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Abstract

Ultrasonic and air-stripping techniques for removal of carbon tetrachloridg@ad 1,1,1-trichloroethane (1,1,1-TCA) from water were
studied in batch experiments. Ultrasound (US) is effective for destroying organic compounds in aqueous solutions whereas air stripping (AS)
efficiently transfers volatile compounds from the liquid to the gas phase. In simultaneous US and AS experiments, synergistic effects were
observed and attributed to the effect of US on the mass transfer process. Using a photographic method, ultrasonic break up of gas bubbles
and changes in gas holdup ratios were examined. In the two different gas-sparging systems studied, ultrasonic waves did not break up gas
bubbles. In contrast, bubbles from the smaller porous size diffuser were coalesced due to sonication. In addition, both photographic and gas
holdup experiments demonstrated that ultrasonic irradiation increased the gas holdup ratio. The enhancement observed in the removal of the
compounds appeared to be due to this greater ultrasonic gas holdup ratio.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 5000 K and pressures in a range of 500-1000[d{mJnder
these extreme conditions, compounds are degraded by direct
Advanced oxidation processes (AOPs) have recently pyrolysis and hydroxyl free radical oxidation mechanisms
received greater attention for the degradation of organic com-[5,6]. Most recent work has focused on optimizing ultrasonic
pounds in aqueous solutiofis2]. Ultrasound is an advanced irradiation of aqueous solutions adjusting several parameters
oxidation process, which has been used for a variety of dif- and combining ultrasound with other advanced oxidation
ferent applications including plastic welding, emulsification, processes. Both acoustic power intensity and frequency
medical imaging, and atomization of partic[8. Chemical are important parameters for ultrasonic decomposition of
effects associated with ultrasound rely on acoustic cavitation. organic compound§/—9]. In addition, ultrasound in com-
Intense sound waves traveling through a liquid during expan- bination with HO», noble gases, Fenton’s reagent, ozone
sion cycles produce cavitation bubbles. During compression (O3), or ultraviolet light (UV) can lead to more effective
cycles of the sound waves, the cavitation bubbles are im- environmental remediation processes due to the production
ploded violently yielding extremely high temperatures up to of high concentrations of oxidizing species sucl@s$i and
localized transient high temperatures and presqafesl 3]
_ For example, ultrasound combined withh @as been shown
* Corresponding author. Present address: Canakkale Onsekiz Mart Uni-tg pe especially promising for degradation of organic
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Nomenclature

Greek letters

specific interfacial area (cm)

total bubble surface area in liquid (&n

air stripping

compound concentration in liquid (mg/én
non-existent liquid phase concentration (¢
compound in equilibrium with its gas phas
concentration (mg/c/)

carbon tetrachloride

coefficient of variation

gas bubble diameter (mm)

mean gas bubble diameter (mm)

compound removal efficiency (%)

additive removal efficiency by US and AS (%
compound removal efficiency by AS (%)
compound removal efficiency by US (%)
gas chromatograph

hydrogen peroxide

first-order removal rate constant from additive
effect of US and AS (min?)

air stripping removal rate constant (mib
ultrasonic degradation rate constant (rmij
combined ultrasonic and air stripping rate con-
stant (mirrt)
overall liquid phase mass transfer coefficient
(cm/min)

total number of bubbles in liquid
ozone

standard deviation (mm)

time (min)

trichloroethane

ultrasound

ultraviolet light

volume of gas in liquid (crf)
mean gas flow (cR)

volume of liquid processed (cth
volatile organic compounds

=4

1%

t-test confidence level (%)
gas holdup ratio (vol. gas/total vol. liquid)

reported enhanced ultrasonic mass transfer gf which
contributes to greater degradation rates of organic substrate®rganic compounds (VOCs) from the liquid. In a combined
[16-18] However, there have been no comprehensive US/Oz system, Q is transferred from the gas to the liquid
studies conducted to demonstrate the relative contribution(s)Phase{16—18] whereas in a coupled US/AS system, an or-
of physical ultrasonic effects to the mass transfer.
For combined US and £xreatment processes, Sierkaand the gas bubbles. As with USgQreatments, gas bubbles are

Amy [16] and Olson and Barbi¢t 7] reported that increased

of Oz increased by 69% relative to that obtained ya@d US
in series. In contrast, Weavers and Hoffmdh8] reported
thatthe enhancement they observed in the mass transfgr of O
under an ultrasonic field was due to the greater concentration
gradient. Weavers and Hoffmann also pointed out that when
using G and US treatments simultaneously, ultrasound de-
graded Q and decreased its concentration in the liquid. As a
result, a decrease in the liquid concentration gfi@reased
the concentration gradient as well as the rate of the mass
transfer, as shown by E{L).

