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Abstract

The application of ultrasonic energy to the dissolution of biological materials
for elemental chemical analysis is described. The method ultimately developed
employs a commercial cell disruptor unit operating at a fixed frequency of 20
kHz and at power up to 600 W. A titanium probe is immersed in a suspension of
the sample in a solution containiag dilute sulfuric acid 2nd hydrogen peroxide.

In the presence of dissolved gases, sonication at 20 kHz and powers of several
hundred watts causes acoustic cavitation, wherein the rapid formation and
collapse of gas bubbles generate temperatures of up to 5000 °C and pressures of
up to 1000 atm. Cavitation acts on suspended material in two ways. First, it
mechanically breaks up the solid to expose a larger surface area to the solvents
used for dissolution (sonomechanical effect). Second, it produces oxidants, such
as OH radicals and hydrogen peroxide from water, that attack sample particles
(sonochemical effect). Both processes increase rates of dissolution. Furthermore,
the generation of oxidizing species in situ reduces the amounts of external
reagents that must be added, and thereby reduces the likelihood of
contamination from reagents.

The physical effects of sonication on a range of materials, including chalk, Cu
wire, Al foil, bovine hemin, dried boviae liver and granular cellulose, were
investig * ' by optical and scanning electron microscopies. Disintegration was
marked for both inorganic and organic materials. The lcast affected was the
relatively fatty liver tissue.

The chemical effects of sonication were studied in two stages. In the first stage
the production of oxidizin: species as a function of dissolved gas, ultrasound
power, temperature, and presence of solutes H+, SO42-, ClI-, F-, and NO3- was

measured by oxidation of iodide to iodine. In the second stage a range of



conditions were investigated for the dissolution of several biological reference
materials. The optimum solvent composition was found to be 2.5% H>0O; in 0.5
M H2804. With this solvent system quantitative dissolution was achieved for
several reference materials, including lobster, mussel and oyster tissue, rice flour,
pine needles, citrus leaves, bovine liver, and corn stalk, as well as human hair, in
about 40 min for 250-mg test portions as shown by analyses using inductively
coupled plasma-atomic emission spectroscopy.

The commercial titanium alloy sonication probe used in this study introduced
contamination by several metals, particularly aluminum and vanadium, ‘nto the
sample solutions. Several modifications to the probe were studied in attempts to
alleviate the problem, including covering with a Teﬂon sleeve, replacing the
titanium alloy tip with one of 99.97% pure titanivm, and replacing the lower half
of the probe with a rod of pure titanium. The best solution was to replace the
removable tip with an extender rod of pure titanium. This lowered contamination
to negligible levels for ail but iron. The extended probe had the disadvantage,
however, that it could not be operated longer than 10 minutes at a time because
of heat build-up at the extender-probe joint.

Overall, the use of ultrasonic energy to speed up sample dissolution for
elemental chemical analysis was shown to be a highly promising method that is

worth further study.
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CHAPTER 1

INTRODUCTION

1.1 Elemental Analysis: An Overview

Information about elemental concentrations in biological materials is important
because of their importance for plant and animal development. Although some
are essential in varying amounts, many others become toxic above threshold

concentrations.

1.1.1 Elemental Analysis in the Clinical Sciences

The analysis of elements in body fluids and tissues allows us to check the 'evels
of essential mineral nutrients that play a major role in health and disease. Iron is
required for the synthesis of hemoglobin, for example, and its deficiency leads to
chronic fatigue as a re<ult of reduced capacity of the blocd to carry oxygen.
Copper is essential for the synthesis of a variety of metalloenzymes, and its
deficiency results in nutritional anemia in children. Trace amounts of cobalt are
required for the synthesis of vitamin B12, and a deficiency leads to impairment of
hiver functions. Zinc is essential for retinol synthesis; its deficiency leads to
blindness. Selenium is requir- * for the synthesis of selenocysteine,
selenomethionine and glutathione peroxidase enzyme. Excess quantities of these
metals, however, often result in adverse physiological disorders, ranging from

heart disease to kidney failure.1,2



1.1.2 Elemental Analysis in Environmental Science

Ccncerns about the deteriorating quality of the environment have led to an
increased demand for quantitative information about elements such as Pb, Cd
and As in biological materials. These comprise a group of elements that have no
known function in humans, but often give rise to adverse physiological disorders
at levels as low as a part-per-billion (ppb). These elements are present in
industrial and domestic waste.3 Cadmium, a well-known neurotoxin4, causes
"ltai-Itai” (Ouch-Ouch), a disease prevalent among Japanese who consume rice
and drinking water contaminated with it.5 Blood levels of lead greater than 10
ppb cause learning and behavior disorders in children, impair central nervous
system development in fetuses, and raise the blood pressure of pregnant
women.6 Elevated blood levels in men leads to muscle pain, fatigue and
abdominal colic.” Even though regulatory steps have been taken by government
agencies,89 such as the US Center for Disease Control and Prevention, to reduce
exposure to lead, little or no effort is being made by developing countries
towards this goal.10 In these countries, domestic water distribution systems may
still use lead pipes, all gasoline supplies contain tetraethyl lead antiknock
additives!l, children are regularly exposed to peeling paint!2 and improperly
discarded lead acid batteries.

Other trace metals that are considered industrial environmental pollutants
include strontium, barium, tin, silver and mercury.13-15 Some essential elements,
such as chromium, cobalt, molybdenum, copper, iron, zinc, nickel, manganese and
selenium, are toxic at high concentrations, and are considered industrial

environmental pollutants at elevated levels.

t9



1.1.3 Elemental Analysis in Food and Agricultural Sciences

Analysis of plant tissues for trace elements is routinely performed to assess the
mineral nutritional value of agricultural products, the main source of essential
elements required for healthy growth and development. In human metabolic
balance studies, foods, diet composites and fecal samples are routinely analyzed
for a variety of essential elements.16 Since some of the feeds used in the
commercial production of livestock, and some soils used to raise food crops, are
exposed to sludge material, contamination by heavy metals is a real possibility.17
Metal pollutants are routinely determined at trace levels in meat, fish, fruit,

vegetables, cereals, wines, and milk.18-20

1.1.4 Elemental Analysis and Biomonitoring Programs

Elemental analysis of biological materials also helps us to assess the levels of
pollutants in the environment. In the 1970's, The National Institute of Standards
and Technology established a National Biomonitoring Specimen Bank to
establish trace element reference values in human tissue.21,22 Several countries
worldwide have embarked on similar projects. For example, the European
Community routinely analyses human blood for trace metals in order to establish
baseline data for trace elements in human body fluids.23 They also analyze

aquatic life forms and foliage24:25 on a regular basis.

1.1.5 Productivity in the Elemental Analysis Laboratory: Present and
Future Demands

As the demand for monitoring of elements in a wide range of materials
continues to grow, the analytical laboratory of the 1990's is under tremendous
pressure to meet the challenges placed on it by the diversity and sheer numbers

of samples that have to be processed. In 1986, Worthy et al. reported that



approximately 250 million analyses are conducted daily in the U.S., and carry an
annual price tag of $50 billion26. These numbers have undoubtedly doubled, or
even tripled, over the past decade.

In order to meet the demands of the 1990's, increased productivity in the
analytical laboratory is required.?” As well, methods of analysis need to be
improved in terms of economy and speed.28:29 With the advent of
microprocessor technology in analytical instrumentation, accuracy, precision and
spe=d of analyses have greatly improved.30:31 Today, a majority of analytical
instruments are fully automated, can be run overnight (unattended operation),
and use so called "intelligent software systems" with in-built feedback
mechanisms. The result is increased sample throughput and a corresponding
sharp reduction of costs associated with labor.32

Unfortunately, most of the developments mentioned here deal with the data
acquisition and manipulation end of chemical analysis. Analytical chemists have
not spent much effort on improving the steps prior to measurement, such as
sample dissolution. In this thesis, a new technique for dissolving biological
samples is introduced. The method is intended to complement rather than replace

traditional methods, which have changed little in the past several decades.

1.2 A Survey of Techniques Used For Dissolution of Solid Samples

A number of methods have been developed over the years to determine metals
in biological materials at part per million (ppm) levels and lower. Among the most
successful and widely used are inductively coupled plasma atomic emission
spectroscopy (ICP-AES), inductively coupled plasma mass spectrometry (ICP-
MS), atomic absorption spectroscopy (AAS) and anodic stripping voltammetry

(ASV).33 All require the sample to be dissolved prior to measurement.



1.2.1 The Role of Sample Dissolution in Elemental Analysis

Figure 1.1 shows the various steps involved when a sample is brought to the
laboratory for analysis using the instrumental techniques listed above. For solids,
these techniques require that the solid sample be dissolved, without analvte
foss,34 prior to measurement of the resulting solutions. Samples may contain a
variety of organic and inorganic compounds, including refractory minerals such
as zircon and aluminosilicates.35-37 In a majority of biological materials, the
elements of interest are usually bound to an organic matrix, which must be

decomposed prior to measurement.38

1.2.2 Traditional Methods of Dissolution

Several methods for dissolution of samples prior to analysis have been
developed over the past decade or 50.39-42 Commonly used procedures for
decomposition of organic matter in biological materials include dry ashing and

chemical digestion using oxidizing reagents. These are discussed below.

1.2.2.1 Thermal Open Vessel Decomposition: Dry Ashing |

Dry ashing involves the high temperature combustion of organic matter in a
muffle furnace and subsequent dissolution of the mineral constituents, usually in
acid.43 The procedure is time consuming, and is further complicated by the
possibility of volatilization losses during the combustion stage, as well as

difficulty in completely dissolving the ash.44-46

1.2.2.2 Open-Vessel Chemical Digestion: The "Hot-Plate" Method
Over the past four decades or so, wet ashing has undoubtedly become the most
popular digestion method, since analyte loss through volatilization occurs to a

smaller extent when compared to dry ashing procedures.41:47,48
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Figure 1.1 Overall Scheme for Elemental Analysis.



Wet ashing procedures almost always incorporate oxidizing reagents to
complete the digestion.4® Most chemical digestion procedures for biological
materials rely on the use of H2O2, HNO3 and/or HCIO4 to decompose the organic
matter. HF is used to decompose siliceous matter that might be present in the
sample, through formation of volatile SiF4, whereas HCI and H>SO4 merely serve
as strong acids.?0

Traditionally, heat is used to speed up the process of wet acid digestion. In
conventional "hot plate" digestions, the sample plus acid is placed in an open
beaker on top of a hot plate in a fume hood. To achieve complete dissolution of
biological materials, acids and hydrogen peroxide can be used either singly or in
combination, depending on the nature of the sample and tﬁe analyte of interest.
For examgle, during acid decompositior: of human blood and plasma for the
determination of selenium, the use of HCI is discouraged because of the loss
during digestion of volatile SezCl,, SeCly, SeOCl; and Se07.2HC1.51 Similarly,
the volatility of arsine is the reason why the use of HCI is discouraged when
plant material is dissolved for the measurement of arsenic.49

Nitric acid is used widely in organic decompositions because of its highly
oxidizing nature and solubility of nitrates. However, it has a low boiling point, so
that temperatures of 250 to 300 °C needed for some applications cannot be
achievad in open vessel digestions unless sulfuric acid is added to elevate the
boiling point. Because of its superior oxidizing power when hot and
concentrated, perchloric acid is often selected for "hot-plate” wet digestion of
plant and animal tissues. Evans et al.52 described a method for the acid digestion
of Cd, Ni and Pb from foodstuffs using nitric and sulfuric acids in Kjeldahl flasks.
For high-fat samples, the addition of perchloric acid to complete the digestion
was necessary. The use of perchloric acid, however, carries with it safety

concerns because of its hazardous nature.53,54 It is therefore essential that



special safety precautions are taken in its use. For example, close supervision
during digestion is required, and the use of special fume hoods equipped with
wash down facilities is essential.55

In a majority of cases, complete dissolution using the traditional approach takes
a very long time to accomplish. For example, a nitric/perchloric acid procedure
for complete dissolution of liver samples developed by Johnson et al.56 takes
between 15 and 23 hours, and a hydrogen peroxide/mitric/perchloric acid
procedure developed by Hall and Guptas? for complete mineralization of plant

material takes between 22 and 30 hrs.

1.2.3 Modern Methods of Dissolution

Dissolution using traditional hot-plate procedures is now recognized as one
area in the analytical laboratory that limits productivity.58:59 Figure 1.2 shows
the relative distribution of analysis time among sample processing (primarily
dissolution), instrumental measurement, and data processing. It can be seen that
sample preparation alone takes about 66% of the total analysis time.

In addition, dissolution is critical from the data processing point of view. The
technique used for this purpose must ensure that all of the analyte goes into the
solution phase, and that contaminaticn by reagents does not occur.60 If this is
not achieved, errors in the analysis will arise. Figure 1.3 shows the error of each
step relative to the total error. Sample preparation using traditional methods

clearly is the major contributor of error in the analysis.58

1.2.3.1 Hot-Block Digestors
Driven by the need to overcome the limitations of conventional digestion

methods, several alternatives have been investigated. One of these is chemical

digestion in a thermally heated metal block.
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Th= introduction of hot-block digestors in the early 70's61:62 enabled
iuboratori~s to process a large number of samples within a short period of time.
Agn..r et al 83 developed a hot-block digestion procedure in which samples
were plazed in 18 calibrated test-tubes. These tubes were fitted into holes drilled
in an aictminum block that was held at 150 °C. Dissolution in
peroxide/niti.c. “ulfuric mixtures was found to be rapid, reducing total digestion
time £ 3 hours. This was attributed to uniform heating of the sample compared
to converiional hot-plate procedures. The digestion rat: may be controlled
through a combination of well depth, residence time and block temperature, 62,64
More recently, micruprocessor-controlled block digestors have been developed
and are available commercially. A commercial unit ::“ilizing robotic automation
for digestion of water samples has been described.65 The unit was evaluated56
and found to yield very good precision in the determination of a variety of
metals. With these digestors, up to 50 samples can be simultaneously digested in
less than an hour. Time and money are both saved, while reproducibility and
safety are enhanced.

In the 1980's, block-digestion was rapidly replaced by closed vessel
procedures. The reason for the change was that, like conventional hot-plate
procedures, block digestion is basically an open vessel technique, so that loss of

analyte during digestion is still a major concern.

1.2.3.2 Closed-Vessel Acid Digestion

Closed vessel decomposition techniques were introduced to prevent the loss of
analytes encountered during open vessel digestions. In addition, closed vessel
procedures, typically using teflon-lined steel bombs with screw caps,67:68 can
operate under high pressure, enabling digestion mixtures to work at much higher

temperatures than is possible with open vessels. Digestions at temperatures of
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100 degrees above those used in traditional procedures are not uncommon.9 °
This significantly reduces the time required to complete the digestion. Recently a
high pressure-high temperature digestion system was described’! in which
operating conditions as high as 320 °C and 2000 psi are utilized in the digestion
of many types of difficult samples.

Matusiewicz’2and Jackwerth et al.73 used Teflon bombs to decompose
organic and inorganic materials rapidly. Matusiewicz et al.74 later described a
bomb digestion procedure that uses only hydrogen peroxide to complete
dissolution of plant material in less than 4 hours.

Katz et al.’5 compared the performance of dry ashing, conventional open
vessel, and closed vessel bomb techniques for the dissolution of sewage sludges.
Dry ashing was found to be the least efficient in terms of element recovery.
Digestion bombs were found to give higher values for Cd, Pb, Cu, Fe and Ni
when compared to open vessel techniques, and to make digestion occur more
rapidly. Bernas76 and Langmyhr77 described the advantages of closed systems,

and concluded that these were superior to conventional open-vessel techniques.

1.2.3.3 Closed Vessel Microwave Digestion

It was not until 1975 that a microwave energy source for analytical sample
dissolution was introduced. In that year, Abu-Sarma et al.78 studied the use of
microwave energy to speed up the dissolution process. The procedure is similar
to the one described in Section 1.2.3.2 because the same type of closed vessel is
used. The only difference is that instead of using thermal ovens to provide heat,
these procedures use microwave ovens as the source of energy. Commercially
available ovens operating at 2450 MHz and several hundred watts of electrical
energy are commonly used, and microwave-transparent teflon bombs are

employed as vessels for dissolution.”
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The application of microwaves to sample/acid mixtures produces about S
biliion molecular collisions per second, and elevated pressures inside the vessels
cause rapid dissolution because the acid mixtures can act at much higher
temperatures than the normal boiling points at atmospheric pressure. In
conventional heating, only the surface is directly heated, and the heat must be
conducted from the surface to the interior. In microwave heating, the uptake of
microwave energy is essentially instantaneous throughout the entire sample, and
the heat conduction stage is eliminaied.80 The result is reduction in sample
digestion times from hours to minutes.81 A similar comp.rison with aluminum
block digestors shows microwave techniques to be faster, and to provide more
controllable and reproducible conditions.82 The technique has been successfully
applied to a variety of matrices, including soils,55:83 sediments,84 sewage
sludges,85 biological materials,86 brewing materials,87 and agricultural
crops?9:88, as well as diet and fecal samples.89 Zehr et al.90 recently introduced
the use of basic solvents in place of acids for microwave digestion. This further
extends the range of applicability of the method to materials containing CoO,
MoO32, ThOz and W20s, compounds which are insoluble in a typical acid
microwave digestion.

There is little doubt that microwave acid digestion techniques have
revolutionized sample dissolution. With microwave heating, sample preparation
is safer, less costly, and needs minimal supervision.91-93 In addition to the
advantage of speed, microwave techniques can be fully automated. Grillo et
al.%4 have recently described an integrated microwave digestion system,
complete with a notebook computer and a printer, for dissolution of samples
prior to AA, ICP-OES, and ICP-MS. The method has been adopted by the EPA

for certain applications, including aqueous samples,? sediments, sludges, soils

and oils.96



There are several shortcomings in the microwave dissolution technique. First,
microwave heating is material-specific in that only those molecules that absorb
microwave energy can generate heat.97 Therefore, when microwaves pass
through materials that are either transparent to or reflect microwaves at 2450
MHz, no heat is generated.98-101 Because of this material specificity, certain
matrices (plastic, paper, silica, carbonate, sulfur, etc.) may not be affected.
Secondly, as in closed v.ssel bomb techniques, safety of the method is
undermined by pressure build-up inside the vessel during the digestion
process.102 The raiio of sample to reagent must be strictly controlled, and
occasional venting of the digestion vessel needs to be done unless in-built
pressure release mechanisms are incorporated.103 As a result, automation of
microwave digestion procedures suffers from many technical problems.104

The Fall 1990 issue of Environmental Lab Automation Notes105 describes an
automated microwave digestion system that uses a robotic arm to dispense acid
into a digestion vessel, cap the vessel and place it in a microwave oven. The
robotic arm also removes the vessel from the oven and vents it as defined by the
protocol for digestion. Because the system is completely automated, precision
and accuracy are improved as compared to hot-plate procedures because cxact
timing of the steps is maintained, safety is improved because personnel are ..ot
exposed to cor »< ‘e acids, and labor requirements are reduced, freeing staff for
non-routine tasks. The problem with this approach is the cost of computers and
robotic arms. As a result, several alternatives are currently being investigated,
including stopped-flow methods.106

Despite these shortcomings, the introduction of microwave techniques

represent the only major advance in dissolution methods over the past four

decades or so.
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1.3 Alternative Approaches to The Problem of Sample Dissolution for

Elemental Analysis
1.3.1 Background

Although modern analysis techniques are all capable of providing highly
reproducible determinations on a routine basis, it can be seen from the previous
sections that methods of sample preparation do not always match the
performance, throughput, or economy of the analyses.”! Indeed, analytical
chemists have spent considerable effort on the development of methods having
improved sensitivity, accuracy and precision, but not as much time on the steps
preceding the measurement operations. Dissolution using conventional hot-plate
methods is often costly, hazardous, slow and inconvenient. Because of this, the
overall analysis time is increased even if super computers are used to run modern
analytical instruments. While the microwave technique gives remarkable
improvement for many materials, there are many other situations in which the
matrix is not appreciably affected by microwave heating. Consequently,

dissolution is now widely regarded as a problem for which modern analytical

chemists must find immediate solutions.

1.3.2 Avoiding Dissolution by the Direct Analysis of Solids

There are two options open to the analytical chemist in tackling the
"dissolution problem"; either eliminate dissolution altogether, or find better
alternatives to existing technologies. To eliminate dissolution from the overall
analytical procedure, techniques for introducing the solid sample directly into
instruments such as the ICP or AAS must be sought. The two most widely
investigated techniques for direct analysis of solid samples are slurry atomization

and direct sample insertion. A review of current trends in these areas follows.



1.3.2.1 Slurry Techniques

There are numerous reports in the literature dealing with direct analysis of
solid samples by electrothermal vaporization.107 In this technique, an aqueous
suspension of the solid is first pipetted onto a graphite platform and placed in a
graphite tube furnace. Electrothermal vaporization is then performed on the solid
sample to atomize the desired elements. Miller-Ihli198 describes a method for the
determination of several elements in slurries of biological reference samples using
this approach. Good agreement between experimental and certified values for
several elements was obtained. Jackson er al.109 pipetted 20 uL aliquots of
soil/water slurry onto a graphite furnace platform for the determination of Pb by
AAS. Reasonable accuracy was reported. Dudas et al 110 aspirated clay
suspensions into an ICP-OES instrument without sample dissolution. Good
agreement was obtained between electron microprobe results and the ICP-OES
method. Williams ez al.111 used the same approach for analysis by ICP-MS of
finely ground soils anc industrial oxide catalysts. More recently, Cabrera et
al 112 ysed slurry GrFAAS to deiermine Cd in various types of sea food.

Reliability and accuracy were good.

1.3.2.2 Solid Sample Insertion Methods

In atomic spectroscopic methods, the most common way of introducing
dissolved samples to a flame (FAAS) or plasma (ICP) is by pneumatic
nebulization. Browner and Boornl13 note that after spending up to several
hours dissolving a sample, 99% of it never reaches the atomizer because of the
low efficiency of this sample introduction method. They also note that by
introducing the sample directly to the atomizer, tedious and time consuming

dissolution procedures are avoided, and wasteful nebulization is eliminated

altogether.

15



Techniques for direct sample insertion date back to the beginnings of practical
spectrochemical analysis when Kirchhoff and Bunsen!14 proposed the wire-in-
flame technique. In 1979, Horlick and Salin115 described a "Direct Sample
Insertion device" that made direct introduction of discrete samples into an ICP
possible. Linear calibration curves were obtained for zinc powders. Clearly,
direct analysis of so'ids eliminates the problems encountered during dissolution.
It reduces sample preparation time, decreases the possibility of loss of analyte,

and reduces the likelihood of contamination,

1.3.2.3 Current Problems with Direct Analysis of Solids

Techniques involving solid sampling introduce unique problems, however, that
are not normally encountered when handling liquid samples. An obvious
limitation is the requirement that a homogeneous distribution of particles be
achieved prior to analysis. If this criterion is not met, problems with precision and
accuracy are bound to arise. With slurry nebulization, precision may be very
poor because of sampling errors and lack of reproducibility during the aliquoting
step. In addition, slurry nebulization may lead to clogging of the nebulizer by
solid particles. As much as a 25% reduction in aspiration rates can be
encountered, requiring the use of time consuming standard additions procedures
to correct for this variable.110

For direct sample insertion, small samples are used and one should be aware of
possible sampling errors. Reproducibility is affected by the need for weighing
sub-milligram quantities of solid material onto graphite platforms. The procedure
is difficult, and requires considerable skill and effort, as well as sensitive balances.
Particle size should be zept as small as possible to increase precision. For this
purpose, additional grinding procedures in special containers designed to

minimize contamination may be necessary. This process is often tedious and time
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consuming. In addition, preferential partitioning of analytes in the larger or
smaller particles shouid be considered. Analyte may be lost during sieving or
handling if the analyte prefers to partition in one size of particles. This is
described in detail by Holcombe and Majidi.116:117 Since it is difficult to
separate sample vaporization and excitation processes, matrix effects are often
observed, leading to non-linear curves, especially with non-volatile elements.118
In addition, explosive vaporization and visible particles flying through the
plasma have been observed in some cases,!19 which contribute to decreased

accuracy and precision.

1.3.3 Summary of Trends is Sample Preparation Researéh

The examples cited in this introduction reveal a current trend towards
development of methods that reduce sample preparation times to match the rapid
measurement capabilities of modern analytical instruments. In order to achieve
this, two approaches have been proposed. The first involves introducing
alternate forms of energy to speed up the process, i.e. microwave techniques.
The second involves eliminating dissolution altogether, i.e. direct solid analysis.
Like most techniques at the infancy, direct solid analysis systems suffer from
many technical problems. There is also lack of sufficient knowledge about the
fundamental processes that occur when a solid is atomized in the flame or
plasma. Until these problems are solved, liquid nebulization will remain an
integral part of flame and ICP atomic spectrometry. And until such time as
nebulization becomes obsolete, the demand for improved methods of analytical

sample dissolution to replace or complement traditional methods will continue.
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1.3.4 Background for Consideration of an Ultrasound-Based Dissolution
System

It is for these reasons that an investigation was undertaken to study the
behavior of chemical systems when exposed to ultrasound. The goal was to seek
a process using this technique that would speed up sample dissolution for
elemental analysis.

The next section provides background information and a survey of relevant

literature on the use of ultrasound to promote chemical reactivity.

1.4 Ultrasound: A General Overview

Ultrasound is the name given to sound waves having frequencies higher than
those to which the human ear can respond. Commonly encountered ranges of
sound frequencies can be functionally divided into low frequency sound, power

ultrasound and diagnostic ultrasound,120 shown in Table 1.1.

Table 1.1 Classification of Sound Waves.

type uses frequency range
low frequency sound human hearing 16 Hz - 16 kHz
power ultrasound welding, cleaning 16 kHz - 100 kHz

diagnostic ultrasound SONAR, sonography 100 kHz - 10 MHz
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1.4.1 Properties of Ultrasound Waves

Ulkrasound behaves like electromagnetic radiation in all respects except that,
being a sound wave, it can only be propagated through a medium that possesses
elastic properties. Propagation is in the form of successive rarefaction and
compression phases.

These pressure waves may be described!2! by the equation:
Pt = PASIN27tft oo 1)

where Py is the pressure at time t, f is the frequency, and P4 is the amplitude of
vibration. These pressure waves are sinusoidal in character, and, like

electromagnetic waves, their speed ¢ is related to wavelength A by the

expression:

where p is the density of the medium.

Because of imperfect coupling of ultrasound waves between the source and
most media through which they are propagated, ultrasound wave intensity |

decreases with distance from the source x according to:

I = Ioexp[-20X] oo, 4



where I is the intensity at the source, and « is the coefficient of absorption of
the waves in the medium.
The absorption coefficient is related to the viscosity n of the propagating

medium by the relation:

o = 2p2 f2m c3{ 4p/3)+(y-DKMNCy} oo, 5)

where x is the thermal conductivity, and ¥y is the polytropic ratio, i.e. the ratio of

the heat capacity at constant pressure Cp to that at constant volume C,.

1.4.2 Generation of Ultrasonic Waves

Ultrasound can be produced in a variety of ways. Galton122 was the first to
report on a method of producing ultrasound by means of a whistle. This method
produces low-intensity ultrasound that does not affect chemical reactivity. The
basis of present-day generation of ultrasound with sufficient intensity to
enhance chemical reactivity is the piezoelectric (pressure-electricity or Curie)
effect.123,124 When a mechanical force is applied between two faces of a
piezoelectric crystal, e.g. quartz, rochelle salt, ammonium dihydrogen phosphate
or potasium dihydrogen phosphate, a potential is developed perpendicular to the
applied force. The magnitude of this potential depends on the applied pressure.
The polarity is reversed if a negative pressure is applied. To produce ultrasound,
the reverse effect is used, i.e., application of an alternating electromotive force at
the crystal ends so that the crystal expands and contracts with the same
frequency as the voltage supply. The most commonly used frequencies for
power ultrasound are in the 20 to 100 kHz range. In order to generate

ultrasound at 20 kHz, a potential alternating at 20 kHz is applied to the crystal.



Modern ultrasound units use ferroelectric compounds, such as barium titanate
BaTiOs, lead metaniobate PbNb2Og, or most commonly a lead zirconate titanate
PtZrTiO3 (PZT) mixed crystal in ceramic form, to produce ultrasound. These
ceramic materials produce ultrasound most efficiently at their natural resonance
frequency. This optimum frequency depends not only on the resonating material,
but also on its geometric properties such as size and orientation. Because it is not
practical to alter these properties once a transducer has been fabricated, most

commercial units operate at a fixed frequency.

1.4.3 Ultrasound Applications in Industry, Biology and Medicine

Ranging by SONARI25 and medical imaging by sonogr.aphy126 are probably
the most common applications of ultrasound based on pulse-echo principles. This
enables cardiologists to detect thickened or obstructed arteries, and also to
identify lesions and cysts. Obstetricians can monitor the development of a fetus,
and may even guide surgical tools though delicate fetal organs. Diagnostic
ultrasound uses high frequency-low power energy for enhanced resolution.

For non-diagnostic applications lower frequencies are used, but the ultrasound
is generally of high intensity.127:128 Blood clots can be dissolved, kidney stones
pulverised, and surgical instruments and teeth cleaned efficiently.

