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Abstract - In materials science, solid state physics, and many other
fields of modern technology there is rapidly increasing interest in
obtaining accurate analytical data. In addition to the determination
of the concentration of traces of an element in the bulk material,
information on its distribution within the sample or on the surface of
the sample is required. The analytical chemist is always faced with
new problems showing the limitations of his methods. In extreme trace
analysis the systematic errors inherent in the methods frequently
cause the analytical results to be incorrect by several orders of
magnitude.

The first part of this contribution deals with the sources and the
identification of such errors.

In the second part examples from the author's laboratory of how to
obtain accurate results in extreme trace metal analysis will be
presented.

In all the methods discussed, optimized decomposition and separation
steps - checked by means of radioactive tracers if possible - are
combined with a suitable technique for determination of the isolated
trace element.

The samples are preferably decomposed in a special pressure bomb, with
highly purified acids. The trace elements are then separated from the
matrix by conversion into gaseous products or by electrolytical
deposition in a hydrodynamic system.

The final determination is accomplished by using very sensitive spec-
trometric methods, e.g. furnace atomic absorption spectrometry (FAAS),
optical emission spectrometry (OES) with microwave induced plasma (MIP)
and hollow-cathode excitation.

Dust-free laboratories, chemically inert materials for construction of
the necessary apparatus, highly purified reagents, and special micro-
techniques are very important factors in reducing systematic errors.
Furthermore, new developments in the field of extreme trace analysis
will only be successful if at least two independent methods are avail-
able to solve a certain analytical problem and thus provide a cross-
check of the accuracy of the results.

It must be pointed out that only by the application of such expanded
multi-step procedures to a varietv of different matrices is it possible
to be sure of the composition of standard reference materials for in-
strumental multi-element methods (e.g. mass spectrometry and instrumen-
tal activation analysis).

AIMS OF THE ANALYSIS OF HIGH-PURITY MATERIALS

All naturally occuring chemical elements are known to be ubiquitous, and to
be found in all materials. Their concentrations in a matrix vary very wide-
ly, however. Moreover they can be decreased considerably by purification pro-
cedures. Consider the extremely high standards of purity demanded for e.g. the
purest metals, semi-conductors, reactor materials, or ultrapure chemicals or
reagents. The purity actually aspired depends on the particular use to be
made of the material. Either the impurities must impart to the material de-
fined mechanical, electrical, magnetic or optical properties, or resistance
to chemicals, temperature, and radiation ("purity according to a particular
purpose"”), or they must cause no undesired physical and chemical effects
("limits of purity"). Nowadays limits of concentration of about 1010 3 are
considered possible, but even below this range foreign atoms can cause physi-
cal effects in a crystal lattice by interactions with structural

defects.
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Reliable trace analysis must face reality, however. Routine analytical work
can satisfactorily control at best a concentration range down to 10"4 %. The
uncertainty associated with the determination of lower levels increases ex-
ponentially as the order of magnitude decreases. Further problems arise if
only a limited amount of sample is available (< 1 g) for the bulk analysis, or
if local distributions of foreign atoms, e.g. on grain boundaries or on the
surface,are to be investigated. The absolute amounts of impurities to be de-
termined are then in the ng, pg or even in the fg range (Ref. 1,2).

We may no longer start with the idea that the results obtained with only a
single method are accurate, even if they are reproducible.

The systematic errors inherent in analytical methods are very difficult to
discern and become increasingly significant as the absolute amount of the
element to be determined decreases. The most important condition for statisti-
cal treatment of the errors - that they should be normally distributed - often
does not hold. In these extreme ranges the true values can be higher or

lower by several orders of magnitude than the average values calculated from
collections of data by the usual statistical methods, as is being shown more
and more often by comparative interlaboratory analyses.

GENERAL ASPECTS OF EXTREME TRACE ANALYSIS

These problems just mentioned mean that for analyses at ng/g-and pg/g levels
the approach and working techniques must differ from those for ug/g analysis.

I think that it would be generally agreed that direct instrumental multi-
element procedures, e.g. solid state mass spectrometry (SSMS), optical emission
spectrometry (OES), X-ray fluorescence analysis (XRF), instrumental activa-
tion analysis (IAA), and others are still handicapped by enormous difficulties
in ng/g and pg/g analyses although they increasingly outstrip the less
economical solution methods. In many cases these direct procedures do not have
sufficient power of detection, but more seriously, the very complex methodical
errors inherent in the excitation of the samples are all associated with inter-
ferences by the matrix and concomitant elements as shown in Fig. 1, upper
section. The separation and very sensitive detection of the signals from the
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Fig. 1. Sources for systematic errors inherent in direct analysis
procedures (above) and multi-stage procedures (below).

elements is much less of a problem. Even today, there is only a slight chance
of obtaining accurate information if there is a lack of reliable reference
samples, which must be very similar in composition to the sample to be analys-
ed. It is imperative to check the accuracy of direct instrumental procedures
with independant ones, easy to calibrate, where the trace elements are
separated from the matrix and concomitant element before their determination.