In a batch reactor system and in the absence of any other
reaction in the reactor, the mass transfer of a compound be-
tween liquid and gas bubbles can be expre$sét

5L Akt - @) )

In the above expressio, (cm3), A(cn?), K. (cm/min), and

CL (mg/cn?) are the volume of liquid, the total liquid—gas
bubble surface area, the overall liquid phase mass transfer co-
efficient, and the concentration, respectively. represents

the hypothetical liquid phase concentration of a species in
equilibrium with the gas phase concentration of that species.
The ratio ofA/V|_ (=a) is the specific liquid—gas bubble inter-
facial areg20,21] The volume of gas bubble¥¢) divided

by the total volume of liquid\{g + V) is the gas holdup ratio
(denoted as). If the volume of gas in aliquid column is suffi-
cient, the gas holdup ratio can be experimentally determined
by removing holdup water to a graduated cylinfle2]. As-
suming spherical bubbles, the specific interfacial area can be
also expressed as a function of bubble diametea(d the

gas holdup ratiod) [23,24}

_&

: @

a
According to Eqs(1) and (2) at a constant gas flow rate the
rate of mass transfer increases with increasing gas holdup
ratio and decreasing bubble diameter. If high frequency ul-
trasound waves break up bubbles and increase the gas holdup
ratio, the specific interfacial area as well as the mass transfer
will increase.

The primary objective of this study was to examine the
synergy of combined ultrasound (US) and air stripping (AS)
treatment in the removal of Cgand 1,1,1-TCA from aque-
ous solutions. As with the USA3ystem, combining US with
AS can also yield beneficial mass transfer effects of acous-
tic waves contributing to greater removal rates of volatile

ganic compound can be also transferred from the liquid to

likely influenced by intense sound waves in an US/AS treat-

mass transfer of Qwas due to mechanical effects induced ment. Therefore ultrasonic mass transfer effects such as a
by ultrasonic waves. Olson and Barbj&#7] concluded that _ S diam
when G and US were used simultaneously, the mass transfergas holdup ratio should be similar in both processes.

decrease in the mean bubble diameter and an increase in the
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Table 1 To US power generator

Composition of artificial groundwater |

Components Concentration (mg/L)

ca* 2565 — Transducer

CaSQ (aq) 412

Mg?* 5.69

Nal* 9.85 — US metallic probe
1+

K x .72 T Ir Gas outlet

H,COs™ (aq) 2299

HCO;™ 3.52 | «— Gasinlet

SQ2- 3351 ~ N

Cl— 57.65 J; Liquid level

Final pH=5.5 L]

| Gas diffuser

=

2. Experimental

. Fig. 1. Ultrasonic—air stripping cell.
2.1. Materials and reagents 9 pRing

) ) collar connecting the glass cell to the stainless steel probe.

Carbon tetrachloride (99..9+%) and 1,1.,1—tr|chloroethane All reactor ports including sampling, gas inlet, and gas out-
(99+%) were used as received from Mallinckrodt, Inc. FOr ot were sealed with Teflon valves and covered with rubber
all experiments, a 20L solution of artificial groundwater genia The gas outlet was connected to a granular activated
was prepared by adding the following amount of reagents ¢4rhon column to absorb organic compounds in the exhaust
to deionized water: 1.20 g of MgS(H20)7; 0.4 g of KNG;; gas from the reactor.
0.72g of NaHC@; 0.70g of CaCJ; 0.70g of Ca(NQ)z;
0.50 g CaSQ@(H20),; 0.62 g of NakPQy; and 7 mL of con-
centrated HCL. Equilibrium concentrations of species were
calculated using MINTEQA2Table 1) and assuming the
storage container of the artificial groundwater was a closed
system.

