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ABSTRACT: A novel and sensitive approach for the accurate
determination of antimony (Sb) in natural waters is described
using photochemical vapor generation (PVG) coupled with
inductively coupled plasma mass spectrometry (ICPMS) for
detection. Utilizing a unique flow-through photochemical
reactor capable of subjecting the samples to deep-UV (185
nm) radiation, generation efficiency was found to be
independent of whether Sb(III), Sb(V), or organometallic
species [trimethyltantimony(V)dibromine, TMSb(V)] were
present, eliminating the shortcoming of Sb species depended
sensitivity encountered during direct solution nebulization by ICPMS. Furthermore, the potentially severe matrix effect from
seawater was efficiently eliminated by using a mixture of 5% (v/v) formic and 15% acetic acids (v/v) as the photochemical
reductant, making direct determination of Sb in seawater feasible. The proposed method provides a 15-fold improvement in
sensitivity over direct solution nebulization. A method detection limit of 0.0006 ng g−1 based on external calibration was obtained
(0.0002 ng g−1 for isotope dilution), yielding a 15-fold improvement over that for direct solution nebulization. Accuracy is
demonstrated by analysis of two water certified reference materials (CRMs, e.g., SLRS-6 and NIST 1640a) with satisfying results.
In addition, spike recoveries of 100.6 ± 5.5% and 100.8 ± 3.8% (standard deviation, n = 3) were obtained for NASS-6 and CASS-
5 seawater CRMs, respectively, since no certified values for Sb has been established for these materials. The performance of
several calibration strategies, including double isotope dilution (ID), multiple and single-point gravimetric standard additions
with internal standardization, as well as multiple and single-point gravimetric standard additions alone was examined. High
precision of determination of Sb in four natural water samples (0.51−1.4%) was realized based on ID calibration, whereas one-
point gravimetric standard addition calibration with internal standardization provided precisions of 1.6% and 3.3% at 0.22 and
0.44 ng g−1 levels, respectively, in seawater.

A ntimony and its compounds are considered pollutants of
priority interest by both the U.S. Environmental

Protection Agency and the European Union.1,2 The general
population is usually exposed to low levels of antimony from
food and water.3 In the aquatic environment, soil runoff, rock
weathering, and anthropogenic activities contribute to the
antimony burden,4−7 yielding typical concentrations in
unpolluted waters4,8 of <1 ng g−1. The need to access such
low concentrations in unpolluted natural waters frequently
makes use of inductively coupled plasma mass spectrometry
(ICPMS) as a consequence of its detection power.9,10

Unfortunately, sensitivity differences between different analyte
species such as inorganic As(III) and As(V) with ICPMS or
with inductively coupled plasma optical emission spectrometry
(ICPOES) detection11,12 often complicate the accurate
determination of total analyte concentration.11,12 It was
reported that inorganic As(V) in 1% (v/v) HCl solution was
11% more sensitive than that of As(III) by ICPMS detection
due to partial formation of AsCl3.

11,13 Since Sb and As both

belong to group 15 elements in the periodic table, Sb may
behave similarly to As5 and display species-dependent
sensitivity, resulting biased results of total Sb by direct
ICPMS measurements. Furthermore, direct determination of
Sb in seawater remains a challenge due to its high salt content
(3.5%) and low analyte concentration (subnanogram per
gram).14,15 As such, chemical hydride generation (CHG) is
often used to further enhance detection power by increasing
analyte transport efficiency while eliminating troublesome
matrix interferences.14 Unfortunately, response with CHG is
species-dependent, relying on prereduction of Sb(V) to Sb(III)
or preoxidation of all species to a single form prior to the
determination of total Sb. This requirement leads to relatively
lengthy analytical protocols and increases the possibility of
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sample contamination.16,17 An underestimation of the total Sb
concentration may still occur since natural waters may contain
organic forms of Sb which cannot be decomposed using a
prereduction approach typical of CHG. Furthermore, use of
unstable KBH4/NaBH4 and the high concentration of HCl
required for efficient CHG of Sb(V) are not favorable; greener,
simpler, and more cost-effective sample preparation techniques
are needed.
Photooxidation-based sample treatments are well-established

and have become important approaches for many trace
elements measurements and speciation schemes.17 In addition,
the risk of sample contamination is lower, and improved limits
of detection (LODs) can be achieved due to the lower blank
levels.16,17 Use of UV irradiation alone or in combination with
other chemical oxidants has been proposed for online
photodecomposition of numerous species of several elements
which serve to enhance analytical sensitivity16,18 when coupled
to ICPMS. Using a high-efficiency photooxidation reactor as a
source of vacuum ultraviolet light at 185 nm provides efficient
irradiation; organoarsenic species can be converted to As(V)
within 3.5 s online without addition of any chemical oxidants.19

