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ABSTRACT 

Quantitative multielemental analysis using Particle Induced 

X-ray Emission (PIXE) using 1 and 2 MeV proton bombardment on thin 

targets has been achieved. The method is based on the calculation of 

atomic ratios from experimentally determined relative x-ray efficiency 

curves. Sample preparation techniques involving digestion and 

homogenous deposition of samples and standards with a minimum of 

contamination have been investigated. The accuracy of the method has 

been evaluated using five standard reference materials obtained from 

the National Bureau of Standards. 

The elimination of bremsstrahlung associated with the charging 

effect of non-conducting samples in PIXE analysis has been accomplished 

using thin carbon foils in the beam path. 

Applications of the PIXE technique to studies on deep-sea 

ferromanganese nodules were performed. The utility of PIXE in the 

analysis of nodules and in the following of the distribution of a 

large number of elements through the various stages of a processing 

scheme were demonstrated. 

x 



CHAPTER 1 

INTRODUCTION 

The collisions of high energy particles with atoms can produce 

vacancies in the inner electron shells of the atoms. As outer shell 

electrons fill the vacancies, X-rays that are equal to the energy 

differences between inner and outer shells can be emitted. The combina

tion of high energy particle excitation and the detection of the 

resultant X-ray emission form the basis of what is now generally 

referred to as particle induced X-ray emission (PIXE) spectroscopy. 

The use of X-ray emission as an analytical tool has been well 

established for many years. The energies of the emitted X-rays are 

generally characteristic of the types of emitting atoms and may 

provide qualitative elemental analysis of an unknown. The number of 

X-rays of a particular energy emitted is proportional to the number of 

effective particle-atom collisions and supplies the basis for 

quantitative elemental analysis. 

Prior to 1970, virtually all of the analytical applications of 

X-ray spectroscopy involved the use of high powered X-ray tubes for 

excitation (X-ray fluorescence). However, in the past few years, the 

use of high energy particle beams (especially proton and alpha particle 

beams) has grown tremendously. The interest stems primarily from the 

increased sensitivity of PIXE over other X-ray emission techniques and 

the availability of currently existing equipment in many laboratories. 

1 
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The main features of PIXE are best understood by referring to a 

schematic diagram (Figure 1.1). A beam of high energy particles is 

produced in a high energy particle accelerator (Van de Graaff, Cockroft-

Walton or cyclotron). The beam is focussed (either magnetically or 

electrostatically) and collimated to impinge on a sample. X-rays 

emitted by the sample pass through a thin window and are detected by a 

silicon-lithium drifted (SiLi) detector. The pulses from the detector 

are shaped and analyzed with a multichannel analyzer and the appropriate 

electron. 

A typical PIXE spectrum (Figure 1.2) consists of a number of 

peaks corresponding to the K, L and M X-rays of the elements indicated 

in the figure. The peaks are superimposed upon a continuous background 

originating from various phenomena. Spectrum analysis generally 

invoIvesbackground subtraction, deconvolution of overlapping peaks, 

peak integration and quantitation based on absolute or comparative 

methods. 

During the last decade, analytical applications of PIXE on a 

variety of sample matrices have been performed with varying degrees of 

success. The most crucial step in obtaining accurate quantitative 

analysis in PIXE:is, without question, the careful preparation of 

samples and standards. The best quantitative results are accomplished 

on very thin homogenous targets through which the particle beam 

passes without significant loss in energy. The preparation of such 

targets is difficult and time consuming. The development of methods 

for thin target sample preparation that are reproducible, that provide 
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accurate analysis and that are easy to implement with a variety of 

sample matrices is crucial in establishing PIXE as a general analytical 

method. 

Thick targets, those in which the beam stops completely, are 

considerably easier to prepare, but the results are more difficult to 

quantitate. Corrections for the decrease in energy of the beam as it 

travels into the target, for the absorption of emitted X-rays in the 

sample and for the enhancement of X-ray yield from photon excitation 

are necessary and can be major sources of error in the analysis. In 

general, the PIXE analysis of thick targets have been only semi

quantitative. However, the relative experimental ease of preparing and 

handling thick targets and the excellent reproducibility attainable 

promote further developments in this area. 

Absolute determinations of quantities of different elements in 

a sample have been attempted through calculative procedures based on 

theoretical principles as well as on experimental determinations of 

ionization cross sections, fluorescence yields, detector collection 

efficiencies and the correction factors for thick targets mentioned 

above. While absolute methods are attractive in the sense that they 

eliminate, or at least minimize, the tedious task of the preparation of 

standards, they are extremely limited in their general application to 

samples in widely varying matrices because all of the parameters 

necessary in making the calculations are not knovm within the desired 

limits. 

Comparison methods involving the doping of the unknown with a 

known amount of some element, the determination of one element by 
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another method with the subsequent calculation of relative atomic 

ratios, or the referencing of the sample to a standard of similar 

composition are more time consuming than absolute methods but are 

generally more reliable. The final evaluation of any of the techniques 

attempted in quantitating PIXE demands the accumulation of statistical 

data based on the repetitive analysis of high quality standard refer

ence materials. 

This dissertation is divided into four major sections. The 

first section briefly traces the historical development of the PIXE 

technique from conception through the present. Particular emphasis is 

placed on the unique modifications in experimental design as well as 

the applications of PIXE tovvarious materials. 

The current theories of inner shell vacancy production and the 

resultant atomic relaxation processes are reviewed in Chapter 3. 

Contributions to background and the factors involved in their minimiza

tion are also discussed. The calculative approach in the quantitative 

analysis of PIXE and the generation of relative X-ray yield curves are 

outlined and specific examples are given. 

The experimental section (Chapter 4) describes the equipment 

used and some of the specific operating procedures. Sample preparation 

techniques of both thin and thick targets for a variety of materials 

are included. The calibration and standardization procedures are also 

specified. Spectrum analysis methods for both qualitative and quanti

tative applications are outlined and examples of spectra and analysis 

are given. 
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The last section summarizes the current capabilities of PIXE at 

The University of Arizona and discusses possibilities of new develop

ments and applications in the future. 



CHAPTER 2 

HISTORICAL 

The Importance of the discovery of X-rays by Roentgen (1) in 

1895 was acknowledged in 1901 when he received the first Nobel prize 

awarded in physics. The use of X-ray emission as a tool for elemental 

analysis is basically as old as the observations of Moseley (2) in 1913 

who looked at the K and L series of X-rays and systematically defined 

the sequential relationship of wave number and atomic number. 

The analytical applications of X-ray emission spectroscopy 

involved either photon or electron bombardment and the use of wavelength 

dispersive crystal or grating spectrometers and proportional curves for 

analysis, Birks (3) compared the production of characteristic X-rays 

by protons, electrons and primary X-rays in 1964 and suggested that the 

high cross-sections for proton bombardment might aid analytical 

sensitivity. 

The first use of semiconductor detectors for X-ray analysis was 

in 1966 by Bowman et al. (4). Since then, progress in electronic 

design has significantly improved energy resolution and count rate 

performance (5,6). The advent of guardring detectors (7) drastically 

reduced background resulting from incomplete charge collection and by 

the early 1970s semiconductor detectors were applicable in trace multi-

elemental analysis. 
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In 1970 it was experimentally shown by Johansson (8) that a 

combination of excitation by protons and X-ray detection by a silicon 

detector provided a powerful multielemental analysis of high sensitivity. 

-11 
He used aqueous depositions on thin carbon foils and detected 4x10 g 

of Ti and 8x10 g Cu in a 60 min run with a 2.5 uA current of 1.5 meV 

protons. Watson (9) and Flocchini (10) demonstrated the use of high 

energy alpha particles as an excitation, source. 

During the next few years a large number of papers were 

published (11-17) that verified the early results and discussed a large 

number of possibilities of the applications of the method to a variety 

of sample types. An ideal application of PIXE was the study of 

collected aerosol particulate, and over the last four years several 

extensive investigations have been reported (18,19). Cahill (20) at 

the Crocker Nuclear Laboratory of the University of California 

developed a network of aerosol monitoring stations throughout California 

and established an automated system for this particular type of sample. 

The analyses of biological and clinical samples were reviewed by 

Walter and Willis (21) who reported analyses of 23 elements in the 

range from phosphorus to lead using thin targets on thin backing 

materials. They prepared standards from reagent grade chemicals and 

generated sensitivity curves based on the number of characteristic > 

X-rays detected per jig of irradiated material per yC of charge collected. 

An extensive review on many aspects of advances in experimental 

design and a summary of results on sensitivity, accuracy and precision 

was provided by the Johanssons in 1976 (22). A large number of 
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applications in various fields are described and a comparison with other 

analytical methods is made. 

The subject of specimen preparation for PIXE analysis of both 

thin and thick targets was discussed by both Campbell (23) and Willis 

et al. (24). They outlined the advantages and the problems of thick 

targets and emphasized the need for high quality standards to eliminate 

the uncertainties implicit in calculative methods of quantitation and 

the advantages of normalizing to the sensitivity of internal standards. 

Theoretical calculations for the correction of matrix effects of the 

slowing down of the protons, absorption of the X-rays in the target 

and X-ray induced X-ray emission in thick targets were outlined by 

Van Der Kam, Vis and Vetheul (25) and several examples of synthetic 

samples were included. 

A compilation of useful tables for both qualitative and quanti

tative analysis of ion induced X-rays was edited by Mitchell and 

Ziegler (26). Included were brief descriptions of the various aspects 

of calculative methods of analysis along with the associated annotated 

bibliographies. 

The use of nuclear reactions and the emitted y rays or scattered 

particles for the detection of light elements in PIXE was demonstrated 

by Clark, Neal and Allen (27) and Cahill (20). By combining X-ray and 

Y ray or scattered particle detection many more elements have been 

determined simultaneously. 

Recently, a proton microprobe capable of "focussing proton beams 

to micron dimensions was developed (28,29) for analyzing trace elements 

whose concentrations were below the detection limit of the electron 



microprobe. The application of the proton microprobe to the analysis 

of biological and geological samples has demonstrated the potential of 

high sensitivity elemental analysis with micron spatial resolution. 



CHAPTER 3 

THEORY 

The cross-saction (a) for inner shell ionization in ion-atom 

collisions is the probability for vacancy production in the K, L, or M 

2 
shell of an atom and is usually expressed in units of cm or barns 

-24 2 
(10 cm ) per atom. Specific cross-sections are a function of the 

energy, charge, and type of impinging ion as well as the properties 

of the target atom. 

Theoretical descriptions of these ion-induced ionization cross-

sections are numerous and were reviewed by Garcia, Fortner and Kavanaugh 

(30) in 1973. The major aspects of inner shell vacancy production in 

PIXE are well described by the plane wave Born approximation (31) 

(PWBA) and the binary encounter or impulse approximation (32). Both 

are high energy formulations in the sense that they are valid only when 

the incident particle energy is much larger than the binding energy of 

the electron. In PIXE analysis where ion beams of a few MeV are 

generally used, this is clearly the case. Both models also assume that 

the production of an inner shell vacancy is the result of the direct 

Coulomb interaction of the incident heavy charged particle with the 

bound electron. 

In the Born approximation it is assumed that the incident and 

inelastically scattered particle can be described by plane waves. The 

initial and final states of the atom are described as a transition from 

12 



an initial state (in which the electron is bound) to a final state 

described by a continuum wave function with the other electrons 

remaining in their initial states. The interaction is viewed on the 

basis- of a point charge particle perturbation of atomic states and is 

valid at energies high enough such that the wave function of the 

scattered particle is undisturbed by the collision. Values for cross 

sections using the plane wave Born approximation can be evaluated from 

the tables of Khandelwal and Merzbacher (33). 

The impulse approximation is derived from the interaction 

between two classical particles, the incident ion and the bound 

electron. The term binary encounter approximation arises from this 

step. The production of an inner shell vacancy is viewed as a result of 

the direct energy exchange between particles with the target atom 

nucleus establishing the momentum distribution for the electron. 

Details of the impulse approximation are outlined by Garcia (34) who 

offered a scaling law for the cross sections including only electron 

binding energy and particle energy. 

Experimental determinations of ionization cross sections involve 

the direct measurement of either emitted X-rays or Auger electrons. By 

far, the bulk of the data is the result of X-ray measurements because 

X-ray detector systems are less complex and Auger measurements require 

gas targets. Basically, the X-ray experiment is a PXXE analysis of a 

pure target under carefully controlled conditions. Experimental results 

obtained by a number of workers have been tabulated by Rutledge and 

Watson (35). 



Comparisons between the theoretical models and experimentally 

determined ionization cross sections show reasonably good agreement 

(about 30%) for 1-2 Mev protons. However, this is not sufficient for 

calculations leading to accurate chemical analysis by PIXE. 

Aksellson and Johansson (36) developed a semi-empirical formula 

for ionization cross-sections based on measured X-ray emission from 

proton bombardment of thin targets. The results for K and L shell 

ionization at 1 and 2 Mev of the elements normally determined- by PIXE 

are listed in Tables 3.1 and 3.2 and depicted graphically in Figure 3.1. 

In general, the cross-section at a given particle energy decreases 

almost exponentially with respect to increasing atomic number which is 

directly related to the binding energies of the bound K and L shell 

electrons. The difference in cross-section of 2 Mev from 1 Mev protons 

can be as much as a factor of 200. In terms of the overall sensitivity 

of the PIXE technique for different elements, this difference is 

crucial for the analysis of K X-rays of elements in the range of 

40<Z>60. 

By increasing the proton energy above 2 Mev, some gain in the 

ionization cross-section is achieved. However, in terms of overall 

sensitivity, this gain is offset by the increased background resulting 

from increased bremsstrahlung and from y radiation from excited nuclei 

in the target which gives rise to Compton scattering in the detector. 

This is the main reason why protons of 1-2 Mev energy are generally used 

for PIXE analysis. 



Table 3.1. K-shell ionization cross sections for 1 and 2 MeV protons. 

Ionization Ionization 
Cross section Cross section 

Z Element 1 MeV (Barns) 2 MeV (Barns) 
K-shell K-shell 

13 A1 17507 29524 

16 S 3377 8383 

20 Ca 492.64 1681 

22 Ti 206,39 804 

24 Cr 91.13 401 

26 Fe 41.79 204 

28 Ni 19.93 107.5 

30 Zn 9.79 57.83 

33 As 3.46 23.28 

35 Br 1.77 13.04 

38 Sr .674 5.64 

42 No .590 1.96 

47 Ag .045 .569 

50 Sn .019 .277 

56 Ba .0034 .069 
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Table 3.2. L-shell ionization cross sections for 1 and 2 MeV protons. 

Ionization Ionization 
Cross section pross section 

Z Element 1 MeV (Barns) 2 MeV (Barns) 
L-Shell L-Shell 

30 Zn 212,373 324,915 

35 Br 60,600 114,600 

40 Zr 18,452 41,903 

47 Ag 4,167 11,733 

50 Sn 2,253 6,911 

56 Ba 694 2,500 

64 Gd 167 732 

72 Hf 44.23 233 

74 W 31.77 176 

79 Au 14.12 88.23 

82 Pb 8.68 58.42 

92 U 1.75 15.06 
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Figure 3.1. K and L shell ionization cross-sections for 1 and 2 MeV protons. 



For equal velocity ions, the PWBA theory predicts that the 

2 
cross-section should increase as Z which implies greater sensitivity in 

PIXE using heavy ion excitation. Although considerable work has been 

done with alpha particle excitation, the use of heavy ions is still 

undeveloped. Early experiments with heavy ion bombardment have 

demonstrated that the production of X-rays in these systems is a 

complicated process yielding spectra that are difficult to interpret 

(30). Crossover of electrons from one electronic system to another and 

the creation of simultaneous outer shell vacancies upon heavy ion-atom 

impact results in significant broadening and shifting of X-ray lines 

relative to proton or alpha particle spectra and in the creation of new 

spectral lines. For general trace multielemental analysis, heavy ion 

bonbardment shows little promise. However, for particular applications 

such as surface studies or for specific analyses the use of heavy ions 

may yet prove very useful. 

X-ray emission is a function of not only the cross-section in 

ion-atom collisions but also of the fluorescence yield (oj) which is the 

ratio of the number of X-rays of a particular series emitted per 

vacancy produced. For example the k fluorescence yield is the ratio 

of the number of photons of all the lines of the k series emitted to 

the number of k-shell vacancies produced: 



yields do not include corrections for radiative Auger and Coster-Kronig 

transitions. Bambynek et al. (37) discuss these corrections. 

Table 3.3 lists and Figure 3.2 displays the chatlge in fluor

escence yield for the K and L shell as a function of atomic number. 

For the K shell, the yield is down to a few percent for the low atomic 

number elements since Auger processes predominate. This is not a major 

problem however with respect to overall sensitivity in PIXE for light 

elements since the corresponding ionization cross-sections for these 

elements are very high (see Table 3.1). High sensitivity for the light 

elements is one of the major advantages of PIXE over other X-ray 

emission techniques. L X-rays are generally used for analysis of 

elements Z>60 where the fluorescence yield is greater than 10%. The 

direct experimental determination of fluorescence yield has been the 

subject of many investigations, but large uncertainties and discrep

ancies exist. 

For use in chemical analysis, the X-ray production cross-section 

(0^) which is the product of the ionization cross-section (or), 

fluorescence yield (ui), and the relative line intensity (K) of possible 

transitions to fill an inner shell vacancy: 

a = atoK (2) 
P 

is of major interest. 

Tables of relative line intensities for characteristic X-ray 

lines have been published (38,39), but these intensities can only be 

used as rough guides for ion induced excitation. 



3. 

Z 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

K and L shell fluorescence yields. 

K-Shell L-Shell 

Element 
Fluorescence 

Yield Z Element 
Fluorescence 

Yield 

Na .0223 40 Zr .057 

Mg .0299 41 Nb .061 

A1 .0392 42 Mo .067 

Si .0502 43 Tc .073 

P .0632 44 Ru . .080 

S .0782 45 Rh .085 

CI .0924 46 Pd .091 

Ar .1096 47 Ag .096 

K .1292 48 Cd .103 

Ca .151 49 In .109 

Sc .17-57" 50 Sn .115 

Ti .2002 51 Sb .120 

V .2294 52 Te .125 

Cr .2592 53 I .131 

Mn .2877 54 Xe .138 

Fe .3181 55 Cs .145 

Co .349 56 Ba .152 

Ni .3797 57 La .157 

Cu .4111 58 Ce .163 

Zn .4394 59 Pr .168 

Ga .4659 60 Nd .173 

Ge .4911 61 Pm .178 

As .5144 62 Sra .183 

Sc .5360 63 Eu .190 

Br .5562 64 Gd .196 

Kr .4769 65 Tb .203 

Rb .5931 66 Dy .208 

Sr .6095 67 Ho .213 

Y .6250 68 Er .220 
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Of considerable importance in estimating the overall sensitivity 

of PIXE is the analysis of the various components that contribute to the 

total background for any given set of conditions. A schematic showing 

these components is illustrated in Figure 3.3. The major sources of the 

background for charged particles are bremsstrahlung due to secondary 

electrons, bremsstrahlung due to the projectile, Compton scattering of 

y rays from nuclear excited states, and electrical charging of the 

target. The relative importance of each source varies with projectile 

type and energy as well as with the composition and thickness of the 

target. 

Bremsstrahlung is continuum radiation released as the result of 

negative acceleration of charged particles in the vicinity of a nucleus. 

The energy and the amount of bremsstrahlung produced are dependent upon 

the charge, mass and energy of the particle. The cross-section (a) for 

(22) 
this process is given by the formula: 

dp _ r mz^Z^ f z_ z \ 
dE EE V m ~ M / 
x x v 

where z, m and E are the charge, mass and energy respectively of the 

incident particle, Z and M the charge and mass of the nucleus, and C is 

a slowly varying factor. As the mass of the projectile increases, the 

2 2 
intensity of the associated bremsstrahlung decreases as Z /M . A 

comparison of the total projectile bremsstrahlung of equal energy 

proton and electron beams with the mass of the proton being 1836 times 

the mass of the electron, shows that the contribution from the electron 

£ 
beam is approximately 3.3 x 10 higher than that produced by protons. 
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Figure 3.3. Contributions to background in PIXE. 
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Likewise, for the alpha particle with Z /M =1/4, the projectile 

bremsstrahlung is a factor of 4 less than for protons. The high energy 

part of the background in PIXE is largely projectile bremsstrahlung. 

The low energy background is mostly the result of electrons 

released from the target (secondary electrons) as a direct result of 

ionization by the beam (40). The maximum energy (Ex) transfer from a 

projectile mass (m) and energy (e) to a free electron of mass M is 

given approximately by: 

4M 
ExSf-^E (4) 

m 

Using this approximation, the cutoffs for secondary electron brems

strahlung for a 1 Mev and 2 Mev proton beams should be approximately 

2.2 Kev and 4.4 Kev, respectively. In principle, secondary electron 

bremsstrahlung in PIXE should be diminished by using extremely thin 

targets since the ionized electrons would have a large probability of 

leaving the target without interacting with the other nuclei. However, 

as found by Folkmann et al. (40) and others, the thinness required to 

observe the effect is such that the preparation and handling of the 

targets would be extremely difficult. Some improvement in lowering the 

background from secondary electrons can be achieved by taking advantage 

of the angular dependence of the emitted bremsstrahlung. Kaji et al. 

(41) showed improved sensitivity by placing the detector behind the 

target as opposed to the 90° configuration that has usually been adopted. 

Incident particles used in PIXE have a sufficiently high energy 

to excite the nuclei of some elements. The induced nuclear reactions 



27 

may include nuclear resonant reactions involving either inelastic proton 

scattering with subsequent y ray emission (p,p'y) or proton absorption 

followed by emission of an alpha particle and/or decay to the ground 

state (p,ay), (py). Other y ray emission may be useful in some 

simultaneous quantitative analysis using high energy (GeLi) detectors 

(27); the effect in PIXE analysis is a contribution to background. The 

y rays are partially absorbed through multiple processes inside the 

active volume of the Si(Li) detector resulting in background that is 

dependent upon the energy and type of beam as well as the composition of 

the target. In general, the background contribution from Compton 

scattering inside the detector increases with increasing mass and energy 

of the particle beam. For these reasons, the use of a low energy (1 Mev) 

proton beam is advantageous for analytical sensitivity in the determina

tion of low Z elements. 

Another source of background occurs if the target thickness is 

such that the particle beam is stopped completely, especially if the 

sample is a good insulator. The accumulation of positive charge in the 

target from the beam results in the acceleration of energetic electrons 

toward the positive charge resulting in another source of bremsstrahlung 

in the 0-20 Kev region. The effects of this increased background can be 

to obscure the subtle features in the emission spectra and to make the 

accurate measurement of peak heights or peak areas for purposes of 

quantitation almost impossible. 

Several experimental modifications for minimizing the charge 

buildup on the sample target and reducing the bremsstrahlung have been 



proposed. The evaporation of a conductor onto the sample (40,42) or 

mixing the sample with a conducting compound (43) are unsatisfactory 

because the sample can be readily contaminated. An increase in the 

pressure of the sample chamber has also been shown to be effective (44), 

but this also increases the probability of contaminating the sample. 

The most satisfactory device that has been used is a hot filament that 

is positioned close to the sample target. Electrons emitted from the 

hot filament prevent the accumulation of positive charge on the target. 

Commercially available tungsten filaments, however, were found to be a 

severe source of contamination (44,45). In a successful modification of 

this approach, a commercial carbon filament was clamped between two 

carbon rods, to form an "electron gun" and the electrons from the carbon 

filament effectively neutralized the charge on the sample target. A 

perforated aluminum cap that was maintained at +100 V was placed over 

the carbon filament to prevent contamination of the sample with 

impurities in the carbon filament (44). 

A simple and effective alternative to the "electron gun" is the 

2 
use of thin carbon foils (5-10 g/cm ). The carbon foil is placed in 

the proton beam path approximately 8-10 cm in front of the sample. The 

carbon foil acts not only as a source of electrons but also as a beam 

diffuser. The effectiveness of the carbon foil in reducing the back

ground radiation is shown in Figure 3.4. The sample target consisted 

of a piece of linear polyethylene that was cut from a polyethylene 

bottle which was used to store an aqueous solution that contained 

several cations and anions. Each spectrum was obtained after a 5-min 



2000 

23 

Mn 

10 

c 
0 

y 1000 
N 
T 
S 

OCRS* .OKEVJ 

500 

Co.K 
Mn 

2 6 0 8 4 

ENERGY CKEV) 
Figure 3,4. Proton induced X-ray emission spectra of polyethylene with the carbon foil in the 

proton beam ( ) and without the carbon foil ( ). ho 
vO 



irradiation of the polyethylene target at 1 MeV. The spectrum (drawn 

in a solid line) was obtained in the absence of the carbon foil and 

shows the consequences of the charge accumulation on the target. The 

spectral resolution is poor and none of the transition metal ions could 

be detected. With the carbon foil in place, the sensitivity and resolu

tion increased dramatically as shown (broken line). This technique for 

the reduction of background radiation has been used extensively with 

samples mounted on Kapton (DuPont trademark, C22H10N2°3^' f0-^* 

Kapton is essentially free of impurities and has a high thermal 

stability. It is also an excellent insulator and is therefore subject 

to charging effects. 

High quality carbon foils are commercially available in a 

variety of thicknesses. In no instance did the use of the carbon foil 

result in any observable sample contamination. The foils are extremely 

stable and can be used continuously for several months. All of the 

contributions to background discussed above (projectile bremsstrahlung, 

secondary electron bremsstrahlung, Compton scatter, and charging 

effect) involve radiation other than characteristic X-rays. In the 

analysis of materials with widely varying elemental abundances it is 

often useful to selectively filter the characteristic X-rays of major 

components of the sample in order to effectively count the X-rays from 

minor components. 

By inserting a filter between the sample and the detector it is 

possible to take advantage of the transmission characteristics of the 

filter material to prevent saturation of the detector» In the analysis 
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of biological materials, for example, most of the emitted X-rays are 

from elements 11<Z<26 (Na-Fe). The analysis of elements Z>26 without a 

filter is difficult and time consuming since the detection system is 

count rate limited. By inserting a .004 inch A1 filter between the 

sample and the detector (see transmission characteristics in Figure 3.5) 

the low energy background and characteristic X-rays from the major 

components (Z<26) are essentially eliminated. This effectively lowers 

the count rate which can then be brought back up by increasing the beam 

current, thus increasing the sensitivity of the elements emitting higher 

energy X-rays. 

The attenuation of high energy photons due to an elemental 

filter of thickness x can be calculated as: 

N/A 
T _ -a px 
I = Io e 

where I = final intensity 

Io = initial intensity 

2 
CT = total photon cross-section (cm /atom) 

^ N = Avogadro's number (atom/mole) 

A = atomic weight (g/mole) 

p = density (g/cm ) 

x = thickness (cm) 

2 
The quantity CTN/A is called the mass attenuation coefficient (cm /g)« 

Tables of mass attenuation coefficients or photon cross-sections are 

available in the literature (46,47). 
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Another important application in the use of filter materials to 

maximize spectral information involves taking advantage of the 

selective absorption close to the K-edge of the filter material. A 

common analysis involves the determination of trace components in a 

sample that primarily contains a medium heavy element. Examples are 

metallurgical samples or semiconductor materials like Ge. The trans

mission curve of a Zn filter (see Figure 3.6) shows an abrupt dip at 

about 9.7 KeV which is due to the absorption by the Zn K-shell electrons. 

The use of a zinc filter in the analysis of trace elements in Ge 

improves sensitivity since the K ^ ̂  X-rays of Ge (9.885) are absorbed 

more effectively than either higher or lower energy X-rays. The 

systematic use of filter materials in conjunction with optimum beam 

energy and current for specific, analysis in PIXE can greatly maximize 

the sensitivity of the technique. The maximum information for any 

sample is often accomplished with 2 or more irradiations with different 

filters. 

