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The present work investigates the use of a multipath cell atomic absorption mercury detector for mercury
speciation analysis in a hyphenated high performance liquid chromatography assembly. The multipath
absorption cell multiplies the optical path while energy losses are compensated by a very intense primary
source. Zeeman-effect background correction compensates for non-specific absorption. For the separation
step, the mobile phase consisted in a 0.010% m/v mercaptoethanol solution in 5% methanol (pH=5), a C18
column was used as stationary phase, and post column treatment was performed by UV irradiation (60 °C,
13 W). The eluate was then merged with 3 mol L−1 HCl, reduction was performed by a NaBH4 solution, and
the Hg vapor formed was separated at the gas–liquid separator and carried through a desiccant membrane to
the detector. The detector was easily attached to the system, since an external gas flow to the gas–liquid
separator was provided. A multivariate approach was used to optimize the procedure and peak area was used
for measurement. Instrumental limits of detection of 0.05 µg L−1 were obtained for ionic (Hg2+) and HgCH3

+,
for an injection volume of 200 µL. The multipath atomic absorption spectrometer proved to be a competitive
mercury detector in hyphenated systems in relation to the most commonly used atomic fluorescence and
inductively coupled plasma mass spectrometric detectors. Preliminary application studies were performed
for the determination of methyl mercury in sediments.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Since its introduction, cold vapor atomic absorption spectrometry
(CV AAS) has become the most popular method for total mercury
determination at trace levels. Its sensitivity, simplicity and low cost
have contributed to its wide acceptance for total mercury determina-
tion in biological and environmental samples. However, in relation to
mercury speciation analysis, due the very low concentrations of some
mercury species, the limits of detection (LOD) obtained with CV AAS
were not always sufficient. This is specially the case for hyphenated
techniques, considering the low sample volumes associated with
chromatographic techniques, implying the use of pre-concentration
strategies [1–3]. Other more sensitive detectors, such as inductively
coupled plasma mass spectrometry (ICP-MS) and atomic fluores-
on Atomic Spectrometry, held
ublished in the special issue of
e.

.

ll rights reserved.
cence spectrometry (AFS) have become the choice in speciation
studies [4–12]. Moreover, ICP-MS brings the possibility of isotopic
discrimination [13], which can be of great importance in special cases
[14–19]. Nevertheless, ICP-MS is still expensive to purchase and run,
and in speciation analysis running costs are stressed by the long
analysis time. Hence, the adoption of a sensitive but more affordable
Hg detector is desirable. In this sense, CV AFS appeared as a natural
choice [5,9–12], since it is more sensitive than CV AAS, and much less
expensive than ICP-MS. Consequently, CV AFS has been used for the
determination of mercury species at very low levels in several
environmental studies [20–25]. However, much care must be taken
in relation to the possibility of quenching:Water vapormust be strictly
avoided and the maximum sensitivity is attained with the use of high-
purity gases, such as argon or preferably helium. CV AAS has found its
way to the scene of sub ng L−1 determination of Hg since the intro-
duction of a dedicated mercury detector, using a multipath absorption
cell and Zeeman-effect background correction [26], whose sensitivity
is in the same range of AFS detectors. Thus, the present work inves-
tigates the hyphenation of this detector with high performance liquid
chromatography for methylmercury determination.

http://www.ohiolumex.com/product/ra915.shtml
mailto:rccampos@puc-rio.br
http://dx.doi.org/10.1016/j.sab.2009.05.021
http://www.sciencedirect.com/science/journal/05848547
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2. Experimental