The extremely high efficiency arises from the powerful hydroxyl
radical (with a redox potential of 2.8 V), efficiently produced
from water molecules under the influence of 185 nm UV
irradiation.19 Yoon et al. also reported enhanced efficiency of
oxidation of As(III) using this UV lamp when compared to
other photochemical oxidation methods.20

By contrast, photoreduction has recently received increasing
attention as an alternative sample introduction technique for
trace element measurements. Photochemical vapor generation
(PVG) utilizes free radicals generated by photoredox reactions
in the presence of low molecular weight organic compounds as
reducing agents.21−23 PVG not only retains the principle
advantages of conventional CHG but also provides simpler
reactions and greener analytical chemistry. Moreover, the
instability of plasma arising from introduction of large amounts
of hydrogen generated during CHG is avoided with PVG.
Consequently, PVG has been successfully applied to the
determination of many elements over the past decade.22

However, for Sb, more than a 2-fold difference in efficiencies
between Sb(III) and Sb(V) has been earlier reported with
PVG,24 making its direct determination complicated. Fur-
thermore, severe matrix effects are likely, as reported for the
determination of Se in seawater by PVG.25 Consequently, a
severalfold dilution of the sample prior to analysis was needed

for the quantification of Se, compromising the analytical
performance of PVG. In the presence of low concentration of
chloride, signal suppression was noted for the determination of
Ni and Sn using PVG.26,27 Recently, it has been reported that,
when a relatively thin film of sample solution is exposed to the
UV, the presence of deep-UV radiation (185 nm) facilitates
PVG reactions, leading to enhanced analytical performance for
Sn,27 Br,28 Se,29 Hg,30 and Pb.31

The purpose of this work was to develop a sensitive, accurate,
and simple method for the direct determination of trace Sb in
natural waters by ICPMS with use of a flow-through thin-film
deep-UV reactor. The accuracy of the proposed method is
demonstrated by successful analysis of two river water certified
reference materials (NRC SLRS-6 and NIST 1640a) and
recoveries of spikes to seawater CRMs.

■ EXPERIMENTAL SECTION

Instrumentation. An Agilent 7500 ICPMS (Mississauga,
ON, Canada), equipped with a collision cell and an ESI spray
chamber (Elemental Scientific; Omaha, NE, U.S.A.) which has
two inlets to permit simultaneous introduction of both gaseous
(vapor generation) and liquid nebulization (for convenient
daily optimization of the instrument) was used. Solution
nebulization was undertaken with a PFA ST nebulizer ES-2040
(Elemental Scientific; Omaha, NE, U.S.A.) operating at 0.40
mL min−1. For PVG optimization and sample analysis, gas flow
to the nebulizer was stopped, as a result of wet plasma
significantly decreasing the PVG response of Sb, possibly due to
reabsorption of Sb volatile species onto mist of water in the
spray chamber. The UV-PVG photoreactor was interfaced to
the ICPMS as detailed earlier,31 as shown in Figure 1. The 19
W UV-PVG photoreactor was obtained from Beijing Titan
Instruments Co. (Beijing, China) and provided a source of 185
nm radiation. The sample solution was pumped through a
narrow-bore synthetic quartz tube (800 μL internal volume)
internally positioned along the central axis of the low-pressure
mercury discharge. This allowed efficient and uniform
irradiation of a thin film of the sample from all directions
and with deep-UV lines from the discharge. Argon carrier gas
was introduced through a “Y” connection between the outlet of
the photoreactor and a homemade gas−liquid separator (GLS,
∼2 mL internal volume) maintained at 0 °C by immersion in
an ice bath to minimize transport of any liquid droplets derived
from condensation of water vapor to the ICP. The generated
analyte vapor was directed from the GLS to the gas inlet port of

Figure 1. Schematic of the UV-PVG reactor.
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the spray chamber via a 0.25 m length of Teflon-lined Tygon
tubing (0.25 in. o.d., VWR International).
Reagents and Solutions. Nitric and hydrochloric acids

were purified in-house prior to use by sub-boiling distillation of
reagent grade feedstock in a quartz still. High-purity deionized
water (DIW) was obtained from a NanoPure mixed bed ion-
exchange system fed with reverse osmosis domestic feedwater
(Barnstead/Thermolyne Corp., Iowa, U.S.A.). High-purity
formic (88%) and glacial acetic acids were obtained from
GFS Chemicals Inc. (Powell, OH, U.S.A.). A 5% HNO3 (v/v)
rinse solution was introduced into the system between samples
to efficiently eliminate memory effects. High-purity NaCl (trace
SELECT, >99.999%) was obtained from Sigma-Aldrich Canada
(Oakville, Ontario, Canada).
A 3643.1 μg g−1 stock solution of antimony [mostly existing

