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Abstract

The unique value of the neutron activation analysis (NAA) for analytical quality assurance is demonstrated through its
contribution to the certification of the reference materials over the time span of 40 years. Ratio primary reference measure-
ment procedures i.e. definitive methods, based on radiochemical NAA, play an important role in confirming the validity of
the certified values established in the international intercomparisons. Real analytical situations where the use of NAA was
critical to get accurate results are presented. The dangers associated with the possible non-availability of the NAA in the
near future are indicated.
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Introduction

In the contemporary world many important decisions (cf.
Fig. 1.) concerning various domains of human activity may
depend upon the results provided by various methods of ana-
lytical chemistry, including also the inorganic trace analysis.
It is obvious that good decisions may be taken only when
the results are reliable i.e. they are both accurate and pre-
cise. The question arises how reliable were and are now the
results delivered by individual laboratories working in the
field of inorganic trace analysis. Some examples of drastic
discrepancies in results sent by different laboratories during
world-wide intercomparisons, initiated by various organiza-
tions are reproduced in Table 1 [1-13]. If we recollect the
definition of a measurement accuracy: closeness of agree-
ment between a measured quantity value and a true quantity
value of a measurand [14], the data presented in Table 1
clearly show that several laboratories had a tremendous dif-
ficulty in determining the true content of certain elements in
various matrices. In another words they were making gross
errors. As can be seen from Table 1 the range of results
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reaching in some cases two, three, or even five orders of
magnitude is not so rare as one could usually think and the
situation is changing rather slowly with time. It should be
mentioned that differences in results reaching an order of
magnitude occurred also in case when the laboratories were
not recruited on a voluntary basis but were specially selected
on the basis of their high reputation (shown as “sel.labs.” in
Table 1). So, accuracy in trace analysis is still a problem that
deserves constant attention. On the other hand one should
remember that trace analysis is a difficult domain and there
are really many possibilities of making gross errors. These
problems have been discussed in detail elsewhere [15, 16]
and are summarized in Table 2 [15].

The evolution of the position of NAA in the array
of methods used in the inorganic trace analysis

Neutron activation analysis (NAA) has already been
known for several decades as a well established technique
in inorganic trace analysis. When nuclear reactors with
their high fluxes of slow neutrons ranging from 10" up to
10'% n cm™! s7! became available for the civil uses, at the
end of forties and beginning of fifties of the last century,
NAA became all of sudden the technique providing the
best detection limits for several elements in comparison to
other methods of analytical chemistry being in use at that
time. As the time progressed, new sensitive methods for the
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Fig. 1 Dependence of various human decisions on results provided by methods of analytical chemistry

determination of elements emerged like: atomic absorption
spectrometry (AAS), various variants of emission spectros-
copy (ES), X-ray fluorescence (XRF) and finally inductively
coupled plasma mass spectrometry (ICP-MS), and NAA was
gradually losing its unique position. At the same time, partly
due to antinuclear hysteria in some countries, the number
of research reactors and laboratories using NAA rather
decreased than increased in the world. So, it seems worth-
while to look back and realize what was in the past and what
is now the position and value of NAA among other methods
of inorganic trace analysis, and what are the prospects for
the future.

