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al

ement and a toxic element for animals and

Selenmum is both an essentuizl race ¢
human beings. It has been eswablished that an extremely narrow concentration range

exists between deficient and oxic levels. A knowledge of the concentration of

selenium in human tssues and body fluids is quite important for health, and it is

g
poie
€2
o
74}

necessary to develop analviical met or the determination of selenium in biological
systems.

An X-ray tluorescence « XRF} spectroscopy combined with preconcentration
treatment has been developed for the analvsis of traces of selenium in biological
systems in this work. Tellurium was used as a coprecipitating agent as well as an
internal standard because of its similar chemical properties to Se and its absence in
most biclogical systems. The preconcentration treatment consists of two steps: sample
decomposttion and coprecipitation. A mixwure of acids HNOH.SO./HCIO, has been
found to be most effective in sample digestions, leading to minimum Se loss while
maintaining strong oxidizing conditions. High recovery of selenium (average 98.8%)
was obtained from this digestion. Hydrochlonc acid and hydrazine dihydrochloride has
then been employed in the reduction of the Se in its high oxidation states to form
precipitates. The digestion temperature. time and other conditions have been
optimized. Experiments have shown that the martrix absorption-enhancement effects

are negligible and that the calibration curve obtained without a matrix can be used for

1
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Chapter I Importance of Selenium

The element Selenium was discovered early last century (1817)' and has
been ascertained to be an important element to humans and animals. In the mid
1930’s, selentum was recognized as a toxic element responsible for "alkali disease”
and blind staggers”.” Schowarz and Scortt’ announced their finding of the
nutritional requirements of selenium in the late fifties. This is now recognized as
one of the most important discoveries in nutrition in the last thirty years.’
Extensive studies of the role of selenium in human and veterinary health and
selentum related decease has continued over the past three decades. The role and
importance of selenium in the environment will be discussed from two perspectives,
namely, the distribution of selenium. and the role of selenium in human nutrition

and health.
1.1 Distribution of Selenium
Se is mainly found in metal sulphide deposits; most commonly it is

chemically attached to the metals Cu, Zn, Ag, Hg and Pb. Some Se - minerals,

{e.g.. Tiemannite and Naumanite) contain up to 249% Se by weight.* It is widely



distributed in the environment but in very low concentrations compared to its

3 ~ O tirnan ard Tha auvara
f which is up to 10° times higher.” The aver age

U CJ

crustal abundance of Se is 0.09 ug/e® and concentrations in coal and fuel oil range

from 0.47 to 8.1 pg/g and 2.4 to 7.5 ug/g, respectively, depending on type and

=

origin of the fossii fuel. In soils where it is present as the element, as selenite and
selenate and in the form of minerals, the total levels scatier widely and can range
up to 80 ug/g in seleniferous types.®

Various factors affect the presence of Se in soils, e.g., its composition,
leaching and percolating processes, addition by meteoric or ground water during
soil formation in the geochemical cycle.” In plants it occurs as selenate and in the
form of organic compounds (amino acids). The content varies widely among
species. Thus, primary accumulators (species Astragalus) can incorporate several
thousand ug/g, where as in locoweed, the concentration is 15000 ug/g.'® Secondary
(species Aster) and non-accumulators (diverse cereals, vegetable and herbage) take
up about 200 - 300 pg/g and 0.2 - 20 ng/g, respectively.’

Although Se mostly exists in mineralogical rock and soil, the concentration
of Se can be very high in some water systems because the Se enters water as
soluble selenites and as suspended particles of insoluble and organic forms of the
element. A concentration of 9000 ppb Se was detected in a well in Colorado,

USA."" However, most water systems have very low concentrations of Se due to

poor drainage of seleniferous soils. Se concentrations in water increase greatly

(A



when irrigation of seleniferous soils has been carried cut. An increase of between
8 and 80 ug/g is observed in the Se content of the Gunnison River in Colorado, due
to the collection of irrigation waters from seleniferous soils."

Selenium also exists in air in the form of aerosols and larger particles
resulting from windblown dusts, volcanic action, and the combustion of fossil fuels
and refinery of nonferrous metals etc. The concentration of Se is in the range of
nanograms per cubic meter in most ambient air.” Environmentalists believe that
of all the contributors of Se to the air, the combustion of fossil fuels contributes the
greatest share.

The levels in animal and human tissue™ ' and food” ™ show a great
vanation and can lie anywhere from ug/g to ng/g. As an illustration, some Se
levels are presented tor environmental samples™ ™ (Table 1.1 and Table 1.2),
animal tissues (Table 1.3) and foods (Table 1.4).

The Se in soils can be taken-up by plants which in turn is passed up the food
chain to humans and animals. Therefore, it is useful 10 have a generalized map of
the general distnbution of Se in crops. Figure 1.1 shows such a regional
distribution of Se in food and feed plants in Canada and in the USA.*' These

distributions has raised concerns regarding public health implications for regions

with iow Se contents.



Table 1.1

Total Selenium contents of some environmental matrices

Matrix Se Content Reference
(ug/g)
Earth’s Crust (average) 0.09 6
Rocks
igneous rocks 0.05 24
sandstone 0.05 24
limestone 0.08 24
Fossil fuels
coal 0.47-8. 7
oil 2475 7
Soil
normal 0.1-0.4 25
dry 0.01-2.¢ 24
seleniferous 10.0-80.0 8
Marne plants 0.8 26
Tye grass 0.01-3.3 7
clover 0.13 25




Total Selenium Contents of Some Waters

Table 1.2

Matrix Se content Reference
(ng/g)
Sea water

median 0.09 10
North Pacific 0.06-0.12 27
average 1.0-4.0 7

Lake water
Arrowhead. Calif. [Se(IV)] 0.08 28
River water 0.085-0.37 29

Rain water
[Calif. / Se(1V)] 0.052 28
Tap water 0.16 30

Table 1.3
Selenium in Some Human Tissues and Body Fluids
Specimen Se content (fresh tissue) Reference
(ug/g)
Kidney 0.77-0.109 14
Heart 0.38 15
Liver 0.39-0.54 16
1.06-2.06° 16
Muscle 0.36 17
Skin 0.27 17
Lung 0.19 17
Blood 0.12° 18
Urine 0.034-0.1° 18
* Reported on dry weight, ° ug/ml




Table 1.4

Selenium Contents in Food

Food Se content References
(ng/g)
Pork

kidney 0.2-0.96 19
muscle 0.06 19
ham 0.03 19

Chicken
muscle 0.1 20
Sea animal average 0.4-0.7 20

fish gills 0.11

fish flesh 0.06 21
Whole cow milk 0.003* 19
0.02-0.04 22
Mature 0.02-0.11 23
Skim milk 0.05 20
Dried skim milk powder 0.1-0.25 20
Human milk ND.01-0.17¢ 22
Colostrum 0.05 23
Mature 0.01-0.02 23
Cheese 0.01-0.03 21
Egg white 0.04-0.06 21
Yolk 0.05-0.07 21
Flour, whole meal 0.02 19
- White flour 0.01 19
Barley 0.67 20
Fruits, Vegetables 0.01 20
Garlic 0.25 21
Onion 0.02 19
Mushrooms 0.13 21

* ug/mli

D=




S!:’;.’ LOW-APPRCOXIMATELY 80X OF ALL FORAGE AND GRAIN CONTAIN<O.10 PPM SELENIUM

ADEQUATE-BOX OF ALL FORAGES AND GRAIN CONTAIND0.10 PPM SELENIUM

[77] VARIABLE-APPROXIMATELY 50% CONTAIND0.10 #PM SELENIUM [INCLUDES ALASKA]
- {INCLUDES HATALL}

Figure 1.1
Regional Distribution of Se in Food and Feed Plants in the USA and Canada

as Indicated by the Se Contents of Forages and Cereal Crops.”!