In biology and biochemistry, high intensity ultrasound is used to disrupt cell
walls. Webster and Stonel29 recently described a procedure for isolating cell
walls after disruption of root hairs using ultrasound. With ultrasound, spores may
be efficiently removed from their sacs, and cellular organelles, enzymes, protein
molecules and nucleic acids can be released more quickly from cells without
damage or denaturation.130,131 Sonication for longer times can cause

fragmentation of certain biological compounds, as well as solubilization of

others.132,133
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In addition to applications in non-destructive testing, driiling, grinding, cutting
and welding, high power ultrasound will eventually find its way into the home.
A liquid bombarded with ultrasonic energy breaks up into microscopic bubbles
that aid in mechanical removal of dirt from crevices. This approach is used to
manufacture ultrasound-based washing machines. A spokesman for Branson
Ultrasonics Corp. recently predicted that a dishwasher load may take only a
couple of minutes and use a fraction of the water consumed by conventional

washing machines.134

1.4.4 Ultrasound Applications in Chemistry

Perhaps the most common uses of ultrasound in the chémistry laboratory are
cleaning of apparatus and dispersion of solids in solution.!10 In addition,
filtration and extraction processes can be enhanced, smaller and more uniform
crystals can be produced, and HPLC solvents can be degassed more efficiently in
the presence of ultrasound.135-139

More recently, sonochemistry (using sound energy to carry out chemical
reactions) has been introduced.140 The origins of this technique date back to the
late 1920's when Richard and Loomis!4! observed that if ultrasound is passed
through iodide solutions, iodine gas is formed. Recent ESR studies!42 show that
the reaction is caused by the production of highly oxidizing hydroxyl radicals

when ultrasound of sufficient intensity is propagated into aqueous systems.

1.4.4.1 Ultrasound Synthesis of Organic Compounds
Although the exciting potential of ultrasound in the synthesis of compounds
was proposed by Renaud in 1950,143 the chemical literature has very few

reports on this topic between that time and 1975. Part of the reason is that no

[ 3%
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significant technological breakthroughs were made in the technology of
ultrasound production,!44

It was not until around 1980 that interest in ultrasound-assisted reactions
began to increase. In 1978, Fry et al.145 reported on the ultrasound-assisted
synthesis of cycloalkanones from a,a'-dibrocycloalkanones. Since then, work in
the field of ultrasound-assisted synthesis has expanded, and organic synthesis is
by far the dominant application of ultrasound in chemistry. Hydrolysis
reactions146,147 and Strecker synthesis of amino nitriles!48 are examples of
homogeneous ultrasound reactions. In the presence of metal catalysts, sonication
has been found to increase rates of some reactions several-fold. For example,
Mason et al.149found that chemical reactivity during the Ullmann diaryl
synthesis is much higher in the presence of ultrasound, and Luche and
Damiano!50 reported that in the presence of ultrasound the Barbier synthesis of
alcohols takes only a few minutes to complete, whereas conventional methods
take several hours. Boudjouk and Hanl51 were able to achieve coupling of
chlorosilanes only when ultrasound was used. Ando et al.152reported that the
yields of keto..es produced by oxidation of secondary alcohols are much higher

than those obtained under mechanical agitation.

1.4.4.2 Ultrasound Synthesis of Inorganic Compounds

The application of ultrasound in the synthesis of inorganic compounds has also
received considerable attention. Suslick et al.153 reported on a method of metal
cluster synthesis with the aid of ultrasound. Rates were found to be 100,000
times higher than in the absence of ultrasound. Several reports on the synthesis

cf reactive transition metal powders with the aid of ultrasound have recently

appeared, 154,155



The application of ultrasound clearly provides a different path from traditional
sources of energy for the enhancement of chemical reactions. Enhancement may
be observed in yield, acceleration of rates, or in changing mechanistic pathways

of reactions to produce different products.

1.4.4.3 Ultrasound Polymer Degradation
It is also interesting to note that polymer degradation was among the first
applications of ultrasound in chemistry. As early as 1933 Szalay,156 Gyorgi,157
Flosdorf and Chambers!38 reported that the viscosity of solutions of agar, starch
and gelatin was reduced upon application of ultrasound. That these changes are
largely caused by breakage of bonds to produce lower molecular weight
compounds has been confirmed by recent studies.159:160
The proposal that ultrasound can reduce the time required to achieve
dissolution of biological samples is based on utilizing such processes to promote

decompositicn reactions, especially those involving chemically resistant

polymers such as cellulose.161

1.4.4.4 Applications of Ultrasound in Analytical Chemistry
Ultrasonic baths have been part of the analytical chemistry laboratory for a
long time. Their use, however, has until recently been restricted to the cleaning of

soiled glassware. More recent uses in analytical applications include

nebulization, mixing and extraction.

1.4.4.4.1 Ultrasonic Nebulization and Slurry Stabilization
The use of ultrasound for nebulization of solutions has received increasing
attention in recent years.162 Ultrasound nebulization offers long term

stability,163 uniform drop sizel64 and elimination of nebulizer plugging. 165



Hieftje et al.166 developed an efficient and inexpensive (obtained from a
common room humidifier) ultrasonic nebulizer for ICP and microwave plasma-
OES. Aerosol generation rates were found to be higher than those obtained by
pneumatic nebulizers.

Ultrasound has been shown to be more efficient than mechanical vortex mixing
for the stabilization of slurries prior to measurement. Edwards et al.167 reported
on an ultrasound method to disperse soil samples in distilled water using a probe-
type vibrator. Reproducibility was found to be superior to vortex mixing. Miller-
Ih1i168,169 developed an automated ultrasonic mixing accessory for slurry
sampling into a graphite furnace atomic absorption spectrometer. The reported
precision for biological samples was between 8 and 24%. Epstein et al.170
applied this technique to determine Pb and As in river sediments. Van den Akker
et al.171 later used the same approach in the determination of heavy metals in

sediments. Good agreement with expected values was obtained.

1.4.4.4.2 Ultrasonic Extraction of Metals

The review of Suslick172 describes the applications of ultrasour to chemical
synthesis and for initiation and enhancement of catalytic reactions. Since most
sonochemical applications to date are mainly in the field of synthesis, no mention
is made in the review of dissolution processes that might be applicable to
chemical analysis.

There have been a few preliminary explorations in this area. Kumina et al.173
has reported that ultrasonic treatment of plant materials can shorten preparation
times over dry ashing or acid digestion. Eight metals were subsequently
determined by atomic absorption spectroscopy. Complete dissolution was not
achieved with three 4-minute extractions with dilute HCI, but the metal

concentrations were as high or higher than with other dissolution: techniques.



Precision was only fair. Karyakin er al.174 also applied ultrasound trcatment to
soils for extraction of trace metals with HCI and/or HNOj3. The results for eight
elements agreed only approximately with those found by conventional methods.
but the time of extraction was reduced from 16 hours to 30 minutes. Details of
the experimental procedures were scant. Because total dissolution was not
achieved, in some instances metais bound to refractive minerals were found to be
100 times lower than expected.

As early as 1980175 it was speculated that ultrasonic dispersion of soils in
water at room temperature causes significant dissolution of certain analytes into
the liquid phase. In 1989, Escudey et al.176 reported on apparent dissolution
during ultrasonic dispersion of soils; Al, Si and Fe were determined by atomic
absorption spectroscopy. Evaluation of accuracy was not possible because
sonication results were not compared to a reference method. The authors
concede that the reported results are probably in error, since it appears that the
presence in the flame of fine suspended clay particles from ultrasound dispersion
likely produced artificially high results. In 1989, Akcay and Savascil?? described
the effect of ultrasonication on extraction rates and recoveries of strontium from
river sediment. Ultrasonic extraction results were comparable to those of
conventional procedures for adsorbed Sr, but the time required for extraction
was reduced from an hour to 10 minutes. The reported precision was about 25%.
In addition, total Sr was found to be low when compared to certified values. The
authors attribute this to the siliceous matrix, which would require HF to destroy.
From these reports it is clear that for sediments, ultrasound will effectively
remove adsorbed metals.

When Miller-Ihli introduced the ultrasound device for slurry sampling,168 jt

was noted that ultrasonic agitation for brief periods in dilute HNO3 caused

extraction of many metals into the liquid phase of the slurry, and this contributed



to the improved accuracy and precision over vortex mixing or air bubbling. Even
though this may be of benefit to analytical sample dissolution, no reports have
been published that investigate the mechanisms by which the extraction occurs.
A recent study by Saleh and coworkers!78 provides valuable insight into
possible mechanisms of extraction. Ultrasonic cavitation was found to be
responsible for the rapid extraction of Cu and Fe from palm oil into nitric acid
solutions. The method was found to be applicable to liquid oil samples, but failed
when solid oil samples were insonated. In their work, no attempt was made to

use ultrasound to achieve total dissolution.

1.5 Summary and Goals of this Study
1.5.1 Summary

From the above reports,  is ¢ :ar that there is a growing demand for new
methods of analytical sample aissolution. In the interest of speed, economy and
simplicity, a method that would simultaneously extract many elements, as well as
allow the digestion of a large number of samples in a short time, is desired.
Although ultrasound is widely used in the analytical laboratory for nebulization,
as well as an aid to slurry homogenization in GFAAS, the idea that analytical
sample decomposition might be performed using ultrasound has not been

investigated.

1.5.2 Aims and Objectives

The purpose of this work is to study the conditions necessary for this
technique to be applied to the elemental analysis of biological materials. To do
this, the physical and chemical conditions under which rapid and quantitative

dissolution occurs must be investigated. Principles of cavitation, sound

27



propagation, attenuation, and ultrasonic engineering need to be applied to
develop the method.

In order to put ultrasound in perspective, the theory of cavitation is first
reviewed in Chapter II, with special emphasis on the mechanical effects of
ultrasound, especially in two-phase liquid-solid systems. This is then followed, in
Chapter III, by an investigation of the chemical effects of ultrasound when
passed into water. In this part of the study, the effects of gases during sonication,
of the solvent, of solute concentration, and of ultrasound power, are
investigated.

A protocol for ultrasound dissolution, designed on the basis of the preliminary
studies outlined in Chapters II and III, will be developed in Chapter IV. The
effect of solvent composition on aqueous biological solid suspensions will be
investigated, especially in the decomposition of organic matricies to release
elements that can be directly measured by atomic spectrometric methods.

Results of a study on the range of applicability of the method developed in
Chapter IV will be presented in Chapter V. Examples include environmental,
agricultural, food and clinical samples. Results for elemental analyses of certified
reference materials from Canada, USA and Japan wili be given to show the
reliability and validity of the proposed technique.

Chapter VI will present results of a study of contamination iniincuced by the

sonication probe, followed by an evaluation of a sonic horn desiizned for

analytical sample dissolution.



CHAPTER 11

STUDY OF PROCESSES THAT OCCUR ON APPLICATION OF
ULTRASOUND ENERGY TO TWO-PHASE LIQUID-SOLID SYSTEMS

2.1 INTRODU_TION

In Chapter I, the basic concepts of ultrasound energy were reviewed. In this
chapter, the physical effects of ultrasound when propagated into two-phase
liquid-solid systems will be investigated. Since most of the physical phenomena
observed when ultrasound passes through a liquid medium arise from cavitation,
it is perhaps proper to review the theory of cavitation before the results obtained

in this study are discussed.

2.1.1 Acoustic Cavitation

The idea of cavitation was conceived by Lord Rayleigh,17® who defined it as a
process whereby bubbles or voids are first formed in a liquid medium by some
mechanical force acting to separate the iiquid molecules, and then are forced to
collapse.

Acoustic cavitation is a form of cavitation induced by ultrasonic waves. During
rarefaction (the negative pressure cycle of ultrasonic waves), cavitation bubbles
are formed and forced to grow in size. These bubbles normally form in aqueous
solution from dissolved atmospheric gases. The bubbles are then forced to

collapse during the subsequent compression (positive pressure) cvcle of the

waves.180



Cavitation bubbles are therefore excited to a pulsation with the frequency of
the sound field (stable cavities) until rectified diffusion81 ultimately causes large
bubbles to fragment into smaller ones (transient cavities).

At sufficiently high ultrasound intensities (equation 3), the collapse of
cavitating bubbles can be very violent, leading to extreme conditions of
localized pressure and temperature. Theoretical calculations!82 using equations
6 and 7 predict temperatures of several thousand degrees and pressures of

several thousand atmospheres to arise from a single collapse.

Py = P[-’fﬂ'@]wv-l .............. 6)
Ty = Topm% ................... )

In these equations, Ppax and Tmax are the maximum pressure and temperature
during collapse, respectively, To the ambient temperature, Py, the liquid pressure,
P the pressure inside the bubble prior to collapse, and v the ratio of the specific

heats ( y= gﬂ ) of the gas inside the bubble.

v

These equations assume that at 20,000 Hz (oscillations of the ultrasound waves
per second), cavitation collapse is extremely rapid, in fact so rapid that very little
heat exchange takes place between a collapsing bubble and the surrounding
liquid (i.e. an adiabatic compression). This causes the gas inside the bubble to be
strongly heated as it is compressed.183 Most of the observed unique physical
and chemical phenomena in ultrasound irradiated liquids is attributed to these
extreme conditions.

The magnitude of the violence of the collapse during compression is related to
the intensity of the sound waves. Cavitation effects are thus directly

proportional to ultrasound power.
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The following section describes the various ways of producing ultrasound of
sufficient intensity that the resulting cavitational effects can be used with

advantage for sample dissolution.

2.1.2 Sources of High Intensity Ultrasound in the Laboratory

Except for laboratory ultrasonic cleaning baths, devices for producing
relatively high sonic intensities are hardly ever found in an analytical chemistry
laboratory. This is partly due to the fact that to speed up chemical reactions,
chemists often prescribe heat, uv light or electrical discharge. Ultrasound is often
considered only for stirring, for cleaning soiled glassware, or for nebulizers in
atomic spectroscopy. A brief review of ways for producing ultrasound in the
laboratory is outlined below.

Early experiments on ultrasonic studies were performed using home-made
reactors in which a resonating crystal was immersed in oil between two
electrodes. Wood and Loomis describe one such reactor184 in which a 50,000 V
potential was applied to a quartz crystal 8 cm long and 1 cm thick to produce
ultrasound frequencies of several hundred thousand Hz. By keeping the voltage
across the crystal constant, they could maintain a constant power output of
several watts.

In the 1960's, commercial ultrasound units based on this original model became
common for cleaning purposes in the laboratory. Ultrasound cleaning baths
consist of several oscillators mounted on the underside of a stainless steel tray.
The ultrasonic energy is transmitted from the source to the chemical system
under iuvestigation through the tray into the solvent. Because the transfer of
ultrasound is indirect, low power densities (typically 0.1 to 1 W/cm?2) are

whtained, and while these are of sufficient intensity for most cleaning and some
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synthetic applications, they are not useful for applications that require high
power outputs.185

Ultrasonic equipment manufacturers have begun to produce devices that might
be adapted for chemical applications. Recently, high-intensity probes that
efficiently deliver ultrasound directly to the .iemical system have been
commercialized for biological cell disruption. T.. probes deliver sufficient
power to promote decomposition reactions such as those discussed in Chapter

IV.186 The probe used in this work is described in section 2.2 below.

2.1.3 Aims and Objectives of this Study

Cavitation is, in the first instance, a physical process. The unique physical
processes which occur when a liquid medium is irradiated with ultrasound will be
the focus of the study reported in this chapter.

A solid sample brought to an analytical laboratory for quantitative analysis is
often dissolved in a solvent prior to measurement. The initial step in this process
is formation of a heterogeneous two-phase solid-liquid system. All reactions
between the liquid and solid phase occur at the surface of the solid. A significant
factor controlling the rate of dissolution is surface area. In this study, the physical
behavior of several solid materials when exposed to 20-kHz high intensity
ultrasonic waves is investigated, and the results are compared with those

obtained when heat energy alone is used.



2.2 FEXPERIMENTAL SECTION

2.2.1 Equipment
2.2.:.1 Ultrasound Unit

The ultrasound unit used in this work is manufactured by Sonics and Materials
Inc. (Danbury, CT, USA) and marketed by Ace Glass Inc. (Vineland, NJ, USA). A
schematic diagram is shown in Figure 2.1. It consists of a power module (model
9810, 600W double channel) to convert 60 Hz line voltage to 20 kHz energy.
The module is equipped with a microprocessor-based timer that allows the user
to program the unit in terms of duty cycle and duration. Six ranges enable the
timer to be set from a tenth of a second to 999 hours. The power output can be
varied in 60W increments from 0 to 600W rms. The output of the power
modul¢ is transmitted to a lead zirconate titanate ceramic transducer that
converts the 20 kHz electrical signal to 20 kHz acoustic energy. The resulting
ultrasonic waves are focused into the liquid through a 0.75" diameter direct-
immersion horn fabricated from a Ti alloy. The end of the horn has a replaceable
0.75" diameter Ti alloy tip.

Sonications in this chapter were carried out in 50-mL borosilicate glass
beakers which were raised or lowered with a laboratory jack. Both horn and
sonication vessels were clamped onto a stand inside a steel enclosure lined with
2-inch thick sound deadening styrofoam. The front of the cabinet was a door of
thick transparent Plexiglas to allow monitoring of the experiment. As an
additional safety precaution, a pair of ear protectors, similar to those used for

noise protection at airport runways, was worn at all times during the operation of

the unit.
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Figure 2.1 Ace Glass 9810 Assembly Used to Study Processes that Occur on
Application of 20 kHz Ultrasound Energy to Two-Phase Solid-Liquid Systems.



2.2.1.2 Optical Microscopy

Sonicated solids were examined using an optical metallurgical microscope
(Olympus BHT-M, Olympus Optical Co., Tokyo, Japan) in the laboratory of Prof.
Jed Harrison (Depar: aent of Chemistry, University of Alberta). The microscope is
equipped with a 6V-20W halogen lamp for reflected light observation, and a 35-
mm OMPC Olympus photographic camera with in-built microprocessor for

optimizing exposure time.

2.2.1.3 Scanning Electron Microscopy (SEM)

A Cambridge Stereoscan 350 scanning electron microscope with an energy
dispersive X-ray analyzer in the University of Alberta Entomology Department
was used for those experiments in which fine morphological details of the solids
not easily discernible with light microscopy needed closer examination. All

experiments were done with a primary beam voltage of 20 kV.

2.2.2 Rearents and Materials

The sonication medium was in-house distilled water that had been passed
through a mixed strong acid/strong base ion exchange column (IWT, Rockford,
Illinois, USA). HNO3, NaOH, KI, and HoNCONH, were reagent grade (BDH
Chemicals, Toronto Canada); NH4HF» (Fisher) and Na;S,03 (Anachemia
Canada) were technical grade. Sonicated materials were calcium carbonate
(classroom chalk), aluminum foil (Alcan, Canada), copper wire (99.9%), bovine
hemin (Sigma Chemical Co., St. Louis, MO, USA), TLC-grade granular cellulose
(Whatman Ltd., Kent, UK), and bovine liver SRM 1577a (National Institute of
Standards and Technology, Gaithersburg, USA).
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2.2.3 Methods
2.2.3.1 Sonication Procedure

Solids were transferred into sonication vessels. Approximately 40 mL of
deionised water was added to each sample, then the horn was immersed in the
water so that the tip was about 3 mm below the surface of the water and 4 cm
above the bottom of the vessel. The power level and timer were than set at the

desired levels and ultrasound applied in continuous (non-pulsed) mode.

2.2.3.2 Preparation of Samples for SEM Studies

Prior to SEM observation, sonicated solids were allowed to dry at room
temperature for at least 2 days and mounted on the SEM sample platform.
Unsonicated solids were mounted without further treatment. Non-conductive

samples were plated with gold by sputtering under vacuum prior to observation.

2.2.3.3 lodimetric Determination of Copper187

Solid residue from sonicated copper samples was dissolved in 10 mL of 6M
HNO3, The resulting solution was then quantitatively transferred to a 200-mL
conical flask and boiled for 3 min to remove a majority of the nitrogen oxides
evolved during dissolution in acid. Approximately 10 mL of deionized water and
5 mL of 4% urea solution was added an:! the solution boiled again for 1 min to
remove any remaining nitrogen ox:J%.. After cooling, 20 mL of water were
added, follower by neutralization of residual nitric acid with approximately 15
mL of 2.5M NaOH. The pH of the solution was then brought to 4 by addition of
1 g of NH4HF;. Approximate!y 2 g of KI was added to liberate I, which was
then titrated with 0.01M Na3S;03 solution (standardized with electrolytic Cu

wire) until most of the brown coloration had disappeared. Freshly prepared
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starch indicator was then added and the titration coatii:ued until the blue

disappeared permanently.

2.3 RESULTS AND DISCUSSION

2.3.1 Evidence of Cavitation: Sonication of Chalk and Al Foil

Chalk and aluminum foil are probably the most commonly used indicators or
dosimeters of cavitation.188 Previous work on the sonication of these materials
was done on ultrasound baths of low power, and most litera:ure reports provide
only semi-qualitative results. The work reported here details of *he effects of the

cavitational process on these substances when an ultrasound horn is used.

2.3.1.1 Sonication of Chalk

To study the effect of 20 kHz ultrasound on solids, several pieces of ordinary
classroom chalk, 3 cm long and 1 cm in diameter, were placed at the bottom of a
sonication vessel and 40 mL of distilled water added. The vessel was then placed
inside the cabinet and the horn immersed in the water to a depth of 3 mm. The
power level was set at "5%" and ultrasound applied in continuous (non-pulsed)
mode. After sonication, the chalk was dried, then mounted on the Olympus light
microscope for observation. Photomicrographs of the chalk, taken before and
after sonication, are shown in Figure 2.2.

Prior to sonication, the surface is uniformly even (Figure 2.2(i)). As soon as
sGiucation is initiated the chalk undergoes dramatic changes. There appear to be
tiny explosions at the surface as material is rapidly removed. A photomicrograph
of the surface after sonication for 1 sec, Figure 2.2(ii), shows that it is no longer

even, but has been extensively pitted at the sites of the observed implosions.



Figure 2.2(i) Photomicrograph of Chalk Taken Before Irradiation with

Ultasound.

Figure 2.2(ii) Photomicrograph of Chalk Taken Aftor Trradiation with Ultrasound

for 1 sec.
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Figure 2.2(iii) is a photomicrograph of the chalk after sonication for 5 sec. The
pitting is more extensive than in Figure 2.2(ii). Sonication for 20 sec resulted in
complete dispersion of the chalk into a cloudy suspension. When the power was
increased to "100%", cavitation was so rapid that complete dispersiocn occurred
within 5 sec. Figure 2.2(iv) shows the unchanged surface upon immersion of a
similar piece of chalk in boiling water for 1 hr.

These observations show that the ultrasound energy is concentrated in
localized sites on the chalk surface where cavitation occurred. The process was

investigated further by replacing the chal. with Al foil.

2.3.1.2 Sonication of Al Foil

Circular pieces of aluminum (1.5" diameter) were cut from a roll of kitchen foil
and placed in the bottom of the sonication vessel. Sonication was performed as
described in section 2.3.1.1 at 100% power for S to 120 sec. After sonication the
foil was allowed to dry at room temperature, then mounted on the optical
microscope for examination.

Figure 2.3 shows examples of the physical transformations that occur upon
insonation. The unsonicated surface is flat and featureless (Figure 2.3(i)); after 5
sec of sonication, the surface i< uited (Figure 2.3(ii)), indicating the occurrence
of cavitation. The pits are cincular, and grow outwards, away from the horn. They
increased in both average size and number with sonication time.

The number of pit- per square centimeter was estimated by counting under a
microscope for somication times from 5 to 120 sec. The results are shown in Table
2.1, along with average sizes of the pits. The size increases with sonication time.
It is possible thar overal cavitation events (cvcies of bubble growth and

collapse) may occur at the same spot, and lead to fatigue and failure of the

material.
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Photomicrograph of Chalk Taken After Irradiation with Ultrasound

for 5 sec.

Figure 2,2(iv) Photomicrograph of Clialk Taken After Boiling in Water for | hr.
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Cigure 2.3 (i) Photomicrograph of Al Foil Taken Before Irradiation with

Ultrasound,

Ligure 2.3 (ii) Photomicrograph of Al Foil Taken After Irradiation with

UHtrasound for § sec.



Table 2.1 Effect of Sonication on Aluminum Foil.

sonication time (sec) number of pitsd per cm?2 pit_dia. 2 (um)

0 0 (uniform flat surface)

5 190 240

20 510 320

60 550 440
120 extensive surface abrasion and erosion

1 Density of spots varies throughout the sonicated area. The reported values are averages
of several counts; the associated standard deviation is about 20 pits per cm2. Counting was

done under 45X magnification, covering an area of 0.039 cm2 per count.

2 Values reported are averages. The diameters varied considerably; a typical standard

deviation of 20 um was observed.



Higher magnification, Figures 2.3(iii) and 2.3(iv), reveals the changes that occur
to pits as sonication time is increased. The bottom of the pit appears to be the
point where the surface of the metal first begins to show signs of cracking. There
seems to be ejection of metal from the surface after 20 sec, and erosion is evident
after 120 sec. Sonication beyond 120 sec results in fragmentation of the foil into
small particles of Al, roughiy 3 mm in diameter. These particles travel through the
liquid phase at high velocities, driven by the turbulent action of the ultrasound

energy.

2.3.2 Cavitation in Relation to Ultrasound Dissolution

The results presented here indicate that when ultrasound is propagated into an
aqueous suspension of solids, the surface morphology of the suspended solid
may be changed, with frugmentation and particle size reduction taking place.
This means that the surface area of the solid is increased. Since the reaction of
solvent with suspended solids during dissolution occurs at the surface,
dissolutions in ultrasound have the potential of being faster than conventional
thermal procedures because the solvent accessible surface area is enhanced. This
is investigated in Chapter IV. The next section deals further with the physical

effects of cavitational forces produced by an ultrasound horn.

2.3.3 Effect of Ultrasound Cavitation on Titanium and Copper Metal
Titanium and copper have high tensile strength. They were used in this study

to evaluate the physical forces involved during cavitation. Titanium erosion was

also of interest because the portion of the horn in contact with solvent is usually

made from a titanium alloy.
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Figure 2,3(iii) Photomicrograph of Al Foil Taken After hrradiation wonih

Ultrasound for 20 sec.

Figurg 2.3(iv) Photomicrograph of Al Foil Taken Atrer leradiation with
rigur araj

Ultrasound for 120 sec.



2.3.3.1 SEM Study of Erosion of a Commercial Titanium Alloy Horn Tip

Accordirg to equation 4, ultrasound intensity is greatest at the irradiating
surface of the horn tecruse the sound waves are unattenuated at this point. As a
esult, U surface of the tip can be expected to experience the harshest effects of
cavitation. Two commercial titanium alloy tips were therefore selected as
convenien( samples for this study. The first was a new unused tip; the second
had been used for 15 hours. These 15 hrs were logged during sonications of 40
ml. of water at 100% power, for durations of not more than 3 hrs each time.

The tips were mounted, without treatment, on the SEM sample platform for
microscopic observation. In Figure 2.4(i) the surface of a new Ti tip is shown.
Except for machining marks, the surface is flat and featureless. On the other
hand, the surface of a used tip shows numerous cracks and extensive erosion.
This is shown in Figure _.4(ii).

The forces involved during cavitation are energetic enough to rip metal
fragments from the surface of the probe. An attempt was made to remove the
cracks by polishing the eroded surface with fine etaery cloth (3M, 413Q-400
size). The result is shown in Fig 2 4(iii). The erosion appears to have been very
deep, and the characteristic circular patterns of cavitation are deeply etched on

the surface.

2.3.3.2 Experiments with Copper Wire

To study the effect of 20kHz ultrasound on copper metal, several 0.9 g
segments of pre-weighed metallic copper wire were placed in a sonication vessel,
40 mL of water added. and sonication performed at full power for 1 hr. The wires
were then dried and weighed again. An average weight loss of 20 mg after
sonication was recorded. The water in which the sonication was done was

evaporated to dryness. A residue of metallic copper particles remained.



Figure 2.4 (i) SEM Photomicrograph of a New Ti Alloy Horn "Thp.



Figure 2.4 (i) SEM Photomicrograph of a Ti Alloy Horn Tip After 15 hrs of Use.
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Figure 2.4 (iii) SEM Photomicrograph of a 1i Alloy Horn Tip Atter 15 hrs of Use
and Polishing with Fine Emery Cloth.



Sonication had physically removed particles of copper from the surface of the
wire. Microscopic examination of the surface did not provide any useful new
information.

To determine the rate at which Cu was being eroded from the surface by
sonication, pre-weighed segments of Cu wire suspended in 40 mL of water were
sonicated at full power for varying time intervals. The segments were then
removed, dried and +weighed. The liquid phase was then evaporated to cryness
on a hot plate, the resulting residue dissolved in concentrated nitric acid, and
analyzed for Cu by iodimetric titration. The amount of dissolved and particulate

Cu (see Table 2.2) was found to increase as a function of sonication time.

Table 2.2 Effect of Sonication on Copper Wire.

sonication time (min) weil S amount found (mg)2
0 0 0
5 4.35 4.33
10 6.05 6.11
20 11.42 11.01
40 15.96 15.85
60 19.75 19.77

! Refers to the difference in weight of each wire before and after sonication.

2Refers to the value obtained by titration.
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2.3.3.3 Possible Mechanisms of Cavitational Damage

The origin and mechanisms of cavitational damage have been discussed in the
literature. Lauterborn and Hentchel18? describe cinematographic experiments for
studying bubble motion during a single cycle of the driving sound fieid. The
authors noted that the relatively low framing speeds used could not resolve
details of bubble collapse during the last few nanoseconds of their lifetime.