as Sb(V)] was prepared by dissolution of 0.36 g of the high-
purity metal (Johnson, Matthey and Co. Limited, London,
U.K.) in a solution of 9 mL of HCl and 3 mL of HNO3

followed by dilution with DIW. Enriched 123Sb isotope (as
metal, 99.37%) was purchased from Trace Sciences Interna-
tional (Richmond Hill, Ontario, Canada) and prepared in the
same manner. Enriched 82Se isotope (as metal, 99.7%) was
used as an internal standard and was obtained from Trace
Sciences International. The metal was dissolved in a mixture of
HNO3 and HCl followed by dilution with DIW. A working
internal standard solution of 15.0 μg g−1 82Se(IV) was prepared
by dilution of the stock solution with 2% HCl. A working spike
solution of 25 ng g−1 was prepared by dilution of the 123Sb
stock solution with 2% HCl. A working standard solution
containing 25.0 ng g−1 Sb used for standard additions
calibration or reverse isotope dilution was prepared by dilution
of the stock with 2% HCl. A 1000 μg g−1 antimony(III)
standard solution was prepared by dissolving Sb2O3 (Aldrich,
99.95% purity) in 3 M HCl. A stock solution of Sb(V) was
prepared by dissolving solid potassium hexahydroxoantimonate
KSb(OH)6 (Aldrich, 99.95% purity) in DIW. Trimethylanti-
mony dibromide (CH3)3SbBr2 (TMSb) was purchased from
Aldrich (98% purity) from which a 1000 μg g−1 stock solution
was prepared in DIW. All standard solutions were stored in
polyethylene bottles at 4 °C.
National Research Council Canada (NRCC, Ottawa,

Canada) river water CRM SLRS-5 and seawater CRMs
CASS-5 and NASS-6, as well as National Institute of Standards
and Technology (NIST, Gaithersburg, MD, U.S.A.) natural
water SRM1640a were used for method validation.
Sample Preparation and Analysis Procedure. For the

determination of Sb in water samples using quantitation by
isotope dilution, 10 g subsamples of three replicates of each
water CRM (except NIST 1640a for which 1 g subsamples
were used) were weighed into precleaned polyethylene bottles.
Samples were spiked with appropriate masses of the 25 ng g−1
123Sb so as to yield a ratio of 121Sb/123Sb near 0.5 in the sample.
A 10 g mass of a solution containing 30% acetic acid (AA) and
10% formic acid (FA) was added to each subsample, resulting
in final concentrations of 15% AA and 5% FA. NIST 1640a
samples were diluted 20-fold to a final mass of 20 g with DIW
in order to decrease HNO3 concentration and achieve high-
efficiency PVG of Sb. Three sample blanks (spiked with 10% of
the amount of the enriched spike used for the samples) were
prepared in pH 1.6 DIW containing 5% FA, 15% AA, and
1.75% NaCl (to match salt content in prepared seawater
samples). For reverse isotope dilution (ID), three replicates of
0.10 g aliquots of the 25 ng g−1 123Sb spike were accurately

weighed into precleaned polyethylene screw-capped bottles to
which 0.14 g of a 25 ng g−1 solution of natural abundance Sb
was added such as to result in a 121Sb/123Sb ratio near 0.5. The
contents were then diluted to 20 g with pH 1.6 DIW containing
5% FA, 15% AA, and 1.7.5% NaCl. A 2 ng g−1 solution of
natural abundance Sb prepared in pH 1.6 DIW containing 5%
FA, 15% AA, and 1.75% NaCl was used for mass bias
correction.
For comparison of performance, samples were prepared for

the determination of Sb using standard additions calibration
with and without an internal standard. Three replicates 40 g
masses of both NASS-6 and CASS-5 were weighted into
preclean polyethylene bottles, and 0.5 g of a 15.0 μg g−1
82Se(IV) internal standard was added to each bottle. Three 10 g
subsamples of each of the above solutions were weighed into
precleaned polyethylene bottles, and appropriate masses of a 25
ng g−1 solution of Sb were added so as to result in
approximately a 1-, 2-, and 4-fold increase in the Sb
concentration. An amount of 10 g of a solution containing
30% AA and 10% FA was then added to each, resulting in final
solutions of 15% AA and 5% FA prior to analysis by PVG
ICPMS.
Optimization of the 7500 ICPMS was performed daily. No

collision mode was used for the determination of Sb. Typical
operating conditions are summarized in Table 1. A 5% solution

of HNO3 was used to efficiently rinse the system between
samples to eliminate any carryover. For ID calibration, seawater
sample solutions and reverse ID solutions were measured on
the same day. The mass bias correction solution was repeatedly
measured between samples. Intensities of the Sb isotopes
obtained from a blank solution containing 15% AA, 5% FA, and
1.75% NaCl (matching the seawater sample matrix, based on a
10 g seawater sample containing 3.5% NaCl diluted to a final 20
g solution) were subtracted from intensities of Sb isotopes
obtained in all samples. For standard additions calibration,
samples were measured as follows: unspiked sample, spiked 1×,

