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Abstract

In order to assess the ultrasound dual frequency effects, sonochemical degradatioitrapphenol p-NP) in an aqueous solution
has been carried out with ultrasound at three operating frequencies, i.e., at 25, 40 kHz each independently, and the combination of two
frequencieq25 + 40 kH2 simultaneously. Based on the rates of degradation, a kinetic study has been performed which leads to the
evaluation of apparent kinetic rate constants for the degradatipsN#,. The influence of various parameters including initial solution
pH, bulk solution temperature, on the degradatiop-6fP was studied for these three frequency modes (25, 40 asdi®&Hz) in order
to investigate the temporal behaviour of this reaction, especially when it was operated in combine@med#) kHz). The energy
efficiency in the case of dual frequency mode is much better than single frequency modes. Modelling and cavity dynamics simulations
have also been carried out to explain the observed effects. During combined mode operation, an improvement in the rate of degradation
has been observed. The variation in the rate constants has been explained based on the difference in the acoustic pressure field in differer
systems including ultrasonic bath and dual frequency processor. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction pressure conditions created by the cavity implosion are
extreme, one can have good control over the sonochemical
The chemical effects of ultrasonic irradiation were first reactions. The intensity of cavity implosion, and hence the
reported more than 70 years ago. However, very few studiesnature of the reaction, are controlled by factors such as driv-
have been focused on the detailed kinetics and mechanisméng acoustic frequency, acoustic intensity, bulk temperature,
of chemical reactions in the presence of ultrasound [1]. Static pressure, the choice of the liquid, and the choice of
Ultrasound has been used to induce or accelerate a varithe dissolved gas [2]. The heat from the cavity implosion
ety of reactions. Ultrasound is responsible for high-energy decomposes water into extremely reactive hydrogen atoms
chemical reactions in liquids, principally due to acoustic (H®) and hydroxyl radicals (O#. During the quick-cooling
cavitation—the formation, growth and implosive collapse phase, hydroxyl radicals and hydrogen atoms recombine to
of bubbles [2]. The growth and collapse of these bubbles form hydrogen peroxide (#0,) and molecular hydrogen
then resulting into transfer and focusing of energy from (H2), respectively. Thus, in such a molecular environment,
the macroscale vibratory motion of the acoustic transducer organic compounds and inorganic compounds are oxidised
to the vapour inside the bubbles. The bubble collapse pro-or reduced depending on their reactivity.
duces intense local heating and high pressures for a short Although ultrasound has a broad range of industrial ap-
lifetime of a few nanoseconds. Theoretical models based onplications, its potential for water and wastewater treatment
Rayleigh—Plesset equation predict that during the collapse,has not been explored extensively [4]. Increasingly strin-
high temperatures and pressures exceeding the critical valuegent water quality regulations require almost total removal
of water (temperature of 647 K and pressure of 22.4 MPa) of organic pollutants from effluent wastewater from a level
occur in the liquid phase [3]. Thus, cavitation serves as a of part-per-million to part-per-billion range. The efficiency
means of concentrating the diffused energy of sound into of the usual cleaning processes to treat carbonaceous com-
microreactors [2]. Even though the local temperature and pounds (biological or physical/chemical treatments) is lim-
ited. For example, biological treatments are uneconomical
* Corresponding author. Tel+91-22-4145616; fax:+91-22-4145614. for the effluent waste, which is highly concentrated. Air
E-mail address:abp@udct.ernet.in (A.B. Pandit). stripping treatment is, rather, a pollution shift. Adsorption
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the sonication of phenol yields acetylene as well, which is

Nomenclature possible only under pyrolytic conditions.

C velocity of sound (m/s) Even though, oxidation/degradation is affected by various
dR/dr bubble wall velocity (m/s) parameters of ultrasound such as frequency and intensity of
d?R/dr2  bubble wall acceleration (nfs the sound wave, the most important and controllable param-
E energy required to expand a population eter is frequency, since it has varied effects on the bubble
of bubbles (J) dynamics resulting into different temperature and pressure
f frequency of ultrasound (kHz) conditions at collapse and hence the rate of the reaction un-
| intensity of ultrasound (W/R) der the given conditions. Conventionally, only waves of sin-
N number of bubbles in solution (<) gle frequency are used in a given system. Interestingly, there
P magnitude of the hydrostatic and acoustig is also a way of subjecting a given solution with two differ-
pressure (N//) ent frequ_encies simultaneou_sly. Such an arra_lngement makes
Pa peak positive pressure amplitude (N)m Fhe emitting waves of tw_o different frequencies to undergo.
P, pressure inside the bubble at tirmeN/m2) mterferenge of constructive na;ure based on the superposi-
P, time-dependent instantaneous pressure tion pr|nC|pIe.' As a result of this, the _arnphtude of the're—
(N/m?) sultant wave is larger than the two individual waves emitted
P, vapour pressure (N/& f_rom two different frequency sources due to_ the reverbera-
Po initial pressure inside the bubble (Nfn tion of ultrasound. This results in higher cavity growth and

ultimately causing more intense cavitational collapse. Thus,
applying two frequencies, results in excitation of greater
number of bubbles in a given cavity/bubble population. Sim-
ulations indicate that for a cavity to attain the same maxi-
mum size during its growth, the amount of energy required
for a single sound source is twice the energy associated with

P pressure in the surrounding liquid (N#n
R radius of the bubble at time(pm)

Re radius of the bubble at collapsgrf)

Rm maximum radius of the bubble.tn)
R3/tc  (mls)

