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Abstract

Diethyl phthalate (DEP) and nonylphenol (NP) are widely spread in the natural environment as an endocrine disruption
chemicals (EDs). Therefore, in this study, ultrasound (US) and ultraviolet (UVC), including TiO,, as advanced oxidation
processes (AOPs) were applied to a DEP and NP contaminated solution. When only the application of US, the optimum
frequency for significant DEP degradation and a high rate of hydrogen peroxide (H>O,) formation was 283 kHz. We know
that the main mechanism of DEP degradation is radical reaction and, NP can be affected by both of radical reaction and
pyrolysis through only US (sonolysis) process and combined US+UVC (sonophotolysis) process. At combined AOPs
(sonophotolysis/sonophotocatalysis) such as US+UVC and US+UVC+HTIO,, significant degradation of DEP and NP were
observed. Enhancement effect of sonophotolysis and sonophotocatalysis system of DEP and NP were 1.68/1.38 and

0.99/1.17, respectively. From these results, combined sonophotocatalytic process could be more efficient system to obtain a
significant DEP and NP degradation.

Key Words : Ultrasound(US), Disruption chemicals (EDs), Ultraviolet (UVC), Sonophotolysis, Sonophotocatalysis, Hydroxyl
radical

LME goto] gL aEolgal SYre S
2002). ¥ (Alkylphenol, AP)I} Zehg|o]
(phthalate, DEP, DBP. DMP) &4 ¢JA] Uj&H]A] %
ool B2 oz |HA] AelA U QHof u]x|=
Fafoll thgh =eho] A= AL Jlek(F] 5, 2002; 4 5
2006). 3], d24vE 24 7k =duE (NPT}

ol

U &4 A Aofl &2(Endocrine Disruptors)-2 Uj&-
wAe] R 7)5E ek B0z aRos
HiEE S4o] Ao f-Yulo] npx] S22 2t

Ir o |m

*Corresponding author : Jeehyeong Khim, School of Civil

=k R © 3] -
Environmental and Architecture, Korea University, Seoul edvlEstdhe (NPEOs)-= skl ElgolA =2
136-701, Korea 3L A ESA B2 018 sl 2R v A] =
Phone: +82-2-3290-3318 er 2 vEAE T B E T 9tk Ahel £, 1994). T

E-mail: hyeong@korea.ac.kr



232 Ll - 9he -

ofgl Zekg|o|E (diethyl phthalate, DEP)Q} t©]HE

Iy o]E (dibuthyl phthalate, DBP) I} Z-2

phihalate £ ©}A], 27 Al%=4lo] W& sEolu} 7}

& RINISHA dEEe v s dEdE AL

=]t Chen} Sung, 2005; Yuan 5, 2002). ©]23t
]

Ast7] 8l 8N gl sto|==4 gz (OH
radical, AF2}H91-2.80 V)2 AGAIA 2452 &
shehEo] ARskEs] W5 S LgAtst
(advanced oxidation process, AOPs)o| Z-8-%|31 Q]
thA 5, 2006; <7} 2, 2008; Lau =, 2005; Bajt 5,
2001; Yang -5, 2005). NPEOs2} phthalate S *]2]5}
7] Y&l AL AP S 2 Ultraviolet/ ozone
(A 5, 2006; Ning 5, 2007), Ultraviolet/ hydrogen
peroxide (Bassam -5, 2004), Fenton/ Ultraviolet(£>3}
Z, 2008), Ultraviolet/hydrogen peroxide/Os;(# 5,
2007) 5°] §lom, sto| =54 g a2 2 e
I v ARl WS- F-=3 4= Qlo] L= A
SHg& A 4= Aok 3, ol A 't ate
Absl o]jof e, 251} (ultrasound, US)Lt 330
(photocatalysis) &78= 283 o Qlth 2Z10] 7
-8 ol Al EAsk= 7iH]E 0] A 7] X (cavitation
bubble)©] 23] A] HEAYEH= 25 24 (31L& >5000
K, 128} >1000 atm)2] GE3|| (pyrolysis) B2}, o]
) o) Qs yhgo] wreh A ke Sl 284 2]
ZHo] L AEAS ASIAIZ 4= Qlth(Hua$t Hoffmann,
1997). F=n)| 342 v S<5ABHE: (semiconductor,
TiO,)©] 2153t band gap energy ©]/9] o2& &
2 A$ (UV 34 250-400nm), 7R} (valance
band) 25 E] A=) (conduction band)Z HA}7} A
ofg uj AdH A¥(hole)y} A7} WA O
S35 $EBUT HhgS Qo|u, o)) sto|=s
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Z1¥]3L Fenton®] 5§ %= EFtgAlo] tjfiolct
(Lau 5, 2005; Bajt 5, 2001; Yang -5, 2005; Bassam
2,2004). weh 2 Qo) A 293, i) 2]
I FE WS- 57 ERkEAollAl, NPeF 2740
71 RINISHA &5+ DEPO| W5 3l 23k
A Al RS SelstA) gk

