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Simultaneous multi-element determination of chemical vapour
generation forming elements (As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg) and
non chemical vapour forming (Cu, Cr, Mn, Zn, Co) by inductively

coupled plasma-optical emission spectrometry.

M. M. Lépez Guerrero, E. Vereda Alonso,* J. M. Cano Pavon, M. T. Siles Cordero and

A. Garcia de Torres
Abstract

Silica-coated magnetic nanoparticles (MNPs) modified with [1,5-bis (2-pyridyl)-3-
sulphophenyl methylene] thiocarbonohydrazide (PSTH-MNPs) were synthesized and
characterized. These magnetic nanoparticles (PSTH-MNPs) were employed as a solid
phase extraction (SPE) adsorbent for separating and concentrating trace amounts of 14
elements (Pd, Cr, Mn, Zn, Cd, Hg, As, Sb, Bi, Cu, Pt, Sn, Se, Co) from environmental
water samples. The main aim of this work was to develop a precise and accurate method
for the simultaneous determination of maximum possible number of elements by using
this new absorbent and a multimode sample introduction system (MSIS) which not only
acts as a system for generation, separation and introduction of chemical vapours (CVG)
but also as the introduction system of a sample aerosol, in a simultaneous form, into an

inductively coupled plasma-optical emission spectrometer.

The on-line SPE-CVG-ICP-OES developed system was applied to the determination of
the aforementioned metals from natural water samples (sea water, estuarine, lake and
river water), with the least demanding and simple sample preparation procedure. The
developed method was validated by analysing natural water certified reference materials
(SLRS-4, TMDA 54.4, SW2 Batch 125, SRM 1643¢). Sea water and water well
samples collected from Malaga (Spain) were analysed too. The procedure has
demonstrated to be fast, easy, automatic, selective, low cost and with good sensitivity.
The main advantage of PSTH-MNPs is its very good stability and resistance because
chemisorption of chelating molecules on the surface of solid supports provides

immobility, mechanical stability and insolubility. Precision (RSD), accuracy (by
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standard addition or recovery) and limit of detection (LOD) were used to evaluate
characteristics of the procedure. The detection limits obtained are adequate for the
analyzed samples, within 0.01 and 11.30 pg L™, RSDs from 1% to 7% and enrichment
factor between 1 and 385.5. Furthermore, the method proposed has permitted the
simultaneous determination of the 14 elements, saving time of analysis, reagents, and

sample volume, and achieving a sample throughput of about 13 h™.

1 Introduction

Environmental problems are becoming one of the most human concerns all over the
world. The many industrial waste water streams contain heavy metals, which can
discharge to water and waste water or into surface waters' due to this fact, the number
of ecological and health problems associated with environmental contamination
continues to rise. Thus, the extraction and determination processes of trace metal ions or
species from different matrices especially aqueous samples have become paramount
importance and received more and more attention.”” Environmental pollution

monitoring requires determination of toxic heavy elements at trace levels.

Generally, As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg, Cu, Cr, Mn, Zn and Co are found
in low concentrations and their determinations require the use of sensitive techniques.
Inductively coupled plasma optical emission spectrometry (ICP-OES) is widely used in
chemical analysis because of its multi-elemental character, high throughput, and
capability for simultaneous determination. However, ICP-OES may present limitations
for determining trace elements when conventional liquid sample introduction systems

are used.*’

All inductively coupled plasma optical emission and mass instruments are
designed for liquid sample introduction, as the vast majority of samples in daily routine
are in the liquid form.*” In contrast, the ideal sample for an ICP would be in gaseous
phase. Due to this fact, sample introduction has been one of the key factors in the
successful development of atomic spectrometry.*'® Introducing the analytes as a
gaseous hydride (more of the sample can be introduced into the plasma), and these
drawbacks can be avoided, and even this increases the sensitivity. Chemical vapour
generation (CVQG) atomic spectrometry is currently the most popular technique for

routine determination of trace amounts of elements which generate volatile species,
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because of the enhanced detection limits attained in comparison with conventional
nebulization of a sample''. However, these devices are not always ideal for use with
plasma instrumentation because of the required carrier gas flow rates and back pressure
in the gas—liquid separator, degrading plasma stability. Besides, CVG technique is only
applicable to a limited number of elements and hence cannot be regarded as a universal

solution to improve sensitivity.

In response to many of the problems associated with the CVG technique,
McLaughlin and Brindle described the Multimode Sample Introduction System (MSIS)
designed for ICP that allows smooth reaction of BH, with the acidic sample over the
surface of a ground glass cone, rapidly stripping the resulting volatile species from the
solution.'? This novel design, combining both nebulization and CVG, provided lower
detection limits for a number of elements that form volatile species through the reaction
with NaBH4, The MSIS has also been shown to improve relative standard deviations
and lower amount of condensation and liquid entering to the excitation source, without
sacrificing sensitivity. 12 Fyrthermore, a minor memory effect, shorter contact time of
the hydride formed with the first solution, which helps to diminish the level of
interferences are some of the advantages presented by these novel generators when

compared with other hydride generation systems.

