
International Journal of Mass Spectrometry 273 (2008) 105–110

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

journa l homepage: www.e lsev ier .com/ locate / i jms
Studies on the isotopic analysis of boron by thermal ionisation mass
ion

l ∗

dia

on th
use

h for
ow th

n case
olar c
alysis
io of 0
spectrometry using NaCl for the format

R.M. Rao, A.R. Parab, K. Sasibhushan, S.K. Aggarwa
Fuel Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, In

a r t i c l e i n f o

Article history:
Received 2 August 2007
Received in revised form 14 March 2008
Accepted 17 March 2008
Available online 25 March 2008

Keywords:
Thermal ionisation mass spectrometry
Isotope ratio
Boron
Sodium metaborate
Isotopic reference material

a b s t r a c t

Studies were carried out
formation of Na2BO2

+ ion
addition of mannitol whic
NaCl. The investigations sh
adjusted to 1 as required i
be independent of B/Na m
in carrying out isotopic an
having 10B/11B isotopic rat
(1�) was obtained.

1. Introduction

Due to the large thermal neutron absorption cross-section of 10B,
boron is used in the form of homogenous solution of boric acid or
boron trioxide in moderator systems of nuclear reactors to control

the reactivity. Elemental boron, boron carbide and alloys of boron
are other forms of the element which are used in various stages
of the reactor operation. Since the extent of reactivity control is
dependent on the amount of 10B, accurate and precise knowledge
on isotopic composition of boron is important. Measurements on
small changes in the isotopic composition of B (�11B ranging from
−30 to +60) are also required to understand the various geological
and hydrological processes [1–4]. Isotopic composition of boron
can be determined by various mass spectrometric techniques, e.g.,
thermal ionisation mass spectrometry (TIMS), inductively coupled
plasma mass spectrometry (ICPMS), secondary ion mass spectrom-
etry (SIMS), laser vaporization mass spectrometry (LMS), glow
discharge mass spectrometry (GDMS), etc. [5–9]. Amongst these,
TIMS is the most widely used mass spectrometric technique due
to its inherent capabilities of giving high precision in the isotope
ratios. However, due to high ionisation potential of boron (8.3 eV),
singly charged atomic ions of B cannot be obtained by TIMS. This
problem has been circumvented by using different sample prepara-
tion and loading procedures to generate the molecular ions of boron
in TIMS [8]. In the recent years, high resolution multi-collector
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of Na2BO2
+ species

e use of NaCl instead of sodium carbonate or sodium hydroxide for the
d for the determination of isotopic composition of boron by TIMS. The
ms an anionic complex with boron was found to be essential when using
at when NaCl is used, B/Na molar concentration ratio need not be critically
of sodium carbonate or sodium hydroxide. The 10B/11B ratio was found to

oncentration ratio in the range of 25–0.05. This aspect is extremely useful
of B in unknown samples solutions. NIST boron isotopic standard SRM-951
.2473 ± 0.0002 was used in these studies and a value of 0.24742 ± 0.00006

© 2008 Elsevier B.V. All rights reserved.

ICPMS has been gaining popularity for precise isotope ratio mea-
surements of boron [5]. This has a relatively high mass bias but
has been shown to give better precision compared to TIMS. In the
present work, studies have been carried out for analysing boron as
Na2BO2

+ ion using popular positive thermal ionisation mass spec-
trometry (PTIMS). This is normally used for determining 10B/11B
atom ratio by carrying out a chemical reaction of boron containing
compound with an alkali metal carbonate or hydroxide (lithium,

sodium, potassium, rubidium or cesium) to form alkali tetraborate.
Amongst the various alkali metals, cesium metaborate is preferred
because high mass of Cs2BO2

+ ion leads to reduced mass fraction-
ation [10,11]. Our laboratory was one of the first to develop the
cesium borate method using the dynamic mode for data acquisition
[10]. However, the method could not be adapted for multicollec-
tor detection because of restriction in moving the detectors due to
the small dispersion of the Cs2BO2