2 AFolA ARgSl= ="l (Nonyl-phenol,
NP, 99.9% pure grade) ¥} t]ol|d & 0| E (Diethyl
phthalate, DEP, 99.5% pure grade) + Sigma Aldrich
23 Faol Agsigch ool FEEA A A8
3 oEkS (100%, HPLC grade)} AL (99.5%,
HPLC grade) -8-9l}+= Fisher A|&-2 ARE-3}c) P4k
3}4=4 (hydrogen peroxide, H,O,) B-412 ]3] AL
g Aok ZF B4 (CeHy(COOK) COOH, 99.7%
Samchun chemical), Q@ Q=3E4E (K1, 99.5 %
Junsei), E2]E QAL AR E (NHs)sMor-4H,0, 99%,
Samchun chemical) 12|31 A=A (35% W/V,
Samchun chemical) GA| QJFE-2EE FHrtol AME-
stk 259 9] 49, Cup Horn Type®] 253}
(57 w233}, 65-70 Watt) 2 H1-g-7] seto]] 4]
stglom, Z=ubss 1AL 35 kHz, 283 kHz 18]
935 kHz ©]t} W)= -2 A& (Pyrex glass)&
Alcto]l= &3%17] (mixing control, 100-120 rpm), UV
UnE AAG 5 =S ARsiglon], we) 2%
2]¥ A= Water bath (cooling water) & ©]-8-5}¢]
17-19C W9l &4 LEXAS o 4 ) 512
o, Azlala sl Sk 1L.] o] NP 453 1
M, DEPL= 45 1M 212} ©91417] 185131} 29
£70% 453 DEPS} NPo| £e) - S5bd S48
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Table 1. Physico-chemical properties of DEP and NP
Molecular Density e
Compounds Structure Weight Log Kow (g/cm3 at V(a\;;orri;:;s u)r ¢ (S;)]il;b;;t%
(g/mol) 200) p> MMALE gL,
NP @/\/\/\/v Y
220.4 92 . X1 .
(Nonylphenol) o . 0 5.9 0.953 8%10 0.007
o
DEP on
(Diethyl oR 2222 242 1.12 1.0%¥10° 1.1
phthalate)

le]

Table 13} 0] efsto] LiEpyoick

UV-C (Sankyo Denki, Janpan) 32 += 497
2] =53} (Zo): 28 cm, ZHE: 2.5 mW cm ) 0.2 ARE-3}
Fom, 10.5 Watte] 7F=2 v-3-7]0] 47l 71R] A X]
g 4= Q1]iTh ARE-E Z1) (catalysis)+= Anatase:rutile
8:2% JLAIEl P-25 (Powder, Degussa Chemical Co.)
TiO, 5.6 mME 7] 5Fo] AME-5HI T
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Fig. 1. Schematic of combined sonophotocatalytic precess.
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= 9, 29edE ZFR 7 mlo IR N, 5571
(N-EVAP 11155)2 o|gate] =2 5 2% 200 1l
2 3lo] GC-MS (ZIAARutE g Z-Z R A 7],
Gas Chromatograph-Mass) & AA/AF 3}t At

