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Abstract

Perfluorinated compounds (PFCs) have been widely used as surfactants in
photolithographic processes in semiconducting and optoelectronic industry. The highly
stabilities in photodegradation, hydrolysis, and biodegradation of perfluorinated
compounds is attributed to their strong C-F bond, resulting in persistence and
bioaccumulation in the environment. PFCs have been proved to be a carcinogen to
human. Perfluorooctanoic acid (PFOA), one of human-made PFCs, is more toxic and
difficult to be degraded than many other PFCs.

PFOA can not be degraded by direct ozone reaction in acidic/neutral condition.
Consequently, this study aimes to investigate PFOA ozonation in alkaline condition due
to the generation of hydroxyl radical to degrade PFOA. The degradation efficiency of
PFOA varied with pH values (5~6, 11), ozone concentrations (0 wt%, 2 wt%, 2.5 wt%,
7 wt%, 9.5 wt%, 10.5 wt% (ozone/oxygen)), the initial PFOA concentrations (50 ppb, 5
ppm), the molar ratio of hydrogen dioxide to ozone (H,O,/O; =5, 10, 20 molar%),

presence of humic acid (15 mg/L) and with the assistant of ultrasound.

In alkaline condition (initial pH=11), ozonation can effectively degrade PFOA and
exhibits the best efficiency with 2.5 wt% (ozone/oxygen). Adding hydrogen dioxide to
enhance the steady concentration of hydroxyl radical (OHe) increases 15~56% of the
conversion. Adding humic acid to restrain the steady concentration of OHe decreases
15~44% of the conversion. Combining ultrasonic vibration increases 2% of the
conversion. Those phenomena illustrate that the hydroxyl radical attacking the target
compound is the main mechanism of degradation. In this study, PFOA can be degraded
to the-lower-toxic intermediates such as PFHpA, PFHxA, PFPeA, PFBA, and fluoride

10n.

In addition, this technology was also applied in treating perfluorooctanesulfonic
acid (PFOS) and industrial wastewater under the optimum operating condition. Result
shows that 84% PFOS can be degraded, and 92% PFOA and 99% PFOS in the

industrial wastewater can be degraded within 6 hours and 4 hours, respectively.

Keywords: perfluorinated compounds (PFCs), perfluorooctanoic acid (PFOA),

ozonation, alkaline ozonation, hydroxyl radical
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Figure 2-1. PFOA molecular structure
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# 2-1. PFOA #p M 4~ it it fFsL
Table 2-1. Physic-chemical property of PFOA

Physico-Chemical Property PFOA
Molecular Weight 414.07
Chemical formula CsHF 50,

Boiling Point 189 °C (9.81 x 10 Pa)
Melting Point 55-56°C
Vapor pressure (VP) 69 Pa (25 °C)
Log Kow NA
Henry’s law constant NA
Water solubility 3.4 ¢g/L
Acid dissociation constant (pKa) 2.3-3.4
pH 2.6 (at1g/L)

References: (Fujii et al., 2007, USEPA., 2002) and material safety data sheet (MSDS) of

Sigma-Aldrich Company.
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Chemical
Compounds molecular structure
formula
F F F FF F
Perfluorooctanoic acid F% i -
o C¢HF 0, p
(24 = p2) FF FFFF L\,
=
Perfluoroheptanoic acid HO Ff}{,; F
C;HF,;0, T :3(255;,:
(24 AFL) FE"Cr -
Perfluorohexanoic acid BE v O OH
CHmO Y
(2% ¢ ) FE oG
Perfluoropentanoic acid F FRF @
(2 & &) FFF F
Perfluorobutanoic aicd RF 9@
) C4HF,0, F OH
(237 8) FFFF
0
perfluorooctane sulfonate F; NIV AIVI \\S _OH
CsHF 7058 ) N
(2% % =RHK) FFFF FF F
: F F Q
Perfluorohexanoic sulfonate \\&_5 _-OH
CecHF 5058 F b
(24 2 =R L) % e e
F Q
Perfluorobutanoic sulfonate Tl \\s _-CH
C4HF¢0O5S F% \5
(2% 7 =) Ly




TG MR N 0 RS E SR PFCS AR R FITRE ¢ R o AAT T AL

PFCs 2 Ap B 1t & ddrd 2-2 9757 o

HY 24 3% MEPFOS) A1 £ T - * chr &k V&4 d 302 d 3
R i cHpR-F F 4 (C-SOsH) e C-F 4% i 4 € 36 (149.6 keal/mol )(Men, 2006) » 4¢ *
i RFaa P T Foonll 0 R R ARIT I BeEaa 4 ",ﬁ%ﬁ“if’* » PFOS & 5
PFOA { % 2. C-F 4(PFOA:15 C-F bonds, PFOS:17 C-F bonds) > F]y* » & {8 3% %

142 % s* 1 PFOS € v PFOA { #£0% f o

IM2 781960 R B4n* T B L M F 22 A7 FRBIZ 2L MER
blhed £ &+ h 2 & 3 A k4 (perfluoroo-ctanesulfonyl fluoride, POSF)- ~ 5
1 l, /Fgﬁ’k’rl7 i‘a‘v‘[‘ A*,, B;J:uizt)g 4*,,1:51}';*,5,1&91@%&&&@@ f*‘ﬁ*%\%

Z_APFOS » F|pPFOStp AR P & 5 adp g % el o

PFOSFI L § # 7k i (120 kbt FIt F 4w 0 L 8 3 s g i
B3 S ek 6 b5 bR RJE o gt #h 0 ]S PFOSE § #AETIEfr 1+ B8R

S E RIEL AR RV BE e PFOST 5 - A1 6 B ARE 0 T

PFOSKk B I HB Y T A7V A L RFBETRER FRERETY 21 F

etz 2 a4 1t EF B SR B ATRB Y ¥ 5 PFOS -

d »+ PFOS. *f#i 22 PFOA 4pi7> Fl¥t » k& 5 POPs x|t g A 43 5 »
PFOS 7 % 44 % 3 ~ K f2s %2 FIp GIps? 7 R bAp § & BE ; 2
R % o PFOS enBCF 3B 5 56 %1 PFOS 7 » £ R 4 & A1k 5

B § o B3 Bty 0 PROS 7 i RN P 08B RE THE LA LR

ME A EBRY L &E%}’B‘—@ﬁ%ﬁ & 2;‘;‘\;;!, | 3 RN ﬂ;@ﬂ T~ e B de S e

-



o
%
L
i
3
3
ﬁ_
f

Teph A EABE I b A BB EL BRSBTS

A ga iRl Dk & e PFOS -

PFOS ted+4 F k¥ © B F 37 5 4 Mopsfk » 4ot b2 KB 5@ s X3 7
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1997 & infe k4R 4 @ 2R 4w F¢ 75 PFOS & &(F & ¥, 2006) » PFOS 7

¢ & d # #8id % %75 v2(Benjamin J. Apelberg, 2007) o

P % T E = B PFOS ¢ 32 % v fe d *% PFOS 3k 3 B8 chdp Bl 3R 4
B4 F FRFRE HNER B RFEBINLF 5% PFOS 2 # 50 2 4 PFOS am
TFFE R CEREE R AR R FARIL 2 E L

BRIy ARS8 FREME Ry RNER AL REAREP T

BoE R E A AN FARE > 40 O3, 05/UV, O3/H,0, & Fenton
= E AR A 4 OHer! "% f2/5 4 47 (Schroder and Meesters, 2005) » OHez_ 3 i* B/ 7

3 2.8 volts » £ F 48 s enF it 4 o FI A G OoeERIS R4 L E I R P



Fhd o i onanc FaRRG BF AP o LF Gk AR RFPF Bk

FARARE () LTIRESAPS B ARSI Q) LF bk A

’*’ﬁ%iﬁﬂi ' L5 ApH STEMERF L pH >TRIVEFRFBESL 45
pd AAPRCTLF R AERM S RF F a4 B RE-F R 5 (Stachelln

and Holgne, 1982) -

FRLT Aok FRAFEAES (1) EAQpH £:(3) B fEAMER ;

(4) 7 84 7z £ (LenntechBV, 1998) » ** 1T ik - /1 55 o
() B

BREHLE Aok DL RPFHFIRT BRAS LT AR blirk
Bk ® (pH=7) s 15°C 2. % 4 ) 5 30 A 45> 20°C 2 £ 4 #) 5 20 4 45 25°C 2. %

AWEIS A8 KHrERAR LI X2 AE
(2) pH &

LF ok gMAEELEF pd o FpHER S o A hE § A d A
g W4 opHF 2 pF s kP €55 &4 % hd F 19348 (hydroxide ions, OH) » 4= 7|

S 278 (742-1~2-2) %77 (Elovitz, 2006) & § 1983 €318 L5 a4 5 fd & ¢
O3+ OH — HO, + 0, (3% 2-1)
03 + HOz- — OHe + 02'_4‘ 02 ;T\“ 2-1)

2.1 ¢ A O 515 - B P AF o A ] 5 e0OHe o A

OHe«——O«+H " 2z Pka=11.9 (Beltran, 1998)> % pH * ** 12 BF» £ ao %87 >

10



Fafrdld § pd A2 FBERRE > FI A7 #F B pH 4] & 7~11.9 2 & » #x
AL & ¥ pd AR ettt pH E7 § B A f ST i i A A
Adrdldes COT kR @ 4§ F i 3% (pka HCOS™/CO3™ = 10.3)» Bk i 5t

PBLFF Va4 2 mEp G Ak e

(3) HFFWMER

’ké/%ﬁ;mg—gﬁ‘bl’-; ,‘14'7"?);}@’1;1-{1\7}3‘{}31“4‘# }?r,—_;,.\f M:’E’LE"E—E
FET R ERLY AR
LF ok EfRREF pd AF i FoBlotokY BiRad T BT @

ke ir’rﬂfﬁiﬁé&@ MeFrRB > B S d kP 3 LR 2o L5 BEY
A * 2328 H g i g 4 (scavenging capacity) 0 & p o A e F|(radical

scavenger)®! OHer 1t 2 5535 » & ¢ #7p d A4y F B2 s * o
kon-poc[DOC] + kon-ncos THCO5] + kon.cos [CO3™] (5% 2-3)

23 ¢ [HCOS#[COs™ ] -k M2 ik R #7208 pH R BT a2 %

FOooF ARtk o HR[HCOIE[CO™ M 4 » i BFLF 2§ (it 4

(Liao, 2001) °

- 4 PFOA B¢ k= 5 d B fHffx Bgfed J@* ¥-k> 2 %5 [HCO;]
2 [CO" B chifFa) » Tt AR 7 43 4 B[HCO 12 [COs™ 14 & § AL R #1id

