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Abstract

In this study, the effect of liquid height/volume on sonochemical oxidation reactions was investigated in 300
kHz sonoreactors. The gas mixture of Ar/O, (50:50) was applied in two modes including saturation and
sparging, and zero-order reaction (KI dosimetry) and first-order reaction (Bisphenol A (BPA) degradation)
were used to quantitatively analyze sonochemical oxidation reactions. For the zero-order reaction, the highest
sonochemical oxidation activity was obtained for the liquid height of 5), and the lowest height for both the
gas saturation and sparging conditions. In addition, the sparging did not enhance the sonochemical oxidation
activity for all height conditions except for 50\, where very low activity was obtained. It was found that in
sonochemiluminescence (SCL) images the sonochemical active zone was formed adjacent to the liquid
surface for the gas sparging condition due to the formation of the standing wave field while the active zone
was formed adjacent to the transducer at the bottom due to the blockage of ultrasound. For the first-order
reaction, the highest activity was also obtained at 5A and the comparison based on the reactant mass was not
appropriate because the concentration of the reactant (BPA) decreased significantly as the reaction time
elapsed. Consequently, it was revealed that the determination of optimal liquid height (ultrasound irradiation
distance) based on the wavelength of the applied ultrasound frequency was very important for the optimal
design of sonoreactors in terms of reaction efficiency and reactor size.

Key words : Bisphenol A (BPA), Cavitation, Gas sparging, Sonochemical oxidation, Reaction kinetics,
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1. Introduction

HZ TGS vF GRS LEED] FANA W
g A, ol A5l A& A FFY 2L
8] &3 (Advanced Oxidation Processes, AOPs)¢] Z4t5}A|
AT gtk AEANALFFE B2 A5 OH 2]
e A%Hoz AYNA LGRS Beke FAUE
2, AR, A, 259, wola 2ol F),
A, IS L ‘3) Z(TiO,, Fe(0) 5) 59 =
e olgstn itk Azl A/SS Y 2 iz
A&Eol ¥ Aom A AFAYL ol§F LR
A 3gel W A77F #AS LI UTK(Chaplin, 2014;
Miklos et al., 2018; Rayaroth et al., 2022).

A=A ZY 5 253 AHulEHold A4S o] &3she
1 2 A77F &¥stA AP Jed, ‘*‘EE’J s}
AHE Qlol= 2 A8 S 48 U
1A °}E}(Mason 2007; Son et al., 2011). _%8
A Y 259 AR QI WEY Y, 4%,
2 aR A% E}"kol E9/53y aHE nS
2 o2 20~40kHz® 32 F3HF JFelAs =& A
Jold &= Qletd &%, AF 59 &4 &3 J
3kH, 300~500kHz®] £& F3 FQolAe 2ot wE H
Bo) fz/@Foz ok UL Fos zan Be o
Ze AYNZE F o s E dod)= Aol A7)
ol ed=d &, =2 ¥4 Sl AH&-F th(Beckett and
Hua, 2001; Son et al., 2011; Wood et al., 2017).

F FAANY ZEAE 18T A4, £33
N4 H8E % @ R Hgots Aol
Ao 28y B2 A5 g
89 we T gge Fus

FEF 238 Y Aol oY 44
371 3oz A7/ A2 glom,
=535t7] A8 Scale-up G774 EEsHA IPHL A
(Johansson et al., 2016; Son et al., 2009).

I} FjulEl o] Aol et A2 v WY

=g & A, AuEeld ﬁ’é}J A= 2 H=E
ZRAAAN7] AT BRo=Z Ar, 0, 59 £&7F2 79, A4
TAYA F, AF 0 EF & A8 S hF A7
AZEnA= ﬁE}(Chlemi et al., 2013; Rooze et al., 2013; Son et

al,, 2019; Wood et al., 2017). &3, @&, 2 A, B350, 9
=8t 5 7€ A=ASAE Z3Y e %%‘ HEgs 3l A
gag 2 AUAER =& A9 29 Vs E&dte
AT gGA] 2aeA AP HJAHMuhamuni and  Adewuyi,
2010; Rao et al., 2016). o]2]d AAulelo]d @4 F7 3t
5 g §E7HEE FYUske WHS vlnA g4A H 8
T deH, AfuEold A4 AA Y ALEFE FIAINAU
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OH oz Z& st #AtzZY Ads S 5 o
g FAEHE 7O F e ALE BIuHI o
(Rooze et al., 2013; Wood et al., 2017). 1&gt 7} FH
HoZ AY 523 X oY & ¥s7] I HEE ZE5)
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A EFAIA FuE ol ddo] HEPsEE A9 v
B 4stE = AYLE mEA olsAA WSS

e &3 9A 7] 4 ATKChoi et al, 2019; Choi et
al., 2021).

