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. Title

Investigation of pollutants degradation by freezing and development of basic

technology for freezing-induced water treatment process

[l. Purpose and Necessity of R&D

We want to investigate the degradation kinetics and mechanisms in ice and develop

the basic freezing-induced water treatment system on that basis.

[II. Contents and Extent of R&D

1. Study on the freezing-induced peroxymonosulfate activation and organic compound
degradation mechanisms
- Investigation of freezing-induced peroxymonosulfate activation mechanism
- Verification of the accumulation of peroxymonosulfate and organic compounds in
the ice grain boundaries
- Evaluation of the stability of the freezing/peroxymonosulfate system
2. Study on the oxidant generation and pollutant degradation mechanisms in the
presence of chloride and peroxymonosulfate in ice
— Identification of the oxidant generated in the presence of chloride and
peroxymonosulfate in ice and its reaction mechanism with pollutants
- Investigation of the degradation kinetics of pollutants in the presence of
cations and natural matters
- Evaluation of the stability of the freezing/chloride/peroxymonosulfate system
3. Study on the oxidant generation and pollutant degradation mechanisms in the
presence of iodate and halogen ion in ice
- Finding of halogen ion which can produce an oxidant by reacting with iodate in
ice
- Identification of the oxidant generated in the presence of iodate and halogen ion
in ice and its reaction mechanism with pollutants
— Investigation of the degradation kinetics under various experimental conditions

4. Synthesis of material using ice and its application for water treatment
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- Synthesis of material using ice
- Investigation of the catalytic activity for degradation under various
experimental conditions
- Identification of the oxidant generated by material synthesized using ice and
degradation mechanism
5. Study on the transformation mechanisms of pharmaceuticals in ice
- Identification of inorganic substances that react with pharmaceuticals under
freezing conditions
— Elucidation of the mechanisms of pharmaceutical degradation under freezing
conditions
- Investigation of degradation kinetics under various environmental conditions and
determination of optimal conditions based on kinetic analysis
6. Study on the oxidation reactions of arsenite in ice
- Identification of inorganic substances that react with arsenite under freezing
conditions
- Elucidation of the oxidation mechanisms of arsenite under freezing conditions
- Investigation of oxidation Kkinetics under various environmental conditions and
determination of optimal conditions based on kinetic analysis
7. Evaluation of the field applicability of freezing—based water treatment processes
— Selection of optimal operating conditions for a pilot—-scale reactor
- Evaluation of the field applicability of freezing—-based water treatment

processes through outdoor experiments (natural freezing conditions)

IV. R&D Results

1. Investigation of the degradation  kinetics of  pollutants in the
freezing/peroxymonosulfate system in the presence of radical scavengers,
investigation of the radical species produced in the freezing/peroxymonosulfate
system using electron paramagnetic resonance (EPR) analysis and fluorescence
spectroscopy, investigation of the spatial distributions of peroxymonosulfate and
pollutants in frozen solution using confocal Raman microscopy, multiple degradation
experiments in the freezing/peroxymonosulfate system

2. Estimation of the oxidant produced in the freezing/chloride/peroxymonosulfate
system and degradation mechanism based on intermediates analysis, verification of
the oxidant species through the time-dependent production of hypochlorous acid
(HOCD), investigation of the degradation efficiency/kinetics in the
freezing/chloride/peroxymonosulfate system as a function of the cation type and
background anion type, comparison of degradation efficiency in the
freezing/chloride/peroxymonosulfate system using a refrigerator and that using a
cooling bath with ethanol as the coolant, evaluation of the degradation efficiency
and stability of the freezing/chloride/peroxymonosulfate system (outdoor freezing
experiments)

3. Finding of chloride ion which reacts with iodate and produces oxidant in ice,

phenol degradation experiments using the oxidant produced in the iodate/chloride

_7_



system, verification of the formation of hypochlorous acid (HOCl) using UV-visible
spectroscopy, intermediates analysis using a quadrupole—Orbitrap mass
spectrometer, investigation of the degradation kinetics as a function of pH, chloride
concentration, iodate concentration, freezing temperature, and type of pollutants

4. Synthesis of tungsten oxide (WOQOs3;) nanosheets using ice particles as templates,
oxidation of arsenite using WOj3; nanosheets under various experimental conditions,
investigation of the oxidation kinetics of arsenite in the presence of ascorbic acid
and tert—butyl alcohol, identification of reactive oxygen species using electron spin
resonance spectroscopy

5. Investigation of the degradation of furfuryl alcohol and the transformation of
iodate through oxidation and reduction reactions between iodate and furfuryl alcohol
under freezing conditions, measurement of degradation byproducts of furfuryl
alcohol, determination of the relative concentrations of iodate and furfuryl alcohol
in the quasi-liquid layer after freezing using Raman spectroscopy, measurement of
the pH in the quasi-liquid layer after freezing using cresol red as a pH indicator,
investigation of furfuryl alcohol degradation and molecular iodine formation in liquid
systems as a function of decreasing pH and increasing concentrations of furfuryl
alcohol and iodate, investigation of molecular iodine formation and furfuryl alcohol
degradation under freezing conditions as a function of furfuryl alcohol
concentration, iodate concentration, pH, and freezing temperature, investigation of
molecular i1odine formation and pharmaceutical degradation as a function of
pharmaceutical type

6. Measurement of the oxidation of arsenite (As(Ill)) to arsenate (As(V)) induced by
reactions between nitrite (NO; ) and arsenite under freezing conditions,
measurement of arsenite oxidation (arsenate formation) as a function of nitrite
concentration, speciation analysis of nitrite as a function of pH, measurement of pH
after freezing of aqueous solutions containing nitrite and arsenite using cresol red
as a pH indicator, verification of arsenite enrichment in the quasi-liquid layer after
freezing and nitrite-induced oxidation of arsenite using in situ confocal Raman
spectroscopy, measurement of the oxidation rate of arsenite by nitrite under
freezing conditions in the presence and absence of oxygen, investigation of the
oxidation kinetics of arsenite by nitrite under various environmental conditions
including pH, freezing temperature, freezing method, and the presence of
background anions and humic acid

7. Conversion of bromate (BrOs”) to bromide (Br™) using ferrous ions (Fe®") under
freezing conditions, elucidation of the reduction mechanism of bromate by ferrous
ions, determination of optimal operating conditions for the freezing/ferrous ion
system for bromate removal, measurement of bromate removal Kkinetics in tap
water, evaluation of bromate removal efficiency using natural freezing conditions

through outdoor experiments

V. Application Plans of R&D Results

1. Our research group can establish itself as a world-leading group iIn
freezing-based water treatment by pioneering core technologies and theoretical

frameworks through this study.



2. The outcomes of this study will be published in high-impact international
scientific journals, thereby showcasing Korea‘s capabilities in water treatment
process development to the global research community.

3. This study will expand the research scope of the Korea Polar Research Institute
(KOPRI) from natural sciences to engineering—oriented environmental research.

4. By developing environmental materials utilizing ice particles, this study will
enhance pollutant degradation efficiency and consequently reduce water treatment
costs.

5. This study aims to develop an innovative environmental technology for the
removal of environmental contaminants using freezing—-based processes.

6. Economic benefits will be generated through the securing of core technologies
and patents, as well as through technology transfer.

