)

A AE% B34 (Non-target) =2 2] M F 5 A ZH(retention

=l
il
>
o
_0|L
£
N
o
W
g
ey
i
Au)
=
pass
v

F A (Target) =4 Fo|A] Siloxanes®] 89.5% #HZEHo] 7[Y & #AEES Bt
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o
o
o
=
c
o
g
c
o
Z

Monitored

18

16 1

14 -

12 A

10 -
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6.7.2. FH =
HAzA R dste] ebq stee dAg 71 3 GC/Q-TOF 471 &
7oz WEAHzAY TAVIHINTSA)E T8k GC/Q-TOFE 244

sl Al 72 2] Total Ion Chromatogram(TIC)¢}t Deconvoluted Ion Chromatogram(DIC)E

a9 350 YeERIAY. 49" TICo A tldEF 4 (Deconvolution) 7S 483}

Adojz DICE 19 35(ot#))e] #& Mowg FAFECLH 3l o)A EF A (Deconvolution)oll

o8 ==d MNEA e dd

rot

Mog ARMEINL oW YT HAY

A~

T
o)
%S
x10 7 | +8 TIC Scan NG04-300.D
71
6.51
6
5.5
51
4.5]
:
3.51
3
2.5]
2
1.51
1
0.51
0
5 6 7 8 9 1 11 ® 1B 14 15 1 17 18 1 2 A 22 B 24 B 2% F 2B 220 1D 3 2 B/ ¥ F 3B I B 39 4 4 42
X107 |+8 TICScan NG04-300.0
71
6.5
[
55
5
45 I
: m I‘I Lot
E h | ‘ | N
3 |‘
25 I "l' ‘ H \‘
; h Mh w W\ y w
il w' \\n L ‘\‘ il 1
1 ‘,,\|| |||A|w|\ i i “!*ﬁ
05 ” H ‘{I‘\!"'H i i l I | l
0‘ = = = = - = - = - = = .
5 6 7 8 9 10 11 ° 13 14 15 16 17 18 19 20 21 2 23 24 2 26 z 28 2 30 31 32 33 kS k3 36 37 38 39 40 4 42

a9 35. GC/Q-TOFZ 4% HAEAZ 2 Total Ion Chromatogram(TIC, $1)<}

Deconvoluted Ion Chromatogram(DIC, o}]).
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A E TIC ¥ DICE o] &3ty =4S e Bourh ¢4 2 dA7-0lA
Target &&= AA4d 208F 9] stgt=ol viste] =4S AT F
LA (Unknown compounds)oll tate] NIST Library9t m & stk 243k
H A=A R(n=10)°] tete] NTSAE Fq das F 209 77 369 el
HA o R 3724F 2] 3gEol AEHAo, o]FolA Target =2 F NFRDI
AGFAARYEY FELL 48F 0] HET Y HAl 11659 sdE FollA 41.1%7}F
AEEJAT. 28 2F 9 At FREAD FolA 4959 3=l HEHo A9
535%7F A== At Y] F A (Non-target) 2.2 NIST Libraryet WA € 3 &L 1759707}
A&z o, 1A &2 (Unknown compounds)S 186970 7} 725 9l t}.

o\f&

F 20 HAEARMN=10) T HEF 2399 T47IRINTSAE $3) H=€

st 4.
Number of

Result of NTSA
compounds
Monitored 48/116

Target
Non-monitored 49/92
|dentified (Matched with

1759

Non-Target NIST)
Unknown 1869
Sum 3724
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5000

4000 l
i (=]

3000 | EEE Monitored
3 Non-monitored
2000 1 3 Identified

B Unknown
1000 1

5000

4000 -
g 7 .lll.

a9 36 HH=AE0-10) T AlEH Aad £47IH(NTSA)E &8 A=

H] 324 (Non-target) = 2o] A&HY o HEH =22 HFE Al {Hretention time)ol

We BA%Da) BEE 29 3748 el 5 g
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1200
000 | Totalcompound: 1887 ' .
800 .

600

400 -

200 +

Retention time (min)
a9 37 Y EA BolA dAEF H3E 4 (Non-target) =2 o] MFE A 7H(retention

time)ol W2 22}#(Da) L

R (Target) $°] AR 2 BRE daste] 19 380 ehigleh
ez ]
AN

34 (Target) 22 FolA PAHso| 91% H&EH 7H¢ £ HE8&S X
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| Non-monitored

Monitored

10 A

0 E

(Target)
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6.7.3. A=

AEA R dste] 24 FHe dAg 7 2 GC/Q-TOF #4171H &
ZIgro 2 HsEA =AY 247MINTSA)E F33Ath GC/Q-TOF= &4 4
sl A1 532¢] Total Ion Chromatogram(TIC)9t Deconvoluted Ion Chromatogram(DIC)E

a9 390 YEeERIAT. 49" TICo A tldEF 4 (Deconvolution) 7S 423}

hyA
AL
o EEY AEAY FFEL O Ao ARMEIWL oI 9SS FAT

0]
AA

x107 +8 TICSzan NBOt300D
55
1

5 6 7 8 9 10 N1 © 13 4 15 16 17 18 19 20 21 2 23 24 2% 2% 2 28 29 30 31 2 B EC I 36 37 38 ¥ 40 491 2

X108 | Cpd 298:38.012: +8 EOC SeanN-B01-300.D
" 1

e — M“”Q

s 6 7 8 9 1 11 © 13 4 15 16 17 1w 19 20 21 2 28 24 25 2% 7 2B 29 B 3 R B U B B I B 9 40 4 &2

9 39, GC/Q-TOFZ 4% AMEA 72 Total lon Chromatogram(TIC, 9])<}

Deconvoluted Ion Chromatogram(DIC, o}#).
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A E TIC ¥ DICE o] &3ty =4S e Bourh ¢4 2 dA7-0lA
Target 2242 XA H 208F 9 sgEol vste] UdEd s Bdsd § 1
%2 (Unknown compounds)oll ™ &ted NIST Libraryet "< stgich #4135
AEAZ (=100 thsto] NTSAES 38T 235 % 219 29 4001 HeERH AT
Ao R 3346F 9 dFEo]l AEHAoH, o]FolA Target &2 T NFRDI
FEAEUHE =22 58Fo] AEHo dA 11659 3= FolA 49.6%7)
HATh i 92F 9 Al $EEZD FolA 48F 9] sHEEe] HEo] WA

o

i

A

=

N
i

52.3%7F A=Atk ¥ E A (Non-target) &2 NIST Librarye} Ml A d 31 &2 150570 7}
A5 o, x| &2 (Unknown compounds)S 1736717} 735 Ao},
21, AEAR(n=10) & A%4 238y 2A7|H(NTSA)E =23 A=9
sk g,
Number of
Result of NTSA
compounds
Monitored 58/116
Target
Non-monitored 48/92
|dentified (Matched with
1505
Non-Target NIST)
Unknown 1736
Sum 3346
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Total compound: 1583