2.1. Instrumentation

The measurements were performed with a high performance
liquid chromatography-uv-cold vapor atomic absorption spectro-
metry (HPLC-UV-CV-AAS) assembly (Fig. 1) consisting of a GT1310A
isocratic pump (Agilent, Böblingen, Germany), an injection valve
(Rheodyne, California, USA) with a 200 µL stainless steel sample loop,
a reversed-phase analytical column packed with Exsil ODS (RP C18,
250 mm×4.6 mm, 5 µm), an UV speciation heated coil (S570U100, PS
Analytical, Orpington, Kent, England), operating at 13 W and 60 °C, a
ME gas liquid separator (PS Analytical) and a RA-915+ mercury
spectrometer (LUMEX, Saint Petersburg, Russia). The chromato-
graphic separationwas performed at room temperature. The reducing
and acidifying solutions were merged with the column eluate using
peristaltic pumps type ISM787A (Ismatec, Glattbrugg, Switzerland),
and Tygon tubes (1.14 mm). The mixing chemifold and the reaction
coils (length=93 cm, inner diameter=0.8 mm) were made of
TeflonR. The mercury vapor was dried with nitrogen using a MD-
110-12FP-4 desiccant membrane, 27.5 cm long (Perma Pure, Toms
River, USA). The RA-915+ mercury spectrometer was used as detector.
In this instrument, a multipath cell increases the optical path to a
length equivalent to 3 m. A very intense Hg discharge lamp con-
tributes to a stable baseline and a magnetic field applied to the lamp
together with a polarizer permits the use of Zeeman-effect back-
ground correction. Since the mercury spectrometer has been operated
in the liquid analysis mode, the flow promoted by its internal pump
should be equilibrated by an extra flow of gas in order to keep the
liquid inside the gas–liquid separator at the right level. For practical
reasons, argon (AGA, Rio de Janeiro, Brazil) was used, but nitrogen or
even air could also have been used. This operation was manually
made, taking the liquid level inside the gas–liquid separator as the
reference for finding the proper flow of the external gas. All gases
were made mercury free by passing them through gold traps
conveniently positioned in the system. A personal computer was
used to collect the data which were treated using Excel (Microsoft,
Redmond, USA). For the extraction of methylmercury, a Thornton
model T50 ultrasonic bath (Inpec Eletrônica Ltda, Vinhedo, Brasil) was
used, operating at 40 kHz.

2.2. Materials, reagents, solutions and samples

All reagents were of analytical reagent grade. Ultra pure water
(resistivityN18.0 MΩ cm), obtained from a Master System apparatus
(Gehaka, S. Paulo, Brazil) was used throughout. Analytical grade HNO3

and HCl (both Vetec, Rio de Janeiro, Brazil) were purified by sub-boiling
distillation using a PTFE sub-boiling apparatus (Hans Kuerner, Rosen-
heim, Germany). The 1000 mg L−1 mercury (Hg II) standard solution
was prepared by diluting Titrisol (Merck, Darmstadt, Germany)
ampoules with 0.2% v/v HNO3. A 1000 mg L−1 methylmercury (as Hg)
stock solution was prepared from its chloride salt (Carlo Erba, Milan,
Italy): The salt was accurately weighed (±0.0001 g) and dissolved with
Fig. 1. Block diagram of th
50% v/v ethanol; further dilutions to the indicated concentrations were
made with water; 1.000 µg L−1 intermediary solutions of both mercury
species were prepared daily and used to prepare the calibration
solutions. The calibration solutions were prepared just before their
introduction into the injector, in order to avoid losses. For the mobile
phase methanol (Vetec, Duque de Caxias, Brazil), and mercaptoethanol
(Vetec) were used. Acetic acid (Vetec) and ammonium acetate (Vetec)
were used for buffering. Sodium borohydride (Vetec), dissolved in 0.5%
NaOH (Vetec) was used as reducing agent. This solution was prepared
daily. Dichloromethane and KOH (both Vetec) were used for methyl-
mercury extraction. For the preliminary application studies a sediment
certified reference material (IAEA 405, IAEA, Vienna, Austria), as well as
surface sediment samples were used. They were collected with an
Ekmangrab sampler, conditioned inplastic bags, labeled and taken to the
laboratory. They were kept frozen until the analysis. All plastic and
glassware were washed with tap water, immersed in neutral Extran
(48 h), rinsed with tap and deionized water, and immersed in 20% v/v
HNO3 for, at least, 24 h. Before use, these materials were thoroughly
rinsedwithultrapurewater andovendried at 40 °C, avoidinganycontact
with metallic surfaces and dust contamination. Contamination was
always checked by a strict blank control.

