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9 243} perborates 0]835t Ho] Ats}

2 ATl A= perborates AMSHA|R ARESte] #Hm WAL o,
g4 2 FH 3 E4S SuAE Hrbeke ARASIA Y S Aot
Atk HlE=3 9-$3 perborates BHA 2 H Ff EF] MR &4
5} F)o] radicalS At HE AAES SIAAUGYE 7HES AR
i, o] 5 qFEly] 93 & Atsad S Weskol.

g4 g ZZ =% biochar, anode carbonaceous material (ACM),
granular activated carbon (GAC), graphite® A}&3}31th. biochar= H
A& 550 °C 2EelA 4 Az A2 Axs L, ACMS 253t 7
gl gol= e g & 3|48l #H]s}SIt}. Perborate$} WA H -
EHE Fe(0)9 FeSOE ARESIITE. 32 A3S Fste] Al
e HJE AAE dHolHE dQoew, high—performance liquid
chromatography (HPLC)E A}&3te] EA383ith. &gk tert—butyl
alcohol (TBA), 1,4—benzoquinone (para—BQ), furfuryl alcohol
(FFA), NaN3;= A}£3F quenching testE 283}l radicals &2l3s}$d
1= Electron Paramagnetic Resonance (EPR) Ao =
5,5—Dimethyl—1—pyrroline N—oxide (DMPO) 2}
2,2,6,6—tetramethylpiperidine 1—oxyl (TEMPO)ZE A}&3}3t}). vt
S o2 fd9 radicale spin—trapA| ¢l DMPO¢ TEMPOo| w34
adduct® A4dst=dl o] =45 EPRE SASA

Perborate®t F7Fe wl¢] #H= 5%+ 10A1%F o] % ¢F 7.3%7} 7HAs}
ATk 1Ela A S =4 FHUbslE o dlE s wwk 10A%F
0] % biochar 28.3%, ACM 13.4%, GAC 53.8%, graphite 46.2% 72
stelal, A o =ARt Arbslksle w Fe(0) 0%, FeSOs 1%7F 34
sFth. 9HH perborateE H7FS] HHSAIFH S w9 H= 5%+ biochar
36.0%, ACM 69.2%, GAC 52.9%, graphite 52.3%, Fe(0) 98.6%,
FeSO, 98.8%% #Astlty. AaH oz GACE A3 UrA B8
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2 perborate® F7}gk o]% 9 HE FLr7} H7ISH’] ZHTYE biochar
7.8%, ACM 55.8%, graphite 6.1%, Fe(0) 98.6%, FeSO4 97.8%7} <
7}eFAtF. Quenching test A3 hydroxyl radical, superoxide radical,
electron transferg <213} t},

of AgelA] g4 P A {EAo| perborated] 23 dHE AAE F
AA7E Ao wE At B ATFE perborate’t LEAEAE T
Az &3 A AsAZE 2 o dvar B, w5 9 H REE

= =
perborates ®IA oz BN 7]= 7t 2 5 &S AARRITH
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Sodium perboratet™ gMe] FHeol 84 uAZ By FRko] <HA
Aolw v AAZEWA|, AEAA, xlold A YER

ARG d A3 ZWAR 85, A=
perborate= &3 FHZ3lo] 714 v‘i“ﬁﬁ
sh=dl, ol IistES FHS HIES B X]‘%ﬂoﬂ A VL ‘?%O] /\}“‘l
ot Jikstrae 27)d e A AR A, 22, Xﬂx]ﬁ‘ﬁoﬂ"i
Otz AMSEQlom el mjAld os &4 FHA Atk
ol2ow HEHY. ol AHH= AL AF7] Fol2(perhydroxyl
anion) T AN AFS ASA 7Y, FHAbstrio] dubAgl A3
Sodium carbonate®} Sodium perborate® Sodium perborateo] A=
Sodium perborate - tetrahydrate (NaBO3 - 4H20)2} Sodium perborate
- monohydrate  (NaBO3 - H20)7} F= ARgdvh. FH<  sidd
perborate A% AN S TUAF oY, o5 FU|F L& %9
A= e AAle] Golgj s HAATA] ol d7] 227 =&
o7k MEAMAE W Aoz us Ageith (28 2008) @A
Lyt = AAFEWMAEHA perborateE WZF 500ton AEE A4
i 9lom FE oF8& MAZ T3t ). perboratet™ °F 1004
Aol &gl Bt ot 1 &% WS 204]17] Fybol] o] Fol AL
AFshs & Fad wep AT FREAY. dA v=, A
ok %01]’\1% AAE FWA 2ar 7o FAHA RS Sodium
perborate tetrahydrate”7} =2 o]8% a1 Jtr}. o] T A7} o]& viE}e
o] ¥ = olfr T e o] IFEY A wwola 3}
A7) well 40~50°Ce] ZFellA LA 7] AaE LAEH
< SHA " olE Yehe 7ol W) A =5
}74] AREahe HollA Aol Hnh o] shetEe] FAdAe
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]‘J—L ;\}\t NaB03 4HZO°ﬂE
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a1 o] BT 4 BAL Astetel TUT £ YA Hn T2 A
#42 Buste Bol ol§¥x ot A% ¥

o
Al, AAA, AatA, & 24F oFF AR dRE o]§47]
perborate A|39| percarbonate YW AHT £& HI7IE W)= He
=gl A A skE S o] BaL ]
H-a lom gRib7baTy gkt 7] Fell A wlg- Qb st
2 24T 5 7] wEoltk 1elal 250°C AR 2EE Folk
T IHE Ao al Fodor Waht Ao e E S A ¥
o (Hh=ek 1998) ¥ ATolA= ol perborateE

material®! rice—straw biochar, anode carbonaceous materials (ACM),

carbonaceous

GAC (granular activated carbon), graphite 1¥]3l iron—bearing
materialsq! Fe(0), FeSOsol ¥h& 2 AN A =59 5585 U2
22 Akste =718 v wetaat kg o, v o2 A7 radical®} singlet
oxygen, electron transfer® 32F¢1&}al perborateE ©]83F AOPE'H 9
Mg 7Fe = H7lstaat gt



vl 73
2.1 Sodium perborate
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23 %2 Sol HOO", tetrahydroxyl
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[(B(OH),00),]*~ +2H,0 = 2[B(OH),(O0H)|
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2.2 Carbonaceous materials