The sensitivity of PIXE analysis is dependent upon a number 

of factors including the type of sample matrix, the background, the beam 

conditions, the detector, the experimental configuration and the 

irradiation time. For a thin target, the number of counts in a peak (N) 

corresponding to a number of atoms (A) of an element in a sample can be 

calculated as: 

N = Anawk (£2/4ir)e 
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where n = number of protons per cm 

a = ionization cross-section 

w = fluorescence yield 

k = relative line intensity 

f2/4ir = solid angle subtended by the detector 

e = efficiency of the detector 

Assuming the number of counts needed for quantitative analysis 

of Ni(K^ 2 = 7.4) is 100, that a sample is bombarded with a .5 pamp 

2 
beam of 5 mm diameter at 2 MeV, and that the solid angle of collection 

is .03 x 4itgteradians the number of atoms of Ni needed for analysis <> 

would be: 

A = T 2.616 x 10"^ atoms 
(2.862 x 101 )44.5 x 10~^(.003) 

-10 2 
or 2.547 x 10 grams of Ni. For a typical thin target of 1 mg/cm , 

this converts to a concentration of about 25 ppm. 

The sensitivity calculated in this manner is conservative and 

serves only as a crude estimate for the given conditions. The calcula

tion does however demonstrate some of the considerations involved in 

the absolute methods of quantitating PIXE results. The determination of 

the real sensitivity for a given element under a given set of conditions 

must be evaluated from experiment. 

An even more useful set of calculations in evaluating specific 

operating conditions generates a curve of relative X-ray yield versus 

atomic number (Figures 3.7 and 3.8, Tables 3.4-3.7). The relative X-ray 
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Table 3.4. Relative K-shell X-ray yield for 1 MeV protons. 
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Detector 
1 MeV K-Shell (3mm thick) 

Element X-ray Production Efficiency Product 
Z . Cross section (a w) (1 Mil Be) 

13 A1 625 (barns) 31 19375 

16 S 257 67 17219 

20 Ca 80.3 92 7387 

22 Ti 45.2 99 4474.8 

24 Cr 25.7 100 2570 

26 Fe 14.5 100 1450 

28 Ni 8.25 100 825 

30 Zn 4.69 100 469 

33 As 1.96 100 196 

35 Br 1.10 100 110 

38 Sr .466 100 46.6 

42 Mo .151 100 15.1 

47 Ag .0376 89 3.35 

50 Sn .0163 77 1.26 

56 Ba .0031 58 .18 



Table 3.5. Relative L-shell X-ray yield for 1 MeV protons. 
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lMeV, L-Shell 
X-Ray Production Detector 

Z Element Cross section Efficiency Product 
(Barns) % 

30 Zn 1253 2.8 3508.4 

35 Br 1212 31 37572 

40 Zr 572 59 33748 

47 Ag 250 89 22250 

50 Sn 178 92 16376 

56 Ba 83.3 100 8330 

64 Gd 31.8 100 3180 

72 HF 11.5 100 1150 

74 W 9.53 100 953 

79 Au 4.S 100 480 

82 Pb 3.3 100 330 

92 U .876 100 87.6 
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Table 3.6. Relative K-shell X-ray yield for 2 MeV protons,with .004 
inch A1 filter. 

2 MeV X-ray 
Production Detector Transmission 

Z Element Cross Section Efficiency Thru 4 mil A1 Product 
K-shell 

13 A1 1054 31 - 0 

16 S 638 67 - 0 

20 Ca 274 92 .231 x io"5 .058 

22 Ti 176 99 .426 x 10"3 7.422 

24 Cr 113 100 .110 x io-1 124.3 

26 Fe 70.9 100 .650 x io-1 460.85 

28 Ni 44.5 100 .175 778.75 

30 Zn 27.7 100 .323 894.71 

33 As 13.2 100 .530 699.6 

35 Br 8.11 100 .651 527.96 

38 Sr 3.90 100 .762 297.18 

42 Mo 1.5 100 .870 130.5 

47 Ag .472 89 .933 39.193 

50 Sn .238 77 .949 17.391 

56 Ba .0626 58 .975 3.54 
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Table 3.7. Relative L-shell X-ray yield for 2 MeV protons with .004 
inch A1 filter. 

2 MeV X-ray 
Production Detector Transmission 

Z Element Cross section Efficiency Thru 4 mil A1 Product 
(crxw) 

L-shell ' ' 

30 Zn 1917 2.8 - -

35 Br 2292 31 - -

40 Zr 1299 59 - -

47 Ag 704 89 - -

50 Sn 546 92 - -

56 Ba 300 100 .34 X 10"3 10.26 

64 Gd 139 100 .431 X 10"1 59.9 

72 HF 60.7 100 .233 1414.3 

74 W >52.8 100 ,293 1547.0 

79 Au 30 100 .454 1362 

82 Pb 22.2 100 .532 1181.0 

92 U 7.53 100 .736 554.21 
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yield is obtained by taking the product of the X-ray production cross-

section (ap), detector efficiency (e), and filter transmission (t): 

X-ray yield a op et 

Figure 3.7 shows the relative X-ray yield for a 1 MeV proton 

beam using a Si(Li) detector that is 3 mm thick protected by a .001 inch 

Be window. The exponential decrease in yield with increasing Z is 

mainly a function of the decrease in the ionization cross-section. 

Figure 3.8 represents the theoretical response for thin 

targets bombarded with 2 MeV protons with a .004 inch A1 filter placed 

between the target between the target and the detector. The rising 

portion of both the K and L shell curves is mostly due to the filter, 

the falling section again almost completely a function of the decreasing 

cross-section with maximum sensitivity for the K shell around Zn. 

Curves such as Figures 3.7 and 3.8 are useful not only in 

evaluating relative sensitivity, but also in the calculation of relative 

atomic ratios from a spectrum of an unknown sample. If the concentra

tion of one of the elements in the sample is known, the concentrations 

of the others can then be directly calculated from the peak areas of the 

corresponding X-rays. 

The determination of peak areas from a spectrum of a sample 

containing many elements each of which emits a series of characteristic 

K, L and M X-rays is not trivial. The present energy dispersive X-ray 

detectors do not have the energy resolution necessary to distinguish the 

separate transitions of the different elements in many cases. The 



resulting spectral overlaps must be deconvoluted before accurate 

quantitative analyses can be accomplished. 

Examples of these spectral overlaps or interferences include the 

following: 

(1) The K X-rays of neighboring elements in the 1-3 KeV region are 

so close in energy that they are only partly resolved (Na 

through CI). 

(2) The K X-ray of an element (Z) in the region 3-15 KeV 
p 

coincides with the X-ray of element Z+l or Z+2 (example 

Fe^ = 7.057 KeV overlaps Coj^ = 6.929 KeV). 

(3) An L X-ray from a heavy element overlaps a K X-ray of a 

lighter element (example PbL^ ̂  ~ 10.55 KeV and Asj^ ̂  ~ 

10.542 KeV). 

(4) An M line is close in energy to a K or L transition (example 

Pt>Ma = 2.345, Mola = 2.291, Ska = 2.307). 

The difficulty in unravelling these interferences is, of course, 

directly related to the sample composition and distinct sample types 

have their own specific complications. 

Methods developed for deconvoluting spectra range from two 

extremes. One extreme is to assume nothing about what elements are 

present and to treat the data strictly from a mathematical point of 

view. The other is to utilize information that is known 

and to emphasize the experience of the analyst by using an interactive 

form of data reduction. 
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In general, the approach taken is to fit the background with a 

polynomial function and subtract before fitting Gaussian functions to 

the peak multiplets. Elements are identified from a library of peak 

positions and amounts are determined using previously recorded calibra

tion information. Automatic data reduction with little operator input 

can be very effective when routine analysis of the same type of sample 

is desired. When large numbers of samples of the same type must be 

processed, this approach is essential. Computer codes for automatic 

data reduction in PIXE analysis have been developed in several 

laboratories (48,49,50). 

Another approach assumes that the observed spectrum can be 

simulated by a simple summation of the normalized spectra of the various 

elements in the sample. The components are stripped from the acquired 

spectrum by subtracting reference spectra of background and pure 

elements sequentially in a specific order that is predetermined 

depending upon the sample. An advantage of this procedure is that each 

step in the data reduction can be visible to the analyst who can then 

directly evaluate the progression and implement changes accordingly. 

The problem with this approach is the need to collect and store back

ground and reference spectra of the pure elements under exactly the 

same operating conditions as used for the unknown sample. 

Successful quantitation of PIXE spectra generally involves the 

preparation of "thin" targets. Thin, in this case, implies that the 

particle beam passes through the sample without appreciable loss in 

energy. A 2 MeV proton beam loses about 150 KeV in passing through a 



2 
target of 1 mg/cm . This constitutes a loss in ionization cross-

section of about 15% across the target resulting in a net loss of a few 

2 
percent in the mean or effective cross-section. A sample of 10 mg/cm 

would be infinitely thick to a 2 MeV proton beam. For the analysis of 

thick samples, the decrease in cross-section as the beam penetrates the 

sample decreases the X-ray yield and must be corrected for either 

mathematically or with the aid of standards. A comprehensive tabula

tion of stopping power data is provided by Northcliffe and Schilling 

(51). 

Another aspect that must be considered in the PIXE analysis of 

thick targets is that X-rays produced inside the sample are attenuated 

as they travel through the sample material en route to the detector. 

The amount of attenuation is dependent upon the energy of the X-ray, 

the sample composition, and the distance traversed through the sample. 

Corrections for low energy X-rays are of the order of 10% for a target 

2 
of 1 mg/cm . For homogeneous targets, where homogeneous X-ray produc

tion can be assumed, the absorption correction (t) can be calculated 

as: 

= ̂ rr^-r d-e d/sin<f>) jid/smip 

where d = sample thickness 

Vi = mass attenuation coefficient 

<j> = the angle between the sample normal and the beam 



For the quantitative analysis of thick samples, the attenuation of the 

characteristic X-rays in the sample is the major problem in the 

application of calculative methods for analysis. 

Another consideration in the analysis of thick samples is the 

enhancement of characteristic X-ray production as a result of inter

actions other than projectile-atom collisions. Ahlberg (52) has shown 

that the only significant source for this apparent increase in X-ray 

yield is the result of photon excitation from the primary induced X-rays. 

The enhancement is largest for elements with absorption edges just 

below that of an intense X-ray line in the sample and decreases when the 

difference between the absorption edge energy and the X-ray energy 

increases. The enhancement increases with increasing particle energy 

and decreases with decreasing sample thickness. For infinitely thick 

samples of high Z matrix, enhancement effects can be as high as 10%. 



CHAPTER 4 

EXPERIMENTAL 

Equipment 

Ion beams used in this study were generated with a. High Voltage 

Engineering Model AN 2000 Van de Graaff accelerator. Beam energies 

ranged from 1 to 2 MeV and beam currents from lOnA to lyA. The beams 

were deflected and focussed magnetically and stopped down to a diameter 

of approximately 5 mm before they were passed through a thin carbon foil 

and impinged on the target. Typically, proton beams ranging from 50 to 

200 nA were used to ensure reasonable count rates and to prevent sample 

—6 
destruction. The column vacuum was maintained at about 10 torr by a 

Sargent Welch turbomolecular system. 

Radioisotope excitation was accomplished using the 60 KeV X-rays 

from the natural decay of Am 241. Both direct irradiation (Isotope 

Products Model AN-241-100) and secondary irradiation (Model ANT-241-100) 

with annular 100 mCi sources were used. Secondary targets included Ag, 

Sn, Te, Dy, Cu and Nd. 

For PIXE analysis, the sample chamber (see Figure 4.1) consisted 

of a 21 cm x 14 cm x 13 cm aluminum box isolated from the beam port by a 

gate valve. To the removable front cover of the chamber was fixed a 

rotating sample wheel (capable of handling up to 20 samples) which was 

mounted and geared in such a manner as to allow rotation of the wheel 

47 
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and also translation of the assembly along the line of the ion beam from 

outside the evacuated chamber. The sample wheel was constructed of 

.aluminum!and served as the charge collector for monitoring beam current. 

Kapton (Dupont) film was used to shield the metal components of the 

sample chamber from ion bombardment to prevent the production of 

extraneous background X-ray emission. The Kapton shields were 

periodically replaced as splattered material from heavily loaded targets 

collected on the surfaces. 

A circular rotating disk containing a number of filter materials 

was placed betwe'en the sample wheel and the detector for the selective 

absorption of unwanted X-rays. Generally, no filter was used for the 

collection of the low energy (1-8 KeV) spectrum and a .004 inch A1 

filter was used for the higher energy (5-35 KeV) spectrum. The trans

mission characteristics of this filter relative to the K and L X-rays 

used for analysis are shown in Figure 4.2. The careful selection, 

preparation, and use of filter materials can often be invaluable in 

increasing the sensitivity for particular elements in a given matrix. 

The rotation.of the filter disk as well as the rotation of the sample 

wheel and alignment of the sample with respect to the proton beam was 

observable through a circular viewing port. 

The emitted X-rays from the sample were detected by a Si(Li) 

detector (KEVEX Model 2010) placed perpendicularly to the incident 

proton beam and separated from the rest of the sample chamber by a .001 

inch Be window. The Be window prevented backscattered ions and 

energetic target electrons from reaching the surface of the detector 



1 .0—1 

0.8 

Q 
H 
CO 
CO 
H 
r 
CO 
z 
< 
QC 
h-

0 . 6  —  

K SHELL 

L SHELL 

1 1 I 
80 100 

ATOMIC NUMBER 

Figure 4.2. Transmission characteristics of .004 in A1 filter for K and L X-rays. 
Lfi 
O 



51 

along with the disadvantage of partial attenuation of the lower energy 

X-rays. The efficiency of the detector with window was given by KEVEX 

as 100% for the X-rays of atomic numbers 21(Sc) through 42(Mo) 

(see Figure 4.3). The resolution of the detector was measured as 182 eV 

at Mnu^ ̂  (5.898 KeV). More complete details of the aspects of 

Si(Li) detectors are given by Woldseth (53) and Gedcke (54). 

The charge pulses created in the detector as a result of the 

X-ray ionization were swept out at a bias potential of 1000 volts. The 

preamplifier was of the pulsed optical feedback type which together with 

a pulse pileup rejector helped eliminate electronic noise and the 

problems of coincidence ionization. Count rates were generally held to 

around 1000 counts per second by controlling the beam current, inserting 

an X-ray filter, or by changing the solid angle of X-ray collection from 

the target toithe detector. 

The analog signals from the detector electronics were fed to a 

precision 12-bit analog to digital converter (ADC) (Nuclear Data Inc., 

Model ND575) equipped to accept pulse pileup signals for accurate live 

time measurements. The digital signals from the ADC were acquired by 

direct memory access under control of a Digital Equipment Corporation 

LSI-11 used for control of display and acquisition in the: Nuclear Data 

6600 system. A stored program in the memory of the LSI-11 sorted the 

digital signals according to pulse amplitude and ultimately counted and 

stored the pulses as a spectrum of channel number versus counts. 

Spectra were displayed as collected on the terminal CRT of the 

ND6600 along with the specific sample parameters including total counts 
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and live counting time. The acquired spectra were written on a dual 

high density hard disk under control of another DEC LSI-11 for data 

reduction and storage. Data reduction software written in FORTRAN IV 

included data manipulation, peak search with Gaussian fit, peak 

identification and deconvolution of overlapping peaks. 

The ND6600 system was also linked through an RS232 control box 

to a Tektronix 4025 display terminal, a LA120 DecWriter III and an 

interactive digital plotter (Tektronix 4662). The peripheral devices 

were phone linked to the University of Arizona DEC 10 time sharing 

computer system. Stored spectra were transferred to the DEC 10 for 

plotting and further data reduction with the aid of the Tektronix 4025 

(Figure 4.4). 

Data Acquisition and Analysis 

Spectra were normally acquired and stored in 1024 channels for 

a given preset live time. The spectral region corresponding to the 

1024 channels was set by calibrating the amplifier and the ADC to get 

the KeV/channel ratio and the zero offset. Spectra of known elements 

were obtained using a 10 mCi Am-241 variable energy X-ray source while 

the amplifier was adjusted to collect the desired region. To obtain 

the exact scaling of energy vs channel, a spectrum containing at least 

four known peaks was obtained and the channel number of the centroid of 

each peak was determined (see Figure 4.5). The energy vs channel 

calibration curve was obtained using both a linear and quadratic least 

squares fit to the energy-channel number pairs. Using this technique, 

peak positions were accurate to within 10 eV of expected values within 
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the calibrated region. The low energy region (0-8 KeV) consisted of 

8.4607 ev/channel, the high energy region (5-35) was set at 33.662 eV/ 

channel. For the comparison of spectra and in the background subtraction 

and deconvolution programs, it is essential that the gain settings; and 

calibration are constant. Upon collection, spectra were transmitted 

directly to the storage disk with the corresponding calibration 

information. 

Qualitative analysis was possible during collection of a spectrum 

using the Nuclear Data display programs IDENT and KLM. IDENT listed all 

the X-ray line identifications possible for a given peak position 

selected by the data acquisition system marker on the display terminal. 

KLM listed all the main line energies for a given element and used 

markers to display those energies on the spectrum. The use of these 

programs during data collection was extremely valuable in assessing 

contamination in the sample chamber, in evaluating the overall operating 

conditions and in quickly providing information about the sample. 

Another useful feature providing qualitative information was the 

adjustable region area that allowed magnification of a chosen peak or 

multiplet with automatic background subtraction and peak integration. 

Using the capabilities of the region feature of the system, the data 

accumulation could be halted after a preset number of counts was 

obtained in a given peak area. When a set of samples containing the same 

concentration of spiked material were run, stopping data accumulation 

after a preset number of counts in the peak corresponding to the spike 

was an easy way to normalize irradiation time. The other common method 
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of normalizing irradiation involves the charge collection of the beam 

with a Faraday cup and the use of a current integrator to effectively 

count total charge deposited. For absolute methods of quantitative 

analysis in PIXE, total charge or the number of incident particles per 

unit of irradiated area must be known. 

For samples containing only a few elements and no spectral 

interferences, peak integration was easily achieved by manipulating the 

region and directly obtaining the net number of counts in a.peak from 

.the screen. Peak integration for these interference free spectra was 

also accomplished with the aid of the nuclear data program PEAK which 

searched and fitted Gaussian curves to the peaks in an iterative 

process. Inconsistencies in locating and integrating peaks were a 

problem in the general use of the PEAK program. 

For spectra containing overlapping peaks, two approaches in 

obtaining the deconvoluted peak areas were used. The first employed the 

ND program DECON which fitted unknown data with standard data by a 

multi-line least squares technique. The standard data consisted of 

spectra of pure elements or mixtures of pure elements. Input parameters 

included the expected elements, the corresponding X-ray energies, the 

peak deconvolution window limits and the percentages of the full widths 

at one-half the peak maxima that the window limits were expected to be. 

The program worked fairly well for simple spectra where the overlapping 

peaks were of comparable areas and the input parameters carefully 

selected. Confidence in the general use of this program was limited 

since no intermediate results were printed and a variety bf results could 

often be obtained by modifying input. 
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The more useful approach in unravelling complex spectra was the 

stepwise stripping of the contribution of each element to the total. 

This was accomplished by a simple subtraction of stored spectra for each 

element from the unknown spectra. The spectra were first background 

subtracted and normalized on an interference free channel before 

stripping. The main advantage of this technique was that each step in 

the stripping process could be evaluated visually. For complex 

spectra where many steps were necessary to complete the deconvolution, 

the purity of the individual elemental spectra and the relative ratios 

of the X-ray lines from each element were of paramount concern. Though 

seemingly tedious, this method proved to be the most reproducible and 

maximized the operater's knowledge of the sample material. 

Once the peak areas of the characteristic X-ray lines (usually 

K , . or L , „) were evaluated, relative atomic ratios of concentrations 
oel,2 al,2 

were calculated using the program RATIO. RATIO converted peak areas to 

relative atomic ratios by dividing the peak areas by the relative 

response factors for the particular X-ray line. The set of relative 

response factors (or the X-ray efficiency curve) was either determined 

experimentally or calculated from fundamental parameters. Peaks areas 

from spectra of the same sample but under different operating conditions 

were normalized with respect to a common element. Concentrations of all 

elements were then directly calculated using the known concentration of 

one of the elements in the sample. 
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Sample Preparation 

The ideal target for PIXE analysis would be an extremely thin 

homogeneous self-supporting layer with high electrical and heat 

conductivity that is stable with respect to vacuum and beam damage and 

is easy to prepare. Sample preparation methods fall into three basic 

categories: 1) thin targets on thin backing materials, 2) thin 

targets on thick backing materials, and 3) thick targets. No method 

of preparation in any of the three categories meets all of the desirable 

characteristics mentioned above, and compromises among them determine 

the effectiveness of any new technique developed. 

Thin targets on thin backings involve deposition of micrograms 

2 
of material on either carbon foils (^25 ug/cm ) or films of thin 

plastic polymers (polystyrene, Formvar [Monsanto], collodian). The 

overall effectiveness of these methods is governed by the mechanical 

strength, the electrical and heat conductivity and the purity of the 

backing materials. Carbon foils have the physical strength and con

ductivity properties necessary, but contain metallic impurities whose 

levels vary from one foil to another despite rigid controls. The main 

contaminants are Fe, Ni, Cu, and Zn. Plastic films can be made with a 

lower, more reproducible metallic impurity content, but are neither 

physically strong nor do they withstand high beam currents. Thin 

targets on thin backings are essentially transparent to the beam which 

result in minimum background radiation and allows the collection of 

charge with a Faraday cup behind the sample. 
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The use of thick backing materials makes the preparation of thin 

targets much easier, but the presence of impurities and, since the beam 

is stopped, the thermal degradation of the backing material are of 

prime concern. Various materials were investigated with respect to 

impurities and performance in the beam and the results are summarized 

in Table 4.1. Of the materials tested, Kapton (Dupont) was unquestionably 

the best not only with respect to impurities but also to stability, even 

when subjected to several microamps of beam current at 2 MeV. The low 

energy spectrum of Kapton (see Figure 4.6) showed only traces of CI and 

Ca and no deterioration after several hours of 1 MeV proton bombardment 

at 300 n amp beam current. The high energy spectrum of Kapton showed no 

evidence of impurities at all. None of the other materials tested were 

comparable with respect to impurities or stability. 

The preparation of thin homogeneous films on backing materials 

usually involved the evaporation of known amounts of liquid that were 

spotted directly onto the backings from micropipets. In most cases, the 

hydrophobic nature of Kapton prevented an even deposition of material 

upon evaporation. As the solutions dried, the samples contracted and 

often crystallized into particles of significant thickness relative to 

the penetration depth of the proton beam. Microscopic investigation of 

the prepared targets, particularly from high salt solutions, revealed 

differential crystallization in many cases and a general lack of sample 

homogeneity. PIXE analysis of repetitive samples prepared by directly 

spotting liquids on Kapton showed errors in excess of 50% in some cases. 



Table 4.1. Properties of backing materials used in PIXE. 
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Impurities 
Performance 
in Beam Comments 

Nucleopore CI, Ca, Fe, Cu, Br* Fair Hydrophillic 

Millipore S, CI, K, Cr, Fe, Ni, Cu Poor Hydrophillic 

Kapton CI, Ca Excellent Hydrophopic 

Mylar P*, Ca*, Fe, Cu Good Hydrophobic 

Doublestick tap 
(Scotch) 

Si*, S, CI*, Sn*, Cr • Fair Difficult to 
work with 

Epoxy (Hardman) S*, CI* Good -

* Indicates greater than trace amounts. 
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Modifications of the Kapton surface to enhance a homogeneous 

deposition included acid etching, physical roughening, and coating of 

the surface with a thin layer of carbon using an evaporator. Some 

improvements in achieving an even distribution of material on the 

backings were accomplished using these techniques, but localized con

centrations of material and the resultant irreproducibility of results 

were still apparent. 

Nucleopore and Millipore filters, while having been found to 

contain considerably higher levels of contaminants and prone to beam 

damage, were completely wetted upon spotting by solutions and kept the 

sample dispersed on the filter material. Upon drying, a fairly 

uniform layer of residue was found, although the tendency of the sample 

to collect at the edges of the filter materials was noted. 

The most successful thin target on thick backing sample prepara

tion devised involved the application of up to 50 ul aliquots of 

solution on small (1/4" diameter) circles of Millipore or Nucleopore 

filters that were sandwiched between two layers of Kapton with a 

slightly less than 1/4 inch diameter hole cut out of the top layer of 

Kapton. The solutions were pipetted directly onto the circular filters 

and dried under an infrared lamp. The entire operation was carried out 

in a positive pressure laminar flow hood to prevent contamination from 

airborne particulates. 

The Kapton sandwiched samples (approximately 3/4 inch by 1/2 

inch) were affixed to the rotating sample wheel using doublestick tape 

and were positioned so that the proton beam would essentially cover the 



circular filters upon irradiation. Once in the sample chamber the final 

positioning of the sample in the beam was observable through the 

viewing port and was aided by the visible fluorescence of Nucleopore in 

the beam. PIXE analyses of samples prepared in this manner were 

reproducible within about 5%. In most cases, the higher levels of 

contamination in the hydrophillic materials relative to Kapton were 

considerably lower than the corresponding sample concentrations. The 

stability of the circular filters in the beam was not a problem due to 

the Kapton backings"that were used for support. 

For solid samples, the preparation of thin targets was compli

cated by the dissolution process. The primary difficulties in any of 

the digestion techniques was contamination of the sample by chemical 

reagents and losses of components of the sample by incomplete dissolu

tion or volatilization. Digestion procedures included standard wet 

ashing techniques for organic matter and the use of sealed Teflon 

digestion vessels in stainless steel jackets at elevated temperatures 

and pressures for geologic and other silicate containing materials. 

Ultrex (Baker) acids (KF, HNC^, HC1, ̂ SO^, and HCIO^) containing only 

a few ppb contaminants were used in all the dissolution processes, 

water was distilled and doubly deionized. Known quantities of standard 

solutions were added to the dissolved unknowns to aid in the quantitative 

analysis. Standard solutions were prepared from 99.999% or better 

purity chemicals. The added standard dopant was carefully chosen such 

that no spectral interferences with the sample were present, Con

centrated acidic solutions were either diluted first or applied directly 

onto the backing material. Kapton and Nucleopore were resistant to 
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acids. The background spectrum of a Nucleopore circle wetted with a 

50 ul of Ultrex HNO^ sandwiched between Kapton is shown in Figure 4.7. 

The sample was run for several hours at 1 MeV and a 100 n amp beam 

current. 

Thick target analyses were attractive from the viewpoint of 

sample preparation. A variety of samples were irradiated with no 

preparation other than mounting on thick Kapton backings. Few 

materials, however, were found naturally homogeneous to the point that 

the irradiated area was representative of the entire sample. Raw 

materials were homogenized in a freezer mill (Spex Industries Inc.) 

maintained at liquid nitrogen temperature to prevent loss of volatile 

components. A Wig-L-Bug amalgamator was used to insure complete mixture 

of powdered specimens. Weighed amounts (100-200 mg) of the homogeneous 

powders were pressed into disks in a 13 mm die with an 11 ton Carver 

hydraulic press. The discs, which were 2-3 mm thick, were mounted on 

rectangular thick Kapton backings (3/4" x 1/2") with extra fast 

setting epoxy cement (Hardman, Inc.). 

The advantages of preparing thick targets in this manner were 

the ease of preparation relative to thin targets, the freedom from the 

problems of contamination and the loss of components of the sample 

associated with chemical treatment, the elimination of contamination 

from supporting materials or mounting media and the excellent repro

ducibility obtained. Repetitive PIXE spectra of geological samples 

crushed to 200 mesh and pelletized as described above were reproducible 

to better than 1% for all observed X-ray line intensities. 
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For powdered materials that would not hold together naturally as 

a pellet, ultrapure cellulose or graphite was added as a binding agent 

and the mixture was homogenized before pelletization. Doping of solid 

samples with ultrapure chemicals was used occasionally, but extra care 

had to be taken to insure homogeneity. The addition of materials to 

solid samples introduced contamination and homogeneity problems and 

often defeated the original attractiveness of using thick targets. 