Recent high-speed (1 million frames per second) holocinematographic studies
on cavitation dynamics of a single laser-produced bubble have revealed a wealth
of information about the physical aspect of bubble collapse.190 Pictures of
collapsing bubbles in bulk water reveal the existence of radiating shock waves
upon collapse, whereas pictures of bubbles collapsing near extended surfaces
show microjets of solvent impinging on the surface at velocities estimated to be
between 100 and 200 m/sec.191

The experiments reported in this study show that the shock-waves and

microjets produced during cavitational collapse have sufficient energy to cause
morphological changes to particles suspended in water. Subsequent erosion and
fragmentation lead to dramatic increases in the surface area of the solids. This
physical action of ultrasound is precisely what is needed to enhance dissolution
rates of solid samples. The next section describes the physical action of

ultrasound on biological samples.

2.3.4 Morphological Studies of Insonated Biological Sample Surfaces

The effect of sonication on the surface properties of several biological materials
is presented in this section. The samples include bovine hemin, used as a model
compound, a freeze-dried bovine liver r:ference material (used in Chapter V to
assess the analytical utility of ultrasound), and cellulose, a chemically resistant

polysaccharide found in plant materials.
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2.3.4.1 Morphological Studies of Bovine Hemin

Hemin is a water insoluble iron-containing biological chelate. To study the
cifect of sonication on hemin, 50-mg portions of the powder were weighed into
a 50-mL sonication vessel. Approximately 40 mL of water were added and the
suspension was sonicated at full power. Samples for SEM observation were
removed from the vessel at preselected time intervals. They were allowed to air
dry for 2 days at room temperature, *hen lightly sprinkled on adhesive tape
attached to an aluminum platform. Sample and platform were sputtered with gold
under vacuum before mounting on the SEM.

A scanning electron micrograph of hemin before ultrasound treatment is shown
in Figure 2.5(i). The material is composed of distinct crystals 60 to 100 tm on a
side. After 30 minutes of sonication, typical particle dimensions were reduced to
about 20 um (Figure 2.5(ii)), and the surfaces of the crystals were roughened
extensively. After 1 hr of sonication, the particles had been reduced further to
about 5 pum (Figure 2.5(iii)), and individual particles showed not only surface
erosion, but appeared to have undergone considerable fragmentation. The
surface area had increased 100 to 1000 fold, and that the increase was a function
of the number of cavitation events that occurred.

A separate experiment was done to determine whether heating hemin in boiling
water would have a similar effect. A 50-mg portion of hemin was suspended in
40 mL of water and boiled for 1 hr. Figure 2.5(iv) shows a scanning electron
micrograph of the crystals after this treatment. There appears to be no change in
morphology or surface area. This shows that particle disintegration was not

directly caused by the heating that occurred during sonication.
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Figure 2.5(ii} SEM Photomicrograph of Hemin Particles Taken After Sonication

in Water for 30 min.
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Figure 2.5(iii) SEM Photomicrograph of Hem 1 Particles Taken After Sonication

in Water for 1 hr.
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Figure 2.5(iv) SEM Photomicrograph of Hemin Particles Taken After Boiling in

Water for 30 min.
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The dissolution of metal-containing compounds in biological samples may be
expected to occur faster when ultrasound is used rather than conventional hot-
plate dissolutions because of the increase in surface area produced by
ultrasound. This is explored in more detail in Chapter III. The final two sections
of this chapter deal with observations of physical changes that take place when
biological materials are sonicated. Bovine liver and cellulose were chosen to

represent zoological and botanical sample types, respectively.

2.3.4.2 Morphologica! Studies of a Dried Bovine Liver Reference Material
50-mg portions of a powdered bovise liver reference material (SRM 1577a
from NIST) suspended in 40 mL of water werz sonicated and examined for
changes in particle size and surface morphology. Figure 2.6(i) is a
photomicrograph of a single fragment of liver sample before sonication. A typical
particle is about 100 microns in diameter. Figure 2.6(ii) is a photomicrograph of a
particle of liver sample after 30 min of sonication; Figure 2.6(iii) is a
photomicrograph of a particle after 60 min of sonication. The surface appears to
have changed physically because of cavitation, although not quite as
extensively as hemin; this may be attributed to the fatty nature of this sample.
Figure 2.6 (iv) shows the surface of a particle after boiling in water for 1 hr. As

expected, no significant changes in size or morphology were observed.

2.3.4.3 Morphological Studies of Granular Cellulose

50-mg portions of granular cellulose were suspended in 40 mL of water and
sonicated at full power. Samples were withdrawn at preselected time intervals
and examined under the SEM microscope following drying, mounting and gold

sputtering as described in section 2.3.4.1.



‘N
el

010

Figure 2.6(i) SEM: Photomicrograph of Bovine Liver Powder Taken Before

Sonication.
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Figure 2.6(ii) SEM Photomicrograph of Bovine Liver Powder Taken After

Sonication in Water for 30 min.
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Figure 2.6(ijii) SEM Photomicrosr:=* .. iovine Liver Powder Taken Alter

Sonication in Water for 1 hr.

Figure 2.6(iv) SEM Photomicrograph of Bovine Liver Powder Taken After
Boiling in Water for 1 hr.



Figure 2.7(i) shows the fibrous structure in a particle of sample before sonication.
Figure 2.7(ii) shows a similarly sized particle after sonication for 30 minutes, and
Figure 2.7(iii) shows another after 60 minutes of sonication. Figure 2.7(iv) shows
a particle after boiling in water for 60 minutes. Ultrasound produced extensive
crosion which increased with sonication time. The fibers were fragmented and
disrupted, providing an increased solvent-accessible surface area. Samples boiled
in water did not skow these characteristics.

Lastly. boiling the water used for sonicating the zolids studied here immediately
prior to sonication to remove dissolved gases produced very different results in
that no changes to the solids were observed. The reason for this is absence of
cavitation when no gases are available for bubble formation. This behavior was

studied in more deiail; the findings are reported in Chapter II1.
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Figure 2.7(i) SEM Photomicrograph of Granular Cellulose Takcen Betore

Sonication.
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Figure 2.7(ii) SEM Photomicrograph of Granular Cellulose Taken Alter

Sonication in Water for 30 min.
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Figure 2,7(ii1) SEM Photomicrograph of Granular Cellulose Taken After

Sonication in Water for 1 hr.

Figure 2.7(iv) SEM Photomicrograph of Granular Cellulose Taken After Boiling

m Water for 1 hr.



2.4 SUMMARY

The results presented in this chapter strongly suggest that cavitation is a
primary mechanism in the production of morphological changes at solid surfaces
when ultrasound energy is applied to a two-phase liquid-solid system. Insonated
chalk and Al foil provide evidence of localization of physical damage, and this is
consistent with cavitation being the cause of surface damage which occurs upon
sonication of solids suspending in a liquid. Shock waves and microjets arising
from collapsing bubbles have sufficient momentum to readily erode biological
materials and even metals such as copper and titanium are attacked. As
mentioned before, this is important because chemical digestion of a solid in a
solvent system occurs, to a large extent, on the available surface area.!92 In
analytical applications where chemical digestion is required to: = . - = -..g
from a solid matrix into solution, physical operations such as maceraticn or
grinding are often done prior to chemical treatment. The results presented in this
chapter show that ultrasound can provide rapid increases in the surface area of
suspended solids.

Lastly, equations 6 and 7 (section 2.1.1) indicate that in addition to the
physical phenomena noted in this chapter, chemical reactions may be expected
when ultrasound is propagated into water. The nature of these chemical

processes, and the effect of dissolved gases on them, is explored in the following

chapter.
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CHAPTER I

STUDY OF PROCESSES THAT OCCUR ON APPLICATION OF
ULTRASOUND ENERGY TO HOMOGENEOQOUS SINGLE PHASE
AQUEOUS SYSTEMS

3.1 INTRODUCTION

The results of a preliminary study on the physical effects of 20-kHz ultrasonic
sound waves on solids suspended in water were presented in Chapter II. When
applied to aqueous suspensions of biological materials, ultrasound energy was
found to cause pitting and erosion of the particles, thereby increasing the surface
area of the sample. Evidence was presented to show that acoustic cavitation
produced these effects, and thermodynamics-based cavitation equations
predicting enormous local pressures caused by bubble collapse were briefly
reviewed. The equations z2iso suggest that chemical effects may occur as a result
of high local cavitational temperatures. In Chapter II, it was noted that
sonication of Al foil for 60 minutes resulted in significant chemical reaction with
water. Normally Al reacts with H20 to liberate hydrogen gas until formation of &
passivating oxide film on the surface of the metal causes the reaction to cease.
Following sonication, hydrogen evolution corntinued for several days,
suggesting thar ultrasound had not only removed the passivating, oxide coat. hut
also formed stable chemical species in solution that were more reactive towards

Al than water.
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To study some of the chemical reactions involved in ultrasonic dissolutions, we
first consider the behavicr of the solvent water when subjected to ultrasonic
irradiation, and then determine the optimum conditions for sample dissolution

with the ultrasound equipment used in this study.

3.1.1 A Brief Review of Chemical Reagents Generated by Ultrasound

In 7277, Loomis193 first reported liberation of 1 upon sonication of aqueous
soluty. = .«aming KI and CCly; the reaction was attributed to cavitation.
Numerou ..bsequent reports of chemical reactions initiated by ultrasound are
found in the literature. They include oxidation of H3S to form colloidal sulfur.
decomposition of compceunds such as Nij, and de. . <rization.144: 194 Af)
these reports suggest that the driving force behirn.* e chemical effects is

cavitation.

3.1.2 Accustic Cavitation

Cavitation in water was first described by Burnaby in 1895,195 who produced
it by the mechanical motion of a rotating bl:de. In 1917 Lord Rayleigh179 first
formulated a mathematical equation describing cavitation.

The adiabatic compre=sion of gas and/or va~ars inside a cavitating bubble
generates heat. Thermodynamic calculations (equation 6)!196 and spectroscopic
studies on the sonoluminescence of silicone oil (polydimethylsiloxane) by
Suslick197 indicate “at temperatures of around 5000 K are produced. These

extreme conditions are sufficient to break water molecules into free radicals:

HO == OH + ‘H



These radicals are short-lived and react to form a variety of products, especially
Hy and H,05:
H+H = Hz

2 -OH = HyO,
In the presence of oxygen, additional hydrogen peroxide is formed when the

hydrogen radicals combine with O3 :

‘H + 02 = -HOz
‘HOQ -!--HOZ = HzOz + 02

The existence of hydroxyl free radicals was confirmed using spin trap e.s.r.
techniques,198 and that of H,0» by colorimetric methods.199

Substances in a solution being sonicated often may react with -OH or HyO,.
These may be dissolved solutes, or particles in suspension. Hydroxyl free radicals
and hydrogen peroxide are often especially effective in oxidising organic
compounds. Internal generation of a reagent for sample dissolution is desirable
because it reduces the likelihcod of contamination from external reagents,
especially for biological samples.

This chapter explores cavitation and sonication, with the aim of finding ways

of maximizing the yield of -OH and H,0,.
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3.2 EXPERIMENTAL

3.2.1 Reagents and Solutions

Ultrapure water (18.3 M.Q.cm resistivity) was prepared by distillation, followed
by passage through a Barnstead D4751 NANOpure@ Ultrafiltration System
(Dubuque, lowa, USA). H0, NaNOs, NazSQy4, NaCl, HNOs, HCI, HF, H,SO4, K1,
XNOj3, CH3COOH, NaOOCCH3, and NH4Mo707 (BDH Chemicals, Toronto.,
Canada) were all reagent grade. Standard H,;O; solutions were prepared by
dilution of the 30%v/v stock solution. Compressed oxygen, nitrogen, and argon

(Linde, Union Carbide Canada Ltd.) were used without further purification.

3.2.2 Equipment
3.2.2.1 Sonication Apparatus

The ultrasound horn system described in Chapter 11 was used with minor
modifications. Additicnal holes were drilled in the back of the safety cabinet for
tubing to introduce gases to solutions as a fine stream of bubbles from a tapered
glass capillary tip. The arrangement is shown schematically in Figure 3.1. A gas

flow rate of 50 mL per minute was found optimum in most cases.

3.2.2.2 UV-visible Spectrophotometry of Hydrogen Peroxide
Spectrophotometric determinations of hydrogen peroxide were carried out
indirectly by measurement of I formation from iodide using a photodiode array

spectrophotometer ‘Hewlett Packard model 8451A).
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3.2.3 Methods

For experiments involving gases, the vessels were immediately covered with

parafilm to prevent re-diffusion of atmospheric gases back into solution.

3.2.3.1 Determination of H20?
3.2.3.1.1 Iodometric Titration

The amount of hydrogen peroxide procuced from sonolysis of water was
determined by addition of excess Ki and titration of the iodine formed with
thiosulfate. The procedure used was as follows. To 80 mL of sample was added
2mL of a 1to3 H3S04: HyO solution, followed by addition of 0.2 g KI and
2 drops of saturated ammonium molybdate solution. The.iiberated iodine was

then titrated with 0.001M Na,S;03 to a starch end-point.

3.2.3.1.2 Spectrophotoemetric Measurement

In later work, the time-consuming titration with thiosulfate was omitted;
instead, the yellow brown color of the triiodide ion was measured
spectrophotometrically using an HP8451A UV-vis spectrophotometer. A blank
was prepared by addition of all reagents to 80 mL of water, but without
sonication,

For standardization, solutions of Hy0> ranging from 0 to S0 micromolar were
prepared by pipetting appropriate quantities of a 100 UM stock solution. After a
10-minute delay for color development, the solutions were transferred to
standard 1-cm path length quartz cells for measurement.

To monitor the analytical peak at 352 nm, the spectrometcr was programmed to
scan between 290 and 490 nm. Absorbances at Apax were obtained via a peak

search routine provided by the operating software of the instrument.
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3.2.3.1.3 Modification of Kingzet Method for Peroxide Determination

Figure 3.2 shows the spectrum of a solution prepared by treating a 20 uM
peroxide standard with excess potassium iodide in dilute sulfuric acid, then
allowing the color to develop for 5 minutes. An in-built software program to
calculate the first derivative plot of the spectrum was used to locate two triodide
maxima at 292 nm and 352 nm. The molar absorptivities at these two
wavelengths were found to be £€3292=10,050 1.mol-1.cm-! and €3352=10,500
l.mol-l.cm-l. The peak at 352 nm was chosen for all subsequent peroxide
determinations.

Historically,?”5 the liberatioi of iodine by sonicated solutions containing KI
has been used as a model system to demonstrate the activation of chemical
reactions by ultrasound. The effect of time on iodine production is usually
ignored when estimates of peroxide in sonicated water are made using this
reaction. Time was investigated here as one of several factors on which
information was needed if the process was to be useful analytically.

The oxidation of iodide by peroxide is slow. Kingzett used ammonium
molybdate as a catalyst to speed up the reaction.200 Figure 3.3 shows the effect
of molybdate on the reaction between an 8 UM solution of peroxide and acidic
KI. The trend observe 1 is cn initial linear incre. e of absorbance with reaction
time, followed by a iall-of! as the peroxide is consumed. With the addition of
molybdate the increase in absorbance is sharper, as expected. On the basis of
these curves. it can be conclused that the rate of the peroxide-iodide reaction
must be taken into accoun; when considering the rate of oxidant production.
Accordingly, in the presence of molybdate, it is necessary to make measurements
only after reaction tiries of 10 minutes or more. In the absence of molybdate, the
time must be increased to 25 minutes or more, where absorbance changes with

ume are small.
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Figure 3.2 Absorption Spectrum of I3~ lon. A Hewlett-Packard photodiode array
uv-vis spectrophotometer was used to acquire spectrum; color was developed

using the Kingzett procedure on a solution containing 20 M H;05.
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Also it should be noted that a true steady state is not reached in these
measurements. This may be due to oxidation of some iodide ion by dissolved
oxygen. Photochemical oxidation of iodide may aiso cause problems in these
measurements; to reduce this effect, exposuie of the solutions to room light was
kept to a minimum.

The relationship between I3~ absorbance and concentration of added H-O>
using the procedure described above is shown in Figure 3.4. These values were
used to construct the calibration plot shown in Figure 3.5. The Beer-Lambert law
is observed in the concentration range of interest. From the slope of this plot, the
molar absorptivity of the triiodide ion at 352 nm was found to be 15,700 1.. mol-1.
cmrl,

Figure 3.6 shows a spectrum of water in equilibrium with air that was sonicated

for 30 minutes. The spectrum was taken 10 - ~fter KI and molybdate were
added. The generation of oxidant * s cunfirmed, and, more
importantly, there appear to be nces at the wavelength

selected for analysis.

To assess the reliability and otometric method for
peroxide determination, two sets . .. bure water in equilibrium
with air were sonicated at fun puwer for 25 minutes. Spectroscopic
measurernents of the first set by the procedure described above gave a value
equivalent to 10+2uM peroxide. The Kingzet titration on the second set gave a
value of 11£3uM. The results obtained by the two methods are not statistically
differen.

To summarize, time for the peroxide-iodide reaction to proceed was found to be

very important in these measurements.
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Figure 3.6 Absorption Spectrum of a Water Sample (after development of color)
that was Sonicated for 30 minutes. The spectrum was taken 10 minutes after

reagents were added.
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Sonochemical yields of peroxide reported in the literature may be lower than the
ure values, especially for measurements carried out by direct sonication of KI
«utions without due consideration of the effect of time before measurement or

use of catalyst.

3.2.3.2 Polarographic Determination of O;

Dissolved oxygen in sonicated solutions was measured with a PAR174A
Polarographic Analyzer (Princeton Applied Research) using a dropping mercury
clectrode (DME) and a saturated calomel reference electrode (SCE). Both
classical direct current and differential pulse polarography were used, the former
as a check for interferences, and the latter for quantitative determinations. The
DME set-up was adapted from a previously described procedure for dissolved
oxygen.201 All samples were buffered at pH 4.7 by addition of deaerated
NaCOOCH3/CH3COOH buffer solution to the sonicated solutions. Solid KNO;
was also added to make the solution 0.1 M in KNOj5 as supporting electrolyte. In
addition, 3 drops of a 1% solution of Triton X-100 were added as maximum
suppressor for the oxygen waves. Both DC and DPP current-voltage curves

were recorded on a chart recorder; the operating conditions are shown in Table

3.1

3.3 RESULTS AND DISCUSSION

The yield of radicals and hydr~gen peroxide in sonicated water depends on
many factors. Among the more important are temperature, ultrasound frequency

and intensity,144
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Table 3.1 Operating Conditions for the PAR 174 A Polarographic Analyser.

Parameter

Direct Current

Differential Pulse

Initial Potential
Potential Range

Scan Rate

Modulation Amptitude
Current Rangc

Drcp Time

0.200V
3.00V
SmV/s
25mV
10 pA

2 sec

0.200V
3.00V
2mV/s
25mV
S50 pA

1 sec
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Most of the investigations reported in the literzrure were carried out using
ultrasound baths; only limited information is available on ultrasound horns.
Furthermore, differences exist among individual designs in terms of performance.
The results reported in this study were obtained using a Sonics and Materials
horn marketed by Ace Glass Inc. (Model 9810).

Throughout this study, we shall refer to peroxide formation and peroxide levels
gencrated by sonication. This is done for convenience in plotting; the actual
species generated during sonication were not identified. What we know is that
these species react with 1- to form 1. Most, perhaps all, may be H,O», but this has
not been proven. It is likely that at least part of transient species such as ‘OH and
;- may react directly with iodide without the formation of peroxide as an

intermediate.

3.3.1 Effect of Sonication Time on Ultrasound-Produced Hydrogen Peroxide

To study the rate of production of H2O2, 40-mL portions of water were
sonicated at full power and analyzed for peroxide by iodimetric titration. The
results of a scries of measurements at differing sonication times are shown in
Figure 3.7. The amounts of peroxide formed increase rapidly with time during the
first 10 min of sonication, then more slowly to a concentration of approximately
13 pM after 25 min.

It can be concluded from these results that sonication of water produces
substances capable of oxidising iodide to iodine. This could explain the
observed reactivity of Al in water for many hours after application of 600W

ultrasonic energy (see section 3.1}.
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The initial increase in peroxide formation as a function of sonication time can
be attributed to the increasing number of cavitation events. The leveling of the
plot after about 10 min also shows that the generation of oxidizing species falls
off with time. To determine the reason for this several conditions were studied.
These included probe position, ultrasonic power, the composition and

concentration of dissolved gases, temperature, and solution acidity.

3.3.2 Effect of Probe Location in the Sonication Vessel

According to equation 4, ultrasound intensity is greatest immediately below the
tip of the probe, where attenuation is zero, then drops off as a function of the
medium in which the probe is immersed. The optin.um pbsition for maximum
sonochemical yield of peroxide as measured iodometrically was determined by
sonicating 40 mL of water for 15 minutes at full power at different probe heights
from the cell bottom. The results of the iodometric titrations plotted against
distance between the probe and the cell bottom are shown in Figure 3.8. There is
an increase in the level of peroxide with distance up to 4 cm, after which a sharp
drop is seen. Oxidant levels increase again to a peak at a distance of 8 cm, when
they again drop. This saw-tooth pattern is repeated at approximately 4-cm
intervals. These repetitive cycles cannot be explained on the basis of ultrasound
attenuation.

According to equation 2, the wavelength of 20 kHz ultrasound passing
through water at a speed of 1500m/s is approximately 7.5 cm. The observed
repetition in the results occurs at approximately multiples of half a wavelength
(nA/2) of the ultrasound wave. This seems to indicate that a standing wave is
established inside the sonication medium. Constructive interference of the sound
waves as they bounce off the bottom of the vessel occurs if the standing wave

condition is satisfied.
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on Oxidant Levels in Sonicated Water. Sonication time and power were held

constant (15 min and 600 W respectively). n=3; uncertainty at +16 = 15 %.



If reflection from the cell bottom 15 1009 efficient and attenuation is negligible,
cavitation bubbles should experience double the intensity delivered by the
probe under standing wave conditions, i.e. when the probe is 4, 8, 12, 16.... cm
above the bottom of the vessel.

The resuits suggest that atter 2tion of the sound waves by the wa:cr column is
small because the intensities at successive A/2 points in the plot ure almost
constant. This is consistent with the fact that values for the :w.tuation
coefficient o in water at 2/ 202 are approximately 9.9 X 10-% cm-; if the
initial intensity Io is take . 500W, then the intensity would drop by only 1
mW (0.2 %) at a depth of 16 cm.

Consequently, all sonications foliowing this study were performed with the

probe tip located either 4 or 8 cm above the cell bottom.

3.3.3 Effect of Ultrasound Power

The strength of the ultrasound field experienced by cavitation bubbles is
directly proportional to the amplitude of vibration of the probe. Operation of the
Sonics ultrasound unit at the maximum power of 600 W gives an amplitude at
the tip of 60 um. By operating the vrit at 50% power, the amplitude of the tip
motion is expected to be reduced by half.

To study the effect of applied power on the yield of peroxide, two sets of six
40-mL portions of water in equilibrium with air were sonicated at a probe to
vessel bottom distance of 4 cm. One set was sonicated at 100% power (600 W),
and the other at 50% (300 W). Individual samples were sonicated for 10, 20, 30,
50, 120 or 180 min, and the peroxide produced 'was determined

spectrophotometrically.

Plots of results for the two sets of experiments are shown in Figure 3.9.
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Trends for both power levels as a function of sonication time are similar, but
sonication at 100% power clearly produces higher concentrations of oxidising
species than does 50% power, especially at sonication times less than 30 min. In
terms of cavitation theory, it is not only the number of cavitation events that
influence peroxide formation, but also the energy involved in the collapse of
these bubbles. Bubble collapse is less violent at reduced power; therefore

localized cavitation temperatures are reduced, and peroxide levels are lower.

3.3.4 Effect of Cavitation Gas on Generation of Oxidizing Species

An important factor affecting cavitation is the presence in the solution being
sonicated of dissolved gases. This part of the study investigates the effect of
type of gas present in water on the sonolysis process. For cavitation to be of
most assistance in chemical digestion of sample matrices, oxidants such as free
radicals and hydrogen peroxide should be produced in significant quantities in

as short a time as possible.

3.3.4.1 Cavitation in the Presence/Absence of Dissolved Gases

According to Burnaby's definition,195 if sonication is performed in water that is
free of particulate matter and dissolved gases, cavitation will only occur if the
ultrasound power has sufficient force to physically break hydrogen bonds
between water molecules during rarefaction. In order to overcome the cohesive
intermolecular forces that bind water molecules together, pressure changes in the
rarefaction stage of ultrasound must exceed the theoretical tensile strength of
wate- (1500 atm).203

Several experiments were conducted to test the effects of dissolved gases.
Deaerated water was prepared by boiling 1000 mL NANOpure@ filtered water

for 1 hr, then covering tightly with parafilm to seal out atmospheric gases while



cooling. Aprroximately 40-mL portions of the boiled water were sonicated
immediately at 600 W and oxidant production measured spectrophotometrically.
Unboiled NANOpure®@ filtered water samples were also sonicated in order to
compare the effect of dissolved air. The results, see Figure 3.10, show that
removal of most of the dissolved gases from water by boiling prior to sonication
leads to little or no cavitation by 600 W ultrasound energy at 20 kHz. Clearly
the pressure differences exerted at this power level do not provide enough
energy to overcome the intermolecular forces that bind water molecules
together. It can be concluded that in order to generate oxidizing species from
water with the ultrasound probe power and frequency used in this work,

dissolved gases must be present.

3.3.4.2 A Sonochemical Model For Gaseous Cavitation

We have shown that in the presence of dissolved gases the yield of peroxide as
a function of sonication time at constant power, frequency, and pressure
increases sharply initially, then begins to level off (Figure 3.9). The uM
concentration of oxidants produced is too low, however, to be effective for most
analytical dissolutions. For ultrasound-produced oxidants to be useful for
chemical digestion of biological samples, for example, it is desirable for them to be
generated rapidly and in high concentration.

To obtain higher concentrations it is necessary to determine the cause of the
levelling observed at longer sonication times. Once this is established, ways of
increacing the rate of production can then be considered.

To oetre: understand oxidant production (as ‘OH or HoO») it is necessary to
consider the effect of dissolved gases on cavitation processes in a more
fundamental way. This requires consideration of the physics of a gas bubble in

water in an ultrasound field.
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Suppose that a single gas bubble of radius R in water is subjected to pressure
waves whose time dependence is described by equation (1). The bubble
responds to the applied pressure by oscillating in size with the fieid. Both
internal and external environments affect the formation and collapse of the
bubble. The immediate external environment is characterized by the nature of the
solvent and solutes that are dissolved in it. For a bubble in pure water, the
external environment is water of viscosity n, density p, surface tension o,
temperature T, and pressure Po. Po is the sum of the ambient pressure in the fluid
Py, and the pressure exerted by the sound waves P,. The internal environment is
characterized by the nature of the gas and/or vapor inside the bubble.

Under the influence of the oscillating acoustic field described by equation 1,
the surface of the bubble oscillates. The Rayleigh-Plesset equation:204

RR + %Rz - %[(Pm%g)(%)”( 2. 411%_ - (Pp + 2Pxsin2aft) ] = 0....8)

describes the acceleration R and velocity R with which the bubble surface
moves. Re is the equilibrium bubble radius and K is the polytropic index of the
gas nside the bubble. K varies between unity and vy (defined as the ratio Cp/C,),
the limits for adiabatic and isothermal conditions, respectively.

On the assumption that bubble collapse occurs under adiabatic conditions,

numerical integration of equation 8 leads to the following (see chapter II):

max=f |- -——4§" " .l

_p[PP‘__g'l)]'Y’Y’l (6)
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Equation 6 relates the maximum pressure within the bubble Pmax to the pressure
before collapse Pm, the vapor pressure of the solvent P, and the specific heat ratio
v. Equation 7 describes cavitation dynamics in terms of temperature, where Teis
the ambient temperature. Even if a bubble does not undergo complete transient
collapse, extremely high temperatures and pressures are developed within it as it
oscillates.

Perhaps the most significant quantity for this discussion is the specific heat
ratio. As Cp approaches Cy, the specific ratio approaches unity, and according to
equations 6 and 7, the maximum cavitation temperature and pressure will be low.
It was noted in Chapter II that low cavitation pressures affect sonomechanical
effects such as microjet impact and shock-wave damége when solids are
suspended in a liquid. The cavitating bubble model predicts, in a similar fashion,
that low cavitation temperatures are likely to affect sonochemical effects since
the yield of free radicals depends on the cavitation temperature. According to
this model, bubbles filled with monoatomic gases such as Ar are likely to show
greater sonochemical effects than polyatomic gases because they have larger
specific heat ratios (Yar=1.67; Yoxygen=1.39). By the same token, bubbles
containing a gas of low thermal conductivity will show greater yields of free
radicals and peroxide because high temperatures can be maintained for longer
periods of time within such gases. Thus among the noble gases, Ar (k=0.0173
Wm-1K-1) is expected to show greater yields when compared to He
(x=0.143Wm-1K-1), even though they both have the same specific heat ratio. A

summary of the thermal properties205 of several laboratory gases is presented in
Table 3.2,
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Table 3.2 Summary of Thermal Properties of Several Laboratory Gases. X is the
thermal conductivity in Wm-1K-1, and vy is the specific heat ratio, Cp/Cy.