2.2.1 Biochar
Aglstal BEY 54 FAI717] 918 aede=

AALE €3} f-7]Eo]tl. (Lehmann and joseph 2009). HFo] @ x}+= n}f
olevjo BEtRRY dojxl 1A EZolt),
A

Ao A Fae Aae Z7)d 9

i, 2 dae AuHoR ALdA Fudd. & e &
=Abto] @ kel Hlete] v We Aavh ST vE, fw vkl
eap FETERrE B & A EATAL s e, S vhel oAk Hls A
A3 FEE Fodel astth L #F g0l w5l S0l
sro] @2 F&o] ga®h (49 2018)

e 2relA 9] gk Fehatal thgk whele s At blel
SR A ks @A whol L] A el (Pyrolysis) 2 WHE1A]
=, &l (Pyrolysis)= AFShAIZE A5 §IAY Alghd 2x1o® A5}
A oR welshs Aot dwd ot wro]emaof B whafpa
B dddes Aa dedt vha, A 2 £ EAE Fadd
e AAEe uA (FR = B @), O (B2 F gl

9 =), 72 (CO,, H20, CO, CoHs, CoHy, CoHg, CeHs )= A H T
OB A £E% volersvl THE AE LE

of wieb A4k Hlgo] @izt 7k FHmol wet, Ewdl= A =d

I} = T

H A Gk wlo] Quf ol F A ottt 7pES:

Txo F23 9SS nxE Q4o|th Bl & 7MALEE(500°C/s) ¢}
A FFAE AHegeEe voleed AAS Fdshy, W tdEE



(20°C/s)ot 92 2% wpolext AAbe] Frh w2 did 2k
(200~250°C) 9} @ 7td& = nlo]oat Ao To o GE3)
LEo} B tdEEE nlo] e AS spAstebE A EA|7ko] ol
A Aok dE& $H2%2(500~550°0)9 e 7SR 2 @ S
ZIAF ARE2 bpe] e 9.9 AHE &S HAdsddt 2 dyels AaE

AAZ A 7oA HAZS 550°C =0 4417 &3 (Pyrolysis)
218)3}o] biochar® AZFsHYh (HEF 2017)



2.2.2 Anode Carbonaceous Materials (ACM)
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A A, aFtste sol Adsa o aga #dzte] A &

E‘riZHE% M i i b Edn & s CdAtel o

o EAstl= dubH o R Al 7HA fF@o] Atk Ao R SfojH =

gk 7k g g(ds 5o EEokAE, E‘rﬁ‘r &) ol A
d

o
==

=2

f
rfot
>

TZEE S
SAERE 78 AFEHEA SEt Hﬁ} E‘rﬁ:ﬂ]ﬁ{— ng,ﬁ
£ 792 sk glal o]# @ VR R
&l FHAQ FAEe HolAYy FEAAMT dA4S B, o] oMY &
olH = B4 YA= X-—ray diffraction (XRD) Raman, Transmission
electron microscopy (TEM), A4 &2 54 FTo= SAHHE thdsh

=
TEE A B ARE 4B o9 GUF FrRE A A%
W owde] 4§ ¥ 5 UES A o T2H Au: dnHo=n oF,

2]
S ERog sl olzd EHo

A
Ew, ZFY 22 &g 55 <
7t oz Aol 7hs sttt (Ruida Ding 2020)
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2.2.3 Granular activated carbon (GAC)
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2.3 Iron—bearing materials

2.3.1 Zero—valent iron (Fe(0))

77 GBS WPAD F U Bdol Fe(0)S

24 Ae))Ee A4S ABEFOEA ABAH o] WA
Aow olg%d 4 7] W Fe(D)F ol &3 A7} B3
oI}, Fe(0)F o 48 H4/1%e BRHORE F38 YHES 1)

stg o) ZH(-OH, Eo[-OH/H,0] = +2.8 VNHE)S WA A QdE4S
AFEAZ 4= 9l (Buxton et al., 1988; Joo et al.,2004; Roy et
al.,.2003) G7Fde] Atshir-g& A AWstH, Fe(0)2 AE B2
= 47 AL abshabg o2 yEeld 4 AIRE AAHogE T owA g
27 AR abghirgo] w@AFoz dojdtiar AAlE vE AT (Zecevicet
al., 1989; Zecevic et al.,, 1991). o] A FAibstg4 (H202)7F wH&
SHAR BAE =Y AdE ks Fe(0)9F thA] whE-8hA] ek
27V (Fe )3 WhgahAl =W Fatsteto] o] AT (84 2013)
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2.3.2 FeSO4

sHAZ g2l 2ol 3842 FeS047H,0 o]aL
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2.4.1 Phenol

b AkdRtobell A =

3
pul

%

AEe ot Afste, A, FA4tE F o

[y

< 0.005

|5

AAZE oAH

1
s

A2 =

A

)

45 7

A

=
L

, 2013).

