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1.1
Introduction

During the last 20 years we have witnessed an amazing increase in the application of
ultrasonic energy in different fields of science. This is especially true for analytical
chemistry. The number of manuscripts devoted to almost all kinds of analysis dealing
with the uses of ultrasonic energy continues to grow year by year. As the uses of
ultrasonication have become increasingly important in analytical chemistry so to has
the importance of the type of ultrasonic device chosen to work with. Figure 1.1 shows
the most common ultrasonic devices used nowadays in analytical applications. Not all
devices perform equally and neither are all intended for the same applications.
Therefore, the first thing to acquire when developing analytical chemistry with the aid
of ultrasonication is a knowledge of the differences among the ultrasonic apparatus
available, especially of the advantages and disadvantages expected for each one.
Therefore, this chapter explains the state-of-the-art of ultrasonic technology as
applied to analytical chemistry.

1.2
Cavitation

Sound, including ultrasound, is transmitted through any physical medium by waves
that compress and stretch the molecular spacing of the medium through which it
passes. As the ultrasound cross the medium (Figure 1.2) the average distance
between the molecules will vary as they oscillate about their mean position. When
the negative pressure caused for an ultrasonic wave crossing a liquid is large enough,
the distance between the molecules of the liquid exceeds the minimum molecular
distance required to hold the liquid intact, and then the liquid breaks down and voids
are created. Those voids are the so-called cavitation bubbles [1-3].
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Transient bubble collapsing is considered to be the main source of the chemical
and mechanical effects of ultrasonic energy. Each collapsing bubble can be consid-
ered as a microreactor in which temperatures of several thousands degrees and
pressures higher than one thousand atmospheres are created instantaneously [4].

From an analytical chemistry point of view, most of the effects of interest regarding
ultrasonication are related to cavitation. Cavitation causes solute thermolysis along
with the formation of highly reactive radicals and reagents, such as hydroxyl radicals
and hydrogen peroxide, which induce drastic reactive conditions in the liquid
media [3]. In addition, if a solid is present in solution, the sample size of the
particles is diminished by solid disruption, thereby increasing the total solid surface
in contact with the solvent. In this way, ultrasonication remains unique, since no
other method of sample treatment can produce such effects [5, 6].

Generally, ultrasonication aids chemical analysis by:

« enhancing solid-liquid elemental extraction;

shortening sequential extraction schemes for elemental determination;
shortening elemental speciation schemes;

speeding up solid-liquid extraction of organic species;

accelerating electroanalytical measurements by enhancing mass transport
efficiency;

speeding up enzymatic reactions;

accelerating liquid-liquid extraction techniques;

enhancing the performance in solid-phase extraction and microextraction;
incrementing accuracy in the solid-matrix dispersion technique.

1.2.1
Parameters Affecting Ultrasonic Cavitation

Ultrasonic cavitation is a physical phenomenon whose performance depends upon
the parameters described below.

1.2.1.1 Frequency
At high sonic frequencies, on the order of the MHz, the production of cavitation
bubbles becomes more difficult than at low sonic frequencies, of the order of the kHz.
To achieve cavitation, as the sonic frequency increases, so the intensity of the applied
sound must be increased, to ensure that the cohesive forces of the liquid media are
overcome and voids are created. This phenomenon can be easily understood by looking
at Figure 1.3, which shows the variation in threshold frequency versus intensity for
aerated water and air-free water. As can be seen, ten times more power is required to
induce cavitation in water at 400 kHz than at 10 kHz. The physical explanation for this
lies in the fact that, at very high frequencies, the cycle of compression and decompre-
ssion caused by the ultrasonic waves becomes so short that the molecules of the liquid
can not be separated to form a void and, thus, cavitation is no longer obtained.
Recent literature suggests that ultrasonic frequencies can be of paramount impor-
tance for some analytical applications. For instance, Rial-Otero et al.have shown that
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Figure 1.3 Variation of intensity of sonication versus the

threshold frequency for aerated water (left-hand graph) and
air-free water. Adapted from Ref. [1].

some pesticides can be determined in honey through a fast solid phase microextrac-
tion procedure using an ultrasonic bath operating at 130 kHz, whilst poor pesticides
recoveries were obtained at an operating frequency of 35 kHz [7]. As another example,
Pena-Farfal et al.have found that the frequency of the ultrasonic bath is critical for the
enhancement of the enzymatic extraction of metals from mussel tissue [8].