Contribution of NAA to the certification
of the candidate reference materials

International world-wide interlaboratory comparisons have
been used by various organizations as a tool for accurate
determination of several elements in different carefully pre-
pared natural materials to issue (after proper elaboration of
results sent by individual laboratories), new certified ref-
erence materials (CRMs). The percent share of individual
analytical techniques used in selected comparisons over the
time span of over 40 years is presented in Figs. 2 and 3.
From the seventies and up to first half of the nineties of
the previous century the domination of NAA is clearly vis-
ible. The contribution of NAA in the IAEA intercompari-
sons starting from the year 1975 was the highest from among
all methods used and most often exceeded 50% (cf. Fig. 2).
AAS was on the second place, significant contributions were
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due to ES and XEF methods, with only negligible contribu-
tion from mass spectrometry (MS). Similar situation was
observed in the INCT intercomparisons (CTA-AC-1, CTA-
FFA-1, CTA-OTL-1 and CTA-VTL-2) up to the middle of
nineties of the XXth century although the share of NAA was
smaller than in the seventies and barely exceeded 40% (cf.
Fig. 3). However, at the break of a century NAA lost its lead-
ing role and was overtaken by AAS. In the intercomparisons
INCT-TL-1, and INCT-MPH-2, considerable share of results
was provided by ES and MS (ICP-MS) with minor contri-
bution from XRF method. Ten years later, the four leading
methods i.e. ICP-MS, AAS, NAA and XRF provided almost
equal share of results in the INCT-OBTL-5 intercomparison.
However, after only 5 years more, the leading role of ICP-
MS was already beyond discussion and the share of NAA
dropped to 12-18% as can be seen from M-2 BotSed and
M-3 HerTis intercomparisons (see Fig. 3). The leading role
of ICP-MS is not surprising and reflects the current trend in
the contemporary trace analysis, but constantly decreasing
share of NAA results is regrettable and if this tendency is
going to be continued it may become dangerous in the long
run for quality assurance, at least in some special cases as
will be shown later in this paper.

The eminent role of NAA in the process of certification
of the reference materials was emphasized also by several
authors describing the production of NBS/NIST and BCR
CRMs [17-20].

The dominant place of NAA in the earlier world-wide
intercomparisons is especially worth highlighting if we con-
sider that the share of NAA in the global number of analyses
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Table 1 Some examples of drastic dispersion of analytical results observed in international interlaboratory comparisons as a function of time

Material Element Number of laboratories Range of results Year/References
Coal K 8 (sel. labs.) 20-2200 mg/kg 1974
von Lehmden et al. [1]
Milk Powder IAEA A-11 As 9 4.45-544 ng/g 1980
Cu 18 0.082-72.2 mg/kg ~ Dybezyiiski et al. [2]
Hg 12 1.33-667 ng/g
Hay Powder IAEA V-10 Cd 17 13.3-5400 ng/g 1985
Co 20 75.7-2250 ng/g Pszonicki et al. [3]
Milk Powder IAEA A-11 Co 7 (sel.labs.) 3.7-40 ng/g 1987
Ni 4 (sel. labs.) 22.1-500 ng/g Byrne et al. [4]
Pb 4 (sel. labs.) 43-300 ng/g
Whey Powder IAEA-155 Cd 25 0.73-38,000 ng/lg 1990
Cu 42 183-38,333 ng/g  Zeilleretal. [5]
Fe 36 2.66-2817 mg/kg
Virginia Tobacco Leaves CTA-VTL-2 Cr 45 0.039-11.0 mg/kg 1997
Cs 22 0.383-354 mg/kg ~ Dybezyiiski et al. [6, 7]
Na 43 46.6-8000 mg/kg
Tea Leaves INCT-TL-1 Al 31 6.82-3021 mg/kg 2002
Pb 66 0.05-20.3 mg/kg ~ Dybezyiiski et al. [8, 9]
Se 75 9.37-600 ng/g
Soya Bean Flour INCT-SBF-4 As 19 0.215-140 ng/g 2006
Co 33 18.5-69,655 ng/g Polkowska-Motrenko et al. [10, 11]
Fe 7 8.5-1113 mg/kg
Oriental Basma Tobacco Leaves INCT-OBTL-5 Cr 46 0.071-19.52 mg/kg 2011
Na 33 17.3-990 mg/kg Samczynski et al. [12, 13]
Si 5 898-11,324 mg/kg
Herring Tissue MODAS-3M-3 HerTis Cd 37 141-9988 ng/g 2015
Pb 28 5.17-12,190 ng/g Polkowska-Motrenko et al. (unpub-
Se 11 2.74-154 nglg lished work, private communica-

tion)

Table 2 Most common sources of errors in inorganic trace analysis [15]

Inadequate sampling

Inhomogeneity of the test sample with respect to trace analysis

Analyte can be lost from the sample by
Volatilization

Adsorption

Incomplete dissolution

Analyte can be added to the sample from

Reagents, acids, solvents etc.

