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Decomposition of Chlorofluorocarbon by Sonication
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Abstract

The sonolytic decomposition of chlorofluorocarbon (CFC 113) and several alternative compounds, such as
HCFC 225ca, HCFC 225cb, and HFC 134a, in-aqueous solutions was investigated. The CFC 113 with a high vola-
tility and a low solubility in water was rapidly decomposed with increasing sonication time. The decomposition

rates were influenced by the initial concentration of CFC 113, the reaction temperature, and the gas/liquid phase

volume ratio but were independant of the pH of solution. The predominant pathway of the decomposition of CFC

113 by sonication was not the oxidation by OH radicals but the pyrolysis with high temperature and pressure inside

of the cavitation bubble. The pyrolysis in the cavitation bubble resulted in an almost complete mineralization of
CFC 113 with the high efficient formation of inorganic products (C1-, F~, CO, COy). The addition of zinc powder
on the decomposition of CFC 113 by sonication caused an acceleration of the decomposition. Also, HCFCs and
HFC 134a were found to be readily decomposed by the pyrolysis induced from the sonication.
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WA, FEA), AL L), d]2E Az el
FAH oz AME-E A gt (d 2833, 1991).
T} o2 FHeld AL 7FA I o] ¥
Foke] AbdFA A o] 4FHeA & CFCx <134
22 Treeldl & FEEAn vt 2 A3
AAEH e ofF Fod s nAE oz
et} 53], 7] Fo2 WER CFC: oj7|Hd
A A7 EeEA e A el A7
2 =edle] 2EFE IIse Aoz B
=} (Molina and Rowland, 1974). CFCol] 2|3t A&
9 2&% I3 WIlEE G5 A3 Fe] FE3
o 23] CFC2HE szl W&d 3 79 g4
S o&5 w3 F oA QA HE o]
dsub-gel oste] fasHZd N7t #4943 2E
® Hrjsts ez FAER 19854 A=
& 2EZE AV f5FoR
A E=s 285 I3 4o HHFYe, 1 F
L A 22 2525 gt AAsA 28
5

Z=2Z A

I 9= Aoz vy 9l (Farman ef al., 1985).
CCLLF+hv — CCIL,F+C1 (D
Cl+0; — ClO+0; @)
CIO+0 — CI+0; 3)

ezzol A4 HAFe} e AT A=

el =23 A Fo) Zrhe AT F

Ng 5 AYAd 2 d%e ud 4 glen A

o) 3%} woll 2o AAAls) wetRle) PAy

o dgre vAE Aoz deld ek HE 0F

Z AA84e WAT S AGEAL AL
LA gl

2 54, 9700 PIAE 9% F A
I da3l} 39, 345 CFCE A3}

T Fobekn & 4 Ao
2x B (Wang er al,,
1998), A 7] &3l g (Georgolios et al., 2001), Z&}=n}
A4 (Kossyi et al., 2001), &} AF3H (Calhoun
et al., 2001), v A3 (Bonarowska et al., 2001) 5
o] glct. ZEv} o]t AW E Follx= 2 Ht
2= S7EHT W F oA S
2 = U BAA] A7) R 3% kg

ZZ10 A Eaukg-o] o] FojAT o2 =E LA

F=2o) 712 EEA A 19 A3

A71A e Aeubge] Aol 278

£ Aol HE =g CFCY Rewyos 3%
He 25985 o 8stlen, 25TAle o7 &
Akl 712 A7 AAsden, o= 24
A CFCS zgapislet 24 w7z 3 CFC
A EA S 2gaalel] Fate A d-shdet

2.1 Alef % AR

CFCe] d#Ex=z2*x 1,1, 2-trichloro-1, 2, 2-
trifluoroethane (CFC 113)& A}-£-3}¢] o™, CFC o A
EA=2E 1, 1-dichloro-2, 2, 3, 3, 3-pentafluoro-
propane (HCFC 225ca), 1, 3-dichloro-1, 1, 2, 2, 3-
pentafluoropropane (HCFC 225cb) ¥ 1,1, 1, 2-tetra-
fluoroethane (HFC 134a)& A}8-3}gic). =E A] ke
EdE AHgden, AHE Add AHAAAE AAA
oket. a2y e =3 & (scavengen) ZA A
2% Hehe (tert-butyl alcohol)S Ag- Hel] 33]e)
A3 AAAAEE AR oA BT waEA
£-2] EFAE Al om, 947 oF 10umo|}.