= A

(e}
A

PN
T

s}
=

A

SECIEE

= o
=

A b dlER shehe

S

el A RS

X

H=2] aromatic ring®] H+o| Cl—o] 2§ ¥ o

AZE = 2007).

Feo] FEZvEe ¥

P

o (

o
A

N

"o

R AAZoF B AEAd S F

hyA

]1_.
Y

=4

lojt} (A<5H, 2009).

!

o
-

2—chlorophenol, 2,4—dichlorophenol, 2,4,6—trichlorophenol

=2 (priority
o]t} (USEPA, 2002).

o o
T

(USEPA) 9l A
toxic pollutants)ell <3

N

ﬂo

il

chlorophenol

Aow 2d#x gt} (Tobajaset al., 2012).

1
s
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2.5 Chemical reagents

2.5.1 Tert—Butyl alcohol(TBA)

Tert—Butyl alcohol(TBA)& durxo =z 6}01E%@1 2o Z(-OH) &
]_

A7 B2 dEE WSkt stol=E4d o2 (-OH)2 7HE Wb
ol & A HuZ T hvfoln A H %1 2 8 HAol A 77
LdEdE A3t Eafsta F7] ol AAE Adete o IS
gt Absh wkGo gk slol=s4 H (- OH)«] VNARE BHHLS
2 AAsH] Y3 gurd o= Tert—Butyl alcohol(TBA)¥ & EH

SANAE Frstel slel=S4 etZ(OH)S EdE AAw
(Zhenwei Gao 2021)

2.5.2 1,4—benzoquinone(pBQ)

T2 FAEE Axet Aeo Abstgkd wge vkeA F ool
g ZHHO) B FHSFAlE SOl E}E]%(OZ—)Q] KRk
T %At 1,4—benzoquinone(pBQ)-> — guze 9%
ol 245 AREE = shgbEolt 7@%‘“—12; 1,4—3lo] =2 F=(H2Q) o2
g, 2 Bae= 02— oz 9 Aolt}. (Orsolya Fonagy
2021) g4 o= 1 4-benzoquinone(pBQ)¥ #2 54 ~NAE F
7¥eto] stol=54d gy (HO)# w3 SAto]l= Fol2 2z (02-—)
o] g¥& AAgH

_13_



2.5.3 Furfuryl alcohol(FFA)

Fabstyl #E3ke] singlet oxygens 19773 Zepp 2ol& o] %<2l
AxFolA FAAeE T8 To= A AAEHIAE=H, o] singlet
oxygen+< %r##| propiconazole 3 sulfonamide Lol &3t A A
of & & delxd vAl A=) FEE st 7o =3k Fst

Hddote 79 v T AoE gEAT 19844
Haag et al. Furfuryl alcohol(FFA)®] AES Aotglorn 1 o=
singlet oxygen®| ™3t ¥ probe A7} HAT. FFAZF $-Agk d)o
= 2 7HA] olf7F Utk (1) o]/A Rl singlet oxygen X =ZHo| gk
27 e ggAdelolok itk (2) AEH o= singlet oxygen<}
o HE AR gkesjof ok (3) AE 3] HE F5ekA Fot
of 2% 02 singlet oxygen ¥ S7HAl A3 (sensitizer
HAZ|A] golof ghth. (5) EBAQ AFS FAeMoF g
Z7oll A T2k kg A olojoF gt} FFA: o233k &
TEHIT S APA o R o] Theetal A HshH
2utEa sy 5ol §3stth. (Elena Appiani 2017) ¢{nbdo=
Furfuryl alcohol(FFA) % 7}8}¢] singlet oxygen &3& A A3}

¥

2.5.4 NaNg

oA =3} Y EF(sodium azide, NaN3) 34} =2 Fao=g ‘3}5 2l
WA glom ufg- Eo & x= =dolth o] 242 F A
ol M AAE A% st REAOR ALGEHI glon, HA T}
25 BAAATIE SA0] o] AEAf cojule] AR E AREET

AdkA 0 & gzide o] singlet oxygend Z# 3 E2] % quencher?]
] AFst #gel A singlet oxygeno] #H A HERAT] #8 A
Fe-Ft}h Azideol 93t singlet oxygen® quenchingol] thal &%= A4
(k(g))= w2 712l 23 quenchingoll Wk k(q) gk AMFsh7] #13
zroz oz ARgHrh (M. Y. Li,C. S. Cline 2001) ¥ <o
X+ singlet oxygen®] &Y A A9} electrons transfere] WAE 23]
oA =3} Y E F(sodium azide, NaN3)= A3} t}.

K

>
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2.6 Spin trapping

Sping trapping<= electron paramagnetic resonance (EPR)& A}&-3}
of FHo] &2 A HuZs AEsta AHsH] f8) A EE E4
7% o]t}. Electron paramagnetic resonance (EPR)< A+ #tjzo] &

o] Fx] ¢Fo HA} Z+E paramagnetic =S A gl 18y gk
o WHgb7|7F Fold EPRE #HAIE 4 gle 745 Spin trapl & ¢
st ARESte] gz A= wSeke] HAAQd FUt=E
(adduct)s FAgtth. 7 F7l=(adduct)> EPR 3oz A=Y

¢l+= paramagnetic resonance ~HEZ S 77t}

w

RATINY rUIO

2.7 Spin trapping reagents

#2 HE 7R Y zs dJEsh] 98 AMgE e sErEE gy
ZF} Wk-$-3}o] electron paramagnetic resonance (EPR)o] Zx]& 4= 9
+ adductE A3}

2.7.1 5,5—Dimethyl—1—pyrroline N—oxide (DMPO)