For that reason we have to give priority to the development of these so called
"multi-stage combined procedures". Moreover they are also suitable for pre-
paring reliable standard samples.
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There is no doubt that these procedures, consisting of the digestion, enrich-
ment, and determination steps (see Fig. 1, lower section), are subject to a
number of systematic errors, the avoidance of which requires great

effort. First of all, there are the blanks or the interactions of the inter-
faces with the very small absolute amounts to be determined - these are
adsorption and desorption effects or volatilizations - which may influence,
and set a boundary,for the detection limits and the reliability, especially
in connection with solution procedures (Ref. 3,4).

The decomposition of the sample (including the trace elements) and the taking
and preparation of the sample, are particularily subject to systematic errors
Therefore, this report deals mainly with methods to avoid these errors.

In the following I summarize once again some basic rules (Ref. 1-5);

1. All apparatus and tools must be made of an inert material. This
requirement is only approximately met by noble metals, quartz,
graphite, PTFE, and polypropylene. The purity and stability limits
of these materials are, however, now well known.

2. Only the purest reagents and auxiliary materials available
should be used and even then in minimum amounts. Thus, the choice
of reagents is restricted to only a few in addition to water, HF,
HC1l, HNO3, H202, aqueous ammonia, and some organic reagents and
solvents. Additional special reagents have to be purified for each

) special case at the cost of time and effort.

3. Contamination from laboratory air has to be excluded. This criterion
can be satisfied nearly completely by using substantially "dust-
free" and "dust-controlled" working places, where the concentra-
tions of especially abundant elements of laboratory dust can be
reduced by at least a factor of 1000.

4. The decomposition and separation steps should be carried out in
reaction vessels of minimal surface area and coupled as closely
as possible, and at temperatures as low as possible.

5. Decomposition and separation must take place without loss of the
elements to be determined. A careful determination of the effi-
ciency is therefore indispensible and if possible should be done by
use of radioisotopes.

6. Naturally, the method of determination itself plays an important
role. The problem of making the method as sensitive as possible is
invariably connected with the problem of transferring very small
quantities of material into excitation areas which should be as
small as possible. The techniques of classical micro and ultra-
micro analysis have proved especially useful (Ref. 6,7).

By following these rules it has proved possible in many cases to detect im-
purities in the ng/g range in high-purity materials (metals, semiconductors,
glass-ware, reagents etc.) with a high degree of precision and accuracy. The
following examples present some multi-stage procedures, developed in our
laboratory, which make this concept understandable.

EXAMPLES OF MULTI-STEP PROCEDURES

Combined decomposition and enrichment procedures by means of the gas phase
Especially convenient conditions for multi-stage procedures exist if the trace
elements to be determined (e.g. B (Ref. 1), C (Ref. 8), N, O (Ref. 9), Si
(Ref. 2), Se (Ref. 10,11), Hg (Ref. 3), Bi (Ref. 12)) can be liberated as a
gas during the decomposition of the sample and so separated in the vapour
phase from the nearly non-volatile matrix elements (e.g. Be, Al, Fe, Nb,

Ta, W, Mo). The ideal case would be for the sample to be melted by excitation
in a high-frequency field while freely suspended,i.e. without a crucible,
without contact with other working materials, and with no need for reagents
or auxiliary materials (Ref. 9), see Fig. 2.

This technique is preferable for the determination of gases (e.g. H, N, O) in
high-melting metals (e.g. Nb, Ta, W, Mo). i’uen the levitation melting
procedure is used, blanks can be reduced by 1-2 orders of magnitude in
comparison with the conventional hot extraction procedures.