A AME dyl FF<F Millipore Milli-Q
A 2E (HFE>18MQem)o A AT 248
o] &-3t5itt. vk W2l Z1AE X gs}r] 913t
& (argon, 99.999%), 371 N2+ 02, 99.95%) ==
oFAFEHA 4 (N20, 99.99%)8 o]-8-3}5i+t.

AE2AE AA 2E4 60mlel| 4 = F
71& o] &3l dAZ 54 (150mL/min)e 2 <F 30
27 wBstel wher] g dHs %T wr
3712 A#A T, uker]E 9AF] AN F,
AHATE B3] 4T ¥ CFC =3 CFC HA|
EAE mfolmz FALY] (micro syringe)F AF-4-3}o]
FUFLZN A BE 2AEHGH.

2 =8 A ZopM (y-ray) =AL

2535 A7 HS AH 2 Fbe 200
kHz (2-&3}7} = : 6 W/em?) @] *1%-x} (barium titanate
oscillator, 365 mm)& Al2-8}¢] 31, ¥lS7| = A}
A Fel A e AA R gy &S 9
stolon, - =8 Ales}l] st dexel A
Aok A xze] 2F3= 28tz Abd 3



9] EalzRE AAEE OHzt 7] Y& =S
Agto 2 ZAASG} (Yim er al., 2002a,b). A3
AA)9) e o3 W A9 E (Yim et al,
2002a; QEwlz Z1AE, 20022)S FE 4 gt
SZol| mEH 2&IE ALY Auld o] W
£ (cavitation bubble)e] YA, AR} B3] =3} zke
q44Q) WApo] WAt B BEe] 22
v ZaMoE 12 (~5000K), T8} (~2,000 atm)
Z27]o] AL o3 FAH =
= OHzHZ} $48x2 His
, $EAE 2437 dod oA Zﬂé
o] wﬂ% 9 sae Uoh 44E W2

_11)1' m{n

'
R:)
ot J
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a2 315ke] wEW 3 (bubble inside), A2, "MM

Y 7998 (bulk solution), & 31 ¥E3} =809

A ed 2 (bubble interface) 5 A|7] 2] HkS-oJH o=
o] 234 ¢)c} (Mason, 1999; Suslick, 1990).
H,O-ultrasound — - OH+ - H 4)
2 « OH — H,0, 5

A E2ARE 2E4E oML Flag BB
g g &, “Cog o]-43tuvh =AM &2 OHEl
Z Q&g A, FAFo=N 25T2AY A
$-¢} OHezjr ] AALwrt Z=8 2AsH
Fgde Fntad g zAPEI, BEAZE AR Rl
Ho] Fasizs OHY|Z 9 2 9 s 2
E FEUA )7 ARE 28 89 o
ofAtslA 4yt EAPH I AALE otAbEA A9}
uh-&-3te] OHEle]Z2 ¥ gk} (von Sonntag, 1987).

H,O+7y-ray — - H+ - OH+e7gy N
HoO+NO+e7yy — No+ + OH+OH" ®)

olsh o] el g 2SI 2&haAe) whR
Az gz Be BAE BE

SPdzAe AeE 2eEA] 798
dold o] AAEA gl FaAd
o wrgde ANEA W) dEdl 3
de dpauee doluA g v
2ol 0% Seiure T A,

2.3 By
CFC 113, HCFC 225ca @ HCFC 225cb 283}

€14 (CFO)9] &3 309

ZA} T zAbol Ao} (isoamyl acetate)S- ©]-8-3}o]
ubS-71o] 71RE d AARRe EAEe ERE
o g we7] HelA] AR FE3HG. 9= 2
Abolgrobl 2 100w] 3 M3 F DB-5(30mx
0.53 mm i.d. X 1.5 um thickness, J & W Science) 2%
3 AREHY FHAE77 AXE spaFARRE Y

X (GC/ECD, HP 5890)& o]&3le RA3slg]ow,
HEC 134a: ¥Fe-719] 7]|ARRLR-2 AZ8)3}le] Pora-
pak Q (30/60 mesh, 1 m) AH 3 dAx=d &)
7} A21% GC/TCD (HP 5890)2 ¥4 3t41H}-

AAE 2 7NAAd B4 dArsiekae oAbsiel
A¥ Z4Z MOLESIV 30mXx0.53 mm id., J & W
Science) ¥ m== Porapak Q (30/60 mesh, 1 m) 2%
o] AX¥ GC/TCDZ EA3}ech o] FHA oA o
AbslRb A 49 Foll £3liFe] e Sl B
Eoll Alg49-g dErtaz 3087 HESSte o
HAL 2q& o] 43 F MU

