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The results of the determination of uranium in Mongolian brown coal, coal ash, phosphate rock,
and technological samples by X-ray fluorescence (XRF) spectrometry are presented. Technological
samples were produced from phosphates by chemical treatment. Powder geological samples and Cer-
tified Reference Materials (CRMs) were pressed as tablets. For chosen conditions of the sample prepa-
ration procedure analytical figures of merit were carefully studied, as exemplified by the rock and ura-
nium ore Reference Materials. The variance of the total uncertainty is 2 % for uranium in the analyzed
samples, and one is 7 % in the rock CRMs. The estimated values of the uranium detection limit for the
CRMs are within the interval from 1 to 3 ppm. For the correction of the matrix effects the background
standard method was used. Values of the uranium contents in the studied samples vary within the in-
terval from 3.0 to 35.0 ppm.

The comparison of the wavelength dispersive (WD) XRF results with the energy dispersive (ED)
XREF results and the neutron activation analysis (NAA) was performed. It is demonstrated that the
WDXRF have satisfactorily agreed with the EDXRF results and the NAA within the limits of the uncer-
tainty. It is shown that the values of the relative discrepancies between the WDXRF and EDXRF re-
sults are in the range of 2.0-18.0 %, and between the WDXRF and the NAA results are in the range of
2.0-20.0 %. These values are less than 30 %, yielding the third category of the precision of the miner-
al raw material analysis.
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INTRODUCTION

Mongolia has a vast wealth of mostly untapped
mineral resources including coal, gold, phosphate, ura-
nium and others. Therefore, it has about 150 billion ton
of coals, 8 billion ton of phosphorites, and 74000 ton of
uranium resources in addition to geological indications
reported in the Red Book suggest that these uranium
resources could be 1.47 million ton of U [1].

The Mongolian government is attaching a great
significance to mining uranium deposits, which would
positively influence and improve national economy. It
has developed the special Programme on uranium that
should be implemented. The one guideline of this Pro-
gramme is studying the possibilities of recovering ura-
nium from phosphate and brown coal deposits and de-
veloping alternative extraction techniques [2].

In order to evaluate possibilities of recovering
uranium, we should accurately determine the urani-
um content in geological samples such as brown coal,
coal ash, and phosphate rock. There are several in-
strumental methods for the determination of the ura-
nium and accompanying element contents in the ge-
ological samples such as gamma-activation analysis
(GAA), neutron activation analysis (NAA), X-ray fluo-
rescence (XRF) spectrometry, and others [3-14]. Each
of these methods has benefits and drawbacks. XRF is
a suitable method for geological problem solving, be-
cause (i) it does not require much preparation work, (ii)
it has the multi-element capability, (iii) a wide dynam-
ic range, (iv) high throughput and (v) low cost per a de-
termination. Despite that, the problem of the uranium
determination can be limited due to the high detection
limit of this element. Several years ago, the uranium de-
tection limit for an out-dated XRF spectrometer, which
was located at the Nuclear Research Center (NRC) of
the National University of Mongolia, was more than 50
ppm. In Mongolia, average uranium contents are 50-
200 ppm in the phosphate rock, 1-100 ppm in the coal,
and 10-150 ppm in the coal ash. The recent improve-
ments in the XRF instrumentation have improved the
sensitivity, the precision and the accuracy of the anal-
ysis. Nowadays, modern energy dispersive SPECTRO
XEPOS XRF-spectrometer is installed at the NRC. Also,
modern wavelength dispersion S8 TIGER XRF-spec-
trometer is located at the Analytical Center of the Insti-
tute of the Earth’'s Crust (IEC), SB RAS.

Purpose of the present work is to study the appli-
cability of modern XRF equipments to the determina-
tion of the uranium content in Mongolian coal, coal ash,
phosphate ore, and technological materials.