?O l?gsl(g?dms of the bubbley(m) the dual frequency processor [6]. Again, the resultant effect
t collapse time of the cavity (s) of interference of two waves, whether it is constructive or

destructive depends on the distance (gapwidth) between the
two plates carrying the two different frequency transducers.

reek letter S . .
Greek letters High intensity flat plate reverberatory sonicator or the

A V\{avelgngth of ultrasound () nearfield acoustical processor (NAP) is one such system
n viscosity (Pas) ) L
. L working on the above principle. It has been used on a larger
o1 density of liquid (kg/nd) : : : , .
surface tension (N/) scale for the extraction of oil from oil shale in a continu-
o .
. ous flow operation. Hua et al. [3] have used such a set-u
¢ phase difference between the two waves (-) P 31 P

with 16 and 20kHz frequency magnetostrictive transduc-
ers to study the degradation pfnitrophenol p-NP) on a
larger scale in continuous flow operation (with the flow
on granulated activated carbon or filtration on membranesrates of 3.21mint). Thoma et al. [7] have also used a
needs a subsequent incineration. Thermal treatment leadsimilar system for the destruction of dichloromethane and
to incomplete combustion and products that are often aso-dichlorobenzene. Itis very clear from the above study that
toxic as the initial pollutants can be formed. In such circum- such a technology appears to be an alternative for treating
stances, ultrasound seems to be a promising technology folarge-scale waste effluent in the near future. Also, simula-
wastewater treatment. tions indicate that such a combination is more energy effi-
There are two mechanisms responsible for the oxida- cient as discussed earlier. The main focal point here is to
tion/degradation of organic pollutants, again, which is de- find out the parameters involved in the design of such an
cided on the basis of physical and chemical properties of efficient dual frequency reactor. One such parameter is to
the pollutants. The first mechanism is pyrolysis and is ex- determine the critical distance between the two plates (gap-
pected to be the main reaction path for the degradation ofwidth) facing each other. These plates are mounted with the
hydrophobic or apolar and more volatile compounds, which transducers of two different frequencies. This parameter has
enter and decompose inside the cavitation bubbles in thea higher influence as it decides about the length of the cav-
form of vapour. The second mechanism is the generationitation zone or the percentage fraction of the cavitationally
of hydroxyl radicals in the cavitation bubbles, which subse- active volume generated in a given reactor. It has been well
guently are thrown out in the bulk liquid on cavity collapse established from the work of Hua et al. [3] that the distance
and oxidise the organic compounds which are hydrophilic between the plates should be as minimum as possible. This
or polar and non-volatile compounds, present near the inter-ensures that all of the reactant solution is subjected to ultra-
face of the cavity—liquid. Still, pyrolysis also occurs when sound, resulting in more even dispersal of energy, which is
polar compounds are sonicated. Currell et al. [5] found that not possible in a conventional probe or a batch reactor due to
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the generation of standing waves. Also, attenuation of soundis necessary to develop effective methods for their removal
is minimum in such a dual frequency reactor system [3].  from water, or to reduce them to less harmful intermediates
Taking advantage of all these factors, our study in detail or complete mineralisation.
concentrates on varied parameters, which control the over- Kotronarou et al. [1] studied in detail the sonolytic degra-
all reaction using a dual frequency set-up. As a model reac-dation ofp-NP in aqueous solution using a horn system of
tion, degradation op-NP, an industrial water pollutant has 20kHz and found out the formation of NO, NO®~ and
been studied in this system using frequencies, namely 25 andH*t as primary products and HCOQ C,04%~, and HO,
40 kHz by operating them individually as well as in a com- as secondary products. Their study also involves in detail
bined mode; in an attempt to understand and quantify thethe effect of pH and the effect of initial concentration of
individual as well as combined frequency effects. These two p-NP on the degradation kinetics. They have found out that
frequencies were selected based on bubble dynamics modthere is a linear increase in the concentration Ok dur-
elling. For modelling two sets of frequencies were selected. ing the sonolysis of agueoysNP solution. The relative
One set of combination is ranging from 16 to 40 kHz with an faster degradation qf-NP have been explained on the ba-
increment of 4 kHz in the second wave starting from 16 kHz. sis of thermal decomposition @-NP in the near vicinity
Whereas, the second set consists of 25-40 kHz with an in-region of the hot collapsing gaseous cavities. Based on the
crement of 5kHz in the second wave. From these studies, itproducts observed they have interpreted an elaborate model
was observed that the maximum size of the bubble reachedinvolving both OH attack and pyrolytic reactions.
by the 25-40 kHz combination is more as compared to any
other combination. This has led us to design a dual frequency
reactor with these frequency combinations. A physical cav- 2. Experimental
ity dynamics model based on Rayleigh—Plesset equation is
also developed to explain the experimentally observed ef- p-NP was obtained from S.D. Finechem, India and it was
fects. of at least 99% purity, and used without further purifica-
p-NP has been selected in this study since it is widely tion. Distilled water was used to make-up the solution to
used in many industrial processes, as synthetic intermedi-the required strength. The initial solution pH values at de-
ate or as a raw material in the manufacturing of pesticides, sired levels were made with NaOH 0,80, solutions and
insecticides, wood preservatives, and so forth. Also, it is the change in pH was monitored continuously during the
formed as a by-product during the manufacture of a pesticide course of the reaction. Absorption spectra were measured
parathion. Thus, it is considered to be one of the industrial with a Chemito-2500 UV-Vis spectrophotometer to monitor
pollutants and poses a threat to human health. Therefore, itthe concentration of-NP.
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Fig. 1. Schematic representation of dual frequency processor.
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The reactions were carried out in a dual frequency acous-3. Results of the calorimetry measurements
tic batch reactor, as shown in Fig. 1, which was made entirely
of stainless steel with a breadth of 9.5cm, a depth of 7cm  Calorimetry was used to estimate the electro-acoustic or
and a height of 20 cm. The two flattened sides of the reactor energy transfer efficiency of the transducer to the solution.
were mounted with piezoelectric transducers (3 No. each) Based on the calorimetry experiments, the transfer efficiency
driven at 25 and 40 kHz, which were arranged in series, eachof the ultrasonic energy from the transducer to the reactor
transducer having a diameter of 5.1 cm. The emitting system solution was estimated as 54% for 25 kHz and 42.38% for
was connected to a frequency generator and a power sup40 kHz, whereas for 2% 40 kHz combined operation it was
ply. The effective volume of the reactor was 1.51. A cooling 45.06% with an assumption that all ultrasonic energy was
coil was kept inside the reactor and cold water was pumpedconverted to heat in the reactor. Results of the calorime-
from a thermostatic bath in order to maintain the tempera- try experiments for dual frequency reactor, ultrasonic horn
ture at the selected value withir?2 °C. The presence of this  and ultrasonic bath have been tabulated in Table 2. Cavity
coil may disturb the nature of the pressure field generateddynamics was then studied based on the measured power
due to a phenomenon called scattering. But, as the coil isinput.
present in all the cases of experiments, relative performance
still be comparedp-NP solution of known concentration of
1.5lin volume was prepared each time with the required pH 4 cavity dynamics for a dual frequency acoustic
and transferred to the reactor. The solution was saturated by, ocessor
sparging with air before and also during the reaction, unless
otherwise mentioned. The reactor was also provided with 4 q Modelling of the acoustic pressure field
inlet for temperature measurement and outlet for the with-
drawal of the samples (it was verified that air alone does not
oxidise p-NP). Samples were withdrawn from the reactor
at regular time interval of 30 min and the concentration of
p-NP was measured by analysing alkaline solution of these
samples in UV ak = 401 nm. Typical reaction runs lasted
2.5h. The calibration curve f@-NP was determined using
different known concentrations g-NP. Even though ap-
plication of ultrasound omp-NP results in various primary
and secondary products as reported by Kotronarou et al. [1],

