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The relationship between the impurity content and
the properties of pure tantalum pentoxide is qualita�
tively and quantitatively ambiguous. Some of these
relations can be predicted theoretically; however, as a
rule, a relationship between the composition and
property of a substance is established experimentally
without extrapolation from high to low concentrations
of admixtures. In the current production of semicon�
ductor materials and substances for the manufacture
of optical fibers and microelectronic elements, admix�
tures with concentrations to 10–5% or lower should be
controlled.

Radiochemical [1], mass�spectrometric, and
atomic spectrometry methods with the preconcentra�
tion of admixtures or their separation from a matrix
are used for the analysis of tantalum metal and tanta�
lum oxides. As a rule, the preconcentration is per�
formed using extraction methods from fluoride solu�
tions [2–4]. Sorption methods for the separation of a
matrix from analytes also found use.

Impurities in high�purity tantalum and niobium
were determined by inductively coupled plasma
atomic emission spectrometry after the sorption sepa�
ration of tantalum and niobium ions on a Poliorgs VII

sorbent [5]. The limits of detection (LODs) of the
impurities varied from 1 × 10–5 to 10–3%. According to
published data [6–11], the LODs after the separation
of impurity elements varied from 1 × 10–6 to 10–3%. In
the analysis of Nb and Nb2O5, the LODs of 1–10 ng/g
were obtained for a number of elements, including Ca
and Fe [11]. It is likely that these LODs were reached
as a result of the preliminary separation of analytes
from a matrix on an anion exchanger with the use of an
SPQ 9000 quadrupole mass spectrometer. Under stan�
dard conditions, the LODs of 0.2 and 0.3 ng/L for Ca
and Fe, respectively, can be reached in the analysis of
high�purity solutions. These data were reported by
SchelTec (the authorized distributor of Perkin Elmer)
in accompanying documentation to an ELAN 9000
DRC�e mass spectrometer.

Impurities in high�purity tantalum with the limits
of detection at a level of 1 × 10–5% were determined by
ICP MS analysis [12]. The liquid–liquid extraction of
sample matrix ions from aqueous solutions containing
HF and HCl with methyl isobutyl ketone was used.
The ions of Nb, V, Zr, Hf, and W remained in the
aqueous phase, and tantalum passed to the organic
phase.
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In the determination of isotopes in tantalum neu�
tron�producing targets, ICP MS analysis with the pre�
liminary liquid–liquid extraction of tantalum was used
[13, 14]. Rare�earth elements whose isotope ratios
were strongly different from natural ones were
detected in the targets. In connection with this, the
analysis was complicated by an isobaric effect. The
isotopes of rare�earth elements were separated by ion
chromatography.

The matrix effect created by the ions of the main
component of a test sample can substantially influence
the analytical signal intensity. Elizarova and
Ryzhukhina [15] observed this phenomenon in the
ICP MS analysis of high�purity niobium pentoxide.
They observed a decrease in the intensity of signals due
to Ca, Fe, Ti, Mg, and Si in the analysis of solutions
with an increase in the niobium content to more than
15 mg/L; in this case, the element : niobium ratio was
1 : 50 or higher. A considerable decrease in the analyt�
ical signal intensity of admixtures (signal drift) was
observed on the prolonged continuous passing of a
sample through the solution injection system into the
measuring system of a mass spectrometer. The occur�
rence of a matrix effect of niobium ions (50–
1000 mg/L) on the results of the determination of
impurities in Nb2O5 was noted by Novikov [16]. The
plasma�chemical formation of niobium oxides and
their deposition as a glassy layer around skimmer and
sampler openings, which can considerably change the
results of sample analysis, were referred to as a hypoth�
esized cause.

Shengging et al. [17] considered ICP MS analysis
after the electrothermal evaporation of niobium pen�
toxide powders in a graphite cell with fluorinating
agent additives. They also described possible poly�
atomic effects. Shengging et al. [17] indicated the
occurrence of a matrix effect at a niobium concentra�
tion of 140 mg/L in the test solution. The absolute
limit of detection of 0.026–1.1 pg was reached in the
determination of Ti, Ta, W, Cr, Ni, Cu, and Mn.