F e} Cl'e *l.‘&‘%—ﬂ% ato g FEale] A
#718& AAs I, 49 2 SFAShlEFOR
Z3pAlZ on, ""°}9\l“ A dFroz HEHYI)
of AAZ F ICS-A23ZHe] AAH o]z =2n}
® ¥ = (IC-7000, Yokogawa)E o]|&3l HAs}
Aot

A3 A pH 5.85 27 17919 Abshule
o slake 44D 1) e FAF=Y (=352

nm, 2EFA5=26x10'M"' em o2 sy

3.1 o ZEALY| 2|8t CFCe| &3l
18 12 CFC 1139] z7|xx W] = s
& e Aoz 25ppm3} 100 ppme] ¢
o] ThA P} FEoME R4 3fo|sl A
veld=] 9kekAl 4l 1,000 ppm CEC 1132 7%
o] g APD‘6] r# 3o CFC 1132 2
HA (363 mm Hg at 25°C) wj £ol] Aledgfo] =&
zAbe] o8] AYAEE FAvjEH el HE R
13 Aolth 232z & Fxo CFCrl HE
ol E2AE AL, HENEY 2% oS B35
AR HEgol IS A= Aow YA4FG.
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Fig. 1. Effect of initial concentration on the decomposi-
tion of CFC 113 at 22°C. Gas/liquid phase volume:
15/60, Ci: CFC 113 concentration at irradiation
time (t), Co: initial CFC 113 concentration, ( ®) 25
ppm, ( Q) 100 ppm, (A) 1000 ppm, (A) 1000 ppm
at 5°C.

Hhg-g&x9] o33kg Abwww, 1000 ppm CFC 113
o] AL 22°Cs} 5°Col|A] Z2eupzAld] 23 B3
S-S A S W dejdl 7] RELeg M
9, Ztz} 12.1 ppm/minz} 26.1 ppm/min .2 k2 &
=G0ONN B4} o we Aoz Yeiygd
o9} L Ade WISt ¥&4F IUA ]
¥ B Aol sulEle]ld Wi Uiz o

E317] WEell Aujee]d A (AE EFH GE3
w2 AZATE Aoz Azt w3 Hlee
=7t &4 220 2Ab] o8 AXEHE A
ol WES Ao HAH o] HhgFFe] FFagte
24 f=H= B, 3 adrt AzEE A
oz 4#A glek(Mason, 1999). 2 AF 710l A
2T 2Ae] 28 B9) Rz RE YAHE A
i) YASEE AHEE 227} Foldd] o}
gt A& =7} 7hastd on, 40°C o] Aol A 22°C
A doizl FAbFsa YA EE (10 pM/min) ]
12 A=z JYehd 2&zabe] o8 el &
g4, g3bd mar) g gasE Aew A7ty

7l

bR o 2 CFCe Hs|aAo)| A= HCI, HFS}
AR EAY AHE AZE 4 o) 2ue
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Fig. 2. Effect of pH on the decomposition of CFC 113 and
change of pH during ultrasonic irradiation at 22
°C. Gas/liquid phase volume: 15/60, (O )(A) pH
6.4, (@ )(A)pH12.

Table 1. Decomposition rate constants for CFC 113.

25 ppm 100 ppm
g/l*
k(min™") P2k k(min™") r2e%
45/60 0.0127 0.999 0.0191 0.994
15/60 0.0236 0.995 0.0247 0.987
10.4/60 0.0319 0.996 0.0334 0.982

*gas/liquid phase volume.
**the correlation coefficient.

g pH A 3ol oJsfl ofskg whg 4= 9l7] W) &
Ao e 4% dFEz7NA CFC 1139 &=
oshialol Wated Admeldh 7% 2% CEC 113
253 oA pH J&F 3l AR D] w2
pH ¥W3E el Aoz uHkg-gado] pHe| w2
&= Aol wephbA] el CFCE &5
o| A} pHE] oJ&k2 A e qlok El#AA F pHH
St 34 =t 97 24N 25 9ke- 27
KB pHE| A3t dehdr] Alzpete] 6029
A 7zer AMAE] pH7F ol B AAE=2A A
RAEAe] AAAGE= AL oF 2 9)d.
CFC: FA o] 1 fsl=rl 7] wjfe £
AtelA A" A w719 A 90% o)
71 R-gel EA skt afebA ﬁ)‘o}‘\?‘%j’} 7)3%-
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Slol] M2 2422 Vbl A= 25ppma} 100
ppm CFC 1132 44 44382 R3] o 3te]
7VEREe] 17t s BASEr} w0
2 7RG R Heag AR EA)
3= CFC 1138] ofo] Adidez wx, 2339
a7 (agitation)ell 23 7| AFR-Foll A A
o29 BAolgH 2 WAk s YRl
EAshs CFC 1139] o] Flstmz ¥z} &
ojFoiA= Aoz A

