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Chapter 1 Importance of Selenium 

The element Selenium v- as discovered early tast century ! 18 17)' and has 

been ascertained to be an imporranr element to humans and animals. In  the mid 

193OYs, selenium was rceognized as; 3 toxic efemenr responsible for "alkali disease" 

and blind staggers".i Schowarz and Scortt3 announced their finding of the 

nctritional requiremsnfs of selenium in the late fifties. This is now recognized as 

one c.f the most important discoveries in nutrition in the last thirty years.3 

Extensive studies of thc role of selenium in  human rind veterinary health and 

selenium 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 dis t r ib~ion of selenium. and the role of selenium in human nutrition 

and health. 

f .l Distribution of Selenium 

Se is mainly found in met$ sulphide deposits: most commonly it is 

citemicaiiy attached ro tbz metsis Cu. Zn, .4g, Hg and Pb. Some Se - minerals, 

(r -g . .  Tiemannite and Xaumanite) contain up to 24% Se by weight.' It is widely 



distributed in the en~irunrnenr but in very low concenrrations compared to its 

cowener L- sulphur. the occurrence of which is up to 106 iirnts highsr.' The average 

crustal abundance of Se is G.04 yg/g%nd concentrations in coal and fuel oil range 

from 0.17 to 8.1 pa_iiz L., L.. and 2.4 to 7.5 pg/g. respectively. depending on type and 

- 
origin of the fossil hsi. In w i ! ~  u here i t  is present as thi: element, as selenite and 

selenate and in the form of minerals, the total levels scatter g%idely and can range 

up to 80 ug/g in seleniferous rypss." 

Various factors affect the presence of Se in soils, e.g.. its composition, 

leaching and percolatino, - processes, addition by meteoric or ground water during 

soil formation in the geochemical qcle, '  In plants i t  occurs as seienate and in the 

form of organic compounds (amino acids). The content varies widely among 

species. Thus, primary accumulators (species Astragal us j can incorporate several 

thousand pgig. where as in locoweed, the concentrarion is 15000 ~ g / ~ . "  Secondary 

4 species Aster) and non-accumutators (diverse cereals. vegstable and herbage) take 

up about 300 - 300 ygig and O.2 - 20 ugig, respectively. '3 
b 

Although Se rnostfv 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 parrides of insoluble and organic forms of the 

element. A coneennation of 9000 ppb Se was detected in a weif in Colorado. 

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

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



when irrigation of ssknifsriiw joik has been c a i e d  GLII. A n  incrsass of betvieen 

3 and 80 ugig is obsencd in the Se ccrntcnt of rhe Gunnison River in Colorado, due 

I ?  

to the collection or' irrigation xbaters from sefeniferous soils.'- 

Selenium also exists in air in the form of aerosols and larger particles 

resultirtg from windblown dusts, volcanic action, and the combustion of fossil fuels 

and refinery of nonferrous metal3 etc. The concentrririon of Se is in the range of 

nanograms per cubic merer in  most ambient air." Environmentalists believe that 

of ail the contributors of Se to the air. the combustion of fossil fuels contributes the 

oreatest share. P 

The levels in animai and human tissue" " and food"-'3 show a great 

variation and can 1is any\xhsre from yg/g to n g f g .  .As rtn illustration, some Se 

.13-30 Ievsls are presented for environmental sampleb r Tsbls !.I and Table 1.2), 

animal tissues (Table 1.3) and foijds (Tabfc 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 to have i generalized map of 

the general distribution of Se En 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 ictw Se contents. 



Table 1.1 

Total Seicniiirn conrcnts of some environmental matrices 

Matrix Ss Content 
I ! y g l g )  

Earth's Crust (average) 0.05 

Rocks 8 

igneous rocks t 0.05 
sandstone 0.05 
limsbtone , 0.08 

Fossil fuels 
cod 

oil 

Soil 
normal 

dry 
selenifcrous 

kla-ine plants 
rye grass 

clover 

Reference 



Table 1.2 

Total Seieniurn Contents of Some tVaters 

Matrix 

Sea water 
median 

North Pacific 
average 

Lake water 
Arrowhead, Calif. [Ss( IV)] 

Rityer water 

Rain water 
[Calif. 1 Se(iV,j 

Tap watzr 

Table 1.3 

Selenium in  Some Human Tissues and Body Fluids 

Specimen 

Kidney 
Herut 
Liver 

-Muscle 
Skin 
Lung 
Blood 
Crine 



Table 1.3 

Ssfenium Contents in Food 

Food 

~ 

/ / Pork 
I 

I! kidney 

i muscle 

f /  ham 

I Sea animal average /i 1 j fish gills 
fish flesh 

/ /  Whole cow milk 
ii 
i i  
4 Mature / /  Skim milk 
11 Dried skim milk po'iwkr 1 Human milk 

CoIostrum 
11 Mature 
Ij 

Cheese 
Egg whits 
Yolk 
Flour, whole meal 
Whits flour 
Barley 

1; Fruits, Vegetables 
il 
! j Garlic 
ii /i Onion 

Mirshrot7ms 

References 



LOW-APPROXIMATELY 80% OF AiC FORIf E AND G R A I N  COHTAiN<O. lO  PPM S E L E N I U M  

ADEQUATE-8OX OF ALL FORAGES A N D  G R A I N  COHTAIN>O.IO PPM S E L E N I U M  
I l N C L t f D f S  HAWAI l !  

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 Sutrition and Health 









selenium is out of this range. I t  has k e n  established that an sstermely narrow 

crtncen~ttrion range exists b s tuea  deficient and toxic leve!s. The dietary selenium 

requirement to cornpenwe narrntti dttili Iusses in humans is 50 - 60 pg/daY.l1 

Szfeniun-i concentrati~n\ in ch; bod! ma) vary from 0.034 pg!mL f i n  urine) to 

* - 
0.109 u g k  - t in  kidney].'- Deficiency - svmptonls - appear at diet dry- matter levels as 

low 3s 0.02 - 0.04 ppm. L% h i k  levels of 2 - 4 ppm or more are toxic." Therefore. 

a knowledge of the concsntra~ion of selenium in  human tissues m d  body fluids is 

imperriti;pe and i t  is rrstssra? ro develop sna!ytical methods for the determination 

of s!sniurn in biological >>>ierns. Further reliable m:dytirA methods are needed 

~o perform required, -on  - ! ins monitoring of Se levels sspzcially to those who are 

exposed to Se because of thzir occtrpations, and for people in the areas with 

ssizniurn deficient soils. 



Chapter 2 Methods for Selenium Determination 

The analysis of Se can be r~ccomplished by a variety of techniques but only 

Some ;ire applicable to bioiogical materials. The f o l l o ~ ~  ing 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 .4nalyticaf Techniques: Strengths and Weaknesses 

Table 2.1 is s brief survey of some analytic meth~dr"-~%nd each of the 

methods is discussed in the following sections. 

Fluorometric method 

Among the methods, the fluorometric method using diaminonaphthalene 

CDAS) has k e n  the most popular one. This method involves oxidizing selenium 

in samples to Se", and rzrlctinp with DAX to form benzopiazselenol. The product 

fluoresces inrens;!~ at 220 nm tvhsn i t  is excited ar 390 nm The selenium content 

is quantified using 3 fluoramem-. T k  main advantage3 of ih s  D.VV procedure a.ie 

its good sensitivity (0.001 pprn)4' and its relatively low cost. Nevertheless, the 



Table 2.1 

j j f i i 

! L I Detection 1 Sample 1 Known 
! Limit preparation i interferences 
i 
I {PP*') I I 

j 
I 1 

/ /  Fluorometric j 0.002 / Nitric-perchloric I Loss of 
i 

'[ determination of 11 / acid digestion. or / yolatized Se 
ij piazselenol after reaction i / 0: combustion / in  digests 

I of Se" u-ith 2,3-diamino- I 1 
11 naphthalene i 
il i t i  ! I 

A tom-trapping atomic 1 1  : 0. I j 0, combustion 1 Mineral 

1 I / /  absorption spectrometry ~ 1 cations 
i i  " if Atomic absorption 0.01 j Acid digebtion; i Matrix 
1; spectrometry with hydride generation / effects (esp. 
'I 

hrdride rrensration t j Cu. As, Sb) 
i- I 

I 
it Etecnothermal atomic ! 0.003 1 Thermal 41atrix 

j i 
I / /  absorption spectrometry 1 stabilization with / effects 

ii 
ii i ) i 
i f  ? i 
i i  Xeutron activation 1 0.02 i - ! q - - 

' 5 -  

'i anaIvsis using '-);p 
I ! 

i f  
i ! 

il 
i I i 
1 i I 

x-ray fluorescence 1 0.04 1 Lyophilization i i t  j i 
spectrometry :I I 

!r i 

1 Proton-induced X-ray 1 0.01 / Lyophiliration: I f 
i 1 / /  emission analysis 

t i  a 1 pelletizatiun i 
i t I 

Isotope dilution with / 0.0005 / Xitric-phosphoric 1 - 
detection by combined i i acid digestion: 1 

ii ; I  - 93s-fiq~id I 1 Chelatioin uith 4- [ 
ii chramatography/mass I 1 nitro-o- i 

i 
! spectrometry i 
t 1 

I phenylenedinmine I 
i 

Refer- 
ences 



method has two potential +rfAls. 

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 biologicrtl materitils requires the complete conversion of the native forms of the 

mineral to Ss*' and I or Se-', and the subsequent reduction of any Se+"ormed in 

the process to Se*' withour 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 

i i 

acid is used as an o.xidant.-' The volatilized Se, probably tn  the form of H,Se, can 

result in significant errors in thc analysis of fatty materials, such as egg yolks or 

adipose tissues, The second potential problem involves interfering fluorescence due 

to apparent degradation products of DAN itself." 

Atomic absorption spectroscopy (A-AS) 

By h r ,  the most tvidely used anafyrical method is A,4S with flame, 

electrothermal and heated quartz cell atomization, In conventional AAS (with 

flame atomization), a liquid sample is atomized by spraling i t  into an acetylene 

burner. Occasionally othcr tlues are used and sometimes an oxidizer such as hO, 

i i  added to increase f2anx remperature. The absorbance of the flame is measured 

at a particufar wavtlength, then compared against standards. 

Conventionai atomic absorption spectroscopy (AAS with flame atomization) 



is not suitable for the determination of Se in biologicai samples due to the high 

44 firnit of detection (0.1 ppm) with that procedure. Variant AAS methods, however, 

have been developed with sensitiviries adequate for biological use. One such 

method involves hydride generation of sample Se followed by quantitative detection 

by AAS." This method requires very smail sample size (e.g.. 0.1 ml of serum). 

I t  has adequate sensitivit) (0.01 ppm),'5 and the hydride generation step can be 

automated. However, i t  suffcrs from possible interferences due to other elements 

that can form hydrides as we11 ( e . ~ . .  Cu, As. Sb). Of these. Cu causes the most 

S ~ ~ O U S  interference. Better sensitivity has been obtained using electrothermal AAS. 