X R
ORETES:

% #X 4 1% % (natural organic material - NOM) ¥ i35 &>t p 22 k4 7 » - &g

11



B HE =12 mg/L DOC (dissolved organic carbon)g TOC (total organic carbon)# 7+

NOM ? Legﬁzﬂggﬁwp;,;g;%wﬁﬁ@?%nﬂfNOMo%ﬁ&k%ﬁi

‘11

NOM k& % %5 0.2~10 mg/L 2 3 EACKR T i B E s mg/le X RF #45 ¢
SEOFPERER FRRATERSLI R A I B pd KF A P
2§ pd A2 25K R (Westerhoff, 1999) » 1t NOM 7 & & 4 2> 3uenp o e

| (radical scavengers) °

gLk 2 ),?L#p 21 HyO, 6775 feie 3 4r OHeeri4E 2_fik Jk & (steady concentration) »
B 75 AR B2 o e LRI 8 T 20 258 (54 24-2-7) 4 7 (Elovitz and

Gunten, 1999) :

H,0,=HO, + H' (5% 2-4)
0; + HO;” —+03 + HO, ;¢ 2-5)
O3+ H =HOs¢ (5 2-6)
HO3z* —OH* + O, 3¢ 2-7)

2-3 AF 5 KB4

AZH A LA SIS A 20000Hz 2 b2 B E o B A T g g
PRRGECEFR g o LT bk Y B5 4P ergE R A f20IR % C % sonication >
H & 7§ RIL % (cavitation)(Riesz et al., 1985) o § R IL % ¥ & = stable#? transient
3k : stable & 45k ¢ F '}é"%gv} F oAt B ok ® R 5 @ transientp] B_F]4z 5 &
feERORA T A ARSI iEA & RP M) F i 3k (collapsing) 0 @ fee] F e @

Heeiffe g e 26 A2 5% B(>3,000°K & >10,000 bar > ~ 1 bar

12



=10°Pa> N E>0— X FB) S BB RT A E S FEEEA AR 2o Az s
GENTRARASFRBIEAL U DT P A TR e Sz
RMEEBEF PSR TR R o RFA KT A2 TF IR

BT A T 5 A2 (742-8~2-14) & 7 (R34, 2008)

H,0 — OHe + *H £2-8)
0, — 20 (342-9)
H + H,O —-OH- + H, (742-10)
*O + H,O — 20H- 792-11)
*H + 0, —+*O0H (2-12)
20H+ — H,0, (£2-13)
2:00H — H,0, + O, X2-14)

13



2-4 R R A T2 AR MR

3 "% PFCs 2 4p M= ;F?Je C ST e 2-3

% 2-3. 1427 354 % PRCs AP M < &
Table2-4. PFCs treatments

Method Condition Efficiency Reference
Using persulfate as a PFOA: 29.6 pmole PFOA: 99.9 % Hori et al.
photochemical persulfate: 1.1 mmole 2005
oxidant Irradiation: 200 W
Atmosphere: oxygen(0.48MPa)
Temperature: 25°C
Reaction time: 4 hr
Sonochemical PFOA/PFOS: 10 mg/L PFOA: 60 % Moriwaki et
decomposition Atmosphere: oxygen PFOS: 85 %  al. 2005
2
An oscillator power: 3 W/cm
Temperature: 20°C
Reaction time: 1 hr
Ozonation PFOS: 20 mg/L PFOS: Schroder and
Ozone generator:2.6g0 /h inefficient Meesters
> 2005
pH: 11
Reaction time: 2 hour
Ozone/H,0, PFOS: 20 mg/L PFOS: Schroder and
Ozone generator:2.6g0 /h inefficient Meesters
> 2005
HzOzz 3 mL /L sample (30%)
Ozone/UV PFOS: 20 mg/L PFOS: Schroder and
Ozone generator:2.6g0 /h inefficient Meesters
> 2005

Irradiation: 15 W
pH: 11

Reaction time: 2 hr

14



%23 3422 2 4 0% PFCs 4p B % fr ()
Table2-4. PFCs treatments (continued)

Method Condition Efficiency Reference
Fenton PFOS: 20 mg/L PFOS: Schréder and
(HO /Fe2+) H.0.: 5 mL /L sample (30%) inefficient Meesters
272 22 2005
FeSO4: 500mg
pH: 3.5
Reaction time: 2 hr
Zerovalent iron in PFOS: 3.72 umole PFOS: 99.9%  Hori et al.
subcritical water Iron powder conc.: 9.6 mmole 2006
Temperature: 350°C
Reaction time: 6 h
Photodegradation PFOA: 25 mg/L PFOA © 61.7 % Chen et al.
by 185nm UV light Temperature: 40°C 2007

Reductive

defluorination

Reaction time: 2 hr

3+

Ti -citrate: 36 mM

Carbonate buffer: 85 mM
Temperature: 70°C
pH: 9

Reaction time: 7 day

Photodegradation by PFOA: 48 uM

3+

254nm UV/Fe

sonolysis

Sonication assisted

UV photolysis

3+
Fe :80uM

Irradiation : 254nm UV light
Atmosphere : oxygen
Reaction time: 250 min

12 uM of PFOA and 10 uM of
PFOS

618 kHz at 250 W/L under Ar at

10 °C.

Reaction time: PFOA 2 hr and

PFOS 3 hr

PFOS: 89 %

PFOA: 80.2 %

PFOA: 99 %
PFOS: 99 %

oscillator power: 40 kHz, S00W PFOA: 64 %

185nm UV 16W

Ochoa-Herrer
aet al.
2008

Wang et al.
2008

Vecitis et al.
2008

Sri et al.
2009

15



¥ 5 % fedn MIPFCsFI 8 k2 CFebs 8 9142 2

N
I
ey
~my
3
(\n
jt
o+
det

Z4p o PFOSg iz 41* 5 53 ESEARRAr i § ~ 5 /H)Op~ 55

(Schroder and Meesters, 2005) » e H F k3o r @ * H - L § #

¥
Bz %% 3% i ? "% f2PFOASPFOSE 24 1 &4 » F]pt &5

T oA REREME 2 S F FBIFIHOHE fAPFOA ~ PFOS2 ¥ &t 4 o

16



CEE I F A e
31 P FEAP

AT L AR AR RERAET P R AERRE Y 40
kHz #f % 500 W # F 2F » 5§ k%@ * 5000 Volts T35T % 999% % § » 14
* Pﬁﬂiﬂﬁﬁ—? B 9&%] ML FER T AK pH B2 4 » % k& 2. HyO~humic acid

KRl E RS N b R (R E s

L RJRARR Y o A LM EE (PHS~6)T 2 L5 T 4RF o 2k T (pH
D2 & § pd AOH)F o HBEEFF A F Rond g i Ft A7 7 R R#
FaFpd AALE D (DAFpH ERF TR SdelE > 5 1 OHoZ &> (2)%e 2
HyO, 24 2 = 5 OHe(3) & * *hedg§ s Hifi > g4 fad g 27 g 2 P AR5 %

P—24 @i (PFCs)

By AR 3-1 %7 o RFABELF FAFHRY O AT &R 2
FHABLF BRI RELFE % B r LI RFRT R R
WL 3R F B R o WL F F R RAH N IR L LF $# PFOA 2
SRR AR PF TR L AR LS PFOA 4 kR B F 5% o
WHIF SRR e OHZ R IER - 7 1% B4 HhOy & 5 a3 H P oo B

5L B A vk B (TR dcE ¥ AJE PFOS &9 Rk
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Reactor absorption
test

Control
experiment

PFOA removal —»

Vaporization test

A

Direct ozone
reaction (pH=5~6)

NaOH >

A

Alkaline ozonation
(initial pH=11)

Mechanism i
PFOS removal \ : Effect of adding
. experiment HoO2
Best operating | Effect of ozone M (change
parameters concentration OH - steady| Effect of radical
Treatment of real \ conc.) scavenger/ matrix
wastewater
A y
Effec.t Of PFOA Effect of
1nitial L .
) sonication-assisted
concentration

Bl 3-1. sk 5% kA K,lrt’}ct’ EX W SLECEN =Ry ]

Figure 3-1. Experimental flowchart

ST RS R - R AR BRI ARLOR 32 4hF 0 i L

Purge ozone Add NaOH
PFOA sample PFOA sample
PFOA sample with dissolved with initial
ozone pH=11

0-point sampling

Alkaline ozone
treatment  —» Purge nitogen [—»{ Analysis system
processes

B 3-2. 27 2 HFERART & B
Figure 3-2. Sampling flowchart
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FASLAAH  BEAT LFRF 1004 F i § CHAEPH E L

FARRBARILE 2 S0 ~F § 3 AR LB LF 2T RFETT R

SRR LE CF FAE O BFLREA RS -

3-1-1  F#1R (> ~ phik )

Z3-1 3419 s df it 4ol
Table 3-1. Control experiments

Parameter

Target compound initial concentration 50 ppb

Ozone concentration 2.5 wt% ~ 9.5 wt %

No adjusting ~ Initial pH=11

Initial pH
Matrix No
H,0, No

Sample intervals 0~1~2~3-~and4h

and other parameters to measure target compound and pH value

B P

R R FRD LR PFOA L7 ¢RaBUF BE - HFEEREF

13 A MHE TR e BB A

fodg B FF R D DS BEANEPH E( 4 pH B8 5~6)2 & F 2 3%F R

-]

% i "% 2 PFOA o
T
(1) el S0ppb 2. B 4255 # 4 KA %>t 1L F it @ » g ki a4l F B p
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B2 B R D 25C o Fhdk EH P A U] 5 P HF pH (4 pH 5~6)8 e ~ § § 1t

v

=
-
2%

STpH &2 11£0.5 ¥ i * T iz n & -

(2) Brci g W L5 ERA YL 25 W% 95 wt% » ¥ it * T RIS IEY
ML N E R 01234 [ PR 0 2 PP HF R RF F H R BA

S3mLo BT PPH LY -

G)HEFHE»§ §F 3 EBUFHFAARARZZLF > FRIKSNY > RENACHES

¥R o

N

(4) & 375 Bk 5 F

i

F2%E LM HPLC-MSMS #4754 F kR -

3-1-2 L5 kAR

F03-2. 53 RRF R IT R

Table3-2. Effect of ozone concentration

Parameter
Target compound initial concentration 50 ppb
Ozone concentration 0~2~25~7~9.5and 10.5wt %

