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Abstract

In this study, ibuprofen(IBP) degradation by the photochemical (UV/ $,05”) and sonochemical (Us/ SzOgZ') processes was
examined under various parameters, such as UV (10~40+5 W/L) and US (50~90+5 W/L) power density, optimum dosage of
persulfate ion (SzOgZ'), temperature (20~60C) and anions effect (CI', HCO5', CO32'). The pseudo-first-order degradation rate
constants were in the order of 10" to 10” min” depending on each processes. The synergistic effect of IBP degradation in
UV/S,05” and US/S,05> processes could investigated, due to the generation of SO4 radical. This result can confirm from
the produced H,O, and SO.> concentration in each processes. IBP degradation rate affected by the S,08 dosage,
temperature, power and anion existence parameters. In particular, IBP degradation rate increased with the increase of the
temperature (60°C) and applied power density (UV:40+5 W/L, US:90+5 W/L). On the other hand, anions effect on the IBP
degradation was negative, due to the anion play as a the scavenger of radical.
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2 A 5= glo] RTAR G52 7Hsd0] =ot
(Stasinakis 5, 2008), Zgslt ]340 K EH )
53], FA=E 7hed| o] FZ =23 (ibuprofen, IBP)
2 Hl=, A2 59 A0l4] 100~10,000 ng/Le] &
= W92 wvekA dEEol, 471402 Aol
e AR] 2 - VHeR G3e 0)F 4 ock )
Ut e Ajske o mAkgh ATk 353 ugl
IBPo| A=5011, o|=FDA 7]&*]2l 1 ugL Bt} 3.5
vl 275t Folet & 4= QItHFDA, 1998). o]t &
ol ed=dE Aesty] sl ohRt agAtes
d71&0] 285 =dl (Na 5, 2011; Na -5, 2012 (a);
Na 5, 2012(b); Lim 5, 2007), o]+= A9 == G7]
=3 HESSto] et AlRES 7HK]= sto|l=E4
2tz (- OH, Eo-2.8 V)& T A o|ikateta, &
59 Fafigh F|sRER HaAllAE = e 50l
t}. 53], o] 7k&d| 233} (ultrasound, US) 2} A9
(ultraviolet, UV)> 732]gl 1} oL #] (wave energy)
2 3ol 2AE A9 AgkE o] & e aE 34
g} 4= QIti(Hua®} Hoffman, 1977; Na 5, 2011).

5= SshutE A Wito] 2AL S - ol
2 Y =59 7lHlg|o] A HE (cavitation bubble)
ojgfsh= F=r0] BAH L ol AEA Y Aot F
s WoA Jsto], ol AR o dollA UE-
2ZdF 310 Z A =8 of U] A] (FE3Y; 12-2>5000 K, I
Q11000 atm) 23} stk A5 (- OH)E A4
Bk, Aol 2aute el Axjute 2otgdle)
2] - 2RI FES WSy Ama s 4t F
= o]g%H(Lau 5, 2005; Wang 5, 2010; Na 5,
2012(b)).

o] &jolte, ZJu}, AFJA o] u} || o83t A=
A RO A9, SR Hal B8-S olv] 98 1t
ABRlear (H00), 2<E (05) 59 ARRHAIe}E Zulf (TiO,,
Fe') 5 231342 #83l7)= h)(Nachiappan}
Muthukumar, 2013; Bagal -5, 2013; Cai &, 2012;
Shin 5, 2012). A4, 2PAESAs (Be=1.78 V)E.Ch
AsYEio] 211, AAIHS] AL (5:047, T4
o= (E~2.01 V) 2ol T ATL 27 e
= AIREAL Qlont TRt FE O oA 2ftrls
2 gof wg AFEATE H|L - FARE A A ats §

-

25 Agolth Bol, $:04 4, Hol34, 9

AtepAo o

5205;27 initiator (light, heat, metal) 250, (l)