This method avoids the problems associated with Naet digestion k y  employing high 

temperature oxidation in a graphite furnace. In practice, electrothermal AAS has 

sensitivity to determine Se levels as low as 0.003 ppm.'%se of high temperature 

(e.g.. atomization at 2100'~) 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 (XAA)  

A more sophisticated approach is neutron activation analysis. In this 

~eci-tnique. sampies x s  bombarded with neutrons in  the core of a nuciear reactor. 

.4toms 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 

16 



proportional to the curtcentr;ttjon of selenium in the sample. In  some applications 

L 7  1 has exceiienr sensitivity, and can 'be used to anaiyze solid sarnyies directly. 

Neutron activat-ion analysis (NA.4) of Se offers the advantages of 

applicability to small sample size and relative ease in sample preparation. A high 

75 sensitivity (0.02 ppm)'7 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 

), and counted (25 see) very quickly in an 

ease of this procedure as well as to its 

nondestructive nature, some investigators with access to research reactors have 

hund  instmmental neutron activation analysis useful for the measurement of Se. 

Xevsrtheless, the utility of the "fast" method is limited by its relatively low 

sensitivitv, rendering it unsuitable for accurate quantification of low concentrations 

of Se in tissues of animals which ;ire chronically deficient of the element. In 

oeneral, NA-4 is sensitive enough for direct selenium determination, but requires a 

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

( 5  see), a1 

automated 

lowed to decay ( 15 sec 

system.'3 Due to the 

X-ray fluorescence Analysis (XRF)  

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



Core electrons such as the Is, 2s. and 2p elecnons are knocked out by collisions 

with incident photons. ?Vhen other electrons casc:tde 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 s 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 eiemenis. A n y  element with s n  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 shellS5 

developed a procedure for the simultaneous determination of selenium and mercury 

in organic compounds. Their results were accurate to 11 ppm in  the range of 2-40 

ppm for both selenium and mercury. -4 600 my sample was required, but the 

method is rapid and nondestructive. The average time for each analysis, including 

sample preparation and X-ray fluorescence malysis. was 45 minutes. ~ a n d l e ~ ' ~  

used X-ray fluorescence to determine selenium in plant materials containing 7.73- 

916.0 ppm 

X rccent n~odificrtrion to XRF has been the use of protons to induce X-ray 



emission (PIXE).'- PlXE ia still in the development stages. bur detection limits of 

0.01 ppm have been achiet.2d."' PIXE hai 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 for determining Se by double isotopt: dilution involves the use 

of two stable isotopes of Se ss  tracer ( - b ~ e )  and internal standard ( X 2 ~ e ) . 5 0  Samples 

spiked with a lino\\n qusntity of the internal standard are digested in nitric- 

phosphoric acid, undigssted lipids are removed with chloroform. and hydrochloric 

acid i s  used to reduce any Se-" to Se-'. Selenite IS reacted nith 4-nitro-o- 

phenylenediamine ro from 5-nitropiazselenol, and the nitropiazselenonium ion 

cluster is detected by combined gas-liquid chromatograph>irnass spectrometry. The 

native Se in the sample is calculatsd from the measured isotope ratios, using the 

c ~3 
>*Se narurally present in the sample. Reamer and ~ e i l l o n ' ~  have carefully 

developed this technique and have reported a sensitivity of leis than 0.001 ppm.'O 

Their method employs a rapid digestion. which avoids se\ era1 probiems associated 

with the use of perchloric acid. and is capable of fully oxidizing the often 

probizmatic mmerhvlselsnonium.'" It  thus appears to bc suitable for biological 

rnezsurements and there have been applications in biological systems." 

A ILPAC intertaberatory ( 12 sites j comparison of u idely used methods for 



the determination of Se in clinical rnaterialsj9 found srntistically significant 

difference among the mean concentrations reported for Se in iyophiiized human 

serum. The samples were rinafyzed by either (a) acid-digssrion/DAN-fluorometry, 

(b )  electrothermal A A S ,  ~ c )  acid-digestionfhydride generation AAS, or (d) acid- 

digestioniisotope dilution mass spectromery, with slightly higher values reported by 

the first procedure. The four methods compared very favourably for the analysis 

of pooled lyophilized urine samples. However, only the fluorometric method 

showed homogeneity of variance among laboratories. 

The D,4X tluoromstric procedure remains one of the most widely used 

method for the analysis of Se in  biological materials due :o its high sensitivity and 

reliability. Despite the tedious nitric-perchloric acid digestion which i t  entails, the 

operating costs of the method are not great because rhe only instrumentation 

required is a good quality ftuoromertr. Therefore. this procedure has been the 

method of choice for many biomedictll 1 aboratories. Newer methods, including 

electrothermal A4S. AAS %r.ith hydride - esneration, PIXE, "fast" INAA, and isotope 

dif ution with gas-liquid chromatograph> [ m a s  spec tromerrj . offer good options for 

biological investigations. bur rhe! generally require large amounts of background 

development with large start-up costs. A s  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 t iscxs snd body fluids. The availability and advantages of the 

XRF system could make i t  i.ery suitable as a technique of choice for Se 

determination in biological specimens. XRF is ba;icaIly a multi - element 

technique and is one of a few instrumental techniques which can analyze solid 

samples directly. XRF can be performed rapidly, rtccur:ttety and reliably. Cost for 

such analyses can be modest. The XRF analysis usu;dly does not require any 

special sampie preparation. This kezps the overall technique simple and more 

reiiabie because each step in s sample preparation procedurz has the potential to 

inrroduce errors. 

Conventions1 WRF qxctroscop;, uualiy has a rtiarively poor sensitivity for 

Se and suffers from the intedersncz of matrix absorption - enhancement  effect^.^ 

Direct determination of selenium in biological samples by XRF is not possible6' 

bocaust the typical selenium concentration in a biological sample is well below the 

detection limit of XRF for sf1 mucis of sarnpie cucitation. I t  has ,  therefore, 

n s c e s s q  to develop rr preconcentrsion procedm to brir,g selenium concentrations 

up to the detectable limits of this technique. This long objective can be subdivided 

into a series of discrete goals. 

1. Develupment of a rapid snd simple chtmical preconcsntration technique 





Chapter 3 Principles of Experimental Techfiiques 



3.1 N-ra: Fitlorescence ( X R F )  - Basic Principle 



Election trank;itions giving rise to the major emission lines. 

The moving particle or p h o t ~ n  must have energy greater 

than the binding energy of the respective electron orbit. 



dectrorts from the  out^^ shells. thus maintaining equilibrium of the atom. 

Eiectrons from the outer hhziis posses moTe energy than ihe energy necessai-y to 

enter an inner orbit, This s w x  energy may be relerised as the emission of 

electrornrignetic radiation. namely. photon as one option. Because the energy 

released is in the X-ras, range, i.?.: i KeV to 100 KeV, the phsnomenon is known 

35 "X-ray fluorescence". 

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 ekctronc;. Thess competing processes vary as a 

function of the atomic number. 2. of the element, uith the fluorescence process 

dominating at higher - ~a11tes of 2. 

By definition. fluorescence that results from elsctron transitions to fill 

=. < A- '. ,,dLancies in  the K z;heft of an atom ;:re called "K lines". Fluorescence from 

electron nrtnsitions to fit1 L she!! vacancies are called "L fines" etc.. 

Because of the reguiclrit! in atomic srructure of all the elements, differences 

in electron orbit energies for the i.wiuus elements ore also regular. In fact, there 

is a linear reiationship betiveen the XRF line energies and the atomic numbers of 

the efsmsnts. Since the binding - cntrlrizs CI of the electrons are known, it is possible 

to theoretically c3lcuiarz :he XRF energy lines for all the elements; this information 

is readily n\rsilabls to the operator or analyst. Additionally, XRF line energies are 

closely spaced, forming 2 lines of knoivn relative intensities for K series. 5 lines 



for the L series etc.. Thus X-ray fluorescence analysis is 3 powerful and 

convenient tool for identibing 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 :i schematic diagram of an X R F  system. The sample is 

irradiated by a photon or an X-ray source and characterisiic X-rays are emitted 

from each element present in the sample. X-rays are then detected and converted 

to electric pulses, which tire then amplified and analyzed by means of 2. pulse- 

height analyzer. From the energy of the emitted X-ray, e!ernents present in the 

<ample cttn be identified. Eternents can be quantified from tne X-ray intensity (the 

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

3.2 Quantitative ..inal_vris with XRF and Interference Effects 

In gsneral, the intensir? f ,  of emitted X-rays of a particular fine ie.g., Ka) 

from ;t trace element uirh concentration C, present i n  a sample is given by: 

I, = I,PGAC, (3.1) 

i s  here 1, is the intensit!. of the incident radiation and G is ths detection efficiency 

of system (including - 2eomstrt.- of the sourcs-detector configuration and intrinsic 

dsrection efficiency for the X-ray of interesrf; P is the total cross-section for the 





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. C 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,PCW, 

where W, is the weight tor number of atoms) of element u i n  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 13.2) is valid only if the absorption of the 

incident and emitted beam b!, the sample matrix is negligible: ix., 

I, > 0.9 1, 

xvhich translates into the thickness of the sample. m, (expressed in mg/cm2). 

m, 5 0.1 1 (y{lZ2j -+ p(Et) (3.4) 

The terms u(EJ and p(Ei) are the mass absorption coefficients (cm2/mg) of the 

sample rnauix materials for incident (E,) and emitted (E,) X-ray energies. 

Ex-en with this simplification, the absolute magnitude of the various terms 

in syslation (3.2) are difficult to estimate. 

One way to circurnimt this problem is to perform nlzasurements relative to 



some internal standard. Csing equation (3.2) for the internal standard element. 

element x and taking the ratio, one obtains: 

rxiq5 = ( ~ ~ P ~ G J ~ ~ P ~ G , ~ , ~  * ivX = K J ~  (3 5) 

where I, is the intensity of emitted X-rays of interest and I, is the intensity of the 

particular internal standard elemen: line. The calibration constant K, (relative 

system reqonse constmi for element x j 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 vield of X-ray quanta is proportional to the number of atoms actually present 

in the specimen. A complication arises, hov%ever, due to interaction of X-rays. 

This phenomenon is referred to as "matrix effects". Matr ix 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 (incomingl photon that excites the atom to produce XRF is 

absorbed by all elements in the sample until i t  reaches u depth in the material 

. - .L. L-c i\ an r t ~ l l ~ ~  * x h - n r b A  ntlrjnS thic time, )(-rays t f i , ~  cf?xlcle-stic tnrrefe it I l a 3  & t ~ t  rOtalxJ ~ ~ U ~ U L U L A X .  u"l f l  C l l l J  L I I 1 l  

of the different absorbing dements IXRF) are produced. In the process of reaching 

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



in the specimen. This is the absorption phenomenon and is the predominant cause 

or matrix effects. 

The use of thin samples greatly reduces this effect. A srtmpIe 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 rhicknzss of about 1 rng/cm2 (calculated from 

equation 3.3 and assuming that the bulk matrix is carbon). 

If some of the X-ray tluorescence produced is energetic enough to excite 

other elements in the specimen, "secondary fluorescence"  ill also be produced. 