1.2 Se in Human Nutrition and Health

Selenium was recognized as a toxic element in the early 1930°s” and an
essential element for animals in late fifties.” However. the role of selenium in
human nutrition and health was not well understood until the late seventies.

An important breakthrough resulted from studies of Se in human health in
China.”” These reports indicated a correlation between severe Se deficiency in
discrete regions of the People’s Republic of China (PRC) and un endemic juvenile
cardiomyopathy (e.z.. Keshan disease).”" Keshan disease. a cardiomyopatiy, was
prevalent in certain areas of PRC for more than a cenwry. This disease 1s a
multifocal myocarditis that occurs primarily in children between the ages of 2 and
10 vears. The ca talitv of Keshan disease in PRC was greater than 80% in the
1940’s. but has fallen to about 30 % 1n recent years.

Also, there were observations of Se as a factor in the aetiology of a
chondrodystrophic disease (Kaschin-Beck disease) of children in severely Se-
deficient parts of PRC.™ These findings provided the first direct evidence that Se
plays in important role in human health.

A map of Se distribution for PRC™ is shown in Figure 1.2. The mapping
of Se in crops is important for the development and understanding of the role of

A i tha n P2 4

- o T s o] - ~
Se in the nutrition of animals and humans. e 1.3 shows the distribution of the

Keshan disease and Kaschin-back disease in China.”® Compared to Figure 1.2,
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selenium is out of this range. It has been established that an extermely narrow

requirement to compensate normal daily losses in humans is 50 - 60 ug/day.*'

Selenium concentrations in the body may vary from 0.034 pyg/mL (in urine) to
0.109 ug/e (in kidney).”> Deficiency symptoms appear at diet dry- matter levels as
low as 0.02 - 0.04 ppm. while levels of 2 - 4 ppm or more are toxic.”" Therefore,
a knowledge of the concentration of selenium in human tissues and body fluids 1s
imperative and it is necessary to develop analytical methods tor the determination
of selentum in biological svstems. Further reliable analytical methods are needed
to perform required, “on - line” monitoring of Se levels especially to those who are

exposed to Se because of their occupations, and for people in the areas with

selenium deficient soils.



Chapter 2 Methods for Selenium Determination

The analysis of Se can be accomplished by a variety of techniques but only
Some are applicable to biological materials. The following discussion provides a
general discussion of the existing methods of Se analyses with emphasis on the
strengths or weaknesses of the techniques, particularly when analysing for Se in

foods. feeds, and animal tissues.

2.1 Existing Analytical Techniques: Strengths and Weaknesses
Table 2.1 is a brief survey of some analytic methods*™® and each of the

methods is discussed in the following sections.

Fluorometric method

Among the methods. the fluorometric method using diaminonaphthalene
(DAN) has been the most popular one. This method involves oxidizing selenium
in samples to Se™, and reacting with DAN to form benzopiazselenol. The product
fluoresces intensely at 520 nm when it is excited at 390 nm. The selenium content

is quantified using a fluorometer. The main advantages of the DAN procedure are

its good sensitivity (0.002 ppm)* and its relatively low cost. Nevertheless, the

13



Table 2.1

i Detection Sample Known Refer-
Limit preparation interferences | ences
(ppm)
Fluorometric 0.002 Nitric-perchloric Loss of 43
determination of acid digestion, or volatized Se
piazselenol after reaction O, combustion in digests
of Se™* with 2.3-diamino-
naphthalene
Atom-trapping atomic 0.1 O, combustion Mineral 44
absorption spectrometry cauons
Atomic absorption 0.01 Acid digestion: Matrix 45
spectrometry with hydride generation | effects (esp.
hydride generation Cu, As, Sb)
Electrothermal atomic 0.003 Thermal Matrix 46
absorption specirometry stabilization with effects
N1
Neutron activation (.02 - - 47
analysis using ~Se
X-ray fluorescence 0.04 Lyophilization - 48
spectrometry
Proton-induced X-ray 0.01 Lyophilization: - 49
emission analysis pelletization
Isotope dilution with 0.6005 | Nitric-phosphoric - 50

detection by combined
gas-hquid
chromatography/mass
| spectrometry

acid digestion;
Chelatioin with 4-
nitro-o-
phenylenediamine

14




method has two potential ritfalls.

The first involves the loss of Se during the acid digestion of samples
containing large amounts of organic materials. Adequate acid digestion of selenium
in biological materials requires the complete conversion of the native forms of the
mineral to Se™ and / or Se™. and the subsequent reduction of any Se™ formed in
the process to Se™ without loss of Se. Inorganic Se can be volatilized to an
appreciable extent under the conditions of acidic digestion in the presence of such
large amounts of organic materials that charring occurs, especially when sulfuric

31

acid 1s used as an oxidant.” The volatilized Se, probably in the form of H,Se, can
result in significant errors in the analysis ot fatty materials, such as egg yolks or
adipose tissues. The second potential problem involves interfering fluorescence due

52

to apparent degradation products of DAN itself

Atomic absorption spectroscopy (AAS)

By ftar, the most widely used analytical method is AAS with flame,
electrothermal and heated quartz cell atomization. In conventional AAS (with
flame atomization), a liquid sample is atomized by spraying it into an acetylene
burner. Occasionally other flues are used and sometimes an oxidizer such as NO,
1s added to increase flame temperature. The absorbance of the tlame is measured
at a particular wavelength, then compared against standards.

Conventional atomic absorption spectroscopy (AAS with flame atomization)



is not suitable for the determination of Se in biological samples due to the high
limit of detection (0.1 ppm) with that procedure.** Variant AAS methods, however,
have been developed with sensitivities adequate for biological use. One such
method involves hydride generation of sample Se followed by quantitative detection
by AAS.*> This method requires very small sample size (¢.g., 0.1 ml of serum).
[t has adequate sensitivity (0.01 ppm),” and the hydride generation step can be
automated. However, it suffers from possible interferences due to other elements
that can form hydrides as well (e.g., Cu, As, Sb). Of these. Cu causes the most
sertous interference. Better sensitivity has been obtained using electrothermal AAS.
This method avoids the problems associated with wet digestion by employing high
temperature oxidation in a graphite furnace. In practice, electrothermal AAS has
sensitivity to determine Se levels as low as 0.003 ppm.* Use of high temperature
(e.g.. atomization at 2400°C) reduces interferences due to nonspecific absorption of

organic compounds and non-Se salts, but introduces the problem of volatility of Se

under such conditions.

Neutron activation analysis (MAA)

A more sophisticated approach is neutron activation analysis. In this
technique, samples are bombarded with neutrons in the core of a nuclear reactor.
Atoms of elements such as selenium can acquire an extra neutron, and then

ultimately decay by gamma emission. The intensity of the decay gamma rays is
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proportional to the concentration of selenium in the sample. In some applications
NAA has excellent sensitivity, and can be used to analyze solid samples directly.

