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The influence of inorganic acids (HCl, HNOs, and HF) on boron isotope measurement by using multi-
collector inductively coupled plasma mass spectrometry (MC-ICP-MS) has been investigated. The acid
concentration is in the range of 0-0.2 M. Generally, acids can enhance B signal intensities and reduce
isotopic mass bias compared to that of the same B concentration in a H,O matrix. The signal
enhancement in each acid matrix differs slightly, while B isotopic mass bias is significantly different
among them, with the highest *'B/1°B ratio in the HF matrix and the lowest in the HCl matrix. In HCl and
HNO3z matrices, boron isotopic mass bias reduces when the acid concentration goes up. However, such
a scenario is not observed in the HF matrix. Furthermore, the *B/*°B ratio in the HF matrix is the same as
that in the H,O matrix within the studied acid concentration (up to 0.2 M). This implies that changes in
mass bias and the B signal cannot be related to the same process in ICP-MS. We suggest that B signal

enhancement in inorganic acids can mainly be attributed to Coulomb fission during aerosol transport
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Introduction

Light element boron (B) has two isotopes *'B and '°B, which make
up approximately 80.1% and 19.9% of the total boron, respec-
tively." With a relatively large mass difference, boron isotopes
experience large fractionations in nature” Furthermore, the
chemical and biological properties of boron make it a very prom-
ising element to study for its isotopic variations in many fields such
as: (1) geochemical proxy for paleo-pH of the oceans;*” (2)
geochemical tracer for studying high- and low-temperature fluid-
related processes;® (3) chemical weathering;>** (4) tracer for
anthropogenic pollution;'>** and (5) B behavior in higher plants.'***

MC-ICP-MS has become the most common approach for
boron isotope measurements in recent years,'* for it is more
rapid and convenient to be carried out, and possesses the ability
to maintain better temporal stability. Based on this instrument,
several chemical treatments have been developed for separating
boron from complicated matrices (e.g. silicates, carbonates,
and plants etc.).**> For different chemical procedures, the
final solutions involve different types of acids (e.g. HCl, HNO;,
or HF) or H,O as the introduction medium for MC-ICP-MS
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precise B isotope measurement by MC-ICP-MS.

measurements.’*> Introduction of inorganic acids into the
isotope analyses affects the mass bias of boron in the MC-ICP-
MS.2%?2?¢ Measurements performed on B standard solutions
with trace HCl result in ~5% reduction in mass bias.?® Moreover,
B isotopic mass bias reduces with increasing acid concentration,
and this scenario is more serious for HCl than HNO;.**?*®
Meanwhile, *'B signal intensity in the HCl matrix tends to be
slightly higher than that in the HNO; matrix.”* Such acid effects
imply that an appropriate introduction medium and acidity
match between samples and standard solutions are of critical
importance for accurate and precise boron isotope ratio
measurements. The mechanism for this, however, is not well
known yet.

Mineral acids are the most commonly used medium for
introducing analytes into the ICP-MS. The type of acid and its
concentration affect the analyte signal, which can be attributed
to acids’ effects on aerosol generation, analyte transport, or
changes in excitation and ionization processes within the
plasma.””~** For most elements, the presence of an acid matrix
can lead to signal depression compared to the H,O matrix.””*%3*
However, using very low concentration acids could increase
signals.*' In contrast to acids' matrix effects, few studies focus
on their influences on mass bias in MC-ICP-MS.*** A study on
Fe isotope measurement showed that HNO; is superior to HCl
as it yielded smaller drifts of instrumental mass bias with time
and better signal stability in MC-ICP-MS.** In addition, as
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outlined above, mass bias for boron isotopes is greatly affected
by the type of acid and its concentration.**® Given that boron is
a light element and experiences relatively large mass bias
(>10%) in MC-ICP-MS,*?* investigation of inorganic acids’
effects on its behavior in the plasma may provide an isotopic
perspective on mass bias and matrix effects in MC-ICP-MS.

In the present study, we adopted three generally used inor-
ganic acids (i.e. HCl, HNO3, and HF) to study their effects on
boron signal intensity and mass discrimination, and also
examined the distribution of B ions in the plasma of both acids
(i.e. 0.1 M HCI and HNOj;) and the acid-free matrix (H,O) for
a better understanding of boron behaviors in MC-ICP-MS. This
work may help to find out the most suitable solution medium
for boron isotope measurements.

