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1. Introduction

ABSTRACT

A dedicated pressure-driven mesofluidic platform incorporating on-chip sample clean-up and analyte
preconcentration is herein reported for expedient determination of trace level concentrations of
waterborne inorganic mercury. Capitalizing upon the Lab-on-a-Valve (LOV) concept, the mesofluidic
device integrates on-chip micro-solid phase extraction (LSPE) in automatic disposable mode followed
by chemical vapor generation and gas-liquid separation prior to in-line atomic fluorescence spectro-
metric detection. In contrast to prevailing chelating sorbents for Hg(Il), bare poly(divinylbenzene-N-
vinylpyrrolidone) copolymer sorptive beads were resorted to efficient uptake of Hg(Il) in hydrochloric
acid milieu (pH=2.3) without the need for metal derivatization nor pH adjustment of prior acidified
water samples for preservation to near-neutral conditions. Experimental variables influencing the
sorptive uptake and retrieval of target species and the evolvement of elemental mercury within the
miniaturized integrated reaction chamber/gas-liquid separator were investigated in detail.

Using merely < 10 mg of sorbent, the limits of detection and quantification at the 3spjani and 10Spjank
levels, respectively, for a sample volume of 3 mL were 12 and 42 ng L~' Hg(Il) with a dynamic range
extending up to 5.0 pg L. The proposed mesofluidic platform copes with the requirements of regulatory
bodies (US-EPA, WHO, EU-Commission) for drinking water quality and surface waters that endorse
maximum allowed concentrations of mercury spanning from 0.07 to 6.0 ug L~ . Demonstrated with the
analysis of aqueous samples of varying matrix complexity, the LOV approach afforded reliable results with
relative recoveries of 86-107% and intermediate precision down to 9% in the renewable nSPE format.

© 2013 Elsevier B.V. All rights reserved.

with miniaturized on-chip electrochemical sensors or optrodes or
the assembly of functional platforms interfaced to mass spectro-

The advent of microfluidic platforms has revolutionized the
field of wet chemical (bio)analytical assays [1] as a result of the
likelihood of probing single cells [2] beside the manipulation,
identification and separation of cells (e.g., cancer cells) [3-5], the
examination of protein structure and function [6], the simplifica-
tion of polymerase chain reaction-based methods [7,8], and the
exploration of aptamer interactions with proteins or small mole-
cules [9,10]. Not the least, lab-on-a-chip (LOC) microdevices are
able to cope with most of the twelve basic principles of green
chemistry [11] toward the minimization in consumption of
sample and reactants at the low pL level, with a downscaling
option to the nL level, and in the generation of wastes. The
ultimate goal is the development of reagent-free chemical assays
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metry [1,12,13]. Recent trends geared toward the integration of
overall (bio)analytical protocols on-chip including electrophoretic
and pUSPE approaches for purification, enrichment and digestion of
target species [14,15] and the development of rugged platforms to
be transferred to routine analytical laboratories or real-life
scenarios [16].

The superior attributes of LOC also accrue with metal assays
(e.g. Hg(I)) in a variety of fields of research endeavor. Microfluidic
systems for downscaling and simplification of inorganic mercury
assays involving a variety of chemistries and detection principles
have attracted a great deal of attention lately. Chromogenic
probes immobilized on-chip for microfluidic optrode sensing
[17] and integration of atomic emission spectrometry on-chip
using dielectric barrier discharge plasma allied to cold-vapor (CV)
generation [18] rendered miniaturized and/or portable devices for
mercury quantification at levels > 10 ug L~! Hg(Il). Microfabri-
cated platforms housing electrochemical detectors furnished with


www.elsevier.com/locate/talanta
www.elsevier.com/locate/talanta
http://dx.doi.org/10.1016/j.talanta.2013.02.013
http://dx.doi.org/10.1016/j.talanta.2013.02.013
http://dx.doi.org/10.1016/j.talanta.2013.02.013
mailto:manuel.miro@uib.es
http://dx.doi.org/10.1016/j.talanta.2013.02.013

L.A. Portugal et al. / Talanta 110 (2013) 58-65 59

Au/Ag planar microelectrodes [19] or the strong binding of
mercury to thymine-rich oligonucleotides anchored to metal
microelectrodes [20] allowed for reliable low-abundance Hg(II)
measurements at the sub-ug L~ level.

