
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analytical
 Methods

www.rsc.org/methods

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


  

 

 

The online preconcentration and speciation of mercury in waters developed method involves low sample 
volume and simple sample pre-treatment obtaining good recoveries regardless of the water matrix 

composition.  
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 8 

ABSTRACT 9 

This paper reports a method developed for the simultaneous determination of 10 

methylmercury (MeHg
+
) and mercury (II) (Hg

2+
) species in waters by liquid 11 

chromatography coupled to online UV irradiation and cold vapour atomic fluorescence 12 

spectroscopy (LC-UV-CV-AFS) after online short-column preconcentration. This work 13 

focused on systematic studies of several variables to establish the maximum species 14 

recoveries, preconcentration factors and good reproducibility. The optimum results 15 

obtained were the following: 2-mercaptoethanol 0.07 mmol L
-1

 as a complexing agent, 16 

precolumn conditioning with the mobile phase: a mixture of 80 % of Methanol (MeOH) 17 

and 20 % of the following buffer: 0.0015 mol L
–1

 ammonium pyrrolidine 18 

dithiocarbamate (APDC) and 0.01 mol L
–1

 ammonium acetate (NH4CH3COO) at pH 19 

5.5, 2 cm precolumn length and 2 mL min
-1

 sample flow. 20 

The method was applied to three water samples with different mineralisation content. 21 

Various tests, based on spikes, were performed on each sample. A breakthrough volume 22 

of 4 mL was found. Recovery values of 72±3% and 81±5% for MeHg
+
 and Hg

2+
, 23 

respectively, were obtained regardless of the matrix composition, and the PF values 24 

were 30 and 32 for MeHg
+
 and Hg

2+
, respectively. 25 
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The accuracy of the preconcentration method was verified by analysing a certified 26 

reference material. The detection limits (LDs) obtained were 15 ng L
-1

 for MeHg
+
 and 2 27 

ng L
-1

 for Hg
2+

. The quantification limits (LQs) were 50 ng L
-1

 for both species. The 28 

established analytical online preconcentration method is suitable for the quantification 29 

of mercury species in a wide range of environmental waters. 30 

 31 

Keywords: mercury speciation, waters, LC-UV-CV-AFS, preconcentration. 32 

 33 

INTRODUCTION 34 

The determination of mercury species in environmental samples is of global concern, 35 

because of their natural persistence in the environment and the distinct mechanisms 36 

whereby they change their chemical form 
1
, which affects their distribution and toxicity. 37 

The most relevant species in the environment are elemental mercury (Hg
0
), mercury (II) 38 

(Hg
2+

), monomethylmercury (CH3Hg
+
, MeHg

+
), dimethylmercury (DMeHg) and 39 

monoethylmercury (EtHg
+
). Organic mercury compounds tend to be much more toxic 40 

than mercury (II), and mercury (II) is more toxic than the elemental form. MeHg
+
 is the 41 

form in which mercury accumulates and biomagnifies in the aquatic food chain due to 42 

its high liposolubility 
2
. It is absorbed, transported through biological membranes and 43 

accumulated on nerve cells. Due to the decrease in production and use of 44 

organomercurials, methylmercury (MeHg
+
) is by far the most common organomercury 45 

compound in the environment 
3
. 46 

Mercury is released into the environment from both natural sources and as a result of 47 

human activities. Once it has entered the environment, mercury cycles occur between 48 

air, land and water. In these cycles, mercury species may be converted 
1
. A relevant 49 

transformation process in aquatic environments is mercury (II) conversion into 50 
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monomethylmercury by microorganisms and microalgae 
4
. Therefore, water is one of 51 

the most relevant studied environmental compartments. It not only has a great impact on 52 

the environment, but also on human health because safe water is essential to human 53 

activity.  54 

 The European Water Directive 
5
, which seeks to establish a framework for the 55 

protection of groundwater and surface waters, includes mercury and its compounds in a 56 

list of priority and hazardous substances. Therefore, it is one of the elements to be 57 

considered in evaluations of the status of physico-chemical water quality. However, at 58 

present, the European Drinking Water Directive considers only total mercury 59 

concentration, and establishes the parametric value of 1 µg L
-1

. 
6
 60 

Mercury concentrations in waters are expected to be very low 
7
. Besides, 61 

methylmercury levels tend to be much lower than those of mercury (II), due to 62 

decomposition of organic compounds by solar UV light and the difficulty of 63 

methylation reactions in the aqueous phase. The mean reported for Hg concentration in 64 

water is 2 ng L
-1

. 
8
 MeHg

+
 concentration corresponds to a 1% of this value, and the rest 65 

is mercury (II). The concentration of mercury is normally in the range of 1–20 ng L
−1

 in 66 

open-ocean water, while up to 100 ng L
−1

 is usually found in coastal water, owing to 67 

anthropogenic discharges 
9
. In the literature, analytical methods using CV-AFS or CV-68 