Experimental
Instrumentation

Experiments were carried out using a MC-ICP-MS (Neptune
plus, Thermo Fisher Scientific) at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. This instrument is a double
focusing magnetic sector field mass spectrometer equipped
with 9 Faraday cups and 9 ion counters, which enables a static
measurement of m/z 10 and m/z 11 on Faraday cups. The sample
was introduced into the plasma using a low-flow PFA nebulizer
(self-uptake) with a nominal uptake rate of 50 uL min~" and
a cyclonic PFA spray chamber and a sapphire injector. Such an
introduction system can tolerate HF, as trace HF is added into
wash solution to reduce boron memory. The X skimmer cone
and Pt sampler cone were used to enhance analytical sensitivity
enabling ~50 ppb boron yielding a *'B intensity of 0.8-1 V.
Typical operating conditions are listed in Table 1.

Reagents and standards

BVIII grade (for electronic production) hydrofluoric acid (49%)
and ultrapure grade hydrochloric acid, added with ~0.25 g L™"

Table 1 Typical operating parameters for B isotope measurement on
Neptune

Parameter Value

RF forward power 940-1100 W
Ar cooling gas flow 16 L min "
Ar auxilliary gas flow 0.9 L min™!
Ar sample gas flow ~1.0 L min~"
Extraction voltage 2000 V
Acceleration voltage 10 000 V

Detection system L3, H3 Faraday cups

Nebulizer MicroFlow PFA-50 (50 uL min~")
Spray chamber 47 mm PFA spray chamber
Injector Sapphire injector

TF1001-Ni/Cu nickel
TF1008-Pt high performance
skimmer cone, platinum

Sampler cone
Skimmer cone

Instrument resolution 400 (low)
Integration time 4.194 s
Idle time 3s
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mannitol were sub-boiled using a Savillex DST-1000 system at
a temperature <60 °C, which produced 2 ng mL™" and 0.2 ng
mL ™" boron blanks for concentrated HF and HCI, respectively.
The ultrapure grade nitric acid (Fisher Scientific, Canada) in
which the boron blank is below 5 ng mL ™" was directly used
without further distillation. All the solutions were prepared
using de-ionized water which was purified by using a Millipore
system coupled with Q-Gard Boron that can effectively remove
boron. For boron isotope measurements, a NIST SRM 951 boric
acid isotopic reference material and three 6''B reference
materials, ERM AE120, AE121, and AE122, available from the
Federal Institute for Materials Research and Testing (BAM,
Germany) (i.e. 3''B = —20.2 £ 0.6%, 19.9 & 0.6%, 39.7 & 0.6%,
respectively), were used.

Experimental design and analytical methods

Analytical methods. The typical operating conditions for
boron isotope measurement and measuring strategies are
summarized in the report of Wei et al.*® Before commencing the
analytical session, the instrument was tuned to a robust
condition in which small changes in X or Z positions of the
torch or sample gas flow rate induce little fluctuation in *'B
signals for SRM 951. The washing process is set to three steps:
0.1 M HClI for 3 min to reduce the ''B signal to 0.12-0.15 V; 0.3
M HCI + 0.1 M HF for 3 min to reduce the ''B signal to ~20 mV;
and finally 0.1 M HCI for 3 min to reduce it to 6-7 mV. For the
HNO; matrix, washing solution was changed from HCI to HNO3
with equivalent molarity. For H,O and HF matrices, washing
solution was basically the same as used for the HCI matrix, only
in the last step 0.1 M HCI changed to H,O. As transient signal
shifts may occur during acid switching for either types or
concentrations, it normally takes 1-2 min to return to the
steady-state level. The long-term ¢6''B of SRM 951 is 0.02 =+
0.48% (n = 50; 2 standard deviation, SD).