3.2 CFCe| 23l ozl E&

2% 3£ 100ppm CFC 1132] %%
AARE BAESY k& Vel Aoz, Fo AYE
AL Aol (ClNHFH ol (F)olH, 7tad &
A2 oabslelasl dAalslel4rl QA B
sl¥l CFC 1130 =35 949 o 90%7)} 4o}
Lo B4 oF 0%/} BholLow Ao
v, 283 FAMA|Zb] W& CFC 1139) 3-3) ko)
u)# sted Frbetlet. pelv Eael29] A§- ks
7] (Pyrex glass) ™ol F3E 7}5A o] 9\17] o2
o A& 42 AAR YAE Eiole fro
AL 2 U AAZ 12mMe] E4a2F49E 30
B0 2592A & AG oF 10%9] 47 £AE
o}
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Fig. 3. Amounts of product produced from the decompo-
sition of CFC 113 under argon atmosphere. (A)
CI/3, (A) F /3, (@) COx/2, (O) CO/2, (O) CO/2
under air, ( 8 ) CO/2 under air.

zgazAel )% dstpslea CFOS) #3311
7I2A AAREBEAL] AL Gz CFC 113
2 E83F 60%7t olAtstetAz 30%7) YAtEtA
2 veh}) & €49 90%7} F7] 3} (mineralization)
" Aoz Q7Y w3k 289 ARz @&
AREe] ok =7 CFC 1132] &3l w3l
Z7tekdet. o9} 2 Az CFC 1139 &=
Atoll o8t B AL oju)3 FAEE A3}
Al g3 AulEeld ME WRolAM 2HH 1
5o dRsel s A 7r)3) He Aoz A
AR g9, F71 270 A olAabkslekA R JAlsiek
40| YA CFC 1139] Baje] 80% 3 10%¢]
QAR 2 773 A e Aolvl U4
o LA Ak EREE EAEA]) e
748 B 4 #eZ(-O0H, 0 -, HO - )9
AAEE Aoz d#A 3o} (Hart and Henglein,
1987, 1985). Z18)v} ¥ A3 A 7= v CFC 1139
2L gleiA *3“5] 24 ezl 93l
719 A9 g A A7AH e 2&T 3l
23 FHAe] ¥ CFC/] M e AFHAU
w7t F whgdE o 4 slek
CFC 1132] 253235 sloir AA=z A%4
ol dEsukg-o] obd FA gz gt 714 E
dotr 7] f3te] ez zIBAY] f-Fo o
Fal&=e] Wate) dRatso] EAIsA g3 &
7 g nkgat B8k A AL WS o)
3]-":] FH &2 xo]F dolult) Btz XHE
2E 253 uAMA Bt A A byl Rehg
0] &3} t} (Tauber et al., 1999). Bel-&o o
Zro] OHeEte =} whe &% (~10°M™ sec™)
23l -2 & a9)A] 9] S} wiLsL ul
o] o gtz o} (Buxton ef al., 1988). B
22 27404 I mMe] RBebES HrbEtg)
25dzAb 23t Bof Halzxe] 44
g7 108 F 443 edg 23249
skt (98wl Zz‘ﬁﬁﬂ 2002b). 1322 2
E ¥ OHzp=|Ze Rebes) w
133h= A9 vHE3A] o

3

ru:
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n

2 g
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d 1o g
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Fig. 4. Decomposition of CFC 113 by ultrasonic and y-
ray irradiation at 22°C. Gas/liquid phase volume:
10.4/60, (a) uitrasonic irradiation without radical
scavenger, (b) ultrasonic irradiation with radical
scavenger (10 mM), (c) y-ray irradiation.

oAk 27] BeldEs) bzt Aolr} e AL Fub
g9 B 244 32 aAelm, HEdel 9
7) dge] Auelolde] wME Wre HEsle)
Ao zs Auldlolde] ol ke wlH Ao