AAS detectors without a preconcentration step have limits of quantification higher than 69 

the Hg concentrations in waters 
3, 10–13

. Therefore, because of the extremely low 70 

concentrations of mercury in this type of samples, highly sensitive, simple and rapid 71 

methods are required. Consequently, preconcentration systems need to be developed. 72 

Several extraction and preconcentration methods have been reported for the enrichment 73 

of mercury species applied mainly in environmental waters. The main approaches for 74 

the preconcentration of trace elements from water are liquid-liquid extraction (LLE) 
14

 75 
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and solid phase extraction (SPE). Comparatively, SPE is more environmentally friendly, 76 

as it is free of toxic organic extraction reagent. Most importantly, its stronger tolerance 77 

to complex matrices endows it with better capability of online application 
9
. In solid 78 

phase extraction as a preconcentration step, C18 cartridges have been the most widely 79 

used stationary phase, both directly and after derivatisation 
15–24

 with a wide range of 80 

complexing agents, most of which contain sulphur, such as 2-mercaptoalcohols, 81 

dithiocarbamates, dithizones, triazenes, even bacteria 
15–32

. A wide variety of eluting 82 

agents have also been used to desorb mercury species from the stationary phase, such as 83 

acidic solutions, thiourea solutions, mobile phases with organic‒ modifiers, aqueous 84 

solutions with a reagent containing sulphur, even a mixture of these kinds of solutions 85 

with an organic solvent, among others 
9, 14–35

. 86 

After elution, a separation procedure has sometimes been applied. In some cases, gas-87 

chromatography or liquid chromatography was performed to separate mercury species 
9, 

88 

15–18, 20–22, 24, 25, 29, 33, 36
. In others, selective retention or elution of mercury species was 89 

carried out using different complexing agents or eluting agents for each species 
19, 26, 28, 90 

30, 31, 34, 35
. A wide variety of detectors have been used, either for offline 91 

preconcentration or online flow injection preconcentration. Ultraviolet detection (UV), 92 

ICP-MS and atomic absorption or fluorescence spectrometry with cold vapour 93 

generation (CV-AAS and CV-AFS) are the most relevant systems of detection reported 94 

9, 15–24, 26–36
. ICP-MS is the most sensitive of these detectors. However, an online pre-95 

concentration system coupled to CV-AFS could provide similar analytical performance 96 

by using a simpler set-up and with a lower investment. 97 

As the reported methods for the mercury preconcentration are mainly applied to natural 98 

waters, such as sea, river, spring, lake, rain and underground waters, among others, 99 

there is a lack of studies applied to drinking waters. A few studies are applied to tap 100 
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water. Thus, the aim of this paper is to develop an online method for mercury (II) and 101 

methylmercury determination by high-performance liquid chromatography hyphenated 102 

to cold vapour atomic fluorescence spectrometry after short-column preconcentration. 103 

The established method was applied to determine mercury species in drinking water 104 

samples of different matrix composition, including a certified reference material of 105 

wastewater.  106 

 107 

EXPERIMENTAL 108 

Instrumentation 109 

The LC system consisted of a quaternary pump and degasser (Agilent Technologies 110 

1100, Waldbronn, Germany), equipped with a manual stainless steel sampler injector 111 

(Rheodyne Model 7725i) and a 100 µL sample loop. 112 

The separation of mercury species (Hg
2+

 and MeHg
+
) was achieved in an analytical RP-113 

C18 column (ODS Hypersyl 250 mm × 4.6 mm id, 5 µm, Thermo Hypersil-Keystone). 114 

After separation, a photo-oxidation step was performed in a 12-meter length × 0.5 mm 115 

id PTFE tube coiled around a UV lamp with 150 W of power irradiation (Heraeus TQ 116 

150). 117 

The reduction step was achieved in a cold vapour generator (CV) 10004 (P.S. 118 

Analytical, Orpington, UK), in which the effluent was mixed with the reducing agent. 119 

The metallic mercury vapour that was obtained reached the gas-liquid separator, from 120 

which it was dragged into the detector by an argon stream (300 mL min
-1

) and dried in a 121 

PermaPure membrane with nitrogen (2.5 L min
-1

). Measurements were made using a 122 

Merlin Mercury Atomic Fluorescence Detector model 10023 (P.S. Analytical). 123 

 124 

Reagents and Standards 125 
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Only analytical grade reagents were used. The standards and reagents in this study were 126 

prepared with doubly deionised water (Elix&Rios 5–15MΩ cm
-1

, Total Organic Carbon 127 

<30 μg L
-1

) obtained from a Milli-Q water purification system (Millipore, Bedford, MA, 128 

USA). 129 

An mercury (II) stock standard solution of 1000 mg L
−1

 was prepared by dissolving 130 

appropriate amounts of mercury chloride, HgCl2 (Merck, Darmstadt, Germany) in 1% 131 