Initial pH 11
Matrix No
HyO; No

Sample intervals 0~1~2~3and4h
and other parameters to measure target compound and pH value

20



B P

MRS LEET R LF RS PFOA MfarcFz B X HE RS

]

FL% PFOA 2.3 § IR F 05 7 BFT R4 -

T E

(1) Fe 9l 50 ppb 2 B 4575 % 47 -Kiz %>t LL & it @ o @ kg sl F g
B EAET 25C o R LFRF 10 AMEF BB~ & F 4K pH

B3 11205 F i * T B siog R

Q) Froh 3 Bl 53 ER A5 2 0wt% (i » % )2 wt% 2.5 wt%~7 wt% ~
95wWt% ~ 105 wt% » i * TRMMEWIFERELE - F RFEF 01234

JEBR 0 PP M LR AR AL S dmL BN PP HFLEE Y

G)BSE~§F 3 MU SAAASLB LT > IR o B5 4CHS

(s I

(4) 170 B HEE T 2 0 £ 2 HPLC-MS/MS 247 B 5 44 kB -
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3-1-3 &% 5?]: dvif§ & (Os/H0,)F 2%

%33 LF il M DR RETLK
Table 3-3. Effect of H,O, concentration

Parameter
Target compound initial concentration 50 ppb
Ozone concentration 2.5 wt%
Initial pH 11
Matrix No
H>,O, 5~ 10 ~ 20 molar% H»,O,

0~15~30~60 ~ 120 min PFCs (target
Sample intervals
compound and short-chain group), pH
and other parameters to measure
value, Fluoride ion concentration

B P

AR B P 5 4 OHe2 4875 Jk & (steady concentration) > ™ %% OHeE_% F&

7 4 PFOA § "# f2iv ™ o

LT E

(1) f %l 50 ppb 22 O3/H,0, £ B ERE W 5 5%~ 10 % ~20 %2 P &5 44 kiz ik
ILF Bt ? o R BEMBIRZERI 25C oY L5 R
Fl0 4815 F aise » 8§ LA pH B3 11205 ¥ & * TR H0m

SRR

Q) Brcs-5 s LFER L 25 Wt% TR ¥ TRGEBEFER L N R

FEERF 0~ 153060~ 120 A 4548 » 2 PP 4 1 % % % 4546 > 4 5 3mL >
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B PP H LA

G) il » § F 3 A4S A S B LF > RIS o S 4CRE

¥R o

4) A7 iR #8122 0 £ 2 HPLC-MS/MS #4773 25 k&

3-1-4 p o AFrd|(Radical scavenger) & & & # 3 (Matrix effect) § %

2034 d AFrElE A TR %k Tk
Table 3-4. Radical scavenger/Matrix effect

Parameter
Target compound initial concentration 50 ppb
Ozone concentration 25~95wt%
Initial pH 11
Matrix Humic acid 15 mg/L
H,0, No

2.5 wt% ozone: 0 ~ 15 ~ 30 ~ 60 ~ 120 min
Sample intervals
95 wt% ozone:0~1~2~3and4h

Other parameters to measure Target compound and pH value

B P

~ R B #v » humic acid #r#] OHe> 11 2% OHe&_TF &7 ¥ PFOA 7 "4 fz2 it * »

£ BB T HHR 1L L 5 ASL PFOA e i -
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R

(1) fe @ 50 ppb ¥2 15 mg/L humic acid 2. P ;5 4Kz %> 1L F BH ¥ > N E

BoRBE R F REN AR ERET25C Y LERF 10 A4S F AR

ber A F A PpH ED 11205 ¥ ¢ * TREEEHIHIRL o

L LFER 25W% S F R 0153060 120 A 4854 5 L5 LR
9.5 Wt%>t & JEFFR 0~ 1~2~3~4 [ BBk > 2 PP #F 5 F ¥ 1 0 M

S3mL- B PPH 24 Y

GYfmid »§ # 3BTRS Z 2 LF % 02um 2 B CEREEHI#

FHECE 0 RS ACTRE Y B o

4) At R EFEI FH £ 2 HPLC-MS/MS 245 P 5 44 kR -
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3-1-5 A4k R PR

# 3-5. AR R S dE 0T Sk

Table 3-5. Effect of initial concentration

Parameter

Target compound initial concentration 50 ppb, 5 ppm

Ozone concentration 25-95wt%

Initial pH 11
Matrix No
H,0O, No

2.5 wt% ozone: 0 ~ 15 ~ 30 ~ 60 ~ 120 min

Sample intervals
9.5wt% ozone: 0 ~1~2~3and4h

Other parameters to measure Target compound, pH value

B P

P s LA PFOA ki3 2 4ok & 3 ¢ B P# 1 L § UL PFOA

(1) el 50 ppb ~ 5 ppm 2. P #i5 % 47 k37> L L F Bt ® o mER-KiEH 4]

FREMNARZERT 25C % L3RG 10 #4508 F B3R~ 3 § V4

BEPH E3 11+0.5 ¥ ¢ * T g m3 R s -

Q) Brris W L5 BRSNS 25W% 9.5 wt% » T it * TR
RE S LEER2SWI% T E BEFERFO0~15-30-60~120 ~ 4854 ; L5 LR

e

9.5 Wt% >t F EPERF 0~ 1~2~3 4 ] BBtk - X PP HF % F & 1k 0 WA
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S3mLo BT PPH LY -

G) il » § F 3 AMSAAA S B LF > RIS o B 4CRE

¥R o

4) A7 iR #8122 0 £ 2 HPLC-MS/MS #4773 25 k&

3-1-6  “H4cAzF A HFRF LR %

F 3-6. *hAeAgF A BB SRk T Rk
Table 3-6. Effect of ultrasonication

Parameter
Target compound initial concentration 50 ppb
Ozone concentration 0~25wt%
Initial pH 11
Matrix humic acid 0 and 15 mg/L
H,0, No

0~15~30~60 ~ 120 min PFCs (target
Sample intervals
compound and short-chain group), pH
and other parameters to measure
value and Fluoride ion concentration

B P

AR RPN EFN AR AT RBRT L F 2 2 T PFOA h 58 -

SETT X

(1) 4 = e % 50 ppb >+ 4 &+ -k ¥ 50 ppb + 15 mg/L humic acid 2. P &5 % 4~ ki
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AN ILF Bt > R RS F BENARZERT25Co Y 4§

RF 10 2481 F Bipikse » & 5 A pH E1 11205 5 i * TR

o
\u\

3iRE .

Q) FREBRARSAFRTHE LT Wt L5 ERE 0O wi% (T »HF )25
Wt% T i * TR FER LK BRFERF 021523060~ 120 4 4851k o

MPPHEERFEHFE OMALZImL RN PPHFTLEEY o

BG) & »F § 34 BUSRAERAZ B LF > FHRIBERY O BEACHRE

§OR o

/

(4) A R EEE T 2H 0 £ 2 HPLC-MS/MS 245 B 25 44 kR o

3-1-7 R BBk R B

3037, F R kR TR Sk T Rk
Table 3-7. Treatment of real wastewater

Parameter
Target compound PFOA and PFOS in real wastewater
Ozone concentration 2.5 wt%
Initial pH 11
Matrix No
H,0, No
Sample intervals 0~15~30~60~120~180~240~300~ 360 min
and other parameters to measure target compound and pH value
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B e

AR P LR L E N Rk 2 ¥ a0 7 DI water fie {2

PRl i B iRy o iEm e IR AT BT e L b 1T Sl o

SETT X

(1) #1L 2 B RBRORE SR 7@;*{,“ » TUfER J\/é‘ﬁf, 1;:}7@;8{3]1\ BIRZERZI

25°C > F Jsipiede » 5 AR pH 3 11405 &1 * § R isIng 8

£ o

Q) Fri3 Wl L35 ER: 25 wit% T TRFEBIFFRE > F R
FER 0~ 15~30~60~120 ~ 180 ~ 240 ~ 300 ~ 360 ~ 452~ » 12 PP 41 & % %} jf

B WA 3mL B PP HFTLEE Y o

GY Sl »§ § 344SR 3 LF 7 0.2 um 2 0B R 6 T B

FHLY o RS ACHRE Y B

(4) A7 S48 T 29 0 £ 12 HPLC-MS/MS A 45 P 555 4 4k B o
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32 S EH

3-2-1 Ex

BB F B e T o H g AP At 4 3-8 ¢

1. 2 & % f(perfluorooctanoic acid) : >99% > Sigma-Aldrich - & B % -

2. 2 & A& pi(perfluoroheptanoic acid) : 99% > Sigma-Aldrich > & R & -

3. 2 & & f&(perfluorohexanoic acid) : >97% > Fluka > # B -

4. 3 & ™ pk(perfluoropentanoic acid) : Fluka - # R % -

5. 2 & 7 pfa(perfluorobutanoic aicd) @ Fluka » ¥ B % o

6. 2 & ¥ =& fh(perfluorooctane sulfonate) : Fluka > % B % -

7. 2 & @ 'z pe(perfluorohexanoic sulfonate) : Fluka » % W% o

8. & 7 =& pi(perfluorobutanoic sulfonate) : Fluka » # B % o

9. & &+ L% 7 (fluoride standard) : 99.99% > High-Purity Standards » % B % -
10. & % i 4r(sodium hydroxide * NaOH) : Nacalai Tesque * P * % o

11. 1% 1 & (hydrogen peroxide > H,O,) : 30% > KATAYAM chemical > p % -

12. J§ 4& p&(humic acid » HA) © Sigma-Aldrich » 4t B &

29



12. fs fe 4&(ammonium acetate) : 7.5M - Sigma-Aldrich > B H -

13. ¥ A% (methyl alcohol » MeOH) : 99.9% > J.T. baker °

14. & 35 -k (de-ionized water) : Milli-Q » 18.2MQ/cm @25°C > Millipore » # B % o
% 3-8. E®254
Table 3-8. Standard compounds used
Carbon CAS
Compounds Acronym Chemical formula
counts number
Perfluoroalkyl sulfonates PFASs
Perfluorobutanoic sulfonate PFBS 4 CF;(CF;)3S05 108427-52-7
Perfluorohexanoic sulfonate PFHxS 6 CF;(CF;)sSO5 3871-99-6
perfluorooctane sulfonate PFOS 8 CF;(CF;)7S05 2795-39-3
Perfluoroalkyl carboxylates PFCAs
Perfluorobutanoic aicd PFBA 4 CF3(CF,),COOH 375-22-4
Perfluoropentanoic acid PFPeA 5 CF3(CF,);COOH 2706-90-3
Perfluorohexanoic acid PFHxA 6 CF;(CF,);,COOH 307-24-4
perfluoroheptanoic acid PFHpA 7 CF5(CF,)sCOOH 375-85-9
perfluorooctanoic acid PFOA 8 CF;(CF,)sCOOH 335-67-1
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3-2-2 REFH

