
Introduction

The determination of trace elements  
in seawater presents unique challenges  
for ICP-MS that are rarely encountered 
with any other type of sample. The high 
concentrations of matrix components, 
such as sodium, magnesium and 
chloride ions, create polyatomic spectral 
interferences that make the determination 
of elements, such as arsenic (As), 
chromium (Cr), vanadium (V), iron (Fe) and 
selenium (Se), very challenging. Even for 
elements like cadmium (Cd), thallium 

(Tl) and lead (Pb), where spectral interferences are less problematic, low-ppt 
concentrations in open-ocean seawater are very difficult to determine with good 
accuracy and precision. Dilution has often been used to cope with high matrix 
samples, but it is not a realistic option for many transition metals when  
ultra-trace detection limits are required. Additionally, routine aspiration of seawater, 
even with some dilution, causes deposits to form around the sampler and 
skimmer cone orifices. In some ICP-MS systems, deposits can reach the ion 
optics and cause long-term signal stability problems and frequent maintenance 
and cleaning. However, the unique Triple Cone Interface and Quadrupole Ion 
Deflector in the PerkinElmer® NexION® 300 ICP-MS attenuate this problem.  
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3. Preconcentration mode with an ion exchange column is 
used to preconcentrate analytes, while allowing common 
seawater matrix ions such as Na+, Cl-, Mg2+, Ca2+, etc. 
to pass through to waste. The resin contains a mixture 
of iminodiacetic acid (IDA) and ethylenediaminetriacetic 
acid (EDTA analog), which complexes a wide variety of 
transition metals and rare earth elements (REEs). Binding 
occurs when the samples and standards are loaded 
onto the column after being mixed online with a buffer 
solution to optimize the pH. Elution occurs when a dilute 
acid, such as HNO3, is flushed through the column, 
passing the analytes directly into the nebulizer for 
subsequent analysis by ICP-MS.

Analytical Methodology

The performance capabilities of the seaFAST 3 system were 
evaluated by coupling it to an ICP mass spectrometer 
(ICP-MS) to determine 17 elements in seawater samples, 
using the three simultaneous modes of analysis. The 
following performance criteria were chosen:

•	 Accuracy	– obtained by analyzing a seawater certified 
reference material – NASS-5 CRM (National Research 
Council, Ottawa, Canada)  

•	 Detection	limit	– assessed by measuring method 
detection limits (MDLs) in a synthetic seawater sample 

•	 Sample	throughput	– evaluated by measuring the total 
analysis time of the three modes, from sample to sample 

For this evaluation, the seaFAST 3 sampling system was 
coupled with a NexION® 300D ICP-MS (PerkinElmer, 
Inc., Shelton, CT). The NexION technology has been 
described in the open literature,4,5 but it is basically an 
instrument that offers the simplicity and convenience of 
a traditional collision cell together with the exceptional 
detection limits of a true reaction cell. Using the patented 
Universal Cell Technology™ (UCT), the most appropriate 
collision or reaction cell technique can be chosen for a 
specific application. Together with the instrument’s Triple 
Cone Interface (TCI) and Quadrupole Ion Deflector (QID) 
technology, drift is minimized, contamination of the 
interface region is reduced, and routine maintenance and 
cleaning are kept to an absolute minimum. The seaFAST 3 
sampling system coupled with the NexION 300D ICP-MS is 
shown in Figure 1 (Page 3). The seaFAST 3 sampling system 
is displayed in greater detail in Figure 2 (Page 3).

Over the years, alternative approaches, such as matrix 
separation, analyte preconcentration, flow injection, 
reductive precipitation and hydride generation techniques, 
have been tried with limited success. However, none 
of these techniques could be considered truly routine 
because they were very labor intensive and also prone to 
contamination. As a result, they were only feasible for small 
numbers of samples and could not be applied to automated, 
high-throughput analysis. 