In the case of multiple transducer systems, the nature of
the acoustic field generated is not uniform. Thus, in such
systems, it is very important to know whether the trans-
ducers are driven (1) perfectly in phase (2) with a constant
phase difference or (3) independently. For a dual frequency
acoustic field comprising of two frequenciég and fo,
the pressure amplitude for each frequency can be given

we have restricted our analysis of measuring the concentra-Pa1 = Py — Pa(Sin 2t f1t) Q)
tion of p-NP, since the focus was on the frequency effects _
on the rate of degradation pENP. In addition to this dual ~ Pa2 = Po — Pa(Sin 2t fa1) )

frequency set-up, a horn (Dakshin, 22.5 kHz) with varying . .
tip areas and a bath (Dakshin, 22.5kHz) were also used inW.herePO is the amb|ent pressure, aRyl the pressure am-
order to have a comparison between these equipments orPIItUde due to the intensity given as

the degradatipn rates, based on the efficiency and the naturepy = ,/21pC (3)
of the acoustic field generated in each of these equipments.

The physical dimensions and characteristics of this dual fre- where | is the intensity of the ultrasound (WA p the
quency set-up, ultrasonic horn and ultrasonic bath have beerdensity of the medium (kg/&), andC the velocity of sound

summarised in Table 1. in that medium (m/s).

Table 1

Physical dimensions of dual frequency processor, ultrasonic horn and ultrasonic bath

Equipment Diameter of the emitter (cm) Total area of dissipatior?{cm Sonication volume (ml)

Dual frequency processor

25kHz 5.1 (of 3 Nos.) 140 1500

40kHz 5.1 (of 3 Nos.) 140 1500

25+ 40kHz 5.1 (of 6 Nos.) 280 1500

Ultrasonic horn

22.5kHz 25 491 100
21 3.46 100
14 154 100

Ultrasonic bath
22.5kHz - 225 500
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Table 2

Results of calorimetry studies of dual frequency processor, ultrasonic horn and ultrasonic bath

Equipment Power input (W) Power input (measured calorimetrically) Power density @v/icm Power intensity (W/crf)
Dual frequency processor

25kHz 120 64.8 0.043 0.46
40kHz 120 50.85 0.034 0.36
25+ 40kHz 240 108.15 0.072 0.39
Ultrasonic horn(22.5 kHz)

Tiparea= 4.91 cn? 240 21.15 0.212 431
Tip area= 3.46 cn? 240 18.25 0.183 5.27
Tiparea= 1.54 cn? 240 12.2 0.122 7.93

Ultrasonic bath
22.5kHz 120 40.8 0.082 0.18

Now, considering a phase difference @f the resultant  This equation is valid up to a point where the bubble wall

time-dependent pressure is thus given by velocity (dR/dt) is less than the sonic velocity in the cavi-
o . . tating media (in this case water in which = 1500 ny's).
P = Po— PAlsin@r fat) + sin2r fot + ¢)] ) In order to study the effect of an oscillating field on bubble
when¢ = 7/2, the equation gets modified to behaviour we can substituig asP, in the above equation.
) The simulations were performed using the above equa-
P = Po — Pa[sin(2r fit) + coS2r f21)] (42) tion and the cavity dynamics studied for an initial cavity size

