
THE DETERMINATION FOR CADMIUM IN BIOLOGICAL MATERIALS 




THE DETERMINA'riON FOR CADMIUM 

IN BIOLOGICAL MATERIALS 

By 


RONALD E. YOUNG, B.Sc.(HONS.) 


A Thesis 

Submitted to the School of Graduate Studies 

in Partial Fulfilment of the Requirements 

for the Degree 

Master of Science 

McMaster University 

December 1974 



MASTER OF SCIENCE (1974) McMASTER UNIVERSITY 
(Chemistry) Hamilton, Ontario 

TITLEs The Determination for Cadmium in 
Biological Materials 

AUTHORs Ronald E. Young, B.Sc.(Hons.) (McMaster University) 

SUPERVISORs Professor K. Fritze 

NUMBER OF PAGESa ii, 112 

ii 



Acknowledgement 

I would like to thank Dr. K. Fritze 

both for his patience and his assistance 

in the preparation of this thesis. 



Index 

Page 

1) Introduction 1 

2) Cadmium - Description and Properties 8 

3) Apparatus and Chemicals 10 

4) Biological Standards 12 

5) Ashing 14 


Neutron Activation A~ysis 

6) Introduction 17 

7) Cadmium - Indium Equilibrium 19 

8) Self-Shielding 22 

9) Interfering Nuclear Reactions 24 

10) Non-Destructive Analysis 25 

11) Partial ~eparation 31 

12) Complete Separation 39 

13) Alternative Methods of Activation Analysis 47 


t 

Atomic Absorption Spectrometry 

14) Introduction 49 

15) Light Scatter and Molecular Absorption 55 

16) Experimental Procedure 57 


Other Methods 

17) Atomic Flourescence 59 

18) Atomic Emission 59 

19) Colourimetry 61 

20) Emission Spectrophotometry 62 

21) Polarography 63 


22) Intercomparison of Results 64 

23) Conclusion 70 


Appendix I - Biological Role of Cadmium 91 

Appendix II - Cadmium in Human Tissues and Fluids 94 

Appendix III - Cadmium Isotopes by (n, ) 96 


Bibliography 



ABSTRACT 

With the increasing concern about pollution the need has 

arisen for accurate trace analysis of hazardous or toxic trace elements 

such as cadmium. While the modern analytical chemist has at his 

disposal a great many different techniques for analysis, surveys of 

inter-laboratory analyses have often produced serious discrepancies 

among results done by different methods and/or workers. The purpose 

of this thesis will be to review the different methods for trace 

analysis of cadmium in biological samples and to experimently compare 

two of these, atomic-absorption spectrometry and neutron-activation 

analysis. 



INTRODUCTION 

Because of the recent concern over pollution, the public has 

become aware of the dangers of certain trace elements such as cadmium 
; 

in the environment. While its actual biological role may be poorly 

understood, there is growing evidence that cadmium, even in trace 

amounts, constitutes a health hazard {see Appendix-!). Hence there has 

arisen a need for a reliable means of analysis at the trace ·level 

of concentration. With the wide variety of different techniques and 

instruments available today this might appear to be no problem at all 

to the analytical chemist. Unfortunately this is not the case. As 

pointed out by Bowen {1, 2) elemental analysis on a standard biological 

material often reveals serious and disturbing differences when the 

analysis is done by different methods and/or people. 

Bowen's standard biological material was made from the leaf 

tissue of Marrow Stem Kale and precautions were taken to ensure a 

minimum of elemental contamination. {3, 4, 5) Cadmium has been deter

mined at least ten times in the standard kale power, seven of these 

by neutron activation analysis. The results are listed below: 



Table 1 ~ Literature Values for Kale Analysis 

METHOD SEPARATION AVERAGE (p.p.m.) ACTUAL RESULTS REFERENCE 

N.A.A. chemical 0.38 0.347, 0.386, 0.392 46 
0.410 

~-------------------r-----------------

N.A.A. solv.-ext. 0.50 0.48, 0.46, 0.51 9 

~-------------------
0.54r---------------- 

' N.A.A. - - - - 0.63--------------------  -~v~r~g~~f_5_r~s~lts_____2__ 

N.A.A. an.-ex, 0.63 0.67, 0.63, 0.60 7 
chemical -~ 

~-------------------r-----------------

Polar. 0.73 overall average of 57 
two s~ts of six each. 

1-----------  S.D. - 10.3%--------r---------------- 
At. Abs 

~-----------

0.75 avera~e of 10 results 89 
S.D. 0.18--------r---------------- 

N.A.A. an.-ex.1----------- 
+0.89 10 results S.D.- 0.16 8--------r---------------- 

~ N.A.A.__ .::..::..::..::. ____ .Q..2_1____ r av~r~ge ~f_6_resul!_s_____2__ 

f.- Po.!_ar __ .::..::..::..::. ____ .!_.Q ____ r av~r~g~ ~f_4_results_____2__ 

N.A.A. 
Polar. 
At.Abs. 
solv.-ext. 
an.-ex. 

- Neutron Activation Analysis 

- Polarography 

- Atomic Absorption Spectrometry 

- solvent extraction 

- anion exchange 


If one makes the assumption that the kale powder is homogeneous, 

then the results, especially by neutron activation analysis, are rather 

disturbing. Nevertheless it is interesting to note that the quoted 

concentrations do not appear to follow a normal distribution but possibly 

show a "bunching" around the 1 p.p.m. level. However, other methods 

of analysis have also given trouble. Authors have often 

disagreed over colourimetric methods of analysis (11) and there are 
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several examples in the literature where differences have been found 

between colourimetric and atomic absorption analysis (13, 14, 15). 

For example Schroeder (12), in 1961, determined cadmium in over 100 

naturally occurring samples, including foods, by a colourimetric 

method employing dithizone. Four years later he repeated all of his 

analyses because the former results had been found to be too low. (15) 

Something appears fundamentally wrong or inadequate with some 

of the analytical methods or procedures involved. The purpose of 

this thesis will be to investigate some of the methods and to suggest 

a preferred method of analysis if one is found. 

Naturally, there have been some attempts in the past to recommend 

or to standardize certain procedures. In 1969, the Analytical Methods 

Committee of "Analyst" published an article entitled: "The Determination 

of Small Amounts of Cadmium in Organic Matter" (16). In essence the 

article recommends three different procedures; a colourimetric method 

(dithizone), a polarographic method, and an atomic absorption method. 

However, it is the opinion of this author that certain criticisms can 

be made of this study. 

First, their methods were tested on samples "doped" with cadmium. 

Since the cadmium in organic material will most likely be in a 

different form, their approach may be somewhat unrealistic. 

Secondly, they make no more than a cursory interpretation 

of their results. For example, they analysed certain doped samples by 

the following methods: 
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Table 11 - Results of Cadmium Analysis 

ORANGE SQUASH (Cadmium is added to a concentration of 2 p.p.m.) 

CONCENTRATION {p.p.m.) 

Dithizone Polarography Atomie Absorption 

No. of detn. 8 4 7 
Range 1.3-2.1 1.9-2.0 1.5-2.0 
Mean 1.59 1. 93 1. 80 
S.D. 0.23 0.05 0.18 

LIME JUICE (Cadmium is added to a concentration of 2 p.p.m.) 

CONCENTRATION {p.p.m.) 

Dithizone Polarography Atomic Absorption 

No. of detn. 7 5 7 
Range 1. 3-1.9 1. 8-2 .o 1.5-2.2 
Mean 1.62 1.90 1.99 
S.D. 0.24 0.10 0.27 

LIME JUICE {Cadmium is added to a concentration of 20 p.p.m.) 

Dithizone Polarography Atomic Absorption 

No. of detn. 7 6 23 
Range 13.5-21.0 19.8-21.3 18.0-20.1 
Mean 19.2 20.4 19.4 
S.D. 2.5 0.6 0.5 

While the number of determinations is low, it appears certain 

that the dithizone method does give lower and less reproducible 

results at least at this level. While one may argue that the 

difference is small it is not reassuring to have serious differences 

between methods especially if these are recommended procedures. As 

mentioned before, dithizone has been known to give troubles in the 

past (11, 13, 14, 15). 



Finally, while not a criticism, the paper has no reference 

to other methods such as neutron activation analysis. 

Before going any further, let us realistically examine the 

problem that confronts the analytical chemist. Basically, he must 

devise a method that others can use with a minimum of interferences 

and/or problems. To do this the analytical chemist must take two 

factors into account. These are (a) the likely concentration range 

in his sample and (b) the type of matrix involved. 

(A) CONCENTRATION RANGES 

Studies of various diets (15, 17, 18) have shown that the 

average intake of cadmium is between 0.1-0.3 mg/day. The 

concentration in food and water usually varies from the low or sub 

p.p.b. level to the low p.p.m. level (15). 

i.e. 	 p.p.b. -------------------------------------------------p.p.m. 

vegetables cereals dairy poultry meat 
water products seafoods 

Analysis of cadmium in normal adult human tissue usually shows 

concentrations around 0.1-1.0 p.p.m. (wet weight) except for kidney 

and liver tissues which are usually much higher, i.e. 1-60 p.p.m. 

In blood and urine the concentration is usually in the low p.p.b. range • 

.(see appendix-2 for literature values for the concentration of 

cadmium in different human tissues and fluids). 

Hence 	the analytical method must be applicable to these ranges. 

Bowen (6) gives the detection limits for cadmium by the following 

methods as: 
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Table 111 - Detection Limits by Various Methods 

Activation 10-9 
gm. 

Colourimetry 10-8 
gm. 

Mass Spectrometry 10-6 gm. 

Polarography 	 1. 5 X 10-6 gm. 

Spectroscopy** 5 X 10-9 gm. 

-8X-ray Fluorescence 9 X 10 gm. 

12* 	assuming a flux of 10 neutrons cm-2 sec-l and 
sample irradiated till saturation 

** using a D.C. arc after chemical concentration 

Activation analysis appears to be the most sensitive of the 

six methods. Since the McMaster University Reactor has a flux of 

1013 neutrons cm-2 sec-l one expects the detection limit to be down 

-10to 10 gm. 

Winefordner and Elser (19) give the following detection limits 

for atomic flame and related methods. 

Table IV - Detection Limits by Atomic Flame and Related Methods 

Method Absolute Detection Limit (gm) 

Atomic Emission Flame Spectrometry 4 X 10=~ 
RF Excitation Atomic Emission Spectrometry 6 X 10 

1 X 10-lO Atomic Absorption Flame Spectrometry 
Graphite Cell Atomic Absorption Spectrometry 6 X l0-14 

Atomic Fluorescence Flame Spectrometry 2 X 10-!3 
Graphite Cell Atomic Fluorescence Spectrometry 3 X l0-14 

Metal Loop Atomic Fluorescence Spectrometry 2 X lo-14 

While the numbers are quite impressive they must be interpreted 

with a certain degree of care. Most of the techniques are relatively 

new and little practical work has been done at the above levels. 



Usually the results were obtained using special equipment on cadmium 

solutions alone. As well, since some of the techniques require oniy 

a small sample volume, the relative detection limits are often 

several orders of magnitude higher. However some practical work has 

-9been done at the nanogram range (10 gm) using some of the above or 

related techniques (20, 21, 123). 

(B) BIOLOGICAL MATRIX 

While organic matter is mainly composed of carbon, hydrogen, 

oxygen, nitrogen, phosphorous and sulphur, it may contain appreciable 

quantities of other elements such as sodium, potassium, chlorine, 

bromine, zinc, iFDn, manganese, calcium and magnesium. Depending on 

the type of method of analysis involved it is this matrix that may 

interfere. For instance, most biological samples contain appreciable 

concentrations of sodium and chlorine. This creates special problems 

in non-destructive neutron activation analysis due to the high back

ground from these elements. Or, in the case of atomic absorption, 

these same elements give rise to false absorption signals for a 

variety of reasons. 

It is the responsibility of the analytical chemist to be aware 

of these problems before he starts to recommend any procedure. 

Unfortunately examination of the literature shows numerous cases of 

discrepancies, erroneous results and controversy. It is hoped that 

this present work will help to improve the situation• 
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CADMIUM - DESCRIPTION AND PROPERTIES 

Cadmium is a silvery white but tarnishable metal belonging to 

group 2B in the periodic table along with zinc and mercury. Its main 

physical properties are listed below (22, 23) in Table V: 

Table V - Physical Properties of Cadmium 

Atomic Number 48 
Atomic Weight 112.40 2Outer Electron Configuration 4d10ss 
Ionization Potentials 

1st - 8.00 e.v. 
2nd - 16.84 e.v. 
3rd - 38.0 e.v. 

M.P. °C-321 
B.P. °C-767 
Heat o!2~apoura!.ion 26.8 kcal/mole 
E for ML + 2 e M0 -o.402 volts 

0 

4d10 5 2B of t he outer e 1ectron f . . s , and t heecause con 1gurat1on, 

extremely high third ionization potential it forms no compounds in 

which the d shell is other than full and may be regarded as a non-

transition element. As well except for some evidence for the +1 state 

in melts, +2 is the dominant oxidation state and the only stable valence 

in aqueous solution. 

While cadmium will dissolve in hot dilute sulfuric and hydro

chloric acid it most readily dissolves in dilute nitric acid. All of 

the common salts of cadmium are soluble in water with the exception of 

the sulfide, carbonate, oxalate, phosphate, ferricyanide, ferrocyanide, 

and hydroxide. 

Of interest to the analytical chemist are the facts that it 

has a suitable E for polarography; it forms fairly stable anions 
0 

with the halogens and this allows a rather selective anion-exchange 

procedure; and it readily complexes with a wide variety of complexing 
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agents such as dithizone, EDTA, etc. 

Indicators such as xylenol orange, methyl thymol blue, and 

PAR (4- (2- pyridyazo) -2-napthol) may be used for endpoint detection 

in direct EDTA titrations (24, 25, 26). 

While there are a great many precipitating reagents for 

cadmium (24) two reagents have gradually emerged as being superior to 

the others. They are 2- (o-Hydroxyphenyl) -benzoxazole and ammonium 

reineckate. 

2- (o-Hydroxyphenyl) - benzoxazole- (27, 28) The reagent is believed 

to react with cadmium in the following manner. 

o-f?{,, 0 
N I 

-::ted ~ 
I ~- (-' 

~'-o 

It is a fairly selective reagent and the few elements that interfere 

namely copper, nickel, and cobalt, may be completely eliminated by 

following a simple separation scheme (28). It has a gravimetric factor 

of 0.2109. 

;~onium Reineckate- (27, 29) The structure of the reineckate 

anion is believed to be: 

N\-\3 

SC.N · ··· J·· ·.IVC S 
~c /.. ,.

;/ .............


SC.N ······ ... NC s
I 

f'IH3 
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It combines with cadmium and thiourea in the following manner: 

s s 
(J"l++) tJHl~ NH~ + ;l ( Cr(SCN)

14
(NI·f,_\] --7 [ CJ (NH,(N~;~),} ( Cr(S(Nl,(NHJ\.J..,. 

' Tin, antimony, copper, bismuth, mercury, and lead will interfere but 

suitable preliminary separations are available (29). It has a gravi

metric factor of 0.1247. 


APPARATUS MD CHEMICALS 


Apparatus 


Samples were irradiated in the McMaster University Nuclear 


13 2
Reactor either in the high flux (1.5 	X 10 neutrons/em /sec) or in 


12 2

the pneumatic rabbit position (1 X 10 neutrons/cm /sec.). Gamma 


spectra were taken on a Nuclear Data Multichannel Analyzer (Series 2200) 


3
using either a 45 cm Ge (Li) detector or a standard 3" X 3" or a 3" X 


3" well Nai (Tl) detector. 


Atomic absorption work was done using a Westinghouse cadmium 


lamp on either a Jarrell-Ash 800 Spectrophotometer with a 5 or 10 


em slot burner; or a Heathkit EU 703 Spectrophotometer using either 


a Techron 5 em. slot burner or Beckman total consumption burner. 


Readings from the Heathkit were taken with a digital readout. 


Dry ashing of biological samples were preformed in a Blue M 


Muffle Furnace. pH measurements were done on a Beckman Zeromatic pH 


meter. 
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Chemicals 

All cadmium solutions were prepared from high purity Cominco 

69 cadmium metal shot. C.P. grade acid and bases were used throughout 

except in the wet ashing of samples for atomic absorption work where 

B.D.H. Aristar brand HN0 and H so were used along with Analar brand
3 2 4 

of NaOH. 

Chelating and anion-exchange columns were made up of Chelex-100 

(100-200 mesh) and Bio-Rad AG 1 X 8 (100-200 mesh) respectively. 

11 




BIOLOGICAL STANDARDS 

For comparisons of different analytical methods it was felt 

advantageous to have a standard biological material. Unfortunately 

Bowen's kale powder (1) was available in only limited quantities. 

Since cadmium tends to accumulate mainly in the kidneys (12), beef 

kidney was chosen as another standard material. However as pointed 

out by Livingston (30) there is a concentration gradient even within 

the kidney itself and it tends to accumulate mainly in the renal 

cortex. A standard was prepared from kidneys bought commercially. 

They were washed with deionized water, the outer layers (mainly the 

renal cortex) were removed with plastic utensils and samples were 

freezed-dried. Sample #1 was ground up using a glass mortar and 

pestle. Sample #2 was ground up using a blender. The samples were 

sieved and only the fractions that passed through a 250 micron sieve 

were taken. It is important to realize that the actual, biologically 

significant concentration is of no concern here. The essential part 

lies in the analytical agreement or disagreement obtained using 

different methods on the same matrix. 

Bowen pointed out that drying his kale powder at different 

temperatures could lead to variations in results since it is slightly 

hydroscopic, containing about 5% water (6). Similarly drying curves 

for these standards for the beef kidney also show a variation of 
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weight loss with temperature (see diagram 1). For the purpose of this 

0work all samples were dried at 90 C for 20 hours. 
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ASHING 

For the analysis of cadmium in biological materials, it is 

usually either desirable or necessary to remove the organic matrix 

before analysis. This can be done in either of two ways. 

(1) Wet Ashing- This is the recommended procedure (16, 31-33). 

Tracer studies have shown near 100% recovery with any of the mixtures 

of HN03 , H2so
4

, and HC10 (33, 34). Sulphuric acid and hydrogen
4 

peroxide have also been used but slight losses of 3-6% have been 

found (33, 35). 

The particular choice of oxidizing agent will depend somewhat 

on the biological sample itself. For example, samples high in 

calcium may give undesirable precipitates if H2so is used. In this
4 

work, for the beef kidney samples a 3:1 mixture of HN0 and H so
3 2 4 

was used in a preliminary step. After a clear solution was obtained 

the remaining organic material was removed using HClo • For the kale
4

samples, 90% HN03 was finally chosen as an oxidizing agent. 

Various authors (31, 33, 35) have recommended rather complicated 

types of glassware for wet ashing. For cadmium, it was felt that this 

was not necessary. In this work, a small funnel was simply placed 

at the mouth of a Kjeldahl flask (30 or 100 ml). This allows the 

escaping fumes to be partially refluxed. Tracer studies showed near 

100% recovery and indicated that the method was satisfactory. 

For atomic absorption work in order to keep blank values to 

a minimum only high-purity acids (B.D.H. Aristar brand) were used. 
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However, it was found later that C.P. reagent grade acids usually gave 

a negligible blank as well. 