In a recent survey publication, Karandashev et al.
[18] summarized data on the analysis of high�purity
substances with the use of ICP MS, in particular, on
quadrupole mass spectrometers. They considered the
matrix effect on the determination of impurity ele�
ments and noted in general recommendations that, in
the direct analysis of solutions, the test samples should
be diluted to a matrix component concentration of
100 mg/L. However, in this case, the instrument sen�
sitivity can be decreased by a factor of 1.5 even in the
analysis of three or four samples. The analysis of test
samples with a W matrix and Cr, Ti, and Mn in the
solutions of gallium was given as an example. It was
noted that the development of methods for the direct
analysis of the solutions of solid samples without pre�
concentration as a simpler version for introducing this
method into the routine practice of laboratories is of
considerable current interest. Evans and Giglio [19]
described in detail the interferences of ions and the

influence of this phenomenon on the results of the
determinations of impurities in high�purity com�
pounds and also reported data on the matrix effect.

Thus, almost all of the above studies were dedicated
to the determination of analysis conditions with the
preliminary separation of impurities from the sample
matrix because of the matrix effect of tantalum and
niobium. The safe level of a matrix concentration of
tantalum in solutions for the direct ICP MS determi�
nation of impurity concentrations remains an open
question.

The aim of this work was to study the application of
inductively coupled plasma mass spectrometry and to
optimize conditions for the determination of Mg, Al,
Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Sn,
W, Gd, Dy, Er, and Pb in solid precursors based
on high�purity and specifically doped tantalum pen�
toxide.

EXPERIMENTAL

Instrumentation and equipment. A ViBRA AF�
R220CE Shinko Denshi laboratory balance (special
accuracy rating according to GOST [State Standard]
24104�01), an electronically operated Varta TP 703
muffle furnace with temperature controlled to within
±2°C, Digi Tubes (the United States) or Handy�Pak
(Canada) polypropylene test tubes, platinum cruci�
bles, Eppendorf (10, 50, and 100 μL) or BIOHIT
(10⎯50, 50, and 100 μL) pipettes with relative error
of no higher than 2%, and disposable Eppendorf or
BIOHIT tips were used.

The measurement of mass spectra and quantitative
elemental analysis were carried out on an ELAN�9000
DRC�e instrument (Perkin Elmer, the United States),
which combines the effective characteristics of the
excitation of ions with the aid of inductively coupled
plasma and the low LODs. The instrument has a liquid
sample injection system resistant to HF: a riton trans�
verse�flow spray chamber with a demountable HF�
resistant torch. A distinctive special feature of the mass
spectrometer is the special geometry of a plasma torch
formation zone, sample injection system units, and
torch cooling, which are responsible for the absence of
noticeable interactions between the torch quartz tube
and the test sample aerosol.

The quadrupole of the mass spectrometer has a
mass transmission range from 2 to 270 amu. The
ELAN software developed by Perkin Elmer makes it
possible to automatically consider and correct a num�
ber of influences and to determine silicon, calcium,
and iron based on the 28Si, 44Ca, 43Ca, 54Fe, and 57Fe
isotopes. In the course of measurements performed
with the use of the program files of a method, the oper�
ator can introduce correction equations, which take
into account the effects of ions, and the coefficients of
these equations are calculated based on the natural
abundance of the isotope.
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Standard substances, reagents, and calibration
solutions. High�purity gaseous argon according to
GOST 10157�79 was used; it was supplied to the mass
spectrometer as the following three flows: (1) a cooling
and plasma�forming flow, (2) a flow regulating the
position of a plasma torch relative to the burner, and
(3) a sample aerosol carrier.

High�purity concentrated HF and HNO3 (GOSTs
10484�78 and 11125�84, respectively) preliminarily
distilled with the aid of a BERGHOF infrared distilla�
tion system were used as reagents for the acid decom�
position of test samples. Potassium hydrofluoride of
high�purity grade, which was recrystallized and dried,
was used in decomposition by melting and pharma�
ceutical H2O2 was used for complex formation. The
Milli�Q A10 five�step water purification system with
electrical resistance control (18.0–18.4 MΩ) made it
possible to obtain deionized water that meets the
requirements of GOST R 52501�2005.

The following standard solutions were used: Tune
Solution Std ELAN & DRS�e no. 1 from Perkin
Elmer based on 5% HNO3 containing Be, Ce, Co, Bi,
Ni, Pb, In, Mg, and U at an initial concentration of
10 mg/L and diluted to 10 μg/L for the adjustment and
optimization of the mass spectrometer and Tune Solu�
tion Std ELAN & DRS�e nos. 2, 3, and 5 based on 5%
HNO3 containing Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zr, Nb, Mo, Sn, W, Gd, Dy, Er, and Pb
(10 mg/L each) for the preparation of calibration solu�
tions. The Tune Solution Std ELAN & DRS�e no. 5
contained 1% HF.