+ ion at m/z 308 and 309. This
required special arrangement of the Faraday cups at fixed spacing,
which is not available in our present instrument [12]. Corrections
for time-dependent variations in the ion current due to poor ion
emissions and signal drifts are eliminated during simultaneous col-
lection of the ions of different m/z and there is significant reduction
in the time required for data collection. Determination of boron by
PTIMS by monitoring the sodium metaborate ion was the first TIMS
method to be developed. NIST standard SRM 951 and 10B enriched
SRM 952 [13] and CBNM boric acid [14] have been certified using
this method. The method can be adapted for multicollection due
to the lower mass of Na2BO2

+ ion (m/z 88 and 89). However, one
of the main drawbacks of this method has been the dependence
of the 10B/11B isotopic ratio on the B/Na molar concentration ratio
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in the loading solution. Shields and co-workers [13] have reported
that at a constant filament temperature of 780 ◦C, the measured
10B/11B decreased by 0.85% as the B/Na was varied from 2 to 0.25
using Na2CO3, with NaOH the 10B/11B ratio decreased by more than
1%. This necessitated a strict control of B/Na molar concentration
ratio close to one to minimize the observed variations in the 10B/11B
ratio. Further, to prevent the loss of boron [15,16] during preconcen-
tration from very dilute solutions, mannitol has been added along
with the alkali metal salt.

During the isotopic analysis of boron in ground water samples,
we observed that after carrying out separation and purification of
boron using boron specific resin, the amount of sodium carbonate
added to the acidic eluent was not critical for isotope ratio measure-
ments in TIMS. Since the addition of sodium carbonate in the acidic
medium leads to the formation of NaCl, it was considered interest-
ing to study the possibility of using NaCl directly instead of sodium
carbonate or hydroxide since its addition will not lead to any change
in the pH of the unknown solution. In alkaline or neutral solutions,
the usage of alkali carbonate or hydroxide changes the pH of the
solution. This results in the formation of different compounds of
alkali metal borate on the filament thereby affecting the measured
10B/11B isotope ratio. Experiments were, therefore, carried out by
using a neutral salt such as sodium chloride to study the effect of
different B/Na molar concentration ratios on the determination of
10B/11B isotopic ratio using NIST certified isotopic reference mate-
rial of boron.

2. Experimental

2.1. Instrument
A single focusing TIMS (Finnigan MAT 261 from Bremen, Ger-
many) with 9 Faraday cups for multicollection was employed in
the present work. An acceleration voltage of 8 kV was used and the
Faraday cup numbers 5 (moveable) and 6 (fixed) were used to col-
lect ions with m/z values of 89 and 88, respectively. The instrument
has an inbuilt software for carrying out data acquisition and isotope
ratio measurement on line. Tantalum single filament assembly hav-
ing dimensions of 10 mm × 1 mm × 0.04 mm was used for loading
of samples.

2.2. Reagents

NIST isotope reference material SRM 951 was used for the stud-
ies. Known amount of boric acid was dissolved in milliQ water to
get a concentration of about 1 mg B/mL. Analytical grade NaCl was
used to obtain a concentration of about 2.5 mg Na/mL.

Analytical grade mannitol procured from Merck was used for
preparing solution of 10 mg/mL concentration.

Quartz ware was used for preparing the samples. All appa-
ratus and flasks were thoroughly leached in 3 M nitric acid and

Table 1
Effect of B/Na molar concentration ratio on the 10B/11B isotope ratio in NIST-SRM-951

B/Na molar concentration ratio 10B/11B ratio Approximat

25 0.24750 (0.028)a 2.2
5 0.24741 (0.024) 2.01
2 0.24739 (0.032) 2.09
1 0.24742 (0.040) 1.82
0.5 0.24747 (0.032) 1.86
0.25 0.24740 (0.032) 1.96
0.1 0.24741 (0.036) 1.88
0.05 0.24745 (0.040) 2.26

Mean of average values

a External standard deviation in percentage with four independent analysis.
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washed with milliQ water and dried before use. For transferring
solutions, either polyethylene weight burettes or variable volume
pipettes with disposable tips were used. No isobaric interference
was observed at m/z values of 88 and 89.

