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Abstract—The sonochemical 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 first-order rate, and the rate of TCE decay (k,=1.7<107s™") was
the greatest when the initial concentration of TCE was 380 WM. The effect of initial concentrations of TCE (ranging
from [TCE],=8.5-424 UM) on the overall decomposition rate of TCE, k, rr was investigated. The k, value decreases
with the increase of [TCE], to the level of 200 WM. But, the stays constant increasing the [TCE], further. The effect
of bicarbonate on TCE decomposition at low concentrations was investigated. The bicarbonate affects TCE decomposi-
tion insignificantly in the spiked bicarbonate range of 1 to 10 mM. 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 the specific reaction sites of the tested compounds and
the major contribution of destruction route (OH* reaction or pyrolysis reaction) depending on the various conditions.
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INTRODUCTION

Water contammation by hazardous waste chermnicals 1s now a mat-
ter of mternational concern. There has been a continuous search for
innovative technologies to solve this problem. Advanced oxidation
technologies are useful m the oxidative degradation of pollutants
for the treatment of hazardous waste water. These processes mclude
ultraviolet irradiation with hydrogen peroxide [Glaze, 1995], TiO,
assisted photocatalytic degradation [Choi and Hoffmann, 1996],
ultraviolet irradiation with ozone [Glaze et al., 1987], and ultra-
somic rradiation [Hua and Hoffmenn, 1996, Mason, 1990, 1991,
Masschelem et al., 1997, Hua etal, 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 enhance chemical reac-
tvity [Mason, 19917, but 1t 1s only m recent years that a keen in-
terest in sonochemistry has arisen.

Acoustic waves are mechamcal oscillations propagated through
an elastic medium. At high intensities, ultrasound propagates through
an aqueous medium producing cavitation m hquids. Cavitation is
due to the formation and growth of microbubbles durmg rarefac-
tion phase of the acoustic wave and their subsequent violent col-
lapse during compression cycle of the wave. There are two mpor-
tant effects of cavitation, and sonochemical reactions could be cate-
gorized as 1) pyrolysis reaction [Song and Hyun, 1999; Kim, 1996]
mwolving thermal decomposition of solvent, solute, or gases present
in solution as a result of the high pressures and temperatures upon
bubble collapse, which 1s similar to thermolysis m the memeration
process, end 2) radical reactions wiiuch occur m three distmet 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].

Fig. 1 shows a schematic diagram of those three regions of reac-
tion sites with relevant sonochemical reactions. The diagram was
originally proposed by Kotronarou [1992], but we modified with
several other reactions, which might take place under the presence
of ozone. The cavitation bubble contains vapor from the solvent,
or any volatile solute present in water, or other gases if present in
solvent On collapse, the vapor 13 subjected to the enormous m-
creases 1 both temperature and pressure [Masor, 1990]. Under such
extreme conditions the solvent and/or gas molecules undergo ho-
molytic bond treakage to generate reactive species, e.g., radicals.
Thus when water 18 sonicated He and OHe are produced, wiuch then
undergo a series of radical reactions.

H,0% OH-+H- (1

If O, is present in the vapor phase of the bubble, O, scavenges
He as given by following reaction:
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H-+0, 'HOp @

0, can alzo undergo thermolysis producing excited oxygen atom
as follows:

0, > 0+0 3)
The oxygen atom is reactive species to produce OHe as follows:
O+H,0 »20H- @)

If ozone iz involved, ozone may enhance OH radical production
by the thermal decomposition process of ozone as given by fol-
lowing reaction:

0, >0,+0 ®)

It substrate M is volatile and hy drophobic, it will fhix into a cavita-
tion bubble and be decomposed by the simultaneous reactions of
pyrolysis and OHs reaction as follows:

M rproduct (©)

OH++M *product 5]
OH>* can recombine to form hydrogen peroxide.

OH+O0H+ *H,0, @®)

The interface between the bubble and the bulk liquid iz a region
where surface-active reagents may accumulate or where radical gpe-
cies produced in the cavity will take place. The OHe« which iz pro-
cduced in the hot vapor may react there with sohite or diffuse into
surrounding liquid phase. Temperatures on the order of 2,000 K
have been estimated at the gas-liquid shell [Magon, 1990]. There-
fore, in the interfacial region, pyrolysis reaction is still an important
reaction pathway along with OHs for the decomposition of chemi-
cal substrates. OHe= may diffuse out of bubble, or it may eject out
upon bubble collapse. At bulk phase, the temperatre is not high.
Consequently, only OHs is expected to take place removing chem-
ical substrate. Relative importance of reactions and reaction zone
depends on the characteristics of chemical substrates (i.e., volatil-
ity) or the presence of dissolved gas. For example, if the substrate
is non-volatile, OH» in the bulk phase iz the major decomposgition
route.