LOC platforms have also opened up a host of prospects within
the environmental analytical arena, though the sample volume is
not an issue here. A vast amount of effort has been devoted to
ameliorate chip/detection technology and tackle challenges to
trigger new platforms for in-situ 24/7 unattended monitoring of
environmental parameters using stand-alone deployable devices
[21-23]. Although the development of a wide range of intense
light-emitting diodes that can be coupled to fiber optics enabled the
integration of optical detection within microfluidic devices, on-chip
absorbance measurements lack sensitivity for trace level analysis as
a result of the handling of sample volumes down to the low nL or pL
level and the tiny channel dimensions which render optical path
lengths within the nanometer range [24,25]. Likewise, the minute
electroactive exposed surface of embedded electrodes in LOC plat-
forms detrimentally affects the chip-based method sensitivity for
metal assays [19]. The main obstacle for extensive acceptance of
LOCs in the context of environmental trace element analysis lies in
their inability to cope with the stringent requirements of current
regulatory authorities for priority metal pollutants. The current EU
Water Framework Directive poses a maximum allowed concentra-
tion (MAC) of mercury in surface waters of 70 ng L~ ' [26], which is
regrettably far below the lower limit of quantitation and the bottom
end of the dynamic range of the above mentioned optical and
electrochemical chip devices [17-20]. The inorganic mercury guide-
line values in drinking water endorsed by the European Commis-
sion, US-EPA and World Health Organization (WHO); 1 pg L~ [27],
2pugL~'[28] and 6 ug L~ [29], respectively, are not even met by
the majority of recently reported integrated chip systems [17-19].
Further, LOCs are frequently dedicated, that is, they bear fixed
architecture for predetermined chemistries as a result of which
little room remains for additional sample processing steps other
than those initially conceived [30].

To tackle the aforementioned shortcomings, Lab-on-Valve
(LOV) mesofluidic approaches bearing channel dimensions with
sizes within the low mm range have emerged as appealing
alternates to the LOC counterparts [30-34]. LOV practitioners
are not being dictated by a rigid module architecture, yet they are
able to tune hydrodynamic parameters at will using pressure-
driven programmable flow [30,33], as precisely controlled by bi-
directional syringe pumps, which are also attracting much atten-
tion in the LOC field [24,35].

LOV modules housing multi-purpose flow-through cells furnished
with optical fibers or miniaturized electrodes for on-chip optical or
electrochemical detection, respectively, are able to admit larger
sample volumes than those of LOCs, and afford versatile optical path
lengths up to 10 mm by tailoring the liquid gap between both optical
fibers [33,36]. Most importantly, LOV has evolved as a downscaled
tool for automated sample processing of environmental samples for
trace metal analysis using atomic spectrometric detection [37-40].
The constraints of LOCs for reliable PSPE as a consequence of the
progressive tighter packing of the beads embedded in the channels
and the subsequent build-up of backpressure are readily overcome
with the flexible manipulation of beads in LOV using the so-called
bead-injection (BI) mode [30,41]. In BI, bead suspensions are pro-
cessed akin to solutions, trapped as microcolumns within the
conduits of the mesofluidic platform, and employed to preconcen-
trate target species (with concomitant removal of unwanted matrix
components) followed by on-line disposal after each single assay or a
given number of measurements on the basis of the feasibility of
regeneration of the sorptive surfaces.

Membrane-based gas-diffusion procedures and gas-liquid
separators have been likewise integrated or combined with LOV

devices for selective isolation of metals and metalloids as evolved
gases. These approaches have been primarily linked to CV gen-
eration of mercury with detection by UV-photometry [42] or
atomic fluorescence spectrometry with the aid of side-on photo-
multipliers [43,44] or external devices [45]. Although the limits of
detection (LODs) reported are suitable at first sight for meeting
the demands of regulatory bodies in terms of water quality
standards, the actual limits of quantification for inorganic mer-
cury and the concentrations determined accurately in environ-
mental waters are at least exceeding the MAC of the EU Council
Directive 2008/105/EC in one order of magnitude [42-45].

This paper reports the first fluidic platform encompassing
automatic disposable Bl-based MUSPE and integrated gas-liquid
separation for on-line CV generation and determination of inor-
ganic mercury in environmental and drinking waters at concen-
tration levels below those endorsed by current regulatory
agencies. Copolymeric bead carriers bearing vinylpyrrolidone
moieties as mercury receptor sites were explored for selective
analysis of inorganic mercury in high-salt content samples. The
most critical variables in on-chip sorptive BI assays of inorganic
mercury and evolvement of elemental mercury were assessed by
fractional factorial design. Aided by thermodynamic calculations,
further insight is given into the mechanism of selective sorbent
uptake of inorganic mercury in hydrochloric acid medium.

2. Experimental
2.1. Reagents

All chemicals were of analytical reagent grade and were sup-
plied by Merck (Darmstadt, Germany). Ultra-pure water (specific
resistivity of 18.2 MQ cm) obtained from a Milli-Q system (Milli-
pore, Bedford, USA) was employed to prepare all solutions and
standards. Glassware rather than plastic containers were used
throughout for standard preparation. Hydrochloric and nitric acids
(TraceSELECT, Fluka Analytical, Seelze, Germany) were further
purified by cold-finger distillation in a silica reactor. Working
standard solutions of Hg(Il) in a 0.005 mol L~ HCl were prepared
immediately before use by serial dilution of 10 mg L~! Hg(II) stock
solution in 0.1 mol L~! HCl. The stock solution was obtained from
mercury(Il) chloride as per APHA-AWWA-WPCF recommendations.
A 4.0% (m/v) SnCl; solution, used as in-line selective reducing agent
for Hg(ll) to trigger the CV reaction, was prepared fresh daily by
weighing 2 g of SnCl,-H,O (<0.000001% Hg) to which 1 mL
distilled HCl was added prior to diluting to 50 mL with water.
Traces of Hg(Il) in the reagent were eliminated by purging the
solution with a gentle stream of nitrogen for 30 min.