71& 1??% g ATl AFA TR ¥EIE o) &
sto] 9 mL FF Pk A Foo w2 duA FE9
2505 A&t LAERY £ 58 AT = (Son,
2017; Son et al., 2009; Son et al., 2011; Sutkar and Gogate,
2009), ©12 Q& Aolxl AFZAAE FHFHeRE Z FI9
258 dkg7] Hgo] AHE AFolth ol 237 ST
Y ARDFE 257 U Y A 9 B tis] ok
stH, ol A 9 9 F3 59 wgr] 75EA a4
ol Btk AFH oz aF oo F& oW gt(Son et al,
2011). X3 Ajulg o] @3S ol &3 0xF ¥ 1A} HHg
ATE A7 ol FPhsta, A=Z v
G w¢ REF AFolth 2 AT
T Q= 300kHz FIHF 23<L B
o A&sted g9 384 tsh Wheg
Atttk =g AulEH ol WEE F
7}2E Saturation S Sparging &7
Z70A 9 &&7F2 HA A Eets
229 394 2748 M =Y § e 2718 239
Ar/O;, ZEE o]&3t¥ o, 25mm(Sh )l A 250mm(501) 7k
A9 4 21& A EstAth 227 353 aH FFH
|5 95t 258 AT ZopllA 71 g ALEEE 04
g9 KI AHshhe3 A4 29 ER Eaukgg 23]

&3

N o

l‘ll‘ I RN e g
He

a4

St 12} ¥1-8-9] Bisphenol A (BPA) £35S HEEEE
ZdolA BAsTh FrHE R Wi 253 584 &
#e] Z= 2 HAE AAHez Frtetr] 915ke] Luminol
PHS A&ah ol de A7 73 HES vEeE Ik
At Gl 253 7le A& aAsor & Al W
A A5k T

S
r

4,

ol

2. Materials and Methods

2 AFoA A}%ﬁi 259 987 o2 AF 9 dEF
ws712, v 1 00kHz Z+3 - 52HMX-3830, Ple =
%ﬁb—% dA5te] 2597 Jd £ o2 ZAHA S
o O F9/5T Z70 A9 = 98 FHE

A
259 M2 288 A e, o
A9 13802 SmmZE AAE AT

1ol 9]s) 300kHzell

c=axf 0

714 ¢ EHolMQ 24(1,500m/s), A 3, f= &
FO+E 9 FH(Choi et al, 2019). A W) 729 E3}
! o

D A&F o2 7tAE FYH] At AFAeA 1em 2o
A GE AH AP A dut oz ALEHE AZ Y TA
g 58 A71FCE: 5em, AR 3.5cm)S of=d T 4ZF
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Fig. 1. A schematic of the 300 kHz ultrasonic system and gas supply system used in this study.

stod AX]-o] &l FU 7hae AFRZA o) 7I(Mass flow
controller, HFC-D-302B, Teledyne Hastings Instruments), “d
2 &9}7](Static mixer, Gasoline, Seongnam), 2 ZFF&Z74 7|
(Mass flow meter, HFM-D-300B; Teledyne Hastings Instrum-
ents) & °|&std =3 g F {FFE ZHHUT TtE

Hg gAe 53 712 T F o F 2802 24

+ Saturation 27 ISAIZl T 253 A FUAE A
£Hog 7kAE FYShE Sparging 249 F 7HA =4S
A&tk Saturation AN E SIS BEs 9
stRem, Sparging ZHNA = FYEHE 7T 2 9B
£ &3 v87] YRR UFE F UAEFE e, ole e
7] W9 Hge] d7)g FEFsto] A 2ol MstE = A

