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Abstract

The ultrasonic irradiation of organic compounds in aqueous solution is studied
under various physical conditions. The observed sonochemical rate constants can be
analyzed to yield information about the nature of the bubbles which exist during acoustic
cavitation and to determine which parameters are significant for enhancing cavitation
chemistry. Aqueous solutions of p-nitrophenylacetate (PNPA), p-nitrophenol (PNP), and
carbon tetrachloride (CCly) were sonicated in various reactor configurations and with
different saturating gases. The production of hydroxyl radical (*OH) and hydrogen
peroxide (H,0O;) was quantified at four different ultrasonic frequencies.

The most signficant features of the sonolytic hydrolysis of PNPA at 20 kHz are that
the observed first order rate constants are independent of pH in the range of 3 to 8, but
significantly influenced by the saturating gas (Kr, Ar, or He). Furthermore, the apparent
activation parameters for hydrolysis of PNPA (AG*, AS®, AH®) are significantly
different in sonicated systems than in solutions under ambient conditions. These changes
are attributed to changes in the physical nature of the solvent when a layer of transient
supercritical water is formed around the cavitation bubbles.

The psuedo-first order degradation rate constants for the transformation of PNP in a
near-field acoustical processor (NAP) increases with increasing power-to-volume ratio over
the range of 0.98-7.27 W/cm3. An increase in the power-to-area ratio results in an
increasingly fast degradation rate up to 1.2 W/cm? and a slight decrease thereafter. The
nature of the background gas influences the degradation rate constant and product
distribution. The fastest rate is observed when a mixture of Ar and O, is used to saturate
the solution.

The sonolytic degradation of CCly is investigated in Ar- and Os-saturated aqueous

solutions. The chlorine mass balance is typically >70%, mostly in the form of chloride ion
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(Cl-). The reactive intermediate, dichlorocarbene, is identified and quantified by means of
trapping with 2,3-dimethyl-2-butene. Low concentrations (0.01-0.1 puM) of
hexachloroethane and tetrachloroethylene are detected. Ultrasonic irradiation of a mixture
of PNP and CCly results in the acceleration of the sonochemical degradation rate of p-NP.
Both the ultrasonic frequency and the saturating gas influence the production of
*OH and H,0, during sonolysis of buffered, aqueous solutions. Ultrasonic frequencies
of 20,40,80 and 500 kHz are used, and the background gas in solution are Kr, Ar, He or
O,. Both species are formed at the highest rates during sonolysis of a Kr-saturated
solution at 500 kHz, whereas the lowest rates of production are observed during sonolysis
of a He-saturated solution at 20 kHz. A range of rate constants for the production of *OH
and H,O, are observed at each frequency because each of the four saturating gases has
different physical properties (e.g., thermal conductivity.) However, the range narrows at
the higher ultrasonic frequencies (80 and 500 kHz) compared to that observed at the lower

frequencies (20 and 40 kHz).
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Thesis Overview

The first chapter contains an introduction to the field of sonochemistry as well as
basic mathematical equations which describe the physics of acoustic cavitation. The
research objectives of the work contained in this thesis are described in chapter one.

The second chapter reports on the possible existence of supercritical water (SCW)
during acoustic cavitation as investigated by studying the kinetics of p-nitrophenylacetate
(PNPA) hydrolysis. Ultrasonic irradiation at 20 kHz accelerates the rate of hydrolysis
(kobs) 1n aqueous solution by two orders of magnitude over the pH range of 3 to 8. In the
presence of ultrasound, the observed first-order rate constant for the hydrolysis of PNPA is
independent of pH and ionic strength but strongly influenced by the nature of the saturating
gas. In a Kr-saturated solution kohs=7.4x10-4s-!, whereas in Ar- and He-saturated
solutions, the corresponding rate constants are 4.6x10-4s-! and 1.2x10-4s-1. The
apparent activation parameters (AG®, AS®, AH”™) for the hydrolysis of p-
nitrophenylacetate are different from those observed for hydrolysis under ambient
conditions. The apparent activation entropy, AS™, is substantially decreased while AG™
and AH” are increased. The decrease in AS™ is attributed to differential solvation effects
due to the existence of SCW (e.g., lower p and €) while the increases in AG* and AH*
are attributed to changes in the heat capacity of water due to the formation of the transient
supercritical state.

In chapter three, the potential application of large-scale, high-power ultrasound to
the remediation of hazardous compounds is demonstrated by investigating the
sonochemical degradation of p-nitrophenol (PNP) in a near-field acoustical processor
(NAP) at 20 and 16 kHz. A mathematical model for a continuous-flow loop reactor is
required in order to extract k from the experimentally observed rate constant, kops. The

psuedo-first order rate constant of degradation is maximized by varying both the power-to-
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vo lume ratio and the power-to-area ratio. The nature of the cavitating gas influences the
de gradation rate and product distribution, at given power-to-volume and power-to-area

ratios. The rate constant for PNP degradation in an Oj-saturated solution, kg, =

5.19x10%s! is lower than in the presence of pure Ar (ks=7.94x10-4s-1) or an Ar/O,
mi Xture (k /0, =1.2% 10-3s-1). Furthermore, the production of 4-nitrocatechol (4NC),
an intermediate in the degradation of PNP, is minimized in an O;-saturated solution; less
than 10% of PNP is transformed to 4NC during the course of the irradiation.

Chapter four contains results from the investigation of CCly degradation in Ar- or
O3 -saturated solutions sonicated at 20 kHz. The observed first-order rate constant is
3.3x10-3 5" for initial concentration of 19.5 and 3.9x10-3 s-! when the initial
concentration is 195 uM. >70% of the theoretical chlorine is recovered as chloride ion
(C1°) or hypochlorous acid (HOCI). Low concentrations (0.01-0.1 uM) of
hexachloroethane and tetrachloroethylene are detected. Furthermore, the reactive
intermediate, dichlorocarbene, is identified and quantified by means of trapping with 2,3-
dimethyl-2-butene. The mechanisms by which these by-products are formed is discussed.
O3 does not accelerate the sonolytic degradation of CCly but does inhibit the accumulation
of hexachloroethane and tetrachloroethylene by approximately an order of magnitude
compared to sonolysis in an Ar-saturated solution. The sonolytic rate of degradation of
PNP is enhanced by a factor of ~4.5 when CCly is present in solution.

Chapter five contains a discussion of the sonolytic production of hydroxyl radical
(*OH) and hydrogen peroxide (H,05) is investigated at 20, 40, 80 and 500 kHz and with
four different saturating gases (Kr, Ar, He, O;) at each frequency. Sonolysis of a Kr-
saturated solution at 500 kHz results in the fastest production rates of both *OH and H,O,
(0.47 uM min-! and 3.57 uM min-!). Irradiation of a He-saturated solution at 20 kHz
yields the slowest production rate constants: 0.031 uM min-! and 0.05 uM min-!,
respectively. At a given frequency, the effective difference between saturating gases will

vary. At 20 kHz, the rate constants for production of HyO, vary by an order of magnitude
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(0.05 uM min-!to 1.31 uM min'!) in the following order: kg, > ka, >ko,> kpe. In

contrast, at 80 kHz, the rate constants range from 0.76 uM min-! to 2.24 uM min-!.
Similar trends are observed for the production of *OH at the same frequencies and under
the same saturating gases. There is a positive correlation between production rates for each
species and the ultrasonic frequency. The data can be interpreted, in part, by considering
the different resonant radii of the bubbles at each frequency (177, 88, 44 and 7 um) at 20,
40, 80 and 500 kHz, respectively.

Chapter 6 is meant to summarize the observations in the rest of the thesis.
Highlights of each chapter will be presented. Different sonochemical effects for various
compounds will be compared, and the influence of different reactor configurations will be

defined.
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Chapter 1:

Introduction



MOTIVATION

The development of novel, oxidative treatment methods for water and wastewater
has recently expanded. These types of processes include the use of hydrogen peroxide
with ultraviolet light (H,O,/UV) to treat hazardous compounds in aqueous solution (1-3).
The optimization of ozonolysis has also been explored (4.5), and applied to disinfection
(6) and de-colorization of groundwater (7). Various sequential or parallel process
combinations have been reported, including ozone and radiolysis (8) or sonolysis (9).
Other processes include electrolysis (10), semi-conductor photocatalysis(11), and
sonolysis (12-23). The effective transformation of chemical compounds with various
chemical structures and physical properties is possible during sonolysis Ultrasonic
irradiation also inactivates aqueous suspensions of certain viruses and bacteria (24).
Sonolysis is more convenient than H,O,/UV or ozonolyis because it does not require the
addition of a separately generated chemical oxidant to the treated solution. Furthermore,
because localized high temperatures and pressures occur during sonolysis in addition to
the generation of free-radicals, contaminant degradation can occur via several
simultaneous pathways.

Despite the potential of ultrasonic irradiation as a method for hazardous
wastewater treatment, further examination of fundamental parameters is required for
optimization of the degradation rates. For example, most investigators in the area of
environmental sonochemistry use a conventional probe-type reactor, operating at
frequencies between 16-40 kHz. The influence of ultrasonic frequency on sonochemical
effects has not been systematically studied, especially in the frequency range >100 kHz.
Although sonolysis has been utililized in various industries (25-33), no large-scale
ultrasonic treatment facilities have been designed specifically for contaminant
degradation. Few attempts have been made to maximize degradation rate constants by

exploring different reactor configurations or ultrasonic frequencies. Furthermore, a better
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understanding of the physics of collapsing bubbles would allow for better exploitation of

acoustic cavitation for contaminant degradation.

RESEARCH OBJECTIVES

The most significant goals of the research contained in this thesis are:

eTo better understand the physical conditions during a cavitation event. Investigation of
the possible existence of transient supercritical water in cavitating solutions is done by

examining the kinetics of p-nitrophenylacetate hydrolysis.

¢ To more clearly elucidate reaction mechanisms which occur during the sonolysis of
chemical compounds of environmental interest. Carbon tetrachloride is chosen as a

structurally simple representative of halogenated hydrocarbons.

*To optimize reactor conditions for sonolytic degradation of organic compounds. The
performance of a parallel-plate, flow-though reactor was compared to that of an
immersed, vibrating horn during sonolysis of p-nitrophenol. The influence of various

gases and gas mixtures is also examined.

»To investigate the influence of ultrasonic frequency on the nature of reactions within the
gas-phase and interfacial region of a cavitation bubble. Also, it should be determined if

there is an optimal ultrasonic frequency for sonochemical effects.



MECHANICS OF ULTRASONIC WAVES

Understanding how ultrasonic waves propagate through various media as well as
how they are reflected and transmitted at interfaces will aid in the design of sonochemical
reactors. The equations are developed in detail in several references (34.35) and are
presented in this section. The general equation for three-dimensional wave propagation is
(34):

9%t 1

g5 \v& 1
at*  poBs : W

where & = instantaneous displacement of a volume element in the medium; p, and [ are
the density and the adiabatic compressibility of the medium. However, for a wave

travelling in one-dimension in a fluid medium, the equation is simplified to:

0%q (19
a—Hé— )

where q respresents the instantaneous displacement of a volume element in one-
dimension and v is the speed of the wave travelling through the medium (i.e. the speed of
sound for ultrasonic waves). The solution to Eqn. (2) expresses how physical variables

(such as pressure, temperature, and density) will change as the wave propagates:

q= Qcosm(t—f—) (3)

A%

In this equation, q represents any of the physical variables which are sinusoidally

changing; ® = 2xf, the angular frequency; f = the frequency; and t and x are time and
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space coordinates. Q is the amplitude of cyclic change for the variable q. All these
equations assume a perfectly elastic fluid medium.

Wave propagation will be determined in part by the acoustic impedance of a medium.

The characteristic acoustic impedance, Z,, of a medium is given by:

Zo=poV 4

where p, and v are defined as before. For an ultrasonic wave, Z, can be thought of as the
ratio of the pressure to the particle velocity at any point in the sound field.

The two simplest cases for reflection and transmission involve a single interface,
for a soundwave travelling through medium 1 at normal incidence or at an incident angle
0, to medium 2. These conditions are common for the interface between the sonicated
liquid and the reactor wall, or in an open reactor, between the liquid and the atmosphere.
The reflection and transmission coefficients R, and T, are functions only of the

characteristic impedances of media 1 and 2:

1_
Ra — r2/1 (5)
l+r
2/1
2
T, = 2 ©)
Vv
1y =E22 (7)
P1vi

for a wave at normal incidence. For a wave at an incident angle of 8, and travelling

away from medium 2 at an angle of 6, , the corresponding equations are:
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T, = )

Eqns. 8-9 are valid only when both media are fluids (i.e. the interface between the liquid
and the atmosphere in an open reactor).

During sonolysis of a liquid in which the ultrasonic source is emitted directly into
the liquid, the energy losses through the walls or into the atmosphere can be minimized
by maximizing the reflection coefficient, R, and minimizing the transmission coefficient,
T,. This is most easily accomplished by choosing appropriate materials for the reactor.
Table I contains acoustic impedance values for various materials.

Because the acoustic impedance of gases is so much lower than that of liquids or
solids, the water-air interface in an open sonochemical reactor can be considered almost
perfectly reflecting, for sound waves travelling through the water towards the interface.
Also, stainless steel (R,= -0.936) is a better material than glass (R, = -0.794) for
reflecting normal incident waves back into solution.

Also of interest during sonochemical treatment is the variation in sound intensity
at different regions within the solution. The intensity I of an ultrasonic wave at a distance

d from the emitter is given by (36):

I=1,exp(-2ad) (10)

where o = absorption coefficient. The absorption coefficient is inversely related to the

square of the ultrasonic frequency by a constant:
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An experimentally determined value (37) for & is 21.5x10-17 cm-! s-2 in water over a
wide range of frequencies. Thus, for an ultrasonic frequency of 20 kHz, o = 8.6x 10-8
cm! and at 500 kHz, 5.37x10-3 cm-!. Distances of 267 km and 0.42 km are required for
the intensity to decay by 99% at 20 and 500 kHz, respectively. This difference is not
significant for the length scales of bench-top chemical reactors. It should be noted that
there is a subtle difference between sound absorption and sound attenuation by the
medium. Attenuation refers to a process which decreases the energy of the travelling
wave, but does not dissipate the energy as heat. A common attenuation mechanism in
liquids is acoustic scattering by inhomogeneities: e.g. bubbles, particles. Absorption
refers to the conversion of the wave energy to heat, and is a relaxation process in the

liquid.

ACOUSTIC CAVITATION

Ultrasonic waves travelling through a solution impose upon the liquid a sinusoidal
pressure variation, alternately compressing the liquid molecules or pulling them apart by
overcoming the intermolecular forces. At an ultrasonic frequency of 20 kHz, the liquid
will be compressed and rarefied 2x 104 times each second. Acoustic cavitation refers to
the expansion and collapse of bubbles in a liquid which is exposed to ultrasonic waves.
The bubbles generally occur in clouds within the solution, although the lifetime of a
single bubble is on the order of microseconds and its radius is on the order of
micrometers. Both stable and transient cavitation will be discussed.

An understanding of the various stages of acoustic cavitation, including

nucleation, growth by rectified diffusion, and collapse of transient bubbles is important
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for interpreting sonochemistry observed under different bulk conditions. Furthermore,
consideration of the forces which bubbles exert on each other, Bjerknes forces, is
important for determining how cavitation bubbles in a cloud will differ from single
bubbles. The phenomena of sonoluminescence, the emission of light from cavitating
bubbles, can be used to determine the physical conditions within the imploding bubble.
Optimal conditions for sonoluminescence can be used to predict optimal conditions for

sonochemistry.

e Nucleation and Cavitation Threshold

The nucleation of bubbles can occur by either a homogeneous or a heterogeneous
process. Homogeneous nucleation involves a phase-transition in the liquid, resulting
from microscopic variations in the density due to thermal fluctuations. The formation of
a vaporous pocket can then occur, which may grow into an observable bubble. The

energy of formation, F, of the bubble under these circumstances is given by (38):

F = 4nc’o— 4’ [P (12)

where r = radius of the bubble, o = surface energy, P = pressure in the liquid. Most
cavitation studies utilize negative pressures (i.e. tension) on the liquid. The first term of
Eqn. 12 results from the energetics of forming an interface between two phases and the
second term reflects energy gained during the transition from liquid to gas. As the value
of P rises, the nucleation barrier decreases. Homogeneous nucleation studies are often
done in liquid He (39-41) because of the high purity which can be achieved in this liquid.

Most investigations of heterogeneous nucleation have been done with water.
Heterogeneous nucleation refers to the stabilization of pockets of gas by foreign

substances in the liquid, such as surfactants or organic substances (42-44), ions (45-47) or
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solid particles (45.46). This stabilization process weakens the liquid; most experimental
measurements of the tensile strength of water yield values which are far below the
theoretical prediction (48). Gas-pocket stabilization by entrapment in crevices on solid
particles was proposed by Harvey et al. (49) and investigated more recently by other

researchers (45.50.51). The pressure within the gas-pocket must balance the external,

crushing forces:

PL+121—§-5~=Pg—l—PV (13)

where P = presssure exerted on the interface by the liquid, o = surface tension, P, and Py
are the partial pressure of the gas and the vapor pressure of the liquid, respectively. If an
acoustic pressure, Pp is applied to the liquid, the gas-pocket is stabilized during the
compression cycle, but during the rarefaction cycle, the interface moves away from the
apex of the crevice until the angle of contact is small enough such that the pocket can
break away as a bubble (Fig 1).

The cavitation threshold is defined as the acoustic pressure amplitude at which a
cavitation event is first detected (52). For liquids saturated with gas, thresholds for
transient cavitation are 1-2 bar, and are effected by various bulk parameters. In most
applications of ultrasound to sonochemistry, the sound intensity is high enough to ensure

that the acoustic amplitude is above the threshold.
®Bubble Dynamics
The resonant radius of an oscillating bubble is the radius at which the bubble most

efficiently absorbs energy from the ultrasonic field. The ultrasonic frequency will affect

the resonant bubble radius (53):
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2p2
pw*R? =3KP, (14)

where p = density of water, o, = resonance frequency, R, = resonant radius, P, = pressure
in the liquid, usually taken to be 1 atm, and K = polytropic index, as defined before. This
expression is valid when surface tension effects are small.

For a spherical bubble containing gas and vapor, in an infinite liquid, the
equations of motion must be determined by solving the equations of mass, momentum
and energy conservation for the gas and liquid. The boundary condition 1s that these
equations match at the bubble interface. The solution can be reached by approximating
the above equations, and one of the most well-known expressions (54) is the Rayleigh-

Plesset Equation:
2 2 3K
RIRI(RY_L(p (20} R Y 20y 1)
dt 2\ dt p R, AR R

where R = bubble radius, P_, = pressure in the liquid at infinity, P, = pressure in the gas,
R = instantaneous radius, R, = initial radius. K = C,/C,, the polytropic index of the gas,
¢ = surface tension of the liquid.

The equations of motion for a bubble undergoing stable oscillation in a sound
field can be derived from Eqn. 14 by assuming a small, linear variation of the radius with
time (55). Stable cavitation is usually induced by lower acoustic pressure amplitudes
than transient cavitation, and stable bubbles oscillate for many acoustic cycles The
estimate for the temperature (36) within a bubble undergoing stable oscillation is given

by:



o = 1+Q(§£J ~1|-1 (16)

where Q = ratio of the resonance amplitude to the static amplitude of vibration of the
bubble, P, = the peak pressure of the bubble, the sum of the hydrostatic and acoustic
pressures, and T, = ambient temperature of the liquid.

The equations of motion for transient cavitation were developed by Noltingk and
Neppiras (54.56), and reviewed by Flynn (57). Transient cavitation is characterized by
the increase of the bubble radius to a size greater than reached during stable cavitation (at
least twice the radius of the initial size) and a rapid, violent collapse during which the
bubble wall approaches the speed of sound. Also, transient cavities exist for one or a few
acoustic cycles. The maximum temperature, Ty, and pressure,Pp,x can be estimated

with Eqns. 17-18:

3 P, (K-1)

T = TO{——~—P } (a7
K

Prnas = P{ELI;‘Q}(K‘J (18)

where Py, = pressure in the liquid at the time of collapse, P = pressure in the bubble at its
maximum size (assumed to be the vapor pressure of the liquid), and K is defined as
before. For a bubble containing Ar in water at 1 atm, the predicted temperature is ~6500
K. Experimentally, the temperature of the hot-gas phase region has been estimated by
different methods to be 3300 K (58) and ~2000-4000 K (59).

The temperatures and pressures developed during bubble collapse depend on how

completely the bubble implodes during the compression cycle. Thus, it is important to
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know how the required collapse time compares with the length of the compression cycle.