Other problems associated with the analysis of thick targets 

included sample heating which resulted in the loss of volatile elements 

(As, Se, Hg, etc.) in some cases and the absolute necessity of 

homogeneous standards that were close in composition to the unknown in 

order to minimize matrix effects in obtaining accurate analyses. 

Standardization 

Standard solutions of approximately 1000 yg/ml were either 

obtained directly from Spex or made from 5N purity SPEX chemicals and 

Ultrex acids for all the elements from Na to U. Analytical reagent 

grade chemicals and most of the "high purity" reagents obtained were 

found to contain contaminants at unsuitably high levels for their use 

in either the preparation of multielement standards or as dopants in 

aiding quantitative analysis. 

Thin targets were prepared by depositing 20 ul of the standard 

solutions from a micropipette onto 1/4" diameter Nucleopore filters that 

were sandwiched between layers of Kapton as previously described. After 

drying the samples were mounted on the sample wheel and spectra were 

collected at 1 MeV and at 2 MeV with a .004 inch A1 filter. For the most 



part, spectra of the standard SPEX solutions showed contamination levels 

to be less than 5 ppm for any one element. These spectra were stored on 

hard disk and were not only useful in evaluating relative line 

intensities under a given set of conditions but also aided in the 

deconvolution of complex spectra. 

Mixtures of the pure standard solutions were prepared in order 

to experimentally generate relative X-ray yield or efficiency curves. 

The spectrum of one standard mixture is shown in Figure 4.8. The 

sample consisted of the homogeneous residue from the evaporation of the 

equivalent of 20 lil of each of eight standard solutions (V, Mn, Co, Zn, 

Ge, Sr, Ru, Ag). The spectrum was obtained under the normal operating 

high energy conditions (2 MeV, .004 inch A1 filter) for approximately 15 

minutes. The peaks corresponding to the ^ transitions of the eight 

elements are labelled in the figures, and the results obtained from the 

analysis are listed in Table 4.2. 

A careful examination of the spectra showed no evidence of any 

contamination in the standard solution mixture. All of the unlabelled 

peaks corresponded to the K„ X-rays of the eight elements. From the 
p 

peak areas and the knowledge of the relative number of atoms of each 

element bombarded, the relative numbers of counts for an equal number of 

atoms, of the eight elements were calculated. In order to directly 

compare the experimental values with theory, the experimetnally deter

mined values were normalized with respect to one element (in this case 

Zn) and multiplied by the appropriate scaling constant. The program 

EFFIC performed this calculation. The comparison of the values 
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Table 

Atom: 
Numb' 

23 

25 

27 

30 

32 

38 

44 

47 

Example analysis of a standard mixture for calibration purposes. 

Element Concentration // Moles Ka^ ̂  area Counts/mole 

V 1000 3.926xl0~7 1758 4.78xl09 

Mn 1000 3.64xl0~7 18439 5.032xl010 

Co 1000.2 3.394xl0~7 54626 1.609xl0U 

Zn 1000.0 3.059xl0~7 90501 2.959X1011 

Ge 1004.2 2.766xl0-7 69291 2.505X1011 

Sr 1000 2.282x10~7 24312 1.065X1011 

Ru 1000 1.978xl0~7 6752 3.414xl010 

-7 10 
Ag 995 1.844x10 2668 1.447x10 



obtained from this sample with theory are shown graphically in Figure 

4.9. The theoretical curve was generated from the X-ray production 

cross-section of Johannson and Johannson (22), the detector efficiencies 

provided by KEVEX and the filter transmission from the mass attenuation 

coefficients tabulated by Theisen and Vollath (46). Similar replicate 

analyses of hundreds of mixtures of the pure standard solutions were 

performed to determine the relative yields for the and X-rays of 

all the elements under various operating conditions and to evaluate 

reproducibility. The results for 1 MeV and 2 MeV (with .004 inch 

filter) protons are listed in Tables 4.3-4.6 and shown in the corres

ponding Figures 4.11-4.14. The relative X-ray yield values that could 

not be obtained experimentally because of volatility and other chemical 

properties of certain elements were interpolated from the curves. 

The values listed in Tables 4.3-4.6 were used in the program 

RATIO as the standard files for the analyses of unknown thin targets. 

The application of these thin target relative X-ray yield values in the 

analysis of thick targets introduced errors that varied from several 

percent to as much as several hundred percent depending upon the energy 

of the X-ray and the sample matrix. Accurate thick target analyses 

required relative X-ray yield values that were obtained from the 

relative peak areas of high quality standard reference materials that 

were similar in composition to the unknown material. 
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Table 4.3. Experimental thin target K-shell x-ray yield for 1 MeV 
protons. 

Atomic Number Element Relative Yield 

11 Na 43.42 

12 Ma 14,063 

13 • A1 19,375 

14 Si 21.868 

15 P .20,560 

16 S* 17,962 

17 CI 14,459 

18 Ar* 11,470 

19 K 8,026 

20 Ca 6,570 

21 Sc 5,096 

22 Ti 3,744 

23 V 2,799 

24 Cr 2,096 

25 Mn 1,543 

26 Fe 1,151 

27 Co 861.7 

28 Ni 645.1 

29 Cu 486.0 

30 Zn 363.1 

* Indicates interpolated values 
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Table 4.4. Experimental thin target L-shell X-ray yield for 1 MeV 
protons. 

Atomic Number Element Relative Yield 

35 Br 37,895 
36 Kr* 7,025 
37 Rb 36,478 
38 Sr 35,389 
39 Y 34,300 
40 Zr 32,913 

41 Nb 31,327 
42 Mo 30,050 
43 Tc 28,607 

44 Ru 26,320 
45 Rh 24,641 
46 Pd 23,725 
47 Ag 22,035 
48 Cd* 20,110 
49 In 18,111 
50 Sn 15,080 
51 Sb* 14,317 
52 Tc 13,3-4 
53 I* 11,842 
54 Xe* 10,900 
55 Cs 9,043 
56 Ba 8,530 
57 La* 7,721 
58 Ce 5,512 
59 Pr* 6,233 
60 Nd 5,653 
61 Pm* 4,313 
62 Sm 4,255 
63 Eu 3,428 
64 Gd 3,180 
65 Tb* 2,804 
66 Dy 2,652 
67 Ho 2,214 
68 Er* 2,185 
69 Tm 2,069 
70 Yb 1,977 
71 Lu* 1,328 
72 Hf * 1,150 
73 Ta 1,043 
74 W 989 
75 Re* 924 

* Indicates interpolated values 
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Table 4.5. Experimental thin target K-shell x-ray yield for 2 MeV 
protons with .004 inch A1 filter. 

Atomic Number Element Relative Yield 

20 Ca .066 
21 Sc 1.39 
22 Ti 8.07 
23 V 52.83 
24 Cr 131.8 
25 Mn 307.9 
26 Fe 479.0 
27 Co 678.9 
28 Ni 794.5 
29 Cu 902.5 
30 Zn 896.4 
31 Ga 858.1 
32 Ge 785.3 
33 As 681.8 
34 Sc 584.1 
35 Br 502.9 
36 Kr 413.5 
37 Rb 337.7 
38 Sr 277.0 
39 Y 228.2 
40 Zr 184.0 
41 Nb 148.1 
42 Mo 119.6 
43 Tc 94.13 
44 Ru 74.19 
45 Rh 58.41 
46 Pd 46.53 
47 Ag 29.09 
48 Cd 25.24 
49 In 21.38 
50 Sn 16.39 
51 Sb 10.52 
52 Te 5.36 
53 I 4.15 
54 Xe 3.51 
55 Cs 2.88 
56 Ba 2.54 
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Table 4.6. Experimental thin target L-shell X-ray yield for 2 MeV 
protons with .004 inch A1 filter. 

Atomic Number Element Relative Yield 

56 Ba 10.2 
57 La 15,3 
58 Ce 21.2 
59 Pr 32.4 

60 Nd 40.1 
61 Pm 43.4 
62 Sm 52.5 
63 Eu 57.2 
64 Gd 68.4 
65 Tb 120 
66 Dy 390 
67 Ho 598 
68 ER 735 
69 Tm 932 
70 Yb 1080 
71 Lu 1262 
72 HE 1425 
73 Ta 1490 
74 W 1585 
75 Re 1520 
76 0s 1485 
78 Ir 1403 
79 Au 1385 
80 Hg 1273 
81 Te 1185 
82 Pb 1120 
83 Bi 1110 
84 Po 1070 
85 At 954 
86 Rn 935 
87 Fr 863 
88 Ra 797 
89 Ac 689 
90 Th 665 
91 Pa 605 
92 U 534 
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Figure 4,11. Experimentally obtained relative L-shell X-ray yield for 1 MeV protons. 
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Standard Analyses 

In order to evaluate the accuracy of the thin target X-ray 

efficiency curves, analyses were performed on five standard reference 

materials purchased from the National Bureau of Standards: SRM 1571 

(orchard leaves), SRM 1575 (pine needles), SRM 1577 (bovine liver), 

SRM 1632a (coal) and SRM 1633a (coal fly ash). 

For the preparation of thin targets, approximately 250 mg of 

each material was digested in a Teflon-lined bomb with a 3:3:1 

mixture of Ultrex HNO^, HF and HC1 at 110° for 2.5 hrs. The cooled 

solution was diluted with distilled deionized water and mixed thoroughly. 

100 pi aliquots of the solutions were spotted directly on to thin 

Kapton backing material and dried under an infrared lamp. Care was 

taken during the spotting and drying process to maximize the 

homogeneity of the residue. 

Thick targets were prepared by pelletizing approximately 250 mg 

of the standard reference materials into 13 mm disks with a Carver 11 

ton hydraulic press. Approximately 50 mg of ultrapure cellulose was 

mixed with the fly ash as a binding agent; the rest of the materials 

were self-binding. The pellets were mounted on thick Kapton backing 

material with Epoxy cement. 

Examples of the spectra obtained from these materials and 

summaries of the analytical results of at least four determinations of 

each are presented in the following figures and tables (Figures 4.14-

4.20, Tables 4.7-4.11). The numbers were calculated from the background 

subtracted and deconvoluted peak areas of both energy regions using the 
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Figure 4.16. PIXE spectrum of NBS SRM 1575 pine needles (1 MeV proton bombardment). 
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Figure 4.17. PIXE spectrum of NBS SRM 1577 bovine liver (1 MeV proton bombardment). 
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Table 4.7. Analysis of NBS SRM 1571 orchard leaves. 

PIXE Analysis 
Atomic Number Element Thin Thick. NBS Value 

11 Na - - 82 ug/g 
12 Mg .60% .41% .62% 
14 Si 480 ug/g 540 ug/g -

15 P .20% .30% .21% ... 
16 S .2200 ug/g 1560 ug/g (1900) ug/g 
17 CI - 700 ug/g (690) ug/g 
19 K 1.51% 1.92% 1.47% 
20 Ca 1.83% 1.80% 2.09% 
24 Cr 2 ug/g 1 Ug/g 2.6 ug/g 
25 Mn 95 ug/g 110 ug/g 91 ug/g 
26* Fe 300 ug/g 300 ug/g 300 ug/g 
27 Co - - (.2) ug/g 
28 Ni - - 1.3 Ug/g 
29 Cu 13 ug/g 10 ug/g 12 Ug/g 
30 Zn 22 ug/g 21 Ug/g 25 ug/g 
31 Ga - - (.08) ug/g 
32 Ge - -

33 As 3 Ug/g A ug/g 10 ug/g 
34 Se - - .08 ug/g 
35 Br 7 Ug/g 5 ug/g (10) ug/g 
37 Rb 10 ug/g 11 Ug/g 12 Ug/g 
38 Sr 31 Ug/g 33 ug/g 37 ug/g 
48 Cd - - .11 ug/g 
51 Sb - - 2.9 ug/g 
52 Te - - (.01). ug/g 
53 I - - (.17) Ug/g 
55 Cs - - (.04) Ug/g 
56 Ba 38 ug/g 44 ug/g 
82 Pb 15 ug/g 45 ug/g 
83 Bi - - .1 Ug/g 
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Table 4.8. Analysis of NBS SRM 1575 pine needles. 

PIXE Analysis 
Atomic Number Element Thin Thick NBS Value 

12 Mg ,22% .12% -

13 A1 582 yg/g 400 yg/g 545 yg/g 
14 Si 248 yg/g 320 yg/g -

15 P .10% .05% .12% 
16 S .15% .12% -

17 CI - 300 yg/g -

k9 K .35% .52% .37% 
20 Ca .37% .28% .41% 
21 Sc - - (.03) yg/g 
24 Ti -

25* Mn 675 yg/g 675 yg/g 675 yg/g 
26 Fe 188 pg/g 155 yg/g 200 yg/g 
27 Co (.1) yg/g 
28 Ni 2 yg/g 3 yg/g 3.5 yg/g 
29 Cu 3 yg/g 3 yg/g 3.0 yg/g 
30 Zn 110 yg/g 120 yg/g - . 

33 As - .21 yg/g 
35 Br 5 yg/g (9) yg/g 
37 Rb 13 yg/g 12 yg/g 11.7 yg/g-
38 Sr 5 yg/g 4 yg/g 4.8 yg/g 
48 Cd - - (.5) yg/g 
51 Sb - - (.2) yg/g 
63 Eu - - (.006) yg/g 
80 Hg - - .15 yg/g 
81 Te - - .05 yg/g 
82 Pb 7 yg/g 5 yg/g 10.8 yg/g 
90 Th - - .037 yg/g 
92 U - - .02 yg/g 



Table 4.9. Analysis of NBS SRM 1577 bovine liver. 

PIXE Analysis 
Atomic Number . . Element . . Thin Thick NBS Values 

11 Na .20% .09% .243% 
12 Mg 580 yg/g 420 yg/g 604 yg/g 
14 Si - - (17) yg/g 
15 P 1.3% .41% (1.1)% 
16 S .95% .72% -

17 CI - .19% (.27)% 
19 K .95% .83% .97% 
20 Ca 131 yg/g 120 yg/g 124 yg/g 
24 Cr - - .088 yg/g 
25 Mn 8 yg/g 11 Ug/g 10.3 yg/g 
26* Fe 268 yg/g 268 yg/g 268 yg/g 
27 Co - (.18) yg/g 
29 Cu 189 yg/g 175 yg/g 193 yg/g 
30 Zn . 128 yg/g 125 yg/g 130 yg/g 
33 As - - .055 yg/g 
34 Sc 1.1 yg/g 
35 Br 11 Ug/g 8 yg/g -

37 Rb 20 ,yg/g 18 yg/g 18.3 yg/g 
38 Sr - - (.14) yg/g 
42 Mo 2 yg/g 3 yg/g (3.4) yg/g 
47 Ag - - (0.6) yg/g 
48 Cd - - .27 yg/g 
49 In - - (0.5) yg/g 
51 Sb - - (.005) yg/g 
53 I - - (.18) yg/g 
80 Hg - - (.016) yg/g 
81 T1 • - - (.05) yg/g 
82 Pb - - 34 yg/g 
92 U - - (.0008) 



Table 4.10. Analysis of NBS SRM 1632a coal. 

PIXE Analysis 
Atomic Number Element Thin Thick NBS Value 

13 A1 2.8% 1.3% (3.07)% 
14 Si 3.1% 5.2% -

16 S 1.6% 1.1% (1.64)% 
19 K - - -

20 Ca - - -

21 Sc 5 Ug/g - (6.3) ug/g 
22 Ti .17% .13% (.175)% 
23 V 46 ug/g 28 ug/g 44 ug/g 
24 Cr 36 ug/g 15 Ug/g 34.4 ug/g 
25 Mn 20 ug/g 37 ug/g 28 ug/g 
26* Fe 1.11% 1.11% 1.11% 
27 Co - - -

28 Ni 18 Ug/g 16 ug/g 19.4 ug/g 
29 Cu 16 ug/g 15 ug/g 16.5 ug/g 
30 Zn 28 ug/g 26 ug/g 28 ug/g 
31 Ga 7 ug/g 8 ug/g (8.49) Ug/g 
33 As - 9.3 ug/g 
34 Se 1' Pg/g - 2.6 ug/g 
37 Rb 34 ug/g 28 ug/g (31) ug/g 
48 Cd - .17 ug/g 
55 Cs - - (2.4) ug/g 
58 Ce - - (30) ug/g 
72 HF - - (1.6) ug/g 
80 Hg - - :.13 ug/g 
82 Pb - - 12.4 ug/g 
90 Th - - ..4.5 ug/g 
92 U - - 1.28 ug/g 
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Table 4.11. Analysis of NBS SRM 1633a coal fly ash. 

PIXE Analysis 
Atomic Number Element Thin Thick NBS Value 

11 Na .22% .08% .17% 
12 Mg .38% .24% .455% 
13 A1 15% 11% (14)% 
14 Si 18% 24% 22.8% 
15 P - - -

16 S - - -

17 CI - - -

19 K 1.8% 2.3% 1.88% 
20 Ca 1.2% 1.4% 1.11% 
21 Sc 34 pg/g 30 pg/g (40) pg/g 
22 Ti .8% .6% (.8)% 
23 V 280 pg/g 245 pg/g 300 pg/g 
24 Cr 200 pg/g 135 pg/g 196 pg/g 
25 Mn 195 pg/g 222 pg/g 190 pg/g 
26* Fe 9.4% 9.4% 9.4% 
27 Co (46) pg/g 
28 Ni 112 pg/g 115 pg/g 127 pg/g 
29 Cu 120 pg/g 118 pg/g 118 pg/g 
30 Zn 218 pg/g 200 pg/g 220 pg/g 
31 Ga 55 pg/g 60 pg/g 58 pg/g 
33 As 38 pg/g 43 pg/g 145 pg/g 
34 Se 8 Pg/g 5 Hg/g 10.3 pg/g 
37 Rb 150 pg/g 135 pg/g 131 pg/g 
38 Sr 825 pg/g 828 pg/g 830 pg/g 
42 Mo 30 pg/g 27 pg/g 20 pg/g 
48 Cd - - 1.0 pg/g 
51 Sb - - (7) pg/g 
55 Cs - - (11) pg/g 
56 Ba .15% .10% (.15)% 
58 Ce 230 pg/g 240 pg/g (180) pg/g 
63 Eu - - (4) pg/g 
72 HF - - (7.6) pg/g 
80 Hg - - .16 pg/g 
81 Te 4 Ug/g 3 Pg/g 5.7 pg/g 
82 Pb 65 pg/g 28 pg/g 72.4 pg/g 
90 Th 28 pg/g 22 pg/g 24.7 pg/g 
92 U 11 yg/g 8 pg/g 10.2 pg/g 
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program RATIO and the experimentally determined thin target X-ray 

efficiency curves. 

The minimum detectable concentration was found to be approximately 

1 yg/g for both thin and thick targets according to the reported NBS 

values. A comparison of the thin target analyses with the NBS values 

showed agreement to about 10% for most of the elements with the 

exception of As, Se, Br, Cd, Sb, and Pb which were found to be con

sistently low. This was presumably the result of volatilization of 

these elements due to sample heating. 

The thick target numbers were also calculated from the thin 

target X-ray efficiency curves and large errors were immediately 

apparent particularly in the low energy region. Current research 

efforts center around the development of a systematic routine that 

corrects for these thick target effects. 

Applications to Deep-Sea Ferromanganese Nodules 

A major thrust in the development of the PIXE program at the 

University of Arizona was the application of the technique in the 

analysis of both the major and minor components of deep sea ferro-

manganese nodules. Ferromanganese nodules are a complex heterogenous 

mixture of metal oxides, detrital mineral grains, and biogenic sediments 

that exist as vast deposits in the oceans of the world. It has been 

estimated that one trillion tons are present in the Pacific Ocean 

alone (55). 

The interest in deep-sea ferromanganese nodule is primarily the 

result of ocean mining interests in harvesting the valuable metals Cu, 



Ni, Co and Mo which exist as minor components in the nodules. A 

number of private industries and national governments have spent 

billions of dollars already in exploration as well as mining and 

processing research (56). Large-scale deep-sea mining of ferromanganese 

nodules for the recovery of metal values is not only possible but also 

inevitable. (Figure 4.21) 

The average concentrations of these metals in Pacific Ocean 

nodules are Cu, 0.53; Ni, 0.99; Co, 0.35; and Ho, .052, expressed as 

percentages on an air dried basis (55). Several other elements which 

are found in the same concentration range, such as Ti, 0.67; Ba, 0.18; 

Pb, 0.09, and Zr, .063 and are rejected as waste in all of the extrac

tion processes that have been developed for recovery of the valuable 

metals. A very large number of elements which are present at much 

lower concentrations are also rejected in a similar manner. Little 

information is available on the fate of these elements which are present 

in the manganese nodules in the parts per thousand to parts per million 

range, after the metal values have been recovered from the nodules. 

To assess the capabilities of the PIXE technique in the analysis 

of ferromanganes nodules, a comparative study relative to conventional 

flame analysis was initiated. Seven samples of ferromanganese nodules 

were analyzed by both PIXE and flame methods. Three samples were from 

the Pacific Ocean and were provided by the Hawaii Institute of Geo

physics. Four samples were Atlantic Ocean nodules that were provided by 

the Lamont Doherty Geological Observatory (see Table 4.12 for details). 
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Table 4.12. Location of ferromanganese nodules analyzed in comparative 
study. 

Sample Code Description 

MDH Manganese nodules collected from Midway Dredge Hauls 
#20 Crusts, Pacific Ocean 

VAL Manganese nodules collected during the Valdivia 
Cruise, Pacific Ocean 

5,000 m Depth; Long. 148°c'W; Lat. 9°N. 

KK Manganese nodules collected during the KK-77-03-17 
Cruise, Pacific Ocean, Station 58, Rd. 23. 

CRU Samples collected during the 9121 Cruise, Pacific 
Ocean. Obtained from the Scripps Institute. 

4,350 m Depth; Long. 121°43'W; Lat. 19°49'N. 

D-5 Manganese nodules collected from the Atlantic Ocean. 
RC15-D5, 2,400 m Depth; Long. 55°14'W; Lat. 48°28'S. 

February 27, 1972. 

D-20 Manganese nodules collected from the Atlantic Ocean. 
RC15-D20, 5,390 m Depth; Long. 61°10'W; Lat. 27°42'N. 

July 17, 1972. 

D-28 Manganese nodules collected from the Atlantic Ocean. 
RC15-D28, 5250 m Depth; Long. 61°00'W; Lat. 28°02'N. 

July 28, 1972. 
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All the samples were air dried, crushed and ground to a fine 

particle size (<100 mesh). Between 200 mg and 300 mg of each of the 

nodule samples were digested in a Teflon-lined bomb with a 3:3:1 mixture 

of Ultrex HN0g» HF, and HC1 at 110°C for several hours. Three 100 yl 

aliquots of the dissolved nodules were successively spotted and dried on 

Nucleopore squares placed on thick Kapton backings. The Nucleopore 

with dried residue was held in place by a thin Kapton film with a 

window in the center exposing the major portion of the residue. 

The samples were bombarded first with a 1 MeV proton beam for 

approximately 0.5 hr and the low energy spectrum from 0-10 KeV was 

collected. The samples were then bombarded at 2 MeV for 1 hr with a 

.004 inch A1 filter and the higher energy (5-35 KeV) portion of the 

spectrum was obtained. Examples of the spectra are shown in Figures 

4.22 and 4.23. 

For the flame analysis, weighed ferromanganese nodules samples 

(^0.5 g) were digested in the bomb as above. The cooled solution was 

transferred to a 100 ml volumetric flask containing approximately 70 ml 

of a 5% boric acid solution and diluted to the mark. Standard 

solutions of the elements were diluted with 5% boric acid solution. 

Atomic absorption and emission spectrophotometry analyses were 

performed for 22 elements with a Varian Model 5 atomic absorption 

spectrophotometer. A nitrous oxide-acetylene gas mixture was used for 

the analysis of Al, Ba, Mo, and Si. The rest of the elements, with the 

exception of As, were determined with an air-acetylene flame. Arsenic 

was determined using tantalum boats with a hydrogen-nitrogen flame by 

the method of standard addition. 
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The comparative results of five replicate analyses using both 

PIXE and flame methods are shown in Table 4.13. An examination of the 

results confirmed the consistently low PIXE values for the volatile 

elements Pb and As. Fairly consistent results were obtained for the 

first row transition series which is of great concern in any nodule 

analysis. Other elements detected but not shown in PIXE analysis 

included P, S, CI, Cr, Se, Br, Y, Zr and Nb. 

The chemical reactions that occur in any chemical processing of 

the nodules will, of course, determine the oxidation states of the 

elements as well as the nature of the complexes and precipitates of 

these elements may be formed. The ability to simultaneously monitor 

the concentrations of a large number of elements through a processing 

scheme was essential in not only understanding the chemistry involved in 

the process but also aided in the evaluation of the economical and 

possibly toxicological consequences. 

In two of the more promising proposed commercial methods, the 

nodules are partially or completely solubilized under reducing condi

tions and the metal ions selectively extracted with a chelating agent 

from the aqueous phase into an organic phase (57,58). In a pilot 

study, the reducing conditions and the solubilization of the nodules 

were simulated in a bench scale process (59) and the concentrations of 

a number of components at each stage of the process were determined in 

an attempt to understand the chemical reactions that occurred and to 

demonstrate the utility of PIXE as a multielemental analytical technique 

in applied systems. 



Table 4.J.3. Comparative PIXE and flame analysis of manganese nodules. 

MDH VA KK D-5 D-20 Cru D-28 
PIXE Flame PIXE Flame PIXE Flame PIXE Flame PIXE Flame PIXE Flame PIXE Flame 

Na 1.70 1.912 1.292 2.152 2.052 2.112 2.032 1.452 1.782 1.572 1.052 1.882 1.432 1.352 

Hg 1.521 1.702 1.412 1.282 1.642 ' 1.422 1.432 .902 1.682 1.402 1.572 1.762 1.622 1.412 

A1 4.01* 3.622 1.702 1.722 1.002 1.112 1.352 1.112 2.972 3.562 2.012 1.882 2.592 2.762 

Si 13.24* 12.782 5.362 6.062 9.472 11.142 12.802 11.132 8.382 6.112 11.342 9.722 8.372 7.272 

K .612 .682 • .832 .772 .582 .622 .422 .352 .602 .632 .792 .882 .522 .482 

Ca 4.832 4.202 .972 .932 .632 .592 1.732 1.522 1.342 .922 1.322 1.252 .792 .832 

Ti 2.512 2.422 1.022 1.102 1.582 1.722 1.052 .932 .692 .742 .732 .682 1.012 .822 

V 395yig/g 480pg/g 270yg/g 350yg/g 35ug/g - 685pg/g 6?0pg/g 410pg/g 460pg/g 295pg/g 460pg/g 589pg/g 610pg/g 

Hn 6.292 6.292 19.812 19.812 10.342 10.342 13.002 13.002 13.702 13.702 21.002 21.002 12.932 12.932 

Fa 11.94: 12.252 6.822 6.542 10.982 10.582 16.892 17.102 13.052 ' 12.562 7.352 8.372 13.832 14.22 

Co .202 .182 .052 .102 .102 .152 .082 .112 .092 .152 .122 .182 .222 .172 

Nl .162 .152 .992 .982 .312 .352 .222 .192 .272 .342 .932 1.042 • .292 .352 

Cu .02; .032 .682 .702 .302 .292 589pg/g 710)ig/g .122 .122 .632 .672 .142 .122 

Zn 376pg/g 390pg/g 1004iig/g 1020|ig/g 848|ig/g 860)jg/g 637pg/g 610|ig/g 413pg/g 420pg/g 687|ig/g 740pg/g 495pg/g 470iig/g 

As 35pg/g 80pg/g 55pg/g 62lig/g 53jig/g 78pg/g 88pg/g 153|ig/g 33|ig/g 70yg/g 33pg/g 90pg/g 48|jg/g 92|ig/g 

Rb 8yg/g 10|ig/g 10pg/g 14pg.'p, llpg/g 14)ig/g 12pg/g' 12yg/g 18)ig/g 21|Jg/g 14vg/g 16lJg/g 12pg/g 16pg/g 

Sr 487iig/g 480pg/g "989pg/g 1130pg/g 1620ug/g 1590pg/g 828pg/^ 730|ig/g 476ug/g 450pg/g 528pg/g 540pg/g 474yg/g 450yg/g 

Mo 301|ig/g 290iig/g 697pg/g 710pg/g 295pg/g 280|ig/g 683pg/g • 700(ig/g 305yg/g 320pg/g 644pg/g 630ng/g 280pg/g 320pg/g 

Cd - 27ng/g 80pg/g 120|ig/g - -
_ r 25yg/g - 40pg/g . - 27pg/g - 34pg/g 

Ba .142 .112 .322 .262 .372 .342 .262 .252 .172 .162 .412 .342 .132 .182 
Tl 38pg/g 60pg/g 165)ig/g 150|ig/g 5wg/g 28tig/g 96pg/g lOllig/g 97|ig/g 118|ig/g 138|ig/g 129|ig/g 87pg/g 98pg/g 

Pb 526|ig/g 700pg/g 430pg/g 510ng/g 938pg/g 1140pg/g 1146pg/g 1320pg/g 493pg/g 620pg/g 427|ig/g 830)i'g/g 637|ig/g 730pg/g 
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Figure 4.24 is a flow diagram that shows the sequence of 

operations used for the dissolution of ferromanganese nodules and for 

the extraction of Cu, Ni and Co from the various solutions containing 

the solubilized nodules. A sample of nodules recovered by the German 

mining ship 'Valdivia' during its 1976 cruise was used in this work. 

