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Abstract

The sonochemical degradation of chlorinated hydrocarbons such as 1,1,1-trichloroethane, tri-
chloroethylene and tetrachloroethylene in aqueous solution was carried out in the batch and con-
tinuous flow systems at an ultrasonic frequency of 100 kHz under an air atmosphere. In the batch
experiment, the rate of degradation follows the order 1,1,1-trichloroethane> tetrachloroethylene>
trichloroethylene, and the chlorinated hydrocarbon were readily degraded by ultrasonic irradiation.
The experiments in the continuous flow system were performed in the range of volumetric flow
rate from 7 to 30× 10−3 l min−1. The conversion of the chlorinated hydrocarbons at a steady-state
of reactor depended on the volumetric flow rate. The yield of Cl− (as a measurement of mineral-
ization of chlorinated hydrocarbons) was 70–90% of the chlorine atoms in the parent chlorinated
hydrocarbon molecules. From the viewpoint of the scale-up process, the sonochemical degradation
of trichloroethylene was simulated in a three stage reactor, and the conversion (>99%) in a third
stage reactor was showed the good results that can be satisfied a desired water quality standard.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chlorinated hydrocarbons (CHs) such as 1,1,1-trichloroethane (MC), trichloroethy-
lene (TCE), and tetrachloroethylene (PCE) have been commonly used as the prevalent
industrial solvents for the metal degreasing, paint stripping, and dry cleaning industry. The
CHs are known as persistent contaminants that remain in groundwater due to their poor
reactivity under natural conditions. In addition, because they are classified as suspected
carcinogens, the efficient treatment of wastewater and groundwater contaminated by the
CHs is of great important.

The sonochemical effect by high power ultrasound is generally explained by the hot
spot theory, which brings about high temperatures (several thousand degrees) and high
pressures (hundreds of atmospheres) during the collapse of the cavity [1,2]. In aqueous
sonochemistry, three possible reaction sites such as the cavity interior, bulk solution, and
interfacial region between cavity and bulk solution have been postulated. In the cavity
interior, hydroxyl radicals and hydrogen atoms are formed via pyrolysis of the water vapor,
and decomposition of volatile compounds in the aqueous solution may occur by a gas phase
pyrolysis or a combustion reaction. In the interfacial region, although, the temperature and
pressure is lower than in the cavity interior, high temperature and pressure with a large
gradient still exist in this region. In the bulk solution, solutes react with H atoms and OH
radicals, which migrated from the cavity interior and interfacial region allowing escape
from recombination [3,4].

Over the last several years, ultrasound has been adopted for the degradation of a variety
of chemical contaminants in aqueous solutions, e.g. chlorinated compounds [5–8], chlo-
rofluorocarbons [9–11], phenols [12,13], aromatic compounds [14–16], methyltert-butyl
ether [17] and hydroxybenzoic and humic acid [18], and the ultrasound has been found to
be a promising tool for the degradation of contaminants in dilute aqueous solutions.

However, in a number of studies on the sonochemical degradation of environmental
contaminants, a reactor with a batch system has so far been exclusively used for ultrasound
irradiation. From the viewpoint of the scale-up process for a practical wastewater treatment,
the use of the reactor with a continuous flow system is desirable.

In the present work, we report the results of the sonochemical degradation of the CHs in
aqueous solutions using a batch and continuous flow system and discuss the practical use
of sonolysis for wastewater treatment.

2. Experimental methods

All CHs (reagent grade) were purchased from Wako Pure Chemicals and were used with-
out further purification. Water was purified with a Milli-Q system (resistivity> 18 M� cm).

The experimental set-up for a batch and continuous flow reactor was shown in Fig. 1.
The ultrasound-generating system that consists of a frequency generator (NF Electric Instru-
ments), broadband power amplifier (ENI), and transducers (30 mmf) oscillating at 100 kHz
with an input power of 140 W was used for ultrasonic irradiation. The reactor was made
of disk transducers fixed at the planar bottom of a rectangle vessel 100 mm(length) ×
100 mm(width) × 130 mm(height) with stainless steel bottom and frames and glass win-
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Fig. 1. The experimental set-up for a batch and continuous flow system.

dows. In the batch and flow experiments the reaction vessel was filled with each CHs
aqueous solutions (1 l) before ultrasonic irradiation. All experiments were carried out under
an air atmosphere. In the continuous flow system, the CHs aqueous solution was pumped
through a PharMed tube (Cole-Parmer) using a peristaltic pump (Cole-Parmer) with two
heads during sonochemical degradation.