I FEt - BhAB A SFH -

2. [EIR #A%k K1Y ¢ Firstek Scientific B206 » = # # -

3. AZ% 4= #%  Branson 2000LPt - 40 kHz/500 W > % & & % -

4. L% A4 Ozonia- L % -

5. B Pk Ap & 47 ¢ B F 3 R (HPLC-MS/MS) @ Agilent 1200 series -

AppliedBiosystems API4000 - % F % -

6. #t+ k47 & : Dionex DX300 > # R -

7. & % % 3+ : Orbisphere laboratories model 3600 analyzer °
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Ultrasonic Irradiation

| Analysis System

L e—

Circulating
water bath

O; producer

Bl 3-3. F &K & B

Figure 3-3. Instruments setup

IR 33677 0 A L FHREA G IAREL LT RE- FE Wb

ﬁ]"%}% iT s 3N 10T 3R — S o

L ARt ABHFTLER R FTE AT EL~ER KL ARK B
£53

FRER HERC Y 4L ®F R pH P~ AT A HFER T IE

SR WAL 1L
2. BERCKET CEFELIER B F BEMARZER S 25£1T -
3. REMEE JITEELWELERF RBRBIRE o
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T

LEAAPB AT EIRITAMF FERLILF L

kAL E ER S NF Bz 3T Ao A 3-9 rT o

S

ml4

REARTH D SHEF40kHz s # 5 S00W 2 423 A BT BiE&

TR ART R EE A FRRRY > NB L RBEE -

6. &7 ,% 5L #5121 HPLC-MS/MS 4 47 PFCs &2 IC & 7 4 35 o
203:9, £§ A4 TR
Table 3-9. Ozone generator operating parameter

OZONIA OZAT CFS-1-2G

Generator type
Feed gas Oxygen
Inlet pressure 2 bar
Outlet pressure 1 bar
4.2 L/min

Gas flow rate

Reference: OZONIA operating manual.
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34 AFIEHRE

3-4-1 F it iAp k178 B # & (HPLC-MS/MS)

B AR K AT R BT R 1A 45 PFOA B ki B @RI e

M T § Sk B3R B B/ fe v (S/N ratio) o

AT R g kAR A K 47 P B 3 R 4 w]d Angilent 1200 series HPLC £
Applied Biosystems API4000 Triple Quadrupole MS/MS e i - I ¥ fie 7 JF 542

(Electrospray ionization > ES)&t+ /& o

1. HPLC % %t :
(1) %47 ¢ 1 : Agilent ZORBAX Eclipse XDB-C18 4.6x150 mm > 5 um pore size
(2) BEApA L 2 43 k7 I mM fip plis
(3) ##4pB: 7 fF 7 1 mM frpids
(4) Feip A BT R
(5) # i 1.0 mL/min
(6) &L ~E 120pul
(7) & ER 3R
(8) A17TPER 17 A4

9) F B4 1 1200~2200 psi
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(10) ;& 4p & 474 & " & 15 © 0 min — phase A 63 %, phase B 37 %
0.4 min — phase A 50 %, phase B 50 %
0.8 min — phase A 20 %, phase B 80 %
4.8 min — phase A 5 %, phase B 95 %
5.0 min — phase A 63 %, phase B 37 %
7.0 min — phase A 63 %, phase B 37 %

2. MS/MS s %u:

(1) &= RAest o f 3+ T EPF4L2 1038 (-ESD

(2) Ion spray voltage : -4.5 kV

(3) Curtain Gas (CUR): 10

(4) Gas 1 (GS1) : 50

(5) Gas 2 (GS2) : 60

(6) £ & :500C

(7) Interface Heater (ihe) : ON

(8) Collisionally Activated Dissociation (CAD) : 5

HRITA B SARA LKA T TR AT BT R o RS kA
d HPLC ~» 3tk 471 2 I¢ i* &4 & 5 7 I i F pF & (retention time) » £ & » 35
RALIHF RG> d FEAPEHE P RN &P D BT (precursor ion)iE > £
RE ARIRFIREF A2 T A2 343 (product ion) » fd % = BF
® 417 B 4 7 F 4o+t (mass-to-charge ration m/z)» & {5 d 3 [ m/z A B3 2R E B o

& - fEFRITRSE R 2 B MRM #t+ 4> n e g o
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3-4-2 -+ K+ &k (lon Chromatography)
B TR R A T ER 2 297 0 BIE PFOA i faife? > HP T A
Pz & R R o

HRILL Gk IR LS K ITE T T Y 2 4
FREA A AR ZIERT A SR FERRS LA IR > )
BRERTAEVE BB ETRARBLITAE T 0 fe & B F T B (retention
time) £ 2 5L 4 & ff (peak area) TEE? TR o AAT P S R 4T RALFL B IR (T

3 FEArT L

(1) #74] : Dionex DX300

(2) & 47 ¢ 4L : IonPac AGI2A 4x50 mm£ AS12A 4x200 mm

(3) /i 1.2 mL/min

(4) i 2.7 mM Na2C03/0.3 mM NaHCO3

(5) #eai > £ 120l

(6) %L+ 1 % 1660~1990 psi
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Fri REFEEH

4-1 #FHIR% - F BEXMT %

60
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_ e —— ® —+
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2 40
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[
€ 30
[J]
e
S
< 20
o
Ll
o

10

0

0 1 2 3 4

Time(hr)
Bl 4-1. %R B EH P % (initial pH=11)
Figure 4-1. Reactor absorption test (initial pH=11)

ARG 241 R E R IR AT A 0 ¥ RT3 A @ (error bar)*t B

Bl 4-1 5 2F 5 % 2 h B B4t PFOA sxripfh2 & » # % * 50 ppb
2 PFOA "k @4 » 8 5§ "HBFEPH I 11> B3 F BF EY 4o 5%
Penftplid PFOA L7 4R UF BE FELEREY L3 AT HEFHFS

e MAERR

FHESR T PFOA §iF 4 | PFEFWE T F BREPN TG P AR
“ﬁlﬁ,@ s ¥ .’C;“%i °
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42 L§ 3 HF R(pH=5-6)% %

BRAPLIEET o L F S0 BT E RS B o AF 5@ % 50 ppbz PFOA
kipR s BEERENZ5~60 B4R~ LF URRELY P RS RELT N EfR

PFOA -

60

!
!
?
|

i
o

PFOA concentration (ppb)
S 3

10

0 1 2 3 4
Time (hr)
B 4-2. % % /&d2 PFOA (ozone: 2.5 wt%, initial pH=5~6)
Figure 4-2. PFOA ozonation (ozone: 2.5 wt%, initial pH=5~6)
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B 4-3. % 3% /=2 PFOA (ozone: 9.5 wt%, initial pH=5~6)
Figure 4-3. PFOA ozonation (ozone: 9.5 wt%, initial pH=5~6)

Bl 4-2 2Bl 4-3 & %5 @ % 2.5 wt%2 9.5 wt%2. 4 % i » 50 ppb 2= PFOA -k

Bik(i4s pH 8 3 5~6) 0 F Bei@As @ TEMEFHEISS -

BENTAAFPHE2Z LI ERF R GEL L FF RPEFL 27 %
*# 2 PFOA > # P %3 ¥ 3% F & ¥ PFOA i G B @rxene AT BGE E R

SR LF K52 PFOA » L v MARMMPIERT » LF " & 25 5% 34

=

PFOA(¥%32 2 » 2009) ©
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4-3 -5 ERF %

4287 2L R HGFH T ADHEPHEZ £ F LRF BEE G ond gk
PFOA > F|pt A5 @ % & § 14033 FpHE 3 dk (G- 4opH=11)> 1 & § I F

(&2 OHe#27= % # & )it {7 » LB L3 it § »c4 % k¥ PFOA -

\\\?{r

FALG -5 0% 2 L3 A3 P iv il ardd 2 L5 Bt

24l LF AL PETLEE LY P

Table 4-1. Ozone generator operating parameter and O3 production

Liquid phase O3

Input O3 Liquid phase O3  Liquid phase Os
O3 conc. ) conc. (pH=11,
energy production  conc. (pH=6~7) conc. (pH=11)

PFOA=50 ppb)
8SW 2.5 wt% 8.7 g/h 3.5 mg/L 0.3 mg/L 0.3 mg/L
190 W 7 wt% 21.7 g/h 10.7 mg/L 0.4 mg/L 1.8 mg/L
3I0W 9.5 wt% 30.0 g/h 13.3 mg/L 0.4 mg/L 3.4 mg/L
470 W 10.5 wt% 43.5 g/h 13.7 mg/L 0.5 mg/L 3.5 mg/L

Liquid phase ozone concentrations are detected by Orbisphere laboratories model 3600

analyzer °
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1.2

o
[

C/Co (PFOA)
o
(o)}

0.4 ||=@=0wt%
=0=2 Wt%
-5 wt%
02 || e =7.0 Wt%
—t—9.5 Wt%
—tv=10.5 Wt%
0
0 1 2 3 4

Time (hr)
B 4-4. s&12ix2T > 2 I 5§ )k & &JZ PFOA (initial pH=11, [PFOA]=50 ppb)
Figure 4-4. The effect of ozone concentrations on the PFOA removal in alkaline
condition (initial pH=11, [PFOA]y=50 ppb)

Bl 4-4 Z8MHiEE2T > 2 F 55 ERRIZPFOA Z B % 1 F N FIERZ

3 EERF LB~ 50 ppb 2 PFOA ki ® » T/?]Wq ERRLE Nt S el

\*.m

o BAREAST R TR ENEING o B s RRREEET @ L

27 i} 2<% 12 PFOA » BB 3 b 4§ b & 4 PFOA ' f#rc 2 03 o
SEBT e IEET L5 & 5x"E 2 PFOA-H ¢ ¢ * ¥ § (0 wt% ozone)