For the determination of total nitrogen and oxygen in high-purity niobium the
nitrogen is directly removed from the metal melt by ultra high vacuum and the
oxygen by reaction with a hydrocarbon (e.g. acetylene). The isolated gases
can be determined nearly without problems by means of a quadrupole mass
spectrometer if its resolution is sufficient to separate nitrogen and carbon
monoxide which have aearly the same mass number. With a high resolution instrument
(resolution about 3000) both gases can be determined if their amounts do not
differ by more than one order of magnitude. In the determination of nitrogen,
the accuracy of the method can be verified with two independent

PAAC 50:9/10--0
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sample

1 HF-coil with boat and sample
2 quadrupole mass filter

3 ionization manometer

4 CO/N, -calibration system

5 sample inlet

Fig. 2. Apparatus for the quadrupole mass spectrometric determination

of oxygen and nitrogen (ppm- and ppb-range) in metals of high-purity
after levitation melting

methods - the micro-Kjeldahl (Ref. 13) and the residual resistance

method (Ref. 9), (see Fig. 3), but for the determination of oxygen a reference
method is not yet available. The procedure, which allows reliable detection
of as little as 0.05 ppm of nitrogen has reached practically the detection

limit of a nitrogen determination by means of photon activation analysis
(Ref. 14).
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—— residual resistance; e ultra high vacuum extraction; o micro-
Kjeldahl method



The analytical characterization of high-purity materials 1079

This procedure, hitherto the only available for the determination of very

small nitrogen contents in metals, can now be checked for accuracy by an
independent reference procedure.

The next example deals with the as yet unsolved problem of the determination
of ng/g levels of boron in ultrapure metals.

Boron can be separated in ng-quantities as BF3 from the matrix if the sample
can be dissolved in a mixture of purest HF and HNO3. The BF3 evolved is trans-
ferred by a carrier gas out of the PTFE-decomposition vessel into the

receiver of determination digestion apparatus (see Fig. 4) in the same way as
SiF4 or H2SiFo are transferred in the determination of silicon traces in metals
(Ref.) 6. Before the emission spectrometric (see Fig. 5) it is necessary to
separate and concentrate the boron from the hydrofluoric acid distillate.
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Fig. 4. Apparatus for the separation of B- and Si-traces as BF3 and
SiFy,respectively, from metal matrices
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Fig. 5. Emission-spectrometric determination (CMP and hollow-cathode
excitation) of traces of B in metals after volatilization (BF3) and
extraction (BF4-TBA/MIBK)

This is done by extracting it as the BF4-tetrabutylammonia complex (BF4-TBA)
with methyl isobutyl ketone (MIBK). The organicphase is then directly sprayed
into a microwave induced nitrogen plasma (CMP), (detection limit: 25 ng)

(Ref. 15). Another possibility is to excite the boron in a hollow cathode
after evaporation of the solvent (detection limit: 0.05 ng) (Ref. 16). The
systematic errors that restrict the detection limit are inherent mainly
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in the decomposition and separation steps and could be reduced if the two
steps could be combined. Of course sample preparation, decomposition, and
purification of the dissolving acids must be done under clean-room conditions.
Combined decomposition and separation procedures using the gas phase are often
applicable for the determination of elements which can be volatilized at tem-
peratures up to about 1000 ©C from non-volatile matrices. Table 1, taken

from Rudolf and Bachmann (Ref. 17) is useful for orientation. Many of these
procedures have been used to solve trace analytical problems since W. Geilmann
introduced them (Ref. 18}, but we can now recognize the limits of this analy-
tical principle (Ref. 3).

Table 1. Elements and compounds suitable for separation via the
gaseous phase according to K. Bachmann and I. Rudolf.

Type of Elements which form suitable volatile compounds
compound (25 - 950 ©¢)
Elements Noble gases, halogenes, O, S, Se, Te, Po, N, P,

As, Sb, Bi, Sn, Pb, T1l, Zn, Cd, Hg, (Li, Na, K,
Rb, Cs, Fr)

Oxides S, Se, Te, Po, (As), Tc, Re, Ru, Os, (Mo, W),Zn,
Cd, Hg
Fluorides Ti, %2r, Hf, V, Nb, Ta, Mo, W, Tc, Re, Ru, Os, Rh,

Ir, Hg, Si, Ge, Sn, P, As, Sb, Bi, S, Se, Te

Chlorides Ti, %2r, Hf, V, Nb, Ta, (Cr), Mo, W, Tc, Re,!ln; Fe,
Ru, Os, Au, Zn, Cd, Hg, Al, Ga, In, T1l, Si, Ge,
Sn, Pb, P, As, Sb, Bi, S, Se, Te, Po, Ce

AlCl Lanthanides, Actinides, Ca, Sr, Ba, Ra, Fe, Co,
complexes Ni, Cu, Pd, Pa, Mo

Volatile trace elements may react with matrix constituents to give non-vola-
tile thermally stable compounds or may interact with the materials (e.g.
quartz, ceramics, graphite) of the vaporization apparatus. Hence it is indis-
pensible to check the recoveries systematically. The dynamic techniques of
vaporization analysis hitherto used, where the volatile components are trans-
ported by a carrier gas and subsequently condensed on a cold finger or in a
capillary,fail mainly because the trace elements or their compounds (e.g. Hg,
BiCl3, SeOj, As;03) can no longer be trapped quantitatively on small conden-
sation areas.