5,5—Dimethyl—1—pyrroline N-oxidet 5,5—Dimethyl—1—pyrroline
9] N-oxidationo|4] AA%+= 5,5—dimethyl—1—pyrroline F°]t}.
Enzymatic acetaldehyde AF3stel]l 93] A ¥ 2oz A4E 93k ~4
Efom AGHY. A4 BoA 9 29 Efs Aok Qs gt
5,5—Dimethyl—1—pyrroline N—oxide= -‘OH, 0,3 ¥F&3}o electron

paramagnetic resonance (EPR)Z A& H7}=(adduct)S A4 gk}

2.7.2 2,2,6,6—tetramethyl—4 —piperidone (TEMP—Hcl)

_15_



2,2,6,6—tetramethyl—4—piperidone: singglet oxygen¥} H¥h2-31S- uj
= o

electron paramagnetic resonance (EPR)Z ZA&H H7}E-(adduct)<
TEMPOS] ~HAER]S HQIt

_16_



[ ]
ILY—7)

= Pyrolysis temperature : 550°C
= Input gas : N,
= Pyrolysis time : 4 hour

_17_




Anode carbonaceous materials (ACM)2 As=F 3 2] Folu] el
A Fgeslel 08k AL, Granular  activated  carbon  (GAC)E
CHARCOAL ACTIVATED , GRANULAR CP 500G OCI Al#°o® +%
3} t}.  Phenol (CsHsOH  99%) Iron(II) sulfate heptahydrate
(FeSO47H,0)+= DAEJUNGOlA G943+ aL, Iron 99% powder,—70
mesh(<212 um)(Fe(0)) ACROS®IA 383t

Sodium perborate tetrahydrate (purum p.a. NaBO34H,O 96%),
2,2,6,6—Tetramethyl—4—piperidone hydrochloride (TEMP)
(CoH17NO-HCI 98%)<} 5,5—Dimethyl—1—pyrroline N—oxide (DMPO)
(CsH1INO =97%)%  SIGMA—ALDRICH (U.S.A)ellA #9153t

_18_



o e

T o T " Sodium .
7 250mLof N perboras phenol concentration |7
| solution ) (230 mg/L) N/
A phenol P =

e _nf 1/_

T Y

=y

1

biochar 550° C1g,ACM1g GACO03g.
graphite 1 g, Fe(0) 1 g, FeSO, 1 g

I
o
W
\)
toby
M
1>
>,

SR

Erlenmeyer flask 500 mLS 2
7} Iron—bearing materials A= 9 4|8t phenol (CeH;0H
99%) 250 mg/LE THIZth 7 &2k2=0] phenol 250 mlL, biochar
550°C 1 g, Anode carbonaceous materials (ACM) 1 g, granular
activated carbon (GAC) 0.3 g, graphite 1 g, Fe(0) 1 g, FeSO, 1 g&
Y31 sodium perborate tetrahydrate (purum p.a. NaBOs;-4H;O 96%)
250 mg/LE #H7}skth. ¥vbA sodium perborateE H7FSHA] &e tix
T AN AEs FYsget. AEE MEZ sodium perborateThS

A7h golm Fulstarh A9 AR Havh s AL oA @

o2

o] A}g= Carbonaceous materials

_19_



W2 ZF AEES 180 rpmo = H 10A17F wWkAlA 16t gitt 1
AlZE, 3AIRE ) BAIRE, TAIZE, 10412 wieh Z2F A1ES 1 mL A A F st
HPLC Thermo Scientific ~ UltiMate 3000 HPLCZ (224nm) #41&
s,

3.2.2 HPLC 4 x%A

b |

Sample Name: P1 Injection Wolume: 1000
Vial Number RCT e Channel: uv wis
Sample Type: unknown Wavelangth: 2
Control Program;  DCP 2021 BQ ™ Bandwidth n.a.
Quantid Method: DCP 2021 BQ ™Y Difution Factor; 1.0000
Recording Trme:  2021.5.21 16:47 Sample Weight 1.0000
Run Time (min) 13.00 o Sample Amount 1.0000
800 Fhenol Exlemal v WS 1
= Brea [mALFmin]
s2s]
500
37.54 i
1
]
25.04
]
12 5
A mgi
| T e e e e
L] 13 25 a8 50 63 75 88 100 120
F No. RetTime Peak Name Cal.Type Points CorrCoefl. Offset  Slope  Curve
i b3
35 | 1016 F’Mnn! I Lin 4 G9.9404 00000 | 07030 | 0.0000
Average: 99 9404 0.0000 0.7030 0.0000

1% 3.3 Phenol®] A=A

As A =743t phenole] HHEALS retention time 10.16 min®l

99.9404% = 3}gt}.

_20_



Phanol 20210415 B447 ™ s
M"W—F'—HM LS4 nm

g

g

Absarbance [rALy
E

.
¥

1% 3.4 Phenol retention time

EMZzAo 7 ZFL Dalian Elite Analytical Instruments Co. Ltd A}
9] COLUMN : SUPERSIL 120 ODS-I 4.6x250, 5 um= A}&3}3 1L,
injection volume 100 ul, wavelength 224nm, Eluent : DIW 60%,

methanol 40%, retention time 10.16 min 7102 BA1S& A3 519t}

_21_



3.2.3 Quenching test

e nchi
4 TBA - DTS

250 mL of solution
(phenol)

sodium perborate :
(250 mg/L) :> phenol concentration |:|
carbonaceous Q ))
materials, (—
iron-bearing minerals

tert-Butyl alcohol (TBA) = hydroxyl radical (-OH)
1,4-Benzoquinone (pBQ) = O,* - radical

Furfuryl alcohol (FFA) = singlet oxygen (10,)

