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A model study of the sonochemical removal of nitric oxide (NO) in a bubble column reactor is presented. The detailed model
is developed to investigate the actual cavitation phenomena taking place during the absorption of NO. The expansion and
subsequent collapse of cavitation bubble according to the theory of cavity collapse—initially developed by Lord Rayleigh
and then improved on by coupling the energy balance equation of the bubble and the chemical reactions taking place inside
the cavity to calculate the composition of different species formed during the collapse—are modeled. The model takes into
consideration (1) cavitation bubble dynamics, (2) generation and transfer of oxidizing species from bubble collapse through
reaction kinetics, (3) transfer of NO from gas to liquid, and (4) chemical reactions of oxidizing species with dissolved NO.
The results of the simulations surprisingly indicate that the chemistry induced by ultrasonic cavitation cannot explain the
absorption of NO beyond about 30% of the inlet concentration if the mass transfer is assumed to be the same as that in the
bubble column without ultrasound. When experimental values of mass-transfer coefficients, calculated in the studies by
other researchers (which are in the range of about five times the physical mass-transfer coefficient in a bubble column), are
used, absorption up to 80% are calculated in the simulations consistent with experimental results obtained from the
sonochemical bubble column reactor. The present model provides a framework on which more robust and rigorous models
can be developed for the complex gas-liquid sonochemical systems and reactors. © 2011 American Institute of Chemical

Engineers AIChE J, 58: 2397-2411, 2012
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Introduction

NO, (NO and NO;) and SO,—mainly generated from
combustion of fossil fuel in power plants and automobiles—
have severe detrimental effects on plants, animals, and
humans. Numerous environmental and health effects such as
acid rain, formation of ground-level ozone, eutrophication,
respiratory, and heart diseases in humans are caused by NO,.
Although emissions of NO, and SO, can be controlled easily
by scrubbing, nitric oxide (NO) is not easily removed by
aqueous scrubbing due to its very low solubility in such sol-
utions. Ultrasound has been known to enhance the rate of
many chemical reactions. Not many studies in the field of
ultrasound have focused on gas absorption, especially simul-
taneous mass transfer with chemical reaction in the presence
of ultrasound. The few that have are mostly mass-transfer
studies."™ There has been no study in which the gas being
absorbed is the primary species that is being removed.

In our previous studies, we demonstrated the absorption of
NO (50-1040 ppm) into water and the mechanisms of the si-
multaneous oxidation to nitrite and nitrate induced by ultra-
sonic irradiation at a fixed frequency of 20 kHz using a
sonochemical bubble column reactor in the absence and
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presence of SO, (524930 ppm) at room-temperature (23 =+
2°C). We also evaluated the effects of ultrasound intensity,
presence of NaCl (as an additive), chemical oxidant, and
composition of flue gas on the overall NO, removal.”® The
percent fractional conversions of NO were found to range
from 60 to 85% while complete removal of SO, was
observed for all the studied inlet gas concentrations. In addi-
tion, the presence of low to moderate concentrations of SO,
in the inlet gas stream was found to enhance the percent
overall NO removal. Also, increasing the ultrasonic intensity
was observed to improve the percent overall NO removal.
The presence of low concentration of NaCl (0.01 M)
enhanced significantly the percent fractional removal of NO
with inlet gas concentration of 1040 ppm. The presence of
about 2520 ppm SO, in combination with 0.01 M NaCl fur-
ther enhanced NO removal. Combinative effect of sonication
and chemical oxidation using 0.005-0.05 M peroxomonosul-
fate (HSOs5) or oxone was also studied. It was demonstrated
that lower concentrations of HSO5 (0.005 M) enhanced NO
removal efficiency.

Sonochemical techniques use ultrasound to produce an
oxidative environment via acoustic cavitation due to the for-
mation and subsequent collapse of microbubbles from acous-
tical wave-induced compression/rarefaction. Ultrasound cre-
ates alternating compression and rarefaction pressure fields
in a liquid. This causes tiny gas bubbles trapped in the liquid
or in the crevices of surfaces to expand and then violently
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collapse. During the expansion phase, water evaporates into
the bubble and condenses during the collapse.” However, as
the collapse is extremely fast and almost adiabatic in nature,
most of the vapor trapped inside the bubble cannot escape
and is disintegrated due to the very high-temperature reached
inside the bubble (~3000-5000 K)® to form reactive species
such as hydroxyl (-OH), hydroperoxyl (-HO,) radicals or ox-
ygen (O) and hydrogen (H)”’ atoms and hydrogen peroxide
(H202).10 These species diffuse out of the bubble into a thin
interfacial layer where they either recombine or react with
compounds present in the liquid.

Majority of the studies for the application of sonochemis-
try are in the field of wastewater treatment. The mechanisms
related to the reaction enhancement by cavitation have been
elucidated in many studies done on the sonochemical degra-
dation of hazardous organic compounds found in waste-
water.” In general, three different mechanisms have been
proposed to explain the degradation of organic pollutants in
wastewater.””!' The first is the pyrolysis in the cavitation
bubble interior. Within the center of the bubble, harsh condi-
tions generated on bubble collapse cause bond breakage and/
or the dissociation of water and other vapors and gases, lead-
ing to the formation of free radicals or formation of excited
states. Solvent and/or volatile solutes suffer homolytic bond
breakage to produce reactive species. The second mechanism
is the hydroxylation of the species in the interfacial region
by the -OH radicals generated in the bubble. The H atom
does not penetrate very far outside the bubble'? and, there-
fore, the -OH radical is the more prominent species and it is
also one with the most oxidative potential of any species in
sonochemical systems. The third possible mechanism, pro-
posed by Hoffman and coworkers,'® is the formation of
super-critical water in a small shell around the bubble which
promotes the reactions. Other earlier studies have also con-
sidered the degradation of gases such as ozone, nitrous
oxide, acetylene, and hydrogen sulfide in aqueous solutions
and discussed their removal mechanisms and oxidation prod-
ucts."*"7 The primary mechanism for the decomposition of
gases by ultrasound appears to be pyrolysis in the cavitation
bubbles with hydroxylation in the interfacial sheath provid-
ing secondary pathways. However, in their study using acet-
ylene, Hart et al.'® found that the dominant mechanism shifts
between that of pyrolysis in the bubble core and that of
hydroxylation by -OH radicals at the interface. They con-
cluded that the lower concentration favors reaction pathways
in the interfacial zone. Kotronarou and Hoffmann'’ proposed
a model for the aqueous phase oxidation of H,S by ultra-
sound. A liquid-phase reaction mechanism involving -OH
radicals generated by cavitational collapse was used in their
model. By fitting their model results with experimental data,
they estimated the uniform release of -OH radicals into the
bulk solution to be of the order of 3.5 yM/min and a steady-
state concentration <0.1 uM.

