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Summary. The method for determination of major and
trace elements in iron oxide [hematite (Fe2O3)] and sul-
fide [pyrite (FeS2) and chalcopyrite (CuFeS2)] minerals
using the k0-method of neutron activation analysis in both
forms: instrumental (k0-INAA) and radiochemical (k0-RNAA)
was suggested. In order to avoid interferences from iron
on the determination of elements present in trace levels,
radiochemical separation was made. Determination of the
investigated elements in the aqueous phase was performed by
k0-RNAA after extraction of iron by isoamyl acetate (IAA)
and diisopropyl ether (DIPE) from hydrochloric acid solu-
tion. The distribution of 35 elements in extraction systems
(with intermediate/medium and long half-lived radionuclides)
present in the studied minerals was investigated.

1. Introduction

Although minerals are naturally-occurring inorganic sub-
stances with a definite chemical composition (and physical
properties), they contain traces of other elements that can
change some of their characteristics. Also, a variety of min-
erals are quite easily interchangeable, making it possible for
one mineral to grade into another. Therefore, there are many
reasons to analyze trace elements in minerals. Some involve
the determination of mineral purity and the presence of very
rare or important elements that could be extracted, or used in
order to obtain important information about the geology of
the mines and mineral localities.

The purity of iron minerals is very important because of
their utilization in iron and steel production. It should be
stressed that the presence of some trace elements could in-
fluence to improve (i.e., Co, Mo, REE) or deteriorate (As,
Cr, Sb, Zn) the quality of iron and steel products. Further-
more, the necessity to eliminate some of the latter elements
(present in the iron raw material) leads to increase the costs
for steel manufacturing. A number of studies have been per-
formed concerning the determination of elements in similar
geological samples directly from the dissolved sample by
atomic absorption spectrometry (AAS), and atomic emis-
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sion spectrometry with inductively coupled plasma (AES-
ICP) [1–4], or after the separation and concentration of the
elements of interest [3, 5–13]. Instrumental methods (instru-
mental neutron activation analysis – INAA, X-ray fluores-
cence spectrometry – XRF, particle (proton) induced X-ray
emission – PIXE) are rarely used to determine trace elem-
ents due to matrix and inter-element interferences and back-
ground effects [14–19].

Iron as the matrix of the investigated minerals has nu-
clear characteristics (cross-section, abundance, resonance
integral) such that the induced radionuclide 59Fe (T1/2 =
44.5 d, with mean gamma energies in the spectrum Eγ =
1099.3 keV and Eγ = 1291.6 keV) is moderately activated
and interferes on the determination of many trace elements
by INAA [20]. In order to avoid interferences from iron on
the determination of elements present in trace levels, a ra-
diochemical separation was made. Determination of the in-
vestigated elements in the aqueous phase was performed by
k0-instrumental neutron activation analysis (k0-INAA) and
by k0-radiochemical neutron activation analysis (k0-RNAA)
after the extraction of iron by isoamyl acetate (IAA) and
diisopropyl ether (DIPE) from hydrochloric acid solution.
The distribution of thirty five elements in extraction sys-
tems (with intermediate/medium and long half-life radionu-
clides) present in the studied minerals was investigated.

2. Experimental

2.1 Samples

Pyrite (FeS2), chalcopyrite (CuFeS2) and hematite (Fe2O3)
mineral samples were collected from Bucim, Sasa and Dam-
jan mines within the Republic of Macedonia, respectively.
Mineral specimens (around 300 mg) were carefully hand-
picked under an optical microscope from the ore samples
and ground to powder.