This is one of the possible combinations due to the phase®f 2»m (typically that reported in the literature) [9]. The

difference between the two sound waves. Here, we haveOther parameters such as frequency, intensity and tempera-
simulated for four such combinations for the two, same or turé were taken at the actual experimental conditions.
different frequencies. The different combinations taken here

are: sin—-cos, cos—sin, sin—sin, cos—cos depending upon the

phase difference of/2 or zero. The results indicate that the
maximum size attained by the cavity is more for the case
of sin—sin as compared to other three combinations. This is
due to the variation in the resultant amplitude, which results
in a change in cavity dynamics. Due to this reason, we have
considered only the equation

5. Results and discussion
5.1. Effect of solution pH

Solution pH is an important factor in determining the
physical and chemical properties of the solution, which

Py = Po — Pa[sin(2r fat) + sin(2r fat)] (4b) in turn affects the bubble dynamics. Many researchers
[1,5,10,11] have found that the decomposition rate by sonol-
4.2. Modelling of cavity dynamics ysis decreased with an increasing solution pH values, while

other researchers [12] obtained different results where the
The radial wall motion of the cavity can be described by decomposition was more rapid in alkaline solutions.
the cavity dynamics equation developed by Rayleigh and The experimental results of the first-order degradation of
later modified by Plesset, more commonly known as the p-NP by using this set-up at a pH level of 5.0 for the three

Rayleigh—Plesset equation [8], and is given as frequency modes are shown in Fig. 2. In all the pH ranges
studied, i.e., pH 3.0, 5.0 and 7.0, the decomposition efficien-

d’R 3 (dR)? _ 17, 4w (dR 20 P cies were found to decrease or were constant in some cases
az ) 2 ar "ol R\dt) R % with increasing solution pH for a given frequency over the

(5) range of pH values used in this study. This suggests that
relatively longer times will be required for experiments car-

whereR is the radius of the bubble at timeP; the pres-  ried out at higher pH conditions even though the degradation
sure inside the bubble at timteandP the pressure inthe s exponential with respect to time at all pH levels. Fig. 3

surrounding liquid. shows the effect of pH on the rate constant for the three
Therefore for dual frequency frequency modes. From this figure it is clear that the appar-
_ 51
Poo = Py = Py — PA[SIN27 f1) + SIN27 f21)] (6) ent rate constant decreased fragy = 1.5 x 107>s " at

pH = 3.0 to k5o = 1.33x 10°s ! at pH = 5.0 and to
This is a second-order non-linear differential equation which k79 = 1.17x 105s 1 when the pH was finally increased to
can be solved by fourth-order Runge—Kutta method to find 7.0 for 25kHz frequency. But, for 40 kHz frequency, there
the radius and pressure pulse history of bubble oscillation. was no change in the rate constant for the pH of 3.0 and 5.0,
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Fig. 2. First-order plot op-NP degradation for three frequency modes at
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i.e., kg = ksg = 1.67 x 10°°s~L. But, for the pH 7.0 it
decreased to a value, i.é70 = 1.5 x 107°s71. In the case
of combined mode operatiof25 + 40 kH2), the rate con-
stantwaskz o = 3.50x 10~>s~1 at pH 3.0 which marginally
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Thus, the amount of diffusion of this ionic species is re-
stricted only into the interfacial film region. Therefore, the
decomposition ofp-NP at higher pH is assumed to occur
only in the film region and thus the rate @iNP degradation

is reduced. So, the two different forms @NP species due

to the change in pH results into different reaction behaviour
during the sonication process.

5.2. Effect of bulk solution temperature

The already reported effect of the bulk solution tempera-
ture on the degradation rate is contradictory. Bhatnagar et al.
[13] reported that ultrasonic decomposition rate constants
of 1,1,1-trichloroethylene were almost constant betwe&n
and 20°C. Sehgal and Wang [14] demonstrated that the son-
ication rate constants of thymine increased with the temper-
ature for experiments conducted above’62 and the rate
constants were almost unaffected by the temperature be-
tween 30 and 52C. Chen and Kalback [15] indicated that
the reaction rate constants of methylacetate on sonication in-

decreased and then reached to a constant value during a furcreased with the temperature between 30 and4Kosza-

ther increase in pH, i.ekso = k70 = 3.33x 10 °s 1 at

Ika et al. [16] reported that sonication of tetrachloromethane

pH 5.0 and 7.0. Thus, for any selected pH, application of had higher removals of about 85% between 25 andC35
25+ 40 kHz mode gives h|gher rate constant, followed by and had lower removals of about 48% between 85 artdC95

40 and then 25 kHz. Also, for any gi\/en operating frequency In order to understand the temperature effects with the ap-
mode, lowering the pH increases the sonication efficiency Plication of frequency, the decomposition@wNP was con-

or results in higher rate constants. This is due to the fact thatducted at bulk solution temperatures between 20 aridC50
with a decrease in pH (higher acid concentration), there is for the three frequency modes applied. The results of the

domination of the molecular form qd-NP. This molecular

first-order degradation @gFNP at the bulk liquid temperature

form of p-NP makes it possible to diffuse into the reactive 0f 20°C (pH 5.0) for the three frequency modes are shown

zone (gas—liquid film region). Also, a small fraction of this

in Fig. 2. Similar trends were obtained at other bulk liquid

molecular form may even evaporate into the cavity (gaseous)temperatures of 30, 40 and 30. Influence of these three
region from the gas—liquid interface. Thus, the overall de- frequency modes on the effect of bulk liquid temperature to

composition ofp-NP at low pH (higher acidic solution) is

the rate constants is shown in Fig. 4. From the figure it can be

considered to take place in both the gaseous and interfaciafound that the rate constant for 25 kHz at’20) k»p- =1.33x
film regions by pyrolysis and free radical attack. On the other 107>s™*, which then decreased to a valuekgf = 6.67 x
hand, if the pH is high (lower acidic concentration) or when 10 ®s™at30°C and then tdo- = 5.0x10 st at40°C
it approaches a neutral value, then the amount of ionic form and finally tokse- = 3.33 x 10 °s™! at 50°C.

