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I. Introduction

The chemical effects of free radicals such as
hydrogen atoms and hydroxyl radicals are

generalized upon the sonochemical researches.

These effects are known to happen in terms of
reactions occurred inside, at the interface, or at
some distance
bubbles. In the interior of a collapsing bubble

cavities where several thousands

away from cavitating gas

degree of
temperature and hundreds of atmospheric press-
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In the cavity(gas bubble), high pressurFe and
temperatures generated during collapse.

At the interface,
less forcing conditions
plus shock wave
on collapse.

(In the bulk media, shock wave on collapse]

induces shear forces.

Fig. 1. Reaction sites of a collapsing bubble in
homogeneous liquid.
HC CHs
~ov CHa

HC (O
OH

CHs
CHs

Geosmin 2-Methylisoborneol(2-MIB)

Fig. 2. Structures of musty-odorous compounds.

ure have been known to exist. In the interfacial
region, temperatures about 2000k have been
determined for the interfacial
pressures of hundreds have been calculated
The

collapsing bubble in homogeneous liquid will be

region, and
1.2)

mechanical and chemical effects of
explained in three distinct regions(c.f., Fig. 1.).
In recent years, some studies have been carried
out by the use of ultrasound to the decomposi-
tion of a variety of chemical contaminants in
aqueous solution, such as hydrogen sulfide”,
diverse phenols4‘5’, volatile fatty acids®, chlorinated

hydrocarbon7'8'9’ and CFCs'*"

The musty-odorous compounds(c.f., Fig. 2.) in
drinking become
deterioritation of the drinking water worldwide.

water have aware of

These bicyclic structural musty-odorous compo-

Y34 ABY 13(199%)

unds have low threshold odor concentrations',
specifically have been found in surface waters
with earthy-musty odors

]apanm.

in Europe and in
For removing these compounds in
methods activated

. 1617 . ..
, zeolites "', adsorption decomposition

water, adsorption

14.15)

using
carbon
methods by powdered active carbon™ or an
been
investigated. On the other hand, the techniques

acclimatized  biofilm  reactor’  have
of deodorization for odorous compounds by
ultra-violet irradiation, condensation of offensive
fumes, combustion, i.e., it is chemcal combinat-
ion of oxygen with combustible matter, wet-
scrubbing by water spray and chemical cleaning
were also used”.

However, the decomposition and deodorization

of musty-odorous compounds by ultrasonic
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Fig. 3. Schematic diagram of the irradiation

apparatus.
V : glass vessel S : sample solution
O : osillator G © ultrasound generator
W cooling water E : cock or stopper
C : clamp p silicone septum
B : bullling gas I cooling water inlet
D : cooling water drain
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irradiation have not been reported. In this study,
we report the results of sonochemical deco -
mposition and deodorization of musty-odorous
compounds such as 2-Methylisobrneol(2-MIB)
and Geosimin. We also discuss the products and
mechanics of the decomposition by ultrasound.

II. Materials and Methods

1. Matenals.

2-MIB, geosmin and tert-butyl alcohol(tert
~BuOH) obtained from Wako Pure
Chemical Industries Co. Inc. All chemicals were

was

of at least 9 % purity and were used without
further purfication. Bubbling gases as for
argon, oxygen and nitrogen of four-nine grades
were purchased from Osaka Sanso, and water
was purified with Millipore system(MILLI-Q

Labo).

2. Apparatus and Procedures.

A multiwave generator(KAIJO
DENKI model 4021) and a barium titanate
oscillator of 656 mm were used for ultrasonic
irradiation and operated at 200kHz with an
intensity of 200W(c.f, Fig. 3). A
cylindrical glass vessel of 65 mm with total

ultrasonic

input

volume of 150mL. was used for ultrasonic
irradiation. The vessel has a side arm with a
silicon rubber septum for gas bubbling, solute
The bottom of
the vessel' was planar and made as thin as

injection or sample extraction.

possible 1.0mm thickness, because transmission
of ultrasonic wave increases with decreasing
thickness of the bottom glass. And the vessel
was fitted at a constant position of a nodal
plane of the ultrasound wave, ie, A/2; 3.8mm,
During the irradiation the
vessel was sealed, and the solution was bubbled

by enveloping gases for 30 minutes, ie, the

upon the oscillator.

flow rate is 30mL/min before irradiation. The
irradiation was stopped at desired time intervals,
and the 20mL solution was extracted in a
sealed 50mL bottle by a 10mL glass syringe
The initial
musty-odor was prepared by the dilution of
irradiated 30L solution in a 1000mL vacuum
glass bottle for odor sensory measurements, and
it was diluted with high purity helium to the

for analysis. sample gas of

threshold odor number by the triangle plastic
bag, i.e., the volume is 3000mL, method(i.e. it is
a sort of odor sensory measurements, that is, a
method that six panellers guess which is the
odour-containing bag among three plastic bags :
Only one of three bags is odour-contained gas
and the others are odorless gas.).