This condition is normally called "enhancement". 

3.3 The X R F  S_vstem at SFL': 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 eismsnrs to be analyzed. 

Therefore, X-ray sources ~vhich emit preferably one or ver) few lines in the range 

5- 1%) KeV can k ussfufty employed. 

In general. one approach ir to employ an X-ray rube with variable 

acceleration potential xvirh changetlbie s e c o n d q  targets, so that the energy of the 

excitation radiation can k changed (Figure 3.31.'' The SFC sysiem is a photon 



exaItation secondary target system of this type. In this approach the primary 

radiation emitted by the X-ral; tube. mainly a continuous X-ray background (called 

Bremsstrahlung) produced tiom 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 monoelementai secondary target. 

Two XRF spectrum of 100 Fe are shown i n  Figure 3.4.h2 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 irradi~ited w i t h  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 photor, radiation only slightly greater than the 

absorption-edge energy, K,,, of the elements of interest. For the analysis of 

biological specimens a 540 target was used since its Kct radiation ( 17.5 keV) is 

above the K,, energy of selenium (12.65 keV).  The highest number of vacancies 

occurs as the energy of the K,, :ipproaches the excitation energy." As a general 

rule, the most efficient secondary target is usually about 5 to 10 atomic numbers 

h' h t th-n t n olarnant tn b 
I E ~ ~ Z I ~ I  l ltuil Lhb b1b111b112 Lu - determined. 

What are the optimum k V  and mA of X-ray tubs settings for a sampk 

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



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; c = X-rays emitted by the ~ample.6~ 



counts 

Figure 3.4 

XRF - spectrum of 100 pg iron (A) excited by the primary Bremsstrahlung 

radiation emitter by the X-ray rube (a) (upper spectrum) compared with the 

XRF-spectrum of the iron sample ( 0 )  excited by a secondary Zn-target (A) 

(lower curve).62 



I, a jkV)" mA (within certain limits) 

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 I,, maximum k\' and mA should be used. 

Of course, there are some practical limitations. First. there is a maximum kW 

fkVA) rating on the X-ray senerator and X-ray tube to consider, and secondly the 

use of high kV and mX settings will probably cause the detector/elecnonics 

circuitry to be snsarnped with counts and systsm dsrid time will thzrefore become 

e'icsssive. 

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 achisvs ;i dead time of about 5% is used. In this study. the XRF spectrometer 

was used with operational pxxmstzrs of 4OkV and 15rn.4. For quantitative work, 

it is imperative that the samples be :inaiyzed at the same KV and mA settings as 

when the system is catibrated. 

•’3, Differential Pulse Cathodic Stripping Voltammetry 

Differential Pulse Cathodic Stripping Voftamrnstry is a modified 

polarographic measurement. The conve~tional polarogwphy is constructed with a 

dropping L mercury elecnode and an electroc hzmical cell. Polarogaphic data are 









Second current 
wrnp!c 

"-- 3 dislodged 

Figure 3 2  

Events for a Single Dm,- of a Difkientiai Pulse Polarographic ~ x ~ e r i m e n t . ~ '  





differential pulse polarography increases the sensitivity of the polarographic method 

by about 3 orders of magniiude, to lo-' M. 

The sensitivity of the differential pulse method is further enhanced by 

combining the differential pulse technique and a snipping method. In the stripping 

procedures, the solution is first coltected by electro - deposition at a mercury 

eiectrode; i t  is then redisi;olt.sd (stripped) from the elsctrcds. to produce a more 

concentrated solution than originally existed. This preconcentrated solution around 

the mercury siectrods is then measured by differential pulse polarography. The 

whole process is called differential pulse stripping voltammetry. If the stripping is 

a reduction reaction. i t  is known as differential pulse cathodic stripping 

voltammetry (DFCSV,. The detection limits can bz as low ;is 10' M. 

In this work, the principis of the differential pulse cathodic stripping 

voltammetry utiIized a bulk e lectrolyis step to preconcen trate selenium from 

solution into the small volume of a mercury electrode ( 3 hansing mercury drop). 

After this electro-deposition step . the selenium was redissoived (stripped) from the 

sfsctrode using a scan of c~tthodic potential ( in the form of differential pulse 

voltammetry). The measured voitammetric response (pcak current) is proportional 

to the bulk concentration of selenium. During the preconcentration step at a 

potential of -0.2 V (vs Ag/At.,Ct - reference electrode), the following reactions occur: 

Se" - T H -  + Oe --+ H,Se (3.7) 



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

HgSe + 3H' + 2t-  -+ H,Se + Hg (3.9) 

According to the theory of the method." the peak potential is characteristic of Se 

and peak current is proportion~tl to the concentration of Se i n  solution. 



Chapter 4 Experimental 

4.1 Analysis Using X R F  

4.1.1 X R F  - Instrumentation and :Measurements 

- 
I he X-ray fluorescence (XRF) f d i t y  used in this ttork as discussed earlier 

is 3 secondary target, photon excitation, energy-dispersive system. Figure 4.1 

shows a schematic representation of this system. An X-ray tube (SIE,;MENS Model 

1162023V 3004), equipped with 3 gold anode, was employed to generate the 

primary source Bremsstrahlung photon radiation which in turn irradiated a 

selectable secondary ttirget, (molybdenum was used in this study). X-rays irom 

this secondriry target (Including >I, Ka and K P  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 0.5 pm. The deposited area of the >cimple on the 

millipore filter was 78.78 mm'. The fluorescence from the sample was detected 

using a Kevex Si(Li) semiconductor detector {measured FiVHlM 180 sV for 5.9 

keV) which produces a currsnt pulse for each photon received, Pulses were 

ampbfied. shaped, and digiiizzd Sy standard electronic equipment (oAginaily 

devslopcd for nuclear spectroscopy) including a Kevex Model 2002 Preamplifier 





and a Kevex Model 3500 arnplifisr (see Figures 3.2, 4.1). A multichannel analyzer 

(NUCLEAR DATA ISC. Model 66) sorted the signals into a frequency histogram. 

Irradiation time was 1000 seconds with an electron current in the X-ray tube of 15 

mA. The intensities of t h s  selenium Ka line ( 1 1.2Kev) and the combined tellurium 

L a  LP Ly lines (3.77Kev. 4.30Kev and 4.57Kev, respectively) were extracted from 

the observed spectrum using an internal program of the 3 0 6 6  analyzer (see Figure 

4 -21  The net area of the pcak was taken to be the total counts minus the 

background counts. The background count> are the summation of all counts below 

an projected line dratisn from ths  [eft limit channel of the peak to the right limit 

channel of the peak. The desired accumulated counts in the present study was a 

net peck of 2500 counts. Standard counting error then was 50 and relative 

fracuonal counting error u as 2%. 

I. f .Z XRF - Materiais 

Reagents. All reagents and acids were analytical grade. C!ass-distilled, 

deionizsd water was used for a11 the experiments. Stock solutions containing 1.0 

mg/rnL of selenium in IS HC1 were prepared with elemental selenium (.Mdrich 

Chsrnical Company, Inc.1 and the inrsrnal standard teliurium (1.0 m g m L  in 1N 

HCl) was prepared from Za,TzO, (Aldrich Chemical Cornpan). Inc.). All stock 

solutions were stored in pI&c bottles. Dilutions from thssc srock ~ 0 1 ~ r i ~ r t s  were 

mads prior to the sxpetimsnts to prevent any losses of thsss dements. possibly by 

adsorption and vulatifization. Reducing agent was freshly prepared by dissolving 





hydrazine dihydrochlorids (XIdrich Chemical Company, Inc.) in water to a finat 

concennatioii of 13% aim. All glassware and plastic bottiss were cleaned with 

detergent anti acetone, rinsed and soaked overnight in  a 5 X4 nitric acid bath, rinsed 

with distilled water, and air-dried prior to use. 

Samples. Standard reference materials such as Stitiond Bureau of Standards 

{NBS) Oyster tissue (SRhl 15661, Citrus leaves (SRltf 1572), Rice flour (SRLM 

1568). Bovine lever (SRV 1577a), International Atomic Energy Agency (IAEA) 

Animal blood (A-31, Xnimrii muscle I H-4) and Fish homogenate (MA-'4-2) were 

employed. Biological samples i ~ i t h  Sc 5uch as human serum and erythrocytes 

{from Royal Columbia Hospital in Neis Westminstsr) m d  food ssmples (from the 

superrnark t, e.g.. fruits. vegetables, fish, meat, liver etc 1 were also available for 

analysis. Sample weights in this work were generally in the range of 0.3-0.5 g for 

solid samples and about ! .O m t  fm- liquid samples. 

Digestion apparatus. Destruction of bioiogicril samples was conducted in 

fU€) ml Pyrex long neck 46 cm long and 1.2 cm d i ammr)  flasks. Temperature- 

controlled heat plates uere used to heat the samples to desired temperatures. A 

elass air-condznser {> 30 crn tong:! tvas fitted to the flasks to ensure reflux of acid ... 

yapour. 

Filtration Apparatus, The f i h t i o n  apparatus (Figare 4.3) consisted of a 

Pyrex filter holder, a rcscnoir. a flat 10 mm diameter circular sintered glass and 

msml damps. The cvflsction disc was a 25 rnm diameter Millipore filter (AAWP. 
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0.8pm). 

4.13 XRF - Biotogfcal Sample Preparation Approach 

The general experimental procedure to be followed to develop the optimum 

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

rationale discussion in Chap.5. 

Raw Di ram tor the Blofuglmi Sample 
?repatation Appmsch 

I Tsst at different acid &re 

I capadties to digest biolegical 
samples eonkining Selenium 



3.1.3a Test of DifTerent Acid Mixtures for Wet Digestion 

1 1  f\ * % - r *A. 600 pg amounts of Te from the stock so'iiriion I .u mgjrnt in 1 HL:) were 

added to five biological standard reference samples as an internal standard; four 

kinds of digestion mixture a ~ d s  were then tested for each sample. In order to 

rt~oid losses of volatile selsniurn compounds (e.g., in  the forms of SeOCL or 

SeOBr-) during digesrio~. rt condenser was routinely used. 

a)  Sulphurit acid and h~drogen peroxide Suiphuric acid 5.0 ml (96%) 

was added to the sample in a Pyres lone + neck flask (100 ml). The resulting 

mixture was heated to approximately 100 "C for 15 min, then cooled to room 

temperature where upon 3mL of hbdrogsn + peroxide tws stihscquently added, The 

mixture was then heated Far 30 min at < 100 "C, and v:as subsequently cooled in 

an ice bath for 10 min. The foregoing hydrogen - pcroxide treatment was repeated 

three times in order ro oxidize aff forms of selenium to Se:VI 1. 

bf Xitric and perchiuric acids Concentrated nitric ticid 11 0 mi 1 and a few 

dass beads (to prevent 'ttumpingt isere added to the i;anple in a Pyrex tong neck 
L, 

flask f 100 mlf and heated :o 75 "C. Ths mixture was kt'l 20 stand overnight at this 

rsrnperature. Funher heating ar I25 "C f ~ r  6 hours was applied to reduct the 

vctIume of the sarnpfe soitrrion EQ 3 - 5 mL. Afrer addition of 2 rnL of 

concentrated perchfork acid f72c6i. :he rempsniture wss  increased to 170 "C. 