In view of these studies, it is assumed that NO is oxidized
mainly through reaction in the bubble—liquid interface and in
the bulk solution with the -OH radicals (the main oxidant)
generated from the bubble interior. In this article, we report
the development of a mathematical model for such a system
to predict the amount of oxidant in the liquid phase and elu-
cidate the different mechanisms involved. The model relates
the bubble dynamics phenomena with the reaction in liquid
phase and the simultaneous transfer of mass from the gas to
the liquid phase to predict the rate of NO absorption in pres-
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ence of ultrasound. This comprehensive model takes into
consideration (1) cavitation bubble dynamics, (2) generation
and transport of oxidizing species from bubble collapse
through reaction kinetics, (3) transfer of NO from gas to lig-
uid, and (4) chemical reactions of oxidizing species with dis-
solved NO. We have used this sonochemistry model to
obtain the rate of formation and transfer of -OH radicals into
the liquid, and used the time average of this quantity over
one acoustic cycle to determine the average rate of supply of
-OH radical from one cavitation bubble. We have also found
the range of total number of bubbles using the average vol-
ume of a single bubble and the range of void fractions found
experimentally by Tsochatzidis et al.'® With these two quan-
tities, we have obtained the range of the total rate of supply
of -OH radical into the liquid phase due to ultrasonic cavita-
tion and incorporated this into our liquid-phase kinetic model
to predict NO removal.

Experimental Work

The experimental data for this study were collected earlier
using an experimental setup (Figure 1) described in details
elsewhere.” The sonochemical bubble column scrubbing
system consisted of a jacketed bubble column reactor, a digi-
tal sonifier, a flue gas blending system, and an analytical
train. The bubble column reactor operated in both semibatch
and continuous countercurrent flow. In the semibatch mode
of operation, the liquid phase was stationary while the gas
phase flowed continuously in the upward direction, whereas
in the continuous mode of run, both the liquid and gas
phases flowed continuously in countercurrent mode. The ul-
trasonic system consists of a Branson sonifier (model 450),
obtained from Branson with a frequency of 20 kHz and
power output of 400 W. The amplitude can be varied to
change the power input into the liquid. All the experiments
were carried out using a fixed frequency of 20 kHz at or
near room-temperature (23 £ 2°C), with the heat generated
from the acoustic excitation removed by the use of a water
jacket. The upward flow of the gases through the liquid pro-
duces bubbles and promotes the dispersion of the gas into
the liquid. At the same time, ultrasonic waves, which pro-
mote mixing, are emitted from the sonifier into the solution.

Cavitation model

It is well-known that cavitational activity is concentrated
closer to the transducer surface resulting in spatial variation
of the cavitational activity. It should also be noted that the
local ultrasonic activity and the active cavitational volume in
the reactor will also depend on the size and type of reactor,
agitation, the presence of solids (size and volume fraction)
or flow regimes used in the circulating type of reactor. How-
ever, from the current level of knowledge in the area of
sonochemical reactors, it is impossible to accurately predict
the active and passive zone in the reactor.'” The complexity
of available models such as that of Dihnke and Keil?® pro-
posed to calculate the three-dimensional pressure fields in a
liquid with inhomogeneous distribution of cavitation bubbles
limits their application or utility in this study. Therefore, in
describing our system, it has been assumed that the micro-
scale phenomena of ultrasonic cavitation takes place uni-
formly all over the reactor (i.e., the whole liquid phase) gen-
erating reactive free radicals, specifically the -OH radical,
the main species which react with the dissolved NO present
in the liquid to produce nitrate and nitrite. NO is supplied
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Figure 1. Schematic representation of the sonochemical reactor setup for NO removal.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

from the gas phase continuously and the concentration of dis-
solved NO is assumed to be uniform throughout the reactor.
This is to be expected since it can be assumed that the liquid
phase to be completely back-mixed, which is generally the
case in a bubble column, and the bubbles gradually dissolve
into the liquid by gas diffusion. In addition, the presence of
ultrasound causes greater mixing on top of that. A single bub-
ble sonoluminescence model (SBSL) has been used to
describe the cavitation events taking place in the reactor.
SBSL is the phenomenon in which a single oscillating
bubble is trapped at the pressure antinode of a standing
wave type acoustic generator. The bubble expands to a max-
imum radius and collapses violently under the influence of
the acoustic forcing and emits short pulses of light at a
clocklike regularity. It was discovered by Gaitan et al. in
1989.%! Ideally, the phenomenon taking place in a sono-
chemical reactor is multibubble sonochemistry. The overall
sonochemical oxidation or degradation of a pollutant is a
result of collective oscillations and collapse of millions of
cavitation bubbles, with strong interaction among them.
Although many treatments of multibubble sonochemistry
exist in the open literature, > they are not as developed as
SBSL, and may be computationally more intensive than the
single bubble analysis. On the other hand, many models
exist which predict SBSL processes within order-of-magni-
tude accuracy.”*2® Multibubble sonochemistry differs from
SBSL in that there is bubble—bubble interaction, which indu-
ces shape instability and fragmentation and results in lower-
temperatures reached than SBSL.2”?® In SBSL, where bub-
ble collapse is more spherical and extent of compression
greater, sufficient temperatures (even higher than multibub-
ble sonoluminescence, MBSL) are reached.”’ Therefore, the
same sonochemical reactions as in MBSL will occur.*
Although the single bubble analysis does not address entire
physics of the sonochemical system, it does provide a quali-
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tative physical insight into the problem as demonstrated by
others.>'™ In view of these attributes, we chose single bub-
ble model for our analysis. The objective of this project was
to apply the relatively simpler SBSL to the problem of gas
absorption with chemical reaction using ultrasound. The
model used in our work is described below.

Bubble Dynamics. The motion of the bubble wall is
described by the Keller equation,34 which is a modification
of the well-known Rayleigh—Plesset—Noltingk—Nappiras—Por-
itsky (RPNNP) equation and takes into account the liquid
compressibility

R\ - 3. R
1——|RR+=R*(1-——
( coc> +2 ( 3c30)

_ (1 +R) (Py — Py(t) = Poo) +

PL Coo

R_dpy
CooPL dt

(1)

where R denotes the time derivative (d/dt), c is the speed of
sound in the liquid, P is the time varying pressure field, P is
the hydrostatic pressure, and the pressure at the bubble wall,
P,, is given by

Pall) = Pi(1) % (20 + 44K) @

where g, u, and p; denotes the surface tension, viscosity, and
density of the liquid, respectively. P; is the pressure inside the
bubble given by van der Waal’s equation of state

RT i
V2
-7

where a and b are van der Waals constants, V is the volume of
the bubble, n, the total number of molecules in the bubble, R,

Pi(1) = 3
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is the gas constant, and 7 is the temperature inside the bubble.
When the liquid is irradiated with an acoustic wave of pressure
amplitude, P, and frequency, f, Py(?) is given by Eq. 4

Pg(t) = —Pasin (2nft) )