< FHaskohr] et

T 7kERE 71E AFIA 250 g5ty ek g vHE
A SAANZE F e Ard 0,F 50:5022 Efete] o]&
A thRooze et al, 2013). ZE 7t2 2AL 28 A 10%
ol 7tAE IFAA FE JtA AR 828 £ LS

(OXY-1 SMA, PreSens) & ©]&3td 253 AL A2
sttt

o} 35t dtg EIt

Hlg o]d d4o 2 <la] &4 sh= OH Sz A
A& vty 8 7€ dFelA 7 Bol 222 KI &9
H(KI dosimetry) S & &3t th KI &2 ofef o] 23 2
o] <] KI HNA I' o] o] 2J1} Fulg o] diel
o3 A OH izl 93 I, € Iy o] 222 3 5=
W& o] &dte otk o EFH R MY Iy o] TS
A& e OH &t Zo] 27) £REH= AR A Atk(Son,
2017).

no
N
P
2 10

KI > K+ T )
I+ OH — I 3)
F+1 > L @)

12 + I & 13_ (5)

KI €99 55+ 10gLE st¥em, EFF=A(Vibra S60,
Biochrom Ltd.)E ©]&3t9 AB44 Iy ©]2& 350nm gl
Al BASHATE B8, A&t 79 24 wet A9 F
97t 3A @8A7] Wil 4 23 wt 25585 A
stg 9 HrHE fotd I ol=29 AN s&7 obd A4 F3
E 2 A I ol2Y A5 ugez v EAET
(Asakura et al., 2008; Choi et al., 2019).

7N1E 229355 Rokel Aoy 2g9ssE Aghikg
o] B=g syl 915t de AMEE AL Y= Kl &9 2
Fasrs AYSFHL wSEo] FFo R EAs] Wi
0} ¥ 2 siAgtch 1y edEd Y Bl A B¢
APRoT e BE ZASZ Qe 1a Hgoz B3
FEg A5 "k ol#dt 03} ¥ 13} ¥hSY] Aol E
Z59 AAHlEold FAA &Rlst7] fl8te] Bisphenol-A
(BPA)9] E3] HE=E HPLC(1260 Infinity 11 LC, Agilent)Z
B&ststth

!

23 OH BICiZ A4 AlZts)

oot 2444 ¥&7] Wl OH o Z A& A1Zstst
7] $1381 Fu]&(Luminol, 3-aminophthal-hydrazide) &H-S 2
&ttt FrlE PHE QY FrlEe] 253 AHH oA
Aol os dAe OH =tz whgsty 4s 2Ast=
A Z, o|m A ol A WA v FES U Asbe
o] &HstA gojus gYoz gt FrE &9§ 9
£5= YHE 29883 7]H (Sonochemiluminescence,
SCL)olgt1%E otH, FrlE &9 24L& FrE 0.1gL ¥
NaOH 1g/LZ T " tKChoi et al., 2019; Son, 2017). ¥ A
T A& SCL oPAE &7] Yall do] Eojex &= 44
21E& 24T F =& 7leo] £¥¢E "XE JhH2KDSC-
RX100M7, Sony)E ©]&3stH oM, 253 ZAMY] =& At
2 1022 59t}
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3. Results and Discussion

3.1 OXt HHE ME(KI ME)

FY7t A FE vigd A ZAMHE 2579 XA
7 "o A ==, old A4 o7t Frtsty] W] 5
oA 24 9] F3F A== OH Sz &
o] &g & AUtk T, HH 237 FAF H WA &
o] WAoo o2 & AMuldHold de FErt HshE
4 ATHAsakura et al., 2008; Son, 2017). ¥ ATA = o]
2o Wt s AHEY] HF F A9 vk HE 24
(Saturation, Sparging)®ll &l +$& 5M25mm, 0.47L), 10A
(50mm, 0.90L), 201(100mm, 1.79L), 30A(150mm, 2.65L), 40A
(200mm, 3.45L), 50M250mm, 4.3L) & F&3te] OH =
Z AYE Kl E9HE o] &3t FFH o2 va X351
th KI 899 FF I'E o] &3t A== OH L
59 s HrZd HAFS ANAERE G5k 7HLZE 0
2 WSO 2 Mgt AR AIZRE 208-S FH &S RE
2 271 FFAAA FFE lem BolX ol ¢
25t ARE JPsAnh FY 7t2E 259 853 45
B3-S AT EHA Ar, 0,5 50:50 HEE H 83
%A tHRooze et al., 2013). Sparging®] 7% 0.2~5L/min H<
o S F &t o AAE F8 7 B2 Adshiks =
£ e 3L/ming FE3AT 7€ 42 Fa JHol
28 kHz Z74| Spargings HE&& F = 3L/ming 3
AE FFOZ AASFHHChoi et al., 2019). F 7129 &
2 3}53 54L& Table 191 F s