(2) Dry Ashing - One of the few who advocate dry ashing is Shirley 

(36) who claims that at 550°C using sulphuric acid, he got practically 

full recovery. However, most authors disagree. At this temperature, 

Gorsuch (34) reports losses of up to 24%, especially when using 

ashing aids such as HN0 or Mg(N0 ) • Gorsuch speculates that losses
3 3 2

of cadmium may be due to reduction of CdO to the metal (which melts 

at 320°C and boils at 778°C) by the carbon present (33). 

Lowering the temperatures does not solve the problem but 

losses are reduced. Zook (13) reported recoveries of 92~8% at 480°C. 

Murthy (19) had recoveries of approximately 95% in the same temperature 

0 range. Finally at 450 C, Schroeder (12) found less than 5% difference 

between dry and wet ashing and Pulido (20) has reported similar findings. 

Since differences did exist between authors it was decided to 

investigate dry ashing. This was done in the following manner: 

Approximately 1 gm. of beef kidney powder was spiked with 

50 ul. of a radioactive cadmium solution (containing about 1 ug Cd 

0 
as the nitrate). The sample was then dried for 2 hours at 110 C and 

then dried overnite (16-20 hrs .• ) in a Blue M Muffle Furnace. Recoveries 

of cadmium are found in Table VI. 
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Table VI - Recoveries After Drl Ashing 

Temp. 0 C Recoveries 

450°C -- * 

500°C 100.4 99.7 100.6 

550°C 98.7 99.7 99.6 

600°C 99.3 100.4 99.7 


*Ashing was incomplete at this temperature and recoveries were not 
checked. 

While no attempt was made to calibrate the temperature of 

the furnace, the above data would indicate no loss of cadmium at 

moderate temperatures. Since this is contradictory to the general 

result, one must interpret the results with care. One might draw 

the conclusion that possibly the actual chemical form of the cadmium 

in the sample might be more important than previously thought. Previous 

tracer studies have omitted stating the chemical form that the cadmium 

is in. Therefore, discrepancies might arise from this source. 

In conclusion, while wet-ashing is the preferred method, dry 

ashing at 500°C would probably lead to only small errors (5% or less). 
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NEUTRON ACTIVATION ANALYSIS 

Introduction 

Neutron Activation Analysis (N.A.A.) depends upon the formation 

of radionuclides from an element in the sample when it is bombarded 

by neutrons. Some of the stable isotopes of the element, when 

irradiated by slow or thermal neutrons, produce a radioactive species 

of the same atomic numbe~ut one atomic mass unit higher. Each of 

these radionuclides has its own characteristic radiation, half-life and 

mode of decay. These properties may be used for the qualitative and 

quantitative determination of the element-of interest. The methods 

showing how these properties may be applied to analysis can be found 

in any good reference text on activation analysis. 

For cadmium there are seven different isotopes produced by 

(n,~) reactions (45) of which only four have been recommended for use 

in neutron activation analysis. These four are listed in Table VII, 

along with some of their properties (45). 

Table VII - Useful Cadmium IsotoEes for N.A.A. 

Isotope T! Main~ Lines Precursor Natural Cross Section 
(Kev) Isotopic (Barns) 

Abundance 

lllmCd 49 min 245.4' 150.8 llOCd 12.39% 0.2 
,~, 

115Cd 114Cd53.5 Hr.527.9 492.3 	 28.86% 1.1 
(336.2*) 

115mcd 43d 934.1, 1289.9 114Cd 28.86% 0.14 

117Cd 	 2.4h 273.0,1302.0 116Cd 7.58% 1.4 

115m...* photopeak from Ln daughter 
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109Another isotope Cd (t!=l.3 years) is often used for tracer 

studies or for substoichiometric analysis. (A more complete list of 

the isotopes and their properties is listed in Appendix 111). 

As illustrated in diagram-2, radiochemical analysis is a 

fairly broad field. The particular isotope used and the analytical 

approach will depend on the concentration range and the matrix involved. 

115
However for biological samples usually the 53.3 hr. Cd is used. 

There are several reasons for this. First, after irradiation the 

cadmium spectrum is quite complex (see diagram-3). If one employs a 

suitable cooling time of at lea&t two days, the shorter lived isotopes 

will no longer interfere. For irradiations of less than two days 

115interference from mcd is minimal as well (37). Hence the spectrum 

115is usually just that of 115cd and its daughter ~n. (see diagramr4,5). 

In the case of biological samples the wait of two days also 

allows the decay of many of the shorter lived isotopes commonly found 

38in biological materials such as: c1 (37 min.), 56Mn (2.6 hr.), 

24Na 64 42 69m(15.0 hr.), Cu (12.7 hr.), K (13 hr.), and Zn (13 hr.). 

This also conveniently provides a safer radioactive level to work with. 

However there has been one reported case in the literature where the 

111mshort lived Cd was used. (38). 

There are three factors which one should consider before 

proceeding further. These are: 

115cd/115(1) ~n transient equilibrium 

(2) Self-shielding effects 

(3) Interfering nuclear reactions 

18 
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Cadmium - Indium Equilibrium 

115While cd may be readily determined by #-ray spectrometry 

115mvia its photopeak at 527.9 kev., the daughter isotope In is often 

used instead due to its more intense photopeak at 336.2 kev. Because 

115
the mother isotope, cd, has a longer T!than the daughter isotope, 

1151ILLn, the daughter isotope will grow into a so-called transient 

equilibrium with the mother isotope (39, 44). Therefore if one wishes 

to use the In-daughter photopeak there are two things which one should 

know. First, how long does it take to reach the transient equilibrium 

situation? Secondly, when is the optimum time for counting for a 

maximum count rate? 

Concerning transient equilibrium the literature is inconsistent. 

1151IL
Westermark (37) suggests only several half lives of Ln (10-15 hr.?), 

Ljunggren et al. suggest 15-20 hr. (40), Livingston et al. overnight 

(16-24 hrs. ?) (7), Vincent and Bilefield 24 hr. (41, 42), Chueca at 

least 30 hr. (8). Heurtebise 33 hrs. (43), and Das and deVries, 45 

hrs. (9). Therefore it was felt necessary to plot a theoretical curve 

of the equilibrium which is done in the following manner. 

"The number of atoms of daughter substance N is connected with the
2 

activity of the mother substance by the following relationship. 

e ->-.a+) 
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1 

where: 


-N° is the initial activity of the mother substance 


-t is the time of accumulation 


- 1 and 2 are the decay constants of the mother and daughter substances. 


The recorded counting intensity It at instant t is: 


L 1\.j o \ \ ( e- ).,t_ e.- Aaf)K "J I ' I 1\ I 1\;). \ 

Ad-- A, 

where: 


-k and k are the counting efficiencies of the mother and daughter

1 2 

activities" (44). 

Since the first term on the right hand side is solely the contribution 

115 115IILfrom Cd and the second term is solely the contribution from Ln, 

the ratio of the 115~n/115cd photopeaks can be given by the following 

equation: 

0 _}..,+J<d. N, .A, A6.. e(
1\d.- At 

115 Cd -)\ ,+k, No 
I 
\, e 

1\5""' \ f'\ 
This can be simplified to: 

lls Ccl 

c COI'\s+q"'t 
20 A~ 

)\~-)\, 



The counting efficiencies k and k2 were determined by the following1 

expression 

k=(detector efficiency at a specific )(A )(0.01)
1

where: 

-~ is the number of photons emitted per 100 disintergrations of 

the nuclide. 

For Cd and In: 

Al (50) Kev Detector Efficiency (46) 

In 45.2 336.2 8.8% 

Cd 53.3 hrs. 27.5 527.9 5.2% 

Substituting the_above values one finds C=3.04. Experimentally C 

was found to range from 2.95-3.36 with an average of 3.06. 

To 	 find the transient equilibrium position the function 


f(t) = (l -e-0.14lt) 


was plotted against T (see diagra~6). It showed the following values. 

f(t) = 0.90 at 17 hrs. 
0.99 at 33 hrs. 
0.999 at 49 hrs. 
0.9999 at 65 hrs. 

Hence Heurtebise (43) was correct that a wait of 33 hours is 

necessary 	unless one wishes to make a correction from the above diagram. 

Maximum count rate may be determined from the following expression 

(39). 

\ 
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This could also be obtained by plotting In/Cd ratio X Cd count rate 

) 
versus time (see diagram-7). 

115m_
To verify the above equations the ln daughter was separated 

115from the cd on an anion-exchange column and then allowed to grow 

in. The results are shown in Table VIII. 

Table VIII - llSmin/115cd Equilibrium Data 

Time (hr.) 115~n/115cd~C llSmin Count rate/1000 sec* 

0.2 0.04 3807 
1.1 0.16 14127 
2.1 0.26 23913 
4.7 0.51 43916 
8.2 0.69 57934 

10.2 0.75 62510 
14.9 0.85 66744 
17.9 0.91 67364 
20.4 0.94 66306 
22.6 0.97 66135 
27.0 0.99 64566 
37.0 1.00 56908 

*corrected to initial cadmium count rate of 30,000 counts/1000 sec. 

These results showed good agreement with the theoretical curves. 

(see diagrams-6 and-7) 

For beta counting, despite the claims of Vincent and Bilefield 

115m .(41, 42), decay schemes (47) show the In contr1bution to be at most 

only 0.15% and for most practical purposes there is no need to wait for 

equilibrium conditions. 

Self-Shielding 

113The large cross section of the cd isotope of about 20,000 

barns (48) makes self-shielding a definite possibility whenever cadmium 

is irradiated. However in dealing with very small quantities of cadmium 
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one might expect self-shielding effects to be minimal. Indeed most 

authors do not even bother to mention the possibility. Vincent and 

Bilefield (41, 42) checked self-shielding in the sub ug region and 

found little difference between standards at this level. Their results 

are given below in Table IX: 

Table IX - Cadmium Self-Shielding Results of Vincent and Bilefield (41,42) 

Irradiation Number 

Weight in ug 
Activity/ug 

{).926 
3594 

0.672 
3466 

1 
0.107 
3883 

0.0115 
3899 

0.908 
3835 

0.474 
3973 

2 
0.057 
4007 

0.0093 
4103 

They concluded from the above that self-shielding was not important at 

this level. 

However Chueca (8) in trying to explain the differences in the 

kale powder results re-examined the phenomenon of self-shielding. His 

results showed that below 1 ug there is a significant increase of about 

20% in the activity per ug. 

Again to resolve the controversy it was decided to investigate 

the matter. 50 ul. of Cd(N0 ) solutions of varying concentrations were
3 2 

placed in cylindrical quartz capsules of dimensions 15mm. high and/12mm. 

in diameter. The solutions were evaporated to dryness. To monitor the 

total flux, a standard of about 1 ug was treated in an analagous 

manner. Each sample along with a standard was irradiated for periods of 

time ranging from 1-72 hours. After irradiation, the samples were 

transferred along with carrier to test tubes and the samples were 

counted after two days in a Nai(Tl) well counte.r. The results were 

all normalized so that the standard 1 ug gives 10,000 counts/lOOOsec. 
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The results are given below in Table X. 

Table X - Cadmium Self-Shielding Data 

Run Ill Run 1/2 

weight Cd (ug) activity/ug weight Cd (ug) Activity/ug 
60.34 	 9587 1425.3 8529 
12.068 9331 142.73 9386 
0.12068 10481 10.54 9485 
0.012068 9925 0.1054 9777 

0.01054 9749 

The 	activity/ug was then plotted versus the log of the weight in ug. 

See diagram -8, It is evident from the diagram that self-shielding is 

not important in the region of interest to the analysis done in this 

work. (Most standards and samples are usually in the range of 

0.1-1. 0 ug.) 

Interfering Nuclear Reactions 

Whenever one does neutron-activation analysis there is always 

the possibility of a contribution to the isotope of interest from 

115some interfering nuclear reaction. For instance cd can be produced 

114 115by 	three other nuclear reactions other than Cd(n,~ Cd. 

i.e. (1) 115In (n, p) 115Cd 

(2) 	118Sn (n,~) 115Cd 


235u 115
(3) (n,fission) cd 

However reactions (1) and (2) have very low cross sections and in reaction 

(3) cadmium lies in the trough of the uranium fission yield curve (41). 

Combined with the low concentrations of the precursors in biological 

samples, as given by Bowen (67), the error in analysis from interfering 

nuclear reactions is negligible in nearly all cases. 
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NON-DESTRUCTIVE ANALYSIS 


Introduction 

Various references in the literature (30, 37, 49-52) have 

shown that cadmium can be both detected and determined in biological 

samples by strictly instrumental means. This is made possible by the 

115
fact that cd has a longer half-life than the major elements present 

in the biological matrix. The general approach to analysis appears to 

be irradiate for about a day, wait for six days (30, 37) or longer 

(49, 52) and count. 

Usually cadmium is only one element in a multielement survey 

and then the results are usually qualitative or semi-quantitative at 

best. Some of the work is even suspect. For example Cooper (49) claims 

to be able to see cadmium in normal whole blood. However using his 

data the cadmium content would need to be least 9 p.p.m. which is totally 

unrealistic (see appendix-II) 

In a multi-element N.A.A. paper Yule computer-calculates the following 

detection limits for cadmium in six common matrices (51). 

Table XI - Detection Limit of Cadmium in Various 

Substances by Yule 

Whole Urine Milk Tap "Pure" Polythylene 
Blood Water Water Vials 

Cd (in p. p.m.) 500 20 200 40 0.1 0.2 

However, as will be experimentally shown later, these detection 

limits are probably too high. A previous paper by Yule (53), suggests 

• 111mthat the above results may have been calculated using the 49 m~n. Cd 

isotope. 
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In 1960, T. Westermark et al. (37) stated that Cd can be 

determined (at least semi-quantitatively) by direct gamma scintillation 

counting. Basically his method involves a 6-9 day aging period followed 

by detection with a Nai(TI) detector and a single channel analyser. 

Concentration is then determined by comparison with known standards. 

While in general he uses samples of high Cd content, (200 p.p.m. for 

O.lg. samples), he also states that he can place an upper limit on 

certain bladder samples ( 6-10 p.p.m.). While still applicable, the 

fact that only a single channel analyser is being used, means that certain 

precautions must be taken with this method (37, 54). 

-rn the most recent paper Livingston uses a 6 day waiting 

period combined with a Ge(Li) detector and a multichannel analyzer (30). 

Previously he had published a paper on a post-irradiation separation 

scheme for cadmium (along with Cu, Zn, Hg) (7), but found that now 

with a Ge(Li) detector the separation was not necessary. Unfortunately, 

he fails to give a lower level of detection. This is important because 

like Westermark he is using samples of relatively high cadmium content. 

(16-305 p. p.m.) 


Investigation of Non-Destructive Analysis 


Several factors should be considered before non-destructive 

analysis is used. These include choice of isotope, irradiation and 

cooling times, possible interferences either from other gamma lines, 

comptons or background, and detection limits. Each of these is in

vestigated in turn. 

115
(a) Choice of Isotope As previously mentioned the cd isotope-

is the one most used but Yule's work indicate that lllmCd might be 

suitable as well. This possibility was investigated in the following 

26 




manner. 

About O.lg. of beef-kidney was spiked with varying 

amounts of cadmium and then sealed in polythylene vials. The vials 

were then irradiated for 15 minutes in the pneumatic rabbit system. 

After the irradiation the vials were opened and the samples were quickly 

transferred to small beakers and the gamma spectrum was taken. However 

. 111m
when no d1scernible Cd peaks (151 Kev and 245 Kev) were found at 

115500 p.p.m. the method was abandoned. Hence it would appear that cd 

should be used. 

(b) Irradiation and Cooling Times - An arbitrary irradiation time of 

one day was used. Because of the building or saturation factor 

(1 - e - T t h.1s d. . . uces about one quarter o 0 • 693t ) i rra 1at1on t1me prod f 

! 
the possible cadmium radioactivity. While longer irradiations would 

increase the cadmium activity there is not expected to be any great 

increase in sensitivity because background from the longer lived isotopes 

would be higher as well. 

Shortly after irradiation the gamma spectrum of biological 

samples is dominated by the major elements present in the sample such. 

as sodium, potassium,chlorine and bromine. Hence trace elements such 

as cadmium are masked or hidden in the background. Therefore, it is 

necessary to let the radioisotopes giving the background decay away. 

Naturally the question arises, how long should one wait before 

analysis? To answer this, several beef kidney samples of about 0.1 

0.2 g. were spiked with cadmium to give a final concentration of about 

100 p.p.m. in the sample. These were irradiated along with standards 

for one day at high flux and then counted daily after irradiation using 

a Ge(Li) detector and a multichannel analyzer. Qualitatively it was 
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found that when the samples were counted before the fourth day the results 

were invariably low. Samples counted during the fourth and fifth day 

were occasionally low, but from the sixth day on they usually were 

satisfactory. However, after about the twelfth day, the decreasing count 

rate was beginning to make analysis unsatisfactory. 

The gamma spectrum of a spiked beef kidney sample, two, four 

and twelve days after irradiation is shown in diagrams 9, 10 and 

11 a, b. 

(c) Interference from Other Gamma Lines - The use of high resolution 

Ge(Li) detectors and multichannel analyzers has minimized this in 

recent years. Examination of published gamma spectrum of various 

115biological materials (30, 49, 52, 56) show no interference at the min 

peak at 336. Considering the usual concentration of elements in 

biological samples (67), and their gamma spectrums (45), there is not 

likely to be any interference with possibly one exception, namely the 

59Fe line at 334.7 Kev. But with a relative intensity of 0.4% and half-

life of 45.6 days it should present little trouble. If necessary 

a correction could be made for it based on the high energy line of iron. 

115Alternately one could use the Cd peaks at 492 and 528 kev. 

However, the lower count rate and the nearby strong 511 peak mainly from 

24 64Na and Cu makes them less satisfactory. 

(d) Detection Limit - To find this some samples of beef kidney powder 

(O.lg.) were doped with various amounts of cadmium, irradiated for 

24 hours at high flux along with standards. The samples and standards 

were allowed to decay for six days before being counted. The results 

are shown in Table XII. 
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Table XII - Results of Non-Destructive Analysis 

Actual (p.p.m.) Found Error 
Weight (ug) Weight(ug) 

0.48 (4.9) -----* 
1.03 (10.1) 1.14 +11% 
2.69 (25.8) 2.11 -22% 
5.50 (47.8) 5.14 -7% 
8.21 (77.4) 8.03 -2% 

10.51 (99.7) 10.83 +3% 

*not calculated due to no discernible 
115~n photopeak. 

A brief inspection of the above graph would suggest an 

experimental detection limit of about 5-10 p.p.m. Some calculations 

on the average background give similar results in the following manner. 

First it is necessary to examine the counting geometry. 

Since the gamma rays will penetrate 
some distance inside the crystal 
before stopping z is some small 
number.7· I 

Distance to where gamma rays stop 
then is 7.1 + 0.3 + z. 

rays stop at the same depth z. 

Assume z = 1 mm) 
= 3 mm) 
= 5 mm) 

just arbitrary 
numbers 

=10 mm) 

Then to a first approximation 

y
Detector Efficiency X + y x 

0.088* 

*detector efficiency at 336.2 kev when X=O (46) 

To simplify calculations, let us 
make the assumption that all gamma 

Background - In the above position, for a sample of beef kidney powder 

13 3
(0.1 gm.) irradiated for one day at 1.5 X 10 neutrons/em /sec. and 

allowed to decay for six days, the average background is about 3000

3500 counts/channel/1000 sec. 
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Assume the peak is in three channels and one wants minimum 

detection limit to be about 2 standard deviations above background. 