2% GC-MSZ+= Agilent 6890 Plus gas -
chromatograph £} 5973N mass & A&1% HZE7|¢]

quadrupole mass spectrometer (Palo Alto, CA, USA)
£ o] 8314tk GC AL R = 1:5 H|E9 splitting
ratio R A|RS FURF § S22 A LA
™, Mass Z7]+= EI (electron impact) =2, o]
o] 0 &5} oL A= 70 eV HE T GC-MSE o}
So] NPS} DEPS] A]7H5 55 2451917, Zk2te] o
5B BAY AR T RS UV
spectrometer (Specord 40)5- ©|-8-5}o] Beckett?} Hua
(2001)0] Agke w3 Felak7) HAshelk

3.1. =30} (US) XMz| SHoM Fots FE

2 Aol &3 2] A| DEP/NP Zsfio] 5=
=7t |2l P gob 7] f1ste] 35 kHz, 283
kHz ~12]11 935 kHz 314> 2 719] wle} DEP/NP A
&2 Fig. 20 Yrepslith 1 A3} 283 kHz 27104]
DEP9} NP 9| Wh-g-4 127} 71 39k 0w, 53], NP2]
74%- DEPS} TF2 7] 283 kHzS} 935 kHzo|A] 2 2}o]
£ Holx]| ¢of, B4 RREHAUS O] thE-E ot
3 = 9)rh o]t Fu<: (35 kHz, 283 kHz 18]l
935 kHz) E%l DEP/NP BF-4:%= = Table 21} 2+
o] A ejsto] e Y.
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Table 2. The reaction constant of DEP and NP by sonolysis with various frequency condition

35 kHz 283 kHz 935  kHz
DEP kys (min™) 1.0x10° 72x10° 1.9x10°
NP kys (min™) 3.7%107 1.1%107 8.8%10°
H,0, generation rate 49x 107 33x10" 8.7x 102
(UM min’)

(Kang -5, 1999) Z12]aL sfo] =54 2|zt vk
we 58 e do] =2 AFHIA (scavenger) FYof| THE L HE
P T T X 2o ukeEw WilInce 5, 2009; Vmodgop %,

~ 4 e ) 2001) 52 Sato] ehrj o] oJ3k kg
S o ¢l & 4= Sl —‘C#OHHPQ—Jﬁ E'Jrﬁl?“ﬂ}iﬂa*ﬂ
=
] L L | tmme eeel wse e
. Tl PEREE on oqmn g el mhe £9M (onolumi
A A US (283 kHz), NP
‘ o sk nescence) Fr=(intensity) W3s}=E Z)EZUYFE 82
1.2

0 2 4 @ s 0 0 1

Time (min)
Fig. 2. The rate of DEP/NP degradation rate with sonolytic
process at different frequency conditions. (35 kHz,
283 kHz, 935 kHz)

2505 QHE 8ol AL A, WSk
Zhulglol A 713 o) et B-3of whet St (Al
> 5000 K, 22 > 1000 atm ) 2] GE-3] (pyrolysis) Bt
&2} 2|z §ES- (OH) ol OJsiA] e dEd o] EaliE
o B %3 QItHua?}l Hoffmann, 1997). o] 3t
e A= EAE WSHAUSSE 15| flsl ok
3t HPHES A=E3l Qlom(Drijvers %, 1996;
Chand 5, 2009; Inouce 5, 2006), oJ7]ofl+= 3}o|=
540 efelz S 1A e 3R B 4 gz )
Abskg=4s BRABER(Pétrier 2} Francony, 1997), 157 A4A

Table 3. DEP and NP reaction constant in other references

(solute) 2] ERjoIFE ERISFAY, (Vinodgopal 5
2001) = tofst §-7|4 (organic acid) &2 &=
CO», H, H]—Aﬂa}:_E_ Eo]_o:] goﬂ le o:l 23]
HEA 02 ol &8 4= It Vecitis 5, 2008; Yim 5,
2003)