The RPNNP equation exists in other various forms in the
open literature.**>° We chose the Keller form of the
RPNNP equation for this study based on the work of Pros-
peretti and Lezzi, which tested this form against other equa-
tions of the family and found this form to be most accurate
for test cases considered.**

Mass Transport. The current models for SBSL include
the diffusion of gas and water vapor into the bubble. In sin-
gle bubble sonoluminescence with air as the saturating gas,
the ‘““argon rectification hypothesis" states that the non-noble
gases in an air bubble undergo chemical reactions into solu-
ble products, leaving only argon with soluble species -OH,
H,O,, or NH;. The rates at which the soluble species are
expelled from the bubble are assumed to be proportional to
the rate at which they strike the bubble interface. A diffusive
equilibrium is finally reached when the amount of gas diffus-
ing into the bubble in one acoustic cycle has the polyatomic
species (e.g., N,) lost to chemical reactions by completely
reacting with water vapor in the subsequent collapse to solu-
ble species such as NO, and HNO which are taken up by
the water outside the bubble, causing the bubble to attain a
stable size that does not grow or shrink over the course of
time and whose entire content is inert gas (i.e., nearly pure
argon, the main inert component in air).30 Thus, a sonolumi-
nescing air bubble rectifies argon, the only substance inside
the bubble that does not dissociate, which is contained in air
with a concentration of 1%. The theory provides quantitative
explanations for many aspects of SBSL. However, this phe-
nomenon becomes significant only over long period of time.
In our case, we assume that transient cavitation, in which the
bubble oscillates over one or few acoustic cycles before
breaking up into smaller bubble, is the dominating process, as
is the case at high amplitude ultrasound. Hence, in our mass-
transfer model, we neglect rectified diffusion (i.e., the diffu-
sion or net inflow of gases across the bubble wall) as the time
scale for the diffusion gases (which is of the order of few
milliseconds) is much higher than the time scale for the radial
motion of bubble (which is of the order of microseconds).*
As an example, for the time scale of diffusion of gas (=~R}/D)
where D is the diffusion coefficient, and representative values
such as Ry ~ 10 yum and D =~ 107 mz/s, the value is 0.1 s
which is far higher than the time scale of the bubble dynam-
ics (or ultrasound wave): 50 us for 20 kHz wave. !

On the other hand, the transport of water vapor across the
bubble boundary is very important, as it is the main reactant
for the production of free radicals and the prime limiter of
the temperature reached in the bubble. Two mechanisms
have been discussed in literature on water vapor transport
into the bubble—the nonequilibrium phase change at the
wall and the diffusion to and from the interior of the bubble.
Nonequilibrium phase change occurs when the vapor and
condensed phase are not in equilibrium. Yasui assumed that
the transport of mass through the boundary layer was con-
densation limited rather than diffusion limited (mass transfer
was not explicitly modeled, and, thus, assumed instantane-
ous).***? Yasui et al.** also carried out simulations using
different models, including the diffusion-limited model and
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the phase change limited model and compared them with ex-
perimental data from Didenko and Suslick.** They found
that there is little difference between the diffusion-limited
model and the phase change model. We have used the latter
as the mechanism controlling the water vapor transport.

Water vapor constantly changes phase at the bubble wall
due to the intense volume oscillations of the bubble. The
process is driven by the nonequilibrium between the partial
pressure of water vapor inside the bubble and the saturation
pressure at the interface. The phase changes across a liquid-
gas interface are usually observed to take place in pressure,
temperature, and mass concentration fields with steep gra-
dients. This requires treatment from the standpoint of kinetic
theory, due to molecular nonequilibrium effects in such sys-
tems. Evaporation and condensation take place at a finite
rate. If this rate is not high enough to keep up with the
reducing rate of the volume of the cavity, the vapor in the
cavity will behave like a noncondensable gas. This is the so-
called nonequilibrium effect. It should also be noted that
heat transfer to an interface undergoing a phase change is
used not only to change phase but also to impart kinetic
energy of the fluid. The net rate of evaporation (#1) is calcu-
lated from the kinetic theory of gases (Eq. 5) and the flux of
water vapor due to the nonequilibrium phase change is given
by the Hertz—Knudsen—Langmuir formula (Eq. 6).°>4

m= meva - rhcon (5)

Moy = : (p (TL)> (6)
. o I'py

i = 7z () v
where o is the mass accommodation coefficient for evaporation
or condensation. It is a rate parameter corresponding to the mass
transfer at the interface and indicates the portion of vapor
molecules striking the liquid surface (i.e., phase interface) that
is absorbed (literature*® suggests a value between 0.17 and 0.32
so we used a value on the lower end, i.e., 0.17 assuming it is
constant); p* is the saturated or equilibrium vapor pressure and
Dy 1s the partial pressure of water in the bubble; R, is the gas
constant of water vapor; and 7 and 77 are the temperature of the
vapor and liquid at the phase interface, respectively. The
correction factor (I'), is given by Eq. 8

Q
IF=exp— (@) -Qyr|1- %/exp(—f)dx (8)
0

where Q is

W (R,T\?
Q:;(T) ©

Using this, the variation of water molecules in the bubble
due to the nonequilibrium phase change is calculated as**'

dnw) L10°N,
— | =4nR"—m (10)
( dt d MH20

where n,, is the number of molecules of water in the bubble,
My,0 is the molar mass of water, and N, is the Avogadro’s
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constant. Therefore, the total rate of change of water vapor
(molecules per second) in the bubble is given by the following
expression

d 10°N
T _ gng2 — A

3 4 3 .
" Wi ri+ 3R Zj:aHzo,j;j (1)

The second term represents the consumption by chemical
reaction where op,0; is the stoichiometric coefficient of
water in jth reaction and r; is the rate expression of jth reac-
tion. The kinetic term will be explained in a later section.

Energy Balance. The temperature in the bubble is influ-
enced by a number of processes. The heating of the gas due
to compression, the energy carried by water molecules when
they evaporate or condense at the wall, the conduction of
heat to and from the bubble and the chemical reactions all
play important roles at different phases of the bubble oscilla-
tion to change the temperature of the bubble. The application
of the first law of thermodynamics for an open system yields

dU dQ dw

dn,,
— = - h rm,w 12
y dt+dt+( + efo )(dt>d (12)

Here, dU/dt is the change in internal energy, dQ/dt is the
heat transfer across the bubble wall, dW/dt is the work done
on the bubble, the last term on the right is the energy carried
by water vapor transporting across the bubble wall, &, is the
molecular enthalpy of water vapor at the cold bubble wall,
and egorm,w 1S the enthalpy of formation of water vapor. The
total internal energy (U) is a function of the temperature
(which results from acoustic energy supply) and volume of
the bubble, and the number of various species in it. We have
considered water molecules as the dominant species.

