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Abstract A simple, robust and reliable method for mercury
determination in seawater matrices based on the combination
of cold vapour generation and inductively coupled plasma
mass spectrometry (CV-ICP-MS) and its complete in-house
validation are described. The method validation covers param-
eters such as linearity, limit of detection (LOD), limit of quan-
tification (LOQ), trueness, repeatability, intermediate preci-
sion and robustness. A calibration curve covering the whole
working range was achieved with coefficients of determina-
tion typically higher than 0.9992. The repeatability of the
method (RSD,,) was 0.5 %, and the intermediate precision
was 2.3 % at the target mass fraction of 20 ng/kg. Moreover,
the method was robust with respect to the salinity of the sea-
water. The limit of quantification was 2.7 ng/kg, which corre-
sponds to 13.5 % of the target mass fraction in the future
certified reference material (20 ng/kg). An uncertainty budget
for the measurement of mercury in seawater has been
established. The relative expanded (k=2) combined uncertain-
ty is 6 %. The performance of the validated method was dem-
onstrated by generating results for process control and a ho-
mogeneity study for the production of a candidate certified
reference material.
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Introduction

The Water Framework Directive (WFD) [1] provides a list of
priority substances that present a risk for the good chemical
status of the aquatic environment defined in terms of compli-
ance with all the environmental quality standards (EQSs)
established in the daughter Directive 2013/39/EU [2]. The
EQS for mercury expressed as a maximum allowable concen-
tration (MAC) is 0.07 pg/L. In addition, the Directive
2009/90/EC [3] states that laboratories performing the control
shall demonstrate their competence by the analysis of refer-
ence materials that are representative of collected samples.
Certified reference materials (CRMs) for trace elements in
natural waters are widely available. However, there are a lim-
ited number of CRMs for mercury at or below the level of the
EQSs [4]. Seawater presents a particular challenge as only one
CRM is available and its concentration is 35 times lower than
the established EQS. Therefore, a CRM for the determination
of mercury in seawater is under development at JRC-IRMM.
The target Hg mass fraction for this CRM is three times lower
than the EQSs.

CRMs must be characterized using analytical methods val-
idated according to ISO/IEC 17025 (http://www.iso.org/iso/
home.html) during development and production to fulfil the
requirements of ISO Guide 34 (http:/www.iso.org/iso/home.
html). In practice, methods are also often needed to rapidly
generate results to control processing activities at the time of
CRM processing. The targeted mercury mass fraction is at a
level below detection limits for many techniques. Due to the
high mobility of this element, there is the risk of

@ Springer


http://www.iso.org/iso/home.html
http://www.iso.org/iso/home.html
http://www.iso.org/iso/home.html
http://www.iso.org/iso/home.html
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-015-8833-9&domain=pdf

6570

R. Sanchez et al.

contamination, volatilization and adsorption losses in all steps
ofthe analysis [5]. Several studies have been carried out using
spectrometric techniques for mercury determination [6—10].
Most of them are based on atomic absorption spectroscopy
(AAS) [11-15], atomic fluorescence spectroscopy (AFS) [6,
16, 17], inductively coupled plasma optical emission spec-
trometry (ICP-OES) [18] and inductively coupled plasma
mass spectrometry (ICP-MS) [19-23]. Among the techniques,
ICP-MS could be considered as the most sensitive for the
determination of trace metals in natural waters [24, 25]. On
the other side, direct introduction of seawater samples to the
plasma results in salt deposition on the ICP injector or walls of
the torch tubes, or on the sampler/skimmer cones, reducing the
analyte transport efficiency. Different approaches have been
developed to overcome this problem [11, 19, 23, 26].
However, they can be susceptible to contamination problems
and are time consuming. Cold vapour generation (CV) can
separate mercury from complex matrices, minimizing non-
spectral interferences and enhancing the analyte transport ef-
ficiency [17, 27].

Simplicity and reliability are the main properties required
to the in-line methods applied in the process control of a can-
didate seawater certified reference material. This work de-
scribes the development and validation of a procedure for
routine determination of mercury in seawater, at concentra-
tions lower than the EQS, for the process control, stability
and homogeneity assessment of a candidate CRM.
Repeatability and intermediate precision of a method are the
main factors for the selection of a method for homogeneity
and stability studies of candidate CRMs. Both parameters al-
low to assess whether or not the observed variations between
measurement results are in-line with the expected variation of
the measurements over the processing sequence or time. In the
validation of the method, the following parameters were
assessed: linearity and working range, limit of detection
(LOD) and limit of quantification (LOQ), trueness, repeatabil-
ity and reproducibility and robustness. The individual uncer-
tainty contributions of each parameter and the final expanded
uncertainties have been estimated. The developed method
could not only be easily applied for the CRM process control
but also by control laboratories responsible for the mandatory
chemical monitoring prescribed to the EU member states un-
der the WFD.