Neutron activation analysis (NAA) of Se offers the advantages of
applicability to small sample size and relative ease in sample preparation. A high
sensitivity (0.02 ppm)*’ is obtained by measuring reaction product, Se (t,, = 120d),
but its use necessitates lengthy irradiation times (100 hrs), and long periods of post-
irradiation holding (60 days) and counting (2 hrs). Greater economy by increased
sample throughput has been achieved, at the expense of sensitivity, through the use
of the short-lived product (17.38 sec half-life) "™Se. This isotope can be produced
(5 sec), allowed to decay (15 sec), and counted (25 sec) very quickly in an
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automated system. Due to the ease of this procedure as well as to its
nondestructive nature, some investigators with access to research reactors have
found instrumental neutron activation analysis useful for the measurement of Se.
Nevertheless, the uulity of the "fast” method is limited by its relatively low
sensitivity, rendering it unsuitable for accurate quantification of low concentrations
of Se in ussues of animals which are chronically deficient of the element. In

general, NAA is sensitive enough for direct selenium determination, but requires

a nuclear reactor as a neutron source with large start-up costs.™

X-ray fluorescence Analysis (XRF)

In XRF analysis, the sample is illuminated with monochromatic X-rays.



Core electrons such as the Is, 2s, and 2p electrons are knocked out by collisions
with incident photons. When other electrons cascade into the newly created
vacancies, fluorescent X-rays are emitted. These fluorescent X-rays have energies
which are proportional to the atomic number of the emitting atom. The intensity
of fluorescent X-rays of a particular energy is a measure of the concentration of a
particular element.

One advantage of X-ray fluorescence, as an analytical technique, is the non-
destructive sampling. Another advantage is that, unlike the situation in emission
spectroscopy, very few lines are obtained for each element, thereby decreasing
interferences from background elements. Any element with an atomic number
higher than that of magnesium can be readily analyzed.

Unfortunately, the intensity of the few X-ray emission lines of selenium is
very low, thus limiting their analytical value. Nevertheless, Olso and Shell”
developed a procedure for the simulianeous determination of selenium and mercury
in organic compounds. Their results were accurate to £1 ppm in the range of 2-40
ppm for both selenium and mercury. A 600 mg sample was required, but the
method is rapid and nondestructive. The average time for each analysis, including
sample preparation and X-ray fluorescence analysis, was 45 minutes. Handley™
used X-ray fluorescence to determine selenium in plant materials containing 7.73-

946
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A recent modification to XRF has been the use of protons to induce X-ray
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emission (PIXE).”" PIXE is still in the development stages, but detection limits of
0.01 ppm have been achieved.” PIXE has several problems including a short half
thickness for protons, and the need for equipment capable of generating beams of

protons with energies on the order of Mev.

Isotope dilution mass spectrometry

The procedure tor determining Se by double isotope dilution involves the use
of two stable isotopes of Se as tracer (°Se) and internal standard (**Se).”® Samples
spiked with a known quantity of the internal standard are digested in nitric-
phosphoric acid, undigested lipids are removed with chloroform, and hydrochloric
acid is used to reduce any Se™ to Se™. Selenite is reacted with 4-nitro-o-
phenylenediamine to from 3-nitropiazselenol, and the nitropiazselenonium ion
cluster is detected by combined gas-liquid chromatography/mass spectrometry. The
native Se in the sample is calculated from the measured isotope ratios, using the
**Se naturally present in the sample. Reamer and Veillon® have carefully
developed this technique and have reported a sensitivity of less than 0.001 ppm.”
Their method employs a rapid digestion, which avoids several problems associated
with the use of perchloric acid, and is capable of fully oxidizing the often
problematic trimethyiselenonium.” It thus appears to be suitable for biological
measurements and there have been applications in biological systems.>

A [UPAC interlaboratory (12 sites) comparison of widely used methods for
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the determination of Se in clinical materials” found statistically significant
difference among the meun concentrations reported for Se in lyophilized human
serum. The samples were analyzed by either (a) acid-digestion/DAN-fluorometry,
(b) electrothermal AAS. (c) acid-digestion/hydride generation AAS, or (d) acid-
digestion/isotope dilution mass spectromery, with slightly higher values reported by
the first procedure. The tour methods compared very favourably for the analysis
of pooled lyophilized urine samples. However, only the fluorometric method
showed homogeneity of variance among laboratories.

The DAN fluorometric procedure remains one of the most widely used
method for the analysis of Se in biological materials due to its high sensitivity and
reliability. Despite the tedious nitric-perchloric acid digestion which it entails, the
operating costs of the method are not great because the only instrumentation
required is a good quality tluorometer. Therefore. this procedure has been the
method of choice for many biomedical laboratories. Newer methods, including
electrothermal AAS, AAS with hydride generation, PIXE, "fast” INAA, and isotope
dilution with gas-liquid chromatography/mass spectrometry, otfer good options for
biological investigations. but they generally require large amounts of background
development with large start-up costs. As these methods are improved, they will

be employed more extensively in future analysis of Se.



2.2 Goals of This Thesis

We have been interested in developing an alternate experimental procedure
to quantify Se in tissues and body fluids. The availability and advantages of the
XRF system could make it very suitable as a technique of choice for Se
determination in biological specimens. XRF is basically a multi - element
technique and is one of a few instrumental techniques which can analyze solid
samples directly. XRF can be performed rapidly, accurately and reliably. Cost for
such analyses can be modest. The XRF analysis usually does not require any
special sample preparation. This keeps the overall technique simple and more
reliable because each step in a sample preparation procedure has the potential to
introduce errors.

Conventional XRF spectroscopy usually has a relatively poor sensitivity for
Se and suffers from the interference of matrix absorption - enhancement effects.”
Direct determination of selenium in biological samples by XRF is not possible®’
because the typical selenium concentration in a biological sample is well below the
detection limit of XRF for all modes of sample excitation. It was. therefore,
necessary to develop a preconcentration procedure to bring selenium concentrations
up to the detectable limits of this technique. This long objective can be sub-divided
into a series of discrete goals.

1. Development of a rapid and simple chemical preconcentration technique



12

Lad

to quantitatively extract selenium from sclutions, using tellurium as a

preconcentration technique consists of two steps: optimization ot sample
decomposition. followed by u coprecipitation procedure to obtain a thin

sample.

. Identification and optimization of conditions to improve the sensitivity of

the new approach.

. Identification of spectator ions which may intertere with quantitative

selenium determination.

. Assessment of sources of error in the XRF anulvsis, and develop

methods 1o minimize the error.

. Expand the application of the new approach for routine sefenium analysis

of a large number of biologicul sumples.

. In order to verity the validity of using this XRF method.

electrochemical technique, namely differenual pulse cathodic stripping
oltammetry (DPCSV, was utilized as an independent technigue in the

determination of Se in standard reference material and human erythrocyte

samples.
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ecome negligible.  Thirdly. the ratio of fluorescence X-ray to background is
Assuming the use of thin samples. typical sensitivity values for XRF-analysis
are in the range 1-100 ag cm . in a measuring time of 107 5.~

XRF analvsis, hus become an invaluable instrumental method to obtain both

gqualitative and quantitative information on many different tvpes of samples. XRF

analysis has applications in many areas such as climcal chemistry, archaeclogy,

e

criminology, mining, medicine, etc.

3.1 X-ray Fluorescence {XRF) - Basic Principle

Figure 3.1 shows un idealized. simplified diagram ot the electron

s are in different

LACAET LT I ! nuciclls PRt Rdiziiceciit

shells.