2.2 Sample digestion and extraction

Duplicate irradiated mineral samples (∼ 100 mg) of hematite
(Fe2O3) and chalcopyrite (CuFeS2) were quantitatively
transferred to a flask with cover and slowly dissolved on
a hot plate by adding two 3 ml portions of freshly prepared
aqua regia. The complete digestion of the irradiated pyrite
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(FeS2) sample was achieved by adding 3 ml conc. HCl and
3 ml conc. HNO3. After evaporation to total dryness, 1 ml
of 2 mol l−1 HNO3 was added and enough HCl to prepare
a 7.7 mol l−1 HCl solution (total volume 5 ml). The gamma
activity of the dissolved samples was measured on HPGe
detectors to investigate whether some elements were lost
from the system by being transformed to volatile forms dur-
ing dissolution. After measurement, in order to remove Fe
as the matrix element, extraction using 4 ml of DIPE was
performed and the procedure was repeated 5 times (shaking
time for each extraction was 30 s). Since the organic layer
was positioned over the water phase, it was carefully re-
moved from the system using a Pasteur pipette. Then, after
the Fe was removed from the system as the chloride com-
plex, the gamma activity of the radionuclides in the water
phase was measured on an HPGe detector.

The similar procedure was carried out using IAA for iron
extraction [11] whereas here the 8 mol l−1 HCl concentration
was found to be the optimal medium for Fe removal using
this organic solvent.

It is worth mentioning that digestion, extraction and
measurement were made in the same glass flask keeping all
the necessary conditions unchanged during all steps of the
whole procedure. All used reagents and standards were of
analytical grade.

2.3 k0-instrumental neutron activation analysis

Powdered well homogenized minerals in triplicate (about
100 mg) were sealed into a pure polyethylene ampoule
(SPRONK system, Lexmond, The Netherlands). Samples
and standards (Al-0.1%Au IRMM-530 disc of 6 mm in
diameter and 0.2 mm high) were stacked together and fixed
in the polyethylene ampoule in sandwich form and irradiated
for 17 h in the carousel facility (CF) of the 250 kW TRIGA
Mark II reactor of the Jožef Stefan Institute at a thermal neu-
tron flux of 1.1×1012 cm−2 s−1.

One aliquot of each sample was used directly for k0-
INAA, two aliquots were used for radiochemical separation
and then k0-RNAA was used to consequently measure the
content of the elements in both aqueous and organic phase.

After irradiation, k0-INAA was applied for one aliquot of
each sample subsequently on 7, 14 and 30 days cooling time.
Two aliquots were measured after dissolution in the acid me-
dia and after radiochemical separation of iron for k0-RNAA.
Measurements were performed on two absolutely calibrated
HPGe detectors (Ortec & Canberra, USA) with 40 and 45%
relative efficiency at such distances that the dead time was
kept below 10% with negligible random coincidences. The
detector with 45% relative efficiency was connected to an
EG&G ORTEC Spectrum Master high-rate multichannel an-
alyzer, while the detector with 40% relative efficiency was
connected to a CANBERRA S100 multichannel analyzer.

For peak area evaluation, the HyperLab [21] program
was used. For determination of f (thermal to epithermal
flux ratio) and α (parameter which measures the epither-
mal flux deviation from the ideal 1/E distribution), the
“Cd-ratio” method for multi monitor was applied [22]. The
values f = 28.8 and α = −0.005 were used to calculate
the elemental concentrations. For elemental concentrations

and effective solid angle calculations a software package
KAYZERO/SOLCOI® [23] was employed.

3. Results and discussion

Because of the known iron interferences on trace element
determination in NAA [19, 20], iron was eliminated from the
matrix after dissolution of iron mineral samples by liquid-
liquid extraction. In this work two types of extraction solvent
were used: the iron chloride complex was either extracted
into DIPE or IAA. It was found that the optimal HCl con-
centration in the solution should be 8 mol l−1 for IAA and
7.7 mol l−1 for DIPE. The whole procedure (digestion, ex-
traction and measurement) was made in the same glass flask,
so the volume and geometry of the aqueous solution was
constant and no losses occurred. The other advantage using
both forms of NAA, k0-INAA and k0-RNAA, is the pos-
sibility of simultaneous study of the distribution of many
elements (up to 35 elements) from a very complex matrix,
such as minerals, in various extraction systems.