Experimental
Reagents and certified reference material
A coastal seawater CRM, BCR-579, was provided by the

European Commission, Joint Research Centre, Institute for
Reference Materials and Measurements (IRMM, Geel,
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Belgium). The certified mercury mass fraction for this mate-
rial is 1.9+0.5 ng/kg.

Ultrapure water was supplied by the three-step ion ex-
change system, Milli-Q, fed by the reverse osmosis system,
Elix 3, both from Millipore (El Paso, TX, USA). Sixty-five
percent of ultrapure nitric acid (Merck KGaA, Darmstadt,
Germany) was used for the preparation of acid matrices and
cleaning solutions. Sodium tetrahydroborate (proanalysis
grade; Merck KGaA, Darmstadt, Germany) and sodium hy-
droxide from Fluka (Sigma-Aldrich, St. Louis, MO, USA)
were used as reductant agents. Sodium chloride for analysis
(Merck KGaA, Darmstadt, Germany) was used to prepare
artificial seawater matrices. Mercury solutions were prepared
by diluting a 1000 mg/L certified solution (Merck KGaA,
Darmstadt, Germany).

Instrumentation

All measurements were conducted using a 7500CE inductive-
ly coupled plasma mass spectrometer (Agilent Technologies,
Kobe-Shi Hyogo, Japan) equipped with a nickel sampler and
skimmer cones. A HGX-200 advanced membrane cold va-
pour and hydride generation system (Cetac Technologies,
Omaha, Nebraska, USA) was employed as a sample introduc-
tion system. Argon was added at two different steps: at the top
of the gas—liquid separator, carrier gas, and after the PTFE
membrane, additional gas. The additional gas allows a mini-
mization of wash-out time and signal noise.

Calibrant preparation

As salinity of the seawater can affect the efficiency of the
reduction reaction, matrix matching was applied to calibrant
and sample preparation. Calibration solutions were gravimet-
rically prepared using BCR-579 as matrix.

Sample preparation

To preserve the dissolved mercury in seawater and avoid its
loss by reduction [28], samples were acidified by adding 3 mL
of ultrapure concentrated HNO; per 40 mL of sample.

Results

According to the ISO Guide 34 (http://www.iso.org/iso/home.
html), validated analytical methods should be applied to
characterize the reference material, during its development
and production. Therefore, complete in-house validation and
uncertainty estimation according to [IUPAC [29] and EURAC
HEM [30] guidelines were carried out.
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Linearity and working range

A linear signal-mass fraction curve was found for the mercury
determination. The calibration was performed using eight
mercury mass fraction levels covering from 1.9 to 50 ng/kg.
To counter potential memory effects, five replicates for each
calibration solution were measured in a random order.
Coefficients of determination (R?) higher than 0.9992 were
obtained for 6 different calibration curves, and no outlying
measurements >3 times the standard error of the calibration
function were found.

Limit of detection and limit of quantification

Ten independent replicate analyses of the BCR-579 were car-
ried out under repeatability conditions. The LOD and LOQ
were estimated as three or ten times the total standard devia-
tion (st), respectively. Total standard deviation includes the
standard deviation of all the measurements (sy;) and the stan-
dard deviation coming for the CRM. Equation 1 was applied
to calculate the st value, where scry 1s equal to 0.25 ng/kg.
The LOD and LOQ values were 0.8 and 2.7 ng/kg, respec-
tively. The LOQ value obtained is 13.5 % of the target value
for the mass fraction of mercury in the candidate CRM (20 ng/
kg). Moreover, the LOQ obtained is 8 times lower than the
minimum performance criteria established by the Directive
2009/90/EC [3], according to which the LOQ of the methods
used in the chemical monitoring program in the WFD should
be equal or below a value of 30 % of the EQS.

ST =/ St + Seru (1)

Trueness

As there is no seawater certified reference material for mercu-
ry at the targeted mass fraction, the trueness was evaluated by
gravimetrically spiking test portions of BCR-579 at two dif-
ferent levels, half and double of the targeted mass fraction, 10
and 40 ng/kg. Trueness was assessed by measuring three rep-
licate samples on two different days. A recovery rate was
calculated as the ratio between the found and the spiked con-
centration value. The mean recovery rates were 100.2 and
100.8 % for 10 and 40 ng/kg, respectively. The relative stan-
dard deviation in both cases was around 0.6 %.