[

zlectrons). the "L7tup § electrons) and

If the atom is bombardad by an incoming radiation (photon or charged

particle) that has an energy greater than E,, (see Figure 3.1}, electrons in the M

shetl will be forced from their regular orbit creating vacancies in this shell. Similar

eater than E, or E, respecuvely.

(‘“J
w.m
Lt

The electron vacancies thus created are quickly filled by higher energy



Figure 3.1

Electron transitions giving rise to the major emission lines.
The moving particle or photon must have energy greater

than the binding energy of the respective electron orbit.



electrons from the outer shells, thus maintaining equilibrium of the atom.
Electrons from the outer shells possess more energy than the energy necessary to
enter an inner orbit. This excess energy may be released as the emission of
electromagnetic radiation, namely, photon as one option. Because the energy
released is in the X-ray range, i.e.: 1 KeV to 100 KeV. the phenomenon is known
as "X-ray tluorescence”.

Given appropriate excitation conditions, vacancies in the inner electron orbits
can lead either to the emission of X-rays characteristic of the element (fluorescence)
or to the emission of Auger electrons. These competing processes vary as a
tunction of the atomic number. Z. of the element, with the fluorescence process
dominating at higher valves of Z.

By definition, fluorescence that results from electron transitions to fill
vacancies in the K shell of an atom are called "K lines”. Fluorescence from
electron transitions to fill L shell vacancies are called "L lines” etc..

ecause of the regulanty in atomic structure of all the elements, differences
in electron orbit energies for the various elements are also regular. In fact, there
is a linear relationship between the XRF line energies and the atomic numbers of
the elements. Since the binding energies of the electrons are known, it is possible
to theoretically calculate the XRF energy lines for all the elements; this information
is readily available 1o the operator or analyst. Additionally, XRF line energies are

closely spaced, forming 2 lines of known relative intensities for K series, 5 lines
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tor the L series etc.. Thus X-ray fluorescence analysis is a powerful and
convenient tool for identifying elements in a sample with a Z number greater than
12, and is unmatched by any other analytical technique for speed,
comprehensiveness, accuracy and cost.

Figure 3.2 shows a schematic diagram of an XRF system. The sample is
irradiated by a photon or an X-ray source and characteristic X-rays are emitted
from each element present in the sample. X-rays are then detected and converted
to electric pulses. which are then amplified and analyzed by means of a pulse-

eight analyzer. From the energy of the emitted X-ray, elements present in the
sample can be identitfied. Elements can be quantified trom the X-ray intensity (the

X-ray intensity depends upon the concentration of that element in the sample).

3.2 Quantitative Analysis with XRF and Interference Effects

In general, the intensity I, of emitted X-rays of a particular line (e.g., Ko)
from a trace element with concentration C, present in a sample is given by:

I, = ,PGAC, 3.1)

where I, is the intensity of the incident radiation and G is the detection efficiency
of system (including geometry of the source-detector configuration and intrinsic

detection efficiency for the X-ray of interest); P is the total cross-section for the
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production of a particular line for the element considered and A is the self-
absorption factor, dependir : on the sample matrix. Normally. parameters such as
P, G and A are difficult to estimate, especially for a thick sample. However, if a
thin sample is used, the interelemental effects and absorption losses can be
minimized. For a thin sample, equation (3.1) simplifies to:

I, = I,PGW, (3.2)

where W_is the weight (or number of atoms) of element x in the sample. This
assumes that the sample is completely irradiated by the beam, i.e. the beam area is
large than the sample area. Equation (3.2) is valid only if the absorption of the
incident and emitted beam by the sample matrix is negligible: i.e.,

I >09]I, (3.3)

which translates into the thickness of the sample, m, (expressed in mg/cm?).

m, < 0.1 / (W(E,) + u(E,) (3.4)

The terms p(E,) and p(E,) are the mass absorption coefficients (cm*mg) of the
sample matrix materials for incident (E;) and emitted (E,) X-ray energies.

Even with this simplification, the absolute magnitude of the various terms
in equation (3.2) are difficult to estimate.

One way to circumvent this problem is to perform measurements relative to
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some internal standard. Using equation (3.2) for the internal standard element,
element x and taking the ratio, one obtains:

I/ =1,PGAPGW)* W =KW, (3.5)

where I, is the intensity of emitted X-rays of interest and I 1s the intensity of the
particular internal standard element line. The calibration constant K, (relative
systermn response constant for element x) can be determined for each element from
a series of measurements on thin standard samples with known W_  This
information can then be used to quantitatively analyze for the corresponding
elements in an unknown sample.

Theoretically, X-ray fluorescence is inherently quantitative in nature, since
the yield of X-ray quanta is proportional to the number of atoms actually present
in the specimen. A complication arises, however, due to interaction of X-rays.
This phenomenon is referred to as "matrix effects”. Matrix effects are the result
of two basic processes: the "absorption” of X-rays by the matrix and the subsequent
"enhancement” or production of additional X-rays by certain elements in the matrix.

The external (incoming) photon that excites the atom to produce XRF is
absorbed by all elements in the sample until it reaches a depth in the material
where it has been totally absorbed. During this time, X-rays that are characteristic
of the different absorbing elements (XRF) are produced. In the process of reaching

the X-ray detector, however, these X-rays are again absorbed by all the elements




in the specimen. This is the absorption phenomenon and is the predominant cause
of matrix effects.

The use of thin samples greatly reduces this effect. A sample is defined as
infinitely thin when the intensity of the emitted fluorescent X-rays is reduced by
less than 10% on leaving the sample (equation 3.3). For selenium in biological
samples. this corresponds to a thickness of about | mg/cm® (calculated from
equation 3.4 and assuming that the bulk matrix is carbon).

If some of the X-ray fluorescence produced is energetic enough to excite
other elements in the specimen, "secondary fluorescence” will also be produced.

This condition is normally called "enhancement”.

3.3 The XRF System at SFU: Selection of Operational Parameters

The optimal condition for XRF analysis of thin samples is obtained when
monoenergetic radiation of adequate intensity is employed as incident radiation,
with energy above the binding energy of the element or elements to be analyzed.
Therefore, X-ray sources which emit preferably one or very few lines in the range
5-150 KeV can be usefully employed.

In general, one approach is to employ an X-ray tube with variable
acceleration potential with changeable secondary targets, so that the energy of the

excitation radiation can be changed (Figure 3.3).” The SFU system is a photon
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exaltation secondary target system of this type. In this approach the primary
radiation emitted by the X-ray tube. mainly a continuous X-ray background (called
Bremsstrahlung) produced from interaction of electrons in the anode, is converted
to a secondary quasi-monoenergetic radiation through the excitation of and
successive X-ray emission of an appropriate monoelemental secondary target.

Two XRF spectrum of 100 ug Fe are shown in Figure 3.4.° In the top
spectrum, the Fe was excited by Bremsstrahlung radiation from the X-ray tube; in
the spectrum at the bottom, the Fe was irradiated with the secondary radiation
emitted by a zinc target. Both spectra were collected using essentially identical
conditions (e.g., collection time, primary beam current, etc.). The advantage of the
latter solution is apparent.

The choice of an appropriate secondary target is predicated upon the need
to have the energy of the exciting photon radiation only slightly greater than the
absorption-edge energy, K_,, of the elements of interest. For the analysis of
biological specimens a Mo target was used since its Ka radiation (17.5 keV) 1s
above the K, energy of selenium (12.65 keV). The highest number of vacancies
occurs as the energy of the K, approaches the excitation energy.”® As a general
rule, the most efficient secondary target is usually about 5 to 10 atomic numbers
higher than the element to be determined.