Condensation of the volatilized components together with the carrier gas has
proved more effective in these cases (see Fig. 6) (Ref. 6, 10).
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Fig. 6. Separation of ng amounts of Se in metals by volatilization
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Recent applications of this vaporization technique for the determination of
down to 0.1 ng/g of Se in ultrapure Cu, Ag, Au, Bi, Pb (Ref. 11) substantiate
its capability.

In special cases, a static technique is to be preferred, involving vaporiza-
tion without carrier gas in a quartz tube extended to a capillary (see Fig.7).
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Fig. 7. Arrangement for the volatilization of Bi, Te, Se from a sili-
ceous matrix into a quartz capillary

Radiochemical yield determinations have shown that with this simple principle
2 95 % of pg amounts of e.g. Se, Te, and Bi can be separated as chlorides
from siliceous materials and enriched by deposition on a very small area of
the capillary. After dissolution of the condensation products in small, known
volumes of acids (50-100 ul) the elements can be determined reliably and very
sensitively by furnace atomic absorption spectrometry (FAAS) (see Fig. 8)
(Ref. 12).
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Fig. 8. Calibration curves for the determination of Te and Bi by FAAS
(enrichment after volatilization of halide compounds)
X =2 N HNO3 standard solution
A = 300 mg Sample (glass) and addition of standard solution and
1 ¢ B203/NaCl (1:4).
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Decomposition procedures

When sample decomposition and separation of trace elements cannot be com-
bined, both stages have to be optimized separately. The idea of combining
both stages should be kept in mind, however.

Decomposition with acids is the most universal. Only easily volatilized
acids such as HF, HCl, HNO3 can be obtained extremely pure by subboiling
point distillation or isothermal distillation (Ref. 7, 19). They should
be preferred to higher boiling acids such as HClO4, H2SO4, or H3PO4. In
order to use minimum amounts of acids and minimize volatilization of ele-
ments and gain of impurities, decomposition techniques in the vapour phase
(Ref. 20, 21) or in pressure digestion vessels (Ref. 22-24) or combinations
of both (Ref. 25, 26) should be applied (see Fig. 9). Attention has to be
paid to the stability of the vessel.

| 1 pressure bomb (stainless steel, respectively Al)

2 screw cap
A 3 PTFE-vessel
L PTFE -cap
5 safety valve
2 - 5 6 chamber for decomposition acid
N 7 decomposition vessel
A
~ C
4 |
1_../ ; ' B 2 %
; ] 2 3 ]E_P\ 6
N | ’
===
-~
2\ 3 N
5

Scm

Fig. 9. Arrangement for acid decomposition under pressure
A) after Kotz et al.; B) after Bernas; C) after Woolley.

materials, especially when pressure decomposition is applied.

Depending on the problem, noble metals, quartz, PTFE, or glassy carbon may
be used. Care must be taken when PTFE is employed. Commercially available
qualities of PTFE may contain impurities which diffuse little by little
from the material into the digestion solution when PTFE is attacked under
pressure, making it impossible to measure an accurate blank. Cleaning
operations that may last for days are therefore necessary when Si, Cd, Hg,
Fe are to be determined for example. Glassy carbon too, is not completely
resistant to oxidizing acids. As, however, it is heated at temperatures
above 2000 OC during the manufacturing process, the amount of easily vola-
tilized impurities such as Hg, Cd, Pb, Sb should be less than those of

Si, Al, Fe, B and other non-volatile elements. Glassy carbon may therefore
in many cases be used instead of PTFE. The decomposition vessels should

be shaped in such a way that all subsequent separation steps (e.g. co-
precipitation, or liquid-liguid extraction) can be done in the same vessel
to minimize systematic errors caused by adsorption effects and introduction
of foreign elements. We prefer the pressure decomposition system (Ref. 24)
developed in our laboratory.

For metallic matrices anodic dissolution procedures may be advantageous since
they can be used at low temperatures and with a minimum of reagents. A vessel
made of glassy carbon serves as anode and the cathode is made of purest
graphite (see Fig. 10). The electrolyte depends on the matrix to be dissolved.
For the dissolution of high purity niobium a solution of purest methanol
saturated with purest ammonium chloride was shown to be suitable (Ref. 27).