Yang 5(2010)-2 2+&]41(254 nm)7} 2] 7|
oA $,05" 5 AL T AL, 2YEH (azo dye
acid orange) £3}&°] H,0,2} HSOs H.t} =0} th&
AtsiA o] v]s|| BabA Qe HolaEgirt. oje]o® Li
£(2013), Gu 5(2013) 18] 12 Chen2} Su(2012) &JA]
QA E= 28} 27| A] $057 2] EAF - Fo
e} QA Gt FEe] AUA st
WS Bk AR gjiEe] o4yt 2gut
T 2pejA Zhzke] it o 2] AHE|2eA e dE
2 Eaflol] v &= AR} 1 EAEAI T AF5H
ov, thokst Fee] o} o 2] 24} A] 05" BAE}
o} A0 GBS HasS A A= s
ok E3 ] 284 U S04 Al EE 200mg/L
(DWQS, 2011) v]vto 2, kA 23 Wi Ae-4-
& 12 v, 229 5} oy xjo] w2 2 A3t S,05”
FAF 2L Fagow B8kl ol& Hla B4
gk A A= gl A4 ol

wEhA] B AT S,05" FA o] 23 IBP AHg) - B
3 7hs SRE Felstal, $057 0 B3 AR
Zgutel ZolA oA & AMESHS 7 IBP &
SNEAT 7t 3 AYR] 535 dotErt o
of 5t o1 %) 9] Bz, 8,08 FYU, G AY Fol
A - e 2 Hsto] uhE IBP 2ol S=He)
£ 5oto] 39 FIIAE FIsHh

2. Mz 3 AUY

2.1, N & AR ER|

E Ao AREE o]R 23 (Ibuprofen, IBP,
98% grade), BFMAHIESF (NaxCO3, 99.5% grade), 213}
ARFEE (Nar$:0s, 99.8%)-2 Sigma-Aldrich #|Z-2
o] &3tk IAISEA (Ho0s, 35% W/V, Samchun
chemical) Z412 9ls ARE AloF ZguH|EE4H



¥ o | A (A2, 25T/ IEHIHESS o3t ol F- =2 235

(CsH4(COOK)COOH, 99.7% Samchun chemical), &
QSR (K1, 99.5% Junsei), E2]|EdARIE &
((NH4)sMo074H,0, 99% Samchun chemical) SA] =+
Ul - o) Aok ol g Sloick AHSE U 33 FF
4= (Milli-Q-system, 18.2 MQ cm)©j] IBP 5 mg/L-& ¢l
9l LAAIA ¥EZ7]ol =47 H, 7+ 54 IBP 23l
5735 sl it(Fig. 1). Table 10f & Atofl A A
|5 IBPY| =g - 3eka] 54 9l Aol ARGH 4=
| 24S YER TR

mixing system

cooling system

v O3

sonicator
1 4O
00

Fig.1. Schematic of sonochemical or photochemical reactor.
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Table 1. The physio-chemical properties of IBP compound

(a;257C)
. . Aqueous
Properties Ibuprofen Properties .
solution
) CH,
Chemical - oH pH 6.0
structure o
HaC
Molecular Temperature
formula/weight CiaH1s0,/206.3 ()] 20
Vapor Pressure 4 a Initial conc.
1.39x10 5
(mmHg) (mg/L)
Solubility in Da
2.1x1
water (mg/ml) *10 Sample |
volume (L)
pKa 4.9

Fig. 104 AR Z53k=, Cup Horn Type((59)
njejzguh) oz vhg7] shctol] AA|skglon, Fut
421283 kHz$al (Na 5, 2011; Na 5, 2012(b)), 5=

oX

i 965

AZAEE 90, 60, 5045 W/L(Na 5, 2011) WYz %
Aot vhe7)E f AP E Addle UVEZE
ARG 4= QI E ARl o, WhE7] 2% <] A A
= Water bathS ©]-83t0] &% (20, 40 123 60+
5C) 274 39k AT Amggoa] ge] A
B==254 nm7} 55 7P 9191 UV (Sankyo Denki,
Japan) & ARSSIRI L, L= Aol LejH (4
©]:28-30 cm, 7= 2.5 mW/em®)S ¢ BkS7] Ul
of Ariglon, HMeAm o] 10£5 W/LRE] 4045
WILZHA] 3 A2 e s 248 4= 9l 44
A2 AP AMES AFste] BEAstelon, d44st
g AdEE AR sl ERTI(E1 22 AR E o]
83101 100~120 rpm &= & G25h 28Ystgic.