Three years later, Asfaw and Wibetoe'® developed a procedure for the
simultaneous determination of hydride and non-hydride forming species using the
commercial MSIS by ICP-OES. Wiltsche et al. '* used the same MSIS for multi-
elemental analysis of high alloy steels using masking agents by ICP-OES. Also

.. 15,16
Matusiewicz

used the MSIS for the determination of hydride forming, cold vapour
and non-hydride forming elements by microwave induced plasma spectrometry (MIP-
OES). The historical development of dual-mode sample introduction systems used ICP-
OES for the simultaneous determination of hydride-and-non-hydride-forming elements

by means HG and pneumatic nebulization have been revisited by Pohl and Sturgeon.'’

On the other hand, solid phase extraction (SPE), is a very important enrichment
technique due to its simplicity, high pre-concentration factors, environmental friendly,
low costs and time for sample preparation. The choice of a selective adsorbent is a
critical factor in SPE. Recently, nanometer-sized materials have attracted substantial
interest in the scientific community because of their special properties.18 The size range

of nanoparticles is from 1 to almost 100 nm, which falls between the classical fields of

3



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

chemistry and solid state physics. The relatively large surface area and highly active
surface sites of nanoparticles enables them to have a wide range of potential
applications. Magnetic nanoparticles (MNPs), a new kind of nanometer-sized material,
are widely used in the fields of biotechnology and biomedicine.'**® These particles are
superparamagnetic, which means that they are attracted to a magnetic field, but retain
no residual magnetism after the field is removed. Therefore, suspended
superparamagnetic particles adhered to the target can be removed very quickly from a
matrix using a magnetic field, but they do not agglomerate after removal of the field.*"”
> The modification with organic chains has become a larger focus of interest in the
employment of MNPs as adsorbent in SPE. Schiff bases, an important class of ligand
obtained by condensation of aldehyde with amines, play a significant role in such
applications. Our research group has synthesized and studied a resin based on
aminopropyl-controlled pore glass (cpg) with [1,5-bis (2-pyridyl)-3-sulphophenyl
methylene] thiocarbonohydrazide (PSTH) chemically bonded to the surface.”® The resin
PSTH-cpg was applied with very good results on the determination of some metal ions.
For this reason in the present work, this adsorbent material silica-coated MNPs
modified with PSTH (PSTH-MNPs) were synthesized, characterized and employed as a
SPE adsorbent for separating and concentrating trace amounts of 14 elements from
environmental water samples. The main aim of this work was to develop a precise and
accurate method for the simultaneous determination of the maximum possible number
of elements, CVG and non-CVG forming elements from natural water samples (sea
water, estuarine, lake and river water) by the on line pre-concentration SPE-CVG-ICP-
OES system using PSTH-MNPs and a commercial MSIS, with the least demanding and
simple sample preparation procedure. The developed method was validated by
analysing natural water certified reference materials (SLRS-4, TMDA 54.4, SW2 Batch
125, SRM 1643e). Sea water and water well samples collected from Malaga (Spain)
were analysed too. These samples contain high concentrations of dissolved salts (up to

3.5% wt) and low concentrations of analytes.

2 Experimental.

2.1 Instrumentation
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A Perkin Elmer Optima 7300 DV inductively coupled plasma optical emission
spectrometer (Perkin Elmer SCIEX Instruments, Concord, Canada) equipped with a
Multimode Sample Introduction System cyclonic spray chamber (MSIS) (Marathon
Scientific, Niagara Falls, Canada), a concentric nebulizer and an AS-91 autosampler
was used throughout. The optimum operation conditions are summarized in Table 1. A
Perkin Elmer FIAS 400 AS system, which consists of two peristaltic pumps with PVC
tubings of various diameters and a five way rotatory valve, was used as the flow
injection accessory controlled by the Optima software. The FIAS 400 AS system was
connected directly to the Optima by means of 14 cm length of PVC tubing (1.75 mm
i.d.), the less possible distance to avoid sample dispersion. Analytical lines of Pt
214.423 nm, Pd 340.458nm, Cr 267.716 nm, Mn 257.610 nm, Zn 206.200 nm, Cd
228.802nm, Hg 253.652 nm, As 188.979 nm, Sb 206.836 nm, Bi 223.061nm, Cu
324.752nm, Sn 283.998 nm and Co 231.160 nm were measured.

The reactor containing PSTH- MNPs was a PTFE tube (150 mm x 0.5 mm i.d.)
packed with 50 mg of PSTH-MNPs and knotted round a Nd/Fe/B powerful magnet (2
Teslas) and sandwiched between two circular Nd/Fe/B magnets with a holding strength
of 81.4 N. This reactor was placed in the sample loop of a five-port rotatory valve. At
both ends of the knotted reactor, polyethylene frits (Omnifit, Cambridge, UK) were
fixed to prevent material losses. The knotted reactor was initially flushed with 2 M
nitric acid; subsequent use of the eluent in each operating cycle was sufficient to make it
ready for re-use. Tygon pump tubings were used to deliver sample, reagents and
withdraw waste. The FI system and the ICP-OES instrument were coupled and operated

completely synchronously.

2.2 Reagents and samples

High purity reagents were used in all experiments. All plastic and glassware were
cleaned with hot concentrated nitric acid and stored soaked in 10% (wt/wt) nitric acid,
they were rinsed several times with water immediately before use. Doubly de-ionized
water (18 MQ cm) obtained from a Milli-Q water system (Millipore, Bedford, MA,
USA) was used throughout.

