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Abstract This work was focused on the development of an

analytical method for determination of arsenic in liquid

(aqueous solutions of arsenite) by UV-photochemical

generation of its volatile compounds. The study contains

the optimization, method characterisation and also a study

of the influence of selected compounds on the signal

measured. The method involves a combination of flow

injection analysis, UV-photochemical generation of vola-

tile compounds of arsenic in flow injection arrangement

and atomic absorption spectrometry using an externally

heated quartz tube atomizer. The attained absorbance was

very low after the optimization. In the next step, the

influence of selected compounds on UV-photochemical

generation was investigated with the aim to find a suit-

able reaction modifier that would improve the sensitivity of

arsenic determination. Bi(III) was found as the best reac-

tion modifier not only for causing the increase of the signal

of arsenic measured but also for its persisting effect. The

activation with concentration of 10 mg dm-3 of Bi(III)

increases the absorbance of arsenic approximately eleven

times compared to signals without activation. Following

method characteristics were achieved under the optimum

experimental conditions: the limit of detection of

18 lg dm-3, the repeatability of 4.5 % expressed as %

RSD at 200 lg dm-3, and linear dynamic range

60–500 lg dm-3 of arsenic.

Graphical abstract

Keywords UV-photochemical generation � Arsenic �

Photochemistry � Spectroscopy � Green chemistry �
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Introduction

UV-photochemical generation of volatile compounds is

important and well known technique in atomic spectrom-

etry that can be used to determine metals, metalloids, or

organometallic compounds. There are several approaches

for conversion of the analyte from the aqueous phase into

the gaseous phase. The chemical vapour generation (CVG)

using borohydride as a reducing agent in the presence of

mineral acid is the most popular way for the volatile

compound forming elements. The common mixture is

NaBH4/HCl used in CVG [1, 2]. The electrochemical

generation is the other method in which the electric current

is used for reduction of the analyte to the volatile species in

presence of mineral acid medium [3, 4]. At last, the UV-

photochemical vapour generation (UV-PVG) has been used

[5, 6]. It is an alternative to the two previous methods.

Volatile compounds are formed under the UV irradiation in

presence of low molecular weight organic acid (formic,

& Ondřej Linhart

linharo2@natur.cuni.cz

1 Department of Analytical Chemistry, Faculty of Science,

Charles University in Prague, Albertov 6, 128 43 Prague,

Czech Republic

123

Monatsh Chem

DOI 10.1007/s00706-016-1808-5

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00706-016-1808-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00706-016-1808-5&amp;domain=pdf


acetic, and propionic acid) [7–9] or other chemicals

[10–12] in the UV generator. UV-photochemical genera-

tion can be combined with different detection such as AAS

[13–17], AFS [10, 18–20], ICP-MS [5, 10, 18, 21, 22],

ICP-OES [23, 24] or can be used as a derivatization unit for

speciation analysis [20, 27–31] connected to the output of

chromatographic column.

UV-photochemical generation of volatile compounds

with various kinds of detection is one of the possible

ways to determine arsenic [32] and also other hydride

forming elements [25, 26] in the sample. This derivati-

zation method is based on photolytic decomposition of

low molecular weight organic acids (formic, acetic, pro-

pionic) to form hydrocarbons, radicals and CO2,

according to the Eq. (1) [32].

R-COOH!
hm
R� þ� COOH ! RHþ CO2

ðR ¼ CnH2nþ1; n ¼ 0; 1; 2Þ:
ð1Þ

Hydrocarbon radicals are taken up by trivalent arsenic to

form stable substituted compounds as shown in Eq. (2)

[32].

3RCOOHþ H3AsO3 !
hm

3CO2 þ R3Asþ 3H2O

ðR ¼ CnH2nþ1; n ¼ 0; 1; 2Þ:
ð2Þ

For a spontaneous release of the compounds generated

from a solution it is necessary that the products formed are

sufficiently volatile. Such compounds containing the

determined element are formed by photolysis of formic

acid, acetic acid, and propionic acid. Volatile arsenic

species generated by UV irradiation of aqueous solutions of

arsenite in various low molecular weight carboxylic acid

media are identified in article [32]. Identification of arsenic

alkylation products by UV irradiation in acetic acid

solution was reported in detail in paper [33]. The authors

concluded that the photoalkylation of arsenic in acetic acid

by UV irradiation has not only formed trimethylarsine, but

also a whole range of aqueous soluble species. They also

presumed similar processes for other low molecular weight

carboxylic acid media.

The aim of this work was to develop a method of UV-

photochemical generation of volatile compounds (UV-

PVG) employable for determination of arsenic with atomic

absorption detection in an externally heated quartz tube

(QT-AAS) in a flow injection analysis (FIA) mode. The

method is based on a reaction of formic acid with arsenic

compounds by UV irradiation. We looked for ions or

compounds influencing the signal measured, especially in a

positive way. The suitable reaction modifier was chosen

based on these results. The developed analytical method

was successfully used for determination of arsenic (III)

compounds in model samples as a basis for the future

investigation considering of speciation analysis.

Results and discussion

It was experimentally proved that evaluation from peak

heights was more precise than evaluation from peak areas

in FIA mode for this study. The peaks were usually high,

narrow and nearly symmetrical with very small influence

of analytical zone dispersion.

Optimization of working conditions

First, it was necessary to find the optimum conditions for

UV-photochemical generation of volatile arsenic com-

pounds. Following key parameters were optimized: the

volume of sampling loop, the length of irradiated reaction

coil (UV-photoreactor), the flow rate of carrier liquid, the

concentration of formic acid in this solution, the flow rate

and input/inlet position of gases (Ar, H2), and the tem-

perature of the atomizer. The optimum experimental

conditions were found to achieve a sufficient signals as

well as the highest possible efficiency of the generation of

volatile arsenic compounds. FIA instrumental set-up is

introduced in Experimental part of this paper and it is

shown in Fig. 6. The list of initial conditions is shown in

Table 1. Each of these parameters was optimized to

achieve the highest peak in FIA mode.

Influence of carrier gas flow rate connected

before sampling valve

Argon was introduced as the carrier gas into the apparatus

through PTFE tube and peristaltic pump. Its flow rate was

controlled by the choice of suitable diameter of Tygon

pumping tube. This kind of carrier gas introduction was

used for segmentation of flow and prevention of spread

zones of the injected sample. The tube with inner diameter

of 0.51 mm and carrier liquid flow rate of 0.33 cm3 min-1

were chosen as optimum values of these parameters for

further measurements.

Effect of carrier gas (Ar) total flow rate

It was found experimentally that the presence of carrier gas

is necessary for the efficient release of volatile compounds

of arsenic from a liquid phase and for their quantitative

transport into the atomizer. The effect of the carrier gas

total flow rate was studied from 16 to 110 cm3 min-1. It

had a significant effect not only on the gas–liquid separa-

tion and on the analyte transport but the carrier gas flow

rate also influenced the UV-PVG. The baseline was not

stable at low values of flow rate of argon. It could have

several causes. The explanation could be connected with

the different composition of the gaseous phase transported

from the gas–liquid separator; mixing the carrier gas with
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reaction gas and with the oxygen diffused from atmosphere

surrounding the atomizer (insufficiently shielded by Ar).

The effect of argon flow rate on peak width (approximately

30 s) was not significant, whereas peak height was influ-

enced strongly. The absorbance increased rapidly with

decreasing argon flow rate. Figure 1 shows the effect of

carrier gas flow rate on the signal of arsenic. The total flow

rate of 24 cm3 min-1 Ar was chosen for all the following

experiments as the optimum.

Effect of reaction gas (H2) flow rate

The presence of hydrogen radicals is necessary for UV-

photochemical generation of volatile compounds of arsenic

as well as for their atomization in the quartz tube atomizer.

Therefore, it was investigated if added hydrogen into the

UV-photoreactor can increase the signals (probably as well

as the reaction rate) in FIA arrangement. Attained depen-

dence is shown in Fig. 2. The absorbance first increased

with the ascending hydrogen flow rate starting at

10 cm3 min-1, reached the maximum at 30 cm3 min-1,

and then slowly decreased for higher flow rates. Reaction

of the excess of hydrogen in the atomizer with atmospheric

oxygen provided radicals as well as water and changed the

atomization conditions. These changes resulted in a

decrease of measured peak heights while the width was

approximately constant. The introduction of the inert car-

rier gas instead of the reaction gas at the same flow rate by

this channel did not lead to any increase of peaks.

Dependence of the absorbance (peak height)

on concentration of formic acid

Aqueous formic acid solution served as carrier liquid in

this analytical method. Therefore, concentration of formic

acid was the next optimized parameter. It was a key

parameter for UV-photochemical generation because it is a

source of radicals. The appropriate concentration of formic

acid is needed for generation of volatile compounds of

arsenic. The samples of arsenite were prepared in the

solutions containing the same concentration of formic acid,

as was the concentration in carrier liquid. The best signal

absorbance was attained for 0.75 mol dm-3. Therefore,

this concentration of formic acid was applied as an opti-

mized condition for following experiments (Fig. 3). The

optimum working conditions for the determination of

arsenic by UV-photochemical generation with AAS

detection are listed in Table 1.

Effect of selected compounds

A hollow cathode lamp was replaced by a Superlamp at the

beginning of this part of the study with the aim to improve

the signal/noise ratio.

Table 1 Working conditions for determination of arsenic by FIA-

UV-PVG/QT-AAS

Parameter Initial

value

Optimized

value

Total flow rate of carrier gas Ar/

cm3 min-1
50 24

Flow rate of reaction gas H2/cm
3 min-1 25 30

Flow rate of carrier liquid/cm3 min-1 2 2

Length of reaction coil/cm 250 250

Volume of injected sample/mm3 600 600

Concentration of HCOOH/mol dm-3 1.5 0.75

Temperature of atomizer/�C 950 950

Fig. 1 Effect of argon total flow rate on the absorbance signal.

Concentration of arsenic: 0.4 mg dm-3. Experimental conditions are

given in Table 1

Fig. 2 Effect of hydrogen flow rate on absorbance. Concentration of

arsenic: 0.4 mg dm-3. Other experimental conditions are given in

Table 1
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It is well known that some compounds can influence the

UV-photochemical generation used for determination of

arsenic. The effect of fifteen various compounds or ions on

the arsenic determination by UV-PVG-AAS was investi-

gated with the intended purpose to find a suitable reaction

modifier which could make UV-PVG analytically usable. It

was not the aim to do a detailed overview of interferences

but just to find such substances and to compare their pos-

itive effect and experimental conditions at which they

would increase the arsenic absorbance. The concentration

of arsenic of 1 mg dm-3 was used for this study in model

samples as well as the appropriate concentration of the

compounds or ions tested in the range from 10-3 to 102 -

mg dm-3. Consequently, the signals of model samples

enriched by various concentrations of selected compounds

were measured.

Following substances were tested: transitions metals

(Fe, Ni, Co, and Cu as common interferents for hydride

generation), organic compounds (ethanol, 2-mercap-

toethanol, triethanolamin, and acetonitrile as possible

solvents or additives for HPLC with the intended use in

speciation analysis), and other compounds [nitric acid,

hydrochloric acid, sulfuric acid, titanium dioxide, L-cys-

teine, Se(IV), and Bi(III)] selected on the base of facts

presented in published articles related to UV-PVG or to

hydride generation. For example, 2-mercaptoethanol is

used for UV-photochemical generation of mercury cold

vapour because it increases the signal measured signifi-

cantly [27, 34].

The tested compounds can be divided into three groups

according to the results attained: compounds with a nega-

tive effect (in following text negative interferents),

minimum interfering species and compounds with a posi-

tive effect on arsenic signal (positive interferents or

potential reaction modifiers).

The higher was the concentration of each negative

interferent the more intensive was the depression of arsenic

signal. Negative interferents group includes: Ni(II) reduc-

ing the absorbance of arsenic more than three times from

0.01 mg dm-3, Cu(II) ions which significantly reduced the

signal from 0.1 mg dm-3, chloride ions reducing absor-

bance more than a half from 0.01 mg dm-3, and

2-mercaptoethanol which was the most significant negative

interferent and its concentration higher than

0.005 mg dm-3 caused a decrease of absorbance to zero.

The minimum interfering species like nitric acid, Fe(III),

ethanol, sulfate ions, titanium dioxide, and L-cysteine had

just an insignificant effect on the signal of As(III) in range

of 0.01–1 mg dm-3. About one (HNO3, Fe(III), ethanol, L-

cysteine) or two (sulfate ions, TiO2) order higher concen-

tration of these substances (compared to the As(III)

concentration) in model sample solutions had negative

impact on arsenic absorbance which was proportional to its

concentration too.