A7 AR WSS FH3E &, A2}
(LC-Liquid Chromatograph, Varian. v. 1.8)
3 W st AA-A=ubE 1
© AL (C53(250%4.6 mm, 5 um)S A
L oMIEYEY/ QAL HT (35/65)
Fslg o, 1 542 1 mL/mine 2 o 24
-2 340 nm o] ¢ich OHzo|Z BhAlekE 7Hd 4]
oz yehfls Hiskra: 5= 242 Beckeet?}
Hua (2001)°] A|Qtet 5L o2 UV AHER
HE] S o]-83}o] 352 ~355 nm 7oA EAskgIch
FAto] L (SO,7)E o)L A RupE 18] (ICS-1100,
Diinex, USA)E ©]-8-5}o] Z73513itt -8 pH=
pH &7%7] (Model 420, Thermo orion, Inc)E ©|-8-3}
of A9 A - & ZAsielon, A A 5t 248t
2] Q¥oket. 71 Adh AR 27| pHE5.9~6.2 ¥ %,
A & 1£0.5 vHE HolA REE A - 5 ZJo]7} A4
ARl S,057 FUeF AAL BltFRI L 0|83
o] AAsIRL, 2T}, A EFFH (US/S:057,
UV/S,057)0llA  AAFgold| (IBP)SF AR84]
(S:05)2] Ab5l-3HY] U1 (half reaction) ¥4 (2),
)= A skslct

Lol H
u
&
o

£ oo
2 > S
38
R
o

HAFEOIA Ci3His0424H0 — 13CO+66H 666 (2)

ARG 8A] $057+2e — 280" ©)
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o] A¥s} - gheluke Aoz 185, 1 molo| IBP
ol SFEE= $,057 2 33 molo|th. ol IBPL} S,05™
o] 1:18]Y %%, 5 mg/L IBPO]| S| S,05” 54
2F2 0.216 g/L o]tk 08 5Tk 0.13~0.43 g/L
HHR 2HstHA, e dEHT; AlskAe] FEu]of
whe} IBP H3)) 5448 A ket

3. Zm Y DF

31, %30, KM CHE/SBHUS/S,08", UV/S05")
328 Al IBP 23
Fig.2¢} Table 2+=US, UV 18|31 SzOg ‘%_]’% i)
F3H2A (US/S,087, UV/S,057) 0l 4] IBP H318-2
Rz itk 11 A3HBPE SATUA RS E(pseudo-
first order reaction kinetic) 2 £-a} =] 2131 (%, S,05>

cic,

o= OmIS,0F ——
0.2 B ~
—a— USIS,0 -
— = —  UVS,0.7 -
0.0 T T T T {
0 20 40 60 80 100
Time(min)

Fig. 2. IBP degradation rate in single (US, UV, S,05”) and
combined (US/S;05", UV/S,0¢”) process. (20C,
pH=6.2, $,05"=0.22¢/L, US: 90-85W/L, UV: 40W/L).

HEgollA 107~
10° min" &%2, SF-FA AL 107 min” H9=2
EAEE s 2o, EEAolA 100u] o]
FAFE IBP Hal| S-S e 4= ek ¢, $,05”
1:]—5_1_7<4 xﬂloﬂ E]-E IBP —r-OH—'—E A} %}1\—0 4.2 x
10" min(2F 5%A AR, AEHA D= 2o w2
IBP Hal= 719] o] 01X he-g 2ol 3 4= 9l
o]+, Gao 5 (2012), Gu 5 (2013) 18|11 Li &
(2013) %] Ao} FARRE 10 = (Table 2), *|2|=2
7o) BhEolE B, 28u EE Aol B8
B0 Tl @ Aol ujs) 99122 Halwst 10wl
A AR 1008174 A eRde oleie g
3= Az} 227171 S.04 9] AN e Fow
A BIRIASOs 1S WS thzo= stk
(Na 5, 2012; Gao 5, 2012; Li -5, 2013; Nachiappan®}
Muthukumar, 2013; Khataee 2} Mirzajani, 2010).