7h2e] Egiet 542 Auldold @49 J=8 23
g 5 Atk Ar% O,& 259 AvEolA A B 9T
S A E tAR BAEI g, Ark BdR 7taz ug
82 Specific heat ratio)©] Eof AulEo]d HME YF L=
F7HA B T3 234L 245k Auldold @4 3

H3S FZ A7t Merouani et al., 2015; Rooze et al., 2013;
Wood et al., 2017). =g U2 dAEES 7HEZ 7jH[H 9
AHE W Y 2 AUXE JSAZ F A (Merouani et al.,
2015). 0,9] A%ol+= OH g Z7 22 A4ts) gz A4
< AN Aoz &R UthPétrier et al, 2007). A%
Aoz ArT 0,9 A x2S B3l AulEo]d A4S Bt
A5 st olF B8 Bk B2 s s APAIE

Table 1. Physico-chemical properties of Ar and O, (298~
300K) (Haynes et al., 2016).

Physico-chemical properties Ar 0,
Molecular weight (g/mol) 39.95 32.00
Density (kg/m’) 1.603 1.284
Ratio of specific heat capacity (Cp/Cv) 1.67 1.40
Solubility in water (10~ mol/L) 1.40 127
Thermal conductivity (mW/m/K) 17.7 26.5
Henry’s law constant (10° mol/L/atm) 1.4 13
Composition in air (mole fraction, %) 0.9340 20.95
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T Atk =g F kA BE N, 53 Hlastd ddFes &
=7t Fof e o] S A& 5

A He 7tE QAT Sl o Bo] &

Z2EN, 7tE 5o BFoE ¥IH ZARY ¢ 22 iy
Hold Aol dojd 4 At (Merouani et al., 2015; Okitsu
et al., 2006). 725 A &H o7 FH3= Sparging 71H2
e o] @l FEl g 7t NEH R FF5HH, o|R
sl Y ol AHEe =F aHE 2 g dthe SH

fE
39 7k Bl sl

oA Saturation 7|} E.T} 42359, ¥
Hhg7] U Fe 283 dux] EXE FFFoZ WA
B 22 259 383 595 948 F e ASZE By

3 QITHChoi et al., 2019; Choi et al., 2021).
oot 9 &7 A Saturation ¥ Sparging®] 7F2 FY
A gste] 250 35HF Adstse] FEE Frke
X9 2F 7|22 2 Fig. 201 YeERA AT Sparging
o] A9 7k FY 271#] YA B2 dTF S Gotr
o A71Fo] XEA FAlol AR B9 HH Fof
AXF F-E va BAsAh o] A w7 W
A9 25T 583 Ashige] 845 FEE A
Aoz gel37] 1% SCL o|P A& &gt Fig. 39 3

=
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—— Simulated line (Saturation)
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Fig. 2. Sonochemical oxidation activity in terms of the