In this paper we present kinetic data for the sonolytic degradation
of selected VOCs in aqueous media. The kinetic model of sono-
chemical reactions with destruction mechanizm of those selected
compounds under various conditions is to be emphasized.

EXPERIMENTAL METHODS

Trichloroethylene {Aldrich, 99%6), Tetrachloroethylene (Aldrich,
99.940), benzene (Wako, 99.%%), and toluene {(Aldrich, 99.9%6) were
used as received All solutions were made in deionized water (R=
18 m&2) with initial concentrations ranging from 8.5-424 M. Ulira-
sonic irradiation in solutions was conducted with a Branson VCX-
400 sonifier operating at 20 kHz as shown in Fig, 2. Reactions were
performed in 2250 mL or 1 L of reactor under a constant tempera-
ture (2442 °C) by circulating the cooling water.

The ulirasonic power delivered in aqueous phase was egtimated
by calorimetric method. The measured values of delivered energy
into the 250 mL of reaction volume were 90 Waits, 1.e., 360 Watts/L.

Sampling N
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7N

Power supply

|

Cooling bath

Fig. 2. Ultrasonic irradiation set-up.

To investigate the enhancement destruction rate of substrate, twwo
kinds of ulirasound runs were made: ulirasound run and ultrasound
combined with ozone run. For the case of the latter run, ozone was
dosed initially and the aqueous ozone concentrations were continui-
ously analyzed by a spectrophotometric method using indigo. The
shsorbance of indigo was measured by HPLC-UV detector at a wave-
length of 600 nm. The concentration of H,O, generated during ultra-
sound irradiation procedure was analyzed by cobalt method [Mas-
schelein et al., 1997] For quantitaive 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-10). Chloride ion determinations were carried
out by ion chromatography, IC, with conductivity detection.

RESULTS AND DISCUSSION

1. Comparison of VOC Destruction Rates

Sonochemical destruction rates of TCE, PCE, benzene, and tolu-
ene were obzerved and compared as shown in Fig, 3. Without soni-
cation, a blank run was petformed to see the portion of the vaporized
amount of those compounds. The volatilized loss was found to be
less than 3%, which is negligibly small to account for the kinetic
congideration. At 0.3-0.64 mM of initial concentration, the destruc-
tion paitern of substrate with ulirasound energy input of 360 Watts/
L shows apparent first-order kinetics Table 1 lists values of the rate
constants for reaction of OHe with model subsirates and also com-
pares the measured vahies of apparent first-order rate constant, k.

Fig. 3. First-order plot for VOCs.
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Table 1. Comparison of the rate constants for the reaction of sub-
strate with OHe, apparent first-order rate constant, and
Henry’s constant for the tested model compounds

Henry’s constants

— -1
Compound kM, OF (M 5 ) (mg/mB)/(mg/mB) ko (S )
TCE 4.0%1¢° 0.46 3.0<107°
PCE 23x10° 0.96 1.7x107
Benzene 7.8x10° 0.19 1.6x107°
Toluene 6.8x10° 0.24 1.6x107°

Of those compounds, sonochemical destruction rate of TCE decay
was the greatest (k, ;-,=3.0x107 s™), while the rate of other sub-
strates decomposed rather slowly at a similar rate (1.6-1.7<107 7).
However, it 15 worthwhile to note that the second-order rate con-
stants'’ for the reaction of benzene and toluene with OHe, ky,,...... o2
K pisame, o> A€ greater than krog o

The result of this study indirectly proved that OHe reaction is
not the major decomposition route for those tested compounds, but
the pyrolysis in the cavity or in the interfacial region may be the
more predommeant destruction pathway. The most favorable site
for the pyrolysis reaction 15 wside of the bubble due to the highest
temperatire. The availability of pyrolysis reaction in the bubble may
be sigmficantly associated with substrate trensport from the bulk
phase utto the gaseous bubble. Therefore, the lower rate of ben-
zene and toluene even with high value of k,, ,» may be explained
with the lower flux rate from aqueous bulk phase to the mside of
the bubble. The magnitude of Herrys constant (H,,) values listed
m Table 1 might be strongly associated with the solute transfer rate
from the bulk media to the cavity. The Hemrys constant values of
benzene and toluene, H,, ..., Hyopone» &€ about half of the H, .