2 AFoM e, 25T AL A Sto| =54 2tz
RS AR 9l o 5 Qe ksl B
S 120 2 7|Eo 2 575}0] Table 2 & 2o Lt
ERUIQIT. T A3} 283 kHz 7ol A dpAkehpas B
MEo] 71 =4 3.3x10° ) et o, 935 kHz,
35 kHz <= o] Qith. o] 23k Aib= the 47 £
oA ®.135} 250-500 kHz HSJol| 4] THABlEs Ew
7} 713 wko] AEIcks Aol GARICKKang 5,
1999; Drijvers 5, 1996; Pétrier?} Francony, 1997).

kA 9] A %OP% DEP9} NPoJ 5 1]

references processes NP (k, min'l) Condition

US 0.032+0.001 200 kHz (6W/em™),

. - initial concentration:
Yim et al (2003) US+Fe 0.046+0.001 Fe (1) -50 uM, Fe(II)- 100 wM, NP - 30 uM, (air

/US+Fe /0.038+0.001 saturation condition)

20 kHz, (180W-0.46W/ml)
Lnce et al (2009) us 0.033 initial concentration: NP-40uM
DEP (k, min’)
2
Yim et al (2002) Us 0.1004 200 kHz (6W/em’™),

initial concentration: DEP-100uM
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Table 32 T2 Eaizt@of|A] A|A|g 2Lu} &0
u}2 DEPS} NP O] HH-& =2 Ll oL 9lck.

Table 39| 7 ERR A AAIGH HhgLmAR:
L 1 of ol A A| K|k A4k ZH (Table 2)7} 10'-10° 2
0|2 Holu, o] Mgt Ful4y, A 8E 28U 7
=, 283} whs7] FE7} th27] wjiolt). sAuL,
ogEAY HalgAS AHEY, Yimd Maeda
(2002) 2} Psillakis 5(2004)+= DEP A 3]dtAdo] o
T 2449l BAL JmyRE sHhibE o] Sojrk
&7} =27 wj i) 7|2 AA A ]zl o
3 Halj7} 22 o]Fo]zrkal Eusigitk NP 94,
Yim 5(2003)3} Ince 5(2009)°]| 2]} 223} FA
A NP| Z28 WhS w728 7|2 AAE 9 ot

Q19i}. £, Ince 52009)2] %, NP 237} 510]
=54 shrigol 78 GRS wor], ol U 5
ofste] WglolA 1 Qago] glom] Sslel s
ol ofgk i/} = 4ol2n Bsleich EeNPo)
PolE iz ol sheizat whd 4 9l V)%
ARL] ©F (site area)o] 27T 84S AF3}
Ak o3t olfi= NP 2 ¢&E4 0] DEPS} tha
391 31 (alkyl chain, logKew= 5.65)%2} 21
0] ¥l F (phenol moiety, logKow= 1.46)2 3+
?1o{(Ince 5, 2009; Vinodgopal &, 2001), 7]
N A HANA 7| R (FE3), 7|25 (A4, =2
gz §kg) 7 koA RS UEhaz, ofofwet
gz A4 et HEe] 7]|xo| HjEwA
(specific surface area)¥} 7|3 53] A] BHAY3H= of4
A7F F23 AR ARgsl7] wZoloh wabA, NP
= DEPQ} th2 A 11wl 9o (283 kHz, 935 kHz)
oAl HEgEIo & Afol7t gl AoR o Hot
(Fig. 13} Table 2).
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Fig. 37} Table 4= DEP/NP®] 223} (283 kHz) 9}
Ppa (UVO) © BeFEI Do) 2gu-Ued)
(US+UVC, sonophotolysis) &3+542 283 49

A AFAIBR A (AOPs) & 0183 W2 H] Aol =2 (DEP, NP) &) &35/ A+ 235

AutEe] 4 Bt A=A Kol

0.5
b4
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0.5 . N
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b
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uve, NP
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Fig. 3. DEP/NP sonophotolytic (US+UVC) degradation rate
at 283 kHz frequency and 254 nm condition.

