B RWE|X], M23A M4FE (1997)
Kor. J. Env. Hlth. Soc., Vol. 23, No. 4, pp39~44 (1997)

Sonochemical Destruction of Aliphatic Aldehydes
an Aqueous Solution

Young-Eok Yoo, Kyu-Tak Howang* and Yasuaki Maeda**
Center for Laboratory Facilities, Taegu University, Kvungsan,
Kyungpook 712-714, Korea
*Department of Chemistry Education, Taegu University, Kyungsan,
Kyungpook 712-714, Korea
**Department of Applied Materials Science, College of Engineering,
University of Osaka Prefecture, Gakuen-cho 1-1, Sakai, Osaka 593, Japan

F£RHZ STEAN| 25t AldehydeR

BIkfE - EES* -

INTIFRE e
r*ﬁi ft
BRI NIPN O SSUPN - e S o il il G2 N

* Bk

mo| ESTHEs

RTEZEE**
LA

TR
TR AR

I2Q0}

AN O PR HESE) F 22 d-alab-goll whsf Ak
L}E}LHOM:} olfre

Propionaldehyde. n- But\raldehvdc n-Valeraldehyde —’F%—"“Oﬂ
hy

an, sl AR wkeS
Valeraldehyde2] -4l upate},

vhepygk s 7% of 2=t 8

+F F714HHCOO . CHLCOO

yol AEwadeth.

Key words :

I. Introduction

The ultrasonic cavitation 1s a phenomenon of
bubble nucleation, growth, and violent adiabatic
collapse, which can lead to localized tem-
peratures as high as several thousand K and pres-
sures a few hundred atmospheres™. These levels
of temperatures and pressures lead to free rad-
ical formation and are believed to be responsible
for most of the chemical effects of ultrasonic en-
ergy. Therefore, the ultrasonic irradiation is a
powerful physical
chemical reaction and the impacts of ultrasound

on chemical reactions are many sites in its ef-

method of affecting many

fects due to the influence of one or more factors
on the kinetics, mechanism or even the direction
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of chemical process. The ultrasonic energy is ab-
sorbed by the material and 15 converted to heat.
Internal heating 1s caused by hysteresis and
molecular ahsorption, and surface heating results
from the friction between particles. Although the
increase of hulk temperature 1s not signmficant at
low intensity levels, a localized temperature in-
crease at the interface hetween a sohd and a li-
quid can significantly decrease the surface ten-
sion and viscosity. The chemical effects of ul-
trasound have been explained in terms of reac-
tions occurring in side, at the interface, or at
some distance away from cavitating gas bubbles.
As principal products, i the case of water sa-
turated with air, the first step appears to be the

34}

cleavage of water and the molecular oxygen.
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Ult
H,O —uasound oLy %
n air
0. 20 (2)

Inside the bubble or in the liquid shell sur-
rounding the cavity, these radicals can combine
In various ways or react with gases and vapor
present, leading to the detection in the medium
of HNO,, HNO,, and H.O."

-OH+ - H H.0 (3)
-OH+ - OH H.0+0 (4)
-H+0; —— - 0O0H —~ - OH+O (5)
- OH+N: — N.O —— NO. , NO; (6)

O+N, —= N0, NO, N — NO. , NO; (7)

The mam fraction of the H.0. formed during wat-
er sonolysis seems to come from the - OH and
- OOH radicals, which combine in the bubble or/
and m the layer surrounding the bubble of cav-
itation in the absence of substrate™ (reactions 8, 9).

“OOH+ - OOH —— H0.40, (9)
Ultras d
HO — 80 ol 0L IL (1)

in Ar, He

In recent years, the sonochemical destruction of a
variety of chemical contaminants in aqueous solution
has been previously reported.”™ The substrates are
transformed mnto short chain organic acids, CIL, CO,
and inorganic 1ons as the final products.

