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Abstract-The sonochenlical destruction of volatile organic compounds in aqueous solution has been investigated 
by using TCE (trichloroethylene), PCE (tetrachloroethylene), benzene, and toluene as model compounds. The substrate's 
destruction was observed to be decreased at a pseudo filst-order rate, mid tile rate of TCE decay (k~=l.7• 10 3 s l) was 
the greatest when tile initial concentration of TCE was 380 gM. The effect of initial concentrations of TCE (ranging 
from [TCE]o=8.5-424 gM) on the overall decomposition rate of TCE, k, rcF was investigated. The ko value decreases 
with the increase of [TCE]0 to the level of 200 gM. But, the stays constant increasing the [TCE]0 ill,her. The effect 
ofbicaff)onate on TCE decomposition at low COllcentl-ations was investigated. The bicarbonate affects TCE decomposi- 
tion insignificantly in tile spiked bicarbonate range of 1 to 10 raM. The sonolytic rate of degradation of TCE appears 
to be enhanced by the presence of ozone, and the enhancement degree was quite significant at low concentrations of 
substrate. A kinetic model study was attempted to elucidate tile specific reaction sites of the tested compounds and 
the major conttibution of destt-uction route (OH. reaction or pyrolysis reaction) depending on the various conditions. 
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INTRODUCTION 

W:atel- contalniilation by t~:qzardous waste cheraieals is now a mat- 
ter of international concern There has been a conmluous search for 
innovative technologies to solve this problem. Advanced oxidation 
technologies are usefifl in tile oxidative degl-adation of pollutai~ 
for tile beablle~lt of haza-dons waste water. These processes include 
ultraviolet irradiation with hydrogen peroxide [Glaze, 1995], TiQ 
assisted photocatalytic degradation [Choi and Hoffnlann, 1996], 
ultraviolet irradiation with ozone [Glaze et al., 1987], and ultra- 
sonic ilradiadon [Hua and HoffinanlL 1996; Mason, 1990, 1991; 
Masschelein et al., 1997; Hua et al., 1995a, b; Serpone et al., 1994; 
Kotronarou et al., 1991, 1992; Barbier and Petrier, 1996]. For many 
years, ultrasound has been used to induce or e~lhallCe chemical reac- 
tivity [Mason, 1991], but it is only in recent years that a keen in- 
terest in sonocheraistry has arisen. 

Acoustic waves are raechalieal oscillations propagated ti~-ough 
an elastic m~tiurn. At high intensities, ultrasound prolmgates through 
a l  aqueous medium producing cavitatic~l in liquids. Cavitation is 
clue to tile fonnation aid growti1 of raicrobubbles during rarefac- 
tion phase of the acoustic wave and their subsequent violent col- 
lapse daring compression cycle of the wave. There are two inlpor- 
tant effects of cavitation, and sonochemical reactions could be cate- 
gorized as 1) pyrolysis reaction [Song aid Hyun, 1999; Kiln, 1996] 
involving dlennal decomposition of solvenk solute, or gases present 
in solution as a result of the high pressures and temperaOares upon 
bubble collapse, which is sinlilar to thennolysis in die incineration 
process, and 2) radical reactions wtfich occur in three distinct regi- 
ons--within the hot bubble cavity, at the interface between the bub- 
ble and bulk liquid, and in the bulk media. 
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Fig. 1. Schematic diagram of the three regions of sonochemical re- 
actions [Kotronarou, 1992; Kang and Hoffmann, 1998]. 
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Fig. 1 shows a schematic diagram of those three regions of reac- 
tion sites with relevant sonochcanical reactions. Tile d iagran l  w a s  

originally proposed by Kotronaron [1992], but we raodified with 
several other reactions, which might take place under the presence 
of ozone. Tile cavitation bubble contains vapor fionl file solvent, 
or any volatile solute present in water, or other gases if present in 
solvent. On collapse, tile vapor is subjected to tile enormous in- 
creases in both temperature aid pressure [Mason, 19gO]. Under such 
extreme conditions the solvent and/or gas molecules undergo ho- 
raolytic bond breakage to generate reactive species, e.g., radicals. 
Thus when water is sonieated H, and OH* are prcxtuced, which then 
undergo a series of radical reactions. 