What are the optimum kV and mA of X-ray tube settings for a sample

determination? The following equation governs the choice of kV and mA:

(o
2



Figure 3.3
Schematic set-up of the apparatus employed for converting primary
Bremsstrahlung radiation from the tube to secondary monoenergetic radiation.
1. = X-ray tube; 2 = Secondary target; 3 = conic collimator; 4 = sample; 5
= conic collimator; 6 = detector; a = primary Bremsstrahlung radiation; b =

secondary radiation; ¢ = X-rays emitted by the sample.*
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I, oo (kV)" mA (within certain limits) (3.6)

where: I, is the intensity from the source, and n is greater than 1 but usually less
than 3. Note that to obtain the greatest [, maximum kV and mA should be used.
Of course, there are some practical limitations. First. there is a maximum kW
(kVA) rating on the X-ray generator and X-ray tube to consider, and secondly the
use of high kV and mA settings will probably cause the detector/electronics
circuitry to be swamped with counts and system dead time will therefore become
excessive.

As a general rule, a KV setting roughly equal to about 2 times the energy
of the characteristic line of the secondary target is used. and a mA setting sufficient
to achieve a dead time of about 5% is used. In this study. the XRF spectrometer
was used with operational parameters of 40kV and 15mA. For quantitanve work,
it is imperative that the samples be analyzed at the same KV and mA settings as

when the system is calibrated.

B. Differential Pulse Cathodic Stripping Voltammetry

Differential Pulse Cathodic Stripping Voltammetry is a modified
polarographic measurement. The convertional polarography is constructed with a

dropping mercury electrode and an electrochemical cell. Polarographic data are
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differental pulse polarography increases the sensitivity of the polarographic method
by about 3 orders of magnitude, to 10® M.

The sensitivity of the differential pulse method is further enhanced by
combining the differential pulse technique and a stripping method. In the stripping
procedures, the solution is first collected by electro - deposition at a mercury
eiectrode; it 18 then redissolved (stripped) from the electrode to produce a more
concentrated solution than originally existed. This preconcentrated solution around
the mercury electrode is then measured by differential pulse polarography. The
whole process 1s called differential pulse stripping voltammetry. If the stripping is
a reduction reaction. 1t is known as differential pulse cathodic stripping
voltammetry (DPCSV). The detection limits can be as low as 107 M.

In this work. the principle of the differential pulse cathodic stripping
voltammetry urnlized a bulk electrolysis step to preconcentrate selenium from
solution into the small volume of a mercury electrode ( a hanging mercury drop).
After this electro-deposition step . the selenium was redissolved (stripped) from the
electrode using a scan of cathodic potential ( in the form of differential pulse
voltammetry). The measured voltammetric response (peak current) is proportional
to the bulk concentration of selenium. During the preconcentration step at a
potential of -0.2 V (vs Ag/AgCl reference electrode), the following reactions occur:

Se* + 2H™ + 6e ~— H,Se 3.7
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H.Se + Hg — HgSe + 2H™ + 2e~ (3.8)

The preconcentrated Se is then stripped (redissolved) at -0.58 V as:

HgSe + 2H" + 2¢~ — H,Se + Hg (3.9)

According to the theory of the method,” the peak potential is characteristic of Se

and peak current is proportional to the concentration of Se in solution.
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Chapter 4 Experimental

4.1 Analysis Using XRF

4.1.1 XRF - Instrumentation and Measurements

The X-ray fluorescence (XRF) facility used in this work as discussed earlier
1s a secondary target, photon excitation, energy-dispersive system. Figure 4.1
shows a schematic representation of this system. An X-ray tube (SIEMENS Model
1162023V 4004), equipped with a gold anode, was employed to generate the
primary source Bremsstrahlung photon radiation which in turn irradiated a
selectable secondary target, (molybdenum was used in this study). X-rays irom
this secondary target {including M, Ko and K3 lines) was filtered by a thin layer
of Mo before radiating the sample.

The samples rested on a AAWP, millipore filter paper with a diameter of
25mm and a pore size of 0.8 um. The deposited area of the -ample on the
millipore filter was 78.78 mm~. The fluorescence from the sample was detected
using a Kevex Si(Li) semiconductor detector (measured FWHM 180 eV for 5.9
keV) which produces a current pulse for each photon received. Pulses were
amplified. shaped, and digitized by standard electronic equipment (originally

developed for nuclear spectroscopy) including a Kevex Model 2002 Pre-amplifier
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and a Kevex Model 4500 amplifier (see Figures 3.2, 4.1). A multichannel analyzer
(NUCLEAR DATA INC. Model 66) sorted the signals into a frequency histogram.
[rradiation time was 1000 seconds with an electron current in the X-ray tube of 15
mA. The intensities of the selenium Ko line (11.2Kev) and the combined tellurium
Lo LB Ly lines (3.77Kev, 4.30Kev and 4.57Kev, respectively) were extracted from
the observed spectrum using an internal program of the ND66 analyzer (see Figure
4.2). The net area of the peak was taken to be the total counts minus the
background counts. The background counts are the summation of all counts below
an projected line drawn from the left limit channel of the peak to the right limit
channel of the peak. The desired accumulated counts in the present study was a
net peak of 2500 counts. Standard counting error then was 50 and relative
fractional counting error was 2%.
4.1.2 XRF - Materials

Reagents. All reagents and acids were analytical grade. Glass-distilled,
deionized water was used for all the experiments. Stock solutions containing 1.0
mg/mL of selenium in IN HCI were prepared with elemental selenium (Aldrich
Chemical Company, Inc.) and the internal standard tellurium (1.0 mg/mL in 1IN
HCl) was prepared from Na,TeO; (Aldrich Chemical Company, Inc.). All stock
sotutions were stored in plastic bottles. Dilutions from these stock soluiuions were
made prior to the experiments to prevent any losses of these elements, possibly by

adsorption and volatilization. Reducing agent was treshly prepared by dissolving
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hydrazine dihydrochloride (Aldrich Chemical Company. Inc.) in water to a final
concentration of 10% m/m. All glassware and plastic bottles were cleaned with
detergent and acetone. rinsed and soaked overnight in a 5 M nitric acid bath, rinsed
with distilled water, and air-dried prior to use.

Samples. Standard reference materials such as National Bureau of Standards
(NBS) Oyster tissue (SRM 1366), Cirrus leaves (SRM 1572), Rice flour (SRM
1568), Bovine lever (SRM 1577a), International Atomic Energy Agency (IAEA)
Animal blood (A-2), Animal muscle (H-4) and Fish homogenate (MA-A-2) were
employed. Biological samples with Se such as human serum and erythrocytes
{from Royal Columbia Hospital in New Westminster) and food samples (from the
supermarket, e.g., fruits, vegetables, fish, meat, liver etc) were also available for
analysis. Sample weights in this work were generally in the range of 0.2-0.5 g for
solid samples and about 1.0 mL for liquid samples.

Digestion apparatus. Destruction of biological samples was conducted in
100 mi Pyrex long neck (6 cm long and 4.2 cm diameter) flasks. Temperature-
controlled heat plates were used to heat the samples to desired temperatures. A
glass air-condenser (> 30 cm long) was fitted to the flasks to ensure reflux of acid
vapour.