The nodules were ground and the particles that' passed through a 100 

mesh sieve were collected for subsequent use. The nodules were leached 

with a solution of 2 M I^SO^ (100 ml/g of nodules) for about 30 minutes 

at ambient temperature. The leach solution was decanted and the solid 

residue leached again with a fresh portion of 2 M I^SO^ (100 ml/g) for 

about 30 minutes and the leach solution decanted and combined with the 

first leach solution. The undissolved solid was finally leached with a 

fresh portion of 2 M H^SO^ (100 ml/g) that contained sufficient oxalic 

acid to react stoichiometrically with the undissolved Mr^. After 

about 30 minutes, the undissolved material consisted primarily of 

hydrated silica. 

The pH of the combined leach solutions from the first and 

second leaches was adjusted to a value between 1.8 and 3.0 by the 

addition of a dilute solution cf NH^. The resultant aqueous solution 

was extracted with an equal volume of a kerosene solution containing 7% 

LIX 64N (General Mills Inc.). In this extraction step, practically all 

the Cu present in the combined leach solutions is extracted into 

the organic phase, from which it may be stripped back into the aqueous 

phase by the addition of I^SO^ and recovered by electrodeposition. 
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Figure 4.24. Flow diagram for the stepwise dissolution of ferro-
manganese nodules and extraction of Cu, Ni and Co from 
the aqueous solutions. 
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Ammonia was added to the third leach solution that consisted of 

a mixture of and oxalic acid. At a pH of about 9 all the Fe was 

precipitated as Fe(0H)g and separated by filtration. The pH of the 

filtrate was adjusted to a value between 8 and 9 by the addition of 

and then extracted with an equal volume of a kerosene solution of 

7% LIX 64N. In this step all the Ni was extracted into the organic 

phase and the Co was left unextracted in the aqueous phase. 

PIXE was used for multielemental analysis of all the solid and 

aqueous solution phases shown in the flow diagram. The aqueous phases 

were evaporated to dryness under an infrared lamp and the solid 

residue homogenized. All the solid phases including the homogeneous 

residues (250 mg) were pelletized in a Perkin Elmer 13 mm KBr die with 

the aid of a ten ton Carver hydraulic press. The pellets were mounted 

on Kapton backings and placed on the sample wheel in the sample chamber. 

The pellets were irradiated with a 1 MeV proton beam and the X-ray 

emission spectra were recorded from a 0-8 kev (Na to Fe). All data in 

this region were collected until 10,000 counts were obtained for the 

SiKa peak maximum. The high energy X-ray emission spectrum (5-20 kev) 

was obtained by irradiation with a 1.5 Mev proton beam and the 

emitted X-rays were filtered with a 0.010 inch A1 filter. Data were 

collected in the high energy region until an arbitrary number of counts 

was obtained for the MnK peak maximum. 
a r 

Thirty-one elements were in the sample of ferromanganese nodules 

that was used in this study/by proton induced X-ray emission. These 

elements vary in concentration from about 10 ppm to 20%. The technique 
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can in principle, be used to follow the distribution of all these 

elements in the various solid and liquid phases in the flow diagram that 

is summarized in Figure 4.24. We focused our attention, at the outset, 

on the manner 'in which the metal values were distributed in the various 

phases. The combined leach solutions after the first two leach steps 

with 2 M l^SO^ contained 50% of the Fe, 90% of the Cu and very little, 

if any, of the Ni and Co that was present in the ferromanganese 

nodules. With this preliminary I^SO^ leach we were able to solubilize 

most of the Cu and effectively separate it from the rest of the metal 

values. The combined sulfuric acid-oxalic acid leach solution dissolved 

the remaining metal values in the nodules and the solid residue that 

was left behind consisted primarily of hydrated silica with trace 

quantities of absorbed or coprecipitated metal ions. Confirmatory 

evidence for these results that were obtained with atomic absorption 

spectrophotometry is shown in Figure 4.25. The X-ray emission spectra 

in the low energy region of (A) the untreated ferromanganese nodules, 

(B) the nodules after two successive leaches with 2M I^SO^ and (c) the 

residue after the mixed sulfuric acid-oxalic acid leach, give an over-

view of the sequence in which the various elements are leached into the 

acid solutions. Of particular interest in these X-ray emission spectra 

in the low energy region are the MnK^ peak at 5.90 kev and the TiK^ 

peak at 4.51 kev. It is evident that 2 M does not leach an 

appreciable amount of Mn from the nodules although about 50% of the Ti 

in the nodules is solubilized by the ^2^4 solution. The high energy 

region of the X-ray emission spectra of (A) and (B) also shows several 
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Figure 4.25. PIXE spectra of ferromanganese nodules in the low energy-
region with 1 MeV proton beam. 
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noteworthy features (Fig. 4.26). Mo, Zr, Y and Sr are all extracted by 

the H^SO^ solution as indicated by the decrease in the heights of their 

respective peak maxima. The height of the PbL peak at 12.61 kev is 
p 

unchanged after the I^SO^ leach and confirms the expectation that lead 

remains in the solid phase as PbSO^. The decrease in the height of the 

composite peak that arises from ^ at 10.55 kev and AsK^ ̂  at 

10.54 kev, is a result of the solubilization of arsenic by the 

leach solution. Most of the zinc and copper and about half the iron 

in the ferromanganese nodules are extracted by the t^SO^ solution. Only 

a small percentage of the nickel and cobalt that was present in the 

nodules was extracted by the I^SO^ solution as shown by the insig

nificant decrease in the CoK0, NiK composite peak, and the manganese 
p ot 

remained intact as Mn©2 in the +IV oxidation state in the solid phase. 

An estimate of the extent of extraction of each of these metals was 

obtained by measurement of the peak areas corresponding to each of these 

elements between 5 and 10 kev. 

After the three-step dissolution process, the metal values are 

separated from the aqueous solutions by extraction into an organic 

pftkse with the commercially available organic chelating agent LIX 64N 

(61). The Cu in the 2 M I^SO^ solution is completely extracted from 

the aqueous phase between pH 1.8 and 3.0. The extraction behavior of 

2+ 
the Cu chelate (log D vs pH, Table 4.14) is similar to that which has 

been reported before (62). Additional confirmation of the extraction 

2+ 
behavior of Cu is shown in Figure 4.27. The X-ray emission spectra of 

the elements present in the solution are shown before and after 
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Figure 4.26. PIXE spectra of ferromanganese nodules obtained with 
1.5 MeV proton beam and .01 inch A1 filter. 
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+2 
Table 4.14. Effect of pH on the distribution ratio of Cu between a 

sulfuric acid solution and a kerosene solution containing 
LIX 64N. 

Values of log D obtained with 
the radiotracer 

Values of log D obtained from 
atomic absorption spectrophotometry 

PH log D PH log D 

0.82 -1.0 1.9 0.42 

0.96 -0.80 2.0 0.95 

1.2 -0.49 2.1 0.98 

1.4 -0.06 2.2 1.22 

1.6 0.20 2.3 1.38 

1.9 0.66 2.4 1.86 

2.1 1.10 2.5 2.25 

2.3 1.47 

2.4 1.59 
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Figure 4.27. PIXE spectra of ferromanganese nodule solution before 
and after extraction of copper with LIX 64N. 
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extraction with LIX 64N. The only significant changes in the peak areas 

are in the CuKg peak at 8.90 kev and the CuKa peak at 8.04 kev. It is 

quite evident from Fig. 4.27 that LIX 64N selectively and quantitatively 

2+ 
extracts Cu from highly acidic solutions. 

The separation of Ni from the solution of mixed acids (l^SO^ 

and 1^020^) containing Ni, Co and Fe was accomplished by precipitation 

of the Fe as FeCOH)^ and extraction of the Ni after the pH of the 

aqueous solution was adjusted to a value between 8.3 and 9.4. The PIXE 

technique was employed to resolve two major problems that were 

encountered in the sequence of separation steps. The precipitation of 

FeCOH)^ invariably results in coprecipitation as well as adsorption of 

ions that are found in solution. Examination of the FeCOH)^ precipitate 

by PIXE showed, to our surprise, that very little coprecipitated or 

adsorbed ions were detectable in the precipitate. Hence it was possible 

3+ 
to effect a complete separation of Fe as Fe(0H)g by the addition of 

NHg. A possible reason for the success of this relatively simple 

separation is that all the metal ions in solution may have been 

complexed with the free NH^ and consequently, the cationic complexes 

were not readily coprecipitated or adsorbed. The second problem 

concerned the separation of nickel from cobalt. We have observed a 

possible kinetic effect in the course of this extraction step. If the 

aqueous solution containing a slight excess of NH^ is allowed to stand, 

2+ 
the Co is not extracted by the LIX 64N from an ammoniacal solution, 

2+ 2+ 
whereas the Ni and Cu are completely extracted. Under these 

conditions therefore, it is possible to separate nickel from cobalt. If 



the extraction with LIX 64N is carried out soon after the pH of the 

2+ 2+ 
aqueous solution is adjusted with NH^, the Co as well as the Ni and 

2+ 
Cu are extracted by the LIX 64N into the organic phase. This is 

conclusively demonstrated in Figure 4.28. The solution (A) before 

2+ 2+ 2+ 2+ 3+ 
extraction contains Mn , Co , Cu and Ni and is free of Fe which 

was precipitated as Fe(OH)g. When this solution is extracted at a 

2+ 2+ 2+ 
pH of 8.4 with LIX 64N the Co , Ni and the Cu are quantitatively 

transferred into the orpanic phase. If solution A is allowed to stand 

2+ 
for several hours before extraction, the Co is probably oxidized to 

3+ 
Co which remains unextracted in the aqueous phase. 

Although our main concern in this work has been in following the 

distribution of Cu, Ni, Co, Fe and Mn in the various phases in the 

separation scheme (Figure 4.27), we have been able to demonstrate the 

utility of a multielemental analytical technique such as proton 

induced X-ray emission spectroscopy for following the distribution of 

the elements of interest at various stages in the separation scheme 

(Table 4.15). 
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Figure 4.28. PIXE spectra of ferromanganese nodule solution before 
and after extraction of nickel. 
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Table 4.15. Distribution of elements in the solid phase after the acid 
leaches. 

Average Percent Percent 
Concentration Remaining after Remaining after 

Element (vg/g) in Two Sulfuric Mixed Sulfuric and 
Valdivia Nodules Acid teaches Oxalic Acid Leach 

Na 21470 20 5 

Mg 12750 50 20 

A1 17180 57 33 

Si 60610 100 100 

S 1100 100 95 

CI 740 20 10 

K 7670 29 29 

Ca 9340 29 16 

Ti 10950 50 14 

Mn 198140 100 7 

Fe 65360 55 6 

Co 1040 100 5 

Ni 9780 100 8 

Cu 6870 5 1 

Zn 1020 24 2 

As 80 10 5 

Sr 480 18 1 

Y 120 43 3 

Zr 230 50 4 

Mo 290 53 4 

Pb 700 95 7 



CHAPTER 5 

SUMMARY 

Quantitative multielemental analysis with PIXE of components 

ranging from a few ppm to percentage concentrations has been achieved 

for thin targets. The method is based on the calculation of atomic 

ratios from experimentally determined X-ray efficiency values. Sample 

preparation techniques involving digestion and homogenous deposition of 

samples and standards with a minimum of contamination have been 

developed. Analysis of NBS standard reference materials 1571, 1575, 

1577, 1632a and 1633a using thin target techniques have been accomplished 

with an accuracy of better than 10% for the certified non-volatile 

elements. Analysis of thick targets of the same materials assuming a 

thin target response were also included. Quantitation of unknown thick 

targets were calculated by comparison to known materials of similar 

composition. 

The elimination of bremsstrahlung associated with the charging 

effect of non-conducting samples has been accomplished using thin 

carbon foils in the beam path* 

Applications of the PIXE technique to studies on deep-sea 

ferromanganese nodules were performed. Included was a comparative 

study of PIXE with conventional atomic absorption and atomic emission 

analysis of nodule components. The utility of PIXE for following the 

116 
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distribution of a large number of elements at various stages in a 

processing scheme was demonstrated. 

For the future: 

1) A universal scheme for thick target analysis involving an 
$ 

iterative process originating from estimates based on a thin target 

response has been initiated. A considerable amount of work in the 

development of the process remains. The successful application of the 

process demands the repetitive analyses of many high quality standard 

reference materials of highly varying matrices. 

2) Plans for a new sample chamber have been outlined. The new 

chamber will allow automated computer controlled data acquisition to 

alleviate routine analysis. Capabilities for liquid nitrogen cooling 

will be included to prevent the losses of volatile elements. The use 

of secondary targets for increased sensitivity in certain energy 

regions should be investigated and the sample chamber modified 

accordingly. 

3) High resolution X-ray spectroscopy using a crystal spectrometer 

for chemical state information is possible with currently existing 

equipment. The combination of heavy ion excitation and high resolution 

X-ray detection may prove to be useful in surface studies. 

4) The simultaneous determination of light elements using the 

y ray emission has been done in other laboratories. The facilities of 

the University of Arizona Van de Graaff are currently capable of the 

same. 
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5) The utility of the proton microprobe has been demonstrated by 

other workers. The development of PIXE analysis with spatial resolution 

at the University of Arizona should be seriously considered. 



APPENDIX A 

PUBLICATIONS 

119 



Rate of Extraction of Copper from Aqueous Solutions 

Sir The increasing importance of the industrial production 
of copper by hydrometallurgical techniques, has resulted in 
the development of a number of organic extractonts under 
various trade names, e.g. LDC64N (General Mills), KELEX 
100 (Ashland Chemical Company), and VERSATIC 911 (Shell 
Chemicals Ltd.). These commercial extractants are invariably 
kerosene solutions of organic chelating agenta. The addition 
of a surfactant to the kerosene solution has been found to 
improve the phase separability and the addition of a second 
chelating agent has, in several instances, increased the rate 
of copper extraction from the aqueous phase. A definite need 
has arisen therefore, for a simple method that can be used 
routinely for the determination of the rate of copper extraction 
with new commercial formulations or new batches of the same 
extra ctant 

The extraction processes of industrial importance are quite 
rapid and it is futile to attempt to follow the kinetics of 
extraction by withdrawing and analyzing samples of the 
organic or aqueous phase at various intervals in the course 
of the extraction (1). Two general approaches have been found 
useful in the study of the kinetics of rapid extractions. One 
method that is widely employed makes use of an apparatus 
(AKUFVE) for the continuous measurement of the distri
bution of a solute in an extraction process (2). The apparatus 
consists of a mixer, a centrifuge for separation of the phases, 
and on-line detectors for the measurement of the solute 
concentration in the separated phases. Large volumes of the 
two phases are required and the effective interfacial area that 
is generated within the mixer cannot be determined. Despite 
these shortcomings, reliable distribution data for several 
liquid-liquid extraction systems have been obtained with the 
AKUFVE apparatus. A second method that has gained wide 
acceptance is the single drop technique in which droplets of 
known volume and surface area of one of the phases are 
allowed to contact the second phase for a predetermined 
period of time (5, 4). The problems that arise from the 
hydrodynamics of droplet systems are only moderately well 
characterized and the limited time of contact between the two 
phases restricts the amount of rate data that can be obtained. 
The method, however, has the advantage that the interfacial 
area can be treated as a variable and much useful information 
on the kinetics of solvent extraction has been obtained with 
the single drop method. 

We have devised a simple and rapid for monitoring 
tho rate of extraction of copper ions from an aqueous phase 
into an organic phase containing a ligand that chelates copper 
ions. The concentration of copper(II) in aqueous phase can 
be continuously monitored without separation of the organic 
and aqueous phases. In addition, an experimentally repro
ducible interfacial area can be obtained by mixing the two 
phases under controlled conditions. 

EXPERIMENTAL 
Measured volumes of an aqueous phase containing copperfED 

and an organic phase such as kerosene, containing a chelating 
agent, were introduced into a 150-mL jacketed vessel which was 
thermostated. The two phases were mixed with a variable speed 
magnetic stirring motor and stirring bar that was l(/i inches long. 
The rate of stirring was determined by measurement of the 
frequency of the alternating current that was induced in a coil 
of coated copper wire wound around the jacketed glass vesseL 
At a stirring rate of 500 rpm or greater, the organic phase was 
uniformly dispersed in the aqueous layer and the rate of extraction 
was found to be independent of the stirring rate. The rate of 
extraction of copper* II) from the aqueous phase was monitored 
with an Orion Cupric Ion Selective Electrode (Model 94-29) with 

a double junction reference electrode. The electzodea immersed 
in a stirred two-phase system gave stable and reproducible po
tential differences for several bouni at a time. Unstable readings 
were caused by the accumulation of the organic phase in the 
double junction reference electrode. This was remedied by 
periodically »Ha mmptfiiwiL of tho dwble junction 
and refilling it with a solution of 10% KNOj. The potential 
differences were measured with an Orion Model 701 digital 
voltmeter and rate data were obtained from potential difference 
readings that were recorded as a function of time on a strip chart 
recorder. 

The kinetic data were obtained as follows: ~?5 mL of a LOO 
X10"3 M solution of copper(II) nitrate and 25 mL of metallurgical 
grade kerosene were mixed in the jacketed vessel at 23.9 ± 0.1 
°C and stirred at 500 rpm for several minutes until the digital 
voltmeter reading was constant. When the keroeene phase was 
evenly dispersed throughout the aqueous phase, a 2-mL sample 
of concentrated LDC, (obtained from General Mills) was injected 
into the two-phase mixture with a calibrated syringe. The po
tential difference between the copper ion selective elcctrode and 
the reference electrode was recorded as a function of time for about 
12 min. 

In one series of experiments that is discussed below, the effect 
of using LIXS3, LDC65N, and LIX64N on the rate of extraction 
of copper from an aqueous solution is clearly demonstrated. 

RESULTS AND DISCUSSION 
The success of the method depends on the response of the 

cupric ion selective electrode to the aqueous phase concen
tration of copper(ID in the presence of the dispersed organic 
phase. The electrode response was Nemstian in 75 mL of an 
aqueous solution of Cu2* (10~2 M-10-5 M) when the volume 
of the keroeene phase was increased from 2 to 25 mL and the 
rate of stirring maintained at 500 rpm. The electrode can be 
used over a wide range of pH and temperature. The only 
common transition metal ions that interfere with the electrode 
response are Ag\ Hg2*, and Fe3*. Hence, care should be 
exercised in the interpretation of the rates of extraction of 
leach solutions that very often contain high concentrations 
of Fe3*. 

The reproducibility of the kinetic data is governed by the 
manner in which the kerosene phase containing the organic 
chelating agent (LDC) is contacted with the aqueous phase 
containing the copper(II). The best results were obtained by 
injection of a small volume (2 mL) of a concentrated solution 
of LDC in kerosene into the evenly dispersed two-phase system 
of kerosene (25 mL) in the aqueous solution (75 mL) con
taining Cu3*, while stirring continuously at 500 rpm. 
Meaningful kinetic data are obtained only in the first 2 min 
after injection of the concentrated solution of LDC. The 
addition of a large volume of the kerosene solution containing 
the LDC to the aqueous phase containing Cir* is best avoided 
because the time that is required for the large volume of 
keroeene to be evenly dispersed, and for the electrode to attain 
equilibrium is at lease 30 a. 

Figure 1 shows the relative rates at which Cu** is extracted 
by LJX63, LDC65N and LDC64N in keroeene under com
parable conditions. LDC64N extracts Cu:* rapidly and 
equilibrium is reached in a little over 2 min. The rate of 
extraction of Cu3* with LDC63 is slower than with LDC64N 
and the rate of extraction is slowest with the LDC65N which 
has not reached equilibrium and is continuing to extract the 
Cu3* even after 3 min have elapsed. These qualitative results 
have been substantiated by other workers (5-5). The organic 
chelating agent that is present in LDC63 is an or-hydroxyoxime. 
and in LIX65N a benzopbenone oxime. LDC64N is a mixture 
containing UX65N (—45%) and LIX63 (—1%). LDC64N 
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Figure 1. Variation of the rata of extraction of Cu21" from an aqueous 
solution into kerosene solutions of LIX reagents. The solution consisted 
of 75 mL of 10-3 M Cu(NOj)j and 25 mL of kerosene. Two mL of the 
concentrated UX reagent in keroseno was injected into the solution 
that was being continuously stirred at 500 rpro with a magnetic stirrer. 
Miffivott readings were recorded 5 s after injection of the UX 

is dearly a superior extiactant than either UX63 or LDC65N; 
several explanations have been advanced for the synergistic 
effect of LJX64N, but convincing experimental evidence that 
supports any of these explanations is lacking. Kinetic data 
obtained by the single drop method and the AKUFVE ap

paratus for the extraction of copper (ID by LIX reagents have 
been reported recently (3-5). The results indicate that the 
interface plays an important role in the extraction process. 
It would be of interest to use the method proposed above to 
verify this conclusion. 
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An argument commonly used to Interpret the 
specificity of interaction between molecules is stereo-
selective fit. Bond distances, bond angles, and con
figurations determined from X-ray structures in the 
solid state are quite often used to explain the 
seemingly selective behavior of molecules or ions <n 
solution. Recently, the rationale of stereoselectivity 
was used to explain the interaction of dimeric copper 
(II) acetate hydrate, (Cu^CH jC00)4 • 2HiO), with 
the hydroxy groups of the sugar moieties in ribo* 
nucleosides and deoxyribonucleosides in the solvent, 
dimelhyisuifoxide [1, 2]. In the proposed reaction 
scheme, one of the acetate groups in the copper(II) 
acetate is displaced by the ribose unit in the ribo* 
nucleoside. 

CH, 
CjH|0H 

O 
oh af01! • c 

% i'°rS dk °* —-Cu—— CHj 

' \  1 

Copper(II) acetate dimer + ribonucleoside -+ 

copper(U) complex + acetate ion 

The average oxygen-oxygen distance between the 
oxygen atoms m the 2' and 3' hydroxy groups is 
2.7 A which matches the copper-copper distance of 
2.63 A in the copper(II) acetate [3]. The deoxy-
nucleosides in which only one hydroxy group is 
present showed no significant interaction with copper 
(II) acetate. Additional evidence for the above stereo

selective reaction schemes was the peak broadening 
that was observed in the !H nmr spectrum of the 
ribose protons in the presence of copper(II) acetate 
and the changes caused by ribonudeosides in the 
electronic spectrum of the copper(II) acetate in the 
dimethylsulfoxide [1]. Despite the attractiveness of 
the stereoselective fit of the 2' and 3' hydroxy groups 
in the ribose group with the copper-copper bond 
distance, the above reaction scheme does not explain 
all the experimental data. An alternative explanation 
that Is more consistent with all the observed spectral 
data and the known solution chemistry of copper(II) 
carboxylates is given below. 

Dimeric copper(II) acetate dissociates in the 
presence of water or other ligands that form strong 
complexes with copper(II). The intact dimeric struc
ture, however, exists in certain non-aqueous solvents. 
In ethanol solutions, copper(II) acetate does not obey 
Beer's Law, but does so only in the presence of excess 
acetate ions [4]. This implies that the equilibrium, 
dimer monomer + acetate ions, is set up in ethanoi 
solution and the addition of an excess of acetate ions 
drives the equilibrium to the left. The driving force 
to the right is of course the ability of ethanol to sol
vate the monomeric species of copper(H). Further 
evidence that simple alcohols can act as monodentate 
ligands and form weak complexes with transition 
metal ions is provided by the spectral perturbations 
that have been observed in aqueous solutions of 
Cu(N03)3 and Cu(CI04)s containing varying quan
tities of ethanol [5, 6]. In contrast to the simple 
monodentate alcohols, polyalcohols, especially cis-
glycols, form strong complexes with transition metal 
ions [7]. Confirmation of this statement is provided 
by the isolation [8] of the deprotonated glycol 
complex 

CO-CHj 

as well as the analogous pinacol derivative, 

PO-CTCH,), 

<1 I 
cO-C(CHs)iJ 

The formation of chelate rings has been demon
strated or proposed for several other metaHiucIeo-
side complexes [9-11 ]. 

The variations that have been reported in the 
electronic spectrum of copper(II) acetate in di-
methylsulfoxide upon the addition of a ribonucleo
side [1,2] is consistent with the disruption of the 
dimeric structure. Ligands that form strong com
plexes, water, ethylene glycol, ribose, deoxy-
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Fig. 1. Effect of copperfll) on the fH omr spectrum (60 
MHz) of 1.103/uridine in (CHjhSO. (DMSO). A. Uridine m 
DMSO. B. Uridine and 1.0 X 10**3 M hydnted copper(lI) 
acetate in DMSO. C. Uridine and 1.0 X 10"3 copper(U) 
nitrate dihydrate in DMSO. The protons in positions 2', 
3', 4' and 5' are designated as H'. The protons on the 
hydroxy groups in positions 2', 3' and 5' are designated as 
OH*. 

ribose and all ribonucJeosides disrupt the dimeric 
structure of copper(lI) acetate in dimethylsulfoxide 
and change the color of the solution from green to 
blue. Ligands that form weak complexes, ethanol 
and deoxynucieosides do not disrupt the dimeric 
structure as readily as the ligands that form strong 
complexes. A slow color change from green to blue 
occurs over a period of several hours and indicates 
that there is a weak interaction between these mono-
dentate ligands and the monomeric copper(II) 
species. 

The strongest argument that has been employed 
to substantiate the stereoselective reaction scheme 
is the broadening of the hydroxy proton peaks in 2' 
and 3' positions of the ribonucleosides in the !H 
nmr spectrum of the postulated copper(ll) dimer-
ribonudeoside complex. A careful examination of the 
XH nmr spectrum, however, shows that all the 
hydroxy proton peaks in the ribonucleosides as well 
as the deoxyribonucieosides are broadened. This peak 
broadening occurs not only in the presence of copper 
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(II) acetate but also in the presence of copper(JI) 
nitrate which is unquestionably monomeric (Fig. 1). 
The peak broadening, therefore, occurs as a result of 
the interaction of the hydroxy groups of the sugar 
moieties with the monomeric copper species in solu
tion. Additional evidence for this statement was pro
vided by the nmr study reported by Berger and 
Gichhom [12] in which the *H nmr spectrum of 
uridine was compared with the spectra obtained in 
the presence of 1 X 10"3 M Cu2* and 2.5 X 10° M 
Cu2* in DMSO-d*. It is evident that aU the hydroxy 
peak protons wcie broadened by the addition of the 
paramagnetic Cu2+ species. Hence, the inescapable 
conclusion is that the existence of intact copper" 
copper bonds is not a necessary condition for peak 
broadening of the hydroxy proton peaks as claimed 
by Eichhom and coworkers [1,2]. 