Table 4. The reaction constant of DEP and NP in sonolysis,
photolysis and sonophotolysis system

AOPs DEP (k, min") NP (k, min"')
US (283 kHz) 7.2%10° 1.1%10°
uv-C 2.9%10° 6.7%10°
US (283 kHz)+UV-C 17107 1.8%107
enhancement effect 1.68 0.99

[e]
40 %oV (14 W Alo] e Sug o) bk
Bk v AP SRlely) Solil ek o
A}83} (enhancement effect) 212 o]-&5ko] 41 (1)}

o] Lhehygict.

kl/SJr uve (1)

enhancement ef fect = —————
kystkyve

223 (USHUVC) 349 Fdadt (4 (1)
© 220, GRS 530N 4] e 9=4 vt
&S e Aol gt 23u-gEal Sl
A HFSEEE Use Zlolth DEPE| A Fdaart
1.68 2 NP 2] 0.980f H|5}o] =] el o, o= &
A37goIA Lol DEP REg&7} Z}2ke] S)57
of| A 3t RE-g-<5 = 0 Rt} fzof, Z}7+o] =9 57d 9]
HRSEEE Tt A o)Al AJYA] &3} (synergistic
effect)7} 2US2 LrERHTE o]2)3t o], 2513

US (283 kHz)+UVC, DEP
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Bo ERTHY B9, 2337t FHoIM SHE 5
o] =24l ehr] o] FAkElGA HEHE I o] o] Tk
Al UVCo] 23iA 4] (2)2} o] thA] slo| =54 2
gz gaEe] SABEY wee 4 ol S
o] Adwrol F71=7] wlzolth (Kidak and Lnce,
2007; Legrini et al., 1993).

H,0, (by US) hv(254nm) « OH++ OH 2)

Legrini 5(1993)2 UVC7} I SKpEAE ZAVSH
o] B3)|5k= quantum yeild= 0.98 2 H 135131 9]0,
g o] TS Sl =2 Tlrjg HE Al
24 918-& % 4 9lck DEPS] 7 3.1014 <l
ke 2ol sjol=2 Al eheide] ofgt 8 Haluhs
& weoRA, olXY $7H8 Slo|=SA el
Ofef] o5 AollA & RGeS Holm AlHA] &

= AL Ao 7 A=t sA|Ek NPL| AS 3RA)
FIF0.99 (719] 1.0 425) o7 zHzko] =T Ao
AN Tt kg o] T EaE o) whggel 59

sfekn vefsteh o= 31014 ¢t
g 0l2] A FE olstl A AR Wgo] F
7h ek 1o et E8E el Z7He stol= %
Al efe] o] NP 3o 2 F0HE m2|%] Sghcl.

3.3. FZE0(UVC+TiO,) SH0IM DEP/NP 23HEH
Z2u}-FH3)| (US+UVC, sonophotolysis) HH-2-31}
tlEo], UVe TiO; FEE o83 F5ul vh3-5
DEP2} NPoj| 23}, 71 HF-5-54J& Fig. 49} 20|
LR A

3t el o], 2]

N

v v v v
0 v -
g . °
-1 4 o o
_~ 8 ©
>
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S
g 3 ° ¢ o
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Fig. 4. DEP/NP photocatalytic (UVC+TiO,) degradation
rate at 254 nm and 5.6 mM TiO, condition.
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TiO, 2] 73-¢- band-gap energy (> E;=3.2 V) ©]
o] 8-S - 79, 7R (valance band) 2 5-E]
%=t (conduction band) 2 Ax}7} Holg wff AYAw
A (hole)3h 747} W] o] B2 588
2 iES-S 2070, o] o) Slo| =24 efeiz 8l 45
SAJOl= Bfefzto] e ABhSS o 4 9l
t}. DEPQ} NP ¢J&] UVC ?}%—5—7‘4 (kuve,pep = 2.9%
10 min™, kuvene =6.7X10° min™)T} 2a] o3t
TiO, ¥=d] WhS(kuvcrtiooper = 4.2X10_2min_1,
kuvertiooNp =2.9¥107 min_l)oﬂj\i FATE WSS HY
T} (Fig. 4). 02|+ A7} DEPO] 49 UV/H,0, 3}
Az BART} GAFEE HRSAE # 2] (0.03-0.15 min’)
o]tk (Xu et al., 2007).