Upan the appearance of pcscfiioric acid &me. the digestion \+as carried out for 30 

min, The heating was halted rt-hen the liquid vofurns \\.as reduced to approximately 









1. Tissue samples, Individual rainhow trout fish (75 individuals. 90 % 

-= 

male: %%ere ob:ained from ;he fifesfcreel; Trout Famm in i'ancouver. 1 he fish were 

kept far a period of : v ~ o  iiezks in an quarium, then sacrificed and weighed. 

l?trsciz, titsr and gill ;issuss n s r e  recovered. Each gill sample was a combination 

from five organisms due to rhs very iow weight of the organs. 

A known a m u n t b  ifresI;: i~e igh t s )  of the tissue ;%as placed in a 100 mL 

P ~ x x  ..a rriass flask and concsntratcd nitric acid (10 mLf ivas added, the sample was 

dlou-sd to s;tind hi r w m  temperature msrnight. At this lmge the protem tissues 

itere dissolved to >isid a ;tefiou ~rtiution w i t h  the fat t ishus floating on top of the 

solution. Concentrated sulph~iric acid a d  60% perchloric acid (3, mt each) were 

added and the sarnpfe gsntfi heated ti; 110 "C. At this stage the nitric acid was 

evaporated. tl%m nhe tisiume of rfts digest W:P, reduced to -1-5 mL, the 

temperature u as incrsxzd ! 70- 189 C. .A,! this tentpzrrwre, Soiling of nitric acid 

uas vigsl-ous and care t;,.tts r;eces_i;try to prevent the ~olution from escaping from 

the flask. If the sdifiion i ~ m z d  yellov.. i - 2 rnL of fiitric acid was added after 

ccmiing the soiur-ion fur a h t i t  I minuiz. The soltltiorm ts::s koilscl agair, and more 

- t  nitric acid ttas added wit, rh-;. %olutioft Stcants colotirkss. Thc sanpfs was boiled 

untii ti-hit? f ~ c e s  of ptrchToric acid appeared ro ensure ; h t  absence of charring. 

2, Fmd sampfe-s, Thz sziec;!irn of samples was h a s 4  on the populhty of 

the food. The p o p u l ~ t i  based on information recrised from various 

eos.entmeni rigenciss Z F T ~  $rei'mrb cf supemmarks~s ssrt ing \Vestem Canada, - 



particularly in 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: ( I )  water 

content f w t  96) and (3) 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, Iiver) were used: food products weighing 3-5 g that contain 10-50% water; 

and 1-3 g for products containing <10% water (e.,o,, flour, cereals, dried foods) 

:yere employed. For products high in fat or sugar (e .g . ,  cheese, butter oils, sirrups, 

jams), sample sizes vm-e iimited to 1-2 g. 

Having placed appropriately sized samples (weighed to an accuracy of 0.001 

e )  and 3 glass beads into ;t I00 mf, Pyrex glass flask, 30 mL of HK0,-HC10, (5:1, - d 

~ / v  i \\as added. This sample v+sj digested overnight at room temperature, The 

ernpsrature was - ~ r a d u a i h  iacreaseu to achieve a steady iicorous - boil with care 

t k e n  ro prevent loss by fmrning or bumping. When the vofurne was reduced by 

spprosimatefy one-hair", 10 mL of HS07-H-S04 - - ( 1  : 1.  s;i3) solution tcas added at 

room rzrnpsrature. The ihsk zitis Fmher heated at 178-i SO "C during HClO, 

0-=:idation. a procsss ii hi rh  shsracrsrized 'ol ~ i g o r o u j  sur fxs  darkening. 

Charring :\as avcdsd by csuiious addiiiort of hSO, in I rnL portions iHNO, had 

to 5e added to maktatn ~sidiring cttndirionsj. Failure to ciostly observe the HCIO, 

oxidation stags of this disestisn would result in possihls loss of etements sought, 



to maintain oxidizing conditions. When digestion was applied to any such product, 

a conservatively srnafi sample (1-2.  g at most) was ir?itk?lly utilized and digestion 

was cautiousfy at lot~sd to proceed. Cpon increasing the temperature to l MY- 170"- 

180•‹'C, the solution rapidly turned an intertse yellow-green. Heating was continued 

untif the solution became clear and colourless, and dense white fumes of SO, 

appeared. The samples \vsre kept at this temperature for another 5 min, then final 

digest. was cctfotnrfesi; and the volume of sotution was reduced to 2 mL. 

3. Serum and erythroqte samples. Serum and erythrocyte samples were 

taken ~;TOIII 35 ftertiths;- voIunrcers. i .(3 rnL of serum or i .O rnL of erythrocytes and 

2.5 mL of nitric acid w ~ r e  placed in long-necked Pyrex glass flasks. heated slowly 

to 140 'C on a hot plats and kept at this temperature for 30 min. After cooling to 

room temperature, sfphufic rirrd perchioric acid (0.5 rnL each) were added. The 

temperature %,as sionfy raised ru I60 "C. 17(3 "C, 180 "C. and held at each of these 

ternpzratures for 15 min befme the next increase. The final temperature of 1 SO 'C 

was field for at Isast 20 mirt so that most: of the perchloric acid was removed and 

the volume of thc: digesrion solution was reduced to approximarsly 0.5 mL. 

In order go dsserrnirse zelsnium content after sampis digsstion, the reduction 

rzcfrniqers { jcs 4. i -301 i a p x i  ca:rrii,-d out to obtain a i h i ~  sampk.  



1.2 Analysis Csing Differential Pulse Cathodic Stripping 

Voitammetry (DPCSV) 

4.2.1 Reagents and Instrumentation 

A11 acids including electrolytes were analytical grade. Distilled, deionized 

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 (Aidrich, 1030 ugirnl of Ss in  1 %  HSO,). The. required srandard 

soIutions \+ere frehht) prepared by diluting ;he stock ~olurion with electrolyte- 

containing solution. 

A microprocessor-based poltirographic analyzeristripping voltammeter (PAR 

Model 264, GE and G Princeton Applied Research), equipped uith a PAR ,Model 

3Q3X static mercrlry drop z'rectrode %\as used to obtain ail stripping 

voit~mrnograrns. .Ir H m  lzrr-Pxkard Xlodsl 7046.A N-\i' recordsr was used. The 

electrode compartment consLrsd of a hanging mercury drop, -4g;AgCl (in saturated 

KCI. ail rhs ootenriaf is relative to .Ag/AgCl, and a Pt %ire %ere used as its 

v, orking. reference. and counter sfscerod.=s, respzcti.i.eiy r Figure 4.6 i ,  

Sarrtpk j~lut iun  19 mi I u ss rr:insfsrred to the polsrogrsphic cell fo!fowing 

1 - -5. mintires ~f ds~asskg.  - Thz szienrux {Vf i ;$as rntssured rrt room tcrnpsrature 

under the fsifowing conditions: 



initial potential 

final potential 

purge time 

scan rate 

deposition time 

equilibrium time 

pules height 

4.2.2 Sample Digestion 

Samples of erythrocytes were digested using merhods similar to those 

employed in XRF anaivsis. Ervthroctres (0.5 mL)  were transferred into a long- 

ntcked flask and iSLi;: HSO, ( I O mL ,, and 72% HCIO, f 4 mL) were added. The 

flask was heated slowly to f 35 T. After 30 minutes at 135 "C. the temperature 

tvas gradually raised to 110, 160, f 70, and 210 "C, and the sample was held at each 

of these temperatures f ix  f 5 minutes. The HNO, ai;d HCIO, were evaporated 

during the digestion and tznpmouirnate:_t- 0.5 mL r s m ~ i r s d  in thi: flask. The resulting 

Sei Vf) was reduced to Ssl It.' I by hsatin;. - the sampte :5 i th  HCI I f .O mi HC1,36.5% 

added! at 100 "C for 20 minutes, The sample solution was then diluted to 50.00 

mt t ~ i t h  water. 





Chapter 5 Results and Discussion: Development of 

Biological b Sample Preparation Method 

Direct excitation XRF usually has limited sensitivity: the detection 

limit for Se is generail! in the range of 2-40 ppm.55 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 

dscomposition. fuflov.ed by a coprecipitation procsdurs to obtain a thin sample ('<I 

rng cm '1. The mobt irnpornn~ considerations for prsconcsnrration treatment for 

biological materids are: f I f h s  choice of :in acid mixture that avoids loss of Se and 

maintains strong oxidation conditions: 2)  the choice of a digestion temperature and 

a time to fulIy deconposs r k  organic structure tvithout loss of Se: St and the 

design of ihe reduciim prcaedurs. Ths sarnpfs rvss trzlirtd ~ r i r h  different strong 

ox id i r i q  acids at differmr rtitim 2nd different temperature.; depending on :he types 

of biaiocjctaf sampiss. T5t bioheictti - sarnpie preparation technique will be 

discussed in IWS aspects: optimizaiiol.: of thz acid rni:a.m to digest selenium 

matrices, and ~primizarim ~f the rcdrzcrion step- 



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 alrertdy been identified 

in plant and animal tissues. For example, selenoamino acids such as selenocysteine 

and sefenornethioftine have biologicai activity, and the t~methyiselenonium ion is 

an important urinary excretory product.'7 These bioselenium wnples proved to be 

3 way to check the ralirflty of ihc various methods of dsrsrntintition of selenium in 

biufogicai materiais and ihsir c;pcity to digest some organic selenium matrices. - 

?Vet digsstion is Cis; an3 Is much less troubi~d i i i th  volatilization loss, 

because of the lousr ternpsrmxs as comparzd ro rhs d q  x h i n g  technique. The 

mQor disadvaniagc is the pxsibiIity of conta~nin~irion from the large excess of 

i-esgenrs empio>ed. Czntrtiliy. iz,e: decomposirion.; fw- the complete destruction of 

organic m a i m  require 3gi-nrs \t ith hi$ iluichiion porerriiai. In man) cases, HNO, 

:mii eien a mixture of HZO: and H-SO, are insuf'ficiezi. Uor on!) is this acid - * 

mixture unable ro dixsr + tissues u-irh high Fit conrenr. but c h x r k g  of the sample 

is possible. Therefars. s host of mixtures and oxidizinc agents at various - 
~empcram-es 5aie 5eeq !iaic.;tr.,r:?tzd. ro complerzh rnii2cr::iize the sanlpfe without .- 

l o ~ ~  or sz. 

fn this vbork, cieE dilrestion - methods u m  tmployif  f ~ :  the XRF analysis of 



selenium in five bioiqical standard reference materials (described in chap.4 - 

4.1.3aj. Samples wers treated with concentrs;eb min-r--' r - c t l  acids and/or strong 

oxidizing agents in solution. Oxidizing conditions are maintained throughout the 

procedure. Usually, the mixture was heated to 100-200 " to accelerate the 

digestion process. 