We have shown that it is unnecessary to invoke 
a stereoselective reaction mechanism for the com
plex formation between dimeric copper(II) acetate 
and a ribonucleoside in dimethylsulfoxide. All the 
experimental observations can be explained on the 
basis of the disruption of the dimere to form mono
meric copper(II) species upon the addition of mono-
dentate or bidentate ligands with hydroxy groups. 
AU the spectral data can be interpreted on the basis 
of weak or strong interactions of the hydroxy groups 
with the monomeric copper(H) species. 
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The thermal decomposition of copper(H) acetate 
has been proposed by several workers as a useful 
method for the synthesis of pure copper(I) acetate 
[1-3]. This method, however, sufferc from several 
drawbacks. The major products of the decompo 
sition are cuprous oxide and acetic acid; in contrast, 
the coppei(I) acetate is obtained in low yields (< 5%) 
together with some acetone and carbon dioxide. 
Under oxygen free conditions and in solvents that are 
capable of solvating coppei(I) more effectively than 
water, copper(lI) can be reduced to copperfl) with 
copper metal. Copperfl) acetate was synthesized in 
this manner and isolated from a pyridine solution 
[4]. Single crystals of copper(I) acetate that were 
suitable for an X*ray structure determination were 
obtained when dry acetonitrile was used as a solvent 
instead of pyridine. Coppei(II) acetate has been 
reduced in a homogeneous system by employing 
hydrazine hydrate and hydroxylamine acetate as 
reducing agents [3]. 

All the synthetic methods described above give 
products that require extensive purification. More* 
over, the copper(I) acetate often undergoes rapid 
oxidation on exposure to the atmosphere because 
any solvent in contact with the coppei(I) acetate 
absorbs water vapor which promotes the conversion 
of coppei(l) to copper(Il) acetate in air. 

A simple heterogeneous gas phase reaction for the 
synthesis of extremely pure coppei(I) acetate in high 
yields is described below. No solvents are required in 
the synthetic procedure and the product is relatively 
stable in air. A mechanism for the reduction of 
copper(U) to copper(I) with copper metal in hetero
geneous systems has also been proposed. 

Experimental 

Synthesis of Copperfl) Acetate 
Cupric acetate hydrate, lCu2(CH3COO)4 *2H20, 

Mallinckrodt A.R.], (0.25 g) was mixed with electro* 
lytic copper dust (Fisher purified), (0.50 g) and finely 
ground with the aid of a mortar and pestle. The mix* 
ture was placed in a sublimation apparatus in which 
sublimation could be carried out at reduced pressures 
and elevated temperatures. The apparatus was evacu
ated and its temperature slowly increased to 100 °C 

with a paraffin wax bath. The cupric acetate was 
dehydrated in approximately 15 minutes. The tem
perature was then raised rapidly and maintained at 
180-190 °C for several houn. Copperfl) acetate, 
CU2(CHJCOO)J, collected on the 'cold finger' in the 
form of a white solid (0.20 g). 

Synthesis of Copperfl) Acetate Labeled with Radio
active 6*Cu 

Two samples of copper dust (0.5 g) in polyethy
lene vials were irradiated for 30 minutes at 100 kw 
in a Triga Mark 1 reactor. The samples were cooled 
for 30 minutes and one of the samples was used to 
make up seven standards. The second sample was 
mixed with coppei(ll) acetate, finely ground and 
sublimed at 180-190 °C under reduced pressure as 
described above. The product that collected on the 
'cold finger" was weighed and the emitted radiation 
was counted with a Ge-Li detector (Nuclear Diodes 
Model LGCC 9*6*2.0). Count rates for the sample 
and standards were obtained directly from an Omega* 
1 multichannel analyzer (Canberra Industries Model 
4100). Peak areas were calculated and corrected for 
background for the 0.511 Mev positron annihilation 
peak in the decay of **Cu(tn 9 12.9 h). The amount 
of 64Cu from the copper metal that was incorporated 
in the coppei(I) acetate was calculated from the 
linear plot of count rate versus weight of the MCu 
standards that bracketed the sample (Figure 1). 

• Co »wnawc» 
Co nCDppvQtocrtrtt 

Might Cu*(g) 
Fig. 1. Calibration curve for the determination of radioactive 
64Cu incorporated into copperfl) acetate. 
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TABLE !. Fractional 63Cu Content in Copper Acetates. 

Ion Non-enriched Enriched Reaction Product Per Cent Incorporation of Copper 
from Copper Metal 

CU3(CH3C02}3 0.692 0.937 0.838 45 
CU;(CH3CO?)CO; 0.686 0.933 0.829 42 
Cu2(CH3C02r 0.683 0.941 0.832 42 
Cut 0.688 0.932 0.829 42 
CiT 0.679 0.933 0.820 44 

Synthesis of CopperfJ) Acetate Enriched with the 
43Cu Isotope 

Isotopicaily enriched copper(II) acetate was syn
thesized by heating 55 mg of 63CuO in 400 mg of 
acetic acid and 3 ml of water to 80 °C. The blue 
product that was obtained after 48 hours was dried 
in vacuo and recrystaliized from acetonitrile. The 
isotopicaily enriched copper(II) acetate was dissolved 
in pyridine and reduced with copper metal [4] to 
give copper(I) acetate that was enriched with the 
63Cu isotope. 

Mass spectra of copper(II) acetate, isotopicaily 
enriched copper(II) acetate, and isotopicaily enriched 
copper(l) acetate were obtained with a Hitachi Perkin 
Elmer RMU-6E double-focussing mass spectrometer 
with an electron energy of 70 eV and an ionizing 
current of 80 /lamp. The compounds were introduced 
into the ionization chamber by the direct insertion 
method and temperatures varying between 100° 
and 150 °C were used to obtain the spectra. 

(RCXM.CV 

x 
J (RCO,)Co,lCO,)' (RCO,)Cu,(R)" 3 

IRCO.KV 
Cu.OH* 

Fig. 2. Fragmentation pattern of copper cai bo xylites. 

Results and Dtacosrion 

The fragmentation pattern of copper caiboxylates 
is shown in Figure 2. The natural abundances of 43Cu 
and 6,Cu are in the fractional ratio of about 0.691: 

0.309. A fragment that contains one copper atom will 
have a doublet in which the M:(M + 2) intensity is 
0.691:0J09. If the fragment contains two copper 
atoms, three peaks will be found in which the M: 
(M + 2):(M + 4) intensities are 0.477:0.427:0.096. 
These intensity ratios can be obtained 'from the bi
nomial expansion, (p + q)", where p and q are the 
fractions of 63Cu and "Cu present and n the number 
of copper atoms in the fragment. For the non-
enriched copper, p88 0.691 and q = 0.096. 

The fractional intensities of the three peaks that 
were obtained in the mass spectra of the isotopicaily 
enriched coppei(I!) acetate and the isotopicaily 
enriched copper(I) acetate were measured, and the 
abundances of the 63Cu and 45Cu isotopes in each of 
the prominent mass fragments were obtained. From 
these values it was possible to calculate the amount of 
copper metal that was incorporated in the copper(Q 
acetate by the reduction of the isotopicaily enriched 
copper(II) acetate in pyridine solution with copper 
metal (Table !)• 

The calculated values in Table I show that a large 
percentage of copper metal has been incorporated in 
the coppeifl) acetate which was the reaction product 
that was isolated from the pyridine solution. The 
copper(n) species in the pyridine solution is brought 
into contact with the surface of the copper metal, 
thereby promoting the reduction reaction, which is 
the reverse of the reaction in which the dispropor-
donation of the coppei(I) species occurs. 

2Cu(I) * Cu(II) + Cu° 

The pyridine solvates the copper(I) species that is 
formed and effectively stabilizes it 

When coppei(I) acetate was synthesized in about 
65% yield from copper(H) acetate and radiolabeled 
copper metal in the absence of any solvent or water 
of hydration, approximately 50% of the radiolabeled 
copper metal was incorporated in the copper(I) 
acetate. The mechanism for this reaction is quite dif
ferent from that described by Angel [2|, in which 
copper(0 acetate was synthesized by the thermal de
composition of copper(II) acetate. It is inconceivable 
that the reaction between the anhydrous solid copper 

V 
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(II) acetate and solid copper metal can give such a 
high yield of coppei(I) acetate. A gas-solid reaction 
however, can result in the formation of copper(I) 
acetate in high yield. The reaction pathway is essen
tially the reverse of the disproportionation reaction 
of copper(I). Anhydrous copper(Il) acetate has a 
considerable vapor pressure at elevated temperatures 
and can abstract radioactive 64Cu atoms by reaction 
with the surface of the radiolabeled copper metal. 
Copper-copper bonds are formed via an electron 
transfer reaction between the 64Cu atoms in the 
copper metal and the copper atoms in the copper(II) 
acetate thereby resulting in the disruption of the 
copper-copper bond and some of the copper-copper 
bonds in the copper(U) acetate. The resulting product 
is a highly volatile dimeric copper(I) acetate in which 
half the copper atoms are radioactive 64Cu. This 
product condenses on the cold finger of the sub* 
limation apparatus and forms a colorless polymeric 

solid. The unre acted anhydrous copper(II) acetate, 
which is much less volatile than the copper(I) acetate, 
forms a blue ring just above the reaction mixture in 
the sublimation apparatus. The copper(I) acetate 
prepared in this manner is extremely pure and rela
tively stable. It decomposes slowly in air over a 
period of several days. 
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Identification of Elemental Sulfur in Deep-Sea 
Ferromanganese Nodules 

Sir: The fine structure in the X-ray emission spectra of 
sulfur-containing compounds has been used to distinguish the 
various oxidation states of sulfur. The high resolution suifur 
Lam emission spectra U) as wed as the suifur KJ spectra U) 
have been reported recently and the results have been 
compared with the results obtained from photoelectron 
spectroscopic studies and interpreted on the basis of molecular 
orbital theory. Both the X-ray emission technique as well as 
the photoelectron spectroscopic method have the advantage 
of being nondestructive. If. however, sulfur is present in low 
concentrations in a complex matrix, both methods are rel
atively insensitive. For example, in an attempt to obtain the 
X-ray photoelectron spectrum of sulfur in a finely powdered 
homogeneous sample of deep-sea ferromanganese nodules 
which contained between 0.1 and 0.2% sulfur, the sulfur 
2Ptiun spectrum could not be detected above the background 
alter scanning for 10 h in a McPherson ESCA 36 photoelectron 
spectrometer with Al Kn irradiation. Attempts to use 
wavelength dispersive X-ray emission spectroscopy for the 
sulfur Lnm spectra in the 150-eV region were equally fruitless. 

Ferromanganese nodules are small concretions, 1-20 cm in 
diameter, that are found on the deep ocean floor. They ore 
a potential source of copper, nickel, cobalt, and molybdenum 
and are considered to be an important mineral reserve. Each 
nodule is heterogeneous and consists mainly of amorphous 
hydrous oxides of iron and manganese in which a variety of 
microcrystalline structures are occluded. We have used 
proton-induced X-ray emission (PIXE) to determine the 
composition of the heterogeneous surface of several nodule 
fragments 0.25 to 0.50 cm in diameter. The surfaces of these 
nodule fragments had varying textures and a range of colors 
from dark grey to a very pale yellow. The nodule fragments 
were mounted on planchets in an evacuated sample chamber 
that was maintained at a pressure of ~ 10 * Torr, and were 

subjected to bombardment with a 2.0-MeV proton beam that 
was focused on a 5 mm- area of the nodule surface. The energy 
spectrum of the emitted X-rays was ohtained with the aid of 
an energy dispersive Si(Li) detector with a resolution of 150 
eV at 8.046 keV, together with a 1000-channel pulse height 
analyzer. A typical spectrum that was obtained in the low 
energy region, between O and 8 keV, for a nodule fragment 
is shown in Figure 1. An important feature of this spectrum 
is that the Bremsstrahlung has been eliminated almost 
completely by the use of a low energy (1.0 MeV) proton beam 
and a carbon foil beam diffuser. The sulfur line at 2.307 keV 
and the silicon line at 1.740 keV are of particular interest in 
this spectrum. The Si/S ratio calculated from the relative 
intensities of the Si and S lines is 20:1. This ratio varied 
between 1Q:1 and 30:L in finely powdered homogeneous 
samples of nodules and in the surfaces of the majority of the 
nodule fragments that were examined by PCXE. An unex-
pected result, shown in Figure 2, was obtained when the 
surfaces of the nodule fragments in which the pale yellow 
granules were embedded were bombarded with protons. The 
X-ray emission spectrum between 0 and 3 keV showed only 
the Si and S lines and the calculated ratio of Si/S was about 
1:15; this is almost the reciprocal of the normal Si/S ratio that 
is found in manganese nodules. The lines In the X-ray 
emission spectrum {Figure 2) that correspond to any of the 
major cation components, such as Mn and Fe, were absent. 
The absence of any positively charged counterions is proof 
that the very large sulfur peak cannot originate from an 
anionic, species of sulfur, such as sulfate or sulfide. The only 
reasonable conclusion is that the sulfur peak originated frum 
elemental sulfur that was present in the nodule fragment. 

Confirmatory evidence for the presence of elemental sulfur 
in manganese nodules was obtained from the X-ray photo
electron spectrum of the same nodule fragment with the pale 
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Figure f. Low energy PIXE spectrum at a dark grey ferromanganese 
nodule fragment obtained with a 1.0-MeV proton beam and a carbon 
foi beam diffuser. The terromanganese nodufe fragment was selected 
from a sample of Atlantic Ocean nodules provided by Lamont Doherty 
Geological Observatory (Sample No. AC 15-DS; 48° 28" S. 55° 14" 
W, 2915-2394 M. February 14. 1972) 

£mpqr »€v 
Figure 2. Low energy PIXE spectrum of a pale yeflowish w«te fra^nent 
of a ferromanganese nodule from tfte Atlantic Ocean. The fragment 
was selected from me same group of nodules that was provided by 
Lamont Doherty Geofogical Observatory as described in Figure 7. The 
PIXE spectrum was obtained under the same experimental conditions 
as described in Figure J 

yellow surface granules that was used in the PIXE experiment 
The sulfur 2pt/sj/2 X-ray photoelectron spectra of finely 
powdered samples of iron(III), sulfate, iron sulfide, elemental 
sulfur, and the manganese nodule fragment were obtained with 
a McPherson ESCA 36 Photoelectron spectrometer equipped 
with a Sargent-Welch turbomolecular pumping system 10"7 

Torr). All the samples were mounted in an identical manner 
on Kapton backing tape that was affixed to aluminum 
planchets which were placed in a rotating sample holder that 
enabled the samples to be run consecutively. Each of the 
samples had the same orientation with respect to the A1 Ka 
X-rays (1466.6 eV) that were used for the irradiations. The 
shifts in the photoelectron spectra, shown in Figure 3. are 
therefore, significant. The sulfur 2p\nx2 peaks that arise from 
the sulfate and sulfide are shifted by 5 eV and 1 eV, re
spectively, from the corresponding elemental sulfur peak. The 
maximum in the sulfur -Pt/zsn peak in elemental sulfur is 
identical with the maximum that was obtained from the 
corresponding sulfur peak in the nodule fragment. This is 
conclusive evidence for the presence of elemental sulfur in the 
manganese nodule fragment. 

DISCUSSION 
The presence of elemental sulfur in deep-sea ferro

manganese nodules has not been reported previously. The 

Crwrfp b 
Rgu*3. X-ray photoelectron spectmn p(PES) of the ferromanganese 
nodule fragment used in tho PIXE experiment shown in Figure 2. The 
XPES spectra of authentic samples of ironUll) sulfate, iron(U) sulfide, 
and elemental suffur are included for comparison 

few investigators who have analyzed for sulfur in manganese 
nodules have presumed that it is present as an anionic species, 
either as SO42* or S*'. For example, Cronan and Thomas (31 
analyzed three samples of deep-sea ferromanganese nodules 
by a semiquantitative spark source mass spectrographs 
technique and obtained an average value of 0.20% for the 
sulfur content. Unfortunately, no comment about the oxi
dation state of sulfur in the deep-sea nodules was made, 
although they did comment on the O.U27o sulfur that was 
found by the same technique in ferromanganese oxide con
cretions in Lake Ontario, it was inferred that the sulfur in 
these deposits was in the form of metal sulfides which were 
precipitated by the reduction of sulfate inns that were present 
in the interstitial water. The reduction of sulfate ions in 
marine sediments has been known for a long time and it has 
been established that the nature of the reduction process is 
bacterial 14). An alternative explanation is that the elemental 
sulfur in deep-sea ferromanganese nodules was produced by 
volcanic or hydrothermai activity. 
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Thin Carbon Foils for the Elimination of Charging Effects in Proton 
Induced X-Ray Emission Spectrometry 

Sir; Tbe advantages of ion excitation, particularly proton 
excitation in X-ray emission analysis U) have been debated 
at length in the literature (2). The must, important advantages 
of ion excitation over electron or X-ray excitation are the high 
cross sections for X-ray emission and the low background 
contribution from hremsstrahlung. If the target consists of 
a thin uniform sample, the continuous background radiation 
is low, but if the target thickness is increased to such an extent 
that the proton beam is stopped completely, a considerable 
increase in the background continuum occurs, especially if the 
sample is a good insulator. The acceleration of electrons 
toward the sample targets that have acquired a positive charge 
from the proton beam results in an increase in the background 
bremsstrahlung in the 0-20 keV region. The effects of this 
increase in the hremsstrahlung on the X-rav emission spectra 
are twofold: many subtle features in the emission spectra are 
obscured and the accurate measurement of peak heights or 
peak areas for purposes of quantitation is almost impossible. 

Several experimental modifications for minimizing the 
charge buildup on the sample target and reducing the 

bremsstrahlung have been proposed. The evaporation of a 
conductor onto the sample (3. V) or mixing the sample with 
a conducting compound (5) are unsatisfactory because the 
sample can be readily contaminated. An increase in the 
pressure of the sample chamber has also been shown to be 
effective (6), but this also increases the probability of con
taminating the sample. The most satisfactory device that has 
been used is a hot filament that is positioned close to the 
sample target Electrons emitted from the hot filament 
prevent the accumulation of positive charge on the target. 
Commercially available tungsten filaments, however, were 
found to be a severe source of contamination (6. 7). In a 
successful modification of this approach, a commercial carbon 
filament was clamped between two carbon rods, to form an 
"electron gun" and the electrons from the carhon filament 
effectively neutralized the charge on the sample target. A 
perforated aluminum cap that was maintained at +100 V was 
placed over the carhon filament to prevent contamination of 
the sample with impurities in the carbon filament ftfl. 

A simple and effective alternative to the "electron gun" is 
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the use of thin carbon foils (5-10 Mg/cm3). The carbon foil 
b placed in the proton beam path approximately 6-10 cm in 
Crontof the sample (Figure 1). The carbon foil acts not only 
89 a source of electrons but also as a beam diffuser. The 
effectiveness of the carbon foil in reducing the background 
radiation is shown in Figure 2. The sample target consisted 
of a piece of linear polyethylene that was cut from a poly* 
ethylene bottle which was used to store an aqueous solution 
that contained several cations and anions. Each spectrum in 
Figure 2 was obtained after a 5-min irradiation of the 
polyethylene target at 1 MeV. The spectrum (drawn in a solid 
fine) was obtained in the absence of the carbon foil and shows 
the consequences nf the charge accumulation on the target. 
The spectral resolution is poor and none of the transition 
metal ions could be detected. With the carbon foil in place, 
the sensitivity and resolution increased dramatically as shown 
in Figure 2 (broken line). This technique for the reduction 
of background radiation has been used extensively with 
samples mounted on Kapton (DuPont trademark, 
(CjjHioNjO^n) foil. Kapton is essentially free of impurities 
and has a high thermal stability. It is also an excellent in* 
sulator and is therefore subject to charging effects. 

High quality carbon foils are commercially available in a 
variety of thicknesses. In no instance did the use of the carbon 
foil result in any observable sample contamination. The foils 
are extremely stable and can be used continuously for several 
months. 
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Recovery of Metals from Deep Sea Ferromanganese Nodules 

Introduction 

Many extraction processes have been devised for the 
recovery of metal values, chiefly Cu, Ni, Co and Mo, from deep-
sea ferromanganese nodules. The average concentrations of 
these metals in Pacific Ocean nodules are Cu, 0.53; Ni, 0.99; 
Co, 0.35 and Mo, 0.052, expressed as percentages on an air 
dried basis (1). Several other elements which are found in the 
same concentration range, such as Ti, 0.67; Ba, 0.18; Pb, 0.09 
and Zr, 0.063, are rejected in all these extraction processes, 
in one or more waste streams or as solid wastes. A very large 
number of elements which are present at much lower concentra
tions are also rejected in a similar manner. Little informa
tion is available on the fate of these elements which are 
present in manganese nodules in the parts per thousand to parts 
per million range, after the metal values have been recovered 
from the nodules. 

The chemical reactions that occur in the extraction pro
cess will, of course, determine the oxidation states of these 
trace elements, as well as the nature of the complexes and 
precipitates of these elements that may be formed. The 
stability of the complexes and the solubility of the precipi
tates will depend on the solution parameters and the extent to 
which they will be varied in the course of the metal extrac
tions . In two of the more promising commercial methods, the 
nodules are partially or completely solubilized under reducing 
conditions and the metal ions selectively extracted with a 
chelating agent from the aqueous phase into an organic phase 
(2), (3). In this study, we have simulated the reducing 
conditions and the solubilization of the nodules in a bench 
scale process that we have developed (4) and we have deter
mined the concentrations of a number of minor components at 
each stage of the process in an attempt to understand the 
chemical reactions that occur between these minor components 
and the reagents that we have used. 
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Experimental 
Separation of Cu. Hi and Co 

Figure 1 is a tlow diagram that shows the sequence of 
operations used for the dissolution of ferromanganese nodules 
and for the extraction of Cu, Ri and Co from the various 
solutions containing the solubilized nodules. A sample of 
nodules recovered by the German mining ship 'Valdivia' during 
its 1976 cruise was used in this work. The nodules were ground 
and the particles that passed through a 100 mesh sieve were 
collected for subsequent use. The nodules were leached with a 
solution of 2 M H?S0u (100 ml/g of nodules) for about 30 
minutes at ambient temperature. The leach solution was decant
ed and the solid residue leached again with^a fresh portion of 
2 M H2S0U (100 ml/g) for about 30 minutes and the leach 
solution decanted and combined with the first leach solution. 
The undissolved solid was finally leached with a fresh portion 
of 2 K l^SOi, (100 ml/g) that contained sufficient oxalic acid 
to react stoichiometrically with the undissolved Mn02. After 
about 30 minutes,the undissolved material consisted primarily 
of hydrated silica. 

The pH of the combined leach solutions from the first and 
second leaches was adjusted to a value between 1.8 and 3.0 by 
the addition of a dilute solution of NH3. The resultant 
aqueous solution was extracted with an equal volume of a kero
sene solution containing 7% LIX 64N (General Mills inc.). In 
this extraction step, practically all the Cu present in the 
combined H2S0U leach solutions is extracted into the organic 
phase, from which it may be stripped back into the aqueous 
phase by the addition of H2S0l, and recovered by electro-
deposition. 

Ammonia was added to the third leach solution that con
sisted of a mixture of H2S0i, and oxalic acid. At a pH of 
about 9 all the Fe was precipitated as Fe(0H)3, and separated 
by filtration. The pH of the filtrate was adjusted to a value 
between 8 and 9 by the addition of H2SOi, and then extracted 
with an equal volume of a kerosene solution of 77, LIX 64N. In 
this step all the Ni was extracted into the organic phase and 
the Co was left unextracted in the aqueous phase. 

Analysis of Cu, Ni. Co and Fe 
The concentrations of Cu, Ni, Co and Fe in all the 

aqueous solutions were determined by atomic absorption spectro
photometry with a Varian Model A 5 spectrophotometer. In all 
cases a 10 cm burner was used with an air-acetylene flame. 

Multielement Analysis 
Proton induced X-ray emission spectroscopy (PIXE) was 

used for multielemental analysis of all the solid and aqueous 
solution phases shown in the flow diagram (Fig. 1). A block 
diagram of the instrument is shown in Fig. 2 and the details 
of the sample chamber construction are shown in Fig. 3. 

The aqueous phases were evaporated to dryness under an 
infrared lamp and the solid residue homogenized. All the 
solid phases including the homogeneous residues (250 mg) were 
pelletized in a Ferkin Elmer 13 mm KBr die with the aid of a 
ten ton Carver hydraulic press. The pellets were mounted on 
Kapton (DuPont) foils which were affixed to aluminum planchets 
and placed on the sample wheel in the sample chamber. The 
pellets were irradiated with a 1 Mev proton beam and the X-ray 
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emission spectra were recorded from a 0-8 kev (Na-Fe). All 
data in this region were collected until 10,000 counts were 
obtained for the SiKn peak maximum. The high energy X-ray 
emission spectrum (5-20 kev) was obtained by irradiation with 
a 1.5 Mev proton beam and the emitted X-rays were filtered with 
a 0.010 in. Al filter. Data were collected in the high energy 
region until an arbitrary number of counts was obtained for 
the MnKa peak maximum. 

Determination of the Distribution Ratio of Copper with 6UCu 
The effect or pH on the extraction of CuI+ with LIX 64N 

was determined independently with the radiotracer, 6UCu 
(t% • 12.8 hr.). Copper foil was dissolved in concentrated 
HN03 and the resultant solution diluted with deionized water to 
give a stock solution that contained 1000 ppm Cu2+. One ml 
aliquots of this solution were doubly encapsulated and 
irradiated in a TRIGA reactor at 30 kw for 10 minutes with a 
neutron flux of 2.1 x 1010 neutrons/cm2 sec. The 1 ml aliquots 
containing the 6UCu radiotracer were added to 14 ml samples of 
the combined K2S0i» leach solution (Fig. 1), and each sample 
was extracted with 15 nl of the kerosene solution containing 
7% LIX 64N. The pH of each sample was adjusted if necessary 
by the addition of NH3 so that the samples ranged in pH from 
0.8 to 2.4. This pH range overlapped the pH range that was^ 
employed in the Cu~+ extraction experiments in which the Cu2+ 
concentration in the aqueous phase was determined by atomic 
absorption spectrophotometry. After extraction, 4 ml of the 
organic as well as the aqueous phases were withdrawn from each 
sample and counted at zero distance with the aid of a Nal(Tl) 
detector that was previously calibrated. All counts were 
corrected for background at the 0.511 Mev positron annihilation 
peak. The distribution ratio, D, was calculated from the 
concentrations of copper in the organic and aqueous phases 
and the results are given in Table 1, together with the 
results that were obtained from the atomic absorption spectro-
photometric determinations. 