Table 1. Typical ICPMS Operating Conditions

instrument settings ICPMS

rf power 1300 W

rf matching 1.83 V

plasma Ar gas flow rate 15.0 L min−1

auxiliary Ar gas flow rate 1.00 L min−1

sampler cone orifice 1.00 mm

skimmer cone orifice 0.88 mm

sample depth 5.3 mm

torch-H 0.3 mm

torch-V −0.2 mm

extract 1 −199.9 V

extract 2 0 V

omega bias-ce −18 V

omega lens-ce 4.2 V

cell entrance −30 V

QP focus 2 V

cell exit −30 V

OctP rf 131 V

OctP bias −4.6 V

dwell time 0.05 s

UV-PVG

Ar carrier gas flow rate to GLS 1.0 L min−1

sample uptake flow rate 0.7 mL min−1
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spiked 2×, spiked 4×, unspiked sample. The blank-corrected
intensity of 121Sb and 121Sb/82Se ratio was used for the
determination of Sb using either standard additions calibration
alone or standard additions calibration with internal stand-
ardization, respectively.
Safety Considerations. The possible photochemically

generated Sb species are unknown and potentially toxic, as
may be those from cogenerated species in real sample solutions.
Proper ventilation and personal protective equipment should
be employed for all manipulations.

■ RESULTS AND DISCUSSION

Optimization of UV-PVG. PVG efficiencies are highly
dependent on the type and concentration of organic reductants
used.22 Volatile species of Sb have been generated in formic,
acetic, and propionic acid media.24 Among them, acetic acid
was found to be more efficient for the PVG of Sb.32,33 During
the preliminary experiments, efficient photochemical reduction
of Sb occurs (steady-state signal obtained) if the concentration
of acetic acid is in a range of 10−30% (v/v), as shown in Figure
2a. Only background signal was obtained when the PVG UV

lamp was switched off, confirming sensitivity enhancement of
Sb was indeed due to PVG. As reported for As, PVG efficiency
was greatly enhanced when a mixture of acetic and formic acids
was used.34 Thus, the effect of using a mixture of both acids on
the PVG efficiency of Sb was investigated. The PVG efficiency
of Sb was only slightly higher when 2.5% formic acid was added
to the Sb standard solution containing 20% (v/v) acetic acid, as

shown in Figure 2b. Higher concentrations of formic acid led to
the decrease in PVG efficiency. Evidently, the use of acetic acid
alone is considered sufficient for the PVG of volatile Sb species
in Sb standard solution. As reported in previous studies, a
severe matrix effect occurs in seawater,25 and signals from Sn
and Ni were significantly suppressed in the presence of low
concentration of chloride.26,35 To investigate the effect of this
sample matrix on the PVG of Sb, 1 ng g−1 Sb standard solution
in 20% (v/v) acetic acid and 1.75% NaCl (w/v) (matching the
matrix in the prepared seawater solutions) was introduced into
the PVG reactor. Response from the solution was only 15% of
that from the same concentration of matrix-free standard
solution. Because of its complex nature compared to other
natural waters, spiked seawater was thus used to investigate
optimum PVG conditions for the determination of Sb.
The effect of the concentration of formic acid was first

investigated using NASS-6 seawater spiked with 1 ng g−1 Sb in
the final sample solution. Sample flow rate through the
photoreactor was set at 0.5 mL min−1 with a carrier gas flow
rate to the GLS at 1.0 L min−1. As shown in Figure 3a, response

sharply increased as the formic acid concentration increased
from 0% to 2.5% (v/v). In the range of 2.5−5% it remained
relatively constant, but declined 5-fold as the formic acid
increased to 20% (v/v), thereafter leveling off. Overall,
generation efficiency in seawater is much poorer (based on
the effect of acetic acid) even in 5% formic acid (optimum)
compared to that of standard solution, in agreement with the
results of Zheng et. al.24 By fixing the concentration of formic
acid at 5% (v/v), response increased sharply as acetic acid

Figure 2. Effect of formic and acetic acid concentrations on response
from 1 ng g−1 Sb standard solutions (steady-state signal): (a) acetic
acid; (b) formic acid in the presence of 20% acetic acid.