(V/V) HNO3, from nitric acid 69% (Panreac, Hiperpur). A methylmercury stock 132 

standard solution of 1000 mg L
−1

 was prepared by dissolving appropriate amounts of 133 

CH3HgCl (Carlo Erba, Milan, Italy) in 3% methanol (Panreac, p.a.). All stock standard 134 

solutions were stored at 4°C. The working standard solutions were prepared daily from 135 

the stock standard solutions by appropriate dilution. 136 

For the cold vapour generation, SnCl2 solution was prepared daily from tin chloride 2-137 

hydrate (Panreac, p.a.) to a 1.5% concentration, in 4% of HCl, from hydrochloric acid 138 

35% (Panreac, Hiperpur). 139 

The mobile phase was prepared daily by dissolving appropriate amounts of ammonium 140 

pyrrolidine dithiocarbamate, APDC (Fluka, p.a.), and ammonium acetate, NH4CH3COO 141 

(Merck, p.a.) in water. The pH was adjusted to 5.5 with diluted acetic acid (Panreac, 142 

p.a.) and then filtered on 0.45 μm filter paper (Millipore type HA). The final mobile 143 

phase composition was a mixture of 80 % of MeOH LC gradient grade (Panreac, p.a.) 144 

and the prepared buffer: 0.0015 mol L
–1

 APDC and 0.01 mol L
–1

 NH4CH3COO. 145 

For the preconcentration step, 2-mercaptoethanol and APDC (Fluka, p.a.) were used as 146 

a complexing agent for mercury species in working solutions and water samples, taking 147 

appropriate amounts. 148 

Certified reference material (CRM) of wastewater effluent acidified with HNO3 to about 149 

pH 2 to stabilise the trace amounts (ERM-CA713) was used for quality control. It was 150 
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obtained from the Institute for Reference Materials and Measurements of the European 151 

Commission’s Joint Research Centre, Geel, Belgium. 152 

 153 

Samples 154 

Three samples, tap water and weak and strong mineralised bottled waters, were filtered 155 

through a filter with 0.22 µm pore size. The origin, pH and conductivity values for each 156 

sample after filtration are shown in Table 1, together with some anion and cation 157 

content determined by anionic exchange chromatography and ICP-OES, respectively. 158 

Final solutions of 0.5 µg L
-1

 and 5 µg L
-1

 for the two mercury species with the 159 

appropriate amount of complexing agent were prepared by making up the volume with 160 

the corresponding water matrix: double deionised water, weak and strong mineralised 161 

bottled water or tap water, prior to the preconcentration step. 162 

 163 

Preconcentration system 164 

A previously developed and validated LC-UV-CV-AFS method for the separation of 165 

mercury species was adapted. The experimental conditions of the hyphenated technique 166 

are described in Ibáñez-Palomino et al. 
3
.  167 

In order to couple the online preconcentration system prior to the LC-UV-CV-AFS, the 168 

original sample loop was replaced with a short RP C18 precolumn with the same 169 

characteristics as the separation column: ODS Hypersyl 10, 20 or 50 mm × 4.6 mm id, 5 170 

µm, Thermo Hypersil-Keystone, which was connected by an isocratic LC pump 171 

(Agilent Technologies 1260, Waldbronn, Germany) and a six channel valve (Rheodyne 172 

Model 7000 6-port). This system alternates the sample flow and the mobile phase 173 

passing through the precolumn, which allows the loading of different sample volumes to 174 

the precolumn, so as to preconcentrate mercury species. When the valve is in the load 175 
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position, the sample passes through the precolumn and mercury species are adsorbed on 176 

the stationary phase. In the inject position, the mobile phase passes through the 177 

precolumn and elutes the retained mercury species to the LC-UV-CV-AFS system for 178 

determination. Figure 1 shows a schematic diagram of the online preconcentration 179 

system coupled to LC-UV-CV-AFS for the determination of trace mercury species in 180 

water samples. 181 

The samples were quantified by means of an external calibration curve from 182 

methylmercury and mercury (II) standards from 2.5 µg L
-1

 to 750 µg L
-1

. They were 183 

prepared by appropriate dilution in MeOH:APDC 80:20 and they were injected in the 184 

LC-UV-CV-AFS system using the 100 µL loop represented in Figure 1. 185 

 186 

RESULTS AND DISCUSSION 187 

To set the working standard concentration for the preconcentration studies, detection 188 

and quantification limits of the previously established LC-UV-CV-AFS method 
3
 were 189 

assessed again with the current instrumental conditions. The detection limits (calculated 190 

as 3 SDBLANK/slope; n = 23) were 0.53 and 0.57 µg L
-1

 for MeHg
+
 and Hg

2+
, 191 

respectively. The quantification limits (calculated as 10 SDBLANK/slope; n = 23) were 192 

1.80 and 1.90 µg L
-1

 for MeHg
+
 and Hg

2+
, respectively. The values were of the same 193 

order of magnitude of those previously reported. Linearity range was observed to be 194 

lineal up to 750 µg L
-1

. 
3
 195 

Different tests using several replicates of working standard solution containing mercury 196 

species at a concentration of 5 µg L
-1

, which is slightly higher than the limit of 197 

quantification, were performed to establish the preconcentration method. Even if the 198 

preconcentration system increased the signal for the
 
working standards, a lack of 199 

reproducibility and strong memory effects were observed. Thus, systematic studies of 200 
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several variables were undertaken to assess the load volume, preconcentration factors 201 