predominates. The ionic form qfNP is non-evaporative.
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In the case of 40 kHz frequency, the rate constant aC20
is kogr = 1.67 x 107°s1, which further decreased to a
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constant value for the temperatures of 30, 40 andG0 30
i.e., kap = kag = kspr = 3.33x 109571 or in otherwise
between the temperature range 3026Qhere is no change
in the rate constant.

Whereas, for 25 40 kHz frequency mode, the rate con-
stants continuously decreased in the range of temperatures
studied, i.e., from a value df,pp = 3.33x 10 °s1 at
20°C, then toksp = 1.17 x 10~°s~1 at 30°C, again to
kap = 8.33x 108571 at 40°C, and finally to a value of
ks = 6.67 x 1078571 at 50°C.

Thus, in all the three cases increase in the temperature ° - - - : ; :
decreases the rate constant or remains independent but thi 0.0E+00 SOE+09 1.08+10 :'SE”O",Z 'OE: 10 268410 30EH10 3.58+10
range of temperature is different for different operating fre- Rm'itox10™ (mlesc)
quencies. Decrease in the rate constant with an increase irFig. 6. Effect of temperature gnNP degradation as a function &8, /c.
the temperature is possibly due to the decrease in the surface

tension and viscosity of the given solution, so that the gener- ) .
ation of bubbles become easier. But, an increase in the tem-VS- time curve for the three frequency modes and it can be

perature results in a dramatic increase in the vapour pressuré)pse_rved that there |s_enhanced bubble grovvth when a com-
of the liquid, which results in higher vapour content of the Pination(25+40kH2) is used. In the earlier work [19], the
cavitating bubbles. Under these conditions, the maximum experimental observations were related to the cavity collapse
temperature and pressure created in such vaporous transiefif€SSures or temperatures based on the numerical simula-
cavitation bubbles have been shown to be much lower [17] HONS- The complexities such as liquid phase compressibility
or it results into a cavitational collapse of lower intensity effe_ct, the flnal_ collapse caVI_ty Slize ConSIderatl_on, etc., were
[18]. In addition, with an increase in the temperature, there @voided by using the Rayleigh-Plesset equation and termi-
is a continuous degassing of the solution leading to lower Nation step was avm%ed by relating the observed degradation
gas nuclei for cavitation (lower cavity population) and hence "t€S With the factorp,/7c [19], whereRy, is the maximum
lower rates of reactions. Thus, the observed behaviour of Si2€ reached by the cavity atgithe time in which the bub-

p-NP degradation at higher temperatures is consistent with P1€ collapses. Tatake and Pandit [19] have also shown that

5 . .
the present theoretical understanding of sonochemistry andm/c 1S @ good correlating parameter to explain the ob-

possibly indicates the reasons for the different effects of S€Tved cavitational yields. This is due to that a change in
temperature reported in the literature. the radius of the bubble will not give a clear idea about the

Modelling of the cavitation phenomena to study the effect number of radicals generated and hence cannot be related to
of temperature on the degradationNP was carried out ~ chemical yields. BUtR3,/ 1 parameter appropriately relates

using the equations discussed earlier (Eq. (5)). Change inthe collapse pressures to changes in the volume as the mass

the temperature affects the vapour pressure, density, viscosO" volume of the cavity indicates the number of reactive rad-

ity and surface tension, thereby resulting in different cav- '¢@lS produced. The results of the effect of temperature on
ity dynamics. The intensities measured calorimetrically for P-NP degradation as a function 8f,/1c are given in Fig. 6.

the three modes of frequencies given earlier were used for | '€ maximum size rgachg:d by the cavity in the case of
the estimation of actual driving pressur& J for different 25+ 40kHz (61.8) is 50% more than 25kHz (40.64)

cases and the cavity dynamics studied. Fig. 5 shiaiiRs alone and three times more than 40 kHz (Rp)5 Also, the
intensity in the case of 25 40kHz (0.39 W/cr) combi-

nation is nearly same as that for 40 kHz (0.36 Wy mave

and less than that for 25 kHz (0.46 W/@mThus the simula-
tions indicate that due to a dual frequency combination there
is enhanced bubble growth for nearly same overall intensi-
ties as that for single frequency, which ultimately results in
higher degradation and again a correspondence between the
degradation and the parameﬂéﬁ‘] /tc has been established.

25 | 25+40 kHz .
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60 1 5.3. Effect of initial concentration
40
20 40 kHz 25440 Ky The effect of concentration grNP degradation was stud-
00E+OO os seos  aros  aros  sros  oros ied for the initial concentrations of 10, 100 and 500 ppm
' time (sec) ' ' (pH 5.0, temperature 2@@) for the three frequency modes.