In the k0-standarization method it is generally accepted
that an overall uncertainty in most cases is around 4% [22].
Based on our knowledge and experience obtained during
the k0-method assessment process at the Jožef Stefan In-
stitute, when applying KAYZERO/SOLCOI software, we
used 3.5%. This systematic uncertainty is calculated as
follows:

– uncertainty from literature (T1/2, Er, Q0, k0, the standard
uncertainty of the coincidence correction factors (COI)
and the Au (standard) composition in the Al-(0.1%)Au
alloy);

– uncertainty from the previously determined neutron flux
parameters ( f and a) using the Cd-ratio method, detector
efficiency of a sample, sample and standard masses and
net peak area in the measured gamma-line.

Major contribution to the final uncertainty of the particu-
lar element (marked as “total estimated uncertainty” in Ta-
bles 1–3) stems from the latter, especially from the net peak
area in the gamma-spectrum determined by HyperLab pro-
gram [21]. In our case it is evident for Ba, K, Nd, Sr, Yb
and Zn in Table 1, Hg, Mo, Na and Se in Table 2 and Mo
in Table 3. In the case that the net peak is not present, the
limit of detection (LD) should be applied. The LD in counts,
with a confidence interval of 95%, for energy region where
the peak in question is supposed to be present, is calculated
using the equation [23]:

LD = 2.706+4.653
√

B , (1)

where B is the background (in counts) of the expected peak.
The comparison between the results obtained by k0-

RNAA (measured in HCl media after dissolution and in the
aqueous phases after the extraction with DIPE and IAA)
and the k0-INAA results for hematite sample is presented in
Table 1. It was shown that after complete dissolution the re-
moval of iron matrix when using both DIPE and IAA was
around 99.8%. For rare-earth elements (REE) e.g. Ce, Eu,
La, Nd, Sm, Tb and Yb, it can be seen (Fig. 1) that the ratio
between k0-RNAA and k0-INAA results is near 1 indicating
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Fig. 1. Ratio between k0-RNAA (extrac-
tion into DIPE and IAA) and k0-INAA for
REE in hematite.

Table 1. Results obtained by k0-INAA and k0-RNAA in the aqueous phase for hematite (Fe2O3) from Damjan. All results are in mg kg−1.

El. k0-INAA k0-RNAA
Content Unc. a Dissolved sample c Fe removal with DIPE Fe removal with IAA c

Content Unc. a Ratio d Content Unc. a Ratio d Content Unc. a Ratio d

Ag < 0.4 < 7 0.26 0.04 b 0.50 0.06 b

As 33.3 1.2 30.2 1.6 0.91 23.2 1.0 0.70 19.6 1.01 0.59
Ba 89.5 8.9 < 91 77.5 3.8 0.87 79.5 4.67 0.89
Br 8.02 0.32 < 1.1 < 0.20 < 0.28
Ce 11.9 0.5 12.3 2.3 1.04 10.4 0.4 0.87 10.8 0.60 0.91
Co 3.64 0.13 3.49 0.41 0.96 3.06 0.11 0.84 3.20 0.16 0.88
Cr 29.3 2.1 28.6 4.7 0.98 24.8 1.1 0.85 25.7 1.85 0.88
Cs 0.41 0.04 < 1.5 0.39 0.02 0.95 0.40 0.02 0.96
Eu 0.47 0.07 < 0.35 0.43 0.02 0.93 0.49 0.03 1.04
Fe 603 051 21 122 590 692 29 393 0.98 713 27 0.0012 1353 76 0.0022
K 728 182 < 1661 479 86 0.66 < 703
La 16.1 0.6 15.4 0.8 0.96 13.4 0.5 0.83 15.6 0.78 0.97
Mo 7.38 0.55 5.37 1.38 0.73 0.78 0.23 0.11 < 0.5
Na 37.4 3.0 38.1 5.9 1.02 28.9 1.4 0.77 39.4 4.42 1.05
Nd 10.1 2.1 < 9.7 8.83 0.75 0.88 8.97 0.76 0.89
Rb < 6.9 < 38 2.44 0.32 b 2.60 0.29 b