The positive interferents group includes: Co(II)

increasing absorbance about 65 % in the concentration

range from 0.01 to 0.1 mg dm-3, acetonitrile with a posi-

tive effect (about 50 %) in the entire concentration range

(from 0.005 to 100 mg dm-3), triethanolamine which had

a significant positive influence (about 20 %) also from 0.01

to 0.1 mg dm-3, Se(IV) which interfered positively (about

35 %) in the range from 0.005 to 0.1 mg dm-3, and bis-

muth ions which increased the absorbance most

significantly at 10 mg dm-3. A very strong (up to 100 %)

negative influence on arsenic absorbance was observed at

concentrations of these substances higher than for above

listed concentration ranges with positive effect.

The most interesting results were obtained with Bi(III).

The enhancement of arsenic absorbance was about 86 % in

the presence of 10 mg dm-3 of Bi(III). This was the best

result achieved. For this reason, Bi(III) was chosen as the

most suitable reaction modifier for the determination of

arsenic using UV-photochemical generation of volatile

compounds and AAS. The influence of Bi(III) on arsenic

absorbance measured is displayed in Fig. 4 as a very

important example of attained dependences. The concen-

tration of Bi(III) is plotted in a logarithmic scale on

horizontal axis and the normalized absorbance (with the

reference value measured previously for 1 mg dm-3

As(III) without the presence of any studied compound

indicated by a horizontal line) on vertical axis in Fig. 4.

Similarly as chloride ions or Ni(II), Bi(III) caused peak

height decrease more than a half since a concentration of

5–10 lg dm-3. Attained peaks became the same height as

without the presence of Bi(III) when increasing its con-

centration to 1 mg dm-3. The addition of Bi(III) above this

concentration lead to increase of arsenic signal. The

Fig. 3 Effect of concentration of formic acid (in carrier liquid).

Concentration of arsenic: 1 mg dm-3. Other experimental conditions

are given in Table 1
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presence of 100 mg dm-3 of Bi(III) lead to decrease of

arsenic signal again.

The following experiments have shown that it is not

necessary to add Bi(III) into each sample solution but it is

simply enough to flush the apparatus with a solution of

10 mg dm-3 of Bi(III) for a few minutes before the start of

the measurements. This modified apparatus was conse-

quently stable throughout the whole day of measurements.

The localization and mechanism of acting would be a

subject of a future investigation.

Figures of merit

The characterisation of analytical method for As(III)

determination by UV-PVG/QT-AAS was performed after

all the optimization experiments. First, the calibration in

the concentration range from 0 to 1.6 mg dm-3 of As(III)

was measured without previous activation by Bi(III) under

the optimum working conditions. The established values of

following parameters are summarized in Table 2. Limit of

detection (LOD) and limit of quantification (LOQ) were

calculated as the concentration causing a signal equal to

three times (or ten times, respectively) the standard devi-

ation of ten repeated measurements of the As(III) model

solution with a concentration of 200 lg dm-3. The

repeatability was expressed as the relative standard devia-

tion (% RSD, n = 10) of results for 1.5 mg dm-3 of

As(III). The calibration dependence is depicted in Fig. 5.

The linear dynamic range (LDR) was relatively wide

thanks to the low sensitivity.

Second, the calibration with long term modification

(after the activation of the apparatus by Bi(III) but without

addition of Bi(III) into the sample solution or carrier liquid)

of the apparatus was measured again in concentration

interval from 0 to 1 mg dm-3 of As(III). For comparison of

both calibration dependences please see Fig. 5. The

parameters characterizing this method were determined by

the same procedure as the previous. An overview of their

values is given in Table 2 for easy comparison between the

approach without and after the activation. The LOD and

LOQ [attained for concentration of 20 lg dm-3 of As(III)]

moved to the lower concentration level as well as LDR

after the activation. On the other hand, LDR became

shorter in this case. From equations of the calibration lines,

the signal enhancement factor (calculated as a ratio of both

sensitivities) was calculated. Its value is 10.8.

Conclusions

A simple apparatus was constructed for determination of

arsenite in model aqueous solutions by flow injection

analysis. UV-photochemical vapour generation connected

on-line with AAS detection in externally heated quartz tube

atomizer was employed in this work. However, a very poor

absorbance was attained after the optimization of the

experimental conditions, which are usual for UV-PVG of

other elements. Therefore, fifteen selected compounds

were tested with the expectation to find a suitable reaction

modifier with a positive effect for UV-photochemical

generation of volatile arsenic compounds.

The most positive influence on arsenic absorbance (in-

crease of 86 %) was observed in presence of 10 mg dm-3

of Bi(III) in a sample. Even more interesting is that Bi(III)

became evident a long term modifier of internal surface of

the apparatus. The localization and mechanism of this

activity would be a subject of future investigation but it is a

fact that this effect persisted for all the following mea-

surements of the day after flushing the apparatus by the

Bi(III) solution. Thus it is not needed to add Bi(III) into the

routine or calibration samples.

The proposed method is distinguished by a detection

limit of 18 lg dm-3 of arsenic, by a sensitivity of

1.1 9 10-3 dm3 lg-1 (nearly 11 times higher than without

activation), by a repeatability of 4.5 % and by a linear

dynamic range of 60–500 lg dm-3 under the optimum

conditions and after the activation by bismuth(III).

Relevant data for comparison of method characteristic

(combination of UV-PVG with QT-AAS) were not found

in available published articles. For partly comparison, limit

of detection of 0.09 lg dm-3 (peak height) was reported

for determination of arsenic by high-pressure liquid flow

injection to high-resolution continuum source hydride

generation atomic absorption spectrometry [35]. Just about

one order lower LOD was found for arsenical speciation

analysis by HPLC-(UV)-HG-AFS [29]. About one and half

order lower LOD reached by the same volatile compounds

Fig. 4 Effect of Bi(III) concentration on the normalized absorbance

(NA) of As. Concentration of arsenic: 1 mg dm-3. Used optimum

experimental conditions are listed in Table 1
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generation technique (UV-PVG) and atomic fluorescence

detection [19]. About two orders lower detection limit was

achieved for HG-AAS with preconcentration in a cryotrap

[17]. It is necessary to mention that AFS is much more

sensitive than AAS and cryotrapping can also improve

LOD significantly.

On the other hand, no signal was observed for concen-

tration higher than 5 lg dm-3 of 2-mercaptoethanol, an

organic additive with the highest negative effect of all the

studied compounds.

This work shows that UV-photochemical generation of

arsenic volatile species is applicable as well as the other

techniques of volatile compounds generation. A compara-

ble sensitivity with the other vapour generation techniques,

simplicity of the apparatus and an effortless measurement

procedure are the advantages of this approach, which is

also environmentally friendly.

Moreover, an applicability of this approach for arsenic

speciation seems to be possible in future. It was confirmed

experimentally that L-cysteine which is often used for

sample preparation does not interfere and that acetonitrile

(potential mobile phase component) even increase the

signal of arsenic in studied concentration range.

Experimental

An analytical method for determination of arsenic using its

UV-photochemical volatile compound generation was

developed in this work. The arsenic volatile compounds

were detected by atomic absorption spectrometer Varian

SpectraAA-300A (Varian, Australia) after the atomization

in a conventional T-shaped quartz tube (QT-AAS) which

was externally heated to 950 �C (RMI, CZ). An arsenic

hollow cathode lamp (Heraeus, Germany, current of

10 mA, k = 193.7 nm) and a Superlamp (Photron, current

of 18 mA, boosted by 20 mA, k = 193.7 nm) served as

sources of radiation. The used quartz tube atomizer (at-

omization tube had conventional dimensions) was unique

because it had an integrated gas–liquid separator (GLS)

with forced outlet at the ending of the inlet arm. The GLS

inner volume was approximately 7 cm3. Both these parts

were laboratory-made as one piece of quartz. A scheme of

the instrumental set-up for UV-PVG/QT-AAS employed in

flow injection mode is depicted in Fig. 6.

Arsenic volatile compounds were generated in a flow-

through UV-photoreactor consisting of a 2.5 m-long Teflon

(PTFE) tube (1.0 mm ID, 1.4 mm OD) wrapped around a

source of UV-radiation. A low-pressure mercury UV bench

lamp (254 nm, 20 W, dimensions 610 9 152 9 108 mm)

(purchased from Ushio, Japan) was used as the source of

UV-radiation.

Formic acid was pumped to the UV-photochemical

reactor using a MasterFlex programmable peristaltic pump

with an eight-channel Ismatec head (Cole-Parmer, USA).

The sample was injected into the flow of carrier liquid by a

six-way injection valve via a 600 mm3 injection loop.

Hydrogen was introduced to the apparatus before the UV-

photochemical reactor and its flow rate was controlled by a

flowmeter (Cole-Parmer, USA, model 32907-67, range

0–1000 cm3 min-1). A stream of argon was introduced to

the apparatus into two different places (before the six-way

injection valve and into the gas–liquid separator). A

flowmeter (Cole-Parmer, USA, model N112-02) was used

for regulation of total argon flow rate. Tygon and Teflon

tubes of various inner diameters and lengths were used as a

connection material in the apparatus.

Reagents and samples

Deionized water prepared in a MilliQplus system (18.2 MX

cm; Millipore, USA) was used for dilution of all the

solutions. The stock solution of As(III) was prepared by

dissolving the appropriate amount of arsenic trioxide

([99.5 %, Sigma–Aldrich, USA) in slightly alkaline (solid

KOH—89.0 %, Lach-Ner, CZ) solution. Formic acid

(HCOOH, C98 %, Sigma–Aldrich, USA) was used as UV-

Table 2 Figures of merit for determination of As(III) using UV-

PVG/QT-AAS without and after activation of the apparatus by Bi(III)

Without activation After activation

LOD/lg dm-3 89 18

LOQ/lg dm-3 300 60

Sensitivity/dm3 lg-1 1.1 9 10-4 1.1 9 10-3

Repeatability (RSD)/% 1.9 4.5

LDR/lg dm-3 300–1500 60–500

Fig. 5 Calibration dependences of As(III) without and after activa-

tion of the apparatus by Bi(III). Used optimum experimental

conditions are listed in Table 1
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photochemical reaction agent and its solutions were pre-

pared fresh daily. Argon (99.998 %; Linde Gas, CZ) was

used as the inert carrier gas during all the experiments.

Hydrogen (99.998 %; Linde Gas, CZ) was used as the

reaction gas during all the experiments.

The solutions of the studied compounds or ions were

prepared from standard solution of Fe(III)

(1002 ± 2 mg dm-3, Merck, Germany), Co(II)

(1002 ± 2 mg dm-3, Merck, Germany), Ni(II)

(1000 ± 5 mg dm-3, Analytika, CZ), Cu(II)

(1000 ± 5 mg dm-3, Analytika, CZ), Se(IV)

(1000 ± 2 mg dm-3, Analytika, CZ), Bi(III)

(1001 ± 5 mg dm-3, Merck, Germany), SO4
2-

(1000 ± 2 mg dm-3, Merck, Germany) and Cl-

(1000 ± 2 mg dm-3, Merck, Germany), or diluted from

stock solutions ofHNO3 (C65 %,Merck, Germany), ethanol

(C99.5 %,Merck, Germany), 2-mercaptoethanol (C99.0 %,

Sigma-Aldrich, USA), triethanolamine (C98 %, Sigma-

Aldrich, USA), acetonitrile (C99.8 %, Sigma-Aldrich,

USA) or by dissolving of solid L-cysteine hydrochloride

monohydrate (C98 %, Sigma-Aldrich, USA), TiO2

(C99.5 %, size of nanoparticles *21 nm, Aldrich, USA).

Determination of As(III) by UV-PVG/QT-AAS

Samples prepared in formic acid medium were injected by

an injection valve via a 600 mm3 injection loop into the

flow of carrier liquid (a solution of formic acid). Sample

zone together with carrier liquid was pumped into the UV-

photoreactor where arsenic volatile compounds had been

formed under the UV irradiation. The reaction mixture with

generated volatile products was transported into a gas–

liquid separator. The liquid phase was pumped into the

waste while the gaseous phase, which was flushed out by a

stream of argon, entered the atomizer.
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Flow injection determination of Se in dietary supplements using TiO2

mediated ultraviolet-photochemical volatile species generation
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This paper proposes a method for determination of selenium content in samples of dietary supplements using

TiO2 mediated UV-photochemical vapor generation with quartz furnace atomic spectrometric detection. The

flow-injection method was optimized for determination of selenium in the form of selenite or selenate ions.