Four different comhina:lons of acid mixtures described in chap.-! were used 

in this work: 

I. in HSOJH,O, rario 5:1 ; 

11, in HS0,/HCI02 ratio 5:1 ; 

111. in H_UOJHqS03iHC101 - - ratio 5:1:1 ; :md 

IV. in HSO - JHP2,iH10, - - - rxio 5 :  1 :  I : 

The recoveries of Se using diffcrenr rnixrures in wet digestion techniques are given 

in Table 5.1. and each of the procedures a s  discussed in the fo!fow secrions. 

Procedure 1, 

Compared ro other prostdurei. refariksly lot% rscwei izs  of selenium were 

achieved !y sulphurir acid and hydrogen peroxide mixture. Stirrlpfss were routinely 

dehydrated and chziaed by suiphtrrir acid. Charring of tke sample is an indication 

-- 
of rhe reduction, although -4~cmian - and i hornson" rcporred rhai cilmplete loss of 

seIenium orcumd lvhsn sanpis3 were cirmed, Using this mixture, satisfactory 

--- ~esutts were obtdined for XBS $3:) and I-4E.4 A-13. P~h."her! 3:otatile selenium 





compounds were absent, the charring of the sample did not lead to a Loss in 

selenium. The recoveries of d e n i u m  afrer using this praczdure were generally low 

and its use for this purpose shouici be avoided. 

Procedure PI and H I  

:vfixtures such as nitric-perchhk and nitric-perchloric-stllphuric acids have 

were found to be satisfrrctor! in this ivork; the average recovsry of Se was 88.6% 

and 98.2%, respecti~z!y. The high recov:riss of Ss in ifsese mixtures can be 

explained by the foIioivifig: 

It is well knoun  that selenium in high - oxidation states is less volatile. The 

Ioss of selenium &ring sarnpie decomposition can be avoided by maintaining the 

sctiuticn under oxidizifig cofidiiions. Ths presence uf psrchloric acid was d s o  

important in  decampot;ing or~:tnoszizrt:tirn composnds cornpierziy and facilitating 

oxidation of the hi$dj; rssistarrt kitti- miirerials. These conditions were achieved 

by introducing percfifilric acid to rhs digtstion mixrure. 

fn order to avoid loss of t ~EatiIe stienium compounds, thz tempemure was 

- . .  
increased slam fv during rhe a,nlrid l;razs of diiiestion L+ LC ;it sid euxssit8e boiling and 

- I . I  , bumping. Thc duration of iIiii7etrrion G nn mz pmhioric ticla mls:urs was at least 30 

s i n .  ii't-tm the dieesric~r; - %,$as conplerzd, r h t  volume of the sofution rvas reduced 

to 1 mL. In this way x f ; ~  sskniurn conrainin2 - organic m a r e d  xvas found to be 

cumptstzf y decompossd. 



-4s discussed eariisr, the role of perchloric acid 3.3s to prevent selenium 

losses by maintainine - o~idarion condition throughoui d~gestion. The use of 

conccnrrared percbionc i d  in wsr digestion procedures required several 

precailtions. The high r:;lcri; ir )  oi HC!O, could cttusi. iiirieni expioiions if the 

acid were mishandled. Psrciiioric acid is an oxidizing l i re i i i  only rrhcn Sorh hot - 

and concenrrated. The cold. concentrated (70%) acid ( l r l h u e h  3 strong acid) is not - 
- >. an oxidizing a p s m  and uii! rrm s v t n  oxidize iodide to roairtz or iron ifi! to iron - 

i f f l f ~ .  In other m a x i . - ,  :,lrs mmt be t d x n  io ir?!!ov+ &Z basic rules9 of safe 

handling: - 









- 
3.3 Design aird Op-fin-ri~ation of t he  Reduction Procedure 



-8 Zn powder. Tic!,-Mg.-' The eificacy of KI is, h o ~  ever. ofren impugned.*' The 

reductant HCI was ernpiojed i n  :his work. The e f f i c i e z q  of rhe reaction bepei~ds, 

however. on many factors. s.g. coxentration of the HCI (Figure 5.1),~* reduction 

time (Figure 5.2)," and temperature of'the solution." The optimal conditions in our 

experiment invofved u5z uf a 5 >I hqdrochforic acid solution m d  boiling gently 

i I00 "C i for 30 min. 

5.2.2 Precipiiaiim of selenium using tefiurium as the coprecipitani 

Trace amouzts at' Se p'icsi?ni in biologicai samplss does iiot permit direct 

pf+b-~t'l&  on of the zlemtrrt. Therefore ihe seienium was coprecipitated with added 

carrier Ts. The use at' Tz in rhts uork has two notev,oriht advantages in the 

biofogical rtppfictttions c:i XXF. First. i f  15 an idcai coprecipitlint for Se because its 

- ' f  ciiemicaf propertics are wmr-zr lo  5s. Es en in extremely small quantities. Se can 

be coprecipitated u*irh Tz io make tiis anaipls possible. Secondly. i t  has been 

& 3 

rcportcd that Ts doe& not nrittlrull_t occur li: most biologictif \;.htems.'- Teliurium 

is, rhsrefore. idea!!) wirabk :is ar; irrr-mrr! stand;rrd kich is important in 

compensating for marria &bsorpriort-snh3~ccment effect.; &..id long-trsrm instrument 

" - 
drill (see Chaprer 61, f he qinanrrnes of xkkfci Te used :ire ~jiuli i iy ir! rhe range of 

'W-lmpg. We chest: 6 0 0 2 ~  Ts 3s 3 ~ o o d  cornpromis:, raking inro account the rr L- - C - 
-- 
2 n d  xxmirng rate, 

7' 
1 se mi-irur2 of h~$riiz;iiz dri.1~~ drrrchloride snb H-SO, r:. as u x c l  reduce the 

seienirc.; m d  teIltjth-sres to seknium artd Muhiurn. respectively. Figure 5.3 gives the 



Figure 5-1 

Degendence of riie Recovery of Se@V) on the Coneenwarion of HC1 in the 

Reduction of Sew0 to Se(N).81 



Figure 5.2 

Dependence of 132 Recovery of Se(IV)  on the Reaction Time in the 

Reduction of Se(VI) to S e w )  with 5 N HC1 at 100 T? 



dependence of the recovery on the hydrazine dihvdrochlonde concentration. 

Quanti tative reduction N as achieved on1 y if the h;* drazine di hydrochloride 

concentration was greater than I%.  The use of styon2 - oxidizing acids (HNO,, 

X-itCfO,, H,Sf?,) in the decomposition step requires an operaiion at the upper end of 

the curve to ensure a sufficient excess of hydrazine dihydrochloride (a find 

concentration of about 10% i .  

Figure 5.4 s h o ~ s  .ihtit rt period of at least !O  min was required for 

crystallization [precipitation t .  After 2 h, the dissoIutisa of Se began. The decrease 

of the curve dernsnstrares that the time for the reaction prior to filtration can not 

be roo long otherwise in cornpiering the reduction. precipitation may occur. The 

dissolution is also voltnmz-dependsnl bur the precipitation is quantitative for 

solution volumes l e s  chm 40 mL [Tabis 5-21. To ttvoid lengthy filtration times, 

the optimal sample :alums w;is betueerr 10 and 15 mL. Quantitative precipitation 

was achieved bett~sen IOng 2nd 2tfi)ug Ss, The filtration time was ~ a - i s d  between 

3 and 15 min  and had niTz influence on the recovery or the homogeneity of the 

dep~si t .  ft has been reportsd that the miliipure Eifters that %ere used have a blank 

-value of 0.1 ng of ~ e , "  \ihich is se l l  beiow the dstecrion limit of the present 

method. To summarize, optimized the procedure of v:zrious reagents used for 

rhe v x r  digestion of different marsrials and reduction of Ss to its elemental form 

with Ti: as coprscipitt-inr. X bioIog'rca! sample preparation method was dewloped 

which irrcludes ar; uptimizstion of a t ~ , e ~  dige.;tion md reductio procedure. 







Table 5.2 

Dependence of Recovery on Sample Volume 

I' 
1 

Volume of sample l m t j  / Recovery on the filter", (%, S=j) 
i I 

0.5 ?i ! 99.0 i 2.0 



6.1 Itlethod of Quantitative Ana1;sis 

For &z quamiruriie : i n ~ i ~ s i s  of Se, islfurium is :in idstii coprzcipirant and is 

;rho used :is the iniernd s w ~ k i r r j  fm p ~ r p o i e ~  of n~3rn'idiz~it;ion. 









the intensity ratio and Se quanrity can be mended to more than 313 pg ;is shown 

Figirre 6.lb. The excellent linear relarionship between the count ratio and the 

quantity of Se dernons:rate; :ti cofisistent przcipiration efficiency for a Luge range 

of Ss quantities. 

Altsrnalively, a crilibra~ion constant K,, may be dsriired from :i series of 

standard analyses. Therec.;fm-. K,, can be used ro calcuhte selenium concentration 

in unknown samples from the intensity ratio measured. An average calibration 

constant of 0.423 * 10.' ng ' for szienium i n  standards \\.as caicuiated from Figure 

6.123 and 6.1 b. The u-sight of szisnium in L i i i  unknown sample was calculated using 

rhe following equation: 

Ws, = X y  /Ks, 

\+here W\L. i~ the v%*eight of sdeniurr, in the sample (us!: .A\ is the normAized 

selenium area. and K,, is the otilibraiion constant. The concentration can be 

determined from the ratio W,,,W, (ppmf, where W, fg)  is the weight of sample. 

6.12 Matrix Effects Studies 

Matrix effects were evaluated by standard addition. Two kinds of calibl-ation 

curves were obtained (one is shown in Figure 6.2). Samples prepared from 1 mL 

of eryrhrocytes were predigested with nitric 3cid and spiked w t h  100, 200, 300, 

400 and 590 ng of Se (as H,SeO,). The result of this analysis is shown in Figure 

6.2. A quantity of 195 ng Se in 1 mL erythrocyte sample was obtained from the 





standard addition method bs extrapoiating the curve to the X intrrcepi. Analysis 

of this sample by the standard salibr~tion curve described i n  section 6.1.1 yielded 

a quantity of 200 ng. The difference between the two procedures is only 2.5%; this 

is m s i l  within t h s  experimental error (215%). Therefore. the matrix of erythrocytes 

does not significantly inrsrfcre with the analysis of Se. Figure 6.3 shows another 

calibration curve which was obtained at the nanogram ievel of Se in a 100 rng 

matrix (Oyster tissue SBS! 566). The tinear relationship demonstrates that equation 

(6.1) is applicable to the bioiogical samples. From Figure 6.35 the selenium content 

of the sample w a s  determined (X-intercept) to be 208 k I 1  ng. This is in good 

agreement with the certified value 210 k 50 ng. 

It is important to note that the slope (Ks,) of the calibration curves for the 

biological sample (with matrix) is afmost identical to those obtained without a 

matrix, within experimental error ( + l S % )  (Table 6.11. This indicates that the 

matrix absorption-enhancement effects are negligible tind that the calibration curve 

- -  obtained without the matrix can be used for quantitative determinations of Se in 

biological systems. 