Filtration Apparatus. The filtration apparatus {Figure 4.3) consisted of a
Pyrex filter holder, a reservoir, a flat 10 mm diameter circular sintered glass and

metal clamps. The collection disc was a 25 mm diameter Millipore filter (AAWP,



Glass Funnel >

Millipore Filter (0.8 um)

Glass Frit 9
(Pyrex type, medium porosity)

Glass Adaptor

Figure 4.3

Filtration Apparatus
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4.1.3 XRF - Biological Sample Preparation Approach
The general experimental procedure to be followed to develop the optimum

acid mixtures is illustrated in flow diagram (Figure 4.4). Rseults of these tests and

rationale discussion in Chap.5.

Figure 4.4

Flow Diagram for the Biological Sample
reparation Approach

Standard reference
bioiogical sampie
0205 g

E

Test at different acid mixture
capacitiss to digest biological
samples containing Selenium

hd

LRI | e
u obtzin thin sample pady for
(thickness of deposit < 1m§/cm2) XRF analysis

|

.

Optimized sample preparation
technique applied for selenium
determination in a large number

of biological samples

|

i

XRF analysis
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4.1.3a Test of Different Acid Mixtures for Wet Digestion

600 ug amounts of Te from the stock solution (1.0 mg/mL in IN HCI) were

e

added to five biological standard reference samples as an internal standard; four
kinds of digestion mixture ac:ds were then tested for each sample. In order to
avoid losses of volatile selenium compounds (e.g., in the forms of SeOCl, or
SeOBr,) during digestion. a condenser was routinely used.

a) Sulphuric acid and hydrogen peroxide Sulphuric acid 5.0 ml (96%)
was added to the sample in a Pyrex long neck flask (100 ml). The resulting
mixture was heated to approximately 100 °C for 15 min, then cooled to room
temperature where upon 2mL of hydrogen peroxide was subsequently added. The
mixture was then heated for 20 min at £ 100 “C, and was subsequently cooled in
an ice bath for 10 min. The foregoing hydrogen peroxide treatment was repeated
three times in order to oxidize all forms of selenium to Se(VI).

b) Nitric and perchloric acids Concentrated nitric acid (10 ml) and a few
glass beads (to prevent bumping; were added to the sample in a Pyrex long neck
flask (100 ml) and heated to 75 °C. The mixture was left to stand overnight at this
temperature. Further heating at 125 °C for 6 hours was applied to reduce the

volume of the sample solution to 3 ~ 5 mL. After addition of 2 mL of

5

(o8

concentrated perchloric acid (72%). the temperature was increased to 170 °C.
Upon the appearance of perchlonic acid fume, the digestion was carried out for 30

min. The heating was halted when the liquid volume was reduced to approximately

LN
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1 mL.

¢) Nitric, perchloric and sulphuric acids The sumple was allowed to stand
overmght with 10 mL of concentrated nitric acid. At this stage, all of the protein
matrix dissolved to give a vellow solution, with only the far matrix floating on the
surtace of the solution. After addition of 2 mL of concentrated sulphuric acid and

2 mL of 60% perchioric acid. the mixture was gradually heated to 140 °C and was

bk,
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maintained at this temperaiure The sample was kept at 170-180 °C

until all of the perchloric acid was removed and dense white fumes of sulphur

v

trioxide appeared. The addition hvdrogen peroxide and the heating process were

repeated twice again after which the hedting was allowed to continue 5 min at

$3% phosphonc acid {1 ml) was added to the sample and left

overnight at room temperature. Afwer this predigestion. the sample was heated at
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When the brown NO, fume
disappeared. the heating was haited. After cooling the sample 10 room temperature,

O-1 was added. The samples were allowed to react
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returned to the hot plare and heated at 143 "C for ~3 hours unul the volume was

reduced to ~1-1.5 mb. and the colour of the digest wrned purple. If purple



<

2N peroxids

&
=
fo

acid-hvdro

continued.

I

e
Lt
ot

o

‘cm?®)

T
iiiib!

{ <

{
1

S

-

n Sample

i

4.1.3b The Reduction Procedure Used to Obtain Th

cedure was develop. A

o

below.

ven

7

=
a

i)
M
V., A} v.“J
Vot
= o
ot o
feha e
n btornd
a)

1

3

A
Py

expernn

was diluted with

The mixiure was

an,

i1

ol

RS

3

3MHC

Cd

‘s
4

309

nd

4

NASr

!
5

Selenite was

ous

g
Jos
=

3
sd

After 15 mun, the

"

enmm

o

ted for Sel

que App

i

fechn

aration

ed Sample Prep

-

1miz

.

4.1.3¢ Opt

logical Materials

10

«

B

ination in

=

-

Determ




Biological Sampl

T—

i
!
i
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Figure 4.5

Flow Diagram for the Trace Analysis of Selenium



1. Tissue samples. Individual rainbow trout fish (15 individuals, 90 9
male ) were obtained from the Wesicreek Trout Farm in Vancouver. The fish were
kept for a period of two weeks in an aquarium, then sacrificed and weighed.
Muscle. liver and gill tissues were recovered. Each gill sample was a combination
from five organisms due to the very low weight of the organs.

A known amounts (fresh weights) of the tissue was placed in a 100 mL
Pyrex glass flask and concentrated nitric acid (10 mL) was added, the sample was
allowed to stand at room temperature overnight. At this stage the protein tissues
were dissolved to vield a vellow solution with the fat tissue floating on top of the
solution. Concentrated sulphuric acid and 60% perchloric acid (2 mL each) were
added and the sample gently heated at 140 °C. At this stage the nitric acid was
evaporated. When the volume of the digest was reduced to 4-5 mL, the
temperature was increased 1o 170-180 "C. At this temperature, boiling of niiric acid
was vigorous and care was necessary to prevent the solution from escaping from
the flask. If the solution turned yellow, 1 ~ 2 mL of nitric acid was added after
cooling the solution for about | minute. The solution wis boiled again and more
nitric acid was added untif the solution became colourless. The sample was boiled

untif white fumes of perchloric acid appeared to ensure the absence of charring.

2. Food samples. The selection of samples was based on the popularity of
the food. The popularity was based on information received from various

government agencies and directors of supermarkets serving Western Canada,
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particularly 1n the region of British Columbia. The samples analyzed in this work
were considered to be particularly representative of the food products consumed in
Western Canada. The sample size was usually determined by two factors: (1) water
content {wt %) and (2) fat, starch, or sugar content. Generally, 5-10 g of products
containing >50% water and low in fat, starch, or sugar (e.g., fruits, vegetables, fish,
meat, liver) were used: food products weighing 3-5 g that contain 10-50% water;
and 1-3 g for products containing <10% water (e.g., flour, cereals, dried foods)
were employed. For products high in fat or sugar (¢.£., cheese, butter oils, sirrups,
jams), sample sizes were limited to 1-2 g

Having placed appropriately sized samples (weighed to an accuracy of 0.001
g) and 3 glass beads into a 100 mL Pvrex glass flask, 30 mL of HNO,-HCIO, (5:1,
v/vi was added. This sample was digested overnight at room temperature. The
temperature was gradually increased to achieve a steady vigorous boil with care
taken to prevent loss by foaming or bumping. When the volume was reduced by
approximately one-half, 10 mL of HNO;-H,SO, (1:1. v/v) solution was added at
room temperature. The flask was further heated at 170-180 °C during HCIO,
oxidation, a process which was characterized by vigorous surface darkening.
Charring was avoided by cauticus addition of HNO, in | mL portions (HNO, had
to be added to maintain oxidizing conditions). Failure to closely observe the HCIO,
oxidation stage of this digestion would result in possible loss of elements sought,

=

or even explosion. High fur. sugar. or carbohydrate products required more HNO,
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to maintain oxidizing conditions. When digestion was applied to any such product,
a conservatively small sample (1-2 g at most) was nitially utilized and digestion
was cautiously allowed to proceed. Upon increasing the temperature to 140°-170°-
180°C, the solution rapidly turned an intense yellow-green. Heating was continued
until the solution became clear and colourless, and dense white fumes of SO,
appeared. The samples were kept at this temperature for another 5 min, then final
digest was colourless and the volume of solution was reduced to 2 mL.