NaNj; = singlet oxygen ('0O,), electron transfer

19 3.5 Quenching A3 W

Hydroxyl radical(:OH)< quenching 3}7] $3F A3 #HHS 7]<3d
Erlenmeyer flask 500 mLS A3 Zsjo] Apg=
materials®} Iron—bearing materialsE A& <95 £H|3aL  phenol
(CeHsOH 99%) 250 mg/LE M|}, 7} Z2f2~ A9 phenol 250 mL,
biochar 550°C 1 g, Anode carbonaceous materials (ACM) 1 g,
granular activated carbon (GAC) 0.3 g, graphite 1 g, Fe(0) 1 g,

Carbonaceous

FeSO, 1 g2 Y1 sodium perborate tetrahydrate (purum p.a.
NaBOs-4H,0 96%) 250 mg/LE 7}ttt hydroxyl radical (OH)<

_22_



quenching 3}7] 3 tert—Butyl alcohol (TBA) (0.4 M) 7.41 g& 7
Azo A7Fslgh A8 A Aavt s AL A mEy) R
AEES 180 rpmo = H 10A1%F uwk AlA skl 1A]7F, 34
o, SAIZE, TAIZE, 10A1ZF mitk 2 AlES 1 mL A A F st
HPLCThermo Scientific ~ UltiMate 3000 HPLCZ #4]& 3}Sith,

O, radical¥ quenching 3}7] 948l 1—4 benzoquinone(pBQ) (0.05
M) 1.35 g& ZF A&l Z7bsialh. A3 W82 Abart e A= g
oA w72 7 AEES 180 rpmo. 2 FH o] 10A]17F wHkA]A 1)
stk 1A1ZE, 3AIZE , BAIZE, TAIZE, 10A1%F vtk 24 A1ES 1 mL A
AN F skl HPLCThermo Scientific — UltiMate 3000 HPLC=Z #+41=
sttt

singlet oxygen ('03)% quenching 3}7] 93l Furfuryl alcohol
(FFA) (0.2 M) 4.35 ml& 2t A& H7lekalvh. A3 W82 Abavt
AE A2 FAHA w2 7 AMZES 180 rpmeZ Hu] 10A]3F
b AlA &tk 1A%, 3A1ZE, AR, TAIZE, 10A]1%E mheh ZF Al
=5 1 mL & A3l HPLCThermo Scientific — UltiMate 3000
HPLC®E A1 a3t

singlet oxygen ('0,)3} electron transferS quenching st7] 3l
NaN; (0.2 M) 3.20 g& 2z AZo Ar7iednh A4 Wayge ka7 9l
T AR A wRIR 7 AEZES 180 rpmeZ FHu 10A13F
Wb AA RISl TE 1A17E, 3AIZE | SAIZE, TAIZE 10AIZE mitk 2 A&
S 1 mL A AFHSF] HPLCThermo Scientific  UltiMate 3000
HPLC=Z #A& 39t}

IH FJ
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3.2.4 EPR test

DMPO : --OH and -O,

10 mL of solution }

(phenol) f—] ,ﬂ | i ¥ “oH
sodium perborate { l
(250 mg/L) )) adducts
carbonaceous CC .
materials, TEMP : singlet oxygen

iron-bearing minerals

30 sec ~ 1 min ‘ “ ‘\

40 mL vialell A&l AF8<= Carbonaceous materials®} Iron—bearing
materials M= w3 48]33 phenol (CsHs0H 99%) 250 mg/LE
FH)gth 7} Ze}2 0 phenol 10 ml, biochar 550°C 0.04 g, Anode
carbonaceous materials (ACM) 0.04 g, granular activated carbon
(GAC) 0.012 g, graphite 0.04 g, Fe(0) 0.04 g, FeSO, 0.04 g& Y11
sodium perborate tetrahydrate (purum p.a. NaBO3-4H.O 96%) 250
mg/LE #H7}89th. 18]3L perborateE H71EHA e MZES tix
o2 FHEATE 40 sec ~ 60 sec WHeAIZL F JEOL Abe]l EPR
spectrometer: JEOL JES—X310% #4135}t
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4.1.1 Carbonaceous materials

4.1.2 Iron—bearing materials

1.0 @ a g g

0.8 A

@0

o>
o
[ J

Aa

0.6 A

0.4 -

Phenol concentration (C/C,)

0.2 A

a b
o>

> 0

0.0 : — B8

<4 ® 00 O

> e

4 83 o po

perborate

biochar

biochar + perborate
ACM

ACM + perborate
GAC

GAC + perborate
Fe(0)

Fe(0) + perborate
FeSO,

FeSO, + perborate
graphite
graphite + perborate

_25_
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Carbonaceous materials 22 iron—bearing materialsE Y- phenol

o sodium perborate® Yol &AA3E AZ= w9 dHeoly Axs 19
3.79] YEFRITE sodium perborate® F71gF Al59} HI7FSHA] &2 A
S5 AAARE 10417 e] A $o] Ayp=m s B 94 phenold
biochar?t &7t &M A9 284%7} FA3E ¥ biocharel
sodium perborateZ7}#] H7}sk gAML 371%7F A3l F7HAQ 7
A2gE F 7.7%=2 AXETE ACM A$- 13.4%7F #ASaL sodium
perborateE H7}3lS wjE 69.2%7F #HAStE GAC 2% 42.2%7F 7+
Z~3}al sodium perborated FH7MlS W= 53.0%7F 743k}, graphite
A 20.7%7F 7433 sodium perborateE H7F3S Wi 68.4%7}
A%t Fe(0) A% #HaEo] QAW sodium perborateE 7S
= 98.7%7F #Aastt). FeS0,9 4% 3.4%7F #4Aslal sodium
perborateE 73S wli= 98.8% 7A3HT}. perborated #H7FE <13k