The knotted reactor was packed with PSTH-MNPs. This adsorbent was

synthesized and characterized by first time in this work (ESIt).
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As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr, Mn, Zn and Co, stock standard
solutions 1000 mg L™ (Merck, Darmstadt, Germany) and (Perkin Elmer pure, Atomic
Absorption Standard, Darmstadt, Germany) were used. Hydrochloric acid 0.2 M
(Merck, Darmstadt, Germany) was used to adjust the optimum pH (pH=1). A 2.5%
(wt/vol) sodium tetrahydroborate (III) (NaBH4) (Merck, Darmstadt, Germany) solution
prepared in 0.5% (wt/vol) NaOH (Merck, Darmstadt, Germany) was used as reductant
and a 3.5% (wt/vol) thiourea (Merck, Darmstadt, Germany) in 8.0% (wt/wt)
hydrochloric acid was used as eluent, for the simultaneous elution and determination of

As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr, Mn, Zn and Co.

The certified reference materials (CRMs) analyzed to determine the accuracy of
the proposed procedure were from National Research Council of Canada (NRCC):
TMDA 54.4 Fortified Lake Waters, SLRS-4 River water, and from National Institute of
Standards and Technology of USA, (NIST): SPS-SW2 Batch 125, Surface Water and
SRM 1643e, trace elements in water. In order to study the applicability of the method,
sea and water well samples were collected in polypropylene bottles (previously cleaned
by soaking for 24 h in 10 % (wt/wt) nitric acid and finally rinsed thoroughly with
ultrapure water before use). Samples were immediately filtered by using a-membrane of
0.45 pum pore size cellulose nitrate filters from Millipore (Bedford, MA, USA). After
that, the samples were acidified to 0.1% (vol/vol) by the addition of concentrated HNO;
and were stored in low density polypropylene bottles at 4° C as recommended by
Method 3010B from the Environmental Protection Agency (USA), for less than 3 days
until analysis. For the analysis of these samples, aliquots of them were placed in
volumetric flasks of 50 mL, then the pH was fixed to 1 with HCI and finally, de-ionized

water was added up to the mark.

2.3. Chemical vapor generation and liquid nebulization dual mode system.

Chemical vapor generation and liquid nebulization was accomplished in the continuous
mode using a commercial MSIS.?” The MSIS served as the reaction chamber/gas—liquid
separator. In dual-mode the environmental water sample passes through both, the
nebulizer sample line and the hydride generator sample line. The hydrides formed are

introduced to the ICP-OES instrument simultaneously with the sample aerosol by a
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stream of the nebulizer argon. The waste solution was rapidly removed from the
chamber to drains by peristaltic pump (17.0 mL min™). The MSIS system, has been

described in detail in previous paper.'”

2.4. Pre-concentration and elution procedure

A schematic diagram of the FI-SPE-MSIS-ICP-OES system is shown in Fig. 1. The
experimental conditions are given in Table 1. The FI system was operated as follows:
during the 240 s sample loading period, valve in the “fill” position, a 2.6 mL min™ flow
of sample (standard or blank) at pH 1.0 was pumped (via pump P1) through the knotted
reactor (located in the loop of the valve). The As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr,
Mn, Zn and Co, analytes were retained on the functionalized MNPs while the sample

matrix components were directed to waste.

At the beginning of the 40 s elution stage, the valve position was changed to the
inject position and the sample pump P1 was stopped. The eluent passes through the
knotted reactor. Thus, the accumulated target analytes were eluted at an elution rate of
3.6 mL min” and merged with 2.0 mL min" flow of reductant flow in the mixing coil,
where direct generation of As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr, Mn, Zn and Co,
vapour and aerosol take place. The gas generated and the liquid are swept into the
plasma by a stream of argon (0.7 L min™) during 40 s. With this procedure, the FI
system and the ICP-OES instrument were coupled and operated completely

synchronously. Peak areas were used for analytical measurements.

2.5 Optimization strategy

The configuration of the FI-system, and the effect of different parameters on the
accumulation and recovery of As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr, Mn, Zn and Co
were studied in order to optimize conditions for achieving the best results. Two
different strategies were used: one-at-a-time method (changing one parameter each time

while keeping the others constant) and surface designs with multiple response.

Due to the large number of parameters that are relevant to the optimization, which
might be classified as parameters relating to: (1) elution of As, Bi, Sb, Se, Sn, Cd, Pt,
Pd, Hg Cu, Cr, Mn, Zn and Co in the manifold and reaction conditions for CVG and
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non-CVG (reagent concentrations); and (2) FI parameters of the 14 elements, two

2829 were performed. In design (1) the variables to be optimized were

surface designs
concentrations of NaBH,, thiourea and HCI. The lower and upper values given to each
factor were 0.5% and 2.0% for NaBH, concentration, 0.5% and 3.0% for thiourea and
3.0% and 9.0% for HCI concentration. In design (2) all variables commented above
were kept constant at the optima values found previously (2.5% NaBHy, 0.5% NaOH,
3.5% thiourea and 8% HCI) and the sample, elution and reductant flow rates were varied
by changing the speed of the peristaltic pumps (P1, P2 and P3) and the inner diameter of
the pump tubes. The lower and upper values given to the factors were 0.6 and 4.0 mL
min™ for elution and sample flow rates and 0.6 and 2 mL min™ for reductant flow rate.
The response surface designs used were, a central composite design (CCD) for (1) and a

Box-Behnken design for (2). The 16 and 15, respectively, experiments required for

these designs were randomly performed.