1200

1000 -
800 H

600

400 -

200 H

40

30

20

10

Retention time (min)

A (Non-target) =2 v 55 A]7H(retention

a9 41 BEA RN AEH %

time)ol

LA (Da) &

=
L.

tel 27 420 “ER U

S

213y

A (Target) &

-
it

(Target) =4 FolA PCBso| 89% #HZ%o] 7}

3EA
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4391 ERQT o

st

a7 el
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2 o 2 :
a9 44, $FARYUYHY dd=2 #AES 918 Monitored & Non-monitored =2

g oA

FARYEE =2 #EE 9ol NTSARYH =548 2438 Ed=

1:
% Monitored & Non-monitored =22 Azld] 19 440 =23} &%},

2
s
i

£
>
2,

=31

a

A FolA 54F ] BHo] S5 HAE AR EFA AEH fPELE
U

B8 &of st ZAERA AATE F Ut

o
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)
o
e

A

69



6.8.2. AE=2 A8 Identified =2 (NIST Library)

a8 45, $ARYUEHY giAEZ S 93l Identified =2 (NIST Library %)

FARYUHY gaE4d ddS 9dte] NTSAZYE &% 23S Ed =2
% Identified & (NIST Library "13)& A8 23 450 =238} st
FolA 1559 B2 sl HAE AE EFolA HEHY JIEELS

EUHY Sfof sty 2ARA AATE = gt

Iz

4
U}
1B
)

y

o
(2
)
o
fr
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6.9. 7HFE NTSA ZApA

Target analysis Non-target analysis
|/ Total lon Chromatogram (TIC) m |/ Cm

Deconvoluted lon Chromatogram (DI

—Available standards
y

| NTSA (MEAL) Library D/B | | NIST Lib,rary D/B |

Deconvolution

| Identification | liral;rll;sv:lsn

| Identification |

—Mass spectrum
—Retention time —Mass spectrum

4
Target compounds Non-targetcompounds

|K Monitored | | Non-monitorey & Identified | | Unknown y

9 46. e NTSA dAM 2

Adkd WA A BA7IRINTSA)S] A s 219 4690

=

=
aokstgith. 99 dAe 719 2 GC/Q TOF 717184 Zxio] wa} B8 & 19

T

463 #E M2 NTSAS F38H. 7724 8 =d4& $A44922 249 (Target)

2o thale] Target analysisE 33t} Total Ion Chromatogram(TIC)E o] &3}4]
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AR, 292~ v ZA o)A LC-HRMS (Orbitrap)S o] &8t A5 9]
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62E
# Compound # Compound # Compound
2-Naphthalinsulf . : Perfluorbutansaeure_PF
1 TR 22 Dimethenamid 43 BA
2-Phenyl-2-(2- p Perfluorbutansulfonsaeu
2 Piperidin)Acetamid 23 e 4 e PFBS
3 4-Dimethylamin 2 Hydrochlorothia 45 Perfluordekansaeure_PF
opyridin zid DA
5-Methyl-benzo . Perfluordodekansaeure_
4 triazol 25 Indomethacin 46 PEDDA
) Acesulfam 26 Topromid 47 FHPA Perfluorheptansaeure_P
6 Aliskiren 27 Isoproturon 48 HA Perfluorhexansaeure_PF
7 Atenolol 28 Lamotrigin 49 o PFIIS Perfluorhexansulfonsaeu
8 Atrazin 29 Levetiracetam 50 NA Perfluornonansaeure_PF
Azoxystrobinsae Perfluoroctansaeure_PF
9 ure 30 MCPA 51 OA
. Perfluoroctansulfonsaeu
10 Benzotriazol 31 Mecoprop 52 re PFOS
. Perfluorpentansaeure_P
11 Carbamazepin 32 Metalaxyl 53 FPEA
Carbamazepin-1 .
12 0,11-epoxid 33 Metamitron 54 Sotalol
13 Carbendazim 34 Metformin 55 Sulfamethoxazol
14 Chlortoluron 35 Metolachlor 56 Terbutylazin
: . Metolachlor-mo ..
15 Clarithromycin 36 sl 57 Tizanidin
16 Coffein 37 Metoprolol 58 Toluol-4-sulfonsaeure
N,N-Didesvenla
17 Cyproconazol 38 - 59 Valsartan
18 DEET 3 N-Desvenlafaxi | g Valsartansaeure