Repeatability and intermediate precision

Three sub-samples of a spiked sample were measured on five
different days, using five different calibration curves. On each
day, BCR-579 was gravimetrically spiked to obtain a final
mercury mass fraction of 25 ng/kg. One-way ANOVA was

used to estimate the repeatability and intermediate precision
as within-group and between-group standard deviation, re-
spectively (Table 1). The repeatability of the method
(RSDyp) was 0.5 %, whereas the intermediate precision was
2.3 %.

Robustness

The effect of the sample salinity on measurements was select-
ed to evaluate the robustness of the method. Eight artificial
seawater matrices were prepared using NaCl. The salinity
ranged from 1.5 to 4.75 %. BCR-579 (with a salinity of
2.8 %) was taken as a reference matrix. The eight artificial
seawater matrices and BCR-579 were spiked with the same
mercury mass fraction, 15 ng/kg. Signals were measured for
the spiked samples and for the blanks. The difference between
the artificial seawater and the BCR-579 signals was evaluated
by means of Eq. 2, where Ispikeq 18 the signal measured for the
spiked sample, /g 1S the mercury signal measured for the
same salinity sample without spiking, and C; is the amount of
mercury added to the spiked sample. The subscript ‘i’ refers to
the artificial seawater matrices prepared.

_ ispiked_iblank (2)

I;
C;

A regression analysis was made for the mercury signal
against salinity. The slope was not significantly different from
zero at the 99 % confidence level within the salinity range
1.5-4.75 %. However, a slight decrease on the signal was
observed for the highest salinity (4.75 %). Student’s ¢ test
was applied to compare the mean of the results with the result
obtained for the highest salinity. The obtained result showed
that there is a statically difference between both values. Thus,
the method was demonstrated to be robust for measurement of
seawater samples with salinity in the range 1.5-4.5 %.

Uncertainty estimation

The relative standard uncertainty contributions related to the
repeatability and intermediate precision were obtained by

Table 1 Mean of the mercury mass fraction (ng/kg) obtained from the
repeatability and intermediate precision study

Day 1 Day 2 Day 3 Day 4 Day 5
Replicate 1 24.41 25.31 24.50 24.30 25.60
Replicate 2 24.45 25.52 24.44 24.53 25.59
Replicate 3 24.53 25.44 24.44 24.74 25.68
Mean (ng/kg) 24.46 25.42 24.46 24.52 25.62
s (ng/kg) 0.06 0.10 0.03 0.22 0.05
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Table2 Relative standard uncertainty contributions, equations applied
and expanded relative uncertainty for measurement of mercury mass
fraction in the seawater samples

Relative standard uncertainty
contribution (%)

iy 1.03
Urep 0.13
U 2.75

Expanded relative uncertainty (U, k=2)  5.87

applying one-way ANOVA to the 15 measurements. The fol-
lowing equations were applied:

RSD},,
— P 3
Urep Hrep ( )
RSD?
Uip = - (4)
Ndays

where RSDy, is the repeatability of the method, 7., is the
number of replicates, RSD;, is the intermediate precision, and
Ndays 18 the number of days. As Table 2 indicates, the relative
standard uncertainty contributions were 0.13 and 1.03 % for
the repeatability and the intermediate precision, respectively.

The relative standard uncertainty related to the trueness
contribution was estimated by applying Eq. 5.

§2

2— (5)

ubvxng/kg = n

where s is the standard deviation of the measurements and 7 is
the number of measurements.

The relative standard trueness uncertainty was calculated at
both spiking levels. The contributions obtained were 2.7 and
0.8 % at 10 and 40 ng/kg, respectively. As Table 2 shows, the
highest contribution was considered as the contribution of the
trueness relative standard uncertainty related to the expanded
uncertainty.

The contributions of the repeatability, intermediate preci-
sion and trueness were taken into account for the calculation
of the expanded uncertainty (U) of the measurements. The
following equation was applied:

U = keyJuly, +up, + u? (6)

where U is the expanded relative uncertainty, & is the coverage
factor (k=2), uyp, is the relative standard uncertainty of repeat-
ability, u;, is the relative standard uncertainty of intermediate
precision, and u; is the relative standard uncertainty of true-
ness. The coverage factor applied was 2 corresponding to the
95 % confidence level [31]. The final expanded uncertainty
value is 5.87 %. The major source of uncertainty contribution
is related to the trueness assessment.