The experimental data were processed by using the STATGRAPHICS centurion
program (version 16.1.11 for Windows).*® For both designs, the significance of the
effects was checked by analysis of the variance (ANOVA) and using p-value
significance levels. This value represents the probability of the effect of a factor being
due solely to random error. Thus, if the p-value is less than 5% the effect of the

corresponding factor is significant.

2 3. Results and discussion

The determination of trace elements in aqueous environmental samples is difficult not
only due to the low analyte concentrations present but also due to the complexity of the
samples. Thus, the proposed on line column pre-concentration, CVG and non-CVG,
procedure allows the simultaneous separation and pre-concentration of the target
analytes from the matrix before quantification by ICP-OES. Therefore, several problems
related to interfering species were decreased or eliminated. For this purpose, a new
chelating resin, PSTH-MNPs, was used. This chelating resin has good chemical
properties as a general chelating reagent, with good adsorption capacities, is stable over
a wide pH range (1.0-10.0), besides being stable for a very long time. From this study
can be deduced that the ferromagnetic resin is stable over a wide range of time and the

knotted reactor packed with this resin was used for more than 600 loads and elutions
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without the necessity of regeneration, hence, the material can be stored and applied

conveniently.

In view of the simultaneous multi-element capability of ICP-OES, optima
parameters for single determination of all analytes were compared and, indeed,
compromise conditions were selected for a simultaneous determination, provided that

the selected values were not totally unsuitable for a particular element.

3.1.Characterization of the functionalized MNPs.
The detailed characterization of AP-MNPs and PSTH-MNPs was carried out using
XPS, FTIR, MS Spectrometry, SEM and TEM measurements.

The contents of iron, oxygen, silicon and sulfur in the PSTH-MNPs and AP-MNPs
measured with SEM were 62.2% O; 1.0% Si; 35.9% Fe and 0.9 % S for PSTH-MNPs
and 65.2% O; 3.4% Si; 31.4% Fe for AP-MNPs. The presence of sulfur only in PSTH-
MNPs confirmed that the synthesis would be able to have been effective.

The infrared spectrum (KBr pellets) is complicated because the large mass
of silica and the aromatic portion of the molecule produced numerous bands, the
overlap of which makes detailed assignments difficult. The band at 3416 cm
was attributed to O-H stretching and the band at 1744 cm™ was assigned to
C=N stretching, the band at 1384 cm™ was assigned to C=S and that at 1096
cm™ was attributed to SOs3. These bands were assigned on comparison with the
spectrum of pure PSTH as reference material. The spectrum exhibits several
other bands, which are weak and difficult to assign, but those discussed above

appeared to be the most useful.

The mass spectrum has been recorded by evaporation until 250 °C from

PSTH-MNPs and the attribution of some peaks was made (ESIs Table 1).

XPS has been used for the study of the surface composition (major and minor) of
the samples. The atomic concentration calculation is expressed as a percentage in a
tabular form based on the area under the peak, multiplied by the sensitivity factor for
each element, and provides a ratio of a single element to the sum of the other elements
presents. > The error of the method is approximately of 10%. The percentage (in % of

total area) approximately for both samples was calculated (ESIt Table 2). It is observed
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that the concentration of N was increased in PSTH-MNPs and S was appeared, this fact

confirmed that the synthesis had been effective.

TEM analysis gives the actual individual particle size.** (ESIt Fig 2) The average
particle size of AP-MNPs is found around 8 nm, and the size of PSTH-MNPs is a little
bit bigger than AP-MNPs, which can be indicated that the functionalization of AP-

MNPs took place properly.

3.2. Optimization of the experimental variables.

The configuration of the FI-system and the effect of different parameters on the
accumulation and recovery of the 14 target elements were studied in order to optimize
conditions for achieving the best results. Consequently, most efforts were focused on
the conditions for sample loading and elution from the column, as well as the flow
system which was coupled on line with the pre-concentration and separation unit in
order to obtain high sensitive, accurate and reproducible results. For measurements to
be useful, it was considered that a relative standard deviation (RSD) of about 5% was
acceptable. The best signal to noise (S/N) ratios between a blank and a standard solution
of 100 ug L of the analytes were used as optimization criteria. Peak areas were used
for analytical measurements. The scanning of each sample was repeated four times.
Two experimental surface designs were used for most of the variables optimization,
although, several one-at-a-time methods were also used for optimization of some

variables.

3.2.1. Selection of eluent.

To minimize the needed time for quantitative elution and to facilitate eluate delivery,
dispersion during elution and elute introduction must be reduced, while a highly
efficient eluent should be used. It is well known that strong acids are effective in
dissociating complexes and releasing free metal ions, thus, HCl, HNOj, thiourea, and
their mixtures were investigated. 2.6 mL of solution containing 200 pg L' of 14
elements at pH 1.0 passed through the resin during 60 s and then, eluted with 2.4 mL
with different percentage of these eluents. In all the experiments, the eluent was passed

through the knotted reactor in a reverse flow relative to the pre-concentration step. The

10
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results obtained showed that the mixture HCl-thiourea provided the highest S/N ratios

and recoveries. Thus, this eluent was selected for further experiments.