Desamino-meta

O,N-Didesvenla

19 mitron 40 . 61 Venlafaxin
. Sum of
20 Desethylatrazin Paracetamol 62 Terbutryn+Prometryn*
21 Diclofenac 42 Penconazol
F da 2292~ vpAEA oA Orbitrap 419 °]EF semi quantifications
PAEZ F280 F(7a, 17100%F)(«Semi—quantification= ad &2 2]
RT(Z=vETH w5 & A7He fAHe RTE 7M1 549 2554
[e] =] O = =) -
ABAS o gate] HHHOE FEE §FE PH)
# Compound # Compound # Compound # Compound
1 ?gfﬁagggtﬁgwl’f’*’deoxy %6 Aldicarb 51 Candesartan 76 Cyprodinil
2 2,6-Dichlorbenzamid 27  ALISKIREN 52 Capecitabin 77  Cytarabin
2-Amino-4-methoxy-6-met Alkophen-acid o
3 hyl-1,35-triazin 28 o-lakton 53  Carbamazepin 78 D617
Carbamazepin-10
4 2-Amino-5-nitrophenol 29  Amdoph 54 ,11-dihydro-10,11 79  Deet
-dihydroxy
5 2-Amino-5-nitrophenol 30  Amisulprid 55  Carbendazim 80  Deferasirox
6 z;gnnéiﬂgls‘ysltfg]ylfbenzoesae 31 Asulam 56 Carbetamid 81  Desamino-metamitron
7 | 2 Hydroxy-4-methoxybenzo | 55 | ¢ M 57 Cetirizin 82  Desaminometribuzin
phenon
8 2-Naphthalinsulfonsaeure 33 Atenololsaeure 58  Chlorfenvinphos 83  Descyclopropyl-irgarol
9 2 N-Octyld-isothiazolin3~ 34 Atomoxetin 59 Chloridazon 84  Desdimethyldiuron
10 356 Trichlor 2 pyridinol 35 Atrazin 60 glhlorpyrifos’eth 85  Desethylatrazin
11 fé’fafei)linzrom%l*hydroxybenzo 36  Azithromycin 61 I’Cnl;lllorpyrifOS*met 86  Desisopropylatenolol
Chlorthalonil-4-h
12 3-Phenoxybenzoesaeure 37  Azoxystrobin 62  ydroxycarbonsae 87  Desisopropylatrazin
ureamid
13 ;l’zii%%}l%:ﬁemOCtyl*lSOthl 38 ﬁeﬁiystrobms 63  Chlortoluron 88  Desmonomethyldiuron
14 4-Aminopyrin 39  Bentazon 64  Citalopram 89  Dexamethason
15  4-Chlor-2-methylphenol 40  Benzamidin 65  Clarithromycin 90  Diazepam
16 4-Dimethylamino-antipyrin 41 DeRASOthiazoli 66 cjipiyazol 91  Diazinon
17  4-Dimethylaminopyridin 42 Benzothiazol 67 Clindamycin 92 Dichlorprop
18  4-Fluorphenoxyessigsaeure 43 Benzotriazol 68  Clomazon 93  Diclofenac
19 4-Formyl-aminoantipyrin 44 Bezafibrat 69  Clopidogrelsaeure 94  Didesmethyl-isoproturon
20 4-Isopropylanilin 45  Bicalutamid 70 Clotrimazol 95 Diflufenican
21 4-Trifluormethyl-phenol 46  Bifenoxsaeure 71  Codein 96  Diglyme
22 7-Diethyl-4-methylcoumarin 47  Bromacil 72 Coffein 97  Dimethachlor
23 Acesulfam 48  Bromoxynil 73 %Z(;L?J};ixylsulfam 98  Dimethachlor-ESA
24 Acetylsulfamethoxazol 49  Bronopol 74 Cymoxanil 99  Dimethachlor-OXA
25  Albuterol 50  Bupropion 75  Cyproconazol 100 Dimethenamid

83 —



¥ 4b 292 vpRA A o)A Orbitrap 24 g ©] €} semi

quantification* W=7 F280 5 (7h, 10172005 )(*Semi quantification<

sld 2] RT(AZvEEDH MF5 Aok FAHE RTE 7= =29
EFed AFAE o] dste AR FEE s W)
# Compound # Compound # Compound # Compound

101  Dimethenamid-ESA 126 Fluoxetin 151  Levetiracetam 176 Moclobemid
102 Dimethenamid-OXA 127 Fluroxypyr 152 Lidocain 177 Monodesmethyl-isoprot
103 Dimethoat 128  Flusilazol 153  Linuron 178  Monuron
104 Dimethylaminosulfan 199 poramsulturon 154 Losartan 179 Mycophensaeure
105  Dinoseb 130 Furosemid 155 MCPA 190 | N ont v
106 Diuron 131 Gabapentin 15 MCPB 181 N Dimethyldicylamin
107 Dronedaron 132 Galaxolidon 157 | Mefenaminsaeure | 182 NV dimethyl Mo (4-m
108  Epoxyconazol 133 Hexazinon 158  Mesotrion 183 N4-Acetylsulfadiazin
109 Eprosartan 134 Hydrochlorothiazid 159 Mesotrion-MNBA 184 ~ N4-Acetylsulfadimethox
110 Erythromycin 135 Ldrosy 0SSO0 60 Metalaxyl 185 N4 Acetylsulfathiazol
111 Ethofumesat 136 Ibuprofen 161 Metamitron 185 o Acetyl-4-aminoantip
112  Exemestan 137  Imidacloprid 162  Metazachlor 187  N-Acetylsulfamethazin
113  Fenamidon 138  Iminostilben 163  Metazachlor-ESA 188  Napropamid
114  Fenofibrat 139 Indomethacin 164  Metazachlor-OXA 189  Naproxen
115  Fenofibrinsaeure 140 Iodocarb 165  Metformin 190  Neotam
116 Fenpropimorph 141 Iohexol 166 Methvimetsulfuro y9;  Nicosulfuron
117  Fipronil 142 Topromid 167  Methylprednisolon 192  Orbencarb
118  Fipronil-Sulfid 143 Toxynil 168  Metoclopramid 193 Oseltamivir
119  Fipronil-Sulfon 144  TIrgarol 169  Metolachlor 194  Oseltamivir—carboxylat
120 Fluazifop 145  Iso-Chloridazon 170 Metolachlor-ESA 195  Oxazepam
121  Fluconazol 146  Isoproturon 171 hMo(f{E r? (l)?lchlor*Morp 196  Paracetamol
122 Fludioxonil 147  Ketoprofen 172 Metolachlor—-OXA 197  Penconazol
123  Flufenacet 148  Kresoxim-methyl 173  Metoprolol 198  Pethoxamid
124 Flufenacet-ESA 149  Lamotrigin 174  Metribuzin 199  Phenazon
125  Flufenacet-OXA 150  Levamisol 175  Metronidazol 200 Pirimicarb