The following reference solutions prepared with
the use of the standard samples (1.0 g/L with 1% error
in certified values) of ions were used for the opera�
tional control and the quality of the analysis of calibra�
tion characteristics: GSO 7190 (Mg), GSO 7854 (Al),
GSO 8212 (Si), GSO 8065 (Ca), GSO 7205 (Ti), GSO
7774 (the V), GSO 8035 (Cr), GSO 8056 (Mn), GSO
8032 (Fe), GSO 8089 (Co), GSO 8001 (Ni), GSO
7998 (Cu), GSO 8858 (Zr), TA Perkin Elmer Pure
Atomic Spectroscopy Standard (Ta), OF GSO 8086
(Mo), GSO 7238 (Sn), 15�189 NB Perkin Of Elmer
Pure Atomic Spectroscopy Standard (Nb), OF GSO
9117 (W), (GSO 8390 (Gd), GSO 7012 (Pb), and
high�purity trivalent Dy and Er oxides.

The stock solutions of decomposed samples were
diluted before analysis to a tantalum concentration of
no higher than 30 mg/L. The background concentra�
tion of tantalum ions in reference and calibration solu�
tions was created by the addition of a TA Perkin Elmer
Pure Atomic Spectroscopy Standard (Ta) solution so
that it would be the same as in the solutions of the test
samples.

Tantalum pentoxides prepared at the Solikamsk
Magnesium Plant (SMZ) and certified by the metrol�
ogists of this plant with a confidence probability of
0.95% were used as O.S.�1, O.S.�2, and O.S.�7 refer�
ence samples; a certified sample of Ta2O5 according to

TU [Technical Specifications] 48�4�408�78 (TAO�1)
was also used. Table 1 summarizes the composition of
these samples.

Calibration was carried out using an external stan�
dard by plotting a function that passed through the ori�
gin of the Cartesian coordinates. The calibration func�
tions were taken as acceptable at an approximation
coefficient of no lower than 0.999. The accuracy of the
plotting of calibration functions was checked by a
comparison between certified and experimental con�
centrations in the analysis of reference solutions pre�
pared with the use of the GSO standard solutions of
test ions. The relative standard deviation of all parallel
measurements did not exceed 0.04. The uncertainty δ0

in the preparation of calibration solutions did not
exceed 2%.

Sample preparation. The ICP MS determination of
admixtures in tantalum pentoxide was conducted
immediately after the decomposition of the samples.
Tantalum pentoxides obtained upon the extraction
processing of rare�metal raw materials at the Tananaev
Institute of Rare Element and Mineral Chemistry and
Technology, Kola Research Center, Russian Academy
of Sciences and certified and standard Та2O5 samples
from SMZ were analyzed. The complete decomposi�
tion of undoped high�purity tantalum pentoxides was
performed by acid digestion with the use of distilled
HF (5 mL) and HNO3 (15 mL); in this case, the for�
mation of insoluble fluorides was not observed.

In the closed acid digestion, the weighed portions
of samples (70–100 mg) were placed in Digi Tubes
(the United States) or Handy�Pak (Canada) 50�mL
polypropylene test tubes and HF was initially added.
The test tubes were tightly closed with screw stoppers
and kept in a water bath at 90–100°C for 1–2 h; then,
HNO3 was added until the complete dissolution of
Та2O5; the solution was cooled to room temperature,
and 5–10 drops of pharmaceutical H2O2 were added
for the stabilization of ions in the highest degree of
oxidation as the constituents of oxygen�containing
complexes to prevent disproportionation and hydroly�
sis. The freshly precipitated niobium and tantalum
hydroxides (in the form of acids) are dissolved in an
excess of mineral acids and H2O2 with the formation of
complex compounds, and the water solubility of the
hydrated complex compounds [NbOF5]

2– is higher
than the solubility of [TaF7]

2– by a factor of 10–12
[20]; this is responsible for the stability of solution
upon the complete dissolution of a sample. The stabil�
ity of the dissolved samples was confirmed by the auto�
matic calculation of sr ≤ 0.04 in the computer�assisted
quantitative analysis.