The limits of detection of the proposed method are 0.89 ngmL−1 and 0.68 ngmL−1 for selenite and selenate, re-

spectively. Extraction in neutral medium was used for the leaching of selenate and NaOH solution was used for

the leaching of selenite. The methods accuracy was verified against the declared amounts of Se in five different

samples of over-the-counter dietary supplements and on NIST SRM 3280. The method was also compared to re-

sults achieved with determination by electrothermal atomization atomic absorption spectrometry followingmi-

crowave decomposition. The recovery of selenium during sample preparation was tested by spiking the tablets

prior to extraction and estimated to be approximately 100%. An interference study has been carried out to esti-

mate the effect of concomitant elements on the methods accuracy.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Selenium is an important element with effects on human health.

Currently, it is considered an essential trace element but with a very

narrow therapeutic range. Se effects onmammals have been re-evaluat-

ed several times in the past; it had been considered toxic and carcino-

genic until the discovery of selenoamino acids in 1966 [1]. Se is

included in human body in proteins with a wide variety of biochemical

effects but the cancer protective function is supposed to be caused by

Se-containing glutathione peroxidase enzyme decreasing oxidative

stress [2]. On the other hand, high doses of Se can cause acute toxic ef-

fects and cell apoptosis through the production of reactive oxygen spe-

cies i.e. through an inverse effect [3]. In addition, Se plays an active role

in testosterone synthesis, production of thyroid hormones through

iodothyronine deionidase enzyme and is also associated with normal

functioning of immune system [4,5]. Chronic Se toxicity in humans re-

sults in selenosis, which is characterized by hair loss, nail brittleness,

garlic breath, gastrointestinal disturbances, and abnormal functioning

of the nervous system [6]. Recent publications also mention an in-

creased risk of type II diabetes associated with increased Se consump-

tion through disruption of insulin signaling cascade [7].

Particularly the possibility that selenium may act as cancer protec-

tive agent has led to a widespread marketing of Se containing dietary

supplements [8]. However, its complicated behavior in the living organ-

ism requires strict control of its consumption. Several studies have tried

to determinewhether themanufacturer-declared Se contents in dietary

supplements can be believed. Some authors lean towards confirming

the declared values sometimes with reservations towards the identity

of the organic species [8–11]. Other authors raise a warning finger

that the real contentsmay in some cases be different from themanufac-

turer-declared values [12,13].

Determination of selenium in dietary supplements containing

selenized yeast usually requires speciation analysis and is carried out

using HPLC separation with atomic fluorescence spectrometric detec-

tion (AFS) [14,15] or mass spectrometric detection (MS) [8,16–19].

The determination of total Se content in dietary supplements has so

far been determined by electrothermal atomic absorption spectrometry

(ETAAS) [9,20], inductively coupled plasma optical emission spectrom-

etry [11] and inductively coupled plasmamass spectrometry [8]. Several

works also proposed using chemical hydride generation methods to re-

move spectral interference from the complicated dietary supplement

matrices [10,12,20,21].

Ultraviolet photochemical generation (UV-PVG) is a volatile species

generation method based on the use of UV radiation and its application

for the determination of Sewas pioneered by Guo et al. in 2003 [22–24].

Samples are irradiated dissolved in a lowmolecular weight organic acid

with or without the use of photocatalyst [25,26]. It is known that TiO2

can catalyze the reduction of selenate to a volatile compound in the

presence of formic acid and UV radiation [27–31]. Until now UV-PVG
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has been used for the determination of Se in the following samples: sea-

water [32] and modified seawater samples [33], biological samples [34]

and once for the determination of Se(IV) in dietary supplements [35].

Nevertheless, the method published by Rybínová et al. had several

drawbacks like being time consuming and requiring complicated sam-

ple preparation due to an off-line prereduction of the selenate ion in

6.0MHCl [35]. This paper presents an improvedUV-PVGmethod utiliz-

ing TiO2 photochemical catalyst and flow injection set up for the deter-

mination of Se in samples of dietary supplements. This is the first time

that dietary supplements have been analyzed using TiO2 mediated

UV-photochemical generation of volatile Se species. No prereduction

of Se(VI) during the sample preparation was necessary. The photo-

chemical catalyst permitted an on-line reduction of Se(VI) during the

generation of volatile compounds. The determination has been carried

out in flow injection set-up, which reduced the sample consumption

and increased the sample throughput.

2. Experimental

2.1. Instrumentation

A schematic diagram of the instrumental set-up is shown in Fig. 1.

The flow system consisted of a MasterFlex peristaltic pump (Cole-

Parmer, USA) driving the solutions, a low pressure six port injection

valve (IDEX, USA) with 200 μL PTFE injection loop, a flow-through UV

photoreactor and glass gas-liquid separator (volume 6.2 mL) with

forced outlet. A second peristaltic pump (VD ČSAV, Czech Republic)

was used to remove the waste solution. The photoreactor consisted of

3.4 m long PTFE tube (i.d. 0.8 mm/o.d. 1.58 mm, Sigma-Aldrich, USA)

wrapped around a low pressure mercury UV lamp (253.7 nm, 20W, di-

mensions 610 × 152 × 108mm, USHIO, Japan). The lamp and its reflec-

tive housing (Upland, USA) were covered by a lid made from hard

cardboard and aluminum foil to protect the analyst from exposure to

UV rays. Argon (99.998% purity, Linde, Czech Republic) was introduced

into the apparatus prior to the reactor as a carrier gas. Hydrogen (99.90%

purity, Linde, Czech Republic) was introduced between the gas-liquid

separator and quartz furnace atomizer to facilitate atomization. Digital

mass flow controllers for flow rates 1.00–100 mL min−1 and 0.50–

50 mL min−1 (Cole-Parmer, USA) were used to control the flow rates

of Ar and H2 respectively. Tygon tubes of various diameters were used

for pumping of solutions, PTFE tubing and PP connecting pieces were

used in fluid pathways.

A Solaar 939 AA spectrometer equipped with Se hollow cathode

lamp (Heraeus, run at 12mA) has been used formeasurement of atomic

absorption. The measurements were carried out at the 196.0 nm line

(bandwidth 0.5 nm). Atomization of the evolved volatile products was

carried out in an externally heated quartz furnace atomizer (T-shaped,

inlet arm length 700mm, optical arm length 119mm, internal diameter

of the atomizer tube at the position of radical cloud 7.5 mm, RMI, Czech

Republic). The atomizer was heated to 950 °C. A combined ultrasonic

bath and heater (Elmasonic S, purchased from P-lab, Czech Republic)

has been used for the extraction of Se from samples.

Microwave digestion system CEMMDS 2000 (CEM, USA) with pres-

sure sensor was used for total digestion of samples for determination by

ETAAS. A HR-CS-AAS ContrAA 700 (Analytik Jena, Germany) equipped

with a transversally heated graphite furnace atomizer with integrated

platform was used for the determination of Se in samples following

total digestion of the samples. The resultswere used as reference for val-

idation of the proposed method.

2.2. Reagents

Deionized water prepared by the MilliQPlus system (Millipore, USA)

was used throughout the measurements. Formic, acetic and propionic

acids (all from Sigma-Aldrich, USA) were tested for the preparation of

photochemical reagents; acetic acid (N99.8) diluted to 0.5mol L−1 solu-

tion was used in Se determination. TiO2 suspension (N99.5% purity,

nanocrystalline, Sigma-Aldrich, USA) prepared in 0.5 mol L−1 acetic

acid served as photocatalyst. Selenite and selenate standards with con-

centration of Se 100 mg L−1 were prepared from sodium selenite

pentahydrate and sodium selenate decahydrate, respectively (both

from Sigma-Aldrich, USA). Sodium hydroxide solution used in extrac-

tion was prepared from sodium hydroxide micro pearls (p.a., Lachner,

Czech Republic). Standard solutions of Zn(II), Fe(III), Cu(II), Cr(III),

Mn(II), Mo(VI), As(III), Sb(III), Ni(II) and Te(IV) prepared in nitric acid

(1000 mg L−1, all from Analytika, Czech Republic) were used as stock

solutions for interference study. Stock solutions of Ca(II) and Mg(II),

were prepared from their nitrate salts and solution of iodide from KI

(all from Lachner, Czech Republic). Nitric acid (Merck, Germany) was

used for wet digestion of samples. Se stock solution in 2.0% HNO3

(Analytika, Czech Republic) was used for preparation of calibration

standards in ETAAS measurements. All reagents were of analytical or

higher purity.

2.3. Composition of samples

Samples were in the form of tablets or capsules. They were denoted

A-E, where samples A and D contained Se in the form of sodium selenite

and samples B, C and E sodium selenate. The declared Se contents in the

analyzed samples ranged from 25 to 55 μg per tablet. We used the

Fig. 1. Experimental set-up for UV-PVGof Se volatile species. 1 – peristaltic pump, 2 – low pressure six-port injection valve, 3 – acetic acid, 4 – photocatalyst suspension, 5 – argonflow rate

regulation, 6 – UV-photochemical reactor, 7 – gas liquid separator with forced outlet, 8 – hydrogen flow rate regulation, 9 – externally heated quartz furnace atomizer, 10 – removal of

waste solution.
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values declared by manufacturers and the contents determined by

ETAAS as reference.

NIST SRM 1640a was used for the verification of the accuracy of the

UV-photochemical vapor generation. This certified referencematerial is

a semi-synthetic acidified water sample with mass fractions and mass

concentrations assigned for 29 elements, 22 of which were gravimetri-

cally added. The solution contains nitric acid at a volume fraction of ap-

proximately 2%.

2.4. Preparation of samples of dietary supplements

A suitable extraction method compatible with UV-PVG was neces-

sary to apply the proposed UV-PVG method for the determination of

Se in dietary supplements. Use of enzymatic digestion of samples was

avoided in order to simplify the extraction procedure. All tablets were

weighed and ground to fine powder prior to extraction. The extraction

of Se using acetic acid or NaOH was carried out by adding 15 mL of

1.0 mol L−1 solution of the selected agent to the weighed aliquots.

The sample volume was made up to 50 mL with deionized water.

When using extraction at neutral pH the sample was only dispersed in

deionized water. The extraction process took 30 min at 35 °C with the

help of ultrasound sonication. Subsequently, the samples were filtered

through syringe filter with 0.45 μmpore size and polyamidemembrane

(ProFill PLUS, Fisher Scientific, USA). Filtered samples were diluted 5 or

10 times (sample C during optimization of extraction medium, sample

D always) with deionized water.

2.5. CRM samples preparation

The certified reference material SRM 1640a contained nitric acid in

concentration sufficient to interfere during UV-PVG [23]; see Section

2.3. Therefore, it was evaporated to near dryness to reduce the nitric

acid content. Exactly 40.0 mL of CRM was evaporated and the residue

was diluted to 25.0 mL with deionized water. The resulting solution

had pH= 2.6.

Due to concerns regarding the complicated sample matrix Se was

also determined in NIST SRM 3280 - Multivitamin/Multielement Tab-

lets. To overcome variability between tablets 15 tablets were ground

and aliquots were taken to be determined as Se(IV) and Se(VI). Both ex-

traction procedures were used because there was no indication of Se

species in the reference material certificate.

2.6. Measurement procedure and evaluation of results

The acid was continuously irradiated by the UV source. Samples

were injected into the acid solution and merged with TiO2 suspension

prior to passing through the UV reactor. The signal was recorded for

80 s after sample injection. Peak area was used for quantification in all

measurements except for the optimization experiments, where peak

height was used instead. The standard deviations in the optimization

dependences are based on three successive measurements.

Dietary supplement extracts were determined using both standard

addition method and comparison of sample with external calibration.

External calibration curves were measured with selenate in deionized

water and selenite in the solution of 0.06mol L−1 NaOH to compensate

for the effect of NaOH in the sample extracts (corresponds to five times

diluted sample). If not stated otherwise, two tablets were analyzed in

triplicate and the mean value and SD were calculated from the total of

six measurements.

The CRMs and samples used in extraction study were analyzed only

by standard addition method. The calibration curve for standard addi-

tion was constructed from five points, namely diluted sample and four

standard additions. Each point was mean of three replicate measure-

ments; however the mean value and SD of the result (see Table 2 and

Section 3.6) correspond to two analyzed tablets.

Interference study was carried out comparing the absorbance of

model samples containing 150 ng mL−1 Se and a known amount of

interferent with reference sample containing only Se. Each solution in

the interference study was measured in triplicate.