(PF) and recoveries. PFs were calculated as the ratio between the concentration obtained 202 

after preconcentration and the initial concentration. Recovery values were calculated as 203 

the ratio between the experimental concentration obtained and the theoretical. 204 

 205 

Assessment of the preconcentration step 206 

Initial preconcentration tests working with standards showed a lack of reproducibility of 207 

the signal or even no detection of the species in the elution step when no complexing 208 

agent was added to the working standard solutions. Thus, the use of a complexing agent 209 

which is able to retain mercury species was studied.. Two complexing agents, APDC 210 

and 2-mercaptoethanol, were tested as commonly used in the literature 
17, 22

 at 211 

concentrations 2 mmol L
-1

 and 14 mmol L
-1

, respectively. Working standard solutions 212 

of 0.05, 0.5 and 5 µg L
-1

 of MeHg
+
 and Hg

2+
 were prepared with the complexing agent, 213 

and were preconcentrated in different working sessions. 214 

When working with APDC, the presence of low peak signals at retentions times 215 

different from those attributed to the mercury species in the separation method has been 216 

observed with a lack of reproducibility. Even if a significant retention can be achieved 217 

with APDC, an incomplete elution of the species as well as memory effects was 218 

observed. When using 2-mercaptoethanol as complexing agent, both species were eluted 219 

at the expected retention times, with a good signal and overcoming the previous 220 

observed problems. Thus, further studies were performed using 2-mercaptoethanol as 221 

complexing agent to establish its concentration. 222 

Concentrations of 2-mercaptoethanol from 0.07 to 140 mmol L
-1

 were tested. Different 223 

sample volumes of these standard solutions were preconcentrated in three working 224 

sessions using a 1 cm-long precolumn. When the highest concentration of 2-225 
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mercaptoethanol (140 mmol L
-1

) was used, different signals that did not correspond to 226 

neither MeHg
+
 nor Hg

2+
 were observed. These additional signals could be due to the 227 

formation of undesired complexes of Hg(CH3OH):mercaptoethanol 
37

. Concentrations 228 

of the complexing agent from 0.07 to 14 mmol L
-1

 did not show any additional signals, 229 

apart from mercury species. Figure 2 shows the breakthrough volume obtained. As can 230 

be seen, at the lower 2-mercaptoethanol concentration, higher sample volumes could be 231 

loaded in the precolumn before achieving the breakthrough point. Consequently, higher 232 

preconcentration factors were obtained. Thus, 0.07 mmol L
-1

 was selected as the 233 

working concentration.  234 

Conditioning the precolumn with 2-mercaptoethanol 0.07 mmol L
-1

 caused a decrease 235 

in peak intensity, because the retention of the free thiol groups in the C18 precolumn 236 

decreased the amount of stationary phase available for the retention of MeHg
+
 and Hg

2+
 237 

complexes. Thus, in further experiments, the precolumn was only conditioned with 238 

mobile phase. 239 

 The sample loading at different flows was also assessed to study the possible impact of 240 

this variable on mercury species signals. Two different sample volumes, 2 and 5 mL, 241 

were preconcentrated at five different flows, from 1 to 5 mL min
-1

 using a 1 cm-long 242 

precolumn. The peak signals obtained at 1 and 2 mL min
-1

 flow were of the same order 243 

of magnitude, but from 3 mL min
-1

 flow, the signal of both species decreased gradually. 244 

When the flow rate was increased, the contact time was not enough to achieve 245 

equilibrium between the mobile and stationary phases. Thus, 2 mL min
-1

 was selected 246 

for further assays. 247 

The effect of precolumn length was studied to assess the retention capability of mercury 248 

species in the stationary phase. Three columns of different lengths were selected: 1, 2 249 

and 5 cm. Two working standard solutions of MeHg
+
 and Hg

2+
 at concentrations of 0.5 250 
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and 5 µg L
-1

 of both species were initially prepared in  251 

2-mercaptoethanol 0.07 mmol L
-1

. Increasing volumes of these solutions were tested 252 

until the breakthrough point. As an example, Figure 3 represents the mercury species 253 

concentrations obtained in the preconcentration of a given volume in working solutions 254 

of 5 µg L
-1

. As can be observed, the 1 cm-long precolumn breakthrough volume for 255 

both species was lower than 8 mL. However, in 2 and 5 cm-long precolumns, these 256 

volumes increased up to 14-18 mL. In all cases, the breakthrough volumes were higher 257 

for Hg
2+

 than for MeHg
+
, due to the higher affinity of this species for the C18 stationary 258 

phase. 259 

Preconcentration factors and recoveries at the breakthrough volume including the 260 

standard deviation are plotted in Figure 4A for both species in each precolumn. Higher 261 

preconcentration factors were obtained when 2 and 5 cm precolumns were used, due to 262 

the fact that their retention capability is higher than that of the 1 cm precolumn. 263 