The total energy of the bubble is given by

U=>" (eni+ eromi)ni (13)

where ey, ; denotes the thermal energy and ego,  denotes the
enthalpy of formation of species i. Differentiating this with
respect to time we get

du dr (%th, dn;
dt dt n; + Z (ethz + etormz) dt (14)
Combining Eq. 12 with Eq. 14 and taking
%: (dst“’) +‘£l”t’ we have
dr Gem i Cl'Q dw dnw
= Ly == 4+t (hy w
a2 ot " T T T g

dn;
+Z_j efm,,-(d;)(_ (15)

The term ), €f0rm1<‘;lf.)‘ is the heat of reaction which is
replaced by an equivalent expression V Y, (%) AH! where
AHf is the heat of formation of species i.

Yasui46 constructed a thermal conduction model consider-
ing thermal boundary layers in both gas and liquid and a
temperature jump at the interface between gas and liquid
phases. They have assumed the temperature gradient to re-
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side in a thin layer at the wall and the temperature in the
bubble to be otherwise uniform. The thickness of this bound-
ary layer is assumed to be nd where A is the mean free path
of a gas molecule and # is a constant found to be 7 by fitting
experimental data.*® It is assumed that the temperature in the
boundary layer changes linearly. Therefore, the temperature
gradient is given by

or Tg —T
——p — 7 16
or |17R ni ( )
Ty is the gas temperature at the bubble wall and T is the
temperature inside the bubble. The mean free path is
calculated by Eq. 17

\%
A 17
\/Ea’n[ a7

where ¢’ [0.4 x 107"® (m?) is assumed] is the collision cross
section of a molecule in the bubble and 7, is the total number
of molecules. The temperature jump (AT) at the interface
between gas and liquid follows from the kinetic theory of

gase526’35

Tg = T + AT (18)

where T7 is the liquid temperature. In general, temperature
jump is a property associated with the discontinuity which
exists in the temperature distribution of nonuniform gases near
a surface or phase boundaries.”'~>* Temperature jump occurs
over a distance equal to about one mean free path of the gas
(4). The expression for the temperature jump (AT) is

1 m 2—a/oceK8T

AT = — —
2kn’ \ 2kTg o, or

19

r=R

Thermal conduction models with temperature jump at the
bubble wall and absence of temperature gradient in the lig-
uid phase have been used by other investigators and tested
well against experimental data.*®>*? The rate of heat trans-
fer through the wall is given by Eq. 20

o =4 RzKaT

dt ar|, 0

where K is the thermal conductivity of the gas. The thermal
conductivity depends on temperature and density of the gas
and vapor, the dependence is assumed to be linear (i.e., k(1) =
B + oT). For argon, # = 0.009 W/mK and o = 3.2 x 107> W/
mK?, which give a reasonable representation over the range
2502000 K.”>** The work done on the bubble is

aw v dR
—— =Py = —4nR*P,— 21
dt Sdr & dt @D

Using Egs. 15, 20, and 21, the differential equation for
temperature in the bubble interior becomes

T dR
n = sarek L + — 4nR* Py —
or|,_p & dr

dny, dn;
+ (hw - elh,w) F + Z (E) AHIf (22)

dl <~ e,
oT
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Table 1. Chemically Reactive Speciesi =1, ..., 7
Considered in Our Model

i Species fi 0, 9, 0,3
1 H, 5 6325

2 O, 5 2273

3 OH 5 5370

4 H,O 6 2295 5255 5400
5 NO 5 2710

6 NO, 6 1878 1064 2272
7 N, 5 3350

8 Ar 3

In addition, argon (i = 8) is allowed for. Given are the number f; of the

translational + rotational degrees of freedom and the characteristic vibra-
tional temperatures ©®; ;. The molecular enthalpy follows from the number of
degrees of freedom as hy = [%} kTy. The parameter data have been taken
from Ref. 54.

The value of ey,; is given by the expression54

_ fl k®;,1
e = 2kT+Z<@,,,) (23)
I expl—) — 1
and f; and ©;;, [ =1,....,/nx, denotes the number of

translational and rotational degrees of freedom and the
characteristic vibrational temperatures of species i, the values
are summarized in Table 1.

Chemical Kinetics. There are two general approaches
available to calculate the composition of the bubble. One is
a thermodynamic approach®' %37 and other is the kinetic
approach.”****" In the former approach, the bubble is
assumed to be in thermodynamic equilibrium at the end of a
collapse and the composition is found by carrying out a
Gibbs’ energy minimization. On the other hand, in the sec-
ond approach, rates of chemical reactions are used to calcu-
late the composition of the bubble with time. Chemical reac-
tions are the source of the free radicals and a significant pro-
cess that consumes the energy of the bubble.*”%°' Use of
chemical reaction yields the composition of the bubble at
each time interval so the development of the composition
profiles with time can be followed. Using this approach also
allows us to incorporate the heats of reaction, as previously
shown. Also, the thermodynamic approach inherently
assumes that the kinetic time scales are much larger than the
dynamic time scale. For these reasons, a kinetic approach is
taken to calculate the composition of the bubble. A total of
49 reactions involving 19 species have been taken into
account.®® Each of these elementary reactions has a forward
and backward rate per unit volume, r¢;r;, Which is
described by means of modified Arrhenius laws

re; = A TB exp (’;f*f ) LN 24)
Foj = An TP exp(— 1) TN 25
by — by exXp T iV ( )

where A;, B;, and C; are rate constants corresponding to jth
reaction. The reactions inside an air bubble resulting in the
generation of OH radicals and values of these parameters are
listed in Table 2. For a bubble containing water vapor and air,
chemical reactions taken into account involve N,, O,, H,O,
OH, H, O, HO,, H,0,, O3, N, HNO,, HNO, HNO3, NO, NO,,
and N,O. In general “M” is the third body which plays an
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important role in the reactions supplying the energy required
for dissociation or absorbing the energy released by recombi-
nation and is often denoted as the total mass of the gases and
vapor inside the bubble.®>* Here, as indicated in Table 2, it is
the sum of the concentrations of all the species. The overall
rate is given by the difference of forward and backward rate

I‘j:I’fJ'—I’bJ' (26)

and the chemical rate of change of species i by the sum over all
elementary reaction rates with their proper stoichiometric
weight o; ;

dn;
(E) = V x z]: %7 27

where V is the bubble volume.

Extrapolation of SBSL model to a sonochemical reactor

The great advantage of using SBSL in this study is that,
in contrast to MBSL, the mechanics of SBSL is well under-
stood and characterized. As noted by Brenner et al., it thus
seems possible that one will be able to use SBSL to care-
fully study chemical reactions under exotic conditions of
high-temperatures and extreme densities.*> The above model
for a single bubble furnishes information about the amount
of -OH radicals generated at the collapse and the change of
bubble volume over one acoustic cycle. Using these two
quantities, we can determine the range of the number of cav-
itation bubbles in a sonochemical reactor and subsequently
the rate of generation of the -OH radical. The mass transfer
of NO from gas bubbles entering the reactor together with
the reaction scheme in the liquid phase (Table 3) is then
used to predict the rate of removal of NO.