2.3. Procedures

2.3.1. Instrumental determination of methylmercury
Themobile phase consisted in a0.01%v/vmercaptoethanol solution in

5% v/v methanol, with the pH adjusted to 5 by the addition of 0.06% v/v
acetic acid +0.15% ammonium acetate. The mobile phase flow rate was
1.4 mL min−1. Calibration and sample solutions were manually injected
(200 µL) using a hypodermic syringe; 1.5% NaBH4 in 0.5% NaOHwas used
as reducing agent and 3 mol L−1 HCl as acidifying solution with a flow
rate of 2.2 mL min−1. The dry nitrogen flow through the desiccating
membrane was 80 mL min−1. An argon flow of 240 mL min−1 was
necessary to keep the liquid in the gas–liquid separator in the right level.
Aqueous standards, prepared just before their injection by adequate
dilutions of the 1.000 µg L−1 solutions were used for calibration. Since
each run took about 20 min (formethylmercury determination only), this
procedure had no deleterious effect in the total analysis time. Peak area
was used formeasurement. Data collected in the personal computerwere
transferred to Excel data sheets, and chromatogram profiles were
obtained. Integration consisted in localizing the peaks by the retention
time and summing up the absorbance of the individual data in the
integration interval. At least 200 points were counted, relative to the
smallest (blank) peaks.

2.3.2. Sediment characterization and methyl mercury extraction
and determination

The organic matter content in the sediments was determined
after calcination at 400 °C for 6 h. The procedure for methylmercury
extraction from the sediments was based on themethod of Ramalhosa
et al. [27]. Sample masses up to 300 mg were weighed in conical
ended screw capped 50-mL tubes (Sarstedt, Nümbrecht, Germany).
Two mL of a 25% m/v KOH solution in methanol were added and the
e hyphenated system.
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mixture sonicated for 3 h. Then 6 mL of CH2Cl2 were added, followed
by the slow addition of 1.5 mL of concentrated HCl, and the extraction
of the neutral methylmercury chloride to the organic phase
accomplished by mechanical shaking (10 min). Five milliliters of the
organic layer was takenwith a pipette, and transferred to another tube
where 10 mL of pure water was added; the methylmercury was
transferred to the aqueous phase evaporating CH2Cl2 by bubbling
nitrogen (80 mL min−1) through the organic layer. The remaining
aqueous solution was injected in the hyphenated system. All pro-
cedures were performed in a fume hood. For organic matter rich
sediments the methanolic KOH extraction was performed twice. A
flow-chart of the procedure is shown in Fig. 2. Calibration with
aqueous solution matches the matrix of the final sample solution.
3. Results

3.1. Characterization of the Zeeman multipath AAS detector

In order to characterize the detector in relation to its detection capa-
bility, a calibrationcurvewasperformedusingabatchvaporgeneratorand
Fig. 2. Flow chart for the methylmercury e
Hg2+ aqueous calibration solutions, ranging from 2.5 to 20 µg L−1. The
sample volumewas 50 mL and SnCl2 was used as reductant. No gold trap
or desiccant has been used. Air (0.5 Lmin−1) was used as carrier gas, and
the equipment operated in thewater analysis mode. The curvewas linear
in the studied range (rN0.999), and the calibration curve was described
by a y=bx equation (b=11.9±0.1), since the intercept was not sig-
nificantly different from zero [28]. The instrument displays absorbance in
arbitrary units. The limit of detection calculated as the concentration
equivalent to three times the standard deviation of the calibration curve
blank (n=10)was 0.4 ng L−1 (peak height), which is equivalent to 14 pg
transported to the detector, since the transport yield of the generator has
previously been measured as 70%. Limits of detection of the same order
can also be attained by AFS detectors, but using argon or helium as carrier
gas, and strictly avoiding anywater vapor in the excitation cell, in order to
prevent quenching.
3.2. Multivariate optimization of the hyphenated system