6.2. The Lower Limit of Detectability 

In the developmen: of a new t r x e  elenleiit itnaiysis technique, one of ihe 

most important parameters for comparison to other established techniques is the 





Cornparison of :he Slopes OE the Calibration Curves 

-- 
i! i 

1 i 
i l  
rl Sample Calibration cunre / Calibration curve Calibration curve 

i i I Fioure - 6.1 ) 1 1 (Figure 6.2) 3 (Figure 6.3) 

'i :I Relative variance 
/i 
,I of the slope 
i j  1 I il Original selenium 1 
ii 
I i  i 

i i  r 
i i  Certified value j 
11 i 



evaluation of the lower fimit sf detec~bifity ('LkOD). 

The LLOD cm lx defined in several ways. A generally accepted definition 

is ehe mount  of analyze that gives a net peak intensity equal to 3 times the 

standard counting error of the background intensity? Since the counting error is 

approximately the square root of the number of counts in a peak, the LLOD is 

where C is the amount of mafyze which gives a total of N, counts in the spectral 

peak; N, is the total counts in the background below the spectral peak. 

Direct detemzination of selenium in biological samples by X-ray emission 

spectroscopy is not possible due to the limited sensitivity of all modes of sample 

excitation. Figure 5.4 shows an X-ray spectrum obtained by direct determination 

of selenium in a biological sample (fish hornogenate, IPjEA 1M.A-A-2 SRM), The 

signal for Se is almost immersed in the backpound due to the limited sensitivity. 

Howsver, the LLOD is greatly improved for the same sample as that of Figure 6.4 

under identical detemination conditions after Se preconcentration (see Figure 6.5). 

Therefore, for seknium trace analysis, a preconcentration step preceding the 

determination by XRF brings selenium up to detectable levels. Clearly, Figures 6.4 

and 6.5 indicate the different levels of the background originating from Rayleigh 

and Compton scattering; the ratio of fluorescence X-ray to backgaund is 

86 









selenium X-ray intensit]. Therefore, the detection limit should be improved by 2.2 

to 1.2 times. Another method ro lotver the spectrometer detection !imit is to use 

a larger. more efficienr dsrector. Detectors for measuring X-rays are manufactured 

in a bariety of sizes h:tving a range of coilection efficiencies. The detector used in 

this study has a surface area of only 30 mm', and intercepted approximately 0.23% 

of the X-rays (depends on source to detector distance) emitted by the sample. 

Modern detectors have a surface area at least ten times larger, so they can coilect 

ten timss more X-rays. .A bctter detector should increase the size of the selenium 

peak by about ten rime3 and improw the detection lintit by a further 3.2. times. 



Table 6.2 

Detection Limit of the Technique for Several Standard Reference Sampks 

1 sample 1 Detection limit / ~nceriainty, i I i \\.eight ( _ e l  1 
j I ~ p b )  I ingj  I j ( 74 

Oyster tissue 1 
XSS1566 i 

! 
Animal blood 1 

IAEA A - 2  f 
Orchard Leaves ! 

! 
S B S  1571 ; 

i 
AnirnaI muscle i 

i 

IAEA H-4 : I 1 
1 

I I i 

Bovine lever I 0.5 i 
i 28 14 I I 

I 2.38 
NBS 1577a , 1 1 
Rice flour 
S B S  1568 

I 
Fish homogenate 1 
IAEA MA-A-2 / 



Chapter 7 Results and Discussion: Errors in X-ray 

Spectrometric Analysis 

7.1 Sature  of Error 

-r. 

I he error ia a mstimrernenr in :in anafqticsi r s b u i t  i b  t h t  difference between 

the measured ~ d t i e  and [he 'ZZE'' value. Houever, since ihe [rue \,due must itself 

be determined by rncasursmsnt, it, might seem imposibie to waluate the error. 

Strictly speaking. this ma3 be true. but in practice, error can be evaluated 

sarsfacrorily in terms - ~ f  preci3u.m :ind :iccuracy. !=i hich,  dthoagh often used 

s j  nonjmousl~,  are yuirs d i fk rmt .  

7.1.1 Precision 

Thz precision of 3 msasurernen: or anaiysis is the degree of agreement 

among replicare dsterrnintlrions made under conditions 3s nearly identical as 

. . 
pcssibie. Quan~irsitivelt, pr.=c!mr. P is the dii'ferexe ixrxseen !he individual 

msasilremenr rr,  or anahzis rind :ht mesn n.1 of :r iargc itumber or set of 

incispendent repiicare measurement.; or snaiyscs, usuaiiy sspresssd relative to the 

mean as 3 psrcenr. t h a  is, 

P. = [fm, - rnrjfi-~j .i 1C)O (7.1) 





calculated from the K,, and the ratio !,,/I,,. 

The recovery of ssteniiirri added to blood samples, pidsma, whole blood and 

erythrocytes is shown in Tribie 7. I .  The mean recovery for all types of sample was 

100.6% ~ i t h  a rang? of 93 to 103%. Table 7.2 shows recoveries of Ss for 12 

different types of food products (vegetables, meat, and grain). The average 

recovery was 97.5% (rangt 92-1f_l5%). These studies indicate t h t  high accuracy of 

the present technique. 

The results of Se dzterm~nations in strtndard reference n~aterials rue listed in 

Table 7.3. Seven kmds of XBS and IAEA itand;trd reference materials were used. 

Method precision and accuracy are aiso presented in Tlibie 7.3. For a variety of 

samples, precision ranged from 4.3 ro 11,592 for Se, depending on the level of 

concsntration in the x m p t s  and the LLOD of the instrumentai method used. 

.Accurric> of the method u as shtimated b j  comparing mean levels of analyze found. 

\$.itit csrrifisd a l u e ~ .  Tit2 a; zrrige rsco\ erq u as 98.8% i range 92.4- 10 1 3%). A 

~ o d  xmxrr,ent uas  xhieved within ssperimentai error. Both recovery study and .- L 

determina::ions of standard reference materials den~onstrate that the method has 

acceptable accuracy. 

7 2  Sources of Error 

The ezers affccti2e ax ?;-::iy si=;zc:fome:ric t;n;iiy3is may l;e classifi';led 2s - 
random a id  s>.stsrnatic. Random and systematic errors h i t  the precision and 

riocumcy. respectively. 



Table 7.1 

Selenium Recovered from Different Types of Blood Samples 

l 
Sample Concentration of Selenium ( u g * t l )  Recovery 

I 

/ Initial 
' 

Added Found Recovered 

BloodA 1 180 50 228 45 96 
I 

Blood B / 709 - 50 263 54 108 
- 

-- 350 

135 49 98 

I I I 

Blood B 1 209 1 100 309 100 1 00 

/I Erythrocyte A 1 200 1 100 303 1 103 1 103 

Blood A 180 150 323 140 93 

I Blood B 209 150 359 150 100 
i 
I I 

l i  Plasma B 95 1 150 1 255 1 160 107 



Table 7.2 

Selenium Recovered from Food Samples 

'i i / /  sample* I Concentration of Selenium (ug*L-' j  I Recovery 

/ /  1 i Initial 1 Added 1 Found 

Pork kidney 1 0.88 0.60 1 1.47 

/I Pork muscle 0.055 1 0.60 
L- 

0.675 

/ /  Chicken muscle 1 0.12 1 0.60 1 0.69 

11 Egg white / 0.045 / 0.60 / 0.595 

i I 11 Mushroom 1 0.126 / 0.60 / 0.706 

I 
I. 
! 

i Skimmilk 1 0.21 1 9-60 0.84 
powder 

/ /  Fish gills i 2. lo  j 0.60 3.64 
'I 
11 Fish liver 1 1.73 i 0.60 2.29 

0.84 

0.6 18 

I I 
Garlic 

Recovered i (w 
0.59 98 

0.23 0.60 

ll 
i 

/j Fish muscle 1.45 

A11 Samples are 1.00 g in weight. 

Onion 1 0.018 0.60 

0.60 2.06 



Table 7.3 

Analysis of Standard Reference hktterials 

n = Number of analyses 
s = Standard deviation 
x = Average Se concentration 
S, = Relative standard deviation '(95% confidence interval) 

Recovery 
?& 

100 

101.5 i 
1 00 

I 

s C, S 
reference I n i  , +-/k CT r 

Recomd. 
conc. 
ugk* 

S r 
!qk> 

r , I  
Animal muscfe 0.265ii:.Ii17 

I M A  H-4 ) 1 
I 

2.1 
(, 1.5-2.61 

95% confid. 
tntev. 

6.1 0.244-0.286 

2.91 -2.19 j Oysieilissur 1 6 
NBS 1566 1 

1 
i 

-- - - -- - -- 

0.28 1 9 4 . 6  
(0.25-0.32) 

0.53 1-0.667 0.59 1 (0.45-0.73) 

(1.075-O.OX5 I 0.08 
I 

(0.0;-0.09) 

2.10k0.09 

Animal blood / 6 

J.3 

100.7 Bovine liver 1 

I 

O.599i0.065 

102.5 

92.3 

10.9 / IAEA A-2 / 1 

0.715+0.032 / 1.8 

11 Rice ilour I/ NBS I568 

Fish 
homogenate 

1 
/ 

0.664-0.766 0.7 1 
XBS 1577a 

0.360-0.360 

/ (0.64-0.78) 

0.3 
(0.35-0.45 j 

, 

- 

Orchard leaves 1 5 0.08~IkO.OM 
SBS 1571 1 

- - 

i .  123-3.0 17 1.7 
(1.3-2.0) 

I 
3 1 0.4 1 ?O.O? 

! 

2.5 

3 .-I 

3 1 .57+0.1n 



7.2.1 Random errors 

Random error consists of small differences in successive values of a 

measurement made repetitively with great care by the same competent person under 

conditions as nearly constant as possible. The magnitude of random errors can be 

evduated, and the errors can be minimized, but not eliminated. The random errors 

besetting X-ray spectrometric analyses may be contributed from the following 

sources: 

1. Statistical counting error. This error constitutes the best possible 

attainable precision and depends only on the total accumulated counts. The 

counting error always represents the maximum precision attainable in an X-ray 

spectromenic analysis. In X-ray emission spectography the possibility of predicting 

and controlling the best precision attainable as long as the analytical-line intensity 

is established (that is, limited) by counting. 

In X-ray spectrometric analysis, intensities are given in "counts" per unit 

time - that is, X-ray photons per unit area per unit time (the unit area is usually the 

useful area of the detector). For a single measurement of ru' counts at the net area 

of peak, the counting error for accumulated counts is given by 

ON = I!%- 

where a, is the standard counting error and E, is relative fractional counting error. 
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Table 7.4 gives values of o. 2 ~ ,  3 0  and E,, ,,, E ,,,,, E,~,~, (ihe subscript of E is the 

ccnfidence levei) for 5 = 10'-10~ counts. From Table 7.4, it is evident that 

standard counting error decreases as ?1; increases, and in principle, may be made as 

small as required if a sufficiently long counting time is permissible. However, 

accumulation of a large 5 at low intensity requires a very long courxing time; this 

may be disadvantageous fur several reasons: the analjsis ~imf3 is increased, and 

extremely high stability is required in the X-ray tube potential and current, and in 

the electronic detector and readout components. The desired accumulated counts 

in the present study \$as a net peak area of 2500 counts. Stmdard counting error 

was 50 and relative fractional counting error was 3%. 