2.3. Experimental details

Different mixtures of boron and sodium were prepared, using
weighed aliquots, for B/Na molar concentration ratio ranging from
0.05 to 25. The amount of mannitol added was 40 times that of
boron which corresponds to mannitol/boron mole ratio of 2. Evap-
oration experiments using mannitol to prevent volatilization of
boron have shown that mannitol/boron mole ratio of atleast 1 is
required to prevent loss of boron from an acidic solution [15]. All
mixtures were evaporated to dryness before use. Graphite coated
Ta filament which has been shown to enhance the ion intensity of
Cs2BO2

+ [17] was used. The graphite slurry for coating the Ta fila-
ment was prepared by mixing 40 mg graphite (spectroscopic grade)
in 1 mL of 50% ethanol. 2–3 �L of the slurry was used for coating the
Ta filament on which the solution of boron was loaded. B/Na molar
concentration ratios of 25, 5, 2, 1, 0.5, 0.25, 0.1 and 0.05 were the
different mixtures in which the boron isotopic ratios were deter-
mined. About 1.7 �g of boron containing about 70 �g of mannitol
and varying amounts of Na were loaded on the filament. The solu-
tion was dried at 1 A and the current was slowly raised to 1.8 A and
was maintained at this heating current for 5 min. In the ion source,
the filament was programmed to heat to 1.6 A in 10 min and after a
10 min wait for degassing, the sample was further heated to obtain
a steady signal for data acquisition. The data were acquired in 3
blocks of 12 scans each in static mode of multicollection.
3. Results and discussion

3.1. Effect of B/Na molar concentration ratio on isotopic ratio of
boron

Table 1 gives the 10B/11B isotopic data obtained for different
molar concentration ratios of B/Na. The approximate filament cur-
rent at which stable ion intensity for data acquisition was obtained
is also given in this Table. The 10B/11B isotopic data obtained
were corrected for 17O contribution. A mean of average values
of 0.24742 ± 0.00006 was obtained for B/Na molar concentration
ratios ranging from 25 to 0.05. This compares well with the certi-
fied 10B/11B ratio of 0.2473 ± 0.0002 in the standard [13]. Fig. 1 gives
a graphical representation of 10B/11B isotope ratio data using B/Na
molar concentration ratio of 0.05–5. In this figure, each data point
represents results obtained during a typical mass spectrometric
analysis.

It was observed that for the same amount of boron on the fila-
ment, stable ion current that could be obtained for a block increases
with increase in the amount of sodium corresponding to B/Na molar

e filament heating current (A) Amount of boron on the filament (�g)

5
1.75
1.75
1.75
1.75
1.75
1.75
1.75

0.24742 ± 0.00006 (1�), N = 8
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Fig. 1. Effect of B/Na ratio on the isotopic ratio of boron using NIST-SRM-951; the
error bars indicate external standard deviation calculated from data obtained in
three blocks during a mass spectrometric analysis.

concentration ratio of 25–0.1. Even at B/Na molar concentration
ratio of 0.05, consistent 10B/11B isotopic ratio was obtained though
the ion intensity was found to decrease. Therefore, except for B/Na
molar concentration ratios of 5 and 2, where the ion currents were
about 2 × 10−12 A (ion intensity of 11B at m/z 89) during analysis,
for the remaining mixtures, the data were acquired at ion currents
of about 1 × 10−11 A. For B/Na ratio of 25, at least 5 �g of boron was
required on the filament for getting a stable ion current. There was
no noticeable trend in the filament heating current during the mass
spectrometric analysis, though filament heating current for B/Na
ratio of 1–0.1 appeared to be lower than for other boron + sodium
mixtures. Increase in the mannitol amount on the filament can

Table 2
Effect of boron amount loaded on the filament on the isotopic composition of boron (B/N

Boron amount on filament (�g) 10B/11B ratio

0.1 0.24742 (0.040)a

0.5 0.24739 (0.040)
1.75 0.24748 (0.024)
5 0.24745 (0.028)

a External standard deviation in percentage with four independent analyses.