For this study, a 50 µg L−1 Hg aqueous solution in ultrapure water
was used. Any stability problem was overcome by preparing this
xtraction procedure from sediments.
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solution by adequate dilution of the 1000 µg L−1 standard solution
just before its injection. A response surface method was used for
obtaining the optimal conditions. This method permits the estimation
of the interactions and quadratic effects. A D optimal design was
chosen since more complex models (e.g non-linear) can be evaluated.
In contrast to factorial designs, the D optimal matrix is non-orthog-
onal, and the estimated effects are correlated. This kind of design is
independent from the type of model (first order, quadratic, etc) to be
adjusted. The investigated responses were resolution [29] and t2,
which is the retention time of methylmercury species. The optimiza-
tion targeted a resolution of 2.5, at a minimum value for t2. Prelim-
inary experiments defined the investigated ranges. Five variables were
studied at three different levels in duplicate analysis, implying
2×32=64 experiments. Table 1 shows the investigated factors, and
the values of the three different levels. The NaBH4 and HCl flow rates
were joined in only one factor in order to keep the number of
experiments reasonable, taking into account the long analysis time.
The NaBH4 and HCl flow rate ratio was always 1. The experiments
were performed in 4 blocks, and all the measurements in each block
were made in only one day, by the same operator, in the same
assembly. The experiments of the different blocks were normalized for
comparison. For the resolution (Res), the model obtained is described
by Eq. (1)

Res = 2:54−0:081D−0:55A2 + 0:28E2 + 0:076AC ð1Þ

A, B, C, D and E represent the studied factors as displayed in
Table 1. Although highly significant, this model explains only 42% of
the variability (R2=0.42). The analysis of predict versus actual
values plot (fromwhere R2 comes from) shows that the low R2 value
is due to the poor adjustment of the extreme points, what is
corroborated by the normal plot of the residuals. From this model, the
most relevant parameter for the resolution is the mercaptoethanol
concentration. Factors B (mobile phase flow rate) and C (HCl con-
centration) are not relevant. Fig. 3 shows the surface responses for
the resolution fixing B at 1.05 mL min−1 and C at 3.00 mol L−1. For the
methylmercury retention time (t2) the model obtained is described
by Eq. (2). This model explains 96% of the variability (R2=0.96). Fig. 4
shows a response surface for t2.

t2 = 1453−48:41A−200B + 28:18C−22:90D + 57:02B2−40:22C2

−26:45AD−21:63CD + 31:26DE
ð2Þ

Considering values in the studied range and the optimization targets
(resolution=2.5 and t2 minimum), a series of possible solutions has
been obtained. Those with extreme values for A, D and E were not
considered due to the lack of fit of the resolution model for extreme
values (B and C were not relevant). Thus the optimized values for the
studied variables were (A) 0.01% v/v for the mercaptoethanol concen-
tration (in 5% v/v methanol, pH=5.0); (B) 1.4 mLmin−1 for the mobile
phase flow rate; (C) 3 mol L−1 for the HCl concentration; (D) 1.5% m/v
for the NaBH4 concentration in 0.5% NaOH and (E) a reducing and HCl
solution flow rate of 2.2 mL min−1. These values led to a desirability of
Fig. 3. Surface responses for the resolution at fixed values of mobile phase flow rate
(1.05 mL min−1) and HCl concentration (3.00 mol L−1). NaBH4 and HCl flow rates
(mL min−1) of 1.6 (a), 2.3 (b) and 2.8 (c).