Sb 8.02 0.29 7.30 0.39 0.91 0.49 0.02 0.06 0.58 0.03 0.07
Sc 0.58 0.02 0.57 0.05 0.98 0.50 0.02 0.85 0.54 0.03 0.93
Sm 1.95 0.08 1.79 0.10 0.92 1.63 0.07 0.84 1.84 0.10 0.94
Sr 117 27 < 657 56.1 8.2 0.48 56.4 6.00 0.48
Tb 0.34 0.02 < 0.43 0.29 0.01 0.88 0.30 0.02 0.88
Th 0.12 0.02 < 0.9 0.08 0.01 0.67 0.042 0.01 0.34
U 1.87 0.08 1.63 0.16 0.87 1.50 0.07 0.80 1.29 0.09 0.69
W 8.64 0.47 7.67 0.75 0.89 4.07 0.16 0.47 < 0.5
Yb 0.30 0.03 0.39 0.12 1.27 0.32 0.01 1.04 0.30 0.02 1.00
Zn 22.0 1.7 < 21 18.3 0.7 0.83 16.1 1.15 0.73
Zr < 165 < 972 17.7 2.7 b 14.4 3.89 b

a: total estimated uncertainty of the method used;
b: more data obtained due to lower limit of detection;
c: two independent measurements;
d: Ratio: k0-RNAA/k0-INAA.

that both organic solvents are not selective for this group of
elements. The relatively small deviation from 1 obtained by
the k0-RNAA results is negligible when uncertainties in de-
termination of a particular element are taken into account.
In addition, it can be observed that bromine as a volatile
element was almost quantitatively removed during the dis-
solution of the hematite sample. The limit of detection for
numerous elements (Ag, Cs, K, Rb, Sr, Th, Zn and Zr) was
higher in the HCl solution compared to their correspond-

ing values determined for the k0-INAA measurements in the
powder sample (Table 1). This finding could be attributed
to the different length and delay times of the measurements
(k0-INAA involves more and better measurements whereas
k0-RNAA involves only one relatively short measurement
of 30 min) rather than any differences in the matrices them-
selves (i.e. powdered samples versus dissolved samples). On
the other hand, after the extraction of Fe, the limit of detec-
tion for several elements (Ag, Ba, Ca, Ce, U, W) becomes
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Table 2. Results obtained by k0-INAA and k0-RNAA in the aqueous phase for chalcopyrite (CuFeS2) from Sasa. All results are in mg kg−1.

El. k0-INAA k0-RNAA
Content Unc. a Dissolved sample c Fe removal with DIPEc Fe removal with IAAc

Content Unc. a Ratio d Content Unc. a Ratio d Content Unc. a Ratio d

Ag 378 13 369 19 0.98 349 17 0.92 286 14 0.76
As 15.0 0.7 14.6 1.0 0.97 13.6 0.8 0.91 2.42 0.24 0.16
Au 0.0169 0.0014 < 0.031 < 0.006 < 0.002
Ca < 1523 < 10 961 < 1333 1111 222 b

Cd 90.1 3.5 85.6 11.8 0.95 86.1 5.1 0.96 6.46 0.97 0.07
Co 28.9 1.0 30.0 2.0 1.04 27.7 1.4 0.96 21.1 1.1 0.73
Cr 30.0 1.9 < 55.3 29.9 2.1 1.00 29.9 2.2 1.00
Cu 256 829 9627 264 176 13 264 1.03 262 326 14 311 1.02 164 889 8681 0.64
Fe 241 616 8465 251 003 12 526 1.04 4514 275 0.02 92 19 0.0004
Hg 0.32 0.08 < 16.5 0.29 0.10 0.91 < 0.2
In 10.4 0.6 < 85.1 8.59 0.72 0.83 < 1.1
Mo 5.62 0.71 < 20.0 2.24 0.74 0.40 < 1.1
Na 26.5 2.6 23.9 3.7 0.90 21.9 3.3 0.83 21.6 2.6 0.82
Sb 4.55 0.17 4.38 0.26 0.96 0.34 0.03 0.07 0.13 0.02 0.03
Se 0.67 0.17 < 34.2 < 0.40 < 0.4
Zn 6836 241 7069 362 1.03 6537 328 0.96 1378 69 0.20

a: total estimated uncertainty of the method used;
b: more data obtained due to lower limit of detection;
c: two independent measurements;
d: Ratio: k0-RNAA/k0-INAA.