o4
RT(AZIETY MEE AZsh §418 RTE 7H4E 249

3

c 292 Al ZA 2o A Orbitrap 4] H] o] €

4
B2 F280 F(7c, 2017280 )(*Semi-quantification<>

semi quantification#*
e 529

A4 AgAS

b
N
e

= !
ol gete] HAHOE BEE FFHE PH)
#  Compound #  Compound # Compound (sum of multiple compounds*)
201  Pravastatin 230 Sulfadimethoxin e
202  Prednisolon 231 Sulfamethazin 259  Sum of 2-Hydroxyatrazin+Simeton
203 Primidon 232 Sulfamethoxazol 260  Sum of 2-Hydroxypropazin+2-Hydroxyterbuthylazin
204  Prochloraz 233 Sulfapyridin 261 Sum of 5-Methyl-Benzotriazol+1-Methylbenzotriazol
205  Propachlor 234 Sulfathiazol 262  Sum of Acetochlor+Alachlor
206  Propachlor-ESA 235  Surfynol 263  SumofAcetochlor-ESA+Alachlor-ESAX
207  Propachlor-OXA 236  Tacrolimus 264  Sum of Alachlor-ESA+Acetochlor-ESAX
208  Propanolol 237 Tebuconazol 265  Sum of Alachlor-OXA+Acetochlor-OXA
209  Propaquizafop 238 Tebutam 266  Sum of Carbamazepin-10,11-epoxid+Oxcarbazepin
210 Propiconazol 239  Telmisartan 267  Sum of Cyclophosphamid+IfosfamidX
AL szl 2D UeiEslyme 268 DRobiy1=2 hycroxy- terbuthylazin'2- Hydroxysimazin
212 Prosulfocarb 241  Thifensulfuron-methyl 269  Sum of Dicamba+2,4-D
213  Pyraclostrobin 242 Thiopental 270  Sum of Iomeprol+Iopamidol
214 Pyrimethanil 243 Tizanidin 271 Sum of Mecoprop+Clofibrinsaeure
215 Pyrimidinol 244 Toclophos-methyl 272 Sum of N-Methylacetanilid+2,4-Dimethylphenylforma
216  Ranitidin 245  Toluol-4-sulfonsaeure 273  Sum of O,N-Didesvenlafaxin+N,N-Didesvenlafaxin
217  Rimsulfuron 246 Triclosan 274 Sum of O-Desvenlafaxin+N-Desvenlafaxin+Tramadol
218 Ritalinsaeure 247 Triglyme 275  Sum of Phenmedipham+Desmedipham
219 Rivastigmin 248  Trimethoprim 276 SumofPrometon+Terbumeton
220  Rosuvastatin 249  Trimipramin 277  Sum of Ranitidin-S-oxid+Ranitidin-N-oxid
221  Roxithromycin 250  Trinexapac—ethyl 278  Sum of Simazin+Desethylterbuthylazin
222 Saccharin 251  Triphenylphosphinoxid 279  Sum of Terbuthylazin+Propazin
223  Sitagliptin 252  Tritosulfuron 280  Sum of Terbutryn+Prometryn
224 Sotalol 253  Valganciclovir
225  Spiroxamin 254  Valsartan
226  Sucralose 255  Valsartansaeure
227  Sulcotrion 256 Venlafaxin
228  Sulcotrion-CMBA 257  Verapamil
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Jahresbericht(Annual report) 2014 Teil A, RheiniiberwachungsStation Weil am
Rhein

Jahresbericht(Annual report) 2014 Teil B, RheiniiberwachungsStation Weil am
Rhein

20 Jahre Rheiniiberwachung; Artikel in Aqua&Gas Nr.5/2013; in
Zusammenarbeit mit der EAWAG

Rhine Monitoring Programme 'Chemistry’, HPLC MS/MS Special Assay 2013,
International Commission for the Protection of the Rhine (ICPR)

LC-high resolution MS in environemntal analysis: From target screening to the
identification of unknowns. Krauss, M. et al, 2010, Analytical Bioanalytical Chemistry,
397, p943-951

Multikomponenten-Screening fiir den Rhein bei Basel, Singer et al, 2009

20 Jahre Internationale Rheinliberwachungsstation Weil am Rhein:
Neuentwicklungen mit Hilfe der hochauflosenden Massenspektrometrie, Ruff, M. et al.
2012, Vom Wasser 110, p70-72
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71, B, 2013

b

i

Software fiir den freien Download unter www.eawag.ch/forschung/
uchem/software/enviMassl_2, Loos, M. et al, 2011
Memorandum regarding the protection of European rivers and watercourses in

order to protect the provision of drinking water, IAWR et al, 2013
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Enhanced Removal of Hexavalent Chromium in the Presence of H,0,
in Frozen Aqueous Solutions

Kitae Kim," Jaesung Kim,” Alok D. Bokare,* Wonyong Choi,” Ho-1l Yoon,*" and Jungwon Kim**

"Korea Polar Research Institute (KOPRI), Incheon 406-840, Korea
1;Departrment of Environmental Sciences and Biotechnology, Hallym University, Chuncheon, Gangwon-do 200-702, Korea

¥School of Environmental Science and Engineering, Pohang University of Science and Technology (POSTECH), Pohang 790-784,
Korea

ABSTRACT: The reductive transformation of Cr(VI) to Cr(IlI) by H,0,
in ice was compared with that in water. The reduction of Cr(VI) was ”"“ECM 1

Bt} ~ s co(vr)
A g (o410, and €10}
v [ : % W o

significant at —20 °C (ice), whereas the reduction efficiency was verylow at 4.0, 'on,or
25 °C (water). This enhanced reduction of Cr(VI) inice was observed over  decomposition
a wide range of H,0, concentration (20—1000 M), pH (3—11), and
freezing temperature (—10 to —30 °C). The observed molar ratio of .
consumed [H,0,] to reduced [Cr(VI)] in ice was in close agreement with ““lmg'
the theoretical (stoichiometric) molar ratio (1.5) for H,0,-mediated
Cr(VI) reduction through proton-coupled electron transfer (PCET). The Hy0; | 4Crlil)
synergistic increase in Cr(VI) reduction in water by increasing the H,0, )( '3
and proton concentrations confirms that the freeze concentration of both H0:+0,” “Crivi)
H,0, and protons in the liquid brine is primarily responsible for the &

enhanced Cr(VI) reduction in ice. In comparison, the one-electron

reduction of Cr(VI) to Cr(V) and subsequent reoxidation of Cr(V) to Cr(VI) is the major reaction mechanism in aqueous
solution. The reduction efficiency of Cr(VI) by H,0, in the frozen aqueous electroplating wastewater was similar to that in the
frozen aqueous deionized water, which verifies the enhanced reduction of Cr(VI) by freezing in real Cr(VI)-contaminated
aquatic systems.