Yasui et al.** have suggested an expression to calculate
the rate of dissolution of the different species in the liquid
using uptake coefficient (®)

kTB}’ll' 2
i = O 2 anR 2
rai = O[5y X 4 (28)

where m; is the molecular mass of the species. The time-
averaged rate of dissolution of -OH radicals over one acoustic
cycle from a single bubble is

f(;cyde 'd,0H (R()7 l)dl

(raon(Ro)), =
[cycle

(29)

where (), represents averaged quantity over 7. The average
volume of a bubble over one acoustic cycle is

fé“"“'e V(Ro, t)dt

tcycle

(V(Ro)), = (30)

Some recent studies have characterized velocity and bubble
population (size, concentration, or number distribution) of ul-
trasonic cavitation bubble in sonochemical reactors.'®¢-68
Tsochatzidis et al."® have determined the number and velocity
distribution of cavitating bubbles in a sonochemical reactor
using a sophisticated technique. The reactor geometries and
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Table 2. The Important Chemical Reactions Inside an Air Bubble

Chemical Reaction Af B¢ Cy Ay By Cy
H,O0+M — OH+H+M 1.96E+16 —1.62 59,700 2.25E+10 -2 0
0, +M—=0+0+M 1.58E+11 —0.5 59,472 6.17E+03 —0.5 0
H+0, — 0+ OH 1.92E+08 0 8270 7.18E+05 0.36 —342
H,O + O — OH + OH 2.21E+03 14 8368 2.10E+02 1.4 200
O+H, - OH+H 5.08E—02 2.67 3166 2.64E—02 2.65 2245
OH4+M—-O+H+M 4.66E+11 —0.65 51,200 4.72E406 -1 0
H,O + OH — H,0, + H 1.41E+05 0.66 12,320 4.82E407 0 4000
HO, + OH — H,0, + O 4.62E—03 2.75 9277 9.55E+00 2 2000
O+0,+M—03;+M 4.10E4-00 0 —1057 2.48E+08 0 11,430
OH+ 0, — O3 +H 4.40E+01 1.44 38,600 2.30E+05 0.75 0
H+ O3 — O+ HO, 9.00E+06 0.5 2010 - - -
0, + OH — O + HO, 3.10E+06 0.26 26,083 1.81E+07 0 —200
H,O0, + M — OH + OH + M 1.20E+11 0 22,900 9.00E—01 0.9 —3050
N, + 0, — O +N,0 6.30E+07 0 55,200 1.00E+08 0 14,100
N,O+H — OH + N, 7.60E+07 0 7600 2.50E+06 0 39,000
NO, +M —- O+NO+M 1.10E+10 0 33,000 1.10E+03 0 —940
0, +N — O+ NO 6.40E+03 1 3150 1.50E+03 1 19,500
NO, + H — OH + NO 3.50E+08 0 740 2.00E+05 0.5 15,500
NO + HO; — OH + NO, 3.00E+06 0.5 1200 1.00E+05 0.5 6000
HNO, + O — OH + NO, 6.00E+05 0 2000 - - -
HNO + O — OH + NO 4.90E+405 0.5 1000 - - -
HNO; + O — OH + NO;s 6.00E+05 0 4000 - - -
NO; + H — OH + NO, 3.50E+08 0 750 - - -
O+N+M—NO+M 6.40E+04 —0.5 0 4.00E+14 -1.5 75,500
O+N; - NO+N 7.60E+07 0 38,000 1.60E+07 0 0
O + HNO, — HNO + O, 3.00E+06 0 8000 - - -
O + N,O — HNO + O, 1.00E+08 0 14,100 1.30E+06 0 32,100
O +NO, — NO + 0O, 1.00E+07 0 300 1.70E+06 0 23,400
O+NO, +M — NO; + M 1.10E+07 0 0 2.50E+03 - -
O + HNO3 — O, + HNO, 6.00E+06 0 8000 - - -
OH+N — NO+H 4.50E+4-07 0 0 1.70E+08 0 24,500
OH+NO+ M — HNO, + M 8.00E+03 0 1000 5.10E+11 -1 25,000
OH + HNO, — H,0 + NO, 1.50E+06 0 28 8.40E+05 0 21,136
OH + NO; + M — HNO; + M 5.00E+05 0 0 1.60E+09 0 15,400
OH + H, — H + H,0 2.18E+02 1.51 1726 1.02E+03 1.51 9370
OH + HNO — NO + H,0 3.60E+07 0 0 2.40E+00 0 0
OH + OH — HO, + H 1.08E+05 0.61 18,230 1.69E+08 0 440
H,0, +H — H, + HO, 4.82E407 0 4000 1.41E+05 0.66 12,320
H,0, + OH — H,0 + HO, 1.00E+07 0 900 2.80E+07 0 16,500
O3 +H— HO, +0 9.00E+06 0.5 2010 - - -
O; +H— OH + O, 2.30E+05 0.75 0 4.40E+10 1.44 38,600
HNO+M — NO+H+M 3.00E+10 0 24,500 5.40E+03 0 -300
H+ O, +M — HO, + M 2.00E+03 0 —500 2.46E+09 0 24,300
HNO; + H — H, + NO, 4.90E+05 0.5 1500 2.40E+07 0 14,500
N, +M—->N+N+M 3.70E+15 -1.6 113,200 3.00E+02 0 —500
NO + NO3; — NO, + NO, 4.10E408 0 481 3.90E+05 0 12,000
H,+M—-H+H+M 4.58E+13 —1.4 52,500 2.45E+08 —1.78 480
H, + O, — HO, + H 2.19E+07 0.28 28,390 6.63E+07 0 1070

M is the third body and is given by the sum of the concentrations of all the species. The rate of each reaction is calculated by the formula similar to Eqs. 24
and 25. Subscript “f” denotes the forward reaction and “b™ denotes backward reaction. A (frequency factor) is in “m?®/mol s for a two-body reaction, “m®/
mol® s” for a three-body reaction and Cy (activation temperature) is in Kelvin. The reactions and parameters are collected from Refs. 24 and 60.