Gas Y K
Carbon monoxide 1.43 0.0272
Argon 1.67 0.0173
Neon 1.67 0.0472
Helium 1.67 0.1430
Oxygen 1.39 0.0164

Nitrogen 1.40 0.0252



3.3.4.3 Evaluation of Nitrogen and Argon as Cavitation Gases

From the above discussion, it appeared worthwhile to determine whether
peroxide levels could be enhanced by appropriate selection of cavitation gas. of
the gases listed in Table 3.2, Ar and N should represent the extremes in terms of
choice of cavitation gas.

To test this, 40-mL portions of water in sonication vesseis were saturated with
either Ar or N2 by bubbling the gas for 10 minutes prior to and during sonication.
The rcsults of analyses of these solutions for oxidizing species by iodide
oxidation as before are shown in Figure 3.11. As predicted by the model, the Ar
saturated solutions generated more oxidants than those containing nitrogen.
Nitrogen is such a poor cavitation gas, in fact, that oxidant levels are close to
whac was observed in water boiled to remcve dissolved gases. Since the results
using nitrogen are very low compared to those with air (Figure 3.10), which is
79% nitrogen, clearly the presence of oxygen in dissolved air plays a major role
in the production of iodide-oxidizing species. Therefore the behavior of oxygen

was investigated next.

3.3.4.4 Evaiuation of Oxygen as Cavitation Gas

The objective of this study was to determine the extent to which the use of
dissolved oxygen (DO) as cavitation gas affects the sonochemical yield of
oxidizing species. Even though the values of thermal conductivity and specific
heat ratio for Ar indicate that it would be more effective as a cavitation gas than

Os. the fact that O itself is a good oxidant may counterbalance the effect.
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Figure 3,11 Effect of Cavitation Gas Composition on Sonochemical Yields of

Oxidants, Reported as Hydrogen Peroxide. n=5; uncertainties at *10 = 11%.



3.3.4.4.1 Measurement of Dissolved Oxyg:n

A variety of analytical techniques for dissolved oxygen measurements have
been proposed in the fields of medicine, biochemistry, sou husbandry, natural
water quality control, and in the drug and food industries.206

Although the classical Winkler method, first described in 1888,207 is still in use
today, advances in analytical instrumentation have steered most analysts away
from the tedious titrations that are involved. Electrochemical methods, especially
the Clark membrane covered polarographic oxygen detector,208 are widely used,
as is polarography at ¢ dropping mercury clectrode (DME).209 The great
advantage of the DME is that the electrode surface is renewed every few
seconds, so that impurity build-up is avoided. However, in cbmplex matrices such
as heavily polluted waters the diffusion current may be affected by numerous
interfering substances.219 Due to the simplicity of the matrices encountered n
this study, and also to the availability of a ready-to-use DME setup, this method
was chosen to monitor oxvgen levels prior to and during sonication.

The reduction of O3 at the DME occurs in two steps. The first wave is due to

the reversible reduction of oxygen to peroxide:

O, + 2H* + 260 =——

The second broad and drawn out wave is due to the irreversible reduction of

peroxide, formed by reduction of oxygen, to water:

HyOp + 2H" + 2" 5 2HO e C))

The first wave was used for these studies.
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3.3.4.4.2 The Effect of Oxygen on Formation of Oxidizing Species

Figure 3.12 shows a plot of oxidant formation as a function of sonication time
when 80-mL portions of pure water were subjected to various gassing and
degassing schemes. A larger vessel was used to accommodate the increased
volume, which was twice that used in the previous experiments.

The lower plot shows that solutions degassed by boiling for an hour form
negligible quantities of oxidants when subjected to 600 W ultrasound for 25
min. These samples were analyzea polarographically for oxygen content prior to
sonication. The results, shown in Table 3.3, indicate that oxygen was not
detectable in solutions that were boiled prior to sonication.

When oxygen gas was bubbled through boiled solutions for 5 min prior to and
during sonication, the oxidant levels increased (Figure 3.12, middle plot).
Polarographic analyses of these solutions, shown in Table 3.3, indicate that an O3
concentration of 780 UM was present before the commencement of sonication.
The presence of oxygen clearly promotes the production of oxidant during
sonication, and this observation is consistent with the gaseous cavitation model
described above.

The top plot in Figure 3.12 shows oxidant levels in water that was not boiled,
but oxygenated for 5 min prior to and during sonication. The results, Table 3.3,
indicate that bubbling O had increased dissolved oxygen levels to 940 uM.
Levels of oxidants produced by insonation are significantly increased over those
seen under previous conditions.

Since cavitation bubbles in solutions in equilibrium with air contain 79%
nitrogen (a poor cavitation gas) and only 21% oxygen, it is to be expected that
peroxide levels generated during the sonication of samples containing oxygen-

equilibrated bubbles would be higher.
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Figure 3.12 Effect of Dissolved Oxygen Concentration on Formation of

Oxidizing Species, Measured as Hydrogen Peroxide, in Sonicated Water. » =
solution in equilibrium with air through which O3 gas had been bubbled for 5
min prior to, and during, sonication; 4 = solution boiled to remove dissolved air,
then O, bubbled through solution for 5 minutes prior to, as well as during,

sonication; ¥ = solution boiled to remove all gases, then sonicated in a closed

cell. n=3; uncertainties at 16 = 17%.



Table 3.3 Oxygen and Oxidants (as peroxide) Concentration in Unsonicated

Water Samples as a Function of Equilibration with Air or O, gas.

.—Concentration (UM)_.
Treatment Oz (uM)  HoOp (UM)
Water boiled for 60 min 0 0.00
Water in equilibrium with air 250 0.00
Water boiled for 60 min, then oxygenated for 5 min
prior to and during sonication 780 0.08

Water, initially in equilibrium with air, oxygenated for 5

min prior to and during sonication 940 0.23
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This is postulated to be due to a "volume effect”, i.e., for constant sonication
conditions, the number of moles of peroxide produced will be independent of
solution volume. As a result, the concentration of peroxide will change with
volume. The samples in the oxygen study were all 80 mL, whereas those in the
prior experiments were 40 mL. To confirm this point, two sets of nine solutions of
water in equilibrium with atmospheric oxygen were taken. No gas was bubbled
through any of the solutions either prior to or during sonication. One set was 40-
mL, and the other was 80-mL in volume. The solutions were sonicated for
varying times, then analyzed for oxidizing power as described before. The
resulting profiles, reported as peroxide, are shown in Figure 3.13. The
concentration of peroxide for the 80-mL samples was found to be lower than
that for the 40-mL samples, although not the 50% predicted. The reason for this
discrepancy is nc. known, and was not studied further. Nonetheless, a
comparison of the top plot in Figure 3.12 with the 80-mL plot in Figure 3.13
shows that oxygenation provides higher yields of peroxide.

An interesting feature of the two upper plots in Figure 3.12 is the peak
appearing in the first minute or two of sonication. After 5 minutes, the plots take
the shape of those observed in samples saturated with air or argon gas. The
experiments in Figure 3.13 were repeated twice more and in both trials, done on
different days, the results were the same. This suggests that the optimum
conditions described in section 3.3.4.2 for the production of oxidants in
sonicated water might be more closely approached by the use of oxygen as
cavitation gas if relatively large concentrations of peroxide could be maintained.

To determine why the oxidant levels dropped sharply after 3 minutes, the
results in air were compared with those for oxygenated samples. When oxygen
is present, there is an 1nitial steep rise in oxidant levels over the first 3 to 5

minutes of sonication (Figures 3.7, 3.12 and 3.13).
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Figure 3.13 Effect of Volume on the Concentration of Oxidants (measured as

peroxide) Formed in Water Initially in Equilibrium with Air as a Function of

Sonication Time at 600W. n=3; uncertainties at +16 = 13%.



The higher the concentration of oxygen at the beginning of sonication, the
higher the initial slope. In air (21% O,), the slope decreases with time; in oxygen,
a peak is observed. This behavic does not occur when cavitation bubbles

contain either Ar or Np (Fig 3.11).

3.3.4.4.3 Effect of Oxygen Levels During Sonication

Figure 3.14 shows plots of oxygen concentration, measured
polarographically, as a function of sonication time for various levels of oxygen
exposure. In all cases, dissolved oxygen levels decreased sharply with sonication
time during the first 10 minutes of sonication. The effect is more pronounced for
samples in equilibrium with atmospheric oxygen prior to sonication. After 25
minutes sonication, the removal of oxygen is essentially complete, except where
introduction was < ui..inued during sonication. Here the dissolved oxygen ievels
plateaued at 375 pM. It can be concluded that sonication drives oxygen out of
solution rapidly during the first 10 minutes; bubbling pure oxygen through the
solution during sonication serves to bring the Oz concentration to a level
equivalent to about 375 uM.

When the peroxide plots in Figure 3.12 are compared with the oxygen plots
shown in Figure 3.14, certain trends are noticeable. Oxygen levels are high at the
beginning of sonication. Furthermore, the results shown in Table 3.3 show that
it is not the Oz molecule that raises the oxidizing power of sonicated solutions
because prior to sonication, the oxygen levels are about 940 uM, but iodimetric
analysis of these solutions show less than half a micromolar contribution to the
peroxide levels.

The extreme conditions of temperature and pressure achievable during

sonication of water have been compared in the literature to those attainable by

pulse radiolysis.
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Figure 3.14 Dissolved Oxygen Concentration in Water as a Function of
Sonication Time Under Various Levels of Oxygen Exposure. ® = solution in
equilibrium with atmospheric oxygen that was bubbled with O, gas for 5§ min
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uncertainties at *16 = 18%.
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Pulse radiolysis of water produces hydroxyl radicals, hydrogen atoms, and
colvated electrons. The existence of free electrons during sonication has been a
subject of speculanon.211 If free electrons are indeed formed during cavitation,
they may be captured by Oz to form superoxide anions according to the

follo'wing scheme:212,213

0, e o, e 022-
H+ H+ H+
e- ___e_-__.; -
H02+ —~— H()2 — HOZ

[ f /

H2022+ ¢ H202+ < H202

In the presence of protons the Oz species forms H2O2. This equilibrium scheme
could explain why removal of O, during the first few minutes of sonication
(Figure 3.14) reduces the amount of peroxide formed (Figure 3.12, middle and
top plots). 't could also explain the pH dependence of peroxide formation during
sonicatic . ihis is discussed in more detail in section 3.3.7.

In summary, appreciably higher concentrations of oxidizing species are formed
in water containing dissolved oxygen than in water that is either degassed or

contains nitrogen or argon.
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3.3.5 Effect of Temperature on Production of Oxidizing Species

The removal of dissolved gases from solution during sonication arises from two
effects. One is through ultrasonic oscillations accelerating diffusion of gas from
surrounding liquid into dissolved gas bubbles that are then forced out of
solution (sonication is widely used to degas HPLC solvents). Since bubble
growth rate and hence degassing is proportional to ultrasound intensity at a
given frequency, ultrasound probes car. rapidly remove gases from solution. This
is disadvantageous to maintaining O2 levels in solution as well as to producing
cavitation. It was shown previously that bubbling a stream of oxygen through a
solution during sonication helps to offset the degassing effect somewhat, but
does not cause dramatic improvements in the sonochemical yield of oxidants.

Another effect produced when ultrasound energy is passed through water is
heating. The mechanical force of ultrasound oscillations causes water molecules
to vibrate, thereby converting acoustic energy to heat and producing an overall
increase in temperature of the solution. Since the solubility of gases in water
decreases with temperature, dissolved gases are driven off until complete
degassing occurs at the boiling point of the solvent. Bulk heating due to the
passage of high intensity ultrasound through a solution will cause, therefore,
dissolved oxygen to be driven off and thereby reduce the number of cavitation
sites available. Since the viscosity of the water surrounding the bubble decreases
with increased temperature, and the vapor pressure inside the bubble increases,
the collapse of any bubbles that remain would likely be less energetic and would

be cushioned by the higher vapor pressures inside the bubble.

3.3.5.1 Measurement of Temperature During Sonication
In this part of the study, the temperature of 80-mL portions of water was

monitored as a function of sonication time with a mercury thermometer. In one
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set of samples, no attempt was made to thermostat the solutions in order to
reproduce the conditions under which the results presented so far were
obtained. In another set, the sample was immersed in a constant temperature
water bath during sonication.

Figure 3.15 shows the results obtained. When the test solutions are not
thermostated, the temperature rises rapidly from 23 to 70 °C during the first ten
minutes, then more slowly, reaching about 77 °C after 25 min.

Thermostatting produced only a small decrease in the temperature rise, and a
value of about 68 °C after 25 min. Clearly the solution is heaed rapidly by
sonication, and the rate of heat transfe: away from the sonicated solution by
immersion in a conventional water is not rapid enough to have a significant
effect.

When Figure 3.15 is compared to the peroxide a. dissolved oxygen plots
(Figures 3.12 through 3.14), in all cases the greatest effects occur during the first
10 minutes of sonication. Beyond this time, when little dissolved gas is present in
solution, the temperature rise is small. It can be concluded that cavitation, which
only occurs when dissolved gases are present, is primarily responsible for these

effects.

3.3.5.2 Effect of Temperature on Production of Oxidants by Sonication

The rapid rise in temperature seen in Figure 3.15 is not unexpected. Solutions
in ultrasonic baths operating at only 84 W and thermostated at 15 °C have been
reported to show an initial sharp thermal rise that plateaus at around 30 °C 214
The possibility of using temperatures below ambient was rejected because of

literature reports!44 that cavitation below 20 °C is very inefficient.
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Figure 3.15 Effect of Sonication Time on the Temperature of an 80-ml. Sample
of Water. Conditions: 600 W power, probe-tip 8 cm from vessel bottom.
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As a partial evaluation of the effect of solution temperature on the peroxide
plots, the oxidants produced were measured as a function of sonication time for
80-mL water samples immersed in the constant temperature bath. The samples
were initially in equilibrium with the atmosphere, and were not oxygenated. The
results, shown in Figure 3.16, parallel those seen in Figure 3.13. This result is not
surprising since Figure 3.15 shows that the constant temperature bath had little

effect on the solution temperature.

3.3.5.3 Effect of Temperature on the Stability of Solutions of Peroxide

Hydrogen peroxide solutions are not stable at high temperature, but undergo
decomposition to oxygen and water. It is therefore poSsible that under the
increased temperatures prevalent at long sonication times, decomposition of
peroxide may occur. A constant rate of decomposition at a higher temperature
could also contribute to the relatively constant levels of peroxide seen at longer
sonication times.

To determine the extent to which temperature affects the amount of peroxide
produced at long sonication times, several 80-mL portions of a 20 }\M stock
solution of HoO; were heated on a hot plate. The heating rates were made as
close as possible to those shown in the upper curve of Figure 3.15 (non-
thermostated). The resulting solutions were cooled, then analyzed
spectrophotometrically for H2O».

Table 3.4 shows the results obtained. At 50 °C (temperature observed after 3
min sonication), the concentration was found to have decreased by 14%.
Heating the solution rapidly to 75 °C and maintaining it at that temperature for
10 min to simulate the conditions at 25 min sonication resulted in a 50% decrease
in the concentration of peroxide. Clearly, aqueous solutions of hydrogen

peroxide are not stable o heat.
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Figure 3,16 Effect of Partial Temperature Control on the Concentration of
Oxidants (measured as peroxide) Formed in 80-mL Portions of Water, Initially in
Equilibrium with Air, as a Function of Sonication Time at 600 W. Sample vessel

was immersed in a constant temperature bath set at 25 °C.



Table 3.4 Effect of Heating on the Concentration of Hydrogen Peroxide

Remaining in a Solution Having an Initial Concentration on 0.020 mM.

Temperature Concentration found Sonication time corresponding
"9 M) to temperature (min)
21 19.85 0
50 17.05 3

75 10.20 25
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3.3.5.4 Summary of Temperature Studies

It is clear that dissolved gases play a major role in the production of oxidants in
sonicated solutions. In their absence cavitation is minimal, and few if any
oxidants are formed. When gases such as argon or nitrogen are present
cavitaiion takes place, but oxidants are produced to only a limited extent. On the
other hand, when oxygen is present, significant quantities of oxidizing species
are produced. Ultrasound also produces higher temperatures that cause rapid
decomposition of peroxide and reduce oxygen solubility. Use of a conventional
water bath to thermostat the solutions at around 20°C proved to be ineffective
because of the large amount of heat generated during the first few minutes of

sonication and the slow rate of cooling through the walls of the sample vessel.

3.3.6 Effect of Acid on H202 Production

The equilibrium scheme shown in section 3.3.5.4.3 suggests that the
production of hydrogen peroxide through gaseous cavitation is likely to have a
pH dependence. According to this scheme, the formation of peroxide in the
presence of oxygen gas is likely to be more efficient under conditions of high
concentrations of protons in the immediate vicinity of the collapsing bubble. The
following section describes experiments designed to see whether oxidant levels

are improved when sonication is performed in the presence of mineral acids.

3.3.6.1 Sonication in Dilute H2SO4

Sulfuric acid is widely used in wet ashing procedures prior to elemental
analysis of plant samples. This study aimed to establish whether the presence of
H+ or SO42- in the immediate environment of cavitation bubbles affects the

production of oxidants.



Varying amounts of concentrated sulfuric acid (17.6 M) were pipetied into
water to prepare a set of thirteen solutions ranging in sulfuric acid concentration
from O to 2.0 M. Sonication was then performed for 25 min on 80-mL portions
while oxygen gas was bubbled through the solution. A set of thirteen blanks tor
the spectrophotometric measurements contained all the reagents without
sonication. The oxidant concentrations found were then plotted against sulfuric
acid concentration; the results are shown in Figure 3.17. It can be seen from the
figure that oxidant formation increases with sulfuric acid concentration up to 0.5
M, then decreases sharply. Relatively little oxidant is generated in 2.0 M H2S8O..

Since these observed effects could be caused by either H+ or SO42, a secord
run was made replacine H2SO4 with NaSO4. The sodium salt was chosen on the
basis of its solubility in water and the assumption that sodium ions would not
affect sonication significantly. These solutions were sonicated for 25 min and
analyzed as before. The resuits, also shown in Figure 3.17, indicate no observable
effect due to either SO42- or Na+ ions.

It can be concluded that the effects observed when H>SO4 was added to the
samples are due to an increased H* concentration. The optimum concentration of

H2S04 for oxidant production in this set of measurements was 0.5 M.

3.3.6.2 Sonication in Dilute HNO3

Nitric acid is also widely used in wet ashing procedures prior to elemental
analysis because of its oxidizing strength and solubility of its salts. Therefore its
behavior in sonicated solutions is of interest.

A set of solutions ranging in nitric acid concentration from 0 to 2.0 M were
prepared and sonicated for 25 minutes as before. The oxidant concentration was

then measured, and the results plotted against nitric acid concentration.

106



107

H,0, concentration (LM)

0 -+ r v ' v - ' — v ]

0.0 0.5 1.0 1.5 2.0 2.5

concentration (M)
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Oxidizing Species (measured as hydrogen peroxide). Solutions were <onicated at
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The data, Figure 3.18, reveal a general decrease in oxidant levels with
concentration of acid. For the 2.0 M HNOj solutions, the odor of nitrogen
dioxide could be detected at the end of the sonication period, although the
characteristic brown of nitrogen dioxide was not observed.

As with sulfate, the experiment was repeated using NaNOj in place of HNO:s.
The results, also presented in Figure 3.18, show a decrease as the concentration
of NaNQs increases. Little oxidant is found at concentrations of 2.0 M NaNOs.
The presence of nitrate ion is clearly detrimental to the production of oxidizing

species by the apparatus and conditions used here.

3.3.6.3 Sonication in Dilute HCI

Hydrochloric acid too is widely used in wet ashing procedures, especially as a
concentrated combination with nitric acid (a 3:1 ratio of concentrated acids is
called aqua regia), prior to elemental analysis because of the complexing ability
of the chloride ion with metal ions.

For this study, concentrated hydrochloric acid (12.4 M) or NaCl was added to
the samples to prepare sets of solutions ranging from 0 to 2.0 M. The sonication
and analytical conditions were as before. The plots, shown in Figure 3.19,
indicate a steady decrease in peroxide levels with concentration of acid or its
salt.

As with nitrate, increasing concentrations of chloride in the sonication medium
lead to lower and lower levels of oxidant production. It may be that nitrate and
chloride ions act as radical scavengers2l5 to remove hydroxyl radicals
immediately after formation in the cavitation bubble, thereby reducing peroxide
yields. The nitrate and chloride plots from O to 1 M agree with each other within
experimental error; above 1 M the line for HNO3 drops somewhat below the

others.
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3.3.6.4 Sonication in Dilute HF

Hydrofluoric acid is often used for the dissolution of siliceous samples to access
elements of interest trapped in the silicate matrix. A study was designed to
invastigate the effect of HF on the formation of oxidants by sonication in the
same way as for the other mineral acids. However, sonication of solutions
containing even small amounts of concentrated hydrofluoric acid (25.7 M)
revealed that the titanium probe was strongly attacked by HF. As soon as
sonication was begun, a violent reaction occurred that produced cupious
amounts of gas and a dark brown precipitate. After several runs, the surface of
the titanium probe in contact with the solution was found to have been eaten
away extensively. Therefore experiments with HF were discontinued, and work

on NaF was not undertaken.

3.3.6.5 Sonication in Mixtures of Acids

In a majority of wet ashing procedures that incorporate acids for digestion of
solid samples, a combination of more than one acid, depending on the
application, is employed. For example, the total dissolution of soils may require a
combination of nitric, perchloric and hydrofluoric acids. In this example nitric
acid is added to decompose easily oxidisable organic material, perchloric acid,
when hot and concentrated, to destroy the rerv::ning oxidation-resistant
organics, and hydrofluoric acid to decompose the siliceous material.

The aim of this study is to determine the effect of acid mixtures on the
generation of oxidising species by sonication. A mixture of special interest was
HNO3 and HF because of the utility of these acids in dissolution. However,

preliminary experiments showed that these mixtures were not applicable to

sonication for the following reasons:



(i) For low concentration ranges of HNO3 (from 0 to 0.5 M), increasing the
amount of HF in the reaction mixture increases th: extent to which the Ti
probe is eroded and an insoluble brown residue formed.

(ii) At high concenirations (>1.0 M) of both HNO3 and HF, large volumes
of brown N2Oy are produced as soon as sonication is initiated.

Formation of nitrogen oxides is undesirable for two reasons. Firstly, they are
highly corrosive to the electrical and mechanical components of the ultrasonic
probe. Secondly, through their initial formation and removal from the solution,
the initial concentration of HNOj3 is decreased, and thereby not available for
oxidation of the sample.

Sonication of HF mixtures has the added factor of a safety hazard owing to the
violence of the reaction. It was found necessary during some runs to either lower
the probe power considerably, or periodically quench the reaction with a stream
of water when it became too violent during sonication. Close attention was

required at all times.

3.4 CONCLUSIONS

The results obtained in this study indicate that highly reactive intermediates,
probably including hydroxyl radical and hydrogen peroxide, are produced when
ultrasound energy is propagated into water at high power. Cavitation is the
primary process by which these intermediates are formed; for it to occur,
dissolved gases must be present to provide nucleation sites.

The effect of dissolved Oz, N2, and Ar on oxidant formation was investigated.
Argon was found to provide the most energetic internal bubble environment

during the compression phase of the wave, whereas nitrogen was found to



provide the least energetic environment, at sonication times greater than 10
minutes. On the other hand, oxygen was found to produce the highest levels of
oxidising species during the first 3 minutes of sonication, but at longer sonication
times, elevated temperatures and degassing led to reduced peroxide yields. In all
cases studied, replacement of gas lost through ultrasound degassing by bubbling
through an inlet tube was found to improve oxidant yields. Attempts to cool the
solutions in a constant temperature bath during sonication proved inadequate
because at the power levels delivered by the probe, solution heating rates were
too high to be offset by a conventional thermostated jacket around the
sonication cell.

Finally, the addition of acid to the water being sonicated improves the oxidant
yield. An acid concentration of 1.0 M was found optimum. The anion associated
with the protons was 2lso varied. The presence of SO42- was found to have no
effect on the oxidant yield. The presence of free radical scavengers such as
chloride reduce yields, as did nitrate. HF attacked the titanium probe and
generated a violent reaction that posed safety hazards.

Perhaps the most significant conclusion that can be made from this study is that
in addition to inducing mechanical erosion of solid substances suspended in a
sonication solution, ultrasound also induces chemical changes in water that make
it more reactive towards substances dissolved in it. This has useful implications
for the dissolution of samples, especially organic materials, since hydroxyl
radicals and hydrogen peroxide are good oxidants for many organic compounds.
The results presented here suggest that under seiected conditions of ultrasonic
power, temperature, cavitation gas composition, and probe positioning,
ultrasound may decompose biological solids with little or no addition of external
reagents. The potential advantages of an approach using in-situ generation over

traditional approaches to dissolution include elimination or reduction in the use



of acids and of the introduction of impurities from the reagents. Also, dissolution

rates may be speeded up. This idea is explored in the following chapter.
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CHAPTER 1V

STUDIES OF EFFECT OF SOLVENT COMPOSITION ON DISSOLUTION
OF BIOLOGICAL MATERIALS: ULTRASOUND VERSUS HEAT

4.1 INTRODUCTION

The results presented in Chapter II indicated that sonomechanical phenomena
arising from cavitation may aid in the dissolution of solid samples; the results
discussed in Chapter III indicated that, with careful control of the internal and
external environments of cavitating bubbles, oxidants that may aid in the
dissolution process can be produced in significant quantities. In this chapter,
advantage is taken of these findings to develop an ultrasound-based method for

dissolution of solid biological materials.

4.1.1 Biological Sample Dissolution: Ultrasound vs Heat Energy

The use of ultrasound provides a unique and potentially powerful new
mechanism for sample dissolution. Ultrasound-induced cavitation produces
shock-waves and microjets of solvent directed towards solid particles suspended
in a liquid which erode particle surfaces and break up larger particles. This
physical process is important because it increases the solvent-accessible surface
area of the sample and may enhance rates of dissolution. Cavitation in water as
solvent also produces oxidising species, possibly hydroxyl radicals and

hydrogen peroxide. This chemical process is also important in that enhanced



dissolution rates, especially of organic matrices such as biological materials, may
be possible without external reagent addition, or with smaller quantities.

The use of heat as a source of energy for dissolution of samples does not have
the advantages outiined above. Mechanical break up of sample particles is less
likely to occur during the dissolution process, and as a result, a separate grinding
step before dissolution is often used as a means of achieving larger surface areas
to accelerate digestion rates. Also, at the temperatures normally used for hot-
plate digestions, few chemical changes that can aid in dissolution occur to the
solvent. The application of heat acts primarily to increase the number of
collisions between particles of sample and externally added reagents, and also to
provide sufficient energy to overcome activation barriers-between sample and
reagent molecules.

On the basis of these facts, dissolution rates may be higher when ultrasound
energy is used in place of heating on a hot plate. This chapter describes studies
comparing the two approaches. Since hydroxyl radicals and hydrogen peroxide
rapidly decompose many organic compounds, the studies were directed toward

dissolution of biological materials in water as solvent.

4.1.2 Method Development
4.1.2.1 Use of Model Compounds and Certified Reference Materials

Many metals found in biological fluids and tissues exist in the form of
complexes with biological ligands. Some of these complexes, such as the metal
porphyrin chelates (chlorophylls, vitamin B2, hemoglobin, etc.) are highly stable.
To determine total metal concentrations in biological tissues by atomic
spectroscopic methods such as FAAS and solution-based ICP-OES, the metal-
ligand bond of these complex:s may have to be broken in order to release the

metal into solution prior to nebulization.
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Two chelates, bis(dimethylglyoximato nickel)(Il) (Ni(DMG);) and hemin, were
selected as model compounds representing stable complexes that are likely to be
encountered in biological materials. Ni(DMG); is a strawberry red chelate in
which the central nickel atom is coordinated to four nitrogen atoms in a square

planar arrangement (structure I).
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Structure 1

This complex was chosen for study because it is highiy insoluble and stabie in
water, and is well characterized and inert.216
Hemin is a high molecular weight porphyrin complex in which iron is

coordinated to a tetrapyrrole nucleus (structure II).



Structure I1

Hemin is the biologically active portion of the hemoglobin molecule. It is
synthesized in the liver and concentrated in red blood cells for oxygen
transportation. Hemin is obtained from bovine liver or blood as insoluble dark
blue crystals. Like all biological complexes in its class, hemin has a high
thermodynamic stability and the rate of exchange of iron is very slow. According
to Falk and Phillips,217 nothing less than concentrated H,SO4, to which the
porphyrin nucleus is stable, will remove iron from the tetrapyrrole ring.
Compared to chlorophyll and vitamin B2, hemin is relatively inexpensive and
obtainable in high purity, an important consideration when doing evaluations
requiring repetitive analyses.

After method development using the model compounds described above, the
approach suggested by Sutarne and Steger218, 219 was used to evaluate the
performance of the proposed technique. These authors recommend the use of
certified reference materials to assess the reliability and validity of proposed
analytical methods for the determination of major, minor and trace elements in a
variety of materials. For this work. the reference materials TORT-1, Lobster

hepatopancreas, and SRM #1568a, Rice Flour, were used.
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Since a large number of analyses, each involving several elements, was
anticipated, a multielemental measurement system was considered desirable.
Therefore inductively coupled plasma atomic emission spectrometry was selected
as the analytical method. Background information about ICP-OES is given

below.