Table 3
Comparsion of 10B/11B isotopic ratios in NIST SRM-951 using TIMS

Method Loading procedure

PTIMS(Na2BO2
+) B/Naa mole ratio-1 B/Naa mole ratio 2–0.25

PTIMS(Na2BO2
+) pH adjusted to 9.4a

PTIMS(Rb2BO2
+) B/Rba mole ratio-1

PTIMS(Cs2BO2
+) B/Csa mole ratio-2 B/Cs mole ratio 5–0.33

PTIMS(Cs2BO2
+) B/Csa mole ratio-2

PTIMS(Cs2BO2
+) B/Csa mole ratio-0.5 graphite slurry on filament B/Cs mole ratio 2–0

PTIMS(Cs2BO2
+) B/Csa mole ratio-2 graphite slurry on filament

PTIMS(Cs2BO2+) B/Csa mole ratio-2 graphite slurry on filament
NTIMS(BO2

−) pH less than 5. Boron free Sea water on filament
NTIMS(BO2

−) Ba(OH)2 + MgCl2 on filament
NTIMS(BO2

−) Boron free sea water on filament
PTIMS(Na2BO2

+) B/Nab mole ratio 25–0.05 (Table 1)

a Alkali metal added as carbonate.
b Sodium chloride added.
c Calculated from data available in literature.
Fig. 2. Change in isotopic ratio of boron with increase in ion intensity (i.e., filament
heating temperature). Boron amount on filament about 1.7 �g and NIST SRM-951
sample was employed.

also lead to analysis at higher filament current. As can be seen,
the 10B/11B isotopic ratio obtained remained constant irrespective
of the B/Na ratio on the filament. It may be noted that the pres-
ence of mannitol is crucial for the formation of metaborate ion as
boric acid itself has a weak dissociation constant, Ka = 6.4 × 10−10

but with mannitol, it becomes a much stronger acid, Ka = 1.5 × 10−4

due to which it can react with a neutral salt such as NaCl leading to
the formation of Na2BO2

+ in the ion source. As shown in this Table,
the 10B/11B ratio obtained using sodium chloride instead of sodium

a molar concentration ratio 0.5)

Ion current (A) Filament heating current (A)

1 × 10−12 2.1
2 × 10−12 2.1
5 × 10−12 1.8
5 × 10−12 2.1

M1/M2
10B/11B Reproducibility (2�) Reference/year

88/89 0.24730 0.24678c 0.033% 0.77% [13]/1970
88/89 0.24724 0.25% [1]/1986
212/213 0.24699 0.1% [18]/1991
308/309 0.24727 0.24713c 0.12% 0.20% [10]/1985
308/309 0.24718 0.008% [11]/1986

.25 308/309 0.24689 0.24684c 0.011% 0.071% [17]/1988
308/309 0.24674 0.012% [12]/1998
308/309 0.24677 0.024% [19]/2001
42/43 0.24991 0.07% [20]/1994
42/43 0.24957 0.30% [3]/1996
42/43 0.24841 0.10% [21]/2002
88/89 0.24742 0.05% Present work
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SRM-951 obtained by different methods in different laboratories.
The Table includes the isotope ratios determined using different
alkali metals for PTIMS and also the data reported using nega-
tive ions. Owing to different fractionation behaviour patterns, the
10B/11B isotope ratios obtained by different methods are not the
same. Therefore, when studying small changes in boron isotope
ratios for geological and hydrological applications, �11B values w.r.t.
certified value in NIST SRM 951 are used. By making the analysis
independent of B/Na molar concentration ratio, the reliability of the
�11B values obtained by this method would improve.