2.3. Experimental procedure

2.3.1. Ultrasonic and air stripping experiments
Contaminated liquid solution (500 mL) was prepared by
mixing an appropriate amount of saturated £@1 TCA so-
lution with the artificial groundwater resulting in a nominal
2.2. Experimental apparatus 50 mg/L initial concentration. Before an experiment was con-
ducted, the ultrasonic power supply system was warmed up
The batch ultrasonic—air stripping apparatus included a for about 20 min. The transducer of the system was tuned be-
constant-temperature water bath, an ultrasonic power supplyfore each experiment to adjust the reading on the power sup-
with a generator/transducer, a metallic probe, wire-mesh andply monitor to the minimum value. At each 2 min sampling
fritted glass gas diffusers, and a 1 L liter glass reactor. Initial interval, about 1 mL of ultrasonically treated liquid sample
tests demonstrated that the temperature did not change duringvas withdrawn from the reactor using a sampling syringe
air stripping and combined ultrasonic—air stripping experi- equipped with a 20 cm needle. The sample was injected in a
ments, so the temperature control bath was not used. ThelO mL headspace vial, which had been sealed with crimped
600 W ultrasonic power supply (Sonics&materials Vibra- aluminum caps with a 10 mm Teflon-faced septum. Sam-
Cell, Model VC 600-120V, 10A, 50/60Hz) has a 20kHz  ples were subsequently analyzed using a Hewlett Packard gas
acoustic frequency, which was transmitted to the piezoelec- chromatograph, Model 5890, Series Il. The Hewlett Packard
tric transducer within the converter and changed to mechani-gas chromatograph (GC) system includes a DB-624 model
cal vibrations. A 1.9 cm diameter metal probe was connected capillary column with a length of 30 m. This capillary column
to the transducer; it intensified the mechanical vibrations to was chosen based on its selectivity for analysis of chlorinated
produce acoustic pressure. The probe was immersed aboubrganic compounds. The GC was equipped with flame ion-
2.5-3.0 cm below the liquid surface. The power intensity used ization and electron capture detectors. The flame ionization
in the experiments was 35 W/@xrFor air stripping and the  detector (FID) is easily maintained and provides sensitive de-
concurrent ultrasonic/air stripping experiments, a wire-mesh tection of chlorinated hydrocarbons. Calibration curves were
or fritted-glass gas diffuser was connected to lab-supplied prepared daily before performing the experiments. The limit
air in a ventilation hood. Using a bubble flow meter, air- of detection of TCA and CGlusing the GC was 1.0 mg/L.
flow rates were adjusted to 500 mL/min for all experiments
(Fig. ). The glass reactor has five ports, one for the ultrasonic 2.3.2. Photographic experiments
probe, two for inlet and outlet gas flows, one for sampling, A Canon “Power Shot S230” model digital camera was
and one for acoustic pressure control. In addition, the reactorused for photographing bubbles in a reactor containing 1L
was made airtight with an O-ring seal in the threaded Teflon of solution. The camera had a 0.001 s shutter speed capable
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of identifying small moving objects, and was adjustable to a small hole opened on the reactor surface where extra wa-
a maximum of 204& 1536 pixel resolution to obtain high  ter due to gas holdup poured out. Before and during applying
quality pictures. Before photographing bubbles in the reac- ultrasonic irradiation at 35 W/cfnthe water column was aer-
tor, the optical distance between the reactor and the cameraated at 500 mL/min. The additional water due to gas holdup
was adjusted to obtain clear images of bubbles as well aswas collected and measured in a graduated cylinder.

to minimize optical errors. In this experimental study, op-

tical distances in a range of 50-60 cm provided the highest

quality of pictures. Maximum optical errors were estimated 3. Results

from photographs by measuring the difference from centime-

ter scales attached to the front and the back of the reactor. Ultrasonic (US), air stripping (AS), and combined
In the worst case, assuming all bubbles were located at theultrasonic—air stripping (USAS) treatment of G@hd 1,1,1-
back of the cylindrical reactor with a 10 cm diameter, and TCA from the liquid was evaluated based on the removal ef-
the bubble sizes were measured relative to the front scale ficiency ) and the pseudo-first-order rate constdgt The

the maximum optical error for the 50—60 cm optical distance combined use of US and AS could be additive, antagonistic,
was approximately 5%. This assessment, however, is over-or synergistic. The additive effect of US and AS was defined
simplified relative to the real experimental condition of this by the following equation:

study, because all bubbles were mixed in the liquid rather

than located at the back of the reactor. Therefore, the realkap = kus + kas 3)
optical error was less than 5%. After the optical distance be- . . )

tween the reactor and camera was adjusted to 50-60 cm, the" herekap is the additive rate constaritys andkas are the
liquid in the glass reactor was bubbled at an air injection rate rate constants from individual US and AS experiments, re-

of 500 mL/min. Gas diffusers with pore size openings of ap- Zp?ﬁ“vfxcmrtgﬁtSth)gflﬁuég '(‘;’tAhSe ;E;nggﬁ:t;i[g dcggzz:?gtire
proximately 1.0 mm (wire-mesh) and 0.3 mm (fritted-glass) urng u u ' !

were used in these experiments. Bubbles in the reactor wergiescribed as follows: Kusas =kap, the combined effect is

photographed before and while applying ultrasonic irradia- ﬁdlgjt've:fkkus’f[i: t%%g?ﬁe?g‘fbelgfg (:fficétrlsisatlir::tagonlstlc:
tion. Gas injection rates to the reactor were held constant at ' YSAS” FAD: ynergistic.

