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INTRODUCTION

High�purity bismuth oxide is used as a precursor in
the preparation of ferroelectric ceramics, specialty
glass, and scintillator crystals [1–3]. These application
areas impose special requirements on the purity of
starting materials, in combination with a necessity to
develop and improve multielement approaches to the
determination of impurities in bismuth oxide [4–9].
One effective multielement analytical technique is
laser mass spectrometry (LMS), which makes it possi�
ble to simultaneously determine up to 70 impurity ele�
ments in solid samples, with detection limits down to
10–6 wt % [10]. One important advantage of this tech�
nique is that there is no need to dissolve samples to be
investigated, which rules out contamination of the
samples in the sample preparation process. LMS is
thought to be a semiquantitative technique because,
for most solid materials, including bismuth oxide,
there are no certified standard samples, which makes
it impossible to determine the relative sensitivity fac�
tors of impurity elements with respect to the host. The
lack of certified standards leads to uncertainties in
quantitative chemical analysis data.

To ensure a quantitative LMS analysis of high�
purity bismuth oxide, we proposed a calibration tech�
nique with the use of reference samples prepared by
diluting the State Standard Sample 4519�89/4523�89
(SOG�21�1 graphite) with high�purity bismuth oxide.

EXPERIMENTAL

In this study, we used an EMAL�2 double�focusing
laser ionization mass spectrometer with Mattauch–
Herzog geometry (Elektron Production Association).
The light source used was a Q�switched Nd:YAG laser

(λ = 1.064 µm; pulse repetition rate, 50 Hz). Mass
spectra were recorded on UF�4 photographic film.

Reference samples were prepared using an SOG
21�1 graphite standard sample (State Standard Sample
4519�89/4523�89) with certified weight fractions of
21 elements at a level of 1 × 10–1 wt % and high�purity
(6N) bismuth oxide (Furukawa Denshi Co). The
impurity contents of the high�purity bismuth oxide
sample, which was analyzed for 21 elements by LMS,
are listed in Table 1. It is seen that the percentages of
the impurities in this sample are below the respective
detection limits.

To prepare the reference samples, 1 mg of SOG�21�1
graphite was added to 1 g of high�purity bismuth oxide
(Furukawa Denshi Co) and the mixture was ground in
a Plexiglas mortar for 20 min. Since the SOG 21�1
standard contained no chlorine, chlorine was added in
the form of potassium chloride.

Samples for LMS analysis were prepared by press�
ing into pellets 10 mm in diameter. Before pressing
into pellets, a sample under study (0.5 g) was placed in
a die between tantalum foil inserts (TVCh high�purity
tantalum, Purity Standard TU 95.311�82) 50 µm in
thickness, precleaned by etching in a mixture of
HNO3 and HF (1 : 10). After pressing at ~20 × 105 Pa,
the pellet was withdrawn from the die, the tantalum
inserts were removed, and the pellet was placed in the
ion source chamber of the EMAL�2 mass spectrome�
ter, which was then pumped down to a pressure of 1 ×
10–4 Pa (2 h). After that, an accelerating voltage was
applied and laser radiation was directed to the pellet
surface. The surface was scanned with the laser beam
over an area of 5 × 5 mm2 to remove possible surface
contamination. After the laser surface processing,
mass spectra were taken. An analytical signal (black�
ening of analytical lines of the elements to be deter�
mined) was measured using an MD�100 automated
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microphotometer. To convert the blackening of the
lines to intensities, which are proportional to element
concentrations, we used a characteristic emulsion
curve of the photographic plate, which was preplotted
using ten tin isotopes (with natural abundances)
recorded on the photographic plate.

RESULTS AND DISCUSSION

Preliminary measurement results allowed us to
adequately carry out standard addition experiments
using a laboratory�made reference sample prepared by
diluting the SOG 21�1 graphite standard sample with
6N bismuth oxide (Furukawa). As a result of dilution,
the reference sample contained B, Na, Mg, Al, Si, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Cd, Ta, W,
and Cl impurities at a level of 1 × 10–3 wt % and 1.0 wt
% carbon. The percentage of chlorine, added to the
sample in the form of potassium chloride solution, was
determined by atomic absorption spectroscopy and
capillary electrophoresis [11], and the percentage of
carbon was determined using CHN analysis. Table 2
presents the results of our standard addition experi�
ments. For all of the elements in question, 95% confi�
dence intervals are indicated. The experimental data
were used to assess the relevant relative sensitivity fac�
tors (RSFs):

RSFi = Сi, found/Сi, added, (1)

where Сi, added is the percentage of the ith element
added and Сi, found is that evaluated from the relevant
LMS data.

The RSFs for 21 impurity elements are listed in
Table 2. The plot representing the data in Table 2 (fig�
ure) demonstrates that the RSFi values increase with
increasing atomic weight and range from 0.7 to 1.8.
This allowed us to introduce a correction (Кm, i) taking

Table 1. Estimated impurity contents of 6N bismuth oxide (Furukawa Denshi Co)

Element wt % Element wt %

B ≤2 × 10–4 Mn ≤1 × 10–5

C ≤5 × 10–4 Fe ≤1 × 10–5

Na ≤7 × 10–6 Co ≤1 × 10–5

Mg ≤8 × 10–6 Ni ≤2 × 10–5

Al ≤9 × 10–6 Cu ≤2 × 10–5

Si ≤1 × 10–5 Zr ≤2 × 10–5

Cl 1 × 10–4 Nb ≤1 × 10–5

Ca ≤1 × 10–5 Mo ≤3 × 10–5

Ti ≤2 × 10–5 Cd ≤3 × 10–5

V ≤1 × 10–5 Ta ≤5 × 10–5

Cr ≤1 × 10–5 W ≤5 × 10–5

Table 2. Results of standard addition experiments (all of the
elements, except carbon, were added in a concentration of
1 × 10–3 wt %; the carbon concentration was 1 × 10–1 wt %)