Fig. 7 depicts the effect of initial concentration on the rate
Fig. 5. Plot forR/IRy vs. time for three frequency modes. constant op-NP degradation for the three frequency modes.
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3.5E-05

The overall degradation efficiency pfNP depends on the

30505 | e 25kHz number of hydroxyl radicals generated as well as on the rate
A0k with which they are released into the surrounding medium.
2.5E-05 1 —+—25+40 kHz

In our case, we have tried to relate this phenomenon to the
collapse time of a single cavity. If the cavity collapses faster,
the rate of release of these radicals into the medium is higher.
A cavity driven at 40 kHz collapses faster (3;02) as com-
pared to a cavity driven at 25 kHz (5.68) or 25+ 40 kHz
(7.75us). Hence the release of radicals into the medium
is faster at 40kHz as compared to at 25 or280 kHz.

But, from the experimental results, it was observed that for
40kHz, the rate of degradation is not higher as compared
to 25 kHz. This clearly indicates that the degradation rate is
not only a function of rate of release, but also depends on
the number of available radicals in the medium.

This may be due to that the number of cavities generated
at 40kHz is not as high as at 25kHz, as the intensity of
While p-NP degraded exponentially with respect to time ir- 40 kHz wave is less than that of 25 kHz wave and also it is
respective of the initial concentration, the rate was dependentknown that the cavitational threshold intensity is higher at
on the initial concentration gi-NP. In the case of 25kHz  higher frequency resulting into lower cavity population at
frequency, the apparent first-order rate constant decreasedhigher frequency. Of course these modelling studies are not
from 133 x 10°s7! for a (p-NP) of 10 ppm to a value  rigorous, as there is no clear information about the number of
of 0.33 x 10°s~1 for a (p-NP) of 100 ppm and after this  bubbles in the given medium of cavitation. Efforts are being
the rate constant was unchanged even when the initial con-made to find out the number of radicals and incorporate the
centration was increased to 500 ppm. Whereas, for 40 andsame to get the complete picture.
25+ 40 kHz frequencies, even though a similar trend of de-
crease in rate constant was observed, it decreased even whef.4. The effect of dissolved gases
the initial concentration was changed from 100 to 500 ppm
and the resulting change was still a significant one. It was Wakeford et al. [20] have found out that the yield of®}

34% decrease for 40 kHz and 40% for 2540 kHz when increases by six times for an air saturated solution than for
it was changed from 100 to 500 ppm. Also, from the above N> saturated solution, which in turn was responsible for the
results it could be interpreted that at lower initial concentra- higher rates of reactions carried out under the atmosphere of
tion, the rate limiting step was considered to be the diffu- air. In the present study, reactions were also carried out in the
sion of p-NP into the interfacial film region (reaction zone). absence of air for 25 kHz (pH 5.0 and 7.0). Also, for 40 kHz,
In this region, the reaction betwegnNP and free radi- reactions were carried out in presence of nitrogen as well
cals was assumed to occur very fast. Thus, at lower initial as in absence of air at a pH 5.0. The obtained experimental
p-NP concentration, the overgttNP degradation is con-  observations have been shown in Fig. 8.

trolled by diffusion and the mass diffusion rate is linearly =~ The rate constant in the presence of air at$5.0 for
dependent on the concentration@NP in the bulk liquid 25kHz frequency mode, i.ekair25 = 1.33 x 10°s1 and
surrounding the film region (driving forc&, — C), Cp is the rate constant at the same pH but in the absence of air is
the concentration op-NP in the bulk andC; the concen- knoair2s = 1.17 x 10~°s71, Also, for the same frequency
tration of p-NP in the film region). Alternatively, at higher  application at pH 7.0 the rate constant in the presence of air
initial p-NP concentration, this diffusion limitation is ab- is lower than at pH 5.0. But, at a pH 7.0 with the presence
sent. The above mechanism is correct only if the free rad- of air and at a pH 5.0 in the absence of air show the same
ical concentration is low in the interfacial region. Thus, in rate constants, i.ekajr 25 = knoair2s = 1.17 x 10°s71,

the case where the initigkNP concentration in the bulk is  but degradation in each of these cases is marginally different
low, these availablp-NP are sufficient to consume the avail- from each other. (In the absence of air for pH5.0, the
able free radicals resulting in higher rates. However, when degradation is about 9.88% and in the presence of air the
the initial p-NP concentration is high and diffusion limita- degradation is about 11.36%. At pH 7.0, in the absence
tion is absent, yet the rates are lower as they are controlledof air the degradation is 9.83%, whereas it is about 10.16%
by the low concentration of free radicals. This has been in the presence of air.)

conclusively established with the observed experimental re- Also, from Fig. 8 it could be seen that in the presence

2.0E-05
1.5E-05 1

10E-05 1 Y

Rate constant, k (sec'1)

5.0E-06 -

0.0E+00

0 100 200 300 400 500
Initial concentration of p-NP (Co in ppm)

600

Fig. 7. Effect of initial concentrationQp) on the rate constant gi-NP
degradation for three frequency modes (pH 5.0°@p

sults. Thus, the degradation mechanisnp-®P appears to
shift from substrate controlled (at lower initipgfNP con-
centration) to free radical controlled (at higher initiaNP
concentration).

of air and nitrogen purging for 40 kHz frequency applica-
tion indicate that decomposition increases more with air sat-
urated solution than for nitrogen. This can be seen from
the rate constants obtained in the presence okairgo =
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In the presence of Nitrogen (pH 5.0, 40 kHz)
In the absence of air (pH 5.0, 40 kHz)

In[(p-NP)¢/(p-NP)q]

-0.10 4 In the absence of air (pH 7.0, 25 kHz)
In the absence of air (pH 5.0, 25 kHz)
-0.12 A and in presence of air (pH 7.0, 25 kHz)
In the presence of air (pH 5.0, 25 kHz)
-0.14 A
m Inthe presence of air (pH 5.0, 40 kHz)
-0.16 T T T T T
0 50 100 150 200 250 300

Ultrasonication time (min)

Fig. 8. Effect of gas atmosphere (air or nitrogen) on the first-order degradatipiNef using 25 and 40kHz (pH 5.0 and 7.0,°Z0) Cp ~ 10 ppm).