3.2.2. Effect of the pH

The pH value plays an important role in complexation of different ions with the PSTH-
MNPs resin, which in turn determines the percentage of the 14 target elements retained.
In order to evaluate the effect of pH, the pH value of sample solutions were adjusted to
a range of 1.0-10.0. The pH 1 was adjusted with HCI, the pH from 2.0 to 5.0 was
adjusted using glycine-HCI or sodium acetate-acetic acid buffer and from 5.0 to 9.0
using borax-boric acid buffer, and pH 10 using NaOH. In order to accomplish the
determination of the target elements, a pH value of 1.0 was chosen as overall optimum
due to the fact that the vast majority of the studied elements present an increase in the

signal to noise ratio.

3.2.3.Effect of NaBH,4, HCI and thiourea.

The concentrations of NaBH4, HCl and thiourea were considered to be dependent
variables and the effects of these were studied by applying a CCD involving 16 runs in
order to obtain the optima conditions. The estimated surface response for the multiple
response of all elements is shown in Fig. 2. The data indicate that the interaction usually
occur between principal factors. This means that the response surface in the factorial
space is curved in the domain of the experimental design. The experiments were carried
out randomly to avoid bias. As result of these observations, the optima conditions for
the multiple response of the 14 target analytes obtained were 11.0% HCI (wt/vol), 3.0%
thiourea (wt/vol) and 2.2% NaBH4 (wt/vol). However, due to the fact that As S/N
signals were the lowest, and in order to improve the sensitivity of this element because
is one of the most toxic elements in this study, the relative importance assigned to this
element to the response was increased. The relative importance is a comparative scale
for weighting each of the analyte resulting in the overall desirability product and it
varies from the least important 1 to the most important 10. It is noteworthy that the
outcome of the overall desirability depends on the relative importance value. A relative
importance of 10 was assigned to As. Thus, the new optima conditions obtained were:

8.0% HCI (wt/vol), 3.5% thiourea (wt/vol) and 2.5% NaBHj(wt/vol).

11
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At a fixed NaBH, (2.5% (wt/vol)) and due to the fact that the reduction by
NaBHy is preferentially performed in acidic medium, it was studied the influence of
NaOH between 0% and 2.5% (wt/vol). The employment of NaOH solution is simply to
stabilize NaBHy4 by avoiding its adverse reaction with water during the storage. The
excessive increase of NaOH concentration will definitely decrease the acidity of the
reaction mixture and hence, the reaction rate of CVG. The best S/N signals were
obtained at 0.5% NaOH. For further experiments, a NaOH of 0.5% (wt/vol) was
adopted throughout.

3.2.4. Selection of FI variables.

A Box Behnken desing involving 15 runs was used in the optimization of the FI
parameters for the 14 target elements. The flow rate of the sample, eluent and reductant
were varied by changing the speed of the peristaltic pumps (Pl and P2) and the
peristaltic pump of the ICP-OES, P3, and using different id Tygon peristaltic pump
tubing in order to obtain the adequate flow rate. The three dimensional representation
for the multiple response of all elements is shown in Fig. 3. In this case, the elements
which had lowest S/N ratios were As, Pt, Sn and Zn and in order to improve the
sensitivity of these, the relative importance to the response assigned to these elements
were 10 for As, Pt, and Sn and 9 for Zn. Thus, the optima conditions obtained were:
sample flow rate 2.6 mL min'l, eluent flow rate 3.6 mL min™' and reductant flow rate 2
mL min™.

On the other hand, the flow rate of the waste from the MSIS spray chamber was
studied using one-at-a-time method from 8.9 to 20 mL min™'. The best S/N signals of

the vast majority of the elements studied were obtained at a flow rate of 17 mL min™.

3.2.5. Optimization of the operating parameters

In order to optimize the plasma conditions to minimum interferences, the effect
of the nebulizer gas flow rate were studied. The nebulizer gas affects transport and
extraction from the gas-liquid separator in the MSIS system. To optimize the nebulizer
Argon gas flow for multi-element determination, the optimum flow rate of all elements
was estimated in the total range of 0.2 to 1.2 L min™. It was observed that the nebulizer
gas flow rate had a significant effect on emission intensities and thus proved to be a

critical parameter. In general, it was observed that when the flow rate was 0.7 L min™

12
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the signal to noise ratio reached the maximum. Above or below this value, the vast

majority of 14 target element signal decreased.

3.2.6. Pre-concentration time.

Furthermore, in time-based pre-concentration systems the loading time indicates the
pre-concentration time and affects directly the enrichment factor. Thus, the loading time
was investigated in the range between 1 min and 7 min for each analyte, using the
optima conditions described above. The peak areas were linear practically up to 7 min
for all the analytes. Although sensitivity increases on increasing the sample loading
time, the loading time was set to 4 min in order to achieve a high sample frequency with
a reasonable sensitivity. Longer loading times can be used for samples with low

concentrations of the elements.