F7H HaEE, AAs 7%l A= 90% o Hads Helu
sodium perborate®] H7}&E <13 radical®] WAool =X Aoz Tt
ok ok 382 APRto 2= radicald] TR7EX #AGE F gLyl
F71A ¢l Ado] "t #FEE 93l chemical reagentsE A3

quenching testZ %33} T},
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4.2 Quenching test 43}

4.2.1 Tert—Butyl alcohol(TBA)

Phenol concentration

04

A
° < 8 4
S g $
4]
0.8 ~
0.6
0.4 A
biochar + perborate + TBA
A ACM + perborate + TBA
| GAC + perborate + TBA
0.2 © graphite + perborate + TBA
A Fe(0) + perborate + TBA
O FeSO4 + perborate + TBA
00 T T T T T
0 2 4 6 8 10
Time (h)

13 3.8 TBA quenching A3 A3} phenol A&

_27_
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4.2.2 1,4—benzoquinone(pBQ)

04

oY
g’
2 & &
o) o A
Q 08 a 8 8 6
)
c
.8
S 061
c
Q
Q
c
Q
O 04+
2 biochar + perborate + pBQ
_q:) A ACM + perborate + pBQ
a 02 4 GAC + perborate + pBQ
’ © graphite + perborate + pBQ
A Fe(0) + perborate + pBQ
o FeSO, + perborate + pBQ
00 T T T T T
0 2 4 6 8 10

19 3.9 pBQ quenching 23 A3} phenol A&
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4.2.3 Furfuryl alcohol(FFA)

o

— a
OO
= 0.8+ fi
S $ a g
A <
S A S 8
-— A A
8 06
®
o ° ©
c
8
5 0.4 ~
qs:J biochar + perborate + FFA
et A ACM + perborate + FFA
o 02 4 GAC + perborate + FFA
) ¢ graphite + perborate + FFA
A Fe(0) + perborate + FFA
o FeSO, + perborate + FFA
00 T T T T T
0 2 4 6 8 10

13 3.10 FFA quenching 2% A3} phenol A&
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4.2.4 NaN3

Phenol concentration (C/C,)

04

<
8 # 2 L P’
0.8 - o & f &
0.6
04 biochar + perborate + NaN,
A ACM + perborate + NaN,
GAC + perborate + NaN,
0.2 4 & graphite + perborate + NaN,
A Fe(0) + perborate + NaN3,
o FeSO, + perborate + NaN,
00 T T T I I
0 2 4 6 8 10
Time (h)

13 3.11 NaN; quenching 28 ZA¥} phenol A%

_30_
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Chemical reagentsE AF&3F quenching testoll A+ hydroxyl radical
(-OH), O, radical, singlet oxygen, electron transferES 2<13}7] 93k
AeS v 7R 2 73 435 phenol 250 mL, biochar 1 g,
ACM 1 g, GAC 0.3 g, graphite 1 g, Fe(0) 1 g, FeSO, 1 g, FFA
(0.2 M) sodium perborate 250 mg/LE initial phenol concentration
100 mg/L, 180 rpm shaking, Sampling time : 1, 3, 5, 7, 10 h,
Sampling volume 1 mL, Analysis : phenol using HPLC, wavelength
224 nm= A5t

Hydroxyl radical (-OH)& #<Qlsl7] €13k Tert—Butyl alcohol(TBA)
A9 Ay 9 d 3.8l YERIY. biochare] 45 17.1%7F A
& ® AT Quenching sHA &2 471 36.1% At Aol Blsf (2
H 3.7) °F 19.0% AA AT AL AT = vk ACME 5.0% 3
233l GACS] S 35.6% graphite= 8.4%% 4, Fe(0)& 12.2%,
FeSO.&= 7.1% #Aashith.

pBQ= 0,7 radicals E<R1sl7] 913 reagents® AR&sI il A3 9
A= a9 3.9 YERAATE biochar 20.0%, ACM 17.0%, GAC
38.3%, graphite 9.2%, Fe(0) 10.0%, FeSOs 18.8% Fr43}3ltt,

FFAE singlet oxygens &9I3}7] 93t reagents® AF&3aL
biochar 34.6%, ACM 37.4%, GAC 46.2%, graphite 49.0%, Fe(0)
30.3%, FeSO; 29.1% 7FA3}3iT.

NaN3+ biochar 17.1%, ACM 5.0%, GAC 35.6%, graphite 8.4%,
Fe(0) 12.2%, FeSO, 7.1% 743t
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4.3 EPR test A3}

EPR #4123 DMPOZE o]8&3 238 7% hydroxyl radical, Oy~
radicalS YEH= Z=FHEHo HEFHou (29 3.12~3.25)
TEMP—Hcl o] &3 289 A9 singlet oxygend UERE AFHEZo0]

[e)
AEHA Fdr). (1Y 3.26~3.32)

4.3.1 DMPO #4

1000

500 -

Intensity (a.u)
o

-500

—— blank

-1000 . . . . | \
328 330 332 334 336 338 340 342

Magnetic field (G)

14 3.12 EPR (DMPO) blank
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Intensity (a.u)

1000

500 +
O -
-500 ~
—— perborate
-1000 T T T T T T
328 330 332 334 336 338 340 342

Magnetic field (G)
Note: = DMPO--OH; m: DMPO-0O,

19 3.13 EPR (DMPO) perborate
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Intensity (a.u)