Results and Discussion 

We have been able to identify 37 elements in the sample of 
ferromanganese nodules that was used in this study by the 
proton induced X-ray emission technique that is described above. 
These elements vary in concentration from about 10 ppm to 20%. 
The technique can, in principle, be used to follow the dis
tribution of all these elements in the various solid and liquid 
phases in the flow diagram that is summarized in Fig. 1. We 
have focused our attention, at the outset, on the manner in 
which the metal values are distributed in the various phases. 
The combined leach solutions after the first two leach steps 
with 2 M H2SOU contain 507, of the Fe, 907o of the Cu and very 
little, if any, of the Si and Co that was present in the 
ferromanganese nodules. With this preliminary iUSOt, leach we 
have been able to solubilize most of the Cu and effectively 
separate it from the rest of the metal values. The combined 
sulfuric acid - oxalic acid leach solution dissolved the 
remaining metal values in the nodules and the solid residue 
that was left behind consisted primarily of hydrated silica 
with trace quantities of absorbed or coprecipitated metal ions. 
Confirmatory evidence for these results that were obtained with 
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atomic absorption spectrophotometry is shown in Fig. 4. The 
X-ray emission spectra in the low energy region of (A) the 
untreated ferromanganese nodules (B) the nodules after two 
successive leaches with 2 M H2SOi, and (C) the residue after the 
mixed sulfuric acid - oxalic acid leach, give an overview of 
the sequence in which the various elements are leached into the 
acid solutions. Of particular interest in these X-ray emission 
spectra in the low energy region are the MnKa peak at 5.90 kev 
and the TiKa peak at 4.51 kev. It is evident that 2 M H2S0U 
does not leach an appreciable amount of Mn from the nodules 
although about 50% of the Ti in the nodules is solubilized by 
the H2S0i, solution. The high energy region of the X-ray 
emission spectra of (A) and (B) also shows several noteworthy 
features (Fig. 5). Mo, Zr, Y and Sr are all extracted by the 
HjSOi, solution as indicated by the decrease in the heights of 
their respective peak maxima. The height of the PbLg peak at 
12.61 kev is unchanged after the H2S0i, leach and confirms the 
expectation that lead remains in the solid phase as PbSOi,. The 
decrease in the height of the composite peak that arises from 
PbLa at 10.55 kev and AsKa at 10.54 kev, is a result of the 
solubilization of arsenic by the H2SOi, leach solution. Most of 
the zinc and copper and about half the iron in the ferromanga
nese nodules are extracted by the H2S0u solution. Only a small 
percentage of the nickel and cobalt that was present in the 
nodules was extracted by the H2SOi, solution as shown by the 
insignificant decrease in the CoKe, NiKa composite peak, and 
the manganese remained intact as Mn02 in the +IV oxidation 
state in the solid phase. An estimate of the extent of 
extraction of each of these metals was obtained by measurement 
of the peak areas corresponding to each of these elements 
between 5 and 10 kev. 

After the three-step dissolution process, the metal values 
are separated from the aqueous solutions by extraction into an 
organic phase with the commercially available organic chelating 
agent LIX 64N (4) . The Cu in the 2 M H2S0i, solution is 
completely extracted from the aqueous phase between pH 1.8 and 
3.0. The extraction behavior of the Cuz+ chelate (log D vs pH, 
Table 1) is similar to that which has been reported before (4). 
Additional confirmation of the extraction behavior of Cu2+ is 
shown in Fig. 6. The X-ray emission spectra of the elements 
present in the H2S01, solution are shown before (Fig. 6,A) and 
after extraction (Fig. 6, B) with LIX 64N. The only significant 
changes in the peak areas are in the CuKs peak-at 8.90 kev and 
the CuKa peak at 8.04 kev. It is auite evident from Fig. 6 
that LIX 64N selectively and quantitatively extracts Cu*+ from 
highly acidic solutions. 

The separation of Ni from the solution of mixed acids 
(H2S0i, and H2C20u) containing Ni, Co and Fe was accomplished by 
precipitation of the Fe as Fe(0H>3 and extraction of the Ni 
after the pH of the aqueous solution was adjusted to a value 
between 8.3 and 9.4. The extraction behavior of the Ni2+ 
chelate (log D vs pH) is summarized in Table 1. The PIXE 
technique was employed to resolve two major problems that were 
encountered in the sequence of separation steps. The pre
cipitation of Fe(0H>3 invariably results in coprecipitation as 
well as adsorption of ions that are found in solution. Examina
tion of the Fe(0H)3 precipitate by PIXE showed to our surprise, 
that very little coprecipitated or adsorbed ions were detectable 
in the precipitate. Hence it was possible to effect a complete 
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separation of Fe3+ as Fe(0H>3 by the addition of HH3. A pos
sible reason for the success of this relatively simple separa
tion is that all the metal ions in solution may have been 
complexed with the free NH3 and consequently, the cationic 
complexes were not readily coprecipitated or adsorbed. The 
second problem concerned the separation of nickel from cobalt. 
We have observed a possible kinetic effect in the course of this 
extraction step. If the aqueous solution containing a slight 
excess of NH3 is allowed to stand, the Co2+ is hot extracted by 
the LIX 64N from an ammoniacal solution, whereas the Mi2"1" and 
Cu2+ are completely extracted. Under these conditions there
fore, it is possible to separate nickel from cobalt. If the 
extraction with LIX 64N is carried out soon after the pH of the 
aqueous solution is adjusted with NH3, the Co2+ as well as the 
J)i2+ and Cu2+ are extracted by the LIX 64N into the organic 
phase. This is conclusively demonstrated in Fig. 7. The 
solution (A) before extraction contains Mn2+, Co2+, Cu2+ and 
Si2+ and is free of re3+ which was precipitated as Fe(0H>3. 
When this solution is extracted at a pH of 8.4 with LIX 64N, 
the Co:+, :;i2+, and the Cu2+ are quantitatively transferred into 
the organic phase. If solution A is allowed to stand for 
several hours before extraction, the Co2+ is probably 
oxidized to Co3+ which remains unextracted in the aqueous phase. 

Although our main concern in this work has been in follow
ing the distribution of Cu, Ni, Co, Fe and Mn in the various 
phases in the separation scheme (Fig. 1), we have been able to 
demonstrate the utility of a multielemental analytical tech
nique such as proton induced X-ray emission spectroscopy for 
following the distribution of the elements of interest at 
various stages in the separation scheme (Table 2). 
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Table 1. Effect of pH on the Distribution Ratio of Cu2+ 
Between a Sulfuric Acid Solution and a Kerosene Solution 

Containing LIX 64N 

Values of log D obtained Values of log D obtained from atomic 
- wi f thi' radiotracer absorpt ion spectrophotometry 

pH TOR E) 
0 . 8 2  - 1 . 0  
0.96 -0.80 
1.2 -0.49 
1.4 -0.06 
1 . 6  0 . 2 0  
1.9 0.66 
2 . 1  1 . 1 0  
2.3 1.47 
2.4 1.59 

El! IOK D 

1.9 0.42 
2.0 0.95 
2.1 0.98 
2.2 1.22 
2.3 1.38 
2.4 1.86 
2.5 2.25 

Table 2. Distribution of Elements in the Solid Phase 
After the Acid Leaches 

Average Percent Percent 
Concentration Remaining After Remaining After 

Element (ug/g) in Two Sulfuric Mixed Sulfuric and 
Valdlvia Nodules Acid Leaches Oxalic Acid Leach 

Na 21470 20 5 
Mg 12750 50 20 
A1 17180 57 33 
Si 60610 100 100 
S 1100 100 95 
CI 740 20 10 
K 7670 29 29 
Ca 9340 29 16 
Ti 10950 50 14 
Mn 198140 100 7 
i'e 65360 55 6 
Co 1040 10fl 5 
Ni 9780 100 8 
Cu 6870 5 1 
7. n 1020 24 2 
As 80 10 5 
Sr 480 18 1 
Y 120 43 3 
Zr 230 50 4 
Mo 290 53 4 
Pb 700 95 7 
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Figure 1. Flow diagram for the stepwise dissolution of 
ferromanganese nodules and extraction of Cu, Nl and Co from the 
aqueous solutions 
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Figure 2. Block diagram of Che instrumentation and data 
acquisition system used in proton induced x-ray emission 
spectroscopy (PIXE) 

Filtir «=fP 

Kopfan foil StoWiar 

| Bacm 

nmn *«*»> £**? 

dilfum 

Foredoy cup cunvnf 

Figure 3. Dingrammatic representation of the sample chamber 
in PIXE (not to scale) 
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A: Original Nodules 

Nodules Leached vlth Sulfuric Acid 
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Figure 4. Proton induced x-ray emission spectra of ferro-
manganese nodules in the low energy region obtained with a 
1 Mev proton beam. A: Ferromanganese nodules before leaching 
B: Solid residue after leaching with sulfuric acid and 
C: Solid residue after leaching with a mixture of oxalic and 
sulfuric acids. All data were collected until 10,000 counts 
were obtained in the SiKa peak maximum. 
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A: Original Nodules 

B: Modules Leached with Sulfuric Acid 
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Figure 5. Proton Induced x-ray emission spectra of ferro-
manganese nodules in the high energy region obtained uith a 
1.5 Mev proton beam and a 0.010 in aluminum filter. A: Ferro-
manganese nodules before leaching B: Solid residue after 
leaching with sulfuric acid. All data were collected until 
2000 counts were obtained in the HnKa peak maximum. 
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Figure 6. Proton Induced x-ray emission spectra of the elements 
present in the sulfuric acid leach solution. A: Before 
extraction and B: After extraction with LIX 64N. Data were 
obtained with a 2 Mev proton beam and a 0.004 in. A1 filter 
until 2000 counts were accumulated in the MnKa peak maximum. 
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Figure 7. Proton induced x-ray emission spectra of the elements 
present in the aqueous ammoniacal solution at pH 8.4. A: Before 
extraction and B: After extraction with LIX 64N. Data were 
obtained with a 2 Mev proton beam and a 0.004 in. A1 filter 
until 10,000 counts were accumulated in the MnK„ peak maximum. 
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Introduction 

Although ferromanganese nodules were first discovered in the 
1870's, interest in them as a potential mineral source has grown 
during the past decade. The deep-sea nodules are composed of a 
complex heterogeneous mixture including a variety of metal oxides 
rocks, and biogenic sediments. Major components of the nodules 
are the oxides of manganese (15-30%) and iron oxyhydroxides (8-
26%) together with varying amounts of calcite and silicates. 
Minor elements such as copper, nickel, cobalt, and molybdenum 
are believed to be associated with the major metal oxide phases 
either by adsorption or by incorporation into the crystal lattice 
of the major components. Metal concentrations seem to vary 
widely in manganese nodules mined at different locations, but an 
average level for Cu, Ni, and Co is estimated to be approximately 
1%, and Mo, about 0.05% by weight (1,2). It is anticipated that 
within the next decade massive efforts will be undertaken for 
large-scale recovery of the valuable metals from the mnnqanase 
nodules and that new industries concerned exclusively with ocean 
mining will be created. 

The extraction and separation of metals from the marine man
ganese nodules has proven to be an exceedingly complex metallur
gical problem that has posed a number of challenging fundamental 
questions about the chemical nature of the nodules; many of these 
remain unanswered. A review of the literature shows that sulfur 
dioxide has been suggested as a reducing agent to allow the ex
traction of metal values. Mero (3) proposed a process for the 
separation of Ni from Co in which the nodules were selectively 
leached with an aqueous solution of S02> The Mn, Ni, Cu were 
solubilized by this treatment. Cobalt remained, presumably in 
the iron oxide matrix, thus being separated from nickel. In a more 
recent and improved sulfation technique reported by Kane and 
Cardwell (4), nodules were treated with gaseous SO2 at low tem
peratures in the absence of oxygen and leached with water to 
separate water soluble manganese sulfate from a solid residue. 
The residue was then treated with aqueous SO2 at a low tempera
ture in the presence of O2 to obtain the water soluble salts of 
Cu, Ni, and Co. An ion exchange process was then employed to 
separate the individual metals. A selective separation of Ni, 
Cu, Co, and Zn from the marine nodules was carried out by several 
workers (5,6) using SO2 for sulfation in a temperature range of 
60°C-300°C and leaching the sulfated nodules with sulfuric acid 
at a controlled pll. In a study on the low temperature interac
tion of SO2 with Pacific ferromanganese nodules, Lee et al. (7) 
found that Cu, Ni, Co, and Mn can be effectively recovered by 
extraction after treatment with an aqueous SO2 solution. This 
process, however, leads to extensive solubilization of iron as 
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dithionate, a result that is undesirable because it complicates 
the separation and recovery of other economically more valuable 
metals. 

A kinetic study of the sulfation of Atlantic Ocean nodules 
has been reported by van Hecke and Bartlett (8). The rate of 
sulfation determined by a thermogravimetric technique in the 
temperature range of 400°-600°C was found to be proportional to 
the SO2 pressure and was independent of the nodule particle size. 
Complete sulfation of all major metal species including those of 
Fe was reported, and the effect of 02 on the sulfation was found 
to be quite complex. In a more recent study, Tamagawa and Taba 
(9) found that above 400°C the effect of O2 on the rate of sul
fation of the nodules was insignificant. 

This report describes the results of an investigation on the 
sulfation of the ferromanganese nodules in the temperature range 
of 300°-600',C under varying conditions. JVs a result, we have 
developed a process by which Cu, Ni, Co, and Mn can be virtually 
quantitatively extracted from the sulfated nodules. Molybdenum, 
present in all marine manganese nodules at low concentration 
(0.02%-0.07%), is also commercially important. The process also 
allows Mo to be effectively separated by sublimation from the 
solid nodules. Also included in this report are results of a 
study of the effect of a number of reaction parameters on the 
sulfation and sublimation of Mo. 

Experimental 

Sampling; Ferromanganese nodules were collected from seven dif
ferent locations: four from the Pacific Ocean and three from 
the Atlantic Ocean. The Pacific manganese nodules were supplied 
by the Hawaii Institute of Geophysics, University of Hawaii, ex
cept for one sample, CRU-9121, which was obtained from the 
Scripps Institute of Oceanography, California, The Atlantic 
nodules were collected in July 1972, during the R. Conrad cruise 
and supplied by the Lamont-Doherty Geological Observatory of 
Columbia University. Geographical locations and physical char
acteristics of the samples are presented in Table 1. 

Elemental Analysis; The manganese nodules were acid-digested 
for elemental analysis by means of a pressurized Teflon bomb. 
This technique, developed by Bernas (10) for a study on silica-
containing minerals, was employed previously with a slight modi
fication for the deep-sea nodule study (7). In brief, 0.5 g of 
the powdered nodules was thoroughly soaked with 1 ml of conc. 
IINO3 and subsequently mixed with 1 ml of conc. HC1, and 4 ml of 
48% HF. (The pre-mixed aqua regia used for decomposing the sam
ple produced a brown tint in the final product.) The assembled 
Teflon bomb was then maintained at 110°C in an oven for 40 min. 
After the bomb cooled to ambient temperature, the acid-deconposed 
material in the crucible was quantitatively transferred into a 
100-ml volumetric flask and diluted to 100 ml using 0.5 M boric 
acid solution. The resulting homogeneous sample solution was 
further diluted to 10-, 100-, and, if necessary, 1,000-fold and 
stored in polyethylene bottles. Five replicates of each sample 
were prepared identically. Quantitative measurements of 26 ele
ments (Table 2 and 3) were carried out by atomic absorption anal
ysis with a Varian-Techtron AA-5 Spectrophotometer equipped with 
the appropriate single-element hollow cathode lamps. A fuel 
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mixture of acetylene and nitrous oxide was used for Al, Ba, Mo, 
Si, and V, hydrogen and nitrogen for As and Se, and acetylene 
and air for the remainder of the elements. A series of standard 
solutions containing the 26 elements were also prepared using 
boric acid as the solution matrix. 

Sulfation; Tests for the sulfation with ferromanganese nodules 
were carried out by employing a flow-through gas system over a 
temperature range 300<P-600°C. A known quantity of 140/200 mesh 
nodule sample packed in a Vycor glass column (13 mm O.D.) was 
dried at 450°C in a furnace while helium gas was passed through 
it. The dehydrated sample was maintained at the desired tempera
tures prior to treatment. Sulfur dioxide was introduced into the 
system at a flow rate of 15 ml/min at ambient temperature along 
with He as carrier gas until the gas-solid reaction was completed. 
The total flow rate of the gas mixture was adjusted to 50 ml/min 
during the course of all sulfation tests. For the sulfation car
ried out in the presence of oxygen, SO2 gas was pre-mixed with 
O2 in a 1:1 (v/v) ratio in the gas-flow system and allowed to 
react with the solid nodules. The amount of SOj not absorbed by 
the nodules was carried into a gas impinging bottle containing 
0.1 M NaOH, and determined titrimetrically. The instrument used 
for the sulfation tests was a Lindberg single-zone tube, furnace 
mounted on a temperature control console with the controlling 
range up to 1200°C. The control unit equipped with a platinel-
II/chromel thermocouple was calibrated against a chromel/alumel 
couple connected to a digital readout meter (Model 175K) from 
Omega Engineering. Flow rates of gases were measured by Linde-
150 flow meters that had been factory calibrated with the speci
fic gases. The sulfated manganese nodules were leached with 
distilled/deionized water (0.5 g in 1 liter) on a hot plate at 
90°C for three hr with continuous magnetic stirring, and the fil
tered aqueous extracts were analyzed for Mn, Fe, Cu, Ni, and Co 
by atomic absorption spectrophotometry. He observed that molyb
denum was sublimed from the solid nodules during the sulfation 
and that a blue condensate was deposited onto the wall of the 
sample column. A known quantity of the sulfated nodules was also 
subject to Teflon bomb digestion mainly for the measurement of 
the Mo concentration remaining in the nodules after volatiliza
tion during the sulfation. 

XPS and XRD: The X-ray photoelectron spectrometer was a Mcpher
son ESCA-36 equipped with a PDP-B/e computer and an Al anode as 
X-ray target. The instrument was maintained at ^lO-' torr with 
a Sargent-Welch pump system with pumping capacity of 260 1/sec. 
Calibration of the spectrometer was made using a pure gold plate, 
and the instrumental constant (work function) was adjusted to 
give a value of 84.0 eV for the binding energy of Au 4f7/2 line. 
The binding energies for the major metallic components of inter-
esfwere measured relative to this value. The nodule samples 
were finely dusted and mounted on Kapton-taped aluminum planchets 
that were placed in an eight-position rotary sample holder that 
enabled the loaded samples to be run consecutively without break
ing the vacuum. Each sample was irradiated with the AlKa (1486.6 
eV) X-rays and, at the conclusion of the run, the data on the 
photoelectron spectra of Mn, Fe, and Si were typed or stored on 
paper tapes for future use. The hard copy of each energy spec
trum was obtained by a Plotmatic 715M plotter. The blue conden
sate sample obtained by sublimation from ferromanganese nodules 
was run in a similar way and the energy spectrum of Mo was 
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obtained. The S02~treated nodule samples were also run by XPS 
to determine whether any changes in the energy spectra did occur 
due to the gas-solid reaction for the corresponding metall-ic 
species. 

X-ray diffraction patterns for the mineral phases in the 
nodules were obtained with an X-ray diffractometer XRG-2600 from 
Phillips Electronic Instruments with a molybdenum tube as the 
X-ray source (Mo K0 = 0.71069 A). The nodule samples were finely 
powdered (270/325 mesh) and treated under varying conditions 
prior to the analysis: (1) dried at ambient temperatures, (2) 
dehydrated at 600°C for 24 hr with He gas flowing through the 
sample column, (3) sulfated with SO2 gas alone and with a SO2-O2 
mixture in the temperature-controlled reaction furnace at 400°C 
and 600°C. Approximately 0.3 mg of the powdered sample was sand
wiched with thin layers of Duco cement on a glass slide. The 
micro-sample technique adopted for this study was previously 
developed by Bassett and Ming (11) in an investigation on the 
phase change in spinel (Fe2Si04) at high pressure and tempera
tures. After the cement layers were dried, a portion containing 
the sample was cut out and affixed onto the open end of a special 
collimator that was mounted horizontally in a Debye-Scherrer 
camera (57 mm in diameter) so that the thin-layered sample could 
be positioned at the center of the cylindrical film cassette. 
The collimator consisted of a fixed entrance slit and a thin 
glass capillary tubing with a bore of 125 pm through which the 
mineral sample was irradiated by the Mo Ka X-rays emanating from 
the source tube. Exposures up to about 100 hr were usually re
quired to obtain a well-defined diffraction pattern for each 
sample. 

Results and Discussion 

Quantitative analysis of the ferromanganese nodules was by 
atomic absorption spectrophotometry. Twenty-six elements were 
determined, including Mn, Fe, Ni, Cu, and Co, which represent 
the major components. Qualitative identification of the metallic 
species was by proton-induced X-ray emission spectroscopy (PIXEEX 
The analytical results are shown in Table 2 for 14 major and 
minor components, and in Table 3 for 12 trace elements. All the 
data are averaged values of five replicate determinations. It 
is important to emphasize that in this study no pro-concentration 
procedures were employed. 

The data revealed that, in general, higher concentrations of 
Cu, Ni, and Co are found in the Pacific ferromanganese nodules 
than in the Atlantic nodules. Such a trend has been observed by 
several other workers (1,2). As shown in Table 2, the highest 
Cu level, 1.54% in weight, was obtained from Pacific KK-77 
nodules collected in March 1977 during the Kana Keoki cruise. 
A uniformly high concentration of Ni (ca, 14 w/w) was also de
tected in the Pacific manganese nodules (VALDIVIA and CRU-9121). 
There is no noticeable variation in the Co content, which is 
less than 0.2% for all the nodules analyzed. The concentration 
ratio of Mn to Fe is generally higher in the nodulei collected 
from the Pacific Ocean. In the types of ferromanganese nodules 
we studied, the Ca level is generally higher in the Pacific 
nodules than in those from the Atlantic, in contrast to the re
sults obtained by van Hecke and Bartlett (8). 
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Many of the trace metals found in the deep-sea manganese 
nodules are known to be highly toxic and some are present at 
relatively high levels. As shown in Table 3, lead ig one of the 
most abundant toxic metals detected; its concentrations range 
from 600 to 1,300 mg/kg. Several workers (3,12) have previously 
reported the Pb level in the range 200-3,800 mg/kg from the 
Pacific manganese nodules. Thallium is present in all the no
dules in a concentration range between 30 and 150 mg/kg, and As, 
approximately 60 to 150 mg/kg, in close agreement with previous
ly published data (3,13). At these levels, it is possible that 
serious environmental pollution by the toxic metals will occur 
when large-scale extraction of Cu, Hi, Co, or other metals from 
manganese nodules is begun. Despite the fact that the toxic 
metals are originally distributed in trace quantities, they may 
accumulate over a period of time and cause contamination as the 
industrial wastes containing them are discharged continuously 
into the environment. As a result, it is necessary that the 
levels of individual toxicants be controlled within the environ
ment during active industrial operation. 

Ferromanganese nodules (KK-77) dehydrated at 450°C were 
treated with SO^ under varying conditions. At this drying tem
perature the oxides of Mn exist as a mixture of Mn(>2 and Mn203> 
the iron oxides are converted to hematite, a-Fe2°T> (see below), 
and silicate and calcite remain unaltered. Cu, Ni, and Co are 
thought to be present as CuO, NiO, CoO, and C03O4. We presume 
it is this complex mixture of transition metal oxides that in
teracts with SOj. Figure 1 presents the degree of SO2 absorp
tion by powdered nodules both in the presence and in the absence 
of (>2 over the reaction temperature range of 300°-600°C. The 
curves show that O2 plays a significant role in the reaction of 
SO2 with the solid nodules over this temperature range. The 
quantity of SO2 absorbed in the presence of O2 is significantly 
higher than that absorbed in the absence of Oj. For instance, 
the weight gain in the presence of 03 was 379 mg/g at 300°C and 
447 mg/g at 350°C on a dry weight basis, and a maximum weight 
gain of 493 mg/g at 400°C. This corresponds to 9B% of the the
oretical quantity 502 mg/g, that would be absorbed assuming 
stoichiometric uptake of SOj. The absorption decreased 3lighMy 
to 455 mg/g at 450°C, and finally to 379 mg/g at 600°C. In the 
absence of O2, however, the SO2 absorption was considerably 
lower in the same range of the temperatures: the highest among 
the absorption values obtained was 182 mg/g at 400°C, corres
ponding to only about 35% sulfation. The absorption of SO2 by 
the nodules expressed as weight gains is based on the reaction 
of the SO2 with participating metal oxides, and the percentage 
values given are calculated from the elemental analysis data 
presented in Table 2. The oxides of Fe and Si were assumed not 
to participate in the solid-gas reaction under these experimen
tal conditions. 

The results of the atomic absorption analysis for the metals 
extracted from the nodules treated with SO-j under varying condi
tions are presented in Table 4. The analytical data show that 
recovery of metals is in good agreement with the quantity of SO2 
absorbed in the solid-gas reaction (Figure 1). It is also clear 
that the extent to which the metal salts are extracted from the 
S02~treated nodules depends upon the conditions under which the 
reaction is carried out. When the nodules are treated with a 
SO2-O2 mixture at the 375°-425°C range, Mn, Co, and Ni are 

-429-



extracted quantitatively and approximately 75% of the Cu is re
covered. At higher or lower temperatures with the same gas mix
ture the extraction of the water soluble metal salts decreases. 
If Oj is excluded the results are different. The percentage of 
metals extracted apparently is only slightly dependent upon the 
reaction temperatures. Only the percentage of Mn extracted is 
significant but not quantitative. Small amounts of the other 
metals were extracted probably because their oxides are slightly 
soluble in diluted acid solutions. Under the conditions employed 
the pH of the aqueous phase invariably is less than 7. 

As suggested by Zeitlin and coworkers (14), the reaction of 
SO2 with deep-sea ferromanganese nodules can be utilized as a 
direct approach to the understanding of the chemical environment 
of the complex nodule matrices. If SO?.absorption by the solid 
nodules occurs via a redox reaction between S02 and the metallic 
oxides, then a change in the chemical (oxidation) states of the 
oxides must take place. In this event the sulfation technique 
can be employed advantageously together with X-ray photoelectron 
spectroscopy (XPS) to demonstrate the chemical changes occurring 
at the mineral surface. Figure 2 presents the Mn 2p X-ray photo-
electron spectra of manganese nodules treated with SO2 under 
different conditions. Spectra of pure Mn02 and MnS04 are also 
included. The Mn binding energies are significantly different 
between untreated and S02"treated manganese nodules. The Mn 
2P3/2 core line spectrum of the untreated nodules appears at 
641.8 eV, close to the energy of the Mn 2p-w2 line of an authen
tic Mn02 sample (642.2 eV). The Mn 2p peak T640.6 eV) of the 
nodules after SO2 treatment is shifted approximately 1.2 eV to 
lower binding energy, a position almost identical to the Mn 2p 
peak in pure MnSO^. This indicates strongly that the oxides of 
the Mn present in the manganese nodules consist largely of Mn02, 
and the Mn is reduced to MnSO^ during the solid-gas reaction. 
The presence of sulfate in the SO2 treated manganese nodules was 
verified by the IR spectrum in the region between 800-1500 cm-* 
that shows characteristic sulfate S-0 stretching vibrations. 

In order to determine whether the oxides of iron in the 
nodules also participate in the reaction with SO2, the iron XPS 
spectrum of air-dried and S02~treated nodules was determined 
(Figure 3). For comparison, the Fe 2p binding energies of hema
tite (a-FejOj) and goethite (a-FeOOH) were also determined. 
Values of 711.0 eV and 711.4 eV, respectively, were obtained, 
and the spectrum of the former is included in the figure. The 
values are in agreement with the data previously obtained by 
Mclntyre and Zetaruk (15) from a study of the core line energy 
spectra of iron oxides. The Fe binding energy obtained from the 
spectrum of the S02~treated manganese nodules (711.2 eV) is only 
slightly shifted (0.2 eV) to the lower binding energy side from 
the Fe 2p line of the manganese nodules taken prior to the ab
sorption of S02- It is about 1.7 eV higher than the Fe core 
line of pure FeSO^. The minimal chemical shifts found between 
the Fe 2p spectra from these two nodule samples, and the signi
ficant chemical shifts between the Fe 2p spectra from pure FeS04 
and from the S02~treated nodules, indicate very little change in 
the chemical state of Fe during the reaction of the nodules with 
SO,, and that the Fe does not participate in the formation of 
sulfates. The energy of the Fe 2p peak of the manganese nodules 
is very close to the corresponding peak in hematite, indicating 
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n similarity in the; consLituti m t-he iron in both mnti-r i  <1'  s .  
It is commonly known thai the dominant iron-bearing minora] '.re
sent in the manganese nodules is qoethite, ar.d at elevated tem
peratures the mineral phase becomes readily transformed into 
hematite (2). XPS, however, is not capable of determining whe
ther or not a reaction has occurred such as the one proposed 
previously by van Hecke and Dartiett (8): 

Fe2°3 + 3S02 + 3/2 02 = Fe2(S04)3 

since the binding energy of the main peak (Fe 2p3/2) of ferric 
sulfate would not be much different from that of nematite. 