2.7. Analysis of samples by ETAAS as a reference method

Referencemeasurement of Se content in the sampleswas carried out

using microwave digestion of samples in HNO3 and subsequent deter-

mination using ETAAS. A tablet wasweighed, ground and a sample por-

tion of b0.4 g was transferred to a PTFE digestion vessel with 5.0 ml of

concentrated nitric acid. The digestion program was following: 20 min

at 40% MW power, 10 min at 80% MW power, 10 min at 100% MW

power. Samples were diluted as necessary by 2.0% HNO3. The tempera-

ture programused for the determination of Se by ETAASwas taken from

the built-in cookbook of the HR-CS-AAS instrument.

2.8. Evaluation of extraction

Se recovery from the matrix was tested on two selected samples (B,

D) with different species and Se content. The aim was to determine

whether the sample matrix does not limit the dissolution of Se through

adsorption. A tablet was weighed, ground, divided in halves and one

half from each ground tablet was analyzed without spiking while the

other ground tablet was spiked by standard solution prior to extraction.

The additions corresponded to 33 μg of Se in the form of sodium sele-

nate solution (sample B) or 55 μg of Se in the formof sodiumselenite so-

lution (sample D).

3. Results and discussion

3.1. Photochemical reagent and irradiation conditions

The optimization of all reaction conditions was carried out with

200 ngmL−1 aqueous solutions of selenite and selenate. The optimized

parameters were: type and concentration of organic acid, flow rate of

organic acid, concentration of TiO2 and flow rates of Ar and H2. The at-

omization temperature was set to 950 °C, which is sufficient for atomi-

zation of binary hydrides or alkylated derivatives of hydride forming

elements.

Formic, acetic and propionic acids were tested as potential reagents

in the concentration range 0.1–2.0 mol L−1 using a 3.4 m long reaction

tube, total acid flow rate 3.8 mL min−1, TiO2 concentration 0.005% (m/

V) and carrier gas flow rate 20.0 mLmin−1. Acetic acid gave higher sig-

nals than the other two acids at these conditions for the whole concen-

tration range; the selected optimum concentration of acetic acid was

0.5mol L−1 (see Fig. 2). Formic acid is generally recommended for pho-

tochemical generation of volatile selenium species in combination with

TiO2 photocatalyst [30,36–39], although acetic [31] or propionic acid

can beused too [40]. To our knowledge, no studies compared the perfor-

mance of TiO2 mediated UV-PVG in formic and acetic acid yet. In non-

catalyzed PVG some insight into the problem of optimum acid choice

was recently published by Campanella et al. [41], who studied the effect

of temperature on UV-photochemical vapor generation of volatile Se

species. They found out that the use of formic acid resulted in higher

sensitivity compared to acetic acid when the sample solution was

preheated prior to entering the reactor while the signals achieved

with acetic acid did not show temperature dependence in the range

25–50 °C.

We found during optimization of the reaction coil length that 3.4 m

long reactor is sufficient corresponding to residence time of 34 s. Total

acetic acid flow rate 3.0 mL min−1 was selected as optimum for this

length of reaction coil. TiO2 prepared in the formof suspension in the di-

luted organic was added downstream of the injection port; its flow rate

wasnot optimized separately from theflow rate of acid. The ratio of TiO2

suspension flow rate to acid flow rate was 1:3 and the flow rates given
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are total. Optimization of the TiO2 suspension concentration over two

orders of magnitude yielded highest responses of both species at the

original concentration 0.005% (m/V). For the dependences of the signal

on the acetic acid flow rate, the concentration of TiO2 suspension, reac-

tion coil length see Figs. S1–S3 (Appendix, Section S1), respectively.

3.2. Flow rates of gasses

Increasing the flow rate of Ar carrier gas led to the increase of re-

sponse, howeverflow rates exceeding 50mLmin−1 led to the introduc-

tion of condensed phase from the gas liquid separator into the atomizer

inlet thus increasing the standard deviation ofmeasurements. The effect

was more pronounced for Se(VI) than for Se(IV). Flow rate of

55 mL min−1 was selected as a compromise between the sensitivity

and the repeatability ofmeasurements. For thedependence of the signal

on carrier gas flow rate see Fig. S4 (Appendix, Section S1). Flow rate of

H2 did not have pronounced effect in the region of 2.0–10.0 mL min−1

in concordance with the finding that it is necessary only in amount re-

quired for successful atomization of the generated volatile compound

[42]. Flow rate of 4.2 mLmin−1was selected for further measurements.

3.3. Injected volume

The optimization of injection volumewas carried out in the range of

30–500 μL. The increase of response was linear; injection volume of 200

μL was selected as it offered good sensitivity while producing symmet-

rical peaks suitable for integration and determination of Se from both

peak height and area.

3.4. Figures of merit

Figures of merit for both Se oxidation states were determined in de-

ionized water and selenite was also determined in 0.06 mol L−1 NaOH

solution (see Section 2.6 for explanation). We observed that the addi-

tion of NaOH to the analyte solution did not affect the figures of merit

of the method. Table 1 shows that the figures of merit for both species

are comparable. The limits of detection (LOD) and quantification

(LOQ) were calculated according to the IUPAC recommendations. The

resulting values represent the concentration corresponding to a signal

equal to three and ten times, of the standard deviation of ten repeated

measurements of Se solution with a concentration below the expected

LOD values; solutions containing 0.3 ng mL−1 of Se species were used.

The LOQ defines the lower end of the linear dynamic range (LDR). The

repeatability expressed as the relative standard deviation (% RSD, n =

10) was determined at the concentration of 125 ng mL−1 of the

respective Se species. The sample throughput was 46 analyses per

hour. The limits of detection and experimental procedures have also

been compared to other published methods on the determination of

Se in dietary supplements (see Table 2). The proposed method offers

advantageous simplicity compared to someof the published procedures

while retaining sufficiently low LOD values. These are in some cases

comparable with the use of more sensitive detection techniques like

AFS.

3.5. Extraction method and determined Se content

Extraction approaches using deionized water and different concen-

trations of acetic acid and sodium hydroxide [45] were tested and com-

pared to find suitable pH for leaching of Se. Acidic extraction did not

yield satisfactory results. Values below the declared content were

found in all cases, possibly due to the amount of dissolved interfering

species or low extraction efficiency. Sodium selenite could be quantita-

tively extracted by 0.3 mol L−1 NaOH and sodium selenate by water.

The achieved results are shown in Table 3. The results obtained using

the external calibration method and the standard addition method

were compared using a paired t-test and no statistically significant dif-

ference was found. The results achieved using external calibration

method corresponded better with the manufacturer declared values

and alsowith the values found usingMWdigestion and ETAAS determi-

nation. Large standard deviations between samples were observed

using both proposed UV-photochemical generation method and

ETAAS (see Table 3). Notably smaller deviation was observed when an-

alyzing the certified reference material (see Section 3.6) leading to the

conclusion that this effect is associated with the matrix of the dietary

supplements samples. Analysis of SRM 3280 showed that when the

sample consists of a mix of more tablets the repeatability is improved.

It would seem that despite the automated production process there is

some variability between the tablets.

3.6. Accuracy assessment

The accuracy of the UV-photochemical vapor generation was tested

by analyzing the NIST SRM 1640a certified reference material. The

found value 20 ± 1 ng mL−1 was in good agreement with the declared

value 20.13 ± 0.17 ng mL−1. It is necessary to note that this approach

tested only the accuracy of the vapor generation method used. The

whole method was validated by determination of Se in SRM 3280. The

material was processed as Se(IV) and Se(VI) as no indication regarding

the nature of Se species was given. The results were 17.3 ± 0.2 μg g−1

(as selenite) and 17.5 ± 0.7 μg g−1 and therefore in good agreement

with the certified value 17.42 ± 0.45 μg g−1. The recovery of Se from

the dietary supplement matrix was validated by carrying out experi-

ments with spiked and non-spiked samples B and D (see Section 2.8).

The recoveries counted from the difference between spiked and non-

spiked samples were 107 ± 14% for sample B and 104 ± 9% for sample

D. The results show that the added selenium was not adsorbed on the

solid sample matrix during the sonication and filtration. The overall ac-

curacy of the Se determination in dietary supplementswas further dem-

onstrated by the agreement of values found by the proposed and

established (ETAAS) method.

Fig. 2. Effect of type and concentration of organic acid on the sensitivity of TiO2 mediated

UV-photochemical vapor generation, 200 ngmL−1 Se(IV) and Se(VI), FA- formic acid, AA–

acetic acid, PA – propionic acid, n = 3.

Table 1

Figures of merit of TiO2 mediated UV-photochemical generation of Se species.

Se(IV)a Se(IV)b Se(VI)a

LOD, ng mL−1 0.79 0.89 0.68

Sensitivity, mL ng−1 s−1 0.050 0.052 0.048

RSD, %c 3.1 1.5 3.3

LDR, ng mL−1 3–250 3–250 2–250

a Determined in deionized water.
b Determined in 0.06 mol L−1 NaOH solution.
c Based on 10 replicate measurements of 125 ng mL−1 solution.
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3.7. Interference study

Interference study was carried out with 50 ngmL−1 of Se species in

the sample. The interferents were element species present inmore than

one of the selected dietary supplements, namely Ca(II), Mg(II), Zn(II),

Fe(III), Cu(II), Cr(III), Mn(II), Mo(VI) and I(-I) in concentration ranges

corresponding to the interferent-to-Se ratio content declared in the di-

etary supplements. Experiments were also carried out with elements,

which are not approved for dietary supplements, but are likely to seri-

ously affect UV-PVG of Se [22,39,41]: As(III), Sb(III), Ni(II), Te(IV). The

recoveries are summarized in Table 4. The interference study was car-

ried out in deionizedwater for Se(VI) and 0.06mol L−1NaOH for Se(IV).

The presence of interferents manifested itself by deformation of the

peak signal. In general, interferences would be more pronounced when

evaluating peak height than peak area. Samples without interferent

were introduced randomly into the measurement sequence to deter-

minewhether the concomitants causedmemory effects. No such behav-

ior was observed, probably due to utilizing a flow injection mode of

analysis.

Of the tested elements Mn (II), Cr(III) and Mo(VI) did not cause no-

table interference in either medium at the given concentrations. The

negative effect of transition metals was more pronounced for Se(IV) in

the presence of 0.06 mol L−1 sodium hydroxide than for Se(VI) in de-

ionized water. A possible explanation lies in the formation of precipi-

tates as Zn(II), Fe(III), Ni(II) and Cu(II) are capable of forming poorly

soluble compounds with NaOH [46]. These precipitates may adsorb ei-

ther the analytes or the reaction intermediates; the adsorption of sele-

nite is known for ferric oxyhydroxides [47]. Nevertheless, it is likely

that during analysis of real samples these elements were retained in

the precipitate during filtering and therefore did not interfere in the de-

termination of Se. Unlike the extracts of the real samples the solutions

used in the interference study were not filtered. The small amount pre-

cipitate which formed in some cases has been left to settle on the bot-

tom of the volumetric flask and the analysis was carried out on the

solution above it. Although the spiking of samples proved that Se is

not adsorbed on the matrix, we cannot rule out that possibility if Se is

in contact with the interferent for longer time than 30 min. Ca(II) and

Mg (II) decreased the repeatability of analytical signals without species

and pH preference and Mg(II) increased the signal for Se(IV). This find-

ing is noteworthy as these elements are abundant in dietary supple-

ment samples. On the contrary, presence of Sb(III), As(III) and Te(IV)

affected Se(VI)more than Se(IV). In spite of expecting decreased analyt-

ical signals due to competition with the other hydride forming ele-

ments, the presence of Te(IV) led to 40% increase of Se(VI) response.

Table 2

Comparison of achieved LODs and experimental procedures with other published methods dealing with the determination of Se in dietary supplements.