Decompositions by fusion with B0,, KHSO4, NaOH, NajyCO3, and other reagents
should be applied only when acid aecompositions fail. Important reasons for
not using fusion decomposition are: 1) the relatively large amounts of non-
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volatile elements present as impurities in the fluxes require enormous expen-
diture of time on purifying operations, 2) interactions of the melt with the
crucible material are not only difficult to prevent but may also result in
both serious contamination and losses.

dpb—— OQp—
Nb-electrode Pt-electrode 4
(sample)
4 Y ) g
it | pnil _/
PTFE 5——“-—*/ +
— T T 4
/—— —_— = = — / ——
A -
graphite ———
I

Fig. 10. Arrangement for the electrolytical dissolution of niobium
(current density: 0.15 A/dm2; electrolyte: methanol saturated with
NH4CL) .

After either acid decomposition or fusion the enrichment of the elements
usually has to be achieved separately. An exception is the dissolution proce-
dure for metals, in which the trace elements to be determined are enriched by
electrochemical cementation on the less noble sample during the dissolution
process. If the dissolution process is interrupted when a very small part of
the sample remains undissolved (partial dissolution), the trace elements that
have undergone cementation can be determined directly under certain circum-
stances in the presence of the small residue of matrix, as shown by Jackwerth
and co-workers in numerous experiments (Ref. 28, 29).

Special separation and enrichment procedures

Most of the conventional principles of separation and enrichment (e.g. co-
precipitation, liquid-liquid extraction, ion-exchange) that can be combined
with the sample dissolution are subject to several systematic errors, mainly
losses by irreversible adsorption of the ions onto the cell walls. These may,
however, be partly compensated by introduction of the elements concerned when
these occur in high concentration in the laboratory air, the reagents and the
vessel materials.

Though the blanks may often be reduced by working in clean rooms, using high-
purity reagents and inert working materials, optimizing the surface geometry,
and pretreating the cell walls, the limitations of these methods are clearly

to be seen. It is also very difficult to make the interferences reproducible.

Radiochemical yield determinations can be applied to ascertain adsorption
losses if radionuclides of the elements to be determined with suitable half-
life and specific activity are available. This expedient, however, is only
helpful for those elements giving blanks which are negligible compared to the
concentration range to be determined.

This explains our efforts to find techniques less prone to interferences, for
isolating trace elements from digestion solutions. Two promising techniques
will be briefly presented.

The first is based on electrolytic enrichment of trace elements (e.g. Hg, Cu,
Bi, Pb, Cd, Fe, Zn, Ni and Co) occuring in non-deposited matrix elements (e.g.
Be, Zr, Nb, W). It has already been shown that pg quantities of Bi, and ng
quantities of Fe, Co, and Zn are deposited quantitatively within a short time
from a fairly large electrolyte volume (about 50 ml). The mass transport in
the electrolyte is not effected by stirring of the solution or rotation

of the cathode, but by means of a hydrodynamic system. Figure 11 shows the
arrangement. The electrolyte is circulated rapidly by means of a PTFE-membrane
pump (5) through a cathode cylinder made of graphite (2). The Pt/Ir anode is
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placed concentrically in the graphite cylinder cathode. The very small
distance of 0.7 mm between cathode and anode allows electrolysis with high
current densities of about 1 A/dm The high circulation rate of the electro-
lyte (20 ml/min) in the narrow electrolysis cell nearly completely avoids the
interference caused by H; development. Thus, more than 98 % of the Bi in an
ammonium fluoride solution containing 0.01 ng of Bi/ml could be deposited on
the cathode (Ref. 30).
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S
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ds
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w
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Fig. 11. Electrolysis in the hydrodynamic flow system.

It is obvious that the geometry of the cathode should be tubular so that the
metals deposited inside the cathode can be determined directly by, for example,
furnace atomic absorption spectrometry (FAAS, MaBmann micro-technique) (see
Fig. 12 A). Emission spectrometric and activation analytical determinations
can also be applied. The tubular graphite is used directly as a furnace for
the atomization.

<|IF

MIP-QES Aid

\ 1 graphite tube cathode
6

2 graphite electrodes for
resistance heating

2.456Hz ————— T 4 3 hollow cathode lamp
4 microwave resonator

5 quartz tube

1 6 plasma
12V, L00A 7 mirror
2 2 8 spectrometer
5
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Fig. 12. Determination of traces of elements by furnace atomic absorp-
tion spectrometry (FAAS) and optical emission spectrometry (OES)

after electrolytical deposition in a graphlte tube cathode.