The seaFAST	3	Sampling	System

Over the past few years, there have been many attempts 
to automate these very labor-intensive sample preparation 
steps required for the successful analysis of seawater by 
ICP-MS. One of the most successful of these designs has 
been the seaFAST 3 (Elemental Scientific, Inc., Omaha, NE) 
sampling system, which, when used with an optimized 
ICP-MS system, addresses many of the problems associated 
with the ultra-trace determination of elements in seawater 
and other complex water samples using U.S. Environmental 
Protection Agency (EPA) Method 1640.1 Using a completely 
automated, multi-mode sample handling and introduction 
system, undiluted seawater is analyzed simultaneously 
by a combination of online dilution, hydride generation, 
and preconcentration with matrix removal.2,3 Using this 
unique technology, matrix effects and procedural blanks 
are reduced or eliminated, dramatically improving method 
detection limits (MDLs) and generating ultra-trace results 
with high confidence. In addition, this approach is well 
suited to the extreme demands of contract laboratories that 
require high sample throughput.

The seaFAST 3 system offers three modes of analysis, which 
can be run in any combination in a single sampling step, 
depending on the analytes of interest. The three modes  
are described below:

1.	Direct	mode enables online dilution and addition of an 
internal standard. This mode accommodates elements 
whose chemistry does not work in the preconcentration 
or hydride modes. No additional time is required to 
perform this mode because it is measured while the 
preconcentration column is being loaded and washed. 

2. Hydride mode enables online, batch-mode hydride 
generation for elements forming volatile hydrides such 
as As, Se and Sb. This step is also performed during the 
preconcentration loading/washing step, so it does not 
add time to the analysis.
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Sample	Preparation

Calibration standards of the 17 elements 
and a calibration blank were prepared 
from multi-element standards in 2% NaCl 
+ 1% HNO3, using an external linear-
through-zero calibration. A different 
blank (1% HNO3) was subtracted from 
all samples due to the fact that some 
contaminations were present in 2% NaCl. 
Concentrations of the 6 multielement 
standards were 25, 50, 100, 500, 1000 
and 5000 ppt.

ICP-MS	Instrumental	Parameters

All elements were run in Reaction 
mode (using Dynamic Reaction Cell™ 
[DRC] technology) to remove potential 
polyatomic interferences, using ammonia 
(NH3) as a reaction gas. Many of the 
transition elements are susceptible to 
spectral overlaps from ionic species 
generated by the plasma argon and the 
seawater matrix. Ion-molecule reaction 
chemistry is critical to minimize these 
interferences in order to achieve the 
lowest possible detection limits. 

Three different flows of the NH3 reaction 
gas divided analytes into the direct, 
hydride and preconcentration modes. 
Since the eluent solution is also the 
diluent for Direct mode, gallium (Ga) 
and indium (In) were added as internal 
standards and mixed with samples online. 
The Hydride and Preconcentration mode 
elemental signals were transient in 
nature; therefore, one replicate with two 
sweeps and 100 readings was used for all 
analytes, including those in Direct mode. 
The instrument operating parameters are 
shown in Table 1 (Page 4). 

Figure 1.  seaFAST 3 sampling system coupled to NexION 300D ICP-MS.

Figure 2.  Schematic of the seaFAST 3 automatic sampling system.
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The signals for 500 ppt of the multi-element standard for 
elements in Direct mode (continuous) and Hydride and 
Preconcentration modes (both transient) are shown in 
Figures 3, 4 and 5 respectively. 

Figure 3.  Continuous signals for 500 ppt of three of the Direct mode elements 
(Al, Cr, Mo) together with the Ga internal standard.

Figure 6.  seaFAST 3 timeline versus intensity.

Figure 4.  Transient signals of 500 ppt of the Hydride mode elements (As, Se, Sb).

Figure 5.  Transient signals for 500 ppt of 6 of the Preconcentration mode 
elements (Cd, Cu, Ni, Pb, V, Zn).
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Table 1.  NexION 300D ICP-MS instrument operating 
parameters.

Component/Parameter Type/Value/Mode

Nebulizer ESI PFA-ST microconcentric

Spray Chamber ESI Quartz Peltier Cooled  Cyclonic  
 Chamber (PC3)

Sample Injector Sapphire

Triple Interface  
Cone Material Platinum

Plasma Gas Flow 17.0 L/min

Auxiliary Gas Flow 1.20 L/min

Nebulizer Gas Flow 0.72 L/min

Additional Gas Flow  
(Hydride) 0.35 L/min

Sample Uptake Rate 200 µL/min 

RF Power 1600 W

Analytes Al, Cr, Mo, Ba, Tl (Direct) Se, As, Sb  
 (Hydride) V, Fe, Mn, Co, Ni, Cu, Zn  
 Cd, Pb (Preconcentration)

Internal Standards 71Ga, 115In, 

Total Analysis Time  
(sample to sample) 10 min

seaFAST	3	Mode	of	Operation

Figure 6 shows a seaFAST 3 timeline of three modes of a 
seawater analysis.