B F 24 % PFOA - H32% 7 ¥ /W PFOA 3 FIRF A 408 « L5 Rf 7 o i »
227295105 Wt%2 % F » 4 | PFF 4 %% 40 %~60 % PFOA » @ & * 2.5 wt%
2B FVENEREL RIET 4] BT 2 K,% 90 %z_ PFOA ° d > 2.5 wt%2_ % %
AECEFIEED A 27295105 wi%2 & § & % PFOA 22tk 4p i » {5 M3
SR RIEF 25 Wt% L5 E 2 Tt b 2B (PFOAA 4 ER B Y4 ER -
FHpEARS A RRET):RRid T 4% 0O5wt% %3 a7 F $8iFi - =
o
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B Mg E T iié%’}u’ PFOA %% 2484 > 48R 2 2T F BAGE

3-1~3-3) %757 -
C,FsCOOH — C;F;5CO0" + H" (7 3-1)
C7F15COO_ + HJr + OHe — C7F15'+ COz + H20 ;T\“ 3-2)

V32 54 F pd AR R-COOH 442 #4](Kim and Song, 1999) » ¥ #-
PFOA 2 -COO #t2 L #Hv 2 - F i* B> ¥ 8% PFOA 352 CiF sk A 518 (6 § F

oz &7 o dest 3-3 90 (BERSS > 2008)

C7F5* +2 OHe + ¢ — C4F13COOH + 2F + HJr ;R 3_3)

;933 ¢ #7522 CF3COOH ¥ & 4 ¢ #3558 (758 3-1~3-3 2 F Ji » &4

"FRES Mgl B ¢ A4 o "8 2 PFOA 2 3 F R NV A7 558 340

C;F5COOH — C,F5,+1COOH + 2F + CO, (i\: 3—4)
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Ozone concentration (Wt%)
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B 4-5 ki T > 7 &% kR &J2 PFOA 2. 5%
(initial pH=11, [PFOA]y=50 ppb, duration: 4 hr)
Figure 4-5. Efficiency of treating PFOA under different ozone concentrations (initial
pH=11, [PFOA]y=50 ppb, duration: 4 hr)

Bl 4-5 5 46 108 2 (4o pHE1D) ™ > 7 B &5 3k B (0 wi%, 2 wi%, 2.5 wi%, 7

W%, 9.5 Wt%, 10.5 wt%) &L 50 ppb 2. PFOA ~kig i » 58 4 /| FF2 3 %oe s o

KRBT ABERL LT A TR L AIDES o d F R T

3

i * 25wt%2 5% v E DB E 2k 0 K B 4] PF{s PFOA ' f#»c 5 ¥ i 90% o

Mt BA 2S5 wWt%E5F B2 2R % ¥ 2. %% % kR PFOA

® 7
AT KX L L5 (P L& F kY #%5 OH 2 0Oy (Erol, 2008;

Kasprzyk-Hordern, 2003) > # ¥ § 7 feie fri ¥ #2522 PFOA &g ¢ > B 1
L BT LA EEES L OH » 4 4-1 ¢ 7 @40 kit T k¢ 4 PFOA

HAPE kAR 2 L5 BEER €/ F 0 B 7 PFOA R} % LT 2 G o

tas

N
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Bl 4-6. 3% 7 F 44> pH ™ &JZ PFOA (ozone: 2.5 wt%)

Figure 4-6. PFOA ozonation in different initial pH conditions (ozone: 2.5 wt%)

Porbs AR A eF R A e 2 A dipH B0 X * 2.5 wi%2 & § AJE PFOA >

W

\

B R Ao 4-6 i o FIAE T B * 4o ds pH=11 & 47 45 pH=120 4 /] PF 2. g s 5 32
N5 90%=+ > Y aPEEZ LR Fp 2 (SE* 404 pH=11 AL sk 4§ AT

PFOA z_ ] Z_ig i o
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4-4 S5 x4ciEF & (Os/H0)F %

43 &0 o M IEE T R L F i on'E j3 PFOA » v 4ip| 2 17 47 i A
d OHesx# P54 Hr5f2 o &7 RizR4e ~EF “§ > vk ® OH-jE ik

PR (3 2-4~2-T) FI kB B R P ok 25 Wi%2 L F s Bt B O,

BLERET G R 2T X 95 wthokF ) /] b HyOp e = KFERF B o
R %V B OHe A T 2R ¥ PFOA 5 "# f2iv % o

60

50 [ A A

—&—20% H202 alone
—@—0Ozone alone
=0O=0zone + 5% H202
== (Ozone + 10% H202
={F=0zone + 20% H202

B
o

*H,0, concentration unit:

Molar% (H,0,/0;)

N
o

PFOA concentration (ppb)
w
o

[ER
o

0 30 60 90 120
Time (min)
B 4-7. sk 53 7 e ¥ 1 & 2 PFOA (ozone: 2.5 wt%, initial pH=11)
Figure 4-7. Treatment of PFOA by alkaline ozone/H,0, (0zone: 2.5 wt%, initial pH=11)

Bl 4-7 S g di(h e pH & 1D % Fi4ciF 1 & oJZ PFOA 2 g % » BT 4Pk
R 25wWit% L § PEo b ~ #EF 1° & 40 H 4c PFOA " f25% 3 o 14 e » 20 molar%
(Hy00/03)i % - & % 622/ 23 % % 7 f¢_83 % (O3 alone)$k <! 3 98 %o pb F
v FRBHESE Y 20%:EF 4 AL PFOA(RR T 7 48) 72 /| PFIE 5 f2 6
Yot 2 > Fpt Ak HP T L gk 2 o
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Bl 4-8. #lt 53 7 e # % 1 & 2 PFOA (ozone: 9.5 wt%, initial pH=11)
Figure 4-8. Treatment of PFOA by alkaline ozone/H,0, (ozone: 9.5 wt%, initial pH=11)

AFEFT TR F OS5 wWt% 5 ¥ ‘}f]?"\?@i iLa iT5 - XFEF%k-Bl4-8 5% 95
W% § o ki pH T 11 83485 & AJL PFOA £ %% » £ Him i o
0.6 mL % 4 »4 ] FFF BRI »2F5 43 % (03 alone)# = & 63 % ; i e

20mL % & -4 ] PFFr BPEFERE 238 43 % (Ozalone)# = 1 99 % -

4L = >
1,”“ S AN ?ﬁﬂg VAS

¥
&~
-
&
ey
-
by
)
g
= x>

P OOTH e IR 0 X IRET F ORI S

OHezc# PFOA ¢ # % 3
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4-5 p d FK¥rdl(Radical scavenger)gr A& F & F(Matrix

effect) § =%

LUREREMF R 4l4e 44 H 47 5 4 OHerc# PFOA %2> 447 %
7 g % pod FLdrd)# (radical scavengers)t b OHeenfE ik & - L4 “,ﬁ% ek R

»ﬁ L T'ii‘hi‘?‘l °

Jir F Fe(humic acid » HA)® 5 4 + B e 48k > @ 4 858 5 — f65 »echj o A
Fr 41 Al (Westerhoff, 1999) « & & BiBif @ 4 » B > 7 & 3 55422 P 555 L 4 4%

LEFpIAF R REF pd RRRTE > F AT LSRR SR

N

jo ARETV v 4-4 & > %% OH A7 2l 1 PFOA § "4 f2ie® o

60

—@—0zone alone

=O=0zone + 15 mg/L HA

Ul
o

D
o

PFOA concentration (ppb)
S S

10

0 30 60 90 120
Time (min)

B 4-9. FiEpidtak 1t L § a2 PFOA 2. 258 (ozone: 2.5 wt%, initial pH=11)
Figure 4-9. Effect of humic acid (HA) on PFOA decomposition by alkaline ozonation
(ozone: 2.5 wt%, initial pH=11)

49 5 Fiepaiak it L5 Rd@ PFOAZ B S5 87 4577 4 » 15mg/L
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SRR R 25wWt% 5 F TR KA pH B 110 B2 0] FFR RPFR 2 edT st
F 1% 83 % (O3 alone)™® < 3 39 % > HF 7 do WALE A AprdRIPE 0 € 'F Mk

14§ 4 PFOA g2 s o

50 O

N\

40

30

20

PFOA concentration (ppb)

10 —@—0zone alone
=O==0zo0ne + 15 mg/L HA

0 1 2 3 4
Time (hr)
Bl 4-10. B {ops $H4& 1+ 4 § &32 PFOA 2. %8 (ozone: 9.5 wt%, initial pH=11)
Figure 4-10. Effect of humic acid (HA) on PFOA decomposition by alkaline ozonation
(ozone: 9.5 wt%, initial pH=11)

AT @ F 95 wit% 5§ 7 e FHRERITE - i oo B 4-10 5@ * 95
wt% &% > B EA e pH B3 11 & 7 #e 15 mg/L e fe ESE PFOA 2. % % » &7 4

DR JeRE (S pi .43 % (05 alone)™ K% 17 % -

FE R R T f o A REER  RREP EF pd RS R
/5 4 42 3 & $54](Cho, 2003; Suh, 2004; Guedes, 2008; Lee, 2009) > F g d 4-4 &- 22

4-5 § e R BT 7 o #h 1 L § RIS PFOA 2 #5455 OHerc# % 5 PFOA ' {3
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4-6 ik BB PR %

Lin et al. (2009) # % 5 %% 3 %l f -k 2. PFOA 4 % ppt~ppb % &k
B A B FET i E R 1000 5 Flet A %A S * k& (50 ppb)& % ik & (S ppm)

2. PFOA 3% » R B @ % 41t 55 Al > 22 F P4 -

1Q

0.9

—@—0zone(2.5 wt%), pH11, 50 ppb

=0O=0zone(2.5 wt%), pH11, 5 ppm
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C/Co (PFOA)

0.4

03
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0 1 2 3 4
Time (hr)
B 4-11. sk 5 F ed2 % F 47450k & PFOA (ozone: 2.5 wt%, initial pH=11)
Figure 4-11. Effect of initial concentration on PFOA decomposition by alkaline

ozonation (ozone: 2.5 wt%, initial pH=11)

Bl 4-11 527 a4k B PFOA @ % dk{+ % a2z 2% « FH25FR -
* 2.5 wt%2. 5% o A7 4s pH=11 % i 7 a2 50 ppb 22 5 ppm 2. PFOA p¥ > 4 /] pF

FRERFRA T &P Eaif 3 dﬂ“z;i;v) % 90% -
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B 4-12. 4k 5 F RJLH e 47 42k B PFOA (ozone: 9.5 wt%, initial pH=11)

Figure 4-12. Effect of initial concentration on PFOA decomposition by alkaline

ozonation (ozone: 9.5 wt%, initial pH=11)