5, 259, AR d=E A A, )EES
(pyrolysis), ii)2+c]Zr (OH -), iii) 2] FFE3) ¥H-3-0]
FH B MAYFoR egEdo] AHYHu;, 25
she} AFl A 3 $,057 EF oA 9] vk
o] efojlt= 714}] 2]z (OH -, SOy - ) A/ W3-
FAEORAN =2 WSS Y 208 uetErh
ojAY EgFFolM ] I el At (synergistic

=

olo

—

effect)= 2{(4)of] AA[RE vRe} Fo](Na &, 2011), 2t
TR 79 BP R S o 45to] ohn
Q¥
o kysy vve
Synergistic ef fect = “)

k‘l/ﬁ'+ kUVC'

Table 2. The IBP degradation rate kinetic constants(k, min™") in each process and results reported from references (k=pseudo-

first order reaction kinetic)

Processes S,08" us uv US/S,08” UV/S,05” Synergistic Effect
I;t:glys (min.llf’:f w0y 40 10 9.0x10°  42x10°  1.8x10? 2.6x107 ;Z;zz:j:f _';2
L(iz(e)tlzl)" (min,]’fT:: 0 00 10" 56x10° - 6.9 %107 - Sussa052=10.6
G?;Oeltg" (min_fsg’fl s 35 10° - 5.6x10° ; 7.5 %107 Suviso052=8.2
Guetal, rce - 2.1 %107 - 24x10"

(2013) (min™, at 20C)




5} oL 2] (<14, ZETh/HBANHE S-S o 83+ o FZ R S A 967

1 A3} US e oA IBP 282> UV 33
of vjate] 28f oA} A UehdSol®E B ek,
UV/S,08" BA oAl AR EIN5.7)7}F US/S:05™
SEEA(1.86) 2t oF 3uf Zhrto] =A JERytTh
(Table 2). o= x}2)Alo] Z-Zubr ) S$,05” 0] 24
3} = o AEgo] 7] iR o2 s, o
£ ZRIsk7] flsll, 2z (OH -, SO4 - ) WS
A=A (Na 5, 2012 (a); Chen} Su, 2012)%} 3
Abol&(Lau 5, 2007)2] X7 A|7HE Y= &
stoj(2] (5-9)Hejet o)) AR ATt
(Fig. 3. (a), (b)).

OH « +OH « — H,0, )
SO; «+e — SO (6)
SO, «+ H,O— « OH+ SO} +H" (7)
SO; «+ HO, » — SO} +H'+0, 8)

1 Ay, SdFHoA diEkea AEEs
US>$,05">UV 914131, UV/S;05" F4oll A 4t
B} Hibol e WAL Z47F 0.17 mM, 0.4
mM (1005 7]32)2l, vhdol|, US/S,05" FAolA %=
0.4 mM (38.2 mg/L), 0.12 mM (11.5 mg/L) o]t}
%, 227 EPFHOINE IABeA AEEr)
A)A Aol vlsf oF 2ul] ko), FitolL

0.4
—e— US
—v— OnlyS,0~
03l US/S,0,”

- US+S,0," _sum

0.2

0.1

H,0, generation (mM)

0.0 &3 : :
0 20 40 60 80 100

Time (min)

(a)

L 2ol Ekg ol Al oF 3ulf o] 4k tzof, UV/S,05”
TANA B W2 O] gi)d AAdEE KTt et
A, SEFAI g2 IBP A2 A UV/S,08"5740]
US/S:05™ 340 ulgto] & v A2l T334
< oA 4= Sl SRARL o= ZF 34 oy R] &
ey A== A o ZiE) s WEs
o] o B, 25 0B F74, BEshd v
7 BT 20 ot A7t Wad Ao s
ek,

3.2. US/S:0¢" UV/S:05 BH Al S0 FUt 3o
M2 BP 23i&

dutro R Zu T ARAE
98- A, B2l L A=A Eaflet AAAQL oS
e o H7HA| 27] FUF AL S HeR
288} 4= Qlk. whebA, UV/S,05” 2F US/S,05” 37
ol A S,0¢” ZQ1%E (0.13, 0.22, 1.1, 2.2 18] 11 4.3
g/L) Wislol| w2 IBP B EAS AL (Fig. 4.
(a), (b)).