H~O~OH.+H �9 (1) 

If  O2 is present in the vapor phase of the bubble, O2 scavenges 
H- as given by following reaction: 
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H . +  o~ , I IO~. (2) 

O2 can also undergo thetmolysis producing excited oxygen atom 
as follows: 

O~ a O+O (3) 

The oxygen atom is reactive species to produce OH. as follows: 

O+H20 ,2OH. (4) 

I f  ozone is involved, ozone may enhmee OH radical production 
by the thermal decomposition process of  ozone as given by fol- 
lowhg reaction: 

o~ , o~+o (~) 

I f  subm'ate M is volatile md hyffophobic, it ~Mll flux into a carla, 
tion bubble and be decomposed by the simultaneous reactions of  
pyrolysis and OH. reaction as follows: 

M ,product (6) 

OH.+M ' pro&let (7) 

OH. can recombine to form hy~ogen peroxide. 

OH'+ OH" ~H20~ (8) 

The interface between the bubble and the bulk liquid is a region 
where surface-active reageras may accumulate or where radical spe- 
cies produced in the cavity will take place. The OH. vahich is pro- 
duced in the hot vapor may react there with solute or diffuse into 
surrounding liquid phase Temperatures on the order of 2,000 K 
have been estimated at the gas-liquid shell [Mason, 1990]. There- 
fore, in the inteffacial region, pyrolysis reaction is still an important 
reaction pathvv~ along with OH. for the decomposition of chemi- 
cal subsWates. OH. may diffuse out of  bubble, or it may eject out 
upon bubble collapse. At bulk phase, the temperature is not high. 
Consequently, only OH. is expected to take place removing ch~n- 
ical subglr~e. Relative importance of reactions and reaction zone 
depends on the characteristics of chemical substraes (i.e., volatil- 
ity) or the presence of  dissolved gas. For example, if the substrate 
is non-volatile, OH. in the bulk phase is the major decomposition 
route. 

In this paper we present kinaic datafor the senolytic degradation 
of  selected VOCs in ~:lueons medi~ The kinetic model of  sono- 
chemical reactions with destruction mechanism of those selected 
compounds under various conditions is to be emphasized. 

EXPERIME N T AL  M E T H O D S  

Tridaloroethylene (Aldrich, 99%), Tetrachloroethylene (Aldrich, 
99.9%), benzene (Wako, 99.'P/0), and toluene (Aldrich, 99.9%) were 
used as received All solutions were made in deionized vcater (R = 
18 mg2) vdth initial concentrations ranging ~ctn &5424 0M. Ullra- 
sonic h-adiation in solutions was conducted with aBranson VCX- 
400 senifier operating at 20 kHz as shown in Fig. 2. Reactions were 
performed in a250 mL or 1 L of reactor under aconstmt tempera- 
ture (244-2 ~ by circulating the cooling water. 

The ulWasonie power delivered in aqueous phase was estimated 
by calorimetric mahod. The measured values of delivered energy 
into the 250 mL of reaction volume w~e 90 Watts, i.e, 3 60 Watts/L. 
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Fig, 2. Ultrasonic irradiation set-up. 

To investigate the enhancement deslmction rate of mbstrae, two 
kinds of ultrasound runs were made: ulWasound run and ultrasound 
combined with ozone tun. For the case of  the latter ran, ozone was 
dosed initially and the aqueous ozone concenWaions were continu- 
ously analyzed by a spectrophotomelric method using indigo. The 
absorlmnce of  indigo was meastn~ by HPLC-UV detector at awave- 
lengfla of  600 nm. The concmtration ofH202 ,~er~ed ~4_ng ullra- 
sound irradation procedure was analyzed by cobalt method [Mas- 
sehelein ct a],, 1997]. For quantitative determination of solute, sam- 
ples were concentrated by SPME (Solid Phase Micro Extraction) 
followed by gas chromatograph with FID detection using a capil- 
lary column (CDP-IO~ Chloride ion determinations were cawied 
out by ion chromatography, IC, with conductivity detection. 