B INTRODUCTION

Chemical reactions at temperatures above the freezing point
(ie, in aqueous solution) may be different from those at

various laboratory and field studies of chemical reactions in ice
to explain the cycling and fate of contaminants in the
cryosphere (e.g, permafrost, polar regions, high latitudes, and

temperatures between the freezing and eutectic points (ie, in
the mixture of ice crystals and liquid brine).' ™" Reaction rates
in ice crystals are usually lower than those in aqueous solution
because of the lower temperature in ice crystals. However,
some chemical reactions can be accelerated and enhanced by
freezing. The oxidation of nitrite to nitrate in water was
markedly accelerated by freezil\g.577 In addition, the dis-
solution of metal oxides, such as iron oxide and manganese
oxide, by organic compounds in frozen aqueous solution was
accelerated.” Recently, it was also reported that the reduction
of chromate by organic compounds under acidic conditions is
enhanced by fl'vsezing.m’11 These enhanced chemical reactions
are mainly ascribed to the freeze concentration phenomenon,
which refers to the increased concentrations of both solutes
(e.g, nitrite, metal oxide particles, and organic compounds) and
protons in the liquid brine by exclusion from ice crystals during
the freezing 1:)r0(:es:;.1'5_7']2'13 Chemical reactions below the
eutectic temperature are generally stopped because the liquid
brine is completely solidified. The photochemical degradation
mechanism and products of organic compounds in ice can be
different from those in water because the coupling/dimerization
reactions are enhanced in ice.'*”"” The different chemical
kinetics and mechanisms between ice and water required

< ACS Publications  ©2015 American Chemical Society

midlatitudes during the winter season) and the upper
tmpusphere.l'm'w

Various industries, such as metallurgy, wood preservation,
leather tanning, metal electroplating, and pigment manufactur-
ing, use chemical reagents containing high concentrations of
chromium,” which results in a large amount of wastewater
containing chromium that needs to be treated. In addition,
chromium pollution can naturally occur from weathering and
dissolution of chromium-bearing minerals and volcanic
eruptions.”’ Chromium is commonly found as trivalent
chromium (Cr(III)) and hexavalent chromium (Cr(VI)) in
water, and its toxicity, water solubility, and environmental fate
are greatly dependent on the oxidation state.”” Between these
two chromium species, Cr(III) and Cr(VI), Cr(VI) is more
toxic, water-soluble, and difficult to remove using physical
treatment processes (e.g, adsorption, ion exchange, and
precipitation) than Cr(I).** In this regard, the prereduction
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of Cr(VI) to Cr(Ill) is considered a desirable process in
chromium removal.

Hydrogen peroxide (H,0,) is ubiquitous in aquatic environ-
ments. H,O, can be produced through the photochemical
reactions of natural organic matter with dioxygen and by
biological processes mediated by algae.”* In addition, it is
well-known that H,O, is present in snow/ice and plays
important roles in oxidation reactions in the polar regions as an
oxidant and a precursor of hydroxyl radicals (*OH).”**" The
interest in redox reactions between H,0, (or *OH) and
pollutants in snow/ice has increased because the concentration
of H,;0, in snow/ice has increased by 50% over the past 200
years.”® In water treatment processes, H,0, has been widely
used as an oxidant for the degradation of aquatic pollutants.zg
In addition, H,0O, can be used as a reducing agent for easily
oxidizable metals, such as Fe(III) and Cr(VI), and kinetic and
mechanistic investigations of metal reduction by H,0, in water
have been extensively 1:!erf0rmed.‘m734 However, the reduction
of Cr(VI) by H,0, in ice has not been studied despite the high
probability of the coexistence of H,0, and Cr(VI). The
concentrations of chromium and hydrogen peroxide in the
cryosphere vary from a few to 470 ppt and 600 ppb,
respectively, depending on region, season, and depth from
the surface®>™ The reaction between Cr(VI) (discharged
from natural and anthropogenic sources) and H,0, (in situ
naturally generated) in frozen aqueous environment might be
different from that in aqueous environment, which results in
the different fate of Cr(VI) depending on region, altitude, and
weather.

In this work, we investigated the reduction of Cr(VI) by
H,0, as a reductant in ice and compared it with the
corresponding reaction in water. The reduction of Cr(VI) by
H,0, in water was limited, whereas it was significant in ice. The
reduction process in ice and water was compared as a function
of various experimental parameters, such as H,O, concen-
tration, pH, and freezing temperature. Furthermore, the
reaction mechanism between H,0, and Cr(VI) in ice was
discussed and compared with that in water. The reduction
efficiency of Cr(VI) by H,O,, which is the ratio of (initial
[Cr(VI)] — final [Cr(VD)])/(initial [Cr(VI)]), in the frozen
aqueous electroplating wastewater containing various metals
was similar to that in the frozen aqueous deionized water,
which verifies the enhanced reduction of Cr(VI) by freezing in
real Cr(VI)-contaminated aquatic systems.

B EXPERIMENTAL SECTION

Chemicals and Reagents. The chemicals and reagents
used in this work include the following: sodium dichromate
dihydrate (Na,Cr,0,-2H,0, Cr(VI), Aldrich), hydrogen
peroxide (H,0,, Samchun chemicals), acetone (CH;COCH,,
Junsei), sulfuric acid (H,SO,, Aldrich), 1,5-diphenylcarbazide
(CeH;NHNHCONHNHCH;, DPC, Aldrich), benzoic acid
(C¢H;COOH, BA, Aldrich), 4-hydroxybenzoic acid
(HOC¢H,CO,H, 4-HBA, Aldrich), N,N-diethyl-1,4-phenyl-
enediamine ((C,H;),NC¢H,NH,, DPD, Aldrich), peroxidase
from horseradish (type VI-A, POD, Aldrich). All chemicals
were of analytical grade. The deionized water was ultrapure (18
MQ-cm) and prepared using a Barnstead purification system.
The electroplating wastewater was obtained from a local
electroplating plant in Korea.

Experimental Procedure. An aqueous solution containing
the desired concentrations of Cr(VI) and H,0, (usually 20 uM
and 100 uM, respectively), which was adjusted to the desired

pH value using a HCIO, or NaOH solution, was put in a
conical centrifuge tube (15 mL). For the reaction in ice, the
conical centrifuge tube was placed in a stainless steel tube rack
in a cryogenic ethanol circulator cooled to the desired
temperature (usually —20 °C) for freezing. The point when
the aqueous samples were added to the cryogenic ethanol
circulator was defined as time zero (f = 0) in the measurements
of reaction kinetics. To melt the frozen aqueous samples within
10 min, the conical centrifuge tubes were placed in a beaker
containing lukewarm water (35 °C). The Cr(VI) reduction
experiments in aqueous solution were performed at 25 °C using
the same experimental system. Multiple (two or more)
experiments were performed for a given condition to confirm
data reproducibility. Error bars represent one standard
deviation from the mean value.