Table 3. Results obtained by k0-INAA and k0-RNAA in the aqueous phase for pyrite (FeS2) from Bucim. All results are in mg kg−1.

El. k0-INAA k0-RNAA
Content Unc. a Dissolved sample c Fe removal with DIPEc Fe removal with IAAc

Content Unc. a Ratio d Content Unc. a Ratio d Content Unc. a Ratio d

Ag 6.77 0.25 < 6.8 4.97 0.25 0.73 5.31 0.27 0.79
As 1200 42 1114 55 0.93 1010 50 0.84 711 35 0.59
Au 2.14 0.08 1.88 0.09 0.88 0.0050 0.0008 0.0023 0.0014 0.0004 0.0006
Ba < 13.6 < 208 17.7 4.6 b 21.7 2.3 b

Br 2.78 0.17 < 1.2 < 0.35 < 0.4
Ca < 1615 < 9298 < 990 556 176 b

Ce < 1.1 < 11 0.61 0.09 b 0.43 0.08 b

Co 18.3 0.6 19.4 1.1 1.06 16.2 0.81 0.89 17.2 0.9 0.94
Cr 9.98 0.68 < 21 8.72 0.96 0.87 9.08 0.93 0.91
Fe 339574 11899 342524 16997 1.01 156 11 0.00046 26.1 5.2 0.00008
La 0.25 0.01 0.23 0.05 0.90 0.22 0.04 0.87 0.236 0.032 0.94
Mo 2.45 0.44 < 8.9 0.85 0.27 0.35 < 1
Na 47.3 2.6 43.3 4.3 0.92 39.4 4.19 0.83 40.9 2.7 0.86
Sb 1.77 0.07 1.79 0.13 1.01 0.29 0.02 0.16 0.20 0.01 0.11
Sc 0.051 0.003 < 0.11 0.047 0.003 0.94 0.052 0.003 1.02
Se 27.5 1.0 23.3 6.2 0.85 15.5 0.77 0.56 1.42 0.09 0.05
Sm 0.073 0.007 0.059 0.016 0.80 0.065 0.018 0.88 0.058 0.011 0.79
Te 36.9 1.5 < 27 1.17 0.37 0.032 0.99 0.24 0.027
U < 0.14 < 0.64 0.19 0.04 b 0.11 0.02 b

W < 0.66 < 2.4 < 1 0.95 0.18 b

Zn 3.57 0.89 < 53 2.68 0.64 0.75 2.68 0.37 0.75

a: total estimated uncertainty of the method used;
b: more data obtained due to lower limit of detection;
c: two independent measurements;
d: Ratio: k0-RNAA/k0-INAA.

lower compared to the corresponding values in the k0-INAA
(Tables 1–3).

The number of the elements that are measured in the
aqueous phase after iron removal with DIPE (from 77 to
104%) and with IAA (from 69 to 105%) was 15 (Ba, Ce, Co,
Cr, Cs, Eu, La, Na, Nd, Sc, Sm, Tb, U, Yb and Zn), meaning
that both organic solvents do not remove these elements. On
the other hand, Sb and Mo have very similar chemical be-
haviour in hydrochloric acid solution to iron and they were

extracted with high recovery (93%–94% for Sb in both or-
ganic solvents and 89% for Mo in DIPE). Several elements
(As, K, Sr, Th and W) are partially extracted (30%–66%). It
should be mentioned that the extraction ratio for the elem-
ents classified in the same group of the periodic table, except
for the REE, varies (e.g. Sr and Ba). It should be underlined
that another advantage of radiochemical separation is that
the content of Ag, Rb and Zr could be determined only using
k0-RNAA.