Regarding percent recoveries, similar values were obtained among the three precolumns 264 

and they ranged from 60 to 80%. 265 

Even if  preconcentration factors provided by 2 and 5 cm precolumns were suitable, the 266 

observed chromatographic behaviour of both systems was different, as shown in Figure 267 

4B. Direct injection of 5 µg L
-1

 standard has also been included for comparison 268 

purposes. As can be seen, mercury (II) did not present Gaussian behaviour when the 269 

breakthrough volume was preconcentrated in a 5 cm precolumn. This effect could be 270 

because the precolumn is long enough for the mercury (II) separation process to start 271 

before the analytical column is reached. Thus, it can be concluded that a 2 cm column is 272 

most suitable for the preconcentration method. 273 

 274 

Application in water samples 275 
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Once the most appropriate conditions for online preconcentration had been selected, the 276 

water samples were tested. Three water samples of increasing complexity (weak 277 

mineralisation, strong mineralisation and tap water) were characterised following the 278 

procedure described in section “Samples”. To ensure if the samples could have or not 279 

trace amounts of mercury, total mercury content was determined in all matrices by ICP-280 

MS, and the Hg content was under the detection limit (0.05 µg L
-1

). Samples were 281 

spiked at three levels: low-level (0.5 µg L
-1

 of both species), medium-level (0.5 µg L
-1

 282 

of MeHg
+
 and 5 µg L

-1
 of Hg

2+
) and high-level (5 µg L

-1
 of both species). The samples 283 

were then preconcentrated until the breakthrough volume was achieved for each matrix. 284 

Due to a matrix effect, both breakthrough volumes and preconcentration factors were 285 

lower in water samples (≈ 7 mL and ≈ 50, respectively) than in double deionised water 286 

(16 mL and ≈ 120, respectively). This effect may be due to a possible competition of 287 

other substances present in water samples in addition to mercury with the precolumn 288 

stationary phase, which can lead to a decrease in its retention capacity. However, 289 

recovery values of both species were of same order of magnitude as those previously 290 

described in section “Precolumn length” and ranged from 67 to 86%, regardless of the 291 

type of water, which may indicate that this parameter is independent from matrix 292 

composition. Higher PF and recoveries for Hg
2+

 were also observed. 293 

From the data obtained, it was considered that the most suitable breakthrough volume 294 

for routine analysis is the obtained for the most complex matrix (tap water) and for the 295 

least retained species (MeHg
+
), which are the worst retention conditions: 4 mL. This 296 

volume allows us to work under reproducible conditions with good recoveries, 297 

regardless of the type of sample and the concentration levels. 298 

Table 2 shows the preconcentration factor, recovery, mean values and standard 299 

deviation for a 4 mL preconcentration volume. The overall average represents the mean 300 
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of each replicate. The PF values were 30±1 and 32±3 for MeHg
+
 and Hg

2+
, respectively. 301 

The recovery values were 72% MeHg
+
 and 81% for Hg

2+
 and the RSD means were 302 

below 15%. As it can be seen, methylmercury recoveries are always lower than those 303 

obtained for the Hg
2+

. The possible justification to this behaviour is that MeHg+-304 

mercaptoethanol complexes present less affinity for C18 than the Hg2+ ones. The 305 

higher affinity of Hg2+ for the C18 could be due to the stoichiometry of the formed 306 

complex. Hg2+ forms 1:2 complexes with 2-mercaptoethanol and APDC whereas 307 

MeHg+ forms 1:1 complexes. The 1:2 complex presents more retention in C18 than 1:1 308 

complex because it has more sulphur atoms in the structure, which are the main 309 

responsible of the retention process in C18. 310 

Considering that the waters that were analysed had different matrixes, the standard 311 

deviations obtained were suitable and the similarity between the PF and recovery values 312 

demonstrates the robustness of the established conditions for the online 313 

preconcentration system. 314 

Thus, Table 3 summarises the optimum conditions for the determination of MeHg
+
 and 315 

Hg
2+

 by LC-UV-CV-AFS following online preconcentration. 316 

 317 

Analytical figures of merit 318 

Accuracy 319 

The method’s accuracy was assessed by the analysis of a certified reference material 320 

(CRM). To our knowledge there are no CRMs for Hg
2+

 and MeHg
+
 species in natural 321 

waters. Most of the CRMs available for total mercury consist of spiked water samples 
7
. 322 

To evaluate the preconcentration method, the most suitable CRMs would be waters with 323 

a total mercury level close to the limit of quantification of the analytical technique 324 

without the preconcentration step. It was only found wastewater with certified values 325 
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for the total content of 10 elements including mercury (ERM-CA713, 1.84±0.11 µg Hg 326 

L
-1

). Total Hg content was analysed in the CRM by CV-AFS, which provided a mercury 327 

concentration of 1.81±0.03 µg L
-1

 (n=3). No significant difference was found between 328 

the certified and experimental total content (t-test at 95% confidence level).  329 