7. The application of the developed freezing-based water treatment technology in
the Arctic and Antarctic regions will reduce costs associated with pollutant

transport and disposal.
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20C
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100 m £
- &
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S = =
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T o dEE Bol A=FHAL AR He o ride akglo] AX] o} o]E T oY
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H H ! Self- jtized decolorizati

1) UV activation QIE R e o arice
|04- + UV — |03. + 0" 104

Dye.*+— Dye* =
O" + H* — "OH o

visible light
2) Ultrasound activation —_— -/103-\
|04- + ))) — Io3. + O.' (Pollutant),, Pollutant
O+ H* - "OH
Dye

o Appl. Catal. B, 2017, 203, 475
3) ZVI activation

ZVI+ H* — ZVI* + H' 0.~ 105~
|04- + H. — |03. + OH- -
GAC AO7
4) Base activation
3'04- + ZOH- — 3'04- + 202.- + Hzo
10,~

-+ 10, + + -
20, + 2H,0 — "0, + H,0, + 20H J. Taiwan Inst. Chem. Eng., 2016, 68, 211
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A1 d SZ2ES o8 LB At (peroxymonosul fate) /gt

- 45 3}st HkS-7] (ice reaction model system)E Ab-&3le] FZAo o3 o AdEATIe] A3}
qd WEE fFest A v LHd=HY peroxymonosulfateﬂ G FEAS E
¥ Yz FHO @i eEs Y2 AL

2
4 9 R HAES FEE UV-visible detector’} 2 h-pe

chromatography (HPLC, Agilent 1220)5 Al-&3to] A3t} f7] ed& 2o Rz A
H CO9 %<& gas chromatography (Agilent 7820B)S Al-&3te] A3t} =5 F F7] &
% (total organic carbon, TOC)9 &%+ nondispersive infrared sensor (NDIR)”7} ¥
TOC analyzer (Shimadzu TOC-Vcsp)E ©]&3ste] SAHSt, o9 FXE+= ion
chromatography (IC, Dionex ICS-1100)& AF&3to] SAsth 559 w25 T 7]
HEsle]l UV —visible spectrophotometer (Shimadzu UV-2600)% <A 3FAY}  inductively
coupled plasma-optical emission spectroscopy (ICP-OES, Thermo iCAP 6300 Duo)& A&
sto] A gt (L9 21).
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eeeee

g pstersiance L= Fluorescence

—
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Model
Model Shimadzu RF-
Agilent 1120 2109C
== .
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UV-visible
spectroscopy
Model
Shimadzu UV-
2600
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3t 32k (peroxymonosulfate) % & 25 ©]-&% /7] L9&=4d Fao WAUSS =
sl sulfate radical?} ©+& HESA S 713 2] 67 99EA B3
FEFS FAFSIAT (29 22). AFE-3F sulfate radical Al A& 2 ¥ sulfate radical?}e] W
(bimolecular rate constant)& th&3 2l WerE (k= 1.0-11 x 100 M ! 7Y, 2-
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HSOs + e (from FFA) — SO,° + OH (1)
SO4*~ + e (from FFA) — SO4~ (2)
HSOs  + 2H" + 2e~ (from FFA) — HSO, + H»O (3)
HSOs  + H + 2¢ (from FFA) — SO/ + HO (4)
SO~ + H,O + 2e (from FFA) — SO/ + 20H B)
20 —@— without scavenger
—l— with methanol
= —A— with 2-propanol
21 15 ¢ —v— with benzene
- —&— with benzoic acid
<
w 10 r
=
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0
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oy 22, PAstd A FAS o] &3 /7] L= Ealdl o] vdet sulfate radical
AAEA] T



- o8 wut AAeR F9ety) Asl B ek FarstAFadel A sulfate radicale] WA}
A2 AR 444 FW EPR) AL el At va Agow A oA
9 27) o] &/aaksl A Bkl Al Elol A e sulfate radical®] WAo] TRE AW E /54

A4 A=A = sulfate radicale]l FAskA] etk (29 23). =3 &3 AW
(fluorescence technique)S ©]-&3}o] hydroxyl radical®] 2RSS =43 Ayl vju Ao
AR gL Aol ZHUE 271 o]2/HAtstd BAkE Al ~¥lo] A= hydroxyl radicale] A
SAAIRE, 5 A/Aaked gAaked Al E ol A= hydroxyl radicale] A E Al ko) (29 24).
olgldt AE Ea T2 3 HaFAgArAo] 23 fH7] LdEAY Eae gy wks

(]

(radical mechanism)e] o}ye}, v]gtr]Zt WS (non-radical mechanism)l] <3 213

o

PN
T A

v Fe?*/PMS system
4

PMS/freezing system
¢ ¢ o ¢ o * o

Intensity (a.u.)

€ BMPO-X V¥V BMPO-SO,-
1 1

3330 3340 3350 3360 3370 3380
Magnetic field (G)

a9 230 2 27F ol/dakEtd At Aladl (W) SA/ /At @4t AlAaF A 9

=
sulfate radical A4 o5 FAF A3}

O

150 —@— PMS/freezing system at pH 3.0
—@— Co?'/PMS system at pH 3.0

120 —A— PMS/freezing system at pH 10.0 |

90

60

30

[7-hydroxycoumarin] (a.u.)

Reaction time (h)

a9 24 ALE 27F o /IRt At Al aE () 2/ AAkEd kY Al g ol A 9

hydroxyl radical A4 o ZAF 23}
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peroxymonosulfate 2}

ki3

o ¢

!

.

7}

ik (29 25).

bl 73

o]-&3

KeN
=

e wAT

1o] ZelEAd (21 25a).

gol 3

A

2

ojn
L

_50
G
o

b

~

2}t emission 7

T} (2§ 25b). 942 cm ™! oA 9]

7.

Z}9k emission

w= B (29 25¢). 1504 cm ! olA19] @9 emission

al
wepd) (2 25d). ol& w4l

\=]
1
=

=X
A

.L.E Ot

&
b A

ar
s

] A
o] Al

ice grain boundary

-+ ice crystal

(b)

3000
2000 -
1000 +

Ayjisusjul UoISSIWA UBWEY

700 800 900 1000 1100 1200

600

)

Wavenumber (cm’

peroxymonosulfate

i3

°] &

SR

7}&

o = =]
s A R

E

p:

ol

mK

7A
o

§ Aol 2

9]

o] 3
=2 7o

2} 3}

ook (29 26).

S

Bl

2
T

i)
o
e

s

7
No

R

9]

AR A wkgol o

144

2(_'

Atk (717 26a). o= 4

A A= A (29 26b).

S

sl AbolE Fot ¥al mgel Ao U4

=]
RN

FA% 25 2089

=3
o

ol
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i
~
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2
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e
oot
r
2
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[»
juti)
o,
i1
2
=
-
_}1‘_14
Au)
of{
o
-3
Y
oo
N
N

0.8

0.6 r

c/C,
c/c,

04 r

0.2

4 6 8 10

A 2 A gaol23 AT AEE (peroxymonosul fate)o] e £
Zoll A 2ol 23t A3t B W @& 23l HAUSE 4+

Ho 2 SAZsdth FAHeR, 899 E= &F
H (10 mL)2] pHE 110 ooz FAsle] BE HOCIel 2dAdxstdE dH
J3t== sl o (HOCI + OH™ — OClI™ + H,O, HOCI® pK, = 7.53), °]%
249 -7kA1 A 333 =A] (Shimadzu UV-2600)E ©]83] 292 nmolA &3F%= A st
Aot 549 FFE=E OCl e & F3A54 (¢ = 350 M em™, 292 nm)E 7| ¥FS =2

Ak AT

- of9] AF2 2021 149 7949 8Y A IAFYH o 1A7HA, dgvls XA S g}
L A e 53 wEY (37.8863° N, 127.7382° E)oll Al 3= At} ofe] Ag Fote] &
T+ yAE 2574 (Daihan Scientific A1.HI213)E AF&3te] A& At 2 Ao A=
peroxymonosulfate, ClI”, 12|31 4-22 =29 5S X3 T89S Zgd gz "y xzgyol
E (PET) Wel @ston, 4= o]F I ¢ e 333t vbg-& WA sy 918 &5+
EAZ 2B FEH ARV F7 PET ¥ 525 98 29 "Hols o F%or,

of NHE W Ao Bt

2. AT g % Ast



3 MAYS AT

E4/3rstd G4 (peroxymonosulfate)/ 9 42 ©]% (chloride) Al Z=®lel oaf WA= 4-F
22HEe] i FAES A A slo] X P A (HOCDHO 9]g sl=A f718 a4l
WAst= FA4FE (dichlorophenol, chlorodihydroxybenzoquinone,  dichlorobenzenediol,
trichlorophenol, trichlorohydroxybenzoquinone, trichlorobiphenyldiol, tetrachlorobiphenyldiol)
I AEs] AT (2" 27). ol FA/IAAS A S el/d Aol Al =Elo A B A Sk
T ASA7E sl A AN S PHA R et Egh olE 7 FAlEES We 27
= 1 FE7F FUteRou, dA Alzto]l AdFdde AT ol SH9EH
(parent compounds) ¥R®F ofye} Fa FAlEE A EHA Q] slo] @Ak wb

ArsbEvs s YERYL

F

{a) Dichlorophenal {b) Chiorodihydraxybenzoguinone (c}h Dichlombenzenadicl
3 3 3
m . o o
= = a 3
AR A 8 4 8
m m =
x a a .
i ® 3 3
- [ o L L
®
L * . .
ot ; : * SRR i i i ; i
a 1 2 3 4 0 1 2 3 4 ] 1 z 3 4
Reaction time (h) Reaction time (h) Reaction tme (h)
{d) Trichlorcphenal {e) Trchlorohydroxybenzoquincns {f} Trichlorobiphenyldiol
3 5 =
o . Z 29
" " 2 f
g L ] g &
m m = ™
x a8 a8 \
3 . 8 S
o o ® o
» ® ’ H .
L] [ ]
s . . . - . . 4 . *
o 1 2 3 4 ] 1 2 1 [ ] z o] ]
Reaction time (h) Reaction time (h) Reaction tima (h)

{g) Tetrachlorobiphenyldiol

Paak area {a.u.)