The stock solutions of samples after acid decompo�
sition with a volume of 50 mL contained 5 mL of dis�
tilled HF. Before the supply to the injection system of
the mass spectrometer, they were diluted in a ratio of
1 : 40–1 : 60 depending on the weight of a sample.
Thus, the concentration of HF in analyzed solutions
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was lower than 0.08%; this did not lead to noticeable
interaction of an aerosol with the quartz burner. In this
case, the LOD of silicon was 0.0420 μg/L.

Silicon was determined 1 h after the digestion of
samples in a Speedwave BERGHOF MWS�3+ micro�
wave digestion system (Germany) with a set of fluoro�
plastic autoclaves with built�in contactless tempera�
ture and pressure sensors. The airtight conditions of
autoclave digestion at a temperature to 230°C and a
pressure to ~104 kPa (100 atm) made it possible to rap�
idly transfer test samples into solution with a mixture
of HF–HNO3 (1 : 3) without the noticeable losses of
silicon as volatile tetrafluoride.

We failed to completely transfer tantalum pentox�
ides doped with rare�earth elements into solution in
the polypropylene test tubes in a water bath because of
the strengthening of an oxide lattice after alloying and
heat treatment at a temperature higher than 1000°C. A
portion of the sample remained in the form of insolu�
ble sediment. The sediment was decomposed by melt�
ing with potassium hydrofluoride in platinum cruci�
bles at 700°C. The melts were leached with deionized
water with the addition of high�purity H2SO4 and
transferred into the polypropylene test tubes, and 6–
10 drops of pharmaceutical Н2О2 were added. The
sample solutions were diluted to 50 mL by the addition
of 2% HNO3 immediately before the analysis.

Conditions for analysis. The inductively coupled
plasma discharge was maintained at atmospheric pres�
sure and a temperature of about 6000°C; in this case,
the plasma power was 1100–1350 W, the spraying gas
flow rate was 0.80–1.2 L/min, and the ion lens voltage
was 6–11 V.

The main working units of the mass spectrometer
were adjusted and optimized immediately before the
analysis in order to maintain a maximum analytical
signal intensity at a minimum intensity of oxide (no
more than 1.5%) and divalent ions (no more than 3%).
The limits of detection of Si, Ca, and Fe were calcu�
lated in the automatic mode with the use of the ELAN
software and the dynamic reaction cell (DRC) system
with the inflow of high�purity methane from Aldrich
(99.998%). The optimization of DRC operation made
it possible to determine operating conditions for pro�
viding the minimum limits of detection of Si, Ca, and
Fe: nebulizer gas flow rate, 0.86 L/min; cell gas flow
rate, 0.1 mL/min (for Si, Ca, and Fe); DRC mode cell
path voltage, –15 V; DRC mode quadrupole rod off�
set, –6.5 V; and rejection parameters q of 0.10, 0.55,
and 0.40 V for Si, Ca, and Fe, respectively.

The analysis was carried out under the conditions
of clean room facilities. The clean room was separated
from laboratory rooms by a lobby, and it had two
accommodations for performing ICP MS analysis and
sample preparation, respectively. The walls and ceil�
ings of the accommodations were plastic�coated, and
the floor was covered with antistatic linoleum, under
which a copper grounding mat was arranged. An

increased atmospheric pressure was maintained in the
accommodation for dust control. The ventilation sys�
tem was equipped with two types of filters: a rough fil�
ter as filtering cloth fixed on a profile and a FyaS
13s36.P fine filter (class 1; effectiveness, 99.95%; max�
imum flow, 0.56 m3/s; and maximum depression,
250 Pa). The temperature conditions of 20–23°C
were provided with a self�contained heater. Wet clean�
ing with the use of distilled water was carried out in the
accommodations before analysis on a daily basis.
Operators used working clothes, disposable shoe cov�
ers, headgear, and talc�free gloves only for operations
in the clean room. The above measures ensured the
necessary level of analytical cleanliness.

RESULTS AND DISCUSSION

The controlled impurities at all of the stages of the
extraction preparation of high�purity tantalum pen�
toxide and tantalum pentoxide doped with different
elements were chosen based on the requirements of
TU 48�4�408�78. The results of analysis were checked
by the Perkin Elmer standard addition method and
with the use of reference solutions based on the GSO
samples of the test analyte ions as external standards.