Acid effects. In order to study possible acid effects of inor-
ganic acids, three types of inorganic acids, HCl, HNOj3, and HF,
were used in this study. To compare their influences on boron
signal intensity in MC-ICP-MS, we examined the ''B signal
intensity (40 ppb) in each acid matrix (0.1 M) and H,O at varying
carrier gas flow rates. Further, to obtain the relationship between
the acid concentration and ''B signal, SRM 951 solutions
prepared with equivalent B content but varying acid concentra-
tions (from 0 to 1 M) for each acid matrix were measured for
their "'B intensities. As for possible matrix-dependent mass
discrimination of inorganic acids, we determined the B isotopic
compositions of SRM 951 solutions (50 ppb) prepared with
a series of acid concentration (0-0.2 M) for each acid matrix. The
bracketing reference solutions were set at 0.1 M with the same
acid used accordingly for the sample, with the exception that
H,0 was used as the standard solution for the HF matrix.
Further, to examine whether the acidity effects on B mass bias
are also influenced by the B isotopic composition of analyte
solution, we prepared a series of standard solutions (SRM 951,
ERM-AE120-AE122) with an equivalent B concentration in
a range of HCI concentrations and measured their B isotopic
compositions against SRM 951 in 0.1 M HCL
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Radial and axial distribution of B in plasma. The B ion
distribution profiles were obtained by moving the ICP torch
horizontally between —4.02 mm and 2.92 mm across the
sampler cone orifice (changed with the X position of the torch
box) and by moving the ICP torch forward and backward
between its end and the sampler cone (changed with the Z
position of the torch box). Considering that the torch when
close to the sampler cone (Z < 1.5 mm) may cause plasma
flameout, the Z position variation range is set within 1.70 mm
to 3.62 mm. Throughout the entire analytical session the
Y position of the ICP torch remains unchanged and is set
as —1.7 mm.

Results and discussion
Signal enhancement

Generally, boron signal enhancement is observed in an ionic
matrix compared to that in H,O, and the optimum carrier gas
flow rate is the same for each solution matrix (Fig. 1a), which
may be due to the low acid concentration (0.1 M) used in this
study insignificantly to cause shifts in the optimum carrier gas
flow rate. The magnitude of signal enhancement in HF is
slightly higher than that in other acid matrices, especially at the
optimum carrier gas flow rate. ''B signal intensities in HCI and
HNO; are basically identical which differs from the previous
observation that the "'B signal is higher in HCI than in HNO,.>?
As for the effects of the acid concentration, in all acid matrices
the ''B signal rises to the highest when the acid concentration
approaches 0.02 M and then remains constant with further acid
concentration elevation to 0.1-0.2 M, and afterwards drops
rapidly as the acid concentration increases to 1 M (Fig. 1b). This
scenario is also in contrast to what has been observed by Roux
et al.?® that in the HCl matrix ''B signal intensity increases as
the acid concentration goes up (from 0.1 to 1.5 M) whereas ''B
signal intensity in the HNO; matrix seems to be indifferent to
the acid concentration within the same range. The reason for
these discrepancies is not quite clear, but we suggest that it
may arise from different conditions of MC-ICP-MS, for the
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instrumental sensitivity in the study of Roux et al.** is much
lower (5 V per ug g~ ) than that in this study (20 V per ug g ).

Nevertheless, "'B signal enhancement in acid matrices
compared to the water matrix is in contrast to most previous
observations that analyte signal intensities (e.g. Ba, Al, and Mn,
etc.) tend to decrease with increasing acid concentration.?”?%?”
However, different acid effects on the analyte signal are quite
reasonable for many sources or processes, including the nature
and concentration of the analyte or matrix, contribute to the
ultimate analyte behaviors in the ICP-MS.*® For instance, under
robust ICP-MS conditions (high incident power and low nebu-
lizer gas flow) signal enhancements do occur in inorganic acid
matrixes.?® Moreover, in low acid concentrations (<1% v/v) there
is an increase in the analyte signal for HCl with a maximum
intensity at ~0.001% v/v HCI, but little signal changes for
HNO,.

When the sample matrix is changed from H,O to inorganic
acids, it would induce a great number of changes in aerosol
properties, analyte and aerosol transport rate, and local plasma
conditions, which all determine the signal intensity behavior.*®
Generally, the presence of an acid matrix can reduce solvent
evaporation, as evaporation is more efficient for 0% acid (i.e.
H,0) and the more the acid concentration the less efficient it
is.*” As a consequence, with increasing acid concentration there
is less water but more acid transported as aerosol into the
plasma. Such changes will increase the relative liquid density of
the aerosol and then lower the aerosol transport rate to the
plasma, leading to the drop in the signal intensity.?”**** In
addition, hydrogen is also important in the plasma, because its
high thermal conductivity enables the energy transfer between
the bulk of the plasma and the central channel, hence
promoting analyte ionization. On a molar basis, H,O provides
more H to the plasma than monoacid, indicating that in terms
of hydrogen acid concentration increase may result in signal
suppression.?® In this study, however, the ''B signal is enhanced
rather than suppressed, suggesting that acid effects on solvent
evaporation and the associated aerosol transport rate, as well as
the presence of H have restricted effects on B behavior in the
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Fig.1 Boron signal behaviors in inorganic acids and H,O: (a) !B signal in different acids (0.1 M) and H,O at a varying carrier gas flow rate; (b) 1'B