EXPERIMENTAL
Instrumentation and measurement conditions

The measurements were performed in a vacuum
using a wavelength dispersive (WD) X-ray fluorescence
spectrometer S8 TIGER (Bruker AXS GmbH, Germa-
ny). The WDXRF-spectrometer is equipped with a 4 kW
power X-ray tube with a Rh anode and a Be window of

75 um thickness. The incidence angle of the exciting
beam and the take-off angle of the X-ray fluorescence
are equal to 63 and 45 degrees, respectively. This de-
vice has a closed circuit of water cooling with a function
of automatic adjustment of water flow and temperature.
The measurement of the intensities of uranium and the
influenced element analytical lines, and the background
was conducted at the following conditions: 50 kV op-
erating voltage, 50 mA current, a LiF (200) analyzing
crystal, a collimator with the angle aperture of 0.17°, a
scintillation counter, a primary aluminum filter with 800
um thickness. Detailed information about the S8 TIGER
instrument can be found elsewhere [15].

Live counting time of each sample measurement
was 1000 s. The L line was used as the analytical line
of U. Measurement time of the U L _line was 300's. The
K, lines were used as analytical lines of Srand Rb. Pro-
cessing the X-ray spectra, numerical peak separation,
and the correction of the matrix effects were performed
using the spectrometer software SPECTRAP"s [16].

Moreover, all studied samples were transferred
to the NRC of the National University of Mongolia and
tested using modern energy dispersive (ED) SPECTRO
XEPOS XRF-spectrometer. This device is equipped with
an X-ray tube with a Pd anode and Peltier cooling, op-
timum excitation using eight polarization and second-
ary targets, a Si drift detector (SDD) with 155 eV spec-
tral resolution forthe Mn K _ line. The UL _line is excited
by the radiation from Al,O, polarization target and Mo
secondary target of the EDXRF-spectrometer. So, we
chose a technique in which these targets can be used.
These measurements were conducted in an air. Live
counting time was 300 s per sample. The EDXRF re-
sults were processed by the spectrometer software AXIL.
The background standard method was successfully ap-
plied for the correction of the matrix effects.

NAA measurement data have been obtained by
a cyclic accelerator microtron MT-22 at the NRC of the
National University of Mongolia. The thermal neutrons
were produced by the MT-22 device using Ta and Pb tar-
gets for 22 MeV electron beam. For the absorption of the
electrons gone through the Ta target, the Al 25 mm thick
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Fig. 1. Plot of the X-ray spectrum of the uranium ore RM
URS-810in Zr K, — Rb K energy range from 13 to 16 keV.
This figure shows the effect of the Ro K _and SrK _lines on
the analytical signal intensity of the U L _ line, which should
be taken into account
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Fig. 2. X-ray spectrum of the phosphate ore sample 10-d2 in Mg K —Zr K energy range from 1 to 20 keV

shield was used. The 238U content has been determined
registering a gamma-radiation from the 2°Np isotope
using line with energy of 228 keV. Each analyzed sam-
ple was irradiated by the neutrons during for two hours.

WDXRF and EDXRF spectra

WDXREF spectra have been obtained using the S8
TIGER spectrometer. Fig. 1 demonstrates the plot of the
X-ray spectrum of the uranium ore Reference Material
(RM) URS-810 (Number of State Registry is 3161-85)
in Rb K —Zr K energy range in the neighbor of U L
analytical line. The uranium content in the RM is equal
to 0.081 % [16]. It can be seen, that the U L _line angle
position of 13.614 keV is between Rb K of 13.396 keV
and SrK  of 14.165 keV lines in the XRF spectrum. The
K, lineis higher by 3-4 times than the L _line intensity [5].
Thus, the effect of the Rb K_and Sr K _ lines on the an-
alytical signal intensity of the U L _ line
must be taken into account.

order to take into account the fluorescence peak over-
laps, the a-correction procedure was applied.

The EDXRF-spectrum has been obtained us-
ing the SPECTRO XEPOS instrument. Fig. 3 displays
the X-ray spectrum of the Khuut coal ash sample in
Si K, -Y K_ energy range, which selected from coal
mine located closely Dornod uranium deposit (Mongo-
lia). For the convenience, the plot of the spectrum in the
energy range from 13 to 15 keV is separated in Fig. 3.
For the estimation of the uranium content, overlaps of
the Rb K andthe SrK_lines onthe UL line were tak-
en into account using the AXIL software.