In the analysis of solutions with high tantalum con�
tents, the matrix effect, which manifests itself in the
suppression of the analytical signal of an analyte, can
be an important factor affecting error in the determi�
nation of analytes. According to published data, the
main reasons for the matrix effect can be the following:
the influence of matrix ions on the scattering of ana�
lyte ions on their transport into the high�vacuum part
of the mass spectrometer, a change in the physico�
chemical parameters of the migration of a solution or
aerosol in the sample injection system, the influence
of the physicochemical nature of a matrix component,
the state of the working surfaces of cones and other
parts of the interface, and difference in the mass num�
bers of test and matrix ions [18]. In this context, it is
important to choose a limiting salt solution concentra�
tion on the dilution of test samples.

We studied the effect of a change in the concentra�
tion of tantalum ions on the analytical signal of impu�
rities to be determined. For this purpose, we consecu�
tively analyzed model solutions containing from 1 to
60 mg/L of tantalum and 10 μg/L of an analyte. Each
particular measurement was accompanied by the pre�
liminary and subsequent washing of the sample injec�
tion system of the mass spectrometer with a control
2% solution of the digestion acid mixture.

The analytical signal intensity remained stable for
all elements up to a Ta concentration of 30 mg/L; in
this case, the concentrations of the controlled impuri�
ties differed from a specified value of 10 μg/L by no
more than 5%. As the concentration of tantalum was
increased from 30 to 60 mg/L, the determined con�
centration of impurities considerably decreased
(Table 2). At a tantalum concentration of 60 mg/L,
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the result of analysis for lead was almost 30% lower
than the specified concentration. It is evident that the
matrix effect is significant for not only lead but also
light analytes, for example, magnesium and silicon.
For this reason, the degree of dilution of solutions in
the routine analysis of test samples was chosen in such
a way that the final concentration of tantalum was no
higher than 30 mg/L.

We tested the stability of the ion current of test ele�
ments at a tantalum ion concentration of 30 mg/L.
Figure 1 shows the results. The measurements were
performed on a real�time basis with the continuous
supply of a sample solution to the instrument for 1 h
40 min. Tune Solution Std ELAN & DRS�e nos. 2, 3,
and 5 based on 5% HNO3 containing Pb, Mn, Ni, Cr,
Co, Cu, Al, Mg, Fe, Si, Zr, Sn, Ca, Nb, V, Mo, Ti, Gd,
Dy, and Er (7.5 μg/L each) in the presence of 30 mg/L
of tantalum were used. This analyte : tantalum ratio
in the determination of an impurity in a solid precur�
sor corresponds to an impurity concentration level of
10–2% in tantalum pentoxide.

We found that a considerable drift of the analytical
signal was characteristic of only niobium; its signal
intensity decreased in accordance with nearly expo�
nential dependence, whereas the ion current mea�
sured with the detector was stable for the other ana�
lytes. It is believed that the deposition of sample com�
ponents at the orifices of cones did not occur at the
matrix component (tantalum) concentrations to
30 mg/L in the analyzed solution. The drift of the ana�
lytical signal of niobium in the first 100 s from the pas�
sage of a test sample into the mass spectrometer was
insignificant, and it did not exceed 5%, which is suffi�
cient for performing quantitative analysis.

In the determination of the concentration of nio�
bium in tantalum pentoxide by calibration graph and
standard addition methods, the repeatability of the
results was 95% at a 15� to 25�s duration of the prelim�
inary passage of a test solution through the measuring

system before the determination of the analyte.
Repeated measurements were performed with alter�
nating them with the washing of the injection system
with a control digestion solution for 1–2 min. For
determining all of the other analytes, the condition of
supplying a solution into the instrument were not so
strictly limited.

The effect of the concentration of tantalum ions in
solution on the determination of rare�earth elements
was studied in a range of 1–30 mg/L of tantalum, that
is, in the absence of a matrix effect, as demonstrated in
Fig. 2. It is evident that, in this range, tantalum ions do
not exert a matrix effect on the determination of rare�
earth elements. At a tantalum concentration
of 30 mg/L, an error in the results of the determina�
tion of 10 μg/L of test rare�earth elements did not
exceed 5%.