Table 3. Possible Reactions Occurring in the Aqueous Phase

No. Reaction Second-Order Rate Constant (L/(mol s) Ref.
1 NO + OH — H* + NO; 2 x 101 64
2 OH + OH — H,;0, 5.5 x 10° 64
3 OH + H,0, — 05 + H,0 2.4 x 107 64
4 05 +OH — OH™ + 0O, 7 % 10° 64
5 OH+OH — O~ +H,0 1.3 x 10'° 64
6 NO; + OH — NO, + OH™ 1 x 10'0 64
7 NO, + OH — HNOj3 1 x 10" 64
8 O; +NO — ONOO™ 43+0.5 % 10° 65
9 O~ +H,0 — OH +OH 1.7 x 10° 64
10 O~ +OH — HO; <2 % 10'0 64
11 H,0, < H' + HO, pK = 11.65 17
12 HNO, < H* +NOy pK =3.15 17
13 HO, « HY + 05 pK = 4.46 17
14 HNO3 «» HT + NO3y pK=-13
AIChE Journal August 2012 Vol. 58, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2403
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the type of ultrasonic generator used by them (a 20-kHz
immersion horn) are very similar to the system we used. Their
experimental data on bubble size distribution are, therefore,
used for the determination of the number of bubbles and the
rate of generation of -OH radicals. It was observed that the
bubble size distribution they found follows the shape of a log-
normal distribution. The following expression corresponding
to a log-normal distribution

_ (in(Rg)=n)?
202

N(Ro;n,0) (3D

1

Roo/21°
has been fitted to their data and the coefficients n (mean)
and o (standard deviation) have been found to be 0.8 and
0.04, respectively. Figure 2 shows the experimental data and
the corresponding log-normal distribution. Using this
functional form of bubble size distribution, we can find a
single average bubble volume ({(V), g ) and a single rate of
dissolution of -OH radicals ({rqon).r,) according to the
following expressions

‘R (high
(raon) fRoO(loliere)r N(Ro)(raon),dRo >
dOH IR v
T S NRodR,

Ro(higher)

o o(towery N(R0)(V),dRo .

< >fA,Ro - Ro(hlgher)N JR (33)
fR(] lower) ) 0

The number of bubbles has been estimated from the
void fractions calculated in Tsochatzidis et al.'® The range
of void fractions calculated is between 107> and 10~*
We use these two values to calculate the upper and lower
limits of the total number of bubbles according to the
following

(V(RO) )t

where € is the void fraction and N is the number of bubbles per
unit volume. Once this is calculated, the average rate of
generation of -OH radicals in the reactor can be given by the
expression

N= (34)
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Son = (raon(Ro)) N (35)

Transfer of NO from flowing gas phase

The transport of NO from gas to liquid phase has been
treated according to the film theory of gas-liquid absorption.
As NO is very sparingly soluble in water, the mass transfer
is assumed to be entirely controlled by the liquid film. The
mass-transfer coefficient is calculated from correlations in
literature applicable to bubble columns. From mass-transfer
correlations available in the literature®-"" for small bubbles
(<2.5 mm)

)%

where k; is the mass-transfer coefficient, p. and p. are
viscosity and density of the condensed phase (here water), Ap
is the density difference between the phases, and g is the
gravitational acceleration. N, is the Schmidt number which is
given by

Apu.g

ki (Ns. )} = 0.31
L( S) ( pg

(36)

He

Ny = e
: pcDL

(37

A more accurate correlation (by Calderbank and Moo-
Young®) is

Ny =2+ 031N}, (38)
Ngy, is the Sherwood number and is given by
krdg
Ng; = 39
=Dy (39

where d, is the bubble diameter. N, is the Rayleigh number
(mass) and is given by

NRa = NG)'NSL' (40)
where Ng, is the Grasshof number (mass)
Apd3
N, = Pe82F% @1
He
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The interfacial area has been obtained from Adewuyi and
Owusu’' who have worked on the same NO removal system
using the same configuration of a bubble column reactor.

Solution method

Equations 1, 11, and 22 coupled with the system of differ-
ential equations for reaction kinetics corresponding to Eq. 27
constitute the model for a single bubble sonochemistry. They
are solved in the following way. The first three equations are
solved with Runge—Kutta fourth-order adaptive step-size
solver and at each time step the kinetic equations are solved
using Runge—Kutta second-order solver to get the composi-
tion of the bubble which are then fed into the first set of
equations. The software used for the numerical simulations
is Matlab.

Results and Discussion

The bubble dynamics equations have been used to gener-
ate information such as bubble volume vs. time and number
of reactive radicals vs. time. These data and the estimated
number of bubbles allow us to calculate the rate of genera-
tion of -OH radicals per unit time per unit volume. The illus-
trative results from the cavitation model simulations are
shown in Figure 3. The conditions used for these simulations
are taken from Didenko and Suslick** to be able to validate
our results against theirs. For the validation, we have com-
pared our results against those found experimentally by the
same researchers** and those from a more detailed model by
Yasui et al.>* with conditions: f = 52 kHz, P, = 1.52 bar,
Tomp = 276 K, P, = 1 atm, and Ry = 4 pum. The yields of
photons or the number of molecules (-OH and NO;) per
acoustic cycle per pressure are given in Table 4.

Reasonable agreement is obtained between the experimen-
tal -OH radical generation value and our model prediction.
The values of other important species are also close to the
model predictions by the diffusion-limited model and the
model by Yasui et al.>* On the other hand, there is a large
difference between the HNO, values obtained by our model
and experiment and other models. This could be accounted
for by the fact that we neglected the diffusion of dissolved
air into the bubble due to the reasons discussed earlier.
These simulations were done with a constant initial composi-
tion of the bubble of 95% Ar, and equal proportions of N,
and O, for the balance. Some variations of our model results
from other models and experimental results are expected due
to various other simplifications in our model to decrease
computation time and due to the large uncertainty of the
physical and kinetic parameters used. However, it should be
noted that this does not influence the significance of our
results which are qualitative in nature as will be evident
later. In addition, the calculated -OH radicals are a conserva-
tive one instead of an optimistic one. Also, for the next sim-
ulations, we will be using the assumption of an air bubble
with constant initial composition instead of an SBSL bubble
which contains mainly Ar.

The most important parameters of interest for our simula-
tions are the initial bubble radius and the acoustic pressure
amplitude; the frequency is assumed to be the same as the
driving frequency of 20 kHz. Determination of the bubble
radius is not as straight forward as in the single bubble case,
as there is a large number and different sizes of cavitation
bubbles present. We use the data from Tsochatzidis et al.,18
who have used reactor geometries and ultrasonic generator
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(a 20-kHz immersion horn) very similar to our system.
Among other things, they have shown that the mean bubble
diameter is not very much dependent on the ultrasonic power
input, therefore, a mean size of 5 um is taken following their
data as the initial bubble radius for our simulations.

As has already been pointed out, because of attenuation
by the bubbles themselves, the ultrasonic pressure amplitude
decreases through the reactor and the actual pressure felt by
a bubble is different depending on the location of the reac-
tor. The pressure amplitude generated at the horn tip is given
by the expression

Pa = \/2p] (42)

where v is the velocity of sound in water and / is the intensity
at the horn tip. For a power input of 70 W, the pressure at the
horn tip becomes about 12.4 atm. This is a very high forcing
and there is vigorous cavitation activity near the horn tip,
eventually the tip gets pitted due to the cavitation there.
However, because of the extreme cavitational activity near the
horn, the attenuation is also high. Cavitation activity is not
very prominent at the bottom of the reactor, that is, far from
the horn. McNamara et al.”? experimentally measured the
temperatures for MBSL and found the maximum temperature
to be in the order of 5000 K. Also, Yasui et al.”® discussed the
optimum temperature for the production of oxidants from a
modeling perspective and found that it is about 5500 K for
nitrogen containing bubbles. The corresponding acoustic
amplitude found by Yasui et al.”® was 2.2 atm at 140 kHz.
In our simulations, this temperature was reached for an
amplitude of 2 atm for an air bubble. In another article,
Yasui®® scanned the Ry — P, parameter space of MBSL for
stability. It is shown that for a frequency of 20 kHz and initial
radius of 5 um, unstable sonoluminescing bubbles (fragmen-
tary transient cavitation) occur, which is our assumption for
the dominant cavitational phenomena occurring in the reactor,
for pressure amplitude of 2 bar. Therefore, acoustic amplitude
of 2 bar is assumed for our subsequent simulations.