Sampling devices, reaction vessels, Glassware, tubings etc.
Ion exchange resins

Failing to transform the analyte into the desired chemical form Extractants
Non-quantitative recovery during preconcentration and/or separation step Adsorbents
Water

Laboratory air

Instrumental errors

Spectral interferences etc.

Matrix interferences

Blank problems

Calculation errors

Trivial errors (e.g. writing erroneous mass or concentration units when reporting the results)

performed in various domains of science and technology was
rather moderate. As an illustration can serve the statistics
on relative usage of analytical methods used in exploration

geochemistry in North America in 1971, based on a survey
conducted by the Association of Exploration Geochemists
[21], which is shown in Table 3. One can see that NAA is
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Fig.2 Percent share of results by various analytical methods in the IAEA intercomparisons in the years 1975-1980

not directly listed in Table 3, what means that it is hidden in
the “Others” and its share most probably did not exceed 1%.
The great share of NAA results in world-wide laboratory
intercomparisons, intended for certification of the candidate
reference materials, seem to demonstrate that NAA special-
ists were generally confident that their results were accurate
and they were not afraid to show their results to the public
view. The same conclusion can be drawn from the survey
of the laboratories which published their results on the
analysis of NBS/NIST CRMs before 1980, as compiled by
Gladney [22]. For NBS 1571 Orchard Leaves (1972), NBS
1573 Tomato Leaves (1976), NBS 1632 Trace Elements in
Coal (1974) and NBS 1633 Trace Elements in Coal Fly Ash
(1975) the sum of results published in chemical literature by
analysts using AAS, XRF, ES and MS methods was in each
case smaller than the number of results published by NAA
specialists alone.

A case illustrating the problems with the accurate
determination of scandium

In the certification process of the candidate CRMs, the
usual intention of the organizers of an intercomparison is
to get for each element a good number of results by various
methods and to see (after rejection of outliers) whether the
means of results by various analytical techniques are in
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agreement. In the case of positive answer the established
certified value is considered to be built on a solid founda-
tion. Sometimes however, the results by only one method
remain after outlier rejection and if there are good reasons
to do so, the certification is performed using the results by
a single method. In the beginning of the era of CRMs with
the biological matrix, the detection limits for some rare
earth elements (REE), Hf etc. apparently were too high for
most of the methods except NAA or these methods might
have been prone to systematic errors. Several examples of
elements which were certified on the basis of NAA results
alone are shown in Table 4. It is worth noting that Sc from
the early times till the present moment is almost always
within these elements.

When ICP-MS method with its excellent detection limits
became available to many laboratories, one could presume
that the problems with the determination of low concentra-
tions of all elements also in biological matrices will sud-
denly disappear. In reality, at least in the case of scandium
this does not seem to be the case. In the recent M-3 HerTis
intercomparison (cf. Table 1) the eleven results for Sc (in
ng g~ ') provided by the participating laboratories were as
follows: (1) 2.74(NAA); (2) 2.93(NAA); (3) 3.09(NAA); (4)
3.30(NAA); (5) 3.50(NAA); (6) 3.58(NAA); (7) 5.92(1CP-
MS); (8) 6.39(NAA); (9) 10.4(ICP-MS); (10) 42.5I1CP-MS);
(11) 154 (ICP-MS).
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Fig.3 Percent share of results by various analytical methods in the INCT and MODAS intercomparisons in the years 1987-2015

The results (7)—(11) were rejected as outliers in the pro-
cess of evaluation of results used in our Laboratory [23,
24]. Scandium was certified on the basis of results (1)—(6)
as: 3.2+0.4 ng g~! (H. Polkowska-Motrenko et al. private
communication).