2. Instrumental errors. These errors consist of short-term and long-term 

variation, instability, and drift in instrumental components, conditions, and 

parameters including the following: (a! X-ray tube potential ( k V )  and current (mA), 

(b )  intensity and distribution of the primary X-ray beam (caused by changes in 

dimension snd position of internal components of the tube,. (c)  coincidence (dead- 

t ine)  losses in the detecxor and slectronic circuitry, (dl shift rind distortion of pulse- 

height distributions (only when pulse-height analysis in used), (e) electronic 

circuitry. 

ionrz-term - instabiiitv usua i i~  has severai times the magnitude ias high as 

10% in a year) of short-tsrm instability. There are two approaches to reduction of 

error due to instrumental drift. One is to reduce the instability itself: efficient 



Number 
of 

Counts 
N 

la ,  
2m 
5 0  
loo0 
2000 
5000 
1x104 
2~ 1 o4 
5x104 
1xlOS 
2x105 
5 x 1 6  
1x106 
2x1O6 
5x106 
1x107 

Table 7.4 

Standard and Relative Counting Error 

b the subscript: of E is the confidence level 



line stabilization (?0.05% or less) and adequate warm up time (at least 30 min) 

reduce instrument inseabitity. The other is to choose a counting strategy that 

reduces the effect of any remaining instability on the intensity measurement: in this 

study. Having reduced instability as much as possible, the operator can select a 

counting strategy to minimize the effects of the residual instability on the intensity 

measurement. These effects Lire minimized in "internal standardization" techniques 

(Chapter 6), and are substantially eliminated when the two intensities (Se, Te) are 

measured simultaneous1 y. 

3. Operational errors !manipulative or resetting errors). These errors 

consist of slight nonreproducibility in settings of instrumental conditions, principally 

the following: (a) X-ray tube potential (kV); (bj X-ray tube current (mA); (c) 

amplifier gain; (d) pulse-height analyzer baseline and window and (ej detector-tube 

potential. 

Operational error is substantially dependent on care of the operator. It is a 

problem only when settings must be changed during an analysis. The error is 

minimized by always approaching a setting from the same direction and using an 

internal standard. Operational errors are essentially absent in modem 

semiautomatic and automatic instruments. 

4. Error in estimation of concentration from the calibration curve. 

The concentmt_ion of selenium in unknown samples was calculated using the 

equation: W,, = A,/&,. Calculation from four calibration curves (Figure 6.la, 



6.15, 6.2, 6.3) of the relative variance of the calibration constant, K,,, is 3.93%. 

The precision of an X-ray spectrometric ana!ysis is obtained by combining 

the variances for the individual sources of error, so that the precision may be 

represented by 

2 2 o,,~ = us2 + u1 + (rO7 + (7.5) 

where the subscripts represent, in order, total, counting, instrumental, operational, 

and calibration curve errors, respectively. For selenium analysis, the total 

coefficients of variatiori (o,-,) ranged from 4.4 to 11.5%. 

7.2.2 Systematic Errors 

Systematic errors are those that can be avoided, or at least evaluated and 

corrected. They may be constant. In that case, systematic errors account for the 

deviation or bias of the experimental result from the true value. They may 

fluctuate about a mean value, which contributes to the precision. The systematic 

errors inherent in X-ray spectrometric analyses are contributed by the following 

sources: 

1. Specimen errors. 

These errors arise in the specimen itself. However, specimen errors do not 

include sampling errors, that is. errors arising - from failure of the submitted sample 

to be representative of the bulk of the rnarerizl to be analyzed. Specimen errors 

consist of many components such as: (a) absorption-enhancement ("matrix") effects. 



(b) position effects, including variations in specimen plane, take off angle, position, 

orientation, and flatness (warp, ripple, wrinkle, etc.); position effects include the 

specimen-insertion effect, (c) physical attributes, including thickness; heterogeneity 

of composition; heterogeneity of density; surface texture; particle size etc. 

In matrix effects studies (chapter 6), we chose Te as an "internal - standard". 

It compensates for absorption-enhancement effects. The relative variance of the 

matrix effects was 2.5%. Other kinds of specimen errors were estimated; the 

relative variance was about 5%." Total specimen errors were estimated to be 6%. 

2. Spectral-Line Interference. 

Spectral-line interference, refers to what a nearby spectral line can contribute 

to the intensity measurement of an analyze line. 

Arsenic, bromine and lead give an X-ray emission line very close to 

selenium, Potassium, calcium and titanium give an X-ray emission line very close 

to tellurium. Table 7.5" lists energies (KeV) of K a ,  KP, La, Lp for these 

elements. When these interference elements are present in large amounts in the 

sample, spectral line interference may constitute a major souice of error. But 

generally, there are very low concentrations of asenic, bromine and lead in blood 

and most of the food samples.' Titanium is absence in most biological matrices.' 

As will be discussed later, in our experimental study, reduction of Se is very 

selective, and most interfering species (including ~ a " ,  K*) did not precipitate along 

with the Se (7.3). Spectral line interference is estimated at about 3.2%. 



The accuracy of an X-ray spectrometric analysis may be r ep r~ ,  . I  ;d by 

where the subscripts represent, in order, total, specimen and spectral-linc 

interference errors. For selenium analysis the total coefficients of variation (%) 

ranged from 6.8 to 10% 

The totai relative errors of X-ray spectrometric analyses (8 to 15%) are 

summarized as: 

2 7 
3 

0.r = OTIL + Or2- (7.7) 

7.3 Interferences 

To study interference effects in XRF measurements, two sets of samples 

containing 1 pg of Se and 690 pg Te each were prepared: one sample contained 

thirteen potential interferents (see Table 7.6) including Co2-, P4i2*, Cr3', Cd2', 2n2', 

Fe", Cu"; the other was a control. The results are listed in Table 7.6. The total 

excess in Se was more than 12000-fold, about 5-10 times more than that which can 

reasonably be expected in biological samples. The intensity ratio Se(Ka)JTe(La) 

for the sample cmraining the added ions was 3.2% lower relative to the control. 

However, this was within  he experimenial enoi of k1556. No interferences were 



Table 7.560 

The X-Ray Energy for Some Elements *Measured in This Separation 



found in the chemical preparation step or in the X-ray flrtorsscsnce measurements. 

This is as expected since the reduction of Ss is w - y  seIeceive and most interferents 

did not precipitate along ;s.i:tt ;he Se. 

Due to the simpticit? of X-raq bpectra, spectral-!ins irrrsriirence is relatively 

irifrrequerrt. Howeser. xk heil i t  does occur, there ;Ire man) ways to deaf with it. 

First. prevention or reduc:ion af excitation of ihe interfering line by operating the 

X-ray tube k f o w  the ifittrt'trant excita:ion potentid, selection of the X-ray rube 

Exget. or rnonochromririt excitdtion. Se-coiidt>, se'iscriori of the detector f ~ r  

rna:iiiritirn sfficitnc> ';is; :he ~ f i a i j ~ s  Iinz or mir,irni?m efficiciicj: for  he interfering 

line. Other methods to mint,m:zc spscm-iinc in t s rkrmx \ u c h  as pulse-height 

selection, mathematics1 conectmn, incfuding ... unfolding istripping) of overlapped 

lines e t ~ .  



Ion Excebs otsr Se tieight Corresponding conc. 
ratio :O Se i in a 0.5 g sample 

,I I 

t u g k  



Chapter 8 Results and Discussion: Selenium in 

biological b samples 

8.1 Distribution of Se in Human Serum and Erythrocytes 

The role of Se in human nutritioil remained unclear for almost two decades 

after the recognition cf the nutritional requirement for the element in experimental 

animals. It is imprtanr to a w s s  the nutritionai starus of Ss  in resident populations 

on the basis of tissue concentrations of Se because some human diseases are 

associated with severe nunitional Se deficiency. Se concentrations are measured 

in human tissues must readily through biological specimens (i.e., whole blood, 

plasma, serum, sry~frrocym, wins and hair!. These resu!ts show a strong 

geographic variation in Se status, which correlates with the geographic variation in 
%.. e 

the Se contents of food supplies, From such informaiion, we may be able to 

determine a correlation between tissue Se levels and the average Se intake of a - 
given population. 

For Se eiemental Se Isvsis in humans, blood and hair are normally taken as 

indicaror samples." Selenium determination in serum has come to be considered 

a better indicator than setenium determination in plasma or whole blood.86 Se in 

serum is remarkably stable over a Iong period of time, provided that no major 



changes in iifestyk occur. 

In this work, selenium concentrations were measured both in serum (20 

donors) and in erythrocytes (30 donors) from 25 healthy men. The results are 

given in Table 8.1. We have established a mean serum seienium level for healthy 

people at about 84 ng/mL and a mean erythrocyte selenium level of 200 ng/rnL. 

They are in agreement with the literature value (for serum, eryihrocytes 

and 200 ngirn~,"," respectively). Figures 8.1 and 8.2 show the 

distribution of the concentrations of selenium i n  serum and erythrocytes 

respectively. As for the distribution of the concentrations of selenium in serum 

samples, about 30% of healthy people have Se concentrations between 70 and 90 

ng/mL; for the distribution of the Se concentration in human erythrocyte samples, 

about 56% of healthy people have Se concentrations between 190-210 ng/mL. 

8.2 Routine Analysis of A Large h m b e r  of Food Samples 

Because of the importance of selenium as an essential trace element for 

human and animal nutrition dike, accurate analyses of Se in  biological materials 

and food samples are necessary. Additionally, there is also the need to define more 

-. 
precisely the physiological role of Se and the dietary intake in  Canada. lne 

analytical procedure employed in this work by XRF combined with chemical 

preconcentration, gave reliable and accurate results. The reliability and accuracy 



were validated by those results obtained for NBS and IAEA standard materials. In 

addition, this method is rapid since the analysis of 10 to 40 samples requires I day 

of chemical preparation and 1 day of photon irradiation. The present work shows 

that i t  may also be employed for the precise measurement of Se levels down to the 

order of nanograms pi- gram of food sample. The above described method was 

used for the determination of selenium in different kinds of food samples. The 

results of the analyses are presented in Table 8.2. 

8.3 Verification of Results 

The XRF method employed i n  this work has been verified by an independent 

analytical method, For the determination of selenium in biological systems at the trace 

to ulrratrace levels (which rue often encountered), only a few methods (as discussed in 

c hapter 2) provide the necessary reproducibility and sensi tivi ty required. Among 

slsctrochernicai techniques, differential pulse cathodic stripping ~oltarnmetry (DPCSV) is 

an inexpensive, accurate and convenient approach. It was therefore chosen as the 

independent technique for comparison with the XRF method employed in this work. 