From the results of the simulation, the average volume of
a cavitation bubble, (V(Rp)), = 3.51 x 10"?m* and rate of
dissolution of -OH radicals, (rqon(Ro)), = 8.33 x 10'°
molecules/s. Therefore, the range of number of bubbles:
N =2.85 x 107 to 1.42 x 10° bubbles/m® and the corre-
sponding rate of generation of -OH radicals: Soug = 8.14x
107% t0 4.07 x 1077 mol/(L s).

The balance equations for the different species in the bub-
ble column are’

dC%O : Vi 1
dt - ‘Tg (CI%IO(in) - Cio) - ngLa (Clgqoyi — CNO) 43)

dC
20— ta(Cho, — Cho) —ron (44)
— Son — 45
7~ Som —ron (45)

where in general C}, denotes concentration of species x in
phase g and i implies interfacial; and similar equations for
other species in Table 3.

Simulations for NO absorption
We are simulating a semibatch system for the absorption
of NO. The gas phase is flowing continuously and the liquid

DOI 10.1002/aic 2405
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Figure 3. Cavitation model simulation results.
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Simulation conditions: f = 52 kHz, P, = 1.52 bar, T, = 276 K, P;, = 1 atm, and Ry, = 4 um. (a) Radius vs. time (five acoustic cycles),
(b) temperature vs. time (five acoustic cycles), (c) pressure vs. time (five acoustic cycles), (d) no. of molecules vs. time (five acoustic cycles),
(e) radius vs. time (one acoustic cycle), (f) temperature vs. time (one acoustic cycle), (g) pressure vs. time (one acoustic cycle), and (h) no.
of molecules vs. time (one acoustic cycle). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phase is constant, with the ultrasonic probe dipped into it.
The following are the global variables that are used for the
simulations corresponding to the experiments. They remain
constant for all the simulations.

Gas flow rate Q¢ = 0.1 slpm = 1.667 cm?/s. Liquid vol-
ume V! =2ZD’h =7 x 10% x 16 = 1256.64 cm®. Gas holdup

2406 DOI 10.1002/aic
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Ve = %Dzh =7Ix 10% x 1 = 78.54 cm® (assuming a height
increment of 1 cm). Henrzy’s law constant for NO Hyo =
5.1546 x 10°atm/(mol/cm”)

The initial simulation of NO absorption was done using a
generation of -OH radicals equal to lower limit of the range
8.14 x 10~"mol/Ls and the calculated value of volumetric

August 2012 Vol. 58, No. 8 AIChE Journal



Table 4. Comparison

of the Results Obtained Using Our Model with Those of Experiment and Other More Detailed Model

Experiment** Yasui et al.**

Present Model

Diffusion Limited** 95% Ar, 2.5% N», and 2.5% O,

Tonax (K) - 10,900

Photon 7.5 x 10* 8.0 x 10*
OH 8.2 x 10° 6.6 x 10°
0 - 1.3 x 107
H,0, 6.3 x 10°
(0N - 3.4 x 10*
HNO, (NO3) 9.9 x 10° 2.3 x 10°
HNO; - 8.4 x 10°

9400 10,200
49 x 10* -
9.2 x 10° 1.1841 x 10°
1.1 x 107 1.9562 x 107
9.2 x 10° 2.6197 x 10°
4.0 x 10* 3.1830 x 10*
2.0 x 10° 6.3503 x 10"
- 2.1077 x 10*

Data are given as yields of photons or number of molecules per acoustic cycle.

or global mass-transfer coefficient kpa = 1.57 x 102s

Using these data, the results of the simulation which also take
into consideration size distribution of bubble in the presence
of ultrasound discussed earlier, are shown in Figure 4.

Figure 4a shows that the conversion of NO reaches
~20% and then starts to decrease and eventually reaches
very low value. Comparing this with the -OH radical concen-
tration we can see that it reaches about 2 x 10~7 mmol/L
and then decreases to negligible proportions. This means that
there are not enough -OH radicals available for reaction with
NO. The reason for this is that at this rate of generation, the
other competing reactions for -OH radicals (chiefly Reactions 2
and 3 in Table 3) become important and consume -OH at a
rate higher than it is supplied. It is evident from the H,O, pro-
file that both Reactions 2 and 3 eventually proceed at the same
rate because the concentration of H,O, reaches a steady-state
after some time. These reactions consume three molecules of
-OH for each molecule of O,-~ produced. It must be remem-

-1

bered that this rate of H,O, generation does not include the
H,0, generated in the cavitation bubbles and dissolved into the
liquid. That term would actually make the H,O, concentration
increase with time but it has been disregarded for simplicity.
Hence, at this level of generation of -OH radicals, it becomes
the controlling factor for the absorption for NO.

Figure 5 shows the effect of increasing the rate of -OH
radical generation to the higher limit calculated (i.e.,
Son = 4.07 x 10~ "mol/(Ls)) keeping kia the same. We can
observe immediately the effect of increase in -OH radical
generation. The fractional conversion of NO has increased
and reached a steady-state, which indicates that it is con-
sumed at the rate it enters the liquid phase. This means that
there are enough -OH radicals available to effect the oxida-
tion of NO and keep the driving force for its absorption.
Although the recombination reaction and other competing
reactions play a role in keeping the level of -OH radical con-
centration down, however, they are not as significant as they

x 10°
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Figure 4. NO absorption simulation 1.
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(a) NO fractional conversion vs. time, (b) NO3 concentration vs. time, (c) -:OH concentration vs. time, and (d) H,O, concentration
vs. time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(a) NO fractional conversion vs. time, (b) NO3 concentration vs. time, (¢) -‘OH concentration vs. time, and (d) H,O, concentration
vs. time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

were in the previous case. The steady-state concentration is
about an order-of-magnitude higher than the previous case.
At this level, the mass transfer becomes the controlling
mechanism.