N-vinylpyrrolidone-divinylbenzene copolymeric beads (Oasis
HLB, Waters, Mildford, MA) with average dry bead size of 30 um,
specific surface area of 800m?g~!, total pore volume of
1.4cm3g~! and containing a balanced ratio of hydrophilic and
lipophilic monomers were used as-purchased for mesofluidic pSPE
of Hg(Il) in the BI format. Working bead suspensions were prepared
by moistening 200 mg of the Oasis HLB sorptive material with 2 mL
of 95% (v/v) MeOH/water. The suspension of copolymeric beads was
contained in 1.0 mL plastic syringe, which was mounted vertically
on port 5 (see Fig. 1) of the integrated LOV platform.

2.2. Sample collection and treatment

All plastic and glass materials for sample collection and
preparation of solutions were cleaned in 10% (v/v) HNOs for at
least 24 h, and thoroughly rinsed with Milli-Q water immediately
before first use.
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Fig. 1. Sketch of the LOV-pSPE mesofluidic platform for automatic on-chip preconcentration of Hg(II) using disposable sorptive beads followed by on-line CV generation
and separation of elemental mercury. SV: solenoid valve; MSP: multi-syringe pump; S: glass syringe; LOV: Lab-on-a-Valve; MC: microcolumn; CC: central communication
channel; RC: reaction chamber; GLS: gas liquid separator; GD: gas dryer; AFS: atomic fluorescence spectrometer; E: eluent; HC: holding coil; C: carrier; R: reducing

reagent; T1, T2, and T3: confluence points; and W: waste.

A number of environmental waters from the Balearic Islands,
Spain (viz., spring water, ground water, drinking water from a city
water reservoir, and coastal seawaters in highly populated (hotel
resort) sites) were collected in low density polyethylene bottles
and immediately filtered through 0.45 pum cellulose acetate
membrane filters. Samples were collected following GEOTRACES’
recommendations for mercury [46]. The filtrate was stored in
airtight glass bottles, acidified with distilled HCI to pH 2.3 and
analyzed in less than 24 h.

2.3. Analytical instrumentation

A schematic diagram of the pressure-driven mesofluidic plat-
form integrating USPE and CV generation for automatic determi-
nation of low-abundance waterborne Hg(ll) is illustrated in Fig. 1.
The LOV platform, fabricated from polymethylmethacrylate and
encompassing eight integrated channels (1.66 mm i.d./12.0 mm
length), was mounted atop of an eight-port multiposition selec-
tion valve (Valco Instruments, Houston, TX). The central port of
the integrated LOV sample processing unit, connected to S1, is
made to address the peripheral ports of the unit (1-8), for
sequential aspiration of the various constituents for BI sample
preparation, via the central communication channel (CC) in the
selection valve. One of the LOV channels (the one indicated as
port 4 in Fig. 1) served as a microcolumn bed for trapping the
disposable co-polymeric beads. To contain the sorbent within the
cavities of the LOV module and prevent them from escaping, the
outlet of the microcolumn bed (port 4) was furnished with a
polyethylene frit of 10 um pore size (Mo Bi Tec, Gottingen,
Germany). The bead container and the eluent reservoir were
attached to the peripheral ports 5 and 8, respectively, while port
3 was used for sorbent disposal. Direct analysis of samples
without prior sample processing is also feasible without the need
of manifold reconfiguration through port 1 in the LOV unit. A
dedicated membrane-less gas-liquid expansion separator from a
commercial polypropylene syringe barrel (40 mm long, 11 mm
i.d.) with an internal volume of ca. 7 mL was attached in upright
position to the LOV platform through home-made PVC nuts. The
flow manifold houses two external three-way solenoid valves

(SV5 and SV6) for delivery of the argon stream and eluate,
respectively, to the gas-liquid separator via T2 and T1 con-
fluences (see Fig. 1), respectively.