Comparing Herry’s constant of TCE with PCE, H,. 18 two tines
greater that H,,, implymg higher mass transport of PCE mto the
bubble and more favorable condition of PCE for pyrolysis. As of
now, 1t would be wise to state that the sonochemical decomposition
rate depends on the relative importance of pyrolysis and OHe reac-
tion. Also, we should note that the volatility of substrates deter-
munes the reaction regions that ocour durmg the cavitation process.
2. Effect of Initial Concentration of Substrate

The effect of mitial concentrations of TCE ([TCE],=8.5-420 UM)
on the pseudo first-order rate of TCE was investigated. Fig. 4 shows

Fig. 4. The effect of initial concentration on the TCE degradation
rate.
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the results of k, vs mital concentration of TCE. The k, value was
the largest at the lowest concentration of [TCE],, but kg, value de-
creases with the increase of imitial concentration to the level of 200
UM, but the rate stays constant mcreasing [TCE], further.

The effect of initial concentrations on k, can be explained by the
kinetic model as described below:

Tn this cavitation process, the decay of substrate M will be due
to the reaction with OHe and pyrolysis pathway given by Eq. (9)
and (10):

_aMi]

{ dt} K, [M] ©)
_dM] .

{ dt} Ky oul MI[OH"] (10)

oH
Thus, the overall decomposition rate of M is

_diM]

o (5, ko, [ OHDIM] an

where k, is the rate constant for pyrolysis, k,, ., is the second order
rate constant for the reaction of OHe with M. [OHe] the steady state
concentration of OHe, and k, 1s the apparent first-order rate con-
stant given by

kozl{pyr+kM', ox[OHe] (12)
The major reactions occurning 1n the cavity are as follows:
)

H,0~>H-+OH*
k,

OHe++OH* > H,O;
2

M'-+OHs f' Products

i}

He+OHe 1 1,0

where M’ is the transferred solute in the cavity given by
[M]=n[M]

where 1 is the transfer efficiency of substrate from bulle phase to
the gaseous bubble.

Usmg the steady-state approximation for the radicals, the fol-
lowing equation for the steady state concentration of OHs may be
derived:

k,P

O T O] +ion M # R, 1] (13)

where P denotes ultrasound power. Under the condition that sub-
strate 13 lughly volatile and k; 1s large, the term kgn[M] will be much
greater than the term (ko[ OHe]+k.[He]). Then k,becomes

I, P

ko :kpyr +kM»UHk3n[M] :kpyr +ko,DH (14)

From this equation, we may ehicidate our observation on the k, vs
mtial concentration of TCE. That 1, if [M] 13 large, the second term
nEq. (14) becomes less important and pyrolysis is the predominant
destruction pathway. Whereas at low initial concentrations of sub-
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Fig. 5. Effect of bicarbonate for TCE removal.

strate, the term k. ,(k;PA&:n[M]) becomes more significant than
k_,, meaning that OH radicals reactions are likely to predominate.
However, we should note that the pyrolysis reactions absvays take
place either at high or low concentrations of substrates, and the rate
seems to be constant with respect to [M].
3. Effect of Bicarbonate

The effect of bicarbonate on TCE decomposition & low con-
centrations was investigated. Bicarbonate is a major inorganic OHs
scavenger present in natural water and it may compete with organic
matter for reaction with OHe. In our experiment, the bicarbonate
affects TCE decomposition insignificantly in the spiked bicarbon-
ate range of 1 to 10 mM. This result also proved that the major de-
composition route of TCE is the pyrolysis pathway ocauring in the
interfacial region or cavity, not by the OHe reaction.
4.Enhancement Effect of Ozonation