Method LOD Details

FI-TiO2/UV–PVG-AAS 0.89 ng mL−1 for Se(IV), 0.68 ng mL−1 for

Se(VI)

30 min extraction, sample throughput 46 runs per hour, no prereduction of Se(VI) This

work

FI-HG-AFS 0.4 ng mL−1 Microwave digestion, only Se(IV), sample throughput 50 samples/h [21]

HPLC-MS 38–860 pg mL−1 for Se(IV)a, 28–590 pg

mL−1 for Se(VI)a
Reversed phase and ion-pair chromatography, Se(IV), Se(VI), Se-cystine, Se-methionine,

Se-ethionine

[43]

ETAAS 0.18 μg g−1 Microwave digestion of samples in HNO3/H2O2, total determination of Se content [20]

HG-AAS 0.06 μg g−1 Microwave digestion of sample followed by evaporation to dryness, prereduction of Se(VI) in

HCl at 95 °C, 15 min

[20]

LC-HG-UV-AFS 0.40 ng mL−1 for Se(IV)b, 1.7 ng mL−1 for

Se(VI)b
Se(IV), Se(VI), Se-methionine, Se-cystine, UV assisted cracking for reduction of Se(VI) [15]

USAED-HPLC-ETAAS 437 ng g−1 for Se(IV), 764 ng g−1 for Se(VI) Ultrasonic assisted enzymatic digestion, coupling of HPLC and ETAAS [9]

Total reflection XRF 0.1–0.2 mg kg−1 of Sec Solid sample analysis, total determination of Se content [44]

HPLC-HG-AAS 10 ng mL−1 for both Se(IV) and Se(VI) Separation of inorganic Se species, on-line reduction of Se(VI) [12]

HG-HSSPME-MWP-OES 3.2 ng mL−1 Alkaline dissolution using TMAH, headspace SPME for preconcentration of the generated Se

hydride, only Se(IV)

[11]

RP-HPLC-ICPMS 0.06 ng mL−1 for Se(IV), 0.07 ng mL−1 for

Se(VI)

Extraction using acidic mobile phase and protease XIV, Se(IV), Se(VI), Se-methionine,

Se-methyl-Se-cysteine, Se-cystine

[17]

UV-PVG-AAS 0.04 ng L−1 for Se(IV) Reduction of Se(VI) at 90–95 °C for 60 min, sample throughput 18 samples/h [35]

a Depending on HPLC separation mode and nebuliser used.
b The detection limits were calculated on the basis of 3σ (σ being the residual standard deviation around the regression line) using the regression lines for the standards.
c LODs calculated for two different samples.

Table 3

Determination of Se content in samples of dietary supplements.

Sample Standard addition

method, μg

External calibration

method, μg

MW digestion

ETAAS, μg

Declared

content, μg

Aa 51 ± 4 52 ± 3 49 ± 4 50

Bb 36 ± 2 34 ± 3 33 ± 4 30

Cb 61 ± 9 59 ± 6 51 ± 3 55

Da 57 ± 2 55 ± 2 53 ± 5 55

Eb 22 ± 5 24 ± 2 26 ± 6 25

For detailed information see Section 2.6.
a Samples contained sodium selenite and were extracted using NaOH.
b Samples contained sodium selenate and were extracted using deionized water.

Table 4

Influence of the selected possible interferents on the recovery of 150 ng mL−1 of Se(IV)

and Se(VI).

Interferent concentration Se(IV) recovery (%) a Se(VI) recovery (%) b

Mn(II) 4 mg L−1 97 ± 1 98 ± 3

Zn(II) 1 mg L−1 77 ± 2 97 ± 2

10 mg L−1 74 ± 6 95 ± 5

Fe(III) 15 mg L−1 85 ± 1 100 ± 4

Cu(II) 500 μg L−1 60 ± 4 93 ± 5

Cr(III) 100 μg L−1 93 ± 5 103 ± 5

Mo(VI) 50 μg L−1 100 ± 2 109 ± 5

I(-I) 150 μg L−1 105 ± 4 105 ± 9

Mg(II) 100 mg L−1 139 ± 9 112 ± 10

Ca(II) 100 mg L−1 103 ± 2 110 ± 3

200 mg L−1 113 ± 15 115 ± 19

Sb(III) 100 μg L−1 96 ± 6 95 ± 5

5 mg L−1 86 ± 10 64 ± 8

As(III) 100 μg L−1 94 ± 3 94 ± 2

5 mg L−1 107 ± 2 78 ± 4

Te(IV) 500 μg L−1 100 ± 2 139 ± 1

5 mg L−1 98 ± 1 141 ± 1

Ni(II) 5 mg L−1 75 ± 1 101 ± 3

10 mg L−1 72 ± 1 97 ± 1

n = 3.
a Determined in 0.06 mol L−1 NaOH solution.
b Determined in deionized water.
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4. Conclusions

A photocatalyst mediated UV-photochemical generation of volatile

Se species was successfully demonstrated for the determination of sele-

nite and selenate content in five samples of dietary supplements. Dilut-

ed acetic acid was used in combination with TiO2 as a generation

medium. The limits of detection of the method were 0.89 ng mL−1

and 0.68 ngmL−1 for selenite and selenate, respectively. In determining

the total Se content themethodwas found comparable to usingwetmi-

crowave digestion and ETAAS determination of Se, while using much

simpler procedure. Themethodproposed in ourwork is environmental-

ly friendly and permits an easy implementation of automation due to

being based on flow injection set-up. Large standard deviations were

observed in both the proposedmethod and ETAAS, whichwe attributed

to the variability of matrix and Se content between the samples.
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Abstract 

 

An ultraviolet-photochemical generator (UV-PVG) capable of post-column on-line 

transformation of both organic and inorganic mercury species to cold vapor (Hg0) with 

subsequent detection by quartz tube - atomic absorption spectrometry (QT-AAS) was 

developed. Mercury(II), methylmercury(I), ethylmercury(I), and phenylmercury(I) were 

successfully detected after separation by reversed-phase high-performance liquid 

chromatography (RP-HPLC).. Two types of AAS detectors were compared. The first one was 

a commonly used line-source instrument while the second was a high-resolution continuum 

source (HR-CS) AAS. The latter one was found better reaching limits of detection 0.47 µg L–1 

for Hg(II), 0.84 µg L–1 for methylmercury(I), 0.80 µg L–1 for ethylmercury(I) and 2.0 µg L–1 

for phenylmercury(I). The repeatability at 30 μg L–1 was 3.6 %, 4.1 %, 6.2 % and 4.5 %  for 

respective species (n=10). These characteristics can compete with those reported for even more 

sensitive atomic fluorescence spectrometry. 

Nine various sample extraction procedures were investigated. Extraction by 

tetramethylammonium hydroxide and HCl at 75 °C was chosen as the only one compatible with 

the proposed separation and detection steps reaching high extraction efficiency and no changes 

in mercury speciation information. Applicability of the proposed method (high-performance 

liquid chromatography - ultraviolet-photochemical vapor generation - quartz tube - atomic 

absorption spectrometry) was demonstrated on fish samples and certified reference materials 

(CRM) DOLT-4 (dogfish liver) and ERM-CE464 (tuna fish). The results were comparable to 

those obtained by a reference method based on L-cysteine extraction and high-performance 

liquid chromatography - inductively coupled plasma - mass spectrometry (HPLC-ICP-MS) 

determination. 

 

 

Keywords: mercury speciation, high-performance liquid chromatography (HPLC), ultraviolet 

(UV)-photochemical vapor generation (PVG), and high-resolution continuum source (HR-CS) 

atomic absorption spectrometry (HR-CS AAS) 
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Introduction 

 

Mercury is among all heavy metals a pollutant of special concern due to its major impact 

on human health and the environment. Although all the mercury species are toxic, organic 

mercury compounds are generally more toxic than inorganic, i.e. mercurous (Hg(I)) and 

mercuric (Hg(II)) state. The most common organomercurial compounds are methylmercury(I), 

ethylmercury(I) and phenylmercury(I) (Yin et al. 2007a; Yin et al. 2009; Yin et al. 2007b). The 

main pathways for human exposure are the consumption of contaminated fish, through dental 

amalgams, and also through occupational exposure (Cornelis et al. 2005). Since chemical form 

of mercury controls its bioavailability, transport, persistence and impact on the human body, 

emphasis is put on speciation analysis of mercury in last years rather than on a simple 

determination of total mercury content. Thus, a number of analytical techniques have been 

developed and validated for mercury speciation analysis as reviewed recently (Leopold et al. 

2010; Clough et al. 2014). 

Methods for mercury speciation can be classified into two general approaches: 

chromatographic methods including gas chromatography, liquid chromatography, and capillary 

electrophoresis and non-chromatographic methods based on the different physico-chemical 

properties of Hg species, i.e. their solubility, volatility, or redox potential (Leopold et al. 2010). 

Spectrometric detectors such as atomic absorption (AAS), atomic emission (AES), and atomic 

fluorescence spectrometry (AFS) as well as inductively coupled plasma - mass spectrometry 

(ICP-MS) can be used as element specific detectors. Chromatographic approaches enable to 

separate and determine all mercury species of interest in a single step. On the contrary, non-

chromatographic approaches mostly determine only one species rather than allowing the 

simultaneous determination of all present Hg species. The non-chromatographic approaches 

might be a valuable analytical tool because they are usually less expensive and sophisticated 

than the set-ups employing chromatography. They could serve as fast screening methods 

(saving time and money) indicating which samples fulfil the criteria and which should undergo 

detailed speciation analysis.  

Generation of volatile species (VSG) is a useful analytical strategy that can be employed 

in both non-chromatographic as well as chromatographic methods of speciation analysis. In 

case of chromatographic method, the VSG is introduced as a post-column derivatization step in 

order to enhance analyte introduction efficiency into the detector. In principle, there are three 

different approaches to VSG based on chemical, electrochemical or photochemical reactions. 
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Chemical generation of volatile species (C-VSG) is realized by NaBH4, LiAlH4 or SnCl2 

which require daily preparation of their solutions due to limited stability. 

The analyte reduction is performed by electric current in presence of very pure mineral 

acid in electrochemical VSG (Ec-VSG). Although the need for chemical reductant is 

eliminated, the electrode passivation or memory effects could affect the determination (Červený 

et al. 2009). 

Photochemical VSG (UV-VSG) employs ultraviolet irradiation of the liquid sample in 

the photochemical generator which usually consists of a UV-transparent tube realized by quartz 

(Mo et al. 2017) or thin Teflon tube wrapped around a mercury ultraviolet lamp (Rybínová et 

al. 2015; Rybínová et al. 2016; Huang et al. 2013). The first work in this field has been reported 

by Zheng et al. 2005. The UV-VSG is based on analyte reaction with radicals which are formed 

after ultraviolet irradiation of low molecular weight organic acids such as formic, acetic, etc. 

(Yin et al. 2007c; Sturgeon 2017; Yin et al. 2007b; Zheng and Hintelmann 2010; Bendl et al. 

2006). The formic acid as the strongest carboxylic acid facilitates also sample disintegration 

(López-Rouco et al. 2008). 

In the particular case of Hg speciation analysis, generation of cold mercury vapor (CVG) 

might be employed as a post-column derivatization step prior to spectrometric detection. A 

conversion of both inorganic and organomercurial compounds to Hg(0) needs a preliminary 

step consisting of full oxidation of all the mercury to Hg(II) in C-VSG. Ec-VSG lacks the 

universality towards mercury species.  

The interface for ultraviolet-photochemical vapor generation (UV-PVG) is able to 

perform the transformation of all organomercurial species to inorganic Hg(II) and then the 

reduction of Hg(II) to volatile Hg(0) in one step, but only in presence of additional 

photochemical reagents. The most common one is 2-mercaptoethanol. According to the 

literature (dos Santos et al. 2010), the optimum formic acid concentration for UV-PVG is 10%. 

Several other papers (Yin et al. 2007a) discuss the use of TiO2 as a photo-catalyst improving 

the performance of the generator, but the results are ambiguous (Sturgeon and Luong 2013). It 

can be stated that the presence of TiO2 is not necessary for the UV-photochemical generation 

of mercury (Yin et al. 2007a; Nováková et al 2017) and its presence does not improve the limit 

of detection (Han et al. 2007). UV-PVG is a very convenient technique for speciation analysis 

of mercury by high-performance liquid chromatography with on-line atomic absorption 

spectrometry detection. This approach has been already successfully tested for determination 

of phenylmercury(I), ethylmercury(I), methylmercury(I) and Hg(II) (Yin et al. 2008; da Silva 

et al. 2012). 
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The extraction of mercury species from sample matrix is mostly based on complex 

formation (Rydberg et al. 2004), often employing L-cysteine as a complexing agent. Such 

extractions can be ultrasound-assisted (de Souza et al. 2013) or occur at elevated temperature 

(Hight and Cheng 2006). In other studies, 2-mercaptoethanol was successfully applied as a 

complexing agent in combination with microwave extraction (Chang et al. 2007; Leng et al. 