In the recent work by Dybczynski et al. [25], NAA and
ICP-MS were used to compare the results of REE determina-
tion in the two CRMs: Tea Leaves INCT-TL-1 and Chinese
Stream Sediment NCS DC73316. The method for the effec-
tive and quantitative separation of REE as group was also
devised. While the results for most of the lanthanides by the
two methods were in a good agreement, and in agreement
with the certified value, the results for scandium in INCT-
TL-1 by direct ICP-MS were systematically much too high

(cf. Fig. 4). However after pre-separation of REE as a group
the results by ICP-MS agreed with the certified value and
the INAAI results. Scandium has only one stable isotope:
43Sc and presumably the formation of molecular ions from
the matrix elements e.g. '>)C'0JH*, 2Si'°0'H*, 2°Si!°0™,
HNIPOHT, 13C1%0,* may be the reason for systematic errors
when determining this element by ICP-MS [25]. As can be
seen from Fig. 4, after elimination of the matrix the problem
disappeared. On the other hand NAA is very well suited for
the determination of trace amounts of scandium in various
matrices. The reaction *Sc(n,y)**Sc has a good activation
cross-section for thermal neutrons: 26.5 barns and a conveni-
ent half-life of the product nuclide (83.8 d). The two gamma
lines of “Sc: 889 and 1121 keV can be easily measured and
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Table 3 Relative usage of analytical methods used in exploration
geochemistry in North America in 1971, (numerical values taken
from [21])

Analytical method Percent of total ~ Number of elements

number of by each method (max.)
samples
Atomic absorption 69.4 40
(AAS)
Colorimetry 16.8 38
Emission spectrography 6.6 70
(ES)
X-ray fluorescence 2.8 41
(XRF)
Paper chromatography 0.5 7
Selective ion electrodes 0.6
Others 33 35

The prominent role of NAA in the process of certification
of the candidate reference materials has been discussed in
the preceding paragraphs of the present paper.

The possession of methods that would give truly accu-
rate results has always been a dream of people working in
the field of trace analysis, where, as was indicated earlier,
the chances of making gross errors are both real and multi-
ple. Various names such as e.g. “definitive” and “primary”
etc. have been associated in the past with such methods
of “guaranteed accuracy”. In the Institute of Nuclear
Chemistry and Technology (INCT) the work on “defini-
tive methods by radiochemical NAA” started more than
30 years ago. The principal idea is the combination of
neutron activation with selective and quantitative isolation
of the desired radionuclide by column chromatography fol-
lowed by y-ray spectrometric measurement. Several rules
which should be obeyed when devising such methods were

Table 4 Elements which were certified on the basis or results by NAA only

Material

Organization (year)

Elements certified on the basis of interlaboratory
comparison with the use of results by NAA only

Peruvian soil Soil-5 IAEA (1979) Cs, Dy, Eu, Hf, Lu, Nd, Sc, Sm, Ta, Tb, Yb
Lake Sediment (SL-1) IAEA (1979) Br, Eu, Hf, Na, Sb, Sc, Sm, Yb
Apatite Concentrate (CTA-AC-1) INCT (1990) Hf, Sc¢, Ta

Fine Fly Ash (CTA-FFA-1) INCT (1990) Hf, Sc, Ta, Tb

Oriental Tobacco Leaves (CTA-OTL-1) INCT (1996) Ce, Eu, Sm, Tb, Th

Virginia Tobacco Leaves (CTA-VTL-2) INCT (1997) Cs, Hf, La, Sb, Sm, Tb, Th, U, W
Tea Leaves (INCT-TL-1) INCT (2002) Sc, Tb

Mixed Polish Herbs (INCT-MPH-2) INCT (2002) Hf, Hg, Sc, Ta

Corn Flour (INCT-CF-3) INCT (2006) Br, Sc

Soya Bean Flour (INCT-SBF-4) INCT (2006) Br

Oriental Basma Tobacco Leaves (INCT-OBTL-5) INCT (2010) Br, Hf, Sc, Ta

Polish Virginia Tobacco Leaves (INCT-PVTL-6) INCT (2010) Br, Hf, Sc, Ta

MODAS-3 Herring Tissue (M-3 HerTis) INCT (2015) Sc

in the case of need, long cooling time can be used to get rid
of interfering activities due to short-lived and medium half-
life radionuclides. So, the determination of Sc in various
matrices is as a rule highly reliable and accurate.