2 S.D. of 10000 = 200 counts 

Number of counts needed then is 2 s. D. X 1 
Detector Efficiency x ~ 1000 

100 

where again A is the number of photons emitted per 100 disintergrations
1 

for 	X= 1 D.P.S. 2900 0.88 uC 
X= 3 II 1360 0.04 uC 
X= 5 II 800 0.02 uC 
X =10 II 350 0.01 uC 

But 1 ug irradiated for one day at high flux = 0.124 uC 

Allow for 6 day decay Activity/ug = 0.02 uC 

Since sample size is about 0.1 gms. then detection limits are 

X= 1 40 p.p.m. Obviously, from these figures a 
X = 3 20 p.p.m. detection limit of about 10 
X = 5 10 p.p.m. p.p.m. seems reasonable. 
X =10 5 p.p.m. 

While the above calculations apply to a particular sample, sample 

size, irradiation and decay time, the detection limit of about 

10 p.p.m. is probably typical within a small factorfbrmost biological 

samples. 
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PARTIAL SEPARATIONS 

The main disadvantage of non-destructive analysis is the high 

detection limit of about 10 p.p.m. due to the high background from the 

sample matrix (mainl~odium, potassium, chlorine and bromine) and the 

poor-counting geometry because of the high activity of the matrix. 

Thus even a simple form of chemical separation should improve matters 

considerably. Qualitatively, the onlT difference from a complete 

separation, is that for some loss in radiochemical purity one gets a 

saving in time and effort involved in analysis. However as the 

detection limit goes down the spectrum usually becomes more complex 

because other trace elements show up in a partial separation. 

Actually very little work has been done using only partial 

separation as a means of analysis. T. Westermark et al (37) wet ashed 

their sample and did a sulfide precipitation froml N acid. The pre

cipitate was filtered, washed with 1 N NaOH, dried, counted and then 

weighed for chemical yield. He claims that while it doesn't lead to 

115UL a completely pure cadmium spectrum the 340 kev Ln peak is not 

contaminated and could be easily evaluated without difficulties in his 

samples. It should be noted that he was using a lower resolution Nai 

(Tl) detector at the time and claimed a detection limited of 6-10 p.p.m. 

Two other partial separations were based on solvent extraction 

this time in multielement analysis papers. Strain et al (38) used solvent 
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111mextraction of Cd at pH 8 with D.E.D.C. (diethyldithiocarbamate, 

sodium salt) into ethyl acetate to determine several elements in arteries. 

Steinnes et al (10) used solvent extraction with tri-octyl-phosphine 

oxide (TOPO) in cyclohexane from 6N HCI to determine several elements in 

kale powder. 

De Voe and Meinke (27) did some related work in 1959 when they 

studied some rapid radiochemical separations on cadmium. 

Experimental 

Both precipitation and solvent extraction were both briefly 

investigated as a means of partial separation prior to analysis. For 

all samples the following was done. 

Samples (approximately 0.1 g. of beef kidney powder) were 

13 2
irradiated for 24 hours at neutron flux of 1.5 X 10 neutrons/cm /a 

sec. The samples were allowed to cool for at least two days, cadmium 

carrier was added (20 mg. for precipitation, 1 mg. for solvent 

extraction), wet ashed using HN0 ,H so and HCI0
4

, separated by the
3 2 4 

appropriate method and then allowed to sit for at least two days before 

analysis to ensure that the transient equilibrium had been reached. 

The different samples were all analyzed 4-10 days after irradiation 

using a Ge(Li) detector and a multi-channel analyzer. 

(a) Precipitation - First of all it was decided to investigate the 

method of Westermark (37) which uses a sulfide precipitation followed 

by washing with NaOH. The following was done: 

After wet-ashing the radioactive sample, the resulting solution 
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was diluted to 50-100 ml. and adjusted with HN0 to be about 1 N 
3 

in acid. H S was then bubbled through the solution for five minutes.2

The solution was then allowed to stand for half an hour before being 

suction filtered through a glass-fiber filter disc. The sample was 

then washed with several small portions of 1 N NaOH and water and then 

dried at 1050 
C for 1-2 hours. Another sample was treated similarly, 

but washed only with distilled, deionized water. 

The gamma-ray spectrum of the precipitate showed a large 

number of non-cadmium peaks (see Table XIII). As well, it was found 

that there was very little difference between washing with 1 N NaOH 

and water. The use of I N NaOH was based on a separation scheme to 

eliminate sulfides of Mo, Sn, Pt, Ag, As and Sb (55). 

From the gamma spectrum, the method appears suitable for 

analysis, but only using the higher resolution Ge(Li) detector. A 

Nai(Tl) detector is not suitable. For example, in the particular 

sample used, one would get an estimated 10-20% contribution in the 

115m_ . 203ln 336 Kev. peak from contr1butions from the nearly Hg (279 kev) 

and 198Au (412 kev) if the Nal(Tl) detector was used. As well the 

115
cd (492-527 kev) peak could never be used because of the strong 

positron annihilation peak at 511 kev. 

Since the method appears suitable for analysis and because 

sulfide even in acid solution is not selective for cadmium, it was 

decided to see if two "selective" precipitating reagents for cadmium, 

ammonium reineckate, and 2-(~ -hydroxyphenyl) -benzoxazle, would offer 

any improvement. 
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For example, the reineckate precipitate would appear to have 

several advantages over a sulfide precipitate. 

(1) The precipitate is bulkier and hence more easily handled. 

(2) Better gravimetric factor for gravimetric yield calculations. 

(3) Higher degree of selectivity than a sulfide precipitate. 

(4) The control of acidity is not as important. 

2-(cr-hydroxyphenyl) -benzoxazole has similar advantages except 

for number (4). The precipitation is done in a certain pH range in 

basic solution. The use of a basic solution creates the disadvantage 

that it becomes necessary to complex certain cations to prevent them 

from precipitating out of solution. 

The procedure for reineckate precipitation was: 

After wet ashing, the sample solution was taken to dryness and 

the residue was dissolved in 50-100 mil of 0.1-1.0 N HCI. Sufficient 

freshly prepared and filtered 5% w/v thiourea solution was added to 

bring the thiourea concentration up to about 1% w/v in the sample 

solution. A saturated solution of ammonium reineckate (which is also 

1% w/v in thiourea), is added in excess. This was marked by a strong 

pink colour in the supernatant liquid. The mixture is allowed to stand 

in an ice bath for about a half to one hour with frequent stirring. The 

cold suspension is suction-filtered through glass fiber filter discs, 

washed once with cold 1% w/v thiourea solution and then several times 

with cold 95% ethanol. Finally the precipitate is dried at 110
0 

-120
0 

C 

for one hour. 
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The procedure for 2-(hydroxyphenyl) -benzoxazole was: 

After wet ashing the solution was diluted to about 100 ml. 

and 2 gm. of ammonium tartrate was added. Then 10 N NaOH was added 

slowly with stirring until pH 11 was reached. The solution was then 

heated to 60°C and 10 ml. of a 1% w/v solution of 2-{o-hydroxyphenyl)

benzoxazole in 95% ethyl alcohol was added. The solution was allowed 

0to sit for 15 minutes at 60 C and then allowed to cool to room 

temperature. It was then suction-filtered through glass fiber filter 

discs and washed with 50% ethanol several times. The precipitate 

was dried at 120-130°C. 

The gamma spectrum .Qf both precipitates showed a number of 

non-cadmium peaks as shown in Table XIII. However, both were suitable 

for analysis but again only with the higher resolution Ge{Li) detector. 

Both showed a slight improvement over the sulfide precipitate in 

reducing the background. The gamma spectrum of the reineckate pre

cipitate is shown in diagram 12b. 

(b) Solvent Extraction - Three different reagents were investigated: 

ammonium pyrrolidine dithiocarbamate, (A.P.D.C.); diethyldithiocarbamate, 

sodium salt, {D.E.D.C.); and dithizone. 

In each case after irradiation and wet-ashing the sample was 

diluted to 100 ml. (in the case of dithizone, two grams of sodium 

potassium tartrate was added) and the pH was adjusted with NaOH to 4 

for A.P.D.C., 7 for D.E.D.C. and 13.5 for dithizone. The solutions were 

now transferred to separatory funnels. 
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For A.P.D.C. and D.E.D.C., 10 ml. of a 1% w/v solution of the 

respective reagent was added followed by 10 ml. of methyl isolutyl 

ketone (M.I.B.K.) and the funnel was stoppered and shaken. Dithizone 

was added in ccr4 and then the funnel was stoppered and shaken. Now 

in each case the aqueous phase was discarded and the organic phase 

was shaken twice with small portions of distilled deionized water. 

Finally the organic phase was transferred to a 30 ml. beaker and 

evaporated to dryness under an infrared lamp. 

Again in all three cases the gamma spectrum showed a number of 

non-cadmium peaks. The A.P.D.C. spectrum is shown in Diagram 12a. 

Qualitatively, dithizone extraction at a high pH, gave the best 

separation. However, as for the precipitation method, all were suitable 

for analysis but with the possible exception of dithizone, only with 

the higher resolution Ge(Li) detector. 

Use of lllmcd 

Attempts to duplicate the work of Strain (38) were not 

successful. Using 15 min. irradiation in the rabbit position and 

counting one hour after irradiation no lllmCd peaks were seen with the 

b~ef kidney samples. From the background-a detection limit of about 

10 p.p.m. was estimated which was well above the levels that Strain 

(38) was determining. 

Comments 	 - Because the method of partial separation gives distinct 

115 115m_and measurable Cd- Ln peaks it would appear to be a suitable 

method of analysis. While the work was done on only one sample, the 

general result 	is probably typical of most biological samples. The 

36 



Table XIII - Non-Cadmium Peaks in Partial Separations 

Method (number of time preformed) 

Energy Isotope Halflife Sulfide(4) Reineckate(3) oHpB(2) A.P.D.C.(l) D.E.D.C.(2) Dithizone(l) 
(kev) 

69 (1) PAl PA PA PA PA A 
197 

78 Hg 65 h PA PA PA PA PA A 
104 (2) PS PS .A PA A' A 
140 (3) PA PS A PA A A 

75 
265 Se 120d PS PS A PA A A 
280 (4) PS PS PA PA A A 

198 
412 Au 64.7h PA PA PA PA A A 
511 PA PA PA PA PA PA' 
560 (5) 

59 
PS A A A A A ,.... 

('t') 

1099 Fe 45.ld PS A A PA PS A 
65 

1115 Zn 243d PA PA PA PA PA PA 
60 

1173 Co 5.24y A A AE PA PS PA 
59 

1292 Fe 45.ld PS A A PA PS A 
60 

1332 Co 5.24y A A AE PA PS PA 
64 

1345 Cy 12.8h PA PA PA PA PS PA 
24 

1368 Na 15.0h PA PA PA A A A 

FA-present in all cases; PS-present in some cases; A-Absent in all cases; AE-Absent but expected 

(1) Possibly a Au x-ray 
(2) Source unknown 75 99m_ 99
(3) Possible combination of se(136 kev; t!-12ld) and Ic(l41 kev; daughter of Mo, d-66h)75 203
(4) Possible combination of 76se(280 kev; t!-llld) and 12~g(279 kev; t! 46.9d) 
(5) Possible combination of As(559 kev; t!-26.4h) and Sb(564 kev; t! 64.3h) 

http:t!-26.4h


115 

reason for this lies again in the fact that the region around the 

mrn 336 kev peak is clean. Partial separation makes analysis 

possible by reducing the high background. The background that is 

24 65left after separation is mainly Na for precipitation and Zn 

for solvent extraction. With the exception of iron the presence or 

absence of most other trace elements has little effect on the analysis. 

Even the interference from iron could be minimized by choice of method 

(i.e. Reineckate rather than A.P.D.C.). 

Since the method of analysis was suitable for samples of 

about 2.5 p.p.m., partial separation obviously has a lower detection 

limit than non-destructive analysis. For the reineckate precipitate 

a count rate of about 1500-20000 counts/1000 sec was obtained with an 

average background of about 250 counts/channel. From this one can 

calculate a detection limit of about 0.1 p.p.m. Using A.P.D.C. the 

detection limit is slightly lower, about 0.05 p.p.m. because of the 

lower background. This represents an improvement in the detection 

limit of a factor of 100-200 times over non-destructive analysis. 
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COMPLETE SEPARATIONS 


While determination may be possible by either instrumental 

or partial separations most often it is desirable to do a complete 

separation. The main reason for doing this lies in the 

advantages of using a Nai(Tl) well detector. The advantages are that 

counting efficiency approaches 100% and errors in counting geometry 

are minimized. The expression "complete separation" is somewhat of 

a misnomer in this case because all that is required is that the 

spectrum be "clean" in the region of interest. 

Again complete separations take advantage of some chemical or 

physical property of cadmium. Usually the separation scheme is one 

of or a combination of the following procedures. 

(1) Classical chemical procedure 


(2) Ion-exchange procedure 


(3) Solvent extraction 


It was decided to investigate each of the above types. 
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CHEMICAL SEPARATION 

There are two approaches to this method. The first one is to 

start with one of the classical multi-element chemical separation 

schemes (24) and adopt those parts that are pertinent to cadmium 

analysis. The second approach is to take advantage of the selective 

precipitating agents for cadmium. Bowen (6) and Ljunggren et al (58) 

followed the second approach. Following an initial sulfide precipitation 

from acid solution, they dissolve the precipitate and reprecipitate 

the cadmium a~ the reineckate. Ljunggren stops here and claims 

detection limits on the order of a few nanograms. Bowen however 

takes the procedure one step further, dissolves the reineckate, and 

reprecipitates the cadmium as a sulfide. Bowen's method, with a 

few modifications, was investigated in the following manner: 

A 0.1 gm. samples of beef kidney powder which had previously 

13 2been irradiated for 1 day at 1.5 X 10 neutrons/cm /sec. and allowed 

to decay for four days was dissolved along with 10 mg. of cadmium carrier 

in a mixture of HN0 ,H2so and HC10 and taken to dryness. The residue
3 4 4 

was dissolved in 1 N HN0 and filtered through a glass fiber filter.
3 

H S was bubbled through for 5 minutes. The solution was then centrifuged. 

It was washed twice with water and centrifuged after each washing. 

The CdS was dissolved in 3 ml. of concentrated HCl. The solution was 

boiled for a few minutes to remove H2s, and then diluted to ) N and 

made 1% w/v in thiourea. A saturated solution of ammonium reineckate 
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(also 1% w/v in thiourea) was added dropwise with mixing until an excess 

was present as indicated by a strong pink colour in the supernatant. 

The precipitate was centrifuged~and then washed twice with water. The 

precipitate then was dissolved in 2 ml. of concentrated HN0 and
3 

boiled until the resulting solution turned blue. It was diluted to 

1 N (and warmed if necessary to dissolve any Cr(N0 ) which comes from
3 3 

the reineckate anion) and H S was bubbled through for five minutes. The
2

precipitate was centrifuged and washed twice with water. 

Two days after separation and six days after irradiation the 

gamma spectrum was investigated. 	 The only foreign peak in the spectrum 

64 was a 511 kev peak (possibly from Cu). The chemical yield was-also 

115 .
determined, using a Cd carrier solution. 

Ion Exchange 

, Because of its ability to form moderately strong halogenide 

complexes, cadmium readily lends itself to anion-exchange separations. 

For the separation of cadmium from the biological matrix at least 

three different approaches have been advanced. 

The first and simplest of these is a strict anion-exchange 

separation scheme proposed by Chueca et al. (8) in a paper on zinc 

and cadmium determination in biological samples. Basically the 

separation scheme is to load the sample on the column with 1 N HCl, 

wash with 1 N HCl, and then elute the zinc with 0.01 N HCl, and 

finally the cadmium with 0.0005 N HCl. He claims approximately 86% 

chemical yield with no foreign activity in the gamma spectrum of 

65cadmium except a little Zn. 
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The second approach is a group separation of copper, zinc, 

cadmium, and mercury {7) by Livingston. However it has been used to 

determine cadmium alone (68). Basically the separation scheme loads 

the sample on a Dowex-2 column using 0.5 N HCl. The copper was 

eluted using 0.12 N HCl. The zinc was eluted with 2 N NaOH containing 

2% w/v NaCl. The cadmium was then removed using 1 N HN0 • Finally
3

the mercury was removed using a 5% w/v solution of EDTA. After 

removal from the column the cadmium is precipitated as the hydroxide, 

redissolved in acid and reprecipitated finally as the reineckate. 

Livingston claims that of the elements held on the resin by 

-formation of insoluble oxides and hydroxides only silver, mercury 

(+2), thallium, and bismuth are precipitated by reinecke's salt. 

However, silver, mercury (+2), and thallium can be removed by a 

suitable silver chloride scavenge before the reineckate precipitate. 

Bismuth because of its poor activation characteristic does not 

interfere. 

Using this scheme 
/ 
for the analysis of a kale sample, Livingston 


claims to get a radiochemical pure spectrum. 


Again in a multielement separation scheme K. Smasahl et al 


(59-61) use a different technique. Cadmium is first absorbed on a 


Dowex-2 column using concentrated HCl, removed using H2so and then
4 

selectively absorbed on another Dowex-2 column using either a mixture 

of sulphuric (0.5 M) and hydrobromic acid (0.1 N~){59, 60), or 


hydrochloric acid (0.1 N ) (61). While no radiochemical purity is 


given, chemical yields of 100% {60) and 93% (61) are claimed. 
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Wester (62) in still another paper essentially combines both 

the first and third methods. He uses Samsahl's original method of 

wet ashing and distillation, but then loads the anion-exchange column 

with less concentrated HCl and selectively elutes first iron and zinc 

off using HCl and H o • The cadmium is then eluted off with H 0 and 2 2 2

H2o and then collected on a cation-exchange column in the H+ form.2 

He claims a chemical yield of 97%. 

It was decided to investigate Chueca et al method. The method 

with some modifications is as follows: 

After suitable irradiation and cooling periods, the sample 

along with 1 mg. cadmium carrier was transferred to a 250 ml. erlenmeyer 

flask and dissolved in a mixture of HN0 /H so • When the solution has3 2 4

cleared the final traces of organic material were removed using HC104 • 

The solution was taken to dryness. The residue was dissolved in 2-3 

ml. of 2 N HCl and th~n loaded onto an AG 1 X 10, 100-200 mesh column 

(dimensions 7.5 X 1 em.) in the chloride form. The flask was washed 

three times with 2 ml. of 1 N HCl and the column with 25 ml. of 

1 N HCI. The zinc was eluted with 40 ml. of 0.01 N HCl, and then the 

cadmium was eluted with 80 ml. of 0.0005 N HCl which was collected. 

The 80 ml. was evaporated down to dryness and the residue was dissolved 

in a few ml. of 0.01 N HCl and transferred to a test tube to be counted 

in a Nal(Tl) well counter. 

The method was further examined with respect to the actual 

separation of the zinc and cadmium, the chemical yield, and the radio

chemical purity. 
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Separation of Zinc and Cadmium - Using atomic absorption the elution 

curves of cadmium and zinc were studied using first just 0.01 N HCl, 

then just 0.0005 N HCl, and finally both as. in the above procedure. As 

illustrated in diagram 13, a reasonably good separation between the two 

is obtained. 