2013). López et al. reported ultrasound and enzyme-assisted extraction of Hg species by 2-

mercaptoethanol (López et al. 2010). Sodium pyrrolidinedithiocarbamate was used as a 

complexing agent for extraction of mercury from natural waters (Falter and Schöler 1995). The 

alkaline digestion method was applied to the samples of marine origin (Yin et al. 2009) and 

sediments (Ramalhosa et al. 2001). Other possible extraction methods employed nitric and 

hydrochloric acids in combination with sonication or microwave radiation (Rahman and 

Kingston 2004). Various extraction methods employing tetramethylammonium hydroxide, 

KOH in methanol, HCl and a mixture of KBr with CuSO4 have been compared for Hg species 

extraction (Yun et al. 2013; Gao and Liu 2011). Other studies dealt also with 

tetramethylammonium hydroxide in combination with microwave radiation and high-

performance liquid chromatography - inductively coupled plasma - mass spectrometry 

detection (Vidler et al. 2007) as well as the capillary gas chromatography - atomic fluorescence 

spectrometry via pyrolysis (Nevado et al. 2005). A summary of methods employed for mercury 

speciation analysis with spectrometric detection and their limits of detection is presented in 

Table 1. 

The aim of this work was to develop, optimize and validate on-line coupling of UV-

photochemical generation with a preceding reversed-phase high-performance liquid 

chromatography separation and with detection by quartz tube - atomic absorption spectrometry 

(QT-AAS). Two types of atomic absorption spectrometers have been tested as detectors. The 

first was a commonly used line-source instrument while the second was a high-resolution 

continuum source atomic absorption spectrometer (HR-CS-AAS). To the best of our 

knowledge, the latter one has never been reported in the literature for on-line speciation analysis 

of mercury.  
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Experimental 

 

Standards and reagents 

 

Deionized water from a Milli Qplus system (Millipore, USA) was used for preparation of 

all solutions. Stock/standard solutions of mercury species (1 g·L-1 Hg) were prepared by 

dissolving of an appropriate amount of solid methylmercury chloride (MeHgCl, Sigma-Aldrich, 

Germany), ethylmercury chloride (EtHgCl, Supelco, Germany), and phenylmercury chloride 

(PhHgCl, Supelco, Germany) in 40% (v/v) ethanol (Merck, Germany). On the contrary, 

mercury chloride (HgCl2, Sigma-Aldrich, Germany) was dissolved in deionized water. All 

standard solutions were stored in a fridge at 5 °C. All working solutions were prepared daily 

prior analysis by dilution in mobile phase. 

The mobile phase consisted of three components: (i) an organic solvent, (ii) buffer 

system, and (iii) photochemical reagent. Two types of buffer systems were tested: acetic acid 

and ammonium or sodium acetate (both analytical grade, Sigma-Aldrich, Germany). Methanol 

(Fluka, Germany), acetonitrile (Sigma-Aldrich, Germany), and ethanol (Merck, Germany) were 

examined as organic solvents. 2-mercaptoethanol (≥99%, Sigma-Aldrich, Germany) was 

employed as the photochemical reagent. Argon (99.998%, Linde Gas, Czech Republic) served 

as carrier a gas. 

Tetramethylammonium hydroxide (25% (v/v), Sigma-Aldrich, USA), HCl (37%, 

Merck, Germany), KOH (Lach-Ner, Czech Republic), dichloromethane (≥99.8%, Sigma-

Aldrich, USA), CuSO4 (Biogema, Slovak Republic), KBr (Sigma-Aldrich, USA), H2SO4 

(Merck, Germany), L-cysteine.HCl (≥98%, Sigma-Aldrich, USA), L-cysteine (for 

biochemistry, Merck, Germany), sodium pyrrolidinedithiocarbamate (Sigma-Aldrich, USA) 

and thioglycolic acid (Merck, Germany) were used for mercury species extraction. 

 

Real samples 

 

The fishes examined were collected from the Pastviny river dam on Divoká Orlice river 

in the Czech Republic. Two different fish species were selected for analysis: muscle tissue of a 

chub (Leuciscus cephalus) and muscle tissue of a zander (Sander lucioperca). A certified 

reference materials ERM-CE464 (tuna fish, Sigma-Aldrich, Germany) and DOLT-4 (dogfish 

liver, National Research Council of Canada, Canada) were employed to assess the accuracy 

(trueness and precision) of the results. 
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Instrumentation 

 

The high-performance liquid chromatography setups as well as atomic absorption 

spectrometry detectors were different for (i) optimization study of generation and separation 

steps and (ii) method validation as well as measurement of real samples under optimized 

conditions. Both experimental setups employed are described below. Moreover, the results of 

the determination of the mercury species in the real samples (fish tissue and certified reference 

materials (CRM)) found by the proposed high-performance liquid chromatography - 

ultraviolet-photochemical vapor generation - quartz tube atomic absorption spectrometry 

method were compared to those obtained by reference measurements by advanced mercury 

analyzer (AMA 254) (total Hg content determination) and high-performance liquid 

chromatography - inductively coupled plasma - mass spectrometry (reference speciation 

analysis method).  

 

Experimental setup for the optimization study 

 

A diagram of the instrumental set-up for high-performance liquid chromatography - 

ultraviolet-photochemical vapor generation - quartz tube - atomic absorption spectrometry is 

shown in Fig. 1. 

The cold mercury vapor was generated in the ultraviolet-photochemical generator 

consisting of the ultraviolet radiation source, low-pressure Hg vapor ultraviolet-lamp (20 W, 

253.7 nm, Ushio, Japan) with a Teflon tube (1 m long, 1 mm i.d., 2 mm o.d.) reaction coil 

wrapped around it. The ultraviolet-lamp was supplied by a power source (Modus SB 118; Czech 

Republic). Argon as a carrier gas was introduced into the apparatus upstream the ultraviolet-

photochemical reactor. The cold mercury vapor was transported to the gas-liquid separator 

(GLS) with forced outlet. The cold mercury vapor was detected by a line-source atomic 

absorption spectrometer Varian (Varian SpetrAA-300A, Australia). The mercury hollow 

cathode lamp (Varian, Australia) operated at 253.7 nm with spectral bandwidth of 0.5 nm and 

a lamp current 4 mA. The AAS was equipped with a quartz detection tube (QT) with integrated 

gas-liquid separator having inner volume of 9 mL. The inlet arm of laboratory made T-shaped 

quartz tube was externally heated to 150 °C by resistance wire to eliminate water vapor 

condensation and analyte losses. The dimensions of quartz tube were as follows: the length of 

optical arm was 120 mm (14 mm i.d.) with narrow middle part (50 mm in length, 7 mm i.d.) 

and the length of connecting tube between quartz tube and gas-liquid separator was 70 mm (6 
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mm i.d.). The liquid phase from gas-liquid separator was drained out to the waste by a peristaltic 

pump Masterflex® (Cole-Parmer, USA).  

An ultra high-performance liquid chromatography RS 3000 system (Dionex, USA) with 

an autosampler equipped with 100 L sample loop and a Gemini column (C18, 110 Å, 3 μm, 

150 mm length, 2.4 mm i.d., Phenomenex, USA) were employed. This column is termed short 

column in further text since another Gemini C18 column was tested in this work which was 

longer and broader (see below). 

 

Experimental setup for method validation and real sample measurements 

 

The same ultra high-performance liquid chromatography system and autosampler were 

used, but the column was replaced by another Gemini separation column (C18, 110 Å, 3 μm, 

250 mm length, 3 mm i.d., Phenomenex, USA) termed long column further in the text. This 

long column was combined with a guard column (C18, 3.2 x 8 mm, 3 μm, Phenomenex, USA) 

to protect it. A high-resolution continuum source atomic absorption spectrometer ContrAA700 

(Analytik Jena, Germany) was used as a detector. Measurements were performed at 253.6519 

nm line selected from the continuous spectrum of Xe lamp of the instrument with data collection 

of 3 pixels (center pixel ± 1) of the charge-coupled device detector using high-performance 

liquid chromatography mode of the control software. 

 

Determination of total mercury content 

 

Total mercury content was determined without any sample pretreatment employing 

advanced mercury analyzer (AMA 254) produced by Altec, Czech Republic. This single 

purpose atomic absorption spectrometer is based on in situ dry ashing of the sample at ca 750 

°C in the stream of oxygen followed by amalgamation of Hg on gold surface with subsequent 

detection by atomic absorption spectrometry. About 5-100 mg of the frozen tissue or untreated 

reference material was weighed into the nickel sample boat and the analysis was performed 

using following parameters: drying period of 60 s and decomposition period of 200 s. Peak 

height of the transient signals was evaluated by the software of the spectrometer. 

 

Reference method for Hg speciation analysis 

 

Speciation analysis of mercury by high-performance liquid chromatography - 

inductively coupled plasma - mass spectrometry (HPLC-ICP-MS) was performed using the 
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conditions described in an Agilent application note (Sannac and Chen 2012). An isocratic 

HPLC pump (Agilent 1200) and an Agilent HPLC autosampler (model 1260 Infinity with 20 

L loop) were used to drive the mobile phase and inject the filtered samples onto an Agilent 

Zorbax Eclipse XDB-C18 column (4.6 x 150 mm, 5 m). A guard column (Agilent Zorbax 

Eclipse XDB-C18, 4.6 x 12.5 mm, 5 m) was employed to protect the separation column. The 

mobile phase was pumped at a flow rate of 1 mL min-1 and consisted of 0.5 g L-1 of L-cysteine 

hydrochloride monohydrate and 0.5 g L-1 of L-cysteine both dissolved in deionized water (pH 

adjusted to 2.3 by HCl addition) with 2% methanol. An Agilent 7700x ICP-MS spectrometer 

was used as a detector. Mercury isotopes 201Hg and 202Hg were monitored. An internal standard 

(250 ng mL-1 Te) was co-nebulized to monitor the plasma conditions employing 125Te isotope. 

The chromatogram signals were evaluated in an Agilent Mass Hunter Workstation software 

(version B.01.01). 

 

Extraction – reference method 

 

Extraction of mercury species from the fish tissue samples as well as reference materials 

was performed by a procedure slightly modified from that reported previously (Hight and 

Cheng 2006). A dry thermostat (model LT-200, Hach-Lange, Germany) was employed for 

extraction of the mercury species. About 100 mg of reference material or the frozen sample was 

weighed into the glass vials of the thermostat and 5 mL of 0.2 % aqueous solution of L-cysteine 

hydrochloride monohydrate was added. Vials were capped tightly, shaken vigorously by hand 

and subsequently let to heat to 60 °C for 2 hours. The vials were shaken by hand every 30 

minutes during heating. After that the vials were cooled down to room temperature for 15 

minutes and the content from the vials was quantitatively transferred into 10 mL volumetric 

flasks and diluted by deionized water. The samples were filtered subsequently through 0.45 m 

PTFE membrane filters (Hach-Lange, Germany). 

Extraction methods tested 

 

Based on the literature search (see the chapter Introduction), several promising 

extraction agents and techniques were selected as summarized in Table 2. At first, all nine 

extraction methods and extraction agents were tested in flow injection analysis mode to protect 

separation column and save time. The sample weight of 200 mg was always employed. The 

sample extracts were always centrifuged in a benchtop centrifuge (Chirana, Czech Republic) 
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and subsequently filtered through a syringe filter with 47 mm diameter (regenerated cellulose, 

pore size 0.45 μm, Whatman, UK) prior measurement. 

Only one of the extraction methods tested (extraction with tetramethylammonium 

hydroxide and HCl at 75 °C for 30 minutes, row 9 in Table 2) was found compatible with the 

proposed high-performance liquid chromatography - ultraviolet-photochemical vapor 

generation - quartz tube - atomic absorption spectrometry method. All the other extraction 

agents or procedures were found incompatible due to significant suppression of Hg species 

signals or changes in speciation information. 

 

Extraction with tetramethylammonium hydroxide and HCl at 75 °C 

 

About 200 mg of the frozen sample or reference material was weighed and 6 mL of 

extraction agent was added. The concentration of tetramethylammonium hydroxide was 6.25% 

(w/v) and of HCl 0.05 mol L-1. The extraction was carried out on a heating mantle LTHS 500 

(ETA, Czech Republic) under a reflux condenser at approximately 75 °C for 30 minutes. This 

extraction procedure was chosen as the best and was used for the next experiments with fish 

tissues and certified reference materials. 