Ratio primary reference measurement procedures
(RPRMP): definitive methods

Two most important means of achieving accurate results in
trace analysis are:

1. The use of certified CRMs with the type of matrix
and concentration level of the analyte possibly closely
matching those in the test samples

2. Application of the methods with “guaranteed accuracy”

@ Springer

formulated [26-28]. The definition of “definitive methods”
formulated by Uriano and Gravatt [29] sounded: “Defini-
tive methods of chemical analysis are those that have a
valid and well described theoretical foundation, have been
experimentally evaluated so that reported results have neg-
ligible systematic errors, and have high levels of preci-
sion.”. In the real sense this definition is very close to the
more exact definition formulated by CCQM (5th Meeting,
1999) [30] namely: “A primary method of measurement in
the SI is a method having the highest metrological quali-
ties whose model (mathematical equation)and realization
are completely described and understood in terms of SI
units.
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Fig.4 Comparison of results
for Sc in INCT-TL-1 by INAA,
direct ICP-MS and ICP-MS

Sc in Tea Leaves CRM ( INCT-TL-1)
Numerical values taken from: R.S.Dybczynski et.al. Nukleonika 62(3) 199-211 (2017)
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The use of a primary direct method results in a value
of an unknown quantity without reference to a standard of
the same quantity.

The use of a primary ratio method results in a value of the
ratio of two values of the same quantity without reference to
a standard of the same quantity.

In both cases, the results must be accompanied by a com-
plete uncertainty statement.”

The above definement was included into the definition of
the “Primary reference measurement procedure” as given in
VIM 3 [14, 31]. Our definitive methods can now be termed:
Ratio primary reference measurement procedures (RPRMP)
[28, 31]. In the high accuracy RNAA methods devised in the
INCT i.e. definitive (RPRMP) methods, the mass fraction of
an element being determined is described by a mathematical
equation [31]. The methods provide the results with very low
levels of uncertainty, traceable to SI units. The expanded
uncertainty (k=2) is usually of the order of 2.3-2.8% (e.g.
for Cd, Co, Cr and Fe determination). Only in the case of
RPRMP for molybdenum, the expanded uncertainty is
greater (3.4-5.2%) [27]. While the other RPRMPs were
devised as single element methods, the separation scheme
and the whole method for Mo had to include the determina-
tion of uranium, because the same radionuclide which is
used for the determination of Mo by NAA i.e. PMo-"mTe,
may be also formed in U(n,f)ggMo reaction [32, 33].

Our definitive (RPRMP) methods can be an option or
alternative to ID-MS methods, which however cannot be
used for monoisotopic elements. Generally, the availability
of two primary methods based on various physicochemical
principles could be an ideal solution for the certification
of certain elements in the candidate reference materials. It

600 800 1000 1200 1600 1800

Concentration of Sc¢, ng/g

1400

should be remembered that our RPRMPs were elaborated, so
far, only for biological materials, because in this case it can
be safely assumed that the decomposition and dissolution
of the test samples will be complete. During a quarter of a
century the definitive methods were elaborated for As, Cd,
Co, Cu, Fe, Mo, Ni, Se and U. Recently, new RPRMP for
chromium was published by Zuba and Polkowska-Motrenko
[34]. It should be remembered that even the primary method
has only potential to give the results of the highest metrolog-
ical quality and the execution of the method is as important
as the method itself. Therefore in our definitive methods we
use a series of criteria [27, 28, 31] which must be simulta-
neously fulfilled before the result can be acknowledged as
being obtained by RPRMP. The specialists in the ID-MS
also issued a warning to potential users of their method writ-
ing: “ID-MS is not a “magic bullet”. Like any other tech-
nique, failure to understand all sources of error and how to
deal with them may lead to a significant bias in the results”
[35].

The examples of the use of definitive methods elaborated
in the INCT for the verification of the certified values estab-
lished as a result of interlaboratory comparisons are shown
in Fig. 5.