115Chemical Yield - The chemical yield was determined using Cd carrier 

solution and counted in a Nal(Tl) well counter. Results from three 

different columns are as follows: 

Column A  95%, 
Column B - 90%, 
Column C - 90%, 

94% 
97% 
94% 

Average of 93% 

+This is slightly higher than Chueca's value of 86.0-2.1%. 

Gamma Spectrum - The only foreign peak in the spectrum of a 0.1 gm 

sample irradiated for 1 day and seven days after irradiation was a 

65small zinc peak ( zn) at 1115 kev which does not interfere in the 

region of interest. 

Solvent Extraction 

Again a complete separation can be preformed using just 

solvent extraction. Basically the separation scheme is almost 

identical to some of the various dithizone methods for colourimetric 

analysis. Lieberman (63) and Das (9) present similar schemes both 

based on dithizone but differing slightly in the removal of inter

ferences. Liebermann for example, does a preliminary extraction at 

pH 1~2 to remove gross interferences followed by the main extraction 

of Zn&Cd at pH 13-14 from a tartrate medium. Both the zinc and the 

cadmium are then backextracted into 1 N HCl and the zinc is 
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selectively removed by solvent extraction using thiocyanate and 

isoamyl alcohol. He claims 50-63% chemical yield with no 

foreign activities in the gamma spectrum. Das uses a similar procedure 

but uses tartrate and hydroxylamine for the first extraction of 

cadmium at a high pH and then backextracts into a buffered pH 2 

solution. He makes no attempt at a final zinc separation. 

Liebermann's method as described (63) was investigated. As 

claimed there were no foreign gamma lines in the spectrum. Liebermann's 

value for the recovery of cadmium was 50-65%. 

Comment 

A comparison of the three methods is shown in Table XIV. 

Table XIV - Comparison of Complete Separations 

Method Chem. Yield Gamma Impurities 

Sulfide-Reineckate
Sulfide 66% strong 511 kev 
Anion-Exchange 93% weak 65zn 
Solvent Extraction 50-65%* no interference 

*Literature value 

While solvent extraction with dithizone was perhaps the best 

method in terms of time of analysis and radiochemical purity, anion-

exchange was preferred by the author for two reasons. First of all, 

manual handling of the sample was minimized, and secondly there was 

a very high and reproducible recovery of cadmium. 

With a count rate of about 25,000 counts/1000 sec. for a 

0.1 g. sample of beef-kidney powder containing about 2.5 p.p.m. of 

cadmium, and a background of about 100-150 counts per channel, one 

can calculate a detection limit of abou~ 5 ppb. This is 10-20 times 
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less than partial separation and three orders of magnitude less than 

non-destructive analysis. 
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ALTERNATIVE METHODS OF ACTIVATION ANALYSIS 

One can preform activation analysis in two other ways. The 

first of these involves substoichiometric analysis. The general 

method of substoichiometric analysis does appear to have some promise 

as a useful tool but unfortunately only a little work has been done 

on cadmium. The second approach involves the use of alternative 

nuclear reactions. The great loss in sensitivity by this method is 

partially compensated by the fact that usual background from the 

major elements present in the usual biological sample is nearly 

absent. 

(A) Substoichiometric Analysis 

Substoichiometric analysis is. an interesting variation of 

both activation analysis and isotope dilution analysis. The theory 

and scope of the method are well described by Ruzicka and Stary (64). 

Substoichiometric extraction of cadmium into dithizone in 

chloroform has been suggested as a method of cadmium analysis (65) 

using substoichiometric isotope dilution. This method has been used 

for the determination of cadmium in biological samples (66) apparently 

with good reproducibility. Due to the similiarities in separation 

schemes and sample size the method would appear to be an attractive 

alternative to the standard dithizone methods. 
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(B) Prompt (n,~ 

When a nucleus is bombarded with neutrons it emits prompt 

gamma rays which are characteristic of the element and hence can be 

used for analysis. Handley and DeCarlo (69) used this method to 

analyze cadmium in water. They claim a detection limit of about 

25220 ppm. Cd using a 10 ug Cf source immersed in the water. 

(C) Photon Activation 

Photon activation analysis is an alternative and sometimes 

complimentary form of activation analysis. Cadmium is one of the 

elements that can be determined by thi~ method either using the 

/. . 111 / lllm 106 
(~, )'"") react1:on ( Cd (~, ~ J Cd) or a (() ,n) reaction ( Cd 

(~,n) 105cd). While the analytical detection limits will depend 

naturally on the strength or intensity of the photon source, it appears 

that the method is at least several orders of magnitude less sensitive 

than neutron activation analysis (126, 127). While it is indeed 

less sensitive than N.A.A., it does have the advantage that Na, one 

of the major elements present in biological samples, is usually not 

activated and hence is no longer a serious interference (49, 127). 

None-the-less with a detection limit of about 10 ug (127) this means 

that only large samples or those high in cadmium can be analysed. 

(D) Charged Particle Activation Analysis 

Bankert et al. (70) used 14.7 mev protons in a microampere beam 

to determine several elements in water. He claims a detection limit of 

1.5 ppm for cadmium. 
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ATOMIC ABSORPTION SPECTROMETRY 

Since its introduction by Walsh (71) in the mid 1950's 

atomic absorption has proven itself to be a powerful and versatile 

means of analysis. The actual fundamentals, theory and scope of 

the method can be found in any of a number of good reference texts 

(72, 73). Because cadmium does not form involative compounds and 

dissociates readily in even relatively cool flames, it is ideally 

suited for atomic absorption. In addition the high stability of the 

cadmium hollow cathode lamp makes for great sensitivity as illustrated 

in Table XV (73). 

'Table XV- Atomic Absorption Data for Cadmium 

Line Sensitivity* (ppm) Analytical Range 
(p.p.m.) 

2288.0 0.03 0.5 - 5 
3261.1 20 400 - 4000 

*coal gas - air flame, 10 em slot burner, 1% absorption 

Chemical interferences in the analysis for cadmium are thought to be 

minimal. With the exception of the phenomenon known as molecular 

absorption (to be discussed later), no common cations interfere. Of the 

2- 2- 2- - 2- 3common anions, B , Si0 , co , Hco , HAso , and P0 have been
4

o
7 3 3 3 4 4 

known to decrease the absorption signal (20, 73, 74). However it has 

been found that these could be effectively removed by either acidification 

or by the addition of E.D.T.A. to the sample (74). HCl has been known to 

give a ~light enhancement as well (72). 

Most flame combinations can be used for cadmium. The most used 

and recommended combination is a lean air-acetylene combination. The use 
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of the air-acetylene flame is due to the inherent high sensitivity of 

the method since the cooler air-coal gas flame is more sensitive. The 

air-hydrogen flame is often used as well because of the lower background 

absorption of the flame itself. Still the air-acetylene flame is 

recommended probably to reduce any interferences due to its higher 

temperature. However, the still hotter nitrous-oxide flame gives still 

lower results. For a comparison of the three flames air-hydrogen, 

air-acetylene, and nitrous oxide-acetylene see diagram 14. 

However even with the high sensitivity of the method, the 

low concentration of cadmium in most biological materials means that 

the method often is not suitable for analysis. To overcome this 

problem two approaches have been taken. The first of these is 

instrumental modifications which include the use of longer path 

lengths and non-flame methods. The second of these is chemical 

preconcentration. 

Instrumental Modifications 

(1) Increasing the Path Length - Since absorption is a function of 

the path length as well as concentration, increasing the path length 

of the flame should increase the detection limit as well. Hence the 

use of long absorption tubes or Fuwa-Vallee tubes (75) has shown 

some promise. Pulido (20) has used them to determine cadmium in a 

variety of biological samples. He claims a detection limit of about 

0.2 p.p.b. which is more than a 100-fold increase over the standard 

10 em. slot burner. 
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The main advantages of the method lie in the great increase 

in sensitivity and the use of a smaller sample size through the use 

of total consumption burners. The main disadvantage is that these 

long narrow tubes become contaminated easily and must be cleaned 

frequently. Secondly interferences from molecular absorption are 

quite serious and must be corrected for. 

(2) Non-Flame Techniques - Because of the high sensitivity and small 

sample size, the use of non-flame techniques for analysis is showing 

great promise as an analytical tool. Work by L'vov (76) and West 

(77) among others has led to the design of various types of high 

temperature furnaces and atom reservoirs, which can be used for 

practical work. Related techniques such as sampling boats (78) have 

also shown great promise. 

However certain problems with the method have not been 

completely worked out. Reproducibility and precision are often poor. 

Background absorption often creates problems in working with biological 

-12samples. Finally the high sensitivities (often 10 g. or less) are 

somewhat misleading. Because the sample size is often of the order 

of a few ul, the relative detection limit is often only slightly 

improved. 

None the less, non-flame methods probably will become the 

most popular form of analysis for cadmium in a few years. A recent 

paper by Parker et al (123) on environmental samples, demonstrates 

the ease and convenience of the method. Schramel (89) has used it to 

determine cadmium in the kale powder. 
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Chemical Preconcentration 

For atomic absorption, chemical preconcentration, almost 

invariably means solvent extraction although other methods have been 

used successfully. 

Solvent Extraction 

Solvent extraction has become an established method for increasing 

the detection limits in atomic absorption. The increase in sensitivity 

is due to a possible concentration effect, and an increase in 

sensitivity, due to the use of an organic solvent. The relationship 

between physical ~operties of an organic solvent and enhancement of 

signal is still poorly understood. However, the main factor appears 

to be the lower viscosity which means higher flow rates and a subsequent 

increase in the concentration of atoms in the flame. Other factors such 

as boiling point and surface tension may be important as well (73, 79, 80, 81). 

Today there is a wide choice of complexing agents and organic 

solvents to choose from. Most of these systems were originally used 

to determine cadmium in water. However many of them are readily 

adaptable to the analysis of cadmium in biological samples. Some 

of the more common complexing agents and organic solvents are as 

follows: 

Complexing Agents 

A.P.D.C. (ammonium pyrrolidine dithiocarbamate) (73, 82-88). This is 

widely used and perhaps the most common complexing agent today. It is 
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usually prepared fresh daily as a 

1-5% aqueous solution and filtered 

before use since it has a tendency 

to decompose. It has been used to 

extract cadmium with chloroform over 

a pH range of 1-10 (83), and with MIBK over a pH range of 1-5 (84) 


and 1-6 (85). Other authors suggest it can be used over a pH range 


of 2-14 {72). However some difficulties have been found in the past 


(150) with this reagent. This possibly may be due to low quality 


reagents. 


D .E.D.C.(diethyldithiocarbamate, sodium salt) (84, 90). Diethyltdithio

carbamate is again a widely used and 

common complexing agent. HoweverCa Hs ' ~ 5 

/ N-C the recommended pH range is much , s-
cJ..Hs lower than A.P.D.C. (pH 6.0-7.5). 

Dithizone {diphenyl thiocarbazone) (80, 91). A common reagent most 


often used for the colourimetric 


determination of cadmium._ While

C \-\ -- N:N -C- N-N- Cr.Hs 

' 5 u I I Sachdew (91) lists a pH range of5 H ~ 
5-9, it probably would be suitable 

from pH 5-14 (64). Ethyl propionate 

has been proposed as the organic reagent since the cadmium dithizonate 

is stable in it (91). 

Organic Solvents 


Allan (79) showed that for a wide variety of organic solvents 


that esters and ketones behaved best for atomic absorption work. 
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While Allan showed that ethyl acetate is the best solvent in terms of 

enhancement, he pointed out that it is unsatisfactory, because of its 

relatively high solubility in water. Therefore, he suggests the use 

of methyl isobutyl ketone (M.I.B.K.) which is the next best. M.I.B.K. 

has been the most common solvent used for the solvent extraction of 

cadmium (84-88, 90, 92). It, along with n-butyl acetate (79, 80), 

was used in this work. 

Many other solvents have been suggested (79-81, 91) and are 

probably satisfactory as well. 

Alternative Methods of Concentration 

The use of ion exchange or chelating resins also provides a 

means of concentrating cadmium prior to analysis. Indeed these 

methods have been used to analyze cadmium in natural waters (93), and 

waste waters (94), and sea water (95-97). Unfortunately, there are 

certain disadvantages. First, they are more time consuming. Secondly, 

in practical work the volume required to strip the cadmium quantita

tively from the column is usually greater than desired. However, the 

fact thatsome do not bind up sodium and potassium means that one 

might use them to minimize light scatter in certain samples. 
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LIGHT SCATTER AND MOLECULAR ABSORPTION 

Introduction 

If a flame contains appreciable quantities of solid particles 

that are not vapourized, then these particles can either scatter or 

absorb the light beam giving rise to false absorption signals 

(20, 73, 98-104). One of the first to realize this was Willis (98), 

who found in the direct analysis of urine (using the conventional 

10 em. slot burner), that when the cadmium content4Was low, there was 

a tendency to get high results. He explained this by saying solid 

particles of NaCl in the flame were scattering the light beam. Others 

(99, 102) have shown the same results with other salts. Billings 

(102) showed that both MgC1 and CaC1
2 

were worse than NaCl. This2 

effect of a false absorption signal becomes a source of serious inter

ference when using the long path absorption tubes (20, 99). 

Koirtyohann and Pickett (100, 101) have shown that this inter

ference is mainly due to molecular absorption (sometimes called hetero

chromatic or background absorption) rather than light scatter. 

There are several recommended methods to correct for this 

error. Slavin (103) and Zook (13) suggest using a nearby non-absorbing 

line to subtract background. However, Kahn and Manning (104) have 

pointed out that this leads to a systematic error due to the high 

slope of the NaCI absorbance curve around 2288 ~. Pulido (20) and 
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Koirtyohann recommend the use of hydrogen continuum lamps at the same 

wavelengths. Recently instrumental methods have been devised to substract 

this background absorption automatically (105). 

Finally it should be noted that Billings (102) has pointed out 

that the usual method of eliminating matrix effects using the method 

of standard addition does not work in this case because all signals 

are enhanced. 

Experimental 

A typical enhancement of the cadmium absorption signal by 

Nac.i and KCl was found in the following manner. A 1 p.p.m. solution 

of cadmium was prepared in distilled deionized water and in 1, 5, 

and 10% w/v solutions of either sodium chloride or potassium chloride. 

The absorbence signals were taken using the conventional air-C H2 2 

flame and the conventional 10 em. slot burner. The readings were 

normalized to give 0.100 for the 1 p.p.m. solution in distilled 

deionized water. The results are shown in Table XVI: 

Table XVI - Light Scattering 


Absorption of 1 ug/ml soln of Cd. 


0% 1% 5% 10% 

Nac:l 0.100 0.104 0.118 0.128 
KCJ.' 0.100 0.105 0.109 0.111 

As shown above there is an enhancement. At high concentrations 

of salt and/or lower concentrations of cadmium this may become a serious 

source of error. 
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EXPERIMENTAL PROCEDURE FOR ATOMIC ABSORPTION ANALYSIS 

Samples (1-2 'gm) were wet ashed with a mixture of HN0 and
3 

H2so • Final traces of organic matter was removed using HCl0 •4 4

Samples were diluted to about 100 m1 and the pH was adjusted with 

either concentrated NH40H or ~0 N NaOH. When extraction was done 

with A.P.D.C. 10 ml. of a 0.05 M solution of potassium hydrogen 

phthalate was added to provide some buffering.- The pH was adjusted 

to 4 for A.P.D.C. and 6.5-7.5 for D.E.D.C. Samples were transferred 

to separatory funnels where 10 ml. of a 1% w/v aqueous solution of 

the complexing agent was added. The samples were shaken for one 

minute. Now 10 m1 of the organic phase was added and the funnels were 

shaken for two minutes. The organic phase was separated and used for 

analysis. In the course of this work it was found that droplets of 

water in the organic phase often lead to erroneous absorption signals. 

Therefore, the experimental work done on beef kidney sample #2 and the 

kale sample had the organic phase centrifuged to remove any water 

droplets. 

Blanks and standards were treated in an analogous manner. 

A typical calibration curve is seen in Diagram 15 ab. 

Detection Limit 

The detection limit for an aqueous sample is 0.03 p.p.m. (73). 

Using solvent extraction one gets a 2.9 fold enhancement of signal 
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.TYPICAL CALIBRATION CURVES . 
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from M.I.B.K. (81). Combined with a solvent volume of about 5 ml. 

this means a detection limit of 0.05 ug or a relative detection 

limit of 50 p.p.b. for a 1 gm. sample. This can be lowered somewhat 

both by the use of a smaller solvent volume and by the use of a larger 

sample. However, with the larger sample size, contamination from 

reagents may place an upper level on the detection limit. 
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ATOMIC FLUORESCENCE 

A great deal of work has been done on the atomic fluorescence 

analysis of cadmium. Unfortunately most of it deals with instrument

ation and detection limits and very little practical work has been done. 

However, some work has been done on interferences and it indicated 

the method is quite suitable for analysis. For instance Dagnall, West 

and Young (106) studied possible interferences from 100 fold excess of 

-5 " 
41 cations and 18 anions in the analysis of 10 M cadmium solutions 

and found no more than a ±s% interference. Goodfellow (107) found 

similar but slightly higher interferences using more concentrated 

solutions. Bratze et al (108) found significant changes in the atomic 

fluorescence signal with different concentrations of nitric acid 

and hydrochloric acid. They recommend that solutions and standards 

be prepared with no excess acid or at least the same concentration of 

acid to eliminate the error. 

ATOMIC EMISSION 

Gilbert (109) did a comparison of various flames using total 

consumption burners. The most sensitive and recommended method was 

with a detection limit of 0.5 p.p.m. at 326.1 mu. While the same 

detection limit could be reached using an oxygen-cyanogen flame and 
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the 228.8 m line, the 326.1 m line is preferred due to strong self

absorption in the case of the 228.8 line which leads to aparabolic 

working curve. 

Some manufacturers have recommended the use of a 10 em. slot 

burner along with an air-acetylene flame. However the detection limit 

is much higher in this case. 
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COLOURIMETRY 

There are many articles in the chemical literature concerning 

the determination of cadmium in biological samples using some form of 

colourimetry usually dithizone (11, 16, 36, 110-112). These papers 

mainly differ in their proposed removal of possible interferences 

such as Cu, Ag, Ni, Co, Zn, Tl, and Bi which also coextract with 

cadmium over a wide pH range (36). Some of these employ the observation 

made by Fisher and Leopoldi (11) that cadmium can be extracted with dith

izone from an approximately 5% NaOH solution. 

Shirley (36) removes the interferences by prior extraction 

at lower pH's with dithizone and dimethylglyoxime. Sandell (11) 

recommends the use of di-S - naphthylthiocarbamate and dithizone in 

a series of extractions. However the recommended procedure (16, 112) 

is that of Saltzman (110). The novel feature of his method is extrac

tion of the cadmium dithizonate from a strongly basic solution contain

ing cyanide. The cadmium is backextracted into a weakly acidic 

solution and then re-extracted by dithizone-carbon tetrachloride from 

a strongly basic cyanide medium. Smith's method (111) is similar to 

Saltzman's but with a few modifications in reagents. 

However, results by these multi-extraction methods often tend 

to be low and somewhat erratic (11). For instance in 1961 H.A. 