A multi-syringe bi-directional piston pump with programmable
speed (MSP, Multiburete 4S, Crison, Alella, Spain) equipped with four
syringes (S1, S2, S3, and S4) (Hamilton, Switzerland) connected in
block to a single stepper motor was exploited as a liquid driver for
pressure-driven flow. S1 with a capacity of 5.0 mL contained the
carrier (0.005 mol L~! HCI) and was connected to the central port of
the LOV via a PTFE tubing (2.0 mm i.d., 160.0 cm long) working as a
holding coil (HC). S2 with an internal volume of 2.5 mL contained the
reducing solution to be brought to the gas-liquid separator through
the confluence point (T2) for evolving elemental mercury. S3 and S4
with a capacity of 2.5 mL and 1.0 mL, respectively, were connected to
the confluence T2 and the dual LOV channel (port 2), respectively, for
rinsing the gas-liquid separator at the end of the analysis cycle and
the sampling line between consecutive samples or standards, respec-
tively. Three-way solenoid valves (Vi, Vi, Vs, V4) (N-Research,
Caldwell, N]J) were mounted atop of each syringe, enabling the
communication with the liquid reservoirs in the Off position, or with
the LOV platform when activated to the On position. The flow
network was built from polytetrafluoroethylene (PTFE) tubing of
0.8 mm i.d., excepting the lines connecting S1-S4 with the external
reservoirs which were made from 1.5 mm i.d. PTFE tubing.

The LOV platform was coupled to a non-dispersive atomic
fluorescence spectrometer (AFS, PS Analytical, Orpington, UK) for
in-line detection of evolved elemental mercury. The detector was
equipped with a high intensity mercury vapor lamp (Cathodeon
Ltd., Cambridge, UK), a fixed 254 nm filter and a photomultiplier
tube. The flow rates of the argon carrier through the reactor
chamber/gas-liquid separator for sweeping the mercury gas into
the AFS flow cell, and of the shield gas were affixed to
120 mL min~! and 300 mL min~!, respectively. Unless otherwise
stated, the AFS operated at a 100-fold electronic gain and the
transient signals were processed in the peak height or peak area
mode. Activation of the AFS was performed using the same soft-
ware controlling pumps and valves via dedicated dynamic link
libraries. A shell-and-tube configured drying membrane (Perma
Pure Inc, Toms River, NJ) utilizing nitrogen at 400 mL min~! as a
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purge gas was connected to the outlet of the gas-liquid separator to
circumvent entrainment of moisture into the AFS and subsequent
quenching of the atomic fluorescence intensity.

2.4. Analytical procedure for uSPE of Hg(ll) in the LOV-BI mode

The operational sequence for automatic sample clean-up and
sorptive preconcentration of inorganic mercury onto the LOV
renewable microcolumn and further in-line CV-AFS detection is
compiled in Table S1. This table lists experimental details of the
analytical procedure and the LOV and solenoid valve positions
along with the consumption of sample and reagents and delivery
flow rates. The overall sample processing cycle involves six steps,
viz, system preconditioning, microcolumn packing, analyte uptake,
elution of pre-concentrated Hg(Il) followed by vapor generation in
the reaction chamber and transportation of volatile species into the
AFS, and finally sorbent disposal, as described below:

(1) Preconditioning of the flow network (not shown in Table
S1). Initially, the syringes S1 and S2 are filled with carrier and
reducing reagent, respectively, and the HC is cleansed with
4.6 mL of eluent. On changing the sample, S4 is set to aspirate
a well-defined volume of sample or standard (300 pL) past
flow-through port 2 to rinse the sampling line. Metered
volumes of eluent and air (250 pL each) are aspirated into
HC to wash and fill the peripheral lines. The surplus is
directed to waste through port 3.

The analytical operations in this step are aimed at eliminating
sample cross-contamination effects and potential analyte
carry-over.

(2) Microcolumn packing within LOV conduits (steps 1-3 in
Table S1). A minute volume of the Oasis HLB bead suspension
(70 pL) is drawn slowly into HC. Bead dispersion into the carrier
solution is avoided with a prior aspirated 100 pL-air plug. The
communication channel (CC) is then connected to the periph-
eral port 4 to flush the bead suspension toward the micro-
column bed with the aid of S1. The trapped beads inside the
LOV conduit are subsequently rinsed with 200 pL of carrier.

(3) Sample loading (steps 4-7 in Table S1). S1 is set to pull
3000 pL sample from the dual-line port 2 into HC. Afterward,
the flow is reversed and the sample plug plus 1000 L of carrier
solution are perfused through the packed-bead microcolumn
for uptake of Hg(II) followed by the removal of weakly or non-
retained matrix constituents from the bead surfaces. It should
be noted that during sample loading the solenoid valve SV6 is
switched to Off to prevent the introduction of sample matrix
components into the gas-liquid separator.

(4) Analyte elution (steps 8-11 in Table S1). First, the tubing
connecting the outlet of the microcolumn (port 4) with the
gas-liquid separator via the confluence T1 is filled with air.
Afterward, a 350 pL of acidic eluent is aspirated from port
8 and dispensed forward in air-segmented mode to the
microcolumn for quantitative stripping of Hg(Il). The eluate
(SV6 is activated to On) is delivered to the reactor chamber/

Table 1

gas-liquid separator through the microchannel engraved in
the LOV platform from the confluence T1 to the bottom end of
the reactor (see Fig. 1).