Process control of the candidate CRM

Considering the low level of mercury in the candidate certified
reference material, in-line process control was considered es-
sential and the filling procedure was continuously checked for
signs of contamination. One ampoule was taken from the pro-
cessing chain every 2 or 3 h, and the mercury mass fraction
was determined. As shown in Fig. 1, the mass fraction mea-
sured was normalized to the targeted one (20.0 ng/kg).
Control upper/lower limits were chosen, taking into account
the uncertainty of the method, 1.00+0.06 ng/kg (dotted lines).

Fig. 1 Normalized mercury mass
fraction along the processing
sequence of the material. The
filled diamonds show the average
value of three replicates of the
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same sample, the error bars
correspond to the standard
deviation of the three replicates
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Homogeneity assessment of the candidate CRM

A key requirement for any reference material is the equiva-
lence between the various units. Therefore, a between-unit
homogeneity study was conducted with 6 replicate measure-
ments made on each of 15 units. Measurements were per-
formed in a randomized block design. However, all units
could not be included in a single run due to time constraints.
The maximum measurement time was set at 10 h, and one
quality control sample was introduced in the analytical se-
quence every 1.5 h. Variations in measured mass fractions of
2 and 5.5 % were observed fora 25 ngkg ' sample after 3 and
10 h, respectively. As indicated in Fig. 2, the mercury mass
fraction measured is not affected by a run effect. Variances in
the mass fraction determined are covered by the uncertainty
related to the repeatability and intermediate precision.

Conclusions

This paper presents a method that allows routine mercury
quantification in seawater matrices at 30 % of the EQS level
(20 ng/kg). The result fulfils the requirements of EU Directive
2009/90/EC with regard to uncertainty and LOQ. Moreover,
the protocols for the treatment of the sample and the calibra-
tion solution are simple. Therefore, the developed method will
be used for the CRM process control, but it can also be applied
by control laboratories responsible for the chemical monitor-
ing set under the WFD.

Acknowledgments The authors would like to thank all the involved
colleagues at EC-JRC-IRMM, Standards for Innovation and Sustainable
Development Unit, for valuable discussions and collaborations.

Open AccessThis article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://

83 286 675 827 1094 1183 1386 1775 1927 2194 2283 2486 2875 3027 3294

Filling sequence number

creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. European Commission (2000) Directive 2000/60/EC of the
European Parliament and of the Council of 23 October 2000 estab-
lishing a framework for community action in the field of water
policy. Off J Eur Comm L 327:1

2. European Commission (2013) Directive 2013/39/EU of the
European Parliament and of the Council of 12 August 2013 on
Amendment Directives 2000/60/EC and 2008/105/EC as regards
priority substances in the field of water policy. Off J Eur Union L
226:1

3. European Commission (2009) Directive 2009/90/EC of the
European Parliament and of the Council of 31 July 2009 on tech-
nical specifications for chemical analysis and monitoring of water
status. Off J Eur Union L 201:36

4. Ricci M, Kourtchev I, Emons H (2012) Chemical water monitoring
under the Water Framework Directive with certified reference ma-
terials. TRAC-Trend Anal Chem 36:47-57

5. Kramer KJM, Quevauviller P, Dorten WS, Van de Vlies EM, de
Hann HPM (1998) Certification of total mercury in a sea-water
reference material, CRM 579. Analyst 123:959-963

6. Leopold K, Foulkes M, Worsfold P (2010) Methods for determina-
tion and speciation of mercury in natural waters—a review. Anal
Chim Acta 663:127-138

7. Gao Y, Shi Z, Long Z, Wu P, Zheng C, Hou X (2012)
Determination and speciation of mercury in environmental and
biological samples by analytical atomic spectrometry. Microchem
J103:1-14

8. Leermarkers M, Baeyens W, Quevauviller P, Horvat M (2005)
Mercury in environmental samples: speciation, artifacts and valida-
tion. TRAC-Trend Anal Chem 24:383-393

9. Lamborg CH, Hammerschmidt CR, Gill GA, Mason RP, Gichuki S
(2012) An intercomparison of procedures for the determination of
total mercury in seawater and recommendations regarding mercury
section during GEOTRACES cruises. Limmol Oceanogr Methods
10:90-100