Schroeder (12) determined cadmium in over 100 naturally occurring 

substances. But then in 1967 he repeats all his analysis by atomic 
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absorption (15) because the former results were too low. Other 

investigators have found the same thing (13, 14), that colourimetry 

gives results that are lower when compared to other methods, 

especially atomic absorption. 

EMISSION SPECTROPHOTOMETRY 

Emission spectrophotometry played an important role in the 

study of cadmium distribution in human tissues. While in 1941 it was 

first reported in bovine kidney, it wasn't until 1953 that the high 

relative concentration of cadmium in human kidney and liver was 

realized (115). Over the ~ext ten years a series of multielement surveys 

(115-119) on various human tissues showed the normal cadmium concentration 

both as a function of age and geographical origin (120) and as a factor 

in hypertension (68). 

However, as an analytical method it lacks a great deal of 

sensitivity. The usual procedure is to dry ash the sample, mix the 

resulting ash, along with an indium standard, with graphite and run 

a D.C. arc using cathode excitation. The standards were prepared using 

a synthetic ash (120). The analytical lines used were cadmium 3216

indium 3039 with a practical working range of 50-10000 p.p.m. (117). 

There have been some attempts to increase the sensitivity of 

the method. One of these involves the use of solvent extraction to 

first preconcentrate the cadmium (121). In this case different analy

tical lines were used being cadmium 2288-aluminum 2367.1. Nusbaum et 

al. (122) tried to use an instrumental modification to increase the 
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sensitivity. They photoelectrically measured the emission this time 

using the cadmium 3261.1-bismuth 2938 line but in the second order 

spectrum. Again for standards, a spectroscopic buffer solution was 

used. However, while the method may be analytical useful, their 

results are several orders of magnitude higher than other values given 

in the literature (see appendix 2). 

POLAROGRAPHY 

A variety of polarographic methods can be used to determine 

cadmium in biological samples. Basically there have been two popular 

approaches. The first of these involves regular polarography after 

a solvent ext~action or preconcentration step (16) and the second 

approach is anodic stripping voltammetry (57, 124, 125). 

While regular polarography can be used the range of analysis, 

1-10 ug, is relatively high. Hence it is best suited either to large 

sample sizes or samples high in cadmium content. 

Arodic Stripping Voltammetry is much more sensitive than 

regular polarography. Separation from interfering ions can be 

accomplished by choice of medium and potential (57, 124) or by a prior 

dithizone separation (125). While authors disagree about the choice of 

experimental conditions certain points are common in their procedures. 

The final volume of solution is about 10 ml. and the range of analysis 

-8 -5is from 10 - 10 M.in cadmium. This represents a detection limit of 

0.01 ug. That detection limit compares well with other methods. 

Unfortunately electrochemical methods have never become a popular form 

of analysis. 
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INTERCOMPARISON OF RESULTS 

With one exception, all the neutron activation analysis was 

done following the modified anion-exchange method of Chueca as 

previously described. The sample size for the beef kidney 

sample was typically 0.1-0.2 g. For the kale it was higher 

from 0.2-0.4 g. Quantitative results were based on comparison 

with standards that were co-irradiated in the same irradiation 

can as the .sample. Chemical yields for the beef kidney samples 

were determined by titrating the remains of the cadmium carrier 

(~1 mg.) with E.D.T.A. using Xylenol Orange. The chemical 

yields were high and reasonably reproducible varying from 90-100%. 

The chemical yields for the kale samples were determined by 

atomic absorption after a cooling period of one month followed 

by dilution to 100 ml. The chemical yields for the kale samples 

were quite erratic. This was believed due to the fact that when 

the dissolved samples were taken to dryness, a white residue 

remained which did not dissolve in the 2 N HCl. 

Errors in the results were determined from the following 

formula: 

.Ll result (jno of sample counts Jno of standard counts = 	 + +result 	 (no of sample counts no of standard counts 

~ 	chemical yield) 
chemJ.cal y1eld) 
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The atomic absorption analysis was preformed using solvent 

extraction of the cadmium with either A.P.D.C. or D.E.D.C. as 

the complexing agent and M.I.B.K. or n-butyl acetate as the 

organic phase, as previously described. Quantitative results 

were based on either comparison with standards or by standard 

addition. 

Errors in the results were calculated from the calibration 

curve. 
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BEEF KIDNEY STANDARD #1 RESULTS OF ANALYSIS 

Atomic AbsorEtion Analxsis 

Run Method ComElexing A9:ent __E.!! Solvent Results (p.E.m.) 

1 Standards DEDC 6.0-7.5 n-Bu-Ac 

2 Standards DEDC 6.0-7.5 n-Bu-Ac 

" " " " 
3 Standards DEDC 6.0-:-7.5 n-Bu-Ac 

" 

4 Standards DEDC 6.0-7.5 N-Bu-Ac 

" " " 

" " " " 
5 Standards APDC 3.5-4.0 MIKB 

II·" " " 
" " " " 

*not included in average 
Mean= 4.92 
Standard Deviation = 0.22 

BEEF KIDNEY STANDARD #1 

Neutron Activation Analysis 

Run Isotope Separation 

Reineckate precipitate + 
Anion Exchange 

1 

2 
Anion Exchange 

" 
" " 

3 Anion Exchange 

" " 
" " 

4 
Anion Exchange 

II II 

II II 

Mean = 5.13 
Standard Deviation = 0.65 
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+4.7-0.1 

+4.7-0.1 
+4.6-0.1 

+5.1-0.1 
+5.2-0.1 

+4.8-0.2 

30* 

+5.0-0.1 
+5.1-0.1 
+5.1-0.2 

Results (p.p.m.) 

+4.2-0.3 

+4.1+0.2 
5.2-0.2 

+4.7-0.2 

+5.9-0.2 
+4.8-0.2 
+5.8-0.2 



BEEF KIDNEY'STANDARD #2 

Atomic Absoq~tion Anal:r:sis 

Run Method Com121exing Agent 	 Solvent Results <E·E·m·)~ 
+1 Standards DEDC 6.0-7.5 n-Bu-Ac 	 2.2+0.1 

II II 2.2-0.1" " 
+2 Standards DEDC 6.0-7.5 n-Bu-Ac 3.0+0.2 


" " " " 2.7+0.2 

" 
 II 	 II 
 2.6-0.2" 

+3 Standards DEDC 6.0-7.5 MIBK 	 2.2+0.1 

2.2+0.1
" " 	 " " 

II 	 2.2-0.1" " " 
+ 

" 
4 Standards DEDC 6.0-7.5 MIBK 2.3+0.1 


II " " 2.3+0.1 

" 
 II 	 II II 
 2.2-0.3 

+5 	 Standard DEDC 6.0-7.5 MIBK 2.5-0.1 

Addi'tion 


+6 	 Standard DEDC 6.0-7.5 MIBK 2.7-0.1 

Addition 


Mean = 2.42 
Standard Deviation = 0.26 

BEEF KIDNEY STANDARD #2 

Neutron Activation Analysis 

Run Isotope 	 Separation Results <:e.p.m.) 

+1 115Cd- 115min Anion Exchange 	 2.5-0.2 
II II 	 +2.5+0.2 
II 	 II 2.7-0.2 

2 115Cd- 115min 	 + 

" 
Anion Exchange 2.2+0.2 

II 2.4+0.2 
II II 2.4-0.2 

3 115Cd- 115min 	 +Anion 	Exchange 2.4+0.1 
II 	 II 2.4+0.1 
II 	 II 2.5-0.1 

4 115Cd- 115min 	 +Anion Exchange 2.6+0.1 
II " 2.8+0.1 
II 	 II 2.3-0.1 

Mean = 2.48 
Standard Deviation = 0.17 67 



KALE 	 RESULTS OF ANALYSIS 


Neutron Activation Analy:sis 


Run Sam;ele Size Se;earation Chemical Yield Cone (J2·E·m.) 


+
1 0.3256 Anion Exchange 49.5 0.42+0.03 

0.2984 II 32.0 0.49+0.07 
0.3197 II 83.0 0.43+0.06 
0.3494 II 21.0 0.37+0.04 
0.2933 II 45.0 0.42-0.04 

+2 	 0.3476 Anion Exchange 11.0 1. 03+0 .13 
0.'3233 II 63.0 0.90+0.06 
0.3867 II 4.4 1. 33-0. 07* 

+3 	 0.2439 Anion Exchange 66.9 0.96+0.03 
0.3278 II 82.5 1.03+0.04 
0.3113 II 32.1 2.41-0.07*+ 

4 	 Anion Exchange 54.7 +
0.2907 	 0.91+0.04 
0.3175 II 	 74.7 1.73+0.06*+ 
0.2775 II 	 85.6 0.93+0.03 
0.2705 II 	 53.9 0.89+0.05 
0.3032 II 	 60.8 0.91+0.05 
0.3239 II 	 40.8 0.90-0.05 

*not included in interpretation A 

+not included in interpretation B 

Two conclusions are possible. 

A) Homogenuity Conclusion-The concentration of cadmium in kale is 
+0.94-0.05 p.p.m. This conclusion excludes Run-1 and three other 

outlying results which are not within three standard deviations of 

the other nine results. 

B) Inhomogenuity or Poor Precision and Accuracy Conclusion. The 

concentration of cadmium in kale is 0.79±0.30 p.p.m. This includes 

all results except for two outlying results which are not within 

three standard deviations of the other fifteen results. 
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KALE 	 RESULTS OF ANALYSIS 

Run Sample(g) Method 	 Complexing pH Solvent Results (ppm 
Agent 

+1 2.0581 Standards A.P.D.C. 3.5-4.0 MIBK 0.61-0.03 

+2 2.1262 Standards A.P.D.C. 3.5-4.0 MIBK 0.81+0.05 
II II 	 II II1.9169 	 0.67-0.05 

Mean= 0.70 p.p.m. 

Standard Deviation = ±o.1o p.p.m. 


OVERALL KALE RESULTS {For inhomogenuity or Poor Precision and 
Accuracy conclusion) 

18 Analysis Cone.· 0.78 Standard Deviation = ±o.29 p.p.m. 

The results show good agreement between Neutron Activation 

Analysis and Atomic Absorption Analysis as summarized in Table 

XVII. 

Table XVII - Results of Analysis 

Method Sample B.K.S. #1 B.K.S. #2 Kale 
{P.P.M.) {P. P.M.) {P.P.M.) 

+ + 	 +Atomic Absorption 4.92-0.22 2.42-0.26 0.70-0.10 

Neutron Activation + + 	 +Analysis 	 5.13-0.65 2.48-0.17 0.94-0.05 A 
+0.79-0.30 B 
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CONCLUSION 

This work has dealt with a general review of the analysis 

for cadmium in biological samples as well as a detailed investi 

gation into two methods of analysis, Neutron Activation Analysis 

and Atomic Absorption Analysis. In the course of this work some 

general points have been made and some differences have been 

investigated and hopefully resolved. It is now important to 

review some of these points. 

Perhaps the first point is that in biological materials 

cadmium appears to be ubiquitous and ranges in concentration 

from the low p.p.b. to the low p.p.m. range. Most instrumental 

methods are sensitive enough to work in this range or can be 

used after a suitable preconcentration step. 

In most cases it is necessary to destroy the organic 

matrix before analysis can be preformed. This can be done either 

by wet or dry ashing. While it is unanimously agreed that wet 

ashing is satisfactory, there exists quite divided opinion over 

the merits of dry ashing. Tracer studies in this work have 

shown no losses of cadmium when present as the nitrate at 

temperatures up to 600°c. However this is in marked contrast to 

the results of other authors. A possible explanation for this 

may lie in the chemical form of the tracer used. Unfortunately 

most authors neglect to give it so it is not possible to draw 
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any definite conclusions. However those who have used both wet 

and dry ashing at 500°C have found little if any difference 

in the results. Hence one probably can say that dry ashing the 

sample at 500°C would be satisfactory for most analysis. 

Regarding the use of Neutron Activation Analysis for 

analysis of the sample, this work has cleared up a few of the 

difficulties. The possible use of lllmcd either for non

destructive analysis or analysis following separation was found 

unsatisfactory for practical samples because the detection limit 

is too high. Hence 115cd is the isotope of choice. 

egar 1ng th n 'l'bR d . e 115cd;115mr equ1 1 r1um,· a wa1't of· 33 hours 

is necessary for the equilibrium to be 99% complete. As well 

the maximum count rate if needed is obtained 17.6 hours after 

irradiation or separation. 

Non-Destructive Analysis can be used to determine cadmium 

in biological materials. Unfortunately the detection limit is 

quite high, around 10 p.p.m., As well counting must be delayed 

at least six days after irradiation in order to let the high 

background (mainly 24Na, 82Br, 42K) die away. 

Partial separation, either by solvent extraction or 

precipitation, appears to be a satisfactory if relatively unused 

method of analysis. With a detection limit of about 50-100 p.p.b., 

it might yet find practical applications either in monitoring 

samples oL~as part of a multielement scheme. It's major 

disadvantage compared to complete separation is a lower count 

rate due to a poorer counting geometry and less efficient 

detector. 
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Complete separation remains the best method of analysis. 

The choice of method is up to the analyst. Solvent extraction 

is perhaps the quickest method but requires the greatest 

manual handling of the radioactive sample. Anion exchange on 

the other hand is perhaps the slowest method but requires the 

least handling of the sample. If one counts the llSmin photo

peak, speed of analysis is not too important becau~e one must 

wait for the transient equilibrium to be reached. The 

detection limit is about 5 p.p.b. 

Now one must return to the original problem of what is wrong 

with the kale analysis in Table-r. To answer this question one 

turns to the results of this work on the kale analysis. However 

when one examines the N.A.A. results one sees an apparent 

difference between Run-1 and Runs-2,3,4. Before proceeding any 

further one must first check to see if this apparent difference 

may possibly be accounted for by the reproducibility available 

by N.A.A., by inexperience on the part of the operator, or by 

a gross error in procedure. 
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Now let us examine in detail the possibilities of errors in 

the N.A.A. method. The activity of the sample after irradiation, 

cooling and separation is given by the following equation: 

A = N.F.O. o .S.D. (1) 
y 

Where 

23N = number of cadmium atoms. This is equal to wt. . 6. 02xl0 
112.41 

F = fractional abundance of the isotope of interest. 

0 = neutron flux in neutrons cm.- 2sec-1 • 

24 2 o =atomic cross section expressed in-barnes (lo- cm. ) 

S = represents the saturation or buildup factor which is 

(1-e- +1 where + is the irradiation time
1 

D = represents the decay factor after irradiation and is 

- + .
given by e 1 where + is the time from irradiation to2 

counting. 

Y = chemical yield after separation or handling. 

Using the above equation it is possible to determine the 

number of cadmium atoms solely from the activity of the sample 

if the other parameters are known. This is rarely done because 

of difficulties in accurately measuring the flux and uncertain

ties in o. Hence standards which are coirradiated in the same 

irradiation can are used for comparison. If one rearranges 

equation-! and makes some substitutions then the weight of 

cadmium in the sample can be expressed as; 

wt. = wt. (A) • (<1) • (I1) • (Y)

lA!f (Of (D) (Y') 


where ' refers to the standard. 
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Now it is necessary to examine each parameter in turn to 

see how each might contribute to an overall error or to poor 

precision. 1) wt.' -The cadmium standards were measured into 

quartz vials using a Hamilton syringe and then were taken down 

to dryness before irradiation. The oiiginal solutions were 

prepared from high purity cadmium shot using an analytical 

balance and volumetric equipment. The largest source of error 

there would lie in the accuracy and reproducibility offered by 

the syringe. The estimated error here is about 1-2%. 

2) (A) - There are three potential sources of error here in this 
(AT) term. ' 

First ther~ is an error in the counting statistics themselves. 

The count rate for the kale samples was about 4, 000-1,0,000 

counts/1000 sec. One expects an error of a few percent from 

counting statistics. 

The second possible ~rror lies in differences in count rate. 

Large differences in count rate can cause serious errors especi

ally at high count rates due to detector dead time losses. How

ever in this work, the count rates were comparable and low enough 

that this error is probably negligible. 

The third possible error lies in differences in counting 

geometry. The samples were all counted in a Nai(Tl) well 

detector. Errors in geometry should be small but possibly are 

on the order of a few percent. 

The overall error in this term may be at worst 5-10% for 

the kale samples. 

3) (0) - There is a small flux inhomogenuity within the irradiation 
W> can. This is only about 1-2%. (114} 

4) (D') -Since the sample and standard are not counted at the 
1i5"") 
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same time there is a potential error here. However since the 

time difference is small compared to the halflife and because 

corrections are easily made for this than this error is 

negligible. 

5) (Y) - The chemical yield for the sample was determined by 
W> 

atomic absorption. Possible error 5%. No chemical yield was 

determined for the standard. A possible 1% loss in handling 

seems reasonable. 

The overall worst :.:-eproducibility from the above factors 

is only 10-20%. Hence the difference between Run-1 and Runs-2, 

3,4 cannot be blamed on the method. 

The second explanation for these poor results could be 

inexperience on the part of the operator. In work of this 

nature (i.e. a Master of Science Thesis) this always remains a 

possibility. However if one examines the results of the 

analysis on the beef kidney samples, one notices an improvement 

with time. While the agreement between N.A.A. and Atomic 

Absorption is satisfactory for Beef Kidney Sample-1, there is 

a great deal of improvement in agreement between the two 

methods for Beef Kidney Sample-2. This improvement merely 

reflects a growing~se on the part of the operator. Hence 

one would not expect a third and final sample set to show the 

worst agreement. 

There remains the possibility of a gross error in Run-1 

as well. Since the results of Run-1 are about one half of the 

other results by Runs-2,3,4 an error in the preparation of 

standards (such as an error in dilution) could account for the 
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difference. While this type of error is unlikely, it still 

remains a possibility. Having decided that there is nothing wrong 

with either the N.A.A. or the operator, then one can draw two 

differenct conclusions from the results of this work. The 

first of these is A) Homogenuity Conclusion which maintains that 

the cadmium concentration is 0.94±0.05 p.p.m. The second one of 

these is the B) Inhomogenuity or Poor Precision and Accuracy 

Conclusion which maintains that the cadmium concentration is 

+0.78-0.29 p.p.m. Now to examine each of these interpretations 

in turn. 

A) Homogenuity Conclusion 

Since kale has been recommended as a biological standard and 

since this work deals with a reasonable ~mall "bulk" sample, one 

can probably assume that the sample is homogeneous. Hence the 

results of Run-1, of the N.A.A. on the kale must contain some 

form of gross error. After the outlying results have been re

jected, one gets 0.94±0.05 for nine results. This is in excellent 

agreement with two other results from Table-!; 0.89±0.16 for ten 

results and 0.91-for si~ results. 

Now there does exist a difference between the N.A.A. and 

the Atomic Absorption results for the kale samples. However 

this difference may be misleading for the following reasons. 

First of all the number of analysis by atomic absorption is low 

(3) and possibly unreliable. More results by atomic absorption 

might give a better agreement. Secondly there is a possibility 

of a chemical interference in the kale results. This is based 

on the fact that the chemical yield for the N.A.A. was per
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sistently low and erratic for the kale samples. Since the 

atomic absorption results were done using standards for 

comparison, this error would pass undetected. A second method 

such as standard addition might give better results. Because 

the Atomic Absorption Analysis results are suspect they are 

not included in the mean. 