8.3.1 DPCSV Calibration Curve, Detection Liwit and Interference 

Figure 8.3 shows 2 series of differential puke polaragrams for the reduction of Se 

at different concenuations. Sharp current peaks at -0.58 V (distinguishable from the 

background) are depicted. The peak currents increase with the increase in Se 



concenaation. A calibration curve as shown in Figure 8.4, is obtained so that the analysis 

could be calied out under the same conditions as for the erythrocyte samples. The linear 

working range of detection for selenium is 0.1-12 ppb and the detection limit is 0.1 ppb 

for erythrocyte samples. The concentrations of Se in unknown erythrocyte samples were 

calculated from this calibration curve. 

It has been noticed that the sample digestion is a crucial step in the determination 

of Se ir, bioiogical samples. in order to confirm the absence of Se loss during the 

digestion procedure, a recovery experiment was carried ou;. A known amount of Se was 

added to ten erythrocyte sampies and the Se was digested under the identical conditions 

as the actual samples. The remaining Se was then measured. The results are shown in 

Table 8.3. An average recovery of 95.2% was obtained, indicating the Se loss during the 

digestion procedure was minimum. 

The precision and accuracy of the DPCSV method was further confirmed by the 

determination of Se in six types of NBS and IAEA standard reference materials. The 

results are shown in Table 8.4. The precision of the method ranged from 5 to 20% for 

Se. i2ccuracy of the method was estimated by comparing mean levels of analyze found 

with the certified values. The average recovery was 96%. 

Elements such as Cu(II), Cr(III), Cd(I1) and Pb(I1j produce interference. For 



The formation of such compounds could account for a negative shift of the peak 

potential (E,) in addition to modification of the peak height (i,). No significant 

interference to the analysis was found at the concentration of the interfering elements up 

to 12 ppm. 

8.3.2 Analysis of erythrocyte samples 

Selenium concentrations in  human erythrocytes which were used as samples in the 

XRF analysis were determined using the DPCSV method. The results from both DPCSV 

and XRF are illustrated irt Table 8.5. The average concentration of Se in human 

erythrocytes as determined by DPCSV is 199 ppb. This result confirms the results of the 

XRF analysis (200 ppb). They are in excellent agreement within experimental error. The 

XRF method is verified by the electrochemical technique. 

An attempt was made to find the form in which Se exists. The erythrocyte sample 

was extracted with cyclohexane from aqueous solution. The Se in  organic form was 

extracted using the hexane. and the inorganic form remained in the aqueous solution. 

Table 8.6 shows the results of the concentrations of Se in organic and inorganic solvents 

after extraction from the erythrocyte sample. This result shows that half of total Se exists 

in the inorganic form in human erythrocytes. 

Both XRF and DPCSV have been shown to be adequate techniques for the study 
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of selenium concentration levels in biological materials. However, there are some 

differences between the two rnerhobs. The three primary differences ;?_re: 

First (in comparison wich DPCSV technique), the new XRF method is less 

sensitive, but more accurate with much better precision. 

Second, the organic matrix effects are negligible and a single calibration curve can 

be constructed without an organic matrix and used to determine selenium in a wide range 

of biological sampies for the XRF method. However, in DPCSV determinations, organic 

matrix effects are not negligible. For different organic matrices, different calibration 

curves must be made. 

Finally, the linear working iange for selenium is 0.1-12 ppb for the DPCSV 

technique but this range can be extended to 210 pg on the filter in  XRF determination. 

In addition, the great reiiability and the relative simplicity make the XRF technique a 

competitive technique among currently used methods for the determination of selenium. 



Table 8.1 

Selenium Concentrations in Human Serum and Erythrocytes 
as Determined by XRF 

Se concentration in 
serilm (ng/mL) 

Se concentration in 
erythrocytes (ng/mL) 

130t21 
190k28 
227F34 
223130 
I67 t 2 5  
208+30 
202i30 
197+29 
206530 
232+34 
207+30 
363k39 
144120 
lt39k28 
2 1 Oi3O 
203530 
209+3 1 
200130 
l79iX1 
204130 



Table 8.2 

F-i fsnium Content in Food Samples as Determined by XRF 

Food samples 

Pork kidney 
Pork muscle 

Chicken muscle 

Egg white 
Garlic 
Onion 

_Mushrooms 
Flour (white) 

Skim milk powder 

Fish gills 
Fish liver 

Fish muscle 

Reference 
number 



Table 8.3 

Recovery Efficiency of Acid Digestion Method for Selenium 

/ Sample number 1 Se(1V) added Se(1V) found* 1 Recovery 
I 1 (ngi (ng) I (%I 

/ /  Erythrocytes #l  1 
I I/ Erythrocytes #2 / 

11 Erythrocytes #5 / 51.5 
/ 

-- - 

Erythrocytes #4 1 51.5 / 16.0f 1.8 

Erythrocytes 87 

/I Erythrocytes #8 

89 

Erythrocytes #9 

*Errors are standard Deviation 

51.5 / I iS.F+1.9 

Ii Erythrocytes #10 [ 

95 

51.5 1 16.9i1.9 1 91 

90 
, 

94 51.5 

51.5 

48.4k2.0 

46.4-t 1.9 



Table 8.4 

Concentration of Se Found in Selected Biological 
Standard Reference Materials 

Certified value 
( P P ~ ) ~  

Ref. material 

Animal blood 
IAEA A-2 

Number of 
detns 

Recovery 
(%) 

DPCSV Value 

Animal 
muscle 

IAEA H-4 , 

Fish 
homogenate 

IAEA MA-A- 

iI 2 

I 

/ /  Bovine liver I 

Orchard 
leaves 

NBS1571 

I 

" Errors are Standard Deviation 

Rice flour 
1'BS 1568 



Table 8.5 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Average 

Concentration of Se i n  Human Erythrocytes 
as Determined by XRF and DPCSV 

XRF (ng/mL) DPCSV (ng/mL) 



Table 8.6 

Concentration of Se in Organic and Inorcanic - Sol\.ents after 
Estrticrion from Erythrocyte Santplss 

/ 1 NO. 1 I 1 1 0  i 95 1 205 I /  i 1 
1 
I 

1 
samples 1 Organic (ppb) Inorganic (ppb) / Total (ppb) 

I 1 I 

i 
I 

L , 
I 

J 

Yo. 2 t 12 9 5 I 207 

30. 3 113 93 i 206 
I 
1 

Average 

Percentage 

I 1 1233 I 94t 1 1 206t2 
I 

5 4 54. 1 1 45.6%. I i 100% 







t t 1 t r t f 
- 0 2  

1 
-0.5 - 0.9 

E iV vs. AgfAgC1) 

Figure 8.3 

Relationship &tween Sc Conrent and Peak Current: (a) Blank and (b), (c), 

(d), (e) Are Feak Currents for Se Concentrations of 2, 4, 6 ,  8, ng ml-', 

Respectively. Deposition time 120 s and Deposition Potential -0.2 V vs. 





Chapter 9 Conclusions 

9.1 Conclusions 

It has been shown that accurate concentrations of selenium in biological samples 

can be obtained by XRF analysis when coupled with an effective preconcentration 

technique as developed in this study. The experimental approltch isas verified using NBS 

and IAEL4 standard materi;ds: no significant deviations from the certified values could be 

detected. Random errors irmge 1.3 to i 1.5%) and systematic Trrors (range 6.8 to 10%) 

were determined. 

Experimental evidence has shown that  no potential interferents were found in the 

XRF analysis. This is l i s  srpecred since :he reduction of St: is !,cry selecrive and most 

interfitrents did not precipitare Aung ~ i . i t I ?  rh; Se. The concsntraion of Se in human 

ervthrocytes viere measured and the ritsulrs were confirmed by an independent 

electrochemical method. In conjparison with the DPCSV technique, the new method is 

less szns i t i i c  but more accurate ivi th much hetrer precision. .An attempt was made to 

~ippIy chis method to [he romine snrtlysis of biological samples. 

An effective prsconcentration uxhniqus is described that Alow.; for a determination 

of selenium at the ppb level in bjofogical samples. X detection limit for the XRF 

approach was determined to he 5 ng 3bsoIute. corresponding to 10 ng/g for a 0.5 g sample 

and the linear range exiends up rhrougt-i 210 ug Se. The ;tppro:ich involves first the 



decomposition of the organic matrix and then the precipitation of seleni~rx using tellurium 

both as the coprecipitant and ;is the internal starldard. to obtain t h i n  specimens (< 

1 m$mL j. 

The \vet digestion procedure and the subsequent reduction of sclenir~rn to its 

elemental form with tellut-ium as coprecipitant have been optimized. The use of perchloric 

acid under certain conditions. and sulphuric acid in conjunction with nitric acid. leads to 

an excellent recovery of the selenium in biological materials. The average recovery of 

selenium obtained ~vith the use of optimized analyticai procedure was about 98.8%. 

In summary, the SRF approach used in  this work presefits the following 

advantages: 

( 1  ) The X-ray intensity of a given element is a linear funcdc3n of mass per 

unit area of the element because a th in  tarset is used. 

( 2 )  Matrix adsorption-enhancen;ent effects are negligible md. ~herefore, a single 

calibration curve can be constructed without an organic matrix and be used to 

determine selenium i n  a wide range of biological smpies .  

( 3 )  The ratio of fluorescence X-ray to background is increxxc! because a thin 

target is used. 

( 3 )  Direct determination of selenium in biologic~tl sample is 

possible. ihrough the use of a preconcentration procedure ro bring selenium 

csricenirations tip to be;ectab!e fevets. 

( 5 )  The need for complex analytical chemistry skills is eliminated. 



9.2 Suggestions For Future Wcrk 

Knowiebge of the speci~ition of environmentaiiy and biomedicaiiy reievant 

elements, i . t . .  their distribution in different chemical forms, is important because bio- 

availribility arid toxicity both depend critically on the chemical form (since different forms 

have different assimilahi~i t~) . '  Generally, :?.e free (hydrated) metal ion is the form most 

toxic to aquatic life. Strongly complexed metal, or metal associated with colloidal 

particles. is much less toxic.' For speciation determination at ultratrace concentration 

levels, very sensitive analysis is required m d  the whole analytical procedure must be 

designed to keep contamination to an absolute minimum. Also, any preliminary 

separation step and the analytical measurement must, wherever possible, avoid altering the 

equilibria between the various chemical species i n  the sample. 

For multiple-oxidation-stiite elements such as selenium. the existence of different 

chemical forms necessitates further analysis of particulate ~tssociations. Selenium 

commonly exists in four formal oxidation states: -11, 0, IV, and VI. In natural waters the 

principle dissolved selenium species are Se(IV) and Se(VI), which exist as selenite and 

selenate ions. respectively.'*' Within particulate materkil. Ss  may be found in any of four 

oxidation states. Since the bioiogical uptake and toxicity of selenium are controlled by 

irs chemical form,'.' an evaluation of this chemical speciation in particulate matter is 

needed. ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ,  m..- m y  :. --- P I V U C ~ X ~  --- .... --  ihat affeci i i e  selerii~iiii cycle in natural waters car; 

be elucidated with particulate chemical speciation data. Future research can quantitatively 

reveal the chemical speciation of selenium in particulate materials. 
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