27 A/ s At/ Aol A aHE ol &dto] 4-FRedE A TS &

S

rkstd B 7 Gaolo] v F7AA FAINAES A sk sfo] 2 E ke A
T TR EERS o] &3ste] SAHSAT (1F 28). AL E = dholo] SIAY
TASIA ZkS wol = StolxdanAko] MAYEA] AN FA/ A A/ Aol
Al =" o A = Al Zkel -2k slo] 3 A4k s =7t = 7Fa ok Tl
1,3,5-trimethoxybenzene (trapping agent) 7} A= Z79 A4 A= =
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1-chloro-2,4,6-trimethoxybenzene 2] %E% e o 2 Slo] P Atk AAdHES S A4
TFBEHS o] &ote] 4 Aot o 4

ol e AzgME FAsAR st

100 ]
80 +
% 60 -
o
CI> 40 —8— Oxone + CI" + freezing
— —li— without freezing
20 —&— without Oxone
—¥— without CI
0 & &2 =
0 1 2 3 4

Reaction time (h)

2/ Sk FAL /G0l & A 2ol A BBk Shol £ Aalel
=
=

100
80
% 60 -
&)
% 40 —&— Oxone + ClI + freezing
— —l— without freezing
20 —— without Oxone
—¥— without CI'
0 i # £3
0 1 2 3 4

Reaction time (h)

T 29, WA O] WE BR/AASNAFAG/ D0 & Ao

% (AAEE 1-chloro-24,6-trimethoxybenzene?] &% E o]-8 35}
. 7heH o] (XCD) 2 a&Eshs A 549 S0 e ed=d Fal 98 AL

- 7}H %ol (Na', K, NH,, Ca*, Mg®, A9 FiFd w& &= >
/peroxymonosulfate Al2=819] F3 %S vlusAdrt (29 30). 2 23 FF2H Fol=9
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% M

F7F 4-F 22959 il vA= F&F> vusgt. ol dAiol2s i3 vt
AS F4A/H A0l /peroxymonosulfate A~ Aol AF EH=E ALEE £ &S

— with freezing

100
g 80 |
=
e 60 |
>
= 40

20 ¢
0

Na* K" NH,* Ca® Mg™ A*

Cation type
a9 30, 7FEE Yol EFHo wE E4/9 0] /peroxymonosulfate A ~Elo] el A%
o Az}

- FA/9 %0 %/peroxymonosulfate Alz"lo| A T2 S92 (NOs, HCOs3, HoPO4 )2 =217}
4-22 2959 o oAuet JaFS m A=A di&] ARSI (29" 31). S0l &
A= %@/"Siol%/peroxymonosulfate Alz="lo] B HF5S oFF TAAAL ol Sol

SOl P 2kt Wb Fo M Sfol LG adtel oF 4-FRE = Ass Yalstd
o] (53] HCOy ¢ HPOy) pH 95242 A&Fomy 0 oF pH 4
& Asstelr] welnt s, o d & 4 ahs 24 gky] Wi

“ 1
/9 A o] & /peroxymonosulfate Al =8-S HA| T FiEs] A8 5 U Aol

—— without background anion
100 —— with NO
- —a&— with HCO,
= 80T —w— with H,PO,”
o 60 +
o
=, 40+
20
D 1 L 1
0 1 2 3 4

Reaction time (h)

2 31. Sol29 E=A7} F4/Y Aol /peroxymonosulfate A 2~E9] Bl AT wX= o
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<~ €l
T

t}. 2 0] 2 /peroxymonosulfate/ 54 Al

—

A

ol

el

)

—~
fite)

I

ol

el

-
s

5

&

I oogES Yz AL

glof] Qo] Boh AA Aot kA Ty
e % 4A/9 A o] /peroxymonosulfate Al

ok (29 32). W5,

S

H] !

Ho

7k o e 2de]7] dZolth. thA

Ay =

3 &

Kl
5

o

ki

o] F /9% 0]/peroxymonosulfate A] 2=l o] A]

w) o]},

27

—@— ethanol cooling
—ll— air cooling

100

(=] j=] o
=] w0 =t

(M) [dD-v]

Reaction time (h)

0

=3
"o

i

u T 4/9 A 0] 2 /peroxymonosulfate A 2~ ¥l 9]

o] o
A=

5

54

A

=K

g HolEel FolFdu (29 33).

-195 Tt} oF9

)

=K

m_.oﬂo

N
No

A, g ow APt (17 34).

?l_

7}

3

il

500 mL<
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1008— =

[4-CP] (uM)

Alzgle] ofs] 4@ A

Y & 0
i
o 1 e = —
i I Ry o | —®— volume =10mL
w \ 5 | —m— volume =100 mL
\r 1710 & |- volume =300 mL
AN \' @ | —¥— volume =500 mL
il 1 %, P (=N B D
1 ™ £ | % temperature ("C)
@ L
. [ 15 @
® —i— g ;‘:

A3 H T2 2E
S A8 2 s
L AEH He gy
S A e A1 A f4)
2 AT g 9 Ast

3 4 5

S o] &3 4-FREIAE Ha: o] A
AFed (jodate)Zt EE 7 o]27e] ¥ELof 2]3t
A 23 71 A7
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7F. 22 iodatest WHg-sto] AtstES AAse @A o] T

- jodate®} ¢ Ao]20] U=
A7t jodate, GAhol FE T
nskd T (1Y 35). iodatest 9 2
A= AA FHA w4 o3 7]
o

ol e}, iodate/Q Ao/ 54 A ~HE

100

[0}
o

—@— 10, + CI' + freezing

[phenol] (uM)

40 + —— without freezing
—4&— without CI’
20 F -V without |O3_
0 (] (] L
0 1 2 3 4

39 35. iodate/ @ Aol /A AlEHS o] &3k

= sl (A=A [iodate] = 100 pM, [F
Axo]%] = 500 uM, [#=] = 100 uM, pH = 3.0, €+

e = 20 °C, W} &8 = 25 °C)

L @2 o] 23 jodate”t A= FHoA Ao o BAE= AsE 2 ed=EE E3

AUS

Q&g fodatest G40l &7bel Absh, B4l wkgol ofd) shol £
Qe sl ol
KR

=
[€)
=042 %

- obel 4 1-33 2ol
2k (HOCDo] w43

= .
= Cly ¥ sfolzdaAke] A4

= A
6Cl + 103 + 6H" — 3Cly + I + 3H,O (1)
10CI" + 2103 + 12H" — 5Cly + I, + 6H20 (2)
Cl; + H,O — HOCI + H" + CI' (3)

- UV-visible spectroscopy=< ©]&3te] HOCIS XS =A% Ay 54/ iodate/F Lol A
"o A= HOCIY Aol Falo] #=x 9o} iodate, D40l T4 = 3+ 71#x &3/

2302t gl A F-ol= HOCIe] A9l A=A &3tk (2™ 36).
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30

20

—@— 10, + CI” + freezing
—il— without freezing

[HOCI + OCIT] (uM)

10
—A— without 10,~
—%¥— without CI”
0 - 5 x|
0 1 2 3 4

Reaction time (h)

19 36. iodate/Q Ao) /5 A A 2HEd A el HOCI A (A&7 [iodate] = 100 uM, [& 2
o] 2] =500 uM, pH = 3.0, 424 &% = -20 °C, d* &% = 25 °C)

[e)
h=Rte] A

HE EaA HAs = FAES SASAG (19 37). &
(b), (), (h)> HOCIl of3f #Hzo] Eallu S verdT Brk ofe} I &

AbE = BAFE =, o] HOCIH iodate (=% 1)7F ¥Hg-3ste] A E HOIZF #l&=3 vt
g Ay & & gtk E=E 2E FAEY v 9A AHSole STkt whgo] 3
AgS YERAL o] B BALE AA] HOCIY 93] g<$ o A3}

- quadrupole-Orbitrap mass spectrometerE ©]-&3}] iodate/d
!
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) (a) phenol (C;H,O) (b) 4-chlorophenol (C,H,OCI) (c) 4-chlorocatechol (C;H;0,Cl)

Peak area (a.u.)
Peak area (a.u.)
Peak area (a.u.)