Results 

The average of four separate analyses of the NASS-5 Seawater Reference  
Material (RM) is shown in Table 2.
 

All the data generated is well within the error of the certified values except for zinc, 
which is approximately 3-fold higher. It is well-recognized that zinc is a notoriously 
difficult element to determine by ICP-MS because of contamination issues. For that 
reason, it is likely that the NASS-5 CRM got contaminated with zinc from an external 
source before or during the analysis.

A few additional points should be emphasized. Because of some residual chloride 
content after the Direct mode, As could not be determined at its normal mass of 
75 amu because of the overlap from the 40Ar35Cl polyatomic ion. The ammonia gas 
was therefore used to produce the 75As14NH2 ion at mass 91, where the 40Ar35Cl 
interference was not contributing to the signal. This is unique to PerkinElmer DRC 
technology and is a creative way to get around the fact that As is a monoisotopic 
element and cannot be determined at any other mass. 
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Table 2.  The analysis of the NASS-5 Seawater RM using the seaFAST 3 sampling system 
coupled to a NexION 300D ICP-MS. 

 NASS-5 CRM

 Mass  NexION/seaFAST 3 Certificate  
Analyte (amu) Mode (ppt) (ppt)

Al   27  1390 N/C

Cr 52  118 110 ± 15

Mo 95 Direct 9750 9600 ± 1000

Ba  138  4710 N/C

Tl   205  12 N/C

Se 78  16 18*

As (NH2) 91 Hydride 1167 1270 ± 120

Sb  121  243 N/C

V 51  1250 1200*

Fe 54  201 207 ± 35

Mn 55  939 919 ± 57

Co 59  11 11 ± 3  

Ni 60 Preconcentration 257 253 ± 28

Cu 65  286 297 ± 46

Zn 66  285** 102 ± 39

Cd   111  23 23 ± 3

Pb 208  7.5 8 ± 5

Note: N/C = not certified; * = for information only; ** = Zn contamination at the level of 200 ppt
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The MDL study in 2% NaCl is shown in Table 3. MDLs were determined by analyzing a 
2% NaCl blank fortified with 10 ppt of all the elements mix and multiplying the standard 
deviation of these measurements by 3. Although the MDLs are mostly single-digit ppt 
levels, some MDLs could be improved if high-purity NaCl or artificial seawater without 
contamination were available for the study.

Figure 7 shows a 7.5 hour stability run of the NexION/seaFAST 3 system, while 
analyzing undiluted seawater samples. During this run, 44 seawater samples were 
analyzed. Every other sample was spiked with 500 ppt analytes and plotted as signal 
normalized to the first spiked sample. There is little drift even though no internal 
standards were used for the Hydride and Preconcentration modes.

Figure 7.  The 7.5-hour stability test of seawater samples spiked with 500 ppt analytes.

Table 3.  Method detection limits (MDLs) in 2% NaCl generated by the seaFAST 3 
sampling system coupled to a NexION 300D ICP-MS.

 Mass   MDL in 2% 
Analyte (amu) Mode NaCl (ppt)

Al 27  20

Cr 52  10

Mo 95 Direct 17

Ba 138  20

Tl 205  2

Se 78  12

As(NH2) 91  3

Sb 121  2

V 51  4

Fe 54  10

Mn 55  2

Co 59  2

Ni 60 Preconcentration 5

Cu 65  8

Zn 66  25

Cd 111  2

Pb 208  2

Hydride 
Preconcentration
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Conclusion

By coupling an automated, multi-mode sample handling and 
delivery system with a high-performance ICP-MS system, many 
of the problems associated with the ultra-trace determination 
of elements in seawater are avoided and detection limits are  
radically improved, reaching single ppt levels. Matrix suppression 
and spectral interferences from high TDS solutions, as well as 
contamination from manual sample-handling, are dramatically 
reduced by using the seaFAST 3 automated sample 
preparation system.

Since this completely automated approach requires little or no 
sample preparation and has good long-term stability, it is well 
suited to the heavy workload demands of laboratories that 
require the high-throughput analysis of seawater and/or other 
complex water samples.
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