4.1.2.2 Multi-element Determinations Using the ICP as an Excitation Source

The analytical method generally employed for the determination of metals in
biological tissues is emission spectroscopy.33 Many analytical procedures have
been developed using an inductively coupled plasma (ICP) as an excitation
source for multi-element spectroscopic measurements.

An ICP produces high temperature through the effect of a radio-frequency field
on a flowing gas. Typically, a copper coil is mounted around a borosilicate torch,
and 1 to 2 kW of 27 MHz radio frequency power is applied while a gas (typically
argon) is allowed to flow concentrically around the central tube of the torch. The
resulting temperature of around 10,000 K is sufficient to transform a sample from
its initial state as solid, liquid, or gas into a plasma of atoms, ions, and molecular
radicals that are electronically excited. De-excitation of these excited states
produces emission spectra that can be used for both qualitative and quantitative
analysis of the sample. Samples may be injected into the gas pathway as solids or
as liquids, but the most popular approach is to aspirate liquid samples after
nebulization. This approach allows the use of conventional pneumatic nebulizers
and spray chambers from atomic absorption instruments to produce a fine mist of
sample droplets. These droplets are dried and atomized as they are carried into
the ICP torch by a stream of carrier gas.

In the 10,000 K atmosphere of the ICP discharge, all compounds present in the

sample are likely to be completely atomized, so chemical interferences are



negligible. However, spectral interferences from the discharge are possible; these
often can be reduced by optimizing the height of the detector photon receiving
area above the load coil. Linearity of the analytical curves exceeds that
obtainable in atomic absorption methods by several orders of magnitude,
enabling the technique to simultaneously measure elements in ppb as well as %
levels without further dilution of the sample. Detection limits for most elements
measurable by ICP are much lower than those obtained by FAAS. Except for the
halogens, which require very high excitation temperatures, almost all of the
elements in the periodic table can be determined simultaneously using a direct
reader ICP spectrometer.

For these reasons, all elemental determinations were conducted using the ICP.

Details of the operating parameters are described in section 4.2.4 below.

4.2 EXPERIMENTAL

4.2.1 Materials
Two times crystallized, dialyzed and lyophilized bovine hemin was supplied by
Sigma Chemical Co. (St. Louis, Mo, USA). The marine biological reference
material TORT-1, prepared from acetone-extracted lobster hepatopancreas, was
obtained from the Marine Analytica! Standards Program, Division of Chemistry,
National Research Council (NRC), Ottawa, Canada. Standard Reference Material
#1568a, Rice Flour, was supplied by the National Institute of Standards and
Technology (formerly the National Bureau of Standards, Gaithersburg, MD,
USA).
To prepare Ni(DMG)3, 20 mL of a 100 ppm solution of nickel (in HNO3

matrix), was neutralized by addition, with stirring, of enough 2.5 M NaOH to
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make the solution slightly basic, followed by addition of 10 mL of pH 6.5 acetate
buffer solution and 20 mL of 1% solution of dimethylglyoxime in ethanol. The
precipitate was then washed several times with 10-mL portions of water. No

attempt was made to dry the precipitate prior to use.

4.2.2 Solutions
Ultrapure water (18.3 MQ.cm) from a Barnstead D4751 NANOpure@

ultrafiltration system was used throughout the study. Working metal standards
for ICP-OES were prepared by dilution of 1000 pg/mL stock solutions of Cd, Sr,
Cu, Fe, Mn, Ca and Mg (Fisher Scientific Co.). All other reagents - CCly, HCI,
HNO3, HF, H2SO4 and H>O; - were analytical grade (BDH Chemicals, Toronto,
Canada).

All glassware was soaked overnight in 3% HNO3 and rinsed with NANOpure@

water prior to vse.

4.2.3. Sonication Procedure

The sonochemical reactor assembly shown in Figure 3.1 and described in
section 3.2.2.1 was used. The only modification was the use of a 0.5" diameter
commercial probe. In order to have as much sample directly under the probe as
possible, decompositions were carried out in flat-bottomed narrow cylindrical

vessels (11 cm long, 3 cm diameter, 80-mL capacity) with a probe to vessel

bottom distance of 8 cm.

4.2.4. ICP Atemic Emission Measurements
Sonicated solutions, blanks and standards were aspirated into a direct-reader
ICP-OES instrument (ARL 34000 Applied Research, N.J., USA). The ICP source

is a 2.5 kW RF generator operating at 27 M.Hz. The spectrometer optical system



is based upon a 1-meter Rowland circle with a 1080 lines/mm holographic
grating on a Paschen Runge mount. Data acquisition is through a 5 digit charge
transfer ADC at a nominal rate of 50 channels per second. Data were acquired by
a dedicated PDP-11/03 minicomputer (Digital Equipment Corporation) and
processed by an IBM-AT microcomputer. A standard pneumatic nebulizer was
used to aspirate all blanks, samples and standards. To avoid sample carry-over,
the spectrometer was programmed to sample the signals after a 10 sec aspiration
time, and to integrate the signals for the same duration. Emission signal intensities
were recorded in mV units, ranging from 1 to 15000 mV, with an accuracy of 1
mV. Standards were run before and after each set of samples. The ratio of signal
intensities between samples (after blank correction) and standards was used to
determine the concentration of elements in the sample.

It was shown in the last chapter that significant yields of oxidizing species can
be obtained in sonicated aqueous solutions by careful optimization of the factors
that affect cavitation. These include making the solvent system 0.5 M in H2SOg4,
and continuously bubbling a small stream of oxygen gas through the suspension
during sonication. The goal of this study is to demonstrate this capability on
Ni(DMG); and hemin, and to show that the method can be successfully applied

to biological reference materials.

4.3 RESULTS AND DISCUSSION

4.3.1. Study of the Effect of Ultrasound on the Dissolution of Ni(DMG)2
4.3.1.1 Calibration of the ICP-OES for Ni
A set of 0, 10 and 100 ppm solutions of nickel were aspirated into the ICP and

the detector readings recorded. A blank correction was made by subtracting the
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absolute signal for water from the absolute signals for the standards. The net

signal intensities were: for 10 ppm, 5.9 mV, and for 100 ppm, 63.5 mV. The

calibration plot, shown in Figure 4.1, indicates that there is good linearity within |

this concentration range; the dynamic range of the ICP for this element covers at

least 2 orders of magnitude.

4.3.1.2 Study of Possible Ni Contamination from Ultrasonic Probe

Prior to sonication of Ni(DMG), suspensions, nickel contamination by the
probe was investigated. A new 0.5" diameter titanium tip was installed and the
probe immersed in approximately 60 mL of 0.5 M H2SO4. Sonication was carried
out at a probe-vessel bottom distance of 4 cm and at full power for 5 min to
remove impurities that might be absorbed on the surface of the tip. After rinsing
with NANOpure@ water, a fresh 30-mL portion of 0.5 M H3SO4 solution was
sonicated at the same power level but at a solution depth of 8 ¢+ for 120 min.
The resulting solution was quantitatively transferred to a 100-mL volumetric
flask and diluted to volume prior to aspiration. To determiine the amount of nickel
introduced by the probe in the absence of acid, a 50-mL portion of NANOpure®
water was sonicated under the same conditions for 120 min. The ICP-OES signal
intensities for nickel in these solutions are compared to that of an unsonicated
water sample in Table 4.1. These resuits indicate that neither sulfuric acid nor the

probe, introduced nickel coniamination during 120 min of sonication.

4.3.1.3 Sonication of Ni(DMG)2 in H2O/CHCI3 Mixtures

Solid Ni(DMG),, prepared as described in section 4.2.1, was dissolved in 20 mL
of chloroform, followed by addition of 50-mL NANOpure® water. The resulting
H»0O/CHCIl3 mixture was sonicated at full power with a tip to cell bottom distance

of 8 cm while oxygen was passed through the solution.
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Table 4.1 Effect of Sonication and Addition of Acid on ICP-OES Signal

Intensity for Nickel.

solution sonication time (min) absolute intensity (mV)
H,O 0 21.6
H,O 120 214

0.5 M H2S04 120 21.7

9
W



The aim of introducing the chloroform phase was to keep the Ni(DMG); in this
phase while retaining all free Ni in the aqueous phase. The extent to which
ultrasound had decomposed the complex could then be determined by ICP-OES
measurements of the aqueous phzse.

The effect of ultrasound on the solvent mixture was to very rapidly convert the
two phases into a cloudy white emulsion. This observation is consistent with
literature reports of similar experiments on palm oil/water mixtures.178 Also, very
rapid evaporation of the chloroform layer occurred, so that only about 5 mL of
the CHCl5 phase remained after 30 min of sonication.

The aqueous phase was then carefully separated from the organic phase and
transferred to a 100-mL volumetric flask. After dilution to volume, the solution
was aspirated into the ICP. Table 4.2 shows the ICP-OES results for Ni in the
aqueous phase at 0, 5, and 30 min of sonication. It can be seen that the Ni
concentration in the aqueous phase increases with increasing sonication time;
approximately 400 pg of Ni are released into the aqueous phase after 30 min of
sonication.

It is not known whether the nickel signa! observed is due to free Ni released
into the aqueous layer by ultrasound decomposition of the Ni(DMG)3, or io
Ni(DMG)> present in the water phase, either as a solute or in dispersed
microdroplets of CHCl3. The important point to note is that the amount of nickel

in the water phase is small but increasing with sonication time.

4.3.1.4 Sonication of Ni(DMG)2 in 0.5 M H2SO4

This investigation was conducted with the aim of assessing the effect of dilute
sulfuric acid on the release of nickel from Ni(DMG),. It was established in
Chapter III that the formation of hydrogen peroxide during sonication of water

was enhanced when the system was made 0.5 M in H>S0O4.



Table 4,2 Total Amount of Ni Found in Aqueous Phase After Sonication of
Ni(DMG); in CHCI3/H7O Mixtures.

sonication time (min) amount of Ni released into H,O phase (ug)
0 0
5 145

30 377



It was therefore expected that a larger Ni signal would be observed for a
sonicated suspension of Ni(DMG); in 0.5 M H2S04 than for the same suspension
in water.

Solid Ni(DMG); was prepared as described in section 4.2.1. In this study, the
precipitate was suspended in 50 raL of 0.5 M H2SO4. The acidic mixture was
then insonated at full power while oxygen was passed though the solution. A
clear cclorless solution with no traces of solid was produced in less than 3
minutes.

To determine whether this was due to decomposition of the ligand through
oxidation by ultrasound-produced peroxide and free radicals, or through
protonation of the ligand to release the central Ni atom, thé acidic suspension of
Ni(DMG); was mechanically shaken by hand instead of being sonicated. The
precipitate was found to slowly dissolve over a period of about 2 hrs to give a
clear colorless solution. We conclude that the complex is unstable in dilute
sulfuric acid. When 5§ mL of 2.5 M NaOH was added to both the sonicated and
mechanically shaken solutions to neutralize the acid, Ni(DMG); reprecipitated;
this indicates that the release of nickel is caused by protonation of the ligand
rather than by decomposition of the ligand. The acid may be protonating the
nitrogens in the ligand and releasing free Ni into solution, regardless of whether

the mixture is being sonicated or mechanically agitated.

4.3.1.5 Sonication of Ni(DMG)2 in Water and 0.5% H202

To determine whether oxidants produced during sonication do contribute to
the break up of Ni(DMG),, two sets of experiments were performed. In one set,
the complex, prepared using the procedure described in section 4.2.1, was
suspended in 100 mL of water and 2 mL of 30% H,O2 added to make the

solution approximately 0.5% in H>O,. Haif of the resulting suspension was
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heated at 100°C on a hot plate for 30 min, while the remaining pertion was
sonicated for the same time interval. In the other set, the procedure was repeated,
but without hydrogen peroxide.

The results of nickel determinations in these solutions are presented in Figure
4.2. In both cases, sonication produced significan:ly higher amounts of free
nickel than heating. The ¢ splex is stable and insoluble in water, but is unstable
in 0.5% H,0,. Further - . he results obtained for ultrasound treatment of the
complex in water are only slightly less than those obtained when the complex is
heated in 0.5% peroxide. This result corroborates the observation in Chapter 111
that ultrasound in water produces oxidaats in significant quantities. Reports oi
oxidative degradation of organic compounds such as pentachlorophenol??? in
sonicated water samples have recently been published; in a majority of the cases,
ultrasound-produced hydroxyl radicals were held responsible for the enhanced
degradation rates.

In the experiments described in this section, addition of NaOH to make the
solutions basic after sonication or heating did not cause reprecipitation of the
Ni(DMG);. The release of Ni in this case is likely the result of chemical
decomposition of the organic portion of the complex.

The mechanism of decomposition in these solutions was not studied further. It
may be that ultrasound is splitting peroxide to form highly reactive hydroxyl
radicals, or that the number and effectiveness of collisions between reactants
produced by ultrasound is magnified by the physical action of ultrasound, or
even that the reaction pathway in the presence of ultrasound is different than in
its absence. The possibility that all of these factors are working in combination to

produce the observed ultrasonic effect can not be ruled out either.
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Figure 4.2 Quantity of Free Nickel Released Upon Sonication or Boiling for 30
minutes of 50 mL of Solution Containing 2 mg of Nickel Initially as Ni(DMG),.

No measurable free nickel was found in the heated aqueous sample.



4.3.1.6. Summary of Ni(DMG)2 Results

The results above clearly show that the release of nickel from Ni(DMG)> in
water when sonicated is in part due to decomposition of the organic portion of
the complex by ultrasound-produced oxidants such as hydroxyl radicals and/or
hydrogen peroxide. Dilute sulfuric acid aids in the release of nickel by
protonating the nitrogens of the ligand. Because the complex studied here is
unstable under the optimum conditions of cavitation ¢ cribed in Chapter IlI,
(0.5 M H3S0y4), it does not provide clear cut conclusions as to whether
ultrasound-produced free radicals and hydrogen peroxide will achieve
decomposition and bond-cleavage to release the free metal. The following
section reports on a study of hemin, a compound that does not dissolve in dilute

sulfuric acid even after heating at 100 °C for several hours.

4.3.2 Comparison of Ultrasound and Heat for the Decomposition of Hemin
A series of experiments were conducted to establish conditions for the rapid

and quantitative ultrasonic dissolution of bovine hemin. As stated earlier, hemin

is insoluble and apparently unaffected by dilute sulfuric acid solutions at room

temperature. It is therefore a more suitable model compound for this study.

4.3.2.1 ICP-OES Calibration for Fe

Figure 4.3 shows a calibration curve obtained when 0, 10.1 and 101 ppm
solutions of iron were aspirated into the ICP. The signal intensities, after blank
subtraction as in section 4.3.1.1, were: for 10.1 ppm, 450.25 mV, and for 101 ppm,
4281.95 mV. There is good linearity within this concentration range; the dynamic
range of the ICP for this element covers at least 2 orders of magnitude. The large

slope also indicates excellent sensitivity for Fe determinations.

131



5000 '1
4000 -

3000

net intensity (mV)

2000 -

1000 -

O M T ¥ T v T v L
0 20 40 60 80
concentration (ppm)

Eigure 4.3 ICP Calibration Curve for Fe.

100

120

132



4.3.2.2 Effect of Concentrated Acid on Hemin

The behavior of hemin in concentrated solutions of several mineral acids was
investigated. To 100-mg portions of hemin were added 10 mL of concentra:.
HNO3 (15.4 M), H2SO4 (17.6 M) or HCI (12.4 M). The mixtures were then heated
on a hot plate at 100 °C for 30 min. Samples were then diluted to 100 mL,
filtrered and analyzed for Fe by ICP. A 10.1 ppm Fe standard was run before and
after the samples. The ratio of the Fe emission signal from the sample to that from
the standard was used to determine the amount of Fe in solution. To calculate
the % dissolution, this value was compared to that  pected if all the hemin iron
were released.

In HCI, hemin crystals remained unchanged during 30 min of heating, and the
filtrate was clear. The results shown in Table 4.3 indicate that an insignificant
amount of iron was released into solution. Flémin is therefore stable in
concentrated HCI.

In nitric acid however, dissolution, accompanied by the release of a brown gas,
occurred rapidly, and was essentially complete in 30 min. No solid residue
remained, even though the resulting solutions were slightly green in color. The
results, also shown in Table 4.3, show that almost all the hemin iron was released.
This result is not surprising, since nitric acid is a strong oxidizing agent when
concentrated.

In corzentnted sulfuric acid, dissolution of hemin also occurred, but to a lesser
extent \(sze Twible 4.3). This result is also not surprising, since concentrated
sulfuric acid is a powerful dehydrating agent. A dark colored solid residue was
formed during heating (probably carbon particles formed by charring of hemin),

and -r.e color of the supernatant was light brown.
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Table 4.3 Release of Iron From Hemin in Concentrated Minera! Acids. . aixtures

were heated for 30 min at 100 °C.

acid % dissolution
HCI 0.01
HNO; 98

H,SO4 85



4.3.2.3 Effect of Heat and Ultrasound on Hemin in Water

Two sets of experiments were performed to determine the effect of heat and
ultrasound on hemin in water. In the first set, 100-mg portions ¢ € “emin were
placed in sonication vessels, 50 mL of NANOpure@ water added to each, and
ultrasound passed through each suspension for specific times. In the second set,
the same quantities of hemin and water were placed in a series of beakers and
heated at 100 °C, again for various times. The Fe released into each solution was
then measured by ICP after passage through a 4-8 um sintered glass filter to
remove particulates. The results, plotted in Figure 4.4, show that only a small
amount of free Fe (3.6 |ug, about 0.004% of the total) is observed after heating
for 3 hrs. On the other hand, sonication for the same period of time leads to
release of about 0.5% of the expected amount of Fe. This result is not
unexpected because oxidants produced by ultrasound energy when propagated
into water (Chapter III) are likely to decompose some of the hemin.220 Also, the

increase in surface area of hemin that is accessible to the oxidi-ing species assists

the process.

4.3.2.4 Effect of Heat and Ultrasound on Hemin in Dilute Acid

The effect of acid on the formation of oxidants in sonicated water was
investigated in Chapter III; solutions of 0.5 M H2SO4 were found to produce
better yields of peroxide than HCI and HNO3. In this study, the effect of dilute
acid on the decomposition of hemin when subjected to ultrasound and heat is
investigated.

The procedure described in section 4.3.2.3 above was repeated on 100-mg

portions of hemin in dilute solutions of HCl, HNO3 and H,SQOj4. The results are
shown in Figures 4.5 through 4.7.
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Figun 4.4 F?fcct nf Heat and Sonication on Fraction of Iron Released From
Hemin in Water as a Function of Sonication Time. Conditions: 100 mg hemin in
50 mL of water, either sonicated at 600W at a probe-vessel bottom distance of 8

cm, or heated at 100 °C on a hot plate.
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Figure 4,5 Effect of Heat and Ultrasound Treatmcnt on Dissolution of Hemin as

a Function of Time in Dilute Sulfuric Acid. Sonication was performed on 100-mg
portions of hemin in 50-mL volumes at a power of 600W and a probe-vessel

bottom distance of 8 cm.
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Figure 4.6 Effect of Heat and Ultr.sou id Treatment on Dissolution of Hemin as
a Function of Time in Dilute Hydrochloric Acid. Sonication was performed on
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Figure 4,7 Effect of Heat and Ultrasound Treatment on Dissolution of Hemin as
a Function of Time in Dilute Nitric Acid. Sonication was performed on 100-mg
portions of hemin in 50-mL volumes at a power of 600W and a probe-vessel

bottom distance of 8 cm.
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Of the three mineral acids studied, HCI was found to have the least effect on
the dissolution of hemin. The results on heating in 1.0 or 2.0 M HCl were no
different from those obtained on sonication in water (less than 0.5% of iron was
released). Upon sonication in HCI, however, a significant increase in the Fe signal
to about 5% of the total present in the hemin was seen in 3 hrs.

Sor:ication in 1.0 M solutions of sulfuric acid led to 50% release of iron in 3 hrs,
compared to only 5% in 0.5 M sulfuric acid. Sonication again led to significantly
higher dissolution rates than heating; for heating, iron release was unaffected by
the concentration of H2SO4.

The most extensive release of iron was observed in nitric acid. Regardless of
whether heat or ultrasound was used to speed up dissolution, 2 M solutions of
this acid resulted in the release of approximately 80% of the iron in 3 hrs. In 2 M
HNOs, the expected trend was reversed, i.e., sonication actually gave lower

values than heating.

4.3.2.5 Effect of Heat and Ultrasound on Hemin in H202

Decomposition of organic compounds for elemental analysis by use of
hydrogen peroxide in place of mineral acids leads to solutions with lower salt
content; such solutions are easier to aspirate, and reduce build-up of residue in
the ICP torch. In addition, excess hydrogen peroxide decomposes cleanly to
produce water and oxygen2??l; it has a high dielectric constant and is thus a
good electrolytic solvent. Even though the results in the previous section
indicate that 2 M solutions of nitric acid provide the best results, we wanted a
reagent composition for the dissolution of biological compounds that used
minimal amounts of mineral acid.

The results shown in Figure 4.4 indicate that free Fe released upon

decomposition of hemin by ultrasound-produced free radicals and peroxide in

140



water is significantly higher than that obtained under hot plate conditions. The
problem with this approach is that 100% dissolution was not achieved even after
180 minutes of sonication. The results shown in Figure 3.9 indicate that the
quantity of oxidant generated is sufficient to decompose many organic materials
at mg/L levels, but not quite adequate to achieve total decomposition ot 100 mg
of hemin in 50 mL of solvent. Therefore hydrogen peroxide was added to
provide more oxidizing capacity.

To study the effect of ultrasound and heat on the decomposition of hemin with
added hydrogen peroxide, 100-mg pertions of hemin were weighed into 100-mL
beakers and 50 mL of either 0.5% or 2.5% H20, added. The beaker contents
were then heated on a hot plate at 100 °C for various times. Hemin samples for
sonication were prepared in a similar manner. Blanks were prepared and run
through the same procedures as the samples. The results of this investigation are
shown in Figure 4.8. Decomposition on a hot plate was found to be slower and
less complete than sonication. Upon sonication in 2.5% H;O2, complete

dissolution was achieved within 3 hours.

4.3.2.6 Effect of Heat and Ultrasound on Hemin in Acidic Solutions of

Hydrogen Peroxide

The oxidizing power of hydrogen peroxide is strongly dependent on the pH of

the solution, as shown by the foliowing equations:

HzOz + 2H* + 2¢-

2H,C

E=1763-RLjn 1
nF - [HH0,)
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To study the effect of acid on dissolution rates of hemin in hydrogen peroxide,
sulfuric acid was added to the samples prior to sonication. Since optimal
cavitation was achieved in 0.5 M HSOy4 (Figure 3.17), sonication was first
conducted in a solution of this composition. The results, shown in Figure 4.9,
indicate that soni.ation in this solvent mixture enhances dissolution rates
appreciabiy when compared to sonication in the absence of acid. Upon
sonication in 0.5% H305/0.5 M H2SO4 mixtures, complete dissolution with no
visible traces of solid hemin was achieved within 1 hr. By increasing the
peroxide levels five-fold to 2.5%, complete dissolution was achieved within 20
min. Dissolution by heating, on the other hand, was very slow in both 0.5 and
2.5% Haus. The rates of dissolution of hemin under ultrasound thus approach
those attainable by microwave digestion, but smaller quantities of reagents can
be used. Peroxide concentrations greater than 2.5% in 0.5 M H2SOy4 save little
time because at higher peroxide levels gus evolution during sonication becomes
so violent that sample is lost unless the uftrasound power level is reduced to
about 20% of maximum. Since there is a direct relationship between ultrasound
intensity and sonochemical effects (Figure 3.9), the rate of sample decomposition
in ultrasound is significantly reduced when the power delivered to the digestion
vessel is reduced.

We have also found that release of iron by scnication of hemin in 2.5%
H,0,/1.0 M HCI or in 2.5% H202/1.0 M HNOj3 to be very slow. Complete
dissolution in these solvent mixtures was not attained within the 3-hr window
used in this work. Sonication in the laticr solvent mixture is also not

recommended because of the evolution of highly corrosive NO3.
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4.3.2.7 Summary of Resuits of Hemin Study

The production of oxidising species, and the generation of large areas of fresh
sample surface, by ultrasound enhances the release of iron from‘hemin in
sonicated water. The quantities of oxidant produced by sonication are not
sufficient to completely dissolve 100-mg portions of hemin, so addition of
hydrogen peroxide to boost the oxidising capacity was found useful. The rate of
iron release in 0.5 M H3SO4 increased with HO; concentration; however at
higher levels of H2O,, sample loss through foaming was a problem.

Though nitric acid is a stronger oxidising agent than sulfuric acid under
conventional conditions, the release of iron from hemin was more rapid in 0.5 M
H2SO4 than in 1.0 M HNOs. This is probably a result of decomposition of HNO3
by sonication as indicated by the copious amounts of nitrogen dioxide evolved
from the digestion mixture and the amount of unreacted hemin remaining even
after 3 hours. In HCI, chlorine gas is generated and a considerable fraction of the
hemin also remains undigested. The generation of Cl; parallels the formation of I,
from sonicated KI solutions. These side reactions reduce the effectiveness of the
reagent oxidants.

In conclusion, the optimum solvent for complete dissolution of hemin was
established to be 2.5% H20; in 0.5 M H2SO04. This solvent composition forms the
starting point for the development of an ultrasound procedure for the dissolution

of biological samples. This work is discussed in the next section.

4.3.3 Application of H03/H3,S0O4 Mixtures as Solvent for the
Decomposition of Biological Samples by Sonication

The hemin experiments described above indicate that it is highly likely that
naturally occurring metal-contai'ning complexes such as the chlorophylls,

hemoglobin, and vitamin B2, as well as many other organic molecules found in

145



biological tissues, may be readily decomposed by ultrasound provided H20, and
H,S0y4 are present. In order to investigate the rates and extent of dissolution of
biological samples by this system, two certified biological reference materials
were analyzed for several metals. NRCC TORT-1, lobster hepatopancreas, was
chosen on the basis of availability and because it has been shown to have a high
degree of homogeneity for a large number of trace elements.??? In addition, it is
not easily dissolved by the usual methods.

NIST SRM 1638a, rice flour, was choser because it contains celiulose, a
chemically resistant polymer.

Bottles of these reference materials were tumbled end over end for two hours,
and the material dried overnight in an oven at 85 °C. The dried material was

stored in a desiccator when not in use.

4.3.3.1 Procedure and Results for TOF ™-1, Lobster Tissue CRM

100-mg portions of TORT-1 were accuiaicly weighed into a sonication vessel,
50 mL of NANOpure® water added, then 1 mL of 30% H;O2 and 2 mL of
concentrated sulfuric acid. The mixture was sonicated at full power for a
specified time, then transferred to a 100-mL volumetric flask and diluted to
volume. Blanks containing reagents only were prepared in the same manner and
sonicated as for the samples. Measurements were made for the irace metals Cd,
Cu, Fe, Mn and Sr. Standards for each of these metals were run before and after
tne samples.

Figures 4.10 through 4.14 show plots of total metal concentration found in

solution versus sonication time.
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Figure 4.10. Amount of Dissolved Cu Found in Sonicated Solutions of TORT-1
as a Function of Sonication Time. p is the certified value (439 pg/g) and o the

standard deviation (22 pg/g) at the 95% confidence level. Emission signals were

measured at 324.8 nm.
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Figure 4.1] Amount of Dissolved Cd Found in Sonicated Solutions of TORT-1 as
a Function of Sonication Time. p is the certified value (26.3 pg/g) and o the

standard deviation (2.1 png/g) at the 95% confidence level. Emission signals were

measured at 226.5 nm.
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Figure 4.12 Amount of Dissolved Mn Found in Sonicated Solutions of TORT-1
as a Function of Sonication Time. p is the certified value (23.4 pg/g) and o the
standard deviation (1.0 pg/g) at the 95% confidence level. Emission signals were

measured at 257.6 nm.
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Figure 4,13, Amount of Dissolved Sr Found in Sonicated Solutions of TORT-1 as
a Function of Sonication Time. p is the certified value (113 pg/g) and o the

standard deviation (5 pg/g) at the 95% confidence level. Emission signals were

measured at 407.8 nm.
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Figure 4,14, Amount of Dissolved Fe Found in Sonicated Solutions of TORT-!
as a Function of Sonication Time. { is the certified value (186 pg/g) and o the
standard deviation (11 pg/g) at the 95% confidence level. Emission signals were

measured at 259.9 nm.



Complete dissolution in this solvent mixture to yield clear solutions with no trece
of solid residue was achieved within 1 hour, and the values found for 1-hr
sonication agree satisfactorily with the certified values for all five elements,
considering that only a single analysis was done at the 1-hr time. At sonication
times less than 1 hr, filtration was required prior to measurement because some
solid residue still remained. Sonication for two hours gave small increases in the
amounts of metals found and generally gave results falling closer to the
certification values.

To study the effect of hydrogen peroxide concentration on dissolution of
TORT-1 in 0.5 M H3SOy4, the experiment was repeated using 10 mL of 30% H202
instead of 1 mL to give a final concentration of zbout 5%. The results for Cu,
shown in Figure 4.15, indicate a marked improvement in the rate of dissolution.
Complete dissoluticn of a 100-mg portion of TORT-1 was achieved in less than
25 minutes, and the analytical values for copper were in good agreement with
the certified values. This result confirms that control of the H»O, concentration
provides a handle by which dissolution rates can be controlled (Figure 4.9); by
increasing the level of peroxide from 0.5% to 5%, the time taken to achieve
100% dissolution was decreased from 60 minutes to less than 25 minutes. As in
the case of hemin (section 4.3.2.6), the risk of sample loss by foaming is
enhanced by sonication in 5% H2O»; a trade-off between dissolution rate and

possible loss of sample must be made accordingly.