Figure 3. Effect of formic and acetic acid concentrations on response
from Sb (steady-state signal) in a spiked NASS-6 seawater: (a) formic
acid alone; (b) in the presence of 5% formic acid.
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concentration increased from 0% to 15%, remained relatively
constant from 15% to 20%, and declined sharply beyond 20%.
A 7-fold improvement in signal response was obtained in the
presence of 15% acetic acid. Interestingly, the generation
efficiency of Sb in seawater in 15% (v/v) acetic and 5% formic
acids (v/v) was comparable to that of Sb from a simple
standard solution in 20% (v/v) acetic acid. This suggests that
reductive radicals arising from photodecomposition of formic
acid may participate in the generation of both SbH3 and SbCO
(as in the case of Se),23 but also consume potentially oxidative
radicals generated from the sample matrix, effectively alleviating
the effect of the seawater matrix and facilitating PVG of Sb. A
mixture of 15% acetic and 5% formic acids was thus selected for
all subsequent studies.
The Ar carrier gas flow rate to the GLS influences the

liquid−gas separation efficiency of the volatile Sb species as well
as influences the sampling depth in the ICP. Its impact on
response from spiked NASS-6 seawater was optimized in the
range of 0.8−1.1 L min−1. As shown in Figure 4, an optimum is

obtained at flow rates between 0.975 and 1.05 L min−1 most
likely reflects the alteration of the optimum depth of sampling
in the plasma at such high flow rates. An optimal Ar carrier gas
flow rate to the GLS of 1.0 L min−1 was selected for all
subsequent measurements.
Sample flow rate determines both the irradiation time and

the rate of delivery of Sb to the PVG reactor (and by
consequence to the ICP). Its effect over the range of 0.1−1.0
mL min−1 was investigated using a NASS-6 seawater spiked
with 1 ng g−1 Sb containing 15% acetic and 5% formic acids.
Results are shown in Figure 5. An optimum is evident in the
range of 0.3−0.70 mL min−1, decreasing at both lower and
higher values. Low sample uptake rates lead to a smaller rate of
delivery of analyte to the PVG reactor and generation of many
gas bubbles, resulting in signal fluctuation (the RSD is high
under such conditions). Conversely, high flow rates lead to
short irradiation times and potentially inefficient reduction of
analyte. A 0.7 mL min−1 sample uptake rate was chosen for all
subsequent measurements, in consideration of sample
throughput and sensitivity. At this flow rate, the irradiation
time is approximately 60 s.
Figures of Merit. Under optimal experimental conditions, a

15-fold enhancement in sensitivity for Sb is realized using PVG
compared to direct solution nebulization (under its optimum
conditions). Precision of 4% RSD was obtained from replicate
measurements of NASS-6 spiked with 1 ng g−1 Sb (n = 5). As

shown in Figure 6, good linear response (slope, 33046 ± 13;
intercept, −887 ± 1100; R2 > 0.9999) was obtained from Sb

standard solutions prepared in the range of 0.05−200 ng g−1.
When using external calibration, a method detection limit of
0.0006 ng g−1 is obtained, based on 3 times the standard
deviation of the analyte concentration arising from the method
blank which comprises a solution of 1.75% NaCl, 5% formic
acid, and 15% acetic acid in DIW. This LOD is superior to a
value of 0.009 ng g−1 obtained using direct solution
nebulization based on solutions prepared in 1% HCl. Since
steady-state signals are generated, approximately 4 min are
required per sample, yielding a throughput of 15 samples/h.
The PVG methodology suffers from memory effects similar

to those reported for CHG ICPMS.36 Thus, after each analysis,
a solution of 5% HNO3 was introduced to the PVG reactor for
45 s, efficiently eliminated all carryover.

PVG of Sb in Natural Waters. According to previous
reports,11,12 the sensitivity of inorganic As(V) was better than
As(III) by direct ICPMS and ICPOES determination. Since Sb
and As both belong to group 15 elements in the periodic table,
they are often considered to behave similarly.5 It is of interest
to compare sensitivities among different Sb species by direct
ICPMS detection using a PFA ST nebulizer ES-2040. Standards
were prepared in 1% HNO3 and DIW, respectively; sensitivity
differences between Sb(III) and Sb(V) were found to be within
5%. However, inorganic Sb(V) was found approximately 12%
more sensitive than Sb(III) when both prepared in 1% HCl,
likely due to the formation of SbCl3, similar to that observed for
As.11,13 For TMSb prepared in DIW and 1% HCl solutions,
respectively, sensitivities were only 50% of that for Sb(V), but
increased to 80% in 1% HNO3 solution. On the basis of these
observations, the measurement accuracy could be improved by
using 1% HNO3 medium for the determination of Sb in fresh

Figure 4. Effect of Ar carrier gas flow rate on the response from Sb in a
spiked NASS-6 seawater.

Figure 5. Effect of sample uptake rate on the response (based on a
steady-state signal) of Sb in spiked NASS-6 seawater.