The effect of ozonation on the sonolytic degradation of PCE was
examined. The water containing 30 pM of initial concentration PCE
was sonicated and aerated either with ozone or without ozonation.
For the ultrasound/ozone system, ozone was dosed continuously at
a rate of 0.5 mg/min. Fig. 5 compares the two runs of the ultra-
sound alone and the ulirasound/oz one system. The result shows that
PCE decomposition rate was enhanced combining ultrasound and
ozone even if the direct reaction rate of PCE with ozone molecule
is quite low (Kog <01 M's™") [Buxton et al,, 1988]. It is interest-
ing to note that during the initial period of sonication, the oxidation
with ozone did not exhibit any enhanced degradation, whereas the
enhancement rate wag observed a low concentrations of subsirate.
As previously proposed, presence of ozone in the sonicaed solu-
tion will produce more OHs in the cavity enhancing the destruction
rate of subsirate. However, as previously described in the kinetic
model, the relative importance of the destruction route between the
OHe and pyrolysis depends on the concentration of target com-
pounds. The results presented in Fig. 6 sufficiently demonstrate the
enhancement effect of ozone on the oxidation rate of substrate.
5. 0zone Decomposition Kinetics by US

Kinetics of ozone decomposition by ultrasound was studied in a
static configuration. The pH of the solution was adjusted down to
pH=4.6, where the ozone self-decomposition is suppressed. The
ozone gas was bubbled in the solution until the desired residual ozone
was reached (target initial ozone concentration was 2.5 mg/L.). For
the ozone-ulirazound run, acueous solution was sonicated and ozone
samples was continnously analyzed by a spedrophotometric method

.,_:ﬁ_‘::_:‘__ * :

e

Fig. 6. The effect of ozonation on the sonolytic degradation of PCE.

Fig. 7. Ozone decomposition Kkinetics with or withowt ultrasoun d.

using indigo with HPL.C-UV detector. The ozone decomposition
kinetic data with or without ultrasound was illustrated in Fig, 6. The
ozone decomposition kinetics with ulirasound was first order with
arate constant, k=4.7x107 5. When the solution was sonicated,
ozone disappeared rapidly and more peroxide was generated than
when the sohlition was saturated only with oxygen (Fig. 8). The in-
creased efficiency of peroxide production may due to more OHs
production inside of cavitation bubble leading to more favorable
conditions for OHs-OHs combination reaction to form hydrogen
peroxide.

6. Yield of Mineralization
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Fig. 8. Effect of ozonation on hydrogen peroxide formation.
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Fig, 9. Chlorine mass balance during ulirasound irradiation.

The formation of by-products from ultrasound irradiation is not
the primary subject of this paper. However, some rung were made
in an attempt to determine the yield of chloride ions from the ox-
idation of TCE. Tiwo sets of samples were drassm from the reactor
during an oxidation run with initial TCE concentration of 380 LML
One get of sample was analyzed for TCE, the other set for chlaride
ion with 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 formed. According to Orzechowska et
al. [1995], chloride ions were formed for the most part and a little
HCOO™ {formate ion) was produced. On the other hand, Glaze et
al. [1993] reported that TCAA {trichloroacetic acid), TCAAD (tri-
chloro acetaldehyde) etc. wwere formed by the reaction of TCE with
hydroxyl radical. Accordingly, more studies on the intermediates
and breakdown mechanism of VOCs are being explored.

CONCLUSIONS

The experimental sudies described in this work suggest the fol-
lowing conclusions with respect to the application of ukrasound pro-
cess for treament of TCE, PCE, benzene, and toluene in acueous
media:

1. The substrate’s destruction was obgerved to decreased at a pzeu-
do first-order rate under the conditions used in our experimentation.

2. Of those tested compounds, the rate of TCE decay was the
greatest even thoughk,,...... ox is greater than k¢ . This result in-
directly proved that OHe reaction iz not the major decomposition
route for those tested compounds, but the pyrolysis in the cavity or
in the interfacial 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-
siruction pathways, pyrolysis and OHe reaction. Pyrolysis was found
to be the predominant pathivay at high solute concentrations, where-
as OHe reaction is likely to predominate at low initial concentra-
tions of substrate.

4. The bicarbonae affects TCE decomposition insignificantly
since the major decomposition route of TCE is the pyrolysis path-
way occurring in the interfacial region or cavity.

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

May, 2001

pling with ozonation process. The enhancement rate was signifi-
cant at low concentrations of substrate.

6. A carefil stady of by-product was not apart of this work. How-
ever, a run wasmade in an attempt to determine the yield of chlo-
ride iong from the sonochemical reaction of TCE. The chlorine mass
balance after sonolysis was determined to be <60%.
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