concentration and the mass of I3 ions for the liquid
height of 5\ to 500 under the gas saturation and
sparging conditions.
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Fig. 2(a)ol Webd vpel o] (2S5
7hetAA H4e] F37 Frlste] 9%
AN Fue o] d @l s L= 1y
A Zaste 202 Yetutth dvy
Ao 2AA A FI7F 71 3
vhlE ot s=7F Z4astA "ok o]
2(a)9) Slmulated lineo]™, 50 =3
T 7t mE =3 gdaXE vEd 2
B = ¥hgol 0xF ¥hgol7] wiel whEA|
ol FZ2 Btk & & AthSon et al., 2011). &
TFAAE= 100 o4 ¢ ZA A Simulated lined] 3t o
v 92 ARAgko] 81, ol A4 3] F7te why]
g o A oplz Wi Aol 49 A= 9
7t we FHHer 4
Atk
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(Antinodes)¥ 43 5= 9 Y (Nodes)©o] ¥HEH oz YER Al
Hoh Fig. 39 5 o]mA ¢ Yepd Hk¢E Zo] SCL o] H]A]
A FH ZAHAA o8 Y Wrt ~ZJ‘ZL°_§ =
9], o]& J43K(Standing wave field) ¥ sk, 3
F YA 2 JHH I GHEE & ?_]_éé + ATH(Son

Saturation

Sparging
at the center

Sparging
at the side

et al,, 2011). 2537} o] AL A 74 (Attenuation)
el ol Sl 9] 2l 4} ) 285 o
A RE 9 30 B2 & Qom, 2%
4oz Aud oy wes JEE 2 g B, 44
209z uT 4849

2H}E Wsstd 259 W3 B EY 2F JIELR Fig
2(b)ell Ferl At kA AE S vbel 2ol §3) FUFRE QA%
Zratt 38 A9 74 9 2719 AF kol 22 #HE U
Eftiofof gitt. v AfulE o] Y] F X7} 100 ©] 9
T A 5 204G 3t A L HoE &
A=A ol 71E ATFNA AR vkeh Zo] E AT
Saturation 27199 & 7} 50 F2IE sy, B
o =2 Y 208 HET A 227 AuHE 49
A7t 3A S8 F A2 Y|t Asakura et al., 2008;
Son, 2017).

T2 T A AdHlA A =Tt Fidshe
ol+& SCL °lHA] £A& &3t &}ttt Fig. 39
Saturation 27 AHEH, 54 2749 A ol$ Ak Lo
FGel AA Gl RExH Jlom, AA £ 221 T H
g U7l 2 499 27 55 2R E W, Mg A
5 Yehle Ao #dE Atk 104, 200 2 300 =4

13 okl e AN 383k ooz @
ERIEREFERET R
229 el gelo) FARYT, +917 FH

g3 old A7} el At
A 12&51225}. 401 2 50 Zﬂoﬂ/ﬂ%
z ol gk ol E1E A=,
AtAR 7} Aol A i:%ll‘r AAR 7} FHE7AA ARdEA] Xt
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E
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Fig. 3. Sonochemiluminescence (SCL) images for the liquid height of 5\ to 50\ under the gas saturation and
sparging conditions. The formation of the standing wave field can be seen in the right-hand images.
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FHAA Y WAL FESA doubA] ggtom, o]= 3|
B 499 Fdo] o] FARA &7l W&ol thAsakura
et al., 2008; Son, 2017).

Fig. 2(b)ol A Sparging Z7 3} Saturation 7S H] L&}k
AT B9, Spargings HE&F AF o0 50 2AANAMY 3k
Boe 942 AT =2 &9 z7“°ﬂ’\1t Saturation =
AT 52 59 2% g& eAIT + . 53] 400 2
500 &A= Saturation &7 EHH] o 4HH S FF9 A

£ Qo] AFg 244 Bt 22 £99 24 HE& A
Sparging 7I'H°] AL F l5& AT + AUk Fig. 3
¢ SCL v A& AHEH, 52 SN 7+ Sparging
< Sl gl Z*}ﬂ 2597t AEE AgEHe Aol
BHHOE AdEHE AR e, 2H4402 A 2
Aol A s d92 FHHA Fen, 579 I 2
A Mg B2 435 Fd9o] FAHH UK Choi et al., 2019).

ol gt el o] &8t Fo] HA A F3 v A
ol A, Spargingoi 1%t A WA &3 FI} v P
43t 499 MEES ALHOE B3t Y22 o|FAIA

A gHA Q1 %’b-ﬂ' °§—1 38E Bgste AR weET
IHEZ 400 2 5002 Saturation 2= F2 i8] o]
=5 vehle B4 990 345A X8 4F
o2 92 259 554 s wg F=E e,
Spargings &% A% uEo]ld &=} ot A5
I AE9 2Fo] 4oy Saturation 2R E2 Ak whS