By X-ray diffraction analysis, qualitative identification 
has been carried out on the mineral phases present in the origi
nal nodules or in the manganese nodules treated with S02. Table 
i> presents data on a representative X-ray diffraction pattern of 
the fcrromamjanese nodules treated with a S()2-02 mixture at 
600°C. The major mineral phases identified are a-Si02, MnSO*, 
and a-Fe2(>3; the latter is the most abundant. The powder dif
fraction pattern obtained from the nodules treated with the gas 
mixture at 400°C shows the same major phases, but MnSO^ is more 
abundant. Fe2(S04)3» however, could not be detected in these 
S02-treated nodules. The major mineral phases detected in the 
nodules heated at 600°C for 24 hr (without S02 treatment) in
clude a-Fe203, Mn2C>3, and a-Si02, indicating that the a-FeO(OH) 
had been transformed into the a-Fe203« The Mn^03 most likely 
arises from the thermal reduction of Mn02 originally present in 
the solid matrices. Previously Mn02 has been found to revert to 
Mn203 at about 535®C (16). 

None of the metal oxides thought to be present in the dehy
drated nodules arc significantly soluble in water at near-
neutral pH and only those of manganese react rapidly or appre
ciably with pure S02 at 400°C. If minute traces of water are 
present, Mn02 is known to rapidly form the sulfate (17): 

+ S02(g) "* MnS04(s) 

In the completely anhydrous state it reacts in a complex fashion 
to form Mn203 and Mn304 in addition to MnS04 (18). The trioxide 
(19) can also form manganous sulfate 

2 Mn,0,. . + S0o. , -»• Mn,0. . > + MnSO., . « -Ms) 2(g) 3 4 (s) 4(s) 

Although this reaction is usually not considered important below 
about 700°C, it may contribute to the formation of MnSO^, espe
cially at the higher temperatures employed in this investigation. 
Hence, since only manganese will be converted to a soluble sul
fate upon reaction with S02 in the absence of C>2» it is not sur
prising that it alone is extracted to a significant extent after 
sulfation under oxygen-free conditions (Table 4). The fact that 
it cannot be extracted quantitatively may result from incomplete 
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sulfation due to the diminished rate of the reaction under anae
robic conditions, the formation of an impermeable sulfate coat
ing, or the presence of the unreactive higher manganese oxides. 

If C>2 is introduced during sulfation, SO2 will be partially 
converted to SO3. 

S02(g) + 1/1,2 °2 (g) * S°3 (g) AH = -22.00 Kcal 

This reaction is slow unless catalyzed. Fe203 is known to be 
such a catalyst and, in fact, has been employed as such in the 
initial oxidation stage of the Mannheim Contact Process for the 
manufacture of sulfuric acid. Additional transition metal 
oxides in the nodules may perform a similar function. The well-
established (2) optimum temperature for the conversion of SO2 to 
SO3 is about the temperature (400°C) that has been observed in 
this study to yield sulfated manganese nodules containing maxi
mum amounts of water-extractable metal salts. The SO2 J SO3 
equilibrium favors SO2 at a higher temperature; consequently the 
conversion of SO2 to SO, is not complete at temperatures above 
500°C, with the result that sulfation decreases. Below 400°C 
the SO 3 formation is slow despite the presence of a catalyst. 
The rate of SO3 formation increases as the temperature rises. 
Although the reaction is exothermic and liberates 44 kcal per 
mole of O2 consumed, there is a 97-99% conversion of S02 to SO3 
if the reaction is carried out between 380°C and 450"C. In 
sharp contrast to SO, the Lewis acidity of SO3 is very high and 
it will interact witn all the metal oxides except Fej03 to form 
water soluble sulfato or polysulfato salts (21). The most favor
able temperature for these reactions would be that at which the 
SO3 concentration is maximized. In fact the largest formation 
of extractable metal salts did occur at about 400°C during the 
SO2-O2 sulfation. Most likely, then, the principal reactions 
involved in the sulfation of ferromanganese nodules in the pre
sence of O2 at elevated temperatures are: 

SO 2(g) + 1/2 °2(g) "" S03(g) 

Mn02(s) + S03(g) * MnS04(s) + 1/2 °2(g) 

Mn2°3(s) + 2 S03(g) "* 2 MnS04(s) + 1/2 °2(g) 

Mn3°4 (s) + 3 S03(g) "* 3 MnS04(s) + 1/2 °2(g) 

Cu0(s> S03(g) * CuS04(s) 

Ni0(s> + S03(g) - NiS04(s) 

C°0(s) + S03(g) * CoS04(s) 

Co3°4(s) + 3 S03(g) * 3 CoS04(s) + 1/2 °2(g) 

CaC03(s) + S03 (g) "" CaS04(s) + C02 (g) 
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The sulfation with respect to Fe is of considerable interest. 
It was reported previously (8) that 43% of the total weight gain 
in the sulfation of Atlantic Ocean nodules above 400°C was due 
to the sulfation of Fe^Oj yielding Fe2(SO,])3. The report con
cluded that the sulfation of Fe had been complete even though 
ferric sulfate is water soluble and little Fe was found in the 
aqueous extracts following leaching. Our work shows that the 
iron concentrations following sulfation in the presence of 02 
and extraction with water were extremely low over the entire 
temperature range. As mentioned above, XPS and XRD also indicate 
that the iron oxides are transformed into hematite at the tem
perature range, and are not involved in the sulfation under the 
conditions employed. Therefore, it is our conclusion that 
fe2°3' t',e iron-bearing mineral present in the ferromanganese 
nodules at elevated temperatures, is not significantly sulfated 
with either SO2 or SO3. Moreover, the reaction between Fe>j03 
and SO2 + O2 or between Fe203 and SO2 is known to be unfavorable 
for the formation of Fe2(SOa)3 (22). In fact, at above 400°C 
Fe2(SO^lj is unstable, and dissociates: 

Fe2(S°4)3(s) - Fe2°3(s) + 3 S03(g) 

The Fe present in ferromanganese nodules can thus be conveniently 
separated as its insoluble oxide from other metals, including 
Mn, Cu, Ni, and Co, which form water soluble sulfates during 
the sulfation process. 

During the course of sulfation using SO2-O2 mixtures at 
elevated temperatures Mo compounds sublime from the manganese 
nodules. With nodules treated at 350°C or higher, yellow, 
orange, and dark blue bands form at the outlet of the reaction 
tube. These bands remain unchanged until the tube is opened to 
the atmosphere or until moisture is introduced. Thereupon, the 
colored condensates immediately turn "ink blue" and remain as a 
viscous material that dissolves readily in water. In an oxidiz
ing environment the initial colored deposits change slowly to 
white solid. A qualitative identification of Mo in the blue 
residue was made by the PIXE technique. Figure 4 represents a 
portion of the PIXE spectrum of untreated ferromanganese nodules 
(MDH-20) that shows the Mo Ka and Kg lines in the 17-20 KeV 
energy range. The low intensity of the Mo spectrum indicates 
that the metal is one of the minor elements present in the 
marine.nodules. Figure 5 shows a PIXE spectrum of the blue 
residue obtained during the sulfation at 400°C of MDH-20 mangan
ese nodules. The Mo peaks are very intense and no other spec
tral lines of any significance can be detected. The blue con
densates from several reaction columns were dissolved in dis
tilled deionized water and analyzed for Mo by atomic absorption. 
High concentrations of the metal were detected. 

The extent to which the Mo can be separated by sublimation 
from the solid nodules seems to depend upon the conditions under 
which the process is carried out. When the nodules were treated 
with SO2 the absence of 02 over the entire 300-600°C tempera
ture range, the colored condensates from the Mo sublimation were 
hardly noticeable in the sample columns. In contrast, when the 
nodules were treated with a S02-O2 mixture, sublimation occurred. 
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A yield of approximately 70% by weight was obtained at 400°-
450°C, the temperature that is also required for the maximum 
nodule sulfation. The yields were calculated by determining the 
Mo in the nodules before and after the sublimation by atomic 
absorption analysis. The Ho sublimation appears to be enhanced 
somewhat as the gas-solid contact time increases. Figure 5 pre
sents experimental results on the recovery of Mo by sublimation 
at 400-425°C from three different groups of the marine nodules. 
As shown in the figure, a recovery of about 80% could be achieved 
by increasing the contact time to four hrs. 

In the dehydrated manganese nodules the Mo probably exists 
as its oxide, Mo03» since synthetic nodule samples spiked with 
M0O3 exhibited the same behavior as that of the natural nodules. 
Pure M0O3 sublimes at 1,155°C, although it can be volatilized in 
an oxidizing environment at lower temperatures (23,24). The 
following sequence of events is suggested to account for the phe
nomena observed. First, it is essential that the major matrices 
be disrupted in order to free the metal present in the nodules, 
which is accomplished by reaction of the manganese oxide phase 
with the SO2 and SO3 present in the gas mixture. The next step 
may involve either direct sublimation of the M0O3 or the reduc
tion of the M0O3 to M0O2 by the S02- If M0O2 is formed it may 
react with halide ions naturally present in the matrices to pro
duce complex oxyhalides such as the yellow M0O2CI2 and dark blue 
M02O3CI5 (23). Many of the Mo oxyhalides are fairly volatile 
and sublime at lower temperatures. These Mo compounds then form 
the colored condensate in the sample column that hydrolyzes to 
produce a series of oxyhydroxides in which the mean oxidation 
state of Mo is between 5 and 6 (25). The Mo oxyhydroxides are 
often called "molybdenum blue" because of their beautiful blue 
color. The observed conversion of the brown-colored condensates 
into viscous blue material upon exposure to water may, thu3, be 
due to the formation of Mo oxyhydroxides. 

The sublimation step does not interfere with or complicate 
the sulfation process carried out primarily for the selective 
extraction of Cu, Ni, Co, and Mn from the marine nodules. The 
recovery process for Mo described here is extremely simple and 
economical when compared with currently available processes 
such as HC1 halidation (26) and high temperature roasting (27) 
in which ground nodules mixed with carbonaceous materials are 
heated to 800°C or higher and then leached with ammonia solution. 
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Table 1. Physical Characteristics of the Ferromanganese Nodules Used in the Study 

Nodule Location Surface Area 
(mz/g)* 

Particle Density 
(g/cra3) 

VALDIVIA Long. 
Depth 

148°30'W; Lat. 9°N 
5,000 m; Pacific Ocean 

210 1.72 

MDH-20 Long. 
Depth 

178°57'W; Lat. 28°49'N 
1,090 m; Pacific Ocean 

242 1.65 

KK-77 Long. 
Depth 

"̂OS'S; Lat. 45°48'N 
4,300 m; Pacific Ocean 

389 1.55 

CRU-9121 Long. 
Depth 

121°43'W; Lat. 19°49'N 
4,350 m; Pacific Ocean 

234 1.75 

RC15-D5 Long. 
Depth 

55014'W; Lat. 48028*S 
2,400 m; Atlantic Ocean 

294 1.70 

RC15-D20 Long. 
Depth 

61°10,W; Lat. 27°42'N 
5,390 m; Atlantic Ocean 

211 1.63 

RC15-D28 Long. 
Depth 

610001W; Lat. 28°02'N 
5,550 m; Atlantic Ocean 

225 1.64 

* Specific surface areas were measured by BET method and calculated using the 
Three-Point process. The average particle size used in the measurements was 
140/200 U.S. mesh. 
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Table 2. Atomic Absorption Analysis of Major Components in Ferromanganese Nodules 

Concentration (% w/w) 
Sample A1 Ba Ti Ni Co Cu Mn Fe Ca Si Y Na K Mg 

MDH-20 3.62 0.11 2.42 0.15 0.18 0.03 6.27 12.25 4.20 12.78 0. 94 1.91 0. 68 1.71 

VALDIVIA 1.72 0.26 1.10 1.02 0.11 0.69 20.16 6.47 1.30 6.06 0. 48 2.15 0. 68 1.43 

CRU-9121 

00 CO H
 0.34 0.68 1.04 0.18 0.67 21.00 8.37 1.25 9.72 0. 49 

CO GO r-1 

0. 88 1.76 

KK-77 l.n 0.34 1.72 0.30 0.16 1.54 11.23 10.77 1.25 11.14 0. 55 2.11 0. .62 1.54 

RC1S-D5 l.ii 0.25 0.93 0.19 0.11 0.07 12.97 17.10 1.52 11.23 0. .61 1.45 0. ,35 0.90 

RC15-D20 3.65 0.16 0.74 0.34 0.15 0.12 13.70 12.56 0.92 6.11 0. 28 1.57 0. .63 1.40 

RC1S-D28 2.76 0.17 0.82 0.35 0.17 0.12 12.93 14.19 0.83 7.27 0. ,29 1.35 0. .48 1.41 



Table 3. Atomic Absorption Analysis of Minor Components in Ferromanganese Nodules 

Concentration (mg/kg)* 
Sample Mo T1 V Cd Zn Cr Sr Pb Ge As Se Rb 

MDH-20 287 60 483 3 391 304 482 682 400 80 
a 
ND 10 

VALDIVIA 708 150 355 10 1016 244 362 498 200 '62 ND 14 

CRU-9121 633 129 464 11 742 ND 543 829 240 90 ND 16 

KK-77 277 
c 

28 ND 
b 
T 580 ND 670 1303 170 78 ND 14 

RC15-D5 699 101 703 3 612 " ND 825 1319 160 153 ND 15 

RC15-D20 319 118 463 4 416 ND 454 619 230 71 ND 21 

RC15-D28 322 98 611 3 468 ND 449 728 200 92 ND 16 

*: Concentrations based on air-dry sample weights, 
a: None detected. 
b: Trace amount. 
c: None detected in three out of five determinations. 



Table 4. Hydromgtallurgical Separation of Selected Metals from Ferromanganese Nodules (KK-77) 
Sulfated at Elevated Temperatures 

Percent Extraction from the Nodules Percent Extraction from the Nodules 
Sulfated in the Presence of O2 Sulfated in the Absence of O2 

Temp. i"cj 
Mn Fe Cu Ni CO Mn Fe Cu Ni Co 

300 74.5 1.0 2.7 56.0 14.1 60.0 ND 1.9 2.7 12.0 

350 87.8 1.0 3.3 76.0 41.4 64.7 ND 1.7 3.1 15.2 

' 375 92.0 4.1 64.3 85.8 94.2 73.0 0.3 2.0 5.3 11.6 

400 97.4 2.0 70.6 82.7 91.0 82.2 0.4 3.0 4.7 10.1 

500 88.0 1.4 56.1 57.3 72.8 76.3 0.3 0.8 6.7 8.1 

600 81.2 1.4 16.0 61.0 46.8 72.4 0.3 0.6 6.5 9.7 



Table 5. X-Ray Diffraction Pattern of Ferromanganese Nodules Treated with a SO2-O2 
Mixture at 60Q°C 

"'Vob (dA°>ob (dA°»I£TM (hkl) * Phase Identified 

s 4.035 4.02 020 MnS04 

• 15 3.691 3.70 111 MnS04 

80 3.361 3.343 101 a-Si02 

100 2.686 2.69 104 a-Fe203 

2.70 112 MnS04 

45 2.499 2.51 110 a-Fe203 

20 1.817 1.817 112 a-Si02 

1.838 024 a-Fe203 

50 1.682 1.69 116 a-Fe203 

15 1.551 1.541 211 a-Si02 

55 1.449 1.452 300 Q~F62®3 

* Data obtained from ASTM Tables prepared by Joint Committee on Powder Diffraction 
Standards, Philadelphia, Pennsylvania. 
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Figure 1. Absorption of SO? gas by the Pacific ferromanganese 
nodules, KK-77, as a function of reaction temperature. Flow 
rates of gases: SO2 15 ml/roin; Oj IS ml/min; Total flow rate 
50 ml/min adjusted with He carrier gas. 
time was 200 min for all cases. 
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Figure 2. Mn 2p photoelectron spectra of (A) ferromanganese 
nodules dried at 25°C; (B) Mn02« (C) MnSÔ ; (D) ferromanganese 
nodules treated with a S02"°2 mixture "at 400°C. 
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Figure 3. Fe 2p photoelectron spectra of (A) FeSCa; (B) 
Hematite, a-Fe203! (C) ferromanganese nodules dried at 25°C; 
(D) ferromanganese nodules treated with a SO2-O, mixiure at 
400°C. 
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Figure 4. PIXE spectrum of ferromanganese nodules (MDH-20) 
obtained with a 2.0-MeV proton beam and a 0.45-mm aluminum 
filter. The sample was dehydrated prior to recording of 
the spectrum. 
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Figure 5. PIXE spectrum of blue deposits obtained from the MDH-20 
ferromanganese nodules by sublimation during sulfation with the 
S02~Oj gas mixture at 400°C. A 2.0-MeV proton beam was used 
together with a 0.46-mm aluminum filter. 
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Figure 6. The recovery of molybdenum from ferromanganese nodules 
by sublimation as a function of gas-solid contact time during the 
course of sulfation with a gaseous mixture of SO2 and 0, at 400°-
425°C. The temperature increased to 615°C and was maintained for 
30 min in all cases after the specified reaction time was given. 
Flow rates of gases: SO2 30 ml/min; O2 10 ml/min; He 30 ml/min. 
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16. COPPER(I) ACETATE 

Submitted by S. J .  KIRCHNER* and QUINTUS FERNANDO* 
Checked by DANA DARBYf and J. A. DILTSt 

Cu2 (CH3 COO)4 • 2H2 0 + 2Cu° —• 2Cu2(CH3COO)2 + 2H20 

The thermal decomposition of copper(II) acetate has been proposed by several 
workers as a useful method for the synthesis of pure copper(I) acetate.1-3 This 
method, however, suffers from several drawbacks. The major products of the 
decomposition are copper(I) oxide and acetic acid; in contrast, the copper(I) 
acetate is obtained in low yields (<5%) together with some acetone and carbon 

'Department of Chemistry, The University of Arizona, Tucson, AZ 85721. 
tDepartment of Chemistry, The University of North Carolina at Greensboro, Greensboro, 

NC 27412. 



dioxide. Under oxygen-free conditions and in solvents that are capable of 
solvating copper(l) more effectively than water, copper(II) can be reduced to 
copper(I) with copper metal. Copper(I) acetate has been synthesized in this 
manner and has been isolated from both pyridine and acetonitrile solutions.4'5 

Copper(II) acetate has been reduced in a homogeneous system by use of hydra
zine hydrate and hydroxylamine acetate as reducing agents.3 

All the synthetic methods described above give products that require extensive 
purification. Moreover, the copper(I) acetate often undergoes rapid oxidation 
on exposure to the atmosphere because any solvent in contact with the copper(I) 
acetate absorbs water vapor, which promotes the conversion of copper(I) to 
copper(II) in air. 

A simple heterogenous gas-phase reaction for the synthesis Of extremely pure 
copper(l) acetate in high yields (50-65%) is described below. No solvents are 
required in the synthetic procedure and the product is relatively stable in air. 

Procedure 

Copper(H) acetate hydrate dimer, [Cu2(CH3C00)4-2H20] (0.25 g, 0.0063 
mole) is mixed with an excess of electrolytic copper dust (0.50 g, 0.0079 
mole) (Fisher Cat. No. C-431) and is finely ground. The mixture is placed in 
a semimicro sublimation apparatus equipped with a cold finger through which 
tap water is passed. Sublimation can be carried out in this apparatus at reduced 
pressures and elevated temperatures. The apparatus is evacuated and its tem
perature is slowly increased to 100° with a paraffin wax bath. The copper(II) 
acetate is dehydrated in approximately 15 min. The temperature is then raised 
rapidly and maintained at 180-190° for 2-3 hours. Copper(I) acetate dimer, 
[Cui(CH3COO)n], condenses on the cold finger of the sublimation apparatus 
and forms a white polymeric solid. The unreacted anhydrous copper(II) acetate, 
which is much less volatile than the copper(I) acetate, forms a blue ring just 
above the reaction mixture in the sublimation apparatus. 

Properties 

Copper(I) acetate is a white solid that slowly decomposes in air and is very 
unstable toward water. The green decomposition product has the molecular 
formula Cu2(CH3COO)2(OH)2. The far infrared spectrum of copper(I) acetate 
has bands at 230(s), 255(s), 375(m), and 419(m) cm-1 that are distinct from 
those of starting material and decomposition product. The Cu 2P 1/2,3/2 band in 
the photoelectron spectrum of pure copper(I) acetate exhibits no secondary 
structure, in contrast to that of copper(II) acetate and the green decomposition 
product. 
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Proton-Induced X-ray Emission Analysis of Deep-Sea 
Ferromanganese Nodules 

Stephen J. Klrchnor, H. Oona, Sloven J. Patron, and Oulntus Fernando* 

Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

John Jong-Hae Lee and Harry ZoHlin 

Department of Chemistry, University of HawaS, Honolulu, Hawaii 36822 

Savon samples of doop-®oa forromaoQflflcao nodules from the 
Pacific and Atlantic Oceans were analyzed by protoo-taducod 
X-ray omission (PIXE). The concentrations of Na, Mg, Al, SI, 
K, Ca, Tl, V, Mn, Fo, Co, Nl, Cu, Zn, As, Rb, Sr, Mo, Ba, Tl, 
and Pb In the nodules were determined, and the accuracy of 
the deteiminatJons was verified Independently by Rame atomic 
absorption and emission techniques. Thin sample targets on 
Nucleporo filter disks backed with Kapton were used with 
1-MeV prions for the low-energy region (0-8 koV) and 2-MeV 
protons and a 0.004-Jn. Al (liter for the high-energy region 
(5-35 keV) of the X-ray spectrum. X-ray yield data were 
obtained for elements from Na to U (11 < Z < 92), with 
standards of 99.999% purtty and the thin target technique. 
Five different NBS standard reference materials (orchard 
leaves, pine needles, bovine Over, coal, and coal fly ash) were 
analyzed by this method to determine the precision and ac
curacy that could be achieved under the operating conditions 
of the PIXE system. 

The particle-induced X-ray emission technique (PIXE) has 
been firmly established as a rapid and sensitive method for 

trace analysis U—0. For multielementai analysis, 1-2-MeV 
protons are an optimum choice for X-ray excitation, because 
of the relatively high ionization cross sections for a given 
proton energy. The sensitivity of the method depends on a 
number of factors, the most important of which are the energy 
of the incident proton beam, the nature of the sample target, 
and the background bremsstrahlung, which determines the 
lower limit of detection of an element. A major component 
of the bremsstrahlung originates from the secondary electrons 
produced in the sample target. If a thin target is used, the 
composition and thickness of the backing material affect the 
background bremsstrahlung. An ideal backing, therefore, for 
a thin target is an inert high-purity hydrocarbon Him that has 
a high mechanical strength and high thermal and electrical 
conductivities. A decrease in the energy of the proton beam 
will result in a reduction of the background bremsstrahlung, 
but this apparent improvement in the signal-to-noise ratio ia 
offset by a decrease in the production of characteristic X-rays. 
It is evident from all these considerations that the energy of 
the incident proton beam must be optimized for a given 
sample type and thickness and target backing. For the kind 
of samples that we have analyzed in this work we have em
ployed 1- and 2-MeV proton beams with thin sample targets 
mounted on thick Kapton (Dupoat) backings. The charac
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teristic X-rays in the low-energy region (0-8 keV) were ob
tained with the 1-MeV beam and in the high energy region 
(5-35 keV) with the 2-MeV beam together with a 0.004-in. 
Al filter to absorb the low-energy X-rays and eliminate the 
low-energy background. An additional source of background 
is the positive charge that builds up on the nonconducting 
targets. We have shown that this can be minimized by placing 
a carbon foil in the proton beam (5). 

A variety of applications of PIXE have been described in 
the past few years. Methodology for the analysis of biological, 
clinical* environmental and geological samples has been de
scribed and evaluated (4,6-S). The chief advantages of PIXE 
in the analysis of these complex matrices are that it is a 
multielement technique, it has a high sensitivity, and small 
samples (•—1 mg) can be analyzed without a loss of sensitivity. 
We have exploited these advantages for the analysis of 
deep-sea ferromanganese nodules, which are complex heter
ogeneous mixtures. The major components of these nodules 
are the oxides of mnngnnfww (15-30%) and iron oxyhydxoxides 
($-26%), and associated with these major metal oxide phases 
are the minor constituents such as Cu, Ni, Co, and Mo, which 
are of commercial importance. Within the next decade, the 
large-scale recovery of metals from deep-sea nodules will be 
undertaken and a new industry that is concerned exclusively 
with ocean mining will become a reality. One of the re
quirements for the development of this new industry is the 
availability of a rapid and sensitive analytical technique for 
multielemental analysis. We have used our PIXE system not 
onJy for the analysis of the nodules but also to follow the 
concentrations of all the elements of interest in various sep
aration and extraction schemes. The details of the analytical 
procedure that we have employed are described below. 

EXPERIMENTAL SECTION 
Equipment. Proton beams used in this work were generated 

with a High Voltage Model AN 2000 Van de Graaff accelerator. 
The beams were deflected, focused magnetically, and stopped 
down to a diameter of approximately 2 mm before they were 
passed through a thin carbon foil and allowed to impinge on the 
sample target. Beam energies ranged from 1 to 2 MeV and beam 
currents from 50 to 200 nA. A Sargent Welch turbo molecular 
pump was used to maintain the accelerator system as well as the 
sample chamber at about 10"* to it. 

The sample chamber consisted of a 21 cm x 14 cm X 13 cm 
aluminum box isolated from the beam port by a gate valve. A 
rotating sample wheel capable of handling up to 20 samples was 
ftxed to the removable front cover of the chamber. The sample 
wheel was geared in such a manner that it could be rotated, or 
translated in the direction of the ion beam, with the aid of controls 
that were outside the evacuated sample chamber. The aluminum 
sample wheel served as a charge collator for monitoring the beam 
current. Kapton (Dupont) film was used to shield the metal 
components of the sample chamber from ion bombardment to 
prevent the production of extraneous background X-ray emission. 
These Kapton shields were easily contaminated by splattered 
material from heavily loaded targets and were replaced period* 
icaliy. The X-rays emitted from the sample were detected by a 
SHU) detector (Kevex Model 3010) placed perpendicular to the 
incident proton beam. A 0.001-in. Be window that separated the 
sample chamber from the detector prevented any backscattered 
ions and energetic electrons from reaching the surface of the 
detector, but it had the disadvantage of partially attenuating the 
lower energy X-rays. The detector, together with the window, 
had a 100% efficiency rating for K X-rays of elements with atomic 
numbers from 21 to 42 and a resolution of 182 eV, measured at 
5.898 keV. A circular rotating disk that contained a variety of 
Alters was placed between the sample target and the detector. 
These filters were used to absorb unwanted X-rays. In general, 
in the low-energy region of the X-ray spectrum l0*d keV) no filter 
was used, and a 0.004-in- Al filter was used in the high-energy 
region <5-35 keV). The position of the filter and sample wheel 
as well as the alignment of the sample target with respect to the 
proton beam could be observed through a circular viewing port. 