0 1 2 3 4 0 1 2 3 2 3 4
Reaction time (min) Reaction time (min) Reaction time (min)

FN
o

(d) 4,4'-dihydroxybiphenyl (C,,H,,0,) (e) 2-(2-hydrophenyl)- (f) 3,4',5-biphenyltriol (C,,H,0,)
1,4-benzoquinone (C,,H,0,)

Peak area (a.u.)
Peak area (a.u.)
Peak area (a.u.)

|
|

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Reaction time (min) Reaction time (min) Reaction time (min)
(9) 2-hydroxy-6-(2-hydroxyphenyl) (h) 2'-chloro-2,5-biphenyldiol (i) unknown (C,H;O,Cl)

cyclohexa-2,5-diene-1,4-dione (C,Hs0,Cl)

S5 (C1,Hg0,) = =

s s 8

© © (]

<4 <) <4

[\ © ©

X X X

© © ©

(5] (0] D ()

o o o
M. //

0 1 2 3 1 2 3 4 0 1 2 3 4
Reaction time (min) Reaction time (min) Reaction time (min)

IS
o

19 37. iodate/@ Aol /E A AlHell o3 dE EafA] At

= BAE (AYx7: [iodate]
= 100 pM, [FA&o]=] = 500 uM, [#H=] = 100 uM, pH = 3.0, ¥4 2%

= 20 °C)

=74 & A ATt (

& ¥kgo 9%k HOCI A2 (WHs-2] 1-3)S H W proton°] BS4E, A40]23 jodate?
Tt =545 HOCIY A #aldh o] ") T3k e 2hoi HgdesE A
Aol Aol M=z, 4 FHEA/L ZeE7] wiEel HOCIE A 2 #HE=e a7t
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(a) mmmm water C— ice (b) = water C—1 ice
100 + C B M mA mA mn 100 +
S s0t s - M1 AN
2 2
S 60 S 60+t
c C
Q (4]
-C& 40 + i 40 +
20 + 20 +
0 Ll 0 L 1 mil
3 4 5 6 9 10 11 12 0 25 50 100 250 500 1000
pH [CIT (uM)
(c) mmmm water C— ice (d)
100+ mp 100
S 80t S 80t
=2 2
S 60+ S 60 =
[ c
[} (4]
-fé 40 + -C& 40 +
20 + 20 +
0 L 0
0 25 50 100 250 500 1000 25 -10 -20 -30
[10,7 (uM) Temperature (°C)

19 38. (a) pH, (b) @&0]&9] FX&, (c) iodated] F& =
8 (Ag=x7: [iodate] = 100 uM for (a), (b), and (d), [F4©
(d), [#3=] = 100 uM, pH = 3.0 for (b), (c), and (d), D%
(c), A 2% =25 °C)

) T4 2% & FEe &
<] = 500 uM for (a), (c), and
<% = -20 °C for (a), (b), and

(d
]

- furfuryl alcohol (FFA), 2-chlorophenol (2-CP), 4-chlorophenol (4-CP), 4-bromophenol
(4-BP), 4-nitrophenol (4-NP), bisphenol A (BPA), 4-methylphenol (4-MP),
2,4-dimethylphenol (24-DMP)E Wl’do =z Ng3 I3 A1e]l &3l kinetics FAMSFA T
RGN = Aol AHEHE BE SFd=HY Eali7F dojubH Zdvh w3 el =
Baj7t 285 a, E3) furfuryl alcohol, 4-methylphenol, 2,4-dimethylphenol®] 3&{7} W
274 APt 2 3 &% A49 Hammett constants W gk Ay}
Hammett constant’} 22 ARy F5 LdE4dY] ezt wEA dojvs ASs &
stk (2F 39).

x
Jm 1

_ @ | -
S 100 —— e O =
2 = 0F
= L = —
£ @ 5 @ FFA —O— 4NP T
5 = —m-2CP - BPA < 4
S 60 - ;FCAP g ‘é—;‘:’ 3 —A—4CP —— 4MP =
g “m 2CP [ —¥— 4BP > 24-DMP 2
o ol A 4CP A 4MP Q e
= —¥— 4-BP -/~ 24-DMP 5 2 2l
D
® » E
q . . . 3 ; ; . ;
0 1 2 3 4 0.8 0.4 0.0 0.4 0.8

Reaction time (h) Hammett constant (")

a9 39 L= TR wWE (a) HEF (b) el E3l kinetic, (¢) LHE=Z
3l £% A9 Hammett constante] Bl A3 (AP F7: [iodate] = 100 pM, [F4o]2] =
] =100 uM, pH = 30, €4 &% = -20 °C)



Ad5PAE HERoE ALEste 523834 (wet chemical synthesis)> H1E&3S §7
AAT = Aot SHA 22 729 A4S e T2 WUHelth 9459 nWeds
15 nmo| 3] FHAF (quasi-liquid layer)o]2t Eol& oF2 & o] &A5ta 3}shitg&
of FHAZANAT dojr}7] W] dSYAE FEHOE ALEF o =N g g2 22+
TZ2 BEAS e F Utk VS e JAE HESORE ARRSEY] gdE 23k 7 x9
AEA aiael olikstE Ehmol AEE AT [12-15]. shARE AA74A] A5 PAE o] &3f
et 2AlE FEAAAES} wiEHE 9k 2 oy A RokolvE §& AT
) 22 (25 mg)S o5 (478 mL)ol H7bgk & 387 253 At EAA AT
7] As(IIl) F%7F 400

o] As(I) AFE& (10 mM, 2 mL)S =vj derdo] H7lsle] %
pMo] H X2 strh R As() &9 4 2 #5 A

stef, Euf deoe] pHE HCIOs €4S 283 252 =dstdict 1
Arsts szl 98 HyO, Ad-ge (05 M, 02 mL)S H7lstdeh. olwf Znj

H0,9] 7] %% 2 mMAth wg71= 58 W o F3}st vhg-& Wwxstr] g& &
FrlE XUZ 9L 100 mL FE HAE ARESIATE Wb A HOE SHl dE o
A7kt AHEE A AT Az AIE kA wit Al (15 mL)E AHA S, S dAE

1 um ZYEEGZFe 2o (PTFE) 28 (Millipore) & o] 73 3 A

H] 2 37F2 5 2bstE o] AAE v A 5719 e EdPd EF @A (molybdene blue
method)< ©] &3t SAHATH =8Bk A ¢F (molybdate reagent solution, 200 pl)2}
of~xm 2 HAF (ascorbic acid, 100 pL, 10 g/100 mL)S 8u] A E A= (4 mL)o ¥& &
AotAl A, IARE & AA-7RAEAE B %
Shimadzu UV-2600)& ©|-&3to] 870 nmollA ¢ &3
2H7g 8k ok

A (UV-visible spectrophotometer,
E SAFoEN HA 57 TEE

G EAES E83 Fte/ AV ske /S A A

FA ol #7181 (dichloromethane)9t 542 48 YA AdoAe] £-A HH3-S

3t "g2d (WO3) Y AEE At (28 40). tungsten(VI) ethox1de§ 2Fs}
Al 2 AFE3FA T} tungsten(VI) ethoxideZ dichloromethaned] Y2 & €49 UA=