signal changes with increasing acid concentration in different acid m
contained ~40 ppb boron.
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ICP-MS. It is possible that other processes (e.g. formation of
usable droplets for the ICP) may counteract the reduction in
evaporation, or that in low acid concentration the solvent
evaporation rate and the solution density change slightly
compared with water leading to little variation in the analyte
transport rate.

In inorganic acid matrices, the tertiary drop size distribution
tends to shift to lower diameters with increasing acid concen-
tration, especially at low nebulizer gas flow rates and a low acid
concentration range.>” Aerosols produced by pneumatic nebu-
lization are composed of droplets with a net charge, and drop-
lets containing an ionic matrix are prone to carry a charge
compared to matrix-free ones.*® The increases of the net charge
of droplets will lead to Coulomb fission during transport
through the spray chamber, as the surface tension is exceeded
by coulombic repulsions and then a parent droplet splits into
smaller progeny droplets and releases the excess charge.* Such
a scenario is more effective for tertiary aerosol formation.
Generally, the primary aerosol drop size is hardly affected by
changes in the acid concentration, whereas tertiary aerosol
tends to form smaller droplets with increasing acid concentra-
tion.””** Paredes et al.*’ found that in a low concentration
inorganic acid matrix (i.e. below 0.38 M and 0.40 M for nitric
and hydrochloric acids, respectively), finer tertiary aerosols were
indeed produced by droplet fission (or Coulomb fission) with
increasing acid concentration. Therefore, it is suggested that an
acid matrix can facilitate the formation of more usable droplets
for the ICP, and hence produce a signal enhancement
compared to the H,O matrix. Nevertheless, previous studies
found that signal intensities of most analyte elements (e.g. Co,
Ba, and Mn, and Al) tend to reduce in an acid matrix in
comparison to plain water, regardless of a decreased tertiary
drop size distribution.””®” For these studies, the analyte
elements are mainly easily ionized elements (EIEs). Formation
of finer droplets for plasma for these EIEs may not be as
important as it is for B ionization in the ICP plasma for B is
estimated to be only 58% ionized. Therefore, we suggest that
droplet fission in an acid matrix contributes to B ionization in
the plasma, leading to the increase of ''B signal intensities in
an acid matrix. As also pointed out by Paredes et al.,*” droplet
fission is limited; once the acid concentration reaches a certain
high value, it will cause a delay in solvent evaporation and the
fission decreases, and then the size of droplets remains steady.
This may explain our finding that the ''B signal enhancement
reaches a plateau after the acid concentration increases to
0.02 M and then falls down with further increase of acid
concentration (Fig. 1b). Therefore, we suggest that B signal
enhancement in low concentration inorganic acids can mainly
be attributed to increased droplet fission in the presence of an
ionic matrix.