Chemical Analyses. The concentrations of Cr(VI) and
H,0; were measured spectrophotometrically using the ppC¥
and DPD" methods, respectively. For the DPC method, 100
pL of the DPC reagent (containing 25 mL of acetone, 250 uL

1)

2)

3)

of H,SO,, and 0.05 g of DPC) was added to a vial containing a s
diluted sample (2.5 mL of deionized water and 0.5 mL of the 1e
sample solution). The vial was mixed vigorously and kept in the 1e
dark before the analysis. After 30 min, the absorbance )n
measurements at 540 nm (&‘ = 6850 M! cmfl)‘w were e
performed using a UV—visible spectrophotometer (Biochrom 1)
Libra $22). For the DPD method, 0.05 mL of the DPD reagent ,p,
(containing 0.1 g of DPD and 10 mL of H,80, (0.1 M)), 0.05
mL of POD solution (containing 0.01 g of POD and 10 mL of .
deionized water), and 0.4 mL of phosphate buffer (0.5 M, pH .
6.0) were added to a diluted sample (2.0 mL of deionized water of
and 1.0 mL of the sample solution). The solution was mixed
vigorously, and its absorbance was measured at 551 nm (& = 4
21000 M~ em™")" after 1 min. o
The production of hydroxyl radicals (*OH) was indirectly ~
monitored by measuring the concentration of 4-hydroxyben- a(;
zoic acid (4-HBA), which was generated from the reaction ~
between benzoic acid (BA) and *OH.*"** The concentration of al
4-HBA was quantified by comparing the chromatography peak 3.
area of the samples with that of the authentic standard at the of
same retention time using high-performance liquid chromatog- [n
raphy (HPLC, Agilent 1100) equipped with a UV—visible 23S
detector and a ZORBAX 300SB C-18 column (4.6 mm X 150 th
mm). The mobile phase was a binary mixture of a 0.1% la
phosphoric acid solution and acetonitrile (8:2 by volume) ata ly
flow rate of 1.0 mL/min, and the detection wavelength was 254 ).
nm. 1€
The chemical composition of the electroplating wastewater
was analyzed using inductively coupled plasma-optical emission is
spectroscopy (ICP-OES, Thermo iCAP 6300 Duo), which was ic
operated under the conditions of RF power 1150 W, pump rate sy
50 rpm, auxiliary gas flow 0.5 L/min, and nebulizer gas flow 0.7 ¢
L/min. 1e
1
Bl RESULTS AND DISCUSSION ));
Cr(VI) Reduction by H,0, in Water and Ice. Because the <
eutectic temperature of H,0, solution is below than —50 °C," ly
the reaction system in this study was not completely solidified. of
Therefore, the term “ice” in this study refers to the mixture of g
ice crystals and liquid brine, without indicating a fully frozen
state. The reduction of Cr(VI) to Cr(IlI) by H,O, in ice (more
precisely, in the liquid brine) was compared to that in water
(Figure 1a). Under the conditions of [H,0,] = 100 uM,
[Cr(VI)] = 20 M, and pH 3.0, the reduction of Cr(VI) by +)
10938 ~_ DOL10.1021/acs.est 5602702 5)
Environ. Sci. Technol. 2015, 49, 10937-10944
10939 DOI: 101021 /acs.est 5602702
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In addition, the intermediate Cr(V) species generated from
reaction 4 can react with residual H,0, to regenerate Cr(V1)
with producing *OH (reaction 6),***" and "OH generated
from reactions 5 and 6 can reoxidize Cr(V) back to Cr(VI)
(reaction 7).

Cr(V) + H,0, — Cr(VI) + "OH + OH~ (6)
Cr(V) + "OH — Cr(VI) + OH™ @)

These coupled redox reactions (reaction 4 + reaction 5, 6, or
7) consume H,0, without the reduction of Cr(VI) to Cr(III).
Because the concentration of the protons in water at pH 3.0
should not be sufficient to drive reaction 3, the reduction of
Cr(VI) to Cr(lll) was very small. Alternatively, Cr(V) should
be primarily formed by the single-electron transfer from H,O,
to Cr(VI) (reaction 4) and then reoxidized back to Cr(VI)
(reactions 5—7). These null reactions that occur in water limit
the reduction of Cr(VI) to Cr(lll) with continuously
consuming H,0,.

To provide convincing evidence of different reaction
mechanisms between Cr(VI) and H,O, in water and ice (ie.,
reactions 4—7 in water vs reaction 3 in ice), the production of
*OH was monitored by measuring the production of 4-
hydroxybenzoic acid (4-HBA) that was generated from the
reaction between *OH and benzoic acid (BA) (Figure 2). If the

0.25

@ water
020 —m ice

0.15 -

010

[4-HBA] (uM)
\

005 + |

0.00 L 1 3
0 1 2

Reaction time (h)

w -

Figure 2. Time profiles of *OH production in water and ice.
Experimental conditions were as follows: [Cr(VI)]; = 20 uM, [H,0,];
=100 uM, [BA];, = 1 mM, pH, 3.0, and reaction temperatures = water
at 25 °C and ice at —20 °C.

reaction between Cr(VI) and H,O, is initiated through the
single-electron transfer (reaction 4), *OH should be generated
through the decomposition of Cr(V) (reaction 5) or the
reaction between Cr(V) and H,0, (reaction 6). In contrast,
*OH is not produced in the course of Cr(VI) reduction by
H,0, through PCET reaction (reaction 3).

As shown in Figure 2, the production of 4-HBA, which is
directly proportional to the production of *OH, gradually
increased in the aqueous Cr(VI)/H,O, system. This result
indicates that the single-electron transfer from H,0, to Cr(V1)
(i.e, the formation of Cr(V), reaction 4) and subsequent
reoxidation of Cr(V) to Cr(VI) (reactions 5—7) is favored in
water. However, the formation of 4-HBA was negligible in the
frozen aqueous Cr(VI)/H,O, system. Therefore, the formation
of Cr(V) by single-electron transfer from H,O, to Cr(VI)
(reaction 4) can be ruled out in ice, with the PCET reaction
(reaction 3) proposed as the major reaction pathway between
H,0, and Cr(VI).