 

Proposed method and measurement procedure 

 

The mobile phase consisted of sodium acetate buffer system (equimolar mixture of 20 

mmol L-1 CH3COOH and CH3COONa, pH 4.75), 2-mercaptoethanol (0.1%) as a photochemical 

reagent and ethanol (40% v/v) as an organic solvent. The sample volume of 100 µL was injected 

into the stream of mobile phase. The mercury species were separated on the column. Carrier 

gas (Ar) at a flow rate of 100 mL min-1 was introduced to the system through a T-junction 

between separation column and UV-photochemical reactor. All mercury species were 

subsequently eluted to the UV-photochemical generator in which they were decomposed 

to the mercuric ion (Hg(II)) and immediately after that reduced to cold mercury vapor Hg(0). 

The mixture of liquid and gaseous phase was transported by a flow of the carrier gas and mobile 

phase into the gas-liquid separator. The evaporated mercury was transported consequently by 

an Ar stream to the externally heated quartz tube (150 °C) to be detected by AAS. The liquid 

phase was pumped to the waste. The distance between the UV-photochemical reactor, gas-

liquid separator and the quartz detection tube was kept as short as possible. 
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Results and discussion 

 

Two crucial steps of the proposed method, namely high-performance liquid 

chromatography separation of Hg species and their subsequent conversion to Hg vapor in an 

ultraviolet-photochemical generator (UV-PVG), were optimized. Firstly, the key experimental 

conditions of the UV-PVG were optimized in a flow injection mode. These parameters were: 

the construction of UV-photochemical reactor, the carrier liquid composition as well as its flow 

rate and carrier gas flow rate. 

Since the UV-photochemical generator was used as a post-column derivatization unit 

for speciation analysis, separation of mercury species by reversed-phase high-performance 

liquid chromatography was optimized in the next part of this work. Following key parameters 

were optimized in this step: the mobile phase composition, its pH and flow rate, column 

temperature and flow rate of Ar.  

All experimental parameters were subsequently optimized again in the high-

performance liquid chromatography mode and the compromised conditions for both steps were 

chosen to achieve the best results. 

 

Optimization of the UV-photochemical generation of mercury vapor 

 

Reaction coil 

 

One of the essential parameters of any UV-photochemical reactor is the construction of 

its reaction coil. The material and wall thickness affect the transparency for radiation from the 

ultraviolet lamp which intensity obviously influences the UV-PVG efficiency. The length of 

reaction coil affects the irradiation time which is very important for transformation of Hg(II) 

and organic species into Hg(0). Therefore, Teflon (PTFE) tubes with different inner (i.d.) and 

outer (o.d.) diameters (0.8 mm i.d./1.6 mm o.d.; 1.0 mm i.d./2.0 mm o.d.; 0.5 mm i.d./1.5 mm 

o.d.) and lengths (from 0.5 to 5 m) were tested in this work. All experiments were performed 

in flow injection analysis mode with standards of Hg(II), methylmercury(I) and ethylmercury(I) 

at 500 µg L–1 concentration levels. A 100 cm long PTFE tube with 1.0 mm i.d./2.0 mm o.d. was 

selected as the most suitable reaction coil for all the further measurements. 

 

Carrier gas flow rate 
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The carrier gas (Ar) flow rate and way of its introduction to the system (up- or 

downstream the UV-photochemical generator) have an impact on sensitivity and total time of 

measurement. The results have shown the same trend for all mercury species tested. With 

increasing the gas flow rate from 30 to 100 mL min-1 the peak became higher and narrower 

resulting in higher sample throughput and shorter measurement time. Flow rates between 100 

and 200 mL min-1 Ar resulted in signal decrease owning to higher dilution of mercury vapor in 

detection tube and/or lower generation efficiency because of shorter irradiation time. For next 

experiments, the Ar flow rate of 100 mL min-1 was selected as optimum with gas introduction 

upstream the UV-photochemical reactor. 

 

Composition of carrier liquid 

 

The signal of mercury species could be also affected by composition of the carrier liquid 

and concentration of its components. Moreover, in the particular case of high-performance 

liquid chromatography coupling to UV-PVG, the carrier liquid serves also as a mobile phase. 

Thus, its composition affects both the separation of mercury species as well as subsequent UV-

photochemical generation step. The carrier liquid is thus termed mobile phase further in the 

text. It consists of a buffer system, organic solvent and a photochemical reagent which 

concentration levels are optimized below. 

 

Acetate buffer composition and concentration 

 

The components of carrier liquid tested in ultraviolet-photochemical vapor generation 

step were pre-selected with respect to be compatible with the high-performance liquid 

chromatography separation. Ammonium acetate and sodium acetate were tested employing 

Hg(II) as a model species in solution with the concentration range of 0-50 mmol L-1 in flow 

injection analysis arrangement. Very low signals were detected when no buffer was present in 

the mobile phase. Compared to the sodium acetate buffer, ammonium acetate provided lower 

Hg(II) signals. Further experiments have revealed that buffer concentration did not influence 

the separation step significantly. Therefore, sodium acetate at concentration 20 mmol L–1 was 

chosen as optimum. 
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pH of sodium acetate  

The effect of mobile phase pH on the UV-photochemical generation was investigated 

in the range from pH 4.0 to 8.0 employing Hg(II), methylmercury(I) and ethylmercury(I) 

standard solutions as model species. The maximum absorbance was reached at pH 4.75 for all 

species tested. 

 

Organic solvents 

 

Methanol, ethanol and acetonitrile were tested firstly just in the ultraviolet-

photochemical vapor generation step in flow injection analysis mode for the sake of simplicity 

without preceding high-performance liquid chromatography separation. Acetonitrile caused 

significant reduction of absorbance. Although both methanol and ethanol (from 0 to 50 % (v/v)) 

provided very similar results, ethanol at a concentration of 10 % was selected for further 

experiments due to higher response of Hg(II). 

 

Photochemical reagent 

According to Yin et al. 2009b, the presence of 2-mercaptoethanol is necessary for 

ultraviolet-photochemical vapor generation from all Hg species. According to our results, only 

Hg(II) was detected without 2-mercaptoethanol. Its presence was found crucial for ultraviolet-

photochemical cold vapor generation from organomercurials. The effect of 2-mercaptoethanol 

concentration was studied from 0 to 0.2 % (v/v) in flow injection analysis mode. The optimum 

concentration of 2-mercaptoethanol was 0.1 % (v/v). 

Optimum parameters found for the ultraviolet-photochemical cold mercury vapor 

generation with quartz tube - atomic absorption detection are summarized in Table 3. 

 

Optimization of Hg species separation by high-performance liquid chromatography  

 

Organic solvent 

 

Acetonitrile was found as unsuitable organic solvent since it suppressed signals of 

mercury species during the UV-PVG as discussed above. An inefficient separation of Hg(II) 

and methylmercury(I) was observed with methanol. The mobile phase containing ethanol 

provided better separation even though the two species, Hg(II) and methylmercury(I), were not 

baseline separated on the short column (150 mm – see Experimental). With the increasing 
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concentration of ethanol from 10 % (v/v) to 40 % (v/v), the signals of all examined mercury 

species rose and the retention times were shorter. Therefore, 40 % (v/v) ethanol was chosen as 

the compromise between efficiency of high-performance liquid chromatography separation and 

efficiency of UV-PVG. 

 

2-mercaptoethanol 

 

According to Yin et al. 2009 and Yin et al. 2007b, the presence of 2-mercaptoethanol 

was necessary not only for UV-PVG but also for high-performance liquid chromatography 

separation. Effect of no addition of 2-mercaptoethanol on separation efficiency of the species 

could not have been tested since the organomercurials would not be subsequently reduced in 

the UV-reactor as discussed above. For this reason, the effect of 2-mercaptoethanol 

concentration on high-performance liquid chromatography separation was studied from 0.05 to 

0.2 %. The signals of Hg(II), methylmercury(I), ethylmercury(I), and phenylmercury(I) 

increased with concentration of 2-mercaptoethanol and then decreased slowly. The content of 

2-mercaptoethanol of 0.1 % (v/v) was chosen as the best for effective separation and efficient 

UV-PVG from all Hg species. 

 

Temperature of the column 

 

Influence of column temperature on the separation process was investigated in the range 

of 23-50 °C. The column temperature played very important role in this method due to the high 

viscosity of the ethanol:water (40:60) mixture resulting in high back pressure. In accord with 

the theory, the back pressure of the column was lower with increased column temperature as a 

consequence of decreased viscosity of the mobile phase. As a result, mobile phase flow rate 

could be increased up to 1 mL min-1 at column temperature of 50 °C. Temperature of 40 °C was 

selected for the best resolution of Hg(II) and methylmercury(I) peaks. 
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Mobile phase flow rate 

 

The column backpressure of a mixture of ethanol with aqueous solution of sodium 

acetate buffer (40 % and 60 %, respectively) at 40 °C at a mobile phase flow rate of 0.50 mL 

min-1 exceeded 245 bars which is the maximum value recommended by the manufacturer. 

Therefore, only lower flow rates of the mobile phase have been investigated. Peak heights of 

all mercury species rose with the increasing flow rate of mobile phase. However, peaks of 

Hg(II) and methylmercury(I) were not separated when the flow rate of mobile phase was higher 

than 0.30 mL min–1. Consequently, the 0.30 mL min–1 mobile phase flow rate was selected as 

the optimum value. 

 

Optimum experimental conditions 

 

Optimum experimental conditions found in this work for the proposed reversed-phase 

high-performance liquid chromatography separation and subsequent UV-PVG from all selected 

Hg species are summarized in Table 4. 

 

Figures of merit 

 

After optimization of both UV-PVG and high-performance liquid chromatography 

separation, the analytical figures of merit were determined employing longer (250 mm – see 

Experimental) separation column and a high-resolution continuum source atomic absorption 

spectrometer with the aim to attain better resolution of peaks and higher sensitivity of the 

determination. The calibration curves of Hg(II), methylmercury(I), ethylmercury(I), and 

phenylmercury(I) were constructed employing a solution of mixed-species standards with 

concentration levels ranging from 0 to 100 µg L–1 of each mercury species under optimum 

experimental conditions listed in Table 4. Due to increasing concentration of each mercury 

compound, the calibration curve was bended towards the axis of concentration above 100 µg 

L–1. Linear parts of calibrations are displayed in Fig. 2. 

The method parameters were calculated from peak area and all figures of merit are 

summarized in Table 5 for all mercury species under optimum conditions listed in Table 4. 

Limits of detection and quantitation, respectively were calculated as the concentration giving a 

response equal to three times (ten times) the standard deviation of peak areas of ten repeated 

measurements of mixed-species standard solution with a concentration of 2.5 µg L–1 of 
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individual species. Attained limits of detection are comparable to those reported in literature 

(see Table 1). They can even compete with more sensitive atomic fluorescence detectors. 

Fig. 3 shows two chromatograms recorded for the same model mixture of Hg species 

(50 µg L–1 of each species) employing two different apparatus setups: 1) line source AAS as a 

detector with preceding reversed-phase high-performance liquid chromatography separation on 

the short (150 mm) column and 2) HR-CS-AAS detector with separation on a long (250 mm) 

column. The use of long separation column results obviously in better peak resolution since the 

short column was not capable of baseline-separation of Hg(II) and methylmercury(I) species. 

The optimization experiments had shown that it was not possible to improve the resolution in 

other way than changing the column length while maintaining the same separation mechanism. 

As a consequence, the analysis takes longer since the retention times are shifted to higher 

values. Both the experimental setups were operated under optimized conditions. 

It must be once again highlighted that the improvement in separation depicted in Fig. 3 

is not caused by the detector but it is obviously attributed to the length of the column. However, 

the use of more sensitive as well as more selective HR-CS-AAS detector led to significant 

improvement in the signal to noise ratio. Unfortunately, the way of signal and data processing 

differed for both spectrometers significantly. Therefore, it is not possible to easily compare 

peak heights or peak areas recorded between the two spectrometers but the signal to noise ratio 

improvement can be clearly seen from Fig. 3. To the best of our knowledge this is the first 

report on HR-CS-AAS detector employed for on-line speciation analysis of mercury and 

evaluation of its performance. 

 

Sample analysis 

 

Two fish samples and two certified reference materials were analyzed under the 

optimum conditions by the proposed reversed-phase high-performance liquid chromatography 

- ultraviolet-photochemical vapor generation - quartz tube - atomic absorption spectrometry 

method after extraction by tetramethylammonium hydroxide and HCl at 75 °C for 30 minutes 

(see Table 2 and Experimental for details). The results have been compared to that attained by 

high-performance liquid chromatography - inductively coupled plasma - mass spectrometry 

after L-cysteine extraction and AMA 254 which were used as reference methods (see 

Experimental for details).  