Aol A Spargings &% A9 SCL o]H|
< é_hliiﬁ, 2gst 499 =27 9 B=7F AY HFALS
2 A=, o]#3t o]FZ Fig. 2(b)Y v HFEY
ol AL 9 el A He Aoz AdHIh

ATFAXE A4S AEsHA EFste 3¢
7t F7vetel wet gz Adsiigo]l FXEHE AL
SFH THChoi et al., 2021; Kojima et al., 2010)

400 2 5009 F=9] oA ¥E7] ¥ Zof| A Sparging
S A g3le Fox Saturation®] F$HT 2 F£F9 2
=9 8ot ads yehiley S FolA Spargings st
= AFETE 9 £ AL Yegth oS AfolE
SCL olm|A| oA g1T -)F R, SHNA 7k SpargingS
HET A 22 HEE AgHe AS 2RAHeR
7 Z5tH, ol A3 253 AR} JFHE =7 2A
Uus}% 102 UEFTHChoi et al, 2019). 23F oz %
25 95719 9 234 % k2 FY 240 we iR
259 dquUA 22 2 22 Q1S AHEold &5t 499
gol A ¥ ALz IFHYeH, 250 72T
HaE Haide olgsd wE7]19 78y E4& FEd
asfor & Aelth

&=

(@
o
J

s

t
ut
K

.ul

Jlm

3 =4 Oﬂ/ﬂ«] Z53 FfulE o] d whgel 9
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BREEZ A x| M3sA Hs55, 2022

9 24& A&t BPA LA (R7IEE 10mgl)S 3
St Fig. 4(a) 2 4(c)°l Yebd upe}k Zo| Saturation ¥
Sparging &7 EFA 907} SUMEFE A4 B4k 7t
3te] BPA 59 A AE7} A 4R T Saturation?)
S AL FH9 5) 2 10 ZANA HE M agol 44
97.4% ¥ 80.0%=% "% 2 &F9 EHEES YN
, 20014 5007EA 9] ZANA & A Fo7 2A 57}8}
o A2l g&o] A BAE A 282-3.6% FF Wl I+ &
€& YeRATh Sparging 24 &4 0xF v ARATH
FAFSHAl Saturation Z7AETH g a&o] gl
Hoj, 50 27004 93.3%7F A AL, o] F 10rl A 308 =
A7A] 48.7~6.7% Tl J ok 5009 Aol A wt Saturation
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Fig. 4. Sonochemical degradation of BPA for the liquid height of 5\ to S0\ under the gas saturation and sparging

conditions.
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Table 2. First order reaction kinetics constants of the sonochemical degradation of BPA for the liquid height of 5A to 50A

under the gas saturation and sparging conditions

Liquid height/volume
Gas mode
50 (0.47L) 100 (0.90L) 200 (1.79L) 30 (2.65L) 400 (3.45L) 501 (4.30L)
Saturation 32.7x10° 13.5x10° 2.81x10° 1.62x10° 0.54x10° 0.31x107
(min™) (R%: 0.9657) (R%: 0.9962) (R%: 0.9776) (R%: 0.9858) (R%: 0.9575) (R%: 0.9249)
Sparging 22.8x107 5.59x107 1.36x10° 0.59x10 0.71x107
(min™) (R% 0.9982) (R 0.9990) (R%: 0.9995) (R 0.9885) (R 0.9808)
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Table 3. Calculated reaction times for various BPA removal efficiencies using the kinetic constants obtained in this study

Removal Liquid height
Gas mode .
efficiency S\ 100 200 300 400 500
50 21.2 513 246.7 427.9 1,283.6 2,236.0
Saturation 90 70.4 170.6 819.4 1,421.3 4,264.0 7,427.7
99 140.8 341.1 1,638.9 2,842.7 8,528.1 14,855.4
50 304 124.0 509.7 1,174.8 - 976.3
Sparging 90 101.0 411.9 1,693.1 3,902.7 - 3,243.1
99 202.0 823.8 3,386.2 7,805.4 - 6,486.2
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