RESULTS AND DISCUSSION 

1. Comparison of VOC Destruction Rates 
Sonoehemieal desl~uction rates ofTCE, PCE, benzene, and tolu- 

ene were observed and compared as shown in Fig. 3. Withant soni- 
cation, ablank run was performed to see the portion of the vaporized 
amount of  those compounds. The volatilized loss was found to be 
less than 5%, ~hich is negligibly small to account for the kinetic 
consid~ation. At 0.3-0.64 mM of initial concentration, the destruc- 
tion pattern of substr~e with ullrasound en~gy input of  360 Watts/ 
L shows apparent frst-olfler kinetics Table 1 lists values of the rate 
constants for reaction of OH. with model subslpaes and also com- 
pares the measured values of apparent frst-order l~e constant, ko. 

.: ' .  

- .... 

Fig, 3. First-order plot for VOCg 
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Table 1. Comparison of the rate constants for the reaction of sub- 
s~ate with OH-, apparent first-order rate constant, and 
Henry's constant for the tested model compounds 

Henry's constants 
Compound kM, o~(M-~s -~) (mg/mS)/(mg/mS) 1G ( P )  

TCE 4.0x 10 ~ 0�9 3.0x 10 -3 
PCE 2.3x 10 ~ 0�9 1.Tx 10 -3 
Benzene 7.8x 10 ~ 0.19 1.6x 10 3 
Toluene 6.8x 10 ~ 0�9 1.6x 10 -3 

file resulLs of ko vs initial concenWaticn of TCE. Tile ko value was 
the largest at the lowest concentration of [TCE]o, but ko value de- 
creases witi1 file increase of initial concentration to file level of 200 
DM, but tile rate stays constant increasing [TCE]o fL~ler. 

The effect of initial concentrations onko canbe explained by the 
kinetic model as described below: 

In this cavitation process, the decay of substrate M will be due 
to file reaction with OH~ and pyrolysis imtilway given by Eq. (9) 
and (10): 

Of those compounds, sonochemical desb-uclion rate of TCE decay 
was file greatest (k~,rc e 3.0x10 -3 s-~), wine file rate of other sub- 
sb-ates decomtx~sed rather slowly at a similar rate (1.6-1 .? xl 0 -3 s-9. 
However, it is woN-rwhile to note that the second-order rate con- 
s t a n t s  ~ for file reaction of benzene and toluene with OH., k a ~ ,  o~, 
k~i .... o~, are greater tilan k~cs, o~. 

The result of this study indirectly proved that OH. reaction is 
not tile major decomposition route for those tested coml~ounds, but 
the pyrolysis in the cavity or in the inteffacial region may be the 
more predominant destruction pathway. Tile most favorable site 
for file pyrolysis reaction is inside of file bubble clue to tile highest 
temperature. The availability of pyrolysis reaction in the bubble may 
be significantly associated with substPate b-msport from file bulk 
phase into file gaseous bubble�9 Therefore, the lower rate of ben- 
zene and toluene even with high value of k~ o~ may be explained 
with file lower flux rate from aqueous bulk phase to file inside of 
the bubble. The magnitude of Henrys constant (HM) values listed 
in Table 1 might be stroigly associated with file solute transfer rate 
from file bulk media to file cavit~ Tile Henry's constant values of 
benzene and toluene, H~ ..... G o ~ ,  are about half of the Hrc x 

Comparing Henry's constant of TCE with PCE, Hpce is two times 
greater that Hrce, implying tfigher mass Wansport of PCE into file 
bubble and more favorable condition of PCE for pyrolysis As of 
now, ff would be wise to state ti~at file sonechemical decomposition 
rate depends onthe relative importance of pyrolysis and OH. reac- 
tioi1 Also, we should note flint tile volatility of substPates deter- 
mines tile reaction regions that occur during the cavitation process. 
2. Effect of Initial Concentration of Substr-ate 

Tile effect of ititial concei~ations of TCE ([TCE]o 8�9 txM) 
on the pseudo fwst-order rate of TCE was investigated Fig. 4 shows 

i .'-..... 

:k,.EM1 (9) 

I d[M]~ =k~os[M][OH'] (10) 
dt Jo~ 

Thus, the overall deconlposition rate of M is 

d[Ml 
dt :(kpy, +k~o~[OH.]) [M] (11) 

where k~ is the rate constant for pyrolysis, lq~ o~ is the second order 
rate constalt for the reaction of OH- with M, [OH-] file steady state 
conceIm'ation of OH-, and ko is tile apparent fnst-order rate con- 
stant g iv en by 

ko=k,,,+ ku, os[OH ~ (12) 

Tile major reactions eccurlmg in the cavity are as follows: 

H~O~H.+OH. 