Figure 6. PVG calibration curve generated from standard solutions
containing 1.75% NaCl, 5% formic acid, and 15% acetic acid.
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water. However, for seawater analysis, high concentration of
Cl− in sample matrix might also cause large uncertainty for Sb
detection even when 1% HNO3 medium is used.
Inorganic species [Sb(V) and Sb(III)] dominate in natural

waters, while methylated Sb usually accounts for <10% of the
total dissolved Sb.4,37 The monomethyl species is more
abundant than the dimethyl form.4 Unfortunately, mono-
methylantimony and dimethylantimony are not commercially
available; thus, trimethylantimony was used as a surrogate to
evaluate the PVG efficiency of organo-Sb.38 The PVG efficiency
for each antimony species was evaluated under optimized
conditions by comparing the resultant intensity with that
arising from an equal concentration of Sb(V). When the lamp is
off, no signals are detected from these standard solutions. With
the lamp on, no significant differences (within 5%) in sensitivity
for Sb(III) and TMSb(V) are realized compared to Sb(V)
standard solution, confirming species-independent generation
efficiency. This observation is inconsistent with Zheng et al.,24

wherein more than a 2-fold difference was reported for Sb(III)
and Sb(V) under optimized conditions. The discrepancy is
likely attributable to the use of different PVG reactors and acid
media. As reported by Cabon et al.,16 Sb(III) was oxidized to
Sb(V) within 5 s of exposure to UV irradiation in the absence
of added chemical oxidants. In the presence of 15% acetic and
5% formic acids, photooxidation and photoreduction processes
occur simultaneously. It is likely that Sb(III) and any
organometallic species are initially rapidly oxidized to Sb(V)
and then reduced to their volatile forms, similar to the reactions
reported by Suzuki et al.29 for the various forms of Se. The
elevated temperature of the sample solution through the PVG
reactor likely further facilitates these reduction processes.
Details of the mechanism clearly need to be further explored,
including the identification of the volatile PVG products, which
is beyond the scope of this study. Nevertheless, use of this
highly efficient PVG reactor permits direct determination of
total Sb in natural waters including heavy matrix seawater.
Since HNO3 often has an adverse effect on the PVG

efficiencies of many analytes,31,39 its effect on response from Sb
was also investigated. As shown in Figure 7, significant signal
suppression occurs when the concentration of HNO3 exceeds
0.05%. Since NASS-6 and CASS-5 seawater CRMs as well as
SLRS-5 river water were acidified with 0.025% HNO3 to ensure
their long-term stability, no significant impact on PVG

performance is expected with these samples due to HNO3.
However, NIST SRM 1640a contains 2% HNO3, necessitating
that this CRM be diluted 20-fold with DIW to eliminate the
impact of HNO3.

Quantification Strategies. For quantification, external
calibration is undoubtedly the most popular for the
determination of trace elements. Unfortunately, only 15%
recovery was obtained for Sb in seawater when an external
calibration established from Sb standard solutions in 20% acetic
acid (optimum acid concentration for standard solutions) was
used. Obviously, it is not possible to utilize direct determination
of Sb in seawater. To compensate for matrix effects and achieve
accurate results, standard additions and ID calibrations are
often used. ID is capable of compensating for matrix effects,
instrument drift, and any losses of analyte during subsequent
sample preparation39 providing isotopic equilibration has been
achieved prior to analysis. Use of ID-ICPMS leverages superior
accuracy and precision of results because a ratio, rather than an
absolute intensity measurement, is used for quantitation.
However, such procedures are obviously not possible for
monoisotopic elements, and for their determination in complex
matrixes, the use of standard additions provides an alternative
strategy. Multiple point standard additions calibration is a more
common practice than single-point gravimetric standard
addition calibration, despite the former being a more time-
consuming process.40 The use of internal standardization may
further improve analytical precision by correcting for signal drift
during analysis.40−42 Evaluation of these various calibration
strategies was examined in this study, including double isotope
dilution (ID), multiple and single-point gravimetric standard
additions with internal standardization, as well as multiple and
single-point gravimetric standard additions calibration alone.
82Se was selected as the internal standard.