A: FAAS; B: MIP/OES.
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Thus, the detection limit can be improved by at least one order of magnitude
relative to the conventional solution technique. Since the deposited elements
are already present in the metallic state, dissociation and reduction proces-
ses (which may strongly affect the detection limit) are not necessary. In
consequence of this, the multi-stage process for the determination of electro-
lytically depositable trace elements in purest niobium can be divided into
the following operations: Decomposition of the sample with a minimum volume
of high-purity HF in a PTFE pressure vessel, neutralization of the excess of
acid with purest aqueous ammonia, electrolysis of the digestion solutioi. di-
luted to 50 ml, and the determination of the elements by FAAS. Another tech-
nique (see Fig. 12 B) allows simultaneous determination of several elements
deposited on the cathode. The elements, evaporated by heating the graphite
cathode, are transferred into a microwave induced argon plasma, established
in a quartz capillary which is attached to the furnace where the elements are
excited to emission. Preliminary investigations yielded detection limits as
low as 1 ng for many elements.

The second enrichment technique is based on a simple precipitation exchange.
The trace elements in the digestion solution are drawn slowly through various
thin layers, covering a PTFE membrane filter in a Hahn-filter funnel. These
layers consist of freshly prepared precipitates of metal sulphides (e.g. ZnS,
MnS), hydroxides, carbonates, phosphates, etc. or chelate-complexes (Ref. 3,
31). The exchanger layer retains all those elements for which the correspond-
ing compounds have a lower solubility product or higher stability constant
than the exchanger compound. Figure 13 indicates the scheme for enrichment
of the elements of the hydrogen sulphide group in a zinc sulphide layer.
Since the amount of exchanger is only small (about 300 ug) and the material
itself is well characterized and alters only slightly during the exchange
process, any influence of the exchanger should be reproducible and an appro-
priate correction is possible.

sarnplelsoluiion

I 1
Hg Bi
Ag Pb

Cu Cd
acetate buffer | Iml HCl
200u1
ZnS0, | Imi £300ug Zn H,0 | ~30ml 10-]100mi H,0| ~30mt HNO,
Na;S | 1mi 0015 Mol.
[ 2 (3] [s] 7
S| nS ZnS nS ZnS
20mi =
H,0
membrane -
10min  70° filter 0.45um
50| wt
microfurnace
detect limit:
20ing

Fig. 13. FAAS determination of Ag, Bi, Pb, Cd after enrichment
by precipitation exchange (ZnS)

For the determination of the enriched elements by FAAS, the exchanger is dis-
solved directly off the filter with a minimum volume of a suitable acid. Since
PTFE membrane filters are permeable to aqueous solutions only when wetted
with alcohol or acetone before use they are completely impermeable to the acid
The determination by FAAS is free from interferences (see Fig. 14).

In a similar way a fi}ter covered with activated carbon retains trace elements
that form complexes with organic reagents; the matrix and other elements not
forming such complexes can pass the filter (Ref. 32, 33).

Both principles - precipitation exchange and sorption on activated carbon -
serve as valuable supplemental techniques.

Anions down to the ng and pg range (e.g. phosphate, bromide, iodide, cyanide,
sulphide) can also be enriched by precipitation exchange (Ref. 34-36) as will
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be shown in the last example, the determination of traces of phosphorus in
high-purity niobium (Ref. 36).

|
100+ Cd Ag

90

peak height [mm]

0 20 W 60 8 100
absolute amount of the element [ng ]

Fig. 14. Exchange of elements on a thin ZnS layer (aqueous solution)

and determination by furnace atomic absorption spectrometry (FAAS)
with optical excitation conditions.
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Fig. 15. Flow chart for a photometric (heteropoly blue method) and an
emission spectrometric (MIP) determination of phosphorus in high-purity
niobium in the upper and the lower ng range after separation of the
phosphate with precipitation exchange techniques

As all known determination procedures for phosphorus are interfered with by
niobium and HF - which is needed to dissolve the metal - even at low con-
centrations, isolation as phosphate is indispensable. The current separation
techniques have been found to fail. They give inadequate yields, are too
cumbersome, or give high blanks. However, we have succeeded in separating the
phosphate with a thin layer of Al1(OH),. Figure 15 illustrates the multi-stage
procedure. The metal is dissolved eitﬁer in purest HF in a PTFE pressure
vessel, or anodically. The niobium has to be precipitated as niobic acid with
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aqueous ammonia to remove excessive HF. In that step the phosphate is com-
pletely co-precipitated, as has been checked by radiochemical experiments
using 32p. After decantation of the fluoride solution from the centrifuged
pre01p1tat10n, the niobic acid is dissolved in H30, and HClO4 and the solution
is filtered through the Al (OH)3 exchanger layer. The pH dependent exchange
can be optimized to give a phosphate recovery hlgher than 95 %. The sensitive
determination of the phosphate in this Al (OH) 3 /P03 “system presents no problems.
The determination procedure depends on the determlnatlon range. Quantities of
phosphate higher than 50 ng can be determined most easily pectrometrically by
formation of molybdophosphoric acid (MPA) and its reduction to "molybdenum
blue". A more sensitive method is indirect determination through FAAS applied
to the molybdenum in the molybdophosphoric acid.