The bubble collapse time T, for an empty void in an incompressible liquid is:

0.5
r=0.915Rm[-§-—} (19)

where Ry, = radius at the start of collapse and p = density of the liquid and P, = pressure
in the liquid. For example, a bubble in water with a radius of 177 um under an ambient
pressure of 1 atm would collapse in ~16 ps. At an ultrasonic frquency of 20 kHz, the
compression half-cycle is 25 ps. For a bubble which is not completely empty and which

is acted upon by a sound field, Eqn. 18 can be modified to yield:

0 0.5 P
=0.915R | =— 1+—% 20
o 132 -

m m

where Py, and P, are pressure in the liquid and in the bubble at the start of collapse. At
the beginning of the compression cycle, Py, is the sum of the hydrostatic pressure and the
acoustic pressure amplitude. Py is due to gas and vapor in the bubble. In this situation,
the time required to reach a minimum radius from the same initial radius, Ry, will be

longer than in the more idealized situation described by Eqn. 19.
¢ The Transient Cavitation Cycle

Transient cavitation is the type most commonly observed in sonochemical
systems. The 'transient cavitation cycle' was first proposed by Neppiras (60) and
describes the behavior of a bubble in a solution exposed to ultrasonic irradiation above a
certain intensity. A stable bubble in solution can grow by the process of rectified

diffusion and reach the transient threshold, after which the bubble greatly increases in
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size over a short period of time and then implodes and disintegrates into smaller bubbles.
These smaller nuclei can then either dissolve or undergo the same cycle of behavior.

The process of rectified diffusion was first named by Blake (61), and is a means
by which a bubble in an acoustic field can increase in size. When the bubble expands
during a rarefaction half-cycle, the gas expands and there is a flux of gas from the
surrounding liquid into the bubble. During the compression half-cycle, the gas is
compressed and results in an outward flux of gas into the bulk liquid. Because the
surface area of the bubble during the expansion cycle is larger than during the
compression cycle, there is a net increase of gas within the bubble at the end of each
acoustic cycle.

The second effect contributing to overall bubble growth is the 'shell’ effect. The
diffusion rate of the gas into the bubble is a function of the concentration gradient. When
the bubble contracts, the spherical shell around the bubble expands, and the concentration
of gas on the outer side of the bubble wall decreases. Thus, the rate of diffusion out of
the bubble is greater than when the bubble is at its equilibrium radius. However, during
bubble expansion, the shell thickness decreases, the concentration of gas near the outer
side of the bubble wall increases, and hence there is a greater inflow of gas during
expansion than during compression. The growth of bubbles by rectified diffusion has
been experimentally observed (62). The radial growth rate and the threshold for rectified
diffusion can be derived (63) from the equation of motion for a gas bubble.

The mathematical expressions required to describe cavitation bubble dynamics are
often quite complex. Most of the equations in this section are based on certain physical
conditions (e.g., incompressibility of the liquid or spherical symmetry of the bubble)
which may be violated when the bubble is close to total collapse. However, discussion of
these equations allows for the estimate of important physical quantities such as

temperature, pressure, and collapse time.
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BJERKNES FORCES

Acoustic cavitation usually refers to the formation of a cloud of bubbles, except in
the case of acoustically levitated single bubbles. Thus, an understanding of how bubbles
interact with each other while subject to a sound field is important and may ultimately
effect the interpretation of cavitation chemistry. Bjerknes (64) showed that two bubbles

of volumes Vy and V,, a distance, d, apart in a sound field will be subject to a force, F:

2D

These forces can result in deviations from sphericity of the bubble shape (65). It has been
calculated (66) that two bubbles of unequal size will move towards each other unless the
driving frequency is between that of the two resonance frequencies for each bubble.
Regardless of the driving frequency, two bubbles of equal size will always move towards
each other in an acoustic field.

Furthermore, if a bubble is larger or smaller than its resonant size, it can be forced
towards a pressure antinode or node, respectively (67). Thus, smaller bubbles will be
forced into a region where they can expand to resonance size. Coalescence of smaller
bubbles as they are translating towards the antinode is possible, as is growth by rectified
diffusion, as the bubbles are oscillating as well as translating. Experimental observations
of attractive Bjerknes forces have been reported during transient cavitation (68) and
during the vaporization of a superheated droplet in the presence of a sound field (69). In
a standing wave field, larger bubbles directed to pressure nodes have been observed to
follow elliptical orbits (70) once they reach the nodes. The differential behavior
displayed by bubbles of different sizes is an important component of the transient

cavitation cycle.
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SONOLUMINESCENCE

Sonoluminescence refers to the emission of light during acoustic cavitation and
was first observed during the underwater exposure of photographic plates in solutions
irradiated with ultrasound (71). Both multiple-bubble sonoluminescence (MBSL) (72-
75) and single-bubble sonoluminescence (SBSL) (76-80) yield information about the
conditions within the imploding cavitation bubbles. Commonly proposed mechanisms of
sonoluminescence include shock-waves converging at the center of the bubble during
implosion (81), and emission from excited state chemical species, such as hydroxyl
radical (80). However, the nature of the emissions can be significantly influenced by
small changes in bulk parameters.

Low percentages of noble gases mixed with nitrogen have been reported to
enhance SBSL intensity and to change the spectral features of emission (78). A change in
temperature from 40 © Cto 1 O Cresulted in a hundred-fold increase in the light intensity
(76). SBSL measurements indicate more extreme conditions within the bubble interior
than those indicated MBSL (77). The black body temperature of a single cavitating
bubble in water has been estimated to be 1.6-3.0 x10* K. Furthermore, a comparison of
the spectra of SBSL and MBSL indicates that liquid or dissolved species at the surface of
cavitation bubbles in MBSL could be transported to the hot center of the bubble via
surface waves and microjets whereas a single bubble may maintain a high degree of
spherical symmetry (80.82). However, the sonoluminescence intensity during MBSL
also increases with decreasing bulk liquid temperature (74). The physical conditions
(liquid temperature, acoustic pressure amplitude, saturating gas) for optimal MBSL
intensity are probably similar to those for optimal sonochemistry, because of the strong

correlation between sonoluminescence and sonochemistry (83).
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CAVITATION DETECTION AND CHARACTERIZATION

The accurate characterization of single cavitation bubbles as well as bubble clouds
is crucial. Modern techniques include high-speed photgraphy (84-87), holography (88-
91), Mie Scattering (92.93), and single- and multiple-bubble sonoluminescence. High-
speed photography is useful for observing radial oscillations of a bubble and is most
appropriate for single bubbles in unbounded fluids (i. e. no other bubbles with which to
interact) or single bubbles near interfacial surfaces (i.e. liquid-solid interface). Bubble
distribution profiles within a bubble cloud can be discerned from three-dimensional
images generated by high-speed holography. Recent images suggest that the bubble
density increases towards the center of the cloud (88).

Mie scattering is the scattering of light by bubbles with radii similar to the
wavelength of the incoming light and can be used to determine the size of a bubble, given
a consant scattering angle and fixed distance of the light source from the bubble. This
method requires calibration by using an independent determination of bubble radius, the
rise-time method. The scattered light-intensity is well correlated to bubble size for radii
up to 50 um (93). For radii between 60-100 pm the correlation exists; but there is a
greater deviation of the radius measured by scattering intensity compared to that
measured by the rise-time. Mie scattering, like high-speed photography, can only be used
for low bubble density systems.

More qualitative and instrumentally simpler methods of detecting cavitation in
solution include visually inspecting the chemiluminescence of luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione). Luminol reacts with various oxidants in alkaline solution
to yield a blue light (94). Investigators sonicated aqueous solutions of luminol and
determined that the most chemically active region during sonication at 20 kHz extended
from the ultrasonic emitter in a cone shape whereas at 487 kHz, the luminescence

orginated from a larger volume near the air-liquid interface of the solution (20).
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Furthermore, zones of maximum luminous intensity and of maximum acoustic energy
were observed to occupy different regions of the solution during irradiation at 500 kHz

(95).

SONOCHEMISTRY IN AQUEOUS SOLUTION

The reactive species formed during the sonolysis of water are similar to those
observed during radiolysis (Table II). The relative predominance of the different
reactions is dicussed in greater detail in Chapter 5 of this thesis. Among the most
extensively studied species are *OH and H,0,, produced by the thermolysis of water
molecules in the gas-phase of the bubble, and recombination of the resulting free-radicals.
H,0, is formed in the cooler interfacial area of the cavitation bubble (96) .

Chemical transformations which occur during sonolysis may occur in several
different regions of the cavitation bubble (Fig. 2). Attack by oxidizing species such as
hydroxyl radical ("OH) or oxygen atom (O") or thermolysis of chemical bonds within
the substrate can occur in either the gas-phase or interfacial region. °‘OH is most
concentrated in the gas-phase of the cavitation bubble although non-volatile compounds
which have a high-boiling point such as nucleic acids (97), benzoic acid (98) and
dimethyl sulfoxide (99) can be hydroxylated during sonolysis. It is presumed that
aromatic substrates are attacked by addition of “OH whereas non-aromatic molecules are
attacked by hydrogen-atom abstraction (100) due to the much stronger C-H bond in
aromatic systems. Rate constants for the reaction of *OH with a wide range of organic
compounds in both the gas-phase (101) and in aqueous solution (102) have been
compiled.

The bond strengths of several organic functional groups are listed in Table III.
These bond strengths can be compared to the O-H and O-O bond strength in water and

oxygen molecules (119 kcal mol-!) in order to estimate the relative importance of
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thermolysis versus radical attack in the gas-phase of the bubble during the sonolytic
degradation of a substrate. Further transformation in the bulk solution may result from
reaction with H,O,, which is a longer-lived species than *OH and more likely able to
diffuse away from the bubble. Hydrolysis reactions are also enhanced (18.103) during
ultrasonic irradiation and are thought to occur in the interfacial region.

The sonochemistry of a large number of chemical compounds in aqueous
solutions has been studied. The degradation products of organic substrates include short-
chain carboxylic acids and the appropriate inorganic ions. For example, decomposition
of parathion (O, O-diethyl O, -p-nitrophenyl thiophosphate) (18) yielded sulfate, nitrite,
nitrate, phosphate, p-nitrophenol, and oxalate. Exposure of an air-saturated 100 uM
solution of pentachloropehenol to ultrasonic irradiation results in a non-linear reduction
in the concentration to ~1 UM after 100 min and the formation of CI~ (90% theoretical
yield after 150 min sonication). Inorganic compounds (e.g., Tl*) are oxidized (104) or
reduced (105) (e.g., OsOy4) during sonolysis, depending on the nature of the saturating
gas.

Physical properties of the solute such as its hydrophobicity (indicated by the
octanol-water partition coefficient, Kow) can determine which reaction routes a particular
substrate will follow during sonochemical transformation. Hydrophobic compounds are

known to partition to the interface of cavitating bubbles (96,106). Thus, the degradation

rate constant during sonication can be pH-dependent. For example, the observed
degradation rate constant of p-nitrophenol (pK,=7.08) increases when the bulk solution
pH is decreased (17).

Volatility is also important because a greater fraction of the dissolved reactant can
reach the more extreme region of the bubble if the reactant is volatile, although the final
collapse conditions may be less extreme due to a decrease in the effective polytropic
index of the compressed medium. For example, the by-products of methanol degradation

are produced most quickly in an Ar-saturated 10-15% (v/v) solution of methanol in water,
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whereas in an 80% (v/v) solution, almost no chemical reaction occurs (107). However, as
the concentration of methanol increases in the solution and in the gas-phase of the
cavitating bubble, the effective polytropic index decreases, and the final temperature of
bubble collapse is probably lower than in a bubble filled only with Ar and water vapor.
Decomposition products of methanol formed in the most significant quantities are Ho,
CH,O, CO and CHy4 during sonolysis of an Ar-saturated solution and CO,, CO, HCOOH,
CH,0 and H,O; during sonolysis of an O,-saturated solution. The presence of *CH,OH
has also been detected by spin-trapping (108).

The connections between sonochemistry and cavitation bubble dynamics need to
be clarified in order to optimize sonochemical effects. In particular, the number of
bubbles in solution needs to be more definitively determined, as well as the number of
chemical reactions per cavitation event. To this end, both physical and chemical

measurements are need.
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List of Figure Captions

Fig. 1a:

Fig. 1b:

Fig. 2:

Stabilization of a gas-pocket by conical crevice on a solid particle
during positive applied pressure to the solution.
Growth of the gas-liquid interface away from the apex during

negative applied pressure (tension) on the liquid.

Schematic of the reactive regions of a cavitation bubble in aqueous

solution.
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Table 1
Acoustic Impedance Values of Selected Materials

Acoustic Impedance,
Material Temperature, °C kgm2 sl
Water, degassed/distilled 30 1.503 x 106
Pyrex glass - 13.1x 106
Stainless steel (347) - 45.8x 106
Alr 30 405

*Data taken from CRC Handbook, 71t Ed.(109).
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Table I1
Chemical Reactions of Water During Acoustic Cavitation

a. Saturating Gas is Monoatomic and Inert (Kr, Ar, He)

H,0 — H*+*OH
H* + *OH — H,0
2 *0H— O +H,0

2 *OH - H,0,

2H'—>H,

b. Saturating Gas is Polyatomic and Reactive (O5)

0, —>20°
0,+0" - 04
H®+0, -» HOO*
2 HOO® — H,0,
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Table 111
Bond Strengths of Selected Organic Compounds

Molecule *Bond Strength, kcal mol-!
C,H5-OH 94

Ce¢Hs-OH 111

CsHs-Cl 96

CesHs-NH,; 102

CI-CCl3 73

H-CCl3 96

*At298 K

Data taken from the CRC Handbook, 718t Edition (109)
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Gas-liquid
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Crevice in solid particle
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Gas-liquid
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Crevice in solid particle
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Fig. la: Stabilization of a gas-pocket by conical crevice on a solid particle during positive
applied pressure to the solution. 1b: Growth of the gas-liquid interface away from the

apex during negative applied pressure (tension) on the liquid.
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Fig. 2: Schematic of the reactive regions of a cavitation bubble in aqueous solution.
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Chapter 2:
The Sonolytic Hydrolysis of p-Nitrophenylacetate:
The Role of Supercritical Water

The text of this chapter appears in [Hua, L., Hochemer, R. H., Hoffmann, M R.,The
Journal of Physical Chemistry, 1995,99, 8, 2335-2342. ]
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Abstract

Ultrasonic irradiation 1s shown to accelerate the rate of hydrolysis of p-
nitrophenylacetate (PNPA) in aqueous solution at 25 © C by two orders of magnitude
over the pH range of 3 to 8. In the presence of ultrasound, the observed first-order rate
constant for the hydrolysis of PNPA is found to be independent of pH and ionic strength
with ko= 7.5 x 107 57 with Kr as the cavitating gas, kg, = 4.6 x 10 5! with Ar as the
cavitating gas, and ko, = 1.2 x 107 s with He as the cavitating gas. The apparent
activation parameters for sonolytic catalysis are AH”(sonified) = 211 kJ/mol,
AS* (sonified) = - 47 J/(mol K), and AG™(sonified) = 248 kJ/mol. Under ambient
conditions and in the absence of ultrasound, k,, is a strong function of pH where
Kops = kpg,0[H20] + k. [OH'] with kyyo = 6.0 x 107 57! and koy- = 11.8 M's™ at
25 °C. The corresponding activation parameters are AH* = 71.5 kJ/mol, AS™ = -107
J/(mol K) and AG™ = 155 kJ/mol.

During cavitational bubble collapse high temperatures and pressures exceeding the
critical values of water (T > T, = 647 K and P > P, = 221 bar) occur in the vapor phase of
the cavitating bubbles and at the interfaces between the hot vapors and the cooler bulk
aqueous phase. The formation of transient supercritical water (SCW) appears to be an
important factor in the acceleration of chemical reactions in the presence of ultrasound.

The apparent activation entropy, AS™, is decreased substantially during the sonolytic
catalysis of PNPA hydrolysis, while AG™ and AH” are increased. The decrease AS™ is
attributed to differential solvation effects due to the existence of supercritical water (e.g.,
lower p and &) while the increases in AG™ and AH™ are attributed to changes in the heat
capacity of the water due to the formation of a transient supercritical state.

A dynamic heat-transfer model for the formation, lifetime and spatial extent of

transient supercritical water at cavitating bubble interfaces is presented.
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INTRODUCTION

The application of ultrasonic irradiation for the controlled degradation of chemical
contaminants in water has been investigated recently using several model compounds (1-
5). Upon the passage of ultrasonic waves, water molecules are exposed to alternative
compression and rarefaction cycles. During a rarefaction cycle, the liquid density is low
enough to form a cavitation bubble containing water vapor, dissolved gases, and high
vapor-pressure solutes. During a compression cycle, a pre-existing cavity is compressed
resulting in localized high temperatures and pressures. Equations describing the
inception and dynamics of a cavitation bubble have been developed (6-8). With these
equations, a theoretical temperature of 4200 K and a pressure of 975 atm have been
predicted for a collapsing cavitation bubble in an aqueous solution saturated with N (9).
Experimental values of P = 313 atm and T = 3360 K have been reported (10). Cavitation
temperatures in excess of 5000 K in organic and polymeric liquids have been reported
(11.12).

Two distinct sites for chemical reaction exist during a single cavitation event (13).
They are the gas-phase in the center of a collapsing cavitation bubble and a thin shell of
superheated liquid surrounding the vapor phase. The volume of the gaseous region is
estimated to be larger than that of the thin liquid shell by a factor of ~2 x 104 (14) in
organic liquids.

Chemical transformations are initiated predominantly by pyrolysis at the bubble
interface or in the gas-phase, and attack by hydroxyl radicals generated from the
decomposition of water. The concentration of "OH at a bubble interface in water has
been estimated to be 4 x 1073 M (15). Depending on its physical properties, a molecule
can simultaneously or sequentially react in both the gas and interfacial liquid regions.

P-nitrophenol (p-NP) is degraded completely by sonolysis to yield short-chain

carboxylic acids, CO,, NO3 and NOj (1). Intermediate products resulting from both
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hydroxyl radical attack and thermal bond cleavage are detected. Hydroxyl radical attack
on p-NP is thought to occur in a region of the bubble interface with T < 440 K, while
pyrolysis occurs in a hotter interfacial region with an average temperature of 900 K (1).
On the other hand, H,S (2) appears to be degraded primarily by pyrolytic decomposition
within the compressed vapor phase.

Even though the basic physical and chemical consequences of cavitation are
understood, many fundamental questions about the cavitation site in aqueous solution
remain unanswered. In particular, the dynamic temperature and pressure changes at the
bubble interface and their effects on chemical reactions need to be explored. Since this
region is likely to have transient temperatures and pressures in excess of 647 K and 221
bar for periods of microseconds to milliseconds, we propose that supercritical water
(SCW) provides an additional phase for chemical reaction. This phase of water exists
above the critical temperature, T, of 647 K and the critical pressure, P, of 221 bar and
has physical characteristics intermediate between those of a gas and a liquid (16). The
physicochemical properties of water such as viscosity, ion-product, density, and heat
capacity change dramatically in the supercritical region (16.17). These changes favor
substantial increases for rates of most chemical reactions. SCW has been used in
industrial applications such as extraction (18), hydrolysis (19.20) and for environmental
applications such as the destruction of hydrocarbons (21), and phenols (22.23).

In this paper, we present experimental results on the kinetics of p-
nitrophenylacetate (p-NPA) hydrolysis in support of our hypothesis of the existence of
transient SCW during ultrasonic irradiation in water. In addition, we present an
elementary heat transfer model for the estimation of the lifetime and spatial extent of

supercritical water during cavitational bubble collapse.
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EXPERIMENTAL METHODS

Sonication was performed with a direct immersion-probe system (VCX-400 from
Sonics and Materials). The irradiation horn was immersed reproducibly (3 cm below the
surface) into the sample solution. The average power delivered to the aqueous phase was
115 W, which corresponds to an intensity of approximately 96 W/cm?2. Solutions of 100
UM p-NP were adjusted to pH 4.8-5.2 with phosphoric acid and sonolysis reactions were
performed in a modified stainless-steel cell on a total volume of 25 mL. The cell was
modified by the addition of stainless-steel gas dispersion and sampling tubes. A small
Teflon tube with “luer-lok™ connection (Aldrich) was inserted through the sampling tube.
The reaction chamber was stirred with a magnetic stirring-bar and stirring motor.
Compressed air was blown continuously through the converter to minimize changes in
temperature of the piezoelectric crystal. pH was adjusted to the range pH 4.8-5.2 to
ensure that all of the p-NP (pK, =7.16 at I = 0.05 M) (1) was in the neutral form such
that it would preferentially partition to the gas bubble interfaces. The reaction solution
was sparged for 15 min at a flow-rate of 10-15 mL/min with the appropriate gas.
Constant temperature was maintained with a Haake A80 temperature - control system.
The sonicated solution was at 25 °C. 0.5 mL aliquots were withdrawn via syringe
through the sampling tube at variable time-intervals. Even though the total reaction
volume was not maintained constant during sonication, dV/dt was determined to be small
and thus did not have an effect on the value of the measured rate constant. The pH of the
sample aliquots was adjusted to ~12 with 5 N NaOH and then filtered through 0.2 um
syringe filters (PFTE, Gelman). The degradation of p-NP was monitored
spectrophotometrically at A = 400 nm (¢ = 17,900 M-! cm™!) with an HP8542a UV/VIS
Spectrophotometer.

The rates of p-NPA hydrolysis in the absence of ultrasound were determined in a
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temperature-controlled optical cell using an HP8450a UV/VIS Spectrophotometer. The
appearance of p-nitrophenolate ion was monitored at A = 360 nm or 400 nm. p-NPA was
dissolved in a small volume of methanol before dilution in water; and solutions were used
immediately after preparation. The ionic strength was maintained at u = 0.4 M with
NaCl and over the pH range of 2 to 11, three different buffers (i. e.,
CH3COOH/CH3COO~,CO, «H,0/CO3; HCO3 / CO%') and concentrations were used
at each pH and the observed rate constants were extrapolated to zero buffer concentration
to correct for the influence of general acid and base catalysis on the hydrolysis rate.
Experiments were carried out in duplicate with an uncertainty of <5 %. The temperature
of the solutions was maintained at 25 © C.