1.67 x 10~°s™1, whereas in the presence of nitrogen it is 0009

knitrogenao = 0.67 x 107°s~1. Thus, there is approximately 0.011
twofold increase in the rate constant in the presence of air. 002
The presence of dissolved oxygen in aqueous solution has % -0.03 1
been reported to play a very important role on the generation
of highly oxidative hydroxyl and hydroperoxy! free radicals

- E e
0.04 With tip area 1.54 cm?

In[(p-NP)/(p-NP)o]

-0.05 4 =
[12,21], and these radicals might enhance the decomposi- 2 ¢ | \;\\
tion of p-NP. On the contrary, dissolved nitrogen presentin £ ;| SO N ,
aqueous solution might scavenge the free radicals [12] and ., | N hipareaddoem
inhibit the free radical attack op-NP. Therefore, the free 0.0 ' . ‘ With tp area 4.91 cm’”
radical attack in both the gaseous and interfacial film regions 0 10 20 20 40
are strongly influenced by the dissolved gases present in the Ultrasonication time (min)

aqueous solution. The decompositionpaRP by pyrolysis

mechanism is supposed to be independent of the oxygen andfig. 9. First-order plot fop-NP degradation using different emitter area
nitrogen gases purged into the sonication reactor because th8 "o (PH 5.0,Co ~ 10ppm, 20C).

polytropic index C,/C,) of oxygen and nitrogen is almost

the same, i.e., 1.39 for oxygen and 1.40 for nitrogen [17]. the power intensity associated with ultrasound was changed
Therefore, the temperatures of gaseous and film regions argrom 4.31 to 5.27 W/crhand then to 7.93 W/cfn(by using
relatively constant despite the variation in the presence of emitting tip areas of 4.9, 3.46 and 1.54%5mespectively),
gases. Even though, the rate constant in the absence of air ishe percentage degradation and hence the rate constants also
the same as that of nitrog&hnoair40 = 0.67 x 107>s71), decreased. This may be due to the fact that for the same
but the percentage degradation for halP solution in the  energy input, if the area of the emitting surface is decreased,
absence of air is marginally higher than for nitrogen satu- it results in delivering of much higher intensity (W/€m
rated solution (degradation in the absence of air is 6.34%, This increase in intensity causes an increase in number of
whereas in the presence of nitrogen it is 5.41%). This also pubbles formed close to the emitting surface. Due to this
suggests that pyrolytic reaction has a much lower contribu- increase, the formed bubbles coalesce resulting in larger
tion to the overall degradation rate and the reaction is es-pubbles, which cannot violently cavitate anymore affecting
sentially controlled by the generation and availability of the the formation of free radicals and thereby resulting in lower

free radicals. energy efficiency [22]. Alternatively, with lower intensity
(higher dissipation area) the reaction rates are higher due
5.5. Effect of ultrasound energy dissipation area to a better distribution of the supplied energy. Also, with

an increase in intensity, there is a possibility of decoupling

In order to understand the effect of emitter area or the between the emitter surface and the solution, which affects
dissipation area on the degradation rate, the reaction washe net cavitational efficiency [23]. Again, bubble shroud
conducted using an ultrasonic horn (22.5 kHz, 240 W) with formation may occur at the surface of the emitter at higher

different area of emitter tips. The experimental results of intensities resulting in attenuation of sound pressure levels.
using different emitter area of horn (using 100 mlvolume) on  Simulations were again carried out for different intensi-
the first-order degradation pfNP are shown in Fig. 9. When ties of the horn (by using different emitter tips). Using the
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Fig. 10. Plot forp-NP degradation (%) vsR3 /1 for dual frequency processor and horn ().

modelling results of these two acoustic equipments (horn andout in an ultrasonic bath (Dakshin, 22.5kHz, 120 W) with
dual frequency processor), the observed degradation rateshe volume of 500 ml and dissipation area of 22%ci
with thefactorR,%/tC can be related and are plotted as shown has been found out from the first-order plot, the rate con-
in Fig. 10. stant of the reaction is.&7 x 107°s™1. The intensity of
From the plot it can be seen that the trends observed inbath (based on calorimetric measurements, 0.18 \R)/dsn
the case of horn is exactly opposite to that of dual frequency approximately 24 times less than that of horn (4.31 Wicm
processor. In the case of dual frequency processor, the degraand two times less than that of dual frequency processor
dation rates were found to increase with an increase in the(0.88 W/cn¥f). But, the observed degradation rates do not
intensity. Entezari and Kruus [24] reported that for KI de- vary directly with the variation in the intensity. The degra-
composition, which proceeds via a free radical mechanism, dation in bath is 13.67%, which is half of that obtained in
an increase in intensity results in an increase in the Kl de- the case of dual frequency acoustic processor (26.1%) oper-
composition rates up to an optimum value of intensity af- ating with 25+ 40 kHz. This variation could be due to the
ter which it decreases. But in the present case, the intensitydifference in the nature of the acoustic field present in these
could be more than the optimum, thus showing the contin- equipments. The change in frequency and intensity of ultra-
uous downward trend (in the case of horn). sonic waves changes the dynamics of the cavity. Though the
Also, as compared to a dual frequency acoustic processorchange in frequency and intensity is incorporated in the cav-
the intensity is very high for the horn, but there is no pro- ity dynamics, all the points for all the combinations do not
portionate increase in the rates of degradation. This couldlie on a straight line (Fig. 10). But, for a given equipment
be due to (1) operating the horn at higher intensities than the points indeed lie on a straight line.
optimum, and (2) due to the nature of the acoustic field gen- This suggests that the variation is due to the difference
erated which may be different from that of dual frequency in the acoustic field generated in these equipments and
acoustic processor. Standing waves are formed in an ultra-also possibly due to the variation in the cavity population.
sonic horn due to the reflection of the waves from the base Also, one point should be considered that the volume of the
as well as from the sides of the reactor decreasing the en-
ergy efficiency of the same. This problem is overcome in
the dual frequency acoustic processor in which the interfer-
ence pattern formed due to the two opposing waves disturb
the standing wave pattern resulting in the higher energy ef-
ficiencies [6].