This procedure requires, however, a careful separation of the molybdophospho-
ric acid from the excess of molybdate reagent by extraction with MIBK, and
this additional step decreases the precision. Such difficulties explain our
efforts to find a less troublesome but still sensitive emission spectrometric
procedure. Its principle will be described only briefly. The phosphate is
isolated by means of an Al1(OH)3 layer or a small Al203 column. The column or
layer material is then dried, mixed with graphite powder and heated to about
1500 ©C with high-frequency heating in an apparatus arranged so that the
elemental phosphorus produced is volatilized directly into a micro-

wave induced argon plasma where it is excited to emit specific radiation

(POH excitation). This last example also demonstrates that the success of a
multi-stage procedure depends on optimization of all the individual steps
with due regard to the chemistry of the system.

Determination procedures after isolation of the elements

Though certain determination procedures such as FAAS and solution-OES with
microwave induced plasma excitation were favoured in the samples just given
it was not intended to give the impression that these procedures are always
the best. For the determination of the elements after their isolation, any
method is suitable which will give sufficiently good detection limits (in ng
or pg range), high selectivity and low systematic errors. Instrumental pro-
cedures, such as those already mentioned, AAS, electrochemical procedures,
and gas chromatography of chelates have equal status with many methods of
classical ultramicro analysis such as titration procedures with electro-
chemical, or visual endpoint detection, spectrophotometry, and fluorimetry
(Ref. 7). The most suitable procedure will be dictated by the nature of the
particular analytical problem.

Future developments, however, are likely to be in the direction of multi-
element determination rather than single-element determination. In analysis
of ultrapure materials which are very expensive, there is not only the econo-
mical question to be considered but also the fact that only a limited amount of
sample material will be available. Therefore, one is obliged more and more to
try to isolate groups of elements for their subsequent simultaneous determina-
tion.

In this connection solution-OES will undergo a renaissance because there are
now some very constant light-emission sources since the new excitation sour-
ces such as high-frequency and ultra-high-frequency plasmas have been intro-
duced (Ref. 37-41).

In direct simultaneous solution-OES in the ppm range we can recognize clear
advantages in favour of the inductively coupled plasma excitation (ICP)
because there are fewer interferences by concomitant elements than with
capacitive microwave plasma (CMP) and microwave induced plasma (MIP) exci-
tation (Ref. 41-42). However, this is by no means the case in extreme trace
analysis, where the matrix must then be separated for the reasons already
stated.

Excitation with hollow-cathode lamps also has good prospects in some special
cases as shown in Table 2, indicating some detection limits. The results were
obtained with a gold cathode having a very small hole of only 2 x 15 mm in
which the sample solutions were evaporated to dryness before the determination
of the elements. The reasons for the remarkable sensitivity are the high
current density used and the long residence probability of the elements in
the plasma (Ref. 16). In special cases the hollow-cathode can be made from the
metal sample to be analysed (e.g. Au, Cu, Ag, Al, Be). The detection limits
are sometimes even better than those of instrumental neutron activation
analysis.

New prospects for multi-element determinations in solution are offered by
chelate gas chromatography, used hitherto only for single element determina-
tions (e.g. Be, Cr, Se) (Ref. 43, 44).
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Table 2. Detection power of the hollow cathode

Cathode material: Au; cathode geometry: depth = 15 mm,

¢ = 2 mm, excitation conditions: U = 500 V, I = 500 mA
Element [ng] absolut = [ng/ml] Element [ng] absolut = [ng/ml]
Be 0.05 1 As 7.0% 140%
B 0.15 3 Zr 0.4 8
Mg 0.05 1 Nb 2.0 40
Al 1.0% 20% Mo 0.3 6
Si 0.2 4 cda 0.25% 5%
Sc 0.1 2 In 0.15% 3%
Ti 0.3 6 Sb 2.0 40
\Y% 0.2 4 Te 10.0 200
Cr 0.03 0.6 W 6.0 120
Mn 0.2 4 Tl 0.2% 4%
Co 0.2 4 Pb 1.5% 30%
Zn 1.0% 20% Bi 2.0% 40*
*the most intensive line is not measurable