Solutions of 100 uM p-NPA were sonicated and analyzed in an identical fashion
as p-NP. However, in the case of the p-NPA, the aliquots were adjusted to pH 7 by the
addition of 0.2 mL pH 7 buffer to 0.5 mL of sample. The samples were filtered and the
absorbance at A = 272nm (¢ = 8452 M-l cm~1) was measured. The contribution to the
absorbance at 272 nm by p-NP (e=1777 M-lcm-1) was subtracted from the total
absorbance. The use of methanol as a co-solvent was shown to substantially decrease the
observed rate constant. Thus, no further experiments were done with this co-colvent. P-
NPA dissolved in water after approximately two hours of stirring and mild heating. The
pH dependency of the reaction rate was established by a variation in buffer concentration
or by using phosphoric acid. Ionic strength was varied with NaCl. NO3 and NOj
concentrations were determined by capillary electrophoresis (Dionex Capillary
Electrophoresis System I) using a silica column (~60 c¢cm) and a standard method for
anion analysis (24).

Water with 18.2 mQ resistivity (MilliQ UV Plus System) was used in the
preparation of all aqueous solutions. P-NP and p-NPA (Aldrich, 99 %+ and 97 % purity
respectively) were used without further purification. Phosphoric acid, sodium chloride,

and potassium phosphate monobasic were reagent grade and used without further
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purification.

RESULTS AND DISCUSSION

Comparative rate thermometry employing p-NP as a probe molecule can be used
in order to estimate the effective temperatures achieved during bubble collapse (25). P-
NP (1) is a suitable probe molecule since its kinetics and mechanism of degradation are
well understood. The primary step during the sonolytic degradation of p-NP has been

shown to be (1):

OH OH

> -+ .NOQ (1)

NO,

The activation energy for this pathway of degradation, which involves carbon-nitrogen
bond cleavage, can be estimated from shock-tube studies of nitrobenzene decomposition
(25). The reaction rate constant for carbon-nitrogen bond-cleavage in nitrobenzene has

been determined to be:

k= Aexp{ _RI?I? } (2)

where A = 1.9 x 1015 s-1 and E/R = 33026 K, and the stoichiometry is given by:
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+ NOQ (3)

Y

NO,

Using these values for A and E,/R, we can estimate the effective temperature of the

cavitation as follows:

~E,/R _ —33026

ln(k) —1 (—————k )
- n
A 1.9x101°

The relative temperature of bubble collapse can be adjusted by saturating the solution

[K] 4

Tetr =

with gases characterized by substantially different specific heats, thermal conductivities,
and solubilities. An important factor controlling bubble collapse temperature is the
polytropic factor, K, of the saturating gas (9). From a knowledge of K we can estimate

the maximum temperature obtained during bubble collapse from Eq. 5:

Trax = TO{(K_I)EI?“} (5)

where Ty, = temperature of bubble upon collapse, T = temperature of the bulk

solution, P = pressure in the bubble at its maximum size (i. e., the vapor pressure of the
solvent); Py, = pressure in liquid at moment of transient collapse and K = C,/C,. The
value of K is associated with the amount of heat released from the gas inside the bubble
during adiabatic compression. As K increases, the heat released upon bubble collapse
also increases. Additional physicochemical properties that may influence the temperature

attained during bubble collapse include thermal conductivity, A, and gas solubility.
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Values for the relevant physical properties (26.27) of gases used in this study are listed in
Table I.

Thermal conductivities of the dissolved gases have been inversely correlated to
sonoluminescence intensity (28) as well as with variable rates of free-radical formation
(29.30) during sonolysis. A low thermal conductivity favors high collapse temperatures
because the heat of collapse will dissipate less quickly from the cavitation site. Highly
soluble gases should result in the formation of a larger number of cavitation nuclei and
more extensive bubble collapse since gases with higher solubilities are more readily
forced back into the aqueous phase. Thus, a gas with both a low thermal conductivity
and high water solubility should yield the highest temperature upon cavitational bubble
collapse. Based on physical properties, we predict that krypton will yield the highest rate
of p-NP degradation, while helium should yield the lowest relative rate.

The sonolytic degradation of p-NP is found to be a first-order reaction for all
gases as shown in Fig. 1. Using the rate constants obtained from this data and Eq. 3 we
estimate the effective average temperatures at the interface of the collapsing bubbles for
each gas (Table II). The highest effective temperature is achieved in a Kr-saturated
solution, whereas a He-saturated solution results in the lowest effective temperature, as
predicted above. Although the value of K is similar for all three gases, helium has an
unusually high thermal conductivity and a relatively low solubility in comparison to Ar
and Kr. Thus, the difference in the resulting effective temperature is also larger than that

between Ar and Kr.

Probing for Supercritical Water During Cavitation

Given the typical temperatures and pressures attained during bubble collapse, we

postulate the existence of microscopic domains of supercritical water that are

continuously variable in time and space. Because of the transient nature of the
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supercritical phase, indirect methods are required to determine its existence in an
ultrasonically irradiated system. Examination of reaction rate data in the context of
activated complex theory (ACT) may give us some indication of a change in the reaction
environment. The hydrolysis of p-NPA was chosen as a model reaction to probe for
supercritical water at the bubble interface. The reaction is most likely accelerated in that
region because the compound is not volatile. Furthermore, the reaction does not involve
hydroxyl radical and thus the interpretation of the observed reaction rate constants should
not be complicated by formation rates of radicals produced during cavitation. Observed
rate constants are highly pH dependent and range from 1076 to 10-3 s~! in the pH range 2-
10 for this reaction under ambient conditions (Fig. 2). Above pH 6.5, the hydrolysis of p-

NPA i1s base-catalyzed:

O

PN

@)

H,O/OH-

H,C OH

NO, NO,

The rate law for p-NPA hydrolysis is written as:

—d[p—NPA]

v = Kops [-NPA] = —

(7

where

Kobs = kig,0[H20]+k, [OH ]+ k . [H] (8)
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with kHJr = 0.

The pH dependency of the control reaction is shown in Fig. 2.

The overall first-order rate constant for p-NPA hydrolysis contains two terms that
account for the uncatalyzed reaction with water and for the base - catalyzed pathway.
Under normal conditions, the concentration of the water and OH~ (at a constant pH)
remain constant and thus the overall rate constant is treated as a pseudo-first order
constant. The observed rate constants were found to be kg, o = 6.0 x 10-7 s~ andk O
=11.8 + 0.5 M-Is"1 and were determined from standard analysis of spectrophotometric
data as a function of time.

The sonolytic acceleration of p-NPA hydrolysis has been reported previously by
Kristol (31). He noted that several esters with widely different activation energies
showed approximately the same relative enhancements in hydrolysis rates in the presence
of ultrasound. Esters with substantially different activation energies for hydrolysis
should show different relative rate enhancements, if these apparent enhancements were
due only to the very high microscopic temperatures generated by cavitational bubble
collapse. Our basic hypothesis, in this case, is that a change in the thermodynamics of the
formation of the activated complex may account for changes in the observed reaction

rates and reflect a change in either the microscopic environment and/or the mechanism.

For a bimolecular reaction we can use the following activation parameters:

AS* =R(In A - ln(k—ﬁz] -1 (9)

AH” =E, -RT
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AG” = AH” - TAS™ (11)

to characterize the overall rate of reaction, where Eg is the intrinsic activation energy, A
is the pre-exponential factor, R = 8.31 Jmol-! K-1, kg = 1.38 x 1023 J K-! and h = 6.626
x 10734 Js. E, and A are determined experimentally from kinetic data.

The measured rate constant for hydrolysis of p-NPA at the bubble interface
should be different from the rate constant determined from analysis of the bulk solution
since the solution is not homogeneous. In order to determine a rate constant that is as
close as possible to the intrinsic rate constant at the bubble interfaces, several other bulk
solution parameters must be considered, including ionic-strength, co-solvent effects, and
pH.

Given that the interface between the hot gas in the bubble and the surrounding
cooler liquid is hydrophobic (32), organic compounds will partition to that region much
more effectively than ions. Thus, a variation in the ionic strength of the bulk solution
should have a negligible influence on the hydrolysis rate constant. As shown in Fig. 3,
the observed hydrolysis rate constants do not vary appreciably over a NaCl concentration
range of 0.0 and 0.3M.

Methanol, when used as a co-solvent can be present at a large excess compared to
p-NPA. Under these conditions, methanol may preferentially accumulate at the bubble
interface. In this way, a methanol co-solvent is predicted to slow down the rate of
sonolysis of most organic molecules. This prediction is supported by the data shown in
Fig. 4 which provides a comparison of the rate constants observed in irradiated solutions
in the absence (0, o) and presence (x, +) of 0.25% (v/v) methanol. The rate constants are
found to be significantly larger in solutions that were prepared without methanol.

Over a pH range of 3 to 8, the overall first-order rate constants are essentially
invariant in a sonicated solution as shown in Fig. 5. This pH-dependency is consistent

with the tendency for water in a dense supercritical state to have a higher ion activity
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product relative to normal-phase water; a higher value for Ky should result in a higher
concentration of both OH- and H* for a given set of conditions. Thus, we expect that the
kOH' [OH] term of ks (Eq. 8) should be enhanced significantly in the presence of
transient SCW. Selected properties of supercritical water and water under ambient
conditions compared in Table IV.

The optimal set of conditions for determination of intrinsic rate constants proved
to be an unbuffered solution of 100 uM p-NPA in the absence of a co-solvent. The
amount of NOjand NO3 produced during p-NPA sonolysis was insignificant. This
indicates that the main reaction pathway for p-NPA was hydrolysis of the ester linkage
rather than pyrolytic denitration of the nitro group. Fig. 6 compares the relative values of
kobs in the presence of different saturating gases. The hydrolysis rate constants vary
from 9.8 x 1075 571 to 3.8 x 10~* 571, depending on the nature of the dissolved gas.

The uncertainties associated with the calculation of the rate constant for the
sonolytic hydrolysis of p-NPA are not large. As shown in Fig. 7, the rate of
disappearance of p-NPA in an Ar-saturated solution at pH 6.4 and [p-NPA]J; = 100 uM is
reproducible over the course of five repetitions of the experiment. The average value of
the rate constant is 1.58 min-! with a standard deviation of 2.2 x 104.

The Arrhenius plots for sonicated and unsonicated solutions are shown in Figs. 8
and 9. Using the overall activation energies determined from these plots, the respective
activation parameters can be calculated. As shown in Table III, the activation free
energy, AG™, for hydrolysis appears to increase in the sonicated system compared to the
unsonicated solution primarily due to an increase in the value of AH*. The higher value
of AH™ in the sonicated system may result in part from its correlation with heat capacity
which 1s a function of temperature. The heat capacity of water greatly increases in the
supercritical regime (13) and thus may contribute to an increase in AH* during sonolysis.
However, the corresponding reaction rate constant is also higher because of the net effect

of an increasing effective reaction temperature. On the other hand AS™ for hydrolysis
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appears to decrease in the presence of ultrasound. The apparent change in AS™ can be
explained by considering changes in both the transition state and reactant interactions
with the solvent, which are affected by the lower density and dielectric constant of the
supercritical phase. Because the solute molecules are further apart in the supercritical
domain, fewer are available for solvation of the polar transition state compared to the
number which can cluster near the transition state in water at its normal density. In
addition, the lower dielectric constant implies that when the organic solute is introduced
into the supercritical phase, disruption of the solvent structure should be less compared to
the disruption in the hydrogen bonds when an organic solute is introduced into liquid

water.

MODEL FOR FORMATION OF THE TOTAL AMOUNT OF
SUPERCRITICAL WATER DURING SONOLYSIS

In light of the above results, we now proceed to estimate the fraction of an
individual cavitating bubble, and total fraction of a cavitating solution, that is in the
transient supercritical regime.

Flint and Suslick (12) and Sehgal et al. (10) have clearly demonstrated that
temperatures and pressures within a collapsing cavitation bubble exceed the critical point
of water. Based on previously estimated temperatures within a collapsed bubble and a
smaller layer of surrounding liquid (33), we now attempt to describe the spatial and
temporal temperature distribution around a bubble just after its collapse. In order to
obtain a simple first-order approximation of the heat transport from the interior of a hot
bubble to the surrounding bulk liquid we need to make several severe assumptions. Thus,
we caution that this model should be viewed as a qualitative estimation rather than a
precise description of the real physical phenomenon. Our goal is to show qualitatively,

conditions occur around a collapsed bubble that are in accord with existence of
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supercritical water as suggested by our experimental results and to estimate the total
volume of supercritical water present in a typical solution exposed to ultrasound.

The hydrodynamic life of the bubble before collapse is excluded from this
analysis. Thus, we assume that the collapsed bubble is an instantaneous point source of
heat embedded in an infinite matrix at ambient temperatures, as shown in Fig. 10.
Furthermore, we assume that conduction provides the only means of heat transfer, and
thus we ignore heat transport by convection and radiation. We also assume that the
bubble retains its spherical shape after collapse. The heat capacity, thermal conductivity
and density of the collapsed bubble are assumed to be the same as of the surrounding
water at room temperature. In addition we assume that a uniform temperature is attained
within the bubble immediately after collapse.

The following values for the physical properties of liquid water at 303 K are used
iﬁ the calculation. The heat capacity, Cp, 4178.4 J/kg K, the thermal conductivity, A,
0.6154 J/s m K, the density, p, 995.65 kg/m3 were taken from the Handbook of
Chemistry and Physics (34). The initial radius, a = 150 wm and the initial temperature of
the collapsed bubble, Ty = 5000 K have previously been estimated by Suslick (12.33).
The temperature of the water surrounding the collapsed bubble, Tp,.4 = 300 K.

Given all these assumptions, we can write the heat transport equation as

o _ kV2T (13)
ot

where the thermal diffusivity, k, in units of [m?2/s] is given as M(p Cp). The Laplacian,

written in spherical polar coordinates

19[,0 1 9 P 1 9°
v2-19 2~] _f e——] N 14
r? ar{r or +rzsin8 d6 - 20 +r25in28 99> (1
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can be simplified, since we have assumed that the collapsed bubble retains its spherical
shape and that it has a uniform initial temperature T;. The resulting temperature

distribution, T(r), is, therefore, only a function of the distance from the bubble center and

is independent of the angles 6 and ¢. With these assumptions we can write:

19T _9°T 20T

Xot a2 ror (15)

For the initial conditions, T = Tg, fort=0,0<r<aand T = Tp.q4, for t =0, r > a and the

boundary condition T = finite, for r = 0, the solution to Eq. 14 is given (35,36) as:

T r
1 —~+1 —=1
Tred=‘2“ erf| —2 t —erf a[-—t—
2. k— 2\/k_2
a a
o T -1 41
- —=.k—|exp| —- —exp| — 16
r\/E\J a2 P ” p : (16)
2, k— 2. k—
a a
where the error function is given by
2 % 2
erf(x) = —= | exp|— 17
0= p|-v* Jay (17)

while the reduced temperature is defined as

—E:_I.Lﬂ_e._d_

= (18)
TO - Tmed

red
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In Eq. 17 Ty is the initial temperature of the collapsed bubble, T4 is the initial
temperature of the surrounding water, T,.q is the reduced temperature as a function of the
distance from the center of the bubble, r, at an elapsed time, t. The actual temperature
can be calculated from the definition of the reduced temperature. In Fig. 11 we show a
plot of T,.q versus 1/a, obtained from the numerical solution of Eq. 15. The maximum
radius of a shell around the collapsed bubble with a temperature exceeding the critical
value T, = 647 K can also be calculated for each given time interval after collapse. The
times and corresponding reduced distances are given in Table V. The estimated lifetime
and spatial extent of the supercritical phase at a single cavitation site are on the order of
milliseconds and microns. After 10 msec the radius of the supercritical region around a
collapsed bubble extends about 40 % farther into the bulk solution than the original
cavity. The radius of the supercritical shell expands up to 160 % of the original bubble
radius at 50 msec after collapse.
We can also estimate the fraction of the total volume of a sonified aqueous
solution that is actually in the supercritical state. The volume V.j(t;) of the hot layer,

where T > T, around a collapsed cavity can now be calculated as a function of time.

a

3
Vshell(ti)z‘g‘na3l:(r—(ti‘2) —1] (19)

If N is the number of cavities that collapse per unit volume per unit time, the fraction of

the aqueous solution that is in the supercritical state, Xy, 1S given as

A%
A%

= Xgew = NZVshell(ti)[ti - ti—l] (20)
i

total

The number density of nuclei and their size distribution has been measured by Katz and

Acosta (37). However there are no experimental data for the number density of nuclei or
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actual cavitation bubbles in water during ultrasonic irradiation. Suslick and Hammerton
(14) give an estimate for the number of collapsing bubbles per time and volume. If we
use their estimate of N = 4 x 108 sec"!m™3, we determine that X, = 0.0015.

Our simple mode] predicts that approximately 0.15 percent of the irradiated water
is in the supercritical state at any point in time. Depending on the extent to which
supercritical water accelerates chemical reactions, this fraction may represent a
substantial contribution to reaction rate enhancements that have been reported previously

for chemical reactions in the presence of ultrasound.

Conclusions

p-NPA hydrolysis in an ultrasonically irradiated solution exhibits an observed rate
constant which is enhanced by about two orders of magnitude in comparison to the same
hydrolysis under ambient conditions at 25 OC (as indicated when Figs. 2 and 5 are
inspected). Furthermore k4 is found to be relatively insensitive to the solution pH in the
presence of ultrasound while k., under ambient conditions is a strong function of pH, i.
e., Kops = kg +k oHu- [OH™]. The latter result is distinct from that observed in unsonified
solutions and suggests that the reaction rate enhancement occurs at the cavitation bubble
interface. Both the enhanced hydrolysis rate and its pH independence may be explained
by the existence of supercritical water around the collapsing cavitation bubbles.
Hydrolysis may be accelerated, in part, by a higher concentration of OH- at the hot
bubble interface, which results from the higher ion-product, K. of SCW. The apparent
decrease of AS™ in the presence of ultrasound suggests that the rate enhancement might
be due to a physical change in the microscopic environment surrounding the substrate. In
addition to our experimental evidence, a simple heat transfer model predicts that
approximately 0.15% of the irradiated water is in the supercritical state at any point in

time, giving further evidence for the proposed existence of SCW in cavitating aqueous
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solutions. Based on these experimental findings and our semi - quantitative calculations,
we argue that supercritical water represents a potentially important component of
sonochemistry, in addition to the free-radical reactions and thermal/pyrolytic effects (1-3)
that have been demonstrated previously.

The existence of the SCW phase during acoustic cavitation has significant
implications for hydrolysis reactions of environmental interest. Because the reaction
occurs at or close to the bubble/water interface, compounds more hydrophobic than p-
NPA are expected to exhibit even higher hydrolysis rate enhancements because the
compound that 1s concentrated around the bubble will, once the bubble collapses, be
embedded in supercritical water. The sonolysis of parathion at 25 OC results in complete
hydrolysis within 30 min (3), whereas at 20 °C and pH 7.4 the non-catalyzed hydrolysis
has a half-life of 108 days (38).

Finéllly, the existence of the supercritical phase in an ultrasonically irradiated
solution suggests a modification of the conventional view of the reactive area at a
cavitation site. This region is normally considered to consist of two discrete phases: a
high temperature, low density gas phase, and a more condensed and lower temperature
liquid shell. An alternative description would include a structural change of the
collapsing bubble due to the existence of SCW with properties more characteristic of
water vapor than liquid water. The presence of SCW in a collapsing bubble may help to
explain the observed fragmentation of a single bubble into a bubble cloud consisting of
many smaller bubbles (39).

The application of SCW oxidation to wastewater treatment has been investigated
in recent years (21-23). One drawback of the large scale application of SCW oxidation is
the inherently aggressive nature of water in the supercritical state, which results in
extensive corrosion of reaction vessels. Corrosion of the reactor chamber lessens the
economic feasibility of this method. We believe that the treatment of hazardous organic

compounds with ultrasound could be a possible alternative to oxidation processes in bulk
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supercritical water. Due to the local confinement of supercritical water as generated
during the collapse of gas cavities, the bulk solution remains at ambient pressures and

temperatures, thus avoiding extensive damage to the reaction vessel.
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Figure Captions

Figure 1:  First-order plot of p-NP degradation in a sonicated solution
with different saturating gases. Rate constants in units of [s~1]:
a) Kr: 7.5x 104, b) Ar: 5.2 x 1074, c) He: 1.4 x 1074,
Also, a = absorbance at 400 nm at time t after start

of sonication, and a; = initial absorbance at 400 nm.

Figure 2:  pH dependence of kg [s!] for the hydrolysis of p-NPA under

ambient conditions.

Figure 3:  Effect of ionic strength on hydrolysis kinetics.

Initial ester concentration, [p-NPA]J; = 100 uM.

Figure 4:  Effect of co-dissolved methanol on hydrolysis kinetics.

Initial ester concentration, [p-NPA]J; = 100 uM.

Figure 5:  p-NPA hydrolysis rate constant as a function of pH during sonolysis. The

rate constant, k, is in units of min-1,

Figure 6:  First-order plot of p-NPA hydrolysis in a sonicated solution
with different saturating gases. Rate constants in units of [s~1]:
a) Kr: 3.8 x 1074, b) Ar: 2.5 x 104, ¢) He: 9.8 x 10-5.
Also, a = absorbance at 272 nm at time t after start

of sonication, and a; = initial absorbance at 272 nm.
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Figure 7:  Reproducibility of p-NPA hydrolysis during ultrasonic irradiation. Ar-
saturated solution; pH; = 6.4; [p-NPA]; = 100 uM. Average value of the
rate constant = 1.56 x 102 min-!. Standard deviation: 6 = 2.2 x 10-4.
Standard error : 6/ — =9.8 x 10-5. N = 5. The slopes of the curve fits

VN

represent the sonolytic hydrolysis rate constants, [min-!].
y =-0.0498 + -0.0156x R=0.993

y =-0.0449 + -0.0162x R=0.991

y = -0.0383 + -0.0158x R= 0.996

y =-0.0631 + -0.0160x R= 0.988

y =-0.0216 + -0.0158x R= 0.998

Figure 8:  Arrhenius plot of hydrolysis rate constants of p-NPA in sonicated
solution. Initial pH, pH; = 6.1, initial ester concentration,

[p-NPAJ; = 100 pM. k is in units of inverse seconds.

Figure 9:  Arrhenius plot of hydrolysis rate constants of p-NPA in
unsonicated solutions. Initial pH, pH; = 6. Ionic strength, I = 0.4 M

(NaCl). Initial ester concentration, [p-NPA]; = 100 uM. k is in units of

inverse seconds.

Figure 10: Schematic of the heat transfer model with initial conditions

Figure 11: Plot of the reduced temperature, T,.4, versus the distance from the center of

the bubble, r, for various times after bubble collapse.
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Table 1.
Physical Properties of Selected Gases Used During Sonolysis.

*Thermal

Gas Polytropic Index, ¥~ Conductivity, A Solubility in Water
[mMW/m K] [m3/m3]

Kr 1.66 17.1 0.0594

Ar 1.66 30.6 0.0320

He 1.63 252 0.00860

* @ 600 K
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Table II.

Calculated Effective Temperature from Comparative Rate

Thermometry With p-NP as Reacting System.

Dissolved Rate Constant, Calculated Temperature,
Gas [s-1] [K]
Kr 7.5x104 779
Ar 5.2.x 1074 772
He 12x 103 750
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Table I11.

Thermodynamics of p-NPA Hydrolysis in Sonicated and

Unsonicated Solutions.

Thermodynamic Property Sonicated Unsonicated
AS™ -47 J/mol K -107 J/mol K
AH” 211 kJ/mol 71.5 kJ/mol
AG” 248 kJ/mol 155 kJ/mol

*Quantities calculated using representative interfacial temperature of 780 K.
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Table IV.
Selected Properties of Different Phases of Water.

Temperature, [K], log K-

and Pressure, [bar] p, [g/ml] € [mol2/L2] L, [mPa/s] Comments
T=647,P =221 0.3 ~6 *-16.0 ~102 Critical Point
T=973,P=10* 1095 ~8 *-7.54 ~102 Supercritical
T=1073,P=5x |07 ~20 *-9.05 ~102 Supercritical
105

T=298,P=1 1 78.5 -14.0 ~103 Ambient

p = density, € = dielectric constant, K, = ion-activity product, L = viscosity

*Calculated from equation in (17). All other values from (16).
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Table V.

Reduced radii and volumes of the hot layer around a collapsed cavity

and corresponding elapsed times.

No, 1 Time elapsed since Reduced distance from Volume of hot shell
collapse [msec] center, r(t;)/a, with T > T Vhen(ty) [pL]

0 0 1.000 0

1 1 1.147 7.2

2 2 1.200 10.3

3 5 1.307 17.4

4 10 1.400 24.7

5 15 1.467 30.5

6 30 1.573 40.9

7 50 1.613 45.2

8 70 1.573 40.9

9 90 1.467 30.5

10 110 1.307 17.4

11 120 1.200 10.3

12 130 1.067 3.04
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—y =-0.00322 + -0.00869x R= 1.000
—y =0.00622 + -0.0314x R= 1.000
—y =-0.00535 + -0.0449x R= 0.999

! | ! |

05 ] ; ] é . i |
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Time, [min]

Fig. 1: First-Order plot of p-NP degradation with different saturating gases. Rate
constants (s‘l): a)Kr: 7.5 x 10-4 b)Ar: 5.2 x 10-4 c)He: 1.4 x 10-4. a=absorbance at 400
nm at time, t, of sonication. a; = absorbance at 400 nm, t = 0.
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Fig. 2: pH dependence of Kgps [s-1] for the hydrolysis of p-NPA under ambient
conditions.
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Fig. 4: Effect of co-dissolved methanol on hydrolysis kinetics. [p-NPAJ; = 100 uM. Ar
saturated solution.
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Fig. 5: p-NPA hydrolysis rate constant as a function of pH. The rate constant, k, is in
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Fig. 6: First order plot of p-NPA hydrolysis in a sonicated solution with different
saturating gases. Rate constants (s'1): a)Kr: 3.8 x 104 b)Ar: 2.5 x 104 ¢)He: 9.8 x 10-5.

a = absorbance at 272 nm at time, t. a; = absorbance at 272nm at t=0.
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Fig. 8: Arrhenius plot of kinetics of hydrolysis of p-NPA in a sonicafed solution. pH; =
6.1, [p-NPA]J; = 100 uM. k is in units of inverse seconds.
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Fig. 9: Arrhenius plot of kinetic data for hydrolysis of p-NPA in an unsonicated solution.
[p-NPAJ; = 100 uM, I = 0.4M (NaCl), pH = 6. k is in units of inverse seconds.
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Figure 10: Schematic of the heat transfer model with initial conditions.
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Figure 11: Plot of the reduced temperature, T4, versus the distance from the center of

the bubble, r, for various times after bubble collapse.
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Chapter 3:

The Sonochemical Degradation of p-Nitrophenol in a Parallel-
plate Near-field Acoustical Processor

[Hua, I., Hochemer Ralf H., Hoffmann, M. R., Environmental Science and Technology,
1995, 11, 2790-2796]
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Abstract

The sonochemical degradation of p-nitrophenol (p-NP) in a near-field acoustical
processor (NAP) is investigated. The pseudo first-order rate constant, k, for p-NP
degradation increases proportionally from 1.00 X 107457l to 7.94x107*s7! with
increasing power-to-volume ratio (i.e, power density) over the range of 0.98-7.27 W/cm?3.
An increase in the power-to-area ratio (i.e., sound intensity), results in an increase in k up
to a maximum value of 8.60 X 10-4s-! at a sound intensity of 1.2 W/cm?2. A mathematical
model for a continuous-flow loop reactor configuration is required in order to extract k
from the experimentally observed rate constant, kqhs, Which is a function of the relative
volumes of reactor and reservoir.

The nature of the cavitating gas (Ar, Oj) is found to influence the overall
degradation rate and the resulting product distribution. The rate constant for p-NP

degradation in the presence of pure O2, kg, = 519x107%s7!, is lower than in the

presence of pure Ar, k, =7.94 x 107471 A4l (v/v) Ar/Oy mixture yields the highest
degradation rate, K o;/0, =1.20 10757

Results of these experiments demonstrate the potential application of large-scale,
high power ultrasound to the remediation of hazardous compounds present at low
concentrations. The NAP is a parallel-plate reactor which allows for a lower sound
intensity but a higher acoustical power per unit volume than conventional probe-type

reactors.
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INTRODUCTION

The sonochemical degradation of a variety of chemical contaminants in aqueous
solution has been previously reported (1-16). Substrates such as chlorinated
hydrocarbons, pesticides, phenols, and esters are transformed into short-chain organic
acids, CO», and inorganic ions as the final products. Time scales of treatment in simple
batch reactors are reported to range from minutes to hours for complete degradation
(3.4.9). For example, the total elimination of H,S at pH 7 was achieved within 10 minutes
(4) while parathion required 120 min to achieve complete degradation (6). Ultrasonic
irradiation appears to be an effective method for the destruction of organic contaminants in
water because of localized high concentrations of oxidizing species such as hydroxyl
radical and hydrogen peroxide in solution, high localized temperatures and pressures
(7.13), and the formation of transient supercritical water (2).

The use of sonochemical reactors for practical waste water treatment applications
has not been addressed to date. However, ultrasonic irradiation has been demonstrated to
be effective in several industrial processes such as sludge-dewatering (17), coal
benefication (18), fossil fuel recovery (19.20), de-foaming (21) and the cleaning of jet-
engine parts (18). Martin (22) has identified important design parameters for sonochemical
reactors (e.g., volume of the cavitating zone and the liquid flow-rate) and compared the
effectiveness of a batch-scale probe reactor with a cylindrical duct reactor for the hydrolysis
of methyl benzoate.

In addition to the conventional vibrating probe is another reactor configuration, the
near-field acoustical processor (NAP), in which the flowing solution is irradiated between
two vibrating, parallel plates. Also in use are pentagonal or hexagonal tube reactors with

magnetostrictive transducers mounted on each side of the polygon (23).
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In this paper we demonstrate the feasibility of utilizing an alternative reactor
geometry for the degradation of chemical contaminants in water. The effects of the
ultrasonic power-to-area and power-to-volume densities on the degradation rate of p-
nitrophenol (p-NP) and the effects of the physical and chemical properties of dissolved
gases are explored. The net energy efficiency of the NAP is compared to a conventional

probe reactor.

EXPERIMENTAL METHODS

e Chemical Procedures

p-NP (Aldrich, 99%+), phosphoric acid (EM Science) and NaOH (EM Science)
were used as received. Solutions of p-NP were made with water obtained from a MilliQ-
UV-Plus System (R = 18.2 MQ cm-1). All experiments were performed on 3-5 L of 100
uM p-NP in water. The pH was adjusted to the range of 4.5-5.0 with phosphoric acid.
Solutions were saturated with the appropriate gas (flow rate 1.9 L min-!) by bubbling the
gas through four glass fritted dispersion tubes (Kontes, New Jersey), which were
immersed into the liquid, for at least 20 minutes before and during sonication. Ar and O
and a mixture of the two gases were used as the saturating gases. The flow rates of O, and
Ar in the gas mixture were 688 mL min-! and 2434 mL min-1, respectively. The solution
temperature within the reactor reservoir was maintained at 22-25 °C during the course of
sonication. 10 mL aliquots of solutions were removed from the reservoir at appropriate
time intervals (ranging from 15 to 60 min) and adjusted to pH 11 with 100 uL of 5N
NaOH, filtered through 0.2 pum PFTE filters (Gelman), and analyzed
spectrophotometrically (Hewlett-Packard UV/Vis, 8452A). The degradation of p-NP was
followed at A = 400 nm (g = 17,900 M-! cm™!), and the formation of 4-nitrocatechol (4-

NC) was followed at A = 512 (¢ = 12,300 M~! cm™1). The absorbance at A = 400 nm is
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corrected for interference by 4-NC by subtracting the relatively small absorbance due to the

by-product (¢ = 6500 M~! cm-!) at 400 nm.

e The Near-Field Acoustical Processor (NAP)

In a near-field acoustical processor (Lewis Corporation, Oxford, CT) the
vibrational energy is transferred to the reaction mixture via two parallel stainless steel plates
which are bolted together (Fig. 1). Each plate is vibrationally driven by seven
magnetostrictive transducers that are bonded onto each plate. The transducers convert the
electrical energy which is delivered by two power generators, operating at 16 and 20 kHz
respectively, into the mechanical energy of vibration. The total sonoactive area is 1261.8
cm?, and the length and width are 81.25 and 7.76 cm respectively.

A stainless steel spacer is placed between the two vibrating plates, in order to define
the reaction volume, Vs. The seal between spacer and plates is provided by a Gore-tex
gasket. Spacers of different thicknesses were employed to study the apparent reaction rate
as a function of volume (244-1807 mL), and thus at different power-to-volume densities.

Power input into the two frequency generating units was varied from 0 W to 1775
W in order to investigate the dependence of degradation rates on power per area. Due to
energy transformation losses within the system, the acoustical power transferred to the
reaction mixture is less than the overall power put into the power generators (i.e., the
power drawn from the wall supply). Efficiency calculations were based on the total power
drawn from the wall outlet. The NAP reactor was maintained at constant temperature (30
°C) using a VWR Scientific (Model 1176) refrigeration unit.

Since the NAP system does not allow for direct cooling of the plates and
transducers, the reaction mixture flowing through the reactor itself is thermostated
externally (Fig. 1). This reactor configuration involves the continuous flow of the reaction

solution from the reservoir through the NAP and back into the reservoir. A Pyrex glass
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vessel holding up to 8 L of reactant solution is used as reservoir. Stainless steel cooling
coils were immersed into the reservoir solution to attain temperature control during
sonication. Various ports in the top lid bf the reservoir vessel allow for purging of the
reaction mixture with the background gases during an experiment as well as sample
withdrawal. NAP and reservoir were connected by a corrugated Teflon tubing (3/8° i.d.).
The reaction mixture is continuously circulated through the system via a peristaltic pump
(Masterflex, model 7591-50) operating with Viton tubing. Throughout the study a

volumetric flow rate of 3.2 L min-! was maintained.
RESULTS

Even though the reactor configuration of Fig. 1 can be viewed as a pseudo-batch
reactor, observed kinetic data may depend on the time a given volume element actually
resides within the irradiation zone and thus on the relative volume of NAP and its reservoir,
and on the actual residence-time distribution (24-26) .

By choosing a flow through mode as opposed to a true batch mode, in which all of
the solution would remain in one vessel and is at all times exposed to the ultrasonic
irradiation, we introduce several additional reactor parameters. These parameters include
the volumetric flow rate, Q, and the volumes of the reservoir, Vg, and the NAP, V5. In
order to obtain empirical rate constants for p-NP degradation that are independent of these
three parameters (i.e., to extract first-order rate constants, k, from the observed rate
constants, K,ps), we need to understand the dynamic behavior of the reactor system. A
mathematical model is needed to give the concentration of p-NP as a function of time in
both the reservoir and the NAP.

In order to obtain a convenient mathematical description of the reactor system of
Fig. 1, we can consider two ideal reactors according to general reactor design principles

(24-26). We assume that the reservoir is a continuously stirred tank reactor (CSTR). This
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assumption is justified, since the solution in the reservoir vessel is vigorously stirred via a
magnetic stirrer during the course of all experiments, ensuring efficient mixing. Control
experiments show that there is no degradation occurring in the reservoir; thus it appears to
be a perfect mixer without chemical reaction.
For reactions with a kinetic order 2 1, the conversion per pass through a reactor is
a function of the residence-time distribution. We address this problem by considering the
NAP to be two ideal reactors, that exhibit opposite extremes of residence time distributions
(1.e., the CSTR and the plug flow reactor, PFR) and incorporate them into two different
models. If both modeling approaches predict the same temporal behavior of the p-NP
concentration in the reservoir (i.e., the same kqpg for a given reaction rate constant, k), then
the residence time distribution of the NAP has no important influence on the system
dynamics in this particular case and either approach may be used to find the k,, to k
conversion factor.
Our first approach is to assume the NAP to be an ideal CSTR (CSTR model) and
then assume it to be an ideal PFR (PFR model) and subsequently solve the resulting

differential equations for both cases.

e CSTR Model

The mass balance equation for the reservoir is given as

dCR(® _ Q
dt VR

[Cs(t)= Cr(D)] (1)
where Cr(t) and Cg(t) are the concentrations of p-NP in the reservoir and in the NAP
respectively and Q is the volumetric flow rate of the reaction mixture. Assuming ideal

CSTR-behavior, the mass balance equation for the NAP is given as
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dC
50 L - o]tk @

where Vg 1s the sonicated volume in the NAP, v = -1 is the stoichiometric coefficient for

the reactant p-NP, and r(k, c) is the first order reaction rate, which is given as:

r(k,Cq) = kCg(1) (3)

where k is the intrinsic first-order rate constant for the rate-limiting step in the degradation

reaction as shown by (5)
HOCH/NOy —52 5 HOCEH40°® + NO (4)

The initial conditions for Eqgns. (1, 2) are given as Cg(t=0)=Cg(t=0)=C,.

We can make the problem non-dimensional as follows:

T=kt, y=—, g=—, f=—=2 o=—=—-1 (5)

where Da is the Damkoehler number. Da represents the ratio of the mean hydrodynamic
residence time, Vs/Q, over the characteristic time constant of the reaction, k-1, under the
NAP entrance conditions (24).

With these terms Eqgs. (1, 2), can be written in dimensionless form as follows:
gV =1[f(1)-g(1)] (6)

f(7) = ag(t) - (1+ a)f (1) (7
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The dimensionless initial conditions are thereby given as g(t=0) =f(t=0) =1, with the

solution for g being

g =" [A2 exp(hy) = Ay exp(Ry)] (&)
2~ M
and with A; given by
o1 2 2 ]
kl_—g 1+o¢(l+y)-\/a (I+vy) +2a(l—7v)+1 9)
Ay =_§ 1+oc(1+y)+\/a2(1+y)2+2a(1—y)+1 (10)

The actual operation conditions for volumetric flow rate, reaction rate constants and volume

of NAP and reservoir allow us to simplify Eq.(8). For T 2> 10 and a>>1 (le.Da<<1l) g
04

(i.e., the dimensionless p-NP concentration in the reservoir) can be written in terms of y:

g(1) = exp{-(.i-}-y-}r} (11)

In dimensional form Eq. (11) is given as
Cr® _ exp| — _Vs kt (12)
CO VS + VR

where the observed first-order rate constant for p-NP degradation, k¢, given by:
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Vg

Kkopo=—YS 13
0% TV + Vg (13)

Eg. (13) relates the observed rate constant, Ky, to the intrinsic rate constant in Eq. (4), k.
e PFR Model

Assuming ideal plug-flow behavior for the NAP, its mass balance equation 1s given by the

partial differential equation

BCS(V,t)j (BCS(V,'[))
—_— =-Q ——— +vr(V,t) (14)
( ot V=const oV t=const

and the mass balance equation for the reservoir is given by Eq. (1).

Using the same dimensionless quantities as above, Eq. (5), and by defining

fo(x,7)= (—-af(x"c)) and £ (x,7) = (af(x’ T)) (15)
aT X=const ax T==COnst

the mass balances for the reservoir and the NAP, Eqns (1, 12), respectively, can be written

in dimensionless form as

g(1) =7[f(1) - g(1)] (16)

f (x,7)+Daf (x,7) = -Da f(x,1) (17

with initial conditions g(t=0)=f(t=0)=1, and the boundary condition of
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f(x,7)=g(t). Employing the method of characteristics, the differential equations can be

solved analytically to obtain an expression for g,

o()y=eM (18)
1 A

where A= 1+——-—1n(1+Da—} (19)
Da Y

For Da& << 1 we expand Eq. (19) into a MacLaurin series yielding a series expression for

A

A =—— 4+ O(Da) (20)
1+

Eq. (18) can be written in dimensional form by substituting Eq. 20 for A,

Cr(t)=Cy exp[—(—\—/—vi—jkt:i (21)

s+ Vg

The relation between the intrinsic rate constant, k, and the observed rate constant, kg, is
found to be given as:

AY
Kobs =“\7‘S—k
s+ VR

(22)
which is identical to Eq. (13). We conclude, that by assuming the NAP to exhibit ideal

PFR-behavior versus ideal CSTR-behavior we do not affect the final mathematical

relationship between ks and k under the given conditions for Da and y. Therefore, the
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interpretation of the present results is possible without incorporating a residence time
distribution within the NAP.

The initial reactions (3) in the degradation pathway of p-NP in an ultrasonically

irradiated solution are shown below :

OH OH
------- - © + NO; (23)
NO, '
OH OH
....... » +NO (24)
NO, )
OH OH H OH
. 0, OH
oy [ Tow O Ho,
NO
2 N02 N02

The predominant step, inferred from shock-tube studies (27) of analogous compounds is
pyrolytic cleavage of the C-NO; bond which occurs at the hot bubble interface. Attack by
hydroxyl radical (28-32) and subsequent reaction with other oxidizing species can lead to
the formation of 4-NC and benzoquinone. A detailed discussion of the degradation by-

products of p-NP in a sonicated solution is provided by Kotronarou et al (3)
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First-order plots of In[p-NP] vs. time for an Ar saturated solution of p-NP
sonicated at a gap-width of 1.45 mm are shown in Fig. 2. The rate constants for three
identical runs were reproducible within 3-5 %.

A second set of experiments was performed to examine a variable gap-width
between the plates (i.e., a variable reaction volume), with a constant power input of 1775
W. This variation allowed for a range of power per unit volume while the power per unit
area (i.e., sound intensity) was maintained constant. The energy required to expand a

population of bubbles in solution can be estimated with Eq. (26) (33):

E= %PNanax (26)

where P = the magnitude of the hydrostatic and acoustic pressure; N = number of bubbles
in solution; Rmax = the maximum radius of the bubble before it collapses. Because P and
therefore Rmax vary only when the intensity changes, increasing the power per unit
volume in this set of experiments increases N, the number of bubbles which are forced to
expand and then implode. Eq. (26) predicts that the number of bubbles will increase
linearly with power density. Although the number of chemical events per bubble is not
known, it is reasonable to expect a linear correlation of chemical reactivity with the amount
of energy transferred into solution. Fig. 3 illustrates the linear correlation of the observed
degradation rate constant of p-NP with the power density in an Ar saturated solution. The
data for two initial concentrations is compared. The value of k ranges from 1.00 x 107471
at the lowest power-to-volume ratio (0.98 W mL-1) to 7.94 x10™*s7! at the highest
power-to-volume ratio (7.27 W mL-1). Faster degradation rates at higher power densities
result from a higher number of reactive sites (i.e., cavitation events) in solution.

Sonication of solutions with [p-NP]; = 25 uM resulted in degradation rates constants which

were about twice as large as those observed in solutions with [p-NP]j = 100 uM. The
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slower degradation rate at a higher initial concentration demonstrates that the cavitation sites
approach saturation with increasing bulk solute concentrations.

In order to examine the dependence of k on the power per unit area, the NAP
reactor was operated at a fixed gap - width of 1.45 mm, while the power output was
varied. Fig. 4 shows the variation of k as a function of the power per unit area. k
increases with increasing sound intensity until a maximum value is obtained at 1.2 W/cm?
and then k decreases with further increases in intensity. This behavior has been observed
previously, in both aqueous (33-35) and organic (36) solutions. The intensity, or power
per unit area, is correlated with the acoustic amplitude of the ultrasonic wave, Eq. (27) (7),

as follows:

2
1= P_A (27)
2pc

where I = amount of energy emitted per unit area per unit time, Po = acoustic pressure

amplitude, p is the density of water, and c is the speed of sound in water (~1500 m/s). The
importance of the acoustic amplitude in determining the final temperature and pressure

within the collapsed bubble can be estimated with Egs. 28-29 (7.13).

K/(K-1)
P = P(E@.Q}f__l)j (28)
T =T, (E.m@) (29)

where P, = pressure in the liquid at the moment of collpase; P = pressure in the bubble at is
maximum radius; K = C/C,, the adiabatic index of the saturating gas; T, = the temperature

of the bulk liquid. Py, = is the sum of the hydrostatic and acoustic pressures. During the
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compression cycle a higher pressure amplitude will result in a more complete implosion and
thus more extreme final conditions. This translates into higher reactivity at each bubble as
the acoustic amplitude increases. However, the cavitation intensity cannot be increased
without limit because as the vibrational amplitude increases, decoupling occurs between the
vibrating plate and the solution; thus the energy transfer efficiency decreases (37). Also,
the formation of a bubble shroud (13) may occur at the surface of the vibrating plates at
high intensities, resulting in attenuation of the sound wave.

The effect of dissolved gases on k was determined. Since the chemical reactivity at
a cavitation site is determined by the final temperature and pressure of bubble collapse
(7.13) as well as the nature of the oxidizing species produced, k should depend on the
nature and properties of the dissolved gases. In the presence of Ar, water vapor in the high

- temperature regions decomposes as follows (38):

H,0 — H® + HO® (30)
2 HO® - H,0, 31)
2H' - H, (32)

to produce *OH and HyO».
In addition to pyrolytic decomposition of water, the following reactions also occur in

oxygen saturated solutions:

0, 520" (33)

0* + OZ - 03 (34)

H* +0, — HO; (35)
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Thus, a solution saturated only with Ar would be expected to favor pyrolytic
reactions (39.40) because of the higher final temperature, whereas an oxygen saturated
solution would result in a greater number of oxidizing radicals but a lower temperature
upon bubble collapse. The variation of k as a function of background gas compositions is
shown in Fig. 5. The degradation of p-NP occurs most rapidly in a solution saturated with
a 80%/20% (v/v) Ar/O; mixture and least rapidly in a solution saturated only with oxygen.
This result is reasonable because the initiation of p-NP degradation occurs in two parallel
reactions: pyrolytic cleavage of the C-NO, moiety and attack by *OH. In a solution
saturated with either Ar or O alone, only one of the parallel pathways is accelerated. In a
solution containing both gases, more extreme conditions can be achieved, as well as higher
concentrations of oxidizing species and thus, the overall reaction rate constant increases.

The effect of the saturating gas on the formation of 4-nitrocatechol, a reaction
intermediate, is less predictable. In Fig. 6 a plot of the fraction of p-NP degraded to 4-NC
as a function of the percentage of p-NP degraded is shown. In an Ar saturated solution,
the fraction of p-NP degraded to yield 4-NC is the highest. However, in solutions
saturated with O; or the Ar/O; mixture, 4-NC is present in much lower concentrations.

These lower concentrations of 4-NC most likely result from faster degradation due to attack

by HO?, which is formed in significant quantities only in the presence of oxygen.

DISCUSSION

A summary of the rate constants and reactor conditions is given in Table I. The
power-to-area ratio was maintained constant while the power-to-volume ratio was varied.
The observed first-order degradation rate constant increases as the power density and
intensity are increased up to a saturation value. Manipulation of these macroscopic

parameters leads to enhancement of the cavitation chemistry as the number of cavitation
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bubbles and the chemical events at each bubble are varied. A seven-fold increase in power
density results in an approximately equivalent increase in observed rate constant for
degradation, whereas k reaches a maximum value upon increasing the intensity four-fold.
Simultaneous acceleration of pyrolytic and free-radical reaction pathways results in the
maximum rate observed in solutions saturated in an Ar/O» mixture. Hart (41) and Biittner
(42) have studied free-radical formation in Ar/O; mixtures and also found an optimal
percentages of each gas for oxidation of different substrates.

The energy efficiency of an advanced oxidation technology must be determined in
order to determine its practical potential for hazardous waste treatment. In order to make
this comparison, we employ the concept of efficiency, measured in terms of a G-value,
which 18 often used in radiation chemistry (43.44). The G-value is defined for our

purposes as the number of molecules degraded per unit of energy input into the system:

ACXN,xV

[molecules/kJ] (34)
AT XW

G- value =

AC = change in the solute concentration over a given time interval AT; N, = 6.023 x 1023
molecules/mol; V = volume of solution; W = wall voltage. It should be noted that the G-
value does not include any other chemical reaction, such as simultaneous degradation of the
various by-products. Furthermore, the energy input is based on the wall-voltage, and the
energy transduction process is not 100% efficient. Therefore, the G-values calculated in
this study (Table II, Fig. 7) represent a lower limit of energy efficiency in the NAP reactor.
A calorimetric method for the determination of the actual energy transferred into solution
could also be used to calculate the energy efficiency.

The G-values for p-NP degradation in a probe reactor and NAP reactor under
various conditions are compared in Table II. The standard bench top reactor configuration
for sonochemistry consists of a vibrating horn (or 'probe') immersed in solution. This

configuration was chosen for comparison to the NAP. Experimental methods for collection
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of this data are described in Hua et al. (2) and specific reactor conditions are listed in the
table. The G-value for the probe reactor is approximately an order of magnitude less than
in the NAP although the rate constants are of the same order of magnitude. This is due to
the more even dispersal of energy in the NAP system. Because of the larger emitting area
of the plates in a NAP, all of the reactant solution is directly exposed to ultrasound whereas
in the probe reactor, the actual cavitating volume represents a small fraction of the total
solution (37). In addition, attenuation of the sound wave in the NAP is minimal because
the distance at any point in the solution from the emitting surface is only several mm or at
most ~1.25 cm. Finally, because the NAP operates at two different frequencies, a greater
number of bubbles in a given population can be excited. Sound waves emitted from two
opposing plates can undergo constructive interference, given the superposition principle
(45). The amplitude of the resulting wave can be larger than the two individual sound
waves, resulting in more intense cavitational collapse. Given two waves travelling in
opposite directions, with amplitude A, frequencies ®; and ®; and wavenumbers k; and k»,
the behavior of the resulting wave as a function of time, t and position, X can be derived

from the superposition principle, Eq. 37:

f(x,t) = ?.Acos[(kl o)X+ (e - (Dz)thos[(kl —kp)x+ (o +wy)t

5 3 ] (37)
The NAP reactor operates at two different frequencies, but the sound field is the result of
complex interactions.

The sonochemical degradation of p-NP in aqueous solutions can be successfully
scaled-up from laboratory scale bench-top volumes to more practical operational volumes.
The G-value obtained in the larger-scale NAP reactor is approximately 20 times higher than
in a conventional probe reactor. The reaction rate retains its overall first-order character,
and the observed rate constant exhibits an inverse relation to the initial substrate

concentration similar to that observed in the probe system. The parallel-plate design of the
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NAP reactor allows for a lower sound intensity but higher irradiation energy per unit
volume. Furthermore, this configuration results in a more even distribution of cavitation
events in the solution flowing through the NAP.

Optimization of p-nitrophenol degradation rates within the NAP can be achieved by
adjusting the energy density, the energy intensity; and the nature and physical properties of
the saturating gas in solution. The observed first-order degradation rate constant increases
as the energy density and intensity are increased up to a saturation value. Manipulation of
these macroscopic parameters leads to enhancement of the cavitation chemistry as the
number of cavitation bubbles and chemical events at each bubble are varied. A seven-fold
increase in energy density results in an approximately equivalent increase in observed rate
constant for degradation, whereas k reaches a maximum value upon increasing the intensity
four-fold. The specific nature of the saturating gas incluences the relative proportion of
pyrolytic or free-radical reaction steps. Simultaneous acceleration of these pathways results
in the maximum rate observed in solutions saturated in an Ar/O, mixture.

In our present investigations, the NAP reactor was integrated into a recycle system
due to the need for temperature control which could only be achieved by thermostating the
reaction mixture itself outside the reactor. The need for continuous recycling at a relatively

high volumetric flow-rate together with the reactor volume and the first-order rate constants

leads to small Damkoehler numbers, D, = KVe <<1. The mathematical analysis of the

reactor system shows that for small Da (i.e., small conversion per pass), the residence time
distribution of the NAP has no influence on the observed rate constants. This result
justifies the use of the simple volume correction factor in determining k from kgps.
Increasing the rate constant and/or the reactor volume, and decreasing the volumetric flow
rate result in an increased Damkoehler number. Under these conditions, the residence time
distribution of the NAP has to be known in order to extract k from k.

Increasing the rate constant and/or the reactor volume, and decreasing the

volumetric flow-rate result in an increased Damkoehler number. Under these conditions,



-95-
the residence time distribution of the NAP has to be known in order to extract k from Koj.
To operate the NAP as a steady-state continuous flow reactor, a higher conversion per pass
is needed by either decreasing the volumetric flow-rate or increasing the reactor volume.

The degradation of p-NP by ultrasonic irradiation compares favorably to other
modern treatment methods, including bacterial reduction (46) or oxidation (47), carbon
adsorption (48), membrane solvent extraction (49), ozonolysis (50), and the Fenton
reaction (51). Because reactor configurations (batch vs. flow-through) and reactor
volumes vary greatly amond these studies, direct comparison of rate constants cannot be
made. Most of the techniques resulted in >90% degradation or removal of p-NP on the
time scale of hours. However, ultrasonic irradiation offers the advantage over carbon
adsorption and membrane extraction of complete compound destruction. Degradation
occurs over concentration ranges varying by orders of magnitude (3), unlike certain
biological systems (47) which are inhibited by relatively low substrate concentrations.
Furthermore, the cavitation chemistry of p-NP does not exhibit complex pH effects which

are observed during ozonolysis of the substrate (50) .
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Figure Captions

Schematic diagram of the reactor system.

Reproducibility of p-NP degradation in the NAP reactor. First-order plot
for p-NP degradation in an Ar saturated solution irradiated at 100 % (1775
W) power and a gap width of 1.45 mm. [p-NP]g=100uM, T=30 £ 2
°C,pH=5.0 £ 0.2, p <30 uM.

y = 0.0446 + -0.0466x R= 0.999

----- y =0.0191 + -0.0477x R= 1.000

----- y =-0.0155 + -0.0490x R= 1.000

p-NP degradation rate constant as a function of ultrasound power-to-volume
ratio at different initial concentrations. Variable reaction volume with
constant power (1775 W). [p-NP]y = 100 and 25 uM, T =30 = 2 °C, pH
=50 %02, u<30uM.

y =-1.69e-06 + 0.000113x R=0.992

----- y =-3.47e-05 + 0.000231x R= 1.000

p-NP degradation rate constant as a function of ultrasound power-to-area

ratio. Variable power with constant reaction volume (244 mL).

[p-NP]p =100 uM, T=30 + 2 °C, pH = 5.0 + 0.2, u < 30 uM.

First-order plot of p-NP degradation in solutions saturated with different
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gases at 1775 W power and 1.45 mm gap width. kg, =35.19X 1074s71,
Kar =7.94x107%s71, ka0, =1.20x1073s71 . [p-NP]o = 100 uM,

T=30+2°,pH=50% 0.2, u <30 uM.
Fraction of degraded p-NP which has been transformed into p-NC as a
function of the fraction of p-NP degraded. Reactions conditions same as in

Fig. 4.

The effect of cavitating gas on the energy efficiency of p-NP degradation.
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Table 1.

First-Order Rate Constants for Different Power-Densities with
Argon as Background Gas

Rate Constants, | Gap-Width, |Irradiated Power/Area Power/Volume
[10-4 s°1] [mm] Volume, Ratio, Ratio, [W mL-1]
[mL] [W cm2]

7.94 1.45 244 1.41 7.27

5.39 3.25 376 1.41 4.72

3.93 6.30 568 1.41 3.12

1.98 9.50 834 1.41 2.12

1.00 25.17 1807 1.41 0.98

8.16 1.45 244 1.41 7.27

8.50 1.45 244 1.33 6.86

8.60 1.45 244 1.23 6.35

6.50 1.45 244 0.93 4.80

4.00 1.45 244 0.55 2.82

1.99 1.45 244 0.33 1.74
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Table II.

Energy Efficiencies of the NAP and Probe Systems

Power Power G-value
Reactor Density, Intensity, x 10-15,

W/mL W/cm? molecules/k]  k, s-!
Probe* 4.8 10 2.3 52x 104
NAP** (Ar) 7.27 1.4 43 7.9 x 10-4
NAP (Ar/O,)  7.27 1.4 64 1.2x 103
NAP (0O9) 7.27 1.4 37 5.19 x 104

*For an Ar saturated solution; pH ~5 and [p-NP]; = 100 uM. Probe reactor manufactured
by Sonics and Materials: Model VCX-400; operated at an average output of 130 W;
sonicated volume 25 mL; T = 30 °C.

**Values for the NAP are given for different saturating gases.
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Fig. 1: Schematic diagram of the reactor system.
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Reproducibility of p-NP degradation in the NAP reactor. First-order plot for p-
NP degradation in an Ar saturated solution irradiated at 100 % (1775 W) power
and a gap width of 1.45 mm. [p-NP];=100uM, T=30+2 °C,pH=50 *
0.2, u < 30uM.
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Fig. 3: p-NP degradation rate constant as a function of ultrasound power density at
different initial concentrations. Variable reaction volume with constant power (1775 W).
[p-NP]p=100and 25 uM, T=30 £ 2 °C,pH=5.0 £ 0.2, 1 < 30 uM.
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Fig. 4. p-NP degradation rate constant as a function of ultrasound power-to-area-

density. Variable power with constant reaction volume (244 mL).
[p-NP]y=100uM, T=30 £ 2 °C,pH =5.0 = 0.2, i < 30 uM.
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Fig. 5: First-order plot of p-NP degradation in solutions saturated with different
gases at 1775 W power and 1.45 mm gap width. kg, =5.19x 107471,

kar =7.94%x107%s71 k0 =1.20x1073571 [p-NP]g = 100 uM,
T=30+2°C,pH=50 % 0.2, 1 <30 uM.
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Fig. 6: Fraction of degraded p-NP which has been transformed into 4-NC as a function

of the fraction of p-NP degraded. Reaction conditions same as in Fig. 5.
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Chapter 4:

Kinetics and Mechanism of the Sonolytic Degradation of CClg:
Intermediates and By-Products

[Hua, 1., Hoffmann, M. R., Environmental Science and Technology, in press]
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Abstract

The sonolytic degradation of aqueous carbon tetrachloride is investigated at a sound
frequency of 20 kHz and 135 W (112.5 W cm-2) of power. The observed first-order
degradation rate constant in an Ar saturated solution is 3.3 x 10-3 s-! when the intitial CCly
concentration, [CCly]; , is 1.95 x 10-4 mol L-! and increases slightly to 3.9 x 10-3 s-1 when
[CCly]; = 1.95 x 10-5 mol L-1. Low concentrations (10-8 - 10-7 mol L-1) of the organic by-
products, hexachloroethane and tetrachloroethylene, are detected, as well as the inorganic
products, chloride ion and hypochlorous acid (HOCI). The chlorine mass balance after
sonolysis is determined to be >70%. The reactive intermediate, dichlorocarbene, is
identified and quantified by means of trapping with 2,3-dimethyl-2-butene. The presence
of ozone in the sonicated solution does not significantly effect the rate of degradation of
carbon tetrachloride; however O3 inhibits the accumulation of hexachloroethane and
tetrachloroethylene. Ultrasonic irradiation of an aqueous mixture of p-nitrophenol and
carbon tetrachloride results in the acceleration of the sonochemical degradation of p-
nitrophenol. The sonolytic rate of degradation of p-NP appears to be enhanced by the

presence of hypochlorous acid which results from the sonolysis of CCly.
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INTRODUCTION

Carbon tetrachloride (CCls) contamination in the environment is widespread due to
its refractory nature and its large-scale production. Under ambient conditions, CCly does
not degrade readily (1.2). However, CCly is reduced by H»S in the presence of mineral
surfaces (3.4) and over cobalt catalysts (5). CCly is unreactive towards hydroxyl radical
(half-life >330 y) (6), but degrades via direct photolysis in the stratosphere (7.8) where it
is thought to play a minor role in the depletion of stratospheric ozone (9,10). The
persistence of CCly in the environment is of concern because of its short-term and chronic
human health effects and because it is a suspected human carcinogen and an EPA priority
pollutant (11). The mechanisms of CCly toxicity (12-17), its physical properties and its
environmental fate (18.19) have been studied.

Numerous methods have been applied to the degradation of gas-phase CCly such as
catalytic decomposition over mixed metal oxide/porous carbon catalysts (20), incineration
(21.22), reduction over metallic iron (23), and electron-beam plasmas (24.25). The
treatment of aqueous phase CCly has been explored using anaerobic activated carbon
reactors (26), UV photolysis (27), and high-pressure (20 MPa) liquid water hydrolysis
(28).

Ultrasonic irradiation of aqueous solutions of halogenated hydrocarbons, including

chlorofluorocarbons (29) and CCly (30-34) has been reported. The extreme temperatures

and pressures generated during cavitation result in solute thermolysis as well as the
formation of hydroxyl radical and hydrogen peroxide (35.36). The decomposition of
aqueous CCly during sonication was first reported by Weissler (37); CCly sonolysis was
also shown to result in enhanced sonoluminescence (38.39). The sonolysis of CCly in the
presence of iodide (40), magnesium chloride (41) and di-n-butyl sulfides (42) has also
been examined. The results of these studies indicate that the decomposition of CCly during

ultrasonic irradation is significant, with first-order rate constants ranging from 10-2to 10-3
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s1. The effect of reaction variables such as initial concentration, steady-state temperature

and power intensity has been investigated. However, quantitative data on by-product
analysis and intermediate formation is lacking.

In this paper, we examine the kinetics and mechanism of the ultrasonic irradiation
of CCly in aqueous solution with a particular focus on the Cl- balance, reaction
intermediates and reaction by-products. The effects of ozone and p-nitrophenol on CCly

degradation are also explored.

EXPERIMENTAL METHODS

High purity carbon tetrachloride (Calibration Standard; Supelco, Bellefonte, PA),
hexachloroethane (98%; Aldrich, Milwaukee, WI), tetrachloroethylene (99.9%; Sigma-
Aldrich, St. Louis, MO and Milwaukee, WI), 2,3-dimethlybutene (Aldrich), p-nitrophenol
(Aldrich, 98%), 5,5',7-indigotrisulfonic acid (Sigma Chemical Co.) and pentane
(Omnisolv grade, EM Science, New Jersey) were used as received. All aqueous solutions
were made in water purified with a MilliQ UV Plus System (R = 18.2 mQ). Reproducible
concentrations of CCly in water were obtained by adding a specific volume of the solute
into a vial filled with water and sealing the vial with zero-headspace. The vial was then
shaken at ~285 rpm at room temperature for 12 h to achieve complete dissolution. The
solutions were then diluted in Ar-saturated water to the appropriate concentration and
adjusted to pH 11.8 with NaOH. Buffers were not used to control the pH because many
buffers (e. g. carbonate or bicarbonate) are effective radical scavengers (43) and would
interfere with degradation of the target solute. Saturated solutions were made by stirring
excess CCly with water.

Sonications at 20 kHz were done with a VCX-400 Vibracell™ (Sonics and
Materials, Inc., Danbury, CT) operated at 30% power amplitude and an average output of
135W as measured with a built-in wattmeter. The titanium tip of the probe was polished
and the transducer tuned before every use to give a minimal power ouptut when vibrating in

air. 95 mL of solution was transferred into a water-jacketed glass cell, which was closed to
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the atmosphére (total volume, 110 mL). The bottom of the glass reactor (Fig. 1) had a one

cm indentation in the center for reflection of the sound-waves and for even distribution of
the cavitation bubbles in the solution. The reactor was made air-tight with two O-ring seals
in the threaded Teflon® collar connecting the glass cell to the stainless steel probe. In
addition, sampling ports were sealed with Teflon® valves and covered with rubber septa.
Cooling water was circulated through the system by a Haake A80 Cooler/Recirculator in
order to maintain a constant temperature. 1.0 mL aliquots were withdrawn with a Hamilton
syringe and mixed with 0.5 mL pentane. 0.5 uL of the pentane extract was then analyzed
with an HP 5880A Gas Chromatograph/Electron Capture Detector (GC/ECD) operated in
the splitless mode and equipped with an HP-5 column (cross-linked 5% Phenyl Methyl
Siloxane, 25 m x 0.32 mm x 1.05 um film thickness). The instrument was calibrated by
standard solutions of carbon tetrachloride, hexachloroethane and tetrachloroethylene in
pentane. Ion-selective electrodes were used to quantify chloride ion and hypochlorous acid
(Orion, Model # 96-17B and # 97-70).

All experiments with ozone were performed with an Orec Model V10-0 Ozonator
(Ozone Research and Equipment Corporation, Phoenix, AZ) operated at 9 psi and a flow-
rate of 4.5 LPM. Water was placed in a gas-dispersion bottle and bubbled with ozone at a
flow-rate of 20 mL/min. Ozone-saturated water was used to dilute 140 mL of an Ar
saturated CCly solution to 250 mL. Any residual ozone in the aliquots withdrawn during
sonication was quenched by adding 200uL of 1 mmol 5,5',7-indigotrisulfonic acid (Indigo
Blue), following standard procedures (44). Pentane extracts were analyzed as described
above.

Intermediates were trapped by sonicating a CCly solution in the presence of 2,3-
dimethyl-2-butene and Ar. Sample volume and extraction methods were the same as
above. The detection of the 1,1-dichloro-2,2,3,3-tetramethylcyclopropane was achieved
with a Hewlett - Packard 5890 Series II Gas Chromatograph (HP-5 column, 3 uL injection
volume, He carrier gas) connected to a Hewlett - Packard 5972 Series Mass Selective

Detector operated in the Single Ion Mode. A characteristic peak at 131 amu was used for
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quantificatibn. Confirmation of 1,1-dichloro-2,2,3,3-tetramethylcyclopropane was

obtained by comparing the mass spectrum of the sonicated sample to the spectrum of the

authentic compound.

Sonication of 100 uM p-NP in a solution saturated with CCly; and Ar was
performed in an identical fashion as described above. Quantification of the p-NP was
achieved with a Hewlett-Packard 8452a UV/Vis spectrophotometer as described previously

(45.46).

RESULTS

As shown in Fig. 2 the sonochemical reactor was determined to be gas-tight. A
solution of CCly was stirred and maintained at 25 © C and liquid samples were sequentially
withdrawn and analyzed. None of the dissolved CCly appeared to be lost from the solution
over a period of 90 min. Thus, even with a small headspace in the reactor, loss of CCly
due to volatization during sonolysis is negligible.

A first-order plot of [CCly] vs. time during sonolysis is shown in Fig. 3. At two
different initial concentrations, 195 UM and 19.5 uM, the reaction exhibits apparent first-
order kinetics for approximately four half-lives. The first-order rate constant did not differ
significantly over this concentration range; it was slightly higher (3.9 x 10-3% 0.19 s°1)
when the initial concentration was 19.5 UM than at 195 uM (3.3 x £ 0.23 103 s-1). In
both cases, the concentration of carbon tetrachloride was reduced by 90% within 12
minutes of sonication.

A mass balance of chlorine atoms during CCly sonolysis was determined as follows:

[CI" ]+ [HOCI] + 4[C,Cl4 ]+ 6[C,Clg ]+ 4[CCly J¢
4(ICCl,]; ~[CCly ;)

(1)

chlorine atom yield =
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Table I lists values for the observed by-products after ultrasonic irradiation. A typical

chlorine balance was >70% with Cl- found to be the dominant product. Hexachloroethane
and tetrachloroethylene are the only organic by-products detected and are not present when
the initial CCly concentration is low (19.5 uM). Thus, despite the known degassing effect
(47) of ultrasound; in a closed system, volatile solutes re-enter the treated solution and the
observed losses are due to chemical reaction and not to volatization.

The formation of the reactive intermediate, dichlorocarbene, was confirmed by

utilizing the following reaction:

: CCl,
C(H3C),=——=C(CH,), >

HsC ”/CHS

to form 1,1,-dichloro-2,2,3,3-tetramethylcyclopropane. A peak concentration of 2.8 uM
was observed after 15 minutes of sonication, as shown in Fig. 4. This concentration
allows a lower limit to be placed on the dichlorocarbene concentration in solution during
sonication. Fig. 5 provides a comparison of the mass spectrum of an authentic sample of
1,1-dichloro-2,2,3,3-tetramethylcyclopropane and that of the compound detected during
the sonication of carbon tetrachloride. The chromatographic retention times of the peaks in
each sample were in agreement to within 0.36 s. Furthermore, the correct distribution of
abundances and ratios was observed for several characteristic fragments: 131, 95, and 77
AMU. The representative abundances and mass fragments are summarized in Table II.

In a separate set of experiments, the effect of ozone on the degradation kinetics of
carbon tetrachloride was determined. Under ambient conditions, ozone does not react
appreciably with carbon tetrachloride (Fig. 6) because the central carbon atom is already

fully oxidized. Sonication of CCly in the presence of a 56%:44% (v/v) Ar/Os mixture (Fig.
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7) does not result in enhanced degradation of CCly, as would be expected if the initial

degradation step is a thermal cleavage of the C-Cl bond.

However, the formation of C,Cly and C,Clg was found to be strongly inhibited in
ozone saturated solutions, as shown in Fig. 8. The maximum concentrations of both by-
products were attained during the early stages of the reaction, regardless of the saturating
gas mixture. However, the maximum concentration was substantially less in the presence
of ozone.

The results presented in Fig. 9 demonstrate the apparent acceleration of p-NP
degradation during sonolysis in a CCly saturated system. In the absence of ultrasonic
irradiation, p-NP does not degrade in a saturated solution of CCly. However, addition of
CCly during sonication of p-NP in an Ar saturated solution enhances the rate constant of p-
NP degradation by a factor of 4.5 compared to sonication without CCly. The formation of

4-nitrocatechol, an aromatic degradation product, is inhibited in the presence of CCly.

DISCUSSION

The weak influence of the initial concentration on the first-order rate constant for the
sonolytic degradation of CCly has also been observed by other investigators (34). In
contrast, the degradation rate constant of p-NP is inversely correlated to its intitial
concentration during sonication (46). CCly appears to undergo pyrolysis in the gas-phase
at the center of the bubble as well as in the interfacial region, whereas p-NP reacts
predominantly at the interface. The volume of the gas-phase is estimated to be ~2 x 104
larger than the volume of the interfacial region (48). Thus, more molecules of CCly than p-
NP can react during a single cavitation event. Table III lists the relevant properties of the
two substrates. Based on its higher Kow, CCly partitions more effectively to the

hydrophobic (49.50) cavitation bubble interface. Furthermore, with a higher vapor

pressure and lower boiling point, a greater fraction of CCly will react in the gas-phase.
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» Gas-Phase Reactivity of Carbon Tetrachloride

The reaction pathways of CCly during sonolysis can be inferred from combustion
and shock tube studies. The thermal dissociation of CCly in an Ar gas-phase is known to
produce two chlorine atoms for every molecule of CCly; fission of the second chlorine is
thought to occur at approximately 10 percent of the rate of primary fission (31). The initial

steps of CCly degradation during sonolysis appear to be as follows:

CCl,—2 'CCl; + Cl 3)

Formation of dichlorocarbene, :CCl, is also thought to occur by the simultaneous

elimination of two chlorine atoms (52):

CCly —» :CCl, +Cl, (5)

A third mechanism for dichlorocarbene formation is disproportionation of the
trichloromethyl radical which can be inferred from an analogous reaction between the

trifluoromethyl radical and the hydrodifluoromethyl radical (53) :

CCl; +'CCl; —» CCl, + :CCl, (6)

All three pathways are possible at the hot center of the imploding bubble. The

trichloromethyl radical can also couple to form hexachloroethane (54):

'CCl; + CCl; — C,Clg (7)
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The relative rate of disproportionation to that of combination depends on the radical

species, but is usually less than one (55). The recombination of the trichloromethyl radical
in the gas-phase has been studied, and at 298 K and 1 atm (in Ar) the rate constant of
formation of hexachloroethane is approximately an order of magnitude less than the re-
formation of CCly (36).

In the presence of oxidizing species, the trichloromethyl radical can act as a

scavenger of hydroxyl radical:

'CCl; + OH — HOCCI, (8)

or molecular oxygen: (57):

'CCl; + 0-0'> '0-0CCl4 )

The relative concentrations of trichloromethyl radical and hydroxyl radical in the gas-phase
of a cavitation bubble can be estimated by comparing the carbon-chlorine bond-strength in
carbon tetrachloride, 73 kcal mol-! (58), to the hydrogen-oxygen bond-strength in a water
molecule, 119 kcal mol-! (59). Thus, sufficient quantities of trichloromethyl radical are
formed such that recombination and radical scavenging occur in parallel. At high
trichloromethyl radical concentrations in an Ar atmosphere, self-reaction of two CCl3
radicals appears to be a likely primary reaction.

Based on analogous gas-phase mechanisms, the reactive intermediate HOCCl3

appears to rapidly react to yield phosgene and other products as follows:

HOCCl; - HCI +COCl, (10)

CoCl, + H,0 - CO, +HCI (1)
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'0-0CCl; + H,0— COCl, + HOCI (12)
Phosgene hydrolyis in water is rapid (60) under ambient conditions; and the rate constant is
positively correlated with temperature (61). Thus, the hydrolysis of this intermediate can

be enhanced by the occurrence of supercritical water (45) during cavitional bubble collapse:

COCl, + H,0 — HCl+CO, (13)

The dichlorocarbene can couple to form tetrachloroethylene:

2 :CCl, — C,Cl, (14)

or hydrolyze to carbon monoxide and hydrochloric acid:

:CCl, + H,O— CO + 2 HCI (15)

Chlorine atoms can combine to form molecular chlorine, which hydrolyzes to

hypochlorous acid and chloride ion:

2 C1-Cl, » HOCI + CI' (16)

Chlorine atom recombination in the gas-phase is a termolecular process. If molecular
chlorine is the third body, then the recombination rate constant at 298 K is larger (k = 2.0 x
1010 L2mol-1s-1) than when Ar is the third body (k = 4.4 x 1010 L2mol-1s-1) (62). Thus,
during a cavitational event, the rate of molecular chlorine formation will vary as the relative
ratio of molecular chlorine and Ar atoms varies.

The detection of dichlorocarbene in a sonicated, aqueous solution of CCly confirms

the validity of extrapolating gas-phase reaction mechanisms to those occurring in the hottest
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regions of the cavitation bubble. Sonolysis of aqueous CCly appears to include similar

pathways to those occurring during sonolysis of pure CCly and CHCl;. Spin-trapping
studies (63) during ultrasonic irradation of pure CCly indicated the formation of ‘Cl. The
formation of a carbene intermediate was also postulated (64) during the sonication of
CHCl3. The standard bi-phasic reaction (NaOH/CHCl3) for generating dichlorocarbene in
the aqueous phase is enhanced by sonolysis (65), most likely due to enhanced mixing.
Characterization of intermediates during sonolysis of aqueous CCly may allow further
insight into the mechanism by which CCly enhances sonoluminescence.

The possible enhancement of sonolytic processes by the addition of ozone has been
investigated in both chemical and biological systems (66-70). The use of ozone in
conjunction with ultrasonic irradiation in this study demonstrates the efficacy of
simultaneous treatment processes. The initial refractory compound, CCly is transformed
Into more reactive species via pyrolysis. Degradation by-products such as C,Cly can then
be attacked by ozone. Various different reaction pathways can be enhanced in a single
reactor by combining advanced treatment technologies.

Ozone can react directly with solute molecules, and also decomposes in the gas-

phase to yield oxygen atoms and hydroxyl radical as follows: (66):

03"—) O2+ O (17)

'0+H,0—~ 2 OH (18)

Aqueous ozone decomposition in solution is strongly influenced by pH and results in a
variety of reactive species, including superoxide radical and hydrogen peroxide (71).
These species may also react with both tetrachloroethylene and hexachloroethane
concentrated at the cavitation bubble interface. Ozone and its decomposition products most
likely accelerate the decomposition of C,Cly (72-74) during sonolysis. Direct reaction of

ozone with alkenes is facile (75):
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N/
CCl, CCl,, + O3 ———>» Cl C C‘Z Cl (19)
Cl Cl

Rearrangement of the molozonide to the ozonide and subsequent hydrolysis yields

phosgene and hydrogen peroxide:

0 o)
Cl Cl
Cl \c c/ cp —> \C/ N =0
| a \/ cl
Cl Cl 0—0
O Cl o
al
\C/ AN H,0 ' ‘HoO. @D
/ —_—— ) C 2V2
Cl \ / Cl e \c
0—O0 Cl 1
0
| .

_— CO, + 2 HCI
/C\c1

Hydrolysis of phosgene to carbon dioxide and hydrochloric acid is the final step leading to

mineralization.
On the other hand, the decomposition of hexachloroethane is not expected to be

influenced by ozone. Thus, a lower concentration of hexachloroethane in an ozone-
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saturated, sonicated solution is observed because a greater fraction of the trichloromethyl

radical is scavenged before it can couple to form hexachloroethane.

In the absence of ozone, hexachloroethane and tetrachloroethylene (76.77) can react
thermally. Because the C-C bond strength is 145 £ 5 kcal mol-! (78) whereas the C-Cl
bond strength is 93 kcal mol-! (79), the further degradation of hexachloroethane is
probably dominated by thermal cleavage of a C-Cl bond. At pH 6.5, tetrachloroethylene
reacts rapidly with hydroxyl radical (k = 2.8 x 109 Lmol-1s-1) (43.80).

Acceleration of p-NP degradation could occur in several different regions of the
sonicated solution. The formation of hypochlorous acid is rapid during sonication of CCl,.
This by-product is highly oxidizing and most likely reacts directly with p-NP in the bulk
solution. Micromolar concentrations of chloropicrin (CCI3NQ,) are obtained when 3-
nitrophenol is exposed to 200 uM chlorine (81), while 2-nitrophenol and 2,4-dinitrophenol
concentrations are reduced by 76% and 12%, respectively, during chlorination (82).

Reactions at the cavitation bubble interface may involve intermediates from the
degradation of both molecules. For example, hydroquinone could react with

dichlorocarbene in a similar fashion as 2,3-dimethyl-2-butene:

OH OH

. Cl
. CCl, (23)

OH OH

The results of this investigation suggest that sonolysis is a particularly suitable
method for degrading volatile, hydrophobic molecules because these compounds are
reactive in the largest region of the cavitation bubble (i.e., the gas-phase). CCly was
significantly degraded during sonolysis: 90% reduction was observed after ~12 minutes,

and 99% reduction occurred after ~90 min. The quick reduction of CCly is important in
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scale-up operations because it allows for a shorter residence time when operating in a

continuous-flow mode.

The reactive pathways of CCly in a sonicated, aqueous solution are in agreement
with those observed during sonolysis of the pure liquid. Furthermore, detection of
dichlorocarbene during sonolysis is important for confirming the mechanism of the
formation of tetrachloroethylene. The self-reaction of dichlorocarbene is a likely pathway
for the formation of tetrachloroethylene. In addition, the self-coupling reactions of
dichlorocarbene and trichloromethyl radicals indicates that both species maybe present in
excess of gas-phase oxidizing species, such as hydroxyl radical.

The weak correlation of the apparent first-order degradation rate constant with the
initial concentration suggests that despite the high concentration of CCly in the center of the
imploding bubble, the final collapse temperature is not significantly reduced at higher
solution concentrations. Furthermore, although ozone should also decrease the final
collapse temperature because of its lower polytropic index (Ko, = 1.2 vs. Kar = 1.66), it
does not appear to have a significant effect when mixed in the proportion used during this
investigation. The influence of the nature of the saturating gas on the temperature at the

center of a collapsed cavitation bubble is given by:

P (K—1) R PED
min

where T, = temperature of the bulk solution, K = polytropic index of the gas, P = pressure
in the bubble at its maximum size, P, = pressure in the bubble at the moment of transient
collapse (83.84). The effect on sonochemical degradation rates of varyiable Ar/O3
mixtures should be similar to variations in Ar/O, mixtures, which results in a maximum
rate of I” oxidation at a discrete mixture proportion, 70% Ar/30% O» (85).
Multi-component wastestreams are a more realistic matrix to consider for practical

treatment situations. The sonication of a mixture of CCly and p-NP results in the
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enhancement of p-NP degradation and demonstrates that ultrasound is not limited to single

solute solutions. Because of the variety of reaction pathways and reactive regions which
occur during cavitation, competition between different solutes is minimized. The effect of
CCl; in a mixed wastestream is particularly interesting because it releases a residual
oxidant, which can continue to attack other refractory molecules in solution, after the

ultrasonic irradiation is halted.
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Figure Captions

Schematic diagram of a gas-tight glass reactor cell with a Teflon® collar for
attachment to stainless steel sonication probe.

Change in concentration of CCly as a function of time in a stirred solution at
25 © C without sonication.

Variation of the degradation rate constant with initial carbon tetrachloride
concentration.

Concentration of 1,1-dichloro-2,2,3,3-tetramethylcyclopropane as a
function of sonication time.

a. Mass spectrum of 100 uM 1,1-dichloro- 2,2,3,3-tetramethylcyclopro-
pane. b. Mass spectrum of an aliquot withdrawn after 15 min. of
sonication of an aqueous solution saturated with CCly, 2,3-dimethylbutene

and Ar.

Ozonolysis of CCly under ambient conditions. pH ~6, T=25° C.

Effect of ozonolysis on the degradation of carbon tetrachloride during
sonolysis.

Effect of ozonolysis on the accumulation of C,Clg and C,Clg in a sonicated
solution of aqueous CCly.

Enhancement of p-NP sonolytic degradation by addition of CCly.

y =-0.0182 + -0.0190x R= 0.995

----- y = 0.0131 + -0.00425x R= 0.988
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Table 1
Final Distribution of Chlorine Atoms in a Sonicated
Solution of CCly After 90 min of Sonolysis

Species Initial concentration, UM Final concentration, UM
CCly 4.0x 102 4.0

C,Cl, ND* 3.1x10-3

C,Clg ND 8.4 x 102

Cl- ND 1.1 x 103

HOCI ND 1.3 x 102

*Not detected




-137-

Table 11

Abundances of Major Mass Fragments

for Identification of Dichlorocarbene

Sample 131 amu 95 amu 77 amu
**C;7H1,Cly 7.09 x 104 2.36 x 104 3.59 x 104
*sonicated sample | 9.78 x 102 3.98 x 102 5.44 x 102

** 100 uM 1,1-dichloro-2,2,3,3-tetramethylcyclopropane

*Sonication of an aqueous solution saturated with CCly, C¢Hj», and Ar.
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Table 111

Selected Phvsical Properties of

Carbon Tetrachloride and p-Nitrophenol

Compound Log Kow Vapor Pressure, mmHg | Boiling Point,°C
CCly 2.83 114 77
p-NP 1.91 1.00 x 103 2.8 x 102 (dec)

Data in this table was taken from Ref. (18.86.87).
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Fig. 1: Schematic diagram of a gas-tight glass reactor cell with a Teflon® collar for

attachment to stainless steel sonication probe.
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Chapter 5:

Sonochemical Production of Hydroxyl Radical and
Hydrogen Peroxide: The Effect of
Frequency and Saturating Gas

[Inez Hua and Michael R. Hoffmann, submitted to J. Phys. Chem. 1995]
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Abstract

The sonolytic production of hydrogen peroxide (H,0;) and hydroxyl radical (*OH)
has been investigated at ultrasonic frequencies of 20, 40, 80 and 500 kHz and with four
saturating gases (Kr, Ar, He, O,) at each frequency. The largest rate constants for the
production of H,O; at pH 7 (3.57 uM min-!) and *OH at pH 11 (0.47 uM min-!) are
observed during irradiation of Kr-saturated solutions at 500 kHz. Irradiation of He-
saturated solutions at 20 kHz yields the slowest production rate constants for both H,O,
and *OH : 0.05 uM min-! and 0.031 uM min-!, respectively.

Both the frequency and the saturating gas significantly influence the sonochemical
rates of production of *OH and H,0;. At 20 kHz, the rate contants for production of
H>0; varied over an order of magnitude when different saturating gases were employed
(0.05 uM min-! to 1.31 pM min-!). In contrast, at 80 kHz, the rate constants ranged from
(0.76 uM min-! to 2.24 yM min-!) Similar trends were observed for the production of
*OH at the same frequencies and under the same saturating gases. The diminishing
differences between the saturating gases at higher frequencies are attributed to the change in
bubble dynamics as the resonant radius decreases. The resonant radii are approximately
177, 88, 44, and 7um at 20, 40, 80 and 500 kHz. The change in bubble size influences
the time required for bubble collapse and may result in near isothermal behavior for smaller
bubbles.

The production rates for each species were found to increase with increasing
frequency. Sonication at 500 kHz or 80 kHz resulted in faster production rates than

sonication at 20 or 40 kHz, regardless of the saturating gas.



INTRODUCTION

Acoustic cavitation is the cyclical growth and collapse of cavitation bubbles during
the irradiation of liquids with ultrasound. As a result of bubble implosion, extreme
temperatures and pressures exist at the center of the bubble which facilitate enhanced
chemical reactivity (1.2). Reactions in organic solvents as well as in aqueous solutions
have been studied (3.4), and electrochemical methods have been utilized to examine the
hydrodynamics of cavitation (3-7). The efficient degradation of various organic
contaminants in aqueous solution has been demonstrated (8-24), and results from the
extreme physical conditions and the production of oxidizing species. However,
sonochemical effects need to be optimized by manipulation of the physics of cavitation. In
particular, maximizing the production of oxidizing species, such as hydroxyl radical and
hydrogen peroxide, would benefit the application of ultrasonic irradiation to remediation
problems.

The role of ultrasonic frequency in determining cavitation bubble physics and
chemistry has not been systematically investigated until recently (25-31). Recent reports
indicate that reaction rates are more generally enhanced by irradiating with higher
frequencies than with standard frequencies used in chemical laboratories (i.e., 16-20 kHz).
The rate of potassium iodide production is reported to be higher at 900 kHz than at 20 kHz
(30), while the degradation of phenol (25) was determined to be approximately ten times
higher at 487 kHz than at 20 kHz. Other investigators have compared the oxidation rate of
potassium iodide (29) at 20, 40 and 60 kHz.

Sonoluminescence, the emission of light from cavitating bubbles, is also affected
by the ultrasonic frequency. Both the intensity and emission spectrum of sonoluminscence
are altered when cavitation is induced with different ultrasonic frequencies (32-35). The
total sonoluminscence intensity in an Ar-saturated solution was found to be maximal at 337

kHz, compared to 1.1 MHz and 22 kHz. This is of interest because emission by hydroxyl
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radical is implicated in multiple-bubble sonoluminescence (36). The significance of

ultrasonic frequency 1is further implicated by the strong correlation between
sonoluminscence intensity and reaction rate enhancement during cavitation (37).

In this paper, we examine the rates of production of hydroxyl radical and hydrogen
peroxide in aqueous solution during sonolysis at four ultrasonic frequencies: 20, 40, 80
and 500 kHz in the presence of four saturating gases (Kr, Ar, O,, and He). Our working
hypothesis is that both the ultrasonic frequency and the physico-chemical properties of the

saturating gas determine the optimal production rates of *OH and H,0x.

EXPERIMENTAL METHODS

Ultrapure water was obtained from a MilliQ Plus UV System, and had a minimum
resistance of 18.2 m€2. All reagents were reagent grade and used as received. Potassium
hydroxide pellets and ammonium molybdate were obtained from Mallinckrodt. Potassium
iodide and potassium biphthalate were obtained from JT Baker. 0.1N sodium hydroxide,
sodium phosphate dibasic, and 30% hydrogen peroxide were obtained from EM Science
while phosphate buffer capsules (pH 7) were obtained from Microessential Laboratory.
Terephthalic acid (98%) and 2-bromoterephthalic acid (97%) were obtained commercially
(Aldrich Chemical Company) while hydroxyterephthalic acid was synthesized following
standard procedures.(38) Compressed gases were obtained from Air Liquide (Walnut
Creek, CA).

Sonications were performed with an Undatim Sonoreactor® (20, 40, 80 kHz) or an
Undatim power generator, built for the 500 kHz transducer. (Undatim Ultrasonics S. A.,
Louvain-La-Neuve, Belgium). The temperature of the sonicated solutions was maintained
at 25-30 °C with a Haake A80 Refrigerated Bath and Circulator (Haake Inc., Saddle
Brook, New Jersey). The temperature of the cooling water was maintained at 20.0+ 0.1

°C. Replaceable titanium tips (20 and 40 kHz transducers) were polished with wetted
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sand-paper as needed and tightened before each use to prevent solvent intrusion into the

cavity. The peizoelectric transducers were maintained at a constant temperature by passing
a stream of compressed air through a plastic fitting inserted into the housing. Because of
differences in the reactor configurations, sonications performed at 80 kHz were done with
100 mL. of solution, those at 20 and 40 kHz were done with 200 mL of solution, and
irradiations at 500 kHz were done with 600 mL of solution. Table I contains information
about the physical dimensions of the transducers at each of the four frequencies used
during this study. Figs. 1-2 illustrate the different reactor configurations used for each
frequency. Sonications were performed with four different saturating gases at each of four
frequencies. Solutions were pre-sparged for 30 min. at a flow-rate of approximately 80
mlL/min, before and during each sonication. In order to facilitate gas and heat transfer,
solutions were stirred during the pre-sparge stage and during sonication with a Teflon®
stir-bar and a magnetic stirring motor.

Calorimetry measurements were performed at each of the four frequencies, and at
the given power settings and solution volumes used during sonications. The power output
was calculated from the change in temperature, as described elsewhere (3). Results and
specific conditions are given in Table II.

Hydroxyl radical was trapped by direct reaction with terephthalic acid. Terephthalic
acid solutions (1.5 mM) were prepared in a phosphate buffer (6.8 x10-4M sodium
hydroxide and 4.1 103 M sodium phosphate dibasic) at pH of 10.9 + 0.1. Optimal pH
and concentration ranges were determined previously (39). At various time intervals
during sonication, 3.0 mL samples were taken and transferred to a quartz fluorescence cell
in the fluorimeter. Samples irradiated at the lower frequencies (20 and 40 kHz) were
filtered with Acrodisc® 0.2 mM PFTE syringe filters (Gelman Sciences). Fluorescence
measurements were made with a Shimadzu Spectrofluorophotometer, RF-540 and a
Shimadzu Data Record DR-3. The slit width for the excitation and emission beams was 5

nm and 2nm, respectively. It should be noted that the fluorescence response factor, and
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thus the senstivity of the method, will vary depending on the slit widths chosen. The

ordinate multiplier was four. Solutions of sonicated terephthalate were excited at 310 nm
and the emission measured at 425 nm.

Electron paramagnetic resonance (EPR) measurements were performed with an E-
line Century X-band spectrometer (Varian) equipped with a multipurpose cavity maintained
at 298 K. 25 ml of an Ar-saturated, 10-2 M aqueous solution of 2,2,6,6-tetramethyl-4-
piperidone monohydrate (TMPone) was placed in a water-jacketed stainless steel reactor
cell and sonicated at 20 kHz with a Sonics and Materials VCX-400 Vibracell ™ (Sonics and
Materials, Inc.) at 30% (135 W) of the total power output . The solution temperature was
maintained at 25 C. ~200 uL of the sonicated solution was tranferred to a glass tube and
placed in the ESR cavity for analysis. Filtration with a PFTE 0.2 um filter did not affect
the quality of the spectra, thus eliminating the possibility of interfering titanium ions from
the sonication probe tip.

Hydrogen peroxide was detected by the method of Kormann et al (40). pH 7
buffer (4.8 x10-3 M sodium hydroxide and 8.3 x 10-3 M potassium phosphate monobasic)
was sonicated at each frequency. At appropriate time intervals during the sonication, 2.0
mL of sample was withdrawn, filtered if necessary, and mixed in a quartz cuvette with 1.0
mL 0.1M potassium biphthalate and 0.75 mL of a solution containing 0.4 M potassium
iodide, 0.06M sodium hydroxide, and ~2 x10-4 M ammonium molybdate. The mixed
solutions (total volume = 3.75 mL) were allowed to stand for 2 min. before the absorbance
was read. Absorbance measurements were made at 298 K with a Hewlett-Packard 8452a

Diode Array Spectrophotometer and 89090A Temperature Controller.

CAVITATION CHEMISTRY IN AQUEOUS SOLUTION

e Sonolytic Production of H,0, and *OH
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The generation of oxidizing species during sonolysis of aqueous solutions is

initiated by the thermolysis of water (Eq. 1) as follows:

HO—25"°0H +'H (1)

The production of *OH and *H during sonolysis under a variety of physical and chemical
conditions has been directly determined using electron spin resonance (41-43). The
presence of *OH is also indicated by the hydroxylation of aqueous benzoic acid (44) and
terephthalic acid (27.45-48) during sonication. The G-value (molecules produced per 100
eV, or 1.6x10-17 J) for the formation of *OH during sonolysis has been estimated to be
0.35 by using the Fricke dosimeter (49) .

After the initial splitting of H,O, further reactions depend on other species present
in the gas-phase. 80% of the formed *OH and "H has been estimated to recombine (50).

However, *OH can self-react to form hydrogen peroxide:
2 *OH - H,0, (2)

Recombintation of *OH to form H,O, most likely occurs at the collapsing bubble interface
(51). The recombination rate constant measured in water under ambient conditions is 5.5
x 10° Lmol-1s-1 (52). The rate constant for the self-reaction at the interface should be at
least as large. “H does not appear accumulate outside the cavitation bubble (53).

If O is present in the vapor phase of the bubble, it can also undergo thermolysis as

follows:

0,-20° (3)
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Cleavage of the O-O bond during sonolysis has been demonstrated by isotopic exchange

experiments (54). Because the dissociative bond energies in the gas-phase for water and
oxygen are both 119 kcal mol-! (55), thermolysis of these molecules in cavitation bubbles
is an important process during sonication of O-saturated solutions. Since H; is not
detected during sonolysis of an O;-saturated solution (56) it appears that O, efficiently

scavenges "H:

*H+0, - HO; 4)
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An alternate pathway for production of *OH in an O,-saturated solution is as follows (54):

H*+0, — "OH +°*0 (5)

Both H,0; and "OH are strong oxidants, and have aqueous reduction potentials at pH 7 of
1.35V and 2.31V, respectively (EC, V vs. NHE) (57). The kinetics of *OH reactions with
organic compounds have been studied extensively in both the gas-phase (58) and in
aqueous solution (52) .

The production rates of *OH and H,0, during sonolysis will be affected by the
final collapse temperature, Tr,ax and pressure, Pp .« within the bubble. These quantities can
be estimated from an approximate solution to the Rayleigh-Plesset Equation, assuming

adiabatic bubble collapse, as follows (1) :

_ P, (K-1)

Tmax - To{ P } (6)
K

Pma_x — P{Pm(llf_l)}(l(—l] (7)

where Py, = pressure in the liquid at the time of collapse, P = pressure in the bubble at its
maximum size, and K = C,/C,, the ratio of specific heats. The polytropic index, K, is
correlated to the heat released upon compression of a gas. Also important are the thermal
conductivity and solubility of a gas. The influence of K (59) and the thermal conductivity
on the sonochemical production of free-radicals has been demonstrated experimentally (60)
In addition, sonoluminescence is influenced by the thermal conductivity of the background
gas (61-64). Various physico-chemical properties of the four gases used in this

investigation are listed in Table III. From this data, we see that Kr is the least heat
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conducting and most soluble of the gases; thus, collapse of a bubble containing Kr is

expected to yield the most extreme transient temperatures.
The ultrasonic frequency will affect the reaction environment by determining the

resonant bubble radius (65):

pw’R? = 3KP, (8)

where p = density of water, @, = resonance frequency, R, = resonant radius, P, = pressure
in the liquid, usually taken to be 1 atm, and K = polytropic index, as defined before. This
expression is valid when surface tension effects are small. Differences in bubble radii will
result in variable bubble collapse times (66.67) as well as surface area-to-volume ratios.
Tables IV-V illustrate these differences. Although the radius is slightly influenced by the
nature of the saturating gas, the most significant influence is the frequency. The resonant
radius ranges from ~7 microns at 500 kHz to ~170 microns at 20 kHz. However, it should
be noted that the cavitating solution will contain a bubble population with a distribution of

radii.

RESULTS AND DISCUSSION

The standard response curves for hydrogen peroxide (H,O;) and
hydroxyterephthalic acid (HTA) are shown in Fig. 3-4. In each case, we see a linear
response over the concentration range of interest. The reproducibility of *OH production
and detection (Fig. 5) is demonstrated for sonolysis at 39W and 500 kHz in an Ar-saturated
solution at 25 O C; variation in the magnitude of the rate constant of HTA production does

not exceed 5% from one experiment to the next.
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e Influence of Saturating Gas

The kinetic data illustrating the effects of different saturating gases at each
frequency are shown in Figs. 6-9 and Figs. 11-14. The slopes of the linear regression
lines yield the uncorrected rate constants for production of "OH and H,O,. In order to
determine the effect of frequency on the reaction rates, the rate constants are normalized by
correcting for the differences in the acoustic energy densities.

H;,O; production during sonication at 20 kHz as a function of the saturating gases
is illustrated in Fig. 6. The apparent kinetics are zero-order, with the rate constants ranging
from 5.4 x 10-2 uM min-! for He to 1.3 uM min'! for Kr. The difference in rates in Kr-
saturated solutions versus Ar-saturated solutions can be inversely correlated with the
difference in thermal conductivity and solubility of each gas (a factor of ~2). The observed
production rate in the presence of He is slower than would be predicted solely by its low
water solubility, but faster than predicted by its high thermal conductivity. Differences in
the polytropic index, K, affect the production rate in O,-saturated solutions. Less heat is
released during the implosion of a cavitation bubble in O,-saturated solutions. The lower
collapse temperature decreases the *OH production rate and leads to a slower formation
rate for H;O,. However, the lower value of K does not appear to influence the production
rate as significantly as the higher thermal conductivity of He.

H,O, production during irradiation at 40 kHz is shown in Fig.7. At this
frequency, there is a weaker correlation between the rrieasured rate constants in Ar- and Kr-
saturated solutions (1.27 uM min-! and 0.709 uM min!, respectively) and their respective
thermal conductivities. The differences in thermal conductivity and solubility appear to
have a lesser effect at 40 kHz.

At 80 kHz (Fig. 8), the differences in thermal conductivity and K with respect to

the production rate of H>,O, are minimal. In this case, all the rate constants are of the same
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order of magnitude (0.101 uM min-! to 0.325 uM min-!). The apparent rate constants
differ by 10% in Ar-and Kr-saturated solutions (0.325 uM min-! vs. 0.288 uM min-1).
Furthermore, the production rate in an Oj-saturated solution (0.160 uM min-!) is only
~50% less than that observed in Ar- and Kr-saturated solutions, while the rate is 66% less
under He (0.101 uM min-!). These results imply that differences in the polytropic index
are minimized at 80 kHz or that scavenging of "H by O, occurs more readily in smaller
bubbles.

The analogous trends during sonication at 500 kHz (Fig. 9) appear to be
intermediate between those observed at 20 and 40 kHz and those observed at 80 kHz. The
differences in H,O» production rate in solutions saturated with the three noble gases do not
correlate very strongly with the corresponding differences in thermal conductivity, with the
exception of He. The three highest rate constants are within 50% of each other (kg, = 2.9
UM min-!, kar = 1.9 UM min-!, ko, = 1.6 UM min-!) although there is an order of
magnitude difference between the lowest rate constant (kye= 0.28 uM min-1) and the
highest rate constant.

The data of Figs. 6-9 are summarized in Fig. 10, in which the ratios of rate
constants are compared at each frequency. The He/Kr and Ar/Kr ratios reflect the influence
of changing thermal conductivities and solubilities of the dissolved gases on the production
rate for HyO; at each frequency. The O,/Ar ratio reflects changes in the rate constant due
to a variable K, as well as the higher-temperature reactions of O;. The highest variability
for H>O, production rates with different saturating gases is found at 20 kHz (i.e., the rate
constant ratios are <1). As the frequency increases, the value of the rate constants
converge, with the ratios approaching unity. Under O, the rate constant ratios steadily
increase as the frequency increases, indicating that the difference in polytropic indices
between O, and the noble gases is less important at the higher frequencies. An important
implication of these decreasing differences with increasing frequency is that the reaction site

1s more homogeneous under certain conditions. Larger bubbles require longer times for
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heat to flow with respect to an actual acoustic period (68); thus, the temperature and

pressure gradients may be most severe at 20 kHz. Smaller bubbles may exhibit behavior
more isothermal behavior.

Similar trends are noted for the production of *OH with the same saturating gases
and ultrasonic frequencies. Interpretation of these apparent rate constants is complicated by
several factors. First, terephthalic acid must diffuse to the bubble surface in order to trap
the *OH, which is present at a much lower concentration than in the hotter vapor-phase
region of the imploded bubbles. Second, hydroxyterephthalic acid (HTA), the hydroxyl
radical addition product, may react further with *OH before it diffuses away from the
bubble surface. Therefore, quantifying *OH production via hydroxyterephthalic acid
represent a lower limit for the actual *OH production rate under a given set of conditions.

The differences in production rate of *OH at 20 kHz are shown in Fig. 11. The
rate constants range from 0.031 UM min-! to 0.146 uM min-!. Even though the production
rates with different dissolved gases are correlated with the thermal conductivities of the
gases, the correlation is not as strong as that observed for hydrogen peroxide production at
this frequency. Sonication at 40 kHz (Fig. 12) yields similar trends to those observed at 20
kHz (Fig. 11).

During ultrasonic irradiation at 80 kHz (Fig. 13), the apparent *OH formation rate
constants are all of the same order of magnitude (i.e., 1.08 x10-2 uM min-! to 5.28 x 10-2
UM min-1). The difference between the rates observed in Ar-saturated solutions compared
to Kr-saturated solutions (5.28 X 10-2 uM min-! vs. 5.18 X 10-2 uM min-!) is ~10%, which
is much less than the difference among the various physical properties of the gases.
Furthermore, the production rate in O,-saturated solutions (3.78 x 10-2 uM min-!) is ~30%
lower than in solutions saturated with either Ar or Kr. The reduced variability of *OH
production rates with different saturating gases at 80 kHz is very similar to the trends

observed at this frequency for H,O; production.
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The differences among Ar, Kr, and O, are smallest when solutions are irradiated at

500 kHz (Fig. 14). At this frequency, the three highest rates are within +8% (3.31x10-!
UM min! to 3.92 x10-2 uM min'!). However, “OH production in He-saturated solutions
(7.16x10-2 uM min-!) is 18% of that observed in the presence of Kr. From these
observations we conclude that at 500 kHz, a large difference in thermal conductivity can
still influence the production of *OH and the subsequent physicochemical conditions
during cavitational bubble collapse. Furthermore, because the production rates in the
presence of O, (K = 1.41) are comparable to those observed in the presence of Ar or Kr (K
= 1.66), the difference among the K values is minimized and this implies that the amount of
heat released from each of the three gases results in similar final temperatures at 500 kHz.

The trends in *OH production rates are summarized in Fig. 15. Selected rate
constant ratios are plotted as a function of the ultrasonic frequency. In this case, we see
that the difference in *OH production rate in He- and Kr-saturated solutions is large
regardless of the irradiation frequency. This may imply that the trapping efficiency of
terephthalic acid for *OH does not depend on the surface area-to-volume ratio under these
conditions. H»O; production, on the other hand, most likely occurs at the cooler interfacial
region. Even though a smaller number of *OH radicals is produced during the implosion
of He-saturated bubbles, a greater fraction appears to self-react to form H,O, as the surface
area-to-volume ratio increases with decreasing bubble size.

Although EPR was not used for quantifying the production of hydroxyl radical, the
method allows for direct confirmation of the presence of hydroxyl radical in aqueous
solution. The first derivative EPR spectrum at 298 K of a sonicated solution of TMPone 1s
shown in Fig. 16. The solution had been exposed to ultrasonic irradiation for 5 min.
before the spectrum was recorded. This is in agreement with the the expected spectrum of

the paramagnetic compound (2,2,6,6-tetramethyl-4-piperidone-N-oxyl) shown below:
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H;C N CH,
H,C | CH;,

The transformation mechanism by which this structure is formed from the parent molecule,
TMPone, is described by Petrier et al (26).

Additional insight is obtained by examining the relative production rates of *OH
and H,0, as a function of frequency and background gas (Fig. 17). In all cases, the
steady-state production of H,O, is greater than that of *OH. This is due in part to the fact
that the observed rate of *OH accumulation is lower than the true rate of production within
the center of the bubble. The largest difference in the production rates of *OH and H,O»
appears in Ar- and Kr-saturated solutions at 40 kHz, whereas this maximum appears in He-
saturated solutions at 80 kHz . In Oj-saturated solutions, the difference monotonically
increases with frequency, indicating a better efficiency of *H scavenging by O, at higher
frequencies.

The corrrelations of HyO; production rate ratios with the thermal conductivity or
solubility ratios of the background gas are shown in Figs. 18-19. Irradiations of O,-
saturated solution are not included because the H® scavenging reactions leading to HO3
would bias the results. As the relative difference in thermal conductivity decreases, the
production rates become closer in magnitude and the ratios increase towards unity.
However, the relative changes in thermal conductivity have the least effect at 80 kHz. In
the latter case, all the rate ratios are > 0.3.

Hydroxyl radical production is also influenced in a similar fashion by frequency

and saturating gas (Figs 20-21). At 20 kHz, the correlation between solubility and rate
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ratio is linear. Gas-solubility influences the extent to which a bubble will collapse. For

example, a higher solubility gas is more easily forced back into solution. The longest
compression cycle and collapse times are required at 20 kHz, therefore, the solubility
would be expected to have a greater influence on reaction rates at this frequency than at the
other frequencies. At the lower frequencies (20 and 40 kHz), the production rates of *OH
appear to be less sensitive to the differences in thermal conductivity and solubility
compared to the senstivity of H>O; production rates, as reflected by higher production rate
ratios.

The rate constants for the production of H,O, and *OH at each of the four
frequencies in solutions saturated with each gas are tabulated in Tables VI and VIIL
Because the experiments were carried out at different total power outputs, the rate constants
were normalized for comparison. The ratio of the energy density (acoustic energy per unit
volume) at each frequency to that at 20 kHz was used as a correction factor to the observed

rate constants (Eqn. 9).

k. o=k (5—-) ©
corr, obs,f

where keorr, £ and Kopg, 1, are the corrected and the observed rate constants at the irradiation
frequency, f. Pris the power per unit volume at that frequency. Pfs is the power per unit
volume at the standard ultrasonic frequency, fs, chosen to be 20 kHz.

The fastest production of H»O, occured during sonolysis at 500 kHz of Kr-
saturated solutions (kcorr = 3.57 uMmin-1), whereas the slowest production rate was
observed during sonolysis at 20 kHz of He-saturated solutions (Ko = 0.05 uMmin-1).
Hydrogen peroxide formation occurs most rapidly in Kr-saturated solution at each
frequency except at 80 kHz. Sonication at 500 kHz yields the fastest production rates,

regardless of the saturating gas, except for He-saturated solutions, for which maximum
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rates were observed at 80 kHz. In general, the apparent rate constants tend to increase with

increasing frequency and surface area-to-volume ratios (Fig. 22).

A similar trend for the production of *OH is seen is the data of Table 7, even
though these rates represent a lower limit of the true rate of *OH production by thermolysis
of H,O that occurs in the gas-phase of the bubble. Hydroxyl radical production is
optimized during sonolysis of Kr-saturated solutions at 500 kHz and while it occurs mostly
slowly during sonication at 20 kHz of He-saturated solutions (e.g., Keorr = 0.47uM min-!
and 0.031 UM min!, respectively). In addition, Kr-saturated solutions yield the highest
rates of *OH production regardless of the irradiation frequency and irradiations at 500 kHz
appears to maximize the *OH production rate, regardless of the nature of the dissolved gas.
*OH production rates are comparable at 20 and 40 kHz, but increase sharply at 80 kHz
(Fig 23).

The larger observed rate constants at higher frequencies may indicate both a higher
production rate for *OH and a higher trapping efficiency of the terephthalic acid at the
bubble interface. Petrier et al. (26) have suggested that at higher frequencies, hydroxyl
radicals are ejected out of the bubble before they can recombine in the gas-phase because
the collapse time at higher frequencies is shorter.

In addition, the increased efficiency of H,O, and *OH production at higher
irradiation frequencies may also be due to variations in the acoustic pressure amplitude and
in the surface tension. The acoustic pressure amplitude ranges from 4.9 atm at 20 kHz to
5.7 atm at 80 kHz while at 500 kHz, the pressure amplitude is 2.1 atm. This implies that a
bubble may not collapse as completely at 500 kHz. Instead, at 500 kHz, a stable bubble
will oscillate a greater number of times per second and will produce a greater flux of *OH.
The surface tension, which is inversely correlated with bubble radius, is a collapsing force
on the bubble. For a bubble in the absence of an acoustic field, (1) the pressure varies as

follows:
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P Ph+(R) (10)

where P = pressure which the bubble must maintain to avoid dissolution, Py, = hydrostatic
pressure, © = surface tension, R = bubble radius. A 44 pum (80 kHz) bubble will
experience a surface tension which is approximately four-fold larger than a 177 um (20
kHz) bubble, regardless of the acoustic pressure. Thus, at a given acoustic pressure (e.g.,
sound intensity), the total implosive force on a bubble at the resonant radius may be larger
at higher frequencies, resulting in a more complete collapse and more extreme
temperatures.

The cyclic growth and collapse of bubble clouds can also be altered as a function of
frequency. Acoustic cavitation is induced by the excitation of a population of bubble nuclei
to a resonant radius, at which point, the bubbles efficiently absorb energy from the sound
waves. The bubbles grow by the process of rectified diffusion (69), which is a means by
which gas diffuses into the bubble. When the bubble expands during a rarefaction half-
cycle, the gas within the bubble expands and there is a flux of gas from the surrounding
liquid into the bubble. During the compression half-cycle, the gas is compressed and
results in an outward flux of gas into the bulk liquid. Because the surface area of the
bubble during the expansion cycle is larger than during the compression cycle, there 1s a net
increase of gas within the bubble at the end of each acoustic cycle. At higher frequencies,
the resonant radius is calculated to be smaller and, therefore, fewer acoustic cycles are
required before the bubble reaches resonant size. With a greater number of acoustic cycles
per unit time at higher frequencies, rectified diffusion occurs more rapidly. Thus, a greater
number of nuclei can reach resonance more quickly than at lower frequncies. The net effect
is to produce a greater enhancement of sonochemical reactions.

Bubble cloud behavior can also be altered by the phenomenon of microstreaming,
which involves the release of smaller bubbles from the surface waves of an oscillating

bubble. The pressure amplitude required to produce surface waves on air bubbles is



-167-
0.0025 atm and 0.037 atm at 20 and 500 kHz, respectively (69), while the threshold

amplitude required to produce microbubbles is about four times greater (70). These
pressure amplitudes are well below those attained in our experiments. At higher
frequencies, the effect of microstreaming should be amplified by the faster growth rates and

produce a larger number of chemically active bubbles.

CONCLUSIONS

The sonolytic production of H,O5 at pH 7 and *OH at pH 11 is influenced by the
nature of the dissolved gases and the applied ultrasonic frequencies. A maximum
production rate of HyO; and *OH (3.57 uM min-! and 0.47 uM min-!, respectively) is
observed during sonolysis of Kr-saturated solutions at 500 kHz. Kr- and Ar-saturated
solutions appear to yield the fastest production rates for H,O, and "OH, regardless of the
frequency, while sonication at 500 kHz and 80 kHz yield faster rates than sonication at 20
kHz and 40 kHz for all saturating gases.

Even though the H,O, and *OH production rates at each frequency differ according
to the nature of the background gas, the variability is less at higher frequencies since stable
cavitation bubbles result in near isothermal conditions. In addition, the surface area-to-
volume ratio of the bubbles appears to play a role in the production efficiency of H,O».
The effect of the different gases reaches a maximum for each species, except in the case of
O,-saturated solutions. The sonolytic production rates of both H;O; and *OH in O,-
saturated solution relative to Ar-saturated solutions increase monotonically with increasing
frequency. The increasing isothermal character, as K approaches unity, of smaller bubbles
may contribute to this trend. Furthermore, an improved scavenging efficiency of *H by O,
is implicated at higher frequencies.

The absolute production rates are also higher at each frequency: kspp > kgo > kqg >

koo for most saturating gases. There are several reasons for enhanced sonochemistry at
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higher frequencies, including the enhancement of the collapse intensity of individual

bubbles due to surface tension effects. However, the bubble cloud may also be altered by
differences in rectified diffusion and microstreaming at higher frequencies which result in a

greater number of cavitating bubbles.
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List of Figure Captions

Fig. 1: Reactor configuration for sonications at 20, 40, and 80 kHz.

Fig. 2: Reactor configuration for sonications at 500 kHz.

Fig.3 : Hydrogen peroxide standard curve.

y =-0.00102 + 0.0236x R= 1.000

Fig. 4: Hydroxyterephthalic acid standard curve.

y =0.0548 + 0.513x R=1.000

Fig. 5: Reproducibility of *OH production and detection at 500 kHz in an Ar-saturated

solution.

y =-0.101 + 0.39x R= 0.999

----- y = -0.0843 + 0.403x R= 0.998

— — -y =0.062 + 0.407x R= 0.996
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Fig. 6: Production of H,O; at 20 kHz in Kr, Ar, O; or He-saturated solutions

y =-1.39 + 1.31x R= 0.999
m-=a=y =-239 +0.718x R= 0.995

=e===y =-0424 + 0.204x R= 0.999
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Fig. 7: Production of H,O, at 40 kHz in Kr, Ar, O, or He-saturated solutions.

y = -1.36 + 1.27x R= 0.999
—-=--y=-142 +0.709x R= 0.999
— .= --y=0397 + 0.219x R= 0.997

— - -y =0.649 + 0.0847x R=0.995

Fig. 8: Production of H,O, at 80 kHz in Kr, Ar, O, or He-saturated solutions.

y = 0.204 + 0.298x R= 0.995
===y =-1.80 + 0.325x R= 0.997

===y =-0.0145 + 0.160x R= 0.995
— - -y =0.0960 + 0.101x R= 0.992

Fig. 9: Production of H,O, at 500 kHz in Kr, Ar, O, or He-saturated solutions.

y = -0.0463 + 2.95x R= 1.000

—em=-=y=1.67 + 1.93x R= 1.000
—-=--y =105+ 1.65x R= 0.999

— - -y =-0.905 + 0.288x R= 0.998
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Fig. 10: Ratio of rate constants of hydrogen peroxide formation at different frequencies
and with variable saturating gas.

Fig. 11: "OH production at 20 kHz in Kr, Ar, O, or He-saturated solutions.
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Fig. 12: *OH production at 40 kHz in Kr, Ar, O; or He-saturated solutions.

y = 0.142 + 0.120x R= 0.998
—ema=y =-0.319 + 0.0920x R= 0.996
-ewe=y =-0.0959 + 0.0564x R= 0.998

— - -y =-0.0235 + 0.0173x R= 0.999

Fig. 13: *OH production at 80 kHz in Kr, Ar, O, or He-saturated solutions.

———y = -0.169 + 0.0518x R= 0.988
—-m=-=y=-0.0308 + 0.0528x R= 0.994
—-m=-=y =0.0221 + 0.0378x R= 0.991
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Fig. 14: *OH production at 500 kHz in Kr, Ar, O; or He-saturated solutions.
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mumeny =0.260 + 0.331x R= 0.999

— - -y =0.000254 + 0.0716x R= 1.000

Fig. 15: Ratio of rate constants of *OH formation at different frequencies and with

variable saturating gas.

Fig. 16: First derivative EPR spectrum of an Ar-saturated solution of TMPone after 5 min.

of ultrasonic irradiation.

Fig. 17: Ratio of H;O,to *OH production at different frequencies.

Fig. 18: Correlation of H,O, production rate ratios with saturating gas thermal

conductivity ratios.

Fig. 19: Correlation of H,O; production rate ratios with saturating gas solubility ratios.

Fig. 20: Correlation of *OH production rate ratios with saturating gas thermal conductivity

ga

ratios.

Fig. 21: Correlation of *OH production rate ratios with saturating gas solubility ratios.
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Fig. 22: Influence of bubble surface area-to-volume ratio on H»O, production rates.

. 23: Influence of bubble surface area-to-volume ratio on *OH production rates.
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Physical Dimensions of the Multi-Frequencv Transducers

Frequency, Emitting Emitting Sonicated 9o Total
kHz Diameter, cm | Area, cm?2 Volume,mL |Power
20.2 1.41 1.57 2.00x102  |40.0
39.4 1.25 1.23 2.00x102  |60.0
80.6 0.406 0.129 1.00x102  |60.0
513 5.70 25.5 6.00x102 |60.0
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Table 11

Results of Calorimetrv Measurements

Frequency, Power Density, Intensity, * Acoustic

kHz Output, W W/cm3 W/cm? Amplitude, atm
20.2 15.8 7.80x102 {10.0 5.40

39.4 13.5 6.70x102 [11.0 5.70

80.6 1.05 1.00x102 |[8.10 4.90

513 39.0 6.50x102 [1.50 2.10
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Table 111

Phyvsical Properties of Saturating Gases

Polytropic Thermal Conductivity, Water solubility,
Gas Index, K mW/m-K m3/m3
Kr 1.66 17.1 5.94x10-2
Ar 1.66 30.6 3.37x10-2
He 1.63 2.52x102 8.60x10-4
Oxygen 1.41 48.1 3.05x104

All data from refs. (55) and (71).
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Table IV

Compression Half-Cvcles and Bubble Collapse Times

Compression *Collapse
Frequency, kHz half-cycle length, us | time, Qs

20.2 25.0 16.2
39.4 12.5 8.10
80.6 6.80 4.10
513 1.00 6.49x 10!

*For a bubble of resonant radius; assumed to be an 'empty void' with pressure in the liquid

at 1 atm.
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Table V

Influence of Frequency and Saturating Gas on Bubble Resonant Radius

a. He-saturated solution.

Frequency, Resonant Surface Volume, Surface area-to-
kHz Radius, um | Area, um? nL volume ratio, um-!
20.2 176 3.89 x105 22.8 1.70x10-2

39.4 87.9 9.73x 104 2.85 3.40x10-2

80.6 43.9 2.43x104 0.356 6.81x10-2

513 7.03 6.23x102 0.00146 4.26x10°!

b. Ar- or Kr-saturated solution.

Frequency, Resonant Surface Volume,nL Surface area-to-
kHz Radius, gm Area, um? volume ratio, um-!
20.2 178 3.96x10° 23.4 1.68x102

394 88.8 9.91x104 2.93 3.37x10-2

80.6 44 4 2.48x104 0.366 6.75x10-2

513 7.10 6.34x102 0.00150 4.22x10-!

c. O»-saturated solution.

Frequency, Resonant Surface Surface area-to-
kHz Radius, UM | Area, um? Volume,nL volume ratio, um-!
20.2 163 3.38x103 18.4 1.84x10-2

394 81.9 8.84x104 2.30 3.66x10-2

80.6 40.9 2.11x104 0.288 7.33%x10-2

513 6.5 5.40%x102 0.00118 4.61x101
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Table VI

Rate Constants of Hvdrogen Peroxide Production

at 20, 40. 80 and 500 kHz*

Frequency, kHz Kr Ar O, He
20.2 1.31 0.717 0.204 0.0541
39.4 1.48 0.832 0.256 0.0993
80.6 2.24 2.44 1.21 0.761
513 3.57 2.34 2.00 0.350

*Corrected for differences in total acoustic energy at each frequency.
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Table VII

Rate Constant of Hvdroxvl Radical Production

at 20, 40, 80 and 500 kHz*

Frequency, kHz Kr Ar O, He

20.2 0.146 0.103 0.0699 0.0310
39.4 0.141 0.108 0.0661 0.0203
80.6 0.389 0.396 0.283 0.0811
513 0.476 0.435 0.402 0.0870

*Corrected for differences in total acoustic energy at each frequency.
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Chapter 6:

Conclusions
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Ultrasonic irradiation has been shown to enhance a variety of different chemical
reactions in aqueous solution. The kinetics of sonolytic hydrolysis of p-NPA were
analyzed to probe for the existence of transient supercritical water (SCW) during acoustic
cavitation. The hydrolysis reaction was deduced to occur at the interfacial region of the
cavitating bubble because of the insensitivity of sonolytic rates to the bulk pH and ionic
strength. The rate enhancement may be due in part to a higher concentration of OH- at the
bubble interface which results from the higher ion-product, Ky, of SCW. Furthermore,
the presence of a competing co-solvent, methanol, significantly decreased the hydrolysis of
p-NPA during ultrasonic irradiation. A simple heat transfer model predicted that after 10
msec the radius of the supercritical region around a collapsed bubble extends about 40%
farther into the bulk solution than the original cavity. The radius of the supercritical shell
expands up to 160 % of the original bubble radius at 50 msec after collapse.

The existence of the supercritical phase during acoustic cavitation is significant for
the application of sonolysis to remediation problems. Many compounds of environmental
interest which are more hydrophobic than p-NPA may be present at an even higher
concentration at the interface, and will be embedded in supercritical water upon bubble
implosion. Depending on how much the supercritical phase enhances chemical reactions,
the contribution to observed sonochemical effects of even a small volume fraction within
the bulk phase maybe significant.

Finally, the existence of the supercritical phase in an ultrasonically irradiated
solution suggests a modification of the conventional view of the reactive areas at a
cavitation bubble. This region is normally considered to consist of two discrete phases: a
high temperature, low density gas phase, and a more condensed and lower temperature
liquid shell. An alternative description would include a structural change of the collapsing
bubble due to the existence of SCW with properties more characteristic of water vapor than

liquid water. The presence of SCW in a collapsing bubble may help to explain the



-212-
observed fragmentation of a single bubble into a bubble cloud consisting of many smaller
bubbles (39).

Sonolytic degradation of p-NP with a parallel-plate, near-field acoustical processor
(NAP) was found to be ~20 times more energy efficient than sonication with a conventional
probe configuration, in which a horn was immersed into solution and the sound is
transmitted through a relatively small area (~1 cm?). The increased efficiency of a reactor
with a larger emitting surface was due to the fact that a greater fraction of the solution was
cavitating during sonication. Attenuation of the sound waves was minimal because the
distance from any point in the solution to the emitting surface was on the order of mm or at
most ~1.25 cm. Also, the NAP was operated at two slightly different frequencies. The top
plate vibrated at 16 kHz and the bottom plate vibrated at 20 kHz. The presence of these
two frequencies increased the number of bubbles in solution which can be excited and
induced to cavitate.

Increasing the power-to-volume density in the NAP resulted in a linear increase in
the degradation rate constant. Increases in the power-to-area ratio resulted in an increase up
to a maximum value of the rate constant before it began to decrease. Enhancements of the
rate constant were attributed to both an increased number of chemically active cavitation
bubbles, and increased intensity of collapse of each bubble.

The nature of the saturating gas (Ar or O,) determined the rate of disappearance of
p-NP as well as the degradation intermediates. Sonolyis under a mixture of Ar and O
yielded the fastest rate of p-NP degradation. Sonolysis in the presence of pure O, yielded
the lowest fraction of 4-nitrocatechol, a degradation intermediate resulting from attack of p-
NP by hydroxyl radical. However, the p-NP degradation rate was also the slowest during
ultrasonic irradiation of an O,-saturated solution.

The reactions kinetics and by-products during ultrasonic irradiation of Ar- or Os-
saturated aqueous solutions of carbon tetrachloride (CCly) have been identified and

quantified. A 90% reduction in the initial concentration was observed after ~12 minutes of
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irradiation. Because of its higher volatility and hydrophobicity, CCly partitioned more
effectively to the cavitation bubble, and the net result was a faster observed degradation
rate. Chloride ion and hypochlorous acid were the inorganic products; hexachloroethane
and tetrachloroethylene were the organic by-products. The chlorine mass balance was
typically greater than >70%. Ozone did not accelerate the degradation of CCly but did
inhibit the accumulation of tetrachloroethylene and hexachloroethane.

The detection of dichlorocarbene during sonolysis of aqueous CCly confirmed the
validity of extrapolating gas-phase reaction mechanisms to those occurring in the hottest
regions of the cavitation bubble. Sonolysis of aqueous CCly appeared to include similar
pathways to those occurring during sonolysis of pure CCly and CHCl;.

The enhanced degradation of p-NP during sonication in the presence of CCly
demonstrated that effective degradation during ultrasonic irradiation was not limited to
single solute solutions. Because of the variety of reaction pathways and regions which are
present during acoustic cavitation, competition between different solutes was minimized.
The effect of CCly in a mixed waste stream was particularly interesting because it released a
residual oxidant (HOCI) which can attack other refractory molecules in solution, after the
ultrasonic irradiation 1s halted.

Quantification of hydrogen peroxide and hydroxyl radical production during
sonolysis of aqueous solutions at four frequencies (20, 40, 80 and 500 kHz) with four
saturating gases at each frequency (Kr, Ar, Oy, and He) allowed insight into how
differences in bubble behavior can determine sonochemical effects. The absolute
production rates were also higher at each frequency: ksog > kgo > kg > koo for most
saturating gases. There are several reasons for enhanced sonochemistry at higher
frequencies, including the enhancement of the collapse intensity of individual bubbles due
to surface tension effects. However, the bubble cloud may also be altered by differences in
rectified diffusion and microstreaming at higher frequencies which result in a greater

number of cavitating bubbles.
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The thermal conductivity and solubility of the dissolved gas, as well as its
polytropic index, K, could be correlated to the production rates of hydrogen peroxide and
hydroxy! radical observed at each frequency. Faster rate constants were observed during
sonolysis in the presence of gases with low thermal conductivity. However, the variability
of the rate constants is less at higher frequencies since small, stably cavitating bubbles
exhibit near isothermal behavior. In addition, the surface area-to-volume ratio of the
bubbles appears to play a role in the production efficiency of hydrogen peroxide. The
sonolytic production rates of both HyO; and *OH in O,-saturated solution relative to Ar-
saturated solutions increased monotonically with increasing frequency. The increasing
isothermal character, as K approaches unity, of smaller bubbles may contribute to this
trend. Furthermore, an improved scavenging efficiency of *H by O, is implicated at

higher frequencies.