Mass bias variation as a function of the acid concentration

Boron, being a light element, suffers significant mass bias
(>10%) in MC-ICP-MS. It has been found that mass bias for B
isotopes is influenced by both the solution matrix and its
concentration.?®?*?* In nitric and hydrochloric acids, ''B/*°B
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ratios decreased with increasing acid concentration.'**?** In
this study, Fig. 2 also confirms that for HNO; and HCI matrixes
changes in the acid concentration can induce significant mass
bias for boron isotopes in MC-ICP-MS. In the range of 0 to
0.2 M, the 6"'B value shows a descending trend as the acid
concentration goes up in both the HCl and HNO; matrixes,
while in the HF matrix the 6''B value varies slightly with respect
to analytical precision (Fig. 2). As can also be seen from Fig. 2,
6™'B values of SRM 951 in H,O (i.e. 0 M HCl or HNO;) are
calculated to be higher against 0.1 M HCI than HNO;, and all
are higher than 0%, while little offset exists between 6"'B values
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Fig.2 Effects of the inorganic acid concentration on 6B (%) values of
SRM 951: (a) HC, (b) HNOs3, and (c) HF. All solutions contained ~50 ppb
boron, and were measured against bracketing SRM 951 solution in (a)
0.1 M HCL, (b) 0.1 M HNO3, and (c) H,O. The interval between the two
dashed lines in each diagram indicates the long-term 2 standard
deviations of SRM 951 (2SD = 0.48).
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of SRM 951 in H,O and 0.1 M HF. This means that higher
isotopic mass discrimination, namely higher 'B/'°B ratios,
tend to occur in H,O or HF matrices, and HCI and HNO;
matrices can be helpful to reduce boron mass bias. Further-
more, the magnitude of isotopic mass bias caused by the HCI
matrix is considerably large compared to that of the HNO;
matrix, which is consistent with the previous observations.”***
The considerable differences for boron isotopic fractionation
indicate that changes in B mass bias and signal intensity in
different acid matrices are caused by different processes in the
ICP-MS, and the nature of acid itself has great impacts on the
behaviors of boron isotopes in the ICP-MS. In addition, as can
be seen from Fig. 3, acidity induced mass bias is hardly influ-
enced by the B isotopic compositions of the analyte, as the
deviation of each standard (i.e. measured values—certified
values) at a certain HCI concentration is basically the same.
Therefore, the calculated regression equations show similar
slopes but varying intercepts. The parallel regression lines in
Fig. 3 suggest that the deviations of the measured 6"'B caused
by acidity mismatch could be corrected at the same time for the
samples with different boron isotopic compositions.

Mass bias is typically generated by processes occurring both
in the plasma and in the interface.**** Matrix-dependent
vaporization, ionization, and diffusion are all important factors
affecting mass discrimination.* Since the parameters with
respect to the sampler and the skimmer cone remain constant,
we believe that the variability of mass bias observed in this
study is due mainly to the processes happening in the plasma.
As outlined above, vaporization changes in acid matrices (0.1 M)
are relatively small compared with H,O. Therefore, matrix-
dependent ionization and/or diffusion appear to be the domi-
nant process affecting the B behavior in the plasma. It is noted
that the magnitude of mass bias for B caused by different acids
follows the order, HCI < HNO; < HF, which is identical to the
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Fig. 3 Effects of the HCl concentration on standard solutions with
different 6B (%) values. All solutions contain 50 ppb boron, and were
measured bracketed by SRM 951 solution in 0.1 M HCL The certified
6B (%) values of different standard solutions are 39.7 + 0.6% for ERM-
AE122,19.9 + 0.6% for ERM-AE121, 0% for SRM 951, and —20.2 + 0.6%
for ERM-AE120, respectively.
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order of first ionization potential of the three component
elements, i.e. Cl < N < F.* This suggests that matrix elements
affect analyte ionization or diffusion, and thus the B ion
distribution in the ICP.

The spatial profiles of B ion and 'B/*°B ratio distributions in
the plasma

Changes in B intensities and mass bias in different inorganic
acids may reflect variations of B ion distributions in the plasma.
Fig. 4 presents the spatial distributions of the B ion, ''B/*°B
ratios, and the instrumental uncertainties in the plasma of
different matrices, i.e. H,O, 0.1 M HNO3, and 0.1 M HCIL.

Effect of the torch radial position. The ''B intensity and
"'B/'%B ratio profiles all exhibit a symmetric distribution in the
radial direction. ''B intensity reaches the highest in the center
of the plasma and can decrease to approximately 30% of the
maximum at 0.6 mm off-axis, while "'B/*°B ratios display an
opposite variation trend with the lowest values occurring with
the maximum "'B intensity and highest values occurring with
the minimum 'B intensity (Fig. 4). This trend is similar to the
distribution profiles of other elements and their isotopic ratios
in the plasma (e.g. Pb* and Cu®**), and is attributed to the mass
dependent radial diffusion that lighter isotopes have greater
dispersal rates.>*** It seems that the analytical precision for
"B/'°B ratios are indifferent to the changes of the X position of
the torch along a given Z-value section. Only when the torch
sites are at the extreme off-axis positions will the instrumental
uncertainties increase dramatically.