Mercury species in the CRM were analysed by direct injection and after the online 330 

preconcentration step, using the previously established optimised conditions. A total of 331 

4 mL of wastewater were preconcentrated and the PF obtained in section “Application 332 

in water samples” (see Table 2) were applied. The analyses were performed in triplicate. 333 

Table 4 summarises the results obtained by the two speciation methods. Regarding the 334 

direct injection method, the concentration of methylmercury was below the limit of 335 

detection, whereas the concentration of mercury (II) in the CRM was close to the limit 336 

of quantification. 337 

In the preconcentration method, both species were well-quantified. Regarding the sum 338 

of species, a t-test (95% confidence level) was performed with respect to the certified 339 

value. No significant difference was found. The results show that the preconcentration 340 

method can quantify all mercury species, and the sum of them can be used to determine 341 

the total mercury content in water. 342 

 343 

Limits of detection and quantification 344 

Limits of detection and quantification for the online preconcentration method were 345 

assessedexperimentally by injecting standard solutions from 1 to 500 ng L
-1

. Hg
2+

 was 346 

detected at about 2 ng L
-1

 whereas MeHg
+
 was detected at about 15 ng L

-1
. 347 

Experimental limits of quantification were 50 ng L
-1

. 348 
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Limit of detection and quantification concentrations were considerably lower than those 349 

obtained by the direct injection method: values were in the order of µg L
-1

, compared to 350 

values in the order of tens of ng L
-1

, using a non-expensive technique.  351 

However, the preconcentration of samples with a low complexity matrix would decrease 352 

the limits of detection and quantification in the online preconcentration method, by 353 

using a higher load volume. 354 

Table 5 compares the detection limits and recoveries obtained in this paper with those 355 

previously reported in the literature using similar methodology. The recoveries obtained 356 

are comparable, and the detection limits are of the same order of magnitude when the 357 

total amount of mercury detected is considered. As expected, the detection limits 358 

obtained with ICP-MS are lower than those obtained with AAS or AFS. Nevertheless, 359 

CV-AFS provides suitable analytical performance, is user-friendly and requires lower 360 

investment and maintenance costs than ICP-MS, so it is a good approach in daily 361 

routine laboratory analysis. 362 

 363 

CONCLUSIONS 364 

An online preconcentration method for MeHg
+
 and Hg

2+
 determination, the most 365 

relevant mercury species present in the environment, was developed using a 2 cm ODS 366 

Hypersil (C18; reverse phase) precolumn in the preconcentration step. These 367 

precolumns are commercially available and widely used in routine analysis laboratories. 368 

The method requires a low volume (4 mL) and a simple sample pre-treatment (addition 369 

of 2-mercaptoehtanol 0.07 mmol L
-1

). The online preconcentration-LC-UV-CV-AFS 370 

system provides recoveries of 72±3% and 81±5% for MeHg
+
 and Hg

2+
, respectively, 371 

which were obtained regardless of the matrix composition. 372 
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The sum of the species in the proposed method matched with total mercury content. The 373 

limits of detection and quantification established are suitable for analytical performance 374 

using environmental samples. Thus, the method is widely applicable, highly precise and 375 

accurate, and could be useful for MeHg
+
 and Hg

2+
 determinations, in response to any 376 

future legislation on mercury species. 377 

 378 

ACKNOWLEDGMENTS 379 

We thank the DGCYT (project number CTQ2010-15377/BQU) and the Grup de 380 

Recerca Consolidat (project number SGR2009-1188) for financial help received in 381 

support of this study. The authors also thank Dr. Toni Padró (Serveis Científic Tècnic - 382 

Universitat de Barcelona) for support in ICP-MS. 383 

 384 

REFERENCES 385 

1. United Nations Environment Programme (UNEP). Global Mercury Assessment 386 

2013: Sources, emissions, releases, and environmental transport. Geneva, 2013. 387 

2. L. Ebdon, L. Pitts, R. Cornelis, H. Crews, O.F.X. Donard, P. Quevauviller, Eds., 388 

Trace Element Speciation for Environment, Food and Health, Royal Society of 389 

Chemistry, Cambridge, 2001. 390 

3. C. Ibáñez-Palomino, J.F. López-Sánchez and A. Sahuquillo, Int. J. Environ. Anal. 391 

Chem., 2012, 92, 909–921. 392 

4. I. Lehnherr, V.L. St. Louis, H. Hintelmann and J.L. Kirk, Nat. Geosci., 2011, 4, 393 

298–302. 394 

5. Directive 2008/105/EC of the European Parliament and of the Council of 16 395 

December 2008 on environmental quality standards in the field of water policy. 396 