Fol &3 &N HItsto] ZheEser &5 WSS AT (WA 13 2).
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W(OC2H5)6 + 6H,O — W(OH)G + 6C,HsOH (1)

nW(OH)s — (WOs), + 3nH20 (2)
b el = Wbkgo] 944" 3 dichloromethanes ®lo| 7oA wel ¥a]a, o &S
o] g3to] 23l Wl Yy AE FWo] Y2 dichloromethanes 3] A A3FATH o] F
A% BEE ol g3kel s Yrul e AEE F5eka, FHFEF ol §3te] Y AE X
A e AFsen, 50 )ColA 10417 A x5
WS
== crushed ice particles
dichloromethane e
(hydrophobic) 8‘ &  W(OCH:)
Iz dichloromethane
water layer (QLL) Q W(OC,H;5)g bounded to
(hydrophilic) ice particles
ice crystal A WOj; nanosheets
Y 40 AE AE ol 8F ek Had v A= F4 P
de 4 Wy (XRD (1% 41), AFM (19 42), TEM (13 43))& Fa 44 dA7t
A3t gladolglsE A, FAE 4-10 nmaksE A, 28al AJE 2] 239 FRE et
AL selstglrt

—— WO, nanosheet

—— WO, nancparticle

— calcined WO nanosheet
— calcined WO, nanoparticle

—
o]
(]
=T
et

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
26 (degree)

a9 4l 25 dAE ol & FAE Ats A Y A ES] XRD 24 23
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¢} acidification

E

= Al

7] (hydroxyl group)]
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==

ojgtoll A ] F
of 71]1%kt.

g dae

g
g9 &

25}
H, 250 °C ©]

H

R

(>W—0OH + >W—0H — >W—-0—W< + Hy0). 250 °C o]Xel|A &&=
Hd"l YedriEo 4kst
U= A|EZF A ® 2l 19l

>W—OH AAel o3 T )= 2hg)
o 3A dEbstew

A=

1 0.12

(a) WO, nanoparticle

100 -

1 0.10
98
1 0.08

96 - 1 0.06

gk 1004

Weight (%)

1 0.02

92 -
0.00

Derivative weight (%/°C)

90 -0.02

700

300 400 500 600

Temperature (°C)

19 44, (a) 2hst B 2E

0 100 200

the)

400

300

—@— WO, nanosheet + H,0,
—m— without WO, nanosheet
—A— without H,O,

200

[As(V)] (uM)

100
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A%Aor zrastnt ot HsEast A nREYAY] Wl RdsEas 714
o FF A% Wk 37 g mgol QA FAHADG (1F W), ot AL YRS
ol g-3te] AT 2rsk HaEl e AEZ wl$ A 2Aolm, ZHRA WE Abgo]
Hedg Ve
3200 |
400
= 2400 = =
%1600 d: %200-
= == =
800 | 100
0 0 0
012 3 4 56 7 8 9 10 11 12 0 1 2 3 456 7 8 910 11 12
Reaction time (h) Reaction time (h)
3200 |
400
%2400 %‘ %3@0
S I — =
17;1600 @N %200
< = &
800 t 100
o——— .. g 0
012 3 456 7 8 91011 12 0 1 2 3 45 6 7 8 9101 12
Reaction time (h) Reaction time (h)
H 48 Akt ®J 2wl U A E/IAEstgE A A 2ES o] &3 WA 37Fe] REEA AEsh (a9t b)
ApstEas 27) SRt Fdg A (¢ D) HAETAE FUIH R T A
dEE5AS Z&ato] /Mg 874 LA TS AstE 2 E& WAYUSE
stol=2 &4 HoZd AAEASQ ascorbic acid$t stel=F4 g #Ed AAEA
tert*butyl alcoholS #7138 & A2 o] 83le] A3 213 B 2E U A ES TpAE
Fho) 93 37F vl & AFEtE =AY} ascorbic acid’t 1S wol= 371 ®] A7) AFE}
¥ ] ¢kkar, tert-butyl alcohold 37} H] A Ab3lo] Ao kS Fx| ekt (17 49). o]
 wpbaga EAe Atst goanl e AEd 9@ 371 v et sto]=sa F
Z (g2 3ol ofyd F= Folm=zW S gl (1g2) 4o 9 e thect

>W—0OH "H0; — >W-OH + 2°OH

>SWY¥—00H — >W* 7~ *00H

(4)
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(a)

R 2

400 400
= 300 = a0
= —@— without ascorbic acid — —@— without tert-butyl alcohol
2, 200 b —#— [ascorbic acid] = 0.1 M b 200 - —l— [tert-butyl alcohol] = 0.1 M
2 —i— [ascorbic acid]= 1.5 M <U() —4— [tert-butyl alcohol] = 1.5 M

100 100 |

0 o L L 0 ! ! !
0 60 120 180 240 0 60 120 180 240

Reaction time (min) Reaction time (min)

¥l 49, Akt Badl v AE/AAsteA Al2dlE o] &% 37F HlA Abske] digk (a)
ascorbic acid®} (b) tert-butyl alcohol®] & (A& x7: [catalyst] = 05 g/L, [AsI)] = 400
oM, [H.O.] = 2 mM, [ascorbicacid] for (a) = [tert-butyl alcohol] for (b) = 0.1 or 1.5 M,
and pH = 2.5)

- ESR spectroscopyS ©|&3te] 413}l © 28l Y A E/IHAS A0 Al AEHoo| A WA=
gz 5 543 A9 slol=s4 HJyde =
e Felo] A=HAT (29 50). o= Sy AlA &4 9 Ay

after 5 min (KO, solution)

Intensity (a.u.)

after 5 min (WO, nanosheet/H,0,)

0 min (WO, nanosheet/H,0,)

3400 3420 3440 3460
Magnetic field (G)

7 50. ksl FAEl v A E/SEse s AlAF A Ak o d 54 Ay (B

[catalyst] = 0.5 g/L, [H:O2] = 2 mM, [KO-] = 2 g/L, [BMPO] = 5 mM, and pH = 2.5)

A 5 4 A3 oFEZ (pharmaceuticals)®] W37z A7

- A e Al 1 A A
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- BEAA 2e=9 FEi: UV -—visible spectrophotometer (Shimadzu UV-2600)E A}-&3}o]

460 nmell A ¢ 3 =E SAHFoEH F5k3l

2. AT W§ @ Az
} EAS FEAT W B2

8952 (lodate, 105)3 HFE dA-E7He] BESS & (25 O)ll A& == %A R
SAS T AT (20 Oell= mEA JAFHAT. SN A iodater ¥3FE Es 4 A
3, 39 W8S B3 EAA 20 ()9 2= o (INe= AN, HFd 4328
& AbstE o] AJZRo] Aol whel 1o serF AR fHAeAv (R84 1-3, 1% 51). control
Aoz 543} jodate’t §le A5 HFE 43I FalHA &k, HFE 3L ¢l
T A% lodate®] FEi= WslelA] Fprh Hdh 9ot AR WAAE FH A HE
HES- A ZHE S A9l 100%E YWEFU AL, o] & iodate”7} A Q2E9F Q0E o]2ozuk
AstE s Hedo

2105 + 12H" + 10e  (furfuryl alcohol) — I, + 6H-O (1)

I0;~ + 6H" + 6e (furfuryl alcohol) — I + 3H,O (2)

I, + 2¢ (degradation products) — 21 (3)

(a) in water JJ (b) in water
100 o O { 100 ——

<Q
5—

= =
= e
s = o 8- 10,
8 eof @ with 10, 5 el -
© T+ without 10, = —A— |,
? 40 | i a0l —7— 105" without furfuryl alcohol
o
5 o
i B — 20
0 . . 4 omEEE = L g 2 &
0 1 2 3 4 0 | 2 3 4
Reaction time (h) Reaction time (h)

(c)in ice - l(d) in ice
< 100 < o 1009 —9——¢—— $ 9100 .
= Pa— N~ S ’ } R
F o / P - 5 2 -@- 10, | mass balance <
= S S | 3 — 80Ff . o 80 @
= A —@— withio, «7\;‘&,,\\%%% 3 = —:— { —7— 10, without furfuryl alcohol o