Effects of the sampling depth. The ''B intensity profiles also
exhibit a symmetric distribution in the axial direction (Fig. 4),
but the symmetric profiles are not fully revealed for water and
nitric acid matrixes because of the limited range of the torch Z
position. In contrast, axial 'B/'°B ratio profiles present an
asymmetric distribution with a steep increase in the ''B/*°B
ratio with increasing sampling depth (Fig. 4). Such isotope ratio
variations can be explained using the zone model that lighter
isotopes reach maximum density closer to the end of the torch
than heavier isotopes do.*® Therefore, with increasing sampling
depth, more ''B ions enter the sampler cone resulting in
a higher "'B/'°B ratio. Meanwhile, the analytical precision also
augments the increasing ''B/'°B ratio, suggesting that mass
bias caused by the sampling depth impacts the precision of
B/'%B ratio measurements. The different responses of instru-
mental uncertainties to changes in the torch radial position and
sampling depth indicate that the sampling depth exerts
a greater influence on mass discrimination for B isotopes and
hence the analytical precision. Comparing the analytical preci-
sion with 'B signal intensity and "'B/'°B ratios, it is found that
both parameters are important factors controlling the analytical
precision, but with the latter's influence more pronounced
(Table 2). This may explain why the spatial profile of analytical
precision in Fig. 4 looks like the profile of the ''B/'°B ratio
rather than that of B intensity.

Generally, B ion distributions in the three matrices are quite
different. B intensities show irregular distribution in the plasma
of the water matrix, while B ions distribute elliptically and
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matrices.

Table 2 Correlations between analytical precision and B signal
intensity, and 'B/*°B“

B/B vs.
analytical precision

"B intensity vs.
analytical precision

H,O0 0.51 0.52
HNO, 0.61 0.76
HCl 0.61 0.68

“ The correlation analysis is based on the data for Fig. 4; for all the
calculation n = 120, p < 0.05.

symmetrically for inorganic acids. The ion cloud in the plasma
is theoretically regular and circular, but instrumental instability
may compromise the results. This suggests that signal stability
in acids is better than that in H,O. The spatial profiles of B ions
also expand in inorganic acid matrices compared to that in the
water matrix and the maximum "'B intensity distribution in the
center position of the plasma extends as well. Such changes are
in contrast to the observation under the dry plasma conditions
wherein adding N, to the plasma not only elongated the spatial
profile of the B ion distribution, but also decreased the ''B
intensity in the center position in the ion contour.*® This
implies that addition of N, does not promote B ionization so
that total B ions in the plasma changes little and hence the
expansion of the B ion distribution results in decreased inten-
sity.*® With respect to wet plasma, the concurrent increase in *'B
intensity and its distribution area indicate that inorganic acids
can promote B ionization in the plasma. This is consistent with
the suggestion that more usable droplets transported into the
ICP in the presence of an acid matrix promote the analyte
ionization and enhance the signal. Nevertheless, for different
acid matrices there also exist several differences in the spatial
distribution of B ions: (1) the ion contour in the HCI matrix is

This journal is © The Royal Society of Chemistry 2016

more regular, (2) the high ''B intensity area (dark red) is rela-
tively larger than that in the HNO; matrix, and (3) the center of
the maximum ''B intensity zone for the HCl matrix is slightly
closer toward the sampler cone than that for the HNO; matrix.

The distributions of *'B/'°B ratios in the plasma also expand
in acid matrixes as B ions redistribute (Fig. 4). The mass bias for
B in the HCIl matrix is decreased, as the lower *'B/*°B ratio (dark
blue) area enlarges (Fig. 4). The enhanced B intensity and
decreased mass discrimination for B isotopes in inorganic acids
indicate that acid matrices can provide robust conditions for B
isotope measurement, and therefore lower instrumental
uncertainties are much easier to obtain when tuning the
instrument in acid matrixes (Fig. 4).