B 95 wt%2 L F 347 4n pH=11 2 K )R a2 50 ppb &2 5 ppm 2. PFOA -
S5 A 4-12 977 0 B IERZF RIB R RIE2Z RITEF o 44k &R 50 ppb 3t

4 ) R RN E2aE L 43 % 0 Sppm B FE 2 95 % o

KE 2 T@ﬁ;f](mass transfer)sPpLEE k5 > A4k AR  F RS 7 BRI P I R
fa A F F R o BESE L EE- FF RN (Pseudo first order equation,

r=kAB]=K[A)pm -

ARE 25W%EF C EHBERSMERZF BESF T RZP g IEEL
BV AT 4042 97457 0 )R PFOA ¥ 0 &% 4-k? % 5 OHe»
W OHez R LR MIr4 > @2 2P| { F2 20k 8- B F T 25wWt%E 9.5

Wt% & § AJZ 5 ppm PFOA P& 18 $14p 112 %% faAB% o Fpb > # % 2.5 wt%2 L5 %

¥ iE * 3 ppb & ppm ¥ % PFOA K% ik 2 20 ¥ 7 7 3] U 4F 2 RI2 225 (90 %) -
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4-7 L5 *haeRd AFRBFT %

44%6%1%%ﬁ%ﬁ’%ﬁi§i%H@Ai%ﬂ{ﬁ&ﬁ?ﬁ%ﬁ%%’
ﬂﬁ§$&§ﬂ&£ﬁﬁmm@ﬁ%ﬂoéﬁﬁm’$&§ﬂ&£ﬁﬁﬂﬁﬁg
AHRT A2 it 2 RJE T (Sato, 20060) 0 Flpt A &2 PG FrHee R S ¥ L

AR b edg Bk 0 AT A (7 DR 24 2 PFOA 4 “,ﬁc? LES

60
—@—0zone (2.5 wt%) alone
| =O=Sonication alone

50 [ =m=0zone (2.5 wt%) + sonication
— ={J=0zone (2.5 wt%) + sonication + 15 mg/L HA
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B 4-13.4& 1+ 5 3 % & 423 & &2 PFOA (ozone: 2.5 wt%, initial pH=11)
Figure 4-13. Treatment of PFOA by sonication-assisted alkaline ozonation (ozone: 2.5
wt%, initial pH=11)

Bl 4-13 Zdhfr &5 B L6483 AAILPFOA 2 %k - 2% k7 F i * 25wt%
LEIBEA A pH I 11 Db e 3 ABRET 0 AJL 4 FEF RERST R

PRE e BN 0 2 W90 % (O3 alone)$ = 5 92 % o

bed 39 ¢ A B 25 W%LF TT AN L F | ESSWea AR 2

RIABRTWIETHENLF | FSOOW 4| FFF REFEcFEHB 2% BT
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Bt a4 F eJT PFOA P > #hicdg f R B T 3 2L st 2 o

AP S REA r FREBEEH&IELF (25 wt%)ttedzf AR ET B E
BFRF WA TP € & FtE M 2 F(92% — 50%) 0 42 E_humic acid ¢ 2
3 #adT ] OHfE Bk & - #3% PFOA 2 spocdid » gt o 45 &2 H U 43t

T84S AL % 2 % &(Chen, 2008) 1 T4 12 i & o

60
—@—0zone (9.5 wt%) alone
=(O==Sonication alone

50 —f—0Ozone (9.5 wt%) + sonication

S
o

PFOA concentration (ppb)
N w
o o

[Eny
o

0 1 2 3 4
Time (hour)

B 4-14. 425 A % &4k 5 F mJ2 PFOA (ozone: 9.5 wt%, initial pH=11)
Figure 4-14. Treatment of PFOA by sonication-assisted alkaline ozonation (ozone: 9.5
wt%, initial pH=11)

Pk APy R O5SwWt% S F TA A pH I 11 hhe R F A FRBRT e
72 50 ppb 22 PFOA "Ki3 % (5 = A f % > 4B 4-14 977 - 2% 81 > KiE4

PR RS 0 HonF 43 %Hk 2 1 61 % ©

Sato (2000)#% 11> § B & B AR P ¥ oaw § F k5 e (T (synergistic effect) >

£ 2417 * (antagonistic effect)z. & 4 » ¥ & B|d ;% 3-5 2258 3.6 T & o (BRI »
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2008)

F e 7€ % tEatb> Ea+ Eb (3¢ 3-5)

BT * (Earv<Ea+ Eb (5% 3-6)

He > Earb 5425 A 255 KB E (82 mdPray

7~

Ea 5 WAZ§ 4 2 g2 vn

Wi

Ev & Wigtt & 5 F p2 rd2on

APERY % 25 Wi% %5 AIL 4 ] pEE2 Eah 50 % ~Ev i 90 % 0 @ Eab
4 92%;®*% 95 wWt% 4§ A4 [ PEiS2 Eah 50 % Eb 5 43 % @ Eav 5 61 % >
% Eav<EatEb> § b Pk (P42 3 i E L K APpF € A 2 BFLiEr » 4 7 ge

PFOA P *hvdg 3 A MR T ¥ 3 ak 1% F F RARRE ™ > &P B3 4o Rd2 2% 5 2

‘]%‘3]5 o

HA 4 SHE v it B ¥ Rl A48 A BT € A2 # 2 (Riesz, 1985)H &
BEBROME A3 O RBLEREZILIRELSIELEF AT A F
Tt L5 ITARR o
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4-8 F HERRF AR &

4o e 4-3 & fTik 0 5 T 3 i3 B 2 B ok 2 PFOA 9 % ppt~ppb & &
(Lin, 2009) » 5 4Fstdg it § 22 % 203 2 Juleok ¥ PFCs2 7 (742 > & & i¢
25wWt%2- S F GdRIETFEET o RJJL S S s PE R R TR E LT F RRK o Bk

® PFOAE & & 33.6 ppb> PFOS;E & 5 8.04 ppb - pH=7.1> 4,4 ##(TOC) 5 8.1 ppm

(#4-2) -
242 R HROKAR MK T TR
Table 4-2. The properties of real wastewater
Source Southern Taiwan science park
PFOA initial concentration 33.6 ppb
PFOS initial concentration 8.04 ppb
Original pH 7.1
TOC 8.2 ppm
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B 4-15. &1+ 5 § a2 Bk k P 2. PECs (ozone: 2.5 wt%, adjust initial pH=11)
Figure 4-15. PFCs decomposition in real wastewater by alkaline ozonation (ozone: 2.5
wt%, adjust initial pH=11)

Bl 4-15 5 & * 2.5 wt% 5% § T3 B4 pH F 1 11 mdZ 5 Bk ? PECs 2
Bk oo MR EAT A2 FFE RN o AJL PFOA 2 »cF it DI kel
P e (DI -k: 83 % » F Rk K: 44 %) o 1 2 ) BF{S IR R S AR $HE 0 4] B
2aFTE RN (EZAERTHRLFLFF L 69%~96%)~ 6/ PF23xF ¥ iE 92
% (2 ERFHRZFLFER G 81 %97 %) > Bw 5 2] BT i FIAF R % (TOC
5 82 ppm)? OHE#EM | > E+ AT EpPHEFLFHLEF pd AF B ¥R

PFOA 2 % EEEEE L

ek AR R F I i1 L § $ PFOS 4 A ek jRak 0 4 PEE RS

d 47420k B 8.04 ppb "% {332 0.026 ppb » s F % £ 99.7 % o

AET I IRAE L F RIEF R KL pH BB 0 ded 43 45T o BRI i
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acid, HCOOH)#7 = (Gunten, 2003) » ¥ 5R-K M fdk 573 3 /] PFF BPFRF 12 B0 R
YRSl X PFOA H RAEE R SR T R AP H T pHEL F 0 i

FogprASLERY R IR 0 BT R A 2 AUk o

R o — iR R s P R R i kR REF pH 5 P 1
gy o A EE L0 23 pH B R 730 ¢ B AR R T
AR R T MR R > 2 PFOA 3 o T E 79 % 0 B A i G -
B G AR L e

# 4-3. #1E5F (2.5 wt%) 2R Bk 2o pH &

Table 4-3. pH monitored for treating real wastewater by alkaline ozonation
(ozone: 2.5 wt%)

Time (min) pH Time (min) pH
0 11.0 180 7.3
15 10.0 240 6.6
30 9.5 300 6.3
60 8.9 360 6.0
120 8.0
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B 4-16. # |+ 4§ AJ? AJ2 PFOA 2. ¢ & 2 $ (ozone: 2.5 wt%, initial pH=11,
[PFOA]o=5 ppm)
Figure 4-16. Decomposition products form treating PFOA by alkaline ozonation (ozone:
2.5 wt%, initial pH=11, [PFOA]o= 5 ppm)
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%3 > PFOA 2. ¢ F A& 4 4 PFHpA ~ PFHXA - PFPeA - PFBA £ & 35 ik
BEEFMAR 4 ¥ 1 P E AR TR A 57 OHest % PFOA " j2 1
BA R FRRpESDY BAFER B MA(HEEHEDN3%) %% 2 Chenetal,

(2006) ¢ * UV-S,05> " fi2 PFCs 4p 17 » 3 A 4% 11 I8 %4 & 5 %:hd 33 o

AP A R L F (2.5 Wi%) A2 PFOA 2 pH @ % 1+ » 4ok 4-4 %7 » &

B2 pH B9 8 10~11 2 FF > %2 ¥4 5 OHeF i o

%44 i LT (2.5 W%)Eg 2 pH &

Table 4-4. pH monitored for alkaline ozonation (ozone: 2.5 wt%)

Time (min) pH Time (min) pH
0 11.0 120 10.5
15 10.6 180 10.4
30 10.6 240 10.4
60 10.5
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pH=11, [PFOA]y= 5 ppm, H,0,/O3=10 molar%)
Figure 4-17(a). Decomposition products of treating PFOA by alkaline ozone/H,O,
(ozone: 2.5 wt%, initial pH=11, [PFOA]y= 5 ppm, H,0,/03=10 molar%)
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(Park, 2009) » FIp- 1 4-16 & W 4-17 % > £ a5 2B @ ¢ F AP kR #h<2 BT
1

;
NEF R AR BB BORN  Tg

- e LF R ERYFASFER
E G FE SN PIE R W - S i B X [ O O - O

A s I AR & F (2.5 Wi%)7 40 Ha0, A2 PFOA 2 pH 8 % 1 > dr e 4-5

om0 AF S pH B A 11.0~11.8 2 fF » i H 3] 5 OHeF i o

# 4-5. #5525 wt%)'}f]: 4v Hy0,/03=5 molar% /&322 pH &
Table 4-5. pH monitored for alkaline ozonation (2.5 wt%) with H,O0,/O03=5

molar%
Time (min) pH Time (min) Ph
0 11.0 120 11.5
15 10.4 180 11.8
30 10.7 240 11.8