Determination of trace elements in iron minerals by instrumental and radiochemical neutron activation analysis 859

Fig. 2. Ratio between k0-RNAA (in aque-
ous phase after Fe removal with DIPE and
IAA) and k0-INAA for some elements in
hematite, chalcopyrite and pyrite; (a) re-
moval with DIPE; (b) removal with IAA;
Ratio for Mo was estimated on the basis
of the limit of detection for k0-RNAA.

The corresponding results from the investigation of the
extraction methods for pyrite and chalcopyrite sulfide min-
erals are given in Tables 2 and 3, respectively. Here, the
number of the analysed elements is somewhat lower that
in the case of hematite, probably due to the presence of
smaller amounts of trace elements. However, contrary to
the hematite, there were some trace elements that could be
measured in the studied sulfides, for example Au, Ca, Se, Te
in pyrite and Au, Ca, Cd, Cu, Hg, In, Se in chalcopyrite.

Comparison between the results obtained by k0-RNAA
(measured in HCl media and in the aqueous phase after
extraction with DIPE and IAA) and k0-INAA, for these
two minerals again confirmed that all the iron was re-
moved from solution (Tables 2 and 3). However, in chal-
copyrite nearly 2% of the total iron content remained in
the solution after extraction with DIPE, being higher com-
pared to the case when IAA was used (0.04%). The re-
sults given in Table 2 show that in chalcopyrite sample, the
distributions significantly differ for some elements using
DIPE, on the one hand, and IAA on the other hand (As,

Cd, In, Mo and Zn). Additionally, the preseparation pro-
vides to obtain the result for Ca using k0-RNAA. This
was probably result of interferences due to the high con-
centration of copper in solution. It can be seen that REE
are present in very low concentration levels compared to
hematite (Table 1).

The obtained ratio between k0-RNAA and k0-INAA for
REE (Ce, La and Sm) for pyrite is near 1 (Table 3), showing
similar behaviour as in the case of hematite (Table 1).

The recovery of 8 elements in the aqueous phase (Ag, Co,
Cr, La, Na, Sc, Sm and Zn), was very high after Fe extraction
using DIPE (from 73 to 94%) and IAA (from 75 to 102%)
meaning that both organic solvents are not selective for these
elements. As mentioned above, due to the similar chemical
behaviour as iron in hydrochloric acid solution, Sb, Au, Mo
and Te could be extracted with high recovery (84%–89% for
Sb, 99.77%–99.94% for Au, from 96.8%–97.3% for Te, in
both organic solvents, and 65% for Mo in DIPE). On the
other hand, Se did not follow Te into DIPE, as it did in IAA.
Several elements (As, K, Sr and Th) were extracted partially
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Table 4. Comparison of recovery (%) for 31 elements in diisopropyl ether and isoamyl acetate between
literature data [24] and this work. Literature data are given as the maximum recovery.

El. This work a (in %) Minczewski et al. [24] (in %)
Diisopropyl ether Isoamyl acetate Diisopropyl ether Isoamyl acetate

Ag 8–27 21–24
As 9–30 41–84 67 (7.7 M HCl) n.d.
Au 99.8 99.9 ca. 99 (7.7 M HCl) n.d.
Ba 13 11
Cd 4 93
Ce 13 9
Co 4–16 6–27
Cr 0–15 0–12
Cs 5 4
Cu 0 36
Eu 7 0
Fe 98–100 99.8–100 100 (7.7 M HCl) 100 (8 M HCl+5 M HF)
Hg 9 n.d.
In 17 n.d.
K 34 n.d.
La 13–17 3–6
Mo 65–89 n.d. 21 (7.7 M HCl) n.d.
Na 17–23 0–18
Nd 12 11
Sb 84–96 89–97 100 (7.7 M HCl) n.d.
Sc 6–15 0–7
Se 44 95
Sm 12–16 6–21
Sr 52 52
Tb 12 12
Te 97 97
Th 33 66
U 20 31
W 53 n.d.
Yb 0 0
Zn 4–25 27–80

n.d. – no data;
a: calculated data from Tables 1 to 3.

within the range between 30%–66%, whereas Ba, Cr, U and
W were determined in aqueous phase using k0-RNAA.