(5) Cold vapor generation and detection (steps 12-14 in Table
S1). Evolvement of mercury vapor is triggered with the
activation of SV2 to On and introduction of 500 pL of reducing
reagent into the reaction chamber. Though the reduction of
inorganic mercury to elemental mercury is virtually instanta-
neous, a delay time of 10s is used for reaction completion.
The evolved mercury is confined within the reaction chamber
because of the positive pressure of the argon carrier at T3
against the pressure inside the reactor. The reaction mixture
is then purged with the argon carrier at 120 mL min~' (SV5 is
switched to On) and the mercury vapors feed the AFS flow-
cell. At this time the detector is triggered via software and the
transient fluorescence signal is recorded.

(6) Automatic bead disposal and rinsing of LOV channels and
reaction chamber (steps 15-20 in Table S1).

The sorptive beads trapped within the LOV platform are
readily discarded on-line (via port 3) after being moistened
with carrier. Hence, the LOV manifold is ready to initiate a
new analysis cycle with a fresh portion of beads, thus over-
coming the deterioration of the analytical performance of the
LOC counterparts with permanently packed bead microcol-
umns due to the progressive deactivation of the sorbent
material and/or the potential losses of reactive sites.

The contents of the reaction chamber are pulled into S3, which is
working at the end of each analytical run as a waste container.
Negligible cross-contamination effects were observed in conse-
cutive assays as the reaction chamber is thoroughly rinsed with
4.0 mL of carrier prior to initiate the ensuing sample analysis.
The overall analysis cycle involving sample injection, analyte
preconcentration, elution and quantification by AFS lasts ca.
11 min.

2.5. Experimental design

A two-level fractional factorial design (24~ ') [47,48] was selected
to screen the relevance of the nitric acid concentration, the hydro-
chloric acid concentration (both as puSPE eluents), the concentration of
reducing agent and the elution flow rate in PSPE upon the atomic
fluorescence intensity of evolved elemental mercury preceded by
sorptive preconcentration in the mesofluidic unit (see Table 1).
Because of variable confounding in fractional designs the relevance
of factor interactions are not to be investigated. Triplicate measure-
ments of the center point were also added to ensure that the
variability found is on account of the factor effect rather than the
random error. Though the experimental measurements were merely
repeated at the center point, the calculated uncertainty was utilized
as estimate of the variability in the entire domain selected. Experi-
mental domains of each factor were defined attending preliminary
assays and results reported elsewhere [45]. Table 1 compiles the
coded and real values (in parentheses) for the fractional factorial
design.

Evaluation of the significance of main factors’ influence was
explored using ANOVA. The standardized factor effects are readily

Variables selected and experimental domain of the fractional factorial design for determination of Hg(Il) in a microfluidic LOV-uSPE platform.

Minimum value

Maximum value Center point

Variable

HCI concentration (mol L~1) —(1.0)
HNO; concentration (mol L™1) —(1.0)
Tin(II) chloride concentration (m/v,%) in 2% (v/v) HCl —(1.0)
Elution flow rate (mL min~') —(0.3)

+(3.0) 0 (2.0)
+(3.0) 0 (2.0)
+(4.0) 0(2.5)
+(1.0) 0 (0.65)

[Hg(ID)]: 1 pg L. The eluent is composed of both HCl and HNOs.
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visualized in Pareto charts. These charts are histograms where the
standardized effects are displayed in descending order and each
bar length equates the value of a calculated Student’s t [49]. A
given factor effect is deemed statistically significant whenever its
t-value is equal or larger than the t-critical value at a 0.05
significance level (represented by the vertical line on the chart),
corresponding in our case to 3.18 for three degrees of freedom.

3. Results and discussion

3.1. Configuration of the mesofluidic platform for trace level analysis
of inorganic mercury

The prevailing procedure for selective CV generation of elemental
mercury from inorganic mercury involves the reaction of target
species with tin chloride in acidic medium [50]. Reduction involving
sodium/potassium tetrahydroborate is herein not examined because
of the potential quenching of the atomic fluorescence signals as a
result of reagent hydrolysis [43,44] and partial reduction of organic
mercury species. Initial tests using surrogate seawater with chemi-
cal composition as detailed elsewhere [51] and doped seawater or
ground water for direct CV assays of inorganic mercury within the
LOV platform in the absence of sorptive preconcentration however
rendered insufficient limits of quantification and biased results with
recoveries down to 70%. Coupling on-line sorptive preconcentration
to CV for improved detectability with concomitant sample clean-up
is usually accomplished using iminodiacetate chelating resins or
sorbents functionalized with mercapto moieties [52]. These sorbents
necessarily call for accurate sample buffering at pH > 4-5 (though
some new chelators, e.g., nitriloacetic acid-Superflow resin do not
pose problems for metal uptake at pH ca. 2-3), and might provide
inappropriate extraction yields in harsh environmental samples (e.g.
brines or hard waters) because of interfering effects from alkaline-
earth metals and/or metal precipitation.