Certified Reference Materials and research
objects

For the present study, different geological objects
such as coal, coal ash, phosphate ore, and technologi-
cal materials were chosen. These technological samples

1084
Fig. 2 displays the X-ray spec- si’s kcaT ¢ Fe NiCuzn Pb Rb Sr Y
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tion from the anode has been used as  Fig. 3. X-ray spectrum of the Khuut coal ash sample in Si K, - Y K, energy range

an analytical parameter (see Fig. 2). In  from 1 to 18 keV
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were chemically treated phosphorite samples. Binder (wax)
was used for the preparation of these samples for XRF.
The Certified Reference Materials (CRMs) and the
RMs with different uranium content have been used for the
calibration of the XRF technique: coal ashes ZUK-1 and
ZUA-1, Baikal mud BIL-1, granite SG-1, greisenized gran-
ite DVG, rhyolite RGM-1, uranium ore UKRS-72 (Number
of State Registry is 3160-80), rare-earth ore TRHB [17-
19], and others. These CRMs and RMs were produced
and certified by the Institute of Geochemistry (IG) of SB
RAS, Irkutsk (ZUK-1, SG-1) [20], the United States Ge-
ological Survey (USGS) (RGM-1) [21], and the Central
Geological Laboratory (CGL) of Mongolia (TRHB) [19].

Sample preparation for XRF

All the CRMs and the RMs are powders with a
particle size smaller than 63 um. The coal, the coal ash,
the phosphate ore, and the technological samples were
made to be homogeneous in granulometric and chemi-
cal composition with the particle size from 63 to 75 um.
The particle sizes of the CRMs and the geological sam-
ple powders were studied using the electron probe X-ray
microanalyzer Superprobe JXA-8200 (JEOL, Japan) lo-
cated at the Institute of Geochemistry, SB RAS (Irkutsk).
The samples have been prepared in accordance with
requirements given in [22]. Each sample powder weigh-
ing 5 + 0.0001 g and wax weighing 1 = 0.0001 g was
taken using an analytic balance of AB-series (St. Pe-
tersburg, GOST 24104-2001). Then the sample powder
and the wax have been mixed and thoroughly shaken
for two minutes. Prepared samples were pressed using
a HERZOG HTP-40 semiautomatic press with a pres-
sure of 100 kN. The sieving procedure for these sam-
ples was not applied, because the fractionation proce-
dure was not required. Then the prepared tablets were
transferred to the S8 TIGER WDXRF-spectrometer
and measured. During the measurement each analyz-
ed sample is rotated at 30 r.p.m. (rotation per minute)
to compensate the heterogeneity effects.

The sample preparation procedure for EDXRF
analysis was the same as the procedure for WDXRF
conducted at the Analytical Center of the IEC, SB RAS.
The different rock and uranium ore CRMs were used
for the calibration of the technique.

RESULTS AND DISCUSSION
Statistical analysis

Analytical figures of merit such as the total un-
certainty, the accuracy of the uranium determination,
and the detection limit (DL) were carefully studied, as
exemplified by the rock, uranium ore CRMs and RMs.

To evaluate the total uncertainty in determining
the uranium concentration in the analyzed samples,
the single-factor variance analysis was carried out [23].
Each sample was measured three times a day. The to-
tal uncertainty (the variance Vz) was divided into two
components [23]:

Vi=vi+Va, (1)

where V.. is the variance, characterizing the reproduc-
ibility of the measurement of an analytical signal from
one sample; V, is the variance, characterizing the sta-
bility of the sample preparation conditions from the
same specimen.

The values of the components V, and V, were
evaluated as well as in [23, 24]. Statistical processing
of the analytical results was performed in accordance
with the recommendations given at the confidence lev-
el P = 0.95 [25]. The variance of the total uncertainty
is 2 % for U in the analyzed samples, and one is 7 %
in the rock RMs. The values of the total uncertainty V.
do not exceed the values of the permissible standard
deviation g, [22].

The detection limit of the uranium for the CRMs
and RMs was estimated according to the 3o approach:

DL=3X0bla/1kx(C/Nnet)’ (2)

where N__ is the net intensity (count rate), C is the ref-
erence value of the concentration of the uranium in the
CRM or the RM. The value of the o, , characterizes
the deviation from the background intensity of the blank
sample. The o, , value was estimated from the results
of the background intensity measurement from 20 emit-
ters obtained using silicon dioxide.