The ratio between k0-RNAA and k0-INAA for 7 elem-
ents (As, Co, Cr, Mo, Na, Sb and Zn) obtained in all three
studied minerals after extraction into DIPE and IAA is pre-
sented in Fig. 2. It was shown that the extraction recovery
of the elements in the studied minerals varies, especially for
As, Mo and Zn. A plausible explanation is the difference of
the ionic-strength of the mineral solutions.

A comparison between literature data [24] and data ob-
tained in this work after extraction into DIPE and IAA is
presented in Table 4. The data for liquid–liquid extraction
reported by Minczewski et al. [24] provide extraction co-
efficients for only five elements (As, Au, Fe, Mo and Sb)
from standard solutions whereas the results from our inves-
tigation provide data for more than 30 elements (Table 4)
extracted from the minerals. Disagreement between our and
literature coefficients for As and Mo could be explained by
the fact that the extraction procedure was performed from
different chemical matrices (iron minerals vs. model solu-
tions). It could be concluded that the nature of the sample
influences on the extraction of some elements (Ag, As, Mo,
Na, Sb and Zn).

The results from the determination of the investigated
elements in iron minerals taken from different localities in
the Republic of Macedonia, to some extend, show correla-

tion between the content of the element and the geology of
the locality. Thus, the contents of Ag, Cd, Hg, In and Zn
in the chalcopyrite mineral from the Sasa mine are much
higher than in the two other minerals, indicating that the
studied Fe-mineral is highly contaminated by minerals con-
taining these elements [25–27]. The higher content of some
other elements in pyrite from the Bucim mine points toward
the different contamination of this mineral with As, Au, Se
and Te [28–30].

The Damjan iron deposit is located in the range of the
Vardar zone, near the border of the Serb–Macedonian meta-
morphic Complex when approaching from Macedonian ter-
ritory. The process of iron mineralization in the Damjan de-
posit occurs on the contacting fragments between andesites
and limestone [31–34], showing a high content of some
earth-alkaline elements (Ba and Sr, Table 1). It is known that
the presence of refractive element and REE is higher in iron
deposit than in the other types of deposits [4, 33–35] which
is evident from the data for the content of Mo, W and some
REE elements (Table 1).

4. Conclusions

The major and trace element content in three iron miner-
als (pyrite, chalcopyrite and hematite) using the k0-method
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of instrumental neutron activation analysis (k0-INAA) was
determined before and after quantitative removal of Fe by
liquid–liquid extraction. In this work, DIPE and IAA were
used to extract the iron chloride complex, making possible to
follow the chemical behaviour of thirty five elements present
in the studied minerals. It was found that Au, Se, Te, Mo and
Sb have very similar behaviour in hydrochloric acid solution
to Fe, and they could be removed with high efficiency. The
ratio between k0-RNAA and k0-INAA results for the REE
was near 1, bringing to conclusion that both organic solvents
are not selective for this group of elements. Similarly, it was
found that the recovery of another 12 elements (Ag, Ba, Cd,
Co, Cr, Cs, Hg, In, Na, Nd, Sc and Zn) in the aqueous phase
after Fe removal with DIPE was very high. It can be also
concluded that after the extraction of Fe, the limit of detec-
tion for several elements (Ag, Ba, Ca, Ce, U, W) becomes
lower compared to the corresponding values in the k0-INAA.

The content of some trace elements varied depending on
the mineral which was explained by the geology of the local-
ity where the mineral samples were taken from.
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