The charged pulses created in the detector as a result of the 
X-ray ioni2ation were swept out at a bias potential of 1000 V. A 
preamplifier together with a pulse pOeup rejector helped fritminntji. 
electramc nnaa and tha problem* nf oninririVnm innimtinn- Count 
rates were usually held to about 1000 oounta/s. Tha analog •"'grmU 
from the detector electronics were fed to a precision 12-bit analog 
to digital converter (Nuclear Data In a. Model ND 575) and the 
digital signals were acquired by direct memory access under 
control of a Digital Equipment Corp. LSI-il used for control of 
display and data acquisition in the Nuclear Data 6600 system. 
A stored program in the memory of the LSI-11 sorted the digital 
signals according to pulse amplitude and ultimately counted ami 
stored the pulses as a function of channel number. Spectra were 
displayed as collected on the terminal CRT of the Nuclear Data 
6600, together with the specific sample parameters including total 
counts and live counting time. The acquired spectra were written 
on a dual high-density hard disk under control of another LSI-11 
for data reduction and storage. Data reduction software written 
in FORTRAN IV included data manipulation, peak search with 
Gaussian fit, peak identification and deconvolution. The Nuclear 
Data 6600 system was also linked through an RS 232 control box 
to a Tektronix 4025 display terminal, a LA 120 Dec Writer QL 
and an interactive digital plotter (Tektronix 4662). The peripheral 
devices were phone linked to the University of Arizona DEC-10 
time sharing computer system which, together with the Tektronix 
4025, was used for performing further data reduction and for 
plotting. 

Spectra were acquired and stored for a given preset live time 
in 1024 channels, and the kiloelectronvolti/channel ratio and the 
zero offset were obtained by calibrating the amplifier and the 
analog to digital converter. The scaling of energy vs. channel 
number was calculated by obtaining a spectrum containing at least 
four known peaks with a 10-mCi 241 Am X-ray source and de
termining the channel number of the centroid of each peak. A 
least-squares fit of the energy-channel number pairs gave peak 
positions that were within 10 eV of the expected values in the 
calibrated region. 

Relative atomic ratioo were obtained by dividing the experi
mentally determined peak areas of the characteristic X-ray lines 
(Kau or Lata) by the relative response factors for the X-ray lines. 
The relative response factors were obtained from the experimental 
X-ray efficiency curve. Peak areas from spectra of the same 
sample obtained under different operating conditions were nor
malized to a rommnn element, concentrations of all elements 
were then calculated from the known concentration of one of the 
elements in the sample. 

Samplo Preparation. In this work thin targets of standards 
and unknowns were prepared with thick backings as follows: 
50-yL allquota of solution were deposited with a micropipet on 
l/< in. diameter circles of MiUipore or Nude pore filters that were 
sandwiched between two layers of Kapton, with a hole, slightly 
less than l/« in. diameter, cut out of the top layer of Kapton. 
These filters sandwiched between Kapton were dried under an 
infrared lamp. The entire sample preparation operation was 
carried out in a positive pressure laminar flow hood to prevent 
contamination from airborne particulates. The Kapton sand
wiched samples (approximately 9/« in. X l/2 in.) were attached 
to the rotating sample wheel with doubles tick tapo and were 
positioned so that the proton beam would irradiate the solution 
impregnated filter circle. Repetitive preparation of thin targets 
as described above and PIXE analysis gave results that were 
reproducible to within 5%. 

The preparation of thin targets of solid standards and un
knowns was complicated by the dissolution processes which in
variably introduced contaminants that were present in the 
reagents or caused losses as a result of volatilization or incomplete 
dissolution. All digestions were carried out in Teflon-lined 
stainless steel vessels at elevated temperatures and pressures. 
Ultrex (Baker) acids containing only a few parts per million of 
contaminants were used, and the water added was distilled and 
doubly deionized. Known quantities of standard solutions were 
added to the dissolved unknowns to aid in the quantitative 
analysis. TTieae standard solutions were prepared from Spex (Spex 
Industries) reagents with a 99.999% or better, purity. "Hie added 
standard was carefully selected so that ita X-ray lines did not 
overlap with any of the lines In the sample. 
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Preparation of Standards. Standard of all elements 
from Na to U, containing 1000 ug/aL were either obtained di
rectly from Spex Industries, loo, or prepared from 99.999% purity 
Spex reagents and Ultrex acids. Thin targets with thick backings 
were prepared by depositing 20 of the standard solution from 
a micropipet on to a '/< diameter Nuclepore filter that was 
sandwiched between two layers of Kapton as described above. 
The targets were dried and mounted on the sample wheel and 
spectra were collected at 1 MeV and at 2 MeV with a 0.004-in. 
Al filter. The contamination levels found in the standard Spex 
solutions were less than 5 ppm for any single element These 
spectra were stored on the hard disk and were used to evaluate 
relative line intensities under a given set of operating conditions 
and were also used as an aid in the deconvolution of complex 
spectra. 

X-ray Efficiency Corves. X-ray yield or efficiency curves 
were experimentally generated from mixtures of standard solu
tions. From the measured peak areas and the number of atoms 
of each element in the thin target, the number of counts for an 
equal number of atoms of each element was «tifnlnt<vi and 
normalized with respect to a single element Replicate analyses 
of several hundred mixtures of pure standards were carried out 
in order to determine the relative yields of the Ka and La X-rays 
of all the dements under various operating conditions. The results 
that were obtained for a 1-MeV beam and a 2-MeV beam (with 
a 0.004-in. Al niter) are shown in Figures X and 2, respectively. 

Table I. Analytical Results for NBS SUM 1571 
(Orchard Leaves) 

concn (ppm or % where indicated) 

mean value 
from PIXE 

element analysis t std dev NBS Certified vai 

Na e 82 1 6 
Mg 0.60% r 0.05 0.62fc ; 0.02 
Si 480 t 14 0 
P 0.205c : 0.04 0.21% i 0.01 
S 2200t 103 (I900)b 

K 1.51% £ 0.06 1.47% t 0.03 
Ca 1.83% r 0.07 2.09% 1 0.03 
Or 2.2 a 1.0 2.6 2 0.3 
Mn 95 s 7.3 91 1 4 
Fed 300 300 - 20 
Co e (0.2)b 

Ni 2.6 t 1.0 1.3 s 0.2 
Cu 13 = 4.2 12 i 1 
Zn 22 2 3.1 25J 3 
Ga c (0.08)b 

As ^5 t 1.6 10 i 2 
Se c 0.08 : 0.01 
Br 7.3 s 3.2 (10)* 
Rb 10 : 1.5 12 s 1 
ST 31 £ 3.3 37 i 1 
Cd e 0.11 2 1 
Sb e 2.9 £ 0.3 
Te ' 1 *.e (0.01)b 

I c (0.17)b 

Cs e (0.04)b 

Ba 38 i 4.7 (44)b 

Pb 15 r 5.1 45 1 3 
Bi c (0.1)b 

a Values not reported. b Values in parentheses deter
mined by only one method. c Not detected by P1XE. 
d AJ1 PIXE values calculated relative to this NBS certi
fied value. 

Analysts of Standard Reference Materials. The accuracy 
of the X-ray yield data for thin targets was evaluated by carrying 
out the analysis of five standard reference materials purchased 
from the National Bureau of Standards: SRM 1571 (orchard 
leaves), SRM 1575 (pine needles), SRM 1577 (bovine liver), SRM 
1632a (coal), and SRM 1633a (coal fly ash). Approximately 250 
mg of each of these materials was digested in a Teflon-lined 
stainless steel vessel with a 3:3:1 mixture of llltrex HNOJ( HF, 
and HC1 at 110 °C for 2.5 h. The resulting solution was cooled 
and diluted with distilled deionized water, and 100-mL aliquots 
were pipetted directly onto thin Kapton film and evaporated 
under an infrared lamp. Special care was exercised to ensure that 
the residue on the Kapton was homogeneous. 

The analytical results were calculated with the aid of the thin 
target X-ray efficiency curves and the background subtracted and 
deconvoluted peak aress in the low-energy as well as the high-
energy regions. The average values of four independent deter
minations are given in Tables I-V. 

Analysis of Deep-Sea Feiromangaoese Nod ales. Seven 
samples of ferromanganese nodules were analyzed both by PIXE 
and by flame techniques. Three samples from the Pacific Ocean 
were provided by the Hawaii Institute of Geophysics and four 
samples of Atlantic Ocean nodules were provided by the Lamont 
Doherty Geological Observatory. All the samples were air-dried, 
crushed, and ground to a fine particle size (<100 mesh). Between 
200 and 300 mg of each of the nodule samples was digested in 
a Teflon-lined stainless steel vessel with a 3:3:1 mixture of Ultrex 
HN03, HF, and HCI at 110 "C for several hours. A Nuclepore 
filter was impregnated with three 100-mL aliquots of the resulting 
solution and the thin target sandwiched between Kapton as de
scribed previously. The samples were irradiated with a 1-MeV 
proton beam for l/a h and the low-energy X-ray spectrum (0-10 
keV) was collected. The high-energy (5-35 keV) emission spec
trum obtained with a 2-MeV proton beam was collected for 1 h 
with a 0.004-in. Al filter. Typical spectra are shown in Figures 
3 and 4. The elemental concentrations present in the thin targets 
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Table II. Analytical Results for NBS SRM 1575 
(Pine Needles) 

concn (ppm or % where indicated) 

Table III. Analytical Results for NBS SRM 
1577 (Bovine Liver) 

mean value mean value 
for PIXE of PIXE 

element analysis £ std dev NBS Certified value element analysis £ std dev 

Mg 0.22% £ 0.06 a Na 0.20% £ 0.05 
Al 582 t 47 *545 £ 30 Mg 580 £ 20 
Si 248 £ 36 o Si 0 
P 0.10% £ 0.03 (U2% £ 0.02 P 1.3% £ 0.1 
S 0.15% £ 0.03 a S 0.95% i 0.07 
K 0.35% £ 0.05 0.37% s 0.02 K 0.95% t 0.05 
Ca 0.37% £ 0.05 0.41% £ 0.02 Ca 131 £ 9 
Sc e (0.03)6 Cr e 

Mn* 675 675 £ 25 Mn 8.4 £ 2.1 
Fe 188 £ 17 200 : 10 Fed 268 
Co e (0.1)b Co e 

Ni 2.7 £ 1.1 (3.5)* Cu 189 £ 12 
Cu 3.0 £ 0.52 3.0 £ 0.3 Zn 128 s 10 
Zn 110 £ 12 a As e 
As .. .e 0.21 x 0.04 Sc a 

Br 5.4 £ 1.2 (9)b Br l i t  2.3 
Rb 13.1 i 2.6 11.7 t 0.1 Rb 20 £ 2.4 
Sr 5.5 £ 0.57 4.6 ± 0.2 Sr e 
Cd e (<0.5)b Mo 2.2 £ 0.9 
Sb e (0.2)* Ag e 
Eu ;/c (0.006)* Cd e 
Hg c 0.15 £ 0.05 In c 
Tl e 0.05 s 0.05 Sb e 

Pb 7 A : 1.3 10.8 £ 0.5 I c 

Th e 0.037 i 0.003 Hg '' c 

U .. > 0.020 s 0.004 Tl ' ' e 
Pb c 

0 Value not reported. 0 Values in parentheses deter- U c 

concn (ppm or % where indicated) 

0.243 = 0.013 
604 £ 9 
u7'6 
(1 .1S) 4  

. . .® 
0.97% = 0.06 
124 £ 6 
0.088 ± 0.012 
10.3 £ 1.0 
268 £ 8 
(0.18)* 
193 £ 10 
130 £ 13 
(0.055) 
(1.1) 

a 
18.3 i 1.0 
(0.14)6 

(3.4) 
(0.0 8)' 
0.27 ± 0.04 
(0.0B)6 
(0.005)6 

(0.18) 
0.016 2 0.002 
(0.05)6 

0.34 = 0.08 
(0.0008)'' 

d All PIXE values calculated relative to this NBS certi-
fied value. 

0 Value not reported. b Value* in parentheses deter* 
mined by only one method. e Not detected by PIXE. 
d All PIXE values calculated relative to this NBS certified 
value. 

y 

— 
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Figure 3. Typical PIXE spectrum of a feoomanganeee nodule sample 
in the low-energy region obtained with a 1-MeV proton beam at 200 
nA in Vj h. 

were from the X-ray efficiency curves as described for 
the standard reference materials. 

Flame analyses were carried out with a solution that was ob
tained by the digestion of a 0.5-g sample of nodules in a Tef
lon-lined vessel. The resulting solution was transferred to a 
100-mL volumetric flask containing 70 mL of a 5% boric acid 
solution and diluted to the mark. Standard solutions of the 
elements were prepared in an identical manner with 5% boric 
acid solution. Atomic absorption and emission spectrophotometric 
analyses were carried out for 22 elements with a Varian Model 
5 atomic absorption spectrophotometer. A nitrous oxide-acetylene 
flame was used for the determination of Al, Ba, Mo, Sr. V, Ti, 
and Si. Arsenic was determined with a tantalum boat and a 

ENERGY CKEV3 

Figure 4. Typical PIXE spectrum of a ferromanganese noduto sample 
fai the h&v«nergy region obtained with a 2-MeV proton beam at 200 
nA and a 0.004-in. Al flter in 1 h. 

hydrogen-nitrogen flame, and the remaining elements were de
termined with an air-acetylene Came. The average of five replicate 
PIXE and flame analyses is shown in Table VL 

RESULTS AND DISCUSSION 
The analytical results obtained for the NBS standard 

reference materials (Tables I-V) show the limitations of the 
PDCE technique when it is employed for the analysis of thin 
targets of various complex matrices. Values that are in rea
sonable agreement with the NBS certified values are obtained 
for nonvolatile elements (Z > 11) that are present in con* 
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Table IV. Analytical Result! for NBS SRM 1632a (Coal) 

concn (ppm or % where indicated) 

mean value 
of PIXE 

element analysis ± std dev NBS Certified val 

A1 2.8% t 0.27 (3.07*)* 
Si 3.1% * 0.14 a 
S 1.6% ± 0.07 (1.64%)* 
Sc 5.3 ± 1.2 (6.3) 
Tl 0.17% t 0.3 (0.175%)* 
V 46 t 8.2 44 £ 3 
Cr 36 x 3.5 34.4 ± 1.5 
Mn 20 ± 4.3 28 £ 2 
Fed 1.11% 1.11% ± 0.02 
Ni 18 t 3.4 19.4 t 1 
Cu 16 s 2.1 16.5 t 1 
Zn 28 ± 3.7 28 ± 2 
Ga 7.2 & 2.5 (8.49)* 
As 6.4 t 2.1 9.3 t 1 
Se 1.1 ± 0.08 2.6 £ 0.7 
Rb 34 : 4.6 (31)* 
Cd e 0.17 s 0.02 
Cs c (2.4)6 

Ce 25.7 t 7.2 (30)* 
Hf c (1.6)* 
Hg c 0.13 £ 0.03 
Pb 8^3 £ 1.9 12.4 £ 0.6 
Th 3.1 ± 0.5 4.5 £ 0.1 
U e 1.28 £ 0.02 

° Value not reported. * Values in parentheses deter-
mined by only one method. c Not detected by PIXE. 
d All PIXE values calculated relative to this NBS certified 
value. 

cenirations that are greater than '-10 ppm. An additional 
requirement is that there is a minimum overlap of the prin
cipal emission lines of these elements with neighboring 
emission lines of other elements. An examination of Table 
I shows that the concentrations of Ga, Se, Cd. Sb, Te, I. Cs, 
and Bi that are present in the thin targets of NBS orchard 
leaves are below the limits of detection of the method. The 
volatility of Se( Cd, Sb, and Bi may also contribute to the 
difficulty in the detection of these elements. The very low 
values obtained for As and Pb are undoubtedly caused by the 
volatility of these elements when irradiated by the proton 
beam. 'Hie intense Mg Kali2 line at 1.253 keV that was present 
as a result of the high concentration of Mg in the sample 
almost completely obscured the much weaker Na Kau line 
at 1.041 keV. Difficulties with the detection of Co and the 
poor results that were obtained for Ni were attributable to 
the spectral overlaps with the K X-rays of Fe. In Table II 
many of the same difficulties that are described above are 
evident The concentrations of the elements Sc. Eu, Th, Tl, 
and U in NBS pine needles are much too low to be detected 
by PIXE and the elements As, Cd, Sb, and Hg are not only 
present at low concentrations in the sample but they are also 
highly volatile. The low values obtained for Br and Pb may 
have also been caused by the volatility of these elements, and 
the determination of small concentrations of Co and Ni in a 
matrix containing Fe at approximately 80-100 times the 
concentrations of these two elements is difficult because of 
the overlap of the principal emission lines of these elements. 
For many of the same reasons described above, the concen
trations of Cr, Co. As. Sc. Sr. Ag, Cd. In, Sb. I, Hg, Tl, Pb, 
and U in NBS bovine liver (Table HI) could not be determined 
by PIXE. The concentrations of these elements were below 
the detection limits, or the elements were volatile or their 
principal emission lines could not be completely resolved. No 
value was reported for the relatively low concentration of Si 
present because of the interference from the high background 
caused by the large phosphorus concentration in the sample. 

Table V. Analytical Results for NBS SRM 
1633a (Coal Fly Ash) 

concn (ppm or % where indicated) 

mean value 
of PIXE 

element analysis t std dev NBS Certified value 

Na 0.22% ± 0.06 0.17% £ 0.01 
Mg 0.38% £ 0.07 0.455% (£0.010) 
A1 15% t 0.43 (14%)* 
Si 18% £ 0.93 22.8% £ 0.8 
K 1.8% £ 0.07 1.88% i 0.06 
Ca 1.2% t 0.08 1.11% £ 0.01 
Sc 34 £ 4.2 (40)* 
Ti 0.80% t 0.08 (0.8%) 
V 280 t 18 (300)* 
Cr 200 £ 11 196 ± 6 
Mn 195 £ 15 (190) 
Fed 9.4% 9.4% £ 0.10 
Co 38 t 13 (46) 
Ni 112 £ 4.8 127 £ 4 
Cu 120 £ 5.2 118 £ 3 
Zn 218 £ 18 220 £ 10 
Ga 55 £ 4.6 (58) 
As 97 £ 18 145 £ 15 
Se 7.8 t 2.1 10.3 £ 0.6 
Rb 150 £ 12 131 £ 2 
Sr 825 t 40 830 £ 30 
Mo 30 £ 4.2 (29) 
Cd e 1.0 £ 0.15 
Sb c (7) 
Cs e (11) 
Ba 0.15% £ 0.01 (0.15%) 
Ce 230 £ 45 (180) 
Eu e (4) 
Hf c (7.6) 
Hg c 0.16 £ 0.01 
Tl \'A £ 1.3 5.7 £ 0.2 
Pb 65 £ 5.7 72.4 £ 0.4 
Th 28 £ 8.3 24.7 s 0.3 
U 11 £ 2.7 10.2 £ 0.1 

° Value not reported. * Values in parentheses deter-
rained by only one method. c Not detected by PIXE. 
d All PIXE values calculated relative to this NBS certified 
value. 

In Table IV, the concentrations of Cd, Cs, Hf, Hg, and U in 
coal were not determined and in Table V, the concentrations 
of Cd, Sb, Cs, Eu, Hf, and Hg in coal fly ash were also not 
determined by PIXE for many of the reasons outlined above. 
The analytical data summarized in Table V show the utility 
of the PIXE technique when more than about 10 ppm of each 
element is present in a complex sample. For elements of 
atomic number greater than 12, the precision and accuracy 
of the PIXE determinations are in reasonable agreement with 
the certified NBS values. Notable exceptions of course, are 
the low results that were obtained for Se, Pb, and As, as a 
result of their volatility. 

We have evaluated die performance of the PIXE system 
by carrying out the analysis of thin targets prepared from five 
different NBS standard reference materials. The technique 
is capable of providing quantitative multielemental analytical 
data for elements that are present in the range of several 
percent to ~ 10 ppm. The precision of the method in most 
instances is better than 10% and in general an accuracy of 
10*20% can be readily achieved in the absence of losses due 
to volatility and problems caused by high backgrounds and 
overlapping emission lines. 

It is apparent from the foregoing that the PIXE technique 
is ideally suited for the simultaneous determination of the 
major and minor components of deep-sea ferro manganese 
nodules, which are a heterogeneous mixture of a variety of 
metal oxides, rocks, and oiogenic sediments. The major 
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Table VI. A Comparison of PIXE and Flame Analyses of Deep-Sea Ferromanganese Nodules0 

concn (ppm or % where indicated) 

MDH VA KK D* D^20 CRU D-28 

element PIXE flame PIXE flame PIXE flame PIXE flame PIXE flame PIXE flame PIXE flame 

Na % 1.70 1.91 1.29 2.15 2.05 2.11 2.03 1.45 1.78 1.57 1.05 1.88 1.43 1.35 
Mg% 1.32 1.70 1.41 1.28 1.64 1.42- 1,43 0.90 1.68 1.40 1.57 1.76 1.62 1.41 
A1 % 4.01 3.62 1.70 1.72 1.00 1.11 1.35 1.11 2.97 3.56 2.01 1.88 2.59 2.76 
Si % 13.24 12.78 5.36 6.06 9.47 11.14 12.80 11.13 8.83 6.11 11.34 9.72 8.37 7.27 
K.% 0.61 0.68 0.83 0.77 0.58 0.62 0.42 0.35 0.60 0.63 0.79 0.88 0.52 0.48 
Ca% 4.83 4.20 0.91 0.93 0.63 0.59 1.73 1.52 1.34 0.92 1.32 1.25 0.79 0.83 
Ti% 2.51 2.42 1.02 1.10 1.58 1.72 1.05 0.93 0.69 0.74 0.73 0.68 1.01 0.82 
V 395 480 270 350 35 .. .*> 685 679 410 460 295 460 589 610 
Mn%° 6.27 6.27 19.81 19.81 10.34 10.34 13.00 13.00 13.70 13.70 21.00 21.00 12.93 12.93 
Fe % 11.94 12.25 6.82 6.54 10.98 10.58 16.89 17.10 13.05 12.56 7.35 8.73 13.83 14.20 
Co % 0.20 0.18 0.05 0.10 0.10 0.15 0.088 0.11 0.09 0.15 0.12 0.18 0.22 0.17 
Ni % 0.16 0.15 0.99 0.98 0.31 0.35 0.22 0.19 0.27 0.34 0.93 1.04 0.29 0.35 
Cu5> 0.02 0.03 0.68 0.70 0.30 0.29 589 710 0.12 0.12 0.63 0.67 0.14 0.12 
Zn 376 390 1004 1020 848 860 637 610 413 420 687 740 495 470 
As 35 80 55 62 53 78 88 153 23 70 33 90 48 92 
Rb 8 10 10 14 IX 14 12 12 18 21 14 16 12 16 
Sr 487 480 989 1130 1620 i S90 828 831 476 450 528 540 474 450 
Mo 301 290 697 710 295 280 683 700 305 320 644 630 280 320 
Cd 6 27 80 120 b 6 b 25 6 40 b 27 .. 34 
Ba 7o 0.14, 0.11 0.32 0.26 0.37 0^34 0.26 0.25 • <U7 0.16 <141 0.34 <U3 0.18 
n 38 60 165 150 15 28 96 101 97 118 138 129 87 98 
Pb 526 700 430 510 938 1140 1146 1320 493 620 427 830 637 730 

0 All PIXE values calculated relative to this value obtained by atomic absorption. & Not detected. c MDH * manganese 
nodules collected from Midway Dredge Hauls No. 20 Crusts, Pacific Ocean; VA • manganese nodules collected during the 
Valdivia Cruise, Pacific Ocean. 5000 m depth, longitude 148'30'W latitude 9*N; KK - manganese nodules collected during 
the KK-77-03-17 Cruise, Pacific Ocean, Station 58, Rd. 23; D-5 • manganese nodules collected from the Atlantic Ocean. 
RC15-D5, 2400 m depth, longitude 55° 14'W, latitude 48®28'S, Feb 27,1972; D-20 • manganese nodules collected from 
the Atlantic Ocean, RC15-D20, 5390 m depth, longitude 61'10'W, latitude 27°42'N, July 17,1972; CRU - samples col
lected during the 9121 Cruise, Pacific Ocean, obtained from the Scripps Institute, 4350 m depth, longitude 121*43'W, lati
tude 19°49'N; D-28 - manganese nodules collected from the Atlantic Ocean, RC15-D28, 5250 m depth, longitude 61°00'W, 
latitude 28°02'N, July 28,1972. 

components of these nodules are the oxides of manganese 
(15-30%) and iron oxyhydroxides (8-26%), together with 
varying amounts of calcite and silicates. The minor compo
nents of industrial importance, Cu, Ni, and Co (1-2%) and 
Mo (0.05%) are associated with the major metal oxide phases, 
and an additional 30-40 elements, some of which are highly 
toxic, have been found in varying concentrations in the fer
romanganese nodules. In any processing scheme that is de
vised for the recovery of Cu, Ni, Co, and Mo from deep-sea 
nodules, it is useful to determine the total elemental com-
position of all process streams, particularly those that are 
released into the environment. It is evident therefore, that 
the PIXE technique can'play an important part not only in 
the analysis of the complex ferromanganese nodules but also 
in the development of environmentally compatible process 
schemes for the extraction of metal values from these nodules. 

In this work we have analyzed deep-sea ferromanganese 
nodules from seven different locations both by the PIXE 
technique with thin targets and by flame atomic absorption 
and emission. The results obtained are summarized in Table 
VL In addition to the 22 elements for which analytical data 
are reported in Table VI, the eight elements, P, S, Cr, Se, Br, 
Y, Zr, and Ge, were detected in the nodules but their con
centrations were not determined. The standard deviations 
for the flame analyses were in general <5% and never greater 
than 10% whereas the standard deviations for the PIXE 
determinations were of the order of at least 10%, most of 
which was attributable to inhomogeneities in the sample 
target. The same difficulties that were encountered in the 
analysis of the standard reference materials were also en
countered in the analysis of the ferromanganese nodules. The 
values for the highly volatile elements As and Pb obtained 
by PIXE were consistently low in comparison with the results 
obtained by atomic absorption. The determination of Co in 

the presence of a large concentration of Fe by the PIXE 
technique ia always unreliable and the unreliability increases 
as the ratio of CoJe decreases. The accuracy of the T1 de
terminations have also been affected by deconvolution 
problems that are caused by the presence of relatively high 
concentrations of Pb and somewhat smaller concentrations 
of As. The rest of the PIXE data given in Table VI (Z > 12) 
are in good agreement with the results obtained by flame 
methods. 

One of the important limitations of the proton-induced 
X-ray emission technique that has been found in this work 
is the error caused by volatilization as a result of sample 
heating. Other investigators who have used photon or 
charged-particle excitation techniques have reported that a 
significant fraction of the incident exciting radiation may be 
absorbed by the sample and the resulting increase in tem
perature may volatilize certain compounds in the sample. Tha 
temperature rise in the sample target is a function of target 
thicknes and composition as well as the energy of the exciting 
radiation and the beam current. In this work we have used 
thin sample targets on thick Kapton backings with proton 
beam energies from 1 to 2 MeV and beam currents from 50 
to 200 nA. Under these experimental conditions sample 
heating may indeed be a problem especially since the thick 
Kapton backing is a thermal insulator. A recent study has 
shown that significant loss of sulfur from thin targets may 
occur as a result of volatilization or chemical reactions that 
may be induced by irradiation with 2-MeV protons (9). The 
analytical results reported for sulfur in the standard reference 
materials (Tables I and IV), however, show no evidence of 
errors caused by losses due to volatilization, although the 
concentrations of other volatile elements, particularly As and 
Pb, were seriously affected. It should be emphasized that the 
volatility of the elements is a function not only of the tern-



perature rise in the sample but also the chemical state of the 
element* in the sample. 

The PIXE technique is a valuable analytical tool for rapid 
multielement*! determinations.of complex samples. The 
single factor that limits the accuracy and precision of the 
method is sample preparation. We have shown in this work 
that thin sample targets of complex materials can be sue-
cesafully analyzed. The precision as well as the accuracy of 
the method can be improved if inhomogeneities in the thin 
sample targets can be removed and sample heating nunirnizpd. 
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