3. Serum and ervthrocyte samples. Serum and erythrocyte samples were
taken from 25 healthy volunteers. 1.0 mL of serum or 1.0 mL of erythrocytes and
2.5 mL of nitric acid were placed in long-necked Pyrex glass flasks, heated slowly
to 140 °C on a hot plate and kept at this temperature for 30 min. After cooling to
room temperature, sulphuric and perchloric acid (0.5 mL each) were added. The
temperature was slowly raised to 160 °C. 170 °C, 180 "C. and held at each of these
termnperatures for 15 min before the next increase. The final temperature of 180 °C
was held for at least 20 min so that most of the perchloric acid was removed and
the volume of the digestion solution was reduced to approximately 0.5 mL.

In order to determine selenium content after sample digestion, the reduction

technique {see 4.1.3b) was carried out to obtain a thin sample.



4.2 Analysis Using Differential Pulse Cathodic Stripping

Voltammetry (DPCSYV)

4.2.1 Reagents and Instrumentation

All acids including electrolytes were analytical grade. Distilled, deienized
water was used for all sample and solution preparations. Ar (99.999%) was
employed as purging gas. The stock Se solution was selenium atomic absorption
standard solution (Aldrich. 1030 ug/ml of Se in 1% HNO,). The required standard
solutions were freshly prepared by diluting the stock solution with electrolyte-
containing solution.

A microprocessor-based polarographic analyzer/stripping voltammeter (PAR
Model 264, GE and G Princeton Applied Research), equipped with a PAR Model
303A  static mercury drop electrode was used to obtain all stripping
voltammograms. A Hewlett-Packard Model 7046A X-Y recorder was used. The
electrode compartment consisted of a hanging mercury drop, Ag/AgCl (in saturated
KCl, all the potential is relative to Ag/AgCl) and a Pt wire were used as its
working. reference. and counter electrodas. respectively (Figure 4.6).

Sample solution {10 mij was transferred to the polarographic cell following
4 minutes of degassing. The selenium (VI) was measured at room temperature

under the tfollowing conditions:
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initial potential -0.20 V

final potential -0.90 V
purge time 240 sec.
scan rate SmV
deposition time 120 sec.
equilibrium time 10 sec.
pules height 005V

4.2.2 Sample Digestion

Samples of erythrocytes were digested using methods similar to those
employed in XRF analvsis. Erythrocytes (0.5 mL) were transferred into a long-
necked flask and 65% HNO; (10 mL). and 72% HCIO, (4 mL) were added. The
flask was heated slowly 1o 135 °C. After 30 minutes at 135 °C, the temperature
was gradually raised to 140, 160, 170, and 210 °C, and the sample was held at each
of these temperatures for 15 minutes. The HNO, and HCIO, were evaporated
during the digestion and anproximately 0.5 mL remained in the flask. The resulting
Se(VI) was reduced to SeilV) by heating the sample with HC! (1.0 ml HC1,36.5%
added) at 100 °C for 20 minutes. The sample solution was then diluted to 50.00

ml. with water.
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Chapter 5 Results and Discussion: Development of

Biological Sample Preparation Method

Direct excitation XRF usually has limited sensitivity: the detection

35

limit for Se is generally in the range of 2-40 ppm.”” In order to bring the
concentration of trace elements to a detectable level, a preconcentration step is
required. An efficient preconcentration treatment consists of two steps: sample
decomposition. followed by a coprecipitation procedure to obtain a thin sample (<1
mg cm®). The most importunt considerations for preconcentration treatment for
biclogical materials are: 1; the choice of an acid mixture that avoids loss of Se and
maintains strong oxidation conditions: 2) the choice of a digestion temperature and
a time to fully decompose the organic structure without loss of Se; 3) and the
design of the reduction procedure. The sample was treated with different strong
oxidizing acids at different ratios and different temperatures depending on the types
of bioiogical samples. The biological sample preparation technique will be

discussed in two aspects: opiimizaiion of the acid mixwre to digest selenium

matrices. and optimizatien of the reduction step.
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5.1 Optimization of the Acid Mixture to Digest Biological Samples Containing

Selenium

Although the chemical nature of selenium in biological materials is not
entirely known,™ some organic selenium compounds have already been identified
in plant and antmal tissues. For example, selenoamino acids such as selenocysteine
and selenomethionine have biological activity, and the trimethylselenonium ion is
an important urinary excretory product.’” These bioselenium samples proved to be
a way to check the validity of the various methods of determination of selenium in
biological materials and their capacity to digest some organic selenium matrices.

Wet digestion is fast and is much less troubled with volatilization loss,
because of the lower temperature as compared to the dry ashing technique. The
major disadvantage is the possibility of contamination from the large excess of
reagents emploved. Generally, wet decompositions for the complete destruction of
organic matter require agenis with high oxidation potential.  In many cases, HNO,
and even a mixture of HNQO; and H-SO, are insutficient. Not only is this acid

mixture unable to digest tissues with high fat content, but charring of the sample

is possible. Therefore. a host of mixtures and oxidizing agents at various
remperatures have been investizated. o completely mineralize the sample without

ioss of Se.

In this work. wet digestion methods were emploved for the XRF analysis of
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selentum in five biological standard reference materials (described in chap.4 -
4.1.3a). Samples were treated with concentrated mineral acids and/or strong
oxidizing agents in solution. Oxidizing conditions are maintained throughout the
procedure. Usually, the mixture was heated to 100-200 °C to accelerate the
digestion process.
Four different combinations of acid mixtures described in chap.4 were used

in this work:

I. in H,SO,/H,0, ratio 5:1 ;

II. iIn HNOL/HCIO, ratio 3:1 ;

II. in HNO,/H.SO,/HCIO, ratio 5:1:1 ; and

IV. in HNOJ/H,PO,/H.O, ratio 5:1:1 ;
The recoveries of Se using different mixtures in wet digestion techniques are given

in Table 5.1, and each of the procedures are discussed in the follow sections.