Figs. 3 and 4 give plots of 10B/11B isotope ratios obtained
in different scans for B/Na molar concentration ratios of 2 and
0.1, respectively. As can be seen, inspite of significant difference
(4 × 10−12 A vs. 10−11 A) in the ion intensities of 11B, the 10B/11B
isotope ratios observed in 200 scans remain nearly constant and
unfractionated. Hence for repeated analysis of samples reported in
this paper, data acquired in three blocks were used. Table 4 gives the
108 R.M. Rao et al. / International Journal

Fig. 3. Change in isotopic ratio of boron with scan number for B/Na molar concent
about 1.7 �g and NIST SRM-951 sample was employed.

carbonate yielded nearly a constant value of 0.2474 (1� < 0.05%) for
B/Na molar concentration ratio of 25–0.05. This is because, irrespec-
tive of the B/Na molar concentration ratio, the pH of the loading
solution being same, ions may be forming from the same salt
on heating in the ion source. However, it was observed that the best
results in terms of ion intensity (10−11 A) and precision (better than
0.02%) are obtained for B/Na molar concentration ratio in the range
of 1–0.1.

3.2. Effect of boron amount on the filament on the 10B/11B ratio

The NIST standard was also analysed with varying amounts of B
from 0.1 to 5 �g on the filament for B/Na molar concentration ratio
of 0.5. It was observed that even for 100 ng of boron on filament, sta-
ble ion current of 1 × 10−12 could be obtained giving good precision
for the 10B/11B ratio. Table 2 gives the data for different amounts of
boron on the filament. When 5 �g or more of boron was loaded, a
cake was formed on the filament which resulted in slow decreasing
signal at the temperature of data acquisition. However, this signal
increased with the increase in filament current and lasted for a long
period. As can be seen from the data given in this Table, external pre-
cision values of 0.024–0.040% were obtained using boron amounts
ranging from 0.1 to 5 �g. The precision achieved in the present work
is comparable to a precision value of 0.035% using boron amount
of 0.25 �g when analysing B as Cs2BO2

+ [22]. However, the analy-
sis of B as Na2BO2

+ ion by using the methodology described in this
paper has an advantage that one need not strictly control the B/Na
ratio in contrast to that required for B/Cs ratio (0.5–2) in Cs2BO2

+

method. This is possible since the intensity of Na+ ions produced is
+
much lower than that of Cs ions due to high ionisation potential

(5.14 eV) of Na compared to that of Cs (3.89 eV). In the latter case,
the presence of large amounts of Cs on the filament may lead to
suppression in the intensity of Cs2BO2

+.

3.3. Mass discrimination effect in boron isotopic ratio

In TIMS, preferential evaporation of the lighter isotope leads to
isotope fractionation which results in positive bias in the 10B/11B
isotope ratio, during the initial stages of mass spectrometric anal-
ysis. As the sample on the filament gets depleted in the lighter
isotope, this isotope ratio decreases with the amount of sample con-
sumed. This effect is generally known as mass discrimination when
using Faraday cup as the detector system. The mass discrimination
is dependent on many factors including mass difference between
the isotopes being analysed, sample amount, sample composition,
heating temperature of the filament, etc. and has been recognised
as a source of variable systematic error.

Fig. 2 shows the effect of increase in ion current on the boron
isotopic ratio for B/Na molar concentration ratio 1–0.05 for 1.75 �g
of B on the filament. It was observed that a similar isotopic variation
ss Spectrometry 273 (2008) 105–110

ratio of 2, 11B ion intensity was about 4 × 10−12 A with boron amount on filament

pattern was obtained for all samples irrespective of B/Na ratio. Two
points on each line show the 10B/11B ratios acquired at ion currents
of about 2.5 × 10−12 A at m/z 89, which was subsequently increased
to obtain stable ion currents of 1 × 10−11 A or higher for data acquisi-
tion. As expected, analysis at higher ion currents resulted in better
precision in the isotopic ratio. An overall mass discrimination of
about 0.1% per mass unit was observed for boron isotope ratios
determined in the present work.