1000
500 -
0 .
-500
—— biochar 550
-1000 ‘ T ‘ T T T
328 330 332 334 336 338 340 342

Magnetic field (G)

Note: : DMPO--OH; m: DMPO-0O,

19 3.14 EPR (DMPO) biochar 550°C
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Intensity (a.u)

1000

500 -
0
-500 -
—— biochar 550 + perborate
-1000 ‘ ‘ T T T |
328 330 332 334 336 338 340

Magnetic field (G)
Note: »: DMPO--OH; m: DMPO-0,

19 3.15 EPR (DMPO) biochar 550°C and perborate

_35_
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Intensity (a.u)

1000

500

o

-500

-1000

— ACM

328 330

332 334

336 338 340

X Data

Note: »: DMPO--OH; m: DMPO-0O,

714 3.16 EPR (DMPO) ACM

_36_
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Intensity (a.u)

1000

500 -

-500

-1000

—— ACM + perborate

328

330 332 334 336 338 340
X Data

Note: »: DMPO--OH; m: DMPO-O,

1% 3.17 EPR (DMPO) ACM and perborate

_37_
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Intensity (a.u)

1000

500 -

o
1

-500 -

-1000

— GAC

328 330 332 334 336 338

Magnetic field (G)

Note: »: DMPO--OH; m: DMPO-0,

73 3.18 EPR (DMPO) GAC

_38_
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Intensity (a.u)

1000

500 ~
0 -
-500
—— GAC + perborate
"1 000 T T T T T T
328 330 332 334 336 338 340

Magnetic field (G)

Note: : DMPO--OH; m: DMPO-0,

9 3.19 EPR (DMPO) GAC and perborate

_39_
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Intensity (a.u)

1000

500 -
0 =
-500 -
—— graphite
-1000 . . . T | |
328 330 332 334 336 338 340 342

Magnetic field (G)

Note: »: DMPO--OH; m: DMPO-0O,

7173 3.20 EPR (DMPO) graphite
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Intensity (a.u)

1000

500

-500 -

-1000

—— graphite + perborate

328

Note: : DMPO--OH:; m: DMPO-0O,

T
330

T
332

334

T
336

T
338 340

Magnetic field (G)

_41_

19 3.21 EPR (DMPO) graphite and perborate
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Intensity (a.u)

3000

2000 ~

1000 ~

o
1

-1000 -

-2000 -

-3000

— Fe(0)

328

330 332 334 336 338 340
Magnetic field (G)

18 3.22 (DMPO) EPR Fe(0)

_42_
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Intensity (a.u)

3000

2000

1000 -

o
1

-1000 ~

-2000

—— Fe(0) + perborate

-3000 T T T T \ T
328 330 332 334 336 338 340

Magnetic field (G)
Note: »: DMPO--OH

19 3.23 EPR (DMPO) Fe(0) and perborate

_43_
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Intensity (a.u)

1000

500
0 -
-500 -
—— FeS0O4
-1000 . . . . | |
328 330 332 334 336 338 340 342

Magnetic field (G)

Note: =: DMPO--OH; m: DMPO-0O,

19 3.24 EPR (DMPO) FeSOy
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1000

500

-500

-1000

—— FeS04 + perborate

328

330

332

334

Note: »: DMPO--OH; m: DMPO-0O,

_45_

336

Magnetic field (G)

338 340

19 3.25 EPR (DMPO) FeSO, and perborate
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4.3.2 TEMP #A]

[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— blank

328

330 332 334 336 338
Magnetic field (G)

1% 3.26 EPR (TEMP—Hcl) blank

_46_
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[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— biochar + perborate

328 330 332 334 336
Magnetic field (G)

T T
338 340

19 3.27 EPR (TEMP—Hcl) biochar and perborate

_47_
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[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— ACM + perborate

328

330 332 334 336
Magnetic field (G)

T T
338 340

19 3.28 EPR (TEMP—Hcl) ACM and perborate

_48_
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[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— GAC + perborate

328

330 332 334 336
Magnetic field (G)

T T
338 340

1% 3.29 EPR (TEMP—Hcl) GAC and perborate

_49_

342



[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— graphite + perborate

328 330 332 334 336
Magnetic field (G)

T T
338 340

19 3.30 EPR (TEMP—Hcl) graphite and perborate
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[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

—— Fe + perborate

328

330 332 334 336
Magnetic field (G)

T T
338 340

19 3.31 EPR (TEMP—Hcl) Fe(0) and perborate

_5‘]_

342



[ntensity (a.u)

400

300

200

100

-100

-200

-300

-400

-500

— FeS0, + perborate

328

330 332 334 336
Magnetic field (G)

T T
338 340

19 3.32 EPR (TEMP—Hcl) FeSO4 and perborate
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¥l perborateE AFE3}al carbonaceous materials®} iron—bearing
materialsE ]2 A A% AFE dojx ARS tlemt 7k

o,

1) Carbonaceous materials®l] perborateE H7}ate] &A3AI71 25
HEol 7+Aa7F H7F A3 ¥]ad) biochar 7.3%, ACM 55.8%, GAC
0.9%, graphite 6.1%7} B A8}t

2) Iron—bearing materials®| perborateE Z7}sle] EA3IAI71 H$
=9 A7 H7F A3 ¥ Fe(0) 98.6%, FeSO, 97.8% Y 743}
St

3) Quenching testolA] TBAZE hydroxyl radical (-:OH)¢] AAZ €3l
AFE-%E A3 H=2 biochar 17.1%, ACM 4.9%, GAC 23.9% graphite
8.4%, Fe(0) 12.2%, FeSO, 7.1%7} #A¥ i1, TBAE FH7bskAl 9%
S A$Ht+ biochar 18.9%, ACM 64.3%, GAC 29.0% graphite
43.9%, Fe(0) 86.4%, FeSO4 91.7% #=o] & A ¥ At