L L A P A
8 &0 —O— without 10, a S 60} 2 60 @
% : A— degradation product 1 (C;H,O,) é = g
g 40 B —y— degradation product 2 (C;H,0,) 5 = 40 é
| ®

2 20 Y > & 20 —

| 9)

‘ k=) 4

[} L 4 @ L ] 0
0 1 2 3 4

Reaction time (h)

2% 51. (a and b) Y443 (c and d) €734 iodatedt HFE dF 7+ wHg A}

ultra-high performance liquid chromatograph’t Z3%¥ quadrupole-Orbitrap mass
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spectrometers ©]-&3}o] ¥ dFLo] FI FAES SH43 Ay x1e EI FAbE
o] A=}t
¥ 1. 523} iodateo] 93 ¥HFH Lm0 A3 A= Faf Fal
molecular 1011 11aSS
No proposed structure
formula (m/z)
= (o]
1 CsHyO; 113.023 HO/(}O OL‘Q’O\
0 —
OH
2 C5HO, 129.018 0:(17(/
—/ “oH
. Eae oz Ralol g WAUE T
- g5l A dodatest HFE L3I EIFY] Wb WAYSEES FWEstr] $181 Raman
spectroscopy & ©|&3ste] 2 F FHAAZTU iodates} HFE dIZ L] HFUH FEE =
AstAtt (18 52). iodate®] I—O stretching vibrationol a@3t+= 770 cm 19} H ¥4 <&
29] C=C stretching vibration®] @3t 1504 cm 'S 7|#0 8 A4 =& =A3
A} jodate®} HFE €I L BT FAST FdAFd FHEH A= AS FlEAY (w
7 e, AEAl),
(a) —— bulk ice crystal —— ice grain boundary
S 2000 ¢
)
> 1500 |
B
3 1000 |
£
S 500
IS
g Oof
0 200 400 600 800 1000
Wavenumber (cm™)
1500 -(c) —— bulk ice crystal —— ice grain boundary
S
s
2 1000 £
2
2
=
= s00f
©
IS
(0]
X Ll
800 1000 1200 1400 1600 1800
Wavenumber (cm™)
a% 52, T dASTH dS5dAA A9 (a and b) iodate¢} (c and d) H3FE &I Fd =

%= (Raman intensity)
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—@— [furfuryl alcohol] = 12.5 uM =
30k (@) B [furfuryl alcohol] = 25 uM 100'L(b) —8- [10,]=12.5.M
—&— [furfuryl alcohol] = 50 uM
—W— [furfuryl alcohol] = 100 uM
[furfuryl alcohol] = 200 uM

—m— [10,1=25uM
—A— [10,]=50uM

—v— [105]=100 uM
[10,1=200 uM

[1,] (1M)
[furfuryl alcohol] (nM)

[1,] (uM)

[furfuryl alcohol] (nM)
(2]
o

0 @ L d
0 1 2 3

Reaction time (h)

et -e— -10°C
s & 20°C
2 —A— 30°C
s £
— 3
= ©
- e
- |
=
=
L ] L] L]
2 3 4

Reaction time (h)

g 55 =43 HFd 43 ¥% jodate %, pH, 524 2% WE (a, ¢, e) A4 89
L )

- 43} iodateo] 93 Tt F7] LH9EH (HAFE 3L, EYEIH, AWEY, gYEY,
Hx, vl2dE A oMAELR XFAHO REl 59Es A 23 5 EYEZ, AJWE
d, GUEAY 22 FEHe Fat wEA Pk Ek oFEdo] S Ae EAA
foxro ANE AA F7IEATE (L™ 56). o] k=A< H$- electrophilic attackel F oF
3 & Az F7) EAo] #3 furan, imidazole, pyrrole L& 7FA 3L ¢l7] wjEolt} o=
A jodated ©] &g FEH FIt UE FUILA=EE ol HlE g aHHey, 4
AdE d&S eI
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of ¥Fd &
4 eeE

U (L9 57a). o] A= AEA B Fopgh 2
r &2}

AFEHTE. jodate”t LA EHAS

TS (1Y 57b). ol Ag WelA WFY dmeol #s

s i Asolry

— ~ 250
< 100 S
= =
— 80 = 200
N o
‘:‘ o
S 60rf 8 150 F
= ©
= 40t > 100
L =]
o
) 5
= 20t 2, 50t
0 f 1 0 ) '
0.0 0.5 1.0 15 2.0 215 0.0 0.5 1.0 1.5 2.0 25
Reaction time (h) Reaction time (h)

29 57, 54 - el @ A 9 AFY F3eel Fo Fdol —20 CAlA AL W (a)
Ay go= 443 (b) AFL Fae Bl nAE 9

A 6 A IS 37} ¥]A (arsenite)?] A3} WIS o

g g A 1 An 4

H| 2 37F2 5 2k3tE o] A E v A 5719 s EgPd 5F 22 (molybdene blue
method)S ©]&3sle] ZAH3S =B dlAkg AleF (molybdate reagent solution, 200 pL)
7} o}~z =B AL (ascorbic acid, 100 pL, 10 g/100 mL)< 81 3|4 ¥ AEF (4 mL)ol ¥
S AekAl A, 1A 3 AYA-THAIEA 233 3= (UV-visible  spectrophotometer,
Shimadzu UV-2600)E ©]&3}e] 870 nmolAel FTHEE SHTOZHN HlA 5719 525
2Hg st o

- NO;” 2 NO; 9 A= #2412 Dionex IonPac AGl4 7= Z ¥, Dionex IonPac AS14 Z &
Dionex ADRS 600 A=ZdA, 281 A== #HZE7|7F XC}Z}% o] & ELEH}EJH].\JJ
(Dionex ICS-1100)& o]&3ste] 3ottt ols o2+ 35 mM SHAYEEH 1.0 mM
AU ERSR FAE 89S & Ror AMEES T

=

2. AT Wg 2 Ast

A
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7b s A sk 37F v &gk vkas)

rr

Frled g

— o}& ALY (nitrite, NOo )3} 37} Hl A (arsenite, As(II))7Fe] ¥H-5-& =8 Ae] (25 T)ollA
Y]] LA T 20 CollA T4 g Aol waEA AP At A3 szt
, T8 Aol A NO, EA43st As(IDe] 2Fs} (5, 57F H]A, arsenate, As(V)e] AA)+=
ZE A ekttt (29 58a). 572 AElelA NO, 7F §lSulol= As(ID7} AHshE A gkgtoe
, NO; 7F A8 wjoll= AsID7F whe7A AbstE At (27 58b). =3 NO, & D+

A abh e Aol whgste]l (2NO, + O, — 2NO; , 3NO,  + 2H" — NO;~ + 2NO
+ HO, or 4NO, + 2H" — N,O + 2NO3 + H.0) NO3 = #A3=dE 4 Qd&=d, &
As(ID7F 95 W NO, 7} 4% 5= As(ID7F ¢1& W NO, 7} 743 5% =
t} (28 58b). o= NO, 7} #AHAH oz As(IDE 23kA17]+= Aol oyl NO, 7} 24
olaf ®isgtel Zdo] As(lDe} WH&S oz As(IDE AHstAIZ S o m| gt}

oo R

o
=
>

(a) in water (b) inice
= @ Q—O—O—C}ﬁ)*i S 2
Tl :l 15 L
o) o - As(Y)
= = O NO,
2 '3‘ 10 - - & As(V) without NO,
< S —7— NO, without As(Ill)
(7] 7] L
£ < ° v
: o4 — A & 4
0 30 60 90 120 0 30 60 90 120
Reaction time (min) Reaction time (min)

a9 58. (a) &Y AE A NO, o 93 AsIDe A3t (As(V)e] AA)ek (b) 52 Aol
A NO, o 9Jst AsID<e] 4Fsl 2 NO, o #a