As well low results in the literature could be due to gross 

errors in technique-such as using solid cadmium metal as a 

standard (appreciable self-shielding) or counting the llSmin 

photopeak at 336 Kev before allowing the transient equilibrium 

to grow in • 
. 

B) Inhomogenuity or Poor Precision and Accuracy Conclusion 

There are several strong arguments supporting the inclusion 

of Run-1 of the N.A.A. The first argument concerns the close 

agreement between N.A.A. and Atomic Aborption Analysis which has 

been shown in Beef Kidney Samples-1 and -2. Hence one would 

expect the same close agreement with the kale analysis which one 

did obtain if one includes Run-1. In all three cases the two 

methods are within one standard deviation of each other. In the 

Homogenuity Conclusion they are not. Furthermore one can run a 

Student t-test on the results by the two methods to find the 

probability that the difference between methods is due to random 

error using the formula (145): 

+ 	= 
2S + N S 2 )a b b 

N - 2)b 

Xa 

) (N + a 
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where 

X = the average 

N = the number of analysis 

S = the standard deviation 

Only in the case of the Homogenuity Conclusion, is it 

statistically highly significant, that the difference between 

results by the methods cannot be explained by random error, 

i.e. there is a difference between methods. 

Now if one re-examines the literature and looks at the over

all average concentration, one finds excellent agreement between 

the literature results and this conclusion as shown in Table 

XVIII. 

Table XVIII Comparison of Overall Results 

Number of Number of Average 
Analysis groups Concentration 

Literature 62 10 0.766 

This Work 18 1 0.778 

Overall so 10 0.768 

If this overall agreement isn't good enough, there is a 

similar excellent agreement between methods as shown in Table-

XIX. 

Table- XIX Comparison of Overall Results b~ Method 
This Work 

Method Number of 
groups 

Literature 
Number of 
Analysis 

~verage 

Concen
tration 

Number 
of 
Analysis 

Average 
Cone. 

N.A.A. 7 36 0.76 15 0.79 

Polar 2 16 0.80 

At. Abs. 1 10 0.75 3 0.70 
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This breakdown further confirms the previous agreement and 

now shows agreement between not two but three different 

analytical methods. As well at this point it should be men

tioned that Sinko et al's (57) polarographic method used both 

standards (0.75 for six analysis) and standard addition (0.72 

for six analysis). 

If one assumes conclusion B) to be correct, then one would 

say that the average concentration of cadmium in kale is 0.77 

p.p.m. However it is difficult to explain the wide differences 

between individual runs, especially when one considers the high 

degree of precision within ~ach run. But upon careful re

examination·of the literature one is drawn to either or both of 

the following conclusions. The first possible conclusion is 

that the distribution of cadmium in the kale is not homogeneous. 

A degree of inhomogenuity, possibly combined with a sampling 

error due to the typically small size of the sample (usually 

100 mg.) would explain the scatter in results. A possible 

explanation for the inhomogenuity may lie in the basic pre

paration of the kale powder. Zook (13) has shown that in the 

milling of grains one did get an enrichment of cadmium in 

certain of the products. The second possible conclusion is 

that the precision of trace analysis is poor at the p.p.m. 

level. Consequently the results of a single set of data may only 

be reliable within a factor ·of two. 

The concept that there may be inhomogenuities with regard 

to certain of the trace metals in the kale has been mentioned 

several times in the literature. Bowen himself (1) says that 
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certain high values for Al and Ti may be due to contamination from 

dust. Fritze and Robertson (146) analyzed Al in kale in more 

detail. They advanced the hypothesis that the majority of Al in 

the kale was present as a separate phase (such as mineral dust) 

rather than in the actual tissue. Using N.A.A., Nadkarni and 

Ehmann (56) looked at fifteen elements in kale by non-destructive 

analysis and two more elements after chemical separation. For 

one of these elements, Zr, they concluded, because of their t~l 

lack of precision in their results for that element, that the 

distribution of Zr was inhomogeneous. Furthermore they also 

postul~ted that the high relative standard deviation for certain 

elements (seven elements La, As, Ag, Co, Cr, Sb and Hg had a 

relative standard deviation of greater than 15%) "may reflect a 

nonhomogeneous distribution of the element in kale rather than 

just analytical error" (56). 

Careful re-examination of Bowen's work (1) supports this 

hypothesis. First of all there are fourteen elements with a 

relative standard deviation of 20% or greater as shown in Table XX. 
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Table XX Results of Analysis on Certain Elements in Bowen's Kale(l) 

Element Number of Methods Results (p.p.m.) R.S.D. 
Labs Analysis 

+Ag 1 3 1 0.50+0.10 20% 
Al* 4 16 1 35.5+7.3 21% 
As* 3 16 1 0.127-0.029 29% 
Au 2 7 1 0.00222!0.00055 25% 
Cl 4 21 2 3330;::1060 31% 
Cr 4 13 3 0.331+0.155 47% 
Ga 2 6 1 0.045+0.020 44% 
I 3 12 1 0.0800+0.0234 29% 
Mo 9 44 2 2.33+0.47 20% 
Na** 9 52 3 2594+617 24% 
Ni* 1 4 1 2. 56+1. 56 61% 
Pb 4 21 3 3.21-1.61 50% 
Sn 1 4 1 o.l6o±o.037 23% 
w 2 8 1 0.0605::!:0.00123 20% 

*OVERALL RESULTS INCONSISTENT - This may represent only a fraction 
of the total analysis and may be misleading. 

**SIGNIFICANT DIFFERENCE BETWEEN TECHNIQUES.- Hence overall results 
may be misleading. 

Table XXI R.S.D. of Various Elements in Kale in Difference Concentra
tion Ranges 

Concentration Ranges (p.p.m.) 
Relative 
Standard 0.1 0.1 - 1.0 1.0 - 10 10 - 100 100 
Deviation 

0 10 Se B, Br, Ca,K,Mg, 
Mn N,P,Si 

=10 20 Co,Cs,La, Ba, Cd, Rb,Sr, s, Fe 
Sb,Sc Cu,F Zn 

20 Au,Ga,I, Ag,As* Mo, Ni*, Al* Cl,Na** 
w Cr,Sn Pb 

*OVERALL RESULTS INCONSISTENT - This may represent only a fraction 
of the total analysis and may be misleading. 

**SIGNIFICANT DIFFERENCES BETWEEN TECHNIQUES - Hence overall results 
may be misleading. 
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Secondly as shown in Table XXI, twenty out of twenty-one 

elements, having a concentration of 10 p.p.m. or less, have a 

precision of greater than 10%. Indeed eleven out of the 

twenty-one have a precision of 20% or more. This poor precision 

for the majority of elements may be taken as indicative of possible 

non-homogenuity in the sample with regards to the trace elements. 

Now if the distribution of cadmium in the kale is slightly 

inhomogeneous, then one would expect that increase in sample 

size or number of analysis would tend to level out inhomogenuities. 

Indeed this was found. The individual atomic absorption results 

with the larger sample size were closer to the mean than most. 
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of the individual N.A.A. results. As well the three groups which 

did the most number of analysis by N.A.A. are all within one 

standard deviation of the average. (Sinko et al, 12 results, 

0.73±10% (57), Schramel, 10 results 0.75±0.18 (89); this work, 

15 results, 0.79±0.30; Chueca et al, 10 results, 0.89±0.16 (8) ). 

Now the second interpretation that one may reach is that 

there is a problem in the analysis. This problem is that the 

preeision and accuracy of analysis is poor at the p.p.m. level 

of concentration. Consequently the results of a single set of 

data may only be reliable within a small factor of two or so. 

This conclusion-is based on earlier work done by Cook, Crespi, 

and Minczewski (147). They sent out a common sample, an aqueous 

solution containing approximately 5 p.p.m. of Cu and Mn, and 15 

p.p.m. of Cr and Hg, to nine different laboratories to be 

analyzed by four different techniques, spectrography, spectre

photometry, polarography, and N.A.A. Conditions were chosen such 

that interferences from the matrix would be minimal and any 

variation in results could largely be attributed to the technique 

used. The results of their survey was quite interesting. 

As shown in Table XXII, the overall average of all the re

sults was quite accurate. However as shown in Table XXII and 

XXIII the precision and accuracy of individual runs was quite 

poor. To quote the original paper. "The statistical analysis 

of the results (551 in all) shows, with the limitations as to 

generality imposed by the design of the experiment, that the 

expected precisions of a single determination in the routine 
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application of each of the techniques are: spectrogr~ahy ± 40%; 

+ + +polarography - 25%; activation - 20% and spectrophotometry - 10% 


at the 0.05 probability level. 


Table XXII Summary of Overall Results by Cook et al (147) 


Technique Number of Average Standard Deviation 

Determinations (Normalized of Single Deter

to 100) mination at 95% 
Confidence Limit 

Spectrography 124 99.8 37.8 

Spectophoto
me try 172 100.8 9.8 

Polarography 116 102.0 26.1 

Activation 139 102.5 20.4 

All Methods 551 101.3 24.3 

Table XXIII·Range of Normalized Values of Cook et al (147) 

Element Spectre- Spectre- Polaro- Activation Overall 
graphy photometry graphy 

Cu 71.1- 99.1- 95.1- 54.8- . 54.8
134.1 103.1 105.7 129.0 134.1 

Cr 84.0- 93.1- 90.0- 91.4- 84.0
104.2 102.9 103.0 101.8 104.2 

Mn 58.8- 96.0- 94.1- 96.4- 58.8
113.4 114.8 141.1 118.4 141.1 

Hg 47.4- 89.3- 84.6- 95.1- 47.4
105.2 106.2 99.2 122.4 122.4 

The accuracy follows the same pattern though the spread of results 

within a technique is wider. When all results are considered 

together the precision is± 25% (147). 

If one assumes that the precision at the 0.05 probability 

level is equal to ± 2 R.S.D. then one would say that the overall 

precision is about 10 - 15% at this concentration level for this 
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matrix. Now if this is the precision possible at this concen

tration level then one,might explain the results of Table XXI 

in terms of precision rather than inhomogenuity. i.e. The 

reason that twenty out of twenty-one elements, with concen

trations in the kale of 10 ppm or less, have precisions equal 

to or greater than 10% is because this is the inherent precision 

possible at this level. Levels of precision greater than 20% 

may be due to certain other factors such as lower concentration 

ranges involved or matrix ·d:.nterferences. 

As well Cook et al go on to say the following about 

differences between laboratories. "This means that differences 

of up to 80% in spectrography, 50% in polarography, 40% in 

activation, and 20% in spectrophotometry between single deter

minations in two laboratories should be considered statistically 

possible, although the probability of the two extremes being 

obtained in one particular case is very small. "(147) 

Finally there are two other points which help to support the 

Inhomogenuity or Problems in Analysis Theory. First, results 

of analysis on standard materials nearly always show an improve

ment with time as methods become more refined. However there has 

been no change in the cadmium content with time. In 1969 Bowen (2) 

published a summary of results of analysis on the kale. Assuming 

a one year delay in publication, one can probably say that the 

results represent most of the work up to and possibly including 

1968. These results are shown in Table XXIV. There has been five 

other reports of the concentration of cadmium in kale, four of 

these since 1968. These results are also shown in Table XXIV. 

84 




What is interesting is that there has been essentially no change 

in the overall average with time. This is contrary to what one 

would expect if one assumes that the original poor agreement was 

due to some error in analysis. 

Table XXIV Results of Kale Analysis for Cadmium at Different Times 

(1969 
Bowen's List 

or before) 
Others 

Number of 
Analysis 

Average 
Concentration 
(p.p.m.) 

Year Number of 
AnalySTs 

Average 
Concentration 
(p.p.m.) 

4 
5 
6 
4 

0.38 
0.63 
0.91 
1.0 

1967 
1969 
1971 
1971 
1972 
1975 

3 
10 
4 
4 
12 
10 

0.63 
0.89 
o.5-e 
1.06 
0.73 
0.75 

Overall 
Average 0.74 0.78 

This lack of improvement with time may be indicative of sample 

inhomogenuity. 

Secondly even if the sample shows a degree of inhomogenuity 

and/or problems in accuracy or precision, one still expects to see 

a "Normal" or "Gaussian" distribution about a true value if 

enough analysis are done. Since the overall number of analysis is 

low (70 in all) one has to resort to a histogram. Because not 

all of the individual analysis are known one has to estimate the 

distribution of certain results. This is done in Table XXV. 

Histograms of the literature results, the results of this work, 

and the overall results are shown in Diagram 16 a,b,c. 
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Table XXV Data for Histograms 

Analysis Average Number in Histogram Interval 
0 .1 .2 .3 .4 .5 

' 
.6 .7 • 8 9. 1.0 ll. 1.2 1.3 1.4 1.5 

00 
0\ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Total 

0.347 

0.50 

0.63 

0.63 

0.73 

0.75 

0.89 

0.91 

1.00 

1.06 

3 

3 

1 

2 

3 

2 

1 

1 

4 

4 

3 

3 

2 

12 

* 

7 

4 

2 

11 

2 

2 

4 

3 

11 

* 
1 

3 

3 

2 

9 

* 
1 

2 

4 

7 

* 
* 

* 

This work 1 4 0 2 0 2 6 2 0 0 1 

Overall 4 7 4 14 11 13 15 9 0 0 1 

*Estimated Distribution 
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In diagram 16c, a "Gaussian" curve is also shown superimposed 

on the histogram. The curve was derived from the equation 

Y = N 
-(x-u) 2/2 2 

e 0 (149) 

0 (2 ) ~ 

where 

N is a normalization factor chosen to be thirteen and u is the 

average and o is the standard dev~ion for the Inhomogenuity 

Conclusion. 

The agreement between the histogram and the normal error curve 

appears to be poor. However when one realizes €hat the error 

curve was derived from this work as shown in Diagram 1Gb, than 

even this amount of agreement is somewhat surprising. However 

one is unable to draw any definite conclusions on a "Gaussian" 

distribution. However the histogram does show a range of values 

with the true value probably lying between 0.6-1.0 p.p.m. If 

the Homogenuity Conclusion was corr~ct then on would expect a 

bunching of results about the 0.9-1.0 p.p.m. interval. However 

this isn't found. 

Actually another interpretation is possible. Two of the 

results in Table 1 may be the same. This is in reference to the 

two 0.63 p.p.m. results. Since both are dated before 1969, the 

one result 0.63 p.p.m. (average of five results) may actually be 

referring to the other result. If so, then one can remove that 

result from the average. This makes little difference in the 

overall average, so the previous arguments hold. However the 

shape of the histogram changes as shown in Diagram.l6D. This 
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is interesting because it suggests that the distribution may be 

"skewed" and not "Gaussian". A "skewed" distribution of the 

cadmium in the kale would explain most of the conflict in inter

pretation of the results. The bunching of results around 0.9 

p.p.m. would be expected since they are the most probably 

results. The spread of results and the overall average around 

0.8 p.p.m. could also be explained. Actually one is not justified 

in saying that there is a "skewed" distribution based on the 

little information available. However it remains an interesting 

possibility which would explain most of the results that have 

been found. 

In the opinion of the author the weight of evidence strongly 

suggests that the Inhomogenuity or Poor Precision and Accuracy 

Conclusion is correct, i.e. the concentration of cadmium in kale 

is 0.77 p.p.m. While it is not reassuring to look at a wide 

spread in results, comparisons with other works on standard 

materials at this concentration range shows that this is a 

familiar occurence. It would be difficult to determine whether 
. . 

inhomogenuity or inherent precisions and accuracy at the p.p.m. 

level is the major course of the poor agreement in the overall 

kale analysis. Indeed both may play an important role in 

explaining differences. For instance the poor precision obtained 

for the kale (R.S.D. 37%) seems to be greater than one would 

expect for this level of concentration. This, combined with a 

possible non-Gaussian Distribution indicated that poor precision 
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and accuracy alone cannot account for the spread in results. 

So a degree of inhomogenuity should be included. Actually 

slight inhomogenuity may reasonably be expected in any solid 

sample of this type where the original material is not com

pletely homogeneous (and may consist of two or more phases). 

It is also possible that the typical sample size of 0.1 gr~·is 

notlarge enough to average out this homogenuity. 

The use of a larger sample size would be expected to improve 

matters. However one still has the problem of the precision 

available by the method at this level of concentration. As 

well there are some practical limits and problems with larger 

samples. For N.A.A. larger sample size is limited by the size 

of the irradiation can and density of the kale powder. Con

tamination from reagents may become a problem with larger 

samples if wet ashing is used. Finally the use of larger sample 

sizes may be undesirable or impossible if only small quantities 

are available. 

In conclusion this thesis has dealt with a general review of 

cadmium analysis in biological materials, and in part~cular 

the standard kale power: and has examined two techniques, 

Neutron Activation Analysis and Atomic Absorption Spectropho

tometry in some detail. 
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Appendix I 

BIOLOGICAL ROLE OF CADMIUM 

The biological interest in cadmium is largely confined to its 

possible interaction with zinc and other essential metals, its 

toxic properties, and possible relationship to hypertension and 

heart disease. 

Cadmium is absent in the tissues of the new-born but tends to 

accumulate with age till about age fifty after which it declines 

slightly (1~). It is concentrated mainly in the kidney and 

liver. A metalloprotein known as metallothionein has been 

isolated from kidneys. It has a molecular weight of about 6,600 

and contains six metal atoms per molecule. The metal atoms are 

either zinc or cadmium. Since metallothionein has no known 

biological role, it has been suggested that it is merely a 

sequestering agent for cadmium with the cadmium competing 

favourably with the zinc for binding thiol sites in the mole

cule. As well cadmium has been known to inhibit certain enzymes 

(113, 136, 137). 

The toxic properties of cadmium are well known. Indeed one 

author says: "Cadmium has probably more lethal possibilities 

than any of the other metals" (138). He is referring to the 

fact that the metal is seldom used in its pure form but usually 

is alloyed with other harmless metals to give a possible lethal 

combination. There are numerous cases where the use of cadmium
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plated vessels in the preparation of food or drink has led to 

poisoning. The symptoms appear as a "violent, acute gastristis 

which occurs immediately after ingestion of a liquid or a readily 

dissolved solid of acid nature containing a soluble cadmium 

compound. It apparently attacks everyone who partakes of the 

contaminated food" (139). 

Perhaps a more serious menance is the abso~ption of cadmium 

from the air through the respiratory tract. Since the fumes of 

cadmium, or cadmium oxide are relatively colourless and odorless, 

there have been several reported cases where workers have died 

from overexposure to cadmi~ fumes (131,132,138). The persons 

"exposed to cadmium oxide fumes usually complain of a dryness in 

the throat or a sensation similar to a sore throat. This is 

accompanied or quickly followed by cough and later by headache 

and dizziness. The symptons often resemble influenza" (138). 

The preceding cases of poisoning have been caused by exposure 

to relatively large amounts of the metal. However, there is 

growing and frightening evidence that cadmium in lower concentra

tions may be dangerous as well. The work of Schroeder (140,141) 

and Perry (142) has shown that cadmium does induce hypertension in 

rats and correlation has been found between hypertension in-human 

subjects and cadmium concentration in the urine {143) and kidney 

tissue (68). Furthermore Carroll (144) showed a marked correlation 

between death rates from hypertension and arteriosclerotic heart 

disease and the cadmium content in the air of certain American 

cities. He shows as well that there is no correlation with air 

pollution in general. Zinc, a closely related element, is the 
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only other pollutant which correlates significantly with the 


above diseases. 