Aliphatic aldehydes such as propionaldehyde
(PA), n-Butyraldehyde(BA) and n-Valeraldehvde
(VA) with unpleasant suffocating odors have low
odor threshold and have become recognized
world-wide as problem of treatment for in-
dustrial waste water and odor pollution of air. Re-
moving these compounds, adsorption methods us-
ing activated carbon™'”’

106

, oxidation by ozone
have been investigated. However. the destruction
and deodorization of aldehydes by sonication al-
most have not been reported.

In this study, we report the results of sonolysis
and deodorization of aliphatic aldehydes by ul-

trasonic irradiation, and also discuss the mechan-
ism of destruction.

II. Materials and Methods

1. Materials

Propionaldehyde, n-Butyraldehyde, n-Valeral-
dehyde and tert-Butyl alcohol (tert-BuOH) were
used as recetved from Wako Pure Chemical In-
dustries Co. Inc. All chemicals were of at least
99% purity and were used without further pu-
rification. Bubbling gas(argon) of four-nine grade
was purchased from Osaka Sanso, and solutions
of aldehyde were made with water purified by a
Millipore system (MILLI-Q Labo).

2. Apparatus and Procedures

Fig. 1 shows the apparatus used for the son-
ication of substrate in the present study. A mul-
tiwave ultrasonic generator (KAIJO 4021) and a
barium titanate oscillator of 65 mmé (were used
for ultrasonic irradiation and operated at 200 kliz
with an input intensity of 200W. A cylindrical
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Fig. 1. Schematic  diagram  of  the  ultrasonic  ir-
radiation vessel. Gas (solute) inlet and outlet:
B. sample solution; S, glass vessel; V. silicon
septum; P, cock or stopper (¢lose during ir-
radiation): K, cooling water: W, oscillator: O
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glass vessel of 65 mmé with total volume of 150
m! was used for ultrasonic irradiation. The vessel
has a side arm with a silicon rubber septum for
gas bubbling, substrate injection or sample ex-
traction, and the vessel was fitted at a constant
position of a nodal plane of the ultrasound wave
(A/2; 3.8 mm upon the oscillator). During the ir-
radiation the glass vessel was sealed. The water
(60 m/) was bubbled by argon for 30 minutes
{flow rate 0.37 min'), substrate was injected be-
fore irradiation. The irradiation was stopped at
desired time intervals, and the solution (2.0 ml)
was extracted mn a sealed bottle (5.0m/) by a
glass syringe (10 ml) for analysis.

The itial gaseous odor sample was prepared by
the dilution of irradiated solution (20 w/) in a va-
cuum glass bottle (1.00) for odor sensory meas-
urements, and it was diluted with high purity hel-
wum to the threshold odor number by the triangle
plastic bag (3.00) method, ie. it is a sort of odor
sensory measurements, that is, a method that six
panellers guess which is the odor-containing bag
among three plastic hags: Only one of three bags is
odor-contained air and the others are odorless air.

3. Analysis

The concentration of substrate was determined
by a gas chromatography (IHewlett-Packard 5890
GC/FID) with a 15m>x0.3mm 1d. x0.33 um film
thickness DB Ultra-1 capillary column. The de-
termination of products (organic acids) was per-
formed by an 1on chromatography analyzer (IC-100),
and gases such as carbon dioxide, carbon monoxide
and methane were determined by a gas chro-
matography (Hewlett-Packard 58%) GC/TCD) with
a molecular sieves (30/60 mesh) 3.0 mm 1.d.x 2.0
m stainless-steel column for carbon monoxide, a
Porapak Q (30/60 mesh) 2.0 mm i.d.X2.0 m stain-
less-steel column for carbon dioxide and methane.
Total organic carbon (TOC) was measured by a to-
tal organic carbon analyzer (Shimazu TC-500).