US/S,05” B Aol A= $,05” o] B|#slo] IBP
Halgo] 2718190l $:08 5 F9J8HA] ke 27
(USH= 378) 1} Bl gl o 71 Al AE-2 2of 24)
ol (At 87% AH|A, 1002 7]) 2to]7} Yepsith
o= Chen} Su(2012) 9] Axe} fARE AR, 25
ot 2ol wet FAE Aulelold Hhgo] g

0y

$O,” (ppm)

0 20 40 60 80 100
Time (min)

(b)

Fig. 3. The generated hydrogen peroxide(H>05) (a) and sulfate ion(SO.™) (b) concentration (mM, mg/L) in single/combined
process. (20°C, pH=6.2, S,05"=0.22g/L, US: 90-85W/L, UV: 40W/L).
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—e— US
° US/S,0,7(0.13g L")
———y-—— US/S,0;" (0.22¢ L-I")
- US/S,0,7 (L1gL-I')
US/S,0," (2.2g L-I')

S 0641 aN >_m — USS,0, (43gL-T")
o \\ \\\ \ 205
Q | 0 \VL\\\ \
041% W e e ®
R T T~ T '
0.2 4 M\ \\\\ﬁ\— - _\:\\‘\v
N \—\\:\_j
B —
————
0.0 T T T T ]
0 20 40 60 80 100
Time (min)
(a)

1.0 & —e— UV
v UV/S,0,7(0.13gL™)
| UV/S,0,7(0.22L")
0.8 \%Lu - UV/S,0.(11gL")
\ .
\ v > P
_ 061 \ h\(ﬂ)\ — A — UV/SZO#,,(Z‘sz,,)
J A & N — —e—— UV/S,0(43gL")
o \ s
N M
0.4 4 2 N>~
NN
e
02{ X N S \\\\ Y
N \t‘_-‘:—‘_‘{l_“:‘:\:_?
0.0 ‘ —
0 20 40 60 80 100
Time(min)
(b)

Fig. 4. The IBP degradation rate in US/SzOgZ'(a) and UV/SzOgZ'(b) process according to the different $,05” concentrations.
(0.13,0.22,1.1,2.2 and 4.3 g/L), (20°C, pH=6.2, S,05>=0.22 g/L, US: 90-85 W/L, UV: 40 W/L).

8,05 2] 10| vlef3to] SOy - Bz Hgkslo] vh
SAE ol7] w0 kT whol, UV/S,05”
o] 795,04 o] o] uleako] IBP A A7+ 2715
Fouk (2d) 9% AA), S:05" 4.3 gL 2=
oo IBP AARo| A% 7h23kr) ol 2o
ol oJ8f 4= - $EHE0] L S:047 ol U
B o] 2ol A= 4l9), (10) 12]ar (1) &
o] 23} FPgu Fitol whrjdo] thA] AT}
(recombination) ¢t O 24 @ HEA} oA 11
ZA%|] 2oz TtEthKhatace2} Mirzajani,
2010; Sarari 5, 2008).

SOy « +8,0;” — SO} + 8,05 + )
SO, « + 8O, + — 8,0 (10)
SO, «+ OHHHSO[—F%OZ )

3.3. OlX| Z=(power density)7} IBP SSHEE0f OlXl=
&

Fig. 5= UV/S;05” 9} US/S,05 ZA oA -8t
(90, 60 ~18] 31 505 W/L)2} #}£]41(40, 20 12 10
5 W/L) 7= W3lof| ukE IBP 85442 YEt
il=s

—&—— US (90-85W/L)

v US(60-55W/L)
\ =B~ US(50-45W/L)
2 — o= UVHOWIL)
0.8 1 R SN ——a—  ureown
§ T~ uvaown
QO 0.6 -
S
QO
0.4 1
0.2
0.0 T
0 20 40 60 80 100
Time(min)

Fig. 5. The IBP degradation rate in UV/Sszz'(40-10i5 WI/L)
and US/SszZ'(90-50i5 W/L) process according to
the various input power density. (20C, pH=6.2,
S,05”=0.22 g/L).