3.4. 10B/11B isotope ratios in NIST-SRM 951 reference material

Table 3 gives a comparison of the 10B/11B isotopic ratio in NIST
data on the reproducibility obtained after repeated analysis of NIST-
SRM-951 standard. It is seen that precision values of 0.016–0.024%
are obtained for different B/Na molar concentration ratios.

Table 4
Results on the reproducibility of the method during repeated analysis of NIST SRM-
951 using B/Na molar concentration ratios of 1, 0.5 and 0.1

Analysis no. 10B/11B atom ratio using B/Na molar concentration ratio of

1 0.5 0.1

1 0.24745 (0.02)a 0.24745 (0.02)a 0.24747 (0.01)a

2 0.24748 (0.02) 0.24737 (0.01) 0.24748 (0.02)
3 0.24748 (0.01) 0.24748 (0.01) 0.24752 (0.02)
4 0.24738 (0.01) 0.24741 (0.01) 0.24742 (0.01)
5 0.24735 (0.01) 0.24743 (0.01) 0.24749 (0.01)
6 0.24753 (0.01) 0.24743 (0.02) 0.24736 (0.02)
7 0.24740 (0.01) 0.24742 (0.02) 0.24748 (0.02)
8 0.24750 (0.02) 0.24751 (0.006) 0.24736 (0.02)

Mean value 0.24745 ± (0.024%)b 0.24744 ± (0.016%)b 0.24745 ± (0.024%)b

a External standard deviation in percentage based on data from different blocks.
b External standard deviation.
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Fig. 4. Change in isotopic ratio of boron with scan number for B/Na molar concentration ratio of 0.1, 11B ion intensity was about 10−11 A with boron amount on filament about
1.7 �g and NIST SRM-951 sample was employed.

mann

)

Table 5
Results of a few samples analysed using the present method (NaCl with the boron -

Filament loadinga 10B/11B atom ratio Internal standard deviation (1�

B2O3 powder-1
Analysis 1 0.25098 0.00011
Analysis 2 0.25097 0.00009
Analysis 3 0.25109 0.00009

B2O3 powder-2
Analysis 1 0.25054 0.00008
Analysis 2 0.25065 0.00003
Analysis 3 0.25058 0.00003

Li2B10O16 powder
Analysis 1 0.24775 0.00003
Analysis 2 0.24774 0.00003
Analysis 3 0.24766 0.00006

Heavy water moderator
Analysis 1 0.15261 0.00010
Analysis 2 0.15234 0.00010
Analysis 3 0.15263 0.00009

a The sample preparation was done independently for each TIMS analysis.

3.5. Application of the method to real samples

Table 5 gives the results of 10B/11B isotope ratios measured in
a few nuclear samples. During sample preparation, mannitol and
NaCl solution were added to each of the samples as described in Sec-

tion 2 given above. No effort was made to adjust the boron/sodium
molar concentration ratio to any particular value. The result-
ing solution was evaporated to dryness, redissolved in 50 �L of
deionised water. From this, 2–3 �L solution was loaded on Ta fil-
ament using the graphite method. Three mixtures were prepared
from each sample and were analysed by TIMS. The analysis show
very good agreement with a reproducibility of 0.03%.

4. Conclusion

B/Na molar concentration ratio does not have to be maintained
strictly at one when boron is loaded from neutral solutions. As
demonstrated, NaCl could be used instead of sodium carbonate
to form neutral solutions of boromannitol complex. NIST SRM 951
analysed by this method gives 10B/11B ratio in close agreement with
the certified value. B/Na molar concentration ratio of 1–0.1 gave
maximum ion intensity when graphite activator was used during
loading and should be the preferred working range for determina-
tion of isotopic composition of boron using boromannitol complex.

[

itol complex)

External standard deviation (1�) Relative external standard deviation (%)

0.00078 0.03

0.00028 0.01

0.00064 0.03

0.00002 0.01
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