Procedure L

Compared to other procedures, relatively low recoveries of selenium were
achieved by sulphuric acid and hydrogen peroxide mixture. Samples were routinely
dehydrated and charred by sulphuric acid. Charring of the sample is an indication
of the reduction, although Agemian and Thomson® reported that complete loss of

selentum occurred when samples were charred. Using this mixture, satisfactory

resufts were obtained for NBS 1377 and TAEA A-13. When volanle selenium
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Table 5.1

Comparison of Some Wet Decomposition Procedures

Matrix Parameter Procedure
I I I v
Rice flour R, % 90 95 102 101
NBS 1568 n 3 3 5 3
S. % 5 11 5 9
Citrus leaves R, % 87 104 97 95
NBS 1572 n 3 3 3 4
S. % 13 13 14 12
Bovin iver R. % 08 101 101 96
NBS 1577a n 4 3 4 3
S. % 7 4 6 10
Fish R, &% 71 93 96 95
homogenate n 3 3 3 3
IAEA MA-A-2 S. % 13 10 11 13
Animal blood R, % 104 100 95 102
IAEA A-13 n 3 4 3 4
S. % 8 8 9 12

L in H,SO/H,0,; 1L in HNOYHCIO,: 11 in HNOY/H.SO/HCIO,;
IV. in HNOy/H;PO/H.O.:

R = Selenium Recovery: n = Number of Analysis:

s
£w,
»,
i

= Relative Standard Deviation
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compounds were absent, the charring of the sample did not lead to a loss in
selenium. The recoveries of selenium after using this procedure were generally low

and its use for this purpose should be avoided.

Procedure IT and 11l

Mixtures such as nitric-perchloric and nitric-perchloric-sulphuric acids have
were found to be satistactory in this work; the average recovery of Se was 98.6%
and 98.2%, respectively. The high recovzaries of Se in these mixtures can be
explained by the foliowing:

It is well known that selenium in high oxidation states is less volatile. The
loss of selenium during sample decomposition can be avoided by maintaining the
solution under oxidizing conditions. The presence of perchloric acid was also
important in decompeosing organoselenium compounds completely and facilitating
oxidation of the highly resistant fatty materials. These conditions were achieved
by introducing perchloric acid to the digestion mixture.

In order to avoid loss of volatile selenium compounds, the temperature was
increased slowly durning the initial stage of digestion to avoid excessive boiling and
bumping. The duration of digestion in the perchloric acid mixture was at least 30

Y

min. When the digestion was completed, the volume of the solution was reduced
to 1 mL. In this way the selenium containing organic material was found to be

cumpletely decomposed.



As discussed earlier, the role of perchloric acid was to prevent selenium
losses by maintaining oxidation condition throughout digestion. The use of
concentrated perchloric acid in wer digestion procedures required several
precautions. The high reactivity of HCIO, could cause violent explosions if the
acid were mishandled. Perchloric acid is an oxidizing agent only when both hot

and concentrated. The cold, concentrated (70%) acid (although a strong acid) is not

an oxidizing agent and will not even oxidize iodide to iodire or iron (lj to iron
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{1113,  In other words, care must be tken o follow

handhing:

1. Never bring undigested organic matter directly into contact with hot,

concentrated HCIO,: a fire or explosion may result.
2. Always predigest organic matter with HNO, first 1o deplete the easily
oxidized compounds.

ied HCLO, is spilled, dilute immediately with large
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for all standard reference materials ranged from 95% to 102% of their certified
values. The results reported here indicate the H,PO,/HNO,/H,O, mixture to be a

satistactory alternative to the use of HNO/HCIO/H,SO, for digesting biological

The oxidation status of the digesting solution was monitored by solution
color up on the addition of a small amount of manganese {Mn) which served as an
indicator of completion of digestion. Due to the formation of permanganate (MnO,’
jion. a purple coloration of the digesting solution appeared when the oxidation
was complete. The addition of Mn also identified samples that had not received
sutficient oxidant at the end of the digestion to avoid Se loss from charring of
samples.”” The mechanism of MnQO, formation has been explained by Allen Dong
et.al.”™ During ¢he initial stage of the digestion. the color of the solution was

vellow-brown due to tae presence of NO. gas. After the addition of H.O, and

heating 1o evaporate excess HNO.. the phosphate in the digest was condensed to

pyrophosphate. Pyvrophosphate  reacted with H,O. or phosphate
hydroperoxidate 10 form peroxophosphate; this in turn reacted with colourless

However. some digesting solutions of difficult-to-digest samples did not



show the purple color even when the volume of the digest was reduced to 1 mL
because of insufficient oxidant. Also. samples with high lipid content had lipids
floating on top of the digest. For both situations. the digestion was terminated
before the volume reached 1 mlL with yellow-brown color. The remaining
dissolved organic materials or lipids were removed with chloroform.” For

complete digestion of organic material, additional HNO;+H,0, was added before

the volume of the digest reached I mL. Upon the addition of HNO,+H,O- to the

MnO, by free H.G.. The destruction of H,O, by Mn was diminished in the

With prolonged heating. it is possible to evaporate. decompose, or consume

the remaining oxidants in the digest. The change in color from the purple MnO,

prior to the formation of churred particles. Thus continued heuting can result in Se
foss from precipitation or volatilization.

i11ons could occur even
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icles in the digest. Thus it is important

to 1dentify and avoid this "precharring ag during H.PO O./H.0-. digestion.
MnSO, was added for this purpose as a redox indicator. The addition of Mn(1l)
to the digest did not interfere with the XRF determination of Se: this was in




Careful control of digestion temperature was critical for a successful
decomposition. Decomposition times varied from one hour to a whole day
depending on the nature of acid mixture used.

A nitric acid. phesphoric acid and hydrogen peroxide mixture provided an
efficient means of sumple digestion with high recovery. possibly without Se loss.

However, th as long, tedious and not suitable for fats. The mixture of

¢
gl
=
Q
]
D
L
7.8
o
¥

nitric, perchloric and sulphuric acids was therefore, deemed most suitable for the

routine analysis of large number of biological samples.

5.2 Design and Optimization of the Reduction Procedure

1

The reduction of SeiVI) is based on a two-step reduction using hvdrochloric acid

and hydrazine dihvdrochloride. Selenium was co-precipitated with tellurium

<tract ” samples, some Se is present in

oxidized to the highest oxidation state during

PR 34 3 .ol iy N 3ty 3
L8 oxidized 10 s2ienaid i mixuures
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Reductanis rhar are normally applied are. e.gz., H.O..7 KBr.” KI-SnCL,



Zn powder,” TiCl,-Mg.” The efficacy of KI is, however, often impugned.” The

L

i rhic work e S he reaction deme
o in this work. The efficiency of the reaction depends,
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reductant HCI was emp
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however. on many factors, e.g. concentration of the HC! (Figure 5.1),% reduction
time (Figure 5.2),*" and temperature of the solution.*’ The optimal conditions in our
experiment involved use of a 3 M hydrochloric acid solution and boiling gently
{100 °C} for 20 min.
f selenium using tellurium as the coprecipitant

Trace amounts of Se present in biological samples does not permit direct
precipitation of the element. Therefore the selenium was coprecipitated with added
carrter Te. The use of Te in this work has two noteworthy advantages in the
biological applications of XRF. First. it is an ideal coprecipitant for Se because its

chemical properties are similar to Se. Even in extremely small quantities, Se can

J

—~

be coprecipitated with Te to make the analvsis possible. Secondly, it has been
reported that Te does not naturally occur in most biological systems.™ Tellurium
is. therefore. ideally suitzble as an interpal standard which is important in
compensating for mamrix absorpiion-enhancement effects and long-term instrument
drift {see Chapter 6). The gquanttes of added Te used are usually in the range of

200-1000ug. We chose 600ug Te as 4 good compromise, taking into account the

The mixture of hydrazine dihydrochloride and H,SO, was used to reduce the
selenites and tellurites to selenium and tetlurium, respectively. Figure 5.3 gives the
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Figure 5.1
Dependence of the Recovery of Se(IV) on the Concentration of HCl in the

Reduction of Se(VI) to Se(IV).*
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