3.3. Performance of the method.

Under the optima conditions described above, performance data of the on line SPE-
CVG-ICP-OES system for simultaneous determination of the 14 elements were
obtained. For 4 min pre-concentation time and a sample flow rate of 2.6 mL min™, the
linear calibration graph from 0.5 — 200 pg L™ for each element are shown in Table 2. A
complete cycle of the FI-operation is 4,7 min per all analytes. The 14 target elements in

a sample can be determined with a throughput of about 13 h'.

The detection (LOD) and quantification limits (LOQ) were calculated as the
concentration of analyte giving signals equivalent to three and ten times, respectively,
the standard deviation of the blank plus the net blank intensity (n=11). The precision for
aqueous standards was evaluated as the relative standard deviation obtained after
analyzing standards of 5 pg L™ of Hg, Cd, Se, Sb, As, Bi, Co and 25 pg L™ of Pt, Pd,
Cu, Mn, Zn, Sn and Cr (11 replicates); and 20 pg L' of Hg, Cd, Se, Sb, As, Bi, Co and
100 pg L' of Pt, Pd, Cu, Mn, Zn, Sn and Cr (11 replicates). The enrichment factors
(EF) were calculated as the ratio of the slopes of the linear sections of the calibration
graphs with and without pre-concentration (changing the knotted reactor by another
unfilled). All these parameters were shown in Table 2. The EF, LOD and LOQ can be
improved by increasing the pre-concetration time which can be increased at least up to 7
min.

13
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Although is difficult to compare figures of merit for the developed method
directly with results from other workers, because of different experimental
conditions such as column dimensions, sample flow rate, techniques, efc., some
estimations can be made. A comparison of the precisions, detection limits and
enrichment factor of the PSTH- MNPs procedure with some of the reported ones with
detection by various spectrometric techniques are summarized in Table 3. In this table
it can be compared the results obtained in this work with other works of literature.
This work is one of the works that more analytes determined simultaneously, it is also
one that has a higher enrichment factor and lower LOD even using a technique such as

ICP OES less sensitive than ICP MS.

3.4. Analytical applications.

In order to test the accuracy and applicability of the proposed method to the analysis of
natural water samples, four reference materials were analyzed, SLRS-4 river water,
TMDA 54.4 fortified lake water, SPS-SW2 Batch 125 Surface Water and SRM 1643e,
besides, two sea water samples collected from two different villages of Malaga beach
and an underground water well. All determinations were performed by using standard
addition for calibration. Correlation coefficients of 0.99 or better were obtained for all
graphs, indicating good linearity for the working ranges employed. The results are the
average of three separate determinations and they are given in Table 4. In general, there

is good agreement between certified and found values.

For the sea water and underground water well collected locally, the method of
standard addition was used to the verification, and also, a recovery study was developed
on spiked samples containing known additions for the 14 target elements. From the
results in Table 5 was found that recovery values from 111.3 to 84% of the metals
added to water samples were obtained. The accuracy achieved for the spiked samples
demonstrated that the method is not affected by high salinity (35 g L in sea water). In
addition, no significant interferences were observed in the analysis of these samples
form the transition metal or CVG forming elements and consequently, offer accurate

simultaneous determination of analytes in sea water and underground water samples.

3 4 Conclusion

14
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The FI on line pre-concentration and separation system using PSTH-MNPs as a sorbent
material has been evaluated, and demonstrated to be promising for routine
determination of the trace amount of As, Bi, Sb, Se, Sn, Cd, Pt, Pd, Hg Cu, Cr, Mn, Zn,
Ni and Co in environmental waters by ICP-OES. The procedure has demonstrated to be
fast, easy, automatic, selective, low cost and with good sensitivity. The main advantage
of PSTH-MNPs is its very good stability and resistance because chemisorption of
chelating molecules on the surface of solid supports provides immobility, mechanical
stability and insolubility. It costs is low compared with other commercial chelating
sorbents. The detection limits obtained are adequate for the analyzed samples.
Furthermore, the method proposed has permitted the simultaneous determination of the

14 elements, saving time of analysis and achieving a sample throughput of about 13 h™.
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Figure 1. Component diagram of the SPE-FI-MSIS-ICP-OES system for the pre-
concentration, separation and determination of the 14 target analytes; P1, P2 and P3,

peristaltic pump.
Figure 2. (a) Response surface of the 14 target elements.

Figure 3. Response surface obtained from Box Behnken pumps design for 14 target

analytes.
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Table 1. Operating parameters for FI-SPE-CVG-ICP-OES.