60 11.2
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Figure 4-17(b). Decomposition products of treating PFOA by alkaline ozone/H,0,
(ozone: 2.5 wt%, initial pH=11, [PFOA]y= 5 ppm, H,0,/03=20 molar%)
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Figure 4-18. Decomposition products of treating PFOA by sonication-assisted alkaline
ozonation. (2.5 wt% ozone, initial pH=11, [PFOA]y=5 ppm)
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AP NATE A B ET LI L (2.5 Wi%) L PFOA 2z pH g % 1+ »
7

dok 4-6 77 0 ARz pH BX % 9.5~11 2 F > FERH 4] % OHeF i o

% 4-6. 4155 Q5wWt%) % &S A B RJZ2 pH

Table 4-6. pH monitored for alkaline ozonation (2.5 wt%) with sonication

Time (min) pH Time (min) pH
0 11.0 120 9.8
15 10.5 180 9.6
30 10.1 240 9.5
60 9.9
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Figure 4-19. PFOA and PFOS ozonation (ozone: 2.5 wt%, initial pH=11, initial

concentration: 25ppb)
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Figure 4-20. PFOS ozonation (ozone: 2.5 wt%, initial pH=11)
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Figure 5-1. PFOA ozonation with MtBE (initial pH=11, ozone: 9.5 wt%, MtBE: 10
mM)
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4

-l BHIR % - F R BT Rk

413.0PFOA Time (hr) 369.0pair (ppb) pH  AVG (ppb) STD

A1-BK-0 0 43.9 6.15 47.15 4.596194
Al1-BK-1 1 494 6.13 47.9 2.12132
Al1-BK-2 2 48.2 6.25 48.15 0.070711
Al1-BK-3 3 44.9 6.38 48.2 4.666905
Al1-BK-4 4 44 6.05 46.75 3.889087
A2-BK-0 0 50.4 5.83
A2-BK-1 1 46.4 5.81
A2-BK-2 2 48.1 6.02
A2-BK-3 3 S 6.01
A2-BK-4 4 49.5 6.00

W2 4§ ERF B(pH=5~6)% %

413.0PFOA Time (hr)  369.0pair pH AVG STD
2.5 wt% ozone

A02-03-85W-0 0 50.4 5.92 50.66 0.208806
A02-03-85W-1 1 51.4 5.01 50.80667  0.531162
A02-03-85W-2 2 50.3 4.74 50.3 0.1
A02-03-85W-3 3 50.2 4.56 50.13333  0.057735
A02-03-85W-4 4 50.2 4.43 49.25333  0.820081
A29-03-85W-0 0 50.8 5.42

A29-03-85W-1 1 50.5 4.23

A29-03-85W-2 2 50.2 4.15

A29-03-85W-3 3 50.1 4.10

A29-03-85W-4 4 48.8 3.88

A02-03-85W-0 0 50.8 5.85

A02-03-85W-1 1 50.5 4.92

A02-03-85W-2 2 50.4 4.88

A02-03-85W-3 3 50.1 4.89

A02-03-85W-4 4 48.8 4.52
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9.5 wt% ozone

A1-03-0 0 53.6 5.7 53.83 5.95343
A1-03-1 1 53.1 4.62 54.87 1.530795
A1-03-2 2 60.0 4.47 65.53 9.154416
A1-03-3 3 60.5 4.47 64.77 8.181891
A1-03-4 4 61.7 4.46 64.57 11.76492
A2-03-0 0 48.0 5.73
A2-03-1 1 55.8 4.77
A2-03-2 2 76.1 4.63
A2-03-3 3 74.2 4.44
A2-03-4 4 77.5 4.43
A3-03-0 0 59.9 5.88
A3-03-1 1 55.7 493
A3-03-2 2 60.5 4.72
A3-03-3 3 59.6 4.53
A3-03-4 4 54.5 4.53
ek-3 L kR SRR
413.0PFOA Time (hr) AVG STD
0 wt% ozone
O2pH-0 0 50.7 0.450925
O2pH-1 1 51.6 1.389244
O2pH-2 2 49.7 1.410674
O2pH-3 3 50.5 0.321455
O2pH-4 4 53.2 3.465545
2 wt% o0zone
A10-O3pH60W-0 0 50.5 0.187409
A10-O3pH60W-1 1 393 2.54937
A10-O3pH60W-2 2 32.9 1.95376
A10-O3pH60W-3 3 253 2.40762
A10-O3pH60W-4 4 22.1 0.854326

2.5 wt% ozone
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O3pH-85W-0 0 50.7 0.208806
O3pH-85W-1 1 16.7 1.653635
O3pH-85W-2 2 8.3 1.637635
O3pH-85W-3 3 7.3 1.764351
O3pH-85W-4 4 59 1.85809

7.0 wt% ozone
A11-O3pH190W-0 0 48.7 0.126541
A11-O3pH190W-1 1 36.5 1.75236
A11-O3pH190W-2 2 27.8 1.67398
A11-O3pH190W-3 3 22.9 1.965417
A11-O3pH190W-4 4 18.6 2.054325

9.5 wt% ozone
O3pH-0 0 54.1 2.628688
O3pH-1 1 44.7 2.165641
O3pH-2 2 Oy ] 1.504438
O3pH-3 3 324 1.513275
O3pH-4 4 30.9 1.193035

10.5 wt% ozone

O3pH-470W-0 0 50.0 0

O3pH-470W-1 1 46.1 0.815689
O3pH-470W-2 2 379 4.821153
O3pH-470W-3 3 324 5.074446
O3pH-470W-4 4 29.2 0.962315
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413.0PFOA Time (hr)  AVG STD pH
2.5 wt% ozone

0% H,0,
A02-O3pH-85W-0 0 50.66 0.208806
A02-O3pH-85W-15 15 38.5 1.653635
A02-O3pH-85W-30 30 27.7 1.637635
A02-O3pH-85W-1 60 16.71667 1.764351
A02-O3pH-85W-2 120 8.28 1.85809

5% H,0,

A24-5%H202-0 0 50.20 0.208167
A24-5%H202-15 15 27.00 1.652271
A24-5%H202-30 30 17.50 0.757188
A24-5%H202-60 60 11.90 0.72111
A24-5%H202-120 120 8.10 1.457166

10% H,0,
A28-O3PpH 10H202-0 0 50.49 1.487852
A28-O3PpH 10H202-15 15 27.03 1.908752
A28-O3PpH 10H202-30 30 15.97 0.950438
A28-O3PpH 10H202-60 60 12.57 1.28582
A28-O3PpH 10H202-2H 120 6.67 2.886751
20% H,0,
A28-O3PpH 20H202-0 0 50.43333 0.602771

A28-O3PpH 20H202-15 15 25.12778 2.209596
A28-O3PpH 20H202-30 30 17.23889 1.855497
A28-O3PpH 20H202-60 60 6.930556 1.358112

A28-O3PpH 20H202-2H 120 1.111111 0.277555

9.5 wt% o0zone

20 mL H,0,

A13-O3pH-H202-0 0 49.3 10.99
A13-O3pH-H202-1 1 15.8 12.05
A13-O3pH-H202-2 2 3.59 11.99
A13-O3pH-H202-3 3 0.144 11.91
A13-O3pH-H202-4 4 0.335 11.87

0.6 mL H,0O,
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A09-O3pH-H202-0 0 51.63333 0.172434
A09-O3pH-H202-1 1 33.9 1.167604
A09-O3pH-H202-2 2 26.13333 1.267057
A09-O3pH-H202-3 3 21.9 1.02235
A09-O3pH-H202-4 4 19.16667 0.903124
No H,0,
O3pH-0 0 54.1 2.628688 11.0
O3pH-1 1 44.7 2.165641 10.7
O3pH-2 2 37.3 1.504438 10.3
O3pH-3 3 324 1.513275 10.4
O3pH-4 4 30.9 1.193035 10.3
455 B od APPSR A TR ER R
Time (hr) AVG STD pH
2.5 wt% ozone
No HA
A02-O3pH-85W-0 0 50.66 0.208806
A02-O3pH-85W-15 15 38.5 1.653635
A02-O3pH-85W-30 30 A7 7 1.637635
A02-O3pH-85W-1 60 16.71667 1.764351
A02-O3pH-85W-2 120 8.28 1.85809
15 mg/L HA
A02-O3pH-85W-HA-0 0 51.60 0.573811 11.01
A02-O3pH-85W-HA-15 15 47.80 4.954945 10.38
A02-O3pH-85W-HA-30 30 43.60 5.327323 9.86
A02-O3pH-85W-HA-1 60 40.50 5.72192 9.26
A02-O3pH-85W-HA-2 120 31.00 3.966106 9.14
9.5 wt% ozone
No HA
A02-O3pH-0 0 54.1 2.628688 11.0
A02-O3pH-15 1 447 2.165641 10.7
A02-O3pH-30 2 37.26667 1.504438 10.3
A02-O3pH-1 3 324 1.513275 10.4
A02-O3pH-2 4 30.93333 1.193035 10.3
15 mg/L HA
A02-O3pH-HA-0 0 50.26 0.40289
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A02-O3pH-HA15 1 50.28 7.035341
A02-O3pH-HA30 2 47.20 7.401356
A02-O3pH-HA1 3 44.90 7.104028
A02-O3pH-HA2 4 41.71 9.779476
-6 A7 helk R OB R iy
TIME(HR) AVG STD C/CO (avg) C/COSTD
2.5 wt% ozone
50 ppb
A-0 0 50.66 0.208806 1 0.004122
A-1 1 16.71666667 1.764351 0.3299776  0.034827
A-2 2 8.28 1.85809 0.1634426 0.036678
A-3 3 7.31 1.113688 0.1442953 0.021984
A-4 4 5.863333333 0.829779 0.1157389 0.016379
5 ppm
B-0 0 45.8 0.05065 1 0.001013
B-0 1 P2.3 2.327388 0.3209607 0.046548
B-0 2 13.3 1.93787 0.1628821 0.038757
B-0 3 9.51 2.382 0.1421397 0.04764
B-0 4 5.62 2.49327 0.100873  0.049865
9.5 wt% ozone
50 ppb
O3pH-0 0 54.1 2.628688 1 0.048589
O3pH-1 1 44.7 2.165641 0.8262477  0.04003
O3pH-2 2 37.26666667 1.504438 0.6888478 0.027808
O3pH-3 3 32.4 1.513275 0.5988909 0.027972
O3pH-4 4 30.93333333 1.193035 0.5717807 0.022052
5 ppm
A14-O3pH5ppm-0 0 52.3 0.565685 1 0.010816
A14-O3pHS5ppm-1 1 14.55 2.616295 0.2782027 0.050025
A14-O3pH5ppm-2 2 6.9 0.565685 0.1319312 0.010816
A14-O3pH5ppm-3 3 4.12 2.5173 0.0787763 0.048132
A14-O3pH5ppm-4 4 2.715 2.23 0.051912  0.042639
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W7 L haokd R R S