4.3.3.2 Procedure and Results for NIST 1638a, a Rice Flour SRM

To evaluate the applicability of the procedures developed above to botanical
samples, 100-mg portions of NIST SRM 1638a (Rice Flour) were accurately
weighed into a digestion vessel, 50 mL of NANOpure@ water added, then 1 mL
of 30% H;07 and 2 mL of concentrated sulfuric acid.
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Figure 4.15, Amount of Cu Released into Solution During Sonication of TORT-1

in 0.5 M H3SOy4 as a Function of Sonication Time and Concentration of HyO».



Each mixture was sonicated at full power for 1 hr, and the resulting solution
diluted to 100 mL. Blanks were prepared by sonicating the same quantities of
reagents, minus the sample, at the same power and for the same time. Mn was the
only essential trace metal that could be measured because the other elements
were below the detection limits (less than 1ppm) of the ICP-OES analytical
procedures used here. However, Ca and Mg could be determined.

Table 4.4 shows the recovery of these elements afier sonication for 1 hr. There
was no visible residue remaining after this time. This is consistent with literature
reports of hyaluronic polymer degradation in water using 150W ultrasound
waves, where the molecular weight of the polymer was found to have decreased
by 50% after a 5-min sonication period.194

The experimental result for Mn is in good agreement with the certified value,

but results for Ca and Mg are somewhat lower than the certified values.

4.3.3.3 Summary of Results Obtained for TORT-1 and Rice Flour

The ulirasound dissolution procedure for 100-mg portions of TORT-1 in 0.5 *
H2504/0.5% H>0, mixtures seems to work quit> well. Increasing the
concentration of HyO> to 5% speeded the process markedly, though loss by
foaming was a potential problem. However, the Ca and Mg results obtained for
the rice flour (SRM 1638a) were low. The Ca might be precipiting as the
insoluble sulfate, or the HO strength is too low for complete dissolution to be
achieved within 60 min. A concentration of 2.5% H20O; was therefore used in all
subsequent work, and, as will be seen in Chapters V and VI, was found

satisfaciory for wrost of the applications studied.
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Table 4.4 Comparison of Experimental Results with Certified Values for Three
Elements in NIST SRM 1638a, Rice Flour. Experimental results were obtained by
ICP analysis of 4 samples, each sonicated in 0.5M H;504/0.5% H2O- for 60 min
at 600W power. Experimental uncertainties are *1 ¢ at the 95% confidence

level, while certified values are 95% tolerance values.

element experimental value certified value
Mn, ppm 19t1 202
Ca!, % 0.011 £0.001 0.0118 + 0.0006
Mgz, % 0.043 + 0.006 0.G56 + 0.002

! Measurements were made at 317.9 nm.

2 Measurements were made at 272.1 nm.



44. SUMMARY

The results presented in this chapter show that the proposed ultrasound
scheme can accelerate sample dissolution for elemental analysis of biological
samples. Conditions for enhancement of dissolution rates can be explained on
the basis of the resulte presented in Chapters II and III, in that cavitation
produces reactive intermediates i the aqueous solvent and that the solvent
accessible surface area increases during sonication. Both processes occur at the
same time.

The proposed method does not require the use of concentrated and often
hazardous acids. Best results were obtained with dilute soiutions of sulfuric acid
(0.5 M) and hydrogen peroxide (2.5%). Advantages of use oi smaller quantities
of rcagents include a decrease in the likelihood of contamination, as well as
lower costs. Reagent savings would be offset, of course, by the cost of the
ultrasonic system, but current costs of ultrapure acids for analytical use could
make the break even point arrive relative'y quickly.

When the uitrasound sample preparation procedure is combined with a
multielement measurement technique such as ICP-OES, sample preparation and
determination of many trace, minor and major elements can be performed rapidly
and easily on a single test portion without separate dilution for some elements.

In the next chapter, the applicability of this procedure to a range of samples

from environmental, agricultural, food and clinical sources will be investigated.
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CHAPTER V

APPLICATION OF ULTRASOUND TO DISSOLUTION OF BIOLOGICAL
MATERIALS FOR ELEMENTAL ANALYSIS BY ICP-OES

5.1 INTRODUCTION

5.1.1. General

In Chapter 1, the problem of dissolution of solid samples prior to elemental
measurement by techniques such as ICP was outlined. Mention was made that
analytical chemists have spent a great deal of time developing new analytical
instruments to measure sub-trace '+«  .‘'~ments in samples with speed,
accuracy and precision. Mention w. 5 also v !¢ of a general consensus®8 59
among the analytical community that one area in the total analytical scheme that
has not made comparable progress is sample dissolution. Finally, a proposal to
use ultrasound to speed up dissciution of samples prior to analytical
measurement was made. This suggestion was taken up in Chapters II and I,
where the effect of ultrasound on solids suspended in solutions was
investigated. Ultrasound was found to erode mechanically the surface of the
sample, and at the same time to form oxidanis from water. In Chapter IV,
advantage was taken of these findings to develop an effective strategy for
sample dissolution; it was noted that dissolution of biclogical solids using
ultrasound occurs many times faster than when a hot-plate is used. A dissolution
scheme based on the use of ultrasound was subsequently developed in which

the use of high concentrations of hazardous acids was avoided. In this chapter,

157



the procedure is applied to a range of samples from environmental, agricultural,

food .nd clinical sciences.

5.1.2. Evaluation of Performance of Ultrasound Dissolution Scheme

To evaluate the performance of the ultrasound dissolution scheme proposed in
the last chapter, we chose to study a variety of certified reference materials
(CRM's). As mentioned in Chapter IV, CRM's play a major role in analytical
method development by providing a convenient benchmark against which the
accuracy and precision can be compared.

CRM's for elemental analysis are distributed internationally by British
Standards (UK), Agriculture Carada, the National Research Council (NRC) of
Canada, the Nationa! Institute of Standards and Technology (NIST, USA), the
South African Bureau of Standards (SABS), the National Institute of
Environmental Studies (NIES, Japan), etc. Reference materials used to evaluate
the performance of the ultrasound dissolution method proposed here were

obtained from NIST, NRC and NIES.

5.2 EXPERIMENTAL

5.2.1 Materials

Marine biological reference material TORT-1, prepared from acetone extracted
Lobster hepatopancreas, was obtained from the Marine Analytical Standards
Program. Division of Chemistry, Nationa! Research Council of Canada, Oitawa,
Canada. Powdered mussel (Myzilus edulis, NIES CRM #61) and high-cadmium
unpolished rice flour (NIES "RM #10c) were cbtained from the National

Institute for Environmental Studies, Tsukuba, Japan. Rice flour (SRM 1568a),
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oyster tissue (SRM 1566), pine needles (SRM 1573), bovine liver (SRM 1577a)
and citrus leaves (SRM 1572) were supplied by the National Institute of
Standards and Technology (formerly the National Bureau of Standards),
Gaithersburg, MD, USA. Agriculture Canada reference materials 8412 (Zea mays
stalk) and 8435 (whole milk powder) were also obtained from NIST. Hair samples

(not certified) were from the authcr.

5.2.2 Soiutions

Ultrapure water (18.3M€2.cm) was prepared by distillation, followed by
passage through a Barnstead D4751 NANOpure@ ultrafiltration system
(Dubuque, 1A, USA). Standards for ICP-OES were prepared by dilution of 1000
pg/mL stock solutions of Mz Na, K, P, Ca, Cr, Pb, As, Ni,, V, Cd, Al, Sr, Cu, Fe, Zn
an¢ Mn (Fisher Scier::i'. o.). Concentrated H;SO4 and 30% H,0; were

analytical grade (BDH C:.-micals, Toronto, Canada).

5.2.3. Sonication Procedure

Portions of sample ( dried overnight in an oven at 85 C) were weighed into
sonication: vessels (described previously in section 4.2.3). Approximately 50 mL
of NANOpure@ water, 5 mL of 30% H20, and 2 mL concentrated HySO4 were
added. The vessei was then pizced in the ulirasound unit (Figure 3.1) and
additional water added as necessary to submerge the tip by about 3 mm (the tip
to vessel bottom distance was held at 8 cm throughout. Sonication power was
set initially at 20% power for 2 niin to avoid sample from creeping up the probe,
then increased to 100% and held there for 40 min. During this process close
supervision is recommended to check for sample losses and also to occasionally
wash down any solid particies that may creeping up the probe. At the end of the

sopication, the probe was rinsed, and the resulting orange solutions (the colour is
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likely due to the presence n sonicated solutions, of TiO22+ species??) diluted to

100 mL. Blanks were prepared by sonication of reagents without the sample.

5.2.4 ICP Atomic Emission Measurements

The ICP procedure and operating conditions were laid out in section 4.2.2.2.
The instrument was allowed to warm up for 30 min prior to measurement (see
section 5.3.1.1). For quantification, multi-element standards were run before and
after the sonicated samples. The ratio of emission signal intensity between
samples (after blank correction) and standards was used to determine the amount

of analyte in sample.

5.3 RESULTS AND DISCUSSION

The reference materials investigated in this study are conveniently classified as
environmental, agricultural, food and clinical samples. Some of these classes do
overlap, because some elements such Co, Ni, V, Cr, Zn and Cu, though essential
for growtk and development at low concentrations (micronutrients), become
toxic at high concentrations from man-made sources (industrial nollutants). In
addition, some of the food samples, for example, oyster tissue, can be considered
as environmental samples because these organisms are used as routine
bioindicators of marine pc:iution.

The elements measured in the samples were the essential major end minor
elements Mg, Na, K, P ana a, the essential trace elements Ni, V, Cu, Cr, Fe, Zn
and Mn, and the elements of possible environriental concern Sr, Pb, Cd, Al and

As. Although essential, elements such as Co and Se wera not measured because
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they were present in the materials investigated at sub-ppm levels, below the
Jetection limits of the analytical procedure used here.

It was noted in section 4.4 that increasing the levels of peroxide in the
sonication mixture reduces the time required for total dissolution. However,
problems associated with sample loss due tc foaming arise when levels of
peroxide are too high. The peroxide levels used in these applications were
chosen to avoid sample loss through foaming whiie allowing digestion to be

accomplished in a reasonable time.

5.3.1 Applicatioi: to Environmental Samples

Lobster and mussel reference materials were selected to represent marine animal
species which are known to bioaccumulate metals. Since these organisms
constitute a significant portion of the food supply for some, they are routinely
analyzed by government agencies such as the United States Food and Drug
Administration (FDA) and Health Canada's Food Research Center for toxic
elements in order to protect the public from consuming toxic amaunts

Powdered pine needie and high-level Cd unpolished rice flour samples were

selected to represent vegetation grown near sources of urban pollution.

5.3.1.1 Dissolution of Powdered Mussel Tissue and the Effect of Sample
Weight

Mussels (mytilus edulis) are used exter.sively as sentinel organisms to monitor
coastal water pollution by heavy metals. This reference material was prepared by
grinding whole soft parts of the organism under cryogenic conditions. The
average particle diameter is 177 um.224

The results shown in Table 5.1 compare the experimental values for a variety of

elements found in the ultrasound digests of NIES #6 to the certified values.



Table 5.1 Comparison of Elemental Concentrations in Sonicated Samples
Measured by ICP-OES with Certified Valnes?24 for NIES #6, Powdered Mussels.

All concentrations are in pg/g, unless stated otherwise. nc means not certified, nd

means not detected, * means value not ceriified, and is to be used as reference

only. Uncertainties are * 16 at the 95% confidence level for experinfental results,

and 95% tolerance levels for certified values. n=4 for both sample sizes.

glement —__experimental value certified value .
(100 mg portions) (800-mg portions)
Sr %S 1742 17°
Cu nd 543 4.910.3
Mn 15+3 152 16.3%1.2
Cd nd 0.8+0.5 0.82+0.03
Fe 103+42 103%9 15848
Pb nd 0.6£0.3 0.91+0.04
As 11£3 nd 9.2+0.5
Ni nd nd 0.93+0.06
Zn 1063 1012 10616
\Y nd nd nc
Al nd nd 220°
Cr nd nd 0.63+0.07
Ca(wt. %) 0.13+0.02 0.14+0.03 0.13%0.01
Na(wt. %) 0.9610.09 1.01£0.05 1.00+0.03
Mg(wt. %) 0.21%0.05 0.19%0.03 0.21%0.01
K{wt. %) 0.5610.09 0.48+0.05 0.5410.02
P(wt. %) 0.810.2 0.710.2 0.77*
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For 100-mg portions of sample, complete dissolution of the solid material was
achieved, and the following trace elements were detectable: Fe, Zn, Mn, and Sr.
The agreement between experimental and certified values was good fo. Zn, Mn
and Sr, but was not so good for Fe.

In these digests, Pb, Cd and Cu, although present iu the material at ug/g levels,
were not detected. The probiem seems to arise from the sample signal relative to
the blank signal. Figute 5.1 slicws a plot of emission signal intensity for copper
in several reference materials as a function of sampling time for these signals on
the ICP. In this plot, NANOpure@ water, used to establish the background signal,
was sampled every 30 sec. Intergration time for these signals was 10 sec. The
plot shows that stability of the signal is achieved after a 30-min warm-up period,
after which the signal becomes constant (this is the reason why measurements
were taken after the 30 min warm-up time for the instrument, see section 5.2.4).
For Cu, the signal from the 100-mg mussel samples was not significantly different
from the blank. An attempt was made to improve the signal relative to the blank
by increasing the sample weight to 800 mg. Even though the volume of solvent
mixture was kept the same, very little residue remained after the sonication
procedure. After filtration, the signal for Cu, shown in Figure 5.1, in the 800 mg
sample was enhanced, and the experimental result for Cu, shown in Table 5.1,
was found to be in agreement with the certified value. A similar trend in the
signal intensity was observed for Cd (Figure 5.2), Zn (Figure 5.3), Sr (Figure 5.4),
Mn (Figure 5.5) and Fe (Figure 5.6).

Because some residue remained after sonication, it is anticipated that some
elements may not have been complztely solubilized. This is the case with Zn,
where even though the 800-mg sample signal is higher than the in the 100-mg

sample, the amount of Zn found in the 800-mg samples was actually lower than
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the amount found in the 160-mg samples. In the case of As, no signal was
detected in the 800-mg portions. The reason for this is not understood.

For 800-mg portions, the result for Fe is 55 pg/g below the certified value, but
in good agreement with the results for the 100-mg portions. Aluminum, though
pr-sent in the material in substantial amounts, could not be quantified. The
reason for these observations is thought to be contamination from the probe
itself, since a large signal from the blank subtracted from a sample signal during
correction gives rise to errors. This is discussed in more detail in Chapter VI.

For the major and minor elements (Mg, Ca, Na, K, P), the sign~ls were generally
many times higher than the blanks, and values for all of these elements agrecd
well with certified values for 100-mg portions. For 800-mg portions, however,
the result for K was somewhat low, indicating that a small but significant amount
remained undissolved. A small quantity of residue was observed after sonication
of the 800-mg portions by the procedure described. For these reasons sample
weights of 250 mg were used for all subsequent analyses reported here.
Complete dissolution of 250-mg portions of all zoological and botanical samples
studied was achieved within 40 minutes, so filtration did not need to be

incorporated in the dissolution procedure.

5.3.1.2 Dissolution of Powdered Lobster Tissue
TORT-1, lobster hepatopancreas, was chosen for this investigation because of
the relatively high levels of trace metals present. The material was prepared by
from edible-grade lobster tomalley.222
In Chapter IV, 100-mg portions of this material were used to optimize
conditions for complete solubilization. In this investigation, 250-mg portions
were used; both minor and major elements were determined without further

dilution of the samples. The results, shown in Table 5.2, compare the

170



Table 5.2 Comparison of Elemental Concentrations in Sonicated Samples

Me:wured by ICP-CES with Certified Values for TORT-1, Lobster

He:: :topancreas.?22 All concentrations are in pg/g, unless stated otherwise.

Uncertainties are 10 at the 95% confidence level for experimental results, and

95% tolerance levels for certified values. n=8 except for Ca (n=3).

element experimental result certified value
Sr 118+4 11315
Cu 438+%5 438+22
Mn 24.510.4 23.4%1.0
Cd 2714 26.312.1
Fe 21248 186+11
Pb 1718 10.412.0
As 314 24.612.2
Ni not detected 2.3%0.3
Cr not detected 2.4+0.6
\Y not detected 1.4+0.3
Zn 1777 177£10
Ca (wt. %) 0.94+0.06 0.895+0.058
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experimental values for a variety of elements found in the digests of TORT-1 to
the certified values. For the trace metals determinable by the 1CP procedure,
good agreement between experimental values and certified values was found for
Cu, Zn, and Mn. Among the non-essential trace elements, satisfactory agreement
was found for Sr, Cd, As and Pb, although the uncertainty in the results for As
and Pb was rather high. In contrast to the mussel sample results, the experimental
values for Fe are high rather than low. Even though Cr and V are present in the
material at levels above 1 ppm, they were not detected in the sonicated solutions,
where sample signals were lower than the blank signals. Contamination from the
probe was suspected; this was subsequently investigated and is discussed in
Chapter V1. For calcium, good agreement was round between experimental and

certified values.

5.3.1.3 Dissolution of Pine Needles
Pine needle sampic: were provided as a brown powder (<250 um diameter)
prepared by grinding. mixing and sieving of the plant material.225 Dissolution
and analysis of 250- myg portions of the material by the same procedure as for the
preceding sararies gave the results shown in Table 5.3. Fair agreement between
experimental ar i cortified values was found for Sr, Mn, Cu and Zn. The results
for Mn and Sr ar= ;- :z.2what lower than the certified values and the uncertainties
in the experimental - - --2s for Cu and Pb are rather high. Cd, Ni, V, Cr, Na and As
were not detected. v 2lues for Fe and Al are quite low, probably because of high
blar:ks for these elements.
Among the major and minor elements, good results were obtained for K, Mg and

Ca. P could not be quantified; here again the sample signals were lower than the

blank signals.
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Table 5.3 Comparison of Elemental Concentrations in Sonicated Samples
Measured by ICP-OES with Certified Values for SRM #1575, Pine Needles.225
All concentrations are in pLg/g, unless stated otherwise. » means value i1s not
certified, and is to be used as reference only. Uncertainties are 15 at the 95%
confidence level for experimental results (n=4), and 95% tolerance levels for

certified values.

elemient experimental result certified value
Sr 4.240.3 4.8+0.2
Cu 3.7+1.8 3.0£0.2
Mn 64816 67515
Cd (ppb) not detected < 500*
Fe 78t14 20010
Pb 18+11 10.8+0.5
As (pph? not detected 210240
Ni not detected 3.5°
Al 3114 545%30
\Y% not detected not certified
Na not detected not certified
Zn 6013 6719
Cr not detected 2.620.2
Mg 1179+224 1250+170
< 3794+232 37004200
| not detected 1200200
Ca 4100160 4 "+200
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5.3.1.4. Dissolution of High-Cadmium Unpolished Rice Flour

The determination of Cd in rice is of major importance in areas where
contamination of soil has led to diseases like "itai-itai". This condition has been
observed to be prevalent among Japanese who consume large amounts of rice
grown in contaminated areas. The Japanese reference material NIES #10c, a high-
cadmium unpolished rice flour,226 was analyzed in this work *o assess the
validity of the proposed ultrasound dissolution technique on Cd analyses in
environmental plant materials.

For this study, a standard additions procedure was adopted whereby, after
dissolution of 250-mg portions of thie material and dilution to 100-mL, 20-mL
aliquots of the solution were taken and spiked with 0, 20 and 40 pL of a 10 ppm
Cd standard. These solutions were then aspirated into the ICP, and the signal
obtained was plotted against spike volume. A least squares calculation was used
to locate the intercept; this was used to determine the amount of Cd in the
original 100-mL solution.

Since the ICP is a multi-element system, and a number of other elements in the
rice flour have been determined and their certified values reported, the ICP was
programmed to record data for as many elements as possible. The results of these
analyses are shown in Table 5.4.

Good agreement between experimental and certified values was found for Cd,
Mn, Zn, Mg and Fe, even though the uncertainty associated with the Fe result
was rather high. Because of the high blank levels of P and Al, these elements
were not determinable in the samples. In addition, the result obtained for Ca was
significantly lower than the certified value; this may be due to precipitation of
part of this element as calcium sulfate. In other materials investigated in this
chapter, where Ca content was in the % rather than ppm range, this did not seem

to be a pioblem.
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Table 5.4 Comparison of Elemental Concentrations in Sonicated Samples
Measured by ICP-OES with Certified Values for NIES #10c, High-Cadmium

Unpolished Rice Flour.226 All concentrations are in pg/g, unless stated
otherwise. * means value is not certified, and is to be used as reference only.

Uncertainties are & 1o at the 95% confidence level for experimental results

(n=4), and 95% tolerance levels for certified values.

element experimental result certified value
Sr 0.182+0.006 0.2°
Cu not detected 4.1+0.3
Mn 38%3 40.1%2
Cd 1.9%+0.3 1.82+0.06
Fe 1418 11.4+0.08
Pb not detected not certified
As not detected 0.15°
Ni not detected 0.30+0.03
Al not detected 1.5*
\Y not detected not certified
Ca 62+11 95+2
Zn 2243 23.1+0.8
Cr not detected 0.08
Na not detected 14.0+£0.4
Mg (wt. %) 0.12+0.08 0.125%0.008
K (wt. %) 0.39+0.03 0.27510.010
P (wt. %) not detected 0.335+0.008
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5.3.2 Application to Agricultural Samples

The mineral composition of agricultural products is of interest to agronomists,
food scientists and nutritionists. The levels of elements in aypricultural matenals
indicate the health status of plant and animal products. In this category, three
agricultural materials were selected to test the ultrasound dissolution scheme
proposed in chapter IV. These were NIST SRM's 1572 and 1568a (citrus leaves
and rice flour, respectively), and Agriculture Canada RM 8412, comn (Zea mays)
stalk. Many of the trace elements for which these materials are certified were not
detected by the procedure used here. Therefore the results icported in this

section are mainly for minor and major elements.

5.3.2.1 Dissolution of Powdered Citrus Leaves

Samples of citrus leaves were provided as a finely ground green powder.
Sonication of this material first caused disappearance of the characteristic green
of chlorophyll, followed by complete dissolution to yield clear solutions. The
results shown in Table 5.5 compare the experimental values for a variety of
elements found in the ultrasound digests of SRM 1572 to the certified values.2?7

For the trace metals determinable by the ICP procedure used here, good
agreement between experimental values and certified values was found for Zn,
Mn and Sr. Cd, Pb, Ni and As w=re not detected. Cr and Al results could not be
cuantified because blanks were higher than samples. The agrcement was not so
good for Fe, while the uncertainty in the experimental result for Cu was very
high.

Of the certified minor and major elements, P could not be quantified because
blank signals were higher than those for the sample. Excellent agreement was

observed for Mg, K, and Ca.

176



177

[able 5.5 Comparison of Elemental Concentrations in Sonicated Samples

Measured by ICP-OES with Certified Values for SRM #1572, Citrus Leaves.2?7

All concentrations are in Jg/g, unless stated otherwise. * means value is not

certified, and is to be used as reference only. Uncertainties are * 16 2t the 95%

contidence level for experimenial results (n=4), and 95% tolerance i:vels for

cerufied values.

element

Sr
Cu

Cd
Fe
Pb (ppb)
As
Ni
Cr
\Y
Al
Zn
Na
Mg (wt. %)
K (wt. %)
P (wt. %)
Ca (wt. %)

.mental result

certified value

106£16
not quantified
2112
not detected
16x10
not detected
not detected
not detected
not cetected
not detected
niot detected
2813
187124
0.58+0.02
1.8740.03
not detected

3.240.2

100+2
16.5£1.0
23%2
0.03£0.01
9010
13.31+2.4
3.1+0.3
0.6£0.3
0.8%+0.2
not certified
92+15
2012
160+20
0.58%:0.03
1.82%0.06
0.13+0.02
3.2%0.1



5.3.2.2 Dissolution of NIST Rice Flour

In Chapter IV, 100-mg portions of NIST SRM #1568a, rice flour, were used to
optimize conditions for producing complete solubilization by ultrasound. For this
section of the investigation, 250-mg portions were used, and minor, major, and
trace elements were determined. The results are shown in Table 5.6. Compared to
NIES #10c, unpolished high-cadmium rice flour, NIST SRM #1568a contains
very low quantities of Cd. As the results show, they were too low to be detected
in this maternial.

Good agreement between experimenta' values and certified values was found
for Cu, Zn, and Mn. Sr was not certified, but the good accuracy observed in the
determination of this element in the various matrices studied so far, we judge the
experimental result worth reporting. Pb and Cd were not detected; blank signals
for As, V and Al were very high. Agreement between certified and experimental
values for Fe was poor.

Among the major elements, good agreement was found for Ca. The results were

not so good for Mg; P could not be quantified because the blank signals were

higher than those of the sample.

5.2.3.3 Dissolution of Agriculture Canada Corn Stalk Reference Material
The results shown in Table 5.7 compare the experimental values for a variety
of elements found in the digests of RM 8412, corn stalk, to the recommended
concentration. This reference material was prepared from stalks of corn plants
grown at the Central Experimental Farm, Agriculture Canada. The stalks were
washed, dried at 80 °C in an air oven, then ground and sieved to a fine powder
(<210 um dia. particle size).2*8 Except for slightly low results obtained for Na

and K, the other anaiyses show fair to good agreement between recommended

and experimental values.
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Table 5,6 Comparison of Elemental Concentrations in Sonicated Samples
Measured by ICP-OES with Certified Values for SRM #1568a, Rice Flour. All

concertrations are in pg/g, unless siated otherwise. * means value is not certified,

and is to be used as reference only. Uncertainties are = 16 at the 95% confidence

level for experimental results, and 95% tolerance levels for certified values. n=4,

except Mn, Ca and Mg (n=8).

eiement experimental result certified value
Sr 0.3%0.2 not certified
Cu 2.0+1.2 2.410.3
Mn 18.8+0.3 20.0%1.6
Cd not detecied 0.0224+0.002
Fe 17£10 7.4+0.9
Pb not detected < 0.010*
As not detected 0.29%+0.03
Al not detected 4.4%1.0
Cr not detected not certified
\Y not detected 0.007*
Sb not detected 0.000s*
Zn 17.4+0.8 19.410.5
Na not detected 6.6+0.8
Mg (wt. %) 0.043%0.005 0.056%0.002
P (wt. %) not detected 0.153+£0.008

Ca (wt. %)

0.012%£0.002

0.0118+0.0006
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Table 5.7 Comparison of Elemental Concentrations in Scnicated Samples
Measured by ICP-OES with Certified Values for Agriculture Canada Reference
Material 8412, Corn (Zea mays) Stalk.228 A]l concentrations are in pg/g.
Uncertainties are * 16 at the 95% confidence level for experimental results

(n=4), and 95% tolerance levels for certified values.

element experimental result certified value

Sr 102 122
Cu 105 8+1
Mn 1612 152
Na 54+i6 2848
Fe 16030 13915

K (wt. %) 1.54+0.08 1.7351£0.047
Zn 3018 3243

Ca (wt. %) 0.2240.02 0.216X0.008

Mg (wt %) 0.155%£0.008 0.160%£0.007
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5.3.3 Applicaticn to Food Samples

Oyster and milk powder reference materials were used to evaluate the
applicability of the ultrasound dissolution scheme to food analysis. Oysters
provide a representative species for sea food, being a filter organism that closely
represents the environment around it and contains a variety of components to
test the dissolution process. Milk powder contains appreciable amounts of

proteins such as casein that are not readily solubilized by conventional means.

5.3.3.1 Dissolution of Oyster Tissue

Samples of of NIST SRM 1566, acetone-extracted oyster tissue, were supplied
as a fine powder prepared by homogenization of the whole organism. The results
shown in Table 5.8 compare the experimental values for a variety of elements
found in the ultrasound digests to the certified values. Among the trace metals
determinable by the ICP procedure, satisfactory acreement between
experimental values and certified values was found for Sr, Cd, As, Fe, Cu, Zn, and
Mn. Pb was not detectable as it was in the ppb range. As expected, V and Cr
results were unquantifiable because of high blank signals.

Except for low results for K, all certified minor and major elements showed

good agreement between certified and experimental value,

5.3.3.2 Dissolution of Whole Milk Powder

The results shown in Table 5.9 compare the experimental values for a variety of
elements found in the digests of RM 8435, whole milk powder, to the reference
values. Confidence limits for the recommended values were not provided by
NIST, the issuer of the this Agriculture Canada reference material. The milk
powder sample, though it required minimal supervision during digestion, did not

completely dissolve. A thin film of fatty substances remained.
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Table 5.8 Comparison of Elemental Concentrations in Sonicated Samples (n=4)
Measured by ICP-OES with Certified Values for SRM #1566, Oyster Tissue.2??