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

6574 R. Séanchez et al.
10.  Quevauviller P, Kramer KJM, Van der Vlies EM, Griepink B 20. Seibert EL, Dressler VL, Pozebon D, Curtius AJ (2001)
(1996) Interlaboratory studies to improve the quality of mercury Determination of Hg in seawater by inductively coupled plasma
determination in seawater. Fresenius J Anal Chem 356:411-415 mass spectrometry after on-line pre-concentration. Spectrochim
11.  Bravo-Sanchez LR, Vicente S, de la Riva B, Costa-Fernandez JM, Acta Part B 56:1963-1971
Pereiro R, Sanz-Medel A (2001) Determination of lead and mercury 21. Chen CS, Jiang SJ (1996) Determination of As, Sb, Bi and Hg in
in sea water by preconcentration in a flow injection system followed water samples by flow injection inductively coupled plasma mass
by atomic absorption spectrometry detection. Talanta 55:1071— spectrometry with an in-situ nebulizer/hydride generator.
1078 Spectrochim Acta Part B 51:1813-1821
12.  Vasconcelos MTSD, Leal MFC (1997) Speciation of Cu, Pb, Cd 22.  Liu HW, Jiang SJ, Liu SH (1999) Determination of cadmium, mer-
and Hg in waters of the Oporto coast in Portugal, using pre- cury and lead in seawater by electrothermal vaporization isotope
concentration in a chelamine resin column. Anal Chim Acta 353: dilution inductively coupled plasma mass spectrometry.
189-198 Spectrochim Acta Part B 54:1367-1375
13.  Logar M, Horvat M, Akagi H, Pihlar B (2002) Simultaneous deter- 23. Trujillo IS, Garcia De Torres A, Vereda Alonso EI, Cano Pavon JM
mination of inorganic mercury and methylmercury compounds in (2013) Sequential determination of Pb, Cd and Hg by flow
natural waters. Anal Bioanal Chem 374:1015-1021 injection-chemical vapour generation-inductively coupled plasma
14.  Freimann P, Schmidt D (1982) Determination of mercury in seawa- mass spectrometry. J Anal At Spectrom 28:1772—1780
ter by cold vapour atomic absorption spectrophotometry. Fresenius’ 24. Montes M, Garcia JI, Sanz-Medel A (1998) Enhanced semiquanti-
Z Anal Chem 313:200-202 tative multi-analysis of trace elements in environmental samples
15. Wurl O, Elsholz O, Ebinghaus R (2000) Flow system device for the using inductively coupled plasma mass spectrometry. J Anal At
on-line determination of total mercury in seawater. Talanta 52:51— Spectrom 13:277-282
57 25.  Rodunshkin I, Ruth T (1997) Determination of trace metals in es-
16. Bloxham MJ, Hill SJ, Worsfold PJ (1996) Determination of mer- tuarine and sea-water reference materials by high resolution induc-
cury in filtered sea-water by flow injection with on-line oxidation tively coupled plasma mass spectrometry. J Anal At Spectrom 12:
and atomic fluorescence spectrometric detection. J Anal At 1181-1185
Spectrom 11:511-514 26. Leopold K, Foulkes M, Worsfold PJ (2009) Preconcentration tech-
17.  Leopold K, Harwardt L, Schuster M, Schlemmer G (2008) A new niques for the determination of mercury species in natural waters.
fully automated on-line digestion system for ultra trace analysis of TRAC-Trend Anal Chem 28:426-435
mercury in natural waters by means of FI-CV-AFS. Talanta 76: 27. Feng YL, Sturgeon RE, Lam JS (2003) Chemical vapor generation
382-388 characteristics of transition and noble metals reacting with
18.  Rudner C, Pavon JIMC, Rojas FS, de Torres AG (1998) Use of flow tetrahydroborate(I1I). J Anal At Spectrom 18:1435-1442
injection cold vapour generation and preconcentration on silica 28.  Gardner M, Gunn A (1997) Stability of mercury in seawater sam-
functionalized with methylthiosalicylate for the determination of ples. Anal Com 34:245-246
mercury in biological samples and sea-water by inductively coupled 29. Thompson M, Ellison SL, Wood R (2002) Pure Appl Chem 74:
plasma atomic emission spectrometry. J Anal At Spectrom 13: 835-855
1167-1171 30. EURACHEM Guide (1998) The fitness for purpose of analytical
19.  Stroh A, Véllkopf U (1993) Optimization and use of flow injection methods: a laboratory guide to method validation and related topics.
vapour generation inductively coupled plasma mass spectrometry LGC Teddington
for the determination of arsenic, antimony and mercury in water and 31. Evaluation of measurement data—guide to expression of uncertain-

sea-water at ultratrace levels. J Anal At Spectrom 8:35-40

@ Springer

ty in measurement. JCGM 100 (2008)



	Development...
	Abstract
	Introduction
	Experimental
	Reagents and certified reference material
	Instrumentation
	Calibrant preparation
	Sample preparation

	Results
	Linearity and working range
	Limit of detection and limit of quantification
	Trueness
	Repeatability and intermediate precision
	Robustness
	Uncertainty estimation
	Process control of the candidate CRM
	Homogeneity assessment of the candidate CRM

	Conclusions
	References