The hypothetical imminent danger
of non-availability of NAA and its consequences

As can be seen from Figs. 2 and 3, the share of NAA in the
results sent in by the participants of the world-wide inter-
comparisons dropped abruptly in the recent 20 years. On
one hand it is a natural process because of the increased
availability of the ICP-MS method, which features excellent
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Fig.5 Examples of the use of RPRMP (definitive methods) for the
confirmation of the validity of certified values established in the
world-wide intercomparisons. a Comparison of the certified value for
Mo in INCT Corn Flour (INCT-CF-3) with the results of the defini-
tive method, on the background of the original range of results sub-
mitted by the participants [11]. b Comparison of the certified value
for Cd in MODAS-3 Herring Tissue (M-3 HerTis) with the results
of the RPRMP (definitive method) on the background of the total
range of laboratory averages and the range of “accepted labora-
tory averages) i.e. those that were left after rejection of outliers (Z.
Samczyniski private communication)

detection limits for most of elements and is a truly multiele-
ment technique. On the other hand it is the effect of dimin-
ishing number of nuclear centers with well equipped NAA
laboratories as well as the diminishing number of research-
ers specializing in NAA and especially in RNAA. So the
future in which there will be almost no NAA or at least no
NAA available for the certification of the CRMs may be
not far from reality. The danger associated with such hypo-
thetical situation will be visualized on the example of the
case of iron in Oriental Tobacco Leaves (INCT-OBTL-5)
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[12, 13]. In total there were 63 laboratory averages (302
individual determinations) sent by the participating labo-
ratories, only 3 averages were identified as outliers in the
general population by the method being used by us during
data evaluation [23, 24]. The number of results by individual
techniques were as follows: AAS (21), ES (21), ICP-MS
(6) NAA (15). The hypothetical situation when there would
not be at all results by NAA is shown in Fig. 6a. The con-
fidence intervals calculated for the three different methods
i.e. AAS, ES and ICP-MS overlap as shown in Fig. 6a and
the organizer could have been tempted to establish a “recom-
mended” or “certified” value for iron which would amount
then to 1401 +58 mg kg_1 (k=2). In fact, however the NAA
results were provided in this intercomparison and are shown
in Fig. 6b. As can be seen the results for NAA were quite dif-
ferent from those of the other three methods, the confidence
interval is far away from the confidence intervals of the other
methods. Because of the drastic disagreement between the
methods, the iron in the INCT-OBTL-5 could not be certi-
fied and only information value (1491 mg kg~') was given
[13]. A year later a new RPRMP (definitive method) for
iron was devised [36] and the results by this method for Fe
in INCT-OBTL-5 were also inserted into Fig. 6b. One can
easily note that the results by RPRMP fully confirm that
only NAA provided Fe results for OBTL-5 intercomparison
which could be named accurate. In this follow up action [36]
the results for Fe by RPRMP: 1750 +46 mg kg™! and those
by INAA with long cooling time: 1730+ 51 mg kg~! were
combined to propose a tentative certified value (TCV) for
Fe in the INCT-OBTL-5 as 1740 +43 mg kg ~'. The reason
for erroneous results for Fe in OBTL-5 and also in another
material based on oriental tobacco leaves (CTA-OTL-1) [36]
by the methods requiring dissolution of the sample, could
be the high silicon content in these materials as discussed
previously [36, 37]. That is why in our definitive methods by
RNAA, the decomposition of the analyzed biological mate-
rial is always carried out with the use of HNO; + HF mixture
to remove silica, followed by evaporation with the addition
of H3BO; to get rid of fluorides.

Conclusions

For several decades NAA played an important role in qual-
ity assurance providing dominant share or results in the
process of certification of the candidate reference materi-
als. As a nuclear method, the NAA, if performed properly,
is generally an accurate method, less dependent than other
methods of trace analysis on the matrix effects. NAA has
the advantage that in many cases the analysis may be per-
formed purely instrumentally and is essentially free from the
blank problems. On the other hand, elaborated in the INCT
Ratio primary reference measurement procedures (definitive
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Fig.6 Illustration of the danger
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methods) by RNAA, are together with ID MS methods an
important instruments for verification of accuracy of other
methods used in inorganic trace analysis. Diminishing num-
ber of good NAA laboratories around the world raises the
concern that some scientific competences may be lost in
the near future with the obvious harm to the problems of
quality assurance in inorganic trace analysis. It should be
in the interest of the whole scientific community, not only
radioanalytical chemists, to keep this method alive still for
many years to come.
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