Table 1
Investigated factors and their respective values at the three different investigated levels.

Variables Levels/values

−1 0 +1

A Mercaptoethanol conc. (% v/v) 0.009 0.010 0.011
B Mobile phase flow rate (mL min−1) 1 1.25 1.50
C HCl concentration (mol L−1) 2 3 4
D NaBH4 concentration (% m/v) 1 1.5 2.0
E NaBH4 and HCl flow rate (mL min−1) 1.6 2.4 3.1



Fig. 4. Response surface for the methylmercury retention time (t2) at fixed values of mobile phase flow rate (1.05 mL min−1) and HCl concentration (3.00 mol L−1). NaBH4 and HCl
flow rates of 2.2 mL min−1.

510 R.C. Campos et al. / Spectrochimica Acta Part B 64 (2009) 506–512
0.85. Fig. 5a shows a chromatogram obtained for 5 µg L−1 calibration
solutions of inorganic (HgII) and methylmercury solutions, while a
calibration curve is displayed in Fig. 5b. The instrumental limit of
detection, calculated according to IUPAC (3SB, n=5)was 0.05 µg L−1 for
both mercury species. This figure is in accordance to what is expected
taking into account the instrumental LODof the detector calculated in 3.1.
This is also equivalent to 0.01 ng, similar to the value found by Ramalhosa
et al. [27], using an HPLC-UV-CV-AFS system. For Hg speciation analysis
systems using separation by HPLC and no pre-concentration step, lower
LOD can only be reached if DIN ICP-MS or CV ICP-MS is used as detector
Fig. 5.Mercury (II) andmethylmercury determination using the HPLC-UV-CV-AAS systemwi
ionic and methylmercury obtained with a 5 µg L−1 mixed calibration solution; (b) calibrati
[30,31]. The coefficient of variation for 5 successive injections of a
5 µg L−1 calibration solution (both species) was 5%.

3.3. Preliminary application studies

3.3.1. Determination of methylmercury in a certified sediment
reference sample

The determination of methylmercury in sediments is of importance
since a correct risk evaluation, due to the presence of mercury in this
environmental compartment is dependent on the knowledge of the
th themultipath AAS detector at the optimized conditions: (a) chromatogram profile for
on curve for methylmercury (y=686x±8, R2=0.998).
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concentration of this species [32]. Among a series of procedures [33],
hyphenated techniques using an analyte-specific atomic spectrometric
detector was the analytical system of choice in many occasions [27,34–
37]. The methylmercury extraction from the IAEA 404 sediment CRM
differs just slightly from that proposed by Ramalhosa et al. [27], and is
described in Section 2.3. The only differences have been that a definite
volume of the organic layer was taken (5 mL) and the volume of water
used to recover themethylmercury to the aqueousmediumwas only 10
instead of 30 mL. This was done to achieve a better limit of detection for
the whole analytical procedure. In order to avoid any methylmercury
loss during the evaporation step, the N2 flux was strictly controlled.
Usually, methyl mercury responds for a minor fraction of the total
mercury content in sediments, and even a slight artifact conversion of
inorganic mercury into methylmercury can lead to erroneous methyl-
mercury evaluation [14,16,19,38]. In the present procedure, undesired
methyl mercury formation is avoided by the use of CH2Cl2: Note that in
the first step (Fig. 2), both organic and inorganic mercury are co-
extracted by the methanolic KOH solution. After the addition of HCl to
this solution, further extraction stepwithCH2Cl2 promotes the complete
separation of the organic from the inorganic species since only the
neutral methyl mercury chloride formed is transferred to the CH2Cl2
layer, while the inorganic mercury, in the form of HgCl42− is left in the
methanolic fraction. Thus, any transformation of Hg (II) into methyl
mercury along the further analysis steps is avoided. At first, a 5 µg L−1

aqueous solutionwas submitted to the whole analytical procedure, and
recoveries close to 100% were found, supporting the adequacy of cali-
brationagainst aqueous standards. The calibration curvewas linearupto
at least 25 µg L−1 and R2 values N 0.99 were obtained. Themethod limit
of detection calculated as the concentration equivalent to three times
the standard deviation of themethod blankwas1.4 µgkg−1 considering
a sediment mass of 300 mg. This means a limit of quantification of
4.6 µg kg−1. The sediment CRM has certified values of 810 µg kg−1

