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where: r0 – particle radius; D
–

, D – diffusion coeffi-
cients in the resin phase and in solution, respec-
tively; λ ’=λ dz – bed distribution coefficient (dz –
bed density); u – linear flow rate; i – fractional void
volume of the bed; ω, γs – constants.

In Eq. (3), the five terms represent, respectively,
the contributions of Eddy diffusion, diffusion within
resin particles, diffusion within the liquid film ad-
hering to the resin particles, and longitudinal dif-
fusion in the mobile and resin phases. Because the
distribution coefficient in the term describing the
contribution of longitudinal diffusion in the resin
phase is in the numerator, this equation rationally
explains the unusual shapes of plots of plate height
against 1/λ (cf. Fig.4). It also explains why the plate
height, which is usually expected to diminish with
increasing temperature (owing to the predominant
effect of the mass-transfer term) can occasionally
increase (for a fixed value of λ) with the increase
of temperature (cf. Fig.5) because of the fourth
and fifth terms of Eq. (3) in which diffusion coef-
ficients in the mobile and stationary phases are
directly proportional to plate height.

The position of yttrium within the lanthanide
series is of special interest. In the ion exchange
system studied in this work yttrium elutes before
dysprosium, i.e. has an apparent atomic number
66.5 (cf. Fig.1a) in agreement with its IR=1.019 Å
for CN=8 (for dysprosium IR=1.027 Å, for hol-
mium IR=1.015 Å). Interestingly, the plate height
for yttrium (cf. Fig.4a) is much lower than it would
be expected from its distribution coefficient. So, the
efficiency of the chromatographic column, i.e. the
value of the number of theoretical plates (N), is
better during elution of yttrium than it is not only

for its immediate neighbours (dysprosium and hol-
mium), but also for all the other lanthanides. A
possible explanation is that f-electrons contribute
to the complex formation reaction and the bond be-
tween the lanthanides and the ligands is more co-
valent than the analogous bond for the lighter III
group element (yttrium) which has no f-orbitals.
From the random walk model [7] it follows that:

λ2 = l2 n                              (4)
where: σ – standard deviation (“quarter  width“)
of the chromatographic zone, l – average step length
in the sorption-desorption processes when the mol-
ecules are travelling down the column, n – number
of steps.

With increasing covalency of the bond between
REE cation and the ligand(s), the average step
length in the sorption-desorption processes occur-
ring when REE are travelling down the column, is
expected to increase. This fact would account for
larger plate height for the lanthanides than for yttr-
ium because of the relationship:

H = σ2/L                            (5)
where L is column length.
This phenomenon creates also better prospects for
the separation of yttrium from the neighboring
lanthanides by the proper temperature adjustment.
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Selenium is both a toxic and an essential trace el-
ement for humans and animals. Because of the
wide range of biologically relevant, selenium con-
centration and its many chemical forms, the relia-
bility of selenium determination in biological
samples has been problematic, leading to many
specialized methods suitable for specific sample
types. The purpose of this work was to elaborate a
very accurate (“definitive”) method for the deter-
mination of selenium traces in different types of
biological materials. The devised method is based
on a combination of neutron activation and quan-
titative and very selective radiochemical separ-
ation of selenium by ion-exchange and extraction
chromatography, followed by gamma-spectromet-
ric measurement of 75Se.

Aromatic o-diamines are known as selective
organic reagents for Se(IV). In acidic solutions,
selenium is treated with an appropriate compound
and the corresponding piazselenol is formed:

Three amines: 2,3-diaminonaphtalene, 3,3’-dia-
minobenzidine and 4-nitro-phenyldiamine sup-
ported on Bio Beads SM-2 or Amberlite XAD-4
were chosen to batch experiments. Determined mass
distribution coefficients λ (mass of analyte per g of
dry ion exchanger) indicated that 4-nitro-phenyl-
diamine on SM-2 in 7 M HCl solution (λ =1180),
2,3-diaminonaphtalene on SM-2 in 0.5 M HCl solu-
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tion (λ=1240) and 3,3’-diaminobenzidine on SM-
2 in 0.5 M HCl solution (λ=320) as the most per-
spective to the isolation of selenium from many
accompanying elements. The above conclusions
were verified by series of column experiments; ob-
tained data showed that for quantitative retention
of selenium the most beneficial column filling is
3,3’-diaminobenzidine supported on Amberlite
XAD-4. Final scheme of the elaborated method is
presented in Fig. The irradiation package contain-
ing 4 samples, 6 standards and blank wrapped in an

aluminium foil, was irradiated in the MARIA re-
actor at the neutron flux 1x1014 n cm–2 s–1 for 1 h.
After ca. ten days of cooling, the samples were quan-
titatively transferred into special teflon vessels.
Then, 50 µg carrier, 3 ml of concentrated HNO3

and 1 ml of concentrated HF were added. Diges-
tion of the sample was carried out in a microwave
system under controlled conditions. After diges-
tion, Se(VI) was reduced to Se(IV). The resulting
solution was transferred into a teflon evaporating
dish and evaporated to wet salts. The residue was
dissolved in concentrated HCl and evaporated near
to dryness. Dissolution in concentrated HCl and
evaporation was repeated two times. Finally, the
sample was dissolved in 10 ml of 0.5 M HCl and
introduced onto a column with Dowex 50Wx4,
100-200 mesh [H+], equilibrated previously with
0.5 M HCl. The column was washed with 20 ml of
0.5 M HCl; cationic radionuclides like sodium, iron,
and cobalt stayed on the ion exchanger, while sele-
nium in the form of SeO3

2– passed into the eluate.
This solution was quantitatively transferred onto
the column with 3,3’-diaminobenzidine on XAD-4.
Selenium was retained on the column as a clear-
ly-visible yellow ring originated as a result of for-
mation of piazselenol. After drying, the column
filling with 75Se was transferred into a polyethylene
test-tube, and after homogenization was measured
by gamma-ray spectrometry. Selenium content was
determined via the 136 and 400 keV lines. Blank
and 1-2 standards were processed identically as the
samples. One of the irradiated standards was mea-
sured directly after dissolution and dropping onto
resin. Activity of two standards, which one was pro-
cessed in the same way as the samples and the other
one was measured directly did not differ by more
than 5%.

Tracer experiments carried out with the unirra-
diated biological samples, proved that the whole
radiochemical separation procedure is quantita-
tive. Gamma-ray spectrum of the selenium frac-
tion practically did not show any other activities
except background peaks. Accuracy of the method
was demonstrated by analyzing several certified
reference materials (CRMs). The obtained results,

presented in Table, demonstrate good agreement
of results obtained by our new “definitive” method
for the determination of selenium with the certi-
fied values.

Table. Results of selenium determination in the CRMs.

Fig. Scheme of elaborated procedure for the determina-
tion of selenium traces in biological samples by radio-
chemical neutron activation analysis (RNAA).

* Results are presented as: X
–

± t0.05·s/ n , where: X
–

 – arithmetic mean, s – standard deviation, t0.05 – parameter of
t-Student’s distribution for significance level α=0.05 and n-1 degrees of freedom, n – number of determinations.