Quantitation of Total Sb by Isotope Dilution. Double
ID was applied as the “gold standard” among analytical
methodologies for quantitation of Sb in CASS-5 and NASS-6
seawater as well as SLRS-5 river water and SRM1640a spring
water in accordance with the following equation:43
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where wx is the mass fraction of Sb in the sample (ng g−1); wz is
the mass fraction of primary assay standard (ng g−1); my is the
mass of spike used to prepare the blend solution of sample and
spike (g); mx is the mass of sample used (g); mz is the mass of
primary assay standard (g); m′y is the mass of spike used to
prepare the blend solution of spike and primary assay standard
solution for reverse ID (g); Ay is the abundance of the reference
isotope in the spike; By is the abundance of the spike isotope in
the spike; Axz is the abundance of the reference isotope in the
sample or primary assay standard; Bxz is the abundance of the
spike isotope in the sample or primary assay standard; Rn is the
measured reference/spike isotope ratio (mass bias corrected) in
the blend solution of sample and spike; R′n is the measured
reference/spike isotope ratio (mass bias corrected) in the blend
solution of spike and primary assay standard.
To confirm the interference-free measurements of Sb in river

water and seawater, unspiked SLRS-5, CASS-5, and NASS-6
were analyzed under the chosen experimental conditions using
PVG-ICPMS. Values of 1.34 ± 0.03, 1.32 ± 0.03, and 1.35 ±

0.04 (1 SD, n = 3) for the mass bias corrected 121Sb/123Sb ratios
were obtained for SLRS-5, CASS-5, and NASS-6, respectively,

Figure 7. Effect of HNO3 concentration on response from 1 ng g−1 Sb
in a mixture of 5% formic and 15% acetic acids and 1.75% NaCl.
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in good agreement with the expected abundance ratio of 1.337
reported by IUPAC44 confirming interferences free on Sb
isotopes. Results are summarized in Table 2, from which it is
evident that determined concentrations of Sb in SLRS-5 and
NIST 1640a are in agreement with their certified values,
confirming the accuracy of the methodology. A method
detection limit of 0.0002 ng g−1 based on ID calibration is
estimated from 3 times the standard deviation of the analyte
concentrations obtained from three spiked blanks. Good
precisions, in the range of 0.51−1.4%, were realized.
Quantitation of Total Sb by Standard Additions

Calibration. As noted earlier, for monoisotopic elements,
such as As, Bi, and Co, ID calibration cannot be employed, and
thus alternative techniques must be used. For heavy matrix
samples such as seawater, the method of additions is needed to
help ensure accuracy. CASS-5 and NASS-6 were selected to
compare the performances of several standard additions
calibration strategies. In an effort to further compensate for
signal drift and fluctuations so as to enhance precision, the
impact of addition of 82Se [as Se(IV)] as an internal standard
(at 10 ng g−1) was studied, based on the premise that PVG of
Se is highly efficient and that it behaves in an identical manner
to Sb regarding the impact of any changes in plasma conditions,
presence of matrix, or variations in other experimental
conditions. The possibility of using 61Ni for this purpose was
also investigated, but 82Se(IV) provided a more favorable result
for Sb since it exhibited similar behavior during the PVG
process.32 Note that other added internal standards or naturally
existing elements in the sample which have adequate
concentrations can be used in combination with standard
additions calibration, as long as they have similar behavior to
that of the analyte.
Equation 2 is used for the calculation of the mass fraction of

Sb using multipoint gravimetric standard additions calibration
with internal standardization:
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where wx is the mass fraction of Sb in the sample (ng g−1); wstd

is the mass fraction of Sb in the primary standard solution (ng
g−1); Ri is the measured intensity ratio of Sb to internal
standard in a set of standard additions solutions, i = 0

(unspiked sample), 1 (spiked at 1×), 2 (spiked at 2×), 4
(spiked at 4×); mstd‑i is the mass of natural abundance standard
used to prepare the spiked sample (g), i = 1, 2, 4; ms‑i is the
mass of sample aliquot used to prepare the spiked sample (g), i
= 1, 2, 4; mx is the mass (g) of the original sample; mxf is the
final mass (g) of the original sample after addition of internal
standard (g); b is the slope and a is the intercept.
Equation 3 is used for the calculation of the mass fraction of

Sb using multipoint gravimetric standard additions calibration
alone:
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where wx is the mass fraction of Sb in the sample (ng g−1); wstd

is the mass fraction of Sb in the primary standard solution (ng
g−1); mstd‑i is the mass of natural abundance standard added to
prepare the spiked samples (g), i = 0 (unspiked sample), 1
(spiked sample at 1×), 2 (spiked sample at 2×), 4 (spiked
sample at 4×); ms‑i is the mass of sample aliquot used to
prepare the spiked samples (g), i = 1, 2, 4; msf‑i is the final mass
of spiked sample (g), i = 1, 2, 4; mx is the mass (g) of the
original sample; mxf is the final mass (g) of the original sample
after addition of internal standard (g); Ii is the measured
intensity in the prepared samples, i = 0, 1, 2, 4; b is the slope
and a is the intercept.
Equation 4 is used for the calculation of the mass fraction of

Sb using single-point gravimetric standard addition calibration
with internal standardization:
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where wx is the mass fraction of the Sb in the sample (ng g−1);
wstd is the mass fraction of Sb in the primary standard solution
(ng g−1); Run is the measured intensity ratio of Sb to internal
standard in the unspiked sample; Rsp is the measured intensity
ratio of Sb to internal standard in the spiked sample (spiked at
2×); mstd is the mass of the standard added to the spiked
sample (g); m0 is the mass of sample aliquot used to prepared
the spiked sample (g); mx is the mass (g) of the original
sample; mxf is the final mass of the original sample after
addition of internal standard.