All concentrations are in j1g/g, unless stated otherwise. Uncertainties are + 16 at

the 95% confidence level for experimental results, and 95% tolerance levels for

certified values.

element experimental result certified value
Sr 10£2 10.36%0.56
Cu 675 634
Mn 1613 17.5%¢1.2
Cd 43 3.5%0.4
Fe 202126 195+34
Pb (ppb) not detected 480+40
As 18%5 13.4£1.9
Ca (wt. %) 0.149+0.008 0.150.02
Cr rot detected 0.67+0.27
\Y% not detected not certified
Mg (wt. %) 0.122+0.008 0.128%+0.009
Zn 830£30 852+14
Na (wt. %) 0.5%0.1 0.51£0.03
K (wt. %) 0.81%+0.01 0.969+0.005
P (wt. %) 0.810.2 0.778+0.012
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Table 5.9 Comparison of Elemental Concentrations in Sonicated Samples (n=4)

Measured by ICP-OES with Certified Values for Agriculture Canada RM 8435,

Whole Milk Powder.2*® All concentrations are in pg/g, unless stated otherwise.

Uncertainties are * 10 at the 95% confidence level for experimental results, and

959% tolerance levels for certified values.

element experimental result certified value
Sr 3.1+0.2 4.35
Cu 0.7%0.6 0.46
Mn not detected 0.17
Cd not detected 0.0002
Fe 46x16 1.8
Pb not detected 0.11
As not detected 0.001
Ni not detected 0.01
Cr not detected 0.5
\Y not detected nc
Na (wt. %) 0.370.01 0.356
Zn 265 28
Mg 732130 814
K (wt. %) 2.00+0.05 1.363
P (wt. %) 0.28%0.03 0.78
Ca (wt. %) 0.80+0.02 0.922
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In the sonicated solutions, Mn, Cd, Pb and Ni were not detected. Blank signals
for Fe, As, Cr and V were higher than sample signals because of contamination
either from the reagents used for dissolution, or the probe itself. Because of
incomplete dissolution and high blanks, only Zn gave a value that matched the

certified number.

5.3.4 Application to Clinical Samples

Two ways of removing toxic metals from the hnman body are through the liver
and hair. Elemental analyses of these organs can provide usefull information on
nutritional and toxicological status. Liver specimen banks have been set up in
several locations to provide a basis for monitoring trace element uptake by

humans from the environment.

5.3.4.1 Dissolution of Acetone-Extracted Bovine Liver, NIST SRM 1577a
The results in Table 5.10 compare the experimental values for a variety of
elements found in the digests of NIST SRM 1577a, bovine liver, to the certified
values. This reference material was prepared by removal of the gross fat, blood
vessels and skin, then mixed, Iyophilized and powdered in a Tornado mill.23!
Elements that could not be detected in the ultrasound digests because of their
presence at sub-ppb levels in the samples were: Sr, Cd, and Pb. As for the other
biological materials studied in this work, blanks for Al, P, As and V were higher
than the sample signals. Because of this, quantification for these elements was
not possible. Except for low results for K, all other elements in Table 5.10

showed reasonable agreement between certified and experimental values.
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Table 5.10 Comparison of Elemental Conceatrations in Sonicated Samples (n=4)
Measured by ICP-OES with Certified Values for SRM #1577a, Bovine Liver.231
All concentrations are in jig/g, unless staicd otherwise. Uncertainties are + 10 at
the 95% confidence level for experimental results, and 95% tolerance levels for

certified values.

element experimental result certified value
Sr (ppb) not detected 138%2
Cu 160+19 158+7
Mn 82 9.9+0.8
Cd (ppb) not detected 440160
Fe 140+40 194%20
Pb (ppb) not detected 135%15
As (ppb) not detected 47+6
Zn 12510 12318
Na (wt. %) 0.2610.01 0.24310.013
Mg 590%16 600%15
K (wt. %) 0.970%0.008 0.996%0.007
P (wt. %) 1.14%0.03 1.11+0.04

Ca 115+16 120£7



5.3.4.2 Dissolution of Human Hair

An appropriate reference material with which to compare the resuits not being
available at the time, samples of black human scalp hair were collected from a
single individual (Swazi male) during a visit to a barber shop. Hair strands were
cut into pieces approximately 2 mm in length, dried in an air oven at 80 °C
overnight, and approximately 50-mg test portions weighed for analysis.
Sonication was performed at full power for 40 minutes in 2.5% H202/0.5 M
H7S0O4. Of all the materials investigated in this study, dissolution of human hair
required the least attention. No creeping of sample up the probe was observed,
and at the end of the sonication procedure, the solution was a characteristic clear
yellow was obtained. ICP analysis of the digests was carried out as for the
reference materials. The results are shown in Table 5.11. The data for the elements
Mn, Cd, Pb, Ni and K were below the detection limits of the ICP procedure used
here, and the ICP signals for the blanks were higher than that of the samples for
As, Cr, V and P. As before, contamination from the reagents or, more likely, the
probe was suspected. The elements Sr, Cu, Fe, Ca, Zn, Na, Mg- and Al were able
to be quantified. When compared to the values reported for the NIES RM
Human Hair, prepared from typical Japanese male hair,232 the values obtained are
reasonable except for Al, which was found to be much higher. An analysis of this
material by INAA (see Chapter VI) will suggest that the Al result found here may

be biased through contamination from the probe.
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[able 5.11 Elemental Concentrations in Sonicated Human Hair Samples (n=2)
Measured by ICP-OES. All concentrations are in jg/g.

element sample #1 sample #2

Sr 15 17

Cu 23 15

Mn not detected | not detected
Cd not detected not detected
Fe 40 38

Pb not detected not detected
I not quantified not quantified
Br not quantified not quantified
Cl not quantified not quantified
\Y not detected not detected
Ca 3900 3720

Zn 105 113

Na 330 250

Mg 300 420

Al 1600 &00
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5.4 SUMMARY

The results presented in this chapter indicate that the proposed ultrasound
dissolution technique shows promise for application to a wide range of
biological materials. The method appears to be satisfactory for determination of
most elements to the limit of detection of the ICP method used on 250-mg
samples. Zoological samples were quicker to dissolve, but materials with a high
fat content needed very close supervision to avoid loss fron foaming. Botanical
samples, on the other hand, tended to take longer to dissolve, probably because
of the slow attack of cellulose, but required minimal supervision because foaming
did not occur. Except for Al and P, reasonable agreement was found between
certified and experimental values for elements present at higher concentrations.
For those elements present at trace levels, the method showed mixed
performance. Cd, Mn and Sr results were good in all cases, but V, Cr, Fe and As
where detected gave poor agreement with certified values, and the Cu results

had appreciable scatter. The next chapter reports on a study of these problems.
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CHAPTER VI

CONTAMINATION ASSESSMENT AND DESIGN OF HORNS FOR
ULTRASOUND DISSOLUTION OF BIOLOGICAL MATERIALS

6.1 GENERAL

It was shown in Chapter V that sonication using a commercial 600 W/20 kHz
ultrasound probe is capable of dissolving 250-mg portions of a variety of
biological materials in 0.5 M H2S04/2.5% H0,. Complete dissolution of many
materiais investigated was found to cccur within 40 minutes, but blank levels,
especially for Fe, As, Cr, V, Al and P, were found to be high.

The first part of the work described in this chapter reports on an investigation
of the source of the high blanks. The second part describes a modification of the

horn tips to reduce the magnitude of this problem.

6.2 CONTAMINATION ASSESSMENT FROM A COMMERCIAL
ULTRASONIC PROBE

6.2.1 Introduction
The commercial Sonics horn described in section 2.2.1.1, originally designed for
biological cell disruption, is fabricated from a titanium alloy Since the probe is

immersed directly into solution, contamination from the alloy is a potential
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disadvantage. Ultrasound spatial intensity calculations using equation 4 show
that the tip of the probe experiences the harshest effects of cavitation because
ultrasound intensity is greatest at this point. Results of SEM studies on Ti tips.
reported in Chapter II, show that the forces involved during cavitation are
energetic enough to remove fragments of metal from the surface of the probe.
The presence of Ti in sonicated solutions is not generally a concern because it
has no known biological activity, and so knowledge of its concentration is not
normally of interest. However, impurities in the titanium could be a problem.

This section describes the use of instrumental neutron activation analysis
(INAA) to determine elements present in the solid Ti horu, and inductively
coupled plasma optical emission spectroscopy (ICP-OES) to analyze sonicated
solutions for elements that might be released from the horn into solution.
Background information about ICP-OES was given in section 4.1.2.2; the

concepts behind INAA are briefly outlined below.

6.2.2 Principles of INAA
When stable nuclei present in a sample are bombarded witn neutrons,
radioactive isotopes are formed. Decay of these radionuclides occurs either by
radiation of gamrﬁa rays or by emission of one or more nuclear particles. In
gamma ray spectrometry, the gamma rays emitted during decay are sorted by
energy and measured to provide a fingerprint of the elements present in the
sample. By counting the number of gamma photons of particular energies
emitted per unit time, quantitative information about the elements present in a
material can be obtained.
A nuclear reactor is a good source of neutrons. It normally generates neutrons
by fission of 235U. These neutrons have a continuous kinetic energy spectrum;

mod.rators such as HyO or DO are commonly used to slow them down to
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thermal energies. In the work reported here, a SLOWPOKE-2 (acronym for Safe
[LOW POwer Kritical Experiment) nuclear reactor was used as a thermal neutron
source. Detailed information concerning this nuclear reactor facility is provided

in section 6.2.3.4 below.

6.2.3 Experimental
6.2.3.1 Materials and Reagents

The sonication medium was 13.3 MQ-cm resistivity water from a Barnsiead
D4751 NANOpure® ultrafiltration unit, and the sonication vessels used in this
work were 100-mL Teflon beakers. Standards for calibration were prepared by

dilutior: of 1000 pg/mL commercial stock solutions of the elements of interest
(Fisher Scientific). HF, H2SO4 and H2O> were obtained from BDH Chemicals

(Toronto).

6.2.3.2 Sonication Apparatus
A 20 kHz/600 W Sonics ultrasound unit, see section 4.2.3 for details, was used
for all sonication procedures described here. The probe used in this part of the

study was fabricated from an unspecified titanium alloy.

6.2.3.3 Microwave Evaporation Apparatus
A commercial 700W Sears Kenmore microwave oven (Model 87751) was used

to provide rapid evaporation under dust-free conditions.233

6.2.3.4 University of Alberta SLOWPOKE-2 Nuclear Reactor Facility
The University of Alberta SLOWPOKE-2 Reactor Facility is located in the
Dentistry/Pharmacy Building. The SLOWPOKE-2 is a small pool type nuclear

reactor developed by Atomic Energy of Canada Limited. The heart of the reactor
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is a core, 22 cm in diameter and 23 cm high, comprised of 297 pencil-sized fuel
pins and submerged in a pool of deionized water. The fuel elements are 235U
enriched uranium/aluminum alloy. The core sits within an annular beryllium
reflector while resting on a lower beryllium reflector disc. Semicircular beryllium
shims form an upper reflector. As fuel becomes depleted with time, additional
shims are added to maintain a constant flux. The fast neutrons which diffuse out
of the fuel elements are moderated by the deionized water within the reactor
core and the pool. At the center of the fuel cage is a cadmium control rod whose
function is to soak up neutrons. Depending on the position of this rod inside the
cage relative to the fuel elements, a preset neutron flux can be maintained at a
constant level. Concrete slabs, approximately 1 m thick, are placed on top of the
pool to act as radiation shields.

Access to inner irradiation sites, located within the beryllium annulus, is via
tubes that originate from a remote sample loading station equipped with
irrad.ation controllers to time the duration of irradiation. Samples are usually
placed in polyethylene vials, and are pneumatically driven by compressed air to
and from the irradiation sites in or near the core.

Activated samples for counting are placed at a predetermined distance from a
detector (commonly referred to as the "sample geometry"). Hyperpure germanium
(i1P13e) solid state detectors, cooled to liquid nitrogen temperature, were used in
the work reported here. The detector signals, in the form of charge pulses, are
first fed into a pre-amplifier to convert the signals into voltage pulses, then
amplified before being fed into a multichannel analyzer. This device converts the
analog signals into digital signals; a central processing unit increments the
appropriate memory channel corresponding to the particular photon energy. The

resulting output, a gamma ray spectrum, is a plot of number of counts as a

function of gamma ray energy.
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INAA was chosen for the analysis of elements in the Ti horns because of the
following attributes: minimal sample handling, multielement capabilities, freedom
from possible contamination by dissolution reagents, and non-destructive nature

such that sample integrity is maintained.

6.2.5.5 Methods
6.2.3.5.1 Preparation of Blank Solutions for INAA

Solutions in 50-mL Teflon beakers were evaporated to 1 mL or less in the
microwave oven. Solutions being evaporated were continuously monitored for
spillage or bumping by placing the beakers in a polyethylene container whose
inner walls were lined with thin adsorbent paper. In trial runs using water,
solution loss was found to be a problem if full microwave power was used at the
beginning of evaporation. The most satisfactory program involved initial heating
at 20% power f¢ - _ hours, followed by 50% power for 2 hours, and 100% for 1
hour.

Evaporated samples were transferred to 1.5-mL acid-washed polyethyiene vials
having low backgrounds for the elements of interest. After heat-sealing, each
small vial was placed inside a larger S-mL vial to prevent leakage of the contents
during irradiation or transfer. An additional empty 1.5-mL vial was added as a
spacer to prevent unwanted movement of the sample vial during transportation

between the reactor core and the loading station.

6.2.3.5.2 INAA Procedure for Elemental Analysis of Blank Solutions
Following microwave evaporation, the residues were irradiated at a neutron

flux of 1x10'Incm-2sec-! in the SLOWPOKE-2 reactor, allowed to decay, and

thereafter counted in an HPGe liquid nitrogen cooled detector. The irradiation,

decay and cour:ing scheme was 2 minutes each (Table 6.1). The resulting INAA
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gamma-ray spectrum was recorded using a 33-MHz 486 IBM computer at a
detector to sample distance of 12 cm. Decay corrections and quantitative
analysis ‘vere performed using an in-house procedure developed by workers in

the facility.222

6.2.3.5.3 INAA Procedure for Elemental Analysis of Commercial Ti Probe
Tip
To determine the elemental composition of the probes used for sonication, a
new 0.5-inch diameter tip of titanium alloy, provided by the manufacturer, was
irradiated for 2 hours at a neutron flux of 1x1012ncm-2sec-!. After a decay period
of 6x10% sec, the tip was counted for 6x104 sec at a geometry of 1 cm. The tip

was again counted after 400 mg of the total tip mass was removed by etching

with 48% HF for 4 minutes.

6.2.3.5.4 Elementa: Analysis of Solutions Using ICP-QES
Solutions were aspirated into an ARL 34000 multi-element ICP-OES instrument

and determined as before. See section 4.2.4 for details.

6.2.4 RESULTS AND DISCUSSION

6.2.4.1 Extent of Erosion of Ti Probe Tip

A SEM examination of a new 0.75-inch probe tip after several hours of use
(Figure 2.4) showed that considerable erosion takes place at the tip, with
fragments of metal being released into solution during sonication. Furthermore,
the reagents used for ultrasound digestion tend to dissolve the probe material to

varying extents during sonication (see section 3.3.7.4). For example, dilute HF
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attacks the probe quite vigorously during sonication, whereas attack is slight in
the absence of sonication. Over the course of several months, a 19 mm (0.75-
inch) diameter probe was reduced to a diameter of 16 mm in the region normally
in contact with the reagents. We estimate that 1 to 5 grams of the total probe
mass was lost during sonication over this time period. In the next section, results

ot studies on solution contamination from the probe are presented.

6.2.4.2 INAA Studies of Sonicated Solutions

As a measure of extent of erosion of commercial probes in various solvent
mixtures, the amount of Ti released during a 2-hi sonication period was
determined by sonicating 80-mL portions of solutions of varying peroxide and
sulfuric acid concentrations at full power with a Sonics 0.75" diameter
commercial Ti probe. Following microwave evaporation of 80-mL volumes to
less than 1 mL for transfer to irradiation vials, activation analysis for short-lived
isotopes was performed. See Table 6.1 for ac 1/peroxide concentrations and for
irradiation, cooling and decay times. The results shown in Table 6.1 indicate that
the amount of Ti released into solution depends on the reagents employed
during sonication. Approximately 11 mg of Ti are released in 2.5% H20,/0.5 M
H2SO4 solution, compared to only 200 pug in pure water. A 2-hr ultrasound
digestion therefore erodes the probe substantially. As mentioned earlier, Ti is of
minor importance in most biological systems, so adapting the commercial probe
for use in analytical sample dissolution of biological materials without further
modit. .iions would not be detrimental. This, however, assumes that the probe is

constructed of pure Ti. Gamma-ray spectra of these solutions reveal the presence

of other elements as well.
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Table 6.1 INAA Results for Ti, Al and V in Sonicated Solutions. Ultrasound
treatment was at full power for 2 hrs using a 0.75" diameter commercial Ti alloy
Sonics probe; blanks were prepared from the same quantities of reagents, but
without sonication. Irradiations were performed at 1x10!! ncm-2sec"! for 2 min;
samples were allowed to decay for 2 min and then counted at a detector-to-
sample distance of 12 cm for 2 min. 51Ti(320 keV), 28A1(1779 keV) and 52V (1434
keV) photopeaks were used for quantification. nd means element not detected.

Uncertainty =10 based on counting ststistics for a single irradiation.

.amount found (ug).

solution treatment Ti \" Al

2.5% H207/0.5 M HSO4 ultrasound 11000+£300 522120 205040

2.5% Hy05/0.5 MH,SOs  blank nd nd nd

0.5% Hy0,/0.5 M HSO4 ultrasound 3370490 16020 730430

0.5% Hy05/0.5 MH380s  blank nd nd nd
H,O ultrasound 190+15 8+2 38+9

H,O blank nd nd nd
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Vanadium in particular is released in substantial quantities, ranging from 500 pg
in 2.5% H207/0.5 M Ha804 to about 10 pg in pure water. Aluminum was also
found, ranging from 2 mg in 2.5% H02/0.5 M H2SO4to 40 ug in water.

6.2.4.3 ICP-OES Studies of Sonicated Solutions

To further investigate the magnitude of contamination by other elements in the
probe, ICP-OES analysis of the sonicatea solvents was done. This analytical
measurement method was chosen for its excellent detection limits, especially for
elements for which INAA is insensitive, such as Pb and Cd. In addition, the INAA
determination of elements like Fe, Zn and Cr requires long irradiation times (often
2 to 4 hrs) and long decay times (typically 6 to 21days). With ICP-OES, all of
these elements, along with a number of others, can be measured simultaneously
in a few minutes.

ICP measurements of solutions sonicated in 80 mL of 0.5% H202/0.5 M H,SO4
were carried out as follows. After sonication as described in the previous section,
all solutions were diluted to 100 mL prior to aspiration. To determine the effect of
sonication time on the magnitude of contaminants in the solutions, irradiation
with a commercial Sonics 0.5" diameter ultrasound probe at full power was
performed on individual solutions for 20, 40, 60 and 120 min. The results,
presented in Table 6.2, indicate that the greatest concentrations were found for
Al and V, suggesting that these elements are likely significant components of the
alloy used to manufacture these probes. The concentrations found for these two
elements at 120 min are higher than those found ir the previous experiment
(Table 6.1); this may be due to a higher power density being produced at tip of
the 0.5" diameter horn. Detectable quantities of Cu, Cr, Cd, Mn, Sb, Na, Ca, Zn, P,
As and Fe were also found. Copper was not detected until after sonication for 40

min, while Sb and Zn were not seen until after sonication for more than an hour.
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Table 6,2 ICP-OES Results for 0.5% H207/0.5 M H2SO4 Solutions Sonicated for
Varying Times Using a 0.5" Diameter Sonics Probe. Table values are
concentrations found, in pg, of elements in 100-mL final volume. nd means
element not detected. Uncertainties are + one standard deviation. Number of
replicates: 2, except 4 for 40 min sonication and 1 for Al, Fe, V and P; * means
uncertainty is the standard deviation based on 3 measurements of the same

solution.
sonication time (min)
element 0 20 40 60 120

Mg nd nd nd nd nd
Cr nd nd 7+1 151 32+1
Cu nd nd 1.0+0.1 2.4+0.2 3.4+0.2
Cd nd nd nd nd 0.6+0.3
S nd nd nd nd nd
Mn nd nd nd nd 0.20+0.07
Sb nd nd nd 1043 16+3
As* 157+7 12343 1301 12543 11445
Fe* nd 7.3+£0.7 21.4+0.2 29.2+0.7 47.110.2
V* nd 170%1 46143 6501 10314
Pb nd nd nd nd nd
Ni nd nd nd nd nd
Na nd nd nd nd 1143
Ca nd nd nd nd 3.0+0.1

K nd nd nd nd nd
Al* nd 2069 578+3 833+2 1362+3
Zn nd nd nd 0.6+0.1 0.7+0.1
p* 3958460 3227+40 3809+42 3769+35 3929+44

The elements P and As were introduced by contamination from the reagents; the

quantities of P and As did not increase with sonication time, indicating that the
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probe was not introducing significant amounts of these elements into solution
during sonication. This is further illustrated in Figure 6.1, which clearly shows the
increase in Al and V, and the constant value for As. Finally, the elements Mg, Sr,

Pb, Ni and K were not detected in these solutions after sonication for 2 hr.

6.2.4.4 INAA Studies and HF Etching Experiments on Titanium Probe

Except for P and As, problems with contamination from the reagents used
during sonication was found to be negligible, since ICP signals for the blank
were found to be no different from those of NANOpure@ water. Further
experimentation was done to determine the origin of the observed
contamination. Table 6.3 shows the results obtained for a direct INAA analysis of
a 2.6684 g solid 0.5-inch diameter tip provided by Sonics. Again Ti, V and Al,
quantified via their short lived isotopes in 20-mg portions of the alloy, were
found to be major components of the tip; this is consistent with the ICP results
shown in Table 6.2. Elements that were quantified via their long-lived
radionuclides included: Fe, Zn, Cr, Hf, Ni, Sc, Co, W, Ta, As, Cu and Sb. Gallium
and Zr were detected but not quantified. Chromium and Ni were present at levels
greater than 150 ppm, while concentrations of the remaining elem:nts were less
than 5 ppm. The elements Ba, Mg, Sr and Ca were not detected; this is also
consistent with the results shown in Table 6.2.

To determine whether the source of these elements was surface impurities (i.e.,
possibly introduced during machining) or the alloy itself, approximately 400 mg
of the surface of the 0.5-inch diameter tip was removed by etching in 48% HF

for 4 minutes.
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H>07 in 0.5 M H2S0O4 as a Function of Sonication Time. conditions were: 80 mL
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Table 6.3 INAA Results for a Sonics Commercial Ti Tip. Except where noted

otherwise, all values are in ppm; uncertainty = 16 based on counting statistics for

a single sample irradiation.

element before HF etching after HF etching
Al (wt. %) 42104 not quantified
V (wt. %) 71203 not quantified
Mo 46+ 5 not quantified
Sc 55%0.1 5.7+£0.1
Ge not detected not detected
Fe 0.142 + 0.003 0.152 = 0.003
Mg not detected not detected
Mn 14£1 not quantified
Sr not detected not detected
Ni 142+ 2 145+3
Hf 0.10%0.02 0.11+0.03
Ba not detected not detected
Zn 25%0.2 25+02
Cr 124+8 12848
Sb 3.7+0.1 3.9+0.1
Ca not detected not detected
Co 2.68%+0.06 2.74£0.06
w 2.1+0.1 2.0£0.1
Ta 0.074 £ 0.008 0.070 £ 0.009
As 5.6%+0.2 5.610.2
Cu 2.62 +0.06 2.76 £ 0.06
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Following repeated washings in deionized water, drying and weighing, the tip
was recounted under conditions identical to those described for the pre-etching
procedure. The results, also shown in Table 6.3, indicate no statistical differences
in the elemental concentrations in the tip before and after the HF etching.
Results are shown only for the long-lived isotopes; high specific radioactivity

and rapid decay of the short-lived isotopes made it impractical to etch and

recount the tip for them.

6.2.5 Summary of Results on Commercial Probe

The results reported here indicate that several elements of biological
importance are released from commercial probes during sonication. The
quantities vary from element to element, but tend to increase with sonication time
at constant solvent composition, and with H>O2 concentration at constant
sonication time and constant HoSO4 concentration. INAA measurements show
that the major contaminating elements are distributed within the probe tip
material rather than on the surface. The results are consistent with typical values
for Ti alloys; for example, the composition of NIST's SRM 173b, Ti base alloy is:
Al, 6.36%, V, 4.31%, Mo, 0.013%, and Cu, 0.008%. As a result of these studies, it
can be concluded that commercially available Ti probe tips are not suitable for
use in ultrasonic dissolution where the resultant solution is to be used for
elemental analysis of the above mentioned elements when present in the sample
at trace or ultratrace levels. Several alternatives for overcoming this problem

were considered. These are explored in the next section.
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6.3 MODIFICATION OF HORNS FOR ULTRASOUND DISSOLUTION

6.3.1 Introduction

The results presented in the previous section show that unacceptable levels of
impurities are introduced from the sonication probe, resulting in a reduced
number of elements that can be reliably measured after digestion using a
commercial probe. To avoid this limitation, several options were considered. This
section presents both qualitative and quantitative evaluations of the

performance of each of these options.

6.3.2 Evaluation of a Teflon Sleeve Cover for Ultrasound Probes

Since Teflon can be obtained in high purity and is resistant to chemicai attack,
coating the horn with this material should reduce contamination. Use of Teflon
also has the potential of allowing HF dissolutions to be carried out for

agricultural and geological applications where silicates are present.

6.3.2.1 Experimental

As mentioned in Chapter III, the 0.75" diameter horn has a threaded end to
which 0.75" diameter tips can be attached. We purchased, from Ace Glass, a 5"
long and 0.75" diameter solid Ti alloy extender rod, manufactured by Sonics,
which screws onto the threaded end of the 0.75" diameter horn. The University
of Alberta Department of Chemistry Machine Shop shaped the extender to fit
tightly into a 3" long, 3 mm thick Teflon sleeve without changing the physical
dimensions of the original extender. The sleeve was fastened onto the horn with
a pair of screws at the upper end, above solut’ion levels. This design is shown

schematically in Figure 6.2.
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Figure 6.2 Schematic Diagram of a Teflon-Sleeved Commercial Sonics Probe.
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6.3.2.2 Results and Discussion

When a new tip or extender is attached to the horn, the ultrasound unit must
be tuned prior to use. Tuning involves adjusting the frequency of the power
source until resonance of the horn (including exteuder or tip) is established. The
adjustment is made with the homn in air, and must be done quickly to avoid
damage to the power supply. Resonance is the condition of maximum vibration,
and is a function of the material, shape, mass and length of the horn. The range of
tuning provided by the Sonics 9810 processor is only * 22 Hz. For this reason, a
thin coat of Teflon was used. Under these conditions, the probe tuned without
major difficulty.

When the covered probe was used to sonicate water samples, however, there
was practically no energy transfer to the solution owing to absorption of the
ultrasonic vibrational energy by the layer of Teflon. A condition for the effective
transfer of ultrasound energy from the piezoelectric crystal located inside the
converter to solutions is that absorption by the system be near zero. The
absorption coefficient for Ti is negligible, making it suitable as a universa!
coupling medium in sonicators.234 Teflon, on the other hand, is an elastic
polymer with a high coefficient of absorption of ultrasound.235 This absorption
resulted in the geﬁeration of high temperatures within the Teflon. The problem
could have been reduced by use of very thin coatings of Teflon, but erosion
damage, as well as increased temperatures, would likely destroy the coating
within a few hrs, and so further experimentation on this system was not carried

out.



6.3.2.3 Summary

The Teflon sleeve design shown in Figure 6.2 was unsuitable for dissolution of
samples with ultrasound because Teflon is not rigid enough to transmit
ultrasound energy efficiently to the solution being insonated. Since the use of Ti
metal eliminates problems associated with energy losses, the fabrication of horns
from pure Ti metal was identified as the best option. The next sections evaluate
the performance of three horn designs fausicated from pure Ti metal. The designs

studied were pure Ti tips, rods and extenders.

6.3.3 Design and Evaluation of Horn Components Made of Pure Titanium
Several manufacturers of high purity Ti were consulted about obtaining rods of
the metal. Several 1-foot long rods of pure Ti, 0.5" in diameter, were obtained
from Electronic Space Products International (CA, USA). This silvery metal has
the same strength as steel, but is 45% lighter; it is inert to HNO3, but is attacked
by concentrated H2SO4, HCI and HF. The purity reported by the manufacturer,
was 99.97%, with iron being reported to be the only foreign metal present at 100
ppm. Other elements present in the metal rod, according to the supplier were:

carbon, 30 ppm, nitrogen, 80 ppm and oxygen, 100 ppm.236

6.3.3.1 Fabrication and Evaluation of Performance of Pure Titanium Tips
With the assumption that the density of the Ti alloy used by Sonics to fabricate
their commercial probes (4.20 g/cm3) was not different enough from that of pure
Ti (4.54 g/cm3) to affect tuning, two pure Ti tips of the same dimensions and
shape as the commercial tips (Figure 6.3) were machined, screwed onto a
commercial 0.5" diameter probe and tuned. The following section reports on the
performance of these tips for ultrasonic dissolutions. All reagents, materials and

procedures were as described in section 6.2.
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Figure 6.3 Design of Ultrasound Horns for Dissolution. Shown is (a) a Sonics Ti
alloy probe with screw-on Ti alloy tip, (b) an extender fabricated from pure Ti, (c)

a pure Ti rod fabricated to fit cut-off horn, and (d) a pure Ti tip.
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6.3.3.1.1 INAA Study of Trace Elemental Concentrations in High Purity Ti
Rod.