To surmount the above drawbacks, a polydivinylbenzene-co-
N-vinylpyrrolidone copolymer that has been reported to uptake
selectively inorganic mercury in acidic medium [45] has been
herein explored in the BI format.

To investigate the operational sequence for LOV-BI, preliminary
experiments involving the loading of mercury laden solutions onto
the LOV microcolumn with further reductive elution using tin
chloride in mild acidic media as eluent were undertaken with the
aim of concomitant mercury elution and CV generation. However,
the limit of quantification of the LOV-BI system did not suffice for
the reliable determination of trace levels of mercury with elution
recoveries down to 40%. Inorganic mercury is thus strongly bound to
the functional moieties of the sorbent accounting for the fact that
both acidic and oxidizing reagents are proven necessary for quanti-
tative elution. Hereto, a post-column eluate treatment modality was
adopted in this work. A well-defined plug of the vapor forming
reagent was added to the eluate in the reaction chamber for
generation of mercury vapor followed by on-line gas-liquid separa-
tion. The highly reproducible mixing of streams and controllable
timing in pressure-driven LOV manifolds enables the handling and
in-situ mixing of thermodynamically unstable chemicals (here the
oxidizing eluate and tin(Ill) chloride in the reaction/separation
vessel) via kinetic discrimination of the reactions involved.

3.2. Investigation of analytical parameters and sorptive mechanism

Experimental design including sorption/elution variables in BI as
well as conditions for vapor generation in the integrated platform
was undertaken to ascertain the most significant parameters upon
the AFS readouts and elucidate the interaction of divinylbenzene-
co-N-vinylpyrrolidone polymeric beads toward inorganic mercury

in acidic medium. The analytical signals recorded for the overall
experiments in the fractional factorial design are listed in Table 2
while the Pareto chart is illustrated in Fig. 2.

According to ANOVA results the concentrations of acids in the
eluent and the eluate flow rate were statistically significant
within the experimental domain at the 0.05 significance level,
while the concentration of reducing agent proved to be not
significant. Pareto charts revealed that both the nitric and the
hydrochloric acid concentrations are the factors having a more
significant influence on the AFS signals. The higher the concen-
tration of both acids in the eluent phase the greater the amount of
mercury retrieved. Because of the elevated distribution coefficient
of inorganic mercury onto the co-polymeric beads the elution
flow rate needs to be decreased to the lowest possible value.
According to the results of the Pareto graph (see Fig. 2), the
composition of eluent is set to 3 mol L~! HNO; plus 3 mol L™!
HCI with an elution flow rate of 0.3 mL min~ . The concentration
of reducing agent was fixed to the highest level in the experi-
mental domain (4.0% (w/v)) because of partial decomposition
within the reaction chamber under oxidizing elution conditions.

To elucidate the mechanism of uptake and stripping of Hg(II)
by and from Oasis HLB on the basis of the above observations, we
harnessed to thermodynamic calculations in combination with a
series of additional experiments for mercury complexation and
sorption as described below. In hydrochloric acid medium (pH=2.3)
the thermodynamically prevailing form of inorganic mercury is
mercury(Il) chloride amounting to 94% of the overall inorganic
complexes [53]. The addition of nitrate and sulfate renders little
changes in mercury speciation as a result of the greater affinity of
mercury for chloride than sulfate or nitrate. The mechanism of
uptake most likely involves the coordination of neutral mercury (II)
chloride to the amide mordanting groups of the vinylpyrrolidone

Table 2
Design matrix and response data of the fractional factorial design for LOV-uSPE
determination of Hg(II).

Assay HCl HNO3 SnCl, (m/ Elution flow rate AFS
(molL~') (molL~') v,%) (mL min~) signal
1 - - - - 12.0
2 + - - + 12.5
3 - + - + 17.5
4 + + - - 30.8
5 — - + + 109
6 + - + — 24.2
7 - + + — 23.3
8 + + + + 24.8
9 0 0 0 0 21.3
10 0 0 0 0 21.0
11 0 0 0 0 22.0
[Hg(ID]: 1 pgL~"
Standardized Pareto Chart for Fluorescence intensity
B:[HNO3] | |
AHCn | | |
crsnoel | [ ]
Ac+BD | [] O+
aB+cD | [] . -
0 2 4 6 8