Longer and more severe exposure to cadmium can also be fatal. 

In Japan, in the last twenty years, there have been many cases 

of the "Ouchi-Ouchi" disease directly related to cadmium. 

"Characteristically the disease takes a long course of in

creasing painfulness which, beginning with simple symptoms such 

as 'lumbago' or 'joint pains' ends with total and agonized 

immobility as a result of skeletal collapse. Cadmium leads to 

bone poraaLt~ and to the total inhibition of bone repair 

mechanisms so that, stage by stage as the disease progresses, 

the load bearing bones of the skeleton suffer deformation,fracture 

and collapse" (113). 

In summary, cadmium has no known biological function and in

hibits certain enzymes. In large quanitities it is toxic. In 

smaller quanti ties it causes hypertension. Prolonged exposure to 

it leads to pronounced skeletal damage. 
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Appendix II 

CADMIUM IN HUMAN TISSUES AND FLUIDS 

The following three tables are a partial collection of litera

ture values and are by no means complete. 

Table XXVI 
BLOOD 

Concentration Range No. of Method Reference 
Determinations 

17.7 p.p.b.* 5-141.6 p.p.b. 110* Atomic Absorption 128 

8.5 p.p.b. 3.4-53.3 p.p.b. 153 Emis. Spec. 121 

+2.09p.p.m.** -o. 05 p. p ....m. {SE) 47 Emis. Spec. 129 

+3.3.p.p.b•. -2.4 P·P·~· Atomic Absorption 84 

2.7p.p.b. 0 - 9 p.p.b. 17 Atomic Absorption 87 

Table XXVII 

URINE 

Concentration 	 Range No.of Method Reference 
Determinations 

1.59 p.p.b. 0,5-10.8p.p.b. 154 Emis. Spec. 121 

9 	 p.p.b. 3-13 p.p.b. 10 Atomic Absorption 20 

2-20 p.p.b. Atomic Absorption 84 

12.7 p.p.b. 7-22 p.p.b. 22 Emis. Spec. 130 

10.0 p.p.b. 1.8-22.6 28 Col. 	 13.1 

*243 samples only 110 above 5 p.p.b. which were used 
Most likely average should be around 10 p.p.b. 

**Author later suggests his values may be high {80). Other values 
for different tissues are several orders of magnitude higher than 
other values (85). 
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Table XXVIII 

Tissue 

Tissues 

Artery 

Brain 

Bone Marrow 

Gall Bladder 

Heart 

Kidney 

Liver 

Lungs 

Skin 

Stomach 

Tongue 

Vein 

HUMAN 

p.p.m. 
(wet weight) 

0.1-0.6 
0.2-0.8 

8-17* 

0.2 
0.4 

0.12 

0.3 

0.6 

0.012 
0.2 
11* 

9-18 

12 

20-60 

49* 


2 

2-3 

13 


0.26 
0.7 

9 


0.2 

0.3 

0.13 
0.2 

0.15 

TISSUES 

Method of Analysis 

Dithizone 
Atomic Absorption 
Emis. Spec. 

N.A.A. 

Dithizone 


Dithizone 

Dithizone 

Dithizone 

N.A.A. 

Dithizone 

Emis. Spec. 


Dithizone 
Atomic Absorption 
Atomic Absorption 
Emis. Spec. 

Atomic Absorption 
Dithizone 
Emis. Spec. 

N.A.A. 

Dithizone 

Emis. Spec. 


Dithizone 

Dithizone 

N.A.A. 

Dithizone 


N.A.A. 

Reference 

132 

84 


122 


134 

132 


132 


~32 

132 


135 

132 

122 


132 

133 


84 

122 


133 

132 

122 


134 

132 

122 


132 


132 


134 

132 


134 


*Author later suggests his values may be high (80). Other values 
for different tissues are several orders of magnitude higher than 
other values. (85) 

95 




Appendix III 

CADMIUM ISOTOPES 

Isotope Ha1f1ife Precursor Natural 
Abundance 

% 

107Cd 6.49h 106Cd 1. 22 

111mcd 48.6h 110Cd 12.39 

113~d 13.6y 112Cd 24.07 

115Cd 114Cd53.5h 28.86 

115mcd 43.0d 114Cd 28.86 

117Cd 116Cd 7.58144m 

117Cd 116Cd 7.58144m 

BY (n, i> 


Cross Energy Relative Associated 

Intensity Intensity 

100.0 4.800 

0.7 0.034 
0.6 0.028 
1.7 0.081 
3.9 0.187 
0.3 0.016 

31.9 30.400 

100.0 95.200 
100.0 0.100 

2.5 0.700 
6.7 1.850 

29.5 8.100 
100.0 27.500 

0.5 0.010 
0.6 1.020 

18.0 0.450 
0.6 0.020 

100.0 2.500 
4.2 0.110 

41.0 1.030 
0.9 0.020 
3.0 0.650 

18.0 3.410 
2.0 0.430 
1.0 0.220 
4.0 0.830 

100.0 21.700 
1.0 0.220 

62.0 13.500 
9.0 2.000 

37.0 8.000 
4.0 0.900 

11.0 2.400 
3.0 0.650 
4.0 0.870 
6.0 1.300 

9.0 2.000 
13.0 2.800 

2.0 0.430 
4.0 0.870 

10.0 2.200 

Section (kev) 
(barnes) 

1.00 

0.10 

0.03 

1.10 

0.14 

1.40 

1.40 

13.0 

325.0 
423.0 
796.0 
829.0 
898.0 
150.8 

245.4 
263.7 

23)..4 
260.9 

492.3 
527.9 
106.0 
157.0 
484.9 
492.0 
934.1 

1133.0 
1289.9 
1450.0 

72.0 

88.0 
99.0 

161.0 
221.0 
273.3 
291.0 
345.0 
368.0 
433.0 
465.0 
567.0 
635.0 
745.0 
834.0 
860.0 
881.0 
932.1 
948.0 

1028.0 
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Isotope Halflife Precursor 	Natural Cross Energy Relative Associated 
Abundance Section (kev) Intensity Intensity 

% (barnes) 
1053.0 10.0 2.200 
1068.0 16.0 3.500 
1140.0 5.0 1.100 
1235.0 9.0 2.000 
1249.0 6.0 1.300. 
1259.0 6.0 1.300 
1302.0 80.0 17.400 
1315.0 2.0 0.430 
1336.0 14.0 3.000 
1373.0 2.0 0.430 
1406.0 4.0 0.870 
1430.0 17.0 3.700 
1448.0 -4.0 0.870 
1560.0 14.0 3.000 
1576.1 55.0 11.900 
1718.0 8.0 1. 700 
1907.0 2.0 0.430 
1997.4 49.0 10.600
2095.0 9.0 2.000 
2178.0 2.0 0.430 
2324.0 16.0 3.500 

117m 116 2412.0 3.0 0.650 
Cd 3.4h Cd 7.58 0.70 89.0 

161.0 
221.0 
273.0 100.0 
291.0 
345.0 22.2 
368.0 29.4 
433.0 22.2 
465.0 
567.0 33.3 
635.0 9.8 
702.0 14.7 
715.0 22.2 
745.0 14.7 
860 .. 0 14.7 
881.0 55.6 
932.0 9.8 

1028.0 19.6 
117m 116 

Cd 3.4h Cd 7.58 0.70 	 1068.0 50.0 

1117.0 22.2 

1235.0 44.4 

1249.0 16.7 

1259.0 9.8 

1336.0 44.4 

1406.0 44.4 

1430.0 55.6 

1560.0 33.3 

1682.0 14.7 

1723.0 44.4 

1997.0 83.3 


97 	 2095.0 9.8 
2319.0 16.7 



BIBLIOGRAPHY 


References 

(1) 	 H. J. M. Bowen 

Comparative Elemental Analysis of a Standard Plant Material 

Analyst 92 124-131 (1967) 


(2) 	 H. J. M. Bowen 

Standard Materials and Inter comparisons 

Advance in Activation Analysis Vol 1 (1969) 

Ed. J.M.A. Lenihan, s. J. Thomson 


(3) 	 H. J. M. Bowen 

A Standard Biological Material for Elemental Analysis 

Proceedings of the Society for Analytical Chemists 

Confe~ence Nottingham England 19-23 July (1965) pp 25-31 


(4) 	 H..J. M. Bowen, P.A. Cawse 

Activation Analysis (Principles and Applications) 

Academic Press (1965) pp 149-151 

(J.M.A. Lenihan, S. J. Thomson ed} 

(5) 	 H. J. M. Bowen 

The Production of Homogeneous Biological Material for 

Interlaboratory 

Comparisons of Elementary Analysis 

Modern Trends in Activation Analysis. 

College Station Texas (1966} pp 58-60 


{6) 	 H. J. M. Bowen 

The Determination of Antimony, Cadmium, Cerium, Iridium 

and Silver in Biological Material by Radioactivation Analyst 

~ 118-123 {1967) 


{7} 	 H. D. Livingston, H. Smith, N. Sto]anovic 
Simultaneous Estimation of Copper, Zinc, Cadmium, and 
Mercury in Biological Material by Neutron Activation Analysis 
Talanta 14 505-513 {1967} 

(8) 	 A. Chueca, M. Worwood, D. M. Taylor 

The Simultaneous Determination of Zinc and Cadmium in 

Biological Materials by Neutron Activation Analysis 

International Journal of Applied Radiation and Isotopes 

18 335-340 {1969) 


'{9) 	 H. A. Das, H, H, de Vries 
Trace Determination of Cadmium by Neutron Activation 
Applications to Air-Borne Particulates, Hair and Foodstuffs 
RCN-136 (1971} 

98 



(10) 	 E. Steinnes, 0. R. Birkelund, 0. Johansen 

Determination of Trace Elements in Biological Materials 

by Neutron 

Activation and Extraction with TOPO 

Journal of Radioanalystical Chemistry ~ 267-272 (1971) 


(11) 	 E. B. Sandell 

Colorimetric Determinations of Traces of Metals, 3rd Ed. 

Interscience Publishers, Inc., 

New York (1959) 

pp 350-365 


(12) 	 H. A. Schroeder, J. J. Balassa 
Abnormal Trace Metals in Man: Cadmium 
Journal of Chronic Diseases 14 238-258 ___(1961), 

(13) 	 E. Zook, F. Greene, E. Morris 
Nutrient Composition of Selected Wheats and Wheat Products 
VI-Distribution of Manganese,Copper,Nickel,Zinc,Magnesium, 
Lead,Tin,Cadmium,Chromium, and Selenium as Determined by 
Atomic Absorption Spectroscopy and Colorimetry 
Cereal Chemistry 47 720-731 (1970) 

(14) 	 Chemical Abstracts 74 50414 (1971)-- m 
(15) 	 H. A. Schroeder, A. P. Nason, I. H. Tipton, J. J. Balassa 

Essential Trace Elements in Man: Zinc Relation to 
Environmental Cadmium 
Journal of Chronic Diseases 20 179-210 (1967) 

(16) 	 Analytical Methods Committee 
The Determination of Small Amounts of Cadmium in Organic 
Matter 
Analyst 94 1153-1158 (1969) 

(17) 	 I. Tipton, P. Stewart, J. Dickson 
Patterns of Elemental Excretions in Long Term Balance Studies 
Health Physics 16 455-462 (1969) 

(18) 	 G. Murthy, u. Rhea, J. Peeler 
Levels of Antimony, Cadmium, Chromium, Cobalt, Manganese, 
and Zinc in Institutional Total Diets 
Environmental Science and Technology 5 436-442 (1971) 

(19) 	 J. D. Winefordner, R. c. Elser 
Atomic Fluorescence Spectrometry 
Analytical Chemistry 43 25A-42A April 1971 

(20) 	 P. Pulido, K. Fuma, B. Vallee 
Determination of Cadmium in Biologic~l Materials by Atomic 
Absorption Spectrophotometry 
Analytical Biochemistry 14 393-404 (1966) 

99 



(21) T. R. Hauser, T. A. Hinners, J. L. Kent 
Atomic Aborption Determination of Cadmium and Lead 
Whole Blood by a ~eagent Free Method 
Analytical Chemistry ·44 1819-1821 (1972) 

in 

(22) F. A. Cotton, G. Wilkinson 
Advanced Inorganic Chemistry 
Interscience Publishers, New 
pp 600-622 

2nd Ed. 
York (1967) 

(23) The Radiochemistry of Cadmium 
NAS-NS-3001 
U.S. Atomic Energy Commission 
pp. 3-13 

(1960) 

( 2 4 ) L. Me i te s 
Handbook of Analytical Chemistry 1st Ed. 
McGraw Hill, New York 1963 

(25) 	 R. Belcher, C. L. Wilson 
New Methods of Analytical Chemistry 
Reinhold New York 1964 

(26) 	 R. Belcher, A. J. Nulten 
Quantitative Inorganic Analysis 
Butterworth & Co. Ltd. 
London 1963 

(27) 	 J. R. DeVoe, W. W. ,Meinke 

2nd Ed. 

Radiochemical Separations of Cadmium 

Analytical Chemistry 31 1428~1432 (1959) 


(28) 	 J. L. Walter, H. Feiser 
2-(o-Hydroxyphenyl)-benzoxazole as a Reagent for Gravimetric 
Determination of Cadmium 
Analytical Chemistry 24 984-986 (1952) 

(29) 	 c. L. Rulfs, E. P. Przybylowicz, c. E. Skinner 
Cadmium Thiourea Reineckate Procedure 
Analytical Chemistry ~ 408-410 (1954) 

(30) 	 H. D. Livingstone 
Measurement and Distribution of Zinc, Cadmium and Mercury 
in Human Kidney Tissue 
Journal of the American Association of Clinical Chemists 
18 67-72 (1972) . 

(31) 	 Analytical Methods Committee 
Methods for the Destruction of Organic Material . 
Analyst 85 643-656 (1960) 

100 




(32) 	 Analytical Methods Committee 
The use of 50% Hydrogen Peroxide for the Destruction of 
Organic Matter 
Analyst ~ 403-407 (1967) 

(33) 	 T. ~. Gorsuch 
The Destruction of Organic Matter 
Pergamon Press, Oxford 1970 pp 77-79 

(34) 	 T. T. Gorsuch 
Radiochemical Investigations on the Recovery for Analysis 
of Trace Elements in Organic and Biological Materials 
Analyst ~ 135-173 (1959) 

(35) 	 J. Down, T. T. Gorsuch 
The Recovery of Trace Elements after the Oxidation of 
Organic Material with 50% Hydrogen Peroxide 
Analyst ~ 398-402 (1967) 

(36) 	 R. L. Shirley, E. J. Benne, E. J. Miller 
Cadmium in Biological Materials and Food 
Dithi,zone Method for Evaluating Minute Quantities 
Analytical Chemistry 21 300-303 (1949) 

(37) 	 T. Westermark and B. Sjostrand 
Activation Analysis of Cadmium in Small Biopsy Samples 
International Journal of Applied Radiation and Isotopes 9 
78-83 (1960) 

(38) 	 W. H. Strain, c. G. Rob, W. J. Pories, R. c. Childers, 
M. F. Thompson, Jr., J. A. Hennessen, F. M. Garber 

"Element Imbalances in Atherosclerotic Aortas" 

Reprints of Contributed Condensations 

The 1968 International Conference-Modern Trends· in Activ

~tion Analysis Oct. 7-11 (1968) 


(39) 	 G. Friendlander, J. Kennedy, J. Miller 
Nuclear and Radioche~istry 2nd Ed. 
John Wiley and Sons, Inc. New York (1966) 
pp 71-73 

(40) 	 H. R. Lukens, Jr., J. W. Otuos, c. D. Wagner 
Formation of Metastable Isomers by Photoactivation with 
the Van de Graaff Accelerator 
International Journal of Applied Radiation and Isotope II 
30-37 (1961) 

(41) 	 E. Vincent, L. Bilefield 
Cadmium in Rocks and Minerals from the Skaergaard Intru
sion, East Greenland 
Geochimica et Cosmochimica Acta 19 63-69 (1960) 

(42) 	 L. Bilefield, E. Vincent 
Determination of Cadmium in Rocks by Neutron Activation 
Analysis - Analyst 86 386-391 (1961) 

101 



(43) 	 M. Heurtebise and J. Lubkowitz 
Utilization of the Matrix as a Standard in Trace Analysis 
by Neutron Activation Analysis, Analysis of Cadmium Doped 
Sodium Chloride Crystals· 
Analytical Chemistry !l 1218-1221 (1971) 

(44) 	 A. Laurukhina, T. Molysheva, F. Poivlotskaya 
Chemical Analysis of Radioactive Materials 
C.R.C. Press 

Cleveland, Ohio (1967) 


(45) 	 R. H. Filby, A. I. Davis, K. R. Shah, G. G. Wainscott, 
W. A. Haller, W. A. Cassatt 
Gamma Ray Energy Tables for Neutron Activation Analysis 
Nuclear Radiation Center 
Washington State University (1970) 

(46) 	 R. Robertson - Private Communication 

(47) 	 B~ Dzhelepov, L. Peker 
"Decay Schemes of Radioactive ~Nuclei" 
Pergamon Press New York (1961) pp 311 

(48) 	 Chart of the Nuclides 2nd Ed. 
Gersbach and Sohn Verlag 

(49) 	 R. D. Cooper, D. M. Linekin, G. L. Brownell 
Activation Analysis of Biological Tissue Without Chemical 
Separation 
Nuclear Activation Technieques in the Life Sciences: 
Proceedings of a Symposium, Amsterday 8-12 May 1967 LAEA 
pp 65-80 

(50) 	 A. K. Perkins, R. E. Jervais 
Recent Forsenic Application of Instrumental Activation 
Analysis Modern Trends in Activation Analysis-Proceedings 
of the 1968 International Conference 
N.B.S. Special Publication 312 pp 256-264 

(51) 	 H. P. Yule 
Reactor Nuclear Activation Analysis-Instrumental Sensi
tivities in Six Matrix Materials 
Analytical Chemistry ~ 819-821 {1966) 

(52) 	 T. F. Budinger, J. R. Farwell, A. R. Smith, H. Bichsel, 
Human Tissue Trace-Element Detection by Neutron Activation 
without Chemical Separation 
International Journal of Applied Radiation and Isotope 23 
49-56 (1972) 

102 




(53L 	 H. P. Yule • 
Experimental Reactor Thermal-Neutron Activation Analysis 
Sensitivities 
Analytical Chemistry 37 129-132 (1965) 

(54) 	 T. Westermark and B. Sjostrand 
Identification of Gamma Emitters Formed by Neutron 
Activation Including Tables of Radionuclides Formed by 
Neutron Capture 
International Journal of Applied Radiation and Isotopes 9 
63-77 (1960) 

(55) 	 B. A. Thomson, B. M. Strause, M. B. Leboeuf 
Gamma Spectrometric and Radiochemical Analysis for 
Impurities in Ultrapure Silicqn_ 
Analytical Chemistry 30 1023-(1958) 

(56) 	 R. A. Nadkarni, W. D. Ehmann 
Determination of Trace Elements in Biological Standard Kale 
by Neutron Activation Analysis 
Journal of Radioanalytical Chemistry ~ 175-1~5 (1969) 