3.4, =E =S0-EE0] (US +UVCHTIO) SH0IA
DEP/NP E351EX

Fig. 5= 3.1, 3.2, 3.200|A4] 13t 2+ 586574

ﬂ}ﬁ‘—ﬁ‘*ﬁ 7PTE11 Ziﬂ&} B35

5ol 5 4= MME]- 283 kHZQI- 935 kHz 2] DEP

Q-NP_J HFS-<T = Table 59 ®7]5}9 o, 2+ &
T Whg&- = DEPQ} NP 5 1 2}o]7} A4
ool
0 v
©
2 . o N
~ i
O 4
< . ° 8
£, :
3 o US(283 kHy+UVC+TiOy DEP
3 [ v US(935 kH+UVCHTiOy, DEP
m  US (935 kH)+UVCHTiOp NP
o US (283 kHg)+UVCHTiOy NP
-10

0 20 40 60 80 100 120 140
Time (min)
Fig. 5. DEP/NP sonophotocatalytic (US+UVC+TiO,) degradation
rate at 283/935 kHz, 254 nm and 5.6 mM TiO,
condition.
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Table 5. The reaction constant of DEP and NP in sonophoto-
catalysis system

AOPs

DEP (k, min"") NP (k, min™)

US (283 kHz)+UV-C+Ti0,  6.78%107 4.69%107
US (935 kHz)+UV-C+TiO, 7.34%107 4.19%10”
enhancement effect 1.38 1.17

o|2fgt EtFAolA ol Al|A] At 23,
Zo) 2tzke] SR g glA WAk die) whg
slo|EEA/Fr Sl = gl o3k Hafo]9]of

& ofefel 7 2714el whgo] walely] Yo
SVFEITE. 2, SRR 9HA (3.2) AFa le} Zol, 2

83 545 Al A 292 W53 29 ool
22 glr)zhe AlsleEo] e mlalsla g HelE

4], UV7} 238 A oA dA4E Ilsleas
UVl 93 23 3gsf Ho=A tha] F2714<1 OH
) Z-e FAste] fgolo] Al S =9 4= 9t
EAR, Bk 3 nR A R, 2598 =
A Z-9- hulE o)A 53 Al F-=4 375 nm ©]5}9]
957 (sonoluminescence) A= 213 TiOr= ©]7]
(excitation) 4E| & =|wA] 248t 8 4 glck. oi7)%)
Zuf|= F2u] 243} upRV IR 2 E(H0), A4(02)
O} kS5l lo|EEA) /L Alo| T gk A
ahan ZejsEwel holeold] A 0QEA Akst
(direct oxidation)& F=& = itk Al HA|Z vl
£ 23t o 2595 AL S A, e =
A2 e Bt E 5 Sk & 2avte ARd =
ti= 2 27]7F AobA|EA] Aoz BlEH A o]
=0k UV e ZAPHA (irradiation area)o] 5718kl
ofo] wh ErjsEulo] Y7t feotrlck w3tk ¢4
3717} Aol HA] Zufjo]] 2t @ FE2Iu} 8o
(bulk solution) 7P4 E210]% (mass transfer)o] 22
u} Z Aol oA EilstA| Z-g-5ko] DEP/NP 2] 23
S EZoldl 4 Oh:} npRjeko 2 Znje 2 Su} 2
AP A AR 4= Q= AHHIE| o] 2] 27] F) (nuclear)
oixkg_‘a]- 2~ 0 01 UH7]_ o%g _714_7_]_111—/]_ u]-_% 7HH]

o)A 7|25 AT 4 ¢ %%?ﬂo] QJt} o]yt =
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2 AUA) B} RS okt 4 Ik B o]
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S
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=
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O AT GG, A BelEE B F

A EIRE ThEt o] etopugieh
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2)

3)

Z57 55740 A1, DEPE NP2 Hhe<le=
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A 7P = et om, ol @
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