6. Directive 98/83/EC of the Council of 3 November 1998 on the quality of water 397 

intended for human consumption. 398 

7. C. Ibáñez-Palomino, J.F. López-Sánchez and A. Sahuquillo, Anal. Chim. Acta, 399 

2012, 720, 9–15. 400 

Page 17 of 29 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



17 
 

8. S. Martínez-Trinidad, G. Hernández Silva, M.E. Ramírez Islas, J. Martínez Reyes, 401 

G. Solorio Munguía, S. Solís Valdez and R. García Martínez, Geofísica Int., 2013, 402 

52-1, 43–58. 403 

9. X.-Y. Jia, D.-R. Gong, Y. Han, C. Wei, T.-C. Duan and H.-T. Chen, Talanta, 2012, 404 

88, 724–9. 405 

10. H. Hintelmann and R.-D. Wilken, Appl. Organomet. Chem., 1993, 7, 173–180. 406 

11. S. Río-Segade, Talanta, 1999, 48, 477–484. 407 

12. L.-N. Liang, G.-B. Jiang, J.-F. Liu and J.-T. Hu, Anal. Chim. Acta, 2003, 477, 131–408 

137. 409 

13. J.L. Gómez-Ariza, F. Lorenzo and -Barrera, J. Chromatogr. A, 2004, 1056, 410 

139–144. 411 

14. S.S. Bozkurt, K. Ocakoglu and M. Merdivan, Microchim. Acta, 2011, 177, 47–52. 412 

15. X. Yin, W. Frech, E. Hoffmann, C. Lüdke and J. Skole, Fresenius. J. Anal. Chem., 413 

1998, 361, 761–766. 414 

16.  and A. Sanz-Medel, Anal. Chim. Acta, 415 

2000, 419, 137–144. 416 

17. J. Qvarnström, Q. Tu, W. Frech and C. Lüdke, Analyst, 2000, 125, 1193–1197. 417 

18. D. Sánchez, Talanta, 2000, 52, 671–679. 418 

19. S.R. Segade and J.F. Tyson, Talanta, 2007, 71, 1696–1702. 419 

20. W.R.L. Cairns, M. Ranaldo, R. Hennebelle, C. Turetta, G. Capodaglio, C.F. Ferrari, 420 

A. Dommergue, P. Cescon and C. Barbante, Anal. Chim. Acta, 2008, 622, 62–69. 421 

21. T. Hashempur, M.K. Rofouei and A.R. Khorrami, Microchem. J., 2008, 89, 131–422 

136. 423 

22. J. Margetínová, P. Houserová-Pelcová and V. Kubán, Anal. Chim. Acta, 2008, 615, 424 

115–23. 425 

23. H. Ashkenani, S. Dadfarnia, A.M.H. Shabani, A.A. Jaffari and A. Behjat, J. Hazard. 426 

Mater., 2009, 161, 276–280. 427 

24. Y. Yin, M. Chen, J. Peng, J. Liu and G. Jiang, Talanta, 2010, 81, 1788–1792. 428 

25. H. Emteborg, D.C. Baxter and W. Frech, Analyst, 1993, 118, 1007. 429 

26. H. Bagheri, Talanta, 2001, 55, 1141–1150. 430 

27. M. Garrido, M.S. Di Nezio, A.G. Lista, M. Palomeque and B.S. Fernández Band, 431 

Anal. Chim. Acta, 2004, 502, 173–177. 432 

28. H. Wu, Y. Jin, W. Han, Q. Miao and S. Bi, Spectrochim. Acta Part B, 2006, 61, 433 

831–840. 434 

Page 18 of 29Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



18 
 

29. B.R. Vermillion and R.J.M. Hudson, Anal. Bioanal. Chem., 2007, 388, 341–352. 435 

30. M. Tuzen, O.D. Uluozlu, I. Karaman and M. Soylak, J. Hazard. Mater., 2009, 169, 436 

345–350. 437 

31. M. Tuzen, I. Karaman, D. Citak and M. Soylak, Food Chem. Toxicol., 2009, 47, 438 

1648–52. 439 

32. Y. Gao, W. Yang, C. Zheng, X. Hou and L. Wu, J. Anal. At. Spectrom., 2011, 26, 440 

126. 441 

33. C.-M. Tseng, C.R. Hammerschmidt and W.F. Fitzgerald, Anal. Chem., 2004, 76, 442 

7131–7136. 443 

34. M.V. Balarama Krishna, K. Chandrasekaran and D. Karunasagar, Talanta, 2010, 81, 444 

462–472. 445 

35. A.R. Türker, D. Çabuk and Ö. Yalçınkaya, Anal. Lett., 2013, 46, 1155–1170. 446 

36. F. Moreno, T. García-Barrera and J.L. Gómez-Ariza, J. Chromatogr. A, 2013, 1300, 447 

43–50. 448 

37. M. V. Balarama Krishna, J. Castro, T.M. Brewer and R.K. Marcus, J. Anal. At. 449 

Spectrom., 2007, 22, 283.  450 

  451 

Page 19 of 29 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



19 
 

Table 1. Characteristics of the water samples tested. 452 

 
Weak mineralised 

water 

Strong mineralised 

water 
Tap water 

pH 6.8 7.8 8.1 

Conductivity 

(µS cm
-1

) 
66 767 547 

Cl
-
 (mg L

-1
) 1.8 7.1 34.1 

F
-
 (mg L

-1
) 0.06 0.16 0.10 

NO3
-
 (mg L

-1
) 1.7 0.56 5.6 

SO4
2-

 (mg L
-1

) 5.5 120 43.5 

Ca
2+

 (mg L
-1

) 3.2 94 52.9 

Mg
2+

 (mg L
-1

) 3.5 43 9.0 

Na
+
 (mg L

-1
) 1.6 7.7 20.7 

K
+
 (mg L

-1
) 1.4 2.5 3.3 

 453 

 454 

  455 
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Table 2. Preconcentration parameters obtained for each species in water samples for a  456 