. . . . . - Figs. 2 and ¥how the removal of Cgland 1,1,1-TCA
500 mL/min. Ultrasonic power intensity used in the experi-

ments was 35 W/cf Photographs taken of bubbles in the Irocglg:éi? dy d%s':tngnii.f;ré?ggzasfrlgé?g:gl:gﬁar'en prr]esé%r;]t_
liquid were labeled and transferred to a computer as JPEG W viatl ' ining

files centrations from three replicate experiments. At 35W/cm

o o . N
The next steps used in photographic measurements of bub—abOUt 40-45% of initial CGland 1,1,1-TCA minerilization

bles were to assume an appropriate shape for the bubbles an‘c’i’:sn?grtfvnig dvéltﬂg?nlot?;nw?rtr_';%;ﬁ rg;fzﬁ;oer;. ;g(;rthleo ?r):m
to estimate their sizes. Photographs of bubbles in the qu-g roximately 70% ofgthe initial CGlor 1.1 1—TC’A as re-
uid reactor showed that the bubbles were generally elliptical pproxi y (070 nitial - Y W

in shape. Because a photograph shows bubbles in two di_moved from the liquid by air stripping at 500 mL/miRig. 2).

mensions, an assumption about the third dimension was stiIIchOr the explen;ngtrgs made usmg tfhe frltte(s—glsss gas; Q|ﬁgser,
necessary to determine their sizes. Previous work suggests € removal ot either compound from water by air stripping
that bubbles in liquid can be represented by oblate spheroidsat 500 mL/min was greater than 90%ig. 3). These results
[25,26] For an oblate ellipsoidal bubble, the third dimension

on the equatoriat-axis that cannot be seen from a photo- 1

graph is equal to the longest dimension on the major equa-

torial x-axis [27]. The bubbles were scaled on photographs 0.8 g %

using the graphical design software program “Microstation g

SE 1997". Approximately 35-100 bubbles were measured 06

from air stripping or air stripping-ultrasound bubble exper- F % E

iments when the wire-mesh gas diffuser was used to aerate S g

the liquid. About 200-300 gas bubbles for each picture were 04 Ol s

measured when the fritted-glass gas diffuser was employed o (3:;:‘_ :3; %

in the experiments. 0.2 | ALLI-TCA-AS :
A 1,1,I-TCA - US

2.3.3. Gas holdup experiments 0 : . ‘ ‘ .
Gas holdup experiments were performed in a cylindrical 0 2 4 6 8 10

reactor with a 10cm diameter and a height of 30cm. The Time, min

fritted g_Iass d?ff_user was placed at the bottom of the reactor. Fig. 2. Removal of CGJ and 1,1,1-TCA from water by ultrasound (US)

To obtain sufficient gas holdup, 2 L of water was used in the ang air stripping (AS) for wire-mesh gas diffuser (average bubble diame-

experiments. The water height in the reactor was adjusted toter=3.35 mm).
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I8 I 1 A Concurrent (USAS) - CCl,
A Concurrent (USAS) - 1L1,1-TCA
0.8 E 0s —= Additive (US + AS) - CCI,
g ’ &= Additive (US + AS) - 1,1,1-TCA
oo | ¥
° _ 0.6
154
o
04 § 04
® CCl, (AS)
O CCl, (US)
0.2 +
A 11,1-TCA (US) 3 0.2
A11,1-TCA (AS) B &
0 : : . . .
0 2 4 6 8 10 0

Time, min _
Time, min
Fig. 3. Removal of CGl and 1,1,1-TCA from water by ultrasound (US)

and air stripping (AS) for fritted-glass gas diffuser (average bubble diame- Fig- 4. Removal of CGland 1,1,1-TCA from water by combined ultra-
ter=1.10mm). sound (US) and air stripping (AS) for wire-mesh gas diffuser (average bubble

size =3.50 mm).