Element Found, wt %
(n = 5, P = 0.95) RSF

B (6.4 ± 2.2) × 10–5 0.06

C (1.8 ± 0.6) × 10–1 0.18

Na (7.4 ± 1.8) × 10–4 0.7

Mg (7.0 ± 2.5) × 10–4 0.7

Al (6.6 ± 2.1) × 10–4 0.7

Si (7.0 ± 1.7) × 10–4 0.7

Cl (7.8 ± 2.2) × 10–4 0.8

Ca (7.8 ± 2.2) × 10–4 0.8

Ti (0.9 ± 0.4) × 10–4 0.9

V (8.0 ± 2.8) × 10–4 0.8

Cr (8.8 ± 2.5) × 10–4 0.9

Mn (8.2 ± 2.7) × 10–4 0.8

Fe (7.8 ± 2.2) × 10–4 0.8

Co (1.0 ± 0.3) × 10–3 1.0

Ni (1.0 ± 1.7) × 10–4 1.0

Cu (1.1 ± 0.4) × 10–3 1.1

Zr (1.2 ± 0.4) × 10–3 1.2

Nb (1.2 ± 0.4) × 10–3 1.2

Mo (1.1 ± 0.5) × 10–3 1.1

Cd (1.4 ± 0.5) × 10–3 1.4

Ta (1.6 ± 0.5) × 10–3 1.6

W (1.8 ± 0.6) × 10–3 1.8
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into account the effect of the mass number of ions on
their RSFs:

(2)

where mi is the mass of the analytical isotope of the
element to be determined (amu).

The correction for the mass (Km, i) makes it possible
to obtain RSFi = 1 for all of the analytes (line 2) except
boron and carbon, which seems to be attributable to
the effect of scattered magnetic field on light element
ions [12].

Using the above corrections and the 3sf criterion,
we evaluated the detection limits for the 70 elements
that can be determined by LMS (Table 3). For most of
the analytes, the detection limit lies in the range 10–6

to 10–5 wt %. The exceptions are Be, B, C, N, F, Hg,
and Tl, which have higher detection limits because of
the increased background produced on photographic
film by strong lines of the host elements (Bi and O).
Note one important advantage of LMS: the possibility
of determining gas�forming elements (C and N) and
halogens.

The accuracy of the procedure proposed for LMS
analysis was checked by comparing analytical data
obtained for a bismuth oxide sample by independent
techniques: dc arc atomic emission spectroscopy
(AES) and inductively coupled plasma atomic emis�
sion spectroscopy (ICP AES) [8, 9] (Table 4). The
data thus obtained agree well, demonstrating ade�
quacy of the proposed technique.
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Relative sensitivity factor as a function of the mass of the
analytical isotope of the element to be determined:
(1) from the data in Table 2, (2) with the Km, i correction.

Table 3. Detection limits (Cmin) of LMS for impurities in
bismuth oxide (evaluated using the 3sf criterion)

Element Cmin, wt % Element Cmin, wt %

Be 2 × 10–4 Ru 2 × 10–5

B 2 × 10–4 Rh 1 × 10–5

C 5 × 10–4 Pd 2 × 10–5

N 5 × 10–4 Ag 2 × 10–5

F 2 × 10–4 Cd 3 × 10–5

Na 7 × 10–6 In 1 × 10–5

Mg 8 × 10–6 Sn 2 × 10–5

Al 9 × 10–6 Te 2 × 10–5

Si 8 × 10–6 I 2 × 10–5

P 1 × 10–5 Cs 2 × 10–5

S 5 × 10–5 Ba 3 × 10–5

Cl 1 × 10–5 La 2 × 10–5

K 1 × 10–5 Ce 2 × 10–5

Ca 1 × 10–5 Pr 2 × 10–5

Sc 5 × 10–5 Nd 3 × 10–5

Ti 2 × 10–5 Sm 3 × 10–5

V 1 × 10–5 Eu 2 × 10–5

Cr 1 × 10–5 Gd 3 × 10–5

Mn 1 × 10–5 Tb 2 × 10–5

Fe 1 × 10–5 Dy 3 × 10–5

Ni 2 × 10–5 Ho 2 × 10–5

Co 1 × 10–5 Er 3 × 10–5

Cu 2 × 10–5 Tm 2 × 10–5

Zn 2 × 10–5 Yb 3 × 10–5

Ga 1 × 10–5 Lu 2 × 10–5

Ge 2 × 10–5 Hf 4 × 10–5

As 9 × 10–6 Ta 5 × 10–5

Se 1 × 10–5 W 5 × 10–5

Br 2 × 10–5 Re 4 × 10–5

Rb 1 × 10–5 Os 5 × 10–5

Sr 1 × 10–5 Ir 5 × 10–5

Y 1 × 10–5 Pt 5 × 10–5

Zr 1 × 10–5 Au 4 × 10–5

Nb 1 × 10–5 Hg 5 × 10–4

Mo 2 × 10–5 Tl 8 × 10–4
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CONCLUSIONS

We have developed a procedure for the quantitative
determination of impurities in high�purity bismuth
oxide by laser mass spectrometry and proposed a cali�
bration technique for the quantitative determination
of impurities in bismuth oxide using a reference sam�
ple prepared by diluting an SOG�21�1 standard sam�
ple with high�purity bismuth oxide. The technique
makes it possible to determine up to 70 impurity ele�
ments with detection limits in the range 10–6 to 10–4 wt %.

Its adequacy has been demonstrated by comparing
data obtained by independent techniques.
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