Analysis of high�purity tantalum pentoxide. The
O.S.�1, O.S.�2, and O.S.�7 reference samples of tan�
talum pentoxide produced and certified at SMZ were
analyzed for evaluating the accuracy of analysis under
intermediate precision conditions (time and operator
were variable factors). With the use of the standard
addition method, the additives of standard multiele�
ment solutions with a concentration of 0.015–
0.075 mg/L were introduced into a diluted (1 : 50)
solution of the digested tantalum pentoxide sample
(70–90 mg in 50 mL of solution) with a tantalum con�
centration of 23–30 mg/L to obtain linear functions
like y = ax + b, where y is the analytical signal of the
test sample component, and х is its concentration. The
ratio of the absolute term of the linear function to its
slope made it possible to calculate the desired analyte
concentration in the pentoxide. Table 1 summarizes
the results. It was demonstrated that the results of
measurements were consistent with the certified con�
centrations. The error δ (%), which was calculated as
the degree of proximity of the obtained result of anal�
ysis to the reference values (certified concentrations in

Table 2. Deviations of the results of the determination of elements from a reference analyte concentration of 10 µg/L with
changes in the tantalum content of solution (%)

Concentration 
of Ta, mg/L Mg Al Si Ca Ti V Cr Mn Fe

30 2.5 2.2 3.4 3.3 2.9 2.8 2.1 2.4 4.1

40 9.14 5.95 14.99 7.25 5.21 5.53 6.57 6.45 6.75

50 12.79 9.69 16.09 10.14 7.55 9.84 6.75 8.02 6.33

60 29.3 19.7 23.7 18.1 16.2 17.1 15.2 15.7 14.9

Concentration 
of Ta, mg/L Co Ni Cu Zr Nb Mo Sn W Pb

30 2.0 2.1 2.0 1.8 1.8 1.6 2.0 1.9 3.0

40 6.22 6.05 5.21 5.87 7.57 5.68 6.07 8.35 11.5

50 9.70 9.50 7.38 9.74 9.84 8.62 8.14 12.0 16.3

60 15.8 15.1 12.5 13.7 18.0 13.7 15.4 13.0 29.4
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standard tantalum pentoxide), was used for evaluation
tests.

The LODs of controlled impurities (Tables 1 and 3)
were determined based on a 3s value using a control
sample of a calibration solution—2% HNO3 with the
addition of 30 mg/L of tantalum ions (15�81TA Perkin
Elmer Pure Atomic Spectroscopy Standard)—and a
control sample of the acid digestion of tantalum pen�
toxide with the same additive of tantalum ions. The

sample dilution factors were as high as 20000–33000;
they were taken into account for the calculation of
LODs in solid test samples. For rare�earth elements,
the LODs were 1.51, 1.87, and 1.31 ng/L for Gd, Er,
and Dy, respectively.

The reproducibility of the results of parallel mea�
surements was evaluated according to data on sr ≤ 0.04.
The automatic statistical processing of the results of
three replicate measurements in the regime of peak
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Fig. 1. Intensity of analyte signals (7.5 µg/L) in the real�time mode with the continuous supply of test solution containing
30 mg/L of Ta into the mass spectrometer.
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jump analysis (three measurements at each peak) was
used; the peaks were scanned three times in each rep�
licate measurement. Thus, in the detection, one mea�
surement result was obtained based on the data of
27 analytical signal measurements. The samples were
digested using three parallel weighed portions; three
dilutions were made for each solution. The result of
analysis was determined as the arithmetic mean value
of three measurements. Three series of such measure�
ments were performed.

After the evaluation of the accuracy of ICP MS
data based on the accuracy of analysis of standard
samples and tantalum pentoxide produced at SMZ,
we analyzed the samples of high�purity tantalum pen�
toxide prepared by an extraction technology at the
Tananaev Institute of Rare Element and Mineral
Chemistry and Technology, Kola Research Center,
Russian Academy of Sciences [21]. Table 3 indicates
that the results obtained using ICP MS analysis and
optical emission spectrometry with an arc atomization
source on a DFS�13 instrument in accordance with a
procedure developed at the Tananaev Institute of Rare
Element and Mineral Chemistry and Technology are
consistent. A discrepancy was observed only in the
determination of calcium. This can be due to the
absence of data on calcium concentrations in the stan�
dard samples of high�purity tantalum pentoxide. The
OES determinations were performed with the use of a

reference mixture of high�purity Та2О5 with an addi�
tive of high�purity CaO.

Analysis of specifically doped tantalum pentoxide.
The doped solid precursors Та2O5 : Gd, Та2O5 : Dy,
and Та2O5 : Er were obtained based on an extraction
technology in the laboratory of electronic materials at
the Tananaev Institute of Rare Element and Mineral
Chemistry and Technology in accordance with meth�
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Fig. 2. Effect of the tantalum content of the test solution
on the determination of rare�earth elements (dopants);
10 µg/L of rare�earth elements were added to a sample.