All experiments for the sonochemical degradation of CHs were performed in dupli-
cate. An aliquot of sonicated sample was extracted with hexane then analyzed using a
Hewlett-Packard 5890 GC-ECD equipped with a DB-5 column, and carbon monoxide and
carbon dioxide was analyzed using a Hewlett-Packard 6890 GC-TCD equipped with a
GS-Molesive column. An ion chromatograph (IC-7000, Yokogawa) was used for the deter-
mination of the chloride ions (Cl−) formed from sonolysis of the CHs. The IC is equipped
with a conductivity detector and ICS-A44 column (Yokogawa). The concentration of hydro-
gen peroxide (H2O2) formed from the recombination of OH radicals released by sonolysis
of water was determined by the KI calorimetric method [19,20]. In this method the sequence
of iodide ions (I−) oxidation by H2O2 in slightly acidic buffer conditions (pH 5.8) is as
follows

I− + H2O2 → I• + OH− + •OH (1)

I− + •OH → I• + OH− (2)

I• + I• → I2 (3)

I2 + I− → I−3 (4)

The I−3 was spectrophotometrically determined by its absorption at 350 nm (absorp-
tion coefficient: 2.6 × 104 M−1 cm−1) using an UV–VIS spectrophotometer (UV-3100,
Shimadzu).
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3. Results and discussion

Ultrasound powers actually delivered to the solution can be determined by the relationship
temperature rise and irradiation time in a known mass of liquid [21]. This calorimetry has
been widely used due to its simplicity in experimental procedure.

In the present work, the temperature of the liquid was measured at 10 s intervals using
a thermometer (TR6824, Advantest). It was then confirmed that the temperature readings
were independent of the measurement location in the liquid. From these experiments, the
output power (Poutput) transferred to the solution was estimated to be 62 W (intensity is
0.62 W cm−2) that corresponds to 44.3% of the input power (140 W) read from an installed
wattmeter.

Fig. 2 shows the concentration of H2O2 formed from sonolysis of pure water in the
batch and flow system under air. The concentrations of H2O2 increased with irradiation
time for 20 min. The initial formation rate of H2O2 obtained from the batch experiment was
1.8mM min−1. In flow experiment, the concentrations of H2O2 accumulated in the reactor
depended upon volumetric flow rate and were kept constant in the course of irradiation
time. This results suggest that the performance of reactor in the batch and flow system may
be dependent on the volumetric flow rate, when the ultrasonic power and the volume of
solution in the reactor are maintained constant.

The sonochemical degradation of the CHs in the batch system was evaluated using
first-order kinetics based on the linear relationship of ln(C/C0) versus irradiation time.
Fig. 3 shows degradation profile of the CHs and first-order plots, and indicates a good fit to
the first-order model. The rate of MC degradation was observed to be the fastest whereas,
TCE was the slowest. The rate constants for MC and TCE are 0.0821 and 0.0668 min−1,
respectively. The CHs was rapidly degraded by ultrasonic irradiation and the half-lives for
all the CHs was about 11 min. In addition, the degradation of CHs was not suppressed by the
addition of 2-methyl-2-propanol, which is known as an effective scavenger of OH radicals

Fig. 2. Concentration of H2O2 in the reactor as a function of irradiation time in various volumetric flow rates.
(d) batch system; (s) 7 ml min−1; (m) 10 ml min−1; (h) 15 ml min−1.
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Fig. 3. Plots of observed first-order kinetic for CHs degradation in the batch system under air: (a) sonochemi-
cal degradation of individual CHs aqueous solution and (b) sonochemical degradation of CHs ternary mixture.
(d) MC; (h) TCE; (4) PCE.

[8]. This indicates that the CHs were mainly degraded not by reaction with OH radicals,
but by direct thermal reaction inside a collapsed cavitation bubbles.