Time
() AVG STD CICO
2.5 wt% ozone
Sonozone
A02-SO3-85W-0 0 51.09 0.5315 1.000
A02-SO3-85W-1 1 17.30 2.6963 0.339
A02-SO3-85W-2 2 7.63 3.6116 0.149
A02-SO3-85W-3 3 6.01 1.7416 0.118
A02-SO3-85W-4 4 3.93 2.7393 0.077
Ozone alone
Ozone alone 0 50.66 0.2088 1.000
Ozone alone 1 16.72 1.7644 0.330
Ozone alone 2 8.28 1.8581 0.163
Ozone alone 3 #31 1.1137 0.144
Ozone alone 4 5.86 0.8298 0.116
Sonication alone
S-0 0 oy A 0.4365 1.000
S-1 1 40.46 1.7487 0.790
S-2 2 36.86 4.2483 0.720
S-3 3 30.88 4.3685 0.603
S-4 4 24.98 3.0959 0.488
Sonozone + 15 mg/L HA
SO3-85W HA 0 50.58667 0.3355 1.000
SO3-86W HA 1 40.33333 2.635 0.797
SO3-87W HA 2 33.83333 5.6889 0.669
SO3-88W HA 3 30.44 3.499 0.602
SO3-89W HA 4 25.3 5.5651 0.500
9.5 wt% ozone
Sonozone
SOpH-0 0 50.95 1.2816 1.000
SOpH-1 1 40.39 1.0130 0.793
SOpH-2 2 29.40 2.4851 0.577
SOpH-3 3 23.25 1.9313 0.456
SOpH-4 4 19.85 0.3517 0.390
Ozone alone
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O3pH-0 0 54.10 2.6287 1.000
O3pH-1 1 44.70 2.1656 0.826
O3pH-2 2 37.27 1.5044 0.689
O3pH-3 3 32.40 1.5133 0.599
O3pH-4 4 30.93 1.1930 0.572
Sonication alone
S-0 0 51.21 0.4365 1.000
S-1 1 40.46 1.7487 0.790
S-2 2 36.86 4.2483 0.720
S-3 3 30.88 4.3685 0.603
S-4 4 24.98 3.0959 0.488
-8 F ARk TR SRy
413.0PFOA Time (hr)  369.0pair pH AVG STD
RW-0-0 0 33.8 11.09 33.6 0.2
RW-0O-15 46 30.0 10.06 28.0 2.497999
RW-0-30 30 2547 9.61 26.3 1.03923
RW-0O-1 60 24.2 8.92 243 1.106044
RW-0-2 120 16.7 8.08 18.9 1.92873
RW-0O-3 180 323 7.54 7.0 4.07935
RW-0-4 240 1571 6.77 5.9 4.391814
RW-0O-5 300 0.475 6.64 3.5 4.564293
RW-0-6 360 0.831 6.59 2.7 3.160737
RW22-0 0 334 11.01
RW22-15 15 25.2 9.86
RW22-30 30 25.7 9.02
RW22-1 60 23.3 8.73
RW22-2 120 20.3 7.54
RW22-3 180 11.34 6.65
RW22-4 240 10.46 6.12
RW22-5 300 8.79 543
RW22-6 360 6.32 4.57
RW21-0 0 33.60 11.01
RW21-15 15 28.80 10.21
RW21-30 30 27.50 9.87
RW21-1 60 25.50 9.02
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RW21-2 120 19.70 8.29
RW21-3 180 6.38 7.84
RW21-4 240 5.42 6.98
RW21-5 300 1.37 6.87
RW21-6 360 0.86 6.77
499 PFOS Time (hr)  99.0pair pH AVG STD
RW-0-0 0 8.93 11.09 8.04 0.79038
RW-O-15 15 7.67 10.06 5.12 2.678078
RW-0-30 30 2.28 9.61 2266667  0.920072
RW-O-1 60 0.283 8.92 0.514333  0.312628
RW-O-2 120 0.18 8.08 0.273333  0.253246
RW-O-3 180 0 7.54 0.060333  0.1045
RW-0-4 240 0 6.77 0.026333  0.045611
RW-0-5 300 0 6.64 0.0248  0.042955
RW-0-6 360 0 6.59 0 0
RW22-0 0 7.42 11.01
RW22-15 15 5.36 9.86
RW22-30 30 3.18 9.02
RW22-1 60 0.87 8.73
RW22-2 120 0.56 7.54
RW22-3 180 0.181 6.65
RW22-4 240 0.079 6.12
RW22-5 300 0.0744 5.43
RW22-6 360 0 4.57
RW21-0 0 7.77 11.01
RW21-15 15 2.33 10.21
RW21-30 30 1.34 9.87
RW21-1 60 0.39 9.02
RW21-2 120 0.08 8.29
RW21-3 180 0 7.84
RW21-4 240 0 6.98
RW21-5 300 0 6.87
RW21-6 360 0 6.77
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M9 ¢ AR RS RBIE RS
2.5 wt% ozone TIME 413PFOA 363PFHpA 313PFHXA 263PFPeA 213 F-ion
A18-O3pH-2.5%-0 0 4580 0.168 0.00 0 0 0
A18-O3pH-2.5%-15 15 2950 10.00 10.50 3.850 10.40 1.68
A18-O3pH-2.5%-30 30 2070 11.60 13.80 4.400 11.20 3.22
A18-O3pH-2.5%-1H 60 1470 10.80 14.40 5.260 12.40 4.84
A18-O3pH-2.5%-2H 120 746 10.00 15.50 5.440 13.00 6.6
A18-O3pH-2.5%-3H 180 651 10.40 16.70 5.560 13.00 8.5
A18-O3pH-2.5%-4H 240 462 10.50 19.90 5.660 13.30 25.85
2.5 wt% ozone+H,0O, TIME 413PFOA 363PFHpA 313PFHXA 263PFPeA 213 F-ion
A18-S O3pH-2.5%-0 0 4310 0 0 0 0 0
A18-S O3pH-2.5%-15 15 1360 7.40 9.300 5.5 4.30 3.56
A18-S O3pH-2.5%-30 30 303 9.48 13.100 8.7 4.300 7.88
A18-S O3pH-2.5%-1H 60 152 12.40 13.700 8.5 4.20 11.68
A18-S O3pH-2.5%-2H 120 146 16.20 15.800 7.5 3.90 20.2
A18-S O3pH-2.5%-3H 180 111 12.60 9.72 8.400 0.00 38.5
A18-S O3pH-2.5%-4H 240 74.8 6.05 7.83 10.170 0.00 44.8
Sonozone TIME 413PFOA 363PFHpA 313PFHXA 263PFPeA 213 F-ion
A18-S O3pH-2.5%-0 0 5170 0 0.00 0 0 0
A18-S O3pH-2.5%-15 15 2680 1.61 3.35 1.190 1.23 3.5
A18-S O3pH-2.5%-30 30 2010 2.63 9.80 2.400 0.203 3.8
A18-S O3pH-2.5%-1H 60 1600 2.80 14.40 3.260 0.00 5.4
A18-S O3pH-2.5%-2H 120 880 3.67 15.60 4.740 0.00 8.5
A18-S O3pH-2.5%-3H 180 751 5.40 17.70 5.560 0.00 8.9
A18-S O3pH-2.5%-4H 240 510 7.50 19.90 6.660 0.00 9.2
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4510 WL & § AJE PFOS § 5 i

413.0PFOA  Time(hr)  369.0pair pH AVG STD
$19-0-0 0 0.00 11.05 0 0
S19-0-1 1 4.58 6.93 4.705 0.176777
$19-0-2 2 4.25 7.11 3.685 0.799031
$19-0-3 3 5.24 8.8 4.00625 1.74125
S19-0-4 4 5.93 9.63 4.5225 1.983435
$21-03-0 0 0 11.01
$21-03-1 1 4.83 9.08
$21-03-2 2 3.12 9.47
$21-03-3 3 2.775 9.61
$21-03-4 4 3.12 9.81

499.0PFOS  Time(hr)  99.0pair pH AVG STD
$19-0-0 0 52.3 11.05 49.625 3.712311
S19-0-1 1 23.5 6.93 2425 1.06066
$19-0-2 2 13.1 .11 13.4625  0.477297
$19-0-3 3 7.81 8.8 9.05625  1.758928
S19-0-4 4 7.35 9.63 7.855 0.714178
$21-03-0 0 47 11.01
$21-03-1 1 25 9.08
$21-03-2 2 13.8 9.47
$21-03-3 3 10.3 9.61
S21-03-4 4 8.36 9.81
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11 ML Rk MtBE &2 PFOA R %% iz

413.0PFOA Time (hr) 369.0pair pH AVG STD
A23-03pHMtBE-0 0 64.6 50.5 10.99  50.85938 1.033497
A23-O3pHMtBE-1 1 6.92 5.4 7.19 5192708 0.503911
A23-03pHMtBE-2 2 6.05 4.7 738  5.869792 1.95313
A23-03pHMtBE-3 3 12.3 9.6 939  9.973958 1.213665
A23-03pHMtBE-4 4 15.5 12.1 9.85  8.830729 2.943875
A24-03pHMtBE-0 0 64.1 50.1 11.01
A24-O3pHM{BE-1 1 5.91 4.6 7.25
A24-03pHMtBE-2 2 10.4 8.1 7.45
A24-O3pHMtBE-3 3 14.5 11.3 8.78
A24-03pHMtBE-4 4 10.2 8.0 9.54
A25-03pHMtBE-0 0 66.6 52.0 11.00
A25-O3pHM{BE-1 1 7.11 5.6 7.79
A25-03pHMtBE-2 2 6.09 4.8 7.75
A25-03pHMtBE-3 3 11.5 9.0 8.93
A25-03pHMtBE-4 4 8.21 6.4 9.63
v R
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