suggest that the r(_amoval of vplatilg organic compounds from 14 4 Concument (USAS) - CC,
liquid increases with decreasing diffuser pore size. Ata given A Concurrent (USAS)- 1,1,1-TCA
constant airflow rate and liquid volume, the number and total 08 A Additive (US +AS) - CCl,

. . . . . —&— Additive (US + AS)-1,1,1 TCA
interfacial area of bubbles leaving the fritted-glass diffuser

with pore openings of 0.3 mm are much greater than those of 408 |

bubbles leaving the wire-mesh diffuser with 1 mm pore sizes.
The larger the interfacial area, the greater is the mass transfer

CiC

rate between liquid and gi20,21] o4
The removal rate of either compounds from the solution g |

by AS was greater than those by sonication alone. Because '

both CCl and 1,1,1-TCA are highly volatile compounds, air

stripping promotes their removal from water. It should be . 0

noted, however, that both C{and 1,1,1-TCA are degraded

by US while using AS alone, they are merely transferred

from the_ liquid into the gas bubbles. Because AS is nOt_a Fig.5. Removal of CGland 1,1,1-TCA from water by combined ultrasound

destruction process, additional treatment for the off-gas will (us) and air stripping (AS) for fritted-glass gas diffuser (average bubble

be required to prevent chlorinated hydrocarbons polluting size =1.25mm).

the atmosphere and ultimately dissolving into rainwater and

resulting in surface and groundwater contamination. AS (Figs. 4 and % For both diffusers used in the experi-
Results of the ultrasonic and air stripping treatments of ments, at 500 mL/min and 35 W/énthe apparent enhance-

CCl, were similar to those of 1,1,1-TCA. This similarity is ment in the removal rate constants relative to the additive

expected because the physical and chemical properties ofvalues kap) was greater than 80%. Experimental observa-

these compounds (such as their vapor pressure, liquid andions in this study indicated that the concurrent use of US and

gas phase diffusivities) are similar. AS operates in a synergistic manner; the rate constant for the
Experiments were also conducted using US and AS treat-combined method was greater than the sum of the individual

ments simultaneously. Pseudo-first-order rate constants fronrate constants for US and AS separately.

the concurrent use of US and A&j6as) were compared

with those by additive results obtained from individual US

and AS testskap). Thekap values were equal to the sum- 4. Discussion

mation of the first-order rate constankg¢ + kas) from US

and AS experiments. Thieys and kas values are pseudo- Photographic and gas holdup tests were performed to ex-

first-order rate constants from US and AS tests, respectively.amine apparent synergistic effects of the combined US and

The ultrasonic degradation of compounds does not follow AS process on the removal of CGbr 1,1,1-TCA from the

first-order rate law, because the rate changes with initial con-water. The wire-mesh and fritted-glass diffusers employed

centration. However, most studies employ pseudo-first-orderfor these tests were the same diffusers used in the previous

rate constants to describe experimental 2€28] Com- experiments.

bining ultrasound with air stripping enhanced the removal of ~ The difference between mean bubble diameters from AS

CCly and 1,1,1-TCA beyond the additive effect of US and and those from combined US and AS (USAS) tests was not

Time, min
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Table 2
Comparisons of mean bubble sizes from AS with those from USAS bubble experiments for the wire-mesh gas diffuser

Exp. no.  Air stripping (AS) Combined ultrasonic—air stripping (USAS) t-Test (%) significance
levels ) for
Number of bubbles  Mean bubble  Standard deviation Number of bubbles Mean bubble  Standard compa()rli)ngjgm by AS
measuredN) size @zm) (s) (mm) measuredN) size @gm) deviation with these by USAS
(mm) (mm) (s) (mm)

1 37 3.39 1.03 72 3.54 1.08 >25

2 49 3.28 1.18 76 3.59 1.25 >5

3 35 3.38 1.20 100 3.57 1.25 >25

4 32 3.25 1.26 79 351 1.20 >15

Note AS air flow = 500 mL/min; US power intensity = 35 W/éyvolume of liquid=1.0 L.

significant at the 5% confidence level when the wire-mesh Table 4
diffuser was employed for the experimerisifle 9. On the Comparison of gas holdup ratios) from AS and USAS tests made using
contrary, results of experiments made using the fritted-glass "° Mtted-glass diffuser
diffuser show that mean bubble diameters from combined
US and AS tests are significantly greater than these from AS

Combined ultrasonic
and air stripping

Air stripping (AS)

; : (USAS)
tests beyond the 0.5% confidence levEdlgle 3. The size —— — s 5
. . umbper or experiments
of diffuser openings seems.to have a p.rofounq effect on the Meane values 0.0046 0.0083
coalescence of bubbles during ultrasonic irradiation. The di- siandard deviation 0.00025 0.00035
ameters of bubbles from the fritted-glass diffuser were the cv (%) 5.43 4.22

only ones to change significantly during sonication. Relative
to the number of bubbles from the wire-mesh diffuser the
number of bubbles leaving the fritted-glass diffuser was al-
most five times higheiMables 2 and8 As aresult, chances of

Airflow rate =500 mL/min, power intensity =35 W/d&nvolume of lig-
uid=2.0L.