Table 2. Determination of Sb in River Water and Seawater

sample and method Sb, ng g−1 RSD, %

CASS-5 (ID, SD, n = 3) 0.4379 ± 0.0022 0.51

CASS-5 (multiple point std. add. with IS, SD, n = 3) 0.437 ± 0.021 4.8

CASS-5 (multiple point std. add. alone, SD, n = 3) 0.440 ± 0.037 8.3

CASS-5 (one-point std. add. with IS, SD, n = 3) 0.4334 ± 0.0071 1.6

CASS-5 (one-point std. add. alone, SD, n = 3) 0.436 ± 0.017 3.9

CASS-5 certified (U, k = 2) NAa

NASS-6 (ID, SD, n = 3) 0.2189 ± 0.0031 1.4

NASS-6 (multiple point std. add. with IS, SD, n = 3) 0.216 ± 0.010 4.7

NASS-6 (multiple point std. add. alone, SD, n = 3) 0.216 ± 0.015 7.1

NASS-6 (one-point std. add. with IS, SD, n = 3) 0.2144 ± 0.0070 3.3

NASS-6 (one-point std. add. alone, SD, n = 3) 0.2205 ± 0.0083 3.8

NASS-6 certified (U, k = 2) NA

SLRS-5 (ID, SD, n = 3) 0.3002 ± 0.0017 0.58

SLRS-5 reference value 0.3

NIST 1640a (ID, SD, n = 3) 5.045 ± 0.027 0.53

NIST 1640a certified (U, 95%) 5.064 ± 0.045
aNA: not available.
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Equation 5 is used for the calculation of the mass fraction of
Sb using solely a single-point standard addition calibration:
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where wx is the mass fraction of Sb in the sample (ng g−1); wstd

is the mass fraction of Sb in the standard solution (ng g−1); Iun
is the measured intensity of Sb in the unspiked sample; Isp is the
measured intensity of Sb in the spiked sample (spiked at 2×);
mstd is the mass of standard added to the spiked sample (g); m0

is the mass (g) of aliquot of sample used to prepared the spiked
sample (g); mof is the final mass of the spiked sample (g); mx is
the mass of the original sample (g); mxf is the final mass of the
original sample after addition of internal standard (g).
Results are summarized in Table 2. Good agreement among

the different calibration strategies is evident, but it is clear that
the use of an internal standard significantly improves
measurement precision. Compared to multipoint standard
additions, precision is enhanced when single-point gravimetric
standard addition calibration is performed, and this is further
improved by incorporating internal standardization. Since the
linear range of modern ICPMS is large (at least 6 orders of
magnitude) and gravimetric sample preparation eliminates any
possibility of gross error, one-point gravimetric standard
addition calibration with/without internal standardization offers
an extremely attractive choice for high-throughput accurate
quantitation of monoisotopic elements. As expected, however,
ID calibration provides the best results.
Unfortunately, no certified value is provided for Sb in either

seawater CRM. To further validate the method for analysis of
seawater, spike recovery tests were performed. Seawater
samples were spiked at 0.25 and 1 ng g−1 of Sb in NASS-6
and CASS-5, respectively. Single-point gravimetric standard
addition calibration with internal standardization was applied to
these samples. Spike recoveries of 100.6 ± 5.5% and 100.8 ±

3.8% (SD, n = 3) were obtained for NASS-6 and CASS-5,
respectively, confirming the accuracy of the proposed method
for analysis of seawater.

■ CONCLUSION

A novel and sensitive approach for the direct, accurate, and
precise determination of total Sb in natural waters is presented
based on PVG sample introduction and ICPMS detection. A
15-fold enhancement in sensitivity was realized compared to
direct solution nebulization. The method provides LODs of
0.0006 and 0.0002 ng g−1 for Sb using external and isotope
dilution calibration, respectively, suitable for ultratrace deter-
minations of Sb in natural waters. The severe matrix effect from
seawater was efficiently eliminated by using a mixture of formic
and acetic acids as the photochemical reductant, making direct
determination of Sb in seawater feasible. Although ID
calibration provides superior measurement precisions, one-
point gravimetric standard addition calibration with internal
standardization provides an inexpensive fit-for-purpose strategy
for the analysis of seawater samples.
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