Compared to commercial Ti alloy samples, the gamma ray spectra of the pure Ti
rods were simple. The short irradiation spectra showed a major peak for Ti and
three very small peaks indicating the presence of Al, Mn and V. The long
irradiation spectra showed the presence of Cr, Ni, Co, Ta, As and Fe. A summary
of these results 1s shown in Table 6.4. When compared to the certificate of
analysis supplied by the manufacturer of the Ti metal, the results obtained are
satisfactory for all elements except the ones listed. Iron is present in far greater
quantities than expected on the basis of the manufacturer's claims; also, the
elements Cr, Ni, As and Sb were found present in significant quantities. As a
check on the method, irradiation of a similar weight of pure (99.99%) Ti wire was
carried out under identical conditions. In the wire, none of these elements were
detected. The purity of the probe is clearly less than 99.97%. For sonication of
biological materials using probes fabricated from this material, contamination
from the elements listed in Table 6.4 is anticipated. This contamination, however,
is not a problem for the work described in this thesis because, except for Fe, the
other elements are present in the biological materials studied here at

concentrations far below the detection capabilities of the technique.

6.3.3.1.2 ICP-OES Analysis of Blanks from Sonication with a Pure Ti Probe
Tip

Blank solutions resulting from sonication of 80 mL of 0.5% H202/0.5 M H2SO4

using Ti tips fabricated as described in section 6.3.3.1 above were analyzed by

ICP-OES. The results, see Table 6.5, indicate that no detectable contamination

was found for Mg, Cd, Sr, Mn, Sb, Ba, Pb, Ni, Na and K even after sonication for
2 hr.



[able 6.4 INAA Results for Pure Ti Metal Used to Fabricate Tips, Rods and
Extenders for Ultrasonic Probes. Following washing with acetone, removal of
surface layers by etching with HF, rinsing with water and drying at room
temperature for 3 days, metal turnings (80 mg) were irradiated at 1x1012 ncm-
2gec-! for 2 hr and counted for 2 hrs after a decay period of 2 weeks except for
entries marked with *, where turnings were irradiated for 2 min at 1x10!1 ncm-
2gec-! and counted for 3 min at a sample-to-detector distance of 3 cm after a

decay period of 10 min. Uncertainties arising from counting statistics are *10.

element concentration, in pg/g
Al* 8249
V* 3313
Mn* o2
Cr 12948
Ni 10311
As 30+8
Sb 6.5£0.3
Co 0.63%0.06
Ta 0.73%0.09

Fe 410£30
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Table 6.5 ICP-OES Results for 0.5% H202/0.5 M H;SO4 Solutions as a Function
of Sonication Time Using a 0.5" Diameter Sonics Probe After Replacem nt of the
Ti Alloy Tip with One Fabricated from Pure Ti. Table values are concentrations
found, in pg, of elements in 100-mL final volume. nd means element not detected.
Number of sonication replicates was 2, except for the 40 min sonication where 4

replicates were run.

sonication time (min)
element 20 40 60 120
Mg nd nd nd nd
Cr nd S5+1 201 25¢1
Cu nd nd 0.5+0.1 7.60.1
Cd nd nd nd nd
Sr nd nd nd nd
Mn nd nd nd nd
Sb nd nd nd nd
Ba nd nd nd nd
Fe 5.9+0.4 13.6+0.7 22.6+0.8 251
\Y 98+6 162+7 389+9 438+9
Pb nd nd nd nd
Ni nd nd nd nd
Na nd nd nd nd
Ca 0 0 1.6+0.4 1.5£0.3
As 101+4 13316 120+2 103£2
Al 11742 19143 453+6 519x11
Zn nd nd 0.3+0.1 0.410.1

P 3457450 3265+35 3756140 3689+55
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The pure Ti tip therefore eliminates Cd, Mn, Sb and Ca contamination introduced
into the blanks by the commercial Ti alloy tip. Manganese, pre<ent in the pure Ti
tip, did not appear to be leached from the probe during sonication. Even though
the pure Ti tip contains far smaller quantities of Al than the commercial probe tip,
the blank levels in the sonicated solutions still are high. This may be due in part
to solution being insonated not being confined to the length of the pure Ti tip,
but rather coming in contact with a significant portion of the Ti alloy of the
probe body above the joint with the tip. This could also explain the appearance
of small quantities of Cu, Zn, and Ca in the sonicated solutions, whereas these

elements are absent in pure Ti.

6.3.3.1.3 Conclusions

Although analyses of blank solutions resulting from sonication using a pure Ti
probe tip show reduced levels for many elements, there is still significant
contamination from Cu, Cr, Fe, V, Al, Zn, P and As. Except for P and As,
contamination of sonicated solutions by the elements listed is thought to arise
from three sources, namely, reaction between the reagents and that part of the
alloy that comes in contact with the solutions during sonication, the probe itself,
and finally the cre\}ice located at the joint where the tip attaches to the horn. The
pure Ti rod design described in section 6.3.3.2 belcw was designed for the

purpose of eliminating these problems.

6.3.3.2 Fabrication of Pure Titanium Rods for Ultrasonic Dissolution
6.3.3.2.1 General: The Crevice as a Source of Contamination

A commercial Sonics Ti alloy tip was used in all of the investigations reported
in Chapter V. When this tip was replaced by the pure Ti tip described in section

6.3.3.1 above, liquid from previous sonications was observed to be trapped in
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the crevice. The tip was carefully removed, then the probe and tip allowed to
soak overnight in 50-mL of NANOpure@ water. The resulting solution was
aspirated into the ICP by the procedures described in section 4.2.4. Table 6.6
lists the total quantities of all elements detected in the crevice fluid. These results
provide confirmation that most P and As contamination in the blanks comes from
the reagents. To conclude, the point of attachment of the tip to the probe must
be such that it does not come in contact with the material being sonicated. The
horn must either be fabricated entirely from pure Ti metal, or pure titanium rods of
sufficient length to avoid solution contact must be attached to a commercial
horn.

Of these two options, the more viable appeared to be one involving attachment

of a rod because of the high cost of pure Ti metal.

6.3.3.2.2 Fabrication of Pure Ti Rods

Several 2" long Ti rods wita threaded ends were machined from pure 0.5-inch
diameter Ti metal rod. This length was chosen because it allowed the joint to the
probe to be located a reasonable distance above the solution level, thereby
permitting cell solutions to contact only pure Ti. To keep the length of the probe
as close as possible to the commercial design (for tuning), a similar length of metal
was cut from the commercial probe. A schematic diagram of a rod fabricated from
0.5" diameter pure Ti metal is shown in Figure 6.3, along with a diagram of the
commercial Sonics horn indicating the point of attachment of the pure Ti rod to

the commercial probe after it was sawed off and tapped.
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Table 6.6 Results of ICP-OES Analyses for Elements Found in Crevice Between
Probe and Ti Alloy Tip. Number of replicates=1. Amount found is total in rinse

solution.

element amount found (|g)
Mg 8.1
Cr 8.9
Cu 4.1
Cd 0.88
Sr 0.09
Mn 0.38
Sb 17.3
Ba 0.68
Fe 20.4
\' 140
Pb 3.5
Ni 23
Na 175
Ca 154
K 167
Al 177
Zn 5.1
P 0

As 0.8



6.3.3.2.3 Tuning of Modified Probe

Attempts to tune the probe modified with the pure Ti rod attached were not
successful, nor were attempts to sonicate solutions using this design. The unit
was clearly out of range of the limited tuning system of the amplifier. With the
assumption that the length or mass of the rod was the source of this problem,
approximately 5 mm longer rods were fabricated, and tested for resonance.
Successive 0.5 mm sections were cut from the rod and the system tested after
each cut to see whether it would resonate, but without success. After this set of
experiments it was speculated that the mass of the new probe did not match that
of the original closely enough.

The weight of a new commercial probe was compared to that of the probe to
which the pure Ti rod had been attached; the commercial probe was found to be
10 g heavier. The density of the alloy was significantly different from that of pure
Ti, so much so that replacement of a 2-inch section prevented tuning. The
problem was not significant for a 0.25-inch attachment, as can be seen from the
Ti tip study reported in section 6.3.3.1. Attempts to keep the length of the probe
constant, yet reduce its weight to match that of the commercial probe, also
proved unsuccessful.

Engineers at Sonics when contacted about this problem informed us that the
point of attachment of the rod was too close to the nodal point of the probe. In
ultrasonic engineering terms, the probe can be considerzd to be composed of
two cylinders. The face that attaches to the converter forms one end of a
cylinder, 2.7" long and 1.3" in diameter. The face in contact with the sonication
medium forms one end of a second cylinder, 2.9" long and 0.5" in diameter. The
node occurs at the point where the two cylinders join each other. A plot of stress
levels as a function of distance along the length of the probe shows that

maximum stress is found at the node. Accommodation of this stress is the reason
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why a thick filler of metal is added to this region during manufacture of the
commercial horn.237 Apparently the point of attachment of the pure Ti rod to the
cut-off commercial probe was too close to this region of maximum stress to allow

adequate tuning.

6.3.3.2.4 Conclusions

Upon moving the joint between a pure Ti tip and the alloy probe away from
contact with reagents, the point of attachment of the rod to the commercial
probe was found to be too close to the probe node. Tuning of the probe in this
configuration was not possible, so sonication could not be done. A possible
solution to this problem could be to use an extender to lengthen the probe and
move the point of attachment away from the nodal point of the probe. The
engineering group at Sonics agreed to machine extender rods from pure Ti

provided by us and to tune them to a probe of the same ty;e we are using.

6.3.3.3 Fabrication and Evaluation of Performance of Pure Ti Extenders

A 1-foot long 0.5" diameter pure Ti rod was shipped to Sonics to fabricate and
tune several extenders. A typical extender, 4.75" in length, is shown in Figure
6.3(b). One end is fhreaded, and is designed in such a way that it can screw onto

the commercial probe in the same way as a replaceable tip.

6.3.3.3.1 Analysis of Pure Ti Extender Blanks by ICP-OES

As in section 6.3.3.1.2, blank solutions resulting from sonication of 80 mL 0.5%
H307 in 0.5 M H2SO4 using a pure Ti extender were analyzed by ICP-OES.
Sonication at full power was performed for 20 and 40 min. These times

correspond to those reported in Chapter V.
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Sonication yielded clear orange/yellow solutions as anticipated. However, a
major problem encountered during sonication was the extremely rapid heating
rates of the extender at the point of attachment with the probe. Sonication was
therefore performed in stages to allow cooling of the probe, i.e., sonication for 10
min followed by cooling for 5 min, and repeating the cycle until full sonication
time was achieved.

The results, see Table 6.7, indicate that no detectable contamination was found
for Mg, Cu, Cd, Sr, Mn, Ba, Pb, Ni, Na, Ca, Zn and K. There is contamination from
P and As, but as shown before, this is likely to be from the reagents. An
interesting observation is that contamination from Al and V is negligible,
confirming the suspicion that when a pure Ti tip was used in earlier work,
contact of solution with the crevice and/or the Ti alloy part of the probe resulted

in leaching of impurities.

6.3.3.3.2 Application to Elemental Analysis of Human Hair

To test the reliability and validity of the ultrasound procedure using a pure Ti
extender, sonication of four 50-mg portions of human hair in 2.5% H20,/0.5 M
H2SO4 for 40 min, and quantification of elements present in the digests using the
procedure describéd in section 5.2.3, was performed. For comparison, similar
sized test portions of hair were irradiated at a flux of 1x1012 ncm-2sec-2 at the
University of Alberta SLOWPOKE-2 nuclear facility and elements found in the
hair were quantified via short-lived isotopes. The results obtained by these two
independent analytical procedures are shown in Table 6.8. The elements Sr, Cu,
Fe, Ca, Zn, Na, Mg and Al were found in the sonicated solutions. When
compared to ICP-OES results obtained when a commercial probe was used, see
Table 5.11, there is good agreement for Sr, Ca, Zn, Na and Mg. The agreement

was not so good for Fe, Cu and Al
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Table 6.7 Results of ICP-OES Analyses for 0.5% H202/0.5 M H2SO4 Solutions
Sonicated for Varying Times Using a 0.5" Diameter Sonics Probe in Which the Ti
Alloy Tip was Replaced with an Extender Fabricated from Pure Ti. Table values
are concentrations found, in pg, of elements in 100-mL final volume. nd means

element not detected. Analyses were done in triplicate. Uncertainties are 10.

element pg/100 mL, after 20 min ~ pg/100 mL, after 40 min

Mg nd nd

Cr 3.2+0.5 10+1
Cu nd nd
Cd nd nd

Sr nd nd
Mn nd nd
Sb 3.710.2 3.9+0.1
Ba nd nd

Fe 31+1 8743
\Y 2.240.2 3.8+0.3
Pb nd nd

Ni nd nd
Na nd nd
Ca nd nd

K nd nd

Al 1.8+0.1 1.910.1
Zn nd nd

P 335640 3196150

1406 138+5
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Table 6.8 Results for Analysis of Human Hair. ICP-OES results are for solutions
obtained after sonication at full power for 40 min of two 50-mg portions of
human hair in 50 mL of 2.5% H,02/0.5 M H2SO4 using a 0.5" diameter probe
after replacement of the Ti alloy tip with an extender fabricated from pure Ti.
Results from Table 5.11 are included for comparison. INAA results were obtained
for two 50-mg samples irradiated for 2 min at a neutron flux of 1x10!2ncm-2sec!,
allowed to decay for 60 sec, and then counted for 120 sec at a sample-to-
detector distance of 6 cm. Table values are concentrations found, in pg/g. nd

means element not detected; nq mear not quantified. Uncertainties for INAA
results are +10.

_concentration found
ICP-OES (Ti alloy tip) ICP-OES (pure Ti extender) INAA

element sample#1 sample#2 sample#]! sample#2 sample#1 sample #2

Sr 15 17 15 13 nq nq
Cu 23 15 14 16 1543 1213
Mn nd nd nd nd 0.6x0.1  0.6x0.1
Cd nd nd nd nd nq nq
Fe 40 38 57 47 nq nq
Pb nd nd nd nd nq nq

I nq nq ng nq 2.0+0.2  1.1x0.2
Br nq nq nq nq 8.7x1.0  6.2+1.0
Cl nq ng nq nq 575+30 560+30
\% nd nd nd nd nd nd
Ca 3900 3720 3860 3980 nq nq
Zn 105 113 111 115 nq ng
Na 330 250 300 240 nq nq
Mg 300 420 350 400 nq nq

Al 1600 800 219 203 20617 21118
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We conclude that the Fe result cannot be reported with much confidence
because of iron contamination in both the pure Ti extender and commercial Ti
alloy tip.

The results for Al and Cu in the solutions sonicated with the pure Ti extender
show excellent agreement with INAA compared to those obtained with the Ti
alloy tip. The improved precision could be due to low blanks arising from low
levels of these elements in the pure Ti metal. Similar comparisons for the other
elements listed in Table 6.8 cannot be made because only short-lived
radionuclides were counted. However, V and Mn levels in the hair samples were

below the INAA detection limits.

6.4 SUMMARY OF CONTAMINATION STUDY

When a commercial Sonics ultrasound probe, originally designed for biological
cell disruption, is used to dissolve biological materials prior to elemental analysis
by ICP-OES, significant elemental contamination is found. Except for As and P,
which were shown to come directly frcm the sulfuric acid used to assist in
dissolution, contamination arises from the metal probe itself. Coniaminants are
uniformly distributed within the probe. Leaching rates vary from element to
element, and depend upon soivent cemposition and duration of sonication.

To eliminate contamination by the probe, several alternatives were explored.
Inserting the probe in a tight-fitting sleeve made of Teflon was unsuccessful
because of inefficient transfer of ultrasound energy to the solution being
insonated. Replacing the commercial Ti alloy tip with tips fabricated from pure Ti
was found to eliminate most contaminants, but trapping of solution in the joint
between the tip and probe body, and direct contact of solution with the probe

body, remained problems. By replacing the lower section of the probe with a
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pure Ti rod, both problems are eliminated, but tuning of the probe could not be
done. The solution in the end was to replace the tip with an extender rod of pure
titanium that had been fabricated and tuned by engineers with the probe
manufacturers. With this design, improvements in aluminum results for sonicated
human hair samples were realized. No improvement was found for Fe, which was

present at significant levels in the pure Ti used in making the probe extender rod.



CHAPTER VII

SUMMARY OF RESULTS AND SUGGESTIONS FOR FURTHER WORK

7.1 Summary

When solid samples are submitted to a laboratory for elemental analyses using
solution-based methods such as FAAS and ICP-OES, the analyst is first
confronted with the question of how to dissolve them. Most procedures for
dissolution of samples prior to measurement involve addition of concentrated
acids and application of heat energy to speed the process. This method of
dissolving samples, commonly referred to as the "hot-plate” procedure, is time
consuming, hazardous, tedious, requires considerable analytical skill and
experience, and is prone to loss of elements of interest as well as adventitious
contamination from reagents. As techniques for the measurement of elements in a
sample have improved in accuracy, precision, speed and efficiency, traditional
diss ‘ution procedures have not changed apace, and truly limit the productivity
. «iemental analysis laboratories of the 1990's.

The research described in this thesis has addressed this problem by use of
ultrasound energy to expedite dissolution of biological ma:=rials. A commercial
Sonics ultrasound probe, originally designed for biological cell disruption, was
found suitable as an energy source. The probe employed delivers up to 600 W of
20 kHz ultrasound energy into aqueous suspe::sions of biological samples in 50
to 100 mL sonication vessels.

Since the rate at which a solid sample is dissolved in a solvent generally
depends on the solid/solution interfacial area, a first step is often the formation of
a heterogeneous two-phase solid-liquid system. Accordingly, the first part of this

work involved a study of the fundamental physical processes that occur at the
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surface of sample particles suspended in a solvent. Photomicrographs of surfaces
of sonicated chalk samples showed that when ultrasounc cnergy is passed
through water, it is concentrated and amplified by cavitation. Acoustic cavitation
near the surface of aluminum foil resulted in pitting, erosion and fragmentation of
the foil. Acoustic streaming was seen to propel fragments of metal at high
velocities, resulting in many interparticle collisions. Scanning electron
microscopic studies of titanium metal surfaces showed that cavitation could be
so powerful that metal fragments are ripped from the surface during sonication.
Iodimetric analysis of the residue remaining after sonication of copper metal for
an hour revealed that approximately 20 mg of copper was removed from the
surface. Application of ultrasound to hemin, powdered liver and cellulose
showed that cavitation increased the solvent-accessible surface area by several
orders of magnitude, depending on the length of sonication and the material
under investigation. This sonomechanical effect, which is absent when heat
energy is used, enhances rates of dissolution because reactions with the solvent
occur at the surface of the solid.

Thermodynumic calculations show that the concentration of ultrasound energy
by cavitation, and the subsequent amplification of the pressure waves when
passed into water, lead to high localized temperatures (5000 K) and pressures
(1000 atm). These conditions lead to the generation of substantial amounts of
oxidants from water in equilibrium with atmospheric gases. This sonochemical
effect, also absent when conventional heating is used, leads to enhanced
dissolution rates of samples with littie ur 7o external reagent addition. Since
oxidants did not form to any significant ¢xwnt in water deaerated by boiling

prior to sonication, it was concluded that dissolved gases must be present tor

efficient cavitation.



223

This cavitation effect was investigated further to find optimum conditions for
the production of oxidizing species from water during sonication. Of the
common laboratory gases studied, nitrogen was found to be a poor cavitation
gas, while argon as a cavitation gas gave the highest concentration of oxidants.
Anomalous behavior was observed when oxygen was used, in that oxidant
levels were found to be very high at the onset of sonication, hat decreased soon
after. The high initial levels could not be maintained because of ultrasound
degassing and a rapid increase in the solution temperature. Attempts to counter
degassing by bubbling oxygen continuously during sonication were
unsuccessful, s were attempts to thermostat the solution.

Next the effect of acid in the production of oxidants in sonicated water
samples was investigated. In dilute HoSOg4, oxidant levels increase with acid
concentration; the maximum yield was obtained at 0.5 M. Solutions more
concentrated than 0.5 M gave lower yields, owing to the high H+ concentration,
and not to high sulfate concentrations. In dilute HNO3 and HCI the yield of
oxidants was found to decrease with increasing concentration. This indirectly
suggests that cavitation leads primarily to the production of free radicals from
water, although the exact identity of the free radical species was not studied. It is
suggested that at higher concentrations of HNO3 or HCI, nitrogen- or chlorine-
containing radical scavengers reduce the yield of oxidants produced by
sonication of water.

Finally, sonication in dilute HF led to a violent reaction with the probe, a
behavior sim‘lar to that observed when Ti metal is immersed in concentrated
(25.7 M) HF. Clearly ultrasound enhances chemical reactivity, either by physical
or chemical processes, or both. Sonication of mixtures of HF and HNO3 generate

copious vapors of brown nitrogen dioxide. Overall, optimum conditions for
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producing oxidants were found to be sonication in 0.5 M H28Oy4 while bubbling
a steady stream of oxygen gas through the solution.

To compare sonication of solid samples with dissolution by heating on a hot
plate, several biological materials were investigated. Sonication of Ni(DMG)2 in
H-O resulted in the release of most of the Ni from the complex, although the
release was not quantitative. Heating to boiling in water, on the other hand, had
little effect. Sonication in 0.5 M H;SO4 with oxygen bubbling led to complete
dissolution within 3 minutes. Dissolution, however, was found to be due to
protonation of the ligand. Sonication of 100-mg portions of bovine hemin in
several acid mixtures did not produce 100% dissolution; nitric acid was the most
effective. To achieve 100% dissolution of hemin, it was necessary to boost the
oxidizing capacity of sonicated solutions by addition of H203. Since oxidation
by H;0; shows a strong pH dependence, it was found advantageous to add
acid. Thus, sonication of hemin in 2.5% H20,/0.5 M H;SO4 as solvent resulted in
complete dissolution with no traces of residue in less than 20 minutes.
Dissolution by heating in various acids, with or without H>O, on the other hand,
was found to be very slow. Use of H2SO4 as acid is important; complete
dissolution of hemin by sonication in 2.5% H20; with 1.0 M HNO3 or HCI was
not observed, even at long times.

Sonication of several biological reference materials from NIST (USA), NRC
(Canada) and NIES (Japan) in 2.5% H0,/0.5 M H2SO4 gave results in good
agreement with certified values for most elements. Samples containing fat, such
as whole milk powder were difficult to dissolve completely. For whole milk
powder, experimental results did not match certified values for any element
except zinc.

In conclusion, the ultrasound method of dissolving sampies proposed here

shows promise for application to a wide range of biological materials. It is faster
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in general than traditional methods based on heating samples on a hot plate.
With proper control of sample weight and H2O> concentration, dissolution rates
by ultrasound approach those attainable by current microwave acid digestion
procedures. A particular advantage of the ultrasound method is that smaller
reagent quantities may b: used because oxidants are produced in situ. This can
make routine analyses less costly, and reduces the likelihood of contamination.

The greatest disadvantage to using the commercial probe provided with the
apparatus employed in this work for analytical dissolution is contamination by
elements in the alloy used to construct the probe. Instrumental neutron
activation analysis (INAA) and ICP-OES showed that Al, V, Fe, Cu and Zn
leached into solution from the probe during sonication, resulting in high
backgrounds and poor precision for these elements. Enclosure of the probe in a
sleeve fabricated from Teflon resulted in reduced sonic output to the solution
and excessive energy absorption and heating of the Teflon. Replacement of
commercial Ti alloy tips with ones fabricated from pure Ti reduced contamination,
but did not eliminate it completely because the sample solutions still came in
contact with the probe above the tip. Attachment of 2" long pure Ti rods to the
commercial probe resulted in problems with tuning of the probe. The best results
were obtained when a 4.75" long extender was fabricated, attached to a
commercial probe, and the unit tuned by the manufacturer.

When applied to dissolution of human hair, good accuracy and precision for
those elements detectable by ICP-OES was found when compared to results
obtained by INAA. The extender design, however, has its flaws. First, excessive
heating at the probe-extender interface required sonication to be done in stages.
The unit had to be manually switched off for 5 minutes following sonication for
10 minutes in order to cool the probe. Secondly, contamination from Fe was

worse than when a commercial Ti probe was used. This could probably be
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eliminated by use of extenders fabricated from Ti metal with purity greater than
99.97%. This wouid be costly. On the other hand, iron was the only metal
impurity found in the 99.97% titanium at levels sufficient to cause concern.

To summarize, it has been demonstratd that commercial ultrasound probes can
be used to dissolve quickly a wide range of solid biological samples without the
need of adding large quantities of concentrated and sometimes hazardous acids.
The equipment neede” o .chieve ultrasound dissolution is simple, easy to
operate and commercia silable at reasonable cast. This research forms the
starting point for the application of sonochemistry, a field that has been an
exclusive domain for synthetic chemists since the first sonochemicaily assisted

synthesis was reported in 1978,145 to analytical sample preparation.

7.2 Suggestions for Further Work

Even though this study has shown that ultrasound provides a potentially
powerful new mechanism for the dissolution of solid samples, further research
and development of this technology would be a worthwhile investment to the
advancement of instrumental analytical chemistry. Below is an outline of

suggestions for future research in this area.

7.2.1 Identification of Chemical Species Produced by Cavitation

In chapter III, the species formed from water during acoustic cavitation were
not specifically identified. They were broadly classified as oxidants that liberate
I> from KI solutions. They could be any radical such as OH, HO», etc.198 or other
species which might react directly with I- to form I». Identification of these
species could help establish optimum conditions for sample decomposition.

It is also possible that cavitation may cleave hydrogen peroxide to form

hydroxyl radicals in the same way that uv photolysis does in enhanced
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oxidation processes.?38 Since hydroxyl radicals are more reactive than hydrogen
peroxide itself, it is possible that this could be the reason why ultrasound
dissolution of organic compounds is faster than heating. ESR studies might be
used to obtain information on this process.

During ultrasound dissolution of biological materials in H2O», it was observed
that copious amounts of gases were evolved. A variety of gases might be
produced. It would be worth identifying these, using techniques such as GC. It
may also help to know the products of ultrasound decomposition in various
solvents. This is important because of possible incomplete decomposition, even
though samples are clear in appearance.23 For this purpose, techniques such as
HPLC and ion chromatography could be employed. On the other hand, because
of the high temperatures that prevail in an inductively coupled plasma, this

information may not be critical.

7.2.2 Application to Materials Other Than Biological Samples
Applications to non-biological materials such as those of geological and
metallurgical origin could be investigated. Organic fractions in soils could be
decomposed by the procedure developed for biological samples; thereafter,
siliceous material could be removed with HF in a microwave oven. Thus these
two methods could complement each other. Another way in which this method
might be applied to siliceous samples is by revisiting the Teflon sleeve design
proposed in chapter VI. If this design could be implemented, HF digestions using
ultrasound would be possible.
Lastly, basic, rather than acidic, microwave digestion procedures for refractory
metal oxides have recently been reported.24? Studies of ultrasound digestion in

basic media is another area that can be explored.
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7.2.3 Kinetic Studies

Since the rate of dissolution of organic compounds by use of ultrasound is
controlled by both physical and chemical factors, it may be possible to formulate
rate laws for this process. The simplest approach would be to assume that the
overall rate law is a sum of two terms, namely surface area and reagent
concentration. BET surface area measurements could be used to determine the
surface area dependence, whereas conventional techniques such as

spectroscopy could be used to determine the concentration dependence.

7.2.4 Ultrasound Equipment

Like most commercial units, the Sonics probe used in these studies resonates at
a fixed 20 kHz, thus limiting studies to this frequency. There is growing evidence
that, contrary to popular belief,220 frequency does affect chemical reactions.
Therefore research into technology for producing probes that have multi-
frequency operation is needed to determine the effects of frequency on
dissolution rates and conditions.

It was shown in this study that the rate of production of oxidant species
depends on ultrasound power. Quantities of oxidants produced during
sonication of wafer at full power for one hour were in the pM range, a
concentration not sufficient to dissolve 100-mg portions of sample without
external addition of oxidants such as H2O3. The d«velopment of more powerful
probes would produce higher levels of oxidants; these levels might be sufficient
to achieve complete decomposition without addition of external reagents.

It may also be necessary to redesign the sonication vessels to fit differing
analytical applications. First, there is a need to ensure that all the sample is under
the cavitational plume at all times. Therefore the spacial distribution of

ultrasound from source through the sample suspension to the bottom of the



229
sonication ve:sel nceds to be considered. Secondly, to ensure reasonable
lifetimes for the apparatus and to avoid expensive replacement of the converter,
the sonication vessel needs to be designed to prevent fumes evolved during
digestion from reaching the electronic components.

An obvious limitation of this method is the relatively long dissolution time of
one sample per hour. If mor: powerful processors can be developed, multiprobe
systems might be feasibic thai could process several samples at a time.241

Finally, computer-controlled digestions using ultrasound could be considered.
This would enable operation of the unit in a "hands-off" mode. One advantage of
such systems could be a reduction in costs associated with labor. Another is the
use of robotics so that samples can be digested by day or night, in attended or
unattended operation. To avoid manual control of power output, sonication and
cooling cycles, the pulser inside the ultrasound processor could be replaced by a
computer which, after development of dissolution schemes for each application,
could routinely do this task. Perhaps ultrasound could also be adapted to the
ultimate goal of true automation whereby computers control all steps in an
analysis, from sample preparation to data analysis and report generation, with in-

built feedback mechanisms (artificial intelligence).
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