3. Analysis.

Sample solution, 1.0l was submitted to analysis
using a Hewlett-Packard 5890, GC/FID gas
chromatograph with a 15m X 0.3mm i.d. X 0.33m
film thickness, and DB Ultra-1capillary column.
The determination of organic acids products was
performed by an IC100-A5 ion chromatograph
Model-PRE, PCS 5-052
Yeuchrom’s packed column for high performance,

analyzer with a
and gases such as carbon dioxide, and carbon
monoxide were determined by a Hewlett-Packard
5890, GC/TCD gas chromatograph with a 3.0mm
id x 20m molecular sieves(30/60 mesh)
stainless-steel columm for CO, a 20mm id. x
20m porapak Q(30/60 mesh)
columm for CO,. Total organic carbon(TOC) was
measured by TC-500 Shimazu’s TOC analyzer.

stainless-steel

II. Results and Discussion

1. Sononication of musty-odorous
compound.

Fig. 4. shows the time-profiles of geosmin

KOREAN J. SANITATION Vol.13, No.1, 1998
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Fig. 4. Time-profiles of musty-odorous com-
pounds by ultrasonic irradiation under
air atmosphere.

[2-MIBJ;=3.6M, [Geosmin];=3.3M. Cp is a initial con—
centration and C, is a concentration at irradiation
time t.

and 2-MIB during a sonication under the
airatmosphere. Both geosmin and 2-MIB were
exponentially decomposed with sonication time.
Over 60 % of the reactants were decomposed
within 30 minutes. The initial decomposition
rate for geosmin, the concentration is 3.3M, was
3.2X10-3Msec-1 and that for 2-MIB, ie, the
is 36M, was 25X10-3Msec-1,

and the rate did not differ so much from other.

concentration

2. Cavitation effects of envelope

gases.

Acoustic cavitation refers to the formation and
collapse of small gas or vapor-filled cavities
(bubbies) in liquids exposed to ultrasound. In
aqueous solution, water vapor is pyrolized to OH
radicals

cavities?. It is known that the efficiency of

and hydrogen atoms in collapsing

acoustic cavitation is dependent upon the dissolved
gas. Table 1
musty-odourous compounds, i.e., the concentration

indicates the decay rates of

EAAssA A13E 15(19%)

Table 1. Comparison of initial decomposition
rate constants of musty-odorous
compounds under atmospheric gases.

Atmosphere K
gaz Geosmin®  2-MIB® co/c!
Argon 65053 58*0.13 1.670
Oxygen  57+052 50%069 1.396
Air 44%043 37025 1.402
Nitrogen 35*032 29042 1.401

® Decomposition rate constanta( <10~ zMs™)

& J.Hilsenrath et al, "Tables of thermal properties of
gases”’ NBS Circular, 564(1955). At latm, 300K.

© [Geosminli=33.0# M. ¢ [2-MIBJi=36.2 « M

is 33M(Geosmin) and 36M(2-MIB), in aqueous
solutions saturated with various gaseous envelope.
The order of the initial decomposition rate is as
follows; argon > oxygen air > nitrogen. These
results indicate that the decomposition rate was
increased with increasing of specific heat ratio, =
C,/C,, of the envelope gas used. At the higher
value(C,/Cy) target
compounds are more likely to occur in the hot

of bubbling gas, the

solvent layer surrounding the gas bubbles or/and
in the bulk solution. The temperature in a col -
lapsing cavity was defined® as T¢ = T, [Pr (-1) /
P; ] where T: and P; are final temperature and
pressure, and T; and P; are initial temperature and
pressure in cavities, respectively. T¢ is higher
under argon than the other gases because of the
higher value of argon than that of the other gases,
therefore, the rate of OH radical formation would
be faster under argon than under the other gases,
and thermal decomposition of geosmin would also
effectively occur if this compound exists in this
region or it's surroundings of high temperature.
Consequently, this may be because the cavitation
effect is larger under higher value gas than lower
value gas, and this result can be suggested by the
following observations that the reaction is thermal
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Fig. 5. Scavenging effects by t-BuOH addition
on the decomposition of Geosmin (A)
and 2-MIB (B) under air atmosphere.
[2-MIBJ;=3.6M, [Geosmin); = 3.3M.
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Fig. 6. 2-MIB decomposition and product
formation during sonication under air
atmosphere. The concentrations of
2-MIB and TOC were indicated as
carbon concentration. [2-MIB};=1.2mM

decomposition or/and combustion in cavitation
bubble.