259}, A9)M 7} Z7hatol wlel IBP Hol:
LR o Zrkska, 2400 et e,
Suk 20 80%, A4 50% 714 4 E9ck
L zoute] 49, BErk F7FER e
ASHE AulElol 4 viEel 47} 2718k, o] 2l
) e ool ehrizto] WhAela 2 @ EAlut WSt
23l %] 7] 2ot Mendez-Arriaga 5, 2008; Lim
2007). A9 AL, Tt B Rk e 5

1 2 oL pZ O

O



¥ o | A (A2, 25T/ IEHIHESS o3t ol F- =2 235

o o7t SobA, Sgeolie] SEA (excited
state) &] 2. A= e = 4= 3laL Wofl ofsf Z/dst
B W2 F0] S,047 7 Bkt e FAJs] e
2 et Tarr, 2003; Khataee 2} Mirzajani, 2010).

3.4. IBP Eali&z0 27t Ojil= I

Zouet o) EtEAolA =7t IBPE3fo]l
n| 2= 3RS Yol 7] 98, Fig. 69 &% (20, 40
712)31.60°C) Hte] Wk IBP Rajl&-2 2

1.0 —e— US/S,0,7(20°C)
v US/S,0,7(40°C)
0.8 —a— US/S,0,7 (60°C)
—Oo— UVIS,0,7 (20°C)
S 06119 v UV/S,0,7 (40°C)
o \ —0— UVIS,0,” (60°C)
\
044 8
ha|
\
\
0.2 \
0.0 : : —_—
0 20 40 60 80 100
Time(min)

Fig. 6. The IBP degradation rate in combined process with
different temperature. (20~60C) (pH=6.2, S04 =
0.22g/L, US: 90-85W/L, UV: 40+5 W/L).

71 A3}, o] stshikgollA] AT 4= QLo
US/S,05" 9} UV/S:05" 542 75, 227} 7 4
£ IBP ol &-2 S716k 0L, Wl = 212 1.8

%107 (20°C)o|A] 3.0 x10” min” (60°C) 22, 2.6 x 107
(20°C)°)|1 4] 6.6 x 10> min™ (60 C) 2 2] o|AF 2715}
t}. ¢]+= Nachiappan2} Muthukumar(2013), Huang2}
Huang(2009)0] #|Fet Aute} fARRE ZAos, 2%
7} 8,057 5 EFE SN FHA I
S U|A| I LS & = qlek ol Axlke] S5 o]
£ gelsly] $Jaf, B FA™E (US, UV, $:057) L=

Slof| w2 IBP a8 Fig. 73t o] A H ket
I A3}, S0 S FAIAE 2=7F A5
w2} IBP A 7-&0] 5% A 2F 50% o]0 2 A
Ao, 23uel Aol dEFAN e 25 St
ghol| whet 212k o IBPA| A& o] 50% A& 34
3= A0R YERTh ol 2%7F SRt oiet

it

e

oX

i 969

8,057 0] &0] FA o7 BHAFlE|o] SpitolL afr]Z
& A(12)9F Zo| AA3}7| TEo|TKTan 5, 2013;
Bennedsen &, 2012).

S,02"  heat 250, (12)

2-
5,05 200
2-
5,05 @0°0)
2-
5,05 60°C)
us 20°¢)
us 40°c)
us 60°C)
ov 20’0

cre,

wvai’c
uv60°c)

0 20 40 60 80 100

Time(min)

Fig. 7. The IBP degradation rate in single process(UV, US,

S,05”) with different temperature. (20-60 C)(pH=6.2,
$,057=0.22g/L, US: 90-85W/L, UV: 40 W/L).
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