(totalHg) and 5.49±0.53 µg kg−1 formethylmercury. It corresponds to
the usual situation found in the environment, where methylmercury
represents only a small fraction of the total mercury and, consequently,
interconversion is critical in relation to the formation of methylmercury
during the analytical procedure. The good concordance between found
(5.4±0.5 µg kg−1, n=5) and certified values confirmed the accuracy of
the method for this sample.

3.3.2. Determination of methylmercury in other sediment samples
In order to investigate the applicability of the procedure to sediment

samples with characteristics other than the investigated CRM, recovery
studies were performed. Three types of sedimentswere used: a sandy, a
carbonatic and an organic-matter (OM) rich sediment (OM=12%).
Methylmercury (50 µL; 1000 µg L−1) was spiked to the samples after
sample weighing, and the spiked samples were submitted to the whole
analytical procedure. Analysis was performed in duplicate. In contrast to
the other samples, poor recovery (50%) was observed for the OM-rich
sediment. It has been a muddy sediment, with predominance of silt
(40%) and clay (40%), and D85=80 µm. Drying and further pulveriza-
tion of this sediment did not remediate the problem. Poor recoveries
remained even after introducing one more CH2Cl2 extraction step and
increasing the volume of the methanolic KOH and HCL solutions or the
volume of the HCl solution only. However, when the methanolic KOH
extraction step was duplicated and each resulting solution indepen-
dently extracted by CH2Cl2, and the two extracts pooled for evaporation,
a 98% recovery has been obtained. These results showed that for this
sediment sample, a procedure that was efficient for the quantitative
extraction of methyl mercury of a CRM sediment sample could not be
directly employed.

4. Conclusions

The multipath Zeeman AAS detector proved an excellent alter-
native to AFS in the determination of mercury in HPLC hyphenated
systems. The interface was easily made by just linking the gas outlet of
the gas–liquid separator to the instrument inlet via a drying
membrane. The instrument operated at the water analysis mode
and an external gas flow directed to the gas–liquid separator was
necessary to compensate the flow promoted by the internal pump of
the equipment. No special gas is necessary. The data stored in a PC
could be easily exported to Excel sheets for integration calculation.
Multivariate optimization of the hyphenated system led to an
instrumental LOD of 0.01 ng for both inorganic and methylmercury
species, similar to systems that use AFS for detection. Zeeman-effect
background correction efficiently compensates for non-specific
absorbance. In contrast to Hg measurements performed by AFS,
quenching is not a problem in AAS. This means that even air can be
used as carrier gas and the presence of some water vapor in the atom
cell is not critical, making the routine operation of the system much
simpler. The mercaptoethanol concentration was the most sensitive
variable related to species separation. This solution must be prepared
daily and its concentration closely checked, otherwise large variations
in the retention times and resolutionwill be observed. Twenty-minute
runs were sufficient for the complete integration of the methyl
mercury peak. The system was used for the determination of methyl
mercury in a CRM sediment sample after methyl mercury extraction.
Good concordance was observed between found and certified values.
However, this was not the case for an organic matter-rich sediment,
for which a modification of the original extraction procedure was
necessary. Thus, caution must be taken in the generalization of ex-
traction procedures, evenwhen they are supported by CRM analysis, if
the CRM does not represent the composition of the samples to be
analyzed. It is also important to note that calibration by analyte
addition does not necessarily compensate for incomplete extraction.
Comprehensive studies of methyl mercury extraction encompassing
different kind of sediments are still required.
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