Table 3. Results (wt %) of the ICP MS and OES analysis of high�purity Ta2O5 (TO�1) according to TU 48�4�408�78

Element LOD*, µg/L TU 48�4�408�78 (TaO�1), 
no more than ICP MS** OES

Mg 0.0308 – 0.00022 0.0002

Al 0.0381 0.0005 0.00017 <0.0005

Si 0.0531 0.001 0.00087 <0.001

Ca 0.103 – 0.0004 0.0025

Ti 0.0281 0.0001 0.00018 <0.0003

V 0.0019 0.00001 0.000008 <0.0005

Cr 0.0101 0.00005 0.000044 <0.0002

Mn 0.0027 0.00001 0.000010 <0.0002

Fe 0.0852 0.0005 0.0006 <0.0007

Co 0.0019 0.00001 0.000009 <0.0005

Ni 0.0153 0.00002 0.000015 <0.0005

Cu 0.0027 0.00001 0.00001 <0.0005

Zr 0.0202 – 0.000081 <0.0005

Nb 0.0318 0.02 0.0021 0.002

Mo 0.0007 0.00005 0.000013 <0.0005

Sn 0.0020 – 0.00015 <0.0005

W 0.0195 0.0001 0.00010 –

Pb 0.0086 0.00001 0.00009 <0.0005

  * Determined in the sample acid digestion solution of high�purity Ta2O5.
** Determined based on three parallel samples in three series of analysis.
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ods described previously [22, 23]. These precursors are
used as components in the synthesis of the homoge�
neously doped charge of lithium tantalate and the
growth of single crystals of high optical quality from it.

Tables 4 and 5 summarize the results of the mass�
spectrometric determination of gadolinium, dyspro�
sium, and erbium in Ta2O5, which are consistent with
the calculated values based on the weighed portions of
dopants introduced at the stage of the preparation of
Та2O5 precursors. The repeatability was 80.00–
99.58%. The correspondence of the results of analysis
to calculated values simultaneously reflects both the
quality of analysis and the quality of the precursor
preparation procedure. The consistency of the results
of XRF and ICP MS analysis of Та2O5 doped with
erbium with a calculated concentration of 0.5% was
91.07%; for the samples doped with gadolinium, it
varied from 88.18 to 96.50% over the entire range of
doping.

ACKNOWLEDGMENTS

We are grateful to T.E. Shchur and O.V. Rybalkina,
staff members of the analytical department of the
Tananaev Institute of Rare Element and Mineral

Chemistry and Technology, Kola Research Center,
Russian Academy of Sciences. This work was sup�
ported by a grant for leading scientific schools (project
no. NSH 1937.2012.3).

REFERENCES

1. Caletka, R., Haunsbeck, R., and Krivan, V., J. Radioa�
nal. Nucl. Chem., 1988, vol. 120, p. 319.

2. Anderson, S.T.G., Robert, R.V.D., and Farrer, H.N.,
Anal. At. Spectrom., 1992, vol. 7, p. 1195.

3. Nikolaev, A.I. and Maiorov, V.G., Ekstraktsiya niobiya i
tantala (Extraction of Niobium and Tantalum), Apa�
tity: Kol’skii Nauch. Tsentr RAN, 1995.

4. Das, N.R. and Lahiri, S., Solv. Extr. Ion Exch., 1991,
vol. 9, no. 2, p. 337.

5. Grebneva, O.N., Shcherbinina, N.I., Kubrakova, I.V.,
Kudinova, T.F., Myasoedova, G.V., and
Kuz’min, N.M., J. Anal. Chem., 1998, vol. 53, no. 1,
p. 79.

6. Kozono, S., Takashi, R., and Haraguchi, H., J. Anal.
Sci., 2000, vol. 16, p. 69.

7. Kozono, S., Sakamoto, H., Takashi, R., and Haragu�
chi, H., J. Anal. Sci., 1998, vol. 14, no. 4, p. 757.

8. Kozono, S., Takahashi, S., and Haraguchi, H., Analyst,
2002, vol. 127, p. 930.

Table 4. Comparison between the results of XRF and ICP MS analysis of the solid precursors of Ta2O5 doped with gado�
linium