Influence of different acid matrices in the plasma

The varying degree of mass bias for B isotopes caused by
different acid matrices (Fig. 2) and different B ion distributions
in the plasma (Fig. 4) all point to the fact that the nature of the
solution matrix plays an important role in boron isotope
measurement by MC-ICP-MS. Given that the acidity (or pH) is
the same for each acid matrix that is used in this study, the
remarkable differences among them are the component
elements and hence the background ions present in the ICP of
each acid matrix (Table 3). Different matrix elements in the ICP
may act to cause different effects on B ionizations for N, CI, and
F possess diverse first ionization potential. Ionization of matrix
elements in the plasma can promote the ionization of the
analyte element and hence elevate the signal intensity.*
According to Houk's* calculation, however, the hardly ionized
elements (e.g. H, N, O, Cl, F, etc.) can only be slightly ionized in
the plasma. In particular, F should be barely ionized in the
plasma (F is estimated to be only 0.0009% ionized in the
plasma). H, N, and O should be 0.1% ionized and Cl should be
0.9% ionized in the plasma.** Therefore, ionization of matrix
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Table 3 Background ions observed in different matrices

Solution matrix Tons

Major background ions

H,0 H*
O+
H,0"
Ar*
ArH"

HNO; N*
ArN*

HCI cr
ArCl”
HCI

HF ArF*
HF"*

Additional background ions
0,
N,*
Ary"
ArO*
NO*

“ Note that ions ionized in the H,O matrix also exist in inorganic acid
matrices.

elements in different acid matrices may contribute little to the
enhancement of the B signal in Fig. 1. Nevertheless, once the
matrix elements start to ionize they can release electrons and
promote analyte ionization,*”* which may explain the discrep-
ancy of B ion distributions in the plasma of different acid
matrices. Cl is relatively easier to be ionized compared to N and
O, and therefore the B ion cloud in the HCI matrix shows higher
density and better regularity than HNO; and H,O matrices.
Moreover, acidity effects are more pronounced in HCI than in
HCO; for which the ''B/*°B ratios reduce dramatically with
increasing HCl concentration. This scenario suggests that
increase of the Cl concentration would to some extent boost the
ionization of B and the mass dependent diffusion, hereby
expanding the maximum *'B signal and minimum "'B/*°B ratio
region. With respect to the HNO; matrix, its acidity effects are
relatively weak compared to HCI, but acidity mismatch (>0.1 M)
can also cause ~1% mass bias for boron isotopes. Compared
with H,0, the HNO; matrix provides more N and O to the
plasma on a molar basis, hereby promoting the ionization of B.
Because the ionization capability of N and O is weak (0.1%
ionized) the mass bias caused by HNOs is less serious than HCI.
For HF, as F is hardly ionized in the plasma it has little effects
on the B ionization and B ion distribution in the plasma. As
a consequence, due to the diverse nature of component
elements the matrix effects and mass bias caused by different
acids in the MC-ICP-MS are different.

Although B signal stability in HCI is better and its ion
distribution is larger and more regular than that in HNO;, the
greater matrix effects caused by Cl suggest that when using the
HCI] matrix for boron isotope measurements by MC-ICP-MS,
acidity match between samples and bracketing standard should
be rigorous, otherwise a minute acidity mismatch (>0.02 M) can

2416 | J Anal At Spectrom., 2016, 31, 2410-2417
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cause significant mass bias (beyond the analytical precision). In
the HNO; matrix, the tolerance of acidity mismatch (~0.06 M) is
better than that in the HCl matrix (~0.02 M), whereas for the HF
matrix, its acidity effects cause little mass discrimination for B
isotopes within 0.2 M (Fig. 2).

Conclusion

Solution matrixes have great effects on boron isotope
measurement by MC-ICP-MS. Ionic matrixes like inorganic
acids promote Coulomb fission during droplets transport
through the spray chamber, promoting the formation of more
usable droplets for the ICP and hence enhancing the signal
intensity of boron. In addition, the presence of different acid
matrices changes the boron ionization environment in the
plasma which in turn changes the distribution of the boron ion
and isotopes in the plasma and as a result also changes the
extent of mass bias. The effect of a specific acid matrix depends
on the first ionization potential of the component elements.

The results of this study underline the importance of
selecting an appropriate acid matrix as the introduction
medium, as well as acidity match between samples and stan-
dards for boron isotope measurement by MC-ICP-MS. Although
in the HF matrix the ''B signal can achieve higher intensity and
acid match is less critically required, the hazardous nature of
HF suggests that caution should be exercised when using it as
an introduction medium. Considering the similar ''B signal in
HCI and HNO; but less rigorous acid match requirement in
HNO;, we recommend HNO; to be used in boron isotope
measurements by MC-ICP-MS.
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