The data from NO absorption experiment are presented in
Figure 6. The steady-state fractional conversion is about
78%. The initial jump in fractional conversion is due to the
initial mixing of the incoming gas (containing NO) with that
over the liquid surface. To match the model prediction with
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Figure 6. Experimental data of NO absorption,>® the

axis has been changed from NO concentra-
tion vs. time in the original data to NO frac-
tional conversion vs. time.
Conditions of experiment: NO concentration = 1000
ppm, ultrasonic power = 110 W, liquid volume = 1200
ml, no buffer, and pH = 6.8-6.0. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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the experiment, one further simulation was done where the
mass-transfer coefficient was increased to five times the
previous value used. The results are shown in Figure 7.
Figure 7a shows the effect of increasing the mass-transfer on
NO fractional conversion. It is obvious from this figure that the
fractional conversion reaches a steady-state at about 75%.
The -OH radical profile in Figure 7b shows a different kind
of behavior this time; it decreases to a very low value and
then increases again to level off about 3.2 x 10~® mmol/L.
This is lower than the steady-state of 4 x 107% mmol/L
reached in the previous simulation (Figure 5c). Evidently,
this is due to the increased consumption rate by the NO,
more of which now enters from the gas phase. The initial
dip in Figure 7b is attributed to the fact that, initially there
is very little -OH radicals present and its amount depletes
more quickly due to the enhanced transfer of NO. Finally,
because of the decrease of NO transfer rate and -OH radi-
cal’s continuous supply, the concentration of -OH increases.
This could be visualized well from the profile of aqueous
NO in Figure 7c. The amount of dissolved NO increases
with time until its reaction with -OH radicals (shown in Fig-
ure 7b) becomes significant due to the latter’s increased
abundance, bringing the concentration of dissolved NO
down to an insignificant value (Figure 7c).

In addition to the reaction enhancement causing greater
driving force for mass transfer, ultrasound enhances mass
transfer through a couple of other mechanisms. Olson and
Barbier' reported an apparent mass-transfer coefficient of O
of 57% higher in the presence of ultrasound (power input of
54 W) than without (0.44 vs. 0.28 min~") and suggested the
enhancement to be due to mechanical effects such as acous-
tic streaming (mixing) and ultrasonic breakup of gas bubbles
entering the reactor. Acoustic streaming is caused by an
energy gradient in the direction of propagation of the

August 2012 Vol. 58, No. 8 AIChE Journal
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Figure 7. NO absorption simulation 3.

(a) NO fractional conversion vs. time, (b) -OH concentration vs. time, (¢) aqueous NO concentration vs. time, and (d) H,O, concen-
tration vs. time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

acoustic wave. The energy gradient corresponds to a force
which when acting on a liquid causes the liquid to acceler-
ate. The greater mixing due to turbulence created by acoustic
streaming reduces the liquid film thickness. According to the
two-film theory, liquid side mass-transfer coefficient is inver-
sely proportional to the liquid film thickness. The decrease
in liquid film thickness would result in the increase of kj.
Also, the breakup of gas bubbles increases the specific inter-
facial area, a. Therefore, the volumetric mass-transfer coef-
ficient, kyan would increase in the presence of ultrasound.
Weavers and Hoffmann® performed mass-transfer studies of
ozone in aqueous solution open to the atmosphere, closed to
the atmosphere and open to the atmosphere with ozone gas
bubbling in 20- and 500-kHz system. They concluded that
ozone mass transfer was enhanced by ultrasonic irradiation
and indicated that the effect was due to both mechanical
effects and to the decreased concentration of ozone in the
liquid phase. They also found that acoustic streaming was
much greater at 20 kHz than at 500 kHz. Zhang et al.® also
measured ozone mass transfer using a different technique
and came up with similar conclusions.

Laugier et al.* recently conducted thorough mass-transfer
studies of nitrogen in the presence of ultrasound and me-
chanical stirring. They obtained almost an order-of-magni-
tude enhancement in mass-transfer coefficient in the range
that we have used in our model. Their system is different
from ours in that they have a gas-inducing turbine and
higher pressure for the gassing-in experiments. It is expected
that gas bubbling will induce mixing similar to that obtained
in a stirrer and as the bubbles introduced in our column are
very small (<1 mm), there should be a high interfacial area
available for mass transfer. Also, a driving force will be
always present due to the constant consumption of the aque-
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ous or dissolved NO in the liquid phase. Therefore, the
mass-transfer coefficients without ultrasound for these two
systems should be comparable. From our results, it is seen
that the effect of ultrasound is mainly on the mass-transfer
coefficient. We have shown here by a detailed modeling
that, for example, a five-fold enhancement of mass transfer
for NO absorption with ultrasound is possible and that this
effect is mainly due to the mechanical agitation introduced
by ultrasound in a liquid medium, as the chemistry induced
by acoustic cavitation is inadequate to explain the amount of
conversion obtained experimentally.

Conclusion

A sonochemical bubble column for the absorption of NO
was modeled. Bubble dynamics simulations of acoustic cavi-
tation, incorporating liquid compressibility, mass and heat
transport, and chemical reaction, were performed. Coupling
the chemistry generated from these microscopic phenomena
to the reaction occurring in the liquid phase and mass trans-
fer from the gas phase, the fractional conversion of NO was
obtained. The results of the simulations indicate that sono-
chemical oxidation alone cannot explain the previously
reported experimental results of NO removal by ultrasonic
cavitation. Further simulations, with higher mass-transfer
coefficients (equivalent to those found by other investigators
in presence of ultrasound), show that only a combination of
chemical activity and mass-transfer enhancement by ultra-
sound (turbulence and microstreaming) can explain the
results obtained. A complete analysis and prediction of the
rates of sonochemical reacting systems and sonochemical
oxidations of pollutants or other substrates still requires
many efforts on the theoretical aspects (validity of many
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assumptions, thermodynamics at high-temperatures and pres-
sures, fast reaction kinetics for radical formation, free radi-
cals transport to the liquid phase, estimation or quantification
of liquid-phase mass-transfer coefficients); incorporation of
growth/dissolution by rectified diffusion; bubble movement
by radiation force and buoyancy; and cavitation bubble pop-
ulation for which there are more recent advances as noted
earlier. Thus, the present model provides a framework for
these complex systems on which more robust and rigorous
models coupling bubble dynamics with mass transfer and
chemical/cavitational reaction kinetics can be developed for
various cavitational gas-liquid systems and reactors.

Therefore, our current and future efforts are concentrated
on gathering more experimental data to validate, critically
evaluate and improve the model using ultrasonic reactors of
different geometries and spatial variation of cavitational
activities. Working with Advanced Sonic Processing Systems
(Advanced Sonics, LLC, Oxford, CT) we have designed, built,
and assembled a new ultrasonic gas-liquid reactor with more
uniform ultrasonic power distribution for further studies. The
next generation of models will also allow the determination of
optimal operating regions in terms of physical-chemical
parameters. Research on the quantification of the mass-transfer
rates—the all important information in the efficient design of
coupled gas-liquid sonochemical system, is still in its infantile
stage.”> More detailed laboratory-scale investigations to
improve our understanding of the extent of mass-transfer inten-
sification resulting from ultrasonic irradiation as a function of
process and operating parameters will be undertaken.
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