The influence of ultrasound on gas holdup ratio was ini-

ultrasonic coalescing in liquid for bubbles leaving the fritted- tially determined from photographs taken of AS and USAS
glass diffuser should be much higher than those for bubblesbubble tests. If ultrasound had no effect on the bubbles leav-
leaving the wire-mesh diffuser. ing the wire-mesh diffuser, their number from both AS and
Results from the bubble experiments cannot not confirm USAStests atthe constant airflow rate would be similar. How-
the synergistic removal of Cghnd 1,1,1-TCA fromthe wa-  ever, the number of gas bubbles in the liquid is significantly
ter by coupled US and AS. In fact, relative to the mean bub- increased during sonication at 35 W&Table 9. The gas
ble diameters obtained from the experiments made using theholdup ratio should be also increased by the ultrasonic ef-
fritted-glass diffuser, there should be an antagonistic effect fect, because the mean bubble diameters from AS tests do
with the combined US and AS process. This antagonism re- not significantly differ from those from USAS tests.
sults because the ultrasonic irradiation increases the meangas Although the photographic method was useful for
bubble diameter. According to E{R) and the mean diam-  showing an ultrasonic effect on gas holdup for the bubbles
eters of bubbles from both AS and USAS tests, the specific of wire-mesh diffuser, its use was limited during analysis of
interfacial area should decrease by 10% as a result of the ul-bubbles from the fritted-glass diffuser. The higher number
trasonic bubble coalescence. For wire-mesh diffuser bubbles,of bubbles in the liquid increases the chances of blocking
no significant change in the specific interfacial area should the view of many others remaining at the back of the reactor.
be observed during sonication since mean bubble diametersTherefore, it was impossible to make an estimation of the gas
from AS and USAS tests are similar. These conclusions, how- holdup by the photographic method when the fritted-glass
ever, are only based on the effect of ultrasound on bubble diffuser was used in the experiments. The gas holdup ratios
sizes; they do not account for its influence on the gas holdupwere determined by simply removing airlifted water into a
ratio. gradated cylinderTable 4. At 500 mL/min and 35 W/crfy

Table 3
Comparisons of mean bubble sizes from AS with those from USAS bubble experiments for the fritted-glass gas diffuser

Exp.no.  Air stripping (AS) Combined ultrasonic—air stripping (USAS) t-Test (%) significance
level (@) for
Number of bubbles  Mean bubble size  Standard  Number of bubbles  Mean bubble size  Standard (a)-
o o comparingdgm by AS
measuredl) (dgm) (mm) deviation  measuredN) (dgm) (mm) deviation with these by USAS
(s) (mm) (s) (mm)
1 200 1.134 0.293 278 1.273 0.363 <0.05
2 182 1.140 0.299 181 1.230 0.327 <0.5
3 179 1.081 0.265 161 1.184 0.330 <0.5

Note AS air flow rate =500 mL/min; US power intensity = 35 W/€rmwolume of liquid = 1.0 L.
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the ultrasonic irradiation of the liquid increased the gas  Because ultrasonic irradiation does not break up gas bub-
holdup by a factor of 2, which is quite similar with that bles, an effective way for improving removal efficiencies of
predicted from the photographs taken of wire-mesh diffuser organic compounds by coupled US and AS treatment pro-
bubbles. An explanation for the ultrasonic effect on gas cess is to increase the gas holdup ratio. This increase might
holdup ratios might be that when US and AS processes arebe even achieved more effectively by using higher ultrasonic
operated in a countercurrent mode, gas bubbles are oscillateghower intensities. Further experimental work should explore
under the field of intense sound waves. As a result, they the efficiency of the combined US and AS treatment at higher
have longer retention times in the reactor. The relationship ultrasonic power intensities.

between bubble retention time and gas holdup volume can

be described by the following equatif0—23}
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