Standardized effect

Fig. 2. Pareto chart of the fractional factorial design for determination of Hg(Il)
using the LOV-pSPE platform.
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receptors generating square-planar chelates. In fact, the analytical
signal dropped by 32% when percolating mercury (II) standard
solutions through the copolymeric sorbent in HNOs (pH 2.3) in lieu
of the HCl medium. Interactions of Hg(ll) with divinylbenzene
moieties have been also described in the literature [54]. Yet, the
metal binding is reported to be strongly influenced by the ionic
strength of the sample matrix. In our case, the sorption of the target
analyte onto poly(divinylbenzene-co-N-vinylpyrrolidone) is immune
to the concentration of electrolytes in the medium provided that a
0.005 mol L~! HCl concentration is ensured, thereby revealing the
assistance of the polar monomer in the selective binding of Hg(1I).
The unrivaled specific surface area (800 m? g~!) and pore volume
(1.4 cm® g~ 1) of the sorbent material is contributing to the expedient
uptake of Hg(ll) as well. The need of highly acidic eluents for
quantitative stripping of mercury (see Pareto chart) might be
explained on the basis of the low pKa of cyclic amide moieties
(pKa~ —0.5 for the carbonyl group) and the shift in inorganic
mercury speciation to anionic tri- and tetrachloromercury complexes
at pH below 0.5 [53]. The lack of quantitative Hg(Il) elution in
6 mol L~ ! HCI however indicates that other sorption mechanisms are
concomitantly occurring. Oxymercuration is the reaction of alkenes
(here the unsaturated impurity of the copolymer) with Hg(Il) work-
ing as a Lewis acid on the basis of which strong binding of traces of
inorganic mercury with the sorbent material might be expected. The
progressive loss of active sites (alkenes) in the course of oxymercura-
tion is offset in our work with automatic disposal of spent beads
followed by replenishment of the microcolumn bed in the LOV
module.

3.3. Analytical performance and analysis of real samples

Under the selected physicochemical variables detailed in the
foregoing section, the analytical performance of the BI-LOV method
for preconcentration of inorganic mercury with further AFS detection
was studied in terms of analyte breakthrough, dynamic range,
absolute recovery, enrichment factor, repeatability, intermediate
reproducibility, limits of detection and quantification and measure-
ment trueness in the analysis of water bodies of varied matrix
complexity.

A linear dependence of fluorescence intensity (peak area)
against sample volume is expected in sorptive SPE procedures
unless analyte breakthrough occurs. Despite the channels of the
LOV are able to accommodate tiny amounts of co-polymeric
sorbent material (in our case, 8.9 + 1.9 mg Oasis HLB) the increase
of sample volume from 0.1 up to 6.0 mL yielded no appreciable
analyte breakthrough/pre-elution.

Quantification of inorganic mercury was undertaken by
exploiting a six-level external calibration plot with the following
standard concentrations (in duplicate): 0.05; 0.1; 0.2; 0.3; 0.4,
and 05pgL~! Hg(l) (I (peak height)=99.26 [Hg(Il);
ug L~ 114+0.19) with a correlation coefficient (r) of 0.992 using
an AFS electronic gain of 100-fold. The dynamic range might be
however readily extended to 5.0 pgL~' according to the assay
needs by tuning the electronic gain of the detector to avoid
surpassing the photomultiplier tube saturation limit.

The extraction efficiency of the LOV integrated microcolumn was
calculated as the ratio between the AFS readout of 0.5 pug L~ ! Hg(Il) in
the proposed LOV procedure and that obtained from direct injection
into the microscale reaction chamber/gas-liquid separator of 350 pLL
of standard solution in 3 mol L~! HNO3+3 mol L~ ! HCl containing an
equivalent mass of mercury (1.5 ng Hg(Il)). Experimental results
revealed that the LOV approach under the selected experimental
variables affords the quantitative uptake and retrieval of inorganic
mercury with recoveries of 105 + 3% (n=3). The enrichment factor
was calculated as the ratio of the linear range sensitivity of the
calibration curve using LOV-BI and that without preconcentration

obtained by injection of 350 pL of standard solutions (equating the
eluate volume) into the LOV reactor chamber. As a consequence of
analyte pre-elution at sample volumes exceeding 6 mL, the maximum
enrichment factor was estimated to be 17. The proposed method
however features better enrichment factors than previously reported
microfluidic flow systems furnished with permanent sorptive columns
containing 30 mg beads for in-line SPE [45] because greater eluent
volumes were deemed necessary for quantitative stripping of Hg(II)
(1.5 mL eluent in contrast to 350 pL in this present work).