OH.+OH. k~ ~ H~O~ 

M'+ OH. k~ 3 Products 

H '+OH'~H20  

where M' is the transferred solute in the cavity given by 

[M']=n[M] 

where r 1 is the transfer efficiency of substrate from bulk phase to 
tile gaseous bubble�9 

Using file steady-state approximation for file radicals, file fol- 
lowing equation for the steady state concentration of OH. may be 
derived: 

k,P 
[OH~ ks[OH~ ] +k~n[M] +kdH ~ (13) 

where P denotes ulWasound poweE Under the condition that sub- 
stPate is highly volatile andk3 is large, file teml k3rl[M ] wiU be much 
greater tilan tile term (kdOH~ +k4[H~ Then ko becomes 

. k,p = b , ,  +k .... (14) ko =kp,, +k .... k3q-~] 

�9 i 

Fig. 4. The effect of initial concentration on the TCE degradation 
rate. 

From this equation, we may elucidate our observation on the 1G vs 
initial concenb-ation of TCE. That is, if [M] is large, the second term 
in Eq. (14) becomes less important and pyrolysis is the predominant 
des~uction pathway. Whereas at low initial concenWations of sub- 
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Fig. 5. Effect of biem~bonate for TCE removal. 

strate, the tmn k~ o~(klP/k3Tl[lVi]) becomes more significant than 
1~, meaning that OH radcals reactions are likely to predominate. 
However, we should note that the pyrolysis r~-~tions always take 
place either at high or low concentrations ofsubstrates, and the r~e 
seems to be constant with respect to ['M]. 
3. Effect  o f  Bicarbonate 

The effect of bicarbonate on TCE decomposition at low con- 
centrations xaras investigated Bicarbonate is a major inorganic OH. 
scavenger present in nam'al vce~er and it may compete xa4th organic 
matter for reaction ~Mth OH.. In our expet~ent, the bicarbonate 
affects TCE decomposition insignificantly in the spiked bicarbon- 
ate range o f l  to 10raM, This result also proved that the major de- 
composition route of  TCE is the pyrolysis pathway occurring in the 
interfacial region or cavity, not by the OH. reaction. 
4. Enhancement  Effect o f  Ozonmion 

The effect ofozonation on the sonolytic deSr-Mmion of  PCE was 
examiner The water containing 30 ~ of  initial concemmion PCE 
was sonicated md aer~ed either with ozone or without ozonation. 
For the u~asound/ozone system, ozone was dosed continuously at 
a rate of  0.5 rag/rain. Fig. 5 compares the two rims of  the ul~'a- 
sound alone and the ulna~ound/ozane ~ygem. The result shows that 
PCE decomposition r~e was enhanced combining uln-asound and 
ozone even if'the direct reaction rate of POE ~ t h  ozone molecule 
is quite low (ko~ ~ # 0 . 1  M-is -~) [Buxton et al., 1988]. It is interest- 
ing to note that ~r ing the initial period ofsanication, the oxidation 
with ozone did not exhibit my enhanced degradation, whereas the 
enhancement r~e was observed at low concentraions of  mbslr~e. 
As previously proposed, presence of  ozone in the sonicated solu- 
tion ~411 produce more OH. in the cavity enhancing the destmctien 
rate of subslme. However, as previously described in the kinetic 
model, the relative importance of the destruction route between the 
OH. and pyrolysis depends on the concentration of  target com- 
pounds. The results presented in Fig. 6 sufficiently demonm~eg0e the 
enhancement effect of  ozone on the oxidation rate of  substrme. 
5. Ozone Decomposit ion Kinetics by US 

Kinetics of  ozone decomposition by ultrasound was studied in a 
static configuration. The pH of the solution was adjusted dovm to 
pH=4.6, v&ere the ozone serf-decomposition is suppressed The 
ozone gas was bubbled in the solution until the desired residual ~one  
was reached (target initial ozone coneenlration was 2.5 mg/L~ For 
the ozone-ullras~nd tun, aqueous solution was sonieated and ozone 
samples wa~ continuously analyzed by a spectrophotomelrie method 