- NOy o Z7]F=7F S7hstel wel As(IDe] Abst&ieet HE Abstbe= QA & A4
As(V)¢] &%=)7} 27} Atk (1§ 59a). T3 NO, o 27]s&=7l S7tdF= NO; §=7}
o] WA 723t (¥ 59h). E3], F23 wek A= NO, o %7]% %7 1 uMelx
As(ID®] %715 %7 20 pM g o 0.7 uMe] NO, 7} #23k%ar, 109 uMe] As(IID7} 4Hs}
H9th = AsID7F AFstE ko] NO, 7 &= <ko] ula] gk 16w] o wtch =
NO; 9] 27127t 5 uM Emell = As(D7F Abshe e NO, 7} &0l 4ol Hlsl =t 4
af o wokth (¥ 59¢). olE FAGH A NOy ol o3 As(IDe] 2bshe 1t
S UEaL, NOy & FmiEdR Ahgste] vz or As(II) AFstel 711 §hs o] gt}
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{(b) _@ INO,]=1uM (©)

—m- [NO,]=5uM

(a) ‘

N
o
N
o

= B > i = A INO,1=104M
= 15 v T f 2 ——— =) v INO,1=20uM 15 |
= 1 - - = -
= l INO,1=40 uM
-
ES; 10 § 10

A [NO;]1=10M
—@® INO,1=1uM 3 [NO,1=20uM
@ INO,1=5uM 4 [NO,]=40 M

[
T
(&)

[NOZ—]convened to [As(”l)]oxidized

0 30 60 90 120

1uM  5uM  10uM  20uM 40 M
Reaction time (min) Reaction time (min) [NO,]

a9 59. 543} (a) NOy o;oﬂ w2 As(I) Akl (b) NO, % 72, (¢) #43 NO, +
= v 2EtE AsID) F

- As(IlD Abste] H334& WiAUSS oldfstr] flal, 52 oA dAZ NOy Fx dholA
As(Ill) 23} A=E ZASATE [NOy] = 20 upM Z7olA %7] As(ll) =7t S7H84=
2betEl As(IIDel 4= F7Fednt 2417 5 7] As(ID 5=7F 2442 20 uM, 40 pM, 100
uM, 200 uM<Y Wl As(I) 2Fshel]l olaf AR As(V)e ¥%E 7z 163 M, 342 uM,
774 pM, 1502 yMo 2 YEFSTHZE 60a). As(I) AH3t T8-S Az 3 A" As(V)
Fx / 27] As(ID F%) x 100(%) = Ae)) 7] As(Il) =9 #Aglo

| 2]
(75.1 - 855%)S FAsATHZE 60b). o] AF3tAle] AzA 7MgA o 2 2dEd ¥
T F7MEE s @80 Hadts dukd el A9-oF Aol wEl] 52 £ o
A NOy & As(IIDZE A3}l 3 NO; ¢ 28 okAsl da F£o 7 Ay r| et fAE 7}
0] ASS AlAFSHTL
200 100

@
o

150

60
100 ¢
40

[As(V)] (nM)

50
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d 60. A NO, % oA %7 As(ID) %71 (a) As(V) B2 (b) AsID) A

- olol] Rte] FAS sHA Fe 0””01]/\1% NO, ¢ Frs WaA7Idete As(De] 2hshrt
BEEA @okem, NOy o FXWsl A 2A17HA = mlvlakslnr (2™ 61). E3F o/l
M= pHE W3A7IH 2= As(III) 2sk 8l NOy s=Wsts Ao dojubA] st (19
62)
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(a) —@— [NO,]=40 M (b)
20r —m- [NO,1=20 M Voo o0 o o
= —— [NO,] =10 uM . @ INO,1=40pM  —=— [NO,]=5M
E:L 15 + —y— [NO,]=5uM % 30 W INO,J=20uM  —(— [NO,1=1uM
= —— [NO,]1=1pM = —A— [NO,1=10puM {7}~ [NO,]=0uM
NO,]1=0 !
%10- Ealies O 208 = u=u m =
< Z
5 [
p
o=t = =00 ; {1 ‘ . A3
0 30 60 90 120 0 30 60 90 120
Reaction time (min) Reaction time (min)

a9 61 FEHlM NO, sl W (a) As(ID 23t 2 (b) NO, &= W3}

(@) 8- pH2
20 - —l- pH3
—— pH4
-~ ~¥- pHS -
= ~O- ph6 S 5t
= g - = -8 pH2
— “— pH10 y—
S o~ —M- pH3
10 O 10 —A— pHd
7))
< Z ~¥- pH5
= ~~ pHe
8 5 —F pH9
—— pH10
7
Or%% T i~} 0 | . .
0 30 60 90 120 0 30 60 90 120
Reaction time (min) Reaction time (min)

% 62, &Nl pHel W& (a) AsID AFst 2 (b) NO; &%= W3}

&F 37F B4 Abstel i wAYSE 14

NO, &= pH| we} nitrous acid (HNO») ¢} nitrous acidium ion (H,ONO")9 Hej=z% &4
gheh (17 63). TE FEe A ZEAA HNOy9F H.ONO'e &4 w2 Fa 723 4t
stAl 2 283 4 Q& nitrosonium ion (NO"ol FAdHETh (RE&-24 1). HOONO ¢ HNO, +
< BT pH 39A&= A9 EAsHA] AN, w40 ogh Fiole vHS F3 pHF w4
sHAl ZHastd A 7hsstal, dobrk NO™ oA A= o vk AAdE NO'= 24 Hd
A AsIDZEFE AAE wol NO'E dA3ta, As(IDE As(VDE AFsA 2 4= drh (kS
21 2). g, A NO*+ AbAet whgste] NO'& AT + Aok (82 3). Holrt
NO;* 7} As(IDE As(VDZE AFstA] 7131, NO;, = oAl HFZolth (¥4 4). As(IDY
As(VDE ] Atsh= wbg2 2-45 53 7Fsska, NO', NO.°, 183 447 As(VDE H%
How As(V)E AFsA 71t (WEE-2] 5-7).
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002 sae?, LI
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29 63. pHAl W& NO, ¢ species

H,ONO" — NO' + H,O (or HNO; + H — NO" + H,0) (1)
NO™ + As(IIl) — NO* + As(IV) (2)
2NO*® + Oz — 2NO.° (3)
NO;* + As(Ill) — NO;~ + As(IV) (4)
NO" + As(IV) — NO* + As(V) )
NO;* + As(IV) — NO;  + As(V) (6)
Oy + As(IV) — 0" + As(V) (7)

e 7HE S SR =7}la=
7F st AE &) cresol redE pH indicatorZ Abg3le] 2% pH W3S A
3z H 39 F&qd A cresol red?] ZHul&+3d2 434
nmA oM, o]& cresol redd FE|7t T2 GLdFIAFHE EAT o Yebdoh NO, ¢
AsIDE *3Het= pH 39 895 $Z2AHS W JdF534S 534 nm= #5H A
&)

=
of 3tk =, NOy ¢k As(DE £3ete w&dS 2R pH7F 543 #2de
Etich Abs Sal AEE 4 § pHE 12, °]& HNO, HONO', Z#il NO' RF
Aol o8 B 7hesdE =

ox, Mo -
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a9 64, 52 AF cresol rede] FHE W3}t

m ‘o] 51 ¢] Raman signal intensityS =43} A z}3}
sttt As(D7F 28¥ 89S FAAHS W SdAS AsD7F 555 = ddol ¥
Qf?‘fl JJF“LH T (1% 65). oleldt FAE S pH #ael o3 NO, =55 AAdE NO',
o2 As(ll)o] AtstE 7h&3)stet,

s2E &9 (€= ZAAelY F (EdA3)H du 2N A= AsIDO] v =3
= % S| 9

z
&
4;
>
E”\
E
1o,
=
oo
o
otk
0%
>
N
H
A

I
iy

[e)

o =

g NO, & 57}0}X] &l %75_'% ’3}95\%@101]% A77 crrf1 (As-O %‘) 633

3, 936 em ! (As-O-As Al A =27 B BAHAAL NO, &

= olele Mamel Asl) Awe FolEUTh ot NOsol of@
58 TAATAAN doldti= 3
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=Rl — As(lll) alone
L — As(ll)+ NO,
= 03|
w
| o
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LS 02¢
=
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w 01¢F
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Z O'D B 1 1 1
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Raman shift (cm™)
a9 66. = AAFTAA NO, o EA Fo & AsIID9] vk ~HEH