Analyses of both certified reference materials were performed with good agreement 

between the certified Hg(II) and methylmercury(I) contents and the experimentally found 
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Hg(II) and methylmercury(I) contents. The extraction efficiency of mercury (total Hg) was 

comparable for both, proposed and reference method, reaching 80-90 %. No significant 

conversions among Hg species were observed for either proposed or reference method. See 

Table 6 for summary of the results attained during the reversed-phase high-performance liquid 

chromatography - ultraviolet-photochemical vapor generation - quartz tube - atomic absorption 

spectrometry method validation. 
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Conclusions 

 

The ultraviolet (UV)-photochemical generator of mercury cold vapor was constructed 

and optimized for speciation analysis of mercury compounds. Four selected mercury species 

(Hg(II), methylmercury(I), ethylmercury(I) and phenylmercury(I)) were individually 

decomposed and subsequently reduced to mercury cold vapor in the presence of acetic acid, 

ethanol and 2-mercaptoethanol under the UV-irradiation. Both the acetic acid and 2-

mercaptoethanol were found to act as photochemical agents for organomercurials, whereas 

acetic acid alone is capable of conversion of Hg(II) to Hg(0) only. 

Subsequently, reversed-phase high-performance liquid chromatography was connected 

prior to the UV-photochemical generator developed which served as a derivatization device for 

atomic absorption spectrometry (AAS) detection. Compromise experimental conditions 

compatible with both, the separation and UV-photochemical generation, were selected for 

further use. With the aim to attain better separation efficiency and higher signal to noise ratio, 

long separation column and high-resolution continuum source (HR-CS) AAS were employed 

for method characterization and validation. Low limits of detection (ranging from 0.5 to 2 µg 

L–1), good precision (repeatability lower than 6.2 % relative standard deviation for 10 

measurements) and satisfactory separation efficiency were achieved in the developed set-up. 

These method characteristics are comparable even with values typical for atomic fluorescence 

spectrometry (AFS) detection which is considered as more sensitive technique. 

Based on the literature, nine various extraction agents and procedures were tested and 

their compatibility with both, reversed-phase high-performance liquid chromatography 

separation and UV-photochemical generation, was investigated. The extraction mixtures tested 

include: HCl and ethanol; 2-mercaptoethanol; thioglycolic acid; sodium 

pyrrolidinedithiocarbamate; KOH in methanol; L-cysteine; KBr and CuSO4 and a mixture of 

tetramethylammonium hydroxide/HCl. The last combination of tetramethylammonium 

hydroxide and HCl at 75 °C was chosen as the best and the only one suitable with respect to 

high extraction efficiency of mercury species and no changes in mercury speciation 

information. 

The applicability of the proposed procedure comprising of Hg species extraction 

followed by reversed-phase high-performance liquid chromatography separation and post-

column UV-photochemical vapor generation (UV-PVG) derivatization with subsequent AAS 

detection was demonstrated on Hg speciation analysis in fish samples and certified reference 
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materials of tuna fish (ERM-CE464) and dogfish liver (DOLT-4) with a similar matrix. The 

results were comparable to those obtained with a reference method based on L-cysteine 

extraction and high-performance liquid chromatography - inductively coupled plasma - mass 

spectrometry (HPLC-ICP-MS) separation/detection showing the potential of the developed 

method. 
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Table 1. Methods for mercury speciation analysis with spectrometric detection and 

corresponding limits of detection  

 

Generation, 

separation  

Detection 

Detection limits (µg L–1) 

Reference 

Mercu

ry(II) 

Methyl

mercur

y(I) 

Ethyl

mercur

y(I) 

Phenyl

mercur

y(I) 

Ultraviolet /2-

mercaptoethanol 

Atomic 

fluorescence 

spectroscopy 

0.06 0.05 - - Yin et al. 2007b 

High-

performance 

liquid 

chromatography -

ultraviolet-

photochemical 

vapor generation 

Atomic 

fluorescence 

spectroscopy 

0.085 0.033 0.029 0.038 Yin et al. 2008 

High-

performance 

liquid 

chromatography -

ultraviolet-

photochemical 

vapor generation 

Atomic 

fluorescence 

spectroscopy 

0.53 0.22 0.18 0.25 Yin et al. 2009 

Ultraviolet-

photochemical 

vapor generation 

Atomic 

absorption 

spectroscopy 

0.05 0.08 0.06 - Silva et al. 2012 

High-

performance 

liquid 

chromatography -

ultraviolet-

photochemicalva

por generation 

Atomic 

fluorescence 

spectroscopy 

0.38 0.41 0.56 - Huang et al. 2013 

High-

performance 

liquid 

chromatography - 

atomic 

fluorescence 

spectroscopy 

using an 

integrated 

microwave/ultrav

iolet interface 

Atomic 

fluorescence 

spectroscopy 

0.15 0.15 0.35 - Quadros et al. 2014 

High-

performance 

liquid 

chromatography 

- ultraviolet–

Quartz tube-

high-

resolution 

continuum 

source - 

0.47 0.84 0.80 1.96 This work 
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photochemical 

vapor 

generation 

atomic 

absorption 

spectrometr

y 

Quartz tube-

line-source -

atomic 

absorption 

spectrometr

y 

8 31 16 38 
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Table 2. Tested extraction methods  

  Extraction method Extraction agent Reference 

1 7 min ultrasonic bath 7.5 mL of 2% (v/v) hydrochloric acid and 

10% (v/v) ethanol 

Souza et al. 

2013 

2 8 min microwave 

extraction 60 W, 

ambient temperature 

3 ml of 0.1% (v/v) 2-mercaptoethanol Leng et al. 2013 

3 3 hours of shaking 

45 min. ultrasonic bath, 

ambient temperature 

25% (m/v) KOH in methanol 

1.5 mL of HCl and 6 ml dichloromethane 

was added 

Yin et al. 2009b 

4 ambient temperature 6.25 g CuSO4 and 4.5 g KBr with 1.25 

mL H2SO4 in deionized water 

Yun et al.2013 

5 Heated for 2 hours at 50-

60 °C 

5 mL of 0.2% (m/v) of L-cysteine Hight and 

Cheng 2006 

6 Heated for 2 hours at 50-

60 °C 

0.2% (v/v) solution of 2-mercaptoethanol 

in 2% (v/v) methanol 

Chang et al. 

2007 

7 Heated for 2 hours at 50-

60 °C 

5 mL of 0.2% (m/v) of sodium 

pyrrolidinedithiocarbamate 

Falter and 

Schöler 1995 

8 Microwave extraction 60 

W, 25 min 

2 mL of 6.25% tetramethylammonium 

hydroxide 

0.05 mol L-1 HCl 

Vidler et al. 

2007 

9 Extraction at 75 °C, 30 

min 

2 mL of 6.25% tetramethylammonium 

hydroxide 

0.05 mol L-1 HCl 

Zheng and 

Hintelmann 

2010 
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Table 3. Optimum experimental conditions for UV-photochemical generation of mercury 

species 

 

Parameter Experimental conditions 

PTFE reaction coil dimensions/(cm) 100 x 0.1 i.d. x 0.2 o.d. 

Carrier gas flow rate/(mL min–1 Ar) 100 

Mobile phase flow rate/(mL min–1) 2.5 

Sample injection volume/(µL) 200 

Concentration of buffer CH3COOH/CH3COONa/(mmol L–1) 20/20 

Buffer pH 4.75 

Concentration of 2-mercaptoethanol (v/v)/(%) 0.1 

Concentration of ethanol (v/v)/(%) 10 

 



 27 

Table 4: Optimum experimental conditions for the proposed method, separation on a long 

column and detection by high-resolution continuum-source atomic absorption spectrometry.  

Parameter Optimum value 

Flow rate of mobile phase/(mL min-1) 0.3 

Sample injection/(µL) 50 

Carrier gas flow rate/(mL min-1) 100 

Temperature of the column/(°C) 40 

Temperature of detection tube/(°C) 150 

Reaction coil/(cm) 100 x 0.1 i.d. x 0.2 o.d. 

Ethanol content (v/v)/(%) 40 

2-mercaptoethanol content (v/v)/(%) 0.1 

Concentration of buffer 

CH3COOH/CH3COONa/(mmol L-1) 

20/20 

Buffer pH 4.75 
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Table 5. Analytical figures of merit for the proposed method, separation on a long column 

and detection by high-resolution continuum-source atomic absorption spectrometry. 

 

Parameter Mercury(II) Methylmercury(I) Ethylmercury(I) Phenylmercury(I) 

Limit of 

detection/(µg L–1) 
0.47 0.84 0.80 2.0 

Limit of 

quantitation /(µg L–

1) 

1.6 2.8 2.7 6.5 

Sensitivity/(L µg–1) 0.10 0.051 0.059 0.053 

Repeatability/(% of 

relative standard 

deviation at 30 µg 

L–1; n=10) 

3.6 4.1 6.2 4.5 

Linear dynamic 

range up to/(µg L–1) 
100 100 100 100 

Correlation 

coefficient 
0.999 0.998 0.999 0.999 
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Table 6. Comparison of the results reached by the proposed and reference methods. Mercury 

speciation analysis in certified reference materials and fish samples. Each value was calculated 

from three repetitions. 

 

Sampl

e 
Species 

Certifi

ed 

(mg kg-

1) 

High-

performance 

liquid 

chromatogra

phy - 

ultraviolet-

photochemica

l vapor 

generation - 

quartz tube-

atomic 

absorption 

spectrometry 

(mg kg-1) 

High-

performance 

liquid 

chromatogra

phy - 

inductively 

coupled 

plasma - mass 

spectrometry 

(mg kg-1) 

Total 

Hg 

analysis 

by 

advanc

ed 

mercur

y 

analyze

r  

(mg kg-

1) 

Extracti

on 

efficienc

y* 

(%) 

DOLT

-4 

(dogfi

sh 

liver) 

Mercury(II) 1.25# 1.16 ± 0.03 1.14 ± 0.04  93/91 

Methylmercur

y(I) 

1.33 ± 
0.12 

0.96 ± 0.03 1.08 ± 0.01  72/81 

Total Hg 2.58 ± 
0.22 

2.12 ± 0.04 2.23 ± 0.05 2.53 ± 
0.15 

82/88 

ERM-

CE464 

(tuna 

fish) 

Mercury(II) - 0.72 ± 0.08 0.15 ± 0.01 -  

Methylmercur

y(I) 

5.50 ± 
0.17 

3.63 ± 0.19 4.08 ± 0.05 - 66/74 

Total Hg 5.24 ± 
0.10 

4.35 ± 0.21 4.24 ± 0.06 5.03 ± 
0.21 

86/84 

Chub - 

muscl

e 

Mercury(II) 
- 

0.22 ± 0.01 < limit of 

quantitation  

-  

Methylmercur

y(I) 
- 

0.41 ± 0.002 0.56 ± 0.02 -  

Total Hg - 
0.63 ± 0.01 0.56 ± 0.02 0.71 ± 

0.02 

89/79 

Zande

r - 

muscl

e 

Mercury(II) 
- 

0.05 ± 0.01 < limit of 

quantitation  

-  

Methylmercur

y(I) 
- 

0.98 ±0.03 1.12 ± 0.02 -  

Total Hg - 
1.02 ± 0.03 1.12 ± 0.02 1.30 ± 

0.08 

79/86 

* extraction efficiency found by the proposed method/reference methods related to the certified 

or calculated value 

# calculated value (difference of certified values: Total Hg - Methylmercury(I))  
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Fig. 1. The instrumental set-up used for mercury speciation analysis. 

1-Mobile phase, 2-High-performance liquid chromatography pump, 3-Injection valve with 

loop, 4-Separation column, 5-Mass flow controller, 6-Cylinder with compressed argon, 7-

Ultraviolet-photochemical reactor, 8-Gas-liquid separator, 9-Quartz detection tube, 10-

Peristalic pump, 11-High-performance liquid chromatography system 
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Fig. 2. Linear range of calibration curves attained by high-resolution continuum source-atomic 

absorption spectrometer for individual Hg species in a mixture. Mercury species standards in 

20/20 mmol L–1 CH3COOH/CH3COONa, pH 4.75, 40% ethanol and 0.1% 2-mercaptoethanol. 

See Table 4 for experimental conditions. 
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Fig. 3: The comparison of chromatograms (Hg concentration of each mercury species 50 µg L-

1) obtained under the optimum experimental conditions (Table 4). 

Left: high-resolution continuum source-atomic absorption spectrometer; Phenomenex 

Gemini® column (3µm, 250 x 3 mm) 

Right: Line-source-atomic absorption spectrometer; Phenomenex Gemini® column (3µm, 150 

x 2.4 mm) 
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