ICP-OES Instrument
Solution flow mode
Transducer Frequency (MHz)
Spray chamber

Carrier/nebulizer Ar flow rate/L min™

Reductant:

NaBH4/NaOH solution concentration/
% (wt/vol)

Flow rate / mL min™

Eluent:

HCl/Thiourea solution / % (wt/vol)
Flow rate / mL min™

Sample:

Flow rate / mL min™

Perkin-Elmer Optima 730 DV

Continuous
1400

Multimode
(MSIS)

0.7

2.5/0.5

2

8/3.5
3.6

2.6

Sample

Introduction  System
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Table 2. Analytical performance
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Element Calibration functions Correlation LOD/ugL’ LOQ/ugL’ Enrichment ®RSD/% ™ RSD/%
coefficients factor

Pd y=846.3x+1659.7 0.991 3.67 17.23 6.5 1.74 2.13
Cr y=382.5x-30071.0 0.991 7.16 25.26 1.0 6.83 10.99
Mn y=179.1x+1044.0 0.992 3.16 22.92 1.5 2.11 2.09
Zn y=359.6x+5914.3 0.991 11.30 51.70 2.1 3.72 2.86
Cd y=7992.3x+14453.0  0.997 0.59 4.02 46.9 4.38 4.39
Hg y=5981.2x+58171.0  0.991 0.02 0.75 1.8 1.07 1.29
As y=11770.0x+13909.0 0.993 0.01 2.32 113.4 3.48 3.48
Sb y=33721.0x+13913.0  0.999 0.04 0.96 323 2.33 2.62
Bi y=24166.0x+84961.0 0.999 0.02 0.23 31.3 2.95 297
Cu y=972.1x+15920.0 0.992 7.07 28.42 1.0 1.52 1.34
Pt y=828.8x+17992.0 0.990 0.02 8.81 2.7 4.46 593
Sn y=2562.7x+1968.1 1.000 5.11 17.10 33 4.53 5.80
Se y=12391x+18220.0  0.992 0.03 2.85 83.6 4.79 4.79
Co y=43611x+43644.0  0.990 0.05 0.49 385.5 2.69 3.26

-I -1
(a) SugL of Hg, Cd, Se, Sb, As, Bi, Coand 25 ugL  of Pt, Pd, Cu, Mn, Zn, Sn and Cr.
-1 -1
(b) 20ugL of Hg, Cd, Se, Sb, As, Bi, Co and 100 pg L of Pt, Pd, Cu, Mn, Zn, Sn and Cr
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Table 3. Comparison of analytical performance data with other data reported in the literature

Sample Analyte Extraction Extraction Enrichment  LOD /ng L! RSD /% Detection Ref.
solvent time /min factor technique

Human hair, Be, Co, Pd,Cd  BZA-benzene 10 70-300, 0.072-0.83,0.12-  12-16, ETV-ICP-MS 33

human urine 40-180 1.5 11-16

(CRM)

synthetic

water samples

Seawater As, Se and Sb Pd(11)- 2 70 100- 200 3.5-2.5 ETAAS 34
containing
aqueous drop

NWRITM-28.3  As, Sb, Bi, Pb, Pd(Il)- 3.5 9-138 10-800 4-8 ETV-ICP-MS 35

(trace element Sn and Hg containing

fortified water aqueous drop

from Lake

Ontorio)

Peach leaves, Cu, Zn, Pd, Hg, DDTC-CCl, 15 20-305 1.6-28.7 6.1-10.8 ETV-ICP-MS 36

sea Pb, and Bi

water(CRM),

human serum,

lae and river

water

Natural water Cr, Cu, Ni, Zn Ccl, - 8-9 230-550 2.1-3.8 ICP OES 37

Lake and river  Co, Pd, Cd, Hg, 1-dodecanol -- 20-324 2-17 2.8-10 ETV-ICP-MS 38

water Pb and Bi and p-xylene

Well, river and  Ni, Co, Pb, Cr 1-undecanol -- 800 0.2-1.3 6.2-7.2 ETAAS 39

waste water

Tap, sea and Mn, Cr, Co, Cu  1-undecanol -- 57-96 100-300 3.4-75 ICP OES 40

mineral water

Environmental Pt, Pd, Cr, Mn, HCland 0.66 1-385.5 10-11300 1.0-6.8 FIA ICP OES This work

water samples Cu, Zn, Cd, Hg, Thiourea

As, Sb, Bi, Sn,
Co and Se
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Table 3. Continue

Sample Analyte Extraction Extraction Enrichment LOD /ng L™ RSD /% Detection Ref.
solvent time /min factor technique
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Table 4. Analytical applications, certified reference material.
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Element Certificate Found Recovery /% Element Certificate Found Recovery / %
Concentration Concentration Concentration Concentration
/ugL* /ugL* /ugL* /ugL*
SPS-SW2 Pt -- 256+20 -- SLRS-4 Pt -- 0.56* --
Pd -- 2045 -- Pd -- -- --
Cr 10.04£0.05 9.6* 96.0 Cr 0.33+0.02 <LOD --
Mn 50.0+0.3 51.6+0.3 103.2 Mn 3.37+0.18 3.16* 93.8
Cu 100.0+1 10047 100.0 Cu 1.81+0.08 <LOD --
Zn 10042 10048 100.0 Zn 0.93+0.10 <LOD --
Cd 2.50+0.02 2.68* 107.2 Cd 0.012+0.002 <LOD --
Hg -- 6.7+0.2 -- Hg -- 0.21* --
As 50.0+0.3 50+2 100.0 As 0.68+0.06 0.60* 88.2
Sb 0.29* - Sb 0.23+0.04 0.24* 104.3
Bi 1.01+0.05 -- Bi -- -- --
Sn 8.57* -- Sn -- -- --
Se 10.00+0.05 10.4+0.3 104.0 Se -- 0.14* --
Co 10.00+0.05 10.1+0.8 101.0 Co 0.033+0.006 <LOD --
TMDA 54.4 Pt -- 43.0£2.3 -- 1643e Pt -- 3.67* --
Pd -- -- -- Pd -- -- --
Cr 438140 421+3 96.1 Cr 20.40+0.24 23.7+0.9 116.2
Mn 275+21 26043 94.5 Mn 38.9740.45 38.7+0.6 99.3
Cu 443437 44545 100.5 Cu 22.76+0.31 25.4+0.9 111.6
Zn 537158 52319 97.4 Zn 78.5+2.2 75%2 95.5
Cd 158417 15742 99.4 Cd 6.568+0.073 6.7+0.7 102.0
Hg -- 8.01+0.08 -- Hg -- 0.26* --
As 43.6 4241 96.3 As 60.45+0.72 66.82+0.02 110.5
Sb 25.7 24.6+0.6 95.7 Sb 58.30+0.61 55+2 94.3
Bi 17* 15.04+0.06 88.5 Bi 14.09+40.15 16.2+0.6 115.0
Sn 48.2 4842 100.7 Sn -- 5.78* --
Se 33 31.8+0.8 96.4 Se 11.9740.14 11.92+0.14 99.6
Co 309+27 28115 90.9 Co 27.060.32 23.5+0.7 86.8