4) Quenching testol A p—BQZE 0, radical®] AAZS ¢l AF&3 4
7} #H=2 biochar 20.0%, ACM 16.9%, GAC 38.3% graphite 9.1%,
Fe(0) 10.0%, FeSO, 18.8%7} ZA% AL, p—BQE H7IekA &%S
749181} biochar 16.1%, ACM 52.2%, GAC 14.7% graphite 43.2%,
Fe(0) 88.7%, FeSO4 80.0% #H=o] & 74 =}

5) Quenching testolA] FFAZE singlet oxygen? AAZS ] AL-&3F
Ay H=L biochar 34.7%, ACM 37.5%, GAC 46.2% graphite
49.0%, Fe(0) 30.3%, FeSO, 29.1%7} A% A3, FFAE FH7}shA] &
%S 4§-Ht} biochar 1.4%, ACM 31.7%, GAC 6.8% graphite 3.3%,
Fe(0) 68.3%, FeSO4 69.7% ¥=o] @ a4 =AUt

6) Quenching testol] A NaN3;Z singlet oxygen, electron transfer®] A
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AZ e AFg3E A3 HmS biochar 15.0%, ACM 14.6%, GAC
35.9% graphite 11.8%, Fe(0) 19.2%, FeSO; 19.5%7} 74 ¥,
FFAS H718kA] &9ks Z-9-Hth biochar 21.1%, ACM 54.6%, GAC
17.1% graphite 40.5%, Fe(0) 79.5%, FeSO4 79.3% #=°] & A&
AT

7) EPR test A3 DMPO A3d o= hydroxyl radical (:OH)¢} O,~
radicals®] adduct~= AT 4 JAoy TEMP A3HAA  singlet
oxygen®| adduct”7} WA 7= AFEFLS S15H7]|7F o Hohal s}
pia=

8) hydroxyl radical (:OH)%} O~ radical®] £#]+ quenching test&}
EPR testol]l A &A1& = AU} singlet oxygen< EPR testoll 4] &<l
& 4 gtk obRt Furfuryl alcohol A& el A3} Absleo] tha ofAd
Ao 2 Kol singlet oxygeno] obd tE Q<Qlo] AkstHd] s Fof
a1 aEE 2 4 Ao wEbA singlet oxygenol electron transfer &}
% AASIE NaN; Quenching 237} Akstg o] i AsE A& a1y
A electron transfer®] FAJo] 1 Qlojetal s 4 9l

9) ¢ A3= AHyshH sodium perborate?] F7}7F hydroxyl radical
(-OH)# Oy~ radical®] WS FXlsta AbstE S S7HA7 Ao = 3
@43 5 Qi

10) Sodium perborate®] #7}7} singlet oxygen® WAlo= ks F
A o1} electron transfer®] WAo+= kS Fuj, 170o] AkzlHS
771 AEE sta vt A8 lE ¢ 3l
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ABSTRACT

Oxidation of phenol by perborate in the presence of

carbonaceous and iron-bearing materials

Jun—Hwan Kim
Department of Civil & Environmental Engineering

Graduate School, University of Ulsan

In this study, when perborate was used as an oxidizing agent and
reacted with phenol, an advanced oxidation treatment process in
which carbonaceous and iron—containing materials were added as
catalysts was studied. It was hypothesized that perborate can be
activated by adding carbon and iron—containing materials to enhance
the removal of phenol.

Biochar, anode carbonaceous material (ACM), granular activated
carbon (GAC), and graphite were used as carbonaceous materials.
Biochar was prepared via pyrolysis of rice straw at 550 °C for 4 h,
and ACM was prepared by recovering waste lithium—ion batteries
from Electric vehicles. Fe(0) and FeSO, were also evaluated as
catalysts to activate perborate. The removal of phenol by perborate
activated with carbonaceous and iron—containing materials was
assessed through batch experiments and chemical analysis by
higsh—performance liquid chromatography (HPLC). To identify
radicals, quenching tests were conducted using tert—butyl alcohol
(TBA), 1,4—benzoquinone (para—BQ), furfuryl alcohol (FFA), and
NaNs. 5,5—Dimethyl—1—pyrroline N—oxide (DMPO) and
2,2,6,6—tetramethylpiperidine 1—oxyl (TEMPO) were used for
electron paramagnetic resonance (EPR) analysis. Radicals liberated
by the catalytic reaction react with DMPO and TEMPO, which are
spin—trap agents, to form adducts, and EPR measured this material.

The phenol concentration decreased by about 7.3% after 10 hours
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in the presence of perborate. When the carbon—containing materials
were added, the phenol concentration decreased by 28.3% for
biochar, 13.4% for ACM, 53.8% for GAC, and 46.2% for graphite in
10 h. In the presence of Fe(0) and FeSO4, less than 1% of phenol
was removed. On the other hand, when perborate was added, the
phenol concentration was decreased by 36.0% for biochar, 69.2% for
ACM, 52.9% for GAC, 52.3% for graphite, 98.6% for Fe(0), and
98.8% for FeSO,. According to the results of the quenching test, It
was found that hydroxyl radical, superoxide radical, and electron
transfer reactions were responsible for the enhancement of phenol
removal.

In this study, it was revealed that carbonaceous and
iron—containing significantly enhanced the removal of phenol by
perborate. Our study suggest that perborate can be a promising
alternative oxidant for advanced oxidation processes and that the
carbonaceous and iron—containing materials can be catalysts to

effectively activate perborate.
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