II1I. Results and Discussion

1. Destruction of aldehydes
Fig. 2 shows the concentration vs irradiation time-
profiles for Propionaldehyde, n-Butyraldehyde, and
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Fig. 2. Destruction of aldehydes by ultrasonic ir-
radiation. Initial concentrations (C,) for VA,
BA and PA were 1.02, 1.03 and 1.01 mM,
respectively.
(A) under air, ©: VA, ¢ BA, A PA
(B) under argon, ®: VA, &: BA, A: PA

n-Valeraldehyde. The concentration of aldehvdes de-
creased exponentially with irradiation time. In the
presence of pure argon atmosphere, the pseudo-fir-
st-order destruction rate constants of kpa=1.6X10*
mM min', ku=23x10° mM min’, kw=3.3x10"
mM min' and in the presence of air atmosphere,
the rate constants of kp=9.3X10" mM min", k=
15%10°mM min’, k=21x10"mM min' were
determined from the slopes of initial decay curves.
The decay rates in the argon-saturated solution are
faster than those in the air atmosphere, as shown
in Table 1 and 2. These results suggested that ther-

Table 1. Results of kinetic data for destruction of al-
dehydes by sonication

Kk
Solute Pear R" under under
Argon Air
Propionaldehyde  313.1 2 1.6 0.9
n-Butyraldehyde 112.1 3 2.3 1.5
n-Valeraldehyde 34.3 4 3.3 2.1

“Vapor pressure (mmHg) was calculated by Antoine's
equation at 256°C. "Kagaku Binran”. The Chemical So-
clety of Japan ,1975.

"Hydrophobicity R , A. Henglein, and C. Kormann. J.
Radiat. Biol.. 48, 251 ,19%5.

‘Pseudo-first-order rate constant (107 - min ).

Korean Journal of Environmental Health Society, Vol. 23(4)
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Table 2. Sonochemical destruction rates of aldehyvdes
with OH,... and C,/C, of atmospheric gascs

‘Rate constant

Division
under Argon under Air
Propionaldehyde 1.6 0.9
Butyraldehyde 2.3 1.5
n-Valeraldehyde 3.3 2.1
*OH e 20.0 15
‘C,/C. 1.67 1.40

*Pseudo-first-order rate constant (10~ - min'),
Formation rate(uM - min") of OH radical in our ex-
perimental conditions. Y. Nagata ¢f al., Decomposition
of Hydroxvhenzoic Acids in water by Ultrasonic Ir-
radiation. Environ. Sci. Technol. , 30, 1133, 1996.
‘Specific heat ratio. ] ilsenrath of al.. “Tables of Ther-
mal Properties of Gasees NBS circular, 564 .1955. At
latm. 300K.

mal conductivities (y==C,/C,) of the dissolved gases
have been inversely correlated to sonochemistry
field” as well as to variable rates of free-radical for-
mation during sonolysis. It 18 known that the ef-
fictency of acoustic cavitation is dependent upon
the dissolved gas. therefore. the rate of destruction
would be faster under pure argon than under air at-
mosphere.

2. Effect of pH of aqueous solution
Fig. 3A shows a pH change of the sample solu-
tion during sonication of n-Valeraldehyde under
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Fig. 3. Change in VA concentration and pll versus 1r-
radiation time by sonication under air.

air atmosphere. The pH of aqueous solution
dropped from its initial value of 5.0 to 2.9 at the
end of run. It is known that NO. and/or NO; an-
ion are produced during a sonication of aqueous
solution under air atmosphere and thus, the pH
of the aqueous solution usually decreases with
sonication time under air atmosphere. Over a pH
range of 3.2 to 9.1, the destruction rate constants
are essentially invanable in a sonicated solution
as shown in Fig. 3B. This pH dependency 1s con-
sistent with the tendency for water in a dense su-
percritical state to have a higher ion activity
proudct relative to normal phase water.