* No certified value

*|ndicative value (< LOQ)
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Table 5. Analytical applications, natural water samples.

Well Seawater Seawater
water Zone 1l Zone 2
Element Spiked/ Found/ug  Recovery Element Spiked/ Found/pg Recovery Element Spiked/ Found/ Recovery
pglt Lt /% T /% ugl*  pgl? /%
Pt - - - Pt - 4.48 - Pt - 2.99 -
20 1941 95.0 40 45.7+0.5 103.0 20 23%1 100.0
40 4242 105.0 80 82.5+2 97.5 40 44+1 102.5
Pd -- -- -- Pd -- -- -- Pd -- -- --
20 18.610.8 93.0 40 40.7+0.2 101.8 40 41.2+0.9 103.2
40 41+2 102.5 80 81.11+0.13 1014 80 81.8+0.9 102.2
Cr -- -- - Cr - - -- Cr -- -- --
20 16.81£0.6 84.0 40 4116 102.5 40 39.5+0.3 98.8
40 42.5+0.3 106.3 80 7916 98.7 80 80+2 100.0
Mn -- - - Mn - 15.17* - Mn -- - -
20 20.3x0.5 101.5 40 55+2 99.6 40 4242 105.0
40 42+2 105.0 80 94.4+0.8 99.0 80 79.310.7 99.1
Cu -- - -- Cu -- -- - Cu -- 7.68%* -
40 36%1 90.0 40 44.3+1 110.7 40 49.712 105.0
60 6212 103.3 80 74.6x0.7 93.3 80 88.7+t1 101.3
Zn -- -- - Zn - - -- Zn -- -- --
40 39+1 97.5 40 4149 102.5 80 85+1 106.3
80 8517 106.3 80 7912 98.8 120 118.6x0.3 98.8
Cd -- -- - Cd - 1.76* -- Cd -- 712 --
20 18.410.6 92.0 20 22.6x0.9 104.2 20 2613 95.0
40 42.25+0.11 105.6 40 461 110.6 40 4916 105.0
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Well Seawater Seawater
water Zone 1 Zone 2
Element Spiked/ Found/ug  Recovery Element Spiked/ Found/pg Recovery Element  Spiked/ Found/ Recovery
gt Lt /% pglt Lt /% ugl*  pgl? /%
Hg - 1.5+0.2 - Hg - 0.33* - Hg - 12+1 -
10 11.2+0.4 97.0 20 18.3+0.2 90.0 20 34+1 110.0
20 21.1+0.5 98.0 40 43+1 106.7 40 55+1 107.5
As -- - - As - 0.37* - As -- - -
10 10.3+2 103.0 20 204 98.2 20 202 100.0
20 21+1 105.0 40 43.310.1 107.3 40 3743 92.5
Sb -- -- -- Sb -- -- -- Sb -- 0.98+0.17 --
20 20.5+0.3 102.5 20 21.44+0.16 107.2 20 19.1+0.6 90.6
40 40+2 100.0 40 37.8+0.31 94.5 40 45.5+0.6 111.3
Bi -- -- -- Bi -- 2243 -- Bi -- 0.51+0.16 --
20 21.4+0.6 107.0 20 43.2+0.8 106.0 20 22.5+0.6 109.9
40 39.5+0.8 98.8 40 63.9+0.8 104.8 40 39.9+0.56 98.5
Sn -- -- -- Sn -- -- -- Sn -- -- --
20 1942 95.0 40 43.910.7 109.7 40 43.510.3 108.7
40 404 100.0 80 7914 98.8 80 82.1+0.3 102.6
Co -- -- -- Co -- -- -- Co -- -- --
10 913 90.0 20 17.8+0.8 89.0 20 19.4+0.8 97.0
20 20.32+0.04 101.6 40 43+2 107.5 40 41.9+0.2 104.7
Se -- 0.193* -- Se -- 0.04* -- Se -- 0.75* --
20 20.7+0.5 102.0 20 18+1 90.0 20 19.3+0.3 92.8
40 39.77+0.12 98.9 40 43+2 107.5 40 4512 110.6
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