Concentration of Gd in Ta2O5, wt % Consistency with calculation data, % Consistency between 
XRF and ICP MS 

analysis data, %calculation data XRF analysis ICP MS 
analysis XRF analysis ICP MS 

analysis

0.11 0.110 0.102 100.00 92.73 92.73

0.24 0.256 0.239 93.33 99.58 93.36

0.53 0.592 0.522 88.30 98.49 88.18

0.87 0.943 0.989 91.61 86.32 95.12

1.39 1.43 1.27 96.91 91.15 88.42

1.73 1.69 1.88 97.69 91.21 88.64

2.60 2.38 2.57 91.62 98.77 92.19

3.71 3.68 3.81 99.22 97.30 96.50

Table 5. Comparison between the results of the ICP MS analysis of the solid precursors of Ta2O5 doped with dysprosium
and erbium and calculation data

Concentration of rare�earth elements in Ta2O5, wt % Consistency with calculation data, %

calculation data Dy Er Dy Er

0.1 0.101 0.12 99.00 80.00

0.5 0.52 0.51 96.00 98.00

1.0 1.05 0.87 95.00 87.00

1.5 1.53 1.35 98.00 90.00

2.0 1.97 1.84 98.50 92.00

3.0 2.90 2.88 96.67 96.00



JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 69  No. 6  2014

DETERMINATION OF IMPURITY ELEMENTS IN HIGH�PURITY SOLID PRECURSORS 607

9. Kozono, S., Takahashi, S., and Haraguchi, H., Anal.
Bional. Chem, 2003, vol. 372, p. 542.

10. Kong�Quan, T., Hong�Mei, H., Wei�Jie, Z., Ya�
Qin, L., Jun�Sheng, F., and Li�Ming, Y., Chin. J. Anal.
Chem., 2004, vol. 3, p. 387.

11. Kozono, S. and Haraguchi, H., Talanta, 2007, vol. 72,
no. 5, p. 1791.

12. Becker, J.S., Dietze, H.J., and Pandy, V.K., Anal. Chim.
Acta, 1996, vol. 329, p. 71.

13. Becker, J.S., Dannecer, W., Dietze, H.J., and Kerl, W.,
Anal. Chim. Acta, 1999, vol. 387, p. 145.

14. Day, J.A., Caruso, J.A., Becker, J.S., and Dietze, H.J.,
Anal. Atom. Spectrom., 2000, vol. 15, p. 1343.

15. Elizarova, I.R. and Ryzhukhina, N.A., Abstracts of
Papers, Vseros. konf. Issledovaniya i razrabotki v oblasti
khimii i tekhnologii funktsional’nykh materialov (All�
Russia Conf. for Study and Development in Chemistry
and Technology of Functional Materials), Apatity,
2010.

16. Novikov, A.I., in Abstracts of Papers, Mezhregional’naya
molodezhnaya nauchnaya konferentsiya Nauchno�prak�
ticheskie problemy v oblasti khimii i khimicheskoi tekh�
nologii (Interregional Youth Sci. Conf. Scientific and

Practical Problems in Chemistry and Chemical Tech�
nology), Apatity, 2012, p. 73.

17. Shengging, L., Bin, H., and Zucheng, J., J. Anal. Atom.
Spectrom., 2004, vol. 19, p. 387.

18. Karandashev, V.K., Zhernokleeva, K.V.,
Baranovskaya, V.B., and Karpov, Yu.A., Zavod. Lab.
Diagn. Mater., 2012, vol. 78, no. 1, p. 17.

19. Evans, E.N. and Giglio, J., J. Anal. Atom. Spectrom.,
1993, vol. 8, no. 1, p. 1.

20. Gibalo, I.M., Analiticheskaya khimiya niobiya i tantala
(Analytical Chemistry of Niobium and Tantalum),
Moscow: Nauka, 1967.

21. Masloboeva, S.M. and Arutyunyan, L.G., Zh. Prikl.
Khim., 2012, vol. 85, no. 5, p. 700.

22. Masloboeva, S.M., Kadyrova, G.I., Zalkind, O.A.,
Kuznetsov, V.Ya., and Arutyunyan, L.G., Zh. Neorg.
Khim., 2013, vol. 58, no. 3, p. 321.

23. Masloboeva, S.M., Kuznetsov, V.Ya., Kadyrova, G.I.,
Zalkind, O.A., and Arutyunyan, L.G., Zh. Prikl. Khim.,
2011, vol. 84, no. 11, p. 1761.

Translated by V. Makhlyarchuk