The DL values of the uranium were assessed for
the S8 TIGER and SPECTRO XEPOS spectrometers,
and equaled to 1 and 3 ppm, respectively.

The accuracy of the uranium determination in the
studied samples was checked using the aforementioned
CRMs. The obtained WDXRF and EDXREF results are
summarized in Table 1. As it follows from Table 1, the
values of the discrepancies between the WDXRF and
EDXREF results and the reference values are less than
10 %, which is admissible for the analytical results of the
geological samples [22]. These values were assessed
from the relation (C,..-C_)/C_.

Thus, the comparison of the WDXRF and
EDXREF results with the reference values showed an
agreement within the limits of the uncertainty for the
uranium determination.

Comparison of the WDXRF with EDXRF results
and the neutron activation analysis

Table 2 presents the comparison of the WDXRF
results obtained by the S8 TIGER spectrometer with
the EDXREF results derived by the SPECTRO XEPOS
instrument and the neutron activation analysis (NAA).
It can be found from Table 2 that the WDXRF results
have satisfactorily agreed with the EDXRF results, and
the NAA. The use of the background standard meth-
od provides the values of the relative discrepancies be-
tween the WDXRF and the EDXRF results in the range
of 2.0-18.0 %, and between the WDXRF and the NAA
results in the range of 2.0-20.0 %. These values are
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Table 1
The WDXRF and EDXREF results of the uranium determination in the analyzed Certified Reference Materials, ppm
Methods Certified Reference Materials C=zA C. xA
STM-2 8.5+1.0 76+0.8
WDXRF TRHB 59.5+1.4 57.0+1.0
BIL-1 15.4£2.0 12.0+2.0
DVG 191+ 3.0 170 + 2.7
EDXRF ZUAA1 13.2+2.0 15.0 £ 1.7
ZUK-1 42+10 3.3+0.7

Comment: ‘A’ means that the confidence interval was calculated at the confidence level P = 0.95 and the number of the
measurements n = 6. It can be found from the Table that the WDXRF and EDXRF results have satisfactorily agreed with the
reference values within the limits of the uncertainty for the uranium determination.

less than 30 %, yielding the third category of the preci-
sion of the mineral raw material analysis [22].

SUMMARY

In the present work we have verified the possi-
bilities and clarified the limitations of the XRF analysis
of the Mongolian coal, coal ash, and phosphate ore to
the geological studies focused on the uranium deter-
mination. The XRF technique of the uranium determi-
nation, which developed at the IEC of SB RAS using
the S8 TIGER WDXRF-spectrometer, has been tested
at the NRC (Mongolia) using the SPECTRO XEPOS
EDXRF-spectrometer. Good analytical results were ob-
tained for all samples studied with the limit of detection
for U, which was equal to 1 ppm for the S8 TIGER de-
vice, and 3 ppm for the SPECTRO XEPOS instrument.

The use of the background standard method pro-
vides the values of the discrepancies between the ob-
tained WDXREF results and the reference values is less
than 10 %. The comparison of the WDXRF with the

EDXREF results, and the NAA indicated that the values
of the relative discrepancies between these results are
within the interval from 2 to 20 % depending on the lev-
el of the uranium content determined.