Table 1 shows rates estimated from sonochemical degradation of individual and ternary
mixture solution of each CHs. Compared with Table 1 shows that the rates of degrada-
tion for one chlorinated hydrocarbon were essentially unchanged by the presence of the
other chlorinated hydrocarbon. It has been reported that the sonolysis of mixtures of two
compounds having different physical property results in enhancement of the sonolysis by
a direct reaction in the bulk solution with the byproduct [22] and by a reaction with the
radicals produced during sonolysis [5]. Under the present sonolysis conditions, the sum of
CHs concentration in the ternary mixture was about 210mM. In spite of the increase of
the initial concentration of CHs with a low polytropic index (k = Cp/Cv), the degradation
of each chlorinated hydrocarbon would be independent of one another and the cavitation
effects in ternary mixture would be not diminished.
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Table 1
Rate of sonochemical degradation of CHs using a batch system at 100 kHza

Rates (mM min−1 W−1)

Individual Mixture Previous studyb

MC 0.073± 0.003 0.081± 0.004 0.145
TCE 0.068± 0.005 0.081± 0.007 0.135
PCE 0.063± 0.002 0.068± 0.002 0.120

a [MC]0 = [TCE]0 = 75mM; [PCE]0 = 60mM, pH0 = 6.2–6.7;T = 298 K
b Sonochemical degradation of CHs under argon at 293 K (frequency= 200 kHz, intensity= 6 W cm−2) [3].

The examination of the sonochemical degradation for the CHs using the continuous
flow system, which could serve as the applicable means for treating an industrial wastew-
ater was performed. Fig. 4 shows the sonochemical degradation of TCE versus irradiation
time as a function of volumetric flow rate. In the beginning, the degradation of TCE ap-
pears tendency to degrade as in the unsteady-state of batch system, but the concentration
of TCE after about 60 min from the beginning of the degradation became approximately
constant for any volumetric flow rate. The degradation of TCE increased with decrease
in volumetric flow rate, that is, with increase residence time (the time a given volume
substance actually resides within the irradiation zone at the flow system) of TCE in the
reactor.

To show the results of the sonochemical degradation in the continuous flow system,
conversion as a function of volumetric flow rate was evaluated by the relationship of the
initial concentration of CHs fed to reactor and the concentration of CHs resided in reactor
after ultrasonic irradiation during a certain irradiation time as follows

Conversion= Qf C0 − Qf Ct

Qf C0
= 1 − Ct

C0
(5)

Fig. 4. Variation of TCE concentration vs. irradiation time for the sonochemical degradations in the continuous
flow system: (s) 7 ml min−1; (m) 10 ml min−1; (h) 15 ml min−1; (r) 20 ml min−1; (5) 30 ml min−1.
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Fig. 5. Effect of volumetric flow rate on conversion of CHs in the continuous flow system (ultrasonic irradiation
time: 120 min). (d) MC; (h) TCE; (4) PCE.

whereQf is the feed volumetric flow rate to the reactor (l min−1), C0 is the initial concen-
tration of the CHs aqueous solution fed (mM) and Ct is the concentration of CHs in the
reactor at irradiation timet (mM).

The conversion as a function of volumetric flow rate after 120 min ultrasonic irradiation
is shown in Fig. 5. The conversion obtained from sonochemical degradation in the batch
system was over 97% against the initial concentration of the CHs, while the conversion of the
CHs in the flow system was approximately 70–95% and was dependent on the volumetric
flow rate. The increase of the volumetric flow rate results in a decrease of the conversion
due to the reduction of residence time (θ = V/Qf ) of the CHs in the reactor.

It has been reported, that the main degradation products of the chlorinated compounds
were hydrochloric acid (HCl) and carbon monoxide (CO) formed from direct thermal re-
action in the cavitation bubbles under argon [22,23] and the CHs also were efficiently
decomposed to inorganic carbons (CO and CO2) and Cl− under air [8]. In the present
work, the main product observed during the sonochemical degradation of the CHs was Cl−.
During the sonolysis under air, the pH of the aqueous solution continuously decreased,
indicating the formation of HCl from the sonolysis of the CHs and the formation of nitrite
and nitrate with time of ultrasonic irradiation [24]. Fig. 6 shows the total concentration of
Cl− measured quantitatively as a function of volumetric flow rate in sonochemical degra-
dation of TCE. The total released chlorine was 70–90% of the chlorine present in the parent
CHs molecules. The production of CO and CO2 was only qualitatively analyzed since it is
difficult to collect the gaseous products under open systems. In the present experimental
conditions, the high dechlorination and production of CO and CO2 indicates that the CHs
was degraded mainly by a thermal reaction in the cavitation bubbles as well in such a lower
ultrasound power.