°] gk As(IID ] *@r‘ﬂ“’ oA atx (0)¢] ddE =Hls] HGH ol== (Ar)
s AR F AsIDE] ArEtE SASAT (2™ 67). A AA=
Q1 A%k 20 pM @1 AB§ Bl A As(IID €] ’&QE a7 A

o ol Atah %7‘%6‘} NO; o o3 As(ID) Aksfoll A #Adth= A= 9wty w3
A el wet AAdE As(V)e] sEH= NO. 9 s%=7F 20 M3l 74

1.5 (A& EAA] 15 uM/ARAE FAA] 10 uM)‘RiP_Ui, NO, ¢ &=7F 1 uM<?l 74

% d

f-oll= 64
(Ah2 A4 11 pM/AE A FAA L7 pM)IHE o= NOp ¢ s=7F 22 45 s43d

As(Il) At3lel] Qo] AbAae] o] ¢ F23S e

—@— [NO,]1=20 W (WithQ,) —J [NO,T= "1 (With O,
3 [NO,T =20 W (without O} (NO,T= 1 W (without O,)

[As(V)] (uM)

0 30 60 90 120
Reaction time (min)
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- FAA NO; o 23 As(IID2] 4tsdk-g-ol A pH, &°]< % humic acid®] &4, 4%,
AW JFS AT 7] pHZF 22 A5 (pH 2, 3, el &340 As(I) Aks}
(As(V) AA)E gols 4= itk pH 594 = pH 40 wls] As(IIDe] 2kst7F 523 =
How, pH 60]del = AsIDe] btz A dojubA] gkt o= 7] pHZF 22 4
Bl (pH 5°]shellAur 52| &gt pH A5 Fa As(D) Abste] #ofsk= NO'¢F NO,*® 9]
AdE g 7] wwoltt (L3 68a).
A e o] ol e sol B humic acid7t EASH] wWiol o]Eo°] FAA NOy
o o3k As(IID) AFslol WA= 3k FAbstgdth. &A%, HCO;, PO, NOs, humic acid
7F As(Ill) Abstell wlA = @32 A9 gllen, ol= olgld =850 $Z2 9% pH 7
2, NOz ¢F As(ID®] #=HAZY s5oll & dFS vAA S el (719 68h).

=% (-10 C, -20 C, -30

3 NO2 o 23k As(lIDe] At3h= dde At 2E o4
A A R Ees BE 2k b e &

54
C)ellM #&= A, ey AsIDe] A3t

S Bl WA -30 T A% 245 0% 7 10% AtelollA w43 As(IDe] Akstrh
et -20 €S ¢ $24F 1027HA= AsDe] 4H3h7t 1) 16}9101% 108 ~ 202 At
olel A% As(I) *w}ﬂ A EATE -10 T Afell= 208704 As(ID ] Abshrh w2
A @gkor], 205 T 454 Abolell whEA As(D 4FsF JAH AT o= FALEIF G
S5 4 g pH #4 % NO, o As(IDO] FAAZH w5l waA 7] o
olth. AL 2A17ke] A F HF AbstH As(ID] F5v T4 257F S-S5 A
TALE -10 C, 20 C, =30 CollA Z+2k 182 pM, 163 uM, 143 pM9] As(V) 84S B
ATk ol=A olstollM sl AL, set W A5 AAe] e mEp TSl

A APEa, G FAHAS W (EAA Tl AR S W= she wEo] WEA
(=30°C)ell M= w27 2ol PH i, 3] 525
A

LT
bo] ¥ # ‘?‘r 5, AAFNA 38k g0l TRt AZko] A
Kel

erES WulE Abgste U AU Y 3R sAUHEAA Y NOy o 9% As(I)
st Fsts ARSI T WA AW A= eAE 107§ 347 AsUID AFsH7E
HREJARE, T FAURA = REEAA IAZE S7E AsTID AFstE &Qld 5 3l
ATE (17 68d). olyg Aol= F7ledl H|F ogt&e] HEE&F P WEI =3 (o Es:
Hgde% = 21 kJ/keg C, D% = 86 kg/m’, 37]: H|d€% = 10 kJ/kg-C, D% = 14
kg/m®), webA oler& o] Wzhedo] Hrh wojur] wito|th w3, ¥ FA4S FaA

T 2SS SAE 1ET

= HEAO0R 184 M9 As(V) AL AT £ 9L,
= 92 163 pM2 As(V) AAS BT 5= A} ol& <kollA 33 upel o] Feya
TAS T8 Ry dHs] sAAFHOZA A ZTUAA L] WS AL

o] Z71=E% 7] W&ot}

O
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(b)
20 = &
% * 1
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= 3 15 3
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E 2/ 10 —— With HCO,’
w w0
= =, —&— with NOQ,”
5 —y— with PO,>
— — with humic acid
) 3 i o : ) y
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= 20
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25 'Om 15 L
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% 5 10l —c— NO, inethanol bath
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2
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a9 68, A3 NOy o 9 As(I) 4tstel glof (a) pH, (b) &°]< % humic acid®] &,
(c) 4 &%, (d 52 W o3¢

A7 T2 sAZ T dFHE 78 BT

1 294
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r

o
- A% wEe A1 A A

- 27} Hol& (Fe*") S A#HE3st7] Y&l ferrozine S AFESATH Alg €9 (1 mL)ol & (2
mL)#} ferrozine &< (0.1 mL, 10 mM)< H7tstdth. S|4 | Al=¢} ferrozine &S 3
3t TFES 52 A e & A - A 3] 3354 (Shimadzu ISR-2200)E

o] &3}o] 562 nmolA FH %= A

- of9] HAS I FHA TS A
oM FREAT. oFe] 3 Tl 2=
Abgste] S8 B AdeM = 27 Hol2 3 BEAES 23} F8AS 2 FAOﬂE‘Eﬂ
EﬂEﬂE%EﬂO]E (PET) Hﬂoﬂ goko LS

%

-1 A=
9] o] %?9}3‘11, 01 /‘1%—% ‘ﬂi% AlA o= A olsoltt

=

2. A7 Wg 2 A

ht
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rlo

=20 CellA
P ATt (29 69a). EZE, 27}
Coll A= vl w27 Fashsl
ol A= 202 o= 50 pM2] E%’;}
& a8xdT (- 70).

(ferrous ion, FeZ+)§

9]

FHAZ A8
2 g o2 W90l df S
o AA 2
S oA 25 CoME el Basen,
69b). 27 Heol 2] FEF 500 pMY W E2 w
W A AE o, S Aol 1247 o

[BrO;~] or [Br] (uM)
Br mass balance (%)

—®— BrO; in frozen solution

O Br~ in frozen solution
—l— BrO,” in aqueous solution

—— Br in aqueous solution
—A— Brmass balance

—/\— Brmass balance

[Fe*] (M)

in frozen solution

—@— in frozen solution
—ll— in aqueous solution

in agueous solution

0
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Reaction time (min)
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% 69, (a) FEA (25 C) 2 T4 (=20 T) AEHolA Fer'o 93 BrO; 39 2 Br 34
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=
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]
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Q
(0.
0 4 3 1|2 16 2|0 24
Reaction time (h)
2% 70. 88 (25 T)ollA Fe?ol 9% BrO; 3¢ 2 Br A4 (F7] #= A23F)
- BEdel BABFEN (520 o8 §40] g AMAeld FdASe FHHE AW
£ S 3%l7] 93] Raman spectroscopy s ©]-&3te] A5 A4 F=dAFolA el HEFAA 9
Ad wEg 24t 1 A3 FAF HEAde 98 24de A £ %,
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l —@— [Fe*'1=50 uM
50 + S—————————_ | i [Fe¥]=100uM
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= 40 + T ‘ —¥— [Fe?'] =500 uM
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Oy 72, 27F Hol &9 R mE BEAES AA H BEs) ol A4
pHel W& $Z2/27F Aol A ="oAe BE4td AA 2 BE3 o AdS A 2
, dubA o 2 pH7F B2 2ol A BEARE S A B BE3E o] 2o Ao w= {163

A
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of 93t g4 = 9 pHe 7Aav) wWEA JAAPOoRKR 27} Holey HEArgho] A
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A Sk (2" 76).
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