1.2.1.2 Intensity
The intensity of sonication is proportional to the amplitude of vibration of the
ultrasonic source and, as such, an increment in the amplitude of vibration will lead
to an increase in the intensity of vibration and to an increase in the sonochemical
effects. To achieve the cavitation threshold a minimum intensity is required. This
means that higher amplitudes are not always necessary to obtain the desired results. In
addition, high amplitudes of sonication can lead to rapid deterioration of the ultrasonic
transducer, resulting in liquid agitation instead of cavitation and in poor transmission
of the ultrasound through the liquid media. However, the amplitude should be
increased when working with samples of high viscosity, such as blood. This is because
as the viscosity of the sample increases so does the resistance of the sample to the
movement of the ultrasonic device, for instance the tip of an ultrasonic probe.
Therefore, a high intensity (i.e., high amplitude) is needed to set the ultrasonic device
to obtain the necessary mechanical vibrations so as to promote cavitation in the sample.
Different authors have studied extensively the effect of sonication amplitude on
the efficiency of the solid-liquid extraction of metals. There is agreement in the
published data on this subject and, as a general rule, the higher the amplitude the
more analyte is extracted, for given conditions of solution acidity and sonication time.
Thus, the analyte extraction increases continuously with amplitude until an optimum
isreached [9-11]. This effect of amplitude on the solid-liquid extraction of metals can
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be extended to the other ultrasonic applications. However, equilibrium should be
attained between the intended effects and sonication amplitude since, as explained
above, high amplitudes lead to high sonication intensities and high sonication
intensities can promote some undesired effects, such as analyte degradation. Finally,
the use of high amplitudes does not always lead to good results. For example,
chromium is difficult to extract from biological samples using ultrasonication,
whatever the amplitude used for an ultrasonic probe with a frequency of 20kHz
and a potency of 100 W [12].

1.2.1.3  Solvent

The solvent used to perform sample treatment with ultrasonication must be carefully
chosen. As a general rule, most applications are performed in water. However, other
less polar liquids, such as some organics, can be also used, depending on the
intended purpose. Both solvent viscosity and surface tension are expected to inhibit
cavitation. The higher the natural cohesive forces acting within a liquid (e.g., high
viscosity and high surface tension) the more difficult it is to attain cavitation [2].

1.2.1.4 Temperature

Solventtemperature plays tworoles in ultrasonication. On the one hand, the use ofhigh
temperatures helps to disrupt strong solute-matrix interactions, which involve Van der
Waals forces, hydrogen bonding and dipole attractions between the solute molecules
and active sites on the matrix. Moreover, faster diffusion rates occur at higher
temperatures. On the other hand, cavitation is better attained at lower temperatures
when the ultrasonic power of the generator is constant (Ref. [3], p. 68). Thisis because as
the temperature of the solvent rises so to does its vapor pressure and so more solvent
vapor fills the cavitation bubbles, which then tend to collapse less violently, that is, the
sonication effects are less intense than expected. Hence a compromise between
temperature and cavitation must be achieved. For example, the extraction ratios of
polycyclic aromatic hydrocarbons from sediments were increased by between 6% and
14% when ultrasonic extraction with a probe was carried out under non-cooling
conditions [13]. In contrast, when we tried to accelerate the enzymatic digestion of
proteins in acetonitrile using an ultrasonic probe at room temperature, the enhance-
ment in temperature caused by ultrasonication led to rapid evaporation of the solvent,
making sample treatment impossible (J.L. Capelo et al, unpublished data).

1.2.1.5 External Pressure and Bubbled Gas
If the external pressure is increased, then a greater ultrasonic energy is required to
induce cavitation, thatis, to break the solvent molecular forces. In addition, thereis an
increment in the intensity of the cavitational bubble collapse and, consequently, an
enhancement in sonochemical effects is obtained. For a specific frequency there is a
particular external pressure that will provide an optimum sonochemical reaction [2].
It must be stressed that most ultrasonic applications in analytical chemistry are
performed under atmospheric pressure.

Dissolved gas bubbles in a fluid can act as nuclei for cavitation, favoring the
ultrasonication process. However, ultrasonication can be used to degas a liquid. For
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this reason, if gas is used to increase cavitation effects it must be bubbled continu-
ously into the solvent to maintain the effect. Monoatomic gases such as He, Arand Ne

should be used [1-3].