The intermediate inter-day precision of the LOV-BI method
calculated as the relative standard deviation of the sensitivity of
5 calibration plots was 9.0%. The limits of detection (LOD) and
quantification (LOQ) were calculated at the 3spjank and 10Spjanx level
(n=10), respectively, and amounted to 12ngL~! and 42ngL~",
respectively. Therefore, the automatic procedure fully meets the
requirements endorsed by the US-EPA [28], WHO [29] and EU
Council Directive 98/83/EC [27] for determination of inorganic
mercury in drinking waters wherein the MAC are set to 2.0,
6.0 and 1.0 ug L™, respectively. Several LOC microdevices reported
lately are unable to quantify concentrations of Hg(Il) below
6.0 ng L~ [17-19]. More stringent MAC of mercury (viz. 70 ng L~ 1)
is however endorsed by the current EU Water Framework Directive
2008/105/EC [26] for surface waters. To the best of our knowledge,
none of the earlier LOV platforms described in the literature for
Hg(Il) assays exploiting AFS and UV-spectrophotometric detection
with LOQs > 180 ng L~ ! Hg(Il) [42-45] coped with the demands of
the aforementioned European Commission Directive. Though the
LOQ of the LOV method herein presented is of the same order of
magnitude of flow systems coupled to AFS for Hg(Il) assays with
commercially available gas-liquid separators and conventional
sample uptake [55,56], analysis of troublesome environmental
waters (e.g. seawater) without sample clean-up is seldom reported.

Certified reference materials (CRMs) are deemed most appro-
priate for assessment of the method trueness (bias) in the course
of analytical validation. A thorough survey of suppliers of CRMs
(e.g., NIST in USA and JRC-IRMM in Europe) revealed that there is
a scant number of materials with certified concentration of
mercury in environmental waters which is hardly surprising
given the instability of inorganic mercury in stored natural

Table 3
Analysis of drinking, ground and coastal seawater samples doped with ultratrace
concentrations of Hg(Il) for evaluation of method trueness.

Sample Hg?* (ngL™1) Recovery®
(%)

Doped Found®

Drinking tap water from a city water 0.00 0.019 +0.007° -
reservoir 0.05 0.063 +0.002 91%
0.10  0.113+0.007 95%

Ground water (Valldemossa, Mallorca)  0.00  0.024 +0.004" -
0.05 0.079 +0.008 107%
0.10 0.107 £ 0.003 86%

0.03+0.01° -
0.08+0.01 96%
0.14+0.02 101%

Coastal seawater in highly populated 0.00
(hotel resort) area (Puerto Pollenga, 0.05
NW Mallorca) 0.10

0.027 +0.004° -
0.08+0.01 103%
0.12+0.01  95%

Coastal seawater in highly populated 0.00
(hotel resort) area (Santa Pon¢a, SW  0.05
Mallorca) 0.10

Spring water (NW, Mallorca) 0.00 <LOD -
0.05 0.046 +0.006 92%
0.10  0.102 +0.007 102%

@ Results are expressed as the mean of three replicates + standard deviation.

b Estimated concentrations via external calibration.

¢ Relative recoveries are calculated as the ratio of found to expected concen-
trations. The latter are obtained as the sum of the doped level plus the original
concentration in the sample.
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water-samples [57]. In fact, there is merely a single CRM com-
mercially available at present, the so-called BCR-579 (coastal
seawater), which is unfortunately not applicable in our work
because of the manufacturer’s recommendation of using a mini-
mum CRM volume of 30 mL for assays. Hence, an alternate
procedure for ascertainment of the reliability and trueness of
the proposed LOV method involves real-life sample spiking at
trace level concentrations of Hg(II). Relative recoveries of drinking
waters, coastal seawaters and hard groundwater doped at the
50 ng L~ ! and 100 ng L' levels using external calibration ranged
from 86% to 107% regardless of the sample matrix complexity (see
Table 3), thereby demonstrating that the automatic LOV precon-
centration procedure affords reliable and unbiased data for
environmental assays of waterborne inorganic mercury.

4. Conclusion

We have herein proposed a pressure-driven mesofluidic plat-
form for automatic on-chip USPE in a disposable format for
determination of waterborne inorganic mercury. The LOV unit
integrates preparative sample clean-up and mercury preconcen-
tration along with post-pSPE chemical processing of the eluate to
trigger the release of volatile species. A dedicated flow-through
interface has been harnessed to couple LOV-uSPE with a periph-
eral AFS. The sorptive capability of unmodified poly(divinylben-
zene-N-vinylpyrrolidone) for selective and quantitative uptake of
inorganic mercury at pH 2.3 in HCI regardless of the saline
content of the samples was investigated in detail.

To the best of our knowledge this is the first micro/mesofluidic
device featuring a LOQ (viz. 42 ng L~! Hg(Il)) below the maximum
allowed contaminant level specified by current environmental
(Water Framework Directive) and drinking water (WHO, EPA, EU
Council) regulations within the range of 0.07-6.0 ug L~! mercury.

Further research work is underway to explore the versatility of
LOV to incorporate in-line UV-assisted photolysis or ultrasonic-
probe degradation of alkylated organomercury species prior to uSPE
for non-chromatographic speciation of mercury in environmental
matrices. Chemical oxidation of alkylmercury species with nascent
bromine evolved from potassium bromide and potassium bromate
has been however proven unsuitable because of the fast degradation
of the miniaturized sorptive column within the LOV conduits.
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