(57) 	 I. Sinko, L. Kosta 
Determination of Lead, Cadmium, Copper and Zinc in 
Biological Materials by Anodic Stripping Polarography 
International Journal of Environmental Analytical 
Chemistry ~ 167-178 (1972) 

(58) 	 K. Ljunggren, B. Sjostrand, A. G. Johnels, M. Olsson, 
G. Otterlind, T Westermark 
Activation Analysis of Mercury and Other Enviromental 
Pollutants in Water and Aquatic Ecosystems 
Nucear Techniques in Enviromental Pollut·ion 
Proceedings of a Symposium, Salzburg 26-30 Oct. 1970 
pp 373-405. International Atomic Agency, Vienna, 1971 

(59) 	 K. Samsahl, D. Brune 
Simultaneous Determination of 30 Trace Elements in 
Cancerous and Non-Cancerous Human Tissue Samples by Neutron 
Activation Analysis 
International Journal of Applied Radiation and Isotopes 
16 273-281 (1965) 

(60) 	 K. Samsahl 
An Automated Anion-Exchange Method for the Selective 
Sorption of Five Groups of Trace Elements in Neutron
Irradiated Biological Material 
Nukleonik 8 252-256 (1966) 

(61) 	 K. Samsahl, P.O. Wester, 0. Landstrom 
An Automated Group Separation Scheme for the Simultaneous 
Determination of a Great Number of Elements in a Biological 
Matri~. Recovery and Reproducibility Studies 
Analytical Chemistry 40 181-187 (1968) 

103 



(62) 	 P. 0. Wester, D. Brune, K. Samsahl 
Radiochemical Recovery Studies of a Separation Scheme for 
23 Elements in Biological Material 
International Journal of Applied Radiation and Isotopes 15, 
59-67 (1964) 

(63) 	 K. W. Lieberman, H. H. Kramer 
Cadmium Determination in Biological Tissue by Neutron 
Activation 
Analysis 
Analytical Chemistry ~ 266-267 (1970) 

(64) 	 J. Ruzicka, Jiri Stary 
Substoichiometry in Radiochemical Analysis 
Pergamon Press, Toronto (1968) 

(65) 	 I. Kasparec, A. Zeman, J. Prasiloua 
Substoichimetric Determination of Cadmium by Isotope 
Dilution 
Analysis 
Journal of Radioanalytical Chemistry ~ 281-285 (1969) 

(66) 	 B. Bihr, J. Lener, A. Zeman 
Substoichiometric Determination of Cadmium in Biological 
Samples 
Journal of Radioanalystical Chemistry 3 81-86 (1969) 

(67) 	 H. J. M. Bowen 
Trace Elements in Biochemistry 
Academic Press, London (1966) 

(68) 	 H. A. Schroeder . 
Cadmium as a Factor in Hypertension 
Journal of Chronic Diseases 18 647-656 · (1965) 

(69) 	 T. H. Handley, V. A. deCarlo 
Mercury2~~d Cadmium Determination in Water by Prompt (n, 
Method- CF as the Neutron Source 
Journal of Radioanalytical Chemistry II 265-271 (1972) 

(70) 	 s. F. Bankert, S. D. Bloom, and G. D. Sauter 
Trace Element Analysis in Water by Proton Activation 
Analytical Chemistry 45 692-697 (1973) 

(71) 	 A. Walsh 
The Application of Atomic Absorption Spectra to Chemical 
Analysis 
Spectrchimica Acta 7 108-117 (1955) 

(72) 	 R. J. Reynolds, K. Aldous, K. c. Thompson 
Atomic Absorption Spectroscopy, A Practical Guide 
Charles Giffin & Company Limited, London (1970) 

104 



(73) 	 G. D. Christian, F. J. Feldman 
Atomic Absorption Spectroscopy, Application in Agriculture, 
Biology and Medicine 
Wiley-Interscience, New York (1970) 

(74) 	 T. V. Ramakrishna, J. W. Robinson, P. W. Test 
Determination of Copper, Cadmium, and Zinc by Atomic 
Absorption 
Spectroscopy 
Analytica Chimica Acta ll 20-26 (1967) 

(75) 	 K. Puma, B. Vallee 
The Physical Basis of Analytical Atomic Absorption 
Spectrometry 
The Pertinence of the Beer-Lambert Law 
Analytical Chemistry 35 942-946 (1963) 

(76) 	 B. V. L'vov 
The Analytical Use of Atomic Absorption Spectra 
Spectrochimica Acta 17 761-770 (1961) 

(77) 	 T. s. West, X. K. Williams 
Atomic Absorption and Fluorescence Spectroscopy with a 
Carbon Filament Atom Reservoir 
Part 1 - Construction and Operation of the Atom Reservoir 
Analytica Chimica Acta 45 27-41 (1969) 

(78) 	 Analytical Abstracts ~ 2008 (1972) 

(79) 	 J. E. Allan 
The Use of Organic Solvents in Atomic Absorption Spectro
photometry 
Spectrochimica Acta 17 467-473 (1961) 

(80) 	 Y. Yamamoto, T. Kumamaru, Y. Hayashi, M. Kanke 
Effect of Solvent Extraction on the Atomic Absorption 
Spectrophotometry in Determination of ppM. Levels of Cadmium 
with Dithizone 
Talanta 19 953-959 (1972) 

(81) 	 A. J. Lemonds, B. E. McClellan 
Correlation of Enhancement of Atomic Absorption Sensitivity 
for Selected Metal Ions with the Physical Properties of 
Organic Solvents 
Analytical Chemistry 45 1455-1460 (1973) 

(82) 	 W. Slavin 
Some Data on Ammonium Pyrrolidine Dithiocarbamate 
Atomic Absorption Newsletter 3 141-142 '(1964) 

(83) 	 E. Lakenen 
Separation and Concentration of Trace Metals by Means of 
Pyrrolidine Dithiocarbamate Acid 
Atomic Absorption Newsletter ~ 17-18 (1966) 

105 




(84) 	 G. D. Christian 
Medicine, Trace Elements and Atomic Absorption Spectros
copy 
Analytical Chemistry ·41 24A-40A January 1969 

(85) 	 C. Mulford, 
Solvent Extraction Techniques for Atomic Absorption 
Spectroscopy 
Atomic Absorption Newsletter ~ 88-90 (1966) 

(86) 	 W. Slavin, S. Apague 
The Determination of Trace Metals in Blood and Urine by 
Atomic Absorption Spectrophotometry 
Atomic Absorption Newsletter, No.l7 1-6 January 1964 

(87) 	 G. Lehnert, G. Klavis, K. Schaller, T. Haas 
Cadmium Determinations in Urine by Atomic Absorption 
Spectrometry as a Screening test in Industrial Medicine 
British Journal of Industrial Medicine ~' 156-158 (1969) 

(88) 	 U. Westerlund-Helmerton, B. Akliebolag 
Determination of Lead and Cadmium in Blood by a Modifica
tion of the Hessel Method 
Atomic Absorption Newsletter ~ 133-134 (1970) 

(89) 	 P. Schramel 
Determination of Eight Metals in the International 
Biological Standard by Flameless Atomic Absorption 
Spectrometry 
Analytica Chimica Acta 67 69-77 (1973) 

(90) 	 E. Brown 
Determination of Cadmium, Thallium, and Mercury in 
Biological Materials by Atomic Absorption 
Atomic Absorption Newsletter ~ 57-60 (1967) 

(91) 	 S. Sachdew, P.W. West 
Concentration and Determination of Traces of Metal Ions 
Analytica Chimica Acta 44 301-307 (1969) 

(92) 	 H. T. Delves, G. Shepherd, P. Vinter 
"Determination of Eleven Metals in Small Samples of 
Blood by Sequential Solvent Extraction and Atomic Absorp
tion Spectrophotmetry" 
Analyst ~ 260-273 (1971) 

(93} 	 M. I. Abdullah, L. G. Royle 
The Determination of Copper, Lead, Cadmium, Nickel, Zinc 
and Cobalt in Natural Waters by Pulse Polarography 
Analytica Chimica Acta 58 283-288 (1972) 

106 




(94) 	 D. G. Biechler 
Determination of Trace Copper, Lead, Zinc, Cadmium, 
Nickel and Iron in Industrial Waste Waters by Atomic 
Absorption Spectrophotometry after ion-exchange 
Concentration on Dowex A-1 
Analytical Chemistry ll 1054-1055 (1965) 

(95) R. Brooks 
The Use of Ion-Exchange Enrichment in the Determination 
of Trace Elements in Sea Water 
Analyst ~ 745-748 (1960) 

(96) 	 J. Riley, D. Taylor 
Chelating Resins for the Concentration of Trace Elements 
from Sea Water and their Analytical Use in Conjunction 
with Atomic Absorption Spectrophotometry 
Analytica Chimica Acta !Q 479-485 (1968) 

(97) 	 R.A.A. Muzzorelli, L. Sipos 
Chitosan for the Collection from Seawater of Naturally 
Occuring Zinc, Cadmium, Lead and Copper 
Talanta 18 853-858 (1971) 

(98) 	 J. B. Willis . 
Determination of Lead and Other Heavy Metals in Urine by 
Atomic Absorption Spectroscopy 
Analytical Chemistry l! 614-617 (1962) 

(99) 	 S. Koirtyohan, E. Pickett 
Background Corrections in Long Path Atomic Absorption 
Spectrometry 
Analytical Chemistry ll 601-603 (1965) 

(100) 	 s. Koirtyohan, E. Pickett 
"Light Scattering by Particles in Atomic Absorption 
Spectrometry" 
Analytical Chemistry 38 1087-1088 (1966) 

(101) 	 S. Koirtyohan, E. Pickett 
·"Special 	Interferences in Atomic Absorption Spectrometry" 
Analytical Chemistry ~ 585-587 (1966) 

(102) 	 G. Billings 
"Light scattering in Trace-Element Analysis by Atomic 
Absorption" 
Atomic Absorption Newsletter 4 357-362 (1965) 

(103) 	 W. Slavin 
"Atomic Absorption Instrumentation and Technique: A 
Review" 
Atomic Absorption Newsletter l 93-109 (1964) 

(104) 	 H. L. Kahn, D. c. Manning 
"Background Correction in Atomic Absorption Spectroscopy" 
American Laboratory 4 50-56 (1972) 

107 



(105) 	 H. L. Kahn 
"A Background Compensation System for Atomic Aborption" 
Atomic Absorption Newsletter 1 40-43 (1968) 

(106) 	 R. M. Dagnall, T. S. West, P. Young 
Determination of Cadmium by Atomic Fluorescence and Atomic 
Absorption Spectrophotometry 
Talanta 13 803-808 (1966) 

(107) 	 G. I. Goodfellow 
Some Experimental Observations on Inter-Element Effects 
in Atomic Fluorescence Spectrometry 
Analytica Chimica Acta ~ 132-134 (1966) 

(108) 	 M.P. Bratzel, Jr.; J. M. Mansfield, Jr., J.D. Winefordner 
Influence of Acid Concentration on the Atomic Fluorescence 
of Cadmium 
Analytica Chimica Act ~ 394 (1967) 

(109) 	 P. T. Gilbert, Jr. 
Determination of Cadmium by Flame Photometry 
Analytical Chemistry 31 110-114 (1959) 

(110) 	 B. E. Saltzman, 
Colourimetric Microdetermination of Cadmium with Dithizone 
with Improved Separation of Interfering Metals 
Analytical Chemistry 25 493-502 (1953) 

(111) 	 J. C. Smith, J. E. Kench, R. E. Lane 
Determination of Cadmium in Urine and Observations on 
Urinary Cadmium and Protein Excretion in Men Exposed to 
Cadmium Oxide Dust 
Biochemical Journal 61 698-701 (1955) 

(112) 	 Joint A.B.C.M.-S.A.C. Committee on Methods for the Analysis 
of Trade Effluents 
"Recommended Methods for the Analysis of Trade Effluents" 
Analyst ~ 764-767 (1957) 

(113) 	 A. Tucker 
The Toxic Metals 
Ballantine Books, New York (1972) 

(114) 	 K. Fritze - Private Communications 

(115) 	 S. R. Stitch 
Trace Elements in Human Tissue 
A Semi-Quantitative Spectrographic Survey _ 
Biochemical Journal 67 97-103 (1957) 

(116) 	 H. J. Koch, Jr., E. R. Smith, N. F. Shimp, J. Connor 
Analysis of Trace Elements in Human Tissue 
I. Normal Tissues 

Cancer 9 499- (1956) 


108 



(117) 	 I. H. Tipton, M. J. Cook, R. L. Steinner, C.A. Boyle, 
H. M. Perry, Jr., H. A. Schroeder 

Trace Elements in Human Tissues 

Part I - Methods 

Health Physics ~ 89-101 (1963) 


(118) 	 I. H. Tipton, M. J. Cook 
Trace Elements in Human Tissues 
Part II - Adult Studies from the United States 
Health Physics ~ 103-145 (1963) 

(119) 	 I. H. Tipton, H. A. Schroeder, H. M. Perry, Jr., M. J. Cook 
Trace Elements in Human Tissues 
Part III - Subjects from Africa,The Near and Far East, and 
Europe 
Health PhysTCS II 403-451 (1965) 

(120) 	 H. M. Perry, Jr., L. H. Tipton, H. A. Schroeder, R. L. 
Steinner, M. J. Cook 
Variations in the Concentration of Cadmium in Human Kidneys 
as a Function of Age and Geographical Origin 
Journal of Chronic Diseases 14 259-271 (1961) 

(121) 	 H. Imbus, J. Cholak, I. Miller, T. Sterling 
Boron, Cadmium, Chromium and Nickel in Blood and Urine· 
Archives of Environmental Health 6 286-295 (1963) 

(122) 	 E. Nusbaum, E. Butt, T. Gilmour, S. Didio 
Analysis of Human Tissue Ash with a Direct Reading 
Spectrometer 
The American Journal of Clinical Pathology 35 44-52 (1961) 

(123) 	 C. R. Parker, J. Rowe, D. P. Sandoz 
Methods of Environmental Cadmium Analysis by Flameless 
Atomization 
American Laboratory ~ 53-59 (1973) 

(124) 	 c. L. Newberry, G. D. Christian 
Anodic-Stripping Voltammetry of Biological Samples 
Journal of Electroanalytical Chemistry ~ 468-472 (1965) 

(125) 	 H. K. Hundley, E. c. Warren 
Determination of Cadmium in Total Diet Samples by Anodic 
Stripping Voltammetry 
Journal of the Association of Official Analytical Chemists 
~ 705-709 (1970) 

(126) 	 A. Veres 
Photo-activation of Cadmium-111m and Indium-115m by 
Cobalt-GO Irradiation 
International Journal of Applied Radiation and Isotopes 
14 123-128 (1963) 

109 



(127) 	 G. H. Anderson, F. M. Graber, v. P. Guinn, H. R. Lukens, 
D. M. Settle 
Photonuclear Activation Analysis of Biological Materials 
for Various Elements Including Fluorine 
Nuclear Activation Techniques in the Life Sciences 
(Proceedings of the Symposium) 
pp 99-113 
International Atomic Energy Agenyc, Vienna (1967) 

(128) 	 J. Kubota, V. Lazur, F. Losee 
Copper, Zinc, Cadmium and Lead in Human Blood from 19 
Locations in the United States 
Archives of Enviromental Health ~ 788-793 (1968) 

(129) 	 E. Butt, R. Nusbaum, T. Gilmour, S. Didio 
Trace Metal Levels in Human Serum and Blood Archives of 
Environmental Health 8 52-57 (1964) 

(130) 	 H. Perry, Jr., E. Perry 
Normal Concentration of Some Trace Elements in Human Urine: 
Changes Produced by Ethylenediaminetetraacetate 
The Journal ofClinical Investigation~ 1452-63 (1959) 

(131) 	 J. c. Smith, J. E. Kench 
Observations on Urinary Cadmium and Protein Excretion in 
Men Exposed to Cadmium Oxide Dust and Fume 
British Journal of Industrial Medicine 14 240-245 (1957) 

(132) 	 J. C. Smith, J. E. Kench, J. P. Smith 
Chemical and Histological Post-Mortem Studies on a 
Workman Exposed for many Years to Cadmium Oxide Fume 
British Journal of Industrial Medicine 14 246-249 (1957) 

(133) 	 A. Curry, A. Knott 
"Normal" Levels of Cadmium in Human Liver and Kidney in 
England 
Clinica Chimica Acta 30 115-118 (1970) 

(134) 	 M. Molokhia, H. Smith 
Trace Elements in the Lungs 
Archives in Enviromental Health 15 745-750 (1967) 

(135) 	 P. Wester 
Trace Elements in Human Myocardial Infarction Determined 
by Neutron Activation Analysis 
Acta Medica Scandinavica 178 765-788 (1965) 

(136) 	 E. J. Underwood 
Trace Elements in Human and Animal Nutrition (3rd Ed.) 
Academic Press, New York 1971 

(137) 	 H. Neurath 
The Proteins: Composition, Structure and Function 
Academic Press, New York (1970) 

110 



(138) 	 F. C. Christiansen, E. c. Olson 
Cadmium Poisoning 
Archives of Industrial Health 16 8-13 (1957) 

(139) 	 S. Frant, I. Kleeman 
Cadmium "Food Poisoning" 
Journal of the American Medical Society 117 86-89 (1941) 

(140) 	 H. A. Schroeder, W. H. Vinton, Jr. 
Hypertension Induced by Rats by Small doses of Cadmium 
American Journal of Physiology 202 515-518 (1962) 

(141) 	 H. A. Schroeder 
Cadmium Hypertension in Rats 
American Journal of Physiology 207 62-66 (1964) 

(142) 	 H. M. Perry, Jr., A. Yunice 
Acute Pressor Effects of Intra-Arterial Cadmium and 
Mercuric Ions, in Anesthetized Rats 
Proceedings of the Society for Experimental Biology and. 
Medicine 120 805-808-(1965) 

(143) 	 H. M~ Perry, Jr., H. A. Schroeder 
Concentration of Trace Metals in Urine of T.reated and 
Untreated Hypertensive Patients Compared with Normal Subjects 
Journal of Laboratory and Clinical Medicine 46 936 (1955) 

(144) 	 R. E. Carroll 
The Relationship of Cadmium in the Air,to Cardiovascular 
Disease Death Rates 
Journal of the American Medicine Association 198 (3) 
267-269 (1966) 

(145) 	 K. Eckschlager 
Errors, Measurements and Results in Chemical Analysis 
Van Nostrand Reinhold Company Limited London (1969) 

(146) 	 K. Fritze, R. Robertson 
Neutron Activation Analysis for Aluminum in Animal Tissue 
Journal of Radioanalytical Chemistry l 213-220 (1971) 

(147) 	 G. B. Cook, M.B.A. Crespi,· J. Minczewski 
International Comparison of Analytical Methods for 
Nunclear Materials - I 
Accuracy and Precision of some Techniques in Routine 
Trace Analysis 
Talanta 10 917-929 (1963) 

111 




(14~) 	 D. A. Skoog, D. M. West 
Fundamentals of Analytical Chemistry 
Holt, 	Rinehart and Winston, Inc. New York (1966) 

(149) 	 M. J. Fishman, D. E. Erdman 
Water Analysis 
Analytical Chemistry 43 356R-388R (1971) 

112 



	Structure Bookmarks
	N.A.A. Polar. At.Abs. solv.-ext. an.-ex. 
	1 
	1 0 1 2 3 4 .