1.2.1.6 Direct and Indirect Ultrasonic Application

Ultrasonication can be applied in analytical chemistry in two ways: directly to the
sample or indirectly through the walls of the sample container. Direct application is
achieved through ultrasonic probes, which are immersed into sample, performing
ultrasonication directly over the solution without any barrier to be crossed by the
ultrasonication wave other than the solution itself. This approach has several draw-
backs. For instance, sample contamination with metals detaching from the probe can
be expected. Although modern ultrasonic probes are made from high purity titani-
um, contamination by metals such as Cr or Al has been reported [14]. Modern
ultrasonic probes made from glass greatly reduce this problem [15]. Another
disadvantage arises from the fact that most ultrasonic probes are used in open
approaches, that is, the sample container is not sealed during sample treatment.
Consequently, some volatile analytes can be lost. As an example, when the content of
the 16 polycyclic aromatic hydrocarbons in the Environmental Protection Agency
(USEPA) priority list was studied in sediments, a significant fraction of the most
volatile compounds was lost due to the heating produced by the sonication probe used
for the solid-liquid extraction process [13].

Indirectapplication is performed, generally, using an ultrasonication bath, although
modern approaches take advantage of the powerful sonoreactor [15]. In both cases the
ultrasonic wave needs first to cross the liquid inside the ultrasonic device and then to
cross the wall of the sample container. Therefore, ultrasonication intensity inside the
sample container is lower than expected. As ultrasonic baths are not powerful devices,
their applications are greatly limited by the lack of ultrasonic intensity. In fact, many
ultrasonic applications related to baths can be linked to the heating produced in the
liquid that the bath contains — heat that is transmitted to the sample — rather than to
actual ultrasonic effects, that is, cavitation [16]. However, as mentioned above,
nowadays, a sonoreactor can be used instead of an ultrasonic bath in some regular
applications [15]. A sonoreactor works like a powerful, small ultrasonic bath; ithas been
shown to be a reliable approach for speeding up chemical reactions in modern areas
of analytical chemistry, such as protein identification and metal speciation [17, 18].

1.3
Common Ultrasonic Devices Used in Analytical Chemistry

1.3.1
Ultrasonic Bath

Figure 1.4 shows a modern ultrasonic bath equipped with the most advanced tools
that are nowadays incorporated to improve performance, and which are commented
on in the sections below.
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reactions are accelerated when the temperature is increased. However, some problems
can arise regarding effectiveness and reproducibility of the sonochemical results
obtained. Most ultrasonic baths are used without temperature control, and since bulk
liquid warming is a slow process the final temperature achieved for a given time of
sonication depends on the temperature of the laboratory (i.e., summer or winter).
Thus, it is generally accepted that it is necessary to determine the maximum
temperature the bath reaches and maintains, the so-called equilibrium temperature,
when operating continuously under ambient conditions. Most reactions can be
performed under the equilibrium temperature simply by filling the bath with water
heated to that temperature previously. Alternatively, the problem can be solved by
acquiring an ultrasonic bath with heater. However, before performing an ultrasonic
treatment, it is recommended to wait until the working temperature is achieved.

When operation at room temperature is mandatory, control can be achieved with a
simple water cooling recirculation system attached to the ultrasonic bath.

1.3.1.4 Shape and Material of Reaction Container

The shape of the reaction vessel is critical for the correct application of ultrasonication
with a bath [2, 3]. This is because, as with any other wave, when the ultrasonic wave
impinges against any solid surface some energy is reflected. If the base of the
container is flat, such as in a conical flask, the ultrasound reflected is a minimum.
Conversely, when the base of the container is spherical the ultrasonic wave hits the
container at an angle, and a huge proportion of the ultrasonic wave is reflected away.
For example, the amount of iodine liberated from KI in a solution of tetrachloride
after 10 min ultrasonication, in a 100 mL flask, was three times higher when the flask
had a flat base than when it had a round-bottom base [21].