Recently, it is reported the formation of reaction products during the sonolysis of chlo-
roform at 900 kHz (0.17 W cm−3). They observed the formation of carbontetrachloride
(1.6mM), tetrachloroethane (0.6mM), and 1,1,2,2-tetrachloroethane (0.4mM) after 30 min
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Fig. 6. Concentrations of chloride ion vs. irradiation time under the conditions of various volumetric flow rates
in sonochemical degrdation of TCE. (s) 7 ml min−1; (m) 10 ml min−1; (h) 15 ml min−1; (r) 160 ml min−1;
(5) 30 ml min−1.

sonolysis of chloroform (838mM) [25]. These products, therefore, may be produced by
ultrasonic irradiation although, these products are not identified in our experiment.

In continuous flow system, the reactor is treated as a continuously stirred tank reactor
and the mass balance and recurrence equation for a series of continuous flow reactors can
be written as Eqs. (6) and (7) [26]. Eq. (6) was postulated as the mass balance for the
reactor operating in a transient unsteady-state. Eq. (7) can be solved from the differential
equation (Eq. (6)) and be utilized as the recurrence equation for the calculation of the CHs
concentration in a series ofn number of reactors.

Qf Cn−1 = Qf Cn + rV + V

(
dCn

dt

)
(6)

Cn = Cn−1

{
1

αn
−

[
n∑

i=1

(1 − αi)

αi

βn−1

(n − i)!

]
exp(−αβ)

}
(7)

whereCn is the concentration of the CHs in thenth reactor (mM), r the degradation rate
(mM min−1), V the volume of the reactor (l),α and β are defined as 1+ kθ and t/θ ,
respectively,k the degradation rate constant obtained from the batch experiment (min−1),
andt the irradiation time (min).

Fig. 7 illustrates the plot for conversion calculated by Eq. (7) versus that obtained by
experiment in a first reactor of the flow system. The calculated conversion tended to be
slightly larger than the experimental conversion, and the experimental conversions of MC
and PCE are in fair agreement with calculated conversion than that of TCE. However, the
overall relationship between the calculated and experimental conversions shows a good
correlation.

The one of the problem on the scale-up of reactor with a increasing of volume such
as the large single reactor is a distribution and limitation of ultrasonic power [26,27]. On
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Fig. 7. Comparison between the conversion of CHs obtained by calculation and that obtained by experiment in
the continuous flow system. (d) MC; (h) TCE; (4) PCE.

the other hand, the flow system for the multi stages provides several major advantages as
follow: (1) the possibility of the coupling process with the traditional treatment plants; (2)
the temperature controlling through the circulating reaction mixture; and (3) an additional
control of system by varying the flow rate and by recycling a part of the flow [21]. In the
present work, therefore, the reactor was hypothesized as a multi stages reactor consisting of
a series of several smaller reactors in order to achieve to any desired water quality standard.
Fig. 8 shows the variation of TCE concentration calculated throughout the three stages and
that calculated in third stage was shown in inset of Fig. 8. It is postulated that the type
of equipment, that is, the type of ultrasonic apparatus and transducer, and the ultrasound

Fig. 8. Variation of the calculated concentration of TCE treated throughout the multi stages reactor. Inset is the
calculation result in third stage: [TCE]0 is 75mM; the period operated in one stage is 60 min.
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Poutput was equivalent in each stage. Although, MC and PCE cases were not displayed in
the figures, the results of their degradation in the multi stages reactor were similar to the
case of TCE (Fig. 8). Under the given condition of volumetric flow rate andPoutput, it can
be thought that the steady-state in the each stage was reached at 60 min of sonolysis, and
the concentration of TCE in the each stage was dependent on the volumetric flow rate. If the
multi stages reactor is continuously operated, the concentration of the contaminant in each
stage is kept constant at the concentration of the steady-state. In view of an environmental
protection laws, the concentration of TCE (e.g. 0.11mM) obtained from the degradation up
to a third stage, should be enough to implement the water quality standard for the protection
of a groundwater. Since the application of the continuous flow system with ultrasonic units
results in good efficiency in the degradation of high concentration CHs, it is possible to
treat the groundwater contaminated by CHs of low concentration.

In addition, the application of the sonochemical continuous flow system on the in situ can
be helpful in the treatment for very much larger the volumes than those considered in the our
flow system (minimum 43.2 l day−1) and in the coupling effect as the pre- or post-treatment
process with the traditional treatment plants in order to degrade the hazardous materials
among the wastewater.
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