2 A7, 2AA7ke] el A4 OHebe)Zate)
ol ojs) L edare =A g Ao vehgoh
=3t 2&ull] os WAEE OH 2] Y4
=20 uM/min)¢} 72 &x=2 OHzjo|Ze] AAH
=% bl e 2AERE Aol = CFC 1139 &
M= A9 A=A skt 2822 CFC 1139
2898 B4 Beigel Eae BAgle)
gl Sl Wssh A ¢l7] wEo OHzAZ
o &% AsPgo] ok AulHold W el
Y ARAQ drale] s BHEE Aoz 4
Zgich

3.3 342 EMstolMS 28T B

s gel QoM shadls Ex ol B9
SUAE o4 AS 474N ANN T2A% &
20k =T $ glow, FgAA A el
2 F4Rel 93 fr]daHTES] EA= 7
& 4 9}4(Boron1na et al., 1995). 1 2= —’T—-%—
F4594E H7HE
CFC9 i—g—ﬂr—raﬂﬂ 2AHE AL g & A
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Fig. 5. Effect of metal powder addition on the decompo-
sition of CFC 113 at 22°C. Gas/liquid phase vol-
ume: 15/60, (a) no addition or SiO; 0.5 g, (b) cop-
sper 0.54g, (c) zinc 0.5g.
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o} o] d HAHAM FE£UAE H7lel A7 =&
HEa e HFHadE 2R 2" 5ol F44
2} Arbel 9% CFC 1139) #3 73S el
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| uitrasound ' ‘ .

al (shock wave)
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(Me: Zn, Cu)
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| : uitrasound + CO, +F +(C)

(pyrolysis)

Fig. 6. Mechanism of CFC 113 decomposition by ultra-
sonic irradiation in the presence of metal powder.

3.4 CFC thxl| &2 == =l

CFCe WA EA=AM s/Idd ¥4 $ HCFC
225¢ca9} HCFC 225cb= 2.23}3] 2] 4= (ozone deplet-
ing potential, ODP)7} z+7} 0.025, 0.03322 CFC
113 (ODP: 0.8)28) 1/20~1/400)5} (w]== #7337,
2002). HAEAL Atz At 222 o
g 27l ga o571 AL e dA
EAE AF2udslel] GEFE v E-e|y] W
o AFaAFRAo|ete SHAA Al o2
AR A= FAET A 55 2 HY
Wle] e7ddm & 4 gl=t

a3 7 tﬁzﬂgzq e -‘L‘r%%ﬁ 73*‘2}% =]
Aoz 1z2HEs W&
225ca”} 0.084 min™!, HCFC 2250b7]— 0.047 min~ 2
ANAB o= CEC 113 (0.025 misn )=}t v)mws) 2 v
Pl gzt W Aoz el gt oz g4
B4 H7] FelAe $we] CFC 1138t} gro}
FdolA e I3ty Al e] e oz A7
foh a8jee gzl dRsub-gel oA
Bt GA Haj7} olfeln Aoz APt ofF
WA ZAe Ea7lE= CFC 1133 o] 2&
gzl s AR ANulEe]ld wWE YielA
AAAQ 12 mste] AEsukgol 25 YAbstet
A8} o|Atzletaw B o
38 HFC 134233 Al2olA 7lA el = 243}
QA AL Aer zoazAle oF whaA
2aEg o, 1x} £ HF--&xA4E 0.117 min™!
o]t} o] AL opMHA T} FE A B 2
L2alys) 9} o] L3 2} Foll HFC 134a BA7}
$4d Foz olFdled Fiuleold HE WA
JRaE= Aos Q7= (Hart ef al., 1990). 18
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Fig. 7. Decomposition of several alternative Freon by
ultrasonic irradiation. Gas/liquid phase volume:
15/60, (@) CFC 113, (A) HCFC 225¢a, (O ) HCFC
225c¢cb, (A) HFC 134a.

zz JAAEE 248l 98 CFC YA E3s 2
SazAlel o B A} slsEetm AEd

s d B
PEED Zéz—;— Srse Aoz dwA 9l
CFCs} j#) 24 (HCFC, HFC)e] Esjx2ls 93

ez 2 ‘?‘ﬁ“’ﬂ*ﬁ% 200kHz® 1&H =59
g olgaled ¥3 AP UAsigen, £ A7

8 dolnl AL ek 2
(1) $4d o] A8 2 CFC 1132 28324}
o os) We £ BAEgen, CFC 1138 2

V=7 Mtﬂ o A B4 er) vha =9
aevt 4449 27 pHE
l4 o A8 s n|2]A
011*1 &z} dgho
o] cj]/\c]-o:} Oﬂﬁ_c]. 2—1

7é—°r oLt “%%h:}

(2) CFC 1139] 25353 A9 dii =39
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