The chemical effects of tert -BuOH are
generalized as a scavenger of OH radicals above
the sonochemical researches. As shown in Fig.
5, the decomposition of geosmin and 2-MIB
was not completely suppressed, it was
suppressed about 70% by the addition of tert

-BuOH, which is known as a scavenger of OH

ie.,
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Fig. 7. Deodorization of 2-MIB by ultrasonic
irradiation under air atmosphere.
(O : Concentration,
A : Relative odor intensity(R.O.I)

radicals. These results could also make one’s
appearance that the principal part of the
decomposition reaction is pyrolysis types in the
cavitation bubbles and free radical reaction in
bulk liquid phase, i.e, the result suggests that
decomposition of about 709 proceeds via radical
reaction and that of about 30% thermal reaction.

3. Decomposition products and TOC

change.

The decomposition of volatile fatty acidsﬁ),
aliphatic aldehydesZ” in aqueous solution by
sonication has been reported and the main
product is observed to be carbon dioxide, but
some partially oxidized products such as carbon
monoxide and traces of CHi formic acid and
acetic acid were also detected. Fig. 6. shows
the decomposition plots of 2~-MIB, a decreasing
curves of TOC and a formation of products by
ultrasonic irradiation under air atmosphere. The
decomposition of 2-MIB is rapid about 99%
cleaved after 120 minutes sonication. The main
products of these systems were inorganic
carbon forms as CO, CO;, and small amounts of
CH:COOH, HCOOH was also found as a

KOREAN J. SANITATION Vol.13, No.1, 1998
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ClHhi .
OH Path A Free radical rcaction. 87%
HE (HCOOH3 CH3COOH)
— — l Products
‘ Path B Combustion, 13% (CO, CO2)
CHs
Geosmin
HaC CHs .
CHs Path A Frec radical reaction, 70%
OH HCOOH, CH;COOH
CHs Path B Combustion, 30% I Products I
CO, CO;
2-MIB

Scheme 1. Decomposition pathway of musty-odorous compounds by ultrasonic irradiation.

product of sonolysis of 2-MIB. However, even
if TOC was almost not decreased, i.e., that was
cleaved about 28 %, the decreasing of TOC
was agreed with a total amount of formation of
These
results can be suggested that almost all of
2-MIB being organic acid forms as HCOOH,
CHsCOOH, etc. in
ultrasonic

carbon dioxide and carbon monoxide.

aqueous solutions by

irradiation, and the decomposition
pathway of musty-odorous compounds was

shown in Scheme 1.

4. Removal of odor.
Fig. 7.
2-MIB by ultrasonic irradiation. It was determined
by threshold odor number with the triangle plastic
bag method for odor sensory measurement, and

shows the deodorization curves of

was indicated that over 50% of their relative odors
were deodorizated with decay of odorous com-
pounds by the ultrasonic irradiation under the air

atmosphere.

IV. Conclusions

The results obtained in the present experiments

nldaes A A139 13(198)

suggest that the main pathway of sonication of
musty-odorous compounds is a pyrolysis in
cavitation bubbles where the most thoroughgoing
sonochemical

and rapid decom-position in

processes would take place. Musty-odorous
compounds are hydrophobic and have high vapor
pressure, so they can easily enter into the
cavitation bubbles. Thus 2~-MIB and Geosmin
to be

sonication with high efficiency to inorganics, and

were found readily decomposed by
decomposition method is a favorable and effective
one for the removal of musty-odorous compounds.

According to the results, there are a few

outcomes as following facts :

1. This sonolytical treatment by ultrasonic
irradiation is very simple and comfortable
for decomposition and deodorization to

developed
presently, and also it is very cheap to

compare to other treatments
operate.

2. This treatment has high possibility for
deodorization of odorants, so that it can be
expected highly as an alternative treatment
method in the near future.
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