3. Scavenging effect of OH radicals

The chemical effects of tert-BuOH are in-
vestigated to the sonochemistry field as a scaveng-
er of hydroxy radicals by Henglein and co-work-
ers.” There was found that the scavenging ef-
ficiency could be related to the hydrophobicity of
the solutes, and this was taken as an indication
that the scavengers reacted with the hydroxy rad-
icals n an interfacial region at the bubbles where
the solutes were accumulated. Fig. 4 shows the ef-
fect of scavenging by tert-BuOH on the des-
truction of n-Valeraldehyde under air. The des-
truction was not completely suppressed by tert-
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Fig. 4. Destruction of VA as a function of t-BuOll ad-
dition to aqueous solution under air.
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Fig. 5. Destruction pathway of n-Valeraldehvde by
sonication. Path A! Free radical reaction,
Path B: Combustion

{_ Totermediate }— [ Final products |

Short chaln orgamic acids, CHy_ etc. €0,€0,
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BuOH addition, i.e., it was suppressed about 80%
and this result suggests that the destruction reac-
tion is not only thermolysis took place in the in-
terfacial area but also it is radical reaction in bulk
liquid phase, i.e., the result indicate that the des-
truction of about 80% proceeds via radical reac-
tion in interfacial region initiated by hydroxy rad-
ical and that of about 20% thermal reaction in cav-
ities. The destruction pathway of n-Valeraldehyde
was shown in Fig. 5.

4. Relation between products and reactants des-
truction

Fig. 6 and 7 shows the relationship of total or-
ganic carbon, product formation and time-profiles
of n-Valeraldehyde by ultrasonic irradiation under
argon. The concentration of solute is completely
cleaved after 150 minutes sonication. However,
even if the total amount of organic carbon was
not decreased, 1.e.. it was cleaved about 40 % of
initial total organic carbon, the decrease amounts
of total organic carbon were agreed with a total
amount of products as carbon dioxide. carbon
monoxide and methane at the gas phase. and this
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Fig. 6. Relation between formation of products and
VA destruction by sonication under argon. (A)
relationship of TOC and VA concentration,
(B) relationship of IC, CO, CO and CH,. VA
concentration was calculated as carbon con-
centration. 3.C is the total amount of CO), and
CO, and IC 1s a difference between imtial
TOC and TOC.
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Fig. 7. Time-profiles of destruction of VA and for-
mation of products by ultrasonic irradiation
under argon. VA concentration was cal-
culated as carbon concentration. (A) in gas
phase, (B) in liquid phase

result suggested that a number of destructed n-
Valeraldehyde take part into the formation of
short-chain aliphatic organic acids forms as formic
acid, acetic acid, etc. in aqueous phase.

5. Change of odor intensity by sonication

The deodorization 1s also conducted by triangle
plastic bag method for odor sensory meas-
urement i sonolysis of n-Valeraldehyde under
air atmosphere. Fig. 8 shows how the odor m-

VA 4 odor intensity

[VA)/ mM
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Fig. 8. Relation between odor intensity and des-
truction of VA by ultrasonic irradiation under
air. Relative odor intensity (ROD is the diff-
erence between initial odor intensity and odor
mtensity by sensory measurement method.
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tensity varied with wradiation time, and it in-
dicated that over 50% of the initial odor intensity
was deodorized with destruction by the son-
ication.

Finally, from the results on variation of an our
experimental parameter of sonolysis, we con-
clude that the destruction for aliphatic aldehydes
under ultrasonic irradiation in water can be ex-
pected by following observation:

(1) The order of the destruction rate is as fol-
lows: Propionaldehyde<n-Butyraldehyde<n-
Valeraldehyde, i.e, the rate 1s increased with the
increment of hydrophobicity. vapor pressure of
solutes, the
crement of hydroxy radical formation rate, spec-
ific heat ratio (C,/C.) of saturating gas in aque-

and it's also increased with mn-

ous solution.

(2) The aldehvdes were destructed by both
the reaction of free-radical attack in the bulk Ii-
quid phase and pyrolysis in the cavitation bubble
or interfacial region of hulk solution.

(3) The simplicity and flexibility along with
the high efficiency of destruction indicate the po-
tential of a sonochemical-based process to be-
come a competitive technology with other ad-
vanced water treatment technologies.
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