The intensity of ultrasound is attenuated as it progress through a medium. The
extent of attenuation is inversely related to the frequency. Therefore, the thickness of
the wall of the vessel container should be kept to a minimum to avoid intense
attenuation. This problem must be also borne in mind when the objective is to favor
the solid-liquid extraction of analytes from solids deposited on a column: inside the
column the effectiveness of the ultrasonic wave diminishes as it passes through the
solid to the inner part of the column. Consequently, large-thin columns are preferred
to short-wide ones for in-column ultrasonic bath applications.

1.3.2
The Ultrasonic Probe

Whilst the vessel container is immersed in an ultrasonic bath, an ultrasonic probe is
immersed directly into the sample container. This is the main difference between the
ultrasonic systems. The second difference is that the ultrasonic probe can deliver
much higher ultrasonication intensity than the ultrasonic bath (100 times greater).
These differences make each system appropriate for a different set of applications.
The probe is generally used to attain effects that can not be achieved with the
ultrasonic bath, for instance the mercury and arsenic speciation in human urine or
seafood samples, respectively [22, 23].
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1.3.2.1 Parts of an Ultrasonic Probe

Figure 1.6 shows the different parts of an ultrasonic probe. The generator converts
mains voltage into high frequency electrical energy (generally, 20kHz). The ultra-
sonic converter transforms electrical energy into mechanical vibrations of fixed
frequency. The standard and booster horns increase the sonication amplitude. The
probes or detachable horns transmit ultrasonic energy into the sample. The detach-
able horn design is crucial for a good performance. There are dedicated probes for a
given range of volumes, and therefore mistakes such as using small probes for high
volumes or high probes for small volumes must be avoided. The most important part
of the whole system is the probe or detachable horn, which allows the vibration of the
booster horn to be transmitted through a further length of metal in such a way that the
power delivered is magnified.

Power magnification depends on the shape of the probe (Figure 1.7). The stepped
probe gives the highest amplitude magnification [i.e., power, amplitude gain (D/d)?)]
of the shapes shown. Nevertheless, the exponential probe shape, although difficult to
manufacture, offers small diameters at its working end, which makes it particularly
suited to micro-applications.

1.3.2.2 Types of Ultrasonic Probes

Ultrasonic probes are usually made of titanium alloy (titanium probes) and are
thermoresistant, can be treated in autoclaves and are resistant to corrosive media. The
sample volume to be treated along with the sample type is crucial in determining

a E Generator

b Ultrasonic converter

c I"ll‘ 1’ Standard and booster horns

d Probes

Figure 1.6 An ultrasonic probe. (a) Generator: horns: the horns increase the sonication

the generator converts mains voltage into high amplitude; (d) probes: (also called detachable
frequency (20 kHz) electrical energy (most likely, horns) probes transmit ultrasonic energy into the
although other frequencies are also available); sample. The design is crucial for a good

(b) the converter transforms electrical energy  performance. Adapted from the Bandelin

into mechanical vibrations of fixed frequency,  company with its kind permission.

normally 20 kHz; (c) standard and booster
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Figure 1.7 Probe shapes: (a) uniform cylinder; (b) exponential
taper; (c) linear taper or cone; (d) stepped.

the selection of unit and the type of probe. It must be always borne in mind that the
higher the amplitude provided by the probe the more intense is the sonication.
Probes made of titanium alloy can contaminate the solutions in which they are used
with metals such as Al or Cr [14]. For this reason, researchers working in trace metal
analysis have long demanded the development of ultrasonic probes made from a non-
contaminant material. Thus, the so-called silica ultrasonic probe made, as its name
indicates, from silica has been developed [19]. This kind of probe has the advantage of
non-particle metal intrusion in the sample. In addition, the typical metal contami-
nation from titanium probes is avoided. Silica probes have high chemical and
temperature shock resistance. Moreover, they do not exhibit electrical conductivity.
However, several drawbacks must be addressed. For instance, the cavitation strength
of silica glass is relatively low and, consequently, the amplitude must be limited. All
silica glass probes are designed to be used with a maximum power setting of 50%,
which corresponds to maximum amplitude of 12 pm. In addition, such probes are
especially fragile during operation, and so they must not be placed on a solid surface
or allowed to make contact with the vessel.

Spiral probes [19], made of Ti, Al and V, provide gentle ultrasonic treatment of
aqueous media in test tubes or other long, thin laboratory containers. In contrast to
traditional probes, the ultrasonic power is distributed across the entire surface of the
spiral probe, thus making the distribution of the sonication intensity more homoge-
neous throughout the probe length. The drawbacks are related to metal contamina-
tion, like all probes made of titanium.