Fig. 6. The dlect r ~anation on the sonolytic degradation r P C L  

\ ,  
\ 

\ 
Fig. 7. Ozone decomposition kinetics with or withom uRrasotm d. 

using indigo with HPLC-UV detector The ozone decomposition 
kinetic dam x~la or ~thout  u~asound was illuslr~ed in Fig. 6. The 
ozone decomposition kinetics ~ t h  ultrasound wa~ frst  order ~ t h  
arate constant, 1%---4.7• -3 s -1. When the solution was sonicated, 
ozone disappeared rapidly and more perc~ide was generated than 
vahen the solution was saturaed only with oxygen (Fig. 8). The in- 
creased efficiency of peroxide production may due to more OH. 
production inside of cavitation bubble leading to more favorable 
conditions for OH.-OH. combination reaction to form hy&'ogen 
peroxide. 
6. Y i d d  of  Mineral izat ion 

4 -  

m 

_ . .  4~  

Fig, 8. Effect of ozonation on hydrogen peroxide formation. 

Korean J. Chem. Eng /Vd .  18, N ~  3) 



340 

< , _  

I 

i ... 

. , 1  
I 

[ .. 
m ' -  - "  - "" ' "  

11 

�9 o - 

. .  - l "  
- I I  

J.-W. Kang etal. 

piing with ozonation process. The enhancement m e  was signifi- 
cant at low concentrmions ofsubstrate. 

6. A careful study ofby-woduct was not apa't of this v~-k. How- 
ever, amn was made in an attempt to determine the yield of chlo- 
ride ions from the soncchemical reaction of TCK The chlorine mass 
balance after sonolysis was determined to be <60%. 
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Fig. 9. CMorine mass balmlce during ultrasound irradiation. REFERENCES 

The formation of  by-products fi~om ultrasamd irradiation is not 
the wima-y subject o f  this paper. However, some tuns were made 
in an attempt to determine the yield of chloride ions fitma the ox- 
idation of TCE. Two sets of samples were ~awn fi'om the reactor 
during an oxidation tun ~ h  initial TCE concentration of 380 gM- 
One set of  sample was analyzed for TCE, the other set for chloride 
ion w~h ion chromatography. The data, plotted in Fig. 9, show the 
chlorine mass balance after sonolysis. The formation of chloride 
ion from the oxidation of TCE is not quantitative, implying that there 
may be many by-products forme4 According to Orzecbouska et 
al. [1995], chloride ions were formed for the most part and a l~tle 
HCOO- (formate ion) was producer On the other hand, Glaze et 
al. [1993] reported that TCAA (trichloroacetic acid), TCAAD (tri- 
chloro acetaldehyde) etc. were formed by the reaction ofTCE u~h 
hydroxyl radical. Accordingly, more studies on the intermediates 
and breakdown mechanism of VOCs are being explored 

CONCLUSIONS 

The experimental studies described in this work suggest the fol- 
lowing conclusions with respect to the application ofuhasound pro- 
cess for treament of TCE, PCE, benzene, and toluene in aqueous 
m e d i a :  

1. The subslrae's destruction was observed to decreased at apseu- 
do ftrst-order rate under the conditions used in our expoirneutatiort 

2. Of those tested eompounds, the r~e of  TCE decay was the 
greatest even though k ~ , ~  o~ is greater than krcs, os- This result in- 
directly proved that OH. reaction is not the major deeomposition 
mute for those tested compounds, but the pyrolysis in the cavity or 
in the interracial region may be the more predominant destruction 
pathway. 

3. The initial concentration level affects the sonolytic destruction 
rate of substrate and determines the relative importance of the de- 
sWuaion pahways, pyrolysis and OH. reaction. Pyrolysis was frond 
to be the predominant pothway at high solute concerlrations, where- 
as OH. reaction is likely to predominate at low initial concentra- 
tions of substrate. 

4. The bicarbonate affects TCE decomposition insignificantly 
since the major deeomposition route of TCE is the pyrolysis path- 
w w  oeeurring in the iuteffacial region or eavity. 

5. The degradation of  PCE by ultrasound was enhanced eou- 
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