Cr(VI) Reduction by H,0, in Various Conditions. The
effect of the H,0, concentration on Cr(VI) reduction was
investigated in both water and ice (Figure 3a). The reduction of
Cr(VI) increased with increasing H,0, concentration in water.
However, approximately 40% of Cr(VI) (8 M) still remained
even at [H,0,] = 1 mM, which should be attributed to the fact
that the complete reduction through PCET reaction (reaction
3) is less favorable than the coupled redox reactions (reaction 4
+ reaction S5, 6, or 7) in water. In contrast, the reduction of
Cr(VI) (20 pM) was completed at [H,O,] > S0 uM in ice. At
[H,0,] =20 uM and [Cr(VI)] = 20 uM, 14 uM of Cr(V1) was
reduced and 20 uM of H,0, was completely consumed after 2
h. Because 2 yM of Cr(VI) was reduced for 2 h in the absence
of H,0, (Figure 1a), the observed molar ratio of H,O, to
Cr(VI) (consumed [H,0,]/(reduced [Cr(VI)] — 2 uM)) was
1.67, which was similar to the theoretical (stoichiometric) value
of 1.5 (reaction 3). This result also corroborates the proposed
PCET reaction between H,0, and Cr(V1) in ice.

The effect of the pH on Cr(VI) reduction by H,0, was also
investigated (Figure 3b). The reduction of Cr(VI) gradually
decreased from pH 3 to pH 11 in both ice and water. This
behavior is expected because the reduction of Cr(V1) to Cr(I1I)
through PCET reaction is favored under acidic conditions.
However, it should be noted that approximately 45% of Cr(VI)
(9 pM) was reduced in the presence of 100 uM of H,0, at
neutral pH in ice, whereas the reduction in water was very small
under the same conditions. This result implies that the
enhanced reduction of Cr(VI) by H,0, in ice is not particularly
restricted to acidic conditions only. A significant portion of
Cr(VI) in natural waters (e.g, river water, lake water, and
groundwater), where the pH is generally neutral, can be
reduced to Cr(III) in the presence of H,O, by freezing. The
reduction of Cr(VI) in ice at neutral pH was negligible in the
absence of H,O,, which implies that the reduction of Cr(V1) is
initiated only by H,0, at neutral pH in contrast to acidic pH.

It has been estimated that the concentration of protons in the
liquid brine increases by 2—3 orders of magnitude compared to
that in aqueous solution.”® If so, the pH in water can be
changed from 7.0 up to 4.0 by freezing. However, the reduction
of Cr(VI) at pH 7.0 in ice was more significant than that at pH
4.0 in water, which indicates that the pH decrease by freezing is
not the only reason for the enhanced Cr(VI) reduction in ice.
In addition to protons, H,O, can be concentrated in the liquid
brine during freezing. This behavior should result in a
synergistic enhancement of the Cr(VI) reduction through
PCET reaction, because reaction 3 is also favored at high
concentrations of H,0,. The alkaline aqueous solution may
become more basic by freezing due to the accumulation of
OH™ in the liquid brine, which constitutes an unfavorable
condition for PCET reaction (reaction 3). Therefore, the
observed positive effect of freezing on Cr(VI) reduction at basic
conditions should be ascribed to only the increased
concentration of H,0, in the liquid brine.

Figure 3c shows the temperature-dependent kinetic profiles
of Cr(VI) reduction at the same [H,0,]. The apparent Cr(VI)
reduction rate, which is the ratio of (initial [Cr(VI)] — final
[Cr(VI)])/(reaction stop time), in the ice samples increased
with decreasing freezing temperature (0.52 #M/min at —10 °C,
0.93 uM/min at —20 °C, and 1.21 yM/min at —30 °C). The
freezing temperature should have an effect on the volume of the
liquid brine by affecting the freezing speed. The size of the ice
crystals should be larger at higher freezing speed (ie., at lower
freezing temperature). Therefore, the volume of the liquid
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Figure 3. Effect of (a) H,0, concentration, (b) pH, (c) temperature, and (d) dioxygen concentration on Cr(VI) reduction in water and ice.
Experimental conditions were as follows: [Cr(VI)]; = 20 gM, [H;0,]; = 100 uM (for b, c, and d), pH; 3.0 (for a), pH, 4.0 (for ¢ and d), reaction
temperatures = water at 25 °C and ice at —20 °C (for a, b, and d), and reaction time = 2 h (for a, b, and d). A conical centrifuge tube containing
Cr(VI) and H,0, was sealed with a rubber septum. Then, Ar or O, (99.999%) was purged for 30 min prior to freezing (for d).

brine, which is inversely proportional to the size of the ice
crystals, should be smaller at lower freezing temperatures. The
smaller volume of the liquid brine (ie., more highly
concentrated H,O, and protons) at lower freezing temperature
increases the apparent reduction rate of Cr(VI).

The Cr(V1) reduction efficiency, which is the ratio of (initial
[Cr(VI)] — final [Cr(VI)])/(initial [Cr(VI)]), seems to be
independent of the freezing temperature because all experi-
ments were performed above the eutectic temperature (i, the
reduction of Cr(VI) was not stopped by complete solid-
ification). However, more Cr(VI) was reduced at higher
freezing temperatures (16.5 M at —10 °C, 14.5 uM at —20 °C,
and 12.5 yM at —30 °C). This result is consistent with the
previous report that the freeze concentration phenomenon is
Highly
concentrated dioxygen may completely inhibit the reduction of
Cr(VI) to Cr(1ll) through PCET reaction (reaction 3) with
Cr(IlI) generated from Cr(VI) reduction by reducing the
driving force (Le, E; value). The concentration of dioxygen
should be higher at lower freezing temperatures because
dioxygen can also be more confined in the smaller liquid
brine.>” This can help explain why the efficiency of Cr(VI)
reduction by H,0, decreased with decreasing freezing
temperature. In order to confirm the dioxygen concentration-
dependent Cr(VI) reduction efficiency in ice, the Cr(VI)
reduction efficiency at —20 °C of the sample purged with Ar or
O, prior to freezing was measured and compared with that of

more signiﬁcant at higher freezing temperatures.“

the sample under air-equilibrium conditions (Figure 3d). The
reduction efficiency of Cr(VI) increased by Ar purge (ie., in
relatively O,-poor condition), but decreased after O, purge
(i.e, in relatively O,-rich condition). This result supports that
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the faster increase of dioxygen concentration at lower freezing
temperature stops the Cr(VI) reduction process earlier and
then subsequently decreases the reduction efficiency of Cr(VI).