Ultrasonic horn

Dual frequency
processor

M 25440 kHz

/

/

*
M 25 kHz ;\
40kHz

Ultrasonic bath

5.6. Effect of the acoustic field generated

% degradation
o = N W Hh OO N 0 ©

As can be seen from the studies of horn and dual fre-
guency acoustic processor, the degradation rates are not in-
creasing proportionately with intensity for horn as compared
to dual frequency acoustic processor. This could be due to
the difference in the nature of the acoustic field generated. rig. 11. Plot for power density with percentage degradation (for 30 min
In order to understand this in detail, studies were carried operation).

0 0.05 0.1 0.15 0.2 0.25
Power density (W/ml)
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g. 12. Effect of percentage degradation/power density for various ultrasonic equipments.

solution taken in all these equipments is not the same. Thus,to expand a population of bubbles in solution can be esti-
we can consider the power dissipated per unit volume of mated with the following equation:

the solution, i.e., power density.
P ty E = ($)REPN @)

5.7. Comparison based on power density where Ry, is the maximum radius of the bubble before it
collapsesP the magnitude of the hydrostatic and acoustic

In any ultrasonic transformation study, the power should Pressure, andll the number of bubbles in solution.
be optimised, even when the chemical evolution of the This equation again confirms that number of bubbles will
system seems simple. In general, the sonication should notncrease linearly with power density. Although, the number
be automatically turned to a maximum power. Because, Of chemical events per bubble is not known, it is reasonable
at sufficiently high power, there is no further increase in 0 expect a linear correlation of chemical reactivity with
the reaction rate as reported in the literature [3,25]. Thus, the amount of energy transferred into the solution. But this
optimisation with power, i.e., with power density as a pos- €quation fails to explain the observed effects in the case
sible parameter becomes crucial as this parameter directlyof horn. This may be due to the occurrence of decoupling
gives an idea about the amount of energy dissipated in abecause of high intensities of ultrasound associated with the
given volume of the solution. Fig. 11 plots the results of horn.
the experimental observations made with dual frequency FOr any equipment the energy efficiency can be defined
set-up, ultrasonic horn and a bath. Based on power density,aS the observed output divided by the power input or in
the observed degradation rates cannot be directly correlatedhe present case the amountpeNP degraded to the power
for all the systems though the general trend is an increasesupplied per unit volume (power density). Fig. 12 is a plot
in the yield with an increase in power density. From the Of percentage degradation/power density for various equip-
graph, it is clear that for the nearly same power density, the ments studied. From the plot, we could observe that percent-
degradation for dual frequency processor is approximately @Je degradation/power density value is maximum for the
twice than that obtained in bath. Also, when compared with dual frequency processor. As compared to 25 and 40 kHz
the horn, the power density of dual frequency processor is the efficiency for the 40kHz set-up is enhanced when op-
lower by six times, but the degradation is almost the same €rated along with the 25kHz wave. This suggests that the
in horn and dual frequency processor. Hence, even thoughefﬁuency of the reactor is enhanced when operated together
power supplied to the system is same, the extent of degradad{i-€- in a dual frequency mode).
tion varies. This fact also emerges clearly if one compares Also in the case of horn the efficiency decreases when
the results of horn with different dissipating areas. This is OPerated above a specific intensity. This suggests that there
therefore due to the difference in the nature of the acoustic XiSts an optimum intensity for which the degradation is
field and possibly due to the variation in intensity as well. maximum.
The dual frequency acoustic process@b + 40kHz) is
more energy efficient than the bath, as for the same power
density (W/ml) the degradation is approximately twice. 6. Conclusions

Also, for a given equipment power density is a good pa-
rameter to understand the effect of varying energy supplied The application of ultrasound for the control of oxidisable
to the system and to optimise the same. The energy requiredrace contaminants in water has the potential to become a
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competitive technology as compared to other methods of the model developed could not explain the observed ef-
oxidation. Although, the information presented here is the  fects due to the possibility of decoupling of the ultrasound
result of only a preliminary study we feel justified in drawing at higher intensities as reported in the literature [23].

the following conclusions: The major contribution of this paper is to link a rather

1. From the experiments, it has been established that to ge€OMPlete cavity dynamicss model with degradation rates of
higher degradation gf-NP, irrespective of the application  P"NP with a parameter;, /1 and show its usefulness in
of the frequency mode, it is better to operate at lower pH correlating cavitational yield. With such a model it has been
(at least at 5.0) with the passage of air and keeping the possible to obtain some trends concerning the effects of

temperature of the bulk solution as minimum as possible initial pollutant concentration, temperature and ultrasonic
(20-30°C). energy dissipation area which are in good agreement with

2. The effect of initial concentration of the pollutant indi- €XPerimental results.
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