Finally, for our further investigations we can em-
phasize the WDXRF method. In spite of the good com-
parability of the WDXRF results with EDXRF and NAA,
this one is more suitable method than the EDXRF for
the determination of the uranium concentration is less
than 3 ppm in the coal, coal ash, and phosphate rock.
NAA is a time consuming and expensive method, and
requires a nuclear reactor and long cooling times prior
to the concentration measurements.
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Table 2
The comparison of the WDXREF results obtained for the studied samples with the EDXRF and the NAA measurement
data, ppm
Sample Type of the sample WDXRF EDXRF NAA
9-d1 Phosphate ore (the Ongilog Lake) 15114 154 £1.6 14.8 £ 0.3
10-d2 Phosphate ore (the Ongilog Lake) 270=+2.4 240+21 23.3+0.6
11-d3 Phosphate ore (the Ongilog Lake) 12.6 + 1.1 11.0+1.2 11.3+0.3
12-d4 Phosphate ore (the Ongilog Lake) 8.2+10 9.6+1.0 9.3+0.3
Khuut coal coal 3.3x0.2 3.2x0.3 <041
Khuut coal ash coal ash 35.0+3.0 30.4 = 31 35.7+0.4
Baganuur ash ash 8.0+1.0 8.2+1.2 12.5+0.2
Baganuur coal coal 3.0+ 041 <3 1.6 +0.1
Ne 1 A-1 Technological sample* 15.7 + 1.5 15.9+17 14.3+0.2
Ne 2 A-1 Technological sample 13.5+1.3 13.0+1.4 16.9+0.2
Ne 3 A-1 Technological sample 13.5+1.3 13.7 +1.5 12.0 £ 01
Ne 4 A1 Technological sample 15.0+x14 15.0+1.6 14.6 £ 0.1
Ne 5 A-2 Technological sample 20.3+1.8 19.8 2.2 19.8+0.2
Ne 6 A-2 Technological sample 15.5+1.5 15.7 £ 1.7 15.2+0.2
Ne 7 A-2 Technological sample 24420 20.6 £2.3 226+0.2
Ne 8 A-2 Technological sample 240=+2.0 221 +2.6 25.0+0.3

Comment: ‘<’ means that the obtained result is less than the assessed detection limit;

“* means that the samples were produced from phosphates by the chemical treatment. It can be found from Table 2 that the
WDXREF results have satisfactorily agreed with the EDXRF results, and the NAA within the limits of the uncertainty for the

uranium determination.
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MNpeactaBneHbl pe3ynbTaTthl onpefenexHns ypaHa B MoHronsckom 6ypom yrne, 3one yrmns, goc-
chaTHOM pyae v TexHonornyeckmx obpasuax MeTogoM peHTreHoyopecueHTHOro aHanmsa (PPA).
TexHonornyeckme ob6pasubl NonyyYeHbl 3 ocgaToB Npy NOMOLLM XMMUu4eckomn obpaboTku. MNopoLwu-
KV reofniormyecknx n ctaHgapTtHeix 06pasuoB (CO) npeccoBanu B Buae Tabnetok. [Ans BbIOpaHHbIX
YCINOBU NOATOTOBKM NPOOG OLeHEHBI METPOOrMYECKNE XapakTePUCTMKN METOAUKM Ha npumepe CO
rOpPHbIX MOPoOA 1 ypaHoBoK pyabl. CymmapHas NorpeLwHocTb onpeaeneHuns ypaHa coctasuna 2 %
4ns aHanunampyembix 06pasuoB u 7 % gna CO ropHbix nopog. OueHeHHble 3HaYeHus npegena obHa-
pyxeHus ypaHa ansa CO HaxoasTcs B uHTepBane ot 1 go 3 ppm. Cnocob ctaHgapTa gooHa Ncnosnb-
30BaH A5si KOPPEKLMM MaTpUYHbIX 3chdekToB. [lnana3oH onpedensemMbix CoAep>XaHun ypaHa B Usy-

YyeHHbIX obpasuax coctasun 3.0-35.0 ppm.

MNpoBeaeHo cpaBHEHWE pe3ynbTaToB BONIHO-AncnepcuoHHoro (BA) POA ¢ pesynstatamu aHep-
ro-gucnepcuoHHoro () PPA n HenTpoHHo-akTMBaumoHHoro (HAA) aHanmsa. lNMpogemMoHcTpupo-
BaHo, 4To pe3ynbrathl BOP®A ynosnetBoputensHo cornacytotcs ¢ pesynsratamm SOPPA n HAA B
npegenax cyMMapHOM NorpeLiHocTy aHanmaa. lNMokasaHo, YTO OTHOCUTESbHBIE PACXOXKAEHUST MEX-
ay pesynstatamm BOP®PA n 3P®A HaxoasTcsa B gnanasoHe 2.0-20.0 %. OTu 3Ha4YeHUsi He NpeBbl-
watoT 30 %, yto cooTBeTCTBYET Il KaTErOPMM TOYHOCTU AaHANM3a MUHEPATIBHOTO ChIPbS.
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