Verification of Freeze Concentration Phenomenon.
The enhanced reduction of Cr(VI) in ice should be due to the
freeze concentration of H,0, and protons in the liquid brine.
To verify the freeze concentration phenomenon as the reason
for the enhanced Cr(V1) reduction in ice, we investigated the
reduction of Cr(VI) in water at high H,O, (1 mM) and/or
proton concentrations (pH 2.0) and compared their results to
those of the reference experiment ([H,0,] = 100 M and pH
3.0) (Figure 4). The reduction of Cr(VI) by H,0, was
enhanced when the concentration of either H,O, or protons
increased by 10 times. In addition, the reduction of Cr(VI) in
water was more significant and comparable to that in ice when
both the concentration of H,0, and protons increased by 10
times. Therefore, the enhanced reduction of Cr(VI) in ice
should be attributed to the freeze concentration of both
protons and H;0, (not protons or H,0, alone) in the liquid
brine.

H,0,-Mediated Reduction of Cr(VI) in Electroplating
Wastewater in Water and Ice. To verify the enhanced
H,0,-mediated Cr(V1) reduction by freezing in real Cr(VI)-
contaminated aquatic systems, the reduction of Cr(VI) in the
diluted electroplating wastewater was investigated in both water
and ice (Figure 5). The electroplating wastewater was obtained
from a local electroplating plant in Korea and its chemical
composition is listed in Table 1. The concentration of Cr(VI)
in the electroplating wastewater was ~0.6 M and the pH was
~04. The raw electroplating wastewater was diluted ~30,000
times with deionized water. After the addition of H,0, (100
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Figure 4. Effect of H,0, concentration and pH on Cr(VI) reduction
in water and ice. Experimental conditions were as follows: [Cr(VI)]; =
20 uM, reaction temperatures = water at 25 °C and ice at =20 °C, and
reaction time = 2 h.
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Figure 5. Reduction of Cr(VI) in the electroplating wastewater by
H,0,; at various pH in water and ice. The electroplating wastewater
was diluted to the desired concentration, H,0, was added, and then
the pH was adjusted with a HCIO, solution. Experimental conditions
were as follows: [Cr(VD)], = 20 uM, [H,0,]; = 100 uM, reaction
temperatures = water at 25 °C and ice at —20 °C, and reaction time =
2 h

mM, 100 uL) to the diluted electroplating wastewater
([Cr(VD] = 20 uM, 999 mL), the pH of the diluted
electroplating wastewater containing H,O, ([Cr(VI)] = 20 uM,
[H,0,] = 100 uM, and pH 5.1) was adjusted to the desired pH
(i.e, pH 3.0, 4.0, or 5.0) with a HCIO, solution. The reduction
of Cr(VI) in the electroplating wastewater by H,0, was also
markedly enhanced by freezing at all pH ranges tested (pH 3—
5). In addition, the reduction efficiency of Cr(VI) in the
electroplating wastewater was similar to that in the deionized
water despite the presence of other metals, which implies that
H,0, can selectively reduce Cr(VI) among the various metals.

Environmental Implications. Both Cr(VI) and H,0, are
ubiquitous in atmospheric water, natural waters, and soil, "™
and chemical reactions in ice can occur in various geographical
regions, such as permafrost, polar regions, high latitudes, and

midlatitudes during the winter season, and the upper
troposphere. Therefore, the reaction in ice between Cr(VI)
and H,0, can significantly influence the concentrations of both
Cr(VI) and H,0, in the global environment. In particular, the
pH of atmospheric water, such as rain and clouds, is in the
range of 2—6,"> which is a good condition for the proposed ice/
Cr(VI)/H,O, process. Therefore, the freezing of atmospheric
water containing both Cr(VI) and H,0, in the cryosphere and
the upper troposphere can significantly reduce its toxicity and
potential risk through the reduction of Cr(VI) to Cr(I1I).

Cr(VI) is one of the most notorious pollutants generated
from various industries due to its high production volume and
toxicity, and the pH of Cr(VI)-contaminated wastewaters is
very low.** In addition, the pH of acid mine drainage (AMD),
which contains high concentrations of chromium (up to 15
mM), is usually lower than 5.0.°"% The results of this study
imply that a respectable amount of Cr(VI) in Cr(VI)-
contaminated wastewater and AMD can be removed by
reacting with naturally generated H,O, in cold environments.

We investigated the reduction of Cr(VI) by H,0, in frozen
aqueous solutions compared with the corresponding reaction in
aqueous solutions. In water, the reaction between Cr(VI) and
H,0, is very slow and the intermediate Cr(V) species, which is
generated from the one-electron reduction of Cr(VI) by H,0,,
is immediately reoxidized back to Cr(VI). Therefore, the
reduction of Cr(VI) to Cr(I1I) by H,O, was limited in water. In
contrast, the reduction of Cr(VI) by H,0, proceeded rapidly at
pH 3.0 in ice until either Cr(VI) or H,0, was completely
consumed. The reaction between Cr(VI) and H,O, in ice was
primarily initiated by a proton-coupled electron transfer
(PCET) mechanism and the observed H,0, to Cr(VI) molar
ratio value ~1.5 satisfied the theoretical (stoichiometric)
requirements. The enhanced reduction of Cr(VI) in ice should
be attributed to the freeze concentration of both H,O, and
protons in the liquid brine, which provide a better reaction
medium for the reduction of Cr(V1) to Cr(1ll) through PCET
reaction. The observed synergistic effect of higher H,0,
concentration and lower pH on Cr(VI) reduction in water
corroborates the freeze concentration phenomenon as the
reason for the enhanced Cr(VI) reduction in ice. The reduction
efficiency of Cr(VI) by H,O, in ice varied depending on the
H,0, concentration, pH, and freezing temperature. However,
the reduction of Cr(V1) in ice was more significant than that in
water under all experimental conditions. This study provides
useful information for understanding the fate and cycling of
Cr(VI) in the cryosphere and the upper troposphere. However,
the exact concentrations of H,0O, and proton in the liquid brine
are unknown at this stage. Based on precise modeling and/or in
situ measurement of H,O, and proton concentrations in the
liquid brine during freezing, more detailed quantitative
investigations of the Cr(VI) reduction kinetics in ice need to
be performed.

Table 1. Chemical Compaosition of the Electroplating Wastewater

B
62

Al
56

Ca
306

Cr
39524

As
100

element”

concentration (ppm)~

Fe
1348

Mo
50

Na
125

Pb Tl

37

Cs
9104

Cu
281

Mg
69

“Concentrations of other elements (Ag, Ba, Be, Cd, Co, Mn, Ni, Sb, Se, Si, Ti, V, and Zn) were negligible.
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