4 mL preconcentration volume. 457 

Species Sample (water) PF
a
 

Recovery 
b 

(%) 

RSD
b
 

(%) 

MeHg
+
 Double deionised 29±2 73±5 2 

 Weak mineralised 30±2 74±6 8 

 Strong mineralised 30±1 67±9 13 

 Tap 27±4 74±2 2 

 Overall Average 30±1 72±3 4 

Hg
2+

 Double deionised 32±2 80±4 5 

 Weak mineralised 34±1 86±4 5 

 Strong mineralised 34±2 84±5 6 

 Tap 35±5 87±9 10 

 Overall Average 32±3 81±5 6 

a 
Preconcentration factor. 

b
 n=3 

     

 458 

 459 

  460 
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Table 3. Final selected conditions for online preconcentration of MeHg
+
 and Hg

2+
 by 461 

LC-UV-CV-AFS. 462 

Optimum conditions 

Precolumn conditioning Mobile phase 

Complexing agent 2-mercaptoethanol 0.07 mmol L
-1

 

Sample flow 2 mL min
-1

 

Precolumn length 2 cm 

Preconcentration volume 4 mL 

 463 

 464 

 465 

  466 
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Table 4. Methylmercury and mercury (II) concentration obtained in ERM-CA713 467 

(certified value: 1.84±0.11 µg Hg L
-1

) by direct injection and online preconcentration. 468 

Species 

Direct injection Online preconcentration 

C(µg L
-1

) RSD (%)   C(µg L
-1

) RSD (%) 

MeHg
+
 < LD -   0.28±0.01 2.9 

Hg
2+

 1.71±0.02 1.2   1.72±0.06 3.6 

Sum of species 1.71±0.02 1.2   2.00±0.06 3.0 

  

 469 

 470 
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Table 5. Online preconcentration of mercury species in water samples. 471 

Mercury 

species 
Matrix Complexing agent Retention/Elution 

Instrumental 

method 

Absolute 

LD 

(pg) 

Recoveries 

(%) 
Reference 

MeHg
+
 

Hg
2+

 

Bottled water 

Tap water 

2-mercaptoethanol 

0.07 mM 

Retention in a C18 

microcolumn and elution with 

MeOH:ADPC 1.5 mM pH 5.5 

(80:20) 

LC-UV-CV-

AFS 

60
 

8
 69-86 

Present 

method 

MeHg
+
 

EtHg
+
 

PhHg
+
 

Hg
2+

 

Human urine APDC 2 mM 

Retention in a C18 

microcolumn and elution with 

MeOH:ACN:APDC 1.5 mM 

(38:30:32) 

LC-CV-AAS 

526.5 

351 

585 

292.5 

92-106 [15] 

MeHg
+
 

Hg
2+

 

Brackish 

water 
APDC 2 mM 

Retention in a C18 

microcolumn and elution with 

MeOH:APDC 1.5 mM (50:50) 

LC-CV-AAS 
1.7 

3.4 
- [17] 

MeHg
+
 

Hg
2+

 

Seawater 

from lagoon 
2-mercaptoethanol 

Retention in a microcolumn 

C18 modified with 2-

mercaptoethanol and elution 

with H2O with 0.5 % L-

cysteine and 0.05 % 2-

mercaptoethanol 

LC-ICP-MS 
0.6 

2.4 
84-108 [20] 

MeHg
+
 

EtHg
+
 

Hg
2+

 

Sea water - 

Retention in a cation exchange 

microcolumn and elution with 

MeOH:L-cysteine 10 mM pH 8 

(4:96) 

LC-ICP-MS 

0.48 

0.24 

1.26 

87-102 [9] 

 472 

 473 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the online preconcentration system hyphenated to 

LC-UV-CV-AFS: (a)  of the sample on the precolumn, (b) Elution of the sample to the 

separation column. 

Figure 2. Breakthrough volume obtained versus complexing agent concentration in a 5 

µg L
-1

 MeHg
+
 and Hg

2+
 standard. Precolumn length: 1 cm. 

Figure 3. Mercury species concentrations obtained versus volume preconcentrated on 

working solutions of 5 µg L
-1

. 

Figure 4. MeHg
+
 and Hg

2+
 recoveries, preconcentration factors (A) and chromatograms 

obtained (B) from a 5 µg L
-1

 standard at the breakthrough volume in each precolumn, 

together with a direct injection of this standard. 
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