Recently Neeb et al. (Ref. 45-47) succeeded in separating and determining

several elements (e.g. Cu, Cd, Zn, Ni, Co, Fe) in the form of the dialkyl-
dithiophosphinato or 0,0'-dialkyldithiophosphatc and diethyldithiocarbamato
chelates in the ng and pg range. Since the formation of stable complexes of
heavy metals in aqueous solutions is pH-dependent, and since these complexes can be
easily extracted into organic solvents, there are numerous possibilities for
versatile extractive pre-enrichments followed by separations by gas chromato-
graphy and determination with very sensitive detector systems such as flame
ionization, electron capture, microwave-induced plasma spectrometry.

DIRECT INSTRUMENTAL PROCEDURES

Though the use of direct instrumental procedures was initially approached
very cautiously, they are the procedures of the future once reliable standard-
ized reference materials for the extreme trace range have been obtained. The
path propagated here and based on multi-stage procedures is by no means the
only one. More prevalent is the statistical evaluation of collections of data
obtained by interlaboratory comparative analyses and the correlation of the
significantly most probable prediction with the true value. As already
stressed, however, this procedure must be applied with great caution to the
extreme trace range. Further, there are still too few laboratories concerned
with the analysis of ultrapure materials for statistical methods to be applied.
The situation can best be described by means of an example of a comparison of
data which has recently been attempted in our country with a high purity
sample of aluminium (see Table 3). The laboratories taking part used the spark
source mass spectrometry (SMS) and instrumental neutron activation analysis
and though the activation data agreed quite well, those obtained by SMS devi-
ated considerably. Unfortunately the compilation has great gaps which under-
line again the difficulty of obtaining reliable data and standard samples.
These premises apply in much higher degree to many other ultrapure materials,
for statistical comparison of methods and statistical optimizations such as
those extensively used in the conventional metal and environmental analysis.

For routine use of direct instrumental multi-element procedures to provide
more than a mere assessment of orders of magnitude for all elements present,a
lot of effort has to be expended. At present, instrumental activation analysis
and mass spectrometry are the most promising direct instrumental procedures.
Activation analysis may claim the more favourable prospects with regard to
accuracy and provides a wide choice for excitation, with thermal and fast
neutrons, charged particles and photons (Ref. 48). As, however, all excita-
tion and activation conditions depend strongly on the matrix, and capture

cross-sections vary by several orders of magnitude, it offers only a partial
solution to the problem.
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Table 3. Interlaboratory comparison of a high-purity Al-sample
(selection of elements)

Element Method - results in ppm -

INAA¥ INAA INAA INAA SMS**  sMS SMS

(Lab.1) (Lab.2) (Lab.3) (Lab.4) (Lab.5) (Lab.6) (Lab.7)
Cr 0.03 0.03 0.04 0.03 - - 1.0
Cu - - 0.8 0.6 0.1 0.2 0.25
Fe 0. 0.5 2 0.5 0.7 7 0.5
Ga 0. 0.2 0.2 - 0.5 1.3 -
Mn 0.5 1.5 0.05 0.08 0.2 0.2 0.2
Na 0.07 0.1 0.2 - - - -
Sb 0.45 0.8 0.25 0.5 0.5 0.2 -
Sc 0.09 0.09 0.05 0.11 0.05 - 0.5
Zn 0.5 1.5 2 0.56 0.5 0.5 2.0

*INAA = instrumental neutron activation analysis
e

SMS = spark source mass spectrometry

For universality, mass spectrometry has to be preferred. Up till now, ho rever,
the reliability is lower, but is capable of development. Laser (Ref. 49,

50) and ion-excitation (Ref. 571-54) have proved to give more constant excita-
tion conditions than the spark excitation commonly used. The main advantage of
the new excitation sources is, however, that with the probe scanning techniques,
distribution analyses with high local resolution on the surface and in the
bulk are possible.

This contribution can be summarized as follows: The analysis of high-purity
materials is at the beginning of its development, if its present stage is com-
pared with the final aim. The ultimate aim is to be able to detect impurities
in a high-purity matrix down to levels at which they cause practically no more
changes in the properties of the material. The current problems are, however,
essentially more realistic. The task is still to master reliably the ng/g
range. This will only be achieved by coordinating purposeful all aspects of
trace analysis. Multi-stage procedures which optimally involve chemical and
physical approaches will be an indispensable help.
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