Multiple probes (Figure 1.1e and f) are manufactured to allow the use of two or
more probes at the same time. The main advantage of this type of sonicator is
throughput, which is greatly increased. Such sonicators meet the United States
Environmental Protection Agency, USEPA, requirements specified in Method
SW846-3550, which is referenced by the USEPA analytical test methods 8040,
8060, 8080, 8090, 8100, 8120, 8140, 8250, 8270, 413.2 and 418.1.

1.3.2.3 Dead Zones

The ultrasonic intensity rapidly decreases both radially and axially from the ultrasonic
probe. For this reason the space between the ultrasonic probe and the wall of the
container must be kept to a minimum, while ensuring that the probe does not touch
the container — otherwise the probe might break. Keeping dead zones to a minimum
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Figure 1.8 The shape of the vessel influences ultrasonic
performance. The best forms are those that minimize “dead
zones,” namely, forms A-C. Adapted from Ref. [13].

ensures a maximum contact between the sample and the cavitation zones, and also
among the sample particles, which helps to diminish their size by collisions and
hence increases the total area in contact with the solution. The final result will be an
increment in desired effects, such as, for example, in the solid-liquid extraction
efficiency. Figure 1.8 shows different types of vessels. The influence of their shape on
the extraction of PAHs from sediments under an ultrasonic field has been studied.
The distance between the probe and the wall container in the case of design D is
8.5 mm and for desing E itis 12 mm, whereas the distances for containers A, B, Cand
F are 3.5, 3.5, 3 and 2 mm, respectively. Sample treatments carried out with
containers D and E led to recoveries below 70%. This low extraction efficiency may
be linked to the “dead cavitation zones”, due to the distance between the probe and
the wall container.

1.3.2.4 How to Choose the Correct Ultrasonic Probe

Two main issues determine the type of ultrasonic probe chosen for laboratory work.
The type of application is the primary concern. As an example, if we are going to work
with elemental extraction from soft tissues, then the probe has only one requirement:
to be made of silica to avoid metal contamination. If the metal contamination
introduced in solution by titanium probes is not a problem, and the elemental
extraction is to be carried out in samples with low solid-liquid elemental extractability
under the effects of an ultrasonic field, such as sediments or soils, then the most
powerful ultrasonic probe made from titanium should be chosen. The high intensity
will ensure both stronger and a higher number of collisions among particles, thus
increasing the total area of contact between the solid and the solvent, and raising the
ratio of elemental extraction. The second concern is related to the sample volume to
be sonicated. The lowest volume that can be sonicated with an ultrasonic probe is
10 uL, but to date only the Dr Hielscher company offers a dedicated ultrasonic probe
for such a volume [24].
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1.3.2.5 Temperature Control

The utilization of an ultrasonic probe leads to an increase in bulk temperature. The
higher the amplitude the faster the temperature increases. If the temperature is not
controlled some undesired effects can occur. The most obvious is the degradation of
compounds of interest, but also the volatilization of low volatile analytes can
occur [13]. In addition, as the temperature is increased, the physical characteristics
of the liquid media change in such a way that the ultrasonic transmission can be
affected and no cavitation is achieved. This phenomenon is known as
“decoupling” [2, 3]. It is not easy to control the temperature when ultrasonication
is applied with an ultrasonic probe. However, three strategies can be followed. The
first and simplest consists in using an ice bath. The vessel is inserted in an ice bath
and sonication is performed. This ensures a rapid dissipation of heating. This
strategy can be applied for short sonication times, otherwise care is needed to replace
the ice. The second strategy entails the use of dedicated vessels, such as those shown
in Figure 1.9, which are specially designed to dissipate warming. The third strategy is
to use the “pulse” mode of ultrasonic application, which is available in all modern
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Figure 1.9Vessels specially designed for jacket for irradiation of large volumes; (c) Rosett
applications with an ultrasonic probe. The design cell RZ for homogenous and intense
allows rapid refrigeration (Reproduced with the recirculation of sample; (d) Suslick cell SZ with
kind permission of Bandelin). (a) Cooling vessel three sidearms for the introduction of gas or

KG for sonication